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Abstract

The mid-wave infrared (MWIR) regime of the electromagnetic spectrum is
attractive for long-range imaging systems due to the atmospheric window between 3 and
5 um. Due to ambient thermal background, it is often necessary to operate sensor systems
below room temperature to achieve an adequate signal-to-noise ratio (SNR). This cooling
requirement adds size, weight, and complexity to systems in which these parameters are
at a premium. In this work I investigated two methods for optically enhancing the
absorptive properties of lead selenide (PbSe) photoconductive films to increase the
operating temperature up to 290 K, thereby mitigating system cooling requirements. By
employing surface plasmon resonant (SPR) and embedded reflective structures, we were
able to demonstrate enhanced responsivity and raise the operating temperature to room-
temperature. Sensitivity was observed to increase by a factor of three for SPR enhanced
detectors, and up to two-times at room temperature in detectors with an embedded Pt
back reflector. Moreover, PbSe detectors with SPR discs operating at room temperature
were observed to have responsivity comparable to reference detectors at 230 K.
Photoconductors with the embedded Pt back reflector had a performance at room
temperature that was similar to the reference detector at 250 K. Herein, | discuss my
design process, as well as the fabrication of these resonant structures. Also discussed are
the measurement and test results | obtained from surface plasmon and embedded reflector
enhanced PbSe detectors. In this dissertation, | present results that demonstrate the
viability of SPR and interference structures as mechanisms for increasing the operating

temperature of PbSe MWIR photodetectors up to 290 K.
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Chapter 1: Introduction
1.1 Introduction of Lead Selenide

Materials like mercury cadmium telluride (HgCdTe), indium antimonide (InSb), and
lead selenide (PbSe) are often employed as mid-infrared (MWIR) materials [1-4, 16-19].
Due to the large amount of ambient thermal background between 3 um and 5 pm of the
electromagnetic spectrum, MWIR detector materials are typically operated at cryogenic
temperatures to minimize noise. This cooling requirement adds cost and complexity to a
detector subsystem. For instance, HgCdTe and InSb operate at 77 K, which requires an
integrated cryocooler adding size, weight, and power draw to the system. Further, the
cost of the cryocooler system can often times be a significant fraction of the total cost of
the system, including a decrease in reliability and lower lifetime. In these detector
materials performance is prioritized over system cost and complexity, limiting their use
and utility to research and defense applications. However, there is now a new focus in
military, commercial, and consumer industries for near-room temperature, high
sensitivity IR detector technology. As an alternative to HgCdTe and InSb, PbSe-based

detectors can serve to mitigate the stringent cooling requirement.

Polycrystalline PbSe is a IV-VI material typically employed for MWIR detectors.
PbSe is grown using well-established chemical bath deposition techniques, and
photodetectors based on PbSe operate at temperatures between 230 K and 250 K for
adequate signal-to-noise performance [5-9, 11, 13, 14-16]. Sensitivity is an important
figure of merit when discussing infrared detectors. The specific detectivity D*, a measure

of detector sensitivity, of PbSe based detectors has been reported to be as high as 4 x



101° emvVHz/W at 230 K [14, 15], making its near room temperature performance
comparable to other detector materials, such as InSh [16], at cryogenic temperatures.
Specific detectivity, with units of cm - VHz/W or Jones, for a detector material is given

by equation 1.1,

D* = VAdBSNeqd _ VAgAfR (hv) (1.1)
Vnhv Vn '

where Aq is the area of the detector in cm?, Af is the bandwidth in Hz, 1, is the external
quantum efficiency, q is the electric charge constant (1.602 x 10%° C), Vi is the measured
noise typically given in units of current or voltage depending on the type of
measurement, and hv is the energy of the photons in joules incident on the detector [3,
16]. The variable R(hv) in equation 1.1 is the energy dependent responsivity, which can
also be used as a standalone figure of merit for detector sensitivity. This quantity has

been utilized as one of the major figures of merit during this investigation.

In an alternative treatment proposed by Phillips, D* can be related to the carrier
density ni in cm, the absorption coefficient o in cm™, and carrier lifetime T given in

seconds of the detector material as shown in equation 1.2 [9].

D* — Ned
hv 2Np (1.2)

ot

An examination of Phillips model in equation 1.2 shows that the sensitivity of a
detector material can be improved by increasing the material absorption, yet this
parameter is a material dependent property which cannot be readily improved without
changing the material system. As an alternative, structures based on surface plasmon

resonance and thin film interference have been embedded into PbSe films to affect their



absorptive properties with the goal of increasing the operating temperature from between

230 K and 250 K up to 290 K without affecting the material composition.

Herein, | demonstrate up to three-times the sensitivity of reference detectors as a
result of embedding surface plasmon resonant discs into PbSe films. Detectors utilizing a
back reflector to increase the intensity of interference effects in the films showed a factor
of two-times increase in responsivity over reference detectors at room temperature. Both
techniques resulted in raising the operating temperature of PbSe devices to 290 K. This
increased operating temperature was confirmed by observing greater responsivity in
devices with surface plasmon resonant disc arrays at room temperature over that of
reference PbSe detectors at 230 K. The same comparison was made for a PbSe detector
with an embedded Pt reflector, and its performance was found to be comparable to the
reference detector response at 250 K. In this dissertation, | demonstrate that resonant
structures based on either surface plasmon resonance or interference techniques increase
the MWIR sensitivity of PbSe photoconductors to levels well above the current state-of-

the-art.

The details of my investigation are presented in the following order. A brief
introduction to both structures is given in the remainder of this chapter. In chapter 2, the
baseline characteristics of the PbSe films and reference detectors we investigated are
discussed and established. In chapters 3 and 4 the theoretical background of surface
plasmon resonance and thin film interference structures is provided. In chapter 5 the
modeling and simulation process for selecting the parameters, as well as the predicted

absorption enhancement, for resonance-enhanced PbSe films is presented. The



experimental results of this investigation are presented in chapter 6. In chapter 7, major

findings are summarized, and future enhancement schemes are briefly discussed.

1.2 Resonant Structures for Optical Management

Resonant structures for light manipulation have been used extensively for
applications such as anti-reflection coatings [24], laser cavities [25-26], and enhancement
of optical detector sensitivity [27-29]. These structures typically rely on the principle of
wave interference in which two waves that have a direct phase relationship occupy the
same space at the same time, thereby resulting in a third wave with an amplitude that can
be less than, equal to, or greater than the two incident waves [30-31]. When waves
interfere they follow the superposition principle that states if there exist solutions W1 and
W to the wave equation, described in detail in Chapter 4, then their sum (W1+W>) must
also be a solution to the wave equation. The degree and type of interference can be
categorized into constructive interference for additive effects, and destructive interference
for resultant waves in which the amplitude is less than the combined amplitudes of the

incident waves.

These interference phenomena can be observed and engineered from the
macroscopic to the nanoscale. Interference cavities in which the refractive index and
thickness of stacked layers are engineered to alter the transmission, reflection, or
absorption of a film or substrate are examples of a macroscopic resonant structures [32-
33]. A relatively new class of structures that take advantage of surface plasmon resonance
yields increased near-field intensity and increased scattering of the incident wave [34-35].
In this work, I investigated both the back reflector interference structure and the
plasmonic disc structure. Structures were embedded into the PbSe detector films to

4



increase the path length and field intensity in the PbSe layer for improved sensitivity.
These structures were chosen and designed such that there would be little impact to the
material composition of the PbSe film. The goal of this work was to demonstrate room
temperature performance comparable to that of baseline PbSe detectors at lower
temperatures. In the following sections, the plasmonic disc structure and back reflector

interference structure are introduced.

1.2.1 Introduction to Surface Plasmon Resonance

To explain the losses of ballistic electrons passing through a metal, Pines and
Bohm considered the quantization of coupled oscillations between free electrons in a
metallic solid in 1952 [34]. Since then, this particle, which they dubbed the plasmon, has
come to be known as a volume or bulk plasmon. Plasmons can be defined as coupled
oscillations of free electrons in metals, as well as some dielectric materials, that can

oscillate at material specific eigenfrequencies [22, 34-38].

When light interacts with a dielectric material it will do so with three primary
elementary particles. The first interaction we will discuss is the exciton [12]. Consider a
semiconductor medium with a bandgap energy Eq given in joules. For a photon to be

absorbed by the material, its energy must be greater than that of the bandgap,

hc
hvphOtOTl = 7 = Eg (13)

where h is Planck’s constant (6.626 X 1073*/s), Vynoron iS the frequency of the incident

photon in Hz, ¢ is the speed of light in a vacuum (2.998 x 108m/s), and A is the
wavelength in um. From equation 1.3, it is evident that there is a cutoff wavelength for the

photonic response for dielectric and semiconductor materials shown in equation 1.4.



hc
Acutoff = a (1.4)

If light at the cutoff wavelength A, is absorbed by the dielectric, an electron
at the top of the valence band will then be excited to the bottom of the conduction band
leaving a positively charged core called a hole. This bound electron-hole pair is called an
exciton, and the interaction between a photon and an exciton is called an exciton

polariton [12, 20-23].

Light can also couple to frequencies caused by coupled lattice vibrations in solids
that manifest as excess heat [21-22]. The elementary particles of these lattice vibrations
are called phonons, and, with respect to light frequencies, are categorized as either
longitudinal optical or transverse optical. The interaction between a photon and phonon is

called a phonon polariton.

Finally, the third interaction, which is the focus of one of the enhancement
mechanisms of this investigation, is the coupling between longitudinal density
fluctuations of free electrons in a metal and a photon. Defined above, these coupled
density fluctuations in a metal are called plasmons. Surface plasmon polaritons (SPP) are
excitations between photons and plasmons at and near the interface between a metal and
a dielectric [34-38]. When light interacts with a surface plasmon, the result is an
evanescent wave that decays away from the interface in both the metal and host dielectric
material. These waves can either be stationary waves (localized surface plasmon
polaritons) or traveling waves (surface plasmon polaritons) depending on the effective
spatial dimension of the supporting structure [39]. The energy of the light must be

resonant with that of the surface plasmons to create a surface plasmon polariton.
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Figure 1. Depiction of a) surface plasmon polaritons at the metal/dielectric interface, b) coupled
oscillations of free electrons in a metal surface feature in response to a resonant electric field, and c)

surface

plasmon polariton dispersion relations [34, 54].

Figure 1 contains several drawings of surface plasmon polaritons. In figure la

surface plasmons are excited by a resonant photon generating a surface plasmon

polarition, which results in an evanescent wave in both the metal and the dielectric host.

Figure 1b depicts the coupled oscillations of free electrons in a metallic surface feature

due to a resonant electric field. Of note are the dispersion relations shown in figure 1c.

The light line (red, dashed) adheres to equation 1.5, which states the angular frequency of

an incident photon is related to the wavenumber k, the speed of light ¢, and is reduced by

the square root of the relative permittivity €, of the host dielectric material.



ck
Wright = Tea (1.5)

The wavenumber of the surface plasmon, except for low frequencies, is always
larger than that of the light line [22, 34]. The wavenumber is directly proportional to
energy, therefore surface plasmons, in general, have a larger energy than the light line.
Recall that energy is proportional to the square of momentum, so there must be additional
momentum added to an incident photon to excite a surface plasmon. This momentum
mismatch can easily be observed from the solid green trace in figure 1c, which follows

the relationship of equation 1.6,

wsp = ke ’em+ed (1.6)
Eméd

where &, is the relative permittivity of the metal. It is clear from equations 1.7 and 1.8
that one method to compensate for this momentum mismatch is to change the
surrounding dielectric, thereby raising the wavenumber of the incident photon [40]. As a
photon propagates through a host dielectric material, its wavenumber will be altered by
the permittivity of the propagation medium. When it reaches the metal-dielectric
interface, assuming such an interface exists, part of the wave is reflected. If the
momentum of the photon meets the resonance condition, then an evanescent wave that
decays away from the interface is created in both the host dielectric and metal structure
[41]. In contrast, the solid blue trace above the light line represents the dispersion
relations, shown in equation 1.7, of volume or bulk plasmons,

wyp = \Jwj + c?k? (1.7)
where w, is the plasma frequency of the metal. Bulk plasmons are not easily excited,

because their dispersion relations lie above the light line. This is due to the large energy



mismatch between typical photons of interest (visible-IR), and bulk plasmons. Consider

the resonance condition given in equation 1.8,

hw, = hw (1.8)
where the # is Planck’s constant (6.626 x 10°* Js) reduced by 2, the left hand side is the
energy of the bulk plasmon, and the right hand side is the energy of a photon. The typical
energy for bulk plasmons in a metal is ~10 eV, so it would take a photon in the UV to
excite volume plasmons [54]. Moreover, the photons would have to propagate into the
bulk of the metal, and reflection at the surface of the metal can prohibit this propagation.
Therefore, in general, the resonance condition for volume plasmons in equation 1.8 is not

readily met by conventional means.

Surface plasmon resonant structures offer two primary benefits of which this study
takes advantage. These include increased scattering to extend the optical path length
thereby increasing the absorption, and enhanced localized field intensity to increase the
absorption and number of photogenerated carriers within the sensing material [35].
Indeed, gold (Au) nanodisc arrays embedded in HgCdTe [42] and in HgSe colloidal
quantum dots [43] have been reported to yield up to a five-fold multiplication in detector
responsivity. The plasmonic disc structure is attractive for sensor systems due to the
increase in scattering cross-section, wavelength selectivity, and large increase in near-
field intensity it offers. Moreover, its simple shape can be fabricated quickly on a
relatively large scale using techniques such as photolithography [38]. The surface
plasmon resonant frequency red-shifts as the refractive index of the host material
increases. Therefore, PbSe is an excellent candidate for infrared plasmonic structures, due

to its large index of refraction (n~5) [44]. Typically, these structures are utilized in the
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UV and visible where the plasma frequency of metals like Au and Ag occur [45].
However, by altering either the size, morphology, metal, or host material these

resonances can be shifted to the MWIR and LWIR regimes [40, 46].

Utilizing numerical and finite element techniques, discussed in Chapter 4, |
designed and tailored plasmonic disc arrays into PbSe for increased MWIR sensitivity.
Described in Chapter 2, the oxide layer is typically roughened using reactive ion etching
(RIE) to ensure the PbSe films adhere to the Si substrate during deposition. The typical
peak-to-peak roughness after this process is 500 nm. In an effort to reduce the roughness
of PbSe films, | proposed and helped develop a new process utilizing nanosphere
lithography for SiO2 roughening [38]. This new process was deemed to be a necessary
step to preserve the coherence properties of surface plasmon polaritons within the PbSe
films [53]. Described in Appendix A, the nanosphere roughening process lead to a factor
of five decrease in the peak-to-peak roughness in PbSe films. With help from
collaborators, PbSe detectors with embedded Pt disc arrays were fabricated. Described in
Chapter 6, | measured the material properties and detector performance of these devices,
and compared them to my previous measurements, shown in Chapter 2, on PbSe
reference detectors. | observed room temperature responsivity that was a factor of three
above the reference detector under the same test conditions. Moreover, the observed
room temperature responsivity in the detectors with embedded Pt disc arrays was found
to be greater than that of the reference detector at 230 K. Furthermore, |1 compared
modeled and measured results to develop optimization and future enhancement strategies

discussed in Chapter 7.
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1.2.2 Introduction to Thin Film Interference and the Back Reflector

Interference is of particular interest in PbSe thin films, due to the presence of
multiple layers with varying indices of refraction which will be described in Chapters 2
and Chapter 4. The index of refraction of PbSe was stated above without derivation.
However, to understand the effects on an incident wave as it propagates through the film,
it is important to understand where the index comes from, as well as how it relates to
other film properties. Described in Chapter 2, the films we investigated were composed
of three semiconductor layers on top of a Si substrate. These layers, in order from the
bottom, are SiO., PbSe, and Pbl, and each is on the order of 300 nm to 1 um thick
depending on process conditions. The substrate, by comparison, is much larger having a
thickness of approximately 250-450 um. Due to the large substrate thickness and sub-
wavelength thickness of the layers, it can be assumed that the constituent parts of an
incident beam of light that are reflected or transmitted have a direct phase relationship
and are coherent with respect to one another [30]. Further, due to the fact that the
wavelength of incident light in the infrared regime is much larger than the interatomic
spacing between the atoms that make up the films the interaction of incident light with
the films can be assumed to span many unit cells, allowing the use of a macroscopic
treatment. The derivation of interference within thin films will be discussed in Chapter 4,
however, it is important to briefly describe the benefits of incorporating an artificial

structure within PbSe to enhance sensitivity.

When light propagates from a lower to a higher refractive index medium, the
waves will undergo a phase shift of 180 degrees upon reflection [47]. The transmitted

wave will be refracted according to Snell’s law [30]. When the beam travels from a lower

11



index, such as air or vacuum, to a higher index, such as Pbl> or PbSe, the light will bend
toward the normal at the refracted angle. This refracted angle becomes the angle of
incidence for the second interface, where part of the light will again be reflected and part

will be transmitted.

If the refractive index of the medium immediately following the second interface
is lower than that of the preceding medium, then the wave will retain its current phase
upon reflection. The reflected beam will then propagate through the medium a second
time, and refract bending at an angle away from the normal as it exits the film. In fact, the
beam that emerges will do so at the same angle as the first reflected wave (this is also true
of the incident and transmitted angle). Now, the first reflected wave, which has
undergone a 7 phase shift, and the second reflected wave can interfere resulting in an

intensity that deviates from the intensities of the original waves.

Consider the representation of the multilayer films depicted in figure 2. For now,
we will only discuss those light beams that undergo normal path deviation in an ideal thin
film, so the roughness of the PbSe film will be ignored. This assumption will be true for
at least part of the light beam, even in rough films, as it will propagate through the film
without deviation. Let the initial phase of the light as it passes from air to the Pbl. layer
be regarded as 0 radians. At the air-Pbl> interface, part of the light will be reflected and
part of the light will be transmitted. The amount of light reflected and transmitted can be
calculated by using the Fresnel equation, shown in equation 1.9, to calculate the

reflectance [48].

_ |Mo—1 2

(1.9)

Nno+nq
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Figure 2. Interference in idealized PbSe thin films on Si substrate.

Assuming the interfaces are non-absorbing, the transmittance can be found by
taking the difference between 1 and the calculated reflectance. Therefore, at the air-Pbl
interface, 18% of the light will be reflected and 82% will be transmitted. Upon reflection,
there will be a r radian phase shift due to Pbl> having a larger refractive index than air.
The transmitted beam as it approaches the Pbl>-PbSe interface will also undergo a phase
shift upon reflection, with approximately 11% of the light being reflected from the
interface. This reflected ray upon exiting the Pbl layer has the ability to constructively or
destructively interfere with the first reflected ray. This pattern will repeat through the
film, with the reflectances of the PbSe-SiO. interface and the SiO»-Si interface being
32% and 18%, respectively. There will be another m phase shift at the Si-SiO; interface,
which will interfere with the reflected ray in the PbSe layer. Further, the reflected ray in
the Pbl> layer can also interfere with the reflected ray from the PbSe layer. Described in

detail in Chapter 4, it is clear from the Fresnel reflections and the existing phase shifts
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that the layer thicknesses can be tuned such that a significant portion of the light has a

distinct probability of interference, resulting in increased field intensity in the PbSe layer.

Figure 2 illustrates the regions in which interference can occur in baseline PbSe
films. However, there are two limitations with respect to interference enhancement in
baseline PbSe films. First, the layers need to be engineered to specific thicknesses to fully
realize the enhancement. The chemical bath deposition process, though repeatable on the
whole, has wide variation from deposition to deposition that can lead to inhomogeneity in
layer thickness and composition [9, 11]. Furthermore, the sensitization process lacks the
precision for optically precise tailoring of layer thickness. The second limitation is the
amount of light that is available to reflect back into the film for interference. Described in
chapter 2, the PbSe films investigated herein have an absorption of ~30%. The
reflectance at each layer, shown in table 1, is a fraction of the light incident at each
interface. Considering the absorption in PbSe and the reflectance at each interface, 23%
of light would be lost to the substrate. Therefore, the resultant intensity increase from

constructive interference can be weak.

Table 1. Calculated interface reflectance and reflection-induced phase shifts in investigated PbSe films.

PbSe Film Interface  Reflectance  Phase Shift |

Air-Pbl, 18% T
Pbl>-PbSe 11% T
PbSe-SiO; 32% 0

Si02-Si 18% T

To address these shortcomings, | have explored the addition of an embedded
metallic reflector, which will be referred to as a back reflector. The back reflector is
attractive as a PbSe enhancement mechanism due to its ease of fabrication, wide area

coverage, wavelength selectivity, and large increase in absorption and field intensity [49-
14



51]. The difference in the PbSe structure with the embedded metallic reflector is minimal.
The metal reflector, in this case Pt, is located on top of the substrate, with the remaining
layers having their same order on top of the reflector. The SiO> layer serves two purposes
in this configuration. The first is similar to that of the baseline film in that it insulates the
underlying layer from PbSe, and the second is as a dielectric spacer with which to change
the thickness of the film to selectively tune the resonant enhancement [9, 52]. Stated
above, approximately 23% of an incident light beam would transmitted to the substrate
after the PbSe film. With a metallic reflector it is possible for all of the light that
propagates through the PbSe film to be reflected back into the active layer resulting in

increased intensity of constructive interference effects.

To investigate the effect of this increased interference intensity on the sensitivity
of PbSe, | have designed and tailored Pt back reflector films for increased MWIR
sensitivity using numerical and finite element methods. Assuming smooth films and
sharp interfaces, the back reflector sets up a plane-parallel cavity within the PbSe film.
However, the rough nature of these PbSe films causes light to scatter randomly as it
propagates through them. This scattering can affect the optical path length within the
films, and reduce the effectiveness of the cavity. The nanosphere lithography process,
described in Appendix A, for roughening the SiO2 was also used here to prepare PbSe
substrates for the back reflector structure. With help from collaborators, PbSe films with
an embedded Pt back reflector were deposited and fabricated into photoconductive
devices. Described in Chapter 6, | measured the detector performance of these devices,
and compared them to measurements | made previously on the PbSe reference detector. |

observed room temperature responsivity that was a factor of two above the reference

15



detector under the same test conditions. Furthermore, two distinguishable peaks were
observed, and confirmed to be the result of constructive interference within the PbSe
film. 1 also observed the room temperature responsivity in detectors with an embedded Pt
back reflector to be comparable to the reference detector at 250 K. Modeled and
measured results were compared to develop optimization and future enhancement

strategies discussed in Chapter 7.
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Chapter 2: Lead Selenide (PbSe) as a Detector Material

PbSe has been studied extensively since WWII for military applications. German
scientists were very interested in the military applications of infrared technology,
pursuing with intense fervor lead-salt technology [48-49]. Research Efforts in Germany,
led by Edgar W. Kutzcher, focused on lead sulfide (PbS). Kutzcher observed high SWIR
sensitivity in PbS crystallites, which were capable of bolometer caliber operation. His
work would lead to passive IR detectors employed by Germany during WWII for aircraft
and ship detection. These detectors were a leap forward in military technology, making
the invisible IR spectrum a tool to be exploited. To extend the spectral sensitivity range
of PbS, which was limited to 1 um — 3.3 um, PbSe was investigated by German scientists
leading to appreciable sensitivity at 77 K. The development of PbSe detectors opened up
the IR spectrum, spanning the SWIR to MWIR and beyond, with spectral sensitivity from
1 pm - 7 um. In parallel to German efforts, British scientists reported excellent sensitivity
in PbSe; not only at cryogenic temperatures, but at room temperature with a cutoff up to
5 um [49]. In the early 1940’s, the United States in parallel started to take interest in Pb-
salt based infrared technology. The National Defense Research Committee (NDRC) was
formed with the express purpose of developing and understanding infrared technology.
Spearheaded by Robert J Cashman, efforts were focused on PbS photoconductive cells
[48]. Cashman was a pioneer in his field, developing and optimizing chemical deposition
techniques for Pb-salt synthesis. He discovered that the sensitivity of PbS could be
enhanced by synthesizing films in an oxygen rich atmosphere. It should be noted that this

was a precursor to the current sensitization process used for Pb-salts [12].
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Immediately following WWII, military interest in Pb-salts saw a decline, with
research efforts being focused more on optimizing the chemical synthesis and
understanding the material characteristics than on device improvement. In 1947,
however, the US Navy contracted with the Eastman Kodak company to develop PbS cells
as a result of their successful demonstration of long range detection of the thermal
signature of the Dove missile, an air-to-air ordnance [49]. Around the same time, Henry
Levinston and his graduate students at Syracuse University were investigating the
photoconductive nature of PbSe and PbTe. Starting in 1948, the Naval Ordnance
Laboratory (NOL) took on a decade long charge of determining the photoconductive and
material nature of PbSe and PbS [48-49]. Between 1960 and 1980, new, more expensive
technologies caused a decline in Pb-salt research, and, by the mid-1980s, Pb-salts had
taken a back seat to compounds like InSb and HgCdTe [49-50]. As mentioned above,
these materials typically offer greater infrared sensitivity at the cost of added system
complexity and cryogenic operating temperatures. Seeing a resurgence in recent years,
PbSe is attractive for both military and space-based applications due to its low-cost and

high-temperature operation over the 3-5 um atmospheric window.

The PbSe films discussed herein are comprised of three semiconductor layers
grown on single side polished silicon (Si) substrates. First, a 0.5 — 1.5 um thick silicon-
dioxide (SiO2) layer is grown on top of the Si substrate by plasma enhanced chemical
vapor deposition (PE-CVD). Reactive ion etching (RIE) is used to etch the SiO> layer to a
surface roughness of approximately 500 nm peak-to-peak. This roughening step is
necessary for adequate adhesion of PbSe to the substrate during deposition. A process

based on chemical bath deposition methods is then used to synthesize lead acetate
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trihydrate (Pb(C2H302)2) and optical grade selenourea ((H2N)2C=Se) into a PbSe film
with an approximate thickness of 1 um. The PbSe films then undergo sensitization by
oxidation and halogenation at 420 °C and 350 ‘C, respectively. The halogen used for
sensitization for these films is iodine, thereby converting approximately half of the PbSe

film into lead iodide (Pbl2) [1-2].

2.1 PDbSe Crystal Structure

To begin the discussion of PbSe films, let the film during the various processes of
synthesis be identified by the monikers “as-grown”, “oxidized”, and “sensitized”.
Samples of the film from various processes are shown in figure 3a. The as-grown PbSe
looks grey in color, while oxidized PbSe has a blue hue. When the sensitization process
leads to a uniform conversion, the Pbl, has a slight yellow tint. If the film is over iodized
then the top film will look completely yellow, and can lead to decreased sensitization.
Depicted in figure 3b, the films consist of three layers on top of a Si substrate, with a total
film thickness, including the SiO: layer, of ~ 2 um. The films are polycrystalline in
nature, so the atoms within crystallites are arranged periodically, while the areas between

grains show very little order [13].

a)

~0.5 um
3 \ ~0.5 um
. Si Substrate |
: A§‘-Grown ‘ ~1 um

Sio,

.. 450 um

Figure 3. PbSe films grown by chemical bath deposition for this investigation; a) Shown from left to right
are the Si substrate (top-left), as-grown PbSe film (bottom-left), oxidized PbSe film (top-right), and
sensitized PbSe film (bottom-left); b) Depiction of sensitized PbSe film cross-section.
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An energy dispersion spectroscopy (EDS) map [3] collected during our early
studies of the sensitized PbSe film is shown in figure 4 [1]. The green points in the top
image indicate the presence of Pb throughout the film, as expected. The other colored
points represent Se (magenta), oxygen (yellow), iodine (cyan), and carbon (red). The
bottom of the figure contains point clouds representing the density and location of each
secondary compound. As expected, the Se and | portions are on top of each other,
representing the interface between PbSe and Pbl,. This interface is semi-sharp, with
gradients of each compound permeating into the opposite layer. The oxygen seen in the
bottom of the film is associated with the SiO> layer beneath the PbSe. Oxygen is also
seen throughout the film, which is where the PbSe has been converted to oxygenated-lead
compounds during oxidation [2]. Interestingly, a large amount of carbon is found
throughout the film. These carbon molecules play a crucial role in the PbSe sensitization

process.

Figure 4. EDS map depicting the polycrystalline nature of, as well as the interface between, the PbSe and
Pbl, within the film after sensitization [1].
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During the synthesis process, the crystal structure of PbSe thin films undergoes
various changes. Jang, et al. used x-ray diffraction to show that the films start out with a
polycrystalline face-centered cubic (FCC) phase, while the oxidized films show evidence
of the conversion of part of the film to monoclinic or orthorhombic PbO2(SeO3)
depending on the oxidation time [2]. After iodine halogenation, the Pbl. layer contains a
polytype 12R crystal structure [4]. Figure 5 depicts the different crystalline structures

contained within the films.
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Figure 5. Depiction of crystal structure of PbSe films; a) as-grown PbSe, b) monoclinic PbzO2(SeQs), ¢)
orthorhombic Pb302(SeQs), d) polytype 12R Pbl, [2].

We collected secondary electron images (SEI), shown in figure 6, on the oxidized
and sensitized PbSe films during this investigation using scanning electron microscopy
(SEM). From figure 6a, the grain size of PbSe crystallites range from ~0.3-1um. It
would seem from figure 6b that the crystallite size increases to 0.5-3um after the

sensitization step. However, as reported in [5] and [6] for similar PbSe films, the grain
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size tends to decrease while the agglomeration of microcrystallites increases during the

iodine sensitization process.

Figure 6. Secondary electron images obtained using a scanning electron microscope on the of a) oxidized,
and b) sensitized PbSe films of this study. During the iodine sensitization process, crystallite size is reduced
while the number and size of crystallite agglomerations increases.

High resolution transmission electron microscope (HRTEM) images were also
collected by our collaborators from the same sensitized PbSe films. Figure 7a shows
agglomerations larger than 500 nm, reinforcing the SEI results. Interestingly, a carbon
shell is observed in figure 7b and 7c, which has an oxidation temperature-dependent
thickness of 10-20 nm and surrounds both the PbSe and Pbl> crystallites [2]. The carbon
shell is formed by organic precursors in the lead acetate, which are incorporated during
the deposition process. This carbon shell may contribute to photoconduction by either the
barrier or charge separation models [7-8]. Carriers may move from the PbSe grains to the
carbon shell, which acts as a thin conductive layer making it necessary for high

sensitivity PbSe detectors.

28



Figure 7. HRTEM images collected on sensitized PbSe films of this study. a) PbSe crystallite
agglomerations after sensitization, b) carbon shell surrounding PbSe crystallite for 400 °C oxidation, and
c) reduced carbon shell after 420 °C oxidation.
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Figure 8. The XRD spectra of oxidized PbSe films as a function of time and temperature [2, 9]. When the
oxidization temperature is increased from a) 400 °C to b) 460 °C, the PbSeO3 compound is converted to
PbSeO.. Longer times can lead to over oxidation, and decreased film sensitivity.
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Another function this carbon layer serves is to protect the crystallites from over
oxidation during the sensitization process [2, 9]. X-ray diffraction (XRD) spectra were
collected on these films by our collaborators as a function of oxidation time and
temperature [2]. As the oxidation temperature increases the PbSeOs peak becomes
PbSeOg, and the carbon shell shrinks [2, 9]. The conversion can be seen in figure 8 when
comparing samples oxidized at 400 "C (top) and 460 "C (bottom). It is also evident from
figure 8 that the oxidation time is an important factor in determining the amount of
incorporated oxygen in the film. As the time increases from 6.25-200 min, both the
PbSeO3 and PbSeO4 peaks grow significantly. This increase in peak amplitude can have a
detrimental effect on the sensitivity of the PbSe films, emphasizing the need for the

optimization and control of sensitization conditions [9].

2.2 Photoconduction in PbSe

To first approximation, the band structure of these PbSe thin films can be found
using the electron affinity rule [10]. The PbSe has a bandgap of 0.29 eV, while Pbl; has a
bandgap of 2.41 eV [7, 11]. Furthermore, shown below, PbSe is an n-type material and
Pbl> p-type [12]. PbSe and Pbl. conduction bands are both considered to be parallel to the
vacuum level. Moreover, the straddling case for heterojunctions is assumed. Using this
configuration, the electron affinity, defined as the energy difference between the bottom
of the conduction band and the vacuum level [12], for PbSe ypps. IS greater than that of
Pbl2 xpp1,- The electron affinity for both materials can be used to find the difference in

the conduction band energies by equation 2.1.

AE. = e(Xppse — Xpb12) (2.1)
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The valence band offset, shown in equation 2.2, can be found using the difference of the

bandgap energies and equation 2.1.

AE, = Egppr, — Egppse — AE. = AE; — AE, (2.2)
PhSe Pbl,

H :

' + Xpbi,
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Figure 9. Qualitative band diagram sketch of PbSe photoconductive films obtained using the electron
affinity rule. When PbSe and Pbl, form an interface, the Fermi-level of the system lowers enabling
increased hole flow.

When these two materials are brought together, the Fermi-levels align and
electrons from PbSe will flow into Pblz, while at the same time holes from Pbl. will flow
into PbSe creating a space-charge or depletion region [12-13]. Band bending occurs at the
junction, which is a result of the change in the vacuum level due to the alignment of the
Fermi-levels. Figure 9 shows the author’s qualitative drawing of the band structure in
PbSe films constructed by using the band gaps of PbSe and Pbl», as well as equations 2.1

and 2.2. It should be noted that the PbSe films that were grown for this study are
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polycrystalline and porous, so the interface may not be as sharp as that depicted in figure
9. In fact, the interface observed in the EDS map of figure 4 is semi-sharp with gradients
of PbSe and Pbl appearing close to the interface in the opposite layer. This band
structure is important for PbSe conduction, because, as will be discussed shortly, when
PbSe and Pbl> meet the Fermi-level of the PbSe lowers reducing the resistance to hole
flow and increasing the effectiveness of minority carrier traps [12].

We fabricated PbSe detectors to be configured as photoconductors, such that the
material conductivity changes upon illumination resulting in a detectable change in
current under an applied electric field [10, 13]. Even with its long history
photoconduction in PbSe is still a subject of rich investigation [2, 15]. Empirical
evidence, described shortly, suggests that the oxygen trap model proposed by Humphrey

and Petritz is the dominant model [12].

As described above, PbSe films are grown by chemical bath deposition, and then
sensitized by oxidation and halogenation. Humphrey and Petritz analyzed the properties
of as-grown, oxidized, and halogenated films [12]. They found their as-grown PbSe films
to be n-type, and after oxidation the films were converted to p-type. This is an important
finding, because it suggests that the photocurrent generating carriers are holes [10].
Humphrey hypothesized that oxidation resulted in the incorporation of impurities, which
acted as electron-traps near the PbSe conduction band. If the trap decay time is greater
than the hole-to-contact transit time, then these traps decrease the probability of
recombination, and therefore increase the recombination lifetime [16]. In general,

equation 1.4 shows that the longer the carrier lifetime the better the performance of the
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photoconductor. Halogenation lowers the Fermi-level thereby increasing the flow of

holes in the valence band leading to increased photocurrent [10, 12-13].

2.2.1 PbSe Carrier Concentration, Mobility, Resistivity, and Film Type

The Hall Effect, discovered by E. H. Hall in 1879, was used to determine the type,
concentration, and mobility of majority carriers within a semiconductor [10, 17]. The
basic principles of the Hall Effect starts from the Lorentz force F in units of newtons (N)

shown in equation 2.3.

F= —q(E+vXxB) (2.3)
Here, q is the charge constant (1.602 x 107 coulombs), E is the electric field in V/cm, v
is the velocity, in cm/s, of the charge as it moves through the electric field B in units of
Gauss. For a Hall measurement, a current-carrying semiconductor is placed within a
magnetic field with an orientation orthogonal to the current flow. Charge build up on one
side of the semiconductor induces an electric field. In steady state, the force from the
electric field and magnetic field balance, resulting in a Lorentz force of 0 N. The built up
electric field, known as the Hall field, produces the Hall voltage VH, shown in equation
2.4, across the semiconductor in a direction perpendicular to both the direction of current

flow and the magnetic field,

iB
|VH| :Ed:qm (2.4)

where E is the magnitude of the electric field in VV/cm, d is the thickness of the sample in
cm, i is the magnitude of the current flowing through the semiconductor in amps, B is the
magnitude of the magnetic field, and n is the carrier density in units of cm™. The sign of

the Hall voltage can be used to determine the majority carrier type in the semiconductor.
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If Vh is negative then the semiconductor is n-type, and the semiconductor is p-type if it is
positive. The V4 can be used to find the Hall coefficient Ru, which is an alternative way

of determining the carrier type as described in equation 2.5.

—Vyd
Ry =—" (25)

For p-type semiconductors Rx will be negative, and Ry will be positive for n-type [17].
Another important quantity for determining carrier dynamics in semiconductors is the
resistivity p, defined as the product of the sheet resistance in Q/square and the sample
thickness in cm, which for our films is 1 x 10 cm. Shown in equation 2.6, the resistivity

is needed to determine majority carrier mobility p with units of cm?/Vs.

p=— (2.6)

a) b)

Metal Contacts
On PbSe Film

Metal Contacts
On PbSe Film

Figure 10. Van der Pauw configuration for measuring Hall parameters; b) PbSe device for Hall
measurements where the metal contacts are placed in the four-corners of the PbSe film.

To determine the material properties of the investigated PbSe films, | performed
temperature dependent Hall measurements. Metal contacts, in this case made of

palladium (Pd), were deposited on the four corners of a 1 cm x 1 cm sensitized PbSe
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device with a film thickness of 1 x 10 cm. The Hall measurement configuration was that
of the Van der Pauw method as depicted in figure 10.

First, the current, denoted as i, 3, is applied across terminals 1 and 3, while at the
same time the voltage, denoted as V,,, is measured across terminals 2 and 4. Using
Ohm’s law, Ra is the resistance determined with i,5 and V,,. Next, Rg is found in a
similar fashion by applying the current across terminals 2 and 4, and measuring the
voltage across terminals 1 and 3. Known as the VVan der Pauw equation, equation 2.7

shows that Ra and Rg can be used to determine the sheet resistance Rs.

1 = e~™Ra/Rs 4 o~TRB/Rs 2.7)
To determine the Hall voltage, the sample was placed within a magnetic field of
8000 Gauss, and a source meter was used to apply a current of 500 nA across terminals 1
and 3. The voltage measured across terminals 2 and 4 was the Hall voltage. The
configuration was then switched and the current was applied across terminals 2 and 4,
while the voltage was measured across terminals 1 and 3. The two values for the Hall

voltage were compared to ensure the measurements were consistent.

Table 2. PbSe film characteristics determined by Hall measurements.

Film Carrier Carrier Sheet Resistivity Hall
Density Mobility Resistance (Q-cm)  Coefficient
(cm®) (cm?/Vs) (Q/sq) (cm?/C)
As-Grown | 2.76 x10'® 69.99 320 0.032 2.24
Oxidized | 3.92 x 10Y 44.59 3570 0.357 15.92
Sensitized 15 7 i
(290 K) 3.03x 10 1.46 1.41x10 1410 2060
Sensitized 14 7 i
(270 K) 5.66 x 10 2.85 3.86 x 10 3860 11000
Sensitized 14 7 i
(230 K) 4.03 x 10 3.64 4.26 x 10 4260 15500
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Figure 11. Temperature dependent a) carrier concentration, b) carrier mobility, c) film resistivity, and d)
Hall coefficient in sensitized PbSe films. Trends indicate sensitivity increases at lower temperatures.

Table 2 contains room-temperature results we collected and analyzed from as-
grown and oxidized PbSe, as well as temperature dependent data of our sensitized
devices. These results seem to support the oxygen trap model proposed by Humphrey and
Petritz [12]. As-grown films show an n-type carrier concentration on the order of 108
cm3. After oxidation, the free-carrier concentration reduces by approximately an order of
magnitude (107 cm), suggesting a trapping mechanism. Finally, after sensitization the
carrier-concentration reduces by roughly two orders-of-magnitude down to ~10'° cm,
and the polarity switches to p-type. Moreover, the carrier mobility decreases from 70
cm?/Vs in as-grown films to 45 cm?/Vs in oxidized films, further supporting electron
trapping by oxygen impurities. Mobility then decreases to 1.5 cm?/Vs in sensitized films.

The data presented in table 2 seems to confirm that the incorporation of Pbl; results in

36



more effective oxygen traps, and lowers the Fermi-level of PbSe thereby increasing the

flow of holes in these p-type films.

The temperature dependent results show expected behavior [10]. As the
temperature decreases, the free carrier density, which is dependent on thermal energy
koT, reduces. This leads to an increase in mobility, as well as an increase in resistance.
Figure 11 shows plots of the carrier concentration, resistivity, and mobility as a function
of temperature for sensitized PbSe films as presented in table 2. The carrier concentration
and resistivity change linearly with a steep slope from 290 K to 275 K, approach an
inflection point at 270 K, then level off as the temperature approaches 230 K. Recall from
equation 1.4 in Chapter 1 that the sensitivity is inversely proportional to free carrier
density. The trend in the carrier concentration and resistivity suggest that there should be
similar sensitivity between 260 K and 230 K. However, the mobility shows a linear
increase from 260 K down to 230 K. Photocurrent is directly proportional to carrier

mobility, so as the temperature decreases sensitivity increases [18].

2.2.2 Minority Carrier Lifetime

Minority carrier lifetime is an important property for photoconductive detectors.
Indeed, its importance is presented in equation 1.4 of Chapter 1 where the higher the
minority carrier lifetime the higher the detector sensitivity. To determine this important
material property, | measured carrier lifetime of our PbSe films using the
photoconductive decay method (PCD) [19], and for comparison my collaborators utilized
time resolved photoluminescence (TRPL) [20]. In the PCD method, the circuit depicted
in figure 12 is used to measure the change in voltage across a load resistor over time as
the PbSe detector is transversely illuminated by pulsed laser light. To ensure the
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measured signal was indicative of the PbSe lifetime, the laser wavelength was selected to
be greater than the absorption cutoff of Pbl, [11]. The carrier lifetime is defined as the
time for the excess carrier concentration n in cm=, generated from the formation of
electron-hole pairs during excitation, to decay to a value of approximately 36.7% (1/e) of

its initial value no,

t
n(t) = ngexp (— ;) (2.8)
where t is the time in seconds within a single period over which the measurement is
taken. In the photoconductive decay method, n is proportional to the measured voltage V,

such that

t
V(t) =V,exp (— ;). (2.9)
The value of the carrier lifetime 7, with units typically given as ps or ns, can be found by
fitting an exponential decay curve, shown in equation 2.10, to the measured decay of the

voltage.

y(©) = yo exp(—Ax) (2.10)
By equating equations 2.9 and 2.10 it is evident that yo is Vo and Ax is equal to t /T from
a similarity argument. Taking the natural log of both sides, and rearranging equation

2.10 results in the value of the lifetime shown in equation 2.11.

t

T=—3—
) @1y

Lead selenide test detectors were fabricated as described in Appendix A, witha 7
mm x 7 mm active area, and metal contacts on either side of sensitized film. Figure 13

shows the observed photoconductive decay curve. The test detector was biased using a 9
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V battery, while the active area was illuminated by a model BO71 pulsed laser from
Power Technology, Inc. with a wavelength of 980 nm, pulse repetition frequency of 100
Hz, pulse width of 20 ns, and a measured average power of 1.3 mW [47]. The decay
spectra was normalized to 1, and an exponential fit was used to determine the lifetime as

described above.

4

PbSe Photoconductor Oscilloscope

Load Resistor

|
| |
Figure 12. Bias circuit for measuring minority carrier lifetime in PbSe films.
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Figure 13. The room temperature PCD curve observed by transversely illuminating a PbSe test detector
with pulsed laser light, and measuring the change in voltage across a load resistor connected in series. The
carrier lifetime was extracted by fitting an exponential curve (red trace) to the decay data (blue trace).
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For sensitized PbSe detectors, the carrier lifetime as measured by the PCD
method was found to be ~149 us. We have previously reported that the carrier lifetime of
these detectors varies from 30 ps to greater than 150 ps at room temperature depending
on deposition conditions and metal contacts [7]. This is quite large when compared to

previously reported carrier lifetimes of 2 - 10 ps in other PbSe films [14, 12].

| verified carrier lifetime by also measuring the RC-time constant, and ensuring it
was longer than the measured PCD decay time. In a configuration similar to that of the
PCD method, the RC time constant was found by measuring the decay time across the
load resistor as the bias circuit was pulsed using an arbitrary waveform generator (AWG)
[21]. In this configuration, the sample is kept dark such that the observed signal is only
due to the electrical pulse from the AWG. Figure 14 shows the configuration of an RC-
time constant measurement, and figure 15 shows the RC-time constant data for the same

detector under similar test conditions as figure 13.

PbSe Photoconductor Oscilloscope
Load Resistor
T
PPN
- N
Q)

Figure 14. An RC-time constant measurement setup.
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Figure 15. The RC-decay curve measured across the PbSe detector as it was pulsed by an AWG. The decay
curve shows a factor of two increase over that of the PCD measurement, distinguishing the measured
lifetime from the RC time constant.

The RC-time constant was calculated to be 294 us using a 100 Hz pulse with an
amplitude of 10 V to electrically excite the detector without illumination. The PCD carrier
lifetime for the same detector biased from 9-25V was found to be 149-168us. The drift
velocity of holes is in the direction of the applied electric field [10, 13]. Therefore, assuming
oxygen trapping is the dominant mechanism for photoconduction, when the bias is increased
across the PbSe detector, the drift current increases further reducing the probability of
recombination. Notice that the measured RC-time constant is only two-times greater than the
measured carrier lifetime. As a final verification for the measured lifetime, the carrier
lifetime found by the PCD method was subtracted from the RC-time constant yielding a
difference of 145.1 ps. This difference is within 2.7% of the calculated carrier lifetime, which

shows the measured PCD curve and RC-decay curve were indeed distinguished from one

another, confirming the validity of the results.
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Depicted in figure 16, our collaborators measured time resolved
photoluminescence (TRPL) on the same PbSe devices [20]. PbSe test detectors were
placed at the focus of a 100x microscope objective. A pulse signal, with pulse repetition
frequency of 100 kHz, was sent from an arbitrary waveform generator (AWG) to trigger
both the laser, and the start of the measurement time. The beam from a 1.064 pm laser
with a pulse width of 20 ns was reflected off of a long-wavelength pass dichroic mirror
into the entrance aperture of the microscope objective. The beam was focused onto the
sample to excite carriers and produce photoluminescence. The photoluminescence signal,
which consisted of longer wavelength light than that of the pump beam, was collected by
the microscope objective and projected through the dichroic mirror onto the detector
head. Similar to the PCD method, the signal decay was monitored over time and analyzed
to determine the carrier lifetime. In contrast to the PCD method, the PbSe detector was

not biased during this measurement.

Decay Curve
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Figure 16. Time resolved photoluminescence setup for carrier lifetime measurements on PbSe test
detectors.
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The observed decay curve from TRPL measurements is shown in figure 17. The
decay of the trace is not smooth like in figures 13 and 15. Therefore, the lifetime was
estimated by simply finding the 1/e point after the peak of the intensity was reached. The
lifetime determined by TRPL was found to be 92 ns, which is three orders-of-magnitude
less than the PCD results suggested. Ahrenkiel observed the same disparity when
comparing PCD and TRPL results obtained from measuring polycrystalline HgCdTe thin
films [22]. The difference between the results of the two techniques can be understood,
again, by carrier trapping. The TRPL measurement requires radiative recombination, and
is therefore not sensitive to carrier traps. The density of states of the trap level is too low
for an appreciable photoluminescence signal at room temperature [22]. However, PCD is
very sensitive to carrier trapping, because it measures the decay of current carriers
through the semiconductor material. Furthermore, depending on the type of metal

contacts, the barrier height, and therefore the carrier lifetime, will change [7].

Carrier Lifetime of PbSe Determined by TRPL
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Figure 17. Observed TRPL decay curve for PbSe test detector at room temperature. Results show a three-
order-of-magnitude disparity compared to those of the PCD method due to carrier trapping.
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Another photoconduction model has been proposed by Kuman and Lihuazhao
[15, 23]. Their charge separation model suggests that the core of the PbSe polycrystalline
grains is n-type, while the surface is p-type. The p-type carriers flow in one direction in
the spacing between grains, while the n-type carriers flow between the grains in the
opposite direction thereby separating the charges leading to long lived carrier lifetimes
and greater performance. There are, however, differences between the PbSe films on
which [14] and [23] report and the films we have investigated. The largest difference
between the films of this investigation and those reported in literature is the fact that the
films in the literature start as p-type, and then become n-type in as-grown and sensitized
samples. Furthermore, the charge separation model assumes iodine acts as a dopant to
increase the number of carriers in the film. Though the charge separation model is
feasible, the experimental evidence presented above seems to suggest that the films we

investigated adhere more to the oxygen trap model of Humphrey and Petritz [12].

Temperature Dependent Carrier Lifetime of PbSe
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Figure 18. Observed temperature and bias dependence of the carrier lifetime of PbSe test detectors
measured using the PCD method.
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In addition to room temperature measurements, | also measured the temperature
dependence of the carrier lifetime. Test detectors were mounted in a thermoelectric
cooler (TEC) dewar assembly, and the carrier lifetime was measured at 290 K, 270 K,
250 K, and 230 K at bias levels between 10 V and 25 V. The data in figure 18 shows that
for all biases, the carrier lifetime increases with decreasing temperature. This result is
expected, because the excess carrier concentration should decrease as the temperature
decreases due to its energy (ko T) dependence [10, 13]. Of note is the fact that the total
increase in carrier lifetime from 290 K to 230 K was only found to be 30 ps. This small
increase suggests that the performance of these PbSe films at room temperature is similar
to that of 230 K, and only a small enhancement is needed for comparable performance at

room temperature.

2.3 Absorption in PbSe
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Figure 19. Depiction of FTIR measurement.
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Recall that the baseline films within this study have a peak-to-peak surface
roughness of 500 nm. This roughness makes it difficult to determine the absorption using
methods such as Fourier transform infrared spectroscopy (FTIR). Depicted in figure 19,
during an FTIR measurement, light from a blackbody emitter is transmitted through a
Michelson interferometer where one leg of the interferometer is translated back and forth
to modulate the signal in time creating an optical path difference between the beams of
the two legs [24-25]. When using a broadband blackbody source, the resulting
interferogram will contain peaks corresponding to constructive interference for the
regions of zero-path difference. This interferogram is analyzed via a Fourier transform
shown in equation 2.12, which relates the time spectrum f(t) to the spatial frequency
spectrum F (v,), to determine the spectral content, as well as intensity, of the resulting
spatial frequency spectrum in units of cm™. The transmittance, reflectance, and
absorbance of a sample can be determined by placing it in the optical path before the

detector.

F(vy,) = f(He @tdt (2.12)

1 (e
el
Transmission spectra are relatively simple to determine, yet scattering by diffuse
and rough surfaces can lead to indistinguishable spectral features [25]. Moreover, when
the absorption or reflection coefficients are desired, without a priori knowledge of either
the absorbance or reflectance, the quantity that can be determined with certainty is the

optical density OD which includes contributions from reflection, including scattering, and

absorption. The optical density is given by equation 2.13,

OD = —log(T) (2.13)
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where T is the measured transmission with a maximum value of 1. One way to
circumvent this limitation and determine the absorption within thin films is to insert the
sample in the middle of an integrating sphere, and sense the transmitted light output by
the sphere [26]. The inside of an integrating sphere is made of a diffuse Lambertian
scattering surface, which is a surface that scatters in all directions evenly resulting in a
uniform output. When a sample is put within an integrating sphere, the incident light will
propagate through the input port and undergo Fresnel reflections at the interfaces within
the film. All of the incident light will be scattered and reflected out of the integrating
sphere onto an optical detector, so the only attenuation will be from absorption within the
sample material. Using this configuration, the light from an FTIR auxiliary port was
focused onto the input port of an integrating sphere with a sensitized PbSe sample
suspended from one of the sample ports. The output of the integrating sphere was
positioned in front of a HgCdTe MWIR detector cooled to 77 K. The signal of the

detector was then input to the external detector port of the FTIR for analysis.

To measure the absorption in these films, | inserted sensitized PbSe film samples
into a gold integrating sphere with a spectral reflectance from 1 um — 20 um of greater
than 95%. To ensure minimal absorption by outside sources, the sample was suspended
from one of the sphere sample ports by a gold wire. Using equation 2.14, the absorption

in the film was determined.

A=1-10"9 =1 — 109D (2.14)
Figure 20 shows the absorption spectra obtained from one of our sensitized PbSe
film samples. The maximum absorption above the cutoff wavelength at 4.3 pum is 35%

across the 3-5 um spectral band. The decrease in absorption around 3.2 um and 4.3 pum is
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associated with H>O and CO; in the atmosphere [27-28]. Further, the increase in
absorption between 4.8 um and 6.0 um is associated with carbon impurities in the
underlying SiO2 [29]. Assuming a maximum absorption of 100%, these results suggest
the theoretical maximum in-band absorption enhancement below the cutoff wavelength is
a factor of approximately 2.85. Moreover, these results also suggest the maximum
external quantum efficiency in baseline PbSe detectors without resonant structures at
room temperature is 35%. However, as will be discussed shortly, the observed quantum
efficiency in baseline PbSe detectors was much lower due to both radiative and non-

radiative carrier recombination [10].

Absorption of Sensitized PbSe Thin Films
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Figure 20. Absorption spectrum of investigated PbSe thin films at 290 K determined by FTIR with
integrating sphere.
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2.4 Performance of Baseline PbSe Test Detectors

An important parameter for understanding the performance of infrared
photoconductors is the wavelength dependent photoresponse. | measured the spectral
response of PbSe test detectors using the same bias circuit configuration as that depicted
in figure 12. The output from the bias circuit was input into an AMETEK Scientific
Instruments model 5210 lock-in amplifier, the output of which was then used as the
auxiliary detector input for a Nexus model 870 Fourier transform infrared spectrometer.
The responsivity R was measured over a spectrum of 10000 cm™ to 1800 cm™ (1 pm —
5.5 um). I calculated the FTIR source power spectral density by measuring the spectral
response of a Thor Labs model FDPSE2X2 2 mm x 2 mm PbSe photoconductor,
interpolating the response curve derived from information in the detector manual, and
taking the quotient between the measured and interpolated curves [30]. The calculated

source power can be seen in figure 21.

FTIR Source Power Calculated from Measured Response of

ThorLabs PbSe Detector
6.6E-05 3000
5.3E-05 2400 -
P
=
& 4.0E-05 1800 3
: £
2 g
S 2.6E-05 1200 2
3
1.3E-05 600
0.0E+00 0
1.5 2.0 2.5 3.0 35 4.0 4.5 5.0 5.5
Axis Title
—Source Power  ==-ThorLabs Response Curve

Figure 21. Reported Thor Labs responsivity (blue, dashed), and calculated FTIR source power spectrum
(red, solid).
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Spectral Response of
100 um x 40 pm PbSe Detector with 3 kV/cm Applied Field
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Figure 22. Measured responsivity and external quantum efficiency of a 100 um x 40 um PbSe test detector
under an applied electric field of 3.3 kV/cm at ambient temperatures of interest.
The change in voltage across the 11 MQ load resistor Ricag Was measured as the

PbSe test detector was illuminated, and R, with units of A/W, was found using equation

2.15,

ER()\) — Vm(}\)ATLPbSe
Ps ()\)RloadAPbSeTD

(2.15)
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where Vi, is the measured voltage difference upon illumination across the load resistor
Ricad in 0hms, Arpbse is the area of the reference detector in cm?, Ps is the calculated
source power in watts, A is the wavelength in um, and Appseto IS the area of the PbSe
detector under test in cm?. From the responsivity, the external quantum efficiency,
defined as the ratio of the number of carriers that contribute to photocurrent to the

number of incident photons, can be found by using equation 2.16.

Rhv
Ne = —— (2.16)

q
Figure 22 shows the spectral response and quantum efficiency for a 100 um x 40
pum detector under an applied field of 3 kV/cm at temperatures ranging from 290 K down
to 230 K. The peak responsivity and external quantum efficiency at 4.3 um and 230 K
were found to be 0.55 A/W and 15%, respectively. Notice the decrease in response and
quantum efficiency at ~3.4 um. To be discussed in detail in Chapter 4, this drop in
sensitivity is due to optical interference. These are the baseline values from which the

sensitivity enhancement gained by incorporating optically resonant structures into PbSe

photoconductors were measured.

2.5 Dispersion relations of PbSe

The dispersion relations, which define how the complex index of refraction of a
material changes with the illumination wavelength, determine the behavior of
electromagnetic waves as they pass through and interact with the material [31-32].
Reflection and transmission are most often associated with the real part of the complex
index, whereas absorption is associated with the imaginary part. The complex index of

refraction m is given by equation 2.17,
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m= n+ik (2.17)
where n is the real part of the index, k is the imaginary part, and i denotes the imaginary

number v—1. Typically, ellipsometry is used to determine the optical constants of the

thin film materials [33].

Table 3. Bauer and Krenn's PbSe dispersion relations at an ambient temperature of 290 K.

Wavelength n k
(Lm)

2 4.7 0.25
2.066 4.7 0.254
2.254 4.7 0.238

2.48 4.7 0.45
2.583 4.9 0.4
2.695 4.88 0.25
2.755 4.883 0.22
2.818 4.885 0.22
2.952 4.895 0.22
3.024 4.9 0.22

3.1 491 0.22
3.179 4.85 0.219
3.263 4.93 0.225
3.444 4.95 0.22

3542 4.95 0.199
3647 4.96 0.194
3757 4.97 0.189
3875 4.98 0.173
4000 4.97 0.127
4275 4.95 0.0572
4428 4.94 0.0353
4592 4.94 0.00917
4769 4.94 0.00285
4959 4.92 0.00154
5166 4.9 0.00138
5391 4.83 0.00128
5636 4.86 0.0012
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However this technique requires the angle of reflected light to be determinate, and
random scattering from the roughness in these films makes this measurement difficult.
Therefore, for PbSe, the room temperature complex index of refraction, shown in table 3,

was taken from Bauer and Krenn [34].

It has been reported that the PbSe cutoff wavelength undergoes a redshift as the
ambient temperature decreases [1, 7, 37]. This redshift is due to a decrease in the bandgap
energy at lower temperature, which is unique to PbSe and other lead-salt materials [36-
37]. To understand and estimate how the complex index of refraction of PbSe changes
with temperature, | quantified the red-shift in cutoff wavelength utilizing
photoluminescence (PL) spectroscopy to observe the change in bandgap with

temperature.

In photoluminescence spectroscopy, a semiconductor material is illuminated by
either CW or pulsed laser light. If the energy of the incident beam is greater than that of
the bandgap, an electron in the valence band can absorb an incoming photon and be
excited into the conduction band of a direct bandgap semiconductor [10, 13, 17]. Unless
the energy of excitation is equal to that of the bandgap, the electron will be excited to an
energy state above the bottom of the conduction band leaving a positively charged core or
hole at the top of the valence band. The time for the electron to relax to a lower energy
level, known as the metastable state, will be on the order of picoseconds [38-39]. This
transition process is non-radiative, and will not result in a photon. The electron will
remain in the metastable state, which in semiconductors corresponds to the bottom of the
conduction band, for time periods on the order of 10s of microseconds where it becomes

part of a bound electron-hole pair known as an exciton [13]. If the semiconductor
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material under test is a direct bandgap material, defined as a material in which the bottom
of the conduction band and the top of the valence band are aligned in momentum space,
the electron will decay, recombine with its corresponding hole, and undergo the process
of annihilation resulting in an emitted photon with an energy that matches the energy
difference between the metastable state and the valence band [17, 39]. The
photoluminescence process is depicted in figure 23, and a depiction of the PL setup is

shown in figure 24.

Sensitized PbSe test films were mounted in a closed cycle dewar-cooler assembly,
and illuminated by a 1.064 um neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser at an incident angle of 45°. The resulting PL signal was emitted in the direction
perpendicular to the sample face, and was detected by an FTIR spectrometer. Figure 25

shows the observed spectrum at various temperatures.
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Figure 23. Graphical depiction of photoluminescence process in a direct bandgap semiconductor: a)
electrons are excited to a state above the bottom of the conduction band upon absorption of pump photons;
b) the electron undergoes non-radiation relaxation down to the bottom of the conduction band; c) an
exciton is created between the electron at the bottom of the conduction band and holes at the top of the
valence band; d) the electron relaxes from the metastable state recombining with the hole and the atom
emits a photon with an energy of E.
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Figure 24. Graphical depiction of a photoluminescence setup.
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Figure 25. Measured temperature dependent photoluminescence of sensitized PbSe films.

Described above, the peak of the PL spectrum is associated with the bandgap

energy, while the amplitude is the emitted photon flux. The results in figure 25 are red-

shifted, yet still show good agreement with those presented in [36]. This redshift can be

quantified by dividing the peak energy or wavelength value at a given temperature by that

at room temperature. Table 4 contains red-shift scaling factors, which were utilized to

estimate how the dispersion relations change with temperature. Also of note in figure 25
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is the inverse relationship between emitted photon flux and temperature. Discussed

above, this trend follows the same behavior observed in the responsivity and quantum

efficiency of fabricated PbSe detectors.

Table 4. Temperature dependent scaling factor calculated from the PL spectra of investigated PbSe films.

Temperature (K) Max Flux Eq Wavelength Red-shift Scaling
(Photons/s) Factor
290 1.74e13 4.256 1
270 2.30e13 4.445 1.044
250 2.56e13 4.546 1.068
230 2.81el13* 4.647* 1.092*
220 2.81e13 4.652 1.093
*Estimated from surrounding temperature values
Bauerand Krenn's Real Part of the Refractive Index of PbSe
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Figure 26. The real part of the index of refraction of PbSe from 2.5 um to 6 um at temperatures of interest.

To estimate how the amplitude of the complex index of refraction changes with
temperature, the real part and the imaginary part must be considered separately. The real
part of the index of refraction changes with temperature T according to a constant of

proportionality called dn/dT, which for PbSe was found in the literature to be
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1 dn _ -5 -1
n—O(E)_—zsxm K1, (2.18)

where no is defined as the index of refraction at room temperature [35]. From equation
2.16, the dispersion relations of table 3, and the red-shift scaling factors in table 4 the real
part of the index of refraction between 2.5 um and 6 pm was calculated. The resulting
temperature dependence of the real part of the index of refraction from 290 K down to
230 K is shown in figure 26.
Bauerand Krenns's Imaginary Part of the Refractive Index of PbSe
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0.368

0.276
i
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Figure 27. The imaginary part of the index of refraction of PbSe between 2 pm and 6 pm at the
temperatures of interest.

A first assumption for the imaginary part of the index of refraction might be to
consider figure 22, and observe that the response increases as the temperature decreases.
Therefore, the imaginary part must increase. However, if this assumption were to be true,
the absorption would also increase. Instead, consider the effect of temperature on the
carrier concentration shown in table 2. The thermal energy dependence would suggest

that the recombination rate should decrease, therefore increasing the performance of the
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detector. The increase in performance in the material relates to a quantity known as the
internal quantum efficiency, which is defined as the ratio of the number of carriers that
contribute to photocurrent to the number of carriers generated upon photoexcitation [13].
The external quantum efficiency shown in figure 22 can also be defined as the product of
the internal quantum efficiency and the absorption of the semiconductor material.
Therefore, the assumption for this study is that the absorption remains constant, while the
internal quantum efficiency is inversely proportional to temperature. The temperature
dependence of the imaginary part of the index of refraction for PbSe according to Bauer
and Krenn’s dispersion relations and the red-shift scaling factors in table 4 are shown in

figure 27.

When comparing the EQE of figure 22 and the k-values of figure 27, the overall
shape of the response should be the same. In figure 22 the cutoff wavelength is
approximately 4.6 um. Bauer and Krenn’s dispersion relations, however, have a cutoff at
room temperature around 4.25 um [33]. Their dispersion relations suggest a cutoff closer
to the bandgap energy of 0.29 eV (4.27 pum) of PbSe, however the measured absorption
from the films shows a 1.08x redshift in the cutoff wavelength. Recall, however that the
investigated films herein have a three-layer polycrystalline structure. Therefore, the
discrepancy is associated with additional absorptive states within the bandgap leading to
what are known as mid-gap states and the Urbach tail [40-41]. When an electron near the
top of the valence band is excited to an energy state close to the conduction band in a
disordered material, it can experience thermal fluctuations that blur the well-defined
edges of both bands. This blurring leads to additional energy states, as well as an

exponential tail that has effects on the absorption coefficient a. Considering these films
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are polycrystalline and highly disordered, I shifted the wavelength of Bauer and Krenn’s
dispersion relations by taking the cutoff wavelength of the measured absorption and
dividing by the cutoff wavelength they report. The resulting dispersion relations are
shown in figure 28. The cutoff and knee wavelengths at 290 K are now in agreement with

the measured absorption spectra of figure 20.
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Figure 28. Modified dispersion relations of PbSe.
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There are several important features to acknowledge in figure 28. The k-values have
been kept constant across temperature to be consistent with the assumption that
absorption should be approximately constant across temperatures. Further, the shape of
the k-value spectra are similar to the measured EQE spectra, which is expected because
EQE is dependent on the absorption within the material. Finally, for resonant structures,
especially with respect to surface plasmon resonance and resonant cavities, the index of
the host material is one of the primary parameters that governs the resonant behavior [31,
42]. These modified dispersion relations that describe the PbSe films we investigated
have been used extensively in numerical and finite element modeling of films with
embedded resonant structures to predict the optical parameters, device performance, and

theoretical absorption enhancement.

Recall from figure 3 that the baseline structure of the PbSe films discussed herein
(from bottom up) is Si substrate, SiO2, PbSe, and Pbl,. The dispersion relations of PbSe
have already been discussed, however the other dispersion relations must also be known
to accurately model and predict the optical properties of the films. To ensure the modeled
absorption was only from PbSe, the k-values for Si, SiO2, and Pbl, were excluded from
this investigation. This assumption closely approximates the real system, because all
three compounds are wide bandgap materials and therefore transparent in the band of
interest. The index of refraction of Si is approximately 3.45, while the index of refraction
of SiO; is approximately 1.4 in the MWIR band [43-44]. The real part of the index of
refraction of Pbl is between 2.3 and 2.5 in the MWIR regime [11, 45-46], so for this
study Pbl, was taken to be 2.5. In these films, the index of refraction alternates from

lower to higher values multiple times as light propagates through them. As I have
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previously discussed in Chapter 1, this will cause constructive and destructive
interference fringes within the film which can be tailored to selectively enhance the in-

band performance of PbSe.
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Chapter 3: Surface Plasmon Resonance

3.1 Electrodynamics and Light-Matter Interaction

In Chapter 1, surface plasmons and surface plasmon resonance was defined
without derivation. Hence, the electrodynamic relationships for surface plasmons are
discussed in detail in this chapter. Equations 3.1-3.4 show the familiar Maxwell’s

equations in differential form [1-4].

V-D=p (3.1)
V-B=20 (3.2)
_ _0B
VXE = py (3.3)
oD
VXH=]+E (3.4)

Equation 3.1, Gauss’s law, relates the electric flux density D to the charge density p.
Equation 3.2 is Gauss’s law of magnetism, where B is the magnetic flux density, which
states that there are no magnetic monopoles. Equation 3.3, Faraday’s law, shows that a
change in the electric field E induces a change in B and vice versa. Finally, Ampere’s
law, from equation 3.4, shows that a change in the magnetic field H is related to the

change in D, in addition to the electric current density J.

Maxwell’s equations are not complete without the constitutive relationships,

given in equations 3.5-3.7,

D = ¢E = gy, E (3.5)
B = pH = pou,H (3.6)
J =0E (3.7)
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where &, is the vacuum permittivity which is equal to 8.854 x 10712 F/m, &, is the
relative dielectric constant of the material, u, is the vacuum permeability which is equal
to 4 X 10~7 H/m, p, is the relative permeability of the medium assumed to be one for
all calculations, and o in Siemens/cm is the specific conductivity which represents power
loss in a material. The discussion of surface plasmons deals with the phenomena that
occur at the interface between dielectric and metallic media. Therefore, we must consider

the boundary conditions for solving Maxwell’s equations [4].

3.2 Surface Plasmon Polaritons

Consider a spherical metal particle located on the surface of a dielectric medium.
Light incident on the metallic particle will either be reflected, scattered and diffracted, or
absorbed by this metallic surface feature [4-5]. Here, a distinction has been made
between reflection (back scattering) and forward scattering, but in general scattering and
reflection are synonymous. If the frequency of the incident light is such that it meets the
plasmonic resonance condition, then either radiative or non-radiative evanescent waves
will be induced at the interface between the dielectric and metallic particle [4-6]. If
scattering and diffraction dominate, then evanescent waves will radiate and decay from

the interface into the near field of the dielectric [4-5].

3.2.1 Spherical Particles in the Quasi-Static Limit

In the limit that the radius of the particle is much smaller than the wavelength of
incident light (r «< 1), a classical approach can be employed for determining the surface
plasmon (SP) resonance of a material system [7-8]. In the classical limit, the response of

surface plasmons is due to induced polarization of the metal particle by an external
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driving field [4-5, 7-10]. Moreover, the incident light can be treated as a plane wave, and
the metallic particle can be treated as a dipole oscillating with a resonant frequency w,

known as the plasma frequency.

3.2.1.1 Drude-Lorentz Model of Metals

To discuss the metallic particle, we draw on the Drude-Lorentz, also known as the
free-electron, model [4-6, 11]. For this model, the conduction electrons in a metal are
treated as a gas of free, non-interacting carriers that undergo relaxation through collisions
with the metal lattice and other scatterers [4-6]. We can describe the dynamics of these

free electrons using Newton’s equation of motion shown in equation 3.8,

d?x m dx

m—— = ——— = qE(t) (3:8)
where m is the effective electron mass in the metal, x is the displacement distance during
oscillation, q denotes the electric charge constant, and t is the decay time which accounts
for electron scattering. The term Eiot represents the total electric field, including the

incident and induced fields acting on the electrons in the metal, and is given by equation

3.9.

Etor(t) = Re{Esoi(w) exp(—iwt)} (3.9)
It is important to note how the interaction between the metal and the incident field
is dependent on the field frequency w. The spatial displacement of the electrons during

oscillation is also a function of frequency, and is given by equation 3.10.

qEtot(w)

x(w) - m(w2+iﬂ)

(3.10)
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Assuming a 2D density of states and an electron density of N, the polarization P induced

in the metal particle by the incident light is given by equation 3.11.

P(w) = —qx(w)N (3.11)
Recall from equation 3.1 that the electric flux density is a product of the permittivity and
the electric field in metals. Using the Drude-Lorentz model, the magnitude of the electric

flux density in a metal is given by equation 3.12.

D(w) = e(w)Eor () = €0 (W)Eror(w) + 4mP () (3.12)
The above relationship leads to the metal permittivity, shown in equation 3.13, as
described in the Drude-Lorentz model. This relationship is needed to describe the surface

plasmon resonance condition [4-6, 7-10].

2
Wp

g(w) = en(w) — . (3.13)

The first term on the right hand side of equation 3.13, &, represents the high-frequency
permittivity limit of the metal, and w, is the bulk plasma frequency of the metal given by

equation 3.14.

ZN
W, = /—‘mq (3.14)
€ooMm

It is important to remark on the time constant z, and how it relates to SPs at this
point. Notice how if T approaches infinity, then the denominator of the right side is only a
function of the frequency of the incident light. This implies the surface plasmons have an
infinite lifetime, and will have sharp resonances at the plasma frequency. However, if 7 is

finite, then plasmon resonances become broadened around a specific frequency that
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depends on the surrounding material and the plasma frequency of the metal [4]. The

surface plasmon resonance lifetimes of various metals will be revisited shortly.

For completeness, we can now revise equations 3.9 and 3.10 to include the
contributions from the external E,,; and induced fields. The total electric field and spatial

displacement of electrons in a metal due to an external field is shown in equations 3.15

and 3.16.
4mNgx(w)
Etor = Eext(®) + . S(Z( = (3.15)
i 4N g?
x(@) = (02 +2-T) =4 p, () (3.16)

3.2.1.2 Metal Spheres in the Classical Limit

From the classical or quasi-static treatment a metallic particle can be treated as a
dipole oscillator with a resonant frequency w, [4-5]. Here, the incident light is considered
to be a plane wave with a uniform field distribution. In other words, we will ignore the
spatial distribution of intensities of the incident field, and only consider the time

dependence.

In the quasi-static limit, we can use equation 3.17, Laplace’s equation, for the
static potential to solve for the electric field in spherical coordinates given in equation

3.18.

Vip =0 (3.17)

E= —-VO (3.18)
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If the incident plane wave is polarized along the x-direction, then the lowest order
solution for the total field is that of an induced dipole [4]. Inside the metal sphere, the

electric potential is given by equation 3.19,

b = Apx (3.19)
where Ay is the amplitude of the potential, and x is the displacement. Therefore, the

electric field inside the metal sphere is given by equation 3.20 [4-5].

E;, = —A,X = —A,(fsinfcosp + OcosBcosp — Psing) (3.20)
Outside the sphere, the field potential, shown in equation 3.21, is given by the sum of the

contributions from the external and induced dipole fields,

Cpp
Dot = —Ex+ r—251n9coscp (3.21)

where r is the radius of the spherical particle, and Cpp is the amplitude of the dipole
potential. Using equation 3.18 and 3.21, the electric field outside of the particle is given

by equations 3.22 and 3.23.

o £ 3 o ~ R
E,.t =EX—Cpp [Tx—g — r—’;(xx +yy+ zz)] (3.22)

E . = E(#sinfcosg + Bcosbcosp — @Simp) +
(3.23)
C%P (Zf”sinecoscp — BcosOcosp + (f)sincp)

Due to the fact that the host material and metallic sphere have different dielectric
properties, there will be an induced charge that perturbs the incident electric field. Shown
in equation 3.24 and 3.25, there is continuity across the sphere boundary between the
tangential component of the electric field E; and the normal component of the

displacement field E,, respectively,
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(3.24)

toutside ~ “linside

_ &m
E:noutside - gq Dinside (3.25)

where &, is the frequency dependent relative permittivity of the metal sphere, and g, is
the relative permittivity of the host dielectric material, which is assumed to be constant in
the quasi-static model [5]. Therefore, we can relate the static Ap and induced Cpp

amplitudes using equations 3.26 and 3.27.

_ 3&q
Ap o (2£d+£m) E (3.26)
T3 (em—£q)
Cop = 2eq+em (3.27)

The relative dielectric constant of the metal, shown in equation 3.28, has both a real and

imaginary part, which relate to the phenomena of scattering and absorption.

Em = Em +igy" (3.28)
Equations 3.26 and 3.27 lead to the polarizability of the metal, which is defined as the
ability for carriers within the metal to align into dipoles. Shown in equation 3.29, the
polarizability a is highly dependent on the complex permittivity of the metal and the host

material.

amegeqC -
a(w) = % = (4meeg)r’ (2821—::11) (3.29)

Notice, that as the denominator in equation 3.29 goes to zero, then the polarizability
approaches infinity, and the plasmonic resonance condition for spherical metallic
particles is reached [4-10]. In real metals, the polarizability would approach a maximum,

yet still adhere to the same resonance condition shown in equation 3.30 [34-35].
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em(w) = —2¢4 (3.30)

Equation 3.30 states that the surface plasmon resonance condition for spherical
particles occurs when the frequency of the incident light is such that the real part of the
complex permittivity of the metal is negative, with an amplitude that is two-times that of
the surrounding dielectric [4-10, 21-22, 30, 36]. Notice the resonance condition in the
classical limit is independent of size. The size independence is due to the omission of
retardation effects in the metal [4-5]. As will be discussed shortly this is not the case for
larger particles, and resonances will shift to lower frequencies as particle sizes increase
[5, 7, 12-15]. Also of note for the quasi-static limit is that we assume the incident light
only couples to dipole resonances [4-5]. However, when the theory is expanded into the

Mie regime, light can also couple to multi-pole resonances.

To get a glimpse of how surface plasmons can greatly increase the field strength
of the incident light, consider the peak field intensity. The spatial location of the peak
field intensity will be located where the sphere and the dielectric medium meet (¢ =

0,6 = m/2). At resonance, the electric field outside the sphere is given by equation 3.31.

Eoue = [1 + Xem=ca) £d)]E = [“m]E (3.:31)

2eq4+em
The imaginary part of equation 3.31 represents the losses in the metal, so for metals in
which the losses are small (|&;,| > |em|), the maximum predicted field enhancement at

resonance on the surface of the particle is given by equation 3.32 [4],

!

ESP ~ &
5 = 3 ﬁ (3.32)

where Esp represents the field on the metallic sphere surface due to surface plasmons, and

Eo represents the incident field. The relationship in equation 3.32 is a first approximation
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for how large the electric field at the surface of a metallic sphere in a host material can
be. Consider the carrier generation rate G, with units of cm=s, for photoconductors

shown in equation 3.33,

G, = (1 — e ™) noniAdetector (3.33)
where « is the absorption coefficient in units of inverse length, x is the distance into the
semiconductor material, Iono is the incident photon irradiance (photons/cm?s), n; is the
internal quantum efficiency defined as the ratio of the current-contributing carriers to the
total number of generated carriers, and Adetector IS the effective area of the detector [44].
The quantity of interest is the incident photon irradiance lpno Which is related to the

optical intensity lo with units of W/cm? by equation 3.34,

Iy

I = —
ph,0 h

. (3.34)

where hv is the photon energy [2, 44]. The incident optical intensity lo is related to the

square of the incident electric field Eo by equation 3.35,

Iy = %cedeOIEI2 (3.35)
where c is the speed of light (2.998 x 108 m/s), and g, is the permittivity of free space

(8.854 x 10712 F/m) [1-3]. If the intensity of the incident light is related to the electric

field strength, then through the excitation of surface plasmons the electric field strength is

increased by a factor of

Esp
Eo

at resonance. The square of this electric field enhancement

can then be used to derive the excess carrier generation rate G, sp in surface plasmon

enhanced photoconductive detectors by equation 3.36.
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Esp

(3.36)
Eo G

2
_ E
(1—e ax)CSo£d(|Ei:|) |E0|2niAdetector
GLsp = - |

2
|
The importance of equation 3.32 can be seen by examining equations 3.36, and observing
that the square of the electric field enhancement at resonance acts as an effective gain
coefficient for the number of generated excess carriers. For instance, an electric field
enhancement of 10 at the surface of the metal sphere would result in a 100x increase in
the carrier generation rate, while a field enhancement of 20 would result in a factor of
400 more carriers being generated in the same amount of time over the dielectric host
material alone. To the best of the author’s knowledge as of the time of this writing, the
author was the first to explicitly derive and present this relationship [45]. It should be
noted that this relationship was one of the theoretical motivations for investigating

surface plasmon resonance for enhanced sensitivity in PbSe photoconductors.

Recall that the major interactions that can occur when light is incident on the
metallic particle are reflection, scattering, and absorption. In the quasi-static limit, we
ignore the contribution from back-scattering, and only deal with forward-scattering and
absorption. In this case, the incident plane wave will be partially transmitted without

deviation, partially absorbed, and partially scattered.

The first term to be considered is the absorption cross-section o, Which is
defined as the total power absorbed by the particle, normalized to the intensity of the
incident plane wave. Recall that the imaginary part of equation 3.28 represents absorption

in the metal. Therefore the imaginary part of the complex polarizability @'’ is also
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representative of absorption, leading to the relationship for the absorption cross-section

shown in equation 3.37,

ka'' _ (12mkr®)egen,

g0 (2eq+ely)’

Oabs =

(3.37)

where k = /&4 ko = Jg—fzn is the wavenumber of the incident plane wave in the
0

surrounding medium in units of inverse length, r represents the radius of the sphere in
cm, and the units of o,,,; are cm?. The scattering cross-section o, is similarly defined,
with the total scattered power being normalized to the intensity of the incident plane

wave, in equation 3.38.

Em—&q 2

Emt2gq

_ K*al? _ 8k*r®
sca ™ g2 T 3

(3.38)

The sum of the scattering and absorption cross-sections, shown in equation 3.39, is called
the extinction cross-section, which represents the total power coupled to a surface

plasmon modes normalized to the intensity of the incident plane wave.

Oext = Oabs t Osca (3.39)
Of note are the units of a5, 05cq, aNd 0,4, Which are that area. An intuitive
evaluation of the benefits offered by SPPs can be made by examining what is known as
the efficiency or Q-factor. The Q-factor is the ratio of a given cross-section to the
geometrical cross-section G of the particle. For spherical particles, the geometrical cross-
section is the area of a circle, so the Q-factors associated with surface plasmon resonance

are given by equations 3.40-3.42.
Qaps = 222 =225 (3.40)

G r2
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o o
Qsca = 0= =5 (3.41)

G r
_ Oext __ Oext
Qexe = 72 = 2L (3.42)

Equations 3.40 — 3.42 represent an effective gain factor over the dielectric without
metallic nanoparticles. This gain factor will be one of the primary metrics for analytically

evaluating the plasmonic response for different metals in PbSe.

3.2.2 Ellipsoids

It is important to also discuss ellipsoidal particles in the quasi-static limit, because
the particle geometry and orientation with respect to the incident light plays a significant
role in determining the resonant frequency [4-10, 12-16]. Ellipsoids are defined

mathematically by equation 3.43,

2

2 2
X
el

=1 (3.43)

BZ
where A, B, and C are the lengths in their respective directions, and x, y, and z are

defined in equations 3.44-3.46.

x = AcosBsing (3.44)
y = Bsinfcos¢ (3.45)
z = Ccos¢ (346)

Here, 6 and ¢ are are contained within the intervals [0, 2] and [0, «], respectively [17].
In the special case of ellipsoids in which two of the axes are equal, the shape is called a
spheroid. Spheroids are of particular interest, because their shape factors S, described

shortly, can be found analytically [4-5, 18-19, 22-23, 30, 45].
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There are two cases of spheroids to be considered. The first is the prolate

spheroid, in which the relationship between the radii can be defined as in equation 3.47.

C>A=B (3.47)

Prolate Spheroid
ucigarn

Rod

Figure 29. Depiction of a prolate spheroid, which is an analogue of the rod structure.

Figure 29 shows a graphical representation of the prolate spheroid. As the radii of the two
ends start to match the radii of A and B, the shape becomes a rod. Conversely, as the radii
of the two ends become smaller and smaller, the prolate spheroid takes on a cigar-like
shape. Therefore, prolate spheroid is an analogue for a nanorod, which has many
interesting plasmonic properties [18-19, 22-23].

The second spheroidal shape of interest is the oblate spheroid. For the oblate

spheroid, the radii follow the relationship as given in equation 3.48.

A=B>C (3.48)
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These structures have a pancake-like shape as the dimension C becomes smaller. When C
becomes larger, the shape is that of a disc making oblate spheroids acceptable analogues

for discs. A graphical representation of the oblate spheroid is shown in figure 33.

Oblate Spheroid
“Pancake”

Disc

Figure 30. Depiction of an oblate spheroid, which is an analogue of the disc structure.

Returning to the discussion on surface plasmon resonance, the polarizability for
ellipsoids is now a tensor quantity dependent on orientation, size, and shape. For the X, y,

and z directions, the polarizability is given by equations 3.49-3.51,

__ (4megeq)ABC(em—¢q)

X T 3leq+Sy(em—tq)] (3.49)
_ (4meoeq) ABC(em—gq)

Y T 3leq+Sy(em—ea)] (3.50)
— (4megeq)ABC(em—€q) @51

z 3[eg+Sz(em—£g)]

where Sy, are the shape factors in the x-, y-, and z-directions given by equations 3.52-

3.54.
__ABC (o ds
Sx =), 3 T I (3.52)
(s+A42)2+(s+B2)2+(s+C?)2
ABC (oo ds
S, ===
Y 2 fo (s+A2)% +(s+32)%+(s+62)% (3.53)
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ABC oo ds

S, =— .
L2 (B2 (542 (3.54)

Equation 3.55 provides a convenient relationship between the shape factors, making

analytical calculations of spheroids possible.

Sx+S,+5,=1 (3.55)
Consider an x-polarized plane wave incident on a prolate-spheroid. Then the shape factor

in the x-direction reduces to the equation 3.56,

1 T
S, = ( — ) - asp zsin™! ’1 — T2
1-15p (1

—_ 2 )2
Tsp) (3.56)

- () -]

where rasp IS the aspect ratio given as the ratio of the x-dimension to that of the y- or z-

dimensions, and e is the eccentricity given as 1 — 7,55. Now, the y- and z-shape factors

can be found by utilizing the relationship in equation in equation 3.55, the results of

which are shown in equation 3.57.

S, =8,= (3.57)

Recall that the resonant plasmonic frequency for spheres in the quasi-static limit
is only dependent on the properties of the metal comprising the sphere and the host
material. The resonance condition for ellipsoids, however, includes the shape factors and

is given by equation 3.58,

g =g, (1 - Sll) (3.58)
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where the subscript i on the shape factor denotes the direction under consideration. There
are several key observations that can be made from equation 3.58. First, in addition to the
properties of the metal and host material, the resonance condition now depends on the
shape factor. So, depending on the morphology of an ellipsoidal particle, the resonance
can be tuned to longer wavelengths [7-18-19]. Further, there will be three different
resonance conditions corresponding to the different directions. Therefore, the resonance
will be dependent on shape and orientation of the spheroidal structures, as well as the
polarization of incident light. It should be noted that if the x-, y-, and z-axes are equal,

equation 3.58 reduces to equation 3.30.

To gain an intuitive understanding for how the shape of a particle affects the
resonance condition, we continue the discussion of prolate-spheroids. As the aspect ratio
increases, the surface charges at either end of the particle become more separated [4, 18-
19]. If the incident plane wave is polarized along the major axis of the spheroid, then the
shape factor decreases and the energy of the resonant mode decreases red-shifting the
resonant wavelength. In other words, the surface charges at either side of the particle are
repulsive, and pushing them further apart decreases the energy in the particle-system [4].
The SP resonance will now occur for wavelengths in which &, is more negative. In
general, lengthening a particle will cause the resonance along the lengthened direction to
shift to longer wavelengths [7-8]. Another phenomenon, known as the “lightning rod”
effect, which describes the increase in the local field strength in a rod-like particle, also
occurs at the ends of the particle [4, 18-19]. The field strength is inversely proportional to

length, so in the limiting case in which the ends of a rod-like particle become like zero-
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dimensional needle points the field strength would become infinite. Of course, for a real

particle, the ends would have some finite dimension.

Another important system is the dual- or multi-particle system [4, 14, 20-21].
Similar to the ellipsoidal particle, the resonance condition is polarization and orientation
dependent. For simplicity, we consider a dual-particle system of discs positioned adjacent
to each other with a small gap between them. If these discs are illuminated by a plane
wave polarized along the axis between the discs, their surface charges become attractive
[20-21]. Moving the particles closer together would then reduce the energy in the system,
and thus shift the resonance to longer wavelengths. Conversely, if the plane wave is
polarized perpendicular to the axis between the particles, then the energy in the system
increases and the resonant wavelength is blue shifted [4, 20]. In either case, due to the
small gap, a very large electric field will accumulate between the particles [22]. This

phenomenon is called the dual-dipole effect [4, 20-22].

3.2.3 Plasmonics in the Mie Regime

The quasi-static or Rayleigh regime is a subset of Mie theory. The upper limit of
the classical regime typically occurs when the particle size is between 1% [4] and ~10%
[7] of the wavelength. When the particle or structure size approaches the wavelength of
light, then Mie theory must be used. In the Mie regime, resonances are dependent on
morphology and size, where in general the resonance redshifts for larger particles [12-
13]. Further, the relaxation time of plasmons in the metal must now be considered [4]. As
the relaxation time decreases, the resonances become broadened [4-5, 23-24]. Moreover,
where we only considered the dipole resonance in the quasi-static limit, we must now
consider multi-pole resonances [4-5, 12-13]. For a detailed derivation of Mie theory, see
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[12-13]. For now, the scattering, extinction, and absorption cross-sections will be given
without derivation. Assuming plane wave illumination, the scattering, extinction, and

absorption cross-sections in Mie theory are given by equations 3.59 — 3.61,

2 oo
Osca = 17 2212+ D(lail? + |bi]?) (359)
Oext = oz Re(SE1 (21 + D(a; + b)) (3.60)
Oabs = Oext — Osca (3.61)

where | indicates the multi-pole resonant mode (for a dipole, I=1), aj and by are the Mie
coefficients representing scattering, and the wavenumber kn is related to the size

parameter y by equation 3.62 [4],

X =knr (3.62)
where for a sphere r represents the radius. There are in fact four Mie coefficients that
represent scattering (ai, bi), backscattering (ci), and absorption (di) [13]. The coefficients
ci and di represent the internal fields of the particle, while aj and b coefficients coincide
with the external/scattered fields of the particle. Modifying equations 3.40 — 3.42 to
account for the new size parameter y, the Q-factors for scattering, absorption, and

extinction can be found.

3.3 Investigating the Plasmonic Response in PbSe

Shown in Chapter 2, PbSe has a bandgap of 0.29 eV. For this investigation, the
detector films are sensitized with iodine, forming a top layer of Pbl> which has a bandgap
of ~2.4 eV. The band of interest for these detector materials is in the mid-infrared (3-5
um), so from equation 1.4 in Chapter 1 it is clear that light incident on the detector films
should pass through the Pbl> and be absorbed by the PbSe. Keeping this in mind,
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assuming uniform plane wave illumination, oblate spheroids have been modeled in PbSe
using MATLAB scripts | developed, which can be found in appendix B. Stated in Chapter
1, the plasmonic disc was selected as the structure of choice due to its ease of fabrication,
demonstrated sensor enhancement in the literature, wavelength selectivity, and large
near-field intensity increase [25-26]. Using the Sellmeier equation, the index of refraction

n for PbSe in the 3-5 um range is given by equation 3.63 [27].

21.112
nt—1=—-—""—
A2-1.372

(3.63)
For 3 um, the index of refraction of PbSe was calculated to be 5.27, and for 5 um the
index of refraction was found to be 4.88. For the following calculations a uniform index
over the spectral band of interest was assumed, so the calculated average refractive index
of 5.07 was used over the 3 um and 5 um band. The Sellmeier equation, as opposed to the
full dispersion relations, was used for simplicity as a first approximation for numerical
calculations. It should be noted that the following results include only the resonance

conditions and Q-factors in PbSe. Later, the effect of nanostructures on the absorption of

PbSe will be treated in a more rigorous fashion using the finite element analysis method.

3.3.1 Dispersion Relations of Drude Metals

To determine a suitable metal for surface plasmon resonance in PbSe, various
Drude metals were investigated. Using the compiled and tabulated constants for the
Lorentz-Drude model from Rakic, the dispersion relations have been found for Ag, Al,
Au, Ni, Pd, and Pt [28]. The complex permittivity was determined using equation 3.64
and 3.65, where the former is the single oscillator permittivity, and the latter accounts for

many oscillators within the metal.
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Here, Q, = /fyw, is the intraband transition, also known as the free-electron, plasma
frequency, f is the oscillator strength which is an indication of the probability of absorption
in the transition between the energy levels of individual oscillators, I' is the damping
constant, w; is the oscillator frequency, w, is the bulk, also known as the bound-electron,
plasma frequency, and w is the probe frequency. Specific oscillators are denoted by i,
where Rakic has divided the calculation between the bulk and individual oscillators within
the metal [28]. To compare and evaluate all variables without difficulty, they are provided
in units of energy (eV). The complex index was found by taking the square root of equation

3.65. The MATLAB scripts the author developed for the calculation of the dispersion

relations of these metals can be found in Appendix B.

The properties of plasmonic structures, as well as their host material, not only
govern the resonance, but also govern the surface plasmon dynamics [4, 32]. Important
surface plasmon properties include the propagation distance Dsp, the phase velocity Vsp,
and the surface plasmon lifetime tgp [4]. The propagation distance, given in equation 3.66,
for an ideal metal is a measure of the length over which the metal can support the

propagation of surface plasmons before their amplitude decays to 1/e of their initial value.

Dgp = ———— (3.66)

The surface plasmon phase velocity is given in equation 3.67, which is needed to find the

surface plasmon lifetime by equation 3.68,
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where w is the angular frequency of the incident light wave, Kk is the wavenumber, &, is
the relative dielectric constant of the host material, and &,,," and ¢,,, are the real and
imaginary parts of the relative permittivity of the metal, respectively. Stated above, the
surface plasmon lifetime is an important parameter that is inversely proportional to the
width of resonant peaks, defined as the full-width-at-half-maximum (FWHM). Surface
plamons can be limited by decay mechanisms such as nonradiative decay due to electron-
hole pairs generated in the metal [34], as well as a loss of phase coherence due to
scattering mechanisms [35]. In general, in real metals with finite surface plasmon
lifetimes, a shorter-lived lifetime leads to a broader resonance peak with lower Q-factors

and electric field enhancement [36].

To determine the MWIR surface plasmon properties of the metals listed above, |
calculated the surface plasmon propagation distance, surface plasmon phase velocity
normalized to the speed of light in vacuum, and surface plasmon lifetime. The results of
this calculation were used to evaluate which metal was best suited for surface plasmon
enhanced PbSe detectors. The host material was assumed to be PbSe with a refractive

index of 5.07.

Table 5 shows the calculated results at the cutoff wavelength (4.3 um) of PbSe,
and figure 31 - figure 33 show the trend from 2.5 um — 6 pum. We find that Ag, Al, and
Au have the highest surface plasmon characteristics, with the calculated propagation

distance reaching as high as ~50 um and the surface plasmon lifetime being as high as
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800 ns. In contrast, the calculated characteristics for Ni, Pd, and Pt showed a factor of 5-
to 10-times lower propagation distance and lifetime compared to that of Ag, Al, and Au.
These results suggest the metals in the top part of table 5 will yield sharper resonances

with higher field-enchantment than those in the bottom half of the table.

Table 5. Calculated surface plasmon characteristics for various metals embedded in PbSe.

Metal Dspat4.3pum Vsp/cat4.3pm zgp at 4.3 um

(Lm) (ns)
Ag 48.4 0.200 818
Al 42.7 0.199 722
Au 35.6 0.201 602
Ni 4.13 0.208 697
Pd 8.27 0.205 101
Pt 6.48 0.207 110
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Figure 31. Surface plasmon propagation distance for various metals embedded in PbSe.
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The observed trends from the calculated surface plasmon characteristics, shown in
figure 31 - figure 33, show that the surface plasmon propagation distance and lifetime
increase with wavelength for all the metals. This is however an idealization, and does not
account for surface roughness or the change of the refractive index of PbSe with
wavelength. Moreover, these calculations do not account for morphology or size of the
metallic structures, which can have a significant effect on the surface plasmon
characteristics [34]. In addition to surface roughness and morphology considerations, the
PbSe deposition and sensitization process must also be considered. Nobel metals like Au
have been found in previous experiments to diffuse into our PbSe films during the
sensitization process. Therefore, metals like Pt, though their enhancement may not be as
great as the nobel metals, were found to offer a feasible alternative for fabricating surface

plasmon resonant structures into PbSe detectors.
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Figure 32. Phase velocity normalized to the speed of light in vacuum of surface plasmons for various
metals in PbSe.
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The nanodisc is polarization independent if transversely illuminated from above,
assuming the disc is oriented such that its circular face is perpendicular to the propagation
vector of the incident light wave [4-5, 25-26]. Assuming the source of the light wave is
above the disc and traveling in the —z-direction, the face of the nanodisc is a circle of
radius A. The dimension C is half the thickness of the disc, and the aspect ratio is 7, =

A/C. Mentioned above, the nanodisc is relatively simple to fabricate with techniques

such as electron beam lithography, photolithography, and nanosphere lithography [21,

30].
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Figure 33. Surface plasmon lifetime for various metals in PbSe.

Due to their polarization independence, relative ease of fabrication, and
demonstrated enhancement in similar materials, this investigation was focused on the
nanodisc structure. Recall that the SiO> layer of the films is roughened to a peak-to-peak
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value of 500 nm to ensure the PbSe adheres to the substrate. Coupled with the inherent
roughness of the polycrystalline grains of PbSe, this surface roughness permeates
throughout the PbSe film. Therefore, it would be difficult to adequately fabricate
structures within the PbSe layer. The limitation stems from the coherent nature of surface
plasmons [4-5, 33, 34-35]. Surface plasmons have a degree of coherence, and the waves
of which they are comprised retain a direct phase relationship for short distance within
the near-field of the structure surface. The surface roughness of the metal can act as
scattering centers, thereby changing the path length of various parts of the traveling
evanescent waves reducing their coherence length [31-32]. In fact, if the surface is too
rough it may negate any surface plasmon enhancement. Therefore, the nanodiscs in this
study will be considered at the PbSe/SiO> interface. Practically, discs were fabricated on
smooth SiO, and a newly developed roughening procedure, described in Appendix A,
was performed around the discs.

For the investigation of PbSe films, nanodiscs were modeled numerically using
the quasi-static derivation described above. For a structure located at an interface
between two dielectric materials, the effective index of the host material is the average of
the two materials [22, 37-39]. Therefore, the effective index of refraction at the interface
between PbSe and SiO> over the 3-5 um band is considered to be 3.24, because SiO> has
an in-band refractive index of 1.41. Figure 34 shows the comparison of extinction cross-
sections of nanodiscs with aspect ratios of 10, 13, 15, 18, and 20. As the aspect ratio
increases, the resonance peak red-shifts to longer wavelengths as would be expected. It
was found in figure 34 that an increasing the aspect ratio of the Pt nanodisc from 10 to 20

lead to a resonance peak that coincides with the PbSe absorption edge at 4.27 pm.
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Furthermore, the peaks become broader suggesting a decreased surface plasmon lifetime
[4, 35]. Finally, the amplitude of the extinction cross-section increases with aspect ratio

due to the increased diameter.

Extinction Cross-Section for a Single Pt Nanodiscat PbSe/SiO, Interface
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Figure 34. Extinction cross-section of a single Pt nanodisc at the PbSe/SiO; interface. Resonance peak red-
shifts with wavelength, demonstrating wavelength selectivity for designing surface plasmon resonant disc
structures for detector enhancement.

For the Pt discs in figure 34 it would seem that an aspect ratio of 20 would be the
optimum design choice, because the resonance peak coincides with the absorption edge
of PbSe and has the largest amplitude. However, the PbSe absorption edge also coincides
with the atmospheric CO- absorption notch [33]. If the resonance is slightly blue shifted,
then the peak can still be within the PbSe spectral sensitivity band while remaining close

the absorption edge. To this end, an aspect ratio between 13 and 18 would be preferred.
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| also calculated the field enhancement of Pt discs at the PbSe-SiO: interface.
Using the MNPBEM MATLAB toolbox, a freely available simulation tool which uses the

boundary element method to calculate the solution to Maxwell’s equations using surface

|E|2

charges, the near-field intensity enhancement AT
0

was calculated [40-41]. Moreover, this

tool was also used to observe the effect of the incident illumination angle on the

scattering cross-section and field-enhancement. Modeled discs were 250 nm in diameter

and 20 nm thick, which resulted in an aspect ratio of 12.5.

Scattering Cross-Section of Pt Disc with Aspect of 12.5 at PbSe-SiO, Interface

as a Function of Angle of Incidence
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Figure 35. Calculated scattering-cross section for surface plasmon resonant discs at the PbSe-SiO,
interface as a function of incident illumination angle.
The calculated scattering cross-section as a function of incident illumination angle
is shown in figure 35. For all angles, the resonance was found to be 3.7 um, which is
slightly red-shifted from the results shown in figure 34. Further, the amplitudes differ by
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several orders-of-magnitude, with the quasi-static calculation yielding more idealistic
results. The discrepancy is due to the different algorithms used for the calculation. In
figure 34 the quasi-static limit was used, while in figure 35 the more rigorous boundary
element method was used. Nevertheless, the results yield similar resonances. Of note in
figure 35 is the fact that the maximum scattering-cross section was found at a normal
angle of incidence. This is an important feature of the plasmonic disc structure, because

the investigated PbSe detectors are designed to be illuminated at normal incidence.
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Figure 36. Field intensity enhancement map of a Pt disc located at the SiO2-PbSe interface illuminated
with a 3.7 um plane wave at normal incidence

The electric field intensity enhancement for a Pt disc illuminated at normal incidence
with an excitation wavelength of 3.7 um is shown in figure 36. The near-field intensity
enhancement, which is the square of equation 3.31 modified by the morphology of the
disc, is predicted be as high as 200 on the disc surface, and up to 75 a distance of 25 nm
into the PbSe layer. Distances of ~90 nm into the PbSe layer still experience a near field

intensity enhancement greater than that of the incident field. Even on the inside of the
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discs, which shows the induced field intensity indicative of surface plasmon resonance, a
small field intensity increase is observed. The field intensity enhancement map shown in
figure 36, which was only considered as an ideal approximation, showed that an
appreciable increase in absorption and carrier generation in the investigated PbSe films
was feasible.

Before moving on from this chapter, there are a couple of important comments to
make with respect to figure 34 - figure 36. The calculated results assumed an aspect ratio
of 12.5, yet the question may arise as to how large the disc diameter can be and still show
the same surface plasmon resonance characteristics. Part of the answer comes down to
the limitation of the fabrication techniques to be employed. For instance, for larger
structures, ultraviolet (UV) photolithography might be chosen for its relatively quick
process and ability to cover large areas [42-43]. Yet, if UV photolithography is chosen,
there is a limit as to how small the structures can be accurately reproduced in photoresist,
which is dependent on the minimum feature size of the mask and the diffraction limit for
the wavelength of the UV light. Modeling is a powerful tool for assessing what aspect
ratio is required and/or desired for the particular application and spectral band. From

there, the limits of the fabrication technique will dictate the actual size of the structure.

The second discussion point, which is closely related to the first, is wavelength
selectivity. The spectral band of interest and the bandwidth are dependent on the
application for which a detector system will be used. Figure 34 demonstrates the
wavelength selectivity offered by the surface plasmon resonant disc structure. Depending
on the application, spectral band, and bandwidth of interest, the structure can be designed

and tailored.
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Chapter 4: Thin Film Interference and the Back Reflector

4.1 Derivation of the Refractive Index and Absorption Coefficient

In Chapter 3, the interaction of light with matter was explained from the
perspective of the plasma frequency in metals. The discussion is now expanded to the
provenance of the refractive index of materials. Consider a beam of light incident on a
semiconductor material. When the light wave interacts with the particles in the film there
is an induced dipole moment due to the oscillation of the incident electric field. Let the
variable P represent this resulting polarization from the induced dipole, such that the
effective charge p and the current density are given by equations 4.1 and 4.2,

respectively.

p=—-V-P 4.1)
. a
j= a_’t’ (4.2)

Accounting for polarization effects, Maxwell’s equations are now given by equations 4.3-

4.6,

v-E= —ZP 4.3)

€o

B
VXE= -2 (4.4)
V-B=0 (4.5)

2 -9 (F
2V x B = at(£0+E) (4.6)

where the variable for the speed of light, which can be found from the electric
permittivity and magnetic susceptibility of free space by ¢ = (gopy) /2, is included to

simplify the derivation [9]. By taking the curl of both sides in equations 4.4 and 4.6, the
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electric and magnetic fields can be decoupled leading to the wave equations for the
electric and magnetic fields. The traveling wave solutions for the electric and magnetic

fields take on the form of equations 4.7 and 4.8,

E = Egexpli(wt — k - 1)] (4.7)

H = Hyexpli(wt — k - 1)] (4.8)
where the variable k is the wave vector, the amplitude of which is the wave number given
by |k| = 2m/A, and the variable w is the angular frequency given as 2rtf [1-5]. The
argument of the exponential of these solutions is what is known as the phase of the
individual wave, and leads to the phase velocity v, and group velocity v,, shown in

equations 4.9 and 4.10, of the waves propagating in the material.

w

Vp = E (4.9
0

v, = ﬁ (4.10)

The investigated PbSe films are absorptive, so the wave vector will be complex taking
the form k = k, + ik, [5]. The index of refraction is a measure of the reduction of the
speed of light as it travels through a medium [5-7]. Examining equation 4.9, the phase

velocity is related to the speed of light by equation 4.11.

w
. (4.11)

c
n
Therefore, the complex index of refraction for absorptive mediums is given by equation

4.12.

—k(S) =ty itk _
m—k()—~+|k| n+ ik (4.12)
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Equation 4.12 shows that the real part of the refractive index is equivalent to the real part
of the wave vector normalized to its magnitude, and the imaginary part of the refractive
index is the imaginary part of the wave vector normalized to its magnitude. From this
relationship, it is clear that the dispersion relations relating the complex index of
refraction to the incident wavelength are equivalent to the dispersion relations that relate
the complex wave vector to angular frequency. There is another relationship to be
considered, which relates the time variation and the spatial variation of the incident wave

according to equation 4.13.

2
2 - (&
K2 =e(2) (4.13)
From equations 4.11 and 4.13, the complex index of refraction m is the square root of the
complex permittivity . To further define the components of each, the real part of the

complex permittivity can be found by equation 4.14,

g =n? — k2 (4.14)

and the imaginary part can be found by equation 4.15.

&, = 21K (4.15)
These relationships have been used extensively throughout this study, examples of which

will be discussed in Chapter 5.

With the components of the complex index of refraction defined, the absorption
coefficient a, the square root of which is proportional to detector sensitivity from
equation 1.2, can be defined. As stated previously, the imaginary part of the refractive

index stems from the attenuation of light as it passes through an absorptive medium. So,

104



for the imaginary part of the index of refraction, the phase velocity can be rearranged to

yield a by equation 4.16.

2wk 4mk
A= — = — (4.16)
c A

4.2 Absorption in PbSe Thin Films

Table 6. Calculated absorption coefficient using the dispersion relations from figure 28 for PbSe films.

Wavelength o Wavelength
(cm™)
2.166 4.7 0.25 | 14504.12 3.730 4.95 0.22 | 7412.09
2.237 4.7 | 0.254 | 14265.43 3.836 4.95 0.199 | 6519.07
2.441 47 | 0.238 | 12251.93 3.950 4.96 0.194 |6172.30
2.686 4.7 0.45 | 21054.37 4.069 4.97 0.189 | 5837.17
2.797 4.9 0.4 | 17968.71 4.197 4.98 0.173 | 5180.31
2.919 488 | 0.25 | 10763.73 4.332 4.97 0.127 | 3684.05
2.984 4883 | 0.22 | 9265.79 4.630 495 | 0.0572 | 1552.53
3.052 4885 | 0.22 | 9058.64 4.796 494 | 0.0353 | 925.01
3.197 4895 | 0.22 | 8647.44 4973 494 10.00917 | 231.71
3.275 4.9 0.22 | 8441.55 5.165 494 |0.00285 | 69.34
3.357 491 | 0.22 | 8234.60 5371 492 |0.00154 | 36.03
3.443 485 | 0.219 | 7993.46 5.595 49 10.00138 | 31.00
3.534 493 | 0.225 | 8001.05 5.838 4.83 |0.00128 | 27.55

Using the dispersion relations found in figure 28, the wavelength dependent
absorption coefficient at room temperature for the investigated PbSe films was
calculated. Table 6 and figure 37 show the calculated results for the room temperature
absorption coefficient between approximately 2 um and 6 um. The calculated MWIR
absorption coefficient for the investigated films agrees well with the previously reported

value of 10000 cm™ by Baleva [8].
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Calculated Absorption Coefficient of Investigate PbSe Films
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Figure 37. Calculated wavelength-dependent absorption coefficient of PbSe films.

As seen in figure 37, the absorption coefficient between 3 um and 5 pm is
weighted toward lower wavelengths. The Beer-Lambert law, seen in equation 4.17,
describes the resulting field intensity I of a wave after it propagates through a finite

distance within a medium,

I =Ie % (4.17)
where I, is the incident field intensity in units of W/cm?, and t is the thickness through
which the wave propagates in cm [5]. Dividing the resulting field intensity by the
incident field intensity yields the transmission, which can be used to find the absorption

within the material by equation 4.18.

A=1-—=1-¢® (4.18)

0
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Comparison of Calculated and Measured Absorption of
Investigate PbSe Films
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Figure 38. Comparison of absorption calculated from modified PbSe dispersion relations and measured
absorption in multi-layer PbSe films.

Stated in Chapter 2, the investigated PbSe films of this study are grown to a
thickness of approximately 1 um, half of which is converted to Pbl; after sensitization.
Therefore, using equation 4.18 and the wavelength-dependent absorption coefficient
found in table 6, | calculated the absorption within PbSe films. Shown in figure 38, the
absorption of PbSe was calculated to be ~25-37% above the absorption edge. Included in
figure 38 is the measured absorption spectrum from figure 20 for comparison. The
calculated absorption agrees well with that of the measured up to ~3.6 um, yet between
3.7 um and 4.5 um the measured spectrum has a higher absorption. The calculated
spectrum of figure 38 only takes into consideration the dispersion relations of PbSe, yet
the films I investigated were engineered to contain multiple layers of alternating values of
the index of refraction. As mentioned in Chapter 2, the Pbl, and SiO> layers, as well as
the Si substrate, are wide bandgap semiconductors, so are considered to be transparent to

MWIR radiation. However, from figure 38 it is clear that these layers have an effect on
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the absorption of the films that were investigated. Previously described in Chapter 1, this
multi-layer structure leads to constructive interference which increases the absorption for
wavelengths close to 4 um in the investigated films. The origin of the interference in

multi-layer thin films will now be discussed.

4.3 Thin Film Interference

2" Reflected Wave
Transmitted Wave

Reflected Wave 3 Hia

Incident Wave /
\\\

Figure 39. Interaction of a light wave as it transmits through the layers of an optical thin film.

Consider the situation presented in figure 39 in which an incident light wave
travels within a three-layer thin film. The index of refraction of the three layers are
labeled as no for the incident medium which is considered to be air, n1 for the
intermediate medium, and n for the final medium, which is considered to be a thick
substrate. The electrodynamic behavior within the thin film leads to the phenomenon of
reflection, transmission, and absorption [2, 5]. Let A represent the interface between

medium 1 and medium 2, while B represents the interface between medium 2 and the
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substrate. From the continuity condition of Maxwell’s equations the tangential part of the
electric and magnetic fields must be continuous across the boundary [5]. However, the
normal part of the electric field is not continuous across the interface, due to the
differences in the polarizabilities between materials on either side of the boundary.

Instead the electric displacement is conserved [9]. Using the continuity condition, and

utilizing the propagation vector H = \/ZE (nk x E), the electric Ea and magnetic Ha field
0

components at A in figure 39 are given by equations 4.19 and 4.20,

En=Ep+Ega=Er s+ Epp (4.19)

H, = \/%(EI,A — ER,A)TLOCOSQIJA = \/%(ET,A - ERI,B)TllCOSHI'B (4.20)

where Ei A, Era, and Et a represent the incident, reflected, and transmitted tangential
electric field component at interface A. The quantity Er’ g represents the tangential
electric field component reflected from B, while the no and n; are the refractive indices of
the incident medium and the single layer film [5]. The prime denotation for the reflected
part of the field is to indicate that the component is to be considered at interface A, which
is to say it is the reflected component after passing through the film from A to B. The
PbSe films and devices we investigated were designed to be illuminated at or near normal
incidence, so the term cos#; 4 can be considered to be 1. The refracted angle 65 for the
ideal case would also be normal to the film surface, however in real films significant
scattering can occur which would increase the contribution from other angles of

illumination.

Similarly, the components of the tangential part of the electric Eg and magnetic
Hg fields are given by equations 4.21 and 4.22,
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Eg =E g+ Erp=Erp (4.21)

€o €o
HB == ﬂ_(El,B - ER,B)TIlCOSQI,B = ‘u—ET,BTLZCOSQT.B (422)
0 0

where Er;g is the component reflected from and in the vicinity of B, nz is the refractive
index of the substrate or subsequent layer, and 87 p is the angle at which the beam

refracts into the substrate.

Recall that the vacuum wavelength of light is reduced by the index of refraction
of the medium in which it propagates. To determine if the first and second reflected
waves interfere, consider the optical path length the original wave traverses as it
propagates through the film. Referring to figure 39, let the point in which the incident ray
enters the medium of index ny be denoted as 1, the point in which the refracted wave
enters the medium with refractive index of nz be known as 2, and finally the point at
which the second reflected wave exits the medium and enters the incident medium be 3.

The optical path length APL is given by equation 4.23,

_ [12]+[23] _ n(12]+[23])

APL ln )

(4.23)

where [12] and |ﬁ| represent the length of the vectors between the points 1 and 2 and 2
and 3, respectively [10]. In the special case of normal incidence, the sum of the length of
the vectors between points 1, 2, and 3 is just double the thickness t. Thus, APL then

reduces to equation 4.24.

ApPL ==% (4.24)

The numerator in equation 4.24 is known as the optical path length, which is used to

determine whether interference will be constructive or destructive. The optical path
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length is only part of the picture, however. Above, it was stated that the first wave will
undergo a 180° phase shift upon reflection. This can be regarded as an equivalent path
difference of AR = 1,/2, which must be taken into account. Including this phase shift,
the conditions for constructive interference are given by equation 4.25, and those for

destructive interference given by equation 4.26.

APL+ AR =pl;(p=1,2,3,..) (4.25)

APL + AR =pA; (p = ) (4.26)

) )

N |-
N w
N u

The importance of equation 4.25 and 4.26 with respect to the PbSe films of this
study should be evident. When a light beam travels through the PbSe film, interference
can occur due to the layers containing media of alternating high and low refractive index.
In fact, this phenomenon can be exploited to increase the absorption and field intensity

within the PbSe layer.

Returning to the light wave as it propagates through the film, a phase shift, shown

in equation 4.27, will occur as the wave propagates through the film,

ko(2nitcosbp)

> = kog (4.27)

where the variable g has been used to simplify the parenthetical argument. The incident
and reflected waves at B can then be defined in terms of the transmitted wave and

reflected wave from B at A by equations 4.28 and 4.29.

Ep = ET,Beo_ikg (4.28)
Epp = Egr pe'od (4.29)

The fields at interface A and interface B can now be described as in equations 4.30 - 4.33.
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EB = ET‘Ae—ikog + ER"Beikog (430)

Hp = (ET’Ae‘”‘Og - ER,’Beikog)\/%nlcosé),,B (4.31)
0
\/#:gnlcosel_g '
Hy = EB\/Z:ZiSinkog + Hgcoskyg (4.33)

It is often more efficient to treat these equations in matrix form, especially when
extending to multiple layers [5, 9]. The above relationships in matrix form are given by

equation 4.34.

[ cosk isingkog
EA | sqrt(i—%)nlcosel_gl EB
H]=| : |H] (4:34)
A l\/ﬂ:‘; isinky,g coskyg J B

The transformation matrix that relates fields at the second interface to fields at the first is
known as the characteristic matrix, which will be denoted as M; where the subscript j
represents the layer under evaluation. The characteristic matrix of a single layer has been

given, however the method can be extended to a g-layer film with equations 4.35 and

4.36.
mi1 My
Mpjm = Iljo, Mj = MM, = My = [m21 mzz] (4.35)
E, Eq+1]
= Mg, 4.36
H, rim (g (4.36)

Returning to the single layer film, it is now possible to determine the reflection
and transmission amplitude coefficients in terms of the components of the light wave [5,

9]. The matrix form of equations 4.21 and 4.22 is given by equation 4.37.
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EI,A+ER,A ET,B

£ =M £ (4.37)
(Era—Era) /“_ZnOCOSHI,A YErp /u_ZnZCOSQT'B

Let 7 and £ be the reflection and transmission amplitude coefficients, respectively.
Relating these coefficients to the incident, reflected, and transmitted waves while

expanding equation 4.37 leads to equations 4.38 and 4.39.

& & &
( u—onocosel‘Amll+#—0n0n2cos@,}AcoseT,B—mn— ”—OnzcoseT,Bm22>
\ Ko 0 \ Ko

7= _ . (4.38)
#—OnocosAmll+#—°n0n200591,A5059T,3 Myp+my+ ”—OnzcoseT,Bmzz
\ ko 0 \Ho
2 Z—OnoCOSQI,A
- \Ho
t = (4.39)

& & &
#—OnocosAmll+#—°n0n200591,A5059T,3 Myp+my+ ”—OnzcoseT,Bmzz
Vo 0 0

For larger angles of incidence, the reflectance and transmittance amplitude
coefficients can be very complex, however typical infrared detection and imaging
systems are designed to collect light at small angles near normal incidence. This greatly
reduces the complexity of equations 4.38 and 4.39. As an example, for a single layer film

assuming normal incidence, equation 4.38 reduces to equation 4.40,

__ nq(ng—ny)coskog+i(nony—ni)sinkeg

~:

(4.40)

- nl(no+n2)cosk0g+i(n0n2+n§)sink0g
where ny in this case is the substrate refractive index. Finally, the square of the amplitude
coefficients gives the overall reflectance R and transmittance T of the film. Therefore, the

reflectance of the film is given by equation 4.41,

n?(ng—ny)? cos? kog+(nony—n?) sin kog

Ry =mrm = (4.41)

n?(ny+n;)? cos? kgg+(nen, +n§)2 sin2 kog
where the * denotation represents the complex conjugate operator. Depending on the

optical thickness of the film, R can be further simplified. This simplification is used in
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thin film applications like interference filters, anti-reflection coatings, and dielectric

mirrors [11-17].

4.4 The Back Reflector Structure in PbSe

Discussed in Chapter 1, interference in the investigated PbSe films is possible in
the PbSe and Pbl> layers. The majority of the field intensity enhancement, which directly
effects the absorption, from constructive interference will occur within the PbSe layer. It
should be noted, however, that the films are sufficiently thin that interference fringes
generated in the Pbl will reach into PbSe offering a small enhancement [5]. From
calculations shown in Chapter 1, | found that ~23% of the incident light will transmit
through the film into the substrate without being absorbed or reflected. Though the
situation presented in figure 2 assumes smooth layers and sharp interfaces, its argument is
still valid for the rough films that were investigated. Indeed, figure 38 demonstrates the
effects of interference in these multilayer films, yet up to 23% of the incident light is lost
to transmission. The intensity of the resultant interference wave is directly related to the
amplitudes of the constituent waves of which it is comprised [5, 9-10]. Therefore, the
transmission loss through the substrate leads to reduced electric field intensity in the
interference fringes created in the PbSe layer. The addition of an embedded metal
reflector, in this case platinum, can help to circumvent this transmission loss by reflecting
all of the light that transmits through the film without absorption or reflection back into
the film. The back reflector is attractive as a PbSe enhancement mechanism due to its
ease of fabrication, wide area coverage, wavelength selectivity, and large increase in

absorption and field intensity [18-21].
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Shown in figure 40, the difference in the PbSe structure with an embedded Pt
reflector is minimal. The SiO; layer serves as a dielectric spacer with which to change the
thickness of the film to selectively tune the resonant enhancement. The effective structure

is that of a Fabry-Perot cavity [5, 10].

SiO, Spacer
Pt Back Reflector

Si Substrate

Figure 40. Depiction of PbSe film cross-section with embedded Pt back reflector.

Table 7. Layer thicknesses for modeled PbSe films with Pt back reflector.

Refractive Index, n Thickness (nm)
Pbl, 2.5 400
PbSe 4.97 500
SiO2 1.39 800-1400
Pt 3.23 50
Si substrate 3.49 450000

As an example, consider a PbSe film with an embedded Pt back reflector. The
metal of choice would typically be gold due to its high reflectivity and low losses in the
MWIR regime. However, our experiments have shown that gold diffuses into the PbSe

film during the oxidation and sensitization processes. Therefore, Pt was selected due to
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its high melting temperature, and high reflectivity in the MWIR regime [22]. As an aside,
a popular configuration for commercial detectors is to back side illuminate them, such
that the incident light transmits through the substrate instead of the top of the film. In this
configuration, a dielectric spacer and back reflector could be deposited on the Pbl> layer
after the sensitization process, and gold could be used. However, for this study the films

and devices were designed for front side illumination.

Absorption in PbSe Film with Pt Back Reflector
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Figure 41. Calculated absorption in modeled PbSe films with Pt back reflector for various SiO»
thicknesses.

To first order, the film can be modeled numerically using the transmittance and
reflectance coefficients derived previously. | modeled PbSe films with OpenFilters, an
open-source thin film program from Montreal Polytechnique [23]. The SiO> layer was
varied between 800 nm to 1400 nm to observe how the spectrum shifts with dielectric

spacer thickness. The layer thicknesses for the modeled films are shown in table 7.
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The calculated absorption in the modeled films is shown in figure 41. The
baseline PbSe film absorption (black dashed trace), shown here for reference, agrees well
with the measured results of figure 20. For SiO- thicknesses of 800 nm (blue trace) and
1000 nm (violet trace), single resonance peaks are observed at 3.64 pm and 3.76 pm,
respectively. As the SiO» thickness is increased, the single-peaked spectra of 800 nm and
1000 nm become two-peaked spectra for 1200 nm (green trace) and 1400 nm (orange
trace). Further, the absorption spectrum red-shifts with SiO- thickness, moving one of the
resonance peaks to coincide with the absorption edge of PbSe. The presence of multiple
peaks and the red-shift are indicative of interference within the films. The SiO> spacer
changes the length of the cavity setup within the film. When the thickness of the spacer is
such that the cavity length corresponds to a longitudinal mode, optical interference will
occur and increase the electric field intensity within the films [5]. These results
demonstrate that by changing the SiO2 thickness, the absorption can be selectively tuned

to the desired spectral region.

| also calculated the amplitude of the absorption enhancement, shown in figure
42, by dividing the absorption spectrum for each SiO. thickness by that of the baseline
PbSe film. Here, only the results between 3 um and 4.5 um are considered relevant,
because the absorption is relatively low and falls off at longer wavelengths. The baseline
trace, which represents the absorption in PbSe films without a back reflector, is shown as
a black dashed line for reference. The results of these preliminary calculations were used
to determine the optimum SiO; thickness for back reflector enhanced PbSe devices. In
this case, a SiO thickness of 1400 nm was found to be desirable due to the large peak at

3.45 pum and the peak close to the PbSe absorption edge at 4.2 um. Indeed, the 1400 nm
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SiO; thickness yields an absorption as high as 2.55-times greater than that of baseline
films, as well as a factor of two enhancement at the PbSe absorption edge. Described in
Chapter 5, a second, higher fidelity optimization study was conducted utilizing finite

element analysis to further refine these initial calculations before fabrication.

Absorption Enhancement in PbSe Film with Pt Back Reflector
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Figure 42. Calculated absorption enhancement in PbSe films with back reflector as a function of SiO,
thickness.
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Chapter 5: Design Methodology and Performance Predictions

We have shown that, depending on the type of resonant structure, there are many
degrees of freedom with which to selectively enhance PbSe films. As we discussed in
Chapter 3, with surface plasmon resonant structures the morphology, metal type, and
surrounding material dictate the resonant condition. In regards to the back reflector
structure discussed in Chapter 4, the metal type and dielectric spacer thickness determine
the resonance. To narrow the design space, | employed a design methodology similar to
that of Choi [1-3]. First, numerical analysis was carried out using MATLAB or
OpenFilters to select design parameters. The chosen parameters were inserted into the
finite element modeling (FEM) tool ANSYS HFSS to predict the absorption, as well as the
field dynamics, in the PbSe films we investigated [4-10]. | started finite element
modeling efforts with a single unit cell, the results of which were compared with those
obtained with numerical methods for validation. Then, an infinite array of unit cells,
meant to approximate the physical film, was modeled to determine the effect of the
resonant structure on the film absorption. For optimization, | conducted parametric
analyses of structure and film parameters, the results of which were used to choose the
optimum design dimensions. Structures based on the chosen parameters were fabricated
with help from my collaborators, and incorporated into our PbSe photoconductive
detectors. | conducted detector measurements, and compared the results to my models for
concurrence. Moreover, | compared the resonant structure enhanced PbSe
photoconductor measurements to the reference detector measurements, shown in Chapter

2, to verify we had achieved the goal of raising the operating temperature of PbSe
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detectors. These last two steps will be described in Chapter 6. In this chapter, the design

and optimization of the resonant structure enhanced films will be discussed in detail.

5.1 FEM and the ANSYS HFSS Environment

The necessary theoretical background for resonant structures based on surface
plasmon resonance and interference effects were discussed in Chapter 3 and Chapter 4.
The numerical models I constructed and employed for this investigation follow closely
with the theoretical background, and thus will not be discussed here. Instead, attention is
turned to the finite element analysis method and the ANSYS HFSS simulation

environment.

Finite element modeling (FEM) is a powerful tool for solving Maxwell’s equations
for complex objects [11-12]. The solution to these relationships can become intractable,
requiring large computing resources and time to produce meaningful results. The FEM
method is attractive due to its capability of solving nonhomogeneous regions quickly and

efficiently.
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Figure 43. Simple depiction of the finite element method (FEM) for solving electromagnetic problems.
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Depicted in figure 43, there are four major steps in the FEM method [12]. In step I

the object (or objects) under investigation are defined, and in step II the region is

discretized into smaller volume elements such as hexahedrons, or tetrahedrons. Here, a

two-dimensional solution space has been divided into triangular elements for simplicity.
The collection of segmented elements forms what is known as the mesh. In IIl the electric

potential in a single element is approximated by a polynomial solution of the form found

in equation 5.1,

Vi(x,y) =a+ bx +cy (5.1)
where a, b, and ¢ are constants. When solving for the solutions of a single element, the
electric potential is assumed to be non-zero inside the element and zero everywhere else.
Moreover, the electric potential is assumed to vary linearly, such that the electric field,

shown in equation 5.2, is uniform within the element.

E,= -V (5.2)
The energy per unit length, which in this example is the desired quantity, of the element

is found by equation 5.3,

Wi=%f€|Ei|2dS (5.3)
where ¢ is the permittivity within the element. After finding a solution for each element,
step IV is to solve for the entire solution space by summing the constituent solutions. For

an excellent rigorous explanation and mathematical derivation of the finite element

method, the reader is referred to [12].
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The high frequency structure simulator available from ANSYS, Inc. (ANSYS
HFSS) is a full 3-dimensional frequency domain solver for Maxwell’s equations [13-14].
Similar to programs such as COMSOL Multiphysics and CST Microwave Studio, ANSYS
HFESS is an integrated computer aided design (CAD)-solver environment with a built in
graphical user interface in which the user has the ability to draw, model, and simulate
nearly any electromagnetic problem imaginable [15]. ANSYS HFSS uses the FEM, where

solutions for the electric field take on the form of equation 5.4,

1
V X (Z V x E) - kger = Jsource (5.4)

where L is the relative permeability, &, is the relative permittivity, ko is the wave number
defined as w/c, w is the angular frequency of the wave, c is the speed of light in vacuum,
and Jsource represents the source current density. The magnetic field is calculated using

equation 5.5,

H= wiﬂ VXE (55)
and the other electromagnetic properties are derived from equations 3.5 — 3.7 in Chapter
3. ANSYS HFSS finds solutions using a similar approach to that defined in figure 43.
However, ANSYS HFSS uses a proprietary algorithm in which the approximated solution
is then evaluated against pre-defined error criteria, and the mesh is refined into smaller
elements to iterate the process until the solution falls below the error threshold [14]. This
adaptive mesh process is depicted in figure 44, where between steps IV and V the
difference between S-parameter solutions, defined shortly, of two consecutive iterations

are compared to the preset error criterion.
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Figure 44. Simple depiction of adaptive mesh process in ANSYS HFSS.
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Figure 45. Simple flow block diagram for the FEM and adaptive mesh refinement in ANSYS HFSS.

For clarity, a flow block diagram of the adaptive mesh procedure is shown in figure 45.

In the next section, the details of setting up the ANSYS HFSS modeling environment will

be discussed in the context of the PbSe films we investigated.
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5.2 Modeling the PbSe Film with ANSYS HFSS

Pitch

Pbl,
Pitch (um) | Thickness (um)
PbSe t_PbSe=0.5
Sio, 0.5 t_Si0,=1.225
- t_Si=0.05
(Truncated)
Sio,

Si

Figure 46. Unit cell of the PbSe films under investigation modeled in ANSYS HFSS.

The PbSe films we investigated, shown in figure 46, were drawn in the GUI of
ANSYS HFSS. A driven modal solution setup was selected to solve for the whole film
[14]. The film was input layer by layer, with the side length of each layer being input as
the variable pitch. The thicknesses of each layer are input as ¢ “layer/structure”’, where
the “layer/structure” section is replaced by the material of the layer or the structure. For
example, the thickness of the PbSe layer is input as t_PbSe. Variable names were used to
enable the use of parametric analysis in the “Optimetrics” feature of ANSYS HFSS [4]. It
should be noted that due to the large thickness of the Si layer (450 um), it was input with
a thickness of only 50 nm. This approximation was used to save computational time.

Further, when the full substrate thickness was input, | observed several erroneous peaks
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in the modeled result. Due to the principles described in Chapter 1 and Chapter 4, it was
only necessary to model the SiO»-Si interface to observe interference effects. Therefore,

the truncation of the substrate was found to be an acceptable approximation.

After defining the geometry, the next step was to specify the material parameters
for each layer. In ANSYS HFSS, materials are defined by two properties [8]. The first is
the real part of the relative permittivity of the material, and the second is either the loss
tangent tan § or the frequency dependent conductivity a4.. The real and imaginary parts
of the complex permittivity have already been defined in equations 4.14 and 4.15 of
Chapter 4. The loss tangent and complex conductivity were used to simulate the losses in

the material, and are given by equations 5.6 and 5.7, respectively,

8”

tan 6 = — (5.6)

gl

And

oac = 2nfe’ e (5.7)
where " and &' are the real and imaginary parts of the complex permittivity, f is the
frequency of the electromagnetic wave, and &, is the permittivity of free space [16].
Typically, the loss tangent was used in this study for PbSe, while the frequency
dependent conductivity was used for Au and Pt. Recall from Chapter 2 that the other
semiconductor layers were treated as non-absorbing due to their large bandgaps, and to
ensure the absorption in the film is representative of the PbSe active layer. Therefore in
the Si, SiO., and Pbl> layers, only the real part of the relative dielectric constant was

utilized.
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Figure 47. Periodic Master/Slave boundary conditions for modeled PbSe films.

The next step was to select the boundary conditions for the film [17]. Periodic
boundary conditions, shown in figure 47, known as Master/Slave boundary conditions
were assigned on the faces of the unit cell. To simplify the process of defining the
boundary conditions, as well as to the ensure there was enough room between the
excitation and the film surface to approximate the far field, a vacuum box (&,, u, = 1)
was used around the unit cell with a thickness equal to the sum of the thicknesses of each
layer and an additional space of 1 micron. Master boundary conditions were placed on
two adjacent faces, labeled Masterl and Master2, while Slavel and Slave2 were placed
on the opposite faces. For each master boundary condition, a coordinate system (U,V)

was selected to define the direction of periodicity. With this configuration, the solutions
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of Maxwell’s equations are calculated for a single unit cell, and symmetry is used at the
boundaries to approximate them for either a finite or infinite array [17-18]. In the case |

simulated the PbSe film as an infinite array to approximate the real film.

Flouqguet ports, excitation ports for plane-periodic structures, were used to excite
the unit cell. For these ports, the user defines a set of modes that represent plane wave
modes with their direction of propagation set by the defined frequency, phase angle, and
geometry of the unit cell [19]. Stated in Chapter 2 and Chapter 4, the PbSe
photoconductors we investigated were designed to operate at normal incidence.
Therefore, the angle of incidence in the models was kept at 0 degrees. Plane wave
illumination was assumed in both the TM and TE polarization directions, so only the
TEoo and TMoo modes were used. Flouquet ports offer a relatively simple way to
determine the reflection, transmission, and absorption of a modeled structure in the form

of S-parameters.

Scattering parameters, known as S-parameters, are defined as a transfer matrix that
relates an incoming set of parameters on a multi-port system to the output of the system
[20-21]. For simplicity, consider a two port system in which the input is labeled as 11 and
I2, and the output is labeled as O1 and O2. The outputs Oz and O are defined in terms of

the inputs I and I2 by equation 5.8.

01] _ [511 Slz] [11]

0, S21 Sa2l Ll (5.8)
Here, S11 and Sy are the TE and TM reflection coefficients, while S1» and Sy1 are the TE

and TM transmission coefficients. Similar to the Fresnel reflection and transmission

coefficients, to find the percent of the incident excitation reflected R or transmitted T, the
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S-parameters must be squared. Therefore, the reflection, transmission, and absorption in

the film can be found using equations 5.9-5.11.

R = S? or Sz, (5.9)
T = S2, or S, (5.10)

After the film geometry, boundary, and excitation conditions were established, the
analysis setup was defined. In ANSYS HFSS the initial solver frequency, error threshold,
number of convergence passes, mesh refinement, solver type, and port impedance must
be specified. Table 8 shows the analysis setup parameters | used to simulate the fields in
the modeled PbSe films. When modeling resonant or frequency dependent structures, if
the frequency dependent behavior is unknown the frequency should be set to the highest
frequency of interest [7]. The spectral region of interest in these films is from 3 umto 5
pum, so the solver frequency was set to 100000 GHz. To ensure the solver would reach
convergence, the maximum number of iterative passes was set to 15. This number of
passes was chosen empirically during the modeling process as a balance between
computation time, and convergence time-out. The error threshold was set to be slightly
lower than the default value, again chosen empirically. The default maximum refinement,
which takes advantage of the ANSYS HFSS built-in adaptive mesh algorithm, was found
to be sufficient [21]. The mixed-order solver, which is the most accurate of the available
solvers, was used. For periodic arrays, ANSYS HFSS has a feature called domain-
decomposition in which computation time can be reduced using high performance
parallel computing to distribute a model’s solutions across multiple resources [22]. This

feature was utilized to reduce computation time. Finally, an interpolating frequency
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sweep with 500 points was defined between 50000 GHz and 120000 GHz. The
interpolating sweep provides accurate S-parameter solutions, and is used when the fields
are not necessarily the parameter of interest [14]. Later, when discussing the electric
fields within the film, we use discrete frequency sweeps, in which the field quantities are

saved at each frequency to calculate figures of merit.

Table 8. Specified analysis setup parameters for modeled PbSe film simulations in ANSYS HFSS.

Initial Solve ~ Convergence Error Maximum Mesh  Solver
Frequency Passes Threshold Refinement/Pass
(Max Delta S)
100000 15 0.01 30% Mixed Order;
Minimum 3 Domain
Minimum Converged Decomposition
Passes 2
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Figure 48. Modeled absorption in PbSe thin films with 1225 nm SiO», 500 nm PbSe, and 400 nm Pbl..

To determine the absorption of the PbSe film depicted in figure 46, the S-
parameters of the TM mode were used. It should be noted that this unit cell has a

polarization independent configuration, so the TE mode yielded the same results. A
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parametric analysis was conducted to determine which SiO2, PbSe, and Pbl. thicknesses
resulted in an absorption spectra in agreement with figure 20. It was found that a SiO>
thickness of 1225 nm, PbSe thickness of 500 nm, and a Pbl> thickness of 400 nm resulted
in a closely matched absorption spectrum. Figure 48 shows the absorption of the modeled
film. The decrease in absorption centered at 3.5 pm is associated with interference in the
films, which is also present in figure 20. Moreover, this interference was also found to be
present in the spectral response and quantum efficiency of the baseline detectors shown

in figure 22, suggesting it even plays a significant role in our baseline PbSe detectors.

Measured vs Modeled Absorptionin PbSe Thin Films
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Figure 49. Comparison of modeled to measured absorption in PbSe films for model validation.

Before moving on, it is important to review how the model was validated.
Modeling and simulation are powerful tools used to predict real system behavior, thereby

making the engineering process more efficient. Further, they provide insight into the
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underlying mechanisms and working principles in the system under investigation. To this
end, | compared the modeled and measured absorption to validate the model. Figure 49
shows that the modeled spectrum agrees well with the measured spectrum, with only
minor deviations attributed to surface roughness and impurities as mentioned in Chapter
2. The close agreement between modeled and measured results shows that the model can
be used to predict, at least to first order, the absorptive behavior of the investigated PbSe

films.
5.3 Predicted Results for Metal Discs in PbSe Films

For surface plasmon resonant structures, the disc shape was chosen for its
polarization independence and simplicity of fabrication. To select the aspect ratio,
defined as the quotient of disc diameter and thickness, | completed a parametric study
using a quasi-static model developed in MATLAB (see Appendix B). The Au and Pt discs
were modeled with a fixed disc thickness of 20 nm, and a disc diameter varying from 40
nm to 500 nm. This resulted in a disc aspect ratio between 2 and 25. In anticipation of the
limitations of fabrication on rough surfaces, the discs were considered at the SiO2-PbSe
interface. The discs would be patterned and fabricated on the SiO2 before roughening and
PbSe deposition. Figure 50 shows an example result from the parametric study. Recall
from Chapter 3 that the extinction Q-factor is the sum of the absorption and scattering Q-
factors. As seen in figure 50, the absorption Q-factor is very small, and the scattering and
extinction Q-factors lie on top of one another. Therefore, the extinction Q-factor is
dominated by scattering. As mentioned Chapter 3, this means the evanescent waves
generated due to surface plasmon polaritons will be traveling waves. The resonance for Pt

discs with a 12.5 aspect ratio was found to be at 3.74 pm.
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Q-Factors for a Pt Disc with Aspect Ratio of 12.5

atPbSe/SiO, Interface
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Figure 50. Efficiency (Q) factors of Pt discs at SiO./PbSe interface for an aspect ratio of 12.5.

In both Au and Pt, scattering was found to be the dominant surface plasmon
phenomenon. In fact, as a general observation, scattering was found to dominate in the
plasmonic disc structure regardless of metal. From Mie theory, scattering becomes the
dominant mechanism for large structures [24-25]. Therefore, due to the large diameter of
the discs, this observation is expected behavior and an excellent reason to choose the disc
shape for enhancing PbSe detectors. Figure 51 shows how the efficiency factors for Au
and Pt discs vary as a function of disc diameter. For larger aspect ratio discs, the
resonance red-shifts, and the amplitude increases. Moreover, the width of the resonance
peak, defined as the full width at half maximum, increases. For the Au discs, it increases
from an estimated 0.5 pm at an aspect ratio of 15 to 0.8 pum at an aspect ratio of 25. The
Pt discs starts with and maintains a larger resonance peak width than the Au; where an

aspect ratio of 12.5 resulted in a width of 1.2 um, and at an aspect of 25 a width of 2 um.
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Extinction Q-Factor for Au Nanodiscs at PbSe/SiO, Interface
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Figure 51. Results of the parametric analysis of the Au and Pt discs embedded at the SiO2-PbSe interface.

Recall from Chapter 3 that the width of the resonance peak is related to the
surface plasmon lifetime, where the longer the lifetime the sharper the resonance peak
[23]. When comparing the surface plasmon lifetimes of Au and Pt from figure 36, with
respect to the resonance peak width, the results of figure 51 are to be expected. The goal
of this investigation was to enhance PbSe performance over the MWIR regime.
Therefore, a tradeoff exists between the narrower peaks of Au, which offer an increased

extinction efficiency (Q) factor, and the broad peaks of Pt that offer a broader
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enhancement. For this study, Pt was selected for device fabrication, in part, due to its

broad resonance.

Extinction Q-Factor Comparison for Au Nanodiscs with
Varying Thicknesses at PbSe/SiO, Interface
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Figure 52. Comparison of 20 nm, 80 nm, and 160 nm thick Au discs with fixed aspect ratios.

Extinction Q-Factor Comparison for Pt Nanodiscs with
Varying Thicknesses at PbSe/Si0, Interface
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Figure 53. Comparison of 20 nm, 80 nm, and 160 nm thick Pt discs with fixed aspect ratios.

To ensure the resonance peak and majority of the peak width would reside within

the spectral response region of PbSe, which has an absorption edge of ~4.3 um, and to
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ensure the resonance peak did not fall within the atmospheric CO> absorption notch of
4.1 ym — 4.4 um, the disc parameters were chosen such that their resonance peaks would
be located between 3.5 um and 4 um. For Pt, this lead to an aspect ratio of 12.5, which
has a resonance of 3.74 um. However, for Au the resonance peak did not reach this
region during the parametric study. It was required to extend the aspect ratio of Au to 30

to reach a resonance wavelength of 3.51 um.

Though the disc diameters shown in figure 51 have a maximum diameter of 500
nm, larger discs would be used in the real films due to fabrication constraints. To keep
the aspect ratio fixed, larger disc diameters necessitate larger thicknesses. To this end, |
modeled larger discs to observe the effect of disc diameter on the resonant behavior of
Au and Pt discs. Keeping the aspect ratio fixed by scaling the disc diameter, disc
thicknesses of 20 nm, 80 nm, and 160 nm were modeled. Figures 52 and 53 demonstrate
that increasing the disc thickness for the same aspect ratio does not affect the resonance.
This agrees well with the assertion in Chapter 3 that the aspect ratio is the governing
parameter for surface plasmon resonance for the disc structure [23]. In-turn, the larger
disc diameter necessary to maintain the aspect ratio leads to an increased extinction Q-
factor. Therefore, discs of up to 1 um diameter were considered feasible for fabrication.

The selected parameters for finite element modeling are shown in table 9.

Table 9. Selected parameters for finite element method modeling of single Au and Pt discs.

Metal Aspect Ratio Diameter Resonant Wavelength
Au 30 <1 pm 3.51 um
Pt 12.5 <1pum 3.74 um
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PbSe
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Si0,

Figure 54. PbSe-SiO; interface unit cell with single Pt disc modeled in ANSYS HFSS.

FEM Result of Qextfor a Single Platinum Disc at the Si0,/PbSe Interface
6000

4800

3600

2400

Extinction Efficiency Factor

1200

0
2.5 3 35 4 4.5 5 5.5 6
Wavelength (um)

=—Dia=250nm =—Dia=300nm =—Dia=350nm =—Dia=400nm =—Dia=450nm =—=Dia=500nm

Figure 55. Extinction efficiency (Q) factor, dominated by scattering, of Pt discs at the SiO,-PbSe interface
modeled in ANSYS HFSS.

The aspect ratios of table 9 were found using the quasi-static model for surface
plasmon resonant discs. During the parametric analysis described above, the dielectric
constant of the host material, in this case the interface between the SiO, and PbSe, was
considered constant. For higher fidelity results, a single disc at the same interface was
modeled with the full dispersion relations in ANSYS HFSS. For this simulation, only a
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single unit cell was modeled to observe the fields and the Q-factors of the disc structure.

Moreover, to minimize interference effects in the film, only the PbSe and SiO> layer was

considered. The discs in the context of the whole film will be discussed shortly.
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Figure 56. Extinction efficiency (Q) factor, dominated by scattering, of Au discs at the SiO,-PbSe interface

modeled in ANSYS HFSS.

Shown in figure 54, the layer thickness of both SiO2 and PbSe were set to 500 nm.

Here, radiation boundary conditions, which are absorbing boundary conditions, were

used at the edge of the unit cell [17]. Excitation was in the form of an x-polarized plane

wave traveling in the —z-direction, and starting 1 um above the film. The disc radius was

set to be a quarter of the unit cell pitch, such that the disc diameter was half the pitch. The

disc was positioned in the center of the unit cell. A discrete frequency sweep was used to

determine and utilize all of the field solutions necessary for calculating the field intensity

enhancement and efficiency factors. The scattering and absorption efficiency factors were
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calculated using equation 5.12 and equation 5.13, and the extinction efficiency factor is

given as their sum,

g

____ o 2
Qabs = T2, .CE0Mo f-UDisc VolumelEI av (5.12)
2 *
Qsct = W-UDL'SC Surface |E X H| dS (5.13)

C&épgng

where — is the intensity of the incident wave, o is the electrical conductivity of the

medium, and 7%, is the geometric cross-section of the disc transverse to the direction

of illumination [7, 23].

To observe the effects of the full dispersion relations of PbSe on the surface
plasmon resonance of the discs, the pitch was varied from 500 nm up to 1 pum for Pt discs
and 500 nm to 1.5 um for Au. The discs, in turn, were modeled with diameters between
250 nm and 750 nm, depending on the metal. Finite conductivity boundary conditions
were used on the disc, which utilize the input conductivity to calculate losses within the
metal. These boundary conditions were necessary, because, as described in Chapter 3, the
charges inside and outside the disc contribute to the evanescent waves that result from
surface plasmon resonance. Figure 55 and figure 56 show the results for the extinction
efficiency (Q) factors for Pt and Au discs, respectively. From the quasi-static model, it
would be expected that Pt would have a smaller amplitude and a narrower resonance than
Au. However, the modeled results show that Au has the smaller amplitude and broader
resonance. Further, the resonances of Pt have a more symmetrical shape, while the Au

discs exhibit a more asymmetric.
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Comparison of Au and Pt Dispersion Relations in the

MWIR Regime
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Figure 57. Comparison of Au and Pt dispersion relations from 2.5 pum to 6 pm.

Consider the quasi-static resonance condition for surface plasmons, which
considers the host material to have a fixed dielectric constant. Figure 33 shows that Au
has long surface plasmon lifetime (up to ~500 ns at the PbSe absorption edge of 4.3 um),
leading to a narrow resonance line width. However, figure 28 shows that the dielectric
constant of PbSe is highly frequency dependent in the MWIR region. Therefore, the
changes in the dielectric constant of PbSe create a broad background continuum, where
for each different value there is a narrow Au resonance condition. Fano resonances
describe the asymmetric line shape that arises from the interference between a broad
background continuum and a narrow resonance [24-26]. Therefore the asymmetry
observed in figure 56 is associated with Fano resonance. Though the Pt absorption
spectra is more symmetric, Fano resonances were observed in the spectra of figure 55 as
well. However, due to the lower surface plasmon lifetime for Pt, the resonances are

broader and so its asymmetry is less pronounced. The Fano resonances observed suggest
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that the absorption enhancement in PbSe will be more asymmetric than the results of

figure 51 would suggest. As described in Chapter 6, | found this assertion to be true.

For both Pt and Au, it would seem that for the resonance condition to reside
between 3.5 um and 4 um, the required diameter is between 400 nm to 500 nm. This
similarity is perhaps the most startling result, because it suggests that the material of the
disc does not change the resonance condition dramatically as the quasi-static model
would suggest. Figure 57 shows the differences between the electrical properties of Au
and Pt. The Au has a lower permittivity and a higher conductivity than Pt. With its lower
conductivity Pt has a higher absorption cross-section than Au, which explains the
observed increase in the extinction Q-factor in Pt. Recall from Chapter 3 that the
permittivity is an important parameter for surface plasmon resonance. From the
difference in the permittivity of Au and Pt, a first assumption would be that the
resonances should be different for the same aspect ratio discs. Recall that for discs, the
aspect ratio is just as important for resonance. In fact, the results of figures 55 and 56
suggest aspect ratio is more important than the metal type for the resonance condition of
these discs in PbSe films.

Along with the increase in extinction, it was important to determine the electric
field intensity enhancement at the resonance wavelength. Indeed, the importance of the
electric field intensity enhancement was emphasized in equation 3.35 in Chapter 3 while
describing the carrier generation rate in photoconductors. The intensity enhancement is
found by taking the ratio of the resulting wavelength-dependent electric field intensity to

that of the incident intensity. The incident field intensity in these models is that of a unit
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amplitude plane wave. | calculated the electric field intensity enhancement in the xz-, yz-,

and xy-planes for both Au and Pt discs at the SiO2/PbSe interface using ANSYS HFSS.
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Figure 58. Modeled electric field enhancement plots in the (top-left) xz-, (top-right) yz-, and (bottom) xy-
directions for a single Pt disc at SiO,/PbSe interface.

Recall that the plane wave is x-polarized and propagates in the —z-direction.
Therefore the largest intensity enhancement is observed in the xz-plane, followed by the
xy-plane, and finally the yz-plane. The field intensity plots for both Au and Pt are shown
in figure 58 and figure 59, respectively. Both materials produce large intensity
enhancements, as seen from the xz-plane, in the middle of the PbSe film. The Au has a
slightly higher maximum intensity enhancement of 3944 over Pt at 3819, yet from figure
51 it would be expected that Au would lead to a much larger enhancement than Pt.

The field behavior varies in the yz-plane as well, with both the Au and Pt discs
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leading to an increase in field intensity in PbSe and throughout SiO». This same similarity
between Au and Pt discs was observed when comparing figures 55 and figure 56,
reaffirming the assertion made above that aspect ratio is more important for surface
plasmon resonance than the material characteristics of the metal discs. It can be asserted
from these results that embedding either Au or Pt disc arrays into PbSe films would lead
to similar sensitivity enhancement. Indeed, when modeling the full film structure, perfect
electrical conductor boundary conditions, described below, were used, so the results were

metal independent.
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Figure 59. Modeled electric field intensity enhancement plots in the (top-left) xz-, (top-right) yz-, and
(bottom) xy-directions for a single Au disc at SiO»/PbSe interface.

My goal in modeling the single discs was to determine the expected field

enhancement in PbSe films. Though the scattering cross-section and field enhancement
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are good figures of merit for preliminary studies, the desired effect of embedding surface
plasmon resonant structures into the PbSe detectors was to enhance the absorption in the
investigated films. To this end, infinite arrays, with a unit cell shown in figure 60, of Pt
and Au discs with diameters from 250 nm to 1000 nm and a fixed thickness of 40 nm
were modeled in the full PbSe film structure in a similar manner described above. Discs

were placed 30 nm below the SiO2-PbSe interface.
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Figure 60. The modeled unit cell of the PbSe film with embedded metallic discs modeled in ANSYS HFSS.

As described in [27], quenching, a process in which surface charges generated
during SPR excitation can recombine in the metal, can occur thereby negating the
enhancement. Therefore, a 30 nm insulation layer of SiO2 was inserted on top of the disc
to mitigate this potential parasitic process. The perfect electric conductor (PEC) boundary
conditions were used for this simulation to separate any losses in the metal from the

absorption spectra [17]. Due to this boundary condition, the spectra for both Au and Pt
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were found to be the same. However, it should be noted that for Pt discs more losses
would be expected, leading to lower overall enhancement. The absorption over the range
of 2.5 pum to 6 um was calculated using an interpolated frequency sweep and equation

5.11.

Modeled Absorption of PbSe Films with Au or Pt (PEC) Discs at Si0,/PbSe Interface
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Figure 61. Modeled absorption in PbSe films with metallic (PEC) discs at SiO»/PbSe interface.

The predicted absorption for various diameters of PEC discs in PbSe films is
shown in figure 61. Discs with diameters below 500 nm (aspect ratio smaller than 12.5)
are shown to result in an absorption that is similar to the baseline PbSe absorption. Once
the aspect ratio reaches 12.5 (green), there starts to be absorption enhancement. As the
discs become larger the absorption continues to grow, and multiple resonance peaks
develop. Up to a factor of three enhancement over the baseline PbSe absorption was
predicted, depending on disc diameter and spectral region of interest. These results

predict that surface plasmon resonant discs can lead to a large sensitivity increase in the
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PbSe films we investigated. Notice how for the 625 nm diameter and 875 nm diameter
discs in figure 61 there is a resonance peak at 3.35 um. This region is close to the
previously observed reduction in absorption due to interference in the baseline PbSe films
shown in figure 20. For the 750 nm and 1000 nm diameter discs, the peak is red-shifted,
and the dip in absorption is again present in the region around 3.4 um. Therefore, peaks

in the vicinity of this region are associated with surface plasmon resonance.

As the disc diameter increases, more peaks appear suggesting that interference
starts to play a more significant role. In multilayer films and optical cavities, the
separation between interference peaks can be determined by the free spectral range,
which gives the wavelength separation between adjacent spectral peaks [28-30]. Using
the thicknesses of the film found in figure 60, we can determine the separation between

peaks due to interference using equation 5.14,

2
M2

YN (5.14)
where A, is the vacuum wavelength of the peak of interest, and the refractive index-
thickness product nt is the optical thickness of the layer. For multiple layers, the effective
optical thickness is the sum of the optical thicknesses of each layer. For instance,
consider the predicted absorption spectra for the 1000 nm disc in figure 61. The peak
centered at 3.6 um is associated with SPR, and will be ignored for now. There are two
other peaks of interest in the 3 um — 5 pm region. These are centered at 3.07 um and 4.25
pum, a wavelength span of 1.18 um. If the free space wavelength is that of the peak at

4.25 pum, the free spectral range is calculated to be 1.2 um, which is within 1.7% of the

modeled distance between peaks. This example serves to reinforce the assertion of
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interference in the investigated films, and shows that with embedded discs the SPR and

interference work together to provide a broadband absorption enhancement in the PbSe.

5.4 Predicted Results for an Embedded Reflector Layer in PbSe Films

Discussed in Chapter 1 and Chapter 4, the back reflector is an attractive structure
for PbSe photoconductor enhancement. Consider figure 41 and figure 42 in Chapter 4,
which show how varying the SiO> thickness in the back reflector structure effects the
absorption of PbSe. It was stated that the desired thickness of the SiO> layer is around
1400 nm to yield an absorption increase that is a factor of 2.55 and 2 above the baseline
PbSe films at 3.45 um and 4.2 um, respectively. To observe the resulting field intensity
within this configuration, and to verify the numerical results, it was modeled in ANSYS

HFSS.

A unit cell similar to that of figure 46 was used as the geometry of these
simulations. A 50 nm Pt layer was inserted, and given PEC boundary conditions to ensure
the only absorption observed in the model would be from the PbSe layer. To further
optimize the SiO> thickness, the SiO> layer in the ANSYS HFSS model was varied from
1400 nm to 1500 nm. Due to the fact that the enhancement mechanism in these films is
optical interference, the thickness of the films can affect the resonant shape dramatically.
Recall that the PbSe deposition process involves growing a layer of PbSe, and then
converting approximately half of the layer to Pbl> for sensitization. Therefore, for these
simulations the PbSe thickness is assumed fixed, while the Pbl, thickness was varied
from 300 nm to 400 nm to account for variation in the sensitization process. | observed

experimental results that supported the reduced Pbl> thickness, and were in good
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agreement with modeled predictions. Table 10 shows the parameters used for the

different film thicknesses modeled.

The modeled results of figure 64 agree well with those of figure 41, which validates
the predicted absorption increase in figure 42. For configurations 1 and 2, the increase is
even more pronounced. In all three configurations, the peaks of the spectrum are
predicted to red-shift for 1500 nm thick SiO2 over that of the 1400 nm thick layer. For
configuration 1 and 2, this red-shift leads to larger peaks at the PbSe absorption (~4.3

pum) edge, which can be beneficial.

The detector sensitivity, specifically the spectral responsivity, is weighted by

photon energy hv according to equation 5.15,

__ AniQiphnoto
R(hv) = v (5.15)

where A is the absorption of the active material, n; is the internal quantum efficiency
defined as the ratio of the absorbed photons to current generating carriers, q is the charge
of the electron, i,x,¢, is the magnitude of the photogenerated current, and Pinc is the
power incident on the detector. This relationship shows that there should be higher
response at longer wavelengths. Moreover, the photon flux is also weighted toward
higher wavelengths for thermal energies close to room temperature (see Appendix C), so
the SiO: thickness should be designed such that a large enhancement is achieved at
longer wavelengths. Therefore, a 1500 nm SiO> layer was selected for fabrication. A
secondary peak was observed at 3.11 pum, 3.32 um, and 3.5 pm for Pbl. thicknesses of
300 nm, 350 nm, and 400 nm, respectively. This secondary peak serves to broaden the

absorption enhancement, and lead to even greater response.
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Table 10. Thickness parameters for three different configurations of PbSe films used to observe the effect of
the Pbl, and SiO; layer thickness on the absorption in PbSe films with a Pt back reflector.

Configuration Layer Thickness (nm)
Pbl, 300
PbSe 500
1 SiO2 1400-1500
Pt 50
Si 50
Pbl, 350
PbSe 500
2 SiO2 1400-1500
Pt 50
Si 50
Pbl, 400
PbSe 500
3 SiO» 1400-1500
Pt 50
Si 50

Effect of Si0,and Pbl, Layer Thickness on Absorptionin PbSe Films with Pt Back Reflector
(Configuration 1)

0.8
o 0.6
(=)
B
=
a
=
0.4
0.2
0 =
2.5 3 35 4 4.5 5 5.5 6
Wavelength (pm)
=——5i02 1400nm, PbI2 300nm =S5i02 1500nm, Pbl2 300nm ==-=PbSe with 300nm PbI2

Figure 62. Effect of SiO, and Pbl. layer thickness on absorption in PbSe Films with Pt back reflector in
configuration 1.
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Effect of Si0, and Pbl, Layer Thickness on Absorptionin PbSe Films with Pt Back Reflector
(Configuration 2)
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Figure 63. Effect of SiO, and Pbl. layer thickness on absorption in PbSe Films with Pt back reflector in
configuration 2.

Effect of Si0,and Pbl, Layer Thickness on Absorptionin PbSe Films with Pt Back Reflector
(Configuration 3)
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Figure 64. Effect of SiO, and Pbl. layer thickness on absorption in PbSe Films with Pt back reflector in
configuration 3.
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Figure 65. Electric field and field intensity enhancement due to interference at 4.08 um in PbSe films with
Pt back reflector, 1500 nm SiO,, and 300 nm Pbl; thickness

Consider configuration 1 in figure 62 above. The peak near the absorption edge of PbSe
(~4.3 pm) is 68% at 4.08 um. This is nearly a factor of three enhancement over the
corresponding PbSe baseline film at the same wavelength. To further investigate this test
case, | simulated the electric field intensity in the PbSe layer of the modeled film.
Flouquet ports were used for a discrete frequency sweep in which the fields were saved at
every 1000 GHz between 50000 GHz and 120000 GHz. Recall that the TEqo and TMoo
mode excitations of the Flouquet port are effectively plane waves, and in this simulation
were set to an input power of 1 W. With the unit cell area being 500 nm x 500 nm, the
incident intensity was 4 x 102 W/m?. Figure 65 shows the magnitude of the electric field
within the PbSe layer, as well as the field intensity enhancement. From top to bottom, the
magnitude of the field within the layer starts at 7 MV/m, and then the field vanishes in

the top half of the layer. This disappearance is indicative of destructive interference.
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Indeed, shortly after the field returns and results in a highly intense region with a field of
14 MV/m near the bottom half of the film, which is due to constructive interference. The
predicted electric field intensity enhancement in this region is as large as 780 times that
of the incident wave, showing the benefits of this simple configuration. A similar
intensity increase would be seen at the 3.11 um peak; and even in the band between 3.5
pm and 4 um where the absorption decreases, a small increase over the baseline films is

expected.

Predicted Sensitivity of PbSe with Pt Back Reflector Compared to Measured Baseline Results
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10.1%
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Figure 66. Predicted sensitivity of PbSe detector with Pt back reflector compared to baseline result.

So far, the primary figure of merit discussed for these films has been absorption.
However for detectors, responsivity and external quantum efficiency (EQE) were used to
gauge the sensitivity; after all, the goal of this investigation was to demonstrate PbSe
device sensitivity enhancement such that the room temperature performance is
comparable to that of the baseline operated at lower temperatures. Recall from figure 22

that the peak room temperature responsivity and EQE at 4.3 um for the baseline PbSe
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detectors was shown to be 0.2 A/W and 6%, respectively. Coupled with figure 20, which
shows the PbSe absorption at the absorption edge (~4.3 pm) is 35%, the internal quantum
efficiency (IQE), which is the quotient of the EQE and absorption, for these detectors at
room temperature is calculated to be 17.14%. | used this IQE to calculate the responsivity
from equation 2.15 in Chapter 2 based on the predicted absorption.

The predicted sensitivity for a photoconductor derived from a back reflector film
with a 300 nm Pbl layer is shown in figure 66. The dip in responsivity at ~3.4 um in the
baseline detector is predicted to red-shift to ~3.5 pm in the back reflector enhanced films.
Further, there are three distinguishable peaks at approximately 2.8, 3.3, and 4.1 pum. It
would seem that due to resonance the large peak at 4.08 um blue shifts the response
spectrum compared to baseline PbSe. This is evidence of interference, because the
wavelengths that match the longitudinal modes of the film will experience the largest
absorption enhancement in a plane-parallel cavity. However, as will be shown in Chapter
6, this peak was observed to be much wider due to the roughness of the deposited films.
Roughness leads to peak broadening, and, as discussed in Chapter 2, the measured films
are very rough compared to the smooth interfaces that were modeled. Of note is the
increase in sensitivity over the whole band. At the 4.08 um peak, the sensitivity is
increased by a factor of 2, and over the whole band the responsivity and quantum
efficiency are well above that of the baseline detectors. These results predict the
responsivity and quantum efficiency of PbSe detectors with embedded back reflectors are
indeed comparable to those of the baseline films at lower temperatures. These results
were put to the test, and in the next chapter it will be demonstrated that the back reflector

enhanced PbSe detectors offer a major improvement over the current state-of-the-art.
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Chapter 6: PbSe Film and Device Measurements

The results presented thus far have assumed smooth interfaces, perfect fabrication
and ideal conditions. To determine the achievable enhancement under laboratory
conditions, structures were fabricated in PbSe films and test detector devices. The
detector fabrication procedures are described in Appendix A. In this chapter, the
experimental results of the investigated PbSe devices with embedded resonant structures

are discussed.

6.1 Confirmation of Plasmonic Resonance of Metal Discs in PbSe

Before devices with embedded plasmonic structures were fabricated using
photolithography, I performed preliminary studies to verify the feasibility of metallic
discs in PbSe. With help from my collaborators, Au and Pt discs were fabricated on the
SiO> layer using electron beam lithography (EBL), which is similar to photolithography
with the exception that the exposure is with a concentrated electron beam instead of UV
photons [1-2]. We patterned 500 nm and 1000 nm diameter discs into Imm x 1 mm
arrays with a pitch, defined as the center-to-center disc spacing, twice that of the
diameter. After patterning and developing the e-beam resist, RF sputtering was
performed to deposit a chromium (Cr) adhesion layer and either Pt or Au onto the
substrate. In accordance with table 9, the deposited thickness of the Pt and Au discs was
selected such that the aspect ratio would be 12.5 and 30, respectively. Liftoff and
cleaning was then performed to remove excess metal and contaminates from the surface.
Figure 67 shows scanning electron microscope images of the arrays, and table 11 shows

the measured disc diameters and pitches.
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500 nm diameter discs with 1000 nm pitch

1000 nm diameter discs with 2000 nm pitch
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Substrate

P OS OO OO

llocee00000
POCPO®OO O

Figure 67. SEM images of 500 nm (left) and 1000 nm (right) disc arrays patterned by EBL.

Table 11. Measured disc diameter and pitch for 500 nm and 1000 nm Au and Pt discs patterned by EBL.

Designed Measured Measured Measured Measured
Dia./Pitch  x-Dia.(nm)  y-Dia. (hm) x-Pitch (hm)  x-Pitch (nm)
(nm)
Pt 500/1000 602.9 502.4 1016.0 846.6
Pt 1000/2000 982.5 960.2 1998.5 1953.1
Au 500/1000 524.8 558.3 937.8 848.6
Au 1000/2000 993.8 1027.0 1965.0 1942.8

Before depositing PbSe onto the disc arrays, | used a Thermo Fisher Scientific iS5
tabletop FTIR spectrometer to determine the optical density spectra of the disc arrays. It
was important to measure the baseline spectrum from the disc arrays alone for
comparison with disc arrays embedded in PbSe. In this case, the integrating sphere
method described in Chapter 2 was not used due to the small area of the disc arrays.
Instead, the discs were positioned over a 2 mm aperture to ensure the focused black body
source would be incident only on the array. The background transmission signal was
collected at normal incidence through the aperture alone, and the signal transmission was
collected through the disc arrays and aperture. The optical density was calculated using

equation 2.13 found in Chapter 2.

160



0.09

0D [-log(T)]
o o o
(=] [=] [=]
Y [0 <

e
o
]

0.00

0.24

0D [-log(T)]
o o o
o = —
[=] o [Xs]

o
o
a

0.00

Optical Density of Pt Disc Arrays on SiO,and Si Substrate

2.5 3 3.5 4 4.5 5 5.5
Wavelength (um)
=—=Dia=500nm ==—Dia=1000nm =—Substrate

Optical Density of Au Disc Arrays on Si0, and Si Substrate

~—
(e e -y ——
2.5 3 3.5 4 4.5 5 5.5
Wavelength (pm)
——Dia=500nm =—Dia=1000nm -——Substrate

Figure 68. Optical

Figure 68

in figure 33. Am

density spectra of Pt (top) and Au (bottom) disc arrays on SiO; layer and Si substrate.

shows the measured OD spectra of the Pt and Au disc arrays.

Considering the 1000 nm discs the width of the Pt peak was observed to be
approximately 1.25 um. In contrast the width of the Au peak is smaller at 0.71 um. The

difference in the peak width is expected due to the longer surface plasmon lifetime shown

ore interesting phenomenon is noticed when comparing the difference in

how the spectra change with size between the Pt and Au disc arrays. For Pt the size seems

to only have the effect of increasing the amplitude, which follows the general rule that
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aspect ratio is the dominant parameter for SPR in discs and is consistent with figure 53.
However, in Au the resonance shifts to longer wavelengths as the disc size increases.
This behavior is in contrast with figure 52. The explanation again comes back to the
conductivity of the two metals. As seen in figure 57, Au has a higher electrical
conductivity, and therefore is less lossy than Pt. Less loss equates to higher reflectivity,
and makes Au act like a perfect electric conductor (PEC) in the MWIR regime.
Therefore, aspect ratio, more specifically the thickness of the disc, is not as important a
parameter as the diameter for the resonance in Au discs. This explanation seems to be

consistent with the modeled results of figure 56.

Comparison of Modeled and Measured Resonance of
500nm Au Disc arrays on 5i0, and Si Substrate
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Figure 69. Comparison of modeled and measured results for 500 nm Au disc array on SiO» layer and Si
substrate at room temperature.

Also of note in figure 68 is the differences in the amplitude of the OD. A

comparison of the 500 nm diameter disc arrays will show that the amplitude of Au is

162



slightly larger than that of Pt. This again is to be expected due to the larger electrical
conductivity of Au. Yet, the Au has more of an asymmetric resonance. To confirm that
this asymmetry was not an anomaly in the measurement, | modeled the structures in
ANSYS HFSS. Figure 69 shows that the modeled results agree well with the

measurement, and seem to support the assertion made in Chapter 5 that Au will yield a

more asymmetric resonance than Pt.

Comparison of Modeled and Measured Resonance of 1000nm
Au Discarrayson Si0, and Si Substrate
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Figure 70. Comparison of modeled and measured results for 2000 nm Au disc array on SiO; layer and Si
substrate at room temperature.

In contrast, the larger discs for Au, shown in figure 70, have a more symmetric
line shape. Again, | modeled these discs to confirm the legitimacy of my measurements.
The modeled results show a broader resonance than that of the measured, however the
two spectra are still in reasonable agreement. Both show a more symmetric resonance,
yet their peaks are shifted with respect to one another by 170 nm, suggesting the
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deposited metal discs may have a slightly different diameter than designed. Examining
the measured disc diameters in table 11 seems to confirm my hypothesis, because the

discs were not perfectly circular.

Our PbSe films were deposited, oxidized, and sensitized on the 500 nm Au disc
array, and the OD was measured in the same method described above. The 500 nm Au
disc array was chosen for these measurements instead of the 1000 nm disc array to avoid
the interference peaks observed in the modeled results in figure 61. Due to the roughness
of the films and the substrate, interference effects are difficult to distinguish during a
simple FTIR OD measurement. Therefore, larger discs are reserved for PbSe devices

described later.

OD of Au discs with and without PbSe films
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Figure 71. Room temperature comparison of resonance for 500 nm diameter Au disc arrays within and
without PbSe films with layer thicknesses of approximately 400 nm, 500 nm, and 1200 nm for the Pbl>,
PbSe, and SiO;, respectively.
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Figure 71 shows the spectra obtained from PbSe films with embedded discs.
Inside the PbSe films, the resonance shifts by 860 nm from the discs without PbSe.
Further, the amplitude of the optical density decreases due to the decrease in reflectance
between the PbSe-Au interface compared to the air-Au interface without PbSe films. This
shift, as well as the resonance peak wavelength, is indicative of surface plasmon
resonance. Moreover, this shift was predicted when considering the discs modeled
without PbSe shown in figure 69, and the disc arrays modeled with PbSe shown figure
56. This shift confirms the surface plasmon resonance effect present in the investigated

PbSe films with embedded metallic discs.

Comparison of Modeled Q,,, for Au Disc atthe SiO,/PbSe Interface and
Measured Optical Density of Disc Array in Sensitize Films
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Figure 72. Comparison of modeled and measured spectra of 500 nm Au disc arrays in PbSe films.

For completeness, figure 72 shows the comparison between modeled extinction
efficiency in figure 56 and the measured OD. The peak of the measured and modeled

spectra match, suggesting that a pitch twice that of the diameter leads to a negligible
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amount of coupling between the fields of adjacent discs. The measured discs show a
narrower resonance than that of the modeled spectra, similar to the results presented in
figure 69 and figure 70. This increased broadening in the modeled results is most likely
due to the difference in the dispersion relations of the real film and fabricated gold discs.
Nevertheless, the peak resonance was accurately predicted, so the next step was to

fabricate and measure PbSe photoconductive devices with embedded discs.

6.2 PbSe Detectors with Embedded Pt Disc Arrays
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Figure 73. PbSe photoconductive devices with embedded Pt disc array; (top-left) depiction of the designed
device cross-section, (top-right) depiction of the top view of device showing the Pt disc arrays, and
(bottom) top view of fabricated PbSe device.

Test detector devices with embedded Pt discs at the SiO2-PbSe interface were
fabricated using photolithography. Gold, though it offers a larger enhancement and is
acceptable for FTIR measurements, was found to have a tendency to thermally diffuse

into the PbSe during the oxidation and sensitization processes. This has been found in
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previous experiments to lead to leakage current and overall degraded performance in
photoconductive PbSe devices. Platinum did not show any signs of diffusion, and so was
used for this investigation. Platinum has a higher loss than Au, so the performance would
prove to be different than that predicted in figure 61. The resolution of the photomask and
photolithography system was limited to ~1 um features, so discs of approximately 1 pm
and aspect ratio between 12.5 and 15 were fabricated. Here the variation in aspect ratio
was due to variances in fabricated thickness. Test detectors, depicted in figure 73, were
20 pm (width) x 110 pm (length) in dimension for the disc detectors. To reduce the
possibility of quenching, a SiOz insulation layer was deposited on top of the discs. For
these devices the insulation layer was designed to be 30 nm, however through fabrication
errors the insulation layer turned out to be 180 nm. This fabrication error will be
discussed in more detail for it is the primary reason that the measurement results did not

agree with the modeled spectrum.

I measured the spectral response of these PbSe photoconductive devices with
embedded Pt discs using a modified method as that depicted in Chapter 2. For these
measurements a FEMTO model DLPCA-200 current pre-amplifier was connected in
series with the detector, and was used to bias the detector up to a maximum value of 6 V
for a field strength, defined as the quotient of the applied voltage and width of the active
region between metal contacts, of 3 kV/cm. This pre-amplifier was operated in AC mode,
and grounded to the test fixture chassis to reduce noise. Signal current was amplified by a
factor of 10°, and input into a Stanford Research Systems (SRS) model SR560 low-noise
amplifier. The SRS low-noise amplifier converts the signal to voltage, and noise is further

reduced by a 300 kHz—1 MHz built in bandpass filter. The signal was further amplified
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up to a factor of 100 before being output to the auxiliary detector input of a Magna-IR
model 550 spectrometer. The secondary FTIR arm was used to project the black body
source out of the FTIR, where it was reflected off of a parabolic mirror with a 50 cm
focal length and focused onto the detector. Again, a Thor Labs FDPSE2X2 2 mm x 2 mm
PbSe photoconductor was used to determine the power of the black body source, and

using equation 2.15 from Chapter 2 the spectral responsivity was calculated.

Comparison of Room Temperature Spectral Response of
Baseline and Disc Array Embedded PbSe
Photoconductorsat 3 kV/cm

0.65
5 0.52
=
50.39
=
% 0.26
8-1 ——™ .'-.'—‘-
20.13 ,manaatcr= Ve rae~?T N0
~
0
2.5 3 3.5 4 4.5 5 5.5
Wavelength (pm)
——With Pt Disc ==-Baseline PbSe
Comparison of Room Temperature Quantum Efficiency
of Baseline and Disc Array Embedded PbSe
Photoconductorsat3 kV/cm
0.3
@ 0.24

0.18

Quantum Efficinecy
o ©
o =
o N

-*M.-‘Qﬁ-'\‘-‘-'-dﬂﬂ-sﬁ-‘-“-.\
-

-
-
-

[=]

2.5 3 3.5 4 4.5 5 5.5
Wavelength (pm)

——With Pt Disc =-=-Baseline PbSe

Figure 74. Comparison of room temperature (290 K) spectral response (top) and EQE (bottom) between
PbSe with embedded Pt discs and baseline detectors.
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Comparison of Spectral Response of Baseline Detectors
at 230K with Disc Array Embedded PbSe
Photoconductors at 290K under 3 kV/cm
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Figure 75. Comparison of room temperature (290 K) spectra of PbSe with embedded Pt discs with that of
the 230K spectra of baseline detectors.

The measured room temperature spectral response of these devices is shown in
figure 74. The maximum in-band response was found to be 570 mA/W between ~3.4 um
and 3.8 pum as opposed to 180 mA/W at 4.3 um seen in the baseline detectors. This result
shows a factor of three increase, as well as a blue shift in the maximum position.

However, the spectrum does not show the predicted behavior of figure 61. From the
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prediction, it would be expected that there would be distinguishable interference peaks, as
well as a peak close to 3.6 um. This discrepancy between the measured and modeled
spectrum shape can be explained by the 180 nm SiO; insulation layer. It was designed to
be 30 nm, yet through errors in fabrication it was six-times greater. Such a large layer of
SiO; deposited on top of the discs lead to the surrounding medium having a factor of two
lower index of refraction than the effective index of refraction at the interface between
the PbSe and SiO layers. It is the authors hypothesis, from the principles described in
Chapter 3, that this would blue shift the primary resonance peaks. Furthermore, it would
lead to unknown interference effects. This is a point of further investigation for future

study.

Though a distinguishable peak was not observed, the decrease close to 3.4 um
indicative of interference in the baseline PbSe spectrum was absent. There are two
possible explanations. The first is that the difference in SiO> thickness and the placement
of the disc spoils the cavity length that leads to interference. The second possible
explanation is that the peak that now resides at ~3.4 um is from plasmonic resonance,
which now compensates for the reduction in responsivity due to destructive interference.
This second explanation would explain the factor of three increase over the baseline PbSe
performance. It has been shown using surface plasmon resonant disc arrays can yield up
to a five-fold increase in responsivity [3]. Therefore, it is again the author’s hypothesis
that should the discs arrays be positioned close to the PbSe-SiO- interface, an
enhancement of greater than three-times is achievable over this baseline. This would be
due to the enhanced electric field intensity leading to excess carrier generation in the

PbSe, which would lead to an effective increase in both absorption and internal quantum
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efficiency. To reiterate, this is a point of further investigation for future study. It should
be noted that the second explanation for the absence of the interference dip at 3.4 um is
consistent with the assertion that peaks in figure 61 in the vicinity of 3.4-3.6 um are

associated with SPR.

Interestingly the peak responsivity of the sample with Pt discs has a value that is
similar to that of the 230 K spectrum shown in figure 22. Indeed, figure 75 shows a
comparison indicating that the detectors with embedded Pt discs have similar sensitivity
to the 230K spectra in the baseline detectors at the PbSe absorption edge of 4.3 um.
Moreover, the sensitivity of the embedded disc samples is greater than that of the
baseline detectors over a large portion of the MWIR band. With proper fabrication and
optimization, the room temperature samples may have even greater sensitivity over the
baseline detectors at lower temperature. Though the disc detectors are not optimized,
these results still serve as a proof of concept that surface plasmon resonant structures

enable room temperature operation PbSe photoconductors with higher sensitivity.

6.3 PbSe Devices with Embedded Metallic Back Reflector

Fabricated Device with
Pt Back Reflector
60 pm 60 um
\

Device Profile

Pbl,

0.3 um Ni/Cr PbSe

120 pm

155 km > Pt Reflector

450 pm-{~

PbSe
S " Film

Figure 76. PbSe photoconductive devices with embedded Pt back reflector; (left) depiction of the designed
device cross-section, (right) top view of fabricated PbSe device.
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In Chapter 5, a large increase was predicted over the baseline detector for PbSe
devices with an embedded Pt back reflector. To confirm this prediction, PbSe devices
with Pt back reflectors were fabricated. Similar to the metallic disc fabrication process,
50 nm thick Pt back reflectors were deposited on the native SiO> layer of the Si substrate.
In accordance with the desired resonance discussed in Chapter 5, plasma enhanced
chemical vapor deposition was used to grow a 1.5 pum SiOz layer utilized as a dielectric
spacer. Following this step, the modified baseline process for reduced roughness PbSe
detector fabrication (describe in Appendix A) was followed to fabricate 60 pum (width) x
120 pm (length) photoconductive test detectors similar to that of the baseline

configuration. Figure 79 depicts the devices with embedded metallic reflectors.

Spectral Response at 290 K of 60 pm PbSe Test Detector
withPtBR (1.5 um §i0,) at1 kV/cm
0.135

0.108
0.081

0.054

Responsivity (A/W)

0.027

25 3 3.5 4 4.5 5 55 6
Wavelength (pm)

Figure 77. Room temperature (290 K) spectral response of PbSe test detectors with embedded Pt back
reflector and 1.5 pm SiO, spacer under an applied field of 1 kV/cm.
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Detectors with embedded Pt reflectors were tested using the same spectral response
method described above for the embedded disc arrays. A 6 V bias was applied to the
detector, resulting in a 1 kV/cm electric field. It was found that the spectrum in figure 77
is very similar in shape to that of the predicted spectra in figure 66, which will be
discussed in more detail at the end of this chapter. Two peaks from thin film interference
were clearly observed at 4.3 um and 3.2 um, suggesting a free spectral range of 1.1 um.
This free spectral range was calculated to be within 1.6% of the theoretical value for a
film with layer thicknesses of 300 nm for Pblz, 500 nm for PbSe, 1500 nm for SiO», and
50 nm for Pt. In this case the substrate was excluded from the calculations, because all of
the incident light should either be reflected or dissipated in the Pt layer based on previous
calculations. Incidentally, this is also why FTIR absorption measurements were not

conducted on these samples.

The amplitude of the peak spectral response shown in figure 77 is approximately 1.7
times less than that of the baseline detectors. However, notice that the applied field across
these detectors is three-times less than that of the field applied to the baseline detectors.
The photo-generated current I_ in a photoconductor is directly proportional to the applied

electric field E across the detector by equation 6.1,

I, =JLA = qG,t(pin + 1p)AE (6.1)
where Ji is the current density in A/cm?, A is the detector area in cm?, q is the charge
constant, G is the carrier generation rate in cm™s’, 7 is the carrier recombination lifetime
in ps, and the mobility of the electrons and holes in cm?/Vs is given by p,, and Up:
respectively [4-5]. The photocurrent scales linearly with applied electric field until the
products u, E and u, E reach their saturation velocities. In baseline detectors, we have
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observed the photocurrent to continually increase with applied fields in excess of 5
kV/cm, so linearly scaling the data up to 3 kV/cm to predict higher field performance was

considered to be an acceptable approximation.

Comparison of the Spectral Response at 290 K of Baseline and PbSe Test
Detectors with Pt Back Reflector (1.5 pum Si0,) at3 kV/cm
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Figure 78. Comparison of room temperature performance of baseline PbSe and predicted performance
with Pt back reflector at 3 kV/cm.
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The amplitude of the spectral response spectrum in figure 77 was linearly scaled to
predict and directly compare the performance of the test detector with the embedded back
reflector to that of the baseline PbSe detectors at room temperature under an applied field
strength of 3 kV/cm. In figure 78, the interference peaks in both the baseline and Pt back
reflector test detectors clearly overlap at 3.1 and 4.1 um. Indeed, when the same free
spectral range calculations were performed on the results from the baseline films the
value obtained was 1.13 pm, which is within 2% of the distance between peaks in the
measured spectra. Considering the similarity between the shapes of the observed
responsivity spectra in figure 78, it may be tempting to assume that the design process
described in Chapter 4 and Chapter 5 was unnecessary. After all, a back reflector could
just as easily be fabricated in the baseline detector configuration. From the modeled
results verified in figure 49, the baseline PbSe films have a SiO> layer thickness of 1225
nm. However, consider figure 41 in which the absorption spectrum for different SiO>
thicknesses was presented. For a 1200 nm SiO: thickness, the absorption peaks are closer
to the lower end of the spectrum. Discussed in Chapter 5, the responsivity is weighted
toward longer wavelengths. Therefore, by designing the back reflector configuration to
have a SiO> thickness of 1500 nm, the detector performance has been optimized for

longer wavelengths.

In contrast to the PbSe alone, the majority of the light that would transmit into the
substrate is reflected back for a second pass through the film. As can been seen, under the
same electric field, this retro-reflective surface leads to a factor of two enhancement in
responsivity over the whole MWIR band. Moreover, an examination of figure 79 shows
the scaled sensitivity at 290 K in the back reflector embedded detector is similar to that of
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the baseline detectors at 250K. Similar to the disc-embedded detectors discussed above,

these results serve as confirmation that the back reflector structure is a viable method for

increasing the operating temperature of PbSe photoconductors.
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Comparison of the Spectral Response at Baseline Detectorsat 250K and PbSe
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Comparison of the Quantum Efficiency of Baseline Detectorsat 250K and PbSe
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Figure 79. Comparison of 290 K spectra of PbSe with embedded Pt reflector with that of the 250 K spectra

of baseline detectors.
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It should be noted that part of the enhancement in responsivity and quantum
efficiency is likely due to the reduction in roughness, described in Appendix A, from 500
nm peak-to-peak to 100 nm peak-to-peak leading to smoother interfaces and less variance
in layer thickness. Even with the reduced roughness, however, the spectrum is broadened

when compared to the model predictions.

Measured vs Modeled Spectral Response at 290 K of PbSe Test Detectors
with Pt Back Reflector (1.5 pm Si0,) at 3 kV/cm
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Figure 80. Measured vs modeled spectral response at 290 K of PbSe test detectors with embedded Pt back
reflector and 1.5 um SiO; layer.

In figure 80, the measured and modeled spectra are very similar, with their peaks
residing in nearly identical locations. The most noticeable difference is that of the width
of the primary peak at 4.1 um. In the predicted results, the peak is narrow having a
FWHM of approximately 230 nm. By comparison, the measured results have a FWHM
of 750 nm. This broadening is due to the induced and inherent roughness from the
polycrystalline grains in the PbSe films. As broadband light travels through the film, it

will be scattered by PbSe crystallites, impurities, etc. This scattering increases the path
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length within the film, leading to increased absorption and altering the angle of incidence
for interference fringes throughout various parts of the beam propagating through the
film. An increase in absorption explains the slight increase in spectral response over that
of the modeled results, whereas the change in interference due to the increase in path
length and incident angle is responsible for broadening. Yet, from figure 80 it is apparent
that the majority of the photons that contribute to photocurrent travel without deviation
from scattering through the film resulting in constructive interference and the primary

peak at 4.1 pum.
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Chapter 7: Conclusion

The goal of this study was to increase the performance of PbSe photoconductive
detectors, such that the sensitivity at room temperature is comparable to that of the
current stat-of-the-art at lower temperatures. Discussed in Chapter 5, an absorption
enhancement of up to three-times over the baseline was predicted for surface plasmon
resonant discs, and an absorption enhancement of up to 2.55-times over that of the
baseline PbSe absorption was predicted both numerically and by finite element modeling
for the back reflector structure. In Chapter 6 it was shown that the surface plasmon
resonant discs embedded in PbSe devices produced a factor of three enhancement in
spectral responsivity at room temperature when compared with the baseline detectors
under the same applied electric field. Moreover, it was shown that the disc-embedded
detectors have performance at room temperature comparable to the baseline detectors at
230K. These results confirm the original hypothesis that surface plasmon resonant
structures can be designed and tailored to increase the operating temperature of PbSe
photoconductive devices. However, the spectra of the measured devices with embedded
discs did not resemble the predicted results due to the large SiO- insulation layer. As a
subject of future study, this discrepancy can be better understood and corrected. With
proper optimization of the fabrication process, even greater room-temperature sensitivity

could be achievable.

Also discussed in Chapter 6, the measured responsivity and quantum efficiency
of the PbSe devices with embedded back reflector showed remarkable agreement with
modeled predictions, and a factor of two sensitivity enhancement over the baseline PbSe

detectors. Furthermore, it was shown that the back reflector structure lead to performance

180



at 290 K that is similar to the baseline detector at 250K, thereby confirming the viability
of the back reflector interference structure as a mechanism for raising the operating
temperature of PbSe photoconductors from 250 K to 290K. Presented in Chapter 5, FEM
predictions demonstrate that the resonance can be tuned to specific wavelengths and
regions by changing the thickness of the underlying SiO: layer. Indeed, this opens up the
possibility for tunable room temperature, low cost infrared sensing devices with excellent

performance.

Table 12. Unit cell parameters for modeling the combination of surface plasmon resonant Pt discs and Pt
back reflector in PbSe films.

Layer/Structure Thickness (nm) Pitch* (nm)

Pbl, 300 1000
PbSe 500 1000
Pt Disc 40 500
(PEC Boundary Conditions) (*Diameter)
SiO, 1500 1000
Pt back reflector 50 1000
Si 50 1000

0.4 um

= /r
N Pbl,
" /"
Surface Plasmon \ PbSe

Resonant Disc — | 7i

Dielectric Spacer —— \ / 1.5 um
Sio,

0.5 um

Back Reflector

0.5 pm
0.5 um

Figure 81. Unit cell of PbSe film with combination of surface plasmon resonant Pt discs and Pt back
reflector modeled in ANSYS HFSS.
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My projections suggest that the back reflector and surface plasmon resonant
structures can be combined for even greater enhancement. In fact this configuration has
been demonstrated by Tang in HgTe colloidal quantum dot photovoltaic detectors,
yielding excellent MWIR imaging capability at cryogenic temperatures [1]. Recall from
Chapter 2 that | measured an absorption of 30-35% in the baseline PbSe films. With both
the plasmonic discs and the back reflector structure, | observed by analysis that this
absorption can be increased by levels between three and seven times in narrow spectral
regions within the MWIR regime. Films were modeled in ANSYS HFSS with unit cell

parameters shown in table 12. The unit cell is shown in figure 81.

Predicted Absorption in PbSe with Pt Disc Arrayand
Embedded Back Reflector
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Figure 82. Predicted absorption in PbSe films with combined optical enhancement techniques of SPR and
embedded metallic back reflector compared to the modeled absorption in baseline films.

Consider the spectra of figure 82, which show the predicted absorption as a result

of combining a Pt disc array with a Pt back reflector in PbSe films, as well as the
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modeled baseline absorption at room temperature. The absorption results predict a
broadband enhancement over the whole 3 um - 5 pm band, with maximums reaching
nearly 100% at 3.6 pm and 4.5 um. Further, the disc array is conveniently designed such
that there is a decrease in absorption in the CO2 atmospheric window between 4.1 um
and 4.4 um. This small region also corresponds to the absorption edge of PbSe (~4.3
um), so it is the author’s hypothesis that the steep reduction in absorption at 4.3um is due
to the steep drop in absorption below the bandgap energy. The sharp increase absorption
shortly after 4.3 um leading the peak at 4.5 pum is due to the large field intensity produced
from both surface plasmon resonance and interference. This large field intensity warrants

further discussion.

Predicted Absorption Enhancementin PbSe with Pt Disc
Arrayand Embedded Back Reflector
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Figure 83. Predicted absorption enhancement in PbSe films with combined optical enhancement techniques
of SPR and embedded metallic back reflector compared to the modeled absorption in baseline films.
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However, before moving on consider figure 83, which shows the predicted
absorption enhancement, defined as the absorption of the resonant structure enhanced
film normalized to the baseline absorption spectrum, gained by combining surface
plasmon resonant disc arrays with the back reflector structure. Compared to the baseline
spectrum, the combination of the disc array and back reflector structures yield greater
than 1.5-times the absorption over the whole band, three-times the absorption at

approximately 3.6 um, and over a factor of seven times greater absorption at 4.48 pm.

Intensity Enhancement (xz) Intensity Enhancement (yz)
303.9 909.3
273.1 818.3
243.1 727.4
212.8 636.5
182.4 545.6
152.0 454.6
121.6 363.7

91.2 272.8
60.8 181.9
304 90.9

0 0

Intensity Enhancement (xy)
566.9
510.2
453.5
396.8
340.1
283.4
226.8
170.1
1334

56.7
0

Figure 84. Electric field Intensity enhancement plots for surface plasmon resonant Pt discs and Pt back
reflector embedded in PbSe films at an incident wavelength of 3.60 um. in the (top-left) xz-, (top-right) yz-,
and (bottom) xy-directions.
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Intensity Enhancement (xz) Intensity Enhancement (yz)
701.9 9507.2
631.7 8556.5
561.5 7605.7
491.3 6655.0
421.1 5704.3
350.9 4753.6
280.8 3802.9
210.6 2852.2
140.4 1901.4

70.2 950.7
0 0

Intensity Enhancement (xy)
3779.2
3401.3
30234
2645.4
2267.5
1889.6
1511.7
1133.8

755.8
377.9
0

Figure 85. Electric field intensity enhancement plots for surface plasmon resonant Pt discs and Pt back
reflector embedded in PbSe films at an incident wavelength of 4.48 um. in the (top-left) xz-, (top-right) yz-,
and (bottom) xy-directions.

To observe the origins of this large absorption increase and gain insight into the
increase in electric field intensity offered by this configuration, discrete frequency
calculations were performed using ANSYS HFSS. Figure 84 and figure 85 show the
electric field intensity enhancement, defined as the resulting electric field intensity in the

film normalized to the incident electric field intensity, in the PbSe film with an embedded

Pt disc array and Pt back reflector for an incident plane wave with free a space
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wavelength of 3.6 um and 4.48 um, respectively. Nearly 100% absorption is predicted at
these wavelengths, so they were selected for further analysis. It should be noted,
however, that large intensity enhancements are also expected at 3.2 um and 4 um. In the
xz-plane of figure 84 (top-left), the majority of the intensity enhancement is in the SiO>
layer, suggesting the Pt disc and Pt back reflector make a plane-parallel (Fabry-Perot)
cavity [2-5]. Still, there is an intensity enhancement between 60 and 90 in the middle of
the PbSe layer. In the xy-plane (bottom), the effects of both surface plasmon resonance
and interference are observed. The field intensity in the vicinity of the disc surface is
similar to the intensity shown in Chapter 4 for surface plasmon resonant discs. The
intensity observed on the edges of the unit cell in the xy-plane are those associated with
interference. To be sure, the fields in the yz-plane (top-right) show the large electric field
intensity enhancement expected around the disc, as well as the fringes expected of
interference. With a field intensity enhancement of over 900 possible using this

configuration, it is clear why the absorption is predicted to be nearly 100%.

Similar phenomena are observed in figure 85. The intensity enhancement at 4.48
pm is much larger than at 3.6 pum. In the xz-plane (top-left), the larger electric field
intensity enhancement is again seen in the SiO- layer, suggesting the same resonant
cavity is produced between the Pt discs and Pt back reflector. The field intensity in the
PbSe, however, is much larger reaching the maximum intensity enhancement in the space
between discs. This is indicative of the dual-dipole effect described in Chapter 3. In the
xy-plane (bottom), surface plasmon resonance is again observed. The interference fringes
observed in the xy-plane of figure 84 are absent, suggesting that the dominant

enhancement mechanism at 4.48 um is surface plasmon resonance. This seems to be
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confirmed in the yz-plane (top-right) of figure 85, with nearly all the field enhancement
residing in the near-field of the Pt disc. It would seem that by combining the two
techniques, the surface plasmon resonance wavelength has been shifted to 4.48 um. An
alternative explanation, that seems in part to be the case, is that multipole resonances are
being excited within the Pt disc leading to multiple peaks from surface plasmon

resonance. This phenomenon warrants further study in the future.

Predicted 290 K Sensitivityin PbSe Photoconductors
with Pt Disc Array and Embedded Back Reflector
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Figure 86. Predicted room temperature spectral responsivity (solid) and quantum efficiency (dashed) of
PbSe devices with SPR disc arrays and embedded back reflector compared to the current baseline detector
performance.

The large difference between the amplitude of the field intensity enhancement at
3.6 um and 4.48 um is of note, especially in the xy- and yz-planes. The field intensity

enhancement for illumination of 4.48 um is ~100-times greater than that at 3.6 um, yet

the absorption at the former is slightly lower than the latter. An examination of the
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baseline spectrum in figure 82 shows that the PbSe absorption falls off above the cutoff
wavelength. Therefore, it is necessary for the field intensity enhancement to be much
larger in this region to achieve such a large absorption. Future investigation into this
configuration could yield interesting new avenues for PbSe detectors, such as near room

temperature long-wave detection.

Predicted 290 K Responsivity Enhancementin PbSe
Photoconductors with Pt Disc Array and Back Reflector
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Figure 87. Predicted room temperature spectral responsivity enhancement PbSe devices with SPR disc
arrays and embedded back reflector (blue, solid) over the baseline detector performance (black, dashed).

The sensitivity of ideal detectors with these combined techniques has also been
predicted by assuming the internal quantum efficiency of the baseline detectors at room
temperature (~17%) still holds. Presented in figure 86, the responsivity (blue, solid trace)
of the resonant structure enhanced detectors is predicted to reach a maximum of 0.58
A/W at 4.5 um, with 0.41 A/W, 0.48 A/W, and 0.4 A/W coinciding with peaks at 4 um,
3.6 um, and 3.2 pm, respectively. The quantum efficiency (blue, dashed trace) reaches a
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high of ~17% at 3.6 um and 4.5 pum, with greater than 10% over most of the rest of the

MW!IR band for the same detector.

Predicted 290 K Sensitiviy in PbSe Photoconductors with
Combined Techniques Compared to Baselineat 230 K
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Figure 88. Predicted room temperature (290 K) sensitivity of PbSe detectors with combined Pt disc array
and Pt back reflector compared to measured baseline sensitivity at 230 K.

Of note is the fact that the predicted performance at room temperature for this
combination of structures is greater than 3-times that of the baseline detector performance
at 3.6 um and over 5-times greater at 4.48 um. In fact, figure 87 shows that the
responsivity is above that of the baseline detector over the whole 3-5 pum band.

Moreover, the predicted performance, shown in figure 88, is greater than that of the
measured baseline at 230 K for a majority of the usable MWIR spectrum. These results,
along with those shown in Chapter 6, show that by proper design and fabrication of these

optical management schemes, the sensitivity of PbSe MWIR detectors can exceed that of
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the current state-of-the-art such that their performance is greater at room temperature than

devices with PbSe alone at temperatures as low as 230 K.
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Appendix A: Fabrication of PbSe Devices

PbSe Baseline Detector Fabrication

The deposition process starts with a three-inch single side polished <100> Si wafer
from Pure Wafer, a WRS Company [1] with a 1 — 1.5 pum thick SiO- layer grown by
plasma enhanced chemical vapor deposition (PECVD) on top [2]. Reactive ion etching
(RIE) was performed on the SiO- layer with tetraflouromethane (CF4) gas to produce a
peak-to-peak roughness of 400 — 500 nm (~177 nm RMS). Described briefly in Chapter
2, we used a chemical bath deposition process to deposit and sensitize PbSe films on the
roughened substrates. The process starts by mixing lead acetate trihydrate (Pb(C2H30z2)>)
and optical grade selenourea ((H2N)>C=Se) in a chemical bath to produce a ~1 pm thick
PbSe film. Films were then introduced into an oxygen furnace at ~450 °C for oxidation,

followed by a halogen furnace at 350 °C to complete sensitization.

An AZ 1518 photoresist from Microchemicals Gmbh with a thickness of 4 pm was
spin coated at a rate of 4000 rpm onto the surface for 40 seconds [4]. After a 60 second
prebake at 110 °C, the sample was then put into a Karl Suss MA6 Mid/Deep UV mask
aligner under a photomask designed for PbSe test detectors [5]. Upon UV illumination
with a wavelength of 350 nm, bonds between the molecules of the resist in the exposed
area become weaker, thereby making them soluble in developer [2-3]. The sample was
then immersed in a 1:1 solution of general purpose AZ developer and DI water to remove
the exposed areas, exposing the Pbl, layer of the PbSe film in a process called etch-back.
The exposed Pbl, areas were then removed down to the PbSe layer by RIE, an

anisotropic technique, defining the areas for metal contact deposition. This process also
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defines the detector configuration. The samples were then placed in a bath of acetone to

remove the photoresist.

PE-CVD for RIE for SiO,
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Figure 89. Fabrication process for PbSe photoconductive devices.

After cleaning with IPA and spray drying with N2, AZ 5214-E was spin coated onto
the sample to a thickness of 1.6 um at 3000 RPM. This compound is a special positive
photoresist from Microchemicals Gmbh which works on an image reversal process that
results in the same profile as a negative resist [6]. Negative resists are typically used for
metal liftoff, a process to remove excess metal after deposition. In a similar process to
that described in the previous step, the photoresist was baked at 110 “C for 80 seconds,
exposed and developed [7]. After developing, a second flood exposure was performed to
weaken the bonds in the leftover resist. A 15 nm thick Cr adhesion layer followed by a

150 nm layer of Ni was RF sputtered onto the sample to form metal contacts. The sample
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was then placed in AZ developer for liftoff. After drying the fabrication process was
complete, resulting in baseline PbSe detectors. The process for depositing nanodiscs or
back reflectors structures described in Chapter 6 is almost identical, with the exception
that the metallic structures are patterned and deposited onto the SiO- layer before PbSe
deposition. Roughening was then performed around the metallic structures for PbSe
adhesion to the substrate. A depiction of the baseline PbSe fabrication process is shown

in figure 89.

Preparation for Resonant Structures: PbSe Roughness Reduction

As discussed in Chapter 2, the baseline PbSe films have a peak-to-peak roughness of
approximately 500 nm. Surface plasmon modes exist along the metal-dielectric interface,
and, in the case of traveling waves, propagate along the metal surface. Due to the fact that
these modes are so tightly coupled to the interface, surface roughness of the metal,
dielectric, or both can significantly reduce the propagation distance of SPP into the PbSe
thereby reducing the enhancement in the films. Indeed, Fadakar and colleagues
demonstrated through finite element analysis that the attenuation in SPP modes
perpendicular to the interface increases with the surface roughness of the host material
[8]. Moreover, surface roughness has an effect on the back reflector as well, due to the
localized variances in refractive index and layer thickness. Therefore, we developed a

procedure to reduce the roughness of our PbSe films.

Nanosphere lithography is a patterning technique that does not require the
exposure of an electro- or photosensitive film for patterning. Instead, in this process
nanometer-scale polystyrene spheres are deposited onto the substrate by either the
Langmuir-Blodgett method, or through spin coating [9-13]. For the reduced roughening
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process, the spin coating method described in [10-11] was used. The process starts by
mixing 40 mL of methanol (CH3OH) with 100 pL of Triton X-100 surfactant (C14H2»-
O(C2H40)90H) to produce a 1:400 solution [10]. 750 pL of 1 mg/mL polystyrene
spheres obtained from ThermoFisher Scientific and DI water solution were then added to
the mixture [14]. The spheres used for nanoroughening were between 300 nm and 350
nm in diameter. The solution was mixed for 10 min by sonication. Si wafers with SiO>
grown by plasma enhanced chemical vapor deposition (PECVD) were then cleaned using
isopropyl alcohol, acetone, and DI water before being dried with N. To further reduce
surface contaminants and remove any residue from previous cleaning, the substrates were
placed in an O, plasma cleaner for 10 min. 100 pL of solution was then pipetted and spin
coated at a rate of 1500 rpm onto the substrate for 60 seconds. After the solvent had
dried, a CF4 etch was performed on the samples for 200 seconds to roughen the substrate
around the spheres. Nanospheres were then removed using a combination of sonication in

acetone and methanol for 10 min each, followed by an IPA rinse for the final cleaning.

Figure 90 shows a 5000x SEM image of the polystyrene spheres on the SiO»
surface after spin coating. Ideally, the nanospheres would be assembled into a continuous
periodic monolayer, however over a 7.62 cm diameter substrate this proved difficult, as
large areas were left uncovered. Nevertheless, we empirically concluded that this new
roughening process was adequate for PbSe adhesion to the substrate. To determine the
reduction in roughness in PbSe films deposited after the new nanoroughening process
compared to the baseline process, we measured the surface roughness via atomic force
microscopy (AFM) [15]. Figure 91 contains surface roughness maps obtained over a 50

pm area of smooth SiO» (top-left), baseline roughened SiO> (top-right), and nanosphere
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lithography roughened (bottom) SiO2 substrates. Notice the difference in uniformity
between the baseline roughened and nanosphere lithography roughened maps.
Furthermore, figure 92 shows a five-fold reduction in peak-to-peak roughness from 500
nm peak-to-peak down to 100 nm peak-to-peak when comparing the baseline to the
nanosphere roughened films. This reduction in roughness would prove critical to

maximizing the enhancement in the PbSe films due to resonant structures.

SEM Image after Nanosphere Deposition Process
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Figure 90. SEM image of SiO; surface after polystyrene nanosphere spin coating.
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Figure 91. Measured surface roughness maps obtained using AFM of smooth (top-left), baseline roughened
(top-right), and nanosphere lithography roughened (bottom) SiO, on Si substrates.
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Figure 92. Measured surface profiles obtained using AFM of smooth (top), baseline roughened (middle),
and nanosphere lithography roughened (bottom) SiO on Si substrates.
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Appendix B: Surface Plasmon Resonance Numerical Models

Quasi-static Calculation of the Scattering, Absorption, and Extinction
Cross-sections and Q-Factors for Surface Plasmon Resonant Discs

| wrote the following MATLAB script to calculate the surface plasmon resonant Q-factors
and cross-sections for oblate spheroids, which was used as a first approximation for disc

calculations [1-3].

%Surface Plasmon Resonance of an Oblate Spheroid (Disc)

%Author: Justin Grayer

%Date: 11/05/2018

%This script was used to calculate the scattering, absorption, and
%extinction cross-sections and Q-factors for Surface plasmon resonanct
%discs using the quasi-static method

clear variables; close all;clc;

%Assume a plane wave is polarized along the x-direction
a = (0.5/2); %The disc radius in microns

b = (0.5/2); %The disc radius in microns

¢ = 0.02/2; %The disc thickness in microns

%Define the effective index of refractoin for the disc host material
n_eff = 5.07; %Index of Refraction of PbSe

rasp = a/c; %Calculate the disc aspect ratio
ecc =sqrt(1-1/rasp”2); %Calculate the disc eccentricity
g_ecc = sqrt(1-ecc"2)/ecc; %Simplificaiton constant for calculating

%Calculate shape factor in x-direction

Sx = (g_ecc/(2*ecc™2))*((pi/2)-atan(g_ecc))-(g_ecc"2/2);
%Calculate shape factor in y-direction

Sy = Sx;

%Calculate shape factor in z-direction

Sz = (1-Sx)/2;

%Loop through all wavelengths of interest (From 3 - 5.5 microns as shown)

for it = 1:1000 %Number of iteration steps
lambda(ii) = 2.99749+0.00251*ii; %Wavelength in microns

%Complex index of refraction loaded from the metal functions entitiled
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%"Drude(metal)" for the current wavelength. Au shown.
m_Au(ii) = DrudeAu(lambda(ii)); %Index of refraction of the metal
eps_m_Au(ii) = m_Au(ii)"2; %Complex permittivity of the metal

%Calculate the polarizability in the x-, y-, and z-directions

alpha_x(ii) = (4*pi*a*b*c*(eps_m_Au(ii)-n_eff 2))/...
(3*(n_eff"2+Sx*(eps_m_Au(ii)-n_eff*2)));

alpha_y(ii) = (4*pi*a*b*c*(eps_m_Au(ii)-n_eff 2))/...
(3*(n_eff"2+Sy*(eps_m_Au(ii)-n_eff*2)));

alpha_z(ii) = (4*pi*a*b*c*(eps_m_Au(ii)-n_eff*2))/...
(3*(n_eff*2+Sz*(eps_m_Au(ii)-n_eff*2)));

%Define the wavenumber
k(ii) = n_effr2*2*pi/(lambda(ii));

%Calculate the scatterinng, absorption, and extinction Q factors in
%the x-direction. Can be expanded to y- and z- directions by
%replacing the complex polarizability.

Qscat_x(ii) = (k(ii)*4*abs(alpha_x(ii))*2/(6*pi*a*b));
Qabs_x(ii)= (k(ii)*imag(alpha_x(ii))/(pi*a*b));

Qext_x(ii) = Qscat_x(ii)+Qabs_x(ii);

%Calculate the scattering, absorption, and extinction cross-sections.
%Can be expanded to y- and z- directioins by replace the
%polarizability.
Cscat_x(ii) = (k(ii)"4*abs(alpha_x(ii))"2/(6));
Cabs_x(ii)= (k(ii)*imag(alpha_x(ii)));
Cext_x(ii) = Cscat_x(ii)+Cabs_x(ii);

end

%Plot the wavelength dependence of the extinction

%cross-section in units of cm”2.

figure

plot(lambda, Cext_x*1e-8, 'LineWidth',2)

title(]'Normalized Extinction Cross-Section for a Single Pt Nanodisc(Aspect =,
numa2str(rasp,3),") at PbSe/SiO_2 Interface])

xlabel("Wavelength (\mum))

ylabel('Cross-Section (cm”2)")

set(gca,'FontSize',16)

Calculation of the Dispersion Relations of Drude Metals

| wrote the following MATLAB script to calculate the dispersion relations of the metals

examined in this investigation. These functions were derived from Rakic’s treatment [4].
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Silver (Ag)

%Calculate the dispersion relations of silver
%Justin Grayer
%11/05/2018
%Takes in wavelength (“lambda™) in eV and returns complex index of
%refraction.
function [n] = DrudeAg(lambda)
%0Oscillator Strength [eV]
f=10.845, 0.065, 0.124, 0.011, 0.840, 5.646]; %[eV]
% Damping constant per oscillator[eV]
gamma = [0.048, 3.886,0.452,0.065,0.916,2.419];
%0Oscillator Frequency
ww = [0.816,4.481,8.185,9.083,20.29]; %[eV]
%Plasma Frequency [eV]
wp =9.01;
% Energy of input wavelength [eV]
w = 1.24/lambda;
%Plasm frequency for intraband transitions[eV]
omegap = f(1)(1/2)*wp;
%Calculate metal permittivity for given wavelength
forii=0:5

ifii ==

eps = 1-omegap”2/(w*(w+1*1li*gamma(ii+1)));
else
eps = eps+f(ii+1)*wp 2/((ww(ii) 2-w2)-1li*w*gamma(ii+1));

end
end
%Returns the complex index of refraction of Ag for given wavelength
n = sqrt(eps);

Aluminum (Al

%Calculate the dispersion relations of Aluminum
%Justin Grayer

%11/05/2018

%Takes in wavelength ("lambda™) in eV and returns complex index of
%refraction.

function [n] = DrudeAl(lambda)

%0scillator Strength [eV]

f=10.523, 0.227, 0.050, 0.166, 0.030];

% Damping constant per oscillator[eV]

gamma = [0.047, 0.333, 0.312, 1.351, 3.382];
%0scillator Frequency [eV]

ww = [0.162, 1.544, 1.808, 3.473];

%Plasma Frequency [eV]

203



wp = 14.98; %[eV]
% Energy of input wavelength [eV]
w = 1.24/lambda; %[eV]
%Plasm frequency for intraband transitions[eV]
omegap = f(1)(1/2)*wp;
%Calculate metal permittivity for given wavelength
forii=0:4
ifii ==
eps = 1-omegap”2/(w*(w+1*1li*gamma(ii+1)));
else
eps = eps+f(ii+1)*wp 2/((ww(ii) 2-w”2)-1li*w*gamma(ii+1));
end
end
%Returns the complex index of refraction of Al for given wavelength
n = sqrt(eps);
Gold (Au)

%Calculate the dispersion relations of Gold
%Justin Grayer
%11/05/2018
%Takes in wavelength ("lambda™) in eV and returns complex index of
Y%refraction.
function [n] = DrudeAu(lambda)
%0scillator Strength [eV]
f =[0.024, 0.010, 0.071, 0.601, 4.384];
% Damping constant per oscillator[eV]
gamma = [0.241, 0.345, 0.870, 2.494, 2.214];
%Oscillator Frequency
ww = [0.415, 0.830, 2.969, 4.304, 13.32];
%Plasma Frequency [eV]
wp = 9.03;
% Energy of input wavelength [eV]
w = 1.24/lambda;
%Calculate metal permittivity for given wavelength
forii=0:5
ifii ==
eps = 1-(0.760*wp”2/(w"2+1i*0.053*w));
else
eps=eps+f(ii)*wp”2/(ww(ii)*2-w"2-1i*w*gamma(ii));
end
end
%Returns the complex index of refraction of Au for given wavelength
n = sqrt(eps);
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Nickel (Ni)

%Calculate the dispersion relations of nickel
%Justin Grayer
%11/05/2018
%Takes in wavelength ("lambda™) in eV and returns complex index of
Y%refraction.
function [n] = DrudeNi(lambda)
%Oscillator Strength [eV]
f=10.096, 0.1, 0.135, 0.106, 0.729];
% Damping constant per oscillator[eV]
gamma = [0.048, 4.511, 1.334, 2.178, 6.292];
%0Oscillator Frequency
ww = [0.174, 0.582, 1.597, 6.089];
%Plasma Frequency [eV]
wp =15.92;
% Energy of input wavelength [eV]
w = 1.24/lambda;
%Plasma frequency for intraband transitions[eV]
omegap = f(1)(1/2)*wp;
%Calculate metal permittivity for given wavelength
forii=0:4

ifii ==

eps = 1-omegap”2/(w*(w+1*1li*gamma(ii+1)));
else
eps = eps+f(ii+1)*wp 2/((ww(ii) 2-w2)-1li*w*gamma(ii+1));

end
end
%Returns the complex index of refraction of Ni for given wavelength
n = sqrt(eps);

Palladium (Pd)

%Calculate the dispersion relations of palladium
%Justin Grayer

%11/05/2018

%Takes in wavelength ("lambda™) in eV and returns complex index of
Y%refraction.

function [n] = DrudePd(lambda)

%0scillator Strength [eV]

f=10.330, 0.649, 0.121, 0.638, 0.453];

% Damping constant per oscillator[eV]

gamma = [0.008, 2.950, 0.555, 4.621, 3.236];
%Oscillator Frequency [eV]

ww = [0.336, 0.501, 1.659, 5.715];
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%Plasma Frequency [eV]
wp =9.72;
% Energy of input wavelength [eV]
w = 1.24/lambda;
%Plasma frequency for intraband transitions[eV]
omegap = f(1)(1/2)*wp;
%Calculate metal permittivity for given wavelength
forii=0:4
ifii ==
eps = 1-omegap”2/(w*(w+1*1li*gamma(ii+1)));
else
eps = eps+f(ii+1)*wp 2/((ww(ii) 2-w”2)-1li*w*gamma(ii+1));
end
end
%Returns the complex index of refraction of Pd for given wavelength
n = sqrt(eps);

Platinum (Pt)

%Calculate the dispersion relations of platinum
%Justin Grayer
%11/05/2018
%Takes in wavelength ("lambda™) in eV and returns complex index of
Y%refraction.
function [n] = DrudePt(lambda)
%0Oscillator Strength [eV]
f=10.333,0.191, 0.659, 0.547, 3.576];
% Damping constant per oscillator[eV]
gamma = [0.080, 0.517, 1.838, 3.668, 8.517];
%Oscillator Frequency [eV]
ww = [0.780, 1.314, 3.141, 9.249];
%Plasma Frequency [eV]
wp = 9.59;
% Energy of input wavelength [eV]
w = 1.24./lambda;
%Plasma frequency for intraband transitions[eV]
omegaP = f(1)"(0.5)*wp;
%Calculate metal permittivity for given wavelength
forii=0:4
ifii ==
eps = 1-omegaP"2/(w*(w+1li*gamma(ii+1)));
else
eps=eps+f(ii+1)*wp”2/(ww(ii)2-w"2-1i*w*gamma(ii+1));
end
end
%Returns the complex index of refraction of Pt for given wavelength
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n = sqgrt(eps);
Surface Plasmon Propagation Distance, Phase Velocity, and Lifetime

| wrote the following MATLAB script to calculate the surface plasmon propagation

distance, phase velocity, and lifetime for idealized metals within PbSe [1].

%Surface plasmon parameters for metals

%Justin Grayer

%11/05/2018

%Calculates the surface plasmon propgation distance, phase velocity, and

%lifetime for a given metal.

clear variables; close all; clc;

%Speed of light (m/s)

c =3e8;

%Index of effective refractive index of host material(PbSe shown)
n_eff = 5.07;

%Calculate prermittivity of host materials

eps_eff = n_eff*2;

%Loop through all wavelengths of interest (From 2 - 6 microns shown)
for ii=1:40

%Define wavelength (microns)

lambda(ii,1) = 1.99+0.1%*ii;

%Define frequency (Hz)

omega(ii,1) = 2*pi*c/lambda(ii,1);

%Define wavenumber(microns”-1)

kO(ii, 1) = 2*pi/lambda(ii, 1);
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%Load in complex index of refraction of the metal (Pt shown)

m_metal_Pt(ii,1) = DrudePt(lambda(ii,1));

%Calculate complex permittivity

eps_m_Pt(ii,1) = m_metal_Pt(ii,1)"2;

%Calculate surface plasmon propgation distance (microns)

dsp_Pt(ii,1) = 2*real(eps_m_Pt(ii,1))"2/(eps_eff*(3/2)*imag(eps_m_Pt(ii,1))*k0(ii,1));
%Calculate surface plasmon phase velocity (microns/s)

Vsp_Pt(ii,1) = (c/n_eff)*(1-(eps_eff/(2*real(eps_m_Pt(ii,1)))));

%Calculate surface plasmon lifetime (s)

tau_sp_Pt(ii,1) =
2*real(eps_m_Pt(ii,1))"2/(omega(ii,1)*eps_eff*imag(eps_m_Pt(ii,1)));

end

%Plot surface plasmon propgation distance

figure

subplot(1,3,1)

hold on

plot(lambda, dsp_Pt, 'o','MarkerEdge', [0 0.5 0], 'MarkerFace',[1 1 1], 'LineWidth', 2.5)
title('SP Propagation Distance’)

xlabel("Wavelength \mum)

ylabel('Surface Plasmon Propagation Distance (\mum)")

set(gca,'FontSize',16)

hold off

%Plot surface plasmon phase velocity

subplot(1,3,2)

hold on

plot(lambda, Vsp_Pt/c, ‘o', 'MarkerEdge', [0 0.5 0], ‘MarkerFace',[1 1 1],'LineWidth', 2.5)
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title('SP Relative Phase Velocity')

xlabel("Wavelength \mum)

ylabel('Relative Surface Plasmon Phase Velocity (V_s_p/c)’)
set(gca,'FontSize',16)

hold off

%Plot surface plasmon lifetime
subplot(1,3,3)
hold on

plot(lambda, tau_sp_Pt/1e-9, '0', 'MarkerEdge', [0 0.5 0], 'MarkerFace',[1 1
1],'LineWidth', 2.5)

title('SP Lifetime')

xlabel("Wavelength \mum’)
ylabel('Surface Plasmon Lifetime (ns)")
set(gca,'FontSize',16)

hold off
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Appendix C: Infrared Sensor System Considerations

Long range imaging systems have become an important tool for situational
awareness and detailed examination of the surrounding environment. Examples of their
use include advanced threat warning, surveillance and reconnaissance, and sensing of
chemical and biological agents. Electro-optical and infrared systems (EO/IR) cover five
major bands of the electromagnetic spectrum. These include visible (0.4 um - 0.7 um),
near-infrared (0.7 pum — 1 pm), short-wave infrared (SWIR; 1 um — 3 pm), mid-wave
infrared (MWIR; 3 um — 6 um), and long-wave infrared (LWIR; 6 pm — 14 pm) [1].
Imaging systems are designed for specific applications, with the primary design choice
being the spectral band over which the system will operate. For instance, consider a
commercial camera intended for consumer photography. This system would be designed
for the visible regime, in which the light from either the sun or an artificial source would
be reflected off of a subject into the imaging optics and focused onto the detector. In
contrast, an infrared system, specifically those designed for MWIR or LWIR, are
designed to collect the emitted electromagnetic radiation from the subject or scene. This
emitted radiation is determined by the surface temperature of the subject, and is present
in all objects with temperatures above absolute zero. Note that due to its temperature

dependent nature, infrared radiation is typically associated with thermal radiation.

The examples above show an important distinction between the visible spectrum,
associated with the photopic response of the human eye, and the infrared spectrum.
Typically visible systems collect and image the reflected light off of a subject, while
infrared systems primarily collect thermally emitted radiation. There is another important

difference between the two bands, which is the attenuation due to the atmosphere. When
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considering atmospheric effects, the aforementioned five bands of interest are divided
into what are referred to as atmospheric windows [1, 2-3]. Imaging systems are designed
within these windows to mitigate the attenuation from CO2, moisture, and other
particulates within the atmosphere. Figure 93 shows the atmospheric transmission over a

1 km horizontal range at an altitude of 5 km [4].

1 km Atmospheric Transmittance from 0.4-12 pm at 5 km Altitude
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Figure 93. Transmission spectra from visible to LWIR regions of the electromagnetic spectrum over a 1 km
range at an altitude of 5 km [4]. Each spectral region contains atmospheric windows through which
electromagnetic radiation can propagate without substantial absorption from atmospheric particulates.

For example, in figure 93 the transmission in the visible spectrum is relatively
high, with greater than 70% of photons making it through the 1 km distance. However, in
the SWIR, MWIR, and LWIR bands there are several drops in transmission due to
atmospheric absorption. For systems primarily concerned with sensing the thermal
emission of objects within a scene, the MWIR and LWIR regions are of primary interest.

For systems sensitive to these regions, the solar background is relatively low, and can

even be absent if the system is intended for night-time operation. Systems employing the
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MWIR and LWIR regimes are typically concerned with what is known as black body

radiation.
Black Body Radiation

A black body is an idealization of a perfect emitter and absorber, in which the
spectral band of emission or absorption is related to the temperature of the object. The
amount of thermal radiation emitted by a real object can be quantified through Planck’s
law, which relates the spectral emittance, with units of W /m?2srum, of an object to its
temperature and emitted wavelength by equation D.1,

M(,T) = E(A)%W (D.1)
where c; is a constant with a value of 3.7418 x 108 W-pum*/m?, c, is another constant with
a value of 1.4388 x 10* um-K, X is the wavelength in um, and T is the temperature in K
[1-2]. The emissivity € is a measure of how well an object emits radiation, where an €
equal to 1 represents a perfect black body over all wavelengths. Another important
relationship that can be derived from Planck’s law is Wien’s law of displacement in

which the peak wavelength of a thermal emitter is related to the temperature of that

emitter by equation D.2.

~ 2898 ym'K
Apeak = T (D.2)

As an example, consider the sun which has an average surface temperature of 5778 K.
The peak wavelength emitted by the sun is 502 nm, which is in the green portion of the
visible spectrum. For infrared applications, a 300 K blackbody, the spectrum of which is

shown in figure 94, is often considered because it approximates the background emission
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at room temperature. With a peak wavelength of 9.8 um, the background emission is
significant at 300 K. Even in the MWIR regime, where the 300 K emission falls off, the
background can overwhelm or degrade the signal of interest. It is this background
radiation that limits the performance of infrared detectors, and necessitates the need for a
cooling element within the sensing system.

300 K black Body Emission Spectra
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Figure 94. The 300 K black body emission spectrum calculated using Plank’s law. Thought the peak of the
spectrum is located at 9.8 um, there is appreciable emission in the MWIR regime which typically drives the
need for a cooling element in infrared sensing systems.

Modern Infrared Imaging Systems

An infrared imaging system consists of a receiver, detector, and signal processing
electronics [1-3]. The optical receiver includes elements such as a turret for pointing at
the subject or scene of interest, telescope optics to transfer and focus the photons from the
scene to the detector, and various optomechanical assemblies. The optical detector
includes the light sensitive material, detector cooling assembly, and read-out integrated
circuit (ROIC). The signal processing electronics are closely tied with the ROIC, and can
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include analogue-to-digital conversion, image and digital signal processing, and data
interpretation. A block diagram representation of the photon flow from the scene through
the imaging system is shown in figure 95. Photons are emitted from the scene, and
transmitted to the receiver where some may be absorbed by compounds in the
atmosphere. The photons are then further attenuated as they transmit through and are
focused by the telescope, which usually consists of both reflective and refractive optics.
Photons are imaged onto the detector, which in modern imaging systems is a focal plane

array consisting of thousands or even millions of detector elements called pixels.
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Figure 95. Block diagram showing emitted photons from an object of interest as they transmit through the
atmosphere into a long-range sensing system. Photons are attenuated by atmospheric particulates, as well
as the optical elements of the sensing system.

The sensitivity of a detector element starts with the material of which it is made.
For instance, in the visible spectrum materials like mercury cadmium telluride (HgCdTe),
cadmium sulfide (CdS), and Si are utilized as detector materials [5]. In the SWIR region
HgCdTe, indium gallium arsenide (InGaAs), and lead sulfide (PbS) are utilized [2, 7].

For the MWIR band HgCdTe, indium antimonide (InSb), and lead selenide (PbSe) are
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popular materials [5, 7], and in the LWIR region HgCdTe, quantum well infrared
photodetectors (QWIP), and vanadium oxide (VOXx) are used [8]. All of the
aforementioned materials, regardless of the spectral band, are semiconductors, which are
governed by the composition and quantum mechanical properties of the material [3, 9,

10-12].
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