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Abstract
Lead chalcogenides are compounds of lead and a combination of the chalcogens sulfur, selenium,
and tellurium. They are semiconductors with band gap energies in the infrared region of the
electromagnetic spectrum, making them interesting infrared detector materials for both free space
and photonic integrated circuit applications. For longer wavelengths of infrared light, they are
transparent dielectric materials with extremely large refractive indices, making them potentially
interesting materials for free space dielectric metasurfaces.
In this work, we study both the processing, properties, and performance of lead chalcogenide
materials as thin films and their integration and use in specific infrared photonic devices.
For materials development, we examine how we can use and improve lead chalcogenide thin films
for infrared detector applications, both through tuning their band gaps via alloying of the binary
lead chalcogenide compounds (PbS, PbSe, PbTe), where we show photoconductivity of ternary
alloys greater than an order of magnitude above their noise level; and through controlling their
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majority carrier type and concentration via the addition of PbO to the thin film deposition source
material, which can then be utilized to deposit detectors with 2-3 times higher responsivity.
For device applications, we integrated PbTe detectors into photonic integrated circuit methane
sensors and developed a new patterning method for PbTe thin films for use as transmissive
dielectric metasurfaces. Integrating PbTe detectors into the photonic integrated circuit improved
the methane sensing performance by 2.5 times, while a ratiometric architecture we designed and
tested with an electronic read out circuit tuned to the properties of the integrated PbTe detector
promise both the elimination of input laser power fluctuations as a source of spurious signals and
5 times better sensor performance with our testing equipment. Modulating the laser input at even
higher frequencies promises even better performance, with an anticipated limit of detection of 0.11
vol% of methane/√𝐻𝑧. For patterning transmissive dielectric metasurfaces, a new fabrication
method using nanostencils was designed and tested, creating PbTe metalenses with diffraction
limited performance and efficiencies of 40+%.
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Anuradha M. Agarwal
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Chapter 1. Introduction
1.1. Motivation
This thesis focuses on two distinct areas of infrared photonics: integrated photonic sensors and
free space optics. The motivations for pursuing each of these two areas are different, though in
both cases lead chalcogenides have properties that make them useful for certain applications within
each one.

1.1.1. The Need for Integrated Infrared Photonics
With increasing automation, emphasis on workplace safety, awareness of environmental pollutants
and toxins, and tailoring of medical treatments to individuals, the need is greater than ever before
for sensors that can help control industrial processes, detect the presence of chemicals and gases
to protect workers and the general public, and determine the physiological state of a patient. The
market for these chemical and biological sensors is projected to grow 11.3% per year over the next
5 years to reach a market value of $50.4 billion in 2021 [1]. Two of the major drivers for this
growth are the integration of sensors into consumer electronics and the desire to use networks of
sensors to gather and analyze massive amounts of data to enable better decision making. Both of
these drivers have in common a few requirements: small size, low cost, low power consumption,
easy integration with electronics, and low maintenance/calibration requirements.
Integrated photonic sensors, which use the interaction of light with the target chemical or
biological analyte, are well positioned to meet all these needs. With waveguides at micron-scale
or smaller, waveguide-based sensors can be made with very small dimensions [2]. They can be
manufactured using standard CMOS-compatible techniques that allow for low cost mass
21

manufacturing and easy integration with a silicon electronic read-out circuit underneath [3].
Because of their small size, these sensors do not need much light to function, so low powers suffice.
Finally, optical properties are inherently stable, so they do not require much maintenance or
calibration during their lifetime.
Integrated photonic sensors have three basic elements, as shown in Figure 1-1: a light source,
sensing element, and detector.

Figure 1-1: Schematic of an integrated photonic sensor, showing the three major parts: Light
source, Sensing element, and Detector. The sensor is integrated directly on top of a silicon
substrate with read-out circuitry. Schematic from [4] with minor modifications.
Integrated photonic sensors can use several different mechanisms to detect the presence of an
analyte, including using a change in polarization or a shift in phase or optical resonance to sense a
change in the refractive index (refractometry) or measuring the absorption of specific wavelengths
of light in absorption spectroscopy [5]–[7]. Optical absorption spectroscopy is inherently more
specific than refractometry since target analytes typically have different optical absorption spectra
but often have the same refractive index. This is one of the big benefits of photonic sensors over
other sensor types, because few other sensing modalities have the ability to “fingerprint” an analyte
like an optical absorption spectrum.
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When considering optical absorption spectroscopy, the mid-infrared (mid-IR) part of the
electromagnetic spectrum is an obvious place to focus because many of the absorption peaks of
common bonds and molecules are in this regime, as shown in Figure 1-2.

Figure 1-2: Absorption bands for common functional groups present in target analytes [8]. The
absorption bands are in the mid-IR.
There has been extensive work on developing photonic devices that can function as the sensing
element, from spiral waveguides [2], to resonator based devices [9], [10], to photonic crystals [11],
[12], to slot waveguides [13], [14]. However, comparatively little work has been done on
developing good detector materials and device designs for mid-IR sensors. Therefore, this thesis
focuses on developing a detector for mid-IR integrated photonic sensors.

1.1.2. Why Lead Chalcogenides for Integrated Infrared Photonics?
The first mid-IR capable detector was the thermopile, developed by Nobili in 1829 [15], which is
composed of many thermocouples in series to increase the sensitivity to temperature changes. In
1880, Langley developed the bolometer [15], which used the resistance change of a material
(platinum in his case) to measure a temperature change. Both of these types of detectors, along
with pyroelectric detectors, which detect changes in electrical polarization with changing
temperature, can be classified as thermal detectors since they all sense infrared light by absorbing
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this light to cause a temperature change. Thermal detectors are often cheaper and can be used at
room temperature, but suffer from slow response time [16], [17] due to the need for the detector
material to heat up which is a slow process.
The other general class of infrared detectors is photon detectors, which directly sense infrared light
through the generation of charge carriers upon absorbing incident photons. These detectors include
photodiodes, photoconductors, Schottky diodes, and quantum well photodetectors [18], [19].
Photon detectors have faster response times, but to avoid noise problems associated with the
thermal generation of carriers, they often have to be operated at cryogenic temperatures [18], [19].
This could be a problem with integrated photonic sensors because cooling the detector would
almost certainly force the cooling of the entire sensor. Since the sensor must be exposed to the
environment, cooling could cause condensation, affecting sensor response. However, the slow
response of thermal detectors would be a limiting factor for photonic sensors, so it is important to
make an integrated photon detector that works at ambient temperatures.
The primary materials used in mid-IR photon detectors today are HgCdTe semiconductor alloys,
the III-V family of semiconductors (primarily InAs-InSb alloys), and the lead chalcogenides (PbS,
PbSe, PbTe) [16], [20], [21]. However, HgCdTe and III-V semiconductors, along with the host of
other materials for detectors in development such as GaAs/AlGaAs for quantum well superlattices,
must be grown epitaxially as a single crystal to be device quality [18], [19], which requires
expensive techniques such as molecular beam epitaxy (MBE) or metalorganic chemical vapor
deposition (MOCVD). This greatly increases costs and reduces yields since the detectors then must
be aligned and bonded to the rest of the silicon-based device to be integrated.
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The lead chalcogenides, on the other hand, can be thermally evaporated onto any substrate [17],
[22], which is a low temperature process that also allows easy patterning via either a shadow mask
or a lithography liftoff process. The low temperature is important so that it does not adversely
affect any of the underlying electronics by causing unwanted diffusion of dopants. This allows
lead-chalcogenide-based detectors to be directly deposited on the back end above underlying
electronics and enables easy alignment with the waveguides that make up the sensing element.
PbTe and PbSe can also be alloyed with SnTe and SnSe, respectively, forming ternary compounds
(Pb1-xSnxTe, abbreviated as PbSnTe, and Pb1-ySnySe, abbreviated as PbSnSe) with bandgaps that
can be tuned from the lead chalcogenide bandgap down to zero [23], allowing the material to be
tuned to detect any IR wavelength of light needed for an application. Therefore, lead chalcogenides
are the most promising material for an effective mid-IR detector for integrated photonic sensors.

1.1.3. The Need for Free Space Infrared Photonics
In addition to sensing applications where integrated photonics is extremely useful, the infrared
spectrum is useful for a host of other applications, including thermal imaging for industrial and
machine vision applications and infrared detection and tracking for military and security
applications, where free space components are required. However, free space optical components
in the infrared, especially at wavelengths beyond around 3 μm where common silicate glasses start
to lose transparency, typically have lower performance and are expensive due to the need to use
more exotic materials and processing techniques.
Optical metasurfaces, which use thin films patterned into sub-wavelength- to wavelength-scale
meta-atoms to produce on-demand electromagnetic responses [24], are a promising avenue
towards a solution. These metasurfaces can be patterned using standard nanofabrication techniques,
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which lends extremely well to mass production and therefore lower costs. Because these
metasurfaces are based on patterned thin films and can have arbitrary electromagnetic responses,
they also promise to be significantly smaller than their bulk optical counterparts and can potentially
combine several optical elements into a single metasurface.

1.1.4. Why Lead Chalcogenides for Free Space Infrared Photonics?
There are two basic types of materials used for metasurfaces: metals and dielectrics. However,
metals are generally quite lossy [25], which would negatively impact the efficiency of the
transmissive metasurfaces explored in this work. Therefore, we need to choose a suitable dielectric
material.
There are three major criteria for selecting a dielectric material: 1) low absorption coefficient, 2)
high refractive index, and 3) ease of nanofabrication. The low absorption coefficient is a relatively
obvious criteria, as any absorption would reduce the fraction of the incoming light that makes it
through the metasurface to its target. This fraction is the efficiency of the metasurface. A high
refractive index is needed to better confine and support high quality resonances in the meta-atoms
that make up the metasurface [25]–[27]. It also helps reduce the thickness of the thin film necessary,
which has benefits for the ease of nanofabrication as well since the aspect ratio required is reduced.
For liftoff in particular, this can be important since liftoff often results in sloped sidewalls, such as
those seen in the PbTe liftoff cross section shown in Figure 1-3. With sloped sidewalls, there is a
limit to the aspect ratio that is achievable since the top of the meta-atom will eventually come to a
point.
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Figure 1-3: Cross sectional SEM of a PbTe liftoff showing the sloping sidewalls typical of liftoff
processes.
The lead chalcogenides, in particular PbTe, are promising materials for free space infrared
metasurfaces because they meet all three of the major criteria. As direct band gap semiconductors,
they are expected to be transparent at wavelengths beyond their band gap, and data on PbTe thin
films show that it has very low losses past 4 μm [25], [28]. They also have refractive indices above
4 in the infrared at least until 10 μm [29], with PbTe having the highest refractive index of about
5 in thermally evaporated thin film form [25], [28]. For comparison, Si and Ge, two other widely
used high index infrared dielectrics, have refractive indices of about 3.5 and 4, respectively [30],
[31]. Finally, the lead chalcogenides, as mentioned previously, can be thermally evaporated, which
lends itself very well to nanofabrication techniques, including lithography and liftoff.
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Chapter 2. Lead Chalcogenide Material Development for Infrared Detectors
This chapter starts by outlining important background information for understanding lead
chalcogenide materials when used as infrared detectors. Then it discusses the development of
ternary lead chalcogenide materials for infrared detector applications and different methods for
potentially improving the detector properties.

2.1. Operating Principles of Photoconductors
To get a sense of the relevant detector material properties and device design parameters, it is
important to understand the basic operating principles of photoconductors like lead chalcogenides.
In a photoconductor, photons hitting the detector excite an electron across the bandgap of the
material, creating an electron-hole pair. An external bias is applied across the detector, which is
then able to detect the change in conductivity caused by the new charge carriers [32]. The external
bias can either be a voltage bias (in which case the new carriers will be detected as a photocurrent)
or a current bias (in which case the change in voltage resulting for the change in conductivity will
be detected).

2.1.1. Responsivity
The responsivity of a detector is the ratio of the detector response over the incident optical power.
Taking the case of an applied current bias (which our measurement setup uses), the responsivity
of the detector can be defined by the following equation:

ℛ𝐼 =

|𝛥𝑉|
𝑃
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(2-1)

where ΔV is the change in voltage across the detector and P is the incident power. The responsivity
will have units of V/W. The change in voltage across the detector can be broken down as:
1
1 𝑙
𝛥𝑉 = 𝐼𝛥𝑅 = 𝐼 (
− )
𝜎0 + 𝛥𝜎 𝜎0 𝑤𝑡

(2-2)

where I is the applied bias current, R is the resistance of the detector, σ0 is the dark conductivity of
the detector, Δσ is the change in conductivity with IR illumination, l is the length of the detector
(distance between contacts), w is the width of the detector, and t is the thickness of the detector
thin film (so wt is the detector cross sectional area, and l/wt is the geometric factor that converts
inverse conductivity to resistance). If we assume Δσ << σ0, then we can simplify Equation 2-2:

𝛥𝑉 = 𝐼 (−

𝛥𝜎 𝑙
)
𝜎02 𝑤𝑡

(2-3)

This assumption is usually valid for infrared photoconductors due to the relatively small band gap
resulting in relatively high dark conductivity.
For the Pb chalcogenide photoconductors, there are two competing theories for the change in
conductivity. One theory, often termed barrier modulation theory [17], is that the detector is a
series of p-n junctions with energy barriers to carrier motion. These barriers decrease in height
upon illumination, allowing carriers to have a higher mobility [33]. The other, called number
modulation or single crystal recombination theory [17], is that illumination causes a change in the
equilibrium number of charge carriers present in the detector, which is the cause of the change in
conductivity. There is general agreement in the literature that while both effects may be present,
number modulation is a much larger effect, so barrier modulation can be ignored [17], [34], [35].
Therefore,
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Δ𝜎 = 𝑒𝜇𝑒 Δ𝑛 + 𝑒𝜇ℎ Δ𝑝

(2-4)

where e is the elementary charge, μe and μh are the mobility of electrons and holes respectively,
and Δn and Δp are the changes in number of free electrons and holes, respectively. Due to the likely
presence of traps [22], [36], the change in number of free electrons and holes is not necessarily
equal. However, traps could also be thought of as a change in the mobility of generated
photocarriers, so we can write Equation 2-4 only in terms of the change in number of free holes
(holes were chosen since lead chalcogenides are usually p-type when used as photoconductors [34],
[37]–[39], though it is trivial to swap around electrons and holes in this analysis):
Δ𝜎 = 𝑒(𝜇𝑒′ + 𝜇ℎ )Δ𝑝

(2-5)

where 𝜇𝑒′ = 𝜇𝑒 (Δ𝑛/Δ𝑝) can be called the effective electron mobility. Using 𝜎0 = 𝑒𝜇ℎ 𝑝0, since we
can ignore the contribution to the conductivity from electrons for p-type materials, we can define
the change in voltage as follows:

Δ𝑉 = 𝐼 [−

(𝜇𝑒′ + 𝜇ℎ )Δ𝑝 𝑙
]
𝑤𝑡
𝑒𝜇ℎ2 𝑝02

(2-6)

To find Δp, we use a steady state assumption where the rate of holes generated by incident photons
is exactly balanced by the rate of holes recombining with electrons. This is represented by the
following equation:
𝜆
Δ𝑝
𝜂 ℎ𝑐 =
𝑤𝑙𝑡
𝜏
𝑃

(2-7)

where η is the quantum efficiency (fraction of incident photons that generate electron-hole pairs),
λ is the wavelength of the incident photon, h is Planck’s constant, c is the speed of light (so Pλ/hc
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is the number of photons arriving in the incident light per unit time), and τ is the lifetime of a
photogenerated carrier. wlt is the volume of the detector, since we need the number of incident
photons per volume that can generate carriers. Solving for Δp, plugging back into Equation 2-6,
and cancelling out one of the mobility terms in Equation 2-6, we end up with:

Δ𝑉 = 𝐼 [−

(1 + 𝑏)𝜂𝜏𝜆𝑃 𝑙
𝐼(1 + 𝑏)𝜂𝜏𝜆𝑃
]
=
−
ℎ𝑐𝑒𝜇ℎ 𝑝02 𝑤𝑙𝑡 𝑤𝑡
ℎ𝑐𝑒𝜇ℎ 𝑝02 𝑤 2 𝑡 2

(2-8)

where b is the ratio of the effective electron mobility to the hole mobility (𝜇𝑒′ /𝜇ℎ ). Combining
Equation 2-8 with Equation 2-1 gives:

ℛ𝐼 =

𝐼(1 + 𝑏)𝜂𝜏𝜆
𝐼𝜆 (1 + 𝑏)𝜂𝜏 1
2 2 2 = ℎ𝑐𝑒
ℎ𝑐𝑒𝜇ℎ 𝑝0 𝑤 𝑡
𝜇ℎ 𝑝02 𝑤 2 𝑡 2

(2-9)

where the second version of Equation 2-9 separates out all the factors that are constants or
externally controlled, materials properties, and device design parameters. From Equation 2-9, it is
easy to see that for a current biased sample, higher responsivity is achieved if the material has
lower hole concentration and mobility and a longer carrier lifetime. Smaller device cross sectional
areas will also give larger responsivity.
If a constant voltage bias is used instead, using the same method for the derivation, the responsivity
of the detector is:

ℛ𝑉 =

𝑉𝑒(1 + 𝑏)𝜇ℎ 𝜂𝜏𝜆 𝑉𝑒𝜆
1
(1
=
+
𝑏)𝜇
𝜂𝜏
ℎ
ℎ𝑐𝑙 2
ℎ𝑐
𝑙2

(2-10)

where V is the applied bias voltage and the responsivity will have units of A/W. This gives a very
different result, where hole concentration does not matter at all, but hole mobility should be as
high as possible. The distance between contacts should also be as small as possible.
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It is actually very easy to convert between these two responsivity regimes. If you divide Equation
2-9 by Equation 2-10, you get:
ℛ𝐼
𝐼
1
𝑙2
𝐼 2
=
=
𝑅
2
2
ℛ𝑉 𝑉 𝑒 2 𝜇ℎ 𝑝0 w 2 𝑡 2 𝑉

(2-11)

This conversion makes sense because if you normalize both biases to produce the same current
and voltage drop (so where 𝑉 = 𝐼𝑅), then the resistance of the detector should convert between
the changes in the current and voltage signals for the different responsivities.
The fact that you get different dependencies based on the type of bias used brings up the question:
is there a more universal measure of performance that is not dependent on the type of bias applied?
Considering that the end of goal of these detectors is to use them in portable systems where the
limiting factor is often the total energy available to power the system, it could make sense to
normalize the performance to a constant power draw. This helps balance out the fact that under a
constant current bias, the best performing detectors are those with low carrier concentration and
mobility and therefore higher resistance and voltage required to drive the current; while under a
constant voltage bias, the best performing detectors are those with higher mobility and therefore
more current under the same voltage. Again, using the same method for the derivation, the
responsivity of the detector normalized to a constant bias power is:

ℛ𝑃 =

√𝑃𝑏𝑖𝑎𝑠 (1 + 𝑏)𝜂𝜏𝜆 √𝑃𝑏𝑖𝑎𝑠 𝜆 (1 + 𝑏)𝜂𝜏 1
=
ℎ𝑐𝑝0 𝑤𝑡𝑙
ℎ𝑐
𝑝0
𝑤𝑡𝑙

(2-12)

where Pbias is the power dissipation under the applied bias and the responsivity has units of W1/2

/W. The constant bias power responsivity is the geometric mean between the constant current

and constant voltage responsivities. Now, to increase responsivity, the carrier concentration should
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be as low as possible, but the mobility does not matter at all. Also, the volume of the detector
should be made as small as possible.

2.1.2. Noise
There are 3 primary sources of noise in photoconductors: 1/f noise, Generation-recombination (GR) noise, and Johnson noise [40]. These noise sources add in quadrature, so
2
2
2
𝑣𝑛𝑜𝑖𝑠𝑒
= 𝑣12⁄𝑓 + 𝑣𝐺𝑅
+ 𝑣𝐽𝑜ℎ𝑛𝑠𝑜𝑛

(2-13)

where v is a noise voltage if we are using a constant current bias. 1/f noise is generally proportional
to 𝑓 −1/2 [40] and can be represented by the following equation

𝑣1 = 𝑘
𝑓

𝐼
√𝑓

(2-14)

where k is a constant and f is the chopping frequency. This means it can be limited just by
increasing the frequency of the chopping used. Since the chopping frequency is independent of
everything else about the photoconductor (assuming the detector response time can keep up with
higher chopping frequencies), it will be ignored in this analysis. However, at relatively low
chopping frequencies and high biases, it could be the dominant noise source [41].
Generation-recombination noise is the noise due to the generation and recombination of carriers
not from the incident optical signal [40]. Sources of G-R noise are any background IR radiation
and the thermal generation of carriers due to the fact that the bandgap for these mid-IR materials
is small enough (~0.4 eV) to approach the thermal energy (~0.026 eV at room temperature). For a
constant current bias, the G-R noise can be defined as:
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𝑣𝐺𝑅 =

2𝑒𝐺𝑅√(𝜂Φback 𝑤𝑙 + 𝑔𝑡ℎ𝑒𝑟𝑚 𝑤𝑙𝑡)Δ𝑓
√1 + (2𝜋𝑓𝜏)2

(2-15)

where G is the photoconductive gain, Φback is the background IR photon flux, gtherm is the thermal
generation rate of carriers per unit volume, and Δf is the bandwidth. The denominator in Equation
2-15 is only important at very high frequencies approaching the frequency where the response of
the detector cannot keep up, so it will be ignored in the rest of this analysis. The photoconductive
gain can be defined as:

𝐺=

𝜏
𝜏𝑡𝑟𝑎𝑛𝑠𝑖𝑡

=

𝜏
𝑙2
(
)
(1 + 𝑏)𝜇ℎ 𝐼𝑅

(2-16)

where τtransit is the time it takes for a carrier to move from one contact to the other (transit time),
which can be determined using the mobility, electric field between the contacts (IR/l), and the
distance between the contacts. To see where this gain comes from, consider a newly created
electron-hole pair. If the hole reaches a contact before recombining, in order to maintain
electroneutrality in the detector, the external circuit must inject an extra hole at the opposite contact,
which can again transit the detector before recombining, forcing another hole injection. The
number of extra carriers injected is the number of transit times before the carriers recombine.
Combining Equation 2-15 and Equation 2-16 and ignoring the denominator, we get:

𝑣𝐺𝑅

2𝑒(1 + 𝑏)𝜇ℎ 𝐼𝑅 2 𝜏√(𝜂Φback 𝑤𝑙 + 𝑔𝑡ℎ𝑒𝑟𝑚 𝑤𝑙𝑡)Δ𝑓
=
𝑙2

(2-17)

By breaking resistance down into resistivity and geometric factors, we can write:

𝑣𝐺𝑅 =

2𝐼√Δ𝑓 (1 + 𝑏)𝜏 √𝑤𝑙
√𝜂Φ𝑏𝑎𝑐𝑘 + 𝑔𝑡ℎ𝑒𝑟𝑚 𝑡
𝑒
𝜇ℎ 𝑝02 𝑤 2 𝑡 2
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(2-18)

G-R noise increases with decreasing hole concentration, mobility, and device cross sectional area.
This means that for a current biased sample, if the device is optimized for high responsivity, the
G-R noise will also increase.
Johnson noise is caused by the thermal motion of charge carriers causing fluctuations in the current
in the detector [40]. For a constant current bias, Johnson noise can be defined as:

𝑣𝐽𝑜ℎ𝑛𝑠𝑜𝑛 = √4𝑘𝑇Δ𝑓𝑅 = √

4𝑘𝑇Δ𝑓 1 𝑙
𝑒 𝜇ℎ 𝑝0 𝑤𝑡

(2-19)

where k is the Boltzmann constant and T is the temperature of the detector. Johnson noise increases
with decreasing hole concentration, mobility, and device cross sectional area. This means that for
a current biased sample, if the device is optimized for high responsivity, the Johnson noise will
also increase.
The same analysis for a constant voltage biased sample yields:

𝑖𝐺𝑅 = 2𝑉𝑒√Δ𝑓(1 + 𝑏)𝜏𝜇ℎ

𝑖𝐽𝑜ℎ𝑛𝑠𝑜𝑛 = √

√𝑤
√𝜂Φ𝑏𝑎𝑐𝑘 + 𝑔𝑡ℎ𝑒𝑟𝑚 𝑡
𝑙 3/2

4𝑘𝑇Δ𝑓
𝑤𝑡
= √4𝑘𝑇Δ𝑓𝑒𝜇ℎ 𝑝0
𝑅
𝑙

(2-20)

(2-21)

And for a device normalized to a constant bias power:

𝑝𝐺𝑅 = 2√𝑃𝑏𝑖𝑎𝑠 Δ𝑓

(1 + 𝑏)𝜏 1
√𝜂Φ𝑏𝑎𝑐𝑘 + 𝑔𝑡ℎ𝑒𝑟𝑚 𝑡
𝑝0
𝑡√𝑤𝑙

𝑝𝐽𝑜ℎ𝑛𝑠𝑜𝑛 = √4𝑘𝑇Δ𝑓
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(2-22)

(2-23)

Interestingly, the Johnson noise for a constant bias power device no longer depends on any
materials properties and is only a function of the temperature.
Normally, at low temperatures and in a good setup well shielded from background irradiation, GR noise is negligible compared to Johnson noise, so the detector will be Johnson noise limited at
high frequencies [8], [41]. However, the integrated detector will be operating at room temperature,
so thermal generation of carriers could be significant, so G-R noise cannot be eliminated.

2.1.3. Signal-to-Noise Ratio and Detectivity
When designing a detector, the most important aspect is not just that it gives a strong response to
a given input signal, but that the response is also significantly above the noise level so that the
response is clear and visible. There are two important and related metrics for this: signal-to-noise
ratio (SNR) and detectivity (D*).
The signal-to-noise ratio is simply the response of the detector (the signal) divided by the noise. A
high signal to noise ratio gives a high confidence that the signal observed is a real signal due to
the incident IR irradiation signal and not a noise process. The signal to noise ratio for a constant
current biased detector in the generation-recombination noise limited case is given by:

𝑆𝑁𝑅𝐼,𝐺𝑅 =

𝑃𝜆

𝜂

1

1

2ℎ𝑐√Δ𝑓 √𝑤𝑙 √𝜂Φ𝑏𝑎𝑐𝑘 + 𝑔𝑡ℎ𝑒𝑟𝑚 𝑡

(2-24)

The SNR is completely independent of the electrical properties of the material. Instead, it is
increased by using a smaller active area, which suits integrated detectors very well, since they can
be very small due to the small size of the waveguide. The thermal generation term can also be
reduced by using a thinner detector.
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The SNR in the Johnson noise limited case is given by:

𝑆𝑁𝑅𝐼,𝐽𝑜ℎ𝑛𝑠𝑜𝑛 =

𝐼𝑃𝜆

(1 + 𝑏)𝜂𝜏

2ℎ𝑐√𝑒𝑘𝑇Δ𝑓 √𝜇ℎ 𝑝03

√

1
𝑤 3𝑡3𝑙

(2-25)

The SNR is increased by decreasing hole concentration and mobility, increasing carrier lifetime,
and decreasing detector volume. All of these things are the same factors that would increase
responsivity too. The Johnson noise limited SNR increases with increasing bias current since
Johnson noise does not increase with increasing current bias.
Performing the same analysis again for a constant voltage bias yields:

𝑆𝑁𝑅𝑉,𝐺𝑅 =

𝑃𝜆

𝜂

1

1

2ℎ𝑐√Δ𝑓 √𝑤𝑙 √𝜂Φ𝑏𝑎𝑐𝑘 + 𝑔𝑡ℎ𝑒𝑟𝑚 𝑡

𝑆𝑁𝑅𝑉,𝐽𝑜ℎ𝑛𝑠𝑜𝑛 =

𝑉𝑃𝜆√𝑒

(1 + 𝑏)𝜂𝜏√𝜇ℎ

2ℎ𝑐√𝑘𝑇Δ𝑓

√𝑝0

√

1
𝑤𝑡𝑙 3

(2-26)

(2-27)

The G-R noise limited SNR is the same as for a constant current bias, which makes sense since GR noise is independent of material properties. For a Johnson noise limited device, a lower carrier
concentration but higher mobility, combined with a smaller detector volume, increases SNR.
The analysis for a device normalized to a constant bias power yields:

𝑆𝑁𝑅𝑃,𝐺𝑅 =

𝑃𝜆

𝜂

1

1

2ℎ𝑐√Δ𝑓 √𝑤𝑙 √𝜂Φ𝑏𝑎𝑐𝑘 + 𝑔𝑡ℎ𝑒𝑟𝑚 𝑡

𝑆𝑁𝑅𝑃,𝐽𝑜ℎ𝑛𝑠𝑜𝑛 =

𝑃𝜆√𝑃𝑏𝑖𝑎𝑠 (1 + 𝑏)𝜂𝜏 1
𝑝0
𝑤𝑡𝑙
2ℎ𝑐√𝑘𝑇Δ𝑓
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(2-28)

(2-29)

Again, the G-R noise limited SNR is the same. The Johnson noise limited SNR, however, is now
increased with a lower carrier concentration and smaller carrier volume. The dependencies are the
same as for the responsivity because the Johnson noise is not dependent on any material parameters.
The detectivity can be defined as the signal to noise ratio if the detector was illuminated by 1 Watt
of radiant power over a 1 cm2 active area with a noise bandwidth of 1 Hz, as shown in the following
equation:

𝐷∗ =

𝑆𝑁𝑅√𝑤𝑙Δ𝑓 ℛ√𝑤𝑙Δ𝑓
=
𝑃
𝑣𝑛𝑜𝑖𝑠𝑒

(2-30)

This normalizes for different geometries, radiant powers, and signal read-out systems, so it allows
better comparisons across detectors. However, due to the normalization of active area, it only
applies to detectors where the light is incident normal to the detector plane, so it applies to free
space detectors but not integrated ones. We can calculate the detectivity in both the G-R noise
dominated and Johnson noise limited cases for a constant current bias.

∗
𝐷𝐼,𝐺𝑅
=

𝜆
1
𝜂
2ℎ𝑐 √𝜂Φ𝑏𝑎𝑐𝑘 + 𝑔𝑡ℎ𝑒𝑟𝑚 𝑡

∗
𝐷𝐼,𝐽𝑜ℎ𝑛𝑠𝑜𝑛
=

𝐼𝜆

(1 + 𝑏)𝜂𝜏

2ℎ𝑐√𝑒𝑘𝑇 √𝜇ℎ 𝑝03

1
𝑤𝑡 3⁄2

(2-31)

(2-32)

For the G-R noise limited case, detectivity is no longer affected by the active area of the device,
but for the Johnson noise limited case, lower carrier concentration and mobility, higher carrier
lifetime, and smaller cross sectional area all increase detectivity.
For a constant voltage bias, the detectivity equations are:
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𝐷𝑉,𝐺𝑅
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𝜆
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𝜂
2ℎ𝑐 √𝜂Φ𝑏𝑎𝑐𝑘 + 𝑔𝑡ℎ𝑒𝑟𝑚 𝑡

∗
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2ℎ𝑐√𝑘𝑇

√𝑝0

𝑙 √𝑡

(2-33)

(2-34)

Here, for the Johnson noise limited case, a lower carrier concentration, higher mobility, higher
carrier lifetime, smaller film thickness, and smaller distance between contacts all increase
detectivity.
For a device normalized to a constant bias power, the detectivity equations are:
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∗
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𝜆√𝑃𝑏𝑖𝑎𝑠 (1 + 𝑏)𝜂𝜏 1
𝑝0
2ℎ𝑐√𝑘𝑇
𝑡√𝑤𝑙

(2-35)

(2-36)

When normalized to a constant bias power, the Johnson noise limited detectivity increases with a
lower carrier concentration, higher carrier lifetime, and smaller detector volume.
In summary, for photoconductive detectors, smaller devices with lower hole concentrations and
longer carrier lifetimes make the best detectors. Decreasing the temperature of the device also
increases performance in both the G-R (due to reduced thermal generation of carriers) and Johnson
noise (due to lower temperature) dominated cases. However, integrated detectors can be made very
small due to the concentration of the optical mode in waveguides, so even at ambient temperature,
there is reason to believe that at least the same performance can be achieved if the material
properties can be optimized.
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2.2. The Importance of Oxygen Sensitization to Lead Chalcogenides
The deposition and processing of lead chalcogenide photoconductor thin films plays a huge role
in the resulting material properties and therefore final performance of the detector. However, while
PbS and PbSe detectors are produced commercially in film form using a chemical deposition
technique, there are no commercially available detectors produced using evaporation methods that
are required for easy patterning and integration on chip. This section will explore the current
understanding of lead chalcogenide deposition and processing using the evaporation methods.
Lead chalcogenide photoconductor thin films are usually produced using two steps: evaporation
of an approximately stoichiometric source onto a target substrate followed by an oxygen
sensitization step, which is necessary to produce good photoconductivity [17], [22]. When the lead
chalcogenides are first evaporated, they are sometimes n-type semiconductors [34], [39] due to
chalcogenide vacancies present in the film (which can be considered an excess of Pb) [42]–[44],
and sometimes p-type films [37], [41], [45], [46]. Because, as we will see below, oxygen acts as
an acceptor type dopant in addition to sensitizing the film, the majority carrier type in the film
immediately after the deposition can have important implications for the final sensitized film. If
the film is initially deposited as n-type, then adding oxygen will decrease the number of charge
carriers, allowing the film to have a low hole concentration while still maintaining the benefit of
oxygen sensitization. If the film is initially deposited as p-type, then adding oxygen will increase
the hole concentration.
There are several possibilities for how oxygen sensitizes lead chalcogenide thin films. The first is
that oxygen is a p-type impurity and reduces the carrier concentration present in the normally ntype films that are produced during the initial deposition of the lead chalcogenides, called the
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intrinsic carrier model by Cashman [22] and Humphrey and Petritz [36]. Oxygen sensitization of
lead chalcogenide thin films does make the films more p-type, with the n-type films changing to
p-type films with enough oxygen [37]–[39]. However, Humphrey and Scanlon also tried doping
PbSe films with Se, S, and several halogens, all of which act as p-type dopants in PbSe films and
caused the exact same conversion from n-type to p-type [37]. However, none of these dopants
produced a room temperature photoresponse above the noise level like oxygen did, suggesting that
oxygen plays an additional role beyond just reducing the carrier concentration.
Another possibility is that, following the barrier modulation model of photoconductivity, oxygen
diffuses along the grain boundaries present in the polycrystalline films and makes these grain
boundary areas heavily p-type [47]. This creates a film with n-type crystallite cores surrounded by
p-type grain boundary barriers, which decrease upon illumination [33]. This is supported by the
fact that oxygen does require grain boundaries or other similar defects to sensitize a film using a
typical sensitization step [48], and that barriers probably do exist in the film because of oxygen
incorporation [33], [35], [49]. However, barrier modulation is not the main driving factor behind
sensitization. Yasuoka and Wada found that the photocurrent in their PbSe films have the same
activation energy regardless of the intensity of the illumination [35]. If barrier modulation was the
primary cause of photoconductivity, the barriers would be reduced by different amounts under
different intensities, resulting in different activation energies for the photocurrent. Levy performed
Hall effect measurements on PbTe films in the dark and under illumination, and found that the
mobility changed by at most a factor of 2 while the conductivity could change by a factor of 25
[50]. This indicates that a carrier concentration change plays a larger role than a mobility change.
Therefore, oxygen creating p-type barriers between n-type grains is not its primary effect.
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Another possibility is that oxygen creates minority carrier traps that then promote the lifetime of
the majority carrier, called the majority carrier model by Cashman [22] and Humphrey and Petritz
[36]. Humphrey and Scanlon, in their testing of PbSe films doped with oxygen compared to Se, S,
and halogens, discovered that oxygen and sulfur sensitized films had an additional time constant
of 5 ms at -195°C that was not present in any of the other films [37]. Both of these films also
showed photoconductivity at that same -195°C temperature. At room temperature, oxygen alone
has an additional time constant of 1 μs that none of the other films have [36]. These were attributed
to the fact that oxygen introduces minority carrier traps with those corresponding trapping times
at those temperatures [36]. Harada and Minden also observed that the time constant for PbS films
increases with increasing oxygen exposure [51], also suggesting that oxygen traps carriers.
The exact nature of the oxygen-related traps is not perfectly clear. Yasuoka et al. showed that
oxygen sensitization at moderate temperatures of 200°C sensitized PbSe films the most, even
though sensitization at all temperatures tested, from liquid air to 300°C, caused a conversion from
n-type to p-type [38]. This suggested that it is the oxygen that diffuses into the bulk of the film,
not just oxygen chemisorbed on the surface, that causes the sensitization. Humphrey and Scanlon
found that an oxygen sensitized film that is vacuum-baked to appear electrically identical to before
sensitization can be resensitized using halogen doping, which we know does not produce the
necessary traps [37]. Therefore, this also supports the idea that oxygen diffused into the bulk,
which cannot be removed by vacuum-baking, is the sensitization agent. Humphrey and Petritz
posit PbO2+ as the trapping center [36], which becomes PbO+ when it traps an electron. The
positive charge would repel holes and allow the trapped electron to escape before recombining in
the trap. This is supported by Wang et al.’s discovery that oxygen in PbTe films preferentially
binds to Pb over Te [52].
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2.3. Ternary Lead Chalcogenide Alloys for Mid-Infrared Detectors
The work in this section was published in the Journal of Electronic Materials. The following is the
paper [53], slightly modified to fit better within this thesis.

2.3.1. Introduction
The binary lead chalcogenides (PbS, PbSe, PbTe) are among the first discovered practical infrared
detector materials [16]. They are also generally miscible with each other, with the PbSe1-xSx system
being completely miscible at equilibrium at all temperatures and the PbSe1-xTex system only
showing a miscibility gap in equilibrium starting at around 300°C [54], [55]. Since all three binary
lead chalcogenides are direct band gap semiconductors with the same crystal structure [56], the
ternary alloys formed by mixing any two of the binaries promise a way to tune the band gap across
the mid-infrared spectrum. This would potentially create detectors with reduced noise, and
therefore higher detectivity (D*), compared to PbSe, the smallest bandgap lead chalcogenide, due
to reduced thermal generation of carriers caused by the larger band gap, while still allowing the
detector to work at the wavelengths needed for a particular application.
Previous work on the PbSe1-xSx and PbSe1-xTex systems have deposited the materials in thin film
form using solution growth [57], [58], spray deposition [59], physical vapor deposition [60]–[63],
and molecular beam and liquid phase epitaxy [64], [65]. Physical vapor deposition (PVD) is the
only technique by which these materials have been deposited where any substrate can be used
(unlike epitaxial techniques) and that is compatible with the full range of standard lithographic
techniques such as liftoff (unlike solution-based techniques), enabling PVD deposited films to be
patterned at very small length scales for numerous applications, including integrated photonic
circuits operating in the infrared wavelength region.
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2.3.2. Experimental Procedures
In this work, we deposited PbSe1-xSx and PbSe1-xTex ternary alloys using PVD on single crystal
(111) BaF2 substrates. The deposition was performed at a base pressure of 2 x 10-7 Torr. All thin
films were evaporated from single sources created by alloying the bulk binary compounds. The
source temperature was 420°C - 450°C, resulting in a pressure during deposition of about 5 x 10-6
Torr, substrate temperature of about 200°C induced by thermal radiation from the source, and a
deposition rate of about 10 nm/min. Film composition was measured using Wavelength-Dispersive
X-Ray Spectroscopy (WDS). Majority carrier type, concentration, and mobility were measured at
room temperature using the van der Pauw technique [66] following the procedure outlined by
NIST [67], with each sample measured three times to reduce the effects of random noise. The
NIST procedure includes several different consistency checks to cancel out offsets in the voltages
measured during each step.
To test the photodetection capabilities of the deposited thin films and measure their band gaps, 300
nm of tin, which was previously used by Wang et al. [52], was deposited on the thin films via a
shadow mask in the pattern shown in Figure 2-1a and b. The area of the detectors is 1 mm x 2 mm
between the tin contacts. I-V measurements were taken on all samples to confirm the ohmic nature
of the contacts, and an example result is shown in Figure 2-1c.
The photoconductor samples were mounted on a thermoelectric cooler placed inside a vacuum
chamber to allow the samples to be cooled to -40°C during testing without condensation. The
vacuum chamber included a CaF2 window to let infrared light reach the sample. Broadband light
from a 140 W glowbar was modulated at 100 Hz with a chopper and coupled into a grating
monochromator (Model 77700 MS257 1/4 m Monochromator, Newport). An aluminum mirror
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Figure 2-1: (a) Side view and (b) top view schematics of the structure of the photoconductors made
from the lead chalcogenide thin films. The detector contacts are made of tin, and the detector area
is 1 mm by 2 mm. (c) Example I-V curve showing ohmic behavior of tin contacts.
then focused the light leaving the monochromator onto either the sample or a broadband
pyroelectric reference detector with a known response, which measured the optical power incident
on the sample. All samples were biased using a constant current from a Keithley 6220 current
source, and the photovoltage due to the chopped light was amplified by a lock-in amplifier with
an effective noise bandwidth of 0.2 Hz.
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2.3.3. Results and Discussion
Film Characterization
Table 2-1 shows the compositions of the deposited thin films measured using Wavelength
Dispersive X-ray Spectroscopy (WDS). The films are named after their compositions, with PSS#
being a PbSe1-xSx alloy with # at% PbS and PST# being a PbSe1-xTex alloy with # at% PbTe. Both
ternary alloys show significant compositional tunability.
Table 2-1: Compositions, electrical, and optical properties of the PbSe1-xSx and PbSe1-xTex ternary
alloys films deposited using PVD on uncooled BaF2 substrates. The D* is the Johnson-noiselimited D*.
Film
Composition
Sample (measured
Name
via WDS)
PSS23
PbSe0.77S0.23
PSS42
PbSe0.58S0.42
PST12 PbSe0.88Te0.12
PST39 PbSe0.61Te0.39

Carrier
Type
N
N
P
P

Carrier
Concentration
(cm-3)
2.36 x 1019
3.06 x 1018
8.56 x 1018
8.29 x 1016

Carrier
Mobility
(cm2/V/s)
0.22
4.03
1.82
58.6

Peak D* @
-40°C & 1 mA
(cm√Hz/W)
1.43 x 107
7.34 x 107
1.34 x 108
7.09 x 108

Band Gap
@ -40°C
(eV)
0.266
0.297
0.267
0.278

The detectivity spectra of the samples, assuming Johnson-noise-limited behavior, are shown in
Figure 2-2, normalized to 1 to more clearly show the differences in band gap of the samples. All
films showed a photovoltage signal at least an order of magnitude above their noise level.
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Figure 2-2: Johnson-noise-limited detectivity as a function of wavelength of the PbSe1-xSx and
PbSe1-xTex thin films taken at -40°C, normalized to 1. All samples showed a photoresponse more
than an order of magnitude above noise levels.
The samples also showed significant differences in peak Johnson-noise-limited detectivities at 1
mA of bias current, as shown in Table 2-1. To get a better insight into the causes of these
differences, the majority carrier types, concentrations, and mobilities were measured and the
results are shown in Table 2-1. As expected for a photoconductor under constant current bias, the
detectivity generally increases as the carrier concentration decreases [41]. Additional studies are
ongoing to determine why these films showed such different carrier concentrations and
detectivities.

Bandgap Determination
The spectral detectivities of the films were used to determine the band gaps of the films, using the
relationship:
𝛼 ∝ 𝐷∗ ∙ 𝐸𝑝ℎ |near 𝐸

𝑔
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(2-37)

where α is the absorption coefficient, D* is the detectivity of the film, Eph is the energy of the
photon at a given wavelength, and Eg is the band gap energy. This can be derived from the
following two relationships:

𝛼 ∝ − ln (1 −

𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
)≈
|
𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑛𝑒𝑎𝑟 𝐸

(2-38)

𝑔

𝐷∗ ∝

𝑝ℎ𝑜𝑡𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝜂
=
∙
𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 ∙ 𝐸𝑝ℎ
𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝐸𝑝ℎ

(2-39)

where η is the quantum efficiency, photonsincident is the number of impinging photons on the film,
photonsabsorbed is the number of absorbed photons, and photoelectrons is the number of
photogenerated electrons. Equation 2-38 shows that the absorption coefficient near the band gap
is proportional to the fraction of photons absorbed, and Equation 2-39 shows that the fraction of
photons absorbed is directly proportional to the detectivity of the film multiplied by the photon
energy, assuming a constant quantum efficiency versus photon energy. All the lead chalcogenides
are direct band gap materials, so the absorption coefficient squared is directly proportional to the
photon energy minus the band gap at photon energies slightly above the band gap. Therefore,
plotting the square of the detectivity multiplied by the photon energy as a function of the photon
energy, we can use a linear fitting to extrapolate the band gap, as shown in the example in Figure
2-3a. The band gaps measured in this manner are listed in Table 2-1 and plotted in Figure 2-3b and
c. The band gaps of the binary end members (PbS, PbSe, and PbTe) at -40°C were calculated from
room temperature band gaps and band gap temperature coefficients found in Madelung [56].
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Figure 2-3: (a) Result of a band gap measurement, taken on sample PSS42, showing the linear
relationship between the absorption squared and photon energy near the band gap. The
extrapolated band gap value is 0.297 eV. (b) and (c) Band gaps measured at -40°C plotted against
composition for both the (b) PbSe1-xSx and (c) PbSe1-xTex materials systems deposited in this work,
compared to previous measurements done on thin films by Kumar et al. [68] and Hallbauer et al.
[69] at room temperature. The band gaps of the binary end members (PbS, PbSe, and PbTe) at 40°C were calculated from values found in Madelung [56]. The PbSe1-xTex system shows a best fit
49

bowing parameter of -0.096 eV at -40°C. (d) Band gap temperature coefficient versus composition
from comparing Hallbauer et al. and our work.
The PbSe1-xSx system shows a linear relationship between composition and band gap, which
closely matches expectations from Vegard’s law and the trend found from Fourier Transform
Infra-Red (FTIR) measurements at room temperature by Kumar et al. [68] on PbSe1-xSx thin films.
The PbSe1-xTex system, however, shows very strong bowing, with a best fit bowing parameter of
-0.096 eV, as defined by the following equation:
𝐸𝑔 = 𝑥𝐸𝑃𝑏𝑇𝑒 + (1 − 𝑥)𝐸𝑃𝑏𝑆𝑒 − 𝑏𝑥(1 − 𝑥)

(2-40)

where Eg is the band gap of the ternary, EPbTe and EPbSe are the band gaps of the binary end members,
x is the composition of the ternary as defined by PbSe1-xTex, and b is the bowing parameter. This
behavior matches the trend found from FTIR measurements at room temperature by Hallbauer et
al. [69] on PbSe1-xTex thin films and by Yamini et al. [70] on PbSe1-xTex powders, but the bowing
parameter we find at -40°C is larger in magnitude than the ones at room temperature measured by
Hallbauer et al. (~ -0.059 eV) and Yamini et al. (~ -0.053 eV), suggesting that the bowing
parameter decreases as the temperature decreases. This hypothesis is further confirmed by data
from Preier [71] at 77 K (-196°C), which show a bowing parameter of ~ -0.147 eV (using the fact
that lattice parameter for PbSe1-xTex varies linearly with composition [69], [70]). All three sets of
measurements show that the low atomic fraction PbTe compositions, where most of the band gap
tunability occurs, are significantly more important for tunable detectors using the PbSe1-xTex
system. Comparison between our experimental results at -40°C and other experimental results
taken at room temperature also clearly shows a positive band gap temperature coefficient, similar
to the binary lead chalcogenides [56]. Figure 2-3d shows the band gap temperature coefficient
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versus composition calculated by comparing the measurements from Hallbauer et al. and our work.
The band gap temperature coefficient also shows significant bowing, which is implied by the
changing bowing parameter of the band gap with temperature.

2.3.4. Conclusions
In conclusion, we have demonstrated viable infrared detectors made with different alloys of the
PbSe1-xSx and PbSe1-xTex material systems deposited using PVD. The thin films showed a
photoresponse signal at -40°C more than an order of magnitude higher than their noise level. The
detectivity generally increases as the carrier concentration decreases. The band gaps can also be
tuned by changing the composition, with the PbSe1-xSx system showing a behavior matching
Vegard’s law and the PbSe1-xTex system having a bowing parameter of -0.096 eV at -40°C.
Comparison to measurement results from the literature taken at room temperature suggest that the
bowing parameter decreases with decreasing temperature, resulting in bowing in the band gap
temperature coefficient with respect to composition. The successful fabrication of working
photodetectors with tunable band gaps indicates that ternary lead chalcogenide alloys deposited
via PVD are promising materials for tunable infrared detector applications.

2.4. Impacts of Oxygen Sensitization Methods on the Deposition and
Microstructure of Ternary Lead Chalcogenide Alloys
2.4.1. Introduction
Binary lead chalcogenides like PbTe and PbSe have been demonstrated as suitable materials for
room temperature infrared detectors [72], [73]. Both PbTe and PbSe have cubic crystal structures
with lattice constants of 6.454 Å and 6.121 Å, respectively [74]. The ternary alloy of PbSe1-xTex
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has been shown to follow Vegard’s law by mixing PbTe and PbSe [61], and these ternary alloys
were recently demonstrated to have photoconducting properties with a tunable band gap [53].
Oxygen annealing and sensitization of PbTe and PbSe materials is important to achieving desirable
mid-infrared photodetecting properties. Annealing PbSe films in oxygen can achieve surface
passivation due to the formation of oxides of Pb and Se [75]. PbTe has been shown to change the
majority carrier type upon oxygen annealing [76], and that change has been attributed to the
formation of acceptor states at grain boundaries upon oxygen annealing [77].
In this work we study PbSe0.6Te0.4 and PbSe0.8Te0.2 deposited on BaF2 substrates using physical
vapor deposition (PVD). We introduce oxygen using two different methods: 1) by annealing in an
oxygen atmosphere, and 2) by adding oxygen in the bulk alloy source material. We study the effect
of element substitution and oxygen on structural properties, electrical properties, and surface
morphology. All the different experimental conditions are outlined in Table 2-2. The oxygen
annealed samples were deposited at the same time as their corresponding unannealed counterparts.
Table 2-2: Sample names, target compositions, and post-deposition treatment for all 8 samples in
this work.

Sample Name

Target Composition

Post-Deposition Treatment

PST40

PbSe0.6Te0.4

None

PST40-anneal

PbSe0.6Te0.4

Oxygen anneal

PST40:O

PbSe0.55Te0.4O0.05

None

PST40:O-anneal

PbSe0.55Te0.4O0.05

Oxygen anneal

PST20

PbSe0.8Te0.2

None

PST20-anneal

PbSe0.8Te0.2

Oxygen anneal

PST20:O

PbSe0.75Te0.2O0.05

None

PST20:O-anneal

PbSe0.75Te0.2O0.05

Oxygen anneal
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2.4.2. Experimental Procedures
Bulk source alloys for the materials were prepared by melting together PbTe, PbSe, and PbO
powders in the appropriate proportions in a sealed and evacuated quartz ampoule. The resulting
alloys were then deposited on single crystalline (111) BaF2 substrates using PVD. BaF2 has a lattice
parameter (6.200 Å [78]) that is fairly close to the expected lattice parameter of PbSe0.8Te0.2 (6.188
Å), allowing us to also study the effect of a close lattice match on the film growth. The deposition
was performed at a base pressure of 2 × 10-7 Torr with a source temperature of 420°C - 450°C,
resulting in a pressure during deposition of about 5 × 10-6 Torr, a substrate temperature of about
200°C induced by thermal radiation from the source, and a deposition rate of about 10 nm/min.
The post-deposition anneal was carried out in an oxygen atmosphere at 200°C for 2 hours.
The elemental compositions of deposited thin films were determined using Wavelength Dispersive
Spectroscopy (WDS). Pb, Se, and Te concentrations were measured, with WDS being performed
only for as-deposited samples and not for oxygen-annealed samples because of the difficulty in
measuring trace amounts of oxygen using the WDS technique.
The majority carrier type and concentration within the thin films were measured at room
temperature using the van der Pauw technique [66] following the procedure outlined by NIST [67],
with each sample measured three times to reduce the effects of random noise. The NIST procedure
includes several different consistency checks to cancel out offsets in the voltages measured during
each step. To make the necessary contacts, tin was evaporated onto the corners of the samples.
To characterize the phases and study the texture present in the alloy, we performed θ-2θ powder
diffraction scans using Bruker’s D8 diffractometer with a 2D-GADDS detector and Co Kα as the
x-ray source. 2D images were taken at 30°, 45°, 60°, and 75° 2θ and stitched together to form a
53

single 2D XRD detector image. BaF2, due to close lattice matching with the thin film, shows up as
a strong spot on the 2D XRD detector images. Therefore, these spots were masked and the
remainders of the 2D XRD data were integrated to get linear XRD plots. These linear XRD plots
were then analyzed for different phases and used for the calculation of lattice parameters.
Scanning Electron Microscope (SEM) images were taken using a 3 kV electron beam on samples
that were broken in half to be able to acquire both top and cross section images.

2.4.3. Results and Discussion
Figure 2-4 shows the 2D XRD detector images for the samples. The strong spots observed in the
images along the (111) and (222) Debye rings correspond to the single-crystalline BaF2 substrates,
so these are the areas that are masked when converting to linear XRD plots. The PST20 and PST20anneal samples also show intensity variations along the (200) and (400) Debye rings. These
intensity variations are indicative of (200) texture. Similarly, the PST40-related samples all show
(111) texture.
Figure 2-5a shows the XRD pattern obtained from powdered PbSe 0.8Te0.2 used as the source
material for PST20, and Figure 2-5b-e shows the linear XRD plots obtained by integrating the
PST20-related 2D images in Figure 2-4a-d. All four samples have peaks that match all the peaks
from the PST20 source material, though there is some shifting visible, especially for PST20:O and
PST20:O-anneal. The extra peaks present correspond to tin, which was deposited on these samples
as contacts. Therefore, all four thin films are composed of grains from a single phase of PbSe1xTex,

though the peak shift for PST20:O and PST20:O anneal is an indication of a difference in

the composition of the ternary alloy, which will be shown later. All four samples show a (200)
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Figure 2-4: 2D GADDS detector images for XRD scans of (a) PST20, (b) PST20-anneal, (c)
PST20:O, (d) PST20:O-anneal, (e) PST40, (f) PST40-anneal, (g) PST40:O, and (h) PST40:Oanneal. The intense spots along the (111) and (222) rings are from the BaF2 substrate. The PST20
and PST20-anneal samples show a (200) texture, while the PST40-related samples show a (111)
texture.
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preferred orientation, though the preferred orientation is significantly stronger for the samples
without PbO added to the source alloy.

Figure 2-5: Linear XRD patterns for (a) PbSe0.8Te0.2 powder used to deposit PST20, and the thin
film samples (b) PST20, (c) PST20-anneal, (d) PST20:O, and (e) PST20:O-anneal. The extra peaks
in the thin film XRD spectra that do not match the PbSe0.8Te0.2 powder spectrum correspond to tin
deposited on the samples as contacts. All four thin films are composed of a single phase that closely
matches the powder, but they also show a (200) preferred orientation.
Figure 2-6a shows the XRD pattern obtained from powdered PbSe0.6Te0.4 used as the source
material for PST40, and Figure 2-6b-e shows the linear XRD plots obtained by integrating the
PST40-related 2D images in Figure 2-4e-h. All four samples have peaks that match all the peaks
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from the PST40 source material, with the extra peaks corresponding again to tin contacts. All four
samples show strong (111) preferred orientation.

Figure 2-6: Linear XRD patterns for (a) PbSe0.6Te0.4 powder used to deposit PST40, and the thin
film samples (b) PST40, (c) PST40-anneal, (d) PST40:O, and (e) PST40:O-anneal. The extra peaks
in the thin film XRD spectra that do not match the PbSe0.6Te0.4 powder spectrum correspond to tin
deposited on the samples as contacts. All four thin films are composed of a single phase that closely
matches the powder, but they also show a (111) preferred orientation.
All of the lead chalcogenides, including our ternary PbSeTe alloys, have a sodium chloride (NaCl)
type cubic crystal structure (Fm3̅m space group). We can use this crystal structure and apply a
Pawley fit to determine the lattice parameters for our samples, which are shown in Table 2-3. We
can then compare those lattice parameters to the lattice parameters calculated using Vegard’s law
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and the composition of the samples measured using WDS, which are also shown in Table 2-3. The
expected lattice parameters are calculated using just the Se:Te ratio, discounting any effects from
the slight Pb deficiency that is apparent in each sample. The measured lattice parameters and the
expected lattice parameters are closely matched to within 0.01 Å across the four samples with
WDS measurements. These differences are small enough to be within the error of the WDS
measurement and the selection of the lattice parameters used for PbSe and PbTe, showing that the
PbSe1-xTex alloy does follow Vegard’s law, as expected. This indicates that the big difference in
lattice parameter for PST20:O from PST20 was due to a mismatch in the intended and deposited
Se:Te ratio. More work is ongoing to determine whether this mismatch is a fluke or the consistent
behavior of PST20:O depositions. This also indicates that adding PbO to the source material does
not affect the crystal structure of the thin film beyond any potential effects on the relative
concentrations of Pb, Se, and Te deposited.
Table 2-3: Lattice parameters measured from XRD spectra compared to the expected lattice
parameters from Vegard’s law and the composition of the samples measured using WDS.

Sample Name
PST20

Measured
Lattice
Parameter
(Å)
6.199

PST20-anneal

6.196

PST20:O

6.165

PST20:O-anneal

6.164

PST40

6.260

PST40-anneal

6.277

PST40:O

6.265

PST40:O-anneal

6.271

Composition
(from WDS)
Pb0.984Se0.756Te0.244
Pb0.979Se0.876Te0.124
Pb0.992Se0.606Te0.394
Pb0.994Se0.588Te0.412
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Expected
Lattice
Parameter
(Å)
6.202
6.162
6.252
6.258

Majority
Carrier
Type
p

Carrier
Concentration
(cm-3)
6.08 × 1018

p

5.14 × 1018

p

8.56 × 1018

--

insulator

n

2.47 × 1019

p

8.29 × 1016

p

3.04 × 1018

p

5.29 × 1018

Taking a look at the changes in lattice parameter due to the oxygen anneal, it is very apparent that
the PST20-related samples do not change lattice parameter very much upon annealing in oxygen,
while the PST40-related samples have their lattice parameters increase upon oxygen annealing.
We believe that this lattice expansion is due to the addition of oxygen into interstitial sites within
the crystal grains. Oxygen has been shown to make samples more p-type, which is apparent from
the carrier type and concentration data presented in Table 2-3. The PST20-related samples, on the
other hand, do not show an increase in their p-type nature upon oxygen annealing. Combined with
their essentially unchanged lattice parameter, this may be an indication that the oxygen is not
diffusing into the grains, but rather sitting on the surface and potentially forming an oxide layer.
This oxide layer may explain why PST20:O effectively became an insulator upon oxygen
annealing.
More evidence for the difference in the diffusion of oxygen in PST20 and PST40 can be found in
the SEM images shown in Figure 2-7. The grains visible in the top view of PST20 are on the order
of 500 nm across, while the grains in PST40 are closer to 100 - 200 nm across. It is also apparent
from the cross sectional images that PST40 shows a more columnar structure, where the grain
boundaries reach all the way through the thin film, while PST20 has much larger grains taking up
a significant portion of the film, reducing the number of grain boundaries. Since grain boundaries
help with the diffusion of oxygen [52], PST40 should have more oxygen diffusing in the grains
than PST20. This difference in film morphology, therefore, could have a significant impact on the
ability to sensitize films via oxygen annealing. The difference in grain size is likely to have
something to do with the close lattice matching that PST20 (6.199 Å) achieves with the underlying
BaF2 substrate (6.200 Å). This indicates that lattice matching may impede oxygen sensitization
after deposition due to the growth of larger grains.
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Figure 2-7: SEM images of the top and cross section of samples PST20 and PST40.
Another difference between the PST20-related and PST40-related samples is the preferred
orientation. The preferred orientation of the samples changes from (200) in the PST20-related
samples to (111) in the PST40-related ones. This difference is strongly confirmed by the top view
SEM images shown in Figure 2-7a and c. For PST20, we see cube-like grains on the surface. The
surfaces of these cubes are likely the (100) planes, so the (100) planes are relatively close to parallel
to the substrate, so there is a strong (100) preferred orientation. For PST40, we see tetrahedralshaped grains on the surface. The surfaces of those tetrahedron are also likely to be the (100) planes,
so the (111) planes are parallel to the substrate, which matches the (111) preferred orientation from
XRD. This difference in preferred orientation may have something to do with lattice matching
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again. However, that would normally result in the thin film having the same preferred orientation
as the substrate, which is (111) in this case. The reason for this discrepancy requires further study.

2.4.4. Conclusion
In conclusion, we have studied the structure and morphology of thin films of the ternary lead
chalcogenide PbSe1-xTex with two different methods of oxygen sensitization and incorporation:
adding oxygen via PbO to the bulk source alloy and annealing the film in an oxygen atmosphere
after deposition. We have shown from XRD analysis that the PST20-related and PST40-related
thin films on a (111) BaF2 substrate follow Vegard’s law for the lattice parameter and adding PbO
to the source alloy does not impact the lattice parameter of the film beyond potentially impacting
the relative concentrations of Pb, Se, and Te. Annealing the film in oxygen after deposition,
however, appears to increase the lattice parameter due to oxygen incorporation into the lattice via
interstitials if there are enough oxygen diffusion pathways to allow oxygen to penetrate the film,
which appear to be present in the PST40-related films but not the PST20-related ones. This
difference is likely due to the lattice matching between the PST20-related films and the underlying
BaF2 substrate, enabling larger grains to grow and reducing the presence of grain boundaries,
which help oxygen diffusion.
The PST20-related films show a (200) texture, which changes to a (111) texture for PST40-related
thin films. This difference in the texture is strongly evident from the morphology of the thin films.
The PST20 film shows a cube-like morphology with (100) planes parallel to the substrate surface.
However, for the PST40 film, we observe a tetrahedral structure, where the (111) planes are
parallel to the substrate surface. This difference in the texture is likely due to differences in lattice
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matching. However, the reason the more lattice matched film had a different preferred orientation
than the substrate needs further study.

2.5. Controlling Carrier Concentration by Adding PbO to the Source Material
2.5.1. Introduction
The Pb chalcogenides are among the first discovered practical infrared detector materials and have
historically been used as photoconductors [16]. As photoconductors, the carrier concentration is
an extremely important factor in the performance of the detector. It can be shown that the specific
detectivity of a photoconductor under constant current bias in the Johnson-noise limited regime is
inversely proportional to the square root of the cube of the carrier concentration. Therefore, it is
important to lower the carrier concentration as much as possible.
However, the Pb chalcogenides also have been shown to need the addition of oxygen to the film
to be sensitive as photoconductors [17], [22], and oxygen acts as an acceptor within the Pb
chalcogenides, making the film more p-type [22], [36]. This means it is not enough to deposit a
film with the lowest carrier concentration possible. The most sensitive films are the p-type films
with the lowest carrier concentrations, which usually start off as n-type films when deposited and
then are compensated to p-type films during oxygen sensitization [37].
Unfortunately, methods to control the carrier concentration, especially for thermally evaporated
films like those that would be used for fabricating photonic integrated circuits, have been limited.
Most methods use a post-deposition anneal to drive in the necessary dopants, usually either oxygen
or the chalcogen [37], both of which makes the sample more p-type. A post-deposition anneal in
vacuum can drive off some of the chalcogen, making the sample more n-type [42], [79]. However,
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these anneals were done at relatively high temperatures of a few hundred degrees Celsius, which
could damage underlying CMOS circuits when fabricating photonic circuits integrated with readout circuitry. Alternatively, the source material can be prepared to have a stoichiometric deviation,
which Rogacheva et al. used to deposit n-type PbTe films using a PbTe source material with 2 at%
extra Pb [80]. This avoids any issues with post-processing at high temperatures, though Rogacheva
et al. were performing epitaxial depositions on KCl single crystal substrates, which required a
relatively high deposition temperature of 300°C. It also requires preparation of a special Pb
chalcogenide source material.
In this work, we demonstrate another method of controlling the carrier concentration by adding
PbO to the source material for thermal evaporation on a room temperature substrate. This method
could have the additional benefit of also providing oxygen sensitization during the deposition,
though further studies are needed to demonstrate this.

2.5.2. Experimental Procedures
We deposited PbTe and Pb0.85Sn0.15Te with varying amounts of PbO included in the source
material on room temperature precleaned glass substrates using thermal evaporation. The source
material was created by mixing crushed powders of PbTe, SnTe, and PbO, with the PbO replacing
PbTe to the specified atomic fraction. All three starting materials were sourced from Alfa Aesar
with 99.999% purity. The evaporation was done using tantalum boats (SB-6 & SB-6A from R.D.
Mathis) where there is not a direct line of sight from the source powder to the substrate due to
baffles present in the boat. The base pressure was 2-3 × 10-6 Torr, and the pressure during the
deposition was 5-7 × 10-5 Torr. The deposition rate was measured with a quartz crystal monitor
and was between 5-7 Å/s. A substrate shutter was used to ensure that the deposition did not start
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until the deposition rate had stabilized and about 1 kÅ of material had already been deposited on
the crystal monitor. The shutter was closed when the film thickness reached 200 nm (with the
exception of PbTe0.99O0.01, which ran out of material in the boat at 167 nm thick), and then the rest
of the material in the boat was burned off before the next deposition.
To measure the majority carrier type, concentration, and mobility from hall effect, the films were
patterned into squares using shadow masks, 350 nm thick tin contacts were thermally evaporated
onto the corners of the squares using another shadow mask, and the resulting samples were
measured at room temperature using the van der Pauw technique [66] following the procedure
outlined by NIST [67], with each sample measured three times to reduce the effects of random
noise. The NIST procedure includes several different consistency checks to cancel out offsets in
the voltages measured during each step. To measure the room temperature responsivity of the
samples, tin contacts were also deposited on the film in the same pattern as done with the ternary
lead chalcogenides, resulting in detectors with an area of 1 mm x 2 mm between the tin contacts.
The detectors were biased with a constant current, and the voltage drops across them due to
infrared illumination were measured to determine their photoresponse. The illumination came
from a 140W broadband glowbar source (IR Emitter 6363, Newport) that was modulated at 100
Hz with a mechanical chopper and coupled into a grating monochromator (Model 77700 MS257
1/4 m Monochromator, Newport) so the spectral response could be measured. The photoresponse
signal was amplified by a lock-in amplifier with an effective noise bandwidth of 0.2 Hz.

2.5.3. Results and Discussion
Figure 2-8 shows the measured majority carrier concentration and mobility of samples of (a)
PbTe1-xOx and (b) Pb0.85Sn0.15Te1-xOx. The 4% PbO sample of PbTe1-xOx could not have its
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majority carrier type, concentration, or mobility accurately measured as soon as possible after
deposition due to extremely low mobility, and therefore it is plotted on the axis between the n- and
p-type regions. Both material systems show very similar trends.
Both see a small increase in hole concentration when some PbO is added compared to no PbO, but
then the samples become more n-type as the amount of PbO added to the source material increases.
For the PbTe system, samples were measured both as soon as possible after deposition, which
corresponds to about 1 hour of atmospheric exposure due to the need to transfer the samples to a
different evaporator to deposit the tin contacts, and after sitting in ambient conditions for 2-3 days.
These samples show an increase in the p-type nature of the films after sitting in atmosphere, which
is expected since, as shown by Wang et al. on very similar thermally evaporated PbTe films [52],
oxygen is incorporated into the film at room temperature.
To understand why adding PbO to the source material would make the resulting deposited film
more n-type, we also thermally evaporated pure PbO onto precleaned glass substrates using the
same deposition power used for the PbTe and PbSnTe films. Figure 2-9 shows the x-ray diffraction
(XRD) spectrum for the resulting film. The film is composed primarily of pure Pb, with some
contaminant PbS from the Pb combining with S present on the evaporator walls due to previous
evaporations of other chalcogenide materials. Therefore, it appears that PbO is dissociating into
Pb and O in the thermal evaporator during the deposition. The O is extremely volatile and does
not deposit on the glass substrate, so only the Pb reaches and deposits on the substrate. When
mixed with PbTe and SnTe, therefore, the PbO acts as a source of Pb, which is known to act as a
donor in the Pb chalcogenides, making the films more n-type as more PbO is added.
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Figure 2-8: Measured majority carrier concentrations and mobilities in (a) PbTe1-xOx and (b)
Pb0.85Sn0.15Te1-xOx films. The 4% PbO sample of PbTe1-xOx could not have its carrier type,
concentration, or mobility measured after deposition due to extremely low mobility, therefore it is
plotted on the axis between the n- and p-type regions. Both films show an increasing n-type
character with increased PbO concentration, and the mobility decreases with decreasing carrier
concentration, regardless of majority carrier type.
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Figure 2-9: X-ray diffraction (XRD) spectrum of the film deposited when thermally evaporating
pure PbO. The film is composed of mostly pure Pb with some contaminant PbS from sulfur present
in the chamber due to previous evaporations of chalcogenides.
Besides the trends in carrier concentration, both systems show the majority carrier mobility
following similar trends to the carrier concentration, with lower carrier concentration films (both
n- and p-type) also generally showing lower mobilities. This could be the result of the
microstructure of the films proposed by Wang et al. [52] or a microstructure similar to that
proposed by Slater [33] where the bulk of the grains are likely n-type while the grain boundaries
are p-type. Weisberg [81] proposed that these type of inhomogeneities in majority carrier type
would create space charge regions that act as scattering centers. These space charge regions would
get larger as the carrier concentration decreased, therefore causing more scattering and lowering
the mobility of the majority carrier. This microstructure could also explain the larger change in
both carrier concentration and mobility after 2-3 days of atmospheric exposure for samples that
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are closer to intrinsic. For these samples, the same amount of oxygen incorporation would cause a
proportionally bigger change in the relative size and Fermi level difference of the n-type grains
and p-type grain boundaries and the space charge region between them.
Figure 2-10a shows the peak responsivity, normalized to 1 mA of current bias, measured at room
temperature for each of the PbTe1-xOx detectors after sitting in atmosphere for 2-3 days. The
Pb0.85Sn0.15Te1-xOx detectors were too noisy to measure any photoresponse signal. With film
thicknesses of 200 nm and 167 nm, coherent interference effects are expected, and they can be
clearly seen in the normalized responsivities shown in Figure 2-10b. Smoothing was applied in
this figure to reduce the noise and make the resulting overlap easier to see. The 1% PbO sample,
which is the only 167 nm thick sample, shows a responsivity peak at 1.90 μm, while all the other
samples have their responsivities line up and exhibit a peak at ~2.22 μm.
To ensure that the peak responsivities of the samples are comparable, we can consider the film as
a simple anti-reflective coating, where the lowest reflectivity, and therefore likely highest
absorption and responsivity, condition for the film satisfies the following equation:

𝑡=

𝜆
2𝑛𝑟

(2-41)

where t is the film thickness, λ is the wavelength of light, and nr is the refractive index of the film
material at that wavelength. Using the film thickness and peak responsivity wavelength, we
calculate refractive indices of 5.55 for the 200 nm thick films at a wavelength of 2.22 μm and 5.69
for the 167 nm thick film at a wavelength of 1.90 μm. These refractive indices are quite comparable,
though higher than the refractive index measured by Wang et al. via ellipsometry [28], but lower
than the refractive index measured by Weiting and Yixun [82], assuming a similar trend to the
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Figure 2-10: (a) Peak responsivity for the PbTe1-xOx samples. (b) Smoothed responsivity spectra
for the same samples normalized by their peak responsivities. The difference in responsivity
spectra is due to interference effects due to the thinness of the films. (c) (1+b)ητ, or mobility-ratiomodified lifetime for the samples. This looks very similar to the carrier concentration plot, which
can be seen if we normalize the mobility-ratio-modified lifetime, as in (d).
refractive index as that measured by Wang et al. Using refractive indices from Wang et al. (the
refractive index at 1.9 μm was assumed to be the refractive index at 2 μm), film thicknesses of 212
nm and 183 nm are calculated, which are quite close to the film thickness from the quartz crystal
monitor. All of this gives us some confidence that we can assume the absorption spectrum has the
same peak as the responsivity spectrum. Using the transfer matrix method and the extinction
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coefficient measured by Wang et al., we can then calculate the expected absorption of the films at
their peak responsivities. Both the 200 nm and 167 nm films absorb ~40% of the incident power
at their respective peak wavelengths, using either combination of film thickness and refractive
index. This means that the peak responsivities of the different film thicknesses are comparable.
With that confirmed, we can see that the responsivity generally follows the opposite trend as the
carrier concentration and mobility, with a higher responsivity generally associated with a lower
carrier concentration and mobility. The best performing film, which is at 5 at% PbO, performs
about 3 times better than the pure PbTe film. This is a strong demonstration of how controlling
carrier concentration by adding PbO into the source can improve lead chalcogenide films.
The responsivity of a photoconductor like PbTe under constant current bias should be governed
by the following equation:

ℛ𝐼 =

𝐼𝜆 (1 + 𝑏)𝜂𝜏 1
ℎ𝑐𝑒 𝜇𝑛2 𝑤 2 𝑡 2

(2-42)

where RI is the responsivity under constant current bias, I is the current bias applied, h is Planck’s
constant, c is the speed of light, e is the elementary charge, b is the effective minority carrier
mobility divided by the majority carrier mobility (which I will call the mobility ratio), η is the
quantum efficiency for incident photons to generate electron-hole pairs (which is equivalent to the
fraction of absorbed photons), τ is the majority carrier lifetime, μ is the majority carrier mobility,
n is the majority carrier concentration, and w is the length along the metal contact (which is 2 mm
in this work). From this equation, we can calculate what (1+b)ητ is for each composition at its peak
responsivity, which is plotted in Figure 2-10c. Since the quantum efficiency should be the same as
the absorption of the films, which is the same for all the films as we previously calculated, I will
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call (1+b)ητ the mobility-ratio-modified lifetime. The mobility-ratio-modified lifetime has the
same trends as the carrier concentration, which can be most easily seen in Figure 2-10d, where we
plot the mobility-ratio-modified lifetime normalized by the carrier concentration. The mobilityratio-modified lifetime divided by the carrier concentration is 4 ± 1.2 × 10-27 for p-type samples
and 1.1 ± 0.4 × 10-26 for n-type samples.
This means that as carrier concentration increases, the carrier lifetime, mobility ratio, or some
combination of the two is also increasing proportionally. It is unlikely the mobility ratio is
changing in this way since it would mean that as majority carrier concentration increases, the
minority carrier is becoming more mobile than the majority carrier by more than an order of
magnitude (as seen by comparing 5% PbO with 7.5% PbO). Therefore, it is likely that the carrier
lifetime is increasing proportionally to the majority carrier concentration. This is the opposite of
what is typically true, where increasing majority carrier concentration leads to decreasing lifetime
due to the higher probability that a photogenerated minority carrier will recombine with a majority
carrier. Therefore, this could be further evidence for the presence of n- and p-type regions within
our films. Photogenerated electron-hole pairs are quickly separated by the built-in electric fields
present in the space charge regions between the n- and p-type regions, such that they are now
traveling within regions where they are the majority carrier. The lifetime of these carriers is
inversely proportional to the minority carrier concentration in the region (the less minority carriers,
the less likely they are to recombine). If most of the photogenerated electron-hole pairs have been
separated by the internal built-in field, then the minority carrier concentration in the region under
illumination should be similar to the minority carrier concentration in the region in the dark, and
therefore should be inversely proportional to the majority carrier concentration in the dark, which
is what is measured by the Hall effect measurements. Therefore, as the carrier concentration
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measured using the Hall effect increases, the probability of photogenerated carriers recombining
decreases and their lifetime increases. Dashevsky [83] also derived this relationship for a 2D model
of a nanocrystalline film with grain boundaries of a different majority carrier type than the grains,
providing further evidence for the usefulness of this model for our films. If this result holds for
other Pb chalcogenide polycrystalline films, then it changes the dependence of detector
performance on the carrier concentration and is something extremely important to keep in mind.

2.5.4. Conclusion
In conclusion, we have demonstrated that adding PbO to the source material for the thermal
evaporation of PbTe and PbSnTe, and likely the other Pb chalcogenides, is a viable method of
controlling the carrier concentration of the resulting films. This is because the PbO decomposes
into elemental Pb and O during the deposition, making the PbO a source of excess Pb, which acts
as a donor in the Pb chalcogenides. Controlling the amount of PbO added allowed us to make films
with more than 3 times the responsivity under constant current bias. The PbTe1-xOx films also
showed evidence of behaving like inhomogeneous films with n-type regions (likely the crystal
grains) and p-type regions (likely the grain boundaries), with the majority carrier mobility and the
majority carrier lifetime increasing with an increasing majority carrier concentration.
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Chapter 3. Lead Chalcogenide Detectors in Infrared Photonic Integrated
Circuits for Sensing Applications
This chapter discusses PbTe detectors integrated into infrared photonic integrated circuits for
sensing applications. PbTe was used in this work because deposition and patterning of this lead
chalcogenide was best understood. However, as shown in the previous chapter, there are promising
avenues to achieving even higher performing lead chalcogenide thin film detectors, and using
those materials when they are fully developed may result in even better performance. The lessons
learned in this chapter should still apply to those materials.

3.1. Monolithic On-Chip Mid-Infrared Methane Gas Sensor with WaveguideIntegrated Detector
The work in this section was published in Applied Physics Letters. The following is the paper [84],
slightly modified to fit better within this thesis.
The ability to determine the chemical composition of or presence of a chemical in liquid and
gaseous mixtures is important for many fields, such as industrial process monitoring,
environmental monitoring, forensics, and medicine and biology. One method widely used to
determine chemical compositions is optical absorption spectroscopy, which is typically performed
at the infrared region of the electromagnetic spectrum where many chemicals have unique
absorption spectra [85]. The current equipment used to measure these spectra uses free-space
optics that are bulky and expensive, but integrated photonics promises the ability to perform the
same analysis with chips that are significantly smaller and that can be mass-produced via
techniques similar to those used in the electronics industry.
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These chips can generally be broken down into three main constituent parts: the light source, the
sensing element, and the detector. Previous work has focused individually on the sensing element
and the detector. In the near-infrared, spectroscopic detection of molecules relies on tracing their
vibrational overtone absorption. The approach has been implemented using on-chip waveguides
[11], [86]–[90] and resonators [9], [10], [91]. Extending the working wavelength of these sensing
elements to the mid-infrared (mid-IR) where strong and unique spectroscopic features reside
promises significantly enhanced selectivity and sensitivity [92], and this has been realized using
various material systems including silicon [3], [12], [93], [94], germanium [95], silicongermanium [96], silicon nitride [97], III-V semiconductors [98], and chalcogenides [2], [99]–[101].
Nevertheless, these proof-of-concept sensors still use off-chip light sources and detectors,
compromising the benefits of photonic integration.
In this paper, we demonstrate a mid-IR waveguide sensor monolithically integrated with an onchip detector on a silicon platform. In addition to being a critical step towards a fully-integrated
chip-scale sensing system, waveguide integrated detectors also offer reduced noise due to
decreased size and increased speed [102], [103]. Our device borrows elements from our previous
work on spiral chalcogenide glass waveguide sensors [2] and waveguide-integrated PbTe detectors
[103], [104]. PbTe provides a monolithic integration capability that represents a major advantage
over previously demonstrated mid-IR waveguide-integrated photodetectors [105]–[108], which
mostly rely on hybrid bonding or transfer of the active detector material. The use of chalcogenide
glass, a well-known Kerr medium, as the sensor material also foresees seamless integration of the
sensing element and detector with on-chip nonlinear sources to enable broadband spectroscopic
interrogation [109].
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The design of our sensor is schematically shown in Figure 3-1. The sensing element is a Ge23Sb7S70
(GeSbS) chalcogenide glass spiral waveguide with a cross section of 2 μm wide by 1 μm thick,
providing single mode waveguiding at the absorption peak of methane at 3.31 μm wavelength, as
shown in Figure 3-2. The spiral offers a long interaction length (5 mm) of light with the
environment within a small footprint (550 μm by 550 μm), and the minimum bend radius is 100
μm so the bending loss is negligible (Lumerical simulations show 10-4 dB/cm, or 10-6 dB per 90
degree bend, of bending loss for the 100 μm minimum bend radius). The gaseous analyte,
composed of methane mixed with nitrogen, is transported to the spiral via a polydimethylsiloxane
(PDMS) microfluidic channel. To prevent the PDMS microfluidic chamber wall from absorbing
much of the guided light where it touches the waveguide, the input and output waveguide width is
adiabatically increased from 2 μm within the chamber to 15 μm as it approaches the PDMS
chamber wall to reduce modal overlap with the elastomer and therefore reduce parasitic optical
absorption. Light from the spiral sensing element is split using a multimode interferometer to an
alignment waveguide and a waveguide with the integrated detector. The integrated detector
comprises a 40 μm long PbTe photoconductive layer directly beneath the waveguide.
To fabricate our sensor, we started with a silicon substrate with a 3 μm thermally grown oxide. A
100 nm PbTe film and then a 300 nm thick Sn contact layer are deposited via thermal evaporation
[28] and patterned using photolithography and lift-off. The GeSbS layer was then deposited and
patterned using an electron-beam-lithography-based liftoff procedure [25]. The wafer was then
cleaved to create the input and output waveguide facets, resulting in a chip approximately 1 cm by
1 cm in size. The PDMS microfluidic chamber was prepared using replica molding and
subsequently attached to the chip through plasma bonding to complete the sensor fabrication.
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Figure 3-1: Schematics (not to scale) of the (a) top view, and (b) cross sectional views of the sensor
with a spiral chalcogenide waveguide as the sensing element and a PbTe detector integrated
directly underneath the chalcogenide waveguide. The waveguide cross section is 2 μm wide by 1
μm thick, while the PbTe detector is 100 nm thick and 40 μm long with a 300 nm thick Sn contact
on top of the PbTe with a contact spacing of 6 μm. The PDMS gas chamber wall only touches the
waveguides when they have a cross section of 15 μm wide by 1 μm thick.

Figure 3-2: AFM scan, taken in tapping mode using an Asylum Research Cypher ES AFM and
Olympus AC55TS probes, of a section of the waveguide. The average RMS roughness of the
sidewall, which slopes 25 degrees away from vertical, calculated from the scan is 2.3 nm. The
inset shows the fundamental TM mode simulated using a mode solver. The confinement factor of
this mode in the gas is 12.5%.
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The gas sensing capabilities of the integrated spiral sensor and PbTe detector were measured using
the setup shown in Figure 3-3. Light of 3.31 μm wavelength from a tunable mid-IR laser
(wavelength tunable from 2.5 - 3.8 μm with 5 nm linewidth, Firefly, M Squared, Ltd.) is modulated
with a chopper at 1 kHz and edge-coupled into the input waveguide via an aspheric lens. Light
from the alignment arm of the sensor is coupled via another lens to a cryogenically-cooled InSb
focal plane array to facilitate alignment. The gas flows of methane and nitrogen carrier gas are
regulated using mass flow controllers to achieve different concentrations of methane in the PDMS
gas chamber. The integrated PbTe detector is biased using a constant 100 μA current (from a
Keithley 6220 current source), and the voltage across the detector is passed to a lock-in amplifier
(SR810, Stanford Research Systems) synchronized with the modulation frequency of the chopper.
In our experiments, the lock-in time constant is fixed at 1 s, corresponding to an effective noise
bandwidth of 0.078 Hz.

Figure 3-3: Schematic of the sensor characterization setup. Modulated 3.31 μm light is coupled
into the sensor chip, on top of which is a PDMS gas chamber that can be filled with variable
concentrations of methane. The detector is biased with a constant current, and the voltage across
the detector is measured by a lock-in amplifier locked into the modulation frequency of the light.
The integrated detector signal was monitored under a flow of pure nitrogen for 30 seconds as a
baseline reference, followed by 30 second measurements under different concentrations of
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methane with a balance of nitrogen. The signal with methane was normalized to the signal under
pure nitrogen to obtain the transmittance. The sensor follows Beer’s law, which is given by the
following equation:

𝑇=

𝑉𝐶𝐻4
= exp(−𝛼Γ𝐿𝐶)
𝑉𝑛𝑜 𝐶𝐻4

(3-1)

where T is the transmittance, VCH4 is the detector signal under the methane-nitrogen mixture,
Vno

CH4

is the detector signal under pure nitrogen, α is the absorbance of pure methane at

atmospheric pressure, Γ is confinement factor in the gas (which is 12.5% based on our modal
simulation), L is the length of the sensing element, and C is the methane volumetric concentration.
Figure 3-4 plots the measured modal absorption coefficient (ΓαC) calculated using Beer’s law
versus the methane concentration. Each concentration was measured three times to obtain an
average and standard error. The response of the sensor agrees well with the fit calculated from
Beer’s law.

Figure 3-4: Sensing results for a 5 mm long spiral sensor. 1 vol% methane was experimentally
measured. Further optimization of the fabrication process and normalization of the laser power
fluctuations should result in a maximum sensitivity of 330 ppmv.
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The limit of detection (LOD) of the sensor can be determined by the following equation:

𝐿𝑂𝐷 =

𝑁𝐸𝐴 ∙ 𝑆𝑁𝑅
𝛼Γ𝐿

(3-2)

where NEA is the noise-equivalent absorbance and SNR is the signal-to-noise ratio. We use the
commonly adopted 3-σ criterion, giving an SNR of 3. For our sensor, the detector noise was
measured to be 8.13 μV/Hz1/2, while the detector signal under pure nitrogen was measured to be
1.09 mV. This results in a LOD of 3.5 vol% /Hz1/2. Our measurement was performed using a noise
bandwidth of 0.078 Hz, so the minimum detectable concentration is 1 vol%.
However, this is not the best sensitivity that can be expected from an integrated sensing element
and detector. There are two primary considerations that govern the minimum detectable
concentration: the waveguide transmission loss, which changes the ideal length of the spiral, and
the detector noise.
The waveguide transmission loss was measured using the cutback method with several spiral
waveguides of different lengths fabricated on the same chip. Using the shortest spiral as the
baseline, the relative loss versus the relative length difference is plotted in Figure 3-5. The slope
of the best fit line is the transmission loss, which is 8 dB/cm. This transmission loss is higher than
other work with chalcogenide glass waveguides, with Du et al. able to achieve 0.5 dB/cm loss at
1550 nm [110]. The higher loss in this work is believed to be due to accumulated organic
contamination from the fabrication protocol (being the third step in a multi-step process) and not
roughness, since the average RMS sidewall roughness measured via AFM (2.3 nm) is lower than
other waveguides fabricated using the same method that show lower loss [111], [112]. Improving
the fabrication to decrease this loss to 0.8 dB/cm would allow an increase in the spiral length by
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10 times while maintaining the power at the integrated detector. This would enhance the detector
signal, improving sensitivity by a factor of 10 to 0.35% /Hz1/2 or 0.1% (1000 ppmv) at our
experimental noise bandwidth.

Figure 3-5: Relative loss versus length difference for spirals of various lengths. The slope of the
best-fit line gives the estimated transmission loss of the waveguides of 8 dB/cm.
The noise measured at the detector can also be further decreased. Using a free space InAsSb
detector (PDA10PT, Thorlabs), the laser power fluctuation noise was measured using the same
effective noise bandwidth of 0.078 Hz, resulting in a noise of 0.20% of the power of the laser. This
turns out to be the dominant contributor to our measured noise levels and eliminating this by
simultaneously measuring laser power along with the sensor signal decreases the measured noise
to 2.74 μV/Hz1/2. Combined with the waveguide loss improvement, the minimum detectable
concentration becomes 0.12% /Hz1/2, or 0.033% (330 ppmv) at our experimental noise bandwidth.
The theoretical minimum noise for a photoconductor like PbTe is the Johnson-Nyquist noise level,
which is given by the following equation:

𝑉𝑛𝑜𝑖𝑠𝑒 = √4𝑘𝐵 𝑇𝑅Δ𝑓
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(3-3)

where kB is the Boltzmann constant, T is the temperature, R is the resistance of the detector, and
Δf is the noise bandwidth. The Johnson-Nyquist noise level of our 24 kΩ detector at room
temperature is 20 nV/Hz1/2, still several orders of magnitude smaller than the remaining noise
measured. Further work is ongoing to characterize and understand the sources of the remaining
noise to improve sensitivity.
In conclusion, we have demonstrated a fully integrated sensing element and detector on-chip for
mid-infrared absorption spectroscopic sensing at room temperature. The sensor is composed of a
spiral waveguide sensing element and a waveguide-integrated PbTe detector. Using methane gas
as a model gas, our integrated sensor is able to detect 1% methane at 3.31 μm using a noise
bandwidth of 0.078 Hz following the 3-σ criterion. The stability of the sensor is very good, with
no apparent drift during measurements. Further improvements to the fabrication process and
eliminating laser power fluctuation noise would result in a maximum sensitivity of 330 ppmv,
while more work needs to be done to understand and eliminate the remaining noise sources from
the detector.

3.2. Enhancing and Understanding Performance of the Methane Gas Sensor
The work in this section was co-authored by Emanuele Guglielmi.

3.2.1. Introduction
We have focused our research on a complete chemical sensing system integrating a chalcogenide
glass spiral waveguide sensing element and a PbTe-based mid-infrared (MIR) detector, building
off of our previous work in Section 3.1 [84]. The sensor exploits the interaction of chemicals with
mid- and long-infrared light that causes a transmittance drop at specific wavelengths depending
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on the specific chemical and concentration. PbTe-based mid-infrared detectors, compatible with
chalcogenide glass waveguides, are integrated on-chip after the spiral sensor to detect the change
in transmittance and therefore the presence of different gas concentrations. To achieve superior
gas detection performance, the electronic properties of the detector and the electronic architecture
of the readout circuitry are very important. To this aim we have co-designed a sensor readout
system that exploits the peculiarities of the detector, sensing element, and readout circuitry. Based
on the specific noise spectrum measured in the PbTe sensor material, a measuring strategy in term
of frequency of operation and of modulation scheme has been optimally conceived to increase the
S/N of the measurement. In addition, to fully cancel out mechanical instability or any possible
fluctuation in the laser optical power, which was highlighted as an issue in our previous work in
Section 3.1 [84], a ratiometric architecture has been designed both at the sensor and at the
electronic readout level.
This paper describes in detail the interplay between these aspects: Section 3.2.2 describes the
photonic chip that integrates the gas sensing elements and the MIR detectors, reviewing the
processing steps required for its fabrication. The paper follows with an in-depth characterization
of the PbTe detectors, including the noise spectrum, the I-V characteristic curve, the responsivity,
and the frequency response of the detector (Section 3.2.3). Based on these results we identify the
main noise sources of the system and design a ratiometric lock-in readout technique, to optimize
the S/N ratio of the full system (Section 3.2.4), insensitive to laser power fluctuations and the
mechanical instability of the physical setup. Section 3.2.5 illustrates the design of a custom frontend electronic topology, to implement the chosen readout architecture. Section 3.2.6 shows the
complete system put to the test, demonstrating laser power and coupling fluctuation rejection.
Finally, Section 3.2.7 discusses the maximum sensitivity achievable using this design.
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3.2.2. Fabrication Process for the Photonic Chip
The photonic chip was fabricated following a similar process to that outlined in our previous work
on monolithically integrating a chalcogenide waveguide sensing element with a PbTe MIR
detector [84]. On a silicon wafer with 3 μm thermal oxide, a 100 nm PbTe film was deposited via
thermal evaporation and patterned. Contact pads made of 80 nm of Au with a 20 nm Ti adhesion
layer were then deposited using electron beam evaporation, followed by a thermally evaporated
300 nm Sn layer that connected the contact pads and the PbTe detectors while maintaining an
ohmic contact with the PbTe. All three of these thin films were patterned using photolithography
and liftoff. The 1 μm thick GeSbS waveguides were then deposited using thermal evaporation and
patterned using electron beam lithography and liftoff. The wafer piece was then cleaved to create
input and output waveguide facets.

3.2.3. Detector Characterization
The characterization of the noise of the detectors is an essential point to determine the best readout
strategy to optimize the Signal to Noise Ratio (SNR). To perform these measurements, the
detectors have been assembled and wirebonded on a small support PCB, allowing an easy and
reliable connection to the detector contacts. The PCB is enclosed in a small grounded metallic
container to isolate the device from external disturbances that could be picked up by the setup.
One of the detector contacts is connected to the input of a low-noise trans-impedance amplifier
(DHPCA-100 from Femto), followed by a voltage amplifier (SR560 from Stanford Research
Systems), to amplify the noise signal above the input noise of the signal analyzer (MXA9020A
from Agilent Technologies) used to acquire the noise spectrum of the detector. The other contact
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is connected to the shield of the input BNC connector of the trans-impedance amplifier (TIA),
which can be biased between ±10 V with a trimmer on the instrument.
Figure 3-6 shows the acquired noise spectral density for different voltage bias of the detectors,
from 1 V to 5 V. The noise is proportional to the inverse of the frequency, typical of a 1/f noise of
a material, and follows Hooge's Empirical Rule [113]:

𝑆𝐼,1 (𝑓) = 𝑘𝐻
𝑓

𝐼2
𝑓

(3-4)

where I is the current, f is the frequency, and kH is a constant with the value of 3.52 × 10-10 for our
integrated PbTe detectors. The interferences between 40 kHz and 100 kHz are picked up by the
SR560, while the roll-off at 1 MHz is due to its limited bandwidth.

Figure 3-6: Current noise spectral density of the integrated PbTe detectors, measured from 100
Hz to 1 MHz, for different voltage biases from 1 V to 5 V.
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Figure 3-7 compares the noise spectrum of the PbTe detector with that of a discrete resistor of
equivalent value, for voltage bias of 0 V, 100 mV, and 1.3 V. The discrete resistor does not exhibit
any 1/f noise increase depending on the current flowing through it, showing that the 1/f noise is
due to the intrinsic nature of the PbTe material itself. The PbTe detectors also show the same white
noise level as the equivalent resistor, showing that Johnson noise is the dominant noise at higher
frequencies and/or lower biases where 1/f noise does not dominate.

Figure 3-7: Comparison of the current noise spectral density of the integrated PbTe detectors with
a discrete resistor of equivalent value, measured from 100 Hz to 1 MHz, for different voltage biases
from 0 V to 1.3 V.
Since the PbTe detectors are photoconductors, the electrical characterization of the device is
important to assess to what extent the device shows a linear behavior. Furthermore, the value of
the resistance is a key specification for the electronic design to tune the input current dynamic
range. The measurements, shown in Figure 3-8, have been performed with the bench-top
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SourceMeter 2450 from Keithley with the chip connected to a small PCB holder. The instrument
applies a configurable voltage or current sweep and measures the applied voltage or current, and
the resistance of the device for each datapoint of the sweep. The PbTe detectors show a good linear
behavior for small voltage biases, with the resistance varying less than 1% when biased at 1 V.
This measure also confirms the ohmic nature of the Sn to PbTe contact, a characteristic that was
not found when trying to contact the detectors with Ti/Au directly.

Figure 3-8: Electrical characterization of 6 detectors on the same chip. On the left, the measured
I-V curves of the detectors, and, on the right, the corresponding R-V curve.
We used a tunable laser (Firefly, M Squared) set at 2361 nm to measure the optical responsivity
of the PbTe detector. The laser was modulated through a mechanical chopper at 1 kHz and coupled
into the chip with an aspheric lens. The light in the chip is split in half by a 3 dB splitter: one of
the two arms illuminates an integrated PbTe detector, while the other exits the chip from the
opposite edge for alignment purposes. The signal from the detector is fed to a custom low-noise
86

TIA made with discrete components on the PCB hosting the optical chip and then measured by a
Lock-In Amplifier (SR810, Stanford Research Systems) locked to the mechanical chopper
frequency. The light power is measured at the input of the chip with a thermal power meter (S302C,
Thorlabs), before coupling and propagation losses of the chip, and was varied with neutral density
filters in the beam path. Figure 3-9 shows the measured responsivity curve of the integrated
detectors, exhibiting a consistent sub-linear behavior according to the following equation:

𝑉𝐿𝐼𝐴

𝑃𝑙𝑎𝑠𝑒𝑟 𝛼
)
=𝑟∙(
1𝑚𝑊

(3-5)

where VLIA is the lock-in signal, Plaser is the laser power, and r = 27.78 mV and α = 0.816.

Figure 3-9: Responsivity curve of the detector, measured at 2361 nm.
To measure the frequency response of the detector, we had to change the laser entirely because the
mechanical chopper can only generate modulations up to few kHz and electro-optical modulators
in the mid-infrared (MIR) were not available to us. Since the PbTe detectors still have a strong
response at the 1550 nm telecommunications wavelength [52], we used a laser that emits 1 mW of
power at 1550 nm with a user selectable squarewave modulation from 1 kHz to 1 MHz. The
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modulated light was injected into the chip and the signal from the PbTe detector was first amplified
by the custom TIA on the PCB holder. The output was then acquired by two bench-top Lock-In
Amplifiers, the SR810 (1 mHz to 102 kHz bandwidth) and the SR844 (25 kHz to 200 MHz) from
Stanford Research Systems, locked to the modulation frequency of the laser and then joined to
cover the full frequency range of the laser from 1 kHz to 1 MHz. The modulation frequency sweep
was performed in both directions in a time span of about 30 s to compensate for alignment drift of
the setup, which could be identified if the first and last measurement at 1 kHz did not match. As
shown in Figure 3-10, the frequency response is flat, with less than a factor of 2 of responsivity
reduction over three decades of frequency.

Figure 3-10: Frequency response of the detector, measured with a 1 mW squarewave modulated
laser at 1550 nm.

3.2.4. Ratiometric Lock-In Readout Strategy
The readout strategy was chosen according to the characterization results of the detector in order
to optimize the S/N ratio. The lock-in readout architecture is well suited for the application. The
detector is biased by a DC voltage to create a current proportional to its conductivity, which is fed
to a TIA. The useful information is modulated, locating the signal at a chosen frequency fAC in the
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spectrum of the noise. The results from the previous section show that the main noise component
is 1/f noise while the responsivity remains substantially unchanged as the frequency increases.
Therefore, it is beneficial to increase the modulation frequency of the light power fAC as high as
the optical and electronic instrumentation allows, where the noise of the detector is lower.
Modulating the detector bias, despite achieving the same shift in frequency of the sensing signal,
would not be effective because the noise spectrum of the detector would be equally shifted, with
no gain in S/N ratio.
Previous experiments have shown that one of the limiting factors in achieving the best possible
resolution are the input power fluctuations due to the laser itself and the laser to chip coupling
stability [84]. The solution is to apply a ratiometric approach by actively measuring the power
coupled into the chip and using it to normalize the sensing signal. To achieve this, the chip was
designed with a 3 dB splitter where the first arm is directly measured by an integrated PbTe
detector, while the second path goes to the gas sensing spiral before reaching its own PbTe detector.
By acquiring both signals and calculating the ratio, the measurement becomes insensitive to the
common-mode fluctuations due to the laser and the mechanical instability of the coupling. Figure
3-11 shows a schematic of the ratiometric readout architecture.

Figure 3-11: Schematic of the ratiometric architecture designed in this work to eliminate the
effects of fluctuations in the input light.

89

3.2.5. Electronic Design
The readout electronics has been tailored to the application to implement the readout strategy on a
compact Printed Circuit Board (PCB), shaped to fit the free-space optical bench hardware,
including alignment stages and collimating lenses. The realization with discrete components has
been chosen to favor rapid prototyping and fabrication time.
The realized electronics has 6 independent readout channels, each composed of two amplifying
stages, to read up to 6 different PbTe detectors in parallel. The input stages are then connected to
an external lock-in amplifier. In order to reduce the dimensions of the PCB, mainly dominated by
the output SMA connectors, only 2 output connectors have been included on the PCB, with manual
switches to select which pair of PbTe detectors to address. The integration of the electronics in an
Application Specific Integrated Circuit (ASIC) would easily allow inclusion of a lock-in
demodulator for each input channel, being 6 or more, while still providing low-noise readout and
a considerable reduction in size and power consumption [114]. The optical chip is glued on the
PCB and wire-bonded to the readout electronics, providing a stable and reliable connection
compared to needle probes. It also allows dramatically lowers parasitic capacitance of the
connection, reducing the input-referred noise of the electronics, which need to be less noisy than
the detector in the frequency range of the modulating signal to not introduce any penalty in the
S/N ratio.
The main challenge of the electronic design is due to the bias of the detector: being a resistor of
about 13 kΩ, a continuous current IDC of about 75 μA flows through the detector at 1 V bias. This
DC bias is essential to measure the change in the detector resistance, but IDC does not carry any
information about the optical power in the waveguide, which is instead a small variation Isignal from
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10 nA to 430 nA (0.8 Ω to 40 Ω) modulated at a chosen frequency. If the overall signal IDC + Isignal
is directly fed to a TIA, the maximum gain of the amplifier to avoid saturation is limited by the
IDC and might be insufficient to increase the system sensitivity.
To fix this, the first stage includes a DC handling path, designed to separate IDC and Isignal, steering
IDC away from the main amplifying path. Figure 3-12 shows the circuital implementation of the
front-end electronics. The component chosen is the OPA4209 from Texas Instruments, a low-noise
quad operational amplifier in a small 14-pin TSSOP package, featuring 2.2 nV/√Hz and a GainBandwidth Product (GBWP) of 18 MHz. Two amplifiers for each channel are used: the first one
works as a Trans-Impedance Amplifier with a resistive gain of 1 MΩ, while the second one is used
to implement the DC handling network by means of a non-inverting integrator stage. Any offset
at the node VOUT, due to a continuous current through the main amplifying path, is integrated until
the voltage potential across RDC completely steers IDC through the auxiliary path. This technique
essentially implements an AC coupling for the input current signal, steering any low-frequency
current signal away from the main amplifying path, up until a certain cut-off frequency fcut. The
first stage is followed by a 40 Hz AC coupling filter, made by a simple C-R passive partition, to
remove any residual DC offset due to the first stage components leakage currents and nonidealities. The second stage amplifies the signal by an additional factor of 20 and is realized with
the ADA4077-2 from Analog Devices connected in a non-inverting configuration.
Figure 3-13 shows the performance of the realized electronic front-end, featuring a flat 20 MΩ
amplification in a passband (-3 dB) from 40 Hz to 50 kHz. The input-referred current noise has
been measured to be a flat white spectrum of 35 × 10-24 A2/Hz, which is at least an order of
magnitude lower than the detector noise spectral density in the whole range from 100 Hz to 100
kHz.
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Figure 3-12: Schematic of the analog front-end electronics. The non-inverting integrator
implemented by the bottom op-amp and R1-R2-C1-C2 steer the DC current coming from the bias of
the detector through RDC, allowing a trans-impedance gain of RF = 1 MΩ. C3-R3 implement an AC
filter at 40 Hz, and an additional gain of 20 is obtained through R4 and R5.

3.2.6. System Measurement and Photonic Circuit Design
To test our ratiometric methane sensor photonic chip integrated with the electronic readout
circuitry, we fabricate a chip using the same basic components as our previous work, but with the
ratiometric design. The measurement setup is also very similar to that used in our previous work
[84]. One major difference is we use a mechanical chopper from Stanford Research Systems
(SR540) with a fine pitched chopper blade (MC1F100, Thorlabs, modified to fit), to allow us to
modulate our 3310 nm laser up to 15 kHz. The maximum frequency of modulation is limited by
our laser, which is a <10 ns FWHM pulsed laser with a 150.2 kHz pulse frequency. Locking in to
either the higher chopping frequency or the pulse frequency allows a reduction in the noise
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Figure 3-13: Transfer function of the front-end electronics as a function of frequency. Simulated
data (solid blue line) is compared with the experimental measurements of the gain for selected
frequencies from 100 Hz to 100 kHz. The slightly lower roll-off frequency at 20-50 kHz is probably
due to the parasitic capacitances in the circuit.
according to the spectrum of Figure 3-6 compared to previous work [84]. However, the short pulse
width of the laser results in a significantly smaller signal, and therefore smaller S/N ratio, at the
150.2 kHz pulse frequency than when using the chopper modulation, so we use the mechanical
chopper at 10 kHz. Combining the noise measurement from Figure 3-6 with the frequency
response measurement from Figure 3-10, moving from 1 kHz to 10 kHz modulation should result
in a S/N ratio improvement of about 3. A continuous wave laser and an electro-optical modulator
suitable for 3310 nm operation would allow higher modulation frequencies with good signal,
improving the S/N ratio even more. To mount the photonic chip in the beam path of the laser on
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the 3-axis stage, a custom mount for the PCB was 3D printed. A bias of 500 mV was applied using
a DC voltage source integrated directly on the PCB, and the output signal from the transimpedance
amplifier is fed into the lock-in amplifier. Figure 3-14 shows a picture of the assembled setup.

Figure 3-14: Picture of the chip and the custom PCB assembled on the optical setup.
Figure 3-15a shows the results from measuring our first ratiometric photonic chip, with the signals
from reference and spiral (gas sensing) arms shown in the bottom plot and the resulting ratio shown
in the top plot. The ratiometric architecture did a very good job eliminating common mode power
fluctuations such as the alignment drift visible as a slope in each section of the signals. The ratio,
once smoothed by averaging the adjacent 10 seconds of data to remove the large amount of noise
present, clearly shows two different ratios corresponding to the presence and absence of 10%
methane. This type of post processing could be easily done within the readout circuit if necessary.
However, both the reference and the spiral signals also show strong changes due to the presence
and absence of methane. This clearly indicates that something common to both arms is sensing the
presence of methane, though the spiral is then doing additional sensing on top of that.
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Figure 3-15: Methane sensing results from (a) our first photonic chip with the multimode
interferometer (MMI) used as the 3 dB splitter inside the PDMS gas chamber, and (b) our second
photonic chip with the MMI placed outside the PDMS gas chamber.
The only component common to both arms that is still inside the PDMS gas chamber is the
multimode interferometer (MMI) used as the 3 dB splitter, as shown schematically in Figure 3-16a.
This makes sense as the common source of methane detection because of the evanescent fields
present in the multimode interference region. Therefore, we fabricated a second chip that placed
the MMI before the PDMS gas chamber, and we also moved the reference PbTe detector before
the PDMS gas chamber as well to ensure that the reference arm would not see any signal from the
methane, as shown schematically in Figure 3-16b.
The detection results for this second chip are shown in Figure 3-15b. The reference signal shows
no clear reaction to the presence or absence of methane, which shows the success of moving the
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Figure 3-16: Schematic diagrams of (a) the design of the first ratiometric photonic chip, showing
the 3 dB multimode interferometer splitter residing inside the PDMS gas chamber; and (b) the
design of the second ratiometric photonic chip, where the splitter and reference PbTe are both
moved outside the PDMS gas chamber.
MMI to before the PDMS gas chamber. However, the ratiometric architecture is no longer working.
The ratio signal shows a very strong drift which was not present in the previous chip. This indicates
that the light intensity present in the two arms is changing by different proportions when there are
changes in the input light. We suspect that this is due to the input waveguide before the MMI
getting shorter due to moving the MMI before the PDMS gas chamber. This means that as the
input light source drifts across the face of the 15 μm wide input waveguide, it excites different sets
of higher order modes. With the shorter input waveguide, those higher order modes do not have
enough waveguide length to attenuate before reaching the MMI. Therefore, the MMI is receiving
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a non-symmetric input that is changing with the input light position, causing the two output arms
to drift differently.
To test this, we slowly scan the input light horizontally across the face of the input waveguide
facet and measure the signal from the reference and spiral arms. The result of this measurement is
shown in Figure 3-17a. Even with the noise present, it is very clear that the spiral and reference
arms have different peak positions, which means that a horizontal drift in the position of the chip
relative to the input light would cause a differential drift in the two arms.

Figure 3-17: (a) Signals from the reference and spiral arms as the input light is horizontally
scanned across the input waveguide facet. (b) and (c) Simulation results (Lumerical FDTD) from
moving a light source horizontally across the input 15 μm waveguide for designs with (a) a short
straight waveguide coupling into the MMI, and (b) two 20 μm 90° bends coupling into the MMI.
The extra length and bends help remove the higher order modes causing the differential response
of the two arms to input light position.
To confirm our hypothesis, we simulate, in Lumerical FDTD, scanning a Gaussian light source
across the face of a 15 μm wide input waveguide tapered down to 2 μm before immediately
coupling into an MMI. The resulting light intensities present in the two output arms of the MMI
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plotted as a function of light source position are shown in Figure 3-17b. The results are more
exaggerated due to the need to shorten all of the waveguides and tapers to keep simulation times
reasonable, but the simulation does confirm that the two arms have different peak locations and
would drift differently if the location of the input light source changed. We then simulate what
happens if we add two 20 μm radius 90° bends to the 2 μm waveguide before coupling into the
MMI. The results are shown in Figure 3-17c. The two arms now have largely the same response
to changes in input light position. The bends cause higher order modes to be radiated away, leaving
mostly the fundamental mode that the MMI is designed to split 50-50. Therefore, it is important
to add additional length and/or bends between the input coupling region and an MMI splitter if a
wide input waveguide is used.

3.2.7. Theoretical Maximum Sensitivity
Using the above information, we can calculate the theoretical maximum sensitivity for this design.
The limit of detection (LOD) is determined by the following equation:
1

𝑅𝑛𝑜 𝐶𝐻4 − 𝑅𝑛𝑜𝑖𝑠𝑒 ∙ 𝑆𝑁𝑅 𝛼
1
𝑅𝑛𝑜𝑖𝑠𝑒 ∙ 𝑆𝑁𝑅
𝐿𝑂𝐷 = − ln [(
) ]∙
≈
𝑅𝑛𝑜 𝐶𝐻4
𝑎Γ𝐿 𝛼𝑅𝑛𝑜 𝐶𝐻4 𝑎Γ𝐿

(3-6)

where Rno CH4 is the ratio between the signal from the spiral arm’s PbTe detector and the signal
from the reference arm’s PbTe detector when there is no methane, Rnoise is the noise of the ratio
which depends on the noise of both detectors, SNR is the signal-to-noise ratio (assumed to be 3 for
the common 3-σ criterion), α is the linearity coefficient from Equation 3-5, a is the absorbance of
methane (calculated to be 37.3 cm-1 from PNNL absorption cross section data [115]), Γ is the
confinement factor in the gas (previously simulated to be 12.5% [84]), and L is the spiral length (5
mm). 𝑅𝑛𝑜𝑖𝑠𝑒 /𝑅𝑛𝑜 𝐶𝐻4 can be calculated using the fact that the noise sources from the two PbTe
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detectors are incoherent and therefore the normalized noise of the ratio can be calculated according
to the following equation:
2

2

2

2

2

𝑅𝑛𝑜𝑖𝑠𝑒
𝑉𝑛𝑜𝑖𝑠𝑒
𝑉𝑛𝑜𝑖𝑠𝑒
𝑉𝑛𝑜𝑖𝑠𝑒
𝑉𝑛𝑜𝑖𝑠𝑒
(
) =(
) +(
) +(
) ∙(
)
𝑅𝑛𝑜 𝐶𝐻4
𝑉𝑛𝑜 𝐶𝐻4
𝑉𝑟𝑒𝑓
𝑉𝑛𝑜 𝐶𝐻4
𝑉𝑟𝑒𝑓

(3-7)

where Vnoise is the noise of the PbTe detector, Vno CH4 is the signal from the spiral arm’s PbTe
detector, and Vref is the signal from the reference arm’s PbTe detector. Vnoise can be calculated from
Equation 3-4, where the current is that flowing through a 13 kΩ resistor at 500 mV of bias, and
the 20 MΩ amplification of the readout circuit. Vno CH4 and Vref can both be determined from Figure
3-15b (we’ll use the values when the methane is first turned on, 0.031 V and 0.62 V respectively,
as this was when the values were still relatively steady and before the steady downward drift). The
normalized reference noise term should actually be the normalized noise of the inverse of the
reference signal, but since 𝑉𝑛𝑜𝑖𝑠𝑒 ≪ 𝑉𝑟𝑒𝑓 these two normalized noise values are approximately the
same. This results in a limit of detection of 0.74 vol%/√𝐻𝑧, which is about 5 times lower than
previously achieved. If a 1 MHz modulation could be achieved with the input light source and the
bias voltage and readout circuit adjusted to maintain enough amplification such that the 1/f noise
of the PbTe detector dominates, then a limit of detection of about 0.11 vol%/ √𝐻𝑧 could be
achieved.

3.2.8. Conclusion
In conclusion, we have more fully characterized the integrated PbTe detectors. We show that they
are dominated by 1/f noise at frequencies up to 1 MHz at even a moderate bias of 1 V. At higher
frequencies and/or lower biases, Johnson noise is the dominant noise. The detectors show a less
than 2 times response drop from 1 kHz to 1 MHz frequency, and they respond slightly sub-linearly
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to changes in optical power. Using this knowledge of the PbTe detectors, we have designed a
ratiometric photonic circuit and electronic readout circuit that is able to effectively measure
changes in optical absorption caused by the presence of methane and isolate those changes from
any changes in the input optical power due to laser power fluctuations or drift in the input
alignment. A limit of detection of 0.75 vol%/√𝐻𝑧 should be achievable with the existing test setup,
while a limit of 0.11 vol%/√𝐻𝑧 would be achievable if a 1 MHz modulated light source was used.
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Chapter 4. Lead Chalcogenides in Dielectric Metasurfaces
This chapter discusses my work on patterning PbTe thin films for use as dielectric metasurfaces in
the mid-infrared. PbTe was the material of choice for this work because it has the highest refractive
index out of all the lead chalcogenides, as explained in Section 1.1.4.

4.1. Large Scale and Reusable Nanostencils for Fabrication of High Resolution
Metasurface Patterns
4.1.1. Introduction
Metasurfaces promise optical components with designable behavior and reduced size, weight, and
power (SWaP) compared to their bulk counterparts. However, fabrication of metasurfaces often
requires serial processes, such as electron beam lithography, due to the high resolution
requirements, which makes fabrication scale poorly with size and number. This increases costs
and limits metasurfaces to niche applications where the additional cost is justified.
One possible solution to improving the scalability of metasurface fabrication is nanostencils.
Nanostencils are nano-scale shadow masks, which allow repeated fabrication of a pattern via any
anisotropic deposition process once the nanostencil is made. This makes fabrication of the
metasurface a parallel process instead of a serial one. Nanostencils have been previously used to
fabricate complex oxide nanostructures [116], nanomechanical mass sensors [117], plasmonic
nanoantenna arrays [118]–[120], biomolecule nanopatterns [121], and bowtie nanogap structures
[122]. However, all of these applications have only required deposition of very thin layers (100
nm or less) through the nanostencil, while transmissive dielectric metasurfaces require
significantly thicker layers, especially as the wavelength of light increases.
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In this paper, we demonstrate a large scale, repeatable, and parallel fabrication process for
transmissive dielectric metasurfaces utilizing reusable nanostencils. Process innovations are made
both in the fabrication of the nanostencils to improve the yield and in the use of the nanostencils
to enable reliable fabrication of the metasurfaces.

4.1.2. Nanostencil Fabrication
The nanostencils were fabricated using the process that is schematically outlined in Figure 4-1a.
Starting with a double-side-polished (DSP) silicon wafer, a 400 nm thick silicon nitride (SiN) layer
was grown on both sides using low pressure chemical vapor deposition (LPCVD) in a vertical
thermal reactor (SVG Thermco VTR 7000). Then the backside windows for the KOH etch were
patterned using direct write photolithography (MLA-150, Heidelberg Instruments) and the SiN
was etched through using reactive ion etching (RIE, LAM 590, Lam Research). Using the backside
alignment capabilities of the MLA-150, alignment marks were patterned on the frontside of the
wafer and again transferred to the SiN using RIE. These alignment marks were used to align the
electron-beam lithography patterning of the metasurface pattern on the frontside to the backside
window originally patterned on the wafer. The metasurface pattern was transferred to the SiN layer
via a partial etch using RIE. A KOH wet etch was used to etch through the silicon wafer and release
the SiN membrane with the metasurface pattern on it. Finally, the rest of the SiN membrane was
etched through, from either the front or back side, using electron-cyclotron resonance reactive ion
etching (Plasmaquest Series II Model 145).
This process makes important improvements compared to the processes used in previous
nanostencil work [118], [123]–[125]. Unlike the processes used by Kolbel et al. [123], van den
Boogaart et al. [124], and Park et al. [125], we did not completely etch through the frontside SiN
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Figure 4-1: a) Schematic of the fabrication process for large area silicon nitride based
nanostencils. b) Picture of finished nanostencils, ranging in size from 5mm x 5mm to 2mm x 2mm.
layer when transferring the metasurface pattern. This helped preserve the integrity of the SiN
membrane during the KOH etch of the underlying silicon wafer, as shown in Figure 4-2, since the
KOH etch only happened from the backside and stopped at a complete SiN layer instead of etching
from both sides and stopping at a SiN membrane with holes in it, dramatically improving the yield
of the nanostencils. Also important to improving the yield of the membranes was using methanol,
which has a very low surface tension, as the final cleaning agent when cleaning the nanostencil
after the KOH etch. Using a CO2 critical point dryer would be a way to eliminate the effects of
surface tension and further increase yields if the methanol is not gentle enough for a particular
pattern. Aksu et al. [118] avoided the problem of the KOH etch damaging a patterned SiN
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membrane by patterning the nanostencil after the KOH etch. However, this requires wasting the
center area of the wafer such that a vacuum chuck could hold the wafer in place in order to spin
coat electron beam resist for patterning. Our process allows the full area of the wafer to be used
since the KOH etch step occurs after all spin coating steps are done.

Figure 4-2: Optical images of the nanostencil taken after the KOH etch for nanostencils that
underwent (a) a complete etch of the SiN membrane when transferring the metasurface pattern,
and (b) a partial etch of the SiN membrane when transferring the metasurface pattern. A complete
etch consistently resulted in small areas of the nanostencil membrane being damaged.
Figure 4-1b shows several finished nanostencils with sizes ranging from 5 mm by 5 mm to 2 mm
by 2 mm. The central square is the nanostencil membrane, while the diagonal oblong holes in the
front SiN layer are the result of the KOH etch of the alignment marks. Larger membranes and
nanostencils were not attempted due to the long electron beam lithography write times required to
pattern them, but it is likely that larger nanostencils are achievable.
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4.1.3. Using Nanostencils
To use our nanostencils, we adapted techniques used previously by Kolbel et al. [123], [126] and
Jain et al. [122] and created a new process outlined in Figure 4-3a. Like Kolbel and Jain, we spin
coated resist (SPR700) onto the substrate to act as a precise spacer layer between the nanostencil
and substrate. This spacer layer was required because the dielectric metasurfaces we fabricated
with our nanostencils needed films significantly thicker than the nanostencil membrane. Therefore,
the nanostencil needed to be kept far enough away from the substrate to be able to be lifted off
while not being too far away and cause strong blurring effects [127], [128]. However, unlike
Kolbel, we did not pattern the spacer layer into a ring, so when the nanostencil was laid on top and
gently pressed onto the resist, van der Waals forces strongly adhered the nanostencil to the resist.
This helps ensure that all of the nanostencil is correctly spaced from the substrate, regardless of
how large the nanostencil membrane is. Note that because the exposure behavior of the resist is
not relevant, it is possible use the resist without heating it and just let the resist solvent evaporate
naturally or to force it to evaporate by putting the sample in a vacuum. This can be important if
the sample is heat sensitive. Then an anisotropic oxygen plasma etch was performed using an
electron-cyclotron resonance (ECR) reactive ion etching tool (Plasmaquest Series II Model 145)
using 50 sccm of oxygen gas flow at 7 mTorr of pressure, 50 W of ECR power, and 20 W of RF
sample bias power. This step is similar to Jain’s oxygen plasma etch of their PMMA layer.
However, an anisotropic etch was required because the meta-atoms are all relatively close to each
other and an isotropic etch would have created a large undercut and removed all of the resist
supporting the membrane. This could change the spacing between the membrane and the substrate,
especially for large membranes like the ones in this work. An SEM image of the resulting resist
profile is shown in Figure 4-3b. The resist walls are vertical, so with the nanostencil membrane on
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Figure 4-3: a) Schematic of the process for using nanostencils on rigid substrates. b) SEM image
of the resist profile after anisotropic oxygen plasma etch using an electron cyclotron resonance
reactive ion etcher, showing the vertical resist profile. c) SEM image at a 45° angle of the result
of an anisotropic oxygen plasma etch using an inductively coupled plasma reactive ion etcher,
showing the poor resist etch. d) SEM image of PbTe meta-atoms deposited using this process,
showing the clear definition of the edges of the meta-atoms.
top, the oxygen plasma etch results in a small undercut, similar to that achieved by a double layer
liftoff where the nanostencil membrane acts as the top resist. The use of an ECR reactive ion etch
tool was more important than expected due to how extremely gentle it is. Several different oxygen
etch parameters were tried in inductively coupled plasma reactive ion etch tools, with the result
invariably looking similar to Figure 4-3c where the etch leaves a forest of wispy resist behind. This
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difference is likely due to the fact that an ECR plasma is generated very far away from the sample
so there is very little bombardment of the sample. The dielectric material is then deposited through
the nanostencil apertures, and the nanostencil is lifted off by dissolving the resist in acetone,
leaving the meta-atoms, as shown in Figure 4-3d with PbTe. This process is extensible to any
substrate where resist can be successfully spin coated and any deposition material that can be used
in a liftoff process.

4.1.4. Testing Nanostencil Efficacy
To prove that this nanostencil-based fabrication method produces high quality metasurfaces and
behaves similarly to a double-layer liftoff, we fabricated 650 nm PbTe-on-CaF2 dielectric aspheric
meta-lenses using the same meta-atoms as previously designed by Zhang et al. [25] to work at a
wavelength of 5.2 μm. The meta-lenses were fabricated using 2 mm by 2 mm nanostencils. Then
a 1.5 mm diameter tin aperture was patterned on top of the meta-lens using photolithography. The
focal spot and efficiency was then measured using the same equipment used by Zhang et al. Figure
4-4 shows the simulated and measured focal spots of 1.5 mm diameter PbTe meta-lenses with focal
lengths of 2 mm and 4 mm. The measured focal spots very closely match the simulations, showing
that the deposited metasurface pattern closely matches what was designed. The measured Strehl
ratios of 97.8% and close to unity, respectively, indicate that these meta-lenses also achieve
diffraction-limited focusing. The focusing efficiency of the lenses were measured by measuring
the power that the lenses were able to focus through a 200 um diameter pin hole compared to the
power transmitted through a 1.5 mm diameter tin aperture patterned on a bare CaF2 substrate. The
measured efficiencies of 42% for the 2 mm focal length lens and 53% for the 4 mm focal length
lens are quite high, though not as high as the 75% measured by Zhang et al.
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Figure 4-4: Focal spots of 2 mm x 2 mm PbTe meta-lenses on CaF2 with focal lengths of 2 mm
and 4 mm. Both lenses showed diffraction-limited focusing (Strehl ratios of 97% and 99%
respectively) that matched simulations well. Both also showed high focusing efficiencies of 42%
and 53%, respectively.

4.1.5. Reusing Nanostencils
An important aspect of using nanostencils over a standard lithographic liftoff method is that the
nanostencil is reusable and therefore does not require repeated lithography to create the same
pattern repeatedly. This is particularly important for patterns with small feature sizes that require
a serial lithography method such as electron beam lithography, since writing the full pattern
repeatedly would take a lot of time. However, the apertures of the nanostencil do gradually clog
as material is deposited through them [128]. Therefore, it is important that the nanostencils be able
to be cleaned, which has been previously demonstrated using wet chemical methods to clean off
deposited aluminum [129]. To test that our nanostencils were similarly capable of being cleaned
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using wet chemical etching, we deposited GeSbS chalcogenide glass through one of our
nanostencils. Figure 4-5 shows an optical microscope image of the nanostencil after the deposition
and liftoff and then again after cleaning the nanostencil by soaking it in resist developer RD6,
which is a weak base capable of dissolving the glass. The nanostencil shows a clear color change
due to the removal of the glass thin film, and the residue present on the left side of the image of
the post-deposition nanostencil is removed. A wet chemical clean of PbTe covered nanostencils is
currently being pursued using a solution of H2O2, HBr, and citric acid, as previously used by
Malanych et al. for etching PbTe and Pb1-xSnxTe [130]. Other materials would need wet chemical
etches specifically designed to dissolve those material without affecting the silicon or silicon
nitride membrane.

Figure 4-5: Optical microscope images of nanostencil immediately after deposition of GeSbS and
liftoff and immediately after chemical cleaning using resist developer RD6 as a base to dissolve
the GeSbS.

4.1.6. Conclusion
In conclusion, we have developed a large scale, repeatable, and parallel fabrication process for
transmissive dielectric metasurfaces utilizing reusable nanostencils. To improve the yield of the
nanostencil fabrication, we utilized a partial etch of the frontside SiN layer to transfer the pattern
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from the resist to the nanostencil membrane while preserving the integrity of the membrane during
the KOH etch. To improve the reliability and resolution of the use of the nanostencil, we utilized
a sacrificial layer of resist to precisely determine the gap between the nanostencil and the substrate.
This process demonstrates repeatability matching that of standard liftoff techniques. The
nanostencils are also reusable using chemical cleaning methods if the material deposited can be
chemically etched without damaging the silicon or silicon nitride.
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Chapter 5. Future Directions
5.1. Lead Chalcogenide Material Development for Infrared Detectors
5.1.1. Understanding the Role of PbO
My work demonstrated that adding PbO to the lead chalcogenide source material in a thermal
evaporator can make the deposited thin film more n-type and therefore improve the performance
of the film as a detector. However, there remain several unanswered questions that would help
establish a better understanding of the fundamental phenomenon occurring and therefore how we
could further improve lead chalcogenide thin film detectors.
One question that remains unanswered is what role is the oxygen in the PbO playing, if any? There
are several different possibilities. One is that the oxygen is disassociating from the Pb completely
and never reaches the thin film, therefore playing no role. Another possibility is that the oxygen is
providing additional sensitization within the film, providing a method to sensitize the film without
any post-deposition treatment. Another possibility is that the oxygen is just replacing other
chalcogens within the crystal lattice and therefore is incorporated in the film but has a less welldefined effect on the performance of the film as a detector. These possibilities can be studied by
depositing films with different combinations of: 1) replacing the PbO with pure Pb to eliminate
the extra oxygen source and characterize if there is any difference in these films compared to those
with PbO in the source, and 2) capping the deposited films with an oxygen impermeable yet
infrared transparent thin film such as a chalcogenide glass to lock in the post-deposition oxygen
incorporation amount. The capping can be done immediately after depositing the film while still
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in the evaporation chamber to prevent any post deposition oxidation or as a separate deposition
after a well-defined amount of exposure to atmosphere.
Other questions pertain to the microstructure of the films and whether we can directly measure the
presence or absence of the n- and p-type regions that the mobilities and carrier lifetimes of the
films suggest. Energy dispersive and wavelength-dispersive x-ray spectroscopy (EDS and WDS)
can help determine the stoichiometry of the film and if there are any contaminants. If done in a
transmission electron microscope (TEM) instead of a scanning electron microscope (SEM), it may
be possible to map elemental distributions between grains and grain boundaries. X-ray diffraction
(XRD) measurements would help determine the presence or absence of additional phases beyond
the lead chalcogenide. X-ray photoelectron spectroscopy (XPS) can measure a depth profile of the
amount of oxygen in the film and determine how it interacts with other elements present.
Conductive atomic force microscopy and Kelvin probe force microscopy could potentially be used
to map out the differences in conductivity or carrier type and concentration between grains and
grain boundaries, using the hall effect mapping technique described by Turner et al. [131] or
Campbell et al. [132].

5.2. Lead Chalcogenide Detectors in Infrared Photonic Integrated Circuits
5.2.1. Direct Integration with a Readout Integrated Circuit
After fully validating the efficacy of the ratiometric design, the next step would be to validate that
this sensor design can be fabricated directly on a silicon CMOS readout integrated circuit. This
will likely involve a two-step process where the sensor is first wire bonded to a CMOS readout
chip before a fabrication workflow is designed to be able to fabricate the sensor directly on the
readout chip.
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The fabrication workflow is potentially non-trivial to design, particularly if the waveguides are
changed to a two layer design to potentially reduce waveguide losses, with a higher index
chalcogenide glass, such as GeSbSe, on top of a lower index chalcogenide glass, such as GeSbS.
This design change would lift the guided mode away from the surface of the wafer and the silicon
underlying the thermal oxide layer, reducing any losses due to the thermal oxide or due to the
mode leaking into the silicon substrate.

5.2.2. Integration of Improved Lead Chalcogenide Materials
Another next step to improve the performance of the sensor would be to use the improved lead
chalcogenide materials that are being developed. We have demonstrated that we can achieve
higher performance detectors by adding PbO to the source material, and future studies on the
mechanism for that improvement could lead to even higher performing materials. The integrated
lead chalcogenide sensor design could also be used to study the properties of the improved
materials, particularly the frequency response and noise spectrum.

5.3. Lead Chalcogenides in Dielectric Metasurfaces
5.3.1. Nanostencil Usage on Flexible Substrates
My work demonstrated the use of nanostencils to improve the scalability of metasurface
fabrication on rigid substrates, such as silicon wafers or CaF2 windows. However, we also tried
using nanostencils on a polydimethylsiloxane (PDMS) layer spin coated onto a silicon wafer. This
layer could then be layer taken off of the supporting silicon wafer, resulting a metasurface on a
flexible substrate. Being able to effectively pattern metasurfaces on flexible and stretchable
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polymer substrates would open up a lot of possible applications, especially those that require
metasurfaces to be integrated onto nonplanar surfaces.
There were several problems we encountered when trying to use nanostencils on PDMS. The first
problem is that PDMS is a difficult substrate to spin coat resist onto, with the resist often adhering
poorly or quickly forming islands with macroscopically visible cracks between islands. Several
different resists were tried, with SPR700 and thinner versions of PMGI and PMMA not working.
However, if the PDMS was quickly ashed in an oxygen plasma immediately before spin coating,
thicker PMGI and PMMA formulations (targeting 1 μm or thicker) seemed to work.
The next problem we encountered was the inability to effectively etch the resist cleanly, with
Figure 5-1a being representative of the results achieved. There consistently were wispy strands of
resist left over. Depositing on those strands results in meta-atoms similar to those in Figure 5-1b.
Etching for longer does not help, as it results in side skirts for the meta-atoms, which are starting
to become visible in Figure 5-1b but are clearly seen in Figure 5-1c. The side skirts are likely due
to redeposition of some material that is nonreactive to oxygen, of which the most likely is some
sort of silicon oxide. This is due to the fact that PDMS has a large silicon-oxygen backbone. If the
oxygen plasma attacks PDMS and removes the methyl groups attached to the silicon and replaces
them with oxygen, only a silicon and oxygen containing polymer or molecule remains.
There are two potential paths forward that use the same basic nanostencil use process developed
for rigid substrates. One of them involves adding a little bit of CF4 to the oxygen plasma etch or
other another gas that can etch silicon oxides and remove the side skirts. It is extremely likely that
these gases, however, will also be able to etch the silicon nitride membrane of the nanostencil, so
the nanostencil will need to be protected with some other layer. Care must be taken though to
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Figure 5-1: SEM images of (a) a representative etch of resist on PDMS through a nanostencil, (b)
representative meta-atoms after deposition and liftoff on PDMS, and (c) representative metaatoms showing large side skirts after deposition and liftoff on PDMS for a sample that underwent
a longer oxygen plasma etch.
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ensure that the protection layer does not apply any additional stress to the silicon nitride membrane
since that would likely cause the membrane to fail.
Another potential solution involves coating the PDMS layer with a thin inorganic, non-polymeric
layer such as a coating applied by atomic layer deposition (ALD). We have already applied an
ALD Al2O3 layer to the PDMS layer and found that it helps tremendously with spin coating any
resist onto the substrate. However, we were unable to fully test whether this improves the oxygen
plasma etch or not, nor were we able to test whether the thin ALD layer impacts the optical
performance of the metasurface or the flexibility or stretchability of the PDMS substrate.
Another potential path towards using nanostencils on flexible substrates involves changing the
nanostencil use process and trying to apply the spacer layer to the nanostencil instead of the
substrate. This could greatly simplify the use of nanostencils since they can just be applied directly
to the substrate, though the van der Waals forces on rigid substrates may not be enough to keep
them adhered effectively. On flexible and stretchable polymeric substrates, however, the substrates
themselves are relatively soft and can conform to a spacer applied to the nanostencil, potentially
improving adherence. However, similar to the idea of adding CF4 to the oxygen plasma etch,
adding a spacer to the nanostencil would require careful selection of the material and deposition
process such that the nanostencil membrane is not under additional stress and an undercut is still
achievable for the liftoff.
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