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Hughes, Caroline Lockhart (B.S., Engineering Physics)
Characterizing GeogSbi2Segp in the Near- and Mid-Infrared

Thesis directed by Professor Juliet Gopinath

This thesis examines applications of chalcogenide glasses and their potential for use in the
mid-infrared region and discusses methods by which the bulk loss absorption of these materials
can be measured in this regime. The bulk loss was measured for GeogSbiaSegy as well as refer-
ence sample GegzAsioSess in both the near- and mid-infrared, at specific wavelengths of 1.534 pm
and 3.677 pm. The bulk loss for the GesgSbi2Segy sample was measured to be (0.07 £ 0.20) cm™?
in the near-infrared and (0.06 & 0.18) cm ™! in the mid-infrared. This value was measured for the
GeszAs2Sess reference sample to be (0.07 & 0.20) cm ™! in the near-infrared and (0.03 + 0.16) cm ™!
in the mid-infrared. The expected values of bulk loss, calculated using values of extinction coef-
ficients listed on the Refractive Index Database, were 0.059cm™! at 1.534 pm and 0.048cm ™! at
3.677 pm for the GeagSbiaSego sample and 0.036 cm™! at 1.534 pm and 0.028 cm ™! at 3.677 pm for
the GesszAsioSess reference sample. The approximate agreement with expected values, suggests
that these measurements provide good order-of-magnitude estimates of the bulk loss values of the
two materials, limited by the large error on the approximations. Ultimately, this suggests that both

GeggSbioSegy and GegzAsiaSess can be considered transparent in the infrared.
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CHAPTER I

BACKGROUND

Chalcogenides are nonlinear materials that have excellent potential to be used in novel opti-
cal devices. These glasses contain at least one chalcogen element, specifically sulfur, selenium, or
tellurium, as well as “more electropositive elements,” such as arsenic or germanium [2, 3]. Chalco-
genide glasses are particularly enticing because they are transparent in the infrared, creating new
possibilities of fabricating optical devices for this regime. The (3-5) um range has excellent potential
for use in optical sensing, although research concerning the properties of chalcogenides exposed to
these wavelengths of light is still in its early stages [1, 4]. T'wo optical properties are particularly
important to consider when assessing possible applications and uses of these glasses: bulk loss and
nonlinearity. Nonlinearity refers to the change in the refractive index of a material in the presence
of an electric field. A material’s linear absorption, described by its bulk loss coefficient «, corre-
sponds with the amount of light that is effectively lost in the sample and cannot benefit from the

effects of the nonlinearity.

Infrared Spectroscopy for Materials Sensing

Light in the infrared region, particularly between (2-10) pm, has incredible potential for use
in chemical sensing [7]. Molecular bonds vibrate with resonant frequencies, and when they are

exposed to light with the same frequency, the molecule can absorb energy from this light. The



“fingerprint” region, for example, specifically describes the stretching of C—C, C—O, and C—N
bonds. The strength of the bonds, masses of the atoms in the bonds, and types of vibrations
determine the position of the absorption in the infrared spectrum [8]. Therefore, measuring this
absorption can provide a lot of information about many ubiquitous materials.

The HITRAM Molecular Spectroscopic Database catalogs spectroscopic data, including ab-
sorption cross-section, for molecules [6]. Willer et al. used data from the 2004 Database to calcu-
late and plot absorption envelopes for seven common molecules: water, carbon monoxide, nitrogen
dioxide, nitrogen monoxide, carbon dioxide, sulfur dioxide, and hydrogen sulfide. This plot for
wavelengths ranging from (1-7) pm is included in Figure 1 [5].

Stronger bonds absorb at higher wavelengths, making it impossible to analyze these materials
without light sources in the mid-infrared region [8]. However, few light sources and optical devices

exist for this regime.
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Figure 1: Absorption Bands in the Chemical Fingerprint Region

This plot shows the absorption bands of seven common molecules in the chemical
fingerprint region using data from the HITRAN 2004 Database [5, 6].



Chalcogenide Glasses

The material of interest, GesgSbiaSegq, which is fabricated by doping GeSe with Sb, has the
benefit of being arsenic-free, making it less hazardous than other chalcogenides, such as AsySes
[9]. More interestingly, the band gap falls in the visible to near-infrared region, meaning that
chalcogenides are transparent in the infrared regime [2]. Furthermore, the high nonlinearity of these
materials make them excellent candidates for use in applications including spectral broadening and
ultrafast optical switching [4, 10]. Both of these effects have been observed in chalcogenide AsySs,
which is both low-loss and highly nonlinear [11, 12]. Similar qualities are expected in GeagSbi2Seg;
however, it is important to examine the nonlinearity and loss of this material to determine the

practicality of using this glass in the fabrication of nonlinear optical devices.

High Nonlinearity

Nonlinearity occurs when a material’s polarization, ]3, changes in the presence of an electric
field, E, such that the displacement field, l_j, cannot be written as a linear combination of the
polarization and electric fields [13]. For a nonlinear system, 13(15) can be computed as a power

series expansion in E (t). The first terms of this series are given in Equation 1 [14].
Pt) = xVE@®) + xPE@ () + PO EO (1) + ... (1)

Where x(!) is the linear susceptibility tensor, which makes sense since, for a linear material, polar-
ization and electric field are related by the first term in the expansion [13]. For a nonlinear system,
@ and x® are the second- and third-order susceptibilities [14]. Even-ordered susceptibility ten-
sors, here y(?), are zero for isotropic materials, including amorphous solids such as chalcogenide
glasses [15]. For this reason, the x? term was not considered. x(®, the third-order susceptibility,

describes the nonlinearity of the material.



Like polarization, the index of refraction of a nonlinear material also changes in the presence
of an electric field. The nonlinear index is given in Equation 2, where ng is the usual refractive
index, no is the nonlinear index, and I is the intensity of the electric field incident on the sample,

averaged over time [16].

n = ng + nol (2)

This is also referred to as the Kerr effect. It is “proportional to the real part of the third-order
nonlinear susceptibility X(3)” [17]. This relationship is stated explicitly in Equation 3, where ng
is the linear refractive index, €y is the permittivity of free space, and c is the speed of light in a

vacuum [16].

> [m?/V?) = 25X iV ©

2 _
"2 [rn /W] N 4n%eoc ng

The theoretical wavelength-dependent nonlinear index inside a material, can be found using

Equation 4, which was described by Lenz et al [9]:

2
na(\) = (1.7 x 10714) (n2 +2)° (n2 — 1) <n‘2 > F(z) cm?®/W (4)
0Ls
here z — 1 _ _he.
wnere r = Eg = )\Eg

“mean cation-

Where h = 27h is Planck’s constant, ¢ is the speed of light in a vacuum, d is the
anion bond length of the bonds that are primarily responsible for the nonlinear response,” Ej is
the optical or Tauc gap, and FEjy is the Sellmeier gap [17, 9]. The optical gap is “the energy at
which the absorption changes from a parabolic density of states to a Urbach tail absorption” and
the Sellmeier gap is the “average valence-conduction band energy, weighted by the strength of
the virtual excitations contributing to the optical response” [9]. For GeagSbiaSego, d = 0.251 nm,

E,=18eV, and E, = 4.14eV [9].

The function F(x), where z is the ratio of photon energy, fw, to E,, depends on the four



phenomena that can contribute to nonlinearity: two-photon absorption, raman scattering, and the
linear and quadratic Stark Effects [18]. Each term in F(z) is listed in Appendix C for convenience.
This term is plotted for 0 < & < 1 in Figure 2a. The refractive index referenced in Equation 4 is
also a function of wavelength. Figure 2b shows the plot of ng for GesgSbi2Segy as a function of
wavelength from (1-4) pm [19].

With this information, it is now possible to plot the nonlinear refractive index, ny as a func-
tion of wavelength over the same range. This is shown for GesgSbi2Sego in Figure 3. Nonlinearity
is maximized at &~ 1.287pm. The nonlinearity of this particular chalcogenide material is signifi-
cantly greater than that of non-chalcogenide nonlinear materials at 1.55 pm, fused silica and silicon,
and greater than other chalcogenide materials, summarized in Table 1, which was compiled at by

Professors Park and Gopinath [1].

Table 1: Measured Nonlinearity of Chalcogenides and Other Materials at 1.55 pm [1]

These materials are some of those compiled by Professors Park and Gopinath for an
NSF proposal highlighting the benefits of using chalcogenides over fused silica and
silicon.

Material Nonlinearity (10~20m?/W)
Fused silica 2.6
Silicon 450
ASQ Sg 1300
G633A8128655 1500

GeagSbi2Seqo 936
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Figure 2: Wavelength-Dependent Terms in the Nonlinear Refractive Index Function

These plots show the functions referenced when calculating the nonlinear refractive
index (Equation 4) [9, 18]. Both dispersion and refractive index vary as a function of
wavelength and are plotted here over (1-4) nm for the GeggSbi2Segy sample.

Nonlinear Refractive Index Curve (Ge-Sb-Se)

18 T T T T T

Nonlinear Refractive Index (cm?/W)

2 1 1 1 1 1
1 1.5 2 25 3 35 4

Wavelength (pm)

Figure 3: Nonlinear Refractive Index, no

This plot shows no of the GeagSbi2Segy sample, calculated using Equation 4.



Infrared Transparency

This work mainly focuses on quantifying the infrared transparency of GesgSbiaSegy by mea-
suring its bulk loss coefficient in both the near- and mid-infrared. Values have been estimated for
samples with the same compositions that were manufactured by a different company, and are listed

in Table 2.

Table 2: Summary of Expected Bulk Loss Coefficients

These values were estimated based on extinction coefficient (k) values listed online by
Polyanskiy on the Refractive Index Database [20, 21] which can be related to bulk loss
using Equation 5.

Wavelength G633A5128655 G6288b128660

1534.29 nm 0.036 cm ™! 0.059 cm ™!
3677.43 nm 0.028 cm ! 0.048 cm !

This estimate was performed for each sample using the extinction coeflicient x, which is

related to bulk loss, «, by Equation 5.

o= — (5)

The extinction coefficients and expected bulk loss coefficients are listed in Table 6, which, along
with Table 5, summarizes all sample properties used in calculations.

It is important to note that these values of a are very small and measuring them requires
careful experimental development and analysis. Two different techniques were carefully considered
as possible methods of measuring this quantity. Detailed measurement analysis was completed

before a method was ultimately selected and performed for both the near- and mid-infrared.



CHAPTER II

METHOD SELECTION

The measurements were completed for the near-infrared using the Brewster angle measure-
ment technique, which is described in detail in this chapter. However, selecting the process by
which the bulk loss coefficient would be measured in the mid-infrared presented several unique
challenges. Most significantly, the measurement procedure would have to be very sensitive in order
to detect the small bulk loss coefficient value expected. This was made more difficult by the limited
light source options for the 3 pm range. Since 3 pm light is less-commonly used, as compared to
1.55 nm light, options of detectors that are sensitive in this regime are limited due to lower demand.
The Thorlabs PDA20H lead selenide (PbSe) detector was considered when making calculations that
would determine both which method to use and the expected uncertainty in the bulk loss coefficient.

Two different measurement techniques were considered, each taking advantage of basic phys-
ical principles and applying them to the linear absorption measurement: laser calorimetry and
the Brewster angle. These methods were compared assuming 1 mW of power from the 3 pm opti-
cal parametric oscillators (OPO), which severely limited the sensitivity of the measurements and
greatly influenced which technique was ultimately chosen to measure the bulk loss coefficients of
GeszAsiaSess and GeagSbhiaSeqp.

Two major companies manufacture chalcogenide samples: SCHOTT and VITRON. SCHOTT
IRG 22 and VITRON IG 2 have the same GesgzAsi2Se55 composition and SCHOTT IRG 25 and
VITRON IG 2 have the same GeogSbhi2Segy composition. The samples used in the lab are both

manufactured by SCHOTT; however, data on the comparable VITRON samples proved useful



when conducting the method analysis. In particular, data on the extinction coefficient enabled
direct calculation of the expected bulk loss coefficients of the two samples. All of the sample

properties referenced are listed in Tables 5 and 6.

Laser Calorimetry Measurement Technique

The laser calorimetry measurement technique involves heating a sample for given time and
measuring the rate of change in temperature of the sample with respect to time, AT/At. The
steady state differential temperature AT is the difference in temperature between the sample and
a cooled reference sample, shown in Figure 4, measured with a differential thermocouple [22]. The
sample would be heated for a time tp, which is the bulk-heating thermal time constant of the
sample. This describes the time it takes for the heat from the laser to reach every point within the
bulk of the sample and can be calculated using Equation 6, where r is the sample radius, ¢, is its

specific heat, kpyp, is thermal conductivity, £y is thermal diffusivity, and p is density [22, 23].

7"2 kTh

== ) RTh = —— 6
6KTH PCp (©)

tp

For the GesgAsioSess and GeggSbioSegy samples, tg &~ 163s and tg ~ 165s.

A plot of AT as a function of time should have a linear slope immediately after the laser has
been turned on as the sample is heated over tg. Since AT is the differential temperature, AT =0
at t = 0 and AT should be the steady-state differential temperature at tg. This slope can be used
to calculate the bulk loss of the sample, where P is the laser power and L is the sample thickness
22, 24]:

mep AT
o= ——
PL tp



10

Reference
Sample
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Nanovoltmeter
Thermocouple

Incident \ . Power
Power “ Meter

Chalcogenide
Sample

Figure 4: Laser Calorimetry Measurement Schematic

This diagram shows the basic schematic for the laser calorimetry measurement tech-
nique [22]. A laser incident on the sample heats it as the difference in temperature
between the heated sample and a reference sample is monitored with a differential
thermocouple and measured using a nanovoltmeter.

Pinnow and Rich suggest that a differential temperature of AT = 0.5°C could reasonably
be measured [24], so this is the value used in order to determine whether the laser calorimetry
technique could be a feasible means of measuring the bulk loss coefficient of the sample. This value
of AT, At =tp, P =1mW, and m, ¢,, and L for GeszAsi2Sess and GeagSbi2Seqo (listed in Table

5), the lowest-possible bulk loss coefficients that could be measured are:

a = 22.6195 CHl_1 (G633A8128655)

o = 23.5619 cm ™! (Ge2sSb12Se60)

These values are three orders of magnitude larger than the expected bulk loss coefficients listed in
Table 6. Improving this measurement would require drastically increasing the OPO power and the
differential temperature that could be measured by the differential thermocouples. Such challenges

make this method infeasible, making the Brewster angle method a more attractive option.
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Brewster Angle Measurement Technique

For all materials, there exists an angle 6, called the Brewster angle, at which the p-polarized
light reflected from the surface of the material is minimized [13]. This angle, indicated in Figure 5.

Can be calculated using Equation 8, where ng is the sample’s refractive index.
no = tanfp (8)
This comes from two of the boundary conditions imposed by Maxwell’s Equations [13]:
> = Il =]
(EOI + EOR) = Eyp (9a)
1 /> =, 1 1 =
— (BOI + BOR) = — By (9b)
Hr KT

Where E and B are the complex electric and magnetic fields, and p; and pr are the permeability
constants of the material in the regions before and after the interface. Figure 6 shows each of these

fields as well as k in the direction of the Poynting vector for each wave.

Transmitted
Power

Reflected
Power

Chalcogenide

) Sample
- -
B . :
Figure 5: Brewster Angle Measurement Schematic
This diagram shows the basic schematic for the Brewster
angle measurement technique, where 0p is the angle at
Incident which the input beam is incident on the sample.

Power
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Figure 6: Snell’s Law

This figure shows the electric and magnetic field
vectors associated with the incident, reflected, and
transmitted beams, each moving in the direction kj,
B, ® kr, and kp, respectively.

n Nt y

For absorbing materials, the Brewster angle becomes that at which the reflectance, R, is

minimized, rather than that at which R = 0. This adds a complex term to the index of refraction:
np = ng + 1K (10)

The relationship between 65 and ng in Equation 8 assumes that the material has an entirely
real index of refraction. However, since minimal absorption is expected for GeggSbiaSegy in the
mid-IR, the extinction coefficient, x, should be very small, making the approximation in Equation
8 valid.

The reflectance and transmittance measured at the Brewster angle can be used to calculate
the bulk loss coefficient of a nonlinear material [25]. In general, the reflectance R and transmittance
T for a glass with a p-polarized incident beam near the Brewster angle are given by Equations 11a
and 11b, where « is the bulk loss coefficient, L is the sample thickness, and Ry = rpry is the

reflectance at the surface of the glass [25].

1 — Rg)? Roexp (—2a.L/ cos Or)
1 — R3exp (—2aL/ cosOr)

R(O) = Ro + ¢ (11a)

(1 — Ro)? exp (—aL/ cosOr)
1 — R2exp (—2aL/ cos br)

T(0) = (11b)
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The angle of refraction 67 is found using Snell’s Law (Equation 12), where 6; and 67 are the angles
of incidence and refraction, depicted, along with the angle of reflection fg, in Figure 6, for a light

passing from a material with refractive index ny to one with refractive index nr.

nrsin@y = nysinOp (12)

For angles near the Brewster angle, the measured reflectance should be minimized to R, and
transmittance should be maximized to T,4,. Furthermore, the angle of refraction 6rp = 7/2 — 0p

when 0; = 6p. In this limit, Equations 11a and 11b become [25]:

Rpin = Ro(1 + exp (—2aL/sinfp)) = 2Ry, al <1 (13a)

Traz = (1 — Ro)?* exp (—aLl/sin0p) (13b)

The approximation oL < 1 is considered valid since aL is on the order of 0.01.
For p-polarized light, the complex Fresnel amplitude, r,(6), is given by Equation 14a, where

np is the complex refractive index given in Equation 10 [26].

ny cos O — fip cos Oy

rp(01,07) = (14a)

ny cos O + iy cos Or

Using Snell’s Law as well as ny = 1 for the index of refraction of air, the Fresnel amplitude becomes

that given in Equation 14b.

(n2 + /-@2) —sin?6; — (n2 + /@2) cosOr
ro(07) = V(o ’ (14b)
\/(ng + /<a2) —sin?6; + (n% + ,%2) cos O

sinfp — (no + 1k) cos Op
= 14
"p(05) sinfp + (no + 1k) cos Op (14c)

With this expression, it becomes possible to plot the reflectance (Equation 11a) and transmittance
(Equation 11b) as functions of angle of incidence #;. It is important to note that this plot was

created for the general values of R and T rather than R,,;, and T}, which are only true at the
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Brewster angle. These curves are shown for both GesggAsi2Sess and GeggSbiaSegy at A =3.677 pm
on 0° < Ay <90° in Figure 7a. Figures 7b and 7c show the same curves “zoomed in” to R,,;, and
Traz-

From Equations 13a and 13b, it is possible to find the bulk loss coefficient « in terms of 0p,

L, Ryin and Typa-

_ sinfp (2 — Rmin)2
=2 ( e (15)

This is an improvement over the laser calorimetry method since the transmission is expected to
be very close to the incident power, which is =~ 15mW in the near-infrared and 1 mW in the
mid-infrared.

The bulk loss measurement can be simplified by approximating R,,;, ~ 0, meaning that
Equation 15, used to find the bulk loss of the sample using the measured reflectance and transmit-
tance, becomes Equation 16, where T}, is still the measured transmittance at the angle at which

transmittance is maximized and reflectance is minimized.

in 6
o= _S”‘L BN Trae (16)

Even after making this simplification, there is expected to be large uncertainty in these measure-
ments, depending on both the power measured and the detector sensitivity for each method. This
will be addressed further in Chapters III and IV, which describe the measurement processes in

detail for both the near- and mid-infrared.
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Figure 7: Theoretical Reflectance and Transmittance Curves

These plots show the reflectance and transmittance curves, calculated using Equations
11a and 11b, for both the GesgSbi2Segy and GegzAsioSess samples, for the wavelength
of the mid-infrared light ~3.677 um.
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CHAPTER II1

MEASURING THE BULK LOSS AT 1.534 pm

The bulk loss coefficients of the GeogSbioSegy and GesgzAsioSess samples were first mea-
sured in the near-infrared using an erbium fiber laser as a light source, constructed as a means to

characterize chalcogenide waveguides.

Erbium Fiber Laser

The erbium fiber laser design was based on that described in the paper by Liu et al. [27],
and is included in Figure 8 for reference. This design was chosen to measure the properties of
chalcogenide waveguides near 1.55pm. This laser design is flexible and can be mode-locked so
that it emits pulses. For the purpose of the Brewster angle measurement, a pulsed laser was not

necessary, but rather, operating at a continuous wavelength of 1.534 nm was adequate.
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1534-nm
. . 1 Output 2 P
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Figure 8: Erbium Fiber Laser Design

This figure shows the schematic for the erbium fiber laser at the time the bulk loss
measurements were performed. The half waveplates (HWP) and quarter waveplates
(QWP) were used to control the polarization of the light and thus the fraction of light
that was transmitted or refracted by the polarizing beam splitter (PBS). Aside from
erbium fiber, this set-up also contained single mode fiber (SMF'), dispersion compensat-
ing fiber (DCF), as well as the hil060 attached to the wavelength division multiplexer
(WDM).

Experimental Design

Figure 9 shows the schematic for the Brewster angle measurement set-up. When measuring

the bulk loss absorption using the Brewster Angle method, it was important first to verify on the
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Figure 9: 1.534 pm Brewster Angle Measurement Set-Up

This figure shows the complete measurement set-up, including the erbium fiber laser
light source, the 670 nm diode laser for alignment, and the optical components used to
adjust the polarization of the 1.534 pm light and measure incident, transmitted, and
reflected power. The chalcogenide sample is mounted on a rotation stage, which could
be turned until the erbium fiber laser was incident on the sample at the Brewster angle,
0. The polarization of the light, p or s, is also indicated.

Optical Spectrum Analyzer that the 1.534 pm Er fiber laser was lasing. The spectrum typically
resembled that shown in Figure 10, which was saved after the final absorption measurement had

been taken. The longpass filter ensures that only 1.534 pm light is incident on the sample.
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One of the biggest challenges in measuring the reflected power was that it was impossible to
see the reflected beam. The 670 nm photodiode was used to align the Er fiber laser beam to the
photodetector. It was important not to expose the chalcogenide samples to the 670 nm light for
long periods of time, since this could lead to photo-darkening [28, 29]. The 670 nm diode laser was
first aligned to the erbium fiber laser before placing the sample in the holder on the rotation stage.
The diode laser was not turned back on again until after the sample was completely set-up for the
measurement.

Setting up the sample involved calculating the Brewster angle 8p based on the index of
refraction for the sample. The sample was then placed in the holder on the rotation stage and
positioned so that the incident beam from the erbium fiber laser is normal to the surface of the
sample. This means that the beam reflected off the sample is either directly above or below the

incident beam. Then the rotation stage was turned so that the sample was approximately at the
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Brewster Angle, as shown in Figure 11. Then, it was possible to make very fine adjustments to the
rotation of the sample while measuring the transmitted power. Maximum transmitted power will
correspond with minimum reflected power [25].

At this point, the 670 nm diode laser was turned on and the mirrors were adjusted to align
it through the focusing lens and to the photodiode detector measuring the reflected power. The

diode laser was then turned off so that measurements could be made using the erbium fiber laser.



CHAPTER v

MEASURING THE BULK LOSS AT 3.677 pm

The bulk loss coefficient was measured using the Brewster Angle measurement technique,
selected after extensive method analysis performed in Chapter II. This measurement was completed
using the &~ 1 mW OPO in Professor Gopinath’s lab. This measurement process is similar in theory
to that followed to measure the bulk loss coefficient at 1.534 pm, although significant changes,
including creative polarization optics, were made to address issues specific to working with light in

the 3 pm range.

Optical Parametric Oscillator

Optical parametric oscillators are operated by exposing a nonlinear material to radiation in
order to create an “induced polarization field” [30]. The nonlinearity of these materials is responsible
for this effect, and their polarizations can, like those of chalcogenides, be described by Equation
1. In this case, however the x(?) term is what results in frequency generation. If two beams, with
wavelengths Apump and Agignal, are present, this can result in an “induced oscillating polarization”
with frequency widier = 27/ ANdler [31]. A nonlinear material, in this case a fan-out periodically poled
lithium niobate (PPLN) crystal, is used to create the two lower-energy beams with wavelengths of

approximately Agignal & 1.5 pm and Ajgier = 3 im, with nanosecond-pulses.
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An Nd:YAG pump laser was used to generate the 3 pm light using an optical parametric oscil-
lator (OPO). The singly resonant cavity was constructed as shown in Figure 14a to produce a signal
and idler [31]. The amplitude of idler light at different wavelengths was measured and recorded for
this OPO by Niederriter [32] and was plotted as shown in Figure 12. For this measurement, the

crystal was located such that the three beams had the following wavelengths:

Apump = 1064.4 nm
Asignal = 1462.6 nm

Aidler = 3677.43 nm

Apump and Agignar could be measured directly using an optical spectrum analyzer. The wave-

length of the idler, A;gier, was then calculated using conservation of energy:

1 1 1
= + (17)

)\pump )\signal >\id1er

Figure 13 shows the OPO schematic. The isolator ensures that no power is reflected back
into the pump, and the half-wave plate, designated “\/2,” and the polarizing beam splitter enable
easy control over the pump power. The focusing lens is positioned such that the beam should be
focused to a waist of ~ 0.04 mm at the PPLN crystal, so that all of the pump light passes through

the crystal. The three steering mirrors are used to maneuver the beam to the crystal.

Idler Wavelengths

4
3.5¢
3 L
~§ 25
% 2t Figure 12: Idler Wavelengths
& 15t This plot shows the wavelengths of the idler that
1 can be generated by moving the PPLN crystal
i translationally. This was measured by Nieder-
' riter for the OPO used to make the bulk loss

3200 3400 3600 3800 4000 4200 4400 measurements [32]
Wavelength (nm)
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Figure 13: Optical Parametric Oscillator Schematic

This figure shows the complete OPO set-up. It begins with a 1pm pump, followed
by an isolator to ensure that no light can be reflected back into the pump. The half
waveplate, labeled “)\/2” is used to adjust the polarization of the light which determines
how much light is refracted by the polarizing beam splitter (PBS) and guided toward
the fan-out periodically poled lithium niobate (PPLN) crystal.

After this set-up was complete, it was important to optimize the input and output couplers,
which are the mirrors in Figure 14a. These are dichroic mirrors, which were chosen since only
the 1 pm pump light was intended to be transmitted through the input coupler with the goal of
producing 3 nm light. Using the output coupler to reflect the pump light back through the crystal
also effectively created created “signal gain on both the forward and backward transits of the

crystal” [33], helping to produce the signal and idler. The exact wavelengths of the signal and
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idler could be adjusted by moving the crystal translationally to produce the wavelengths listed
previously.

The OPO output < 1 mW of 3.677 pm light; however, this could be optimized by adjusting
the input and output couplers. The idler and signal powers were unstable, and drifted over time.
This power seemed to be most stable between fifteen minutes and an hour after the OPO was first
turned on. When the power did drift, it could be reoptimized by adjusting these input and output

couplers, which became more frequently-necessary the longer the OPO was in use.

| | input coupler

A
.
: l fan-out
1
_ -l PPLN crystal
$%
| i | output coupler L
i N ‘
: — IE]C’?
i amp /et O
Y i
— pump signal === idler "

1064 nm 1463 nm 3677 nm

(a) OPO Diagram (b) OPO Picture

Figure 14: Optical Parametric Oscillator Crystal

These figures focus on the design centered around the OPO crystal. Figure 14a clearly
shows the schematic for the set-up, in which the input coupler transmits only 1pm
pump light—reflecting the signal and idler—and the output coupler transmits only
3pm light—reflecting the pump and signal. Figure 14b is a picture of the set-up
corresponding to this schematic, in which it is possible to see green light in the crystal.
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Experimental Design

Again, it was important to ensure that all of the light incident on the sample was p-polarized.
This was achieved for the measurement at 1.534 pm using a wave plate. However, another difficulty
in working with 3.677 pm light, in addition to low power and limited detector options, was that po-
larization optics, such as the polarizing beam splitter used when making the bulk loss measurement
for 1.534 pm light, are not easily accessible for light in the mid-infrared. Therefore, a periscope was
constructed to change the s-polarized light emitted by the OPO into p-polarized light.

Figure 15 shows the schematic for the Brewster angle measurement set up. The germanium

Transmitted Power Chalcogenide Sample

PbSe Photodetector ~ focusing lens on Rotation Stage
f=50 mm :
ﬂ Ge window
I( u 3677-nm Idler
Si window

ND Filters
output coupler

Reflected
Power
INPUTA | rise time ~ 0.36 us Incident Power
AC  resolution = 1.6 x 10° uW Thermal Power Meter
Lock-In
Amplifier AUX.1 responsetime <0.5s

DC resolution = 10 uW

Figure 15: 3.677 pm Brewster Angle Measurement Set-Up Schematic

This figure shows the complete measurement set-up, including the OPO light source and
filters, including a silicon window and an output coupler with the same specifications as
that used in the OPO set-up (Figure 14), to ensure that only 3.677 pm light is incident
on the sample and measured on the detectors. The chalcogenide sample is mounted on
a rotation stage, which could be turned until the idler was incident on the sample at
the Brewster angle, 03.
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Figure 16: Mid-Infrared Brewster Angle Measurement Set-Up Picture

This is a picture of the set-up corresponding to the schematic shown in Figure 15. The
periscope, which appears in this picture but is not shown in the schematic, is essential
to the Brewster angle measurement; s-polarized light incident on the top mirror of the
periscope was reflected onto the bottom mirror which reflects p-polarized light.

(Ge) window served two important purposes. It transmits 50 % 3.677 num light and no pump, signal,
or visible light, effectively filtering all but the idler and ensuring that only 3.677 pm light is incident
on the sample [34]. This is important since this measurement was meant to measure the bulk loss
at 3.677 pm. Secondly, the Ge window reflects some of the 3.677 pm light that it does not transmit,
making it possible to monitor the power incident on the sample. This was necessary in order to

measure the transmission 7' = Pp/Pr, used to calculate the bulk loss coefficient.
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Transmittance Measurement

The PbSe detector is sensitive in the mid-infrared, and was used to measure the idler trans-
mitted through the sample. The detector is very sensitive, so ND filters were necessary to ensure
that the signal was not too strong to be measured by the detector. The lens was added before
to focus the beam onto the detectors to ensure that all of power in the idler was measured. This
detector outputs an AC signal which must be time-averaged before it could be used in a ratio
calculation.

A Melles-Griot thermal power meter was chosen to monitor the incident power. Two addi-
tional filters were added to ensure that only the 3.677 nm light was detected by the power meter:
a silicon window and an output coupler mirror. Each of these filters transmitted > 98 % of the
3.677 nm light and reflected or absorbed all other light. Even though the Melles-Griot power meter
is only sensitive to 0.01 mW, it has the advantage of a long calibration range from 20 nm to 20 pm
[35]. The lock-in amplifier can read the AC signal from the PbSe detector and the DC signal The
lock-in can then average the AC signal and return the ratio given in Equation 18a, where Vppge is
the voltage output by the PbSe detector and Vi is the voltage output by the Melles-Griot power
meter.

Vpbse
R=—= 18a
TG (18a)

Although the OPO power drifted over time, the ratio of power measured by each detector
was expected to be stable at all times. Two different ratio measurements were taken in order to
calculate the transmittance through the chalcogenide sample. The monitored incident power can
be related to the power incident on the sample by measuring the ratio of power Rg. transmitted
through and incident on the Ge window, without the sample in place, as seen in Figure 17a. Here,

Rge is given by Equation 18b, where Ve r and Ve, T are the measured voltages of the signals
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incident upon and transmitted through the Ge window.

~ Vae,1 Vona, 1

Rge = =
VGe, R VGe, R

(18b)

The transmitted signal, Ve, T, is equivalent with that which will be incident upon the chalco-
genide sample, Vong, 1, when it is added to the set-up. Figure 17b shows the set-up after the sample

has been added. Now, Rcng is given by Equation 18c, where Ve, 1 and Vong, T are the measured

Ge window

Transmitted (Ge)

A

Reflected (Ge)

(a) Transmittance Diagram: Germanium Window

The ratio Rge was measured by recording the ratio of the signal Ve, 1 transmitted
through the Ge window to the signal Vg, r reflected off of the window.

ChG sample Ge window

Transmitted .
(ChG) € Transmitted (Ge)

/Incident (ChG)

Reflected (ChG)

Reflected (Ge)

(b) Transmittance Diagram: Chalcogenide Sample

The ratio Rche was measured by recording the ratio of the signal Vong, T trans-
mitted through the chalcogenide sample to the signal Vg r reflected off of the
germanium window.

Figure 17: Transmittance Diagrams

Each of these schematics depicts the method by which the ratios Rge and Rcong (Equa-
tions 18b and 18c) can be measured by the lock-in amplifier as the ratio of the AC
signal measured by the PbSe photodetector to the DC output of the thermal power
meter (Equation 18a).
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voltages of the signals incident upon and transmitted through the chalcogenide sample.

Venag, T

18c
Vv(}e7 R ( )

Rcong =

These ratios are then used to find the measured transmittance through the chalcogenide sample,

T, necessary to compute the bulk loss coefficient.

Reng Vena, T (184)
Rge Vona, 1

Tmeas -

Measurement Process

It is important to note that, now, the beam that will be measured by the PbSe detector shifts
several mm when the sample is added. This is a result of the angle of transmittance 675 = 7/2—60p
inside the sample. Since the PbSe detector has an “active area” of only 2 X 2 mm, this shift is large
enough to move the beam out of the area that can be seen by the detector. Both the focusing lens
and photodetector were mounted on translation stages, which can be moved to optimize the signal
measured by the photodetector.

Before the sample was mounted, it was important to determine the setting on the rotation
stage at which the incident beam was normal to the sample. This was achieved by using a mirror
that reflected the 1 um and 1.5 pm light, some of which was still transmitted by the OPO output
coupler. The rotation stage was then turned until the beam was reflected directly backward off
of the mirror. The sample was then placed in the mount and turned until the 3.677 pm light was
incident on the sample at the Brewster angle. The translation stages holding the PbSe detector
and focusing lens were adjusted until the power read by the photodetector was optimized. Then,
the ratio of power read by the PbSe detector to that read by the power meter, Rge, was recorded
over approximately 90s and saved using LabView. The sample was then quickly removed from the
sample holder, the stage positions were reoptimized, and the ratio Rong was saved for 90s. This

was repeated several times for each sample.



30

Error Analysis

The expected uncertainty in the bulk loss can be estimated by performing the error analysis
using the detector limitations as the uncertainties in the measured signals, as was done for the bulk
loss in the mid-infrared in Chapter III. Although the ratios described in Equations 18b and 18c
related voltages, it will be easier to estimate the uncertainty by examining ratios of power. Since
these are ratios, the units should not matter and the results should be the same.

The power that a detector can measure with certainty is limited by its noise-equivalent power,
which is the power at which the detector “measures” its own noise. The noise-equivalent power

specifications, listed on the power meter and PbSe photodetector datasheets, are as follows [35, 36]:

NEPppge = 1.5 x 107* mW /vHz

NEPyg = 10pW

For the thermal power meter, the uncertainty in power measured by the detector was estimated to
be 6Py = NEPyc. NE Ppyge has the units of mW/\/}E This can be used to find the minimum
power that can be measured by a photodetector, Py,i,, in mW, using Equation 19, where B is the
photodetector’s 3dB frequency, Ryqz is the detector’s maximum responsivity, and R(3.677 pm) is
its responsivity at 3.677 pm [37].

_ NEP - Ry,

mMin = 5o amm N 1
R(3.6771um) (19)

The minimum measurable power was used to approximate the uncertainty in the power measured by
the photodiode. Using B = 10kHz, R4, = 3000 V/W, and R(3.677um) ~ 2760 V/W, ¢ Pppse ~
1.6 x 10~ mW [36, 38].

Both the transmittance and bulk loss for the samples have already been estimated for both

samples, using the values found online for the same samples, only manufactured by VITRON.
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However, it would be helpful to have estimated expected signal values that will be measured by the
photodetector and power meter for both the measurement of Rge and Rcng (see Equations 18b and
18¢). Although both detectors return voltages, the power and voltage should be proportional, so it
should be reasonable to perform the error analysis by examining power. The OPO power incident
on the sample was estimated to be Popo ~ 0.5 mW. The sample transmition was estimated to
be that at the Brewster angle, found using Equation 13b. Finally, transmission through the Ge

window was approximated using data provided by Thorlabs [34]:

Tae =49.67241% @ ~ 3676.422nm

This is the specified transmission when the beam incident on the Ge window is normal to its surface.
This is not true for the measurement set-up, but should be a reasonable estimate for the purpose
of estimating the uncertainty in the measurement.

The expected powers necessary to compute the ratios Rge and Rcng, found in Equations
18b and 18c as well as the uncertainties in incident and transmitted power 0 P; and d Pr are given

below:

Pge, T = PoroTGe Pona, 1 = PoroTmaxIGe d0Pr = 6 Pppse

Pge, r = Poro (1 — Tge) Pewe, 1= Poro (1 —Tge) Pt = NEPyg

These ratios were used to compute the measured transmittance, Ti,eqs, through the chalco-
genide sample. Each time a ratio was taken, its uncertainty was estimated using Equation 24b
in Appendix B. The exact 0p was used in this calculation with d0p ~ 2°. This was chosen since
every two degrees are marked on the rotation stage, making each measurement precise to £1°. Two
different measurements must be taken: one to determine the rotation stage setting at which the

incident beam is normal to the sample and another when turning the stage to the Brewster angle.
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Figure 18: Ratio vs. Time for the GegzAsi2Sess Sample

Multiple iterations of the measurement produced results resembling those in this plot.
The averages are displayed on the plot, as well, with large error due to the fluctuating
signals.

The uncertainty in bulk loss can be found using Equation 23, which becomes the expression

given in Equation 20 since §L =~ 0 cm is assumed.

Sor = \/ <C°SGL1“T>2 (60)? + (?}f’)Q (6T)’ (20)

This results in the following estimated bulk loss coefficient:

o+ da ~ (0.05+0.13) cm ™

This large uncertainty means that the bulk loss coefficient will most-likely be an order-of-magnitude
estimate rather than an exact and reliable value. This is seen in the signals measured on the lock-in
amplifier. Figure 18, which shows the Rcng and Rge ratios on the same plot. This supports the

large estimated uncertainty in bulk loss. The average ratios Rcng and Rge indicated on this plot
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were used in calculating the bulk loss of the Geg3AsiaSess sample. The results for both this and

the GeagSbi2Segy sample are discussed further in Chapter V.



CHAPTER A%

RESULTS AND DISCUSSION

Calculated Bulk Loss at 1.534 pm

After careful measurement and error propagation, the following properties were measured for

the two samples, GegzAsiaSes; and GeagSbiaSego:

Table 3: Bulk Loss at 1.534 pm

The measured values of the Brewster angle and bulk loss coefficients are summarized
here for both GesgSbioSegq and GeszAsioSess. The expected values of bulk loss were
calculated from the values of extinction coefficient, related to o by Equation 5, given on
the Refractive Index Database. k is listed with other relevant properties in Appendix

A.
Property Source GeszAsiaSess GeaogSbi2Seq
Brewster Angle g  Theoretical 68.54° 69.40°
Experimental (69.0 £ 0.5)° (69.0 + 0.5)°
Bulk loss, « Theoretical [39]  0.0384 — 0.0576 cm ™!
Expected [20, 21] 0.036 cm ! 0.059 cm ™!

Experimental (0.074+0.20)em™!  (0.07 £ 0.20) cm™!
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The GesszAsiaSess was used as a reference sample and was compared to results in measure-
ments taken by Prasad et al. at 1.2 pm, which they reported was typically 2-3x lower at 1.5 pm [39].
The bulk loss coefficient measured for this sample was larger than what was predicted by the mea-
surements at 1.2 pm; however, with the large uncertainty of £0.20 cm ™" for both the GesszAsi2Sess
and GeggSbioSegy samples, these measurements can be considered reasonable.

The largest source of uncertainty for this measurement came from the thermal power meters
used to measure the power transmitted through and incident upon the sample. Several changes
could be made to this measurement in order to improve the certainty in the measured values.
Using more sensitive detectors, such as the InGaAs detectors used to measure the reflected power,
to measure the transmitted and incident power as well could significantly reduce the uncertainty
in these properties. This is especially promising for this measurement since the erbium fiber laser

became relatively stable over time after the laser was stabilized by securing the fiber.

Calculated Bulk Loss at 3.677 pm

After many iterations of the Brewster angle measurement design, the bulk loss coefficient
was measured for both the GesgSbi2Segg sample and the GegzAsiaSess reference sample. These are
listed in Table 4 along with the bulk loss coefficients predicted for the VITRON samples.

Several significant sources in error contributed to the large error in measuring the bulk loss
coefficients of the GesgSbiaSegy and GesgzAsiaSess samples. Most significantly, the thermal power
meter had a response time of < 0.5s and a noise-equivalent power of 10 pW [35]. The slow response
time is significant for this measurement technique, which involved averaging the ratios Rge and
Reong over 90s. The thermal power meter was most-likely unable to keep up with the faster and
significantly more sensitive PbSe detector. For these reasons, it could be possible to reduce the
uncertainty in this measurement by using another more sensitive detector, as was suggested for the

measurement at 1.534 pm.
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Table 4: Bulk Loss at 3.677 pm

The measured values of the Brewster angle and bulk loss coefficients are summarized
here for both GeggSbioSegy and GesgzAsiaSess. The expected values of bulk loss were
calculated from the values of extinction coefficient, related to a by Equation 5, given on
the Refractive Index Database. k is listed with other relevant properties in Appendix

A.
Property Source GegszAsiaSess GeggSbhiaSeq
Brewster Angle, §p Theoretical [40, 19] 68.54° 69.40°
Experimental (67.5 £+ 2.0)° (71.5 £ 2.0)°
Bulk loss, o Expected [20, 21] 0.028 cm™! 0.048 cm ™!
Experimental (0.03+0.16)cm~!  (0.06 +0.18) cm™*

Discussion and Future Work

Although the uncertainties in these measurements are very large, these results do answer
the initial question: Can the GesgzAsioSes; and GeogSbiaSegy be considered transparent in the
infrared? These values are of the order of magnitude predicted from the extinction coefficients and
are supported by previous measurements by Prasad et al. [39]. These low values for the bulk loss
coefficients support the claims of the chalcogenides’ infrared transparency, showing promise for the
future use of GeggSb12Segy as a low-loss waveguide for both the near- and mid-infrared.

It will be possible to improve these measurements and decrease the uncertainty in the bulk
loss coefficient measurements by measuring all quantities with sensitive photodetectors. Although
much more power was achieved using the erbium fiber laser than with the OPO, the uncertainty
was similarly high, most-likely due to the detectors used in making the measurement. The thermal
power meter was used to measure both the incident and transmitted power at 1.534 pm while the
very sensitive InGaAs photodetector was used to measure the reflected power. However, since the

reflected power was not measured at 3.677 pm or included in the calculation. The thermal power
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meter was used to monitor the incident power, although indirectly, while the very sensitive GaAs
detector was used to measure the transmitted power. Measuring the larger values, transmitted
and incident power, with more sensitive detectors and bypassing the reflected power measurement
altogether could help decrease the uncertainty in power both values of bulk loss, each at 1.534 pm
and 3.677 pm. Making this improvement will increase confidence in the measured bulk loss values,

making them better than order-of-magnitude approximations.



APPENDIX A

SAMPLE PROPERTIES

This Appendix summarizes every property of GeszAsiaoSess and GeagSbioSegy referenced in
calculations. The bulk loss was measured for SCHOTT IRG 22 and IRG 25; however, VITRON
IG 2 and IG 5 were used for reference during method analysis. This was helpful since values were
listed on RefractiveIndex.INFO for the extinction coefficients of VITRON IG 2 and IG 5 [20, 21].
These values could be used to compute the expected bulk loss coefficients for each of these samples
using Equation 5.

The values for the sample diameter and thickness are listed on the sample packaging and
do not have references listed in the tables below. All other properties were found on either the
SCHOTT sample datasheets [41, 42] or the RefractiveIndex.INFO database [40, 19, 20, 21]. Two
properties listed in the tables are not found in any of these sources: the Brewster angle and the
bulk loss coefficient. Rather, the Brewster angle was calculated using Equation 8 and the bulk loss

coefficient was calculated using Equation 5.
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Table 5: SCHOTT IRG 22 and IRG 25 Properties

Property GegzAsiaSess (IRG 22) GeoggSbiaSego (IRG 25)
Diameter, D lin lin
Thickness, L 0.2cm 0.2cm
Refractive index, ng [40, 19]

@ 1534.29 nm 2.5444 2.6608

@ 3677.43 nm 2.5145 2.6235
Brewster angle, 6p

@ 1534.29 nm 68.544° 69.402°

@ 3677.43nm 68.313° 69.136°
Material Properties [41, 42]

Density, p 4.41¢g/cm? 4.66 g/cm?

Specific heat, ¢, 0.33J/(g - K) 0.33J/(g - K)

Thermal conductivity, krp, 0.24W/(m - K) 0.25 W/(m - K)
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Table 6: VITRON IG 2 and IG 5 Properties

Property G833A8128855 (IG 2) Geggsblzseﬁo (IG 5)

Refractive index, ng [20, 21]

@ 1534.29 nm 2.5445 2.6610

@ 3677.43 nm 2.5145 2.6237
Brewster angle, 0p

@ 1534.29 nm 68.545° 69.404°

@ 3677.43 nm 68.313° 69.136°

Extinction coefficient, x [20, 21]
@ 1534.29 nm 4.4343 x 1077 7.2622 x 1077
@ 3677.43 nm 8.1433 x 1077 1.4176 x 1076
Bulk loss coefficient, «
@ 1534.29 nm 0.036 cm™! 0.059 cm !
@ 3677.43 nm 0.028 cm™! 0.048 cm™!




APPENDIX B

ERROR ANALYSIS AND PROPAGATION

This Appendix provides an overview of the methods of error propagation used in analyzing
data and determining the results of the bulk loss measurements in both the near- and mid-infrared.
For N samples of a quantity z, with each sample labeled x;, the standard deviation,o,, in that

sample set can be found using Equation 21, where Z is the mean value of all of the samples in that

set.
;XN
00 =\| 77 Z (z; — T)° (21)
=1
For a function f(x1,...,x,) of n variables, the uncertainty, 6 f, in f is given by Equation 22,
where x4, ...,d0x, are the uncertainties in z1, ..., z,.

G 2 d 2
of = \/<89{15x1> +-t (ax‘iéxn) (22)

For the bulk loss coefficient, for example, Equation 22 becomes 23.

Oa 2 foJe" 2 Oa 2
o= (oo (Saor) '+ (Gaar) 2

Another operation performed frequently during error analysis involves taking a ratio, such as z =

x/y. In general, the uncertainty, dz, is given by Equation 24a, where dx and dy are the uncertainties



in x and y. This can be rewritten as Equation 24b.

0z 2 0z 2
0z = \/<8a:5$> + <ay6y>

AT

;
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(24a)

(24b)



APPENDIX C

DISPERSION

Four factors contribute to the dispersion term, F'(x), which is referenced in Equation 4: two-
photon absorption, Raman scattering, and the linear and quadratic Stark effects. Their individual
contributions were derived by Sheik-Bahae et al. and are included in Table II of their paper [18].

They are included here as well for reference.

1 322 1
Fopa(z) = <—$2+3J;(1—x)1/2—2(1—x)3/2

(22)° 8 (1—um)"
+20 (1 —2z) (1 — 2z)%/ 2) (25a)
x2

e e e e
+2(1 + 22)% 2) (25Db)
Frsn(z) = (2316)6 (2 (-2 x)3/2> (25¢)

1 1 1 x 1
Fose(z) = (4z)° <(1 )2 (14 a)P 9 (1— )32

_x_ 1 ) (25d)



A divergence term, given in Equation 26, is subtracted from the four main terms.

Fpry(z) =

L z 3 (1 — )2 _ )32
(42)° + 3r(1—x)/"+(1—ux)

1 3522z 3z —1)
-2
8 8(1_1’)1/2

r 3z +1)

43214+ 2)Y2 + (14 2)%?
S+ ( ) ( )

This is then normalized such that lim,_,o F'(z) = 1 to get the final dispersion term:

65536

F(x) = W(FQPA(:L‘) + Fram(x) + Frse(z) + Fose(x) — FDjv(l‘))
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(27)

This was plotted in Figure 2a as a function of the ratio of the photon energy, Aw, to the optical

gap Ej.
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