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Abstract

This project successfully designed, fabricated and characterized two highly
reflective distributed Bragg reflectors for use with long wavelength vertical cavity
surface emitting lasers. The first reflector consisted of 20 pairs of alternating
InP/Ing 64Gag 36AS0.777P0.223 layers grown on an InP substrate with a theoretically predicted
normal incident reflectivity of 96.6% at a center wavelength of 1550nm. The second
DBR had 20 pairs of alternating GaAs/Ing4g4Gagsi6P layers grown on a GaAs substrate
with a theoretically predicted reflectivity of 94.9% at a center wavelength of 1550nm for
normal incident light. Experimental results obtained using a specially designed
reflectivity measurement setup confirmed reflectivity models and predictions at both
normal and variable incident light angles. However, these measurements revealed a
discrepancy between theoretical and experimental layer thickness values for both DBR
structures. Applying perturbations to the theoretical models, the actual layer thicknesses
of the DBRs were determined. X-ray analysis was employed to examine the periodicity
of the super-lattices along with the accuracy of lattice matching to the substrate.
Transmission electron microscopy revealed that no detectable drift in layer thickness was
apparent during growth of the DBR structures. Photoluminescence was used to

investigate any compositional variations of the quaternary layers in the first DBR stack.
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1. Introduction

1.1 Background

Reflectors are an essential component to any laser operation. Without them, it
would be next to impossible to create enough stimulated emission to achieve ‘lasing’ in
everyday edge emitting semiconductor lasers. The most common form of reflector found
in such devices is comprised of a cleaved edge facet (facet coatings usually added)
providing at best a reflectivity of 40% [1]. Despite this rather low reflectivity value, the
gain media in edge emittiﬁg laser devices , as shown schematically in Figure 1.1.1(a), are
large enough (typically 0.5-1.0mm in length [1]) to establish lasing with reasonable
injection current levels. In the case of vertical cavity surface emitting lasers where the
gain medium is only on the order of 240-300A as shown in Figure 1.1.1(b), a mirror
reflectivity of 40% would be inadequate to attain a lasing device. A much higher
percentage of the produced light would have to traverse the gain medium several hundred
times in order to offset the gain medium size. For example, a 240A gain medium being
reasonably pumped with current yields a gain of about 1% per pass [2]. Thus, if the
intent of the laser is to provide 50% of the generated light as useful output power, the
output mirror transmission must be about 0.5% and the other losses, including the back
mirror transmission, must be about 0.5% as well [3]. This translates into the need for

mirrors with reflectivities of higher than 99.5%.


















2. Experimental Setup

2.1 Introduction

The concept of obtaining the reflectivity of any given material is rather
straightforward. First off, a light source of given wavelength and power is directed onto
the sample at a specified incident angle. Thereafter, a measurement must be made of the
power of light reflected or transmitted by the sample. For this project, it is preferred to
measure the reflected beam rather than the transmitted beam. This is largely due to the
fact that the region of interest is a thin film structure that lies close to the surface and is
highly reflective (80% or greater reflectively). In addition it is grown on a thick substrate
where absorption losses may become significant. Both these aspects translate into
minimal light being transmitted thus making the measurement much more difficult and
more prone to errors. This however, does not imply that measuring the reflected power is

without its challenges and these will be fully discussed in a later section.

Once the reflected or transmitted power is measured, some rudimentary algebra is

performed to obtain the reflectivity of the sample as demonstrated by the equations

below.
" power,
reflectivity = ——L 100% (2.1)
p Owerincidem
. 1- power, .
reflectivity = POV vansmined 1009, (2.2)
p Owerincident
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Given that the reflectivity is determined by taking a ratio of the incident and
reflected/transmitted light, it is most critical that the measurements are carried out in a
manner that minimizes and allows for keeping track of any optical power loss while the

light is propagating through the experimental setup.

2.2 System Requirements & Components

To adequately acquire all of the necessary measurements deemed essential for
designing and testing high reflectivity mirrors, an experimental setup was required that
would enable measurements to be taken at a variety of incident angles, power levels, and
wavelengths. An HP 8168E tunable laser source equipped with a grin lens fiber output
was used as the light source. This features a maximum output power of 3mW at its
central wavelength region (1500nm to 1520nm) with an operational output spectrum
ranging from 1470nm to 1580nm [9]. Despite the fact that the tunable range is quite
impressive, an even larger range would have been desirable in order to fully view the
mirror stop bands and lateral characteristics. The grin lens satisfactorily allowed for light

collimation with negligible divergence over the design distances.

Because of various design limitations, two different measurement systems were
contrived. One geometry was used for normal incidence light measurements and another
for variable incident light angles. Each setup had different physical detecting
requirements and therefore an assortment of detectors were required and the different
setups are discussed in 2.3 and 2.4. The detector outputs were then amplified using a
Stanford Scientific SR810 Lock-In Amplifier which significantly reduces inherent

background noise.
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the power of the transmitted and reflected beams from the cube are denoted P, and P;
respectively, with P4 being the final power at detector. These are all values that are
acquired during the experiment. Additional variables included o as the absorption
coefficient, L for the length of the cube, R for the back reflection off each face of the
cube (extremely small value due to antireflection coatings), and finally S; and S; for the

fraction of light transmitted and reflected respectively by the beam splitter.

AP
Sample
Beam Splitter
o sr
— - P,
Grin lens <
-------- L----->
R
Y P4

Figure 2.3.7: lllustration of variable assignments to beam splitter model.

The following three equations were formulated to model the absorption.

S, +S, =1 (2.3)
2 -al

P =P -R -8, (2.4)
2 _-al

P =P -R.e°t.§ (2.5)

By substituting Equation 2.3 into Equation 2.4 and summing the resultant
equation with Equation 2.5, it then became trivial to solve for the absorption coefficient

as shown in Equation 2.6.
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-1 (P+P
a=—-ln[ 'J (2.6)

With the absorption of the cube determined, the beam splitting ratios were then
modeled. This was accomplished by using Equation 2.3 in conjunction with the
following relationship.

Sr ==
S

(2.7)

v

4

By substituting Equation 2.3 into Equation 2.7, two equations can be derived that
provides a numerical value for the percentage of light transmitted and reflected by the

cube. Thus, any unequal beam splitting can then be accounted for by the model.

P

§ =— "t (2.8)
" (B +R)

S, b (2.9)
(P, +F)

With all the necessary adjustments made, the experimental setup for the normal

incidence scenario was then completed for use.

2.4 Variable Incidence Experimental Setup

The variable incidence setup required a great deal more thought than that of the
normal incidence. The design had to meet the following criteria; assuming that the light
source and detector are at the same point, if the sample is rotated by 0, then the detector
would have to rotate by 26 in order to capture the reflection. Figure 2.4.1 below depicts

this relation.



8L Shahicen Molasine o b
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Figure 2.4.1: 6 and 20 relation.

It was resolved that in order to simplify alignment issues and prevent damage to
the grin lens and/or the optical fiber, the laser source should remain stationary while the
sample and sole detector would rotate. This was accomplished by literally stacking the
two motorized rotation stages on top of one another with the addition of an aluminum
bracket designed to make this possible. The bracket also provided a housing for the

sample mount.

The lower rotation stage was fixed to an optical table with the aluminum bracket
screwed to it. The second rotation stage was then screwed atop the bracket and fitted
with an extendable arm designed to hold the detector (Figure 2.4.2). With the described
system, it then became possible to rotate the sample and detector while maintaining the

required 6-26 relation. Figure 2.4.3 illustrates the entire apparatus.









3. Modeling of High Reflectivity Distributed Bragg
Reflectors (DBRs)

3.1 Design Requirements

DBRs that are to be designed for use in vertical cavity surface emitting lasers
(VCSELSs) have several design requirements. The first and most obvious is the need to be
extremely reflective and transparent (preferably higher than 98% reflective) at a required
wavelength. Next, the DBRs must contain as few layers as necessary in order to reduce
production costs through ease of growth, material consumption, and time. Furthermore,
this would reduce the possibility of compositional and growth rate drifts that would affect
the device performance. Finally, the DBR stack must be conductive both electrically and
thermally in order to allow current injection into the active region of the device. Figure

3.1.1 depicts a cross-sectional diagram of a typical VCSEL.
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An additional consideration for designing the mirror stacks arises when the light
output covers a broad spectral range or when the laser source is tunable. In such a
scenario, the importance of the stop band becomes very crucial. The stop band of the
mirror refers to the spectral width over which the mirror maintains its intended high

reflectivity. Figure 3.1.3 illustrates a typical DBR response showing the stop band.

100 S
)
GaAs / AlGaAs / AlAs
A4 - Reflectors
& 80} 25 Pairs Stop Band
< T=300K
S T f\
Q
Z oo}
=
) "
28]
= 40
(03]
= | ﬂ
20 l
0 : * L ! : | ;
0.6 0.7 0.8 0.9 1.0

WAVELENGTH A (um)
Figure 3.1.3: Reflectance of an AiGaAs/AlAs DBR with 25 pairs [3].

The spectral width of the stop band is given by [19]

2 Apyoee - A1
— 88
Ayppora = 88— (3.2)
T-n eff

where Apg, is the Bragg wavelength, An is the difference in refractive index of the two

layers, and ne¢r is the effective refractive index. The effective refractive index is given by

[19]

-1
11
Nygp =2 (— + ‘—] (3.3)
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With all these design requirements in mind, the next step is to model and

materials in order to fabricate a functioning DBR stack operational at 1.55um.

3.2 Material Selection

As previously stated, material selection is crucial to the functionality and
practicality of the DBR stack. Thus, many considerations must be made prior to
manufacturing. One such consideration is the growth facility available to manufacture
the desired stack. At McMaster University, there are currently two molecular beam
epitaxy (MBE) units allowing for the growth of a multitude of materials. At present,
however, only one of the two units is operational thus limiting material compositions to
the InGaAsP family base. Consequently, the material selection and composition are quite

limited for the design of a DBR stack at the desired operational wavelength of 1.55um.

Keeping the design requirements in mind and referring to Figure 3.2.1, it becomes
evident that in order to grow a stack with minimal strain and a band gap no smaller than
0.9¢V (in order to safely avoid absorption by a comfortable margin), an InP or GaAs
substrate is essential. For the first sample grown, an InP substrate was selected. With the
substrate determined, all that remained was the selection of the materials for the two
layers that would constitute the DBR stack. Referring to Table 3.1 while observing the
growth restrictions, it becomes clear that InP and InGaAsP are the only two materials that
meet the design requirements. The factor remaining was to select the growth

composition of the quaternary structure.
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where Eagpc, Eapp, Escp, and Eacp are the ternary alloy energy band gaps containing the
corresponding bowing parameters. The lattice matching relationship between x and y in
the quaternary to the InP substrate were met by using the following relationship [21]

_(0.189-0.405 - x)
Y= 0189+ 0.013 %)

(3.5)

A full account of these band gap calculations can be found in Appendix 7.1. It is
important to note that values such as bowing parameters, binary and ternary energy gap
values, etc. were all obtained from a single source (Reference [20]) in order to ensure

some level of consistency in the final calculations.

With the equations and all the variable values gathered, a MathCAD program was
written to simplify the arithmetic required to obtain the band gap energy. A target band
gap of 0.90eV was set and through an iteration process, various x values were employed
until the desired result was obtained. According to the theoretical calculations, the
following quaternary composition would yield the desired 0.90eV band gap while

successfully lattice matching to the InP substrate.

Gay 361N0.64P0.223AS0.777

The second sample that was grown by the MBE was based on a GaAs substrate
with alternating pairs consisting of GaAs and Ga,In;,P. Once again, the same criteria as
for the first sample had to apply. Thus similar calculations were carried out in order to
determine a lattice matching composition for the ternary structure with a band gap larger
than 0.9¢V. The lattice matching condition for the ternary was found to be (using

Vegard’s Law)

(0.405-0.405- x)
y= (3.6)
(0.1895+0.0126 - x)

with the energy band gap given by Equations 3.4 and 3.5. A full account of these
calculations can be found in Appendix 7.2. The calculations yielded a latticed matched

ternary composition with a band gap of 1.896eV to the GaAs substrate of
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be 0.90eV with a refractive index of 3.48 at 1.55um [21]. This finding for the most part

confirmed the calculations performed here.

The index of refraction for the ternary composition of GagseIng4g4P at 1.55um
was calculated to be 3.131. This value was confirmed through a curve fit using

experimental results found in a recent paper [21].

Since the experimental setup for making reflectivity measurements used a laser
over a tunable wavelength range of 1480-1580nm, one additional note worth mentioning
is that because the index changes with respect to wavelength, the theoretical refractive

index was calculated over this entire range for both samples.

3.4 Reflectivity Modeling

The aim of this project was to design and fabricate a highly reflective DBR stack
at a specified wavelength. Consequently, the reflectivity modeling is ths most crucial
segment for design considerations. Due to the multilayer stack design of alternating
high-low index layers, a transfer matrix approach was utilized. This method allows for
the analysis of the propagating light through each individual layer of the stack making it

quite a useful tool.
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Film Substrate
no nf ns

“Bo (a) (b)

Figure 3.4.1: Reflection of a beam from a single layer film [13].

A brief explanation of the inner workings of the transfer matrix approach can be
described by Figure 3.4.1. As shown, an incident beam with an E-field perpendicular to
the plane of incidence strikes a film assumed to be homogeneous and isotropic in nature
(as is the case with the fabricated sample) with a layer thickness on the order of the
wavelength in the medium. As expected, a portion of the beam i1s reflected at interface
(a) while the remainder continues on through to interface (b) where it undergoes the same
process as at interface (a). To account for multiple beams from multiple reflections, the
insets are included to define the magnitude of the E-fields at boundaries (a) and (b). For
example, E,; represents the sum of all the multiple reflected beams at interface (a) in the
process of emerging from the film while E;; represents the sum of all the multiple beams
at interface (b) directed towards the substrate. Across the boundaries (a) and (b), both the

E-fields and B-fields are continuous. Thus the corresponding equations are valid [13]
E,=E,+E,=E,+E, (3.10)

Eb = Ei2 + Er2 = Erz (3.11)
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B, =B, -cos@, - B, -cosf, =B, -cosl, — B, -cosf, (3.12)

B, =B, -cos@, -8B, cosb, =B, -cosb, (3.13)
keeping in mind the relation [13]
B=£=(£j-E=n- U,-€, -E (3.14)
v c

Rewriting Equations 3.12 and 3.13 in terms of E-fields with the help of Equation

3.14 yields [13]

B, =y, (E,~E,)=%(E,-E,) (3.15)

B, =y -(E,-E,))=y,E, (3.16)

where

Y, =h, €, K, €086,
Y, =n €, MU, cosb, (3.17)
7s = ns : Veo '/uo 'COS&,Z

It is important to note that a phase change & occurs as the light traverses the film.
This phase change can be expressed by [13]

o= k,,A=(%£J-nl -t-cosb, (3.18)

(4

Using Equation 3.18 in conjunction with Equation 3.12 and 3.13 followed by

some arithmetic (a full account of which is given in Reference [13] chapter 19-1), the

following matrix relationship was obtained [13]

E, 088 i-sind E,
= 7, . B (3.19)
@ i-y,-sind  cos b
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The 2x2 matrix above is referred to as the transfer matrix of the film and in

general can be represented by

m m
M ZI: 11 12} (3.20)

nm,, My

The beauty of Equation 3.19 is that it can be expanded. For example, if boundary
(b) was another film rather than the substrate, the equation can be made valid by adding a
second transfer matrix that would relate the electric and the magnetic fields at the now
present third boundary (c) between the second film and substrate. Consequently,
Equation 3.19 can be expanded to accommodate an arbitrary number of film layers as

shown below [13].

E, E, E,
=M1'M2‘M3”‘MN' :MTOW. (3.21)
E, By E,

With the behavior of the electric and magnetic fields accounted for in each film
layer by the above equation, determining the stack reflectivity then becomes quite trivial.
Once again using Equations 3.10, 3.11 and 3.15, 3.16 in combination with the reflection

and transmission coefficients, the following two equations were derived [13]

I+r=m, t+m, -y -t (3.22)
7/0 (l_r) = m21 't+m22 7‘ -t (323)

where » and ¢ are the reflection and transmission coefficients respectively and m;;, m;;,
m;;, and m;; are the transfer matrix elements. Solving Equations 3.23 and 3.24 for » and ¢
yields [13]

2-7,

1= (3.24)
Vo Myt ¥, ¥ mytmy +y -my

y= }/0 11 7() 7.3‘ 12 21 7“ 22 (325)

Yo My Y, Yo mytmy, +y -my,
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The reflectance of the sample can then be determined by,

R= |,,|2 (3.26)

Throughout this derivation, the polarization of the electric field was assumed to
be perpendicular to the plane of incidence as shown in Figure 3.4.1. For the case that the
electric field is parallel to the plane of incidence, a minor change is required to 7y; in
Equation 3.17, the cosine factor shifts to the denominator of the equation as shown in
Equation 3.27. In the case of randomly polarized light, an average of the perpendicular
and parallel scenarios must be taken to obtain the correct result.

Ve() .lll{)

7, =n, oot (3.27)

As stated earlier, a DBR stack may consist of many pairs of high and low index

layers. For a stack with 40 pairs, 80 transfer matrices would be required to characterize
the behavior of the propagating light through each individual layer. This monster task
can be avoided if the pairs are identical and repeat in an organized fashion, as is the case
with DBR stacks. The periodicity of the pairs enables the use of only 2 transfer matrices,
one describing the high index layer and the other the low index layer. The resultant of
these two transfer matrices is then put to the power of N where N is the number of pairs

present in the stack.

Consequently, to model the reflectivity of a stack as a function of wavelength, the
refractive index values of the high and low index materials must be known at the
wavelength of interest, and their layer thicknesses (typically quarter-wave thickness for
high reflectivity) along with the angle of incidence of the light. The only variable
remaining and directly affecting the reflectivity is that of N defining the number of pairs

in the stack. The larger this value, the higher the reflectivity.

All the above reflectivity calculations for this project were carried out in
MathCAD. A copy of the code along with a sample calculation can be found in
Appendix 7.4. The reflectivity modeling for the DBR stacks modeled thus far dictated 45
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pairs, for the InP substrate design, to achieve a reflectivity of 99.9% at 1550nm when the
incident medium for the light was InP. The model was adjusted to accommodate the
experimental conditions which had air as the incident mediuim. With this adjustment
made, it was decided that 20 pairs was a reasonable number yielding a theoretical
reflectivity of 96.6% at the center wavelength of 1550nm. For the GaAs substrate design,
it was calculated that 20 pairs would yield a theoretical reflectivity of 94.9% at the center

wavelength of 1550nm.

3.5 Mirror Losses

Thus far, no loss factors have been discussed in the DBR stack reflectivity
modeling. This is due to the fact that the amount of loss in the DBR is so very small that
it can for the most part be neglected entirely. On average, a reasonably doped DBR stack
may have total losses ranging from 5cm™ to 15cm™ depending on quality of growth and
material composition [22]. In general, the local incremental loss due to doping is
approximately 11em™ per 10"%cm™ of p-doping and 5cm™’ per 10"%em™ of n-doping in the

850nm to 980nm range and slightly higher in the 1.3um to 1.55um range [3].

Another source of loss in the DBR stack is due to the operational temperature of
the VCSEL. The higher the VCSEL temperature, the larger the absorption of the mirror
as more carriers are able to overcome the energy band gap. It is for this reason that band
gaps in DBRs are purposely designed to be somewhat larger in energy than the intended

photon energy to avoid unnecessary absorption.

Losses may also arise depending on the material transition from layer to layer in
the DBR stack. For this project, the layer transitions were quite abrupt resulting in
minimal losses. If the transition were graded however as is the case with some DBRs,
more losses would be evident and the above model could not effectively be applied

without some perturbations.
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The DBR stacks designed for this project had minimal doping (on the order of
10"em™), operated at room temperature and had sharp, abrupt junctions. This translates

into minute losses and they are thus not considered when modeling the stack.

3.6 DBR Stack Model Summary

From the above discussion, it is evident that there are many aspects to consider
when designing a highly reflective DBR stack. The initial consideration must be the
desired reflectivity at a given wavelength. In this design case, a center wavelength of
1550nm was desired with a reflectivity of roughly 95% so as to have a reasonable
number of pairs in the super-lattice. With these goals set, materiai selection became the
next issue. The first sample consisted of InP/InGaAsP pairs for the low and high index
requirements, respectively grown on an InP substrate. The sécond sample was grown on
a GaAs substrate with high and low index layers composed of GaAs/InGaP, respectively.
Band gap calculations were carried out to determine a composition for the quaternary and
ternary compounds that would not be absorbing at the operational wavelength. A band
gap of 0.90eV was set as the target for the quaternary yielding a composition of
Ing ¢4Gap36AS0.777Po223. The band gap value of the second stack was calculated to be
1.896¢V for a lattice matched composition of GagsisIng4ssP. Further calculations were
then conducted to determine the index of refraction for each layer in the pairs. The
refractive indexes were 3.17 and 3.474 for the InP and InGaAsP layers respectively and
3.37 and 3.131 for the GaAs and InGaP layers respectively. Using this information, it
was found that growth thicknesses for the first sample should be 111.5nm and 122.2nm
for the high and low refractive indexes respectively, satisfy the Bragg quarter-wave
condition. For the second sample, thicknesses were calculated to 123.8nm for the ternary
layer and 115.0nm for the binary layer. Subsequent modeling revealed that 20 pairs
yielded a reflectivity of 97% for the first sample and 95% for the second. Schematic
diagrams of the designed DBR stacks are shown in Figure 3.6.1 and 3.6.2.
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4. Experimental Results and Analysis for InP/InGaAsP
DBR

4.1 Reflectivity Measurement Preparations

The reflectivity measurements were carried out in several phases. First, the as
grown sample was cleaved into seven segments in order to provide samples for several
methods of characterization including X-ray analysis, transmission electron microscopy

and for reflectivity measurements.

The goal of the reflectivity measurements was to a) confirm the theoretical
calculations and b) determine the uniformity of growth throughout the 40 layers of the
DBR stack. Consequently, five sample pieces were required to carry out reflectivity
measurements at a variety of pair numbers in the DBR stack. In order to carry out these
measurements, four of the five samples required the wet etch removal of several pairs.
The number of pairs desired in each sample piece was arbitrarily chosen to provide a

broad coverage. The final breakdown was:
a) 20 pair DBR sample (no etching required)
b) 18 pair DBR sample

c¢) 14 pair DBR sample

d) 12 pair DBR sample

e) 6 pair DBR sample
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With a multitude of samples such as these, it becomes possible through
reflectivity measurements to detect any variability in the layer thicknesses after the
sample has been grown. Simultaneously, the effects of the number of pairs present on the

reflectivity of the DBR stack can also be determined.

Etching of the samples was carried out to remove the layers in pairs which
required two separate steps with different etchants used for each layer in part. The
etchant used for the quaternary layer was H,SO4:H,0,:H,0 (1:1:10), with an etch rate of
0.1um/min [23]. The etchant for the InP layer was HC1:H3PO4 (1:3), with an etch rate of
0.4um/min [23]. After etching, reflectivity measurements were carried out at incident

light angles of 0°, 12°, 24°, and 36°.

4.2 Variable & Normal Incidence Measurements

The normal incidence measurements were conducted first and in a continuous
sequential order for each sample. This was done to ensure consistency in the
measurements and to eliminate any alignment issues that could arise from moving the
laser source over to the variable angle setup. Furthermore, each sample underwent the
reflectivity measurement at least three times with the incident beam spot moved to a
different part of the sample surface such that an average over the entire sample surface

was taken and reproducibility of results was confirmed.

The variable angle measurements were also conducted such that three or more
measurements were taken for each sample making sure that the measurements were
carried out at various points on the sample. The incident variable angles chosen were
12°, 24°, and 36° to provide a broad coverage as well as to allow for the investigation of

any trends present relating to incident light angles.

Figures 4.2.1(a to e) depict the findings of the measurements carried out on five
samples. Error bars found on the graphs are obtained by determining the standard

deviation between trial runs.
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reflectivity equation of a DBR with m quarter-wave pairs at the Bragg wavelength as can

be seen by Equation 4.2 (also dependent on index) [25].

vl
()

From this benchmark test, it was determined that the shift present were solely the

Rppe = (4.2)

result of thickness errors during growth as there was little or no observed vertical shifts in
Figure 4.2.4. More specifically, the growth error must be a result of layers being more
than 1% thinner than originally specified (as the observed shift is to the left by a
significant amount). Consequently, in order to fit the theoretical curve to the

experimental data, the layer thicknesses are modified.

Through a process of trial and error, thicknesses were varied until a suitable fit
was obtained. This was achieved by using a least squares method (Equation 4.3) where

the best fitting curve yields a minimum value for a result [26].
1= Z[yz - f(xi)]2 (4.3)
i=1

where y; is the experimental value for reflectivity at a given wavelength and f{x;) is the

fitted curve’s value for reflectivity at the same wavelength.

The quaternary thickness was reduced from 111.5nm to 108nm, a change of
3.14%. The designed binary thickness of 122.2nm dropped down to 117.5nm, a change
of 3.85%. Figures 4.3.2 to 4.3.6 plot the experimental data fitted with the modified

theoretical curves for all the incident light angles and various number of pairs.
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error was the varying room temperature that fluctuated at times from 20°C to 30°C
affecting the detector responsivities by up to 5% [27]. Other minor sources of error
affecting measurements would involve misalignment of detectors, variations in the
tunable laser power output over time, as well as the lighting conditions in the room

(experiments sometimes conducted with room lights off).

4.4 Effects of Improper Chemical Etching

The chemical etching process briefly described in Section 4.1 is quite crucial to
the DBR stack’s reflectivity. Great care should be taken to ensure that each and every
layer is completely removed before moving on to the next layer. If for example a given
layer is not completely removed (not etched for the appropriate amount of time), the next
etchant solution will have little or no effect when the sample is immersed in it. As a

result, the number of layers removed will then become unclear.

Any errors made during the etching process will only be obvious after the
reflectivity measurements have been carried out and the experimental results have been
compared to the theoretical calculations. Figure 4.4.1 plots the effects of an incomplete
etch for a 6 pair InP/InGaAsP DBR stack. In this case, a thin film of unknown thickness
of InP was left on the quaternary surface resulting in 6 complete layers with some InP
residue. The effects of this thin unwanted layer are obvious in Figure 4.4.1 as this thin

layer disrupts the Bragg quarter-wave condition for maximum reflection.
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the figures in Table 4.5.2 confirm to an extent that thickness wandering was not a

significant issue in this DBR stack.

Table 4.5.2: Layer thickness measurements of bottom and
top three layers of InP/InGaAsP DBR stack.

Layer Thickness of Bottom Dozen Layers® | Thickness of Top Dozen Layers®
Number Magpnified Actual Magnified Actual
1 2.15+£0.08 cm 107.5+4.0 nm 2.26+0.08 cm 113.0+ 4.0 nm
2 2.28 +0.08 cm 114.0+ 4.0 nm 2.12+0.08 cm 106.0 £ 4.0 nm
3 2.19+0.08 cm 109.5+ 4.0 nm 2.27 £0.08 cm 113.5+4.0 nm

% Layer 1 refers to layer closest to the substrate.
b Layer 1 refers to the topmost layer.

From the above discussion, it can be concluded that transmission electron
microscopy could be a very useful tool in the analysis of the DBR super-lattice from a
macro prospective. However, its application on a layer-by-layer basis proves to be
useless with the tools and approach utilized here. Unless another method is developed to
better suit the difficulties surrounding contrast issues at the interface between layers,

TEM analysis can only be used for determination of reproducibility of thicknesses.

4.6 X-Ray Analysis of the DBR Stack

X-ray analysis of the DBR stack was carried out using the Bede Scientific
Instruments QC1 double-crystal diffractometer. This system operates by transmitting a
beam of x-rays through a micro slit to create a highly collimated beam. The collimated
x-rays are then incident onto a reference crystal (typically composed of the same material
as the substrate of the test sample) at the Bragg angle. This process further collimates the
beam as it is reflected off the reference crystal and onto the sample. The sample is placed
on a rotating/tilting stage parallel to the reference crystal in order to maintain the Bragg
condition and provide maximum reflection of the x-rays into a large area detector for

detection and analysis [28].

The objective of the x-ray analysis was to determine the periodicity of the growth
with respect to layer thicknesses. This was achieved by first running an x-ray scan on the

20 pair InP/InGaAsP DBR stack. The results of this scan can be found in Figure 4.6.1.
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Despite the fact that neither of the simulations, including the ones with
perturbations, were an exact match to the actual x-ray measurements, they still provided

some insight and support of thethe stack composition and periodicity.

4.7 Compositional Analysis of the DBR Stack

Thus far, the investigation has been focused on the layer thicknesses of the
InP/InGaAsP DBR stack in light of the curve fitting in Section 4.3. However, in order to
confirm that the chemical composition of the quaternary is as designed and repeatable
throughout the entire super-lattice structure, photoluminescence (PL) measurements were
carried out on the DBR samples. It is important to note that the light source used in the
PL system stimulates a response only from the topmost two quaternary layers due to
absorption and losses in the material. Hence, by examining all the etched-back DBR
samples with different numbers of pairs, chemical composition of the quaternary may be

established.

Furthermore, a quick PL scan of a sample can uncover the existence of any
incomplete layers left behind as a result of incomplete etching. The existence of such a
layer becomes evident by ‘examining the PL intensity. In the case of a poorly etched
sample (incomplete etch of topmost layer), the PL intensity is on the order of a half to a
third of that observed from a carefully processed sample. This is due to absorption

caused by the undesired layer.

To obtain a standard for the PL scans, a calibration quaternary sample with the
same composition as that of the DBR’s quaternary was first analyzed. The result of this
scan can be found in Figure 4.7.1. Figure 4.7.2 shows the PL scans obtained from the
DBR stacks on a normalized scale for ease of comparison. Each sample was analyzed at
least twice making sure that each measurement was taken at different points on the

sample to ensure well averaged results.
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peak at 1388nm (band gap of 0.893eV). This 6nm or 3.88x107eV difference translates
into a compositional change of 0.83% for x and 2.7% for y components of the quaternary,
respectively. In other words, the original quaternary composition would change from
Ing 64Gag 36AS0.777P0.223 to Inge37Gag363AS0.783P0217.  This minor compositional variance
has almost no effect on the index of refraction calculations (results in a changé 0f0.023%
of index at the center wavelength of 1510nm). It is for this reason that no vertical

adjustments were required during curve fitting in Section 4.3.

4.8 Summary of Analysis

Several characterization tools were used to analyze the 20 pair InP/InGaAsP DBR
stack. Through reflectivity measurements, it was determined that there existed a slight
difference between the specified growth thicknesses and the as grown sample. For the
InP layer, the thickness was altered from the theoretically calculated value of 122.2nm to
117.5nm while the quaternary thickness went from 111.5nm to 108.0nm. The quality of
the fits was satisfactory, however, they could be improved with more care taken during

measurement scans.

Transmission electron microscopy along with x-ray analysis revealed the
successful repeatability and consistency of the stack pairs from start to finish of the
growth. Photoluminescence was used to analyze the composition of the quaternary layers
in the stack. By comparing the peaks in the PL scans for the various samples, it was

concluded that almost no compositional change was present throughout the DBR stack.



5. Experimental Results and Analysis for GaAs/InGaP
DBR

5.1 Sample Preparations

The GaAs/InGaP DBR was designed and fabricated solely as a test to reconfirm
all of the calculation procedures as well as the reflectivity measurement setup for yet
another sample. Errors may have been present with the last sample and gone

undiscovered, thus the analysis of another sample is necessary.

To begin, the as-grown sample was cleaved into three equal segments and

prepared for etching. The desired number of layers for each sample was chosen to be:
a) 20 pair DBR sample (no etching required)

b) 19 pair DBR sample

¢) 14 pair DBR sample

It is important to note that the 19 pair etched DBR sample was deliberately chosen to test

the capabilities of the reflectivity measurement setup in terms of resolution.

The removal of the unwanted pairs from the super-lattice was done using a wet
chemical etch. The etchant for the ternary layer was HC1:H3POy4 (1:3), with an etch rate
of 0.4um/min [23]. The etchant for the GaAs layers was H,SO4:H,0,:H,0 (1:8:40), with
an etch rate of 0.1yum/min [23]. After etching, reflectivity measurements were carried

out, as before, at incident light angles of 0°, 12°, 24°, and 36°.
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The theoretical fits obtained for this particular DBR stack are much more accurate
than those obtained for the last sample. This is largely due to the fact that greater care
was taken in ensuring that the sample surfaces were kept clean and scratch free. In
addition, all reflectivity measurements were conducted overnight in order to avoid large
room temperature fluctuations. Finally, all the measurements were conducted with the
room lights kept on. This was even the case for the calibration process. The effects of

these precautions are quite noticeable in Figures 5.3.1 through to 5.3.3.

The reflectivity measurement results for this DBR stack also solidify the
capability and resolution of the measurement apparatus. In fact, the curves obtained for
the 20 pair stack are quite distinguishable from those of the 19 pair stack. Hence, the
GaAs/InGaP stack fulfilled its purpose of both testing and confirming the theoretical

calculations as well as the reflectivity measurement setups.

5.4 X-Ray Analysis of DBR Stack

X-ray analysis was carried out on the 20 pair GaAs/InGaP DBR stack to check the
periodicity and lattice matching of the structure. Figure 5.4.1displays the results of the x-

ray scan.

The center peak representing the GaAs substrate in the figure does not display any
noticeable humps or split peaks. As a result, it is safe to conclude that lattice matching of

the super-lattice to the substrate was done satisfactorily.
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5.6 Summary of Analysis

Measurements on the GaAs/InGaP DBR stack satisfactorily accomplished thier task
of reconfirming the theoretical calculation process involved in the modeling of DBR
stacks while verifying the abilities of the reflectivity measurement experimental setup.
The first reflectivity scan of the as grown sample revealed an additional half period on
top of the specified 20 layers of growth. Once this layer was removed, additional
reflectivity measurements were carried out on the various numbered paired stacks. Upon
theoretical fitting of the reflectivity measurements, minor growth thickness issues were
uncovered. These issues were easily resolved by altering the GaAs thickness from
123.8nm to 122.0nm and the InGaP thickness from 115.0nm to 114.0nm. . The resultant
fits were much improved to the previous sample as extra care was taken to ensure

minimal outside influences on results.

X-ray analysis of the various stacks revealed some very small compositional shifts in
the ternary layers of the structure. Overall however, the x-ray scan demonstrated the
periodicity of the stack and its lattice matched behavior to the GaAs substrate. A PL scan
was also conducted on the samples, however, due to recombination in the binary layers,

no useful information could be derived from it.



6. Conclusions and Future Work

6.1 Experimental Apparatus

The experimental apparatus utilized during experimentation required a great deal of
preliminary work with calibration, alignment and various other power and wavelength tests.
This was especially the case the with the normal light incidence setup. The results obtained
from the normal incidence setup proved to have larger standard deviation values. Contrary to
the normal incidence setup, the variable angle setup yielded results with extremely small
standard deviations and hence very smooth and precise reflectivity curves with very little

initial preliminary work.

From the analysis of the experimental results gathered, it was noted that the evident
curve shift between the normal incidence runs and the 12° variable incident runs was almost
nonexistent. This, as discussed earlier, comes about due to the minor path length difference
that is present in the stack as a result of the slightly off normal incident light. Consequently,
steps can be taken to completely eliminate the normal incidence setup and have one
apparatus that could satisfactorily conduct both types of measurements. The only
modification required to the variable angle setup to achieve this goal would be to design and
build a longer (about 7-10cm longer) detector swivel arm. By adding this extension, the
setup would then be able to measure reflectivities at incident angles as small as 6°. The path
length difference brought about by a 6° incident light angle would then be negligible
compared to the normal incidence case. This would save a great deal of time for any future

experimenters while yielding improved results. In the case of building another setup, it
80
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would also save roughly $3,000 to $4,000 by eliminating the need of two other detectors and

various X, y, z translation stages.

In the case of future experimentation using this apparatus, one additional change
should be made to further enhance measurement results. This would involve the replacement
of the tunable laser as the light source for reflectivity measurements. The current tunable
laser has an operational window of 100nm and thus is not wide enough to examine the
characteristics of the entire stop-band of the DBR structures. By switching to a broad
spectrum light source passed through a monochromator, a much larger spectral window

could be examined.

6.2 Experimental Results

In summary, the InP/InGaAsP DBR stack had a predicted reflectivity of 96.6% for
the as grown sample with 20 pairs at a center wavelength of 1550nm. Experimental data
confirmed the reflectivity calculations, however, it revealed a shift in the position of the stop-
band of the stack. This shift was attributed to a slight variation in the layer thicknesses that is
believed to be consistent throughout the entire stack. The designed layer thicknesses of
111.5nm and 122.2nm for the quaternary and binary layers were determined to be 108.0nm
and 117.5nm, respectively through model perturbations and curve fitting. Variable angle
reflectivity measurements brought about a blue shift in the stop-band of the DBR stack as a
result of a path length increase for the light traversing the stack. Transmission electron
microscopy of the sample allowed for the examination of the consistency of the periodicity of
the stack. Difficulties in examining the microfilms did not allow for measuring exact layer
thicknesses, however, the periodicity of the sample was confirmed. X-ray analysis
conducted on the sample verified once again the periodicity of the super-lattice and
established an accurate lattice match to the InP substrate. Photoluminescence measurements
were used to check for any compositional drift in the quaternary layer throughout the entire
super-lattice. These measurements illustrated that almost no compositional change was

present with the exception of a slight modification in the 20™ to 24™ layers.
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In order to test the capabilities of the experimental setup and confirm the theoretical
calculations procedure, an additional stack was design and fabricated. This stack consisted
of 20 pairs of alternating GaAs/InGaP layers grown on a GaAs substrate. The predicted
reflectivity was 94.9% for the as grown sample. Normal and variable incidence reflectivity
measurements confirmed both the calculation process as well as the validity of the
experimental setup. It was shown that a spectral resolution of 2 layers could be satisfactorily
detected by the experimental setup. Once again, reflectivity measurements revealed the
existence of some thickness mismatch between theoretical and experimental values. These
were analyzed and the definite layer thicknesses of 114.0nm and 122.0nm for the ternary and
binary layers were determined. Similar to the first sample, X-ray and photoluminescence
measurements were conducted to determine the periodicity, quality of lattice matching, and
any compositional variance in the ternary layer. The X-ray results confirmed both the
periodicity and lattice matching of the super-lattice to the GaAs substrate. In addition, due to
some peak splitting and broadening in the x-ray scans, some simulations were conducted.
These simulations managed to only somewhat explain the cause of the apparent splitting and
broadening of the peaks. These effects were attributed solely to a very minute compositional
variance in the stack however no additional conclusions could be made as to the other causes
of the observed effects. The photoluminescence measurements proved to be of no use for

this sample due to recombination in the GaAs layer.

Overall, the project’s outcome was successful. An effective reflectivity measurement
setup was constructed to measure both normal and variable incidence of light. Furthermore,
theoretical models were accurate in designing and predicting the reflective characteristics of

the fabricated stacks.

6.3 Future Work with Antimonides

The semiconductor materials used to create the DBR stacks in this project produced
very desirable reflectivities at a center wavelength of about 1550nm. However, the total
number of layers in each stack to create such high reflectivities was rather large due to the

contrast of the index of refraction between the alternating pairs. As discussed earlier, the
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larger this difference is between layers, the smaller the number of pairs required in the stack
to achieve high reflectivities. That is where antimode based stacks hold some promise. For
example, it has been shown that a 20 pair stack consisting of alternating layers of
GaPy35Sbg6s/AlPg4Sbys has a reflectivity of 99.0% at a center wavelength of 1.55um [15].
To achieve similar reflectivities with the first DBR stack designed in this project, roughly 44

pairs would be required. Hence, the benefits of antimonide based stacks are obvious

With the new molecular beam epitaxy hardware at McMaster University, it will
become possible to design and fabricate antimonide based DBR stacks. In Appendix 7.6, are
given some initial calculations for the design of a AlGaAsSb/AlAsSb DBR stack grown on
an InP substrate. This stack will boast a predicted reflectivity of 99.33% at a center
wavelength of 1550nm with a mere 20 pairs. With any luck, the work carried out in this
project will serve as a starting point for any future work to be carried out here at McMaster

University in the area of DBR design and fabrication.



7. Appendix
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7.1 Band Gap Cailculations for Ga,In,4PyAs,.,
GaP-> AC:=278 )

InP --> BC := 1.344 |, Binary band
gap values

GaAs —> AD := 1424

InAs > BD:= 0354

E(x,y,a B ’7,9) - [y-(l - Y)-[(l -X)-7+ x.G] + x-(1-— X)'I:(] -y)B + y_a]]
[(x(-x+y(1-y)]

(0.189— 0.405X) _ , -
y(x) = -«——— Lattice Matching Condition to InP

(0.189+ 0.013-)

o (x,AC,BC) = xAC+ (1 —x)-BC—0.758x-(1 — x)\

B (x,AD,BD) := x-AD + (1 — x)-BD — 0.40-x-(1 — X) Ternary alloy
™ energy band
v(y,BC,BD) := y-BC + (1 - y)-BD - 036y-(1—y) gaps

0(y,AD,AC) = y-AC+ (1 —y)-AD—-0.186y-(1—y)
——-/

E;(x) = E(x,y(x),0 (x,AC,BC),B (x,AD, BD),y(y(x),BC, BD),8(y(x), AD, AC))

E1(0.36) = 0.904187361163128 y{(0.36) = 0.223048327137546

Band gap energy at x Lattice matching condition
concentration of 0.36
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7.2 Band Gap Calculations for Ga,ln,..P,

GaP > AC:=278 )

InP -->  BC := 1.344 r» Binary band
gap values

GaAs > AD := 1424

InAs -> BD := 0354

Ly-0-»{0-0v+x8]+x(1-0{(1-yB +ya]]
[x(1-%) +y(1-y)]

E(x,y,a,B,7,6) :=

405— 0.405 . . . .
y(x) = © X) -«——— L attice Matching Condition to GaAs

(0.0126x + 0.1899

o(x,AC,BC) := x-AC+ (1 -x)-BC - 0.758x:(1 — x)

B (x,AD,BD) := x-AD + (1 — x)-BD — 0.40-x-(1 — X) Ternary alloy
™ energy band
Y(y,BC,BD) := y-BC+ (1—-y)-BD-036y:(1 —y) gaps

0(y,AD,AC) = yAC+ (1-y)-AD-0.186y-(1 — y)_’)

E;(x) := E(x,y(x),0(x,AC,BC),B (x,AD,BD), y(y(x),BC,BD), 8(y(x), AD, AC))

E1(0.51609 = 1.89573132719762 y(0.51604 = 1.00000865296834

Band gap energy at x Lattice matching condition
concentration of 0.51604









7.4 Sample Reflectivity Calculation for InP/InGaAsP DBR Stack:

10:=1 v1:=3.474 R:=317 =317 N:=20
Index of air Index of Indét of Index of Number of
quaternary binary substrate pairs

2 :
Al = &= (—S)'n]'t'cos(et) = 87.141 A2= 8= (2—:)~nz-t~008(9t) = 86.397

Solving for reflectivity:

cosd (1) i-sind(A1)
MatrixHigh = vl

iyl-sind(A1) cosd(Al)

cosd (AZ) i smd(AZ)
MatrixLow = Y2

i-12-sind(A2) cosd(A2)
M: = (MatrixHigh-MatrixLow)"

. YO-Mj o+ 15-Y0-Mg | =My g —¥-My 4
Reflectivityl =
W'MO,O + W'w'MO,I + MI,O + YS'MI,I

2
) =96.6%
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7.5 Sample Curve Fitting Calculation for InP/InGaAsP DBR

Stack:

Initial Parameter Calculations:

Thickness Y ¥

A | Index (nm) 0 (degrees) | & (radians) | 5 (degrees) | (TE) | (TM)
1470 | 3.514 108 0 1.621316571 92.942 3514 | 3.514
1475 | 3.511 108 0 1.614441112 92.548 3.511 | 3.511
1480 | 3.508 108 0 1.607612108 92,156 3.508 | 3.508
1485 | 3.505 108 0 1.600829091 91.767 3.505 | 3.505
1490 | 3.502 108 0 1.594091597 91.381 3.502 | 3.502
1495 | 3.499 108 0 1.587399171 90.997 3.499 | 3.499
1500 | 3.496 108 0 1.58075136 90.616 3.496 | 3.496
1505 | 3.494 108 0 1.574598379 90.264 3.494 | 3.404
1510 | 3.491 108 0 1.56803698 89.887 3.491 | 3.491
1515 | 3.489 108 0 1.561966574 89.539 3.489 | 3.489
1520 | 3.486 108 0 1.555489895 89.168 3.486 | 3.486
1525 | 3.484 108 0 1.549500433 88.825 3.484 | 3.484
1530 | 3.482 108 0 1.543550118 88.484 3482 | 3.482
1535 | 3.48 108 0 1.537638567 88.145 3.48 3.48
1540 | 3.478 108 0 1.531765403 87.808 3.478 | 3.478
1545 | 3.476 108 0 1.525930252 87.474 3.476 | 3.476
1550 | 3.474 108 0 1.520132748 87.141 3.474 | 3.474
1555 | 3.472 108 0 1.514372527 86.811 3472 | 3.472
1560 | 3.47 108 0 1.508649231 86.483 3.47 3.47
1565 | 3.468 108 0 1.502962505 86.157 3.468 | 3.468
1570 | 3.466 108 0 1.497312 85.833 3.466 | 3.466
1575 | 3.464 108 0 1.491697371 85.511 3.464 | 3.464
1580 | 3.463 108 0 1.486547544 85.216 3463 | 3.463

§=[%£]-nl -t-cosb, __A
}/] :nl ) Veo .ﬂo ‘COS&H

Ve() .lllo

nEm cosé,
Low Index Layer (Binary)
Thickness Y ¥
A Index (nm) 0 (degrees) | 3 (radians) | & (degrees) | (TE) | (TM)
1470 | 3.175569 117.5 0 1.59404943 91.379 3.176 | 3.176
1475 | 3.174902 117.5 0 1.58831208 91.050 3175 i 3.175
1480 | 3.174244 117.5 0 1.58261778 90.723 3.174 | 3.174
1485 | 3.173503 117.5 0 1.57696601 90.399 3174 | 3.174

&9



1490 | 3.172951 117.5 0 1.57135626 90.078 3.173 + 3.173
1495  3.172318 117.5 0 1.56578806 89.759 3.172 | 3.472
1500 | 3.171692 117.5 0 1.5602609 89.442 3.172 1 3.172
1505 | 3.171074 117.5 0 1.55477432 89.127 3171 1 3171
1510 | 3.170464 117.5 0 1.54932784 88.815 3.170 i 3.170
1515 | 3.169861 117.5 0 1.543921 88.505 3.170 ¢ 3.170
1520 | 3.169266 117.5 0 1.53855334 88.197 3.169 | 3.169
1525 | 3.168678 1175 0 1.53322442 87.892 3.169 i 3.169
1530 | 3.168097 117.5 0 1.52793381 87.589 3.168 i 3.168
1535 | 3.167523 1175 0 1.52268106 87.287 3.168 | 3.168
1540 i 3.166957 117.5 0 1.51746574 86.988 3.167 § 3.167
1545 ;| 3.166397 1175 0 1.51228745 86.692 3.166 | 3.166
1550 | 3.165844 117.5 0 1.50714577 86.397 3.166 | 3.166
1555 | 3.165297 117.5 0 1.50204029 86.104 3.165 : 3.165
1560 | 3.164757 117.5 0 1.49697061 85.814 3.165 | 3.165
1565 | 3.164223 117.5 0 1.49193634 85.625 3.164 | 3.164
1570  3.163696 117.5 0 1.48693709 85.238 3.164 i 3.164
1575 | 3.163175 117.5 0 1.48197247 84.954 3.163 | 3.163
1580 | 3.16266 117.5 0 1.47704213 84.671 3.163 i 3.163

=)

1]
TN
QA) N

N
Ne——

-nz-t-cosﬁlz—A\

g
}/0 = n() . V e [ .Ilj{) ’ COS 9()

A v (Air) Y (Substrate)
1470 1 3.175569
1475 1 3.174902
1480 1 3174244
1485 1 3,173593
1490 1 3.172951
1495 1 3172318
1500 1 3.171692
1505 1 3.971074
1510 1 3.170464
1515 1 3.169861
1520 1 3.169266
1525 1 3.168678
1530 1 3.168097
1535 1 3.167523
1540 1 3.166957
1545 1 3.166397
1550 1 3.165844
1555 1 3.165297
1560 1 3.164757
1565 1 3.164223
1570 1 3.163696
1575 1 3.163175
1580 1 3.16266
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