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of Figure 27 (Top) from 600 nm to 975 nm (above which the noise becomes
excessive), reveals that, compared to the Ar, anneal, a 2" Jow temp H, anneal
improved the output PL by a factor of 6.2, while annealing once in Ary:H;
(instead of Ar,) improved the efficiency by a factor of 5.5. Further, Figure 27
(Bottom) reveals there was some shift in the spectral shape between annealing
recipes. This has been studied more extensively by other researchers using films
from the same chamber, deposited with similar compositions and annealing
recipes [64]. Here, it is noted that the change in spectral shape was small and
might possibly have been introduced through thickness/index variations across the
sample, or furnace temperature differences between the two 1100 °C anneals.

There was a small amount of PL signal between 300 and 600 nm. From
other experiments, its origin was found to be due to the SiNy film. The signal was
~500 times weaker than the peak of the Si-nc emission at ~800 nm, and is not
considered further.

To properly apply the Lukosz model [132] to the surface emission of the
multi-layer films, the following procedure was taken. The “intrinsic” PL emission
was measured by collecting PL from a Si-nc/Si sample, and then divided by the
corresponding F of the single layer film. This Si-nc film is of the same refractive
index and has undergone the same annealing recipe as the Si-nc film in the multi-
layer waveguide. Alternatively, the intrinsic emission was collected from the

edge emission from the waveguide, with the PL excitation spot close to the exit
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facet. Next, F' was calculated for the multi-layer S-nc/SiN,/S10,/Si stack, and
multiplied by the intrinsic emission.

For the model to accurately predict the peaks and valleys of the PL
spectrum, the thickness and refractive indices of the films were required. The
refractive index of the Si-nc and SiN, films were characterized using variable
angle, spectroscopic ellispometry performed at the University of Montreal, and
analyzed at McMaster. Single layer films were deposited on bare Si. The
dispersion curves are shown in Figure 28. The refractive index fits well using the
Sellmeier equation, n°=1+BA%/(A*-C), with A in nm. For an as-deposited SiN,
film, the fitting parameters for the range A=(350-1000nm) are B=2.50153,
C=15843. For an SiOy film after annealing at 1100 °C for 2h in Ar,+ H, 5%, the
fitting parameters for the range A=(350-1000nm) are B= 17.55877, C=23331.4.
The estimated accuracy of index calculated with the ellipsometry model is +/-
0.02. Using fixed angle, fixed wavelength ellipsometry at 633nm, the thickness
and index were found to not change within measurement uncertainty after
annealing at 1100 °C for 2h in Ar, or Ary+ Hy 5%. The variation of film
thickness across a given sample was 7%, with most of the non-uniformity

occurring as a reduction of thickness a few mm from the edge of the sample.
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Figure 28: Refractive index of a Si-ne and aSiN, film as measured using spectroscopic
ellispometry. The Si-nc film was annealed 1100 °C for 2h in Ar,+ H; 5%. The SiN, film was
measured as deposited.
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Figure 29: Fitted surface PL from air/Si-nc/SiN,/SiO,/Si sample 071x1. The measured
values in both graphs are identical, but are fitted using different procedures. In the top
graph, the intrinsic emission is obtained from a separate single layer Si-ne film, identically
deposited and annealed to the Si-nc layer in 071x1. In the bottom, intrinsic emission is
obtained from the edge emission of sample 071x1 using the SES setup, with PL excited
~200pm from the facet. In both graphs, the fitting function assumes target values for index
and thickness whereas the thermal oxide thickness and H are used as fitting parameters.
Here, the oxide thickness and H are set to 2.32 pm and 0.05 pm respectively. This value of H
is half the Si-nc film thickness. The RMS difference between the two curves for the top
graph is 0.04 (for data below 900 nm)

Figure 29 shows that the Lukosz model well-describes the data. The
intrinsic emission can be taken either from a separate single layer sample, or from
edge emission of PL excited close to the facet of the same device. Each method
has a drawback. Using a separate sample introduces errors from variances

between samples, from either the deposition itself or the post annealing. While
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this error is eliminated by using edge emission from the same sample, edge
emission is partially modified through absorption as it propagates the short
distance from the point of excitation to the facet. As will be shown, absorption
from the Si-nc layer is wavelength dependent. In this example, the modulation
function is dominated by the thermal oxide cavity, and the quality of the fit is ~4
times more sensitive to relative change of the thickness (or index) of the thermal
oxide film as compared to the properties of the two other films. Sensitivity tests
show that spectroscopic ellipsometry provides sufficient accuracy of the films’
indices and thicknesses to predict surface emission (with a quality of fit similar to
the graph above). Although the wafer’s thermal oxide is specified by the
manufacturer to be 2.4 pum, spectroscopic ellipsometry revealed it is 2.34 um
thick, with a non-uniformity of ~20 nm. This is in good agreement with the
fitting value used in Figure 29. The Lukosz model assumes uniform emission
over the first A distance of the film thickness. As discussed in section 4.1, the
optical pump light forms a standing wave pattern. Carrier tunneling to
neighbouring Si-ncs is not expected to be large due to the oxide host. Pump light
incident normal to the stack forms a standing wave with a period of
A/2n=405/(2*%1.68)= 120 nm, and a peak:valley ratio of 12.5 for the above
structure. For the present study, H is taken as a fitting parameter, and the
software code is not rewritten to reflect a non-uniform emission profile within the

Si-nc layer. From sensitivity tests, F' for the three layer film stack is relatively
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sensitive to changes in /1. For the Lukosz model to have predictive power of the
fringe contrast, the non-uniform emission within the film needs to be accounted
for. This may form the subject of future work related to the manufacturability of

the current processes.

5.2 Fatigue of PL

The photoluminescence of Si-nc films was observed to decrease in time
with increasing exposure to pump light. This characteristic, called fatigue, 1s
reviewed in section 2.2.4. It is possible that fatigue was more severe in the
limited samples studied in this thesis compared to samples from other groups
where fatigue has not been reported. However, fatigue was also observed in the
sample produced through ion implantation at Western University. This suggests
fatigue may be a characteristic general to Si-n¢ films, albeit under-reported.

Fatigue limits the utility of the system, and can complicate standard
measurements such as PL vs pumping power, SES, and VLS. In this section,
fatigue is characterized in a limited parameter space for the purpose of
highlighting the magnitude of the problem, documenting the pump intensity
dependence, and to demonstrate the need for further study.

Two PL setups were used to characterize fatigue. The first was the HeCd
PL arrangement, where an Ocean Optics CCD spectrometer provided a fast

spectral readout in ~5 seconds (much faster than would have been possible with
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the SES setup which used a monochromator). Using an excitation source at 325
nm from a 17 mW HeCd laser, with a I/e spot of 1mm, fatigue was observed in
Si-nc films. The total integrated PL power decreased by ~9% over the first few
minutes. In almost all samples tested, the spectral shape remained constant
throughout the measurement.

Since the spectrum remained approximately unchanged during exposure to
pump light, total PL emission measured directly with a p-i-n detector allowed
quantitative characterization of PL fatigue with a much faster response time. For
this reason the SES setup was used. The collection lens was optionally re-
oriented to collect surface emission at ~45° from the surface normal instead of
edge emission, since surface emission power was larger than edge emission
power. As expected, edge emission and surface emission exhibited the same
fatigue characteristics. Figure 30 shows a typical fatigue measurement of a Si-nc
film. Care was taken to ensure that the measured PL area was not been exposed
previously to pump light. The lock-in amplifier integration time was set to 30 ms,
and data was acquired every 68 ms. It seems likely that the true peak signal at the
start of the measurement, where the rate of change of PL is largest, was not fully
resolved. The measured fall times from the peak value are therefore
underestimates of their true values. The PL was seen to decrease with time, and
exhibit a partial recovery when the beam is temporarily blocked. This property
was observed in all deposited samples tested, and the sample produced through

implantation, shown in Figure 31. When the deposited sample was left to recover
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Figure 30: Fatigue measurement of the surface PL from sample 053x3 under 15 W/cm” of
pump light. Top shows PL decay for the first 60,000 s (16.7 hrs). For clarity, the first few
data points that show the initial rise from zero signal to full signal are not shown. The scale
is normalized to the peak PL signal level, set to t=0. (Bottom) Enlargement shows the partial
recovery of PL after the pump beam is momentarily blocked twice near the end of the
acquisition. Note that the horizontal axis in the bottom plot is in linear time units whereas
the top plot is logarithmic.
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Figure 31: Fatigue measurement of the surface PL from the implanted sample while being
pumped with 15 W/em? of pump light. Top shows PL decay for the first 1000 s (16 min).
Bottom enlargement shows partial recovery after the pump beam is momentarily blocked
near the end of the acquisition. Note that the horizontal axis in the bottom plot is in linear
time units whereas the top plot is logarithmie.

for a longer period, 18 hours, the recovery was only ~90% of the original
emission power. This suggests that part of the fatigue is recoverable, and part is

irrecoverable.

120



PhD Thesis — J. Milgram McMaster — Engineering Physics

The amount of fatigue was found to be strongly related not only to the
duration of pump light exposure, but also to the pump intensity, and may have
been related to the dose. Fatigue curves wrere measured on three samples (053x3,
(053x4, implanted) with three different pump intensities, and are shown in Figure
32. The beam was modulated with a 50% duty cycle, hence the quoted intensities
are peak values (twice the average), and have an error of + 25% '®. Samples
053x3 and 053x4 were from identical depositions, with n=1.60, but annealed at
1100 °C in N»:5%H; and N, respectively. Fatigue from the Si-nc film formed
through ion implanted sample is also included. It is clear that the rate of fatigue
increaseed with increasing pump intensity. The fatigue curves are not well fitted
to a single exponential decay. A double exponential decay results in a better fit;
however, the resulting two time constants are sensitive to the number of data
points and data spacing considered in the fitting routine. In agreement with [75],
the fatigue curves fit well (with an R*>0.99) to the form

A

(t+7)P @)

for all nine curves, except for the high intensity pumped curves for the implanted

P=

and 053x4 sample, where R%<0.95. Here, 4, B, rare fitting constants, P is PL

' The largest source of error on the intensity measurements is introduced through lens alignment.
Based on multiple measurements, this error is 25%
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power, and ¢ is time in seconds. Note that the fits cover over 4 orders of
magnitude in the time scale.
Table 7 shows the time duration to reach 95%, 90% and 85% of the starting
signal'’, and
Table 8 shows the fitted values of the nine curves to equation (23). The RMS
difference between the data and the fitted functions is <0.006 for all but the 053x4
sample under maximum pump intensity, where the difference is 0.02. For
comparison, in [75] Si-nanocrystals formed from P-Si are reported to have a B of
0.3, and a 7of 111 ms under an excitation power density >1.8 kW/cm®. A partial
recovery of PL when the pump light is blocked is also observed in this reference.
Sample 053x3, which was annealed in the presence of Hy, showed a faster
fatigue than the other two samples, which were annealed in N, at the same
temperature and for the same length of time. This suggests that while H,
increases PL efficiency, the sample fatigues more quickly. The implanted sample
showed less fatigue than samples produced through deposition, but degraded
nonetheless. The implanted sample was included in this study to show that
fatigue is not unique to Si-nc films prepared by ECR-PECVD at McMaster, and

may be a property more general to Si-ncs embedded in SiO,. The result is rather

'7 Since it is not clear that equation (23) is the correct equation that describes the underlying
physicat process of fatigue, fall times are also quoted.
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discouraging since the power law decay implies signal will, eventually, diminish

to zero.
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Figure 32: Fatigue measurements on three samples, with three different pump intensities.
Top is from sample 053x3 (N,:H, annealed), middle is from sample 053x4 (N, annealed),
bottom is from the implanted sample. The symbols are measured values, and the lines are

the curve fits using equation (23).
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Table 7: Fall times, in seconds, for the PL signal from Figure 32 to fall to 95% and 90% of
the starting value. Based on noise in the measurement, the fall times have a relative error of
20 % in the worst case. NA indicates acquired data did not reach the 90% threshold.

Sample | 0.15 W/em® | 2.0 W/em™ | 15 W/em®
95% | 90% | 95% | 90% | 95% | 90%
053x3 [73 [840 {30 [12 [05 [14
053x4 [180 |NA [6.8 [36 |06 |17
Implant [ 412 [NA [7.6 [110 |9 |51

Table 8: Fitting parameters for the PL signal from Figure 32.

Sample 0.15 W/cm” 2.0 W/em® 15 W/em”

A | T (ms) B A | 1T(ms) B A T (ms) B

053x3 | 1.06 | 12.6 | 0.0242 | 0.998 | 455 |0.0381 | 924 | .166 | 0.0486

053x4 | 1.08 | 52.5 | 0.0235 | 1.07 | 5.22 | 0.0478 | .886 | 0.0280 | 0.0470

Implant | 1.00 | 1.15 | 0.00813 | 0.980 | 0.149 | 0.0166 | 0.919 | 0.0010 | 0.0125

Fatigue was also characterized for samples having undergone different
annealing temperatures. Figure 33 shows fatigue measurements made on samples
from deposition 014 after annealing at three different temperatures, 900, 1000,
1100 °C for 2h in Ary: 5% H,. All three samples showed fatigue, although the
amount of fatigue was less in the 900 °C anneal. Integrated surface PL showed
that the PL signal levels ratios were 1:4.9:22 for the three temperatures 900, 1000,
1100 °C respectively. While a lower temperature 900 °C anneal resulted in less
fatigue than the two higher annealing temperatures, the overall signal was much

lower.
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Figure 33: Fatigue measurements on sample 014, annealed for 2 hrs in Ar,: 5%H, at three
different temperatures. The pump intensity is 15 W/cm’.

5.3 Emission Efficiency

Figure 34 shows the total output PL vs pump intensity for a typical Si-nc
film. Surface emission was collected directly with a detector, without spectral
correction. Based on other measurements, the PL spectra blue-shifted slightly
with increasing pump intensity, although the shift is small compared to the
emission width. Because of fatigue, there is expected to be considerable
hysteresis in the curve. Prior to taking the measurement, the spot was exposed to
the maximum available pump intensity for 20 minutes, then PL signal was quickly
measured with various pump powers. The 20 minute pre-exposure attempts to

keep each data point at the same level of fatigue/recovery. Sufficient time was
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allowed for the laser’s temperature controller to stabilize (~20 s) between
measurements. It is seen that the PL power vs. pump intensity is sub-linear,
showing that efficiency decreases with increasing pump intensity. Such curves
have been observed by others in Si-nc films prepared by deposition [141] and
implantation [142]. The sub-linear shape is commonly attributed to a saturating
effect from Auger recombination that limits free carrier density within a

nanocrystal {143].
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Figure 34: PL signal with different pump laser peak intensities, taken on sample 015x6,
annealed at 1100 °C in Ar,: 5% H, for 2 hrs.

The PL emission efficiency of Si-nc films was measured using the
technique described in section 4.2. The efficiency was measured for three

different pump intensities on a 543 nm thick Si-nc film, deposited on a quartz
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substrate, and annealed for 2hrs at 1100 °C in Ary: 5%H,. The results are shown

in the table below.

Pump Intensity | 7,
(W/ cmz)

0.0208 0.15

0.186 0.14

2.24 0.10

Table 9: Internal quantum efficiencies of sample 031x1 measured at different pump
intensities. The uncertainty in the pump intensity and efficiency is +/-25% and +/-30%
respectively.

A second sample from a different deposition with a 300 nm Si-nc film,
030x1, was also measured and gave similar results within experimental error.
Based on these measurements, the absorption coefficient of 405 nm light in the
Si-nc layer is 2,380 cm™ +30%. For comparison, the absorption coefficient of
bulk Si at this wavelength is known to be 75,608 em’! [144)].

The 7;,, of the Si-nc films is seen to be near 0.14 +/- 30 % for pump
intensities below ~0.19 W/cm? (This corresponds to an 77,,, of 0.031 if light
emitted from both surfaces of the substrate is included). Note that this film has
undergone high temperature annealing in Ar: 5% H,, and that the emission area
was not “fatigued” prior to measurement. At a higher pump intensity of 2.2
W/cm?, the efficiency is almost 50% lower. This reduction is likely due to both
the fatiguing and saturating effects discussed in the previous section. For

comparison, in reference [145], an 7., of 0.045 is reported for Si-nc films
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prepared by RF sputtering. There, the films have an index of 1.7, silicon content
of 38%, and are annealed for 1 hour at 1150 °C (the gas species present in the
furnace during annealing is not reported).

In this thesis, the PL efficiency of the Si-nc film as a whole is of interest,
since that is the quantity that pertains to device performance. Some researchers
are more interested in measuring the efficiency of only those Si-ncs that emit
light. In a simple description, there will be a large subset of of Si-ncs within the
film that will not emit light very efficiently, either due to impurities or surface
defects. The entire PL emission from the film is thought to result from the few Si-
ncs that are defect and impurity free. For this reason, references [146] and [147],
aim at measuring the PL quantum efficiency of Si-ncs embedded in Si0; through
analysis of the PL lifetime of films placed in controlled proximity to a strong

reflector.

5.4 Si-nc core slab waveguides

The prism coupling setup revealed many interesting properties of the
air/Si-nc/Si0, waveguideslg. The presence of a streak and an m-line at the
expected coupling angle indicated that modes were indeed present. Further, the

prism coupled light maintained its polarization as it propagated along the

18 All waveguides in this thesis are on Si substrates, hence the structure should properly be written
as air/Si-nc/Si0,:Si. Since the Si substrate is not involved with guiding, it is omitted.
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waveguide. There does not appear to be strong coupling between the TE and TM
polarized modes as might be introduced through scattering in the waveguide or in
transmission through a non-perfect facet'”. This was measured quantitatively on
sample 016x3, which is a 500 nm thick Si-nc film deposited on 3 um of thermal
Si0,, annealed in the two-step process. After propagating 5 mm from the
coupling spot and exiting the facet, 850 nm prism coupled light was measured to
maintain its polarization to a ratio >308:1 for both the TE and TM polarizations.
Similar polarization preserving propagation properties were also observed in
nitride waveguides with integrated Si-ncs. This property is an important
assumption in the SES measurement technique.

The loss of the Si-nc core waveguide was measured at four wavelengths
using the streak method. Four different diode lasers were used to obtain results at
these different wavelengths. SES measurements were also made on the same
sample. The loss values are shown in Figure 36 and Table 10. Examples of
streak and SES measurements used to obtain four of these data points are shown

in Figure 35.

1 Transmission through a perfectly smooth, planar surface preserves the polarization of light. A
surface with non-zero roughness may randomize the polarization (and direction) to some degree.
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Figure 35: Example of streak and SES measurements of the TE loss on sample 016x3 at two
wavelengths. Streak measurements were obtained using the prism coupler with an alternate
set of four different diode lasers. SES measurements were obtained by directing the edge
emission through a monochromator held at a fixed wavelength. The shown lines are the
linear regression fits. ’
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Figure 36: Waveguide loss measurements v.s. wavelength of the Si-nc core waveguide, 016x3.
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Wavelength | Waveguide Loss | TE/TM | TE/TM | Material Loss
(nm) (+/- 2 dB/cm) Meas. | Theory | (+/-3 dB/cm)
TE T™ | (+/-0.2)
780 44 44.1 1.0 1.1 49
850 34.2 27.9 1.2 1.1 36
892 26.1 233 1.1 1.2 29
972 20.2 17.8 1.1 1.2 23

Table 10: Waveguide loss measurements of a Si-nc core waveguide, 016x3, at different
wavelengths using the streak method. The data corresponds to that of the above figure.
Measured and theoretical ratios of the waveguide loss of the two polarizations are shown in
columns 4 and 5.

In the above graph, the streak measurements are estimated to have an error
of +/-2 dB/cm, whereas the SES measurements have an error of +/- 1 dB/cm.
These errors take into account the reproducibility of the measurement across the
sample, and error in the regression used to obtain each data point. Comparing the
two techniques, the streak measurements contain more noise, but are more
accurate, whereas the SES measurements contain less noise, but the scale is prone
to calibration issues.

If it is assumed that the Si-nc film introduces a polarization independent
loss throughout the bulk of the film, then modal analysis coupled with equation
(7) can be used to calculate the material loss *"of the Si-nc film. This is shown in

the last column of Table 10. The two polarizations should result in an identical

% Waveguide loss is the total loss of the waveguide, whereas material loss has been defined as the
loss due to material absorption and scattering within the bulk of a film. A waveguide will also
have scattering loss introduced through surface roughness.
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material loss, hence the average is shown. Here, it is assumed that all waveguide
loss is due to material absorption and scattering, and ignores scattering from
interface roughness. For clarity, it is henceforth understood that the calculation of
material loss makes these three assumptions (polarization independence,
uniformity, neglecting interface roughness). The loss of the Si-nc material can be

easily converted to a Si-nc absorption cross-section,

i
O Sicne = = (249)
p

where p is the Si-nc density, calculated in section 3.3.2 to be 2*10"” cm™. For
example, at 850 nm an absorption cross section of 4.1¥10™"? cm? is calculated. .

Table 10 also shows that the measured raﬁo of the waveguide loss of the
TE/TM polarizations is close to what is theoretically predicted under these
assumptions. This is essentially a test of the validity of the loss description given
by equation (7).

From Figure 36, the SES measurements are seen to fall within 3.2 dB of
the streak measurements for all but the shortest wavelength where the difference
is within 6 dB. It is possible that the system loss of the SES setup was
wavelength dependent. Such an artifact could be introduced by a misaligned
input. Alternatively, when the modal loss is high, the edge emission may have

more significant contributions from radiation modes that experience an even

higher loss.
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Based on the streak measurements, fhere was a large wavelength
dependent waveguide loss of -0.14+/- 0.03 dB/(cm*nm). Across the FWHM of
the Si-nc emission band, the loss changes ~42%. The origin of material loss, and
its wavelength dependence, is assumed to arise both from material absorption
within the Si-ncs, as well as scattering within the bulk of the film. In section 5.7,
experiments are suggested to differentiate between these two sources of loss.
Other researchers have calculated the scattering loss from the inhomogeneous
refractive index of Si-nc films to be much smaller than the total observed loss, as
will be reviewed near the end of this section.

Edge emission spectra from sample 016x3 are shown Figure 37. The
polarization resolved spectra show no structure within the resolution of the
instrument (5 nm), and the spectrum is seen to distort when the excitation spot is
placed further from the facet. The distortion can largely be described as a red-
shift of the spectral peak. The red-shifting continues as the excitation spot is
moved further and further from the facet. This is consistent with the earlier streak
measurements which show a wavelength dependent loss. The distortion of the
spectrum is therefore of the form %, where bis a positive constant, and z is the
propagation distance. The edge emission spectra are seen to be very similar to the
surface emission of similarly prepared single layer Si-nc films (which are not
complicated by interference effects). Recall from section 5.1 that edge emission

collected from an excitation spot located close to the facet may be successfully
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used as the “intrinsic” emission in the interference model for surface emission.

This strongly supports the model presented in Chapter 3 for an integrated emitter.
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Figure 37 Edge emission spectra of sample an air/Si-nc¢/SiO, waveguide, 016x3. Emission is
measured with the excitation spot in two places, at the facet (0.3 mm) and 3 mm from the
facet.

The repeatability of loss values in Si-nc films with the fabrication process
is untested. During this work, Si-nc core waveguide structures were deposited at
the beginning and end of the project, for the purpose of measuring the
reproducibility of Si-nc film loss. The sample presented above was deposited at
the beginning of the project. A second sample, with the same (target) refractive
index as 016x3 but deposited 13 months later and (annealed with the same recipe)
is measured to have a loss value ~15 dB/cm higher that that of 016x3 at each

wavelength (as measured using the SES method). The loss in this sample is too
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high to perform streak measurements. The source of these changes is theorized to
have resulted from changes in the properties of the deposition, as the annealing
steps are relatively simple and easily controlled. In the duration spanning the two
depositions, scheduled (and unscheduled) repairs to the deposition chamber were
performed, such as the introduction of new pumping equipment, new mass flow
controllers, and a replaced thermocouple. While the changes were minor and not
expected to impact the deposition properties, it appears the calibration of the
chamber may have drifted. During this time interval, single layer depositions
were performed and the gas flow rates recalibrated against the resulting refractive
index. However, RBS, XRD, and TEM have not been performed on more recent
calibration samples. The PL properties of the calibration samples spanning the
project are comparable, both in signal strength and in spectral shape, however, it
appears that this may not be a reliable predictor of material loss. Further, during
the deposition of films for the two-sectioned devices, the sample temperature
during deposition was lowered from 120 °C to 100 °C to avoid overheating the
photoresist. Such a change may have decreased the film density. For these
reasons, the quantitative loss measurements presented in this section cannot be
applied with great confidence to other devices without further test samples. (In
contrast, the SiNy films exhibited low loss in samples spanning the entire duration
of the project).

Despite the variation in Si-nc material loss, the results in this section

clearly show waveguide behaviour in support of the propagation description given
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mn sectioﬁ 3.1.3. Waveguide loss appears to arise from the Si-nc film, and the
edge spectra shape corresponds to the “intrinsic” Si-nc emission distorted by a
wavelength dependent loss.

This is an important observation as there has been debate recently on
observed “spectral filtering” of SES edge emission in Si-nc core slab waveguides
fabricated on silica substrates. It is unclear whether edge emission on air/Si-
nc/silica slab waveguides is dominated by a propagating mode, or from radiation
modes propagating in the substrate. For example, reference [98] shows the
difficulties in differentiating between guided and unguided edge emission in Si-nc
core waveguides fabricated on silica samples. Radiation modes propagating in
the cladding do so with considerably less loss than the fundamental mode (since
they propagate entirely in the transparent silica), hence edge emission may be
dominated by radiation modes as opposed to guided modes. Some of these modes
propagate at grazing angles to the film boundaries and will escape the facet to be
detected on top of the guided mode signal. In some waveguide designs, the light
from these radiation modes may contain considerable spectral structure, giving
rise to “spectral filtering” of the edge emission. The polarization dependence, and
collection angle dependence of spectral filtering has been calculated [98, 148].
Other reports {99, 152] argue that spectral filtering can be described entirely by
considering guided mode propagation and birefringence of the Si-nc film. It must
be noted that the vast majority of reports of spectral filtering are observed on

waveguides on silica substrates. The samples in this thesis use a 2.4-3 pum thick
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bottom S10; cladding, thermally grown on Si. The Si substrate introduces a
source of loss for radiation modes propagating in the lower cladding.

Propagation losses of Si-nc core waveguides have been reported in the
literature and the results vary drastically, ranging from ~10 dB/cm to ~176 dB/cm.
Results presented in this thesis fall in the middle of that range. Variations are
expected to arise from actual differences in the optical absorption in differently
prepared Si-nc films, differences in modal overlap within the waveguide, losses
introduced through surface roughness, and possibly to measurement
interpretation.

In [149] and [97], a waveguide loss of 77 dB/cm is measured in
air/Si0y/Si-nc/silica slab waveguides made through deposition of SiOy using
PECVD, followed by high temperafure annealing at 1250 °C for 1 hour. The
reports use the SES method, with the edge emission presumably coupled to a
monochromator set to 750 nm. The Si-nc film has an index of 2.0, and the
authors report a confinement factor of the mode with the Si-nc layer of 0.83. The
authors do not mention polarization, though it appears they quote values for the
TE mode. Using the dimensions of their reported waveguide, the confinement
factors are calculated here as 0.82 and 0.60 for the TE and TM polarizations
respectively, and the ratio of the waveguide loss for the TE/TM polarizations is
calculated theoretically to be 1.3. It is not clear if the authors have neglected to

account for differences in polarization, or if they have neglected to mention the
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presence of a TE aligned polarizer within their collection optics. Assuming thé
latter, their waveguide loss corresponds to a material loss of 85 dB/cm at 750 nm.

In [150}, absorption losses of two Si-nc waveguides are reported. The Si-
nc film is fabricated through reactive magnetron sputtering followed by annealing.
Samples with refractive indices of 1.776 and 1.565 are reported to have material
losses of 70+/-5 and 57+/-4 dB/cm respectively at 830 nm. The loss
measurements are made on a ridge waveguide by theoretically calculating the
coupling efficiency of probe light into and out of their chip. In the lower index
sample, a wavelength dependence loss is reported. From their data, the loss
spectrum appears to be linear in the visible region, with a slope of -0.4
dB/(cm*nm). Based on TEM measurements of the Si-nc size and density, the
estimated loss from scattering is calculated to be <0.5 dB/cm. Based on surface
AFM measurements, the loss due to roughness is calculated to be <3 dB/cm.

In [151], photo-thermal deflection spectroscopy is used to measure the
material absorption of Si-nc films produced through 1on implantation and
annealing. While the technique does not easily provide a calibrated loss scale, it
is insensitive to scattering, and the presented results show that material absorption
of the Si-nc layer is smooth over the visible range, and decreases monotonically
with increasing wavelength.

In [152] Khriachtechev et al. report much smaller losses. The authors use
the SES method on waveguides with Si-nc cores deposited on silica substrates.

The index of the Si-nc film is 1.67, and they report a waveguide loss of ~10.8
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dB/cm at 780 nm. A small wavelength dependence in the foss 1s observed across
the emission band, decreasing with increasing wavelength. However, the
observed edge emission spectra has significant structure, interpreted by some to
be the result of propagation through radiation modes, as discussed in section 4.3.
It is only appropriate to assign waveguide and material losses for modal
propagation.

In [153] a waveguide loss of 176 dB/cm is reported at 730 nm. The slab
waveguides are formed from Si-nc films deposited using magnetron sputtering of
an amorphous Si/Si0, superlattice on top of a thick S10, cladding, followed by
high temperature annealing. The refractive index, or Si-nc density is not reported.
The reported loss is measured using the VSL method under continuous wave
pumping. (Under pulsed excitation, the authors report gain of 215 dB/cm). Note
that in this reference, the optical loss associated with Si-nc is measured under
optical excitation.

In [102], a waveguide loss of 11 dB/cm is reported in Si-nc core ridge
waveguides. The losses are measured using the streak method at 633 nm and 780
nm. Very little difference is observed in the loss between the two wavelengths.
The Si-nc layer is formed from multiple ion implantation of Si into SiO,, followed
by annealing at 1100 °C for 1 hour. The resulting refractive index of the layer is
1.61. Based on Si-nc size and density measurements, the scattering loss is

theoretically calculated to be 2 dB/cm at 780 nm.
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5.5 SiN, core passive slab waveguides

Waveguide loss from air/SiN,/S10, waveguides were characterized using
the streak method. Figure 38 shows the measured loss of a typical device at three
different wavelengths. Devices from three other depositions showed similar
results, indicating the fabrication process is reproducible. Table 11 summarizes
the data, as well as the calculated ratio of the waveguide losses of the TE/TM
polarizations, and the calculated material loss. The measured and calculated
ratios of the waveguide loss for the TE/TM polarizations are in reasonable
agreement, in support of the material loss description. However, since the loss
values are low, the relative uncertainty is quite high and other loss mechanisms,
such as scattering from interface roughness, may be present but unresolved. The
mateﬁal loss is seen to be ~3 dB/cm, with a small wavelength dependence. The
origin of this loss 1s unconfirmed, but is likely due in part to both material
absorption and bulk scattering. The data shown was acquired after the sample had
undergone three annealing steps: 1100 °C in N, for 2 hours followed by two
anneals at 400 °C for 2 hrs in Ny:H», and 600 °C for 2 hrs in N,:H,. Streak
measurements at 850 nm after each annealing step shows the loss does not change
significantly between anneals. The measured waveguide loss of an as-deposited
sample (from the same deposition) reveals a loss of 2.9 and 2.3 dB/cm at 850 nm

for the TE and TM polarizations respectively.
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Figure 38: Loss measurements of an air/SiN,/SiO; passive waveguide, made using the streak
method. The sample, 051x2, has a 300 nm thick SiN, core, and was annealed at 1100 °C in
N, for 2 hours followed by two anneals at 400 °C for 2 hrs in N,:H,, and 600 °C for 2 hrs in
Nz:Hz.

Wavelength | Waveguide Loss | TE/TM | TE/TM | Material Loss
(nm) (+/- 0.5 dB/cm) | Meas. | Theory | (+/-1 dB/cm)
TE ™
780 34 2.6 1.3+0.3 1.3 3.6
850 2.7 1.6 1.71.06 1.4 2.7
972 2.8 0.8 3.5£2.3 1.6 23

Table 11: Loss measurements of a SiNx core waveguide. The data corresponds to the above
graph.

Using the calculated material loss values, a small wavelength dependence

of -0.006 +/- 110% dB/(cm*nm) is measured, noting that the error on this value is
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quite large. The SiN, material loss rwas not significantly affected by annealing in
the presence of H; for (at least) 2 hours, provided the temperature was less than
(at least) 600 °C. However, the material loss of SiN, was seen to increase from 3
dB/cm, to 12 dB/cm after annealing at 1100 °C in Ny:H; for 2 hours. This is
demonstrated in Figure 39, which shows streak measurements of the TE
polarization waveguide loss for three co-deposited samples. One sample was
measured 1n its as-deposited condition, and another sample (051x2) was measured
after each of the following 2 hour annealing steps:

1. 1100 °C in N,

2.400 °C in Ny:H,

3.600 °CinNz:H,

The as-deposited and annealed samples all measureed waveguide loss near 3
dB/cm. A third sample, 051x3, was annealed at 1100 °C for 2 hrs in Nj:Hj, and
measureed a waveguide loss of 12 dB/cm. For clarity, the slopes at 3 and 12

dB/cm are also shown.
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Figure 39: Streak measurements of three air/SiN,/Si0O, waveguides from the same
deposition under different annealing conditions. Down pointing triangles show the
measurement for the sample annealed at 1100 oC in N;H;. The other symbols show the
streak measurement for samples annealed using steps 1, 2 or 3, as described in the text.

The impact of annealing at high temperature in the presence of H, appears
to be partially recoverable through further annealing at high temperature in N; (ie,
H; free). This is shown in Figure 40. Here, streak measurements are shown for
the TE polarization at 850 nm for sample 051x3 after a first anneal in N,:H,, and a
second anneal in N,. Both anneals were performed at 1100 °C for 2 hours. A
streak measurement for an as-deposited sample from the same deposition is also
shown. The waveguide loss is seen to change from 2.9 dB/cm to 10.7 dB/cm after
the first anneal, and then partially recovers to 3.6 dB/cm after the second H;-free

anneal.
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Figure 40: Streak measurements of a air/SiN,/SiO, after high temperature annealing
showing H adsorption followed by H desorption.

Hydrogen 1s known to increase the absorption of light near 3 um and 1.5
pm in SiNy and SiOyN, systems from overtones of N-H stretching modes. The
presence of N-H bonds, and the associated loss, has been shown to be eliminated
by desorption of H through annealing in ambient N, gas at high temperatures
>1000 °C [154].

Hydrogen transport in SiNy films deposited using plasma CVD has been
studied by others, mainly to explore electronic device passivation in back-end
processes. There, the films are treated as a source of H, introduced through the
CVD process. As-deposited tilms made using plasma source silane, typically

contain large quantities of H, ranging from 2-10 at %, and should more properly
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be written as SiN,:Hy. Annealing these films at temperatures higher than the
deposition temperature causes H to diffuse within the film, and escape through the
surfaces/interfaces. The transport of H*! can result from slow diffusion of atomic
H [155], or from fast diffusion of molecular H, (and/or NH;3) [156]. In molecular
diffusion, the transport rate is limited by the rate of dissociation of H from the
matrix and formation of the molecule. The diffusion of the molecule is too rapid
to measure. While this desorption of H from SiN,:H, films has received most
attention, adsorption of H during film annealing in the presence of H, has also
been observed [155]. Recently, it has been shown that slow atomic diffusion is
the dominant transport process in high density films deposited through PECVD,
whereas fast molecular diffusion is the dominant transport mechanism in lower
density films [157, 158]. The transport mechanism may therefore change
throughout an annealing process since films tend to densify as annealing
progresses. Although H diffusion has been studied in films prepared by similar
methods to ECR-PECVD (as used in this thesis), in light of references [157, 158]
it seems likely that H transport in films may vary significantly between samples
prepared in different laboratories. Further, the films studied in this thesis were
pre-annealed at high temperatures, the impact of which on H diffusion has not

been tested. In addition, the Si0, cladding and Si substrate will absorb H,

! The symbol H has been used in this thesis to represent the element hydrogen, with no reference
to its bonding arrangement. “Atomic H” refers to an un-bonded H atom.
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complicating matters considerably (not to mention the presence of 4 interfaces).
For these reasons, quantitative analysis of H diffusion into and out of SiNy films
(and its impact on optical loss) is not attempted in this thesis.

Qualitatively, the data presented in this section is consistent with the
references described in the previous two paragraphs. All samples yielded a low
~3 dB/cm loss, except when annealed at high temperatures in the presence of Ha.
The remaining loss may be due to either residual H in the film and/or to
scattering. It appears that high temperature annealing at 1100 °C for 2 hours in
Nj:H; incorporates H into the film, significantly increasing the material loss. The
incorporated H can be (partially) desorbed though a second high temperature
anneal in N,. Note that while the diffusivity of atomic H in SiNy is very small, H
is considered to be mobile in SiO, at temperatures as low as 400 °C [61] This
provides a fabrication window whereby H can be absorbed into Si-nc films
without significantly impacting the loss of the SiN,. This annealing window
appears to be as high as 600 °C for 2 hours. Further, SiN, may act as a diffusion
barrier, and therefore must be placed under the Si-nc layer. While a fabrication
window exists for Si-nc in SiO; films, the situation may not exist for Si-nc films

embedded in a SiNy host.

5.6 Si-ncs integrated with SiN, core slab waveguides
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Si-nc .ﬁlms integrated in slab waveguides were fabricated using an air/Si-
nc¢/SiN,/SiO; structure. Devices were characterized with streak and SES
measurements. The samples were two-sectioned devices that contained an
emitting section with a Si-nc layer, and a transmitting section with no Si-nc film,
as shown previously in Figure 10 (Top) on page 68. The two sections have
distinct waveguide loss values. The transmission sections are air/SiN,/SiO;
waveguides, and have been discussed in the previous section.

In the SES setup, PL is generated at a spot within the emission section,
and propagates out the left facet (of the emission section) as well as the right facet
(of the transmission section) of the device. Ignoring reflections at the facets, left
traveling light is not affected by the presence of the transmission section, and may
therefore be used to independently characterize the emission section. This is
considered first. Emission from the right facet, showing the operation of the two-
sectioned device, is considered later in this section.

Figure 41 shows loss measurements of an air/Si-nc/SiN,/S10, waveguide,
made at different wavelengths using the streak and SES method. In the SES
measurements, light was collected from the emission section facet. In the streak

measurements, only the emission section was measured.
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Figure 41: Loss measurements of an air/Si-nc/SiN,/SiO, waveguide (035x1) at different
wavelengths. The device contains a 200 nm thick Si-nc film, deposited on a 300 nm thick
SiN, film, and has been annealed in the two-step process.

Wavelength | Waveguide Loss | TE/TM | TE/TM | Material loss from
(nm) (+/- 2 dB/em) Meas. Theory Si-nc layer
TE ™ | (+/-30%) | (+/-0.05) (dB/cm)
TE TM
(- 25%) (+/-15%)
780 12.2 22.0 0.49 0.61 96 119
850 11.1 19.8 0.49 0.63 77 99
892 9.5 20 0.40 0.64 60 98
972 10.1 18 0.48 0.68 60 85

Table 12: Loss measurements of an air/Si-nc/SiN,/Si0, waveguide at different wavelengths
using the streak method. The data corresponds to that of the above figure. The 4™ and 5™

columns of numbers show the measured and theoretical waveguide loss ratios due to the Si-

nc layer, taking inte accounted a 2.7 dB/cm material loss of the SiN, film.

Table 12 shows the waveguide loss measured through the streak method at

each wavelength. Although the material loss of the Si-nc layer is large, there is
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only a 12 % and 20 % overlap of the layer with the mode for the TE and TM
polarizations respectively. The resulting waveguide loss is much lower than the
losses measured in Si-nc core waveguides. From the previous two sections, the
SiNy loss is known to be ~2.7 dB/cm, whereas the material loss from of the Si-nc
film is much larger, though its reproducibility is yet untested. Despite this
unknown, the description of loss presented by equation (7) can still be tested by
comparing the ratios of the waveguide loss of the two different polarizations,
though a small correction is required. Columns 4 and 5 show the measured and
theoretical ratios of the TE/TM waveguide loss introduced by the Si-nc film.
Columns 6 and 7 show the corresponding Si-nc material loss. For all four
columns it is assumed that all waveguide loss is due to material loss from the Si-
nc film, except for the small contribution from the SiN, layer, ngne/ sine/Ney*2.7
dB/cm (this amount introduces ~2-3 dB/cm of waveguide loss throughout the four
wavelengths). It is seen that the difference between the measured and theoretical
values is very near (or just beyond) the limit of the measurement uncertainty. (If
the SES measurements are used for the calculation instead of the streak
measurements, the results are in much closer agreement). Whereas the material
loss of the Si-nc film should be polarization independent, it is seen from columns
6 and 7 that the material loss based on the TM polarization measurements is
consistently higher than the material loss obtained from the TE measurements. It

is not clear if this is due to measurement uncertainty or if the loss description of
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multilayer films given by equation (7) is an incomplete description, which needs
to be modified to include surface scattering loss. It is expected that as the
waveguide loss decreases (as a result of a thinner Si-nc layer), interface scattering
losses will become more significant. Note that the measured material loss of the
Si-nc film is approximately twice as high as that measured on sample 016x3
(section 5.4), although the wavelength dependence is similar. Three other air/Si-
nc/SiN,/S10; waveguides have been fabricated. Streak and SES measurements
show material loss values for the Si-nc layer ranging from that of 016x3 to that of
the just presented sample, 035x1. This is further evidence that an
irreproducibility of loss exists in the Si-nc fabrication process. However, all four
devices functioned as waveguides with optically pumped integrated emitters, as
evidenced by the consistency of the streak and SES measurements.

The amount of power coupled to the slab waveguide is given by the
spontaneous emission factor, . As discussed in section 3.1.3, £ can be
approximated as being proportional to the modal overlap with the emitting layer,
I§ine. This assumption was tested by comparing the ratio of the SES signal for
the TE and TM polarizations. Since the two polarizations experience different
propagation losses in the SES measurement, the ratio of the TE and TM polarized
SES signal must be measured at (or extrapolated to) the facet. The results are
shown in Table 13. The approximation of £ ’s proportionality on /... appears to

be reasonable, however, only a small range of 75, is explored in this work.
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Since the polarized modes experience different waveguide losses, during SES
measurement the ratio of the power at each polarization emitted out the facet will

depend on the position of the excitation spot, as demonstrated in Figure 42.
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Figure 42: SES measurement showing the un-normalized power carried by the TE and TM
polarizations for sample 035x1. (Other SES plots shown previously have the TE and TM
powers normalized to the peak signal separately). Light was collected in the low-
magnification SES setup, hence is a broad band measurement dominated by the peak
wavelength. The initial rise in signal shows the location of the facet, with lines to “guide the
eye”. Lines of best fit (ignoring the initial rise) are also shown, and have slopes of 10.9 and
18.7 dB/cm for the TE and TM polarizations respectively. The spatial resolution of the
measurement is determined by the laser beam clip width of 204 pm. The horizontal axis is
aligned to acquire the peak signal.
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Theory Measured Edge Power
Sample | I sine | Lm8inc | L TESind Lo, Sionc TE/TM
(+/-0.05) (+/-4%)
035x1 0.12 0.19 0.63 0.52
080x1 0.12 0.19 0.63 0.68
070x1 0.08 0.11 0.73 0.71

Table 13: Ratio of the measured edge power of the TE and TM polarizations of SES
measurements. Measured values were taken with the PL excited at the facet, in the low-
magnification SES setup. Calculated values for the confinement factors of the Si-nc layers at
850 nm are also shown. Three samples are considered. The first two are comprised of a 200
nm thick Si-nc layer, while the last sample contains a 100 nm thick Si-nc layer. All three
devices contain a 300 nm thick SiN, core.

As is the case with Si-nc core waveguides, edge emission spectra collected
from air/Si-nc/SiN,/SiO; waveguides is consistent with the description presented
in Chapter 3. The edge emission spectrum resembles the “intrinsic” emission
from the Si-nc layer, subj ect to a distortion of the form ¢** introduced by a
wavelength dependent loss. Due to the lower loss values, this distortion is much
smaller than is observed in Si-nc core waveguides. This behaviour was
consistently observed in all four waveguides tested. For example, consider the
edge emission from the device presented in Figure 43. The TE and TM polarized
edge emission spectral shapes overlap. Further, both spectra resemble that of
surface emission from a single layer Si-nc film. (Note that the Si-nc films of the
waveguide and single layer film were deposited with the same refractive index,
but the single layer film was been annealed at 1100 °C in Ar,:H,, where as the
waveguide was annealed in the two-step process. The impact of the different
annealing procedures on the PL spectrum has not been rigorously tested, but, from

measurements in section 5.1, is believed to be quite small). Regardless, the edge
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emission with an excitation spot close to the facet was successﬁlly used in section
5.1 to model the surface emission in the same sample. It appears that while S
differs in magnitude between the two polarizations, it is largely wavelength
independent over the emission spectrum. This is consistent the approximation
that /3 is proportional to 7§; ... For this structure, /;,. varies by only 6% over the

FWHM of the emission spectrum.
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Figure 43: Edge emission spectra of an air/Si-n¢/SiN,/Si0, waveguide. PL is excited 2 mm
from the facet of sample 035x1. Also shown is the surface emission from a single layer Si-nc
film. All curves are normalized separately.

An example of the distortion introduced by the wavelength dependent
loss is shown in Figure 44. The red-shifting of the spectrum with increasing
distance of the excitation spot from the facet is apparent, although, through
normalization, highly influenced by the noise. A small shoulder in the TM
spectra is apparent at 760 nm, and is believed to result from improperly blocked

surface emission, as will now be explained.
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Figure 44: Edge emission spectra of an air/Si-nc/SiN,/Si0, waveguide with incrementing
excitation positions. PL was collected in the SES arrangement on sample 035x1 with the
excitation spot positioned at 2 mm increments from the facet, starting at 2 mm from the
facet. The top and bottom show the TE and TM polarized edge emission respectively. Each
curve is normalized to its peak value separately.
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While the edge emission appears to be largely dominated by light traveling
as waveguide mode, radiation modes are also present. Radiation modes
propagating in the lower cladding at angles almost parallel to the film surface are
spatially and angularly indistinguishable from the guided mode after transmisston
through the facet. Since the waveguides are formed on a Si-substrate, these
radiation modes will be propagating in both upwards and downwards directions.
Facet emission cannot be spatially filtered (by blocking a portion of the facet)
since the mode extends into a large portion of the lower cladding (the substrate is
opaque, and does not need to be blocked)™. However, surface emission may be
easily blocked with a knife edge, as discussed in section 4.3. Here it is noted that
significant spectral structure may be observed if surface emission is improperly
blocked. For example, Figure 45 (Top) shows two knife positions that
sufficiently blocked surface emission. With the knife at the surface height, and
either resting on the sample or positioned well in front of the facet, surface
emission was entirely blocked. With the blade positioned in front of the facet,
~1/2 of the guided emission (and any radiation modes emerging from the facet
and propagating at upward angles) was also blocked halving the overall signal.

The (Bottom) graph shows two knife positions that did not sufficiently block the

2 Facet emission may be angularly resolved and filtered using Fourier optics. Such a procedure
was used in [98] to block substrate radiation modes propagating at downward angles in Si-nc
waveguides fabricated on silica.
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Figure 45: Edge emission spectra collected with the SES setup using 4 different knife
positions. For both figures, the excitation spot was 2 mm from the facet, and the TE
polarization spectra were measured, normalized each to their peak values separately. (Top)
Shows emission spectra collected with the knife resting on the sample at the facet. Also
shown is the emission when the knife was positioned at the surface height, but located 2 mm
in front of the facet. (Bottom) Shows emission with the blocking knife positioned at the facet,
but raised 150 pm from the surface. This allows a 4° window for surface emission to enter
the collection optics. Also shown is emission spectrum with no blocking knife.
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surface emission. With the knife edge raised or absent, some surface emission
wsa allowed to pass. The wavelength spacing of the extra peaks was confirmed
by simulation to be consistent with interference modulated surface emission
collected at ~88° to the surface normal.

Emission collected from the transmission facet is now considered. Three
two-sectioned devices have been fabricated, with Si-nc emission regions coupled
to a 300 nm thick SiNy core waveguide. Devices 070x1 and 071x1 contain a 100
nm thick Si-nc layer, whereas 080x1 contains a 200 nm thick Si-nc layer. Strong
coupling from the emitting region to the transmitting region was evident in all
three devices. This is iltustrated in Figure 46 - 48, which show streak and SES
measurements across the transition region for the TE polarization light at 780 nm.
Each streak measurement produces two loss measurements; one for the emission
and one for the transmission regions. In the two samples fabricated using a
photoresist liftoff procedure, the emission regions are much shorter than the
transmission regions, as a consequence of the mask design. For this reason, the
prism was coupled to the longer transmission section, hence the mode was
traveling backwards, towards the emitting region. This is the opposite direction
compared to the normal operation of the integrated emitter. However, for a linear
system, this result is reversible. A schematic of the measurement setup is
included above each graph. Since a large signal spike was (sometimes) present at
the transition point, linear fits were performed using the data on either side of the

transition point, but not including data points near the transition point. SES
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measurements were performed with the pump laser scanned across the emission
region with PL collected out the transmission facet, after propagation through the
low loss transmission section. The rising and falling of the SES signal correspond

to the laser reaching the beginning and (possibly) ending positions of the emission

section.
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Figure 46: (Left) Streak measurement on the two sectioned device, 070x1, formed from
masked deposition using a glass cover slide. TE polarized 780 nm light was prism coupled in
the emitting region of the chip. A dotted line shows the transition peint. (Right) SES
measurement at the same wavelength and polarization. PL was collected out the
transmitting facet after propagation through a 16 mm long transmission region.
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Figure 47: (Left) Streak measurement on the two sectioned device, 071x1, formed from
masked deposition using photoresist liftoff. TE polarized 780 nm light was prism coupled in
the transmitting region of the chip. A dotted line shows the transition peint. (Right) SES
measurement at the same wavelength and polarization, collected out the transmitting facet
after propagation through a 5.5 mm transmission region. The length of the transmission
region is less in the SES measurement than in the streak measurement. This is due to the
fact that a different area of the chip is used for the two measurements.
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Figure 48: (Left) Streak measurement on the two sectioned device, 080x1, formed from
masked deposition using photoresist liftoff. TE polarized 780 nm light was prism coupled in
the transmitting region of the chip. A doetted line shows the transition point. (Right) SES
measurement at the same wavelength and polarization, collected out the transmitting facet
after propagation though a 6 mm long transmission region.

The streak measurements, based on the noise and reproducibility, have an
uncertainty of +/- 1 dB/cm, whereas the SES measurements have an uncertainty of
+/-0.5 dB/cm. Good agreement is observed between the loss of the emission
regions as measured by the streak and SES techniques. (The SES loss
measurement of device 070x1 appears to be 0.5 dB/cm too high. This may be an
artifact of the measurement. In this device, the transmission region was very
long, hence the excitation spot was very far from the focused facet which may
introduce a system loss, as discussed in section 4.3). The agreement between the

streak and SES measurements shows that the devices functioned as integrated
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emitters, launching modal power from a Si-nc emission region into a SiNy core
waveguide. Both fabrication methods, either masked deposition using a glass
cover slip or photoresist liftoff, yield similar results. A knee in the streak
measurements is clearly visible.

Further inspection of the streak measurement reveals a signal spike at the
transition point, presumably caused by the discontinuity of the waveguide. This
spike is not present in the sample fabricated using a glass slide cover slip mask
since the transition is visibly less abrupt. Note that extrapolation of the linear fits
of the streak measurements across the transition point are approximately
continuous. This suggests a high mode coupling between the two sections. Poor
coupling would cause the signal level to drop after propagating through the
transition region, creating an offset. If it is assumed that the probability of
scattering out the surface is equal in the two sections, the offset of the loss line fits
of the two sections at the transition point is a measurement of the coupling loss.
Under this assumption, the coupling loss is buried in the noise of the
measurement, and is therefore quantified as being less than 1 dB.

The coupling between the emission and transmission regions was also
measured using the staircase pattern of device 071x1. This technique measured a
coupling efficiency of 105% +/- 5%. Clearly a coupling efficiency greater than
100 % is unphysical, and is the result of an erroneous assumption. By scanning
the pump laser parallel to the facet direction while monitoring the edge emission,

it appears that the facet loss across the device was not constant, but varied by at
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least 10%. It is also possible that the coupling efficiency was not constant along
the transition region.

An example of edge emission spectra from a two-sectioned device is
shown in Figure 49. As expected, the spectra resemble the “intrinsic” emission
spectrum of the Si-nc layer. In this device, very little spectral shift from material
loss is observed in the TE polarization, although some red-shifting is observed in
the TM polarization, due to the higher propagation loss in that mode. The TM
polarization spectra also contain a small shoulder at 760 nm, indicating a small
contribution from radiation modes, most likely surface emission. Also shown is
edge emission using a 470 nm pump LED instead of a 405 nm focused diode
laser. The LED housing was suspended 1.0 mm from the substrate, above the
transition region. The use of an LED demonstrates the plausibility of a pumping
scheme with simpler alignment than can be accomplished with a collimated laser
beam. The use of a pump LED provides a lower intensity over a larger area, and
therefore reduces the alignment required of the setup at the possible expense of
overall pumping efficiency. LLEDs have been considered by others to be a low
cost substitute for lasers in pumping Si-nc devices [104]. Compared to spectra
obtained from laser pumping, the spectra from LED pumping is red shifted, which
is expected since the LED pumps a larger area, which will result in longer
propagation lengths through the emission region. Also, the LED pumping
intensity was lower than from the focused laser, which results in a slightly red-

shifted emission spectrum.
163



PhD Thesis — J. Milgram McMaster — Engineering Physics

1.04
i TE
— 1 mm
0.8 - —— 3 mm|
] —eo— | ED
=5 0.6
< 1
0.44
0.24
0.0
¥ T ¥ T ¥ T T T y T ¥ T Y T i T LI
600 650 700 750 800 850 900 950 1000 1050
1.04 Wavelength (nm)
| ™
— 1 mm
0.8 e
1 —e— LED
5 0.6+
< |
0.44
0.2
0.0 1

¢ L} L I 4 | 2, L) LS ] N 1 % | & L] ® L
600 650 700 750 800 850 900 950 1000 1050
Wavelength (nm)
Figure 49: Edge emission spectra collected out the transmission facet of the two-sectioned
device, 080x1 for the TE (Top) and TM (Bottom) polarizations. Two spectra are shown for
each polarization, with the excitation spot positioned 1 and 3 mm from the transition region.
The transmission section is 6 mm long. Also shown is the edge emission obtained using 470

nm LED pumping, with the LED positioned 1.0 mm above the sample surface, centred at the
transition region.

The edge emission power was quantified on sample 070x1. With 460 pW
of laser light excited at the transition point, 2.4 nW of broad band edge emission

was detected at the facet after propagation through a 16 mm long transmission
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region. From the model discussed in Chapter 3, it is difficult to predict the edge
emission power based solely on the pumping arrangement and collection optics.
Such a calculation would require detailed knowledge of the device. Half of this
problem is circumvented by considering the relationship between the surface and

edge emission power. The edge emission power, P, can be written as

Pedge = PPLﬂe_afo}EHS (25)

where Pp; is the PL power generated within the Si-nc layer, x is the distance from
the excitation spot to the facet, 7' is the facet transmission, and f,,, is the
collection efficiency of the output lens of the SES setup. Note that the collection
angle of the lens in the plane of the waveguide is already included in the
definition of . The collection efficiency perpendicular to the plane of the
waveguide 1s calculated as the partial integral of the far-field intensity of the mode
with the collection angle of the lens. Similarly, equation (18) can be rewritten to

describe the surface emission,

1- 6.,
—COEMJ(I - R)flens (26)

Psmface =P PL(

Here, reflections from the bottom film boundaries are ignored. Comparison of
Piurface and Pegg, s therefore independent of the pumping efficiency and quantum
efficiency, since Pp; is constant and contains both quantities. This technique was
carried out on sample 070x1. Edge emission was collected using the low-

magnification SES configuration out the emission region facet while surface
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emission was collectéd near normal incidence. Both measurements are therefore
broadband. To calculate S, an average of the TE and TM parameters are assumed.
To consider the validity of the above description, the discrepancy between the two
measured values for Ppy is placed entirely on the parameter 7. For the surface and
edge power measurements to result in the same value of Pp;, T calculates to 0.093
(or, -10.3 dB). Although this is one tenth the theoretical maximum of 0.93 based
on the Fresnel reflection, the value is reasonable for unpolished facets™.

Thus far, only spontaneous emission has been considered. As reviewed in
Chapter 2, gain in Si-nc waveguides has been observed by some groups using the
VLS method. Here, gain was explored using the prism coupling setup, as
described in section 4.3. The results are preliminary, not quantified, tested under
only a limited parameter space, and are therefore relegated to Appendix I.
However, the results are surprising, and therefore included in this thesis in the

hopes of encouraging future work.

5.7 Summary of the integration of Si-ncs in waveguides

The evidence shown here supports the model described in Chapter 3.

There, it is assumed that edge emission is due to the propagation of a fundamental

1t is difficult to compare this value with those from other groups. Very few groups publish facet
loss values unless the facets have been polished. In our lab, unpolished facets from SOI
waveguides, formed through cleaving, exibit losses of 8-12 dB.
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mode. Such behaviour was shown to occur for waveguides formed with Si-nc as
well as SiNy cores. Waveguide loss was found to primarily result from absorption
in the Si-nc layer. A two-sectioned device operating as an integrated emitter
coupled to a low loss transmission waveguide has been demonstrated.

The potential for the system to function as an evanescent bio-sensor
appears promising. As reviewed in section 2.3.1, such bio-sensors based on SizNy4
waveguides have been demonstrated and are under development. In this chapter,
the observed knee in the streak measurements of the two sectioned devices shows
there is a benefit to having a Si-nc free region. Compared to a single section
device, light is directed to propagate not only to a region with lower loss but also
a region with larger modal overlap with the upper cladding material (in this case,
air). Such a property is desirable for evanescent sensors.

It is suggested that future work should aim at accurately measuring the
loss of Si-nc¢ films and SiN, films under different annealing recipes with different
refractive index samples. In the output from an integrated device, the emission
efficiency is directly offset by loss (see equation 14). The ratio of pair must be
considered. It is also possible that significant loss was introduced through surface
roughness caused by strain relief during annealing steps. This should be
investigated. Other researchers have reported very low loss values, < 1 dB/cm, in
the visible for SiNy films [128], which encourages the search for similar

performance from the system at McMaster.
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To understand the loss mechanisms, it is necessary to distinguish between
absorption, and scattering from the bulk or surface. This may be accomplished
several ways. Radiometric measurement of the scattering power is possible, but
experimentally difficult. Interface scattering may be differentiated through
comparison of waveguides with different core thicknesses. As already discussed,
photothermal deflection provides a sensitive absorption measurement.

In several places in this chapter, conclusions were drawn from a small set
of devices. Obtaining multiple, near identical samples has been identified as a
means to measure the reproducibility of the material parameters. However, this
does not test the correctness of the theory. To add credibility to the theory of
device operation presented in this thesis, devices should be fabricated with a
variety of film thicknesses.

Two unexpected properties in Si-nc PL were presented. The PL power
was seen to fatigue and partially recover after optical excitation. Similarly,
material loss was seen to increase and partially recover after optical excitation.
These two properties warrant further investigation.

For development of a useful integrated emitter, future work should
consider a ridge waveguide design. Such a design may benefit from a tapered
waveguide geometry, with a wide ridge in the emitting region that narrows to a
single mode ridge near the transition into the transmission section. Such designs
are used routinely for mode converters, to aid fiber-chip coupling. With some

restrictions on the taper angle, low loss propagation is still possible. This may
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allow a larger emitting area (and therefore a larger PL signal) to be coupled to a
single mode 3-D guide. Such a design takes advantage of LED pumping, which is
cheaper, though less spatially confined than a laser source. A tapered design also
relieves fatigue and saturation issues of the PL of Si-nc films by allowing the
optical power to be delivered to a larger chip area.

The integrated device may benefit from a different fabrication method,
using ion implantation to form the Si-ncs. For example, a two sectioned device
may be formed from masked implantation of Si into thermal oxide, followed by
annealing to form Si-ncs, followed by SiN, deposition. Such a design has several
benefits to the devices fabricated here. The SiN, remains planar, but does not

need to be annealed. This may improve surface roughness and waveguide loss.
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Chapter 6. Results and Discussions on Defect

Engineered LEDs

6.1 Photoluminescence of Defect Engineered Si

Photoluminescence of bulk and SOI structures were measured. While the
end goal of the DE project is electroluminescence, PL spectra give valuable
diagnostic information of the emission properties, without the need for processing
electrical contacts. Since EL efficiency was easily obtained, PL efficiency was
not measured.

Recall that Table 2 - Table 4, starting on page 64, describe the structure
and processing route used to fabricate each device.

The PL process in crystalline Si is as follows. Pump light is directed into
the sample through the top surface and is absorbed creating high energy electron-
hole pairs which quickly thermalize to the band edge. The absorption coeffcient
of the 514 nm pump light in Si is 1¥10* cm™. Therefore 86 % of the pump power
is absorbed after only 2 pm of propagation into the sample. In the SOI samples
used here, the majority of carrier generation occurs in the Si overlayer, as opposed
to the substrate. The carrier diffusion length in Si is typically 10-100 um, so
although the carriers are generated close to the surface, significant diffusion will
occur. Inbulk Si, excess carriers will diffuse deep within the substrate. In the

case of SOI with overlayer thicknesses of ~1.5-5 pm, it is approximated that
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diffusion causes the carrier concentration to be uniform With depth. Lateral
diffusion across the surface of the sample will also occur, but is insignificant
relative to the pump beam diameter. This is the case for unimplanted samples. In
implanted samples, which contain significant numbers of dislocations following
post-implantation annealing, this description may not be valid.

The excess carriers diffuse and recombine, emitting light at the band edge
(and at 1.5 pm if the sample contains Er). Re-absorption of PL is insignificant at
the peak wavelength for the propagation lengths considered. The absorption
coefficient of room temperature Si varies from 40-0.06 cm™ over the range of 1.0-
1.2 pm, and is only 0.35 cm™ at the peak wavelength of 1.16 um [144]. While the
high energy emission tail may be slightly absorbed, the majority of the emission
spectrum is not affected by re-absorption. Even in the SOI structures, where the
PL takes multiple transits across the cavity, loss from re-absorption is
~ insignificant compared to the Fresnel loss experienced from the reflection at each
interface. Reflections from the backside of the wafer are ignored since the
resulting interference period is beyond the resolution of the spectrometer.
Further, the back surface is rough and therefore results in diffuse reflection.

An example of PL from bulk Si, implanted and unimplanted, is shown in
Figure 50. The emission peak of the unimplanted sample was 1.158 um, which is
near the expected phonon down shifted band edge of 1.162 pm. The spectral
FWHM was 62 nm. The DE sample also emitted light near the down-shifted band

edge, centred at 1.147 pm, with a FWHM of 79 nm. The increase in spectral
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width of the DE sample is predominantly in the high energy shoulder, perhaps
indicating emission occured nearer the surface than the unimplanted sample, and
therefore experienced less re-absorption. The DE sample also emitted a 217 nm
wide band centred at 1.55 um. Homewood attributes this peak to emission from
Er since it is only observed in samples containing Er. Curiously, the DE sample
emited less light than the unimplanted sample. The PL emission power (arca
under the spectrum) of the unimplanted sample was 5.7 times larger than the DE
sample. Note that both wafers were initially obtained from the same wafer box.
An identical reduction was observed with SOI samples from the Surrey IT batch
having undergone route A and route B. The DE technique appears to reduce the
emission efficiency, at least under optical excitation. This observation contradicts
previous reports from Homewood. In {36], it is reported that “No PL was seen
from unimplanted material.” Admittedly, the DE model only claims to enhance
emission in the small volume between the loops (at a depth of ~100 nm) and the
junction (at a depth of ~400 nm). Optical excitation explores a much larger
volume of Si, exciting carriers more deeply within the sample. It is also curious
that the epitaxial layered Si samples, both unimplanted and implanted, exhibit
very low, almost undetectable, PL signals. Epitaxy is known to produce Si layers
with much lower impurity concentrations than the CZ method. The low PL signal
from expitaxially grown Si cannot be explained under the conventional

framework discussed in Chapter 2.
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Figure 50: Room temperature PL of virgin and DE bulk Si fabricated by route C*:Er. Each
curves is normalized separately to its peak value.
Photoluminescence from SOI is modified by the cavity. Calculation of the
interference function, F, requires knowledge of the film thickness and material
dispersion of all layers with high precision. These were measured with

spectroscopic IR ellipsometry providing thickness measurements to within +/- 10
nm. In addition to material dispersion, the refractive index of Si will be severely

modified through the free carrier effect introduced by the high density of carriers
generated by the pump light. The introduction of lattice damage also would be

expected to perturb the refractive index [159], although this is assumed to be a

relatively small effect and has been ignored in this work.
In this analysis, dispersion (arising from the free carrier effect) and

observation angle are used as all-encompassing fitting parameters. It is assumed
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that identically prepared bulk Si and SOI wafers generate the same PL spectrum,
except the later is modified by F. A fitted spectrum is obtained by multiplying the
bulk emission spectrum by F. Due to carrier diffusion, emission is assumed to
occur uniformly throughout the Si overlayer. Si material dispersion and
collection angle are varied to obtain an acceptable fit. The refractive index, n(4),
is shifted from its measured value n,(4), in the second order, n(1)=n,(1) + A + BA
+C2’. Due to the periodic nature of the interference function, there are several
dispersion curves and angles yield fits of similar quality.

Examples of this analysis for unimplanted and two implanted wafers are
shown in the spectra below. For the unimplanted material in Figure 51, the -0.02
shift in refractive index required for fit is consistent with a Drude description in
terms of its size and sign [160]. For the two implanted samples, the refractive
index shifts (0.522-0.6A in Figure 52, and +0.05 in Figure 53) appear less

physical.
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Figure 51: PL from unimplanted Sum silicon overlayer on 1um buried oxide SOL Dots show
measured PL. Line is the fitted theoretical PL using an angle of 60 degrees, and an index
shift of -0.02 from the intrinsic material dispersion.
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Figure 52: PL from implanted Spm silicon overlayer on 1um buried oxide defect engineered
SOI, route C:Er. Dots show measured PL. Line is the fitted theoretical PL using an angle of
60 degrees, and an index shift of 0.522-0.6A from the intrinsic material dispersion.
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Figure 53: PL from implanted 1.5/1.0 um SOI, route C:Er. Dots show measured PL. Line is
the fitted theoretical PL using an angle of 30 degrees, and an index shift of 0.05 from the
intrinsic material dispersion.

Sensitivity tests show that the overlayer thickness uncertainty of 10 nm is
an insufficient source of error to account for discrepancies. The main deficiencies
of this analysis are believed to be an inadequate knowledge of the dispersion and
collection angle, and to a lesser extent neglecting loss and assuming an
infinitesimally narrow collection angle. A systematic fitting routine to minimize
the root mean square difference of the theory and measured PL is found not to be
effective given inadequate signal to noise ratio. The model has been modified to
approximate the implanted region as a separate layer with a distinct dispersion
curve from the remaining Si over-layer, but this offers no improvement to the

quality of the fits.
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This analysis highlights the problems associated with the characterization
of light emission in SOI and more generally in multi-layer films. Broad band PL
spectroscopy 1s physically similar to spectroscopic ellipsometry. There, elaborate
dispersion and interface models are required for acceptable data fitting [161].
Interference must be accounted for to obtain true spectral features, to relate
internal and external quantum efficiency, and most importantly to compare data
between different samples or characterization setups. In addition to standard film
specifications, such as layer thickness and indices, a detailed knowledge of the
dispersion at high carrier concentrations is required over a large spectral width.
The effect of implanted layers on the passive optical properties must also be
known. These properties can be better accounted for by exploiting the similarity
between the emission and transmission spectra for these thick SOI films. While
optically pumping the film, the transmission spectrum can be measured with a
separate source resulting in a better signal to noise ratio.

Further to this, the data does not rule out the possibility that the underlying
assumption, that emission in implanted bulk Si and SOI are different only in that
the latter is modulated by F, is incorrect. Indeed, the impact of a buried oxide in
close proximity to the implant end of range could lend insight to the debate on the
mechanism for the emission enhancement of defect engineered silicon. Also,
aside from diagnostics, utilizing cavity induced interference in a positive manner

1s common place in photonics. For example, surface emission spectra has been

177



PhD Thesis — J. Milgram McMaster — Engineering Physics

narrowed and external efficiency increased using internal reflectors and multilayer

stacks [162].

6.2 Electroluminescence of Defect Engineered Si

EL spectra and the electrical characteristics of bulk LEDs with
implantation and anneals similar to route C and C:Er have been published
previously [35]. The McMaster facility is not equipped to measure the EL spectra
for such low signals, however, an example of the EL spectrum at room
temperature of a bulk LED with Er incorporation is supplied by the Surrey lab,
and is shown in Figure 54. Forward biased EL and PL match very closely in
spectral shape, hence emission is due to recombination of excess carriers, as
opposed to a hot carrier impact process often discussed in nano-structured LEDS.(
In the present study, the LED structures from Surrey I exhibited current-voltage
curves typical of a rectifying silicon p-n junction with a turn-on at 0.5-0.6V, an

example of which is shown in Figure 55.
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Figure 54. EL spectra of a bulk Si LED with Er implantation.
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Figure 55: Example of and IV curve for a lateral injected LED. In this example, the device
was a 1 mm diameter bulk Si sample, having undergone DE route C.
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Figure 56 shows EL power versus current of an implanted bulk Si LED,
from route C:Er. Shown are the contributions in the 1.1 and 1.5 um bands. It is
seen that the power emitted in the 1.1 pm band is highly linear with current, while
the power in the 1.5 pm band shows signs of saturation and contributes only about
a tenth of the overall power. Such saturation may be the result of a finite number
of radiative Er centres, or a carrier dependent increase tn the rate of back energy
transfer of excited Er centres as discussed in section 2.2.5. The external quantum
efficiency, 7., based on the slope of the line of best fit for the total power, is
calculated to be 1.2%107° +/- 45%, and takes into account the finite area of the
collection optics by assuming uniform emission over a half sphere. The
corresponding 7;, is 8.6*10™. The uncertainty of this measurement is estimated
from calculations of the sensitivity of the detection system to the optical
alignment. Bulk Si LEDs with a backside n-contact (instead of an etched top-
contact) were measured to be as efficient as top contact LEDs, indicating that
introduction of the wet-etched surface does not influence efficiency by way of
introducing non-radiative recombination centres. Further, the efficiency did not
change by thinning the backside, showing optical absorption is negligible over the
substrate thickness. However, the efficiency was found to be 1.5-3 times larger
with a roughened back surface as opposed to one that is mirror polished. Such
surface texturing has been shown previously both theoretically and experimentally

to increase 7.y, [7]- Some LEDs were found to exhibit a burn-in period (while
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held in forward bias) of ~10 hours whereby the efficiency would improve by up to

a factor of 2.
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Figure 56: EL power of a laterally injected 1mm diameter bulk Si LED, fabricated using
route C:Er. The power axis corresponds to the raw power meter reading in the two lens
setup. The emission contains power at the 1.1 and 1.5 pm bands. Using a removable 1300
nm long pass filter, EL power contained in the two bands was measured.

In [31], an efficiency 17 times larger than that reported above is claimed
for DE LEDs®*. The experiments in this thesis were not designed to make a

direct comparison. Reference [31] uses a 1000 °C annealing temperature instead

* In a communication with Prof. Kevin Homewood, an ambiguity in their reported experimental
setup was discovered. Their measurement technique is reported as follows. “The emitted power
from the face of the device was measured by placing it immediately adjacent to a large area
calibrated power meter” [31]. A butt coupling setup was not in fact used. Instead, light was
collected with a lens, directed to the power meter, and the reading was multiplied by an
unspecified collection efficiency derived from the lens geometry.
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0f 950 °C, and does not contain an Er implant. Both studies use a 20 minutes
annealing time. However, in [32] it is reported that a for a 20 minute annealing
time, a 950 °C anneal results in ~1.4 times as much EL power as samples
annealed at 1000 °C.

An example of integrated EL power vs current is shown in Figure 57 for
an SOI-LED emitting in the 1.1 pm band. The power vs current is seen to be
slightly sublinear. The external quantum efficiency, Nex, at 40 mA is calculated
to be 8.7%10°° +/- 45%. The device is likely less efficient than previously reported
bulk LEDs prepared in a similar manner due to heating effects arising from the
higher current density, interference modulation from the SOI cavity, as well as a
reduction in carrier life-time introduced by the buried Si/SiO; interface. It is noted
that the 7., of the current SOI-LED is larger than some reports of Si LEDs,
monolithically integrated on SOI [84, 911, but is 16 times smaller than that
reported in [87]. Regardless, the external efficiency of the LEDs reported here
suggests further improvement in device design is required before integration with
SOI waveguides provides edge emission compatible with applications in
traditional optical communications. Unfortunately, SOI LEDs emitting at 1.5 pm
have not been demonstrated. Although the necessary material has been
implanted, an attempt with the Surrey I batch, route C:Er, was unsuccessful due to

an error made by the experimenter during processing.
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Figure 57: EL power vs current for a laterally injected 1 mm diameter LED integrated on
SOI. The sample was fabricated with the DE route C, and emits at 1.1 pm. The power axis
corresponds to the raw power meter reading in the two lens setup.

Co-implantation of phosphorous does not appear to improve efficiency.
Simple junction theory [163] predicts that increasing the doping level on the n-
side of the junction increases the proportion of the total current that is from
electron injection. Based on the DE model, this should result in a higher EL
efficiency. However, bulk LEDs formed from route A:Er and B:Er measure an
Texe NEAr 1¥107°,

Problems in reproducibility were experienced. Compared to batch I, the
SOI samples from the Surrey Il batch, route A:Er, exhibited very different IV
curves, with similar reverse bias currents, but requiring voltages ~18 times larger
to achieve the same forward bias current. The IV characteristics may be more

closely examined to characterize the diode behaviour, although this is left as
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future work. The EL 7,,, on tﬁese SOI devices is 1.5%10°°. The LEDs formed
from the epitaxial Si exhibited normal IV curves, but resulted in very little EL
power, measuring an 77, of 5.6%107. It is not clear if these results are typical, are
due to reproducibility problems with DE fabrication, or are due to the subsequent

LED processing.

6.3 Summary of Defect Engineered LEDs

Photoluminescence from the SOI wafers showed a strong influence from
the optical cavity. This effect was modeled, although the model was limited by
the unknown change in refractive index caused by free carriers introduced by the
pump light. The result is important since PL on SOI is explored in the search for
an integrated Si emitter [85, 86, 88, 137] as well as for material characterization
for the microelectronics industry [164].

Si LEDs integrated on an SOI platform using lateral injection geometry
were demonstrated, and the EL efficiency of bulk and SOI LEDs was
characterized.

While these results demonstrate improved utility of DE, significantly
lower than expected efficiencies were measured, and problems with
reproducibility were experienced. To explore these issues it seems necessary to
obtain a greater number of samples, and to invest time commensurate with an

entirely new graduate project. However, given the overall performance of the DE
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LEDs, and the lack of support for the DE model that has accumulated in the
literature since the start of this project, such pursuits are left to others to decide if

the pursuit of DE light emission is of any value.
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Chapter 7. Conclusions

The thesis covers the integration of light emitters into optical slab
waveguides. Of paramount concern is that that the entire platform is VLSI
compatible. This was accomplished using two techniques, namely, DE, and Si-
nes.

In the DE work, LEDs emitting at 1.1 and 1.5 pm were demonstrated on
bulk Si, and on an SOI platform. LEDs were designed, fabricated, and
characterized. The LEDs were designed to use a lateral injection scheme.
Surface PL spectra of SOI were analyzed to account for interference. It was
concluded that the optical constants of the SOI, specifically the refractive index
dispersion introduced by excited carriers, was known with insufficient accuracy to
enable predictive fitting of the emission spectrum. The surface EL emission
efficiency of the LEDs was characterized, and compared to other Si LEDs
fabricated on bulk and SOI.

In the nanocrystal work, Si-ncs were integrated with SiN, waveguides.
For comparison, standard Si-nc core waveguides were also fabricated. Optically
pumped waveguides emitting at ~850 nm were designed, fabricated and

characterized. Edge PL was measured and analyzed. Two-sectioned devices
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were demonstrated that contain an emitting section integrated with a low-loss
transmitting section. The coupling loss between the two regions was found to be
negligible compared to propagation losses, and the device functioned as an
emitter coupled to a transmission line. Edge emission from the waveguides was
found to be well described as a propagating guided mode with waveguide loss
introduced primarily from the Si-nc layer. Throughout the discussion of the Si-nc
work (Chapter 5), future work was suggested. Most importantly, the pursuit of

edge emitting ridge or channel waveguides was recommended.
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Appendix I Gain Measurement

Preliminary gain measurements are presented here with 850 nm TE
polarized probe light prism coupled into an air/Si-nc/SiN,/SiO, waveguide. The
waveguide was surface-pumped with a continuous wave 405 nm laser light. Edge
emission of the probe light was detected using lock-in detection. Since the probe
light was chopped, no pump signal was directly detected. Figure 58 shows the

pump and probe signal as a function of time. The results are extremely surprising.
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Figure 58: Pump-probe measurement of surfaced pumped prism coupled light in an

integrated Si-nc waveguide. Near the beginning of the measurement, the probe beam was
blocked to illustrate the time constant of the system.
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When the pump light is turned on, the probe signal consiétently drops
several %. With the pump light turned off, the probe signal makes a partial
recovery. Both the drop and recovery have a fast and slow component. The
behaviour of the slow components are reminiscent to fatigue behaviour, and is
assumed to be related to the same mechanism.

The probe induced loss can be explained by free carrier absorption (FCA),
as has been done by others [139]. As probe light is absorbed, carriers are quickly
excited. When the probe light is turned off, the excess carriers quickly
recombine. (In other measurements not shown, the PL excitation and decay time
constants are measured to be <100 ps). Such behaviour is discouraging news. It
suggests that gain, under CW excitation at 850 nm, is either absent or offset by
free carrier absorption. This behaviour is observed with several combinations of
pump and probe intensities.

The slow portion of the probe induced loss is consistent with the
“blinking” theory suggested to explain recoverable fatigue. When the pump light
is turned on, FCA quickly increases the propagation loss. According to the
“blinking” theory, the free carrier population will slowly increase as carriers
become traped at the Si-nc interface, leaving behind an unpaired carrier that is
now unable to recombine for lack of a partner. Such behaviour would encourage
a slow increase in loss as these unpaired carriers are generated. Conversely, with
the pump signal blocked, signal quickly increases as the photoexcited carriers

recombine. According to the “blinking” theory, the unpaired carriers will slowly
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recombine as their partﬁers become untrapped. Such behaviour would encourage
a slow decrease in loss.

The “blinking” theory has not been confirmed. Here, it is simply noted
that the pump probe results are consistent with the expected behaviour. The
results presented here are preliminary and have not been quantified. Further

testing 1s required to explore the parameter space.
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