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Abstract

Lead selenide (PbSe) is a IV-VI semiconductor material and is known to have a high
absorption coe cient. This property comes from its narrow band gap (0.27eV) and
strong interaction with light within the material. This means that it e ciently absorbs

a signi cant amount of light relative to its thickness. The high absorption coe cient
makes it a promising material also for solar cell absorbers, as it e ciently converts
light into electrical current over a broad wavelength range. Research on PbSe has
been ongoing for nearly a century, with continuous advancements in understanding
its properties and potential applications. The full extent of its physical properties
remains underutilized in practical devices. Despite signi cant advancements in recent
technologies, there is still considerable potential for improving the performance and

cost-e ciency of miniaturized MIR gas sensing systems.

This thesis aims to develop a narrowband mid-infrared emitter by leveraging photonic
engineering techniques applied to lead selenide (PbSe) nanocrystals. A key challenge
lies in the inherently low radiative e ciency of PbSe, particularly at room temperature,
where non-radiative processes, most notably Auger recombination tend to dominate

carrier dynamics.

The rst chapter of the thesis presents an overview of the properties of Lead Selenide
(PbSe) and High Contrast Gratings (HCG) in the context of mid-infrared photode-
tection. It examines various PbSe growth techniques, emphasizing the relevance of
the Chemical Bath Deposition method. Furthermore, it introduces a novel approach
known as Oriented Attachment, underscoring its role in improving the material char-

acteristics of PbSe.

Chapter two of the thesis focused on deposition PbSe using Chemical Bath Deposi-
tion method, which allow the cost-e ective and scalable fabrication of MIR photonic

devices. In this study, | employed the water bath method to grow uniform PbSe

X



nanocrystals using the Oriented Attachment technique on amorphous substrates. Dif-
ferent parameters were varied during the growth process and their e ects were critically

analysed.

In chapter three, | studied about the annealing e ects on PbSe sample. After anneal-
ing with nitrogen at di erent temperatures, photo luminesce signi cantly improved.
Surface morphologies before and after the annealing of PbSe thin Ims were studied

by Scanning Electron Microscope (SEM) and X-Ray Di raction (XRD).

The chapter four of this thesis explores the nanostructure design simulated using RSoft
software, followed by the fabrication methods applied to lead selenide samples which
includes the photolithography process. This work contributes to the goal of develop-
ing compact, cost-e ective, low-power, and highly e cient on-chip MIR narrowband

emitter for chemical sensing applications. This work explores methods to enhance
PbSe Im quality, along with the design and fabrication of photonic structures on

PbSe samples, potentially improving the performance of PbSe-based MWIR sensing

platforms.

Additionally, the potential future work aimed at enhancing the performance of PbSe

emitters and photodetectors will be discussed in the concluding section of the thesis.
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CHAPTER 1

Introduction

1.1 Mid-Infrared Lead Salt Semiconductors

The mid-infrared (MIR) wavelength ranging from2:5to 20 m (4000 to 500cm 1) [4]

is regarded as the molecular ngerprint region, as it contains strong and distinguishing
fundamental molecular absorption bands as compared to other spectral domains such
as the near-infrared (NIR) range. Because of this unique feature, the spectroscopy
instruments operating in the MIR range serves as a powerful tool for chemical sensing,
material analysis, and biomedical diagnostics. With the development of network tech-
nologies, there has been a fast growing interest in advancing the MIR optoelectronic
devices for revolutionizing the traditional MIR chemical sensing technologies towards

the solutions with much higher-level miniaturization and smartness standards.

In order to advance the optoelectronic devices, a high quality suitable material platform
serves as the critical foundation that could play as a determining factor on the eventual
device performance. With that said, in the MIR range, there is only a handful choices
including the I11-V group semiconductors such as indium antimonide (InSb), indium
gallium arsenide (InGaAs), II-VI group semiconductors such as HgCdTe, and IV-VI
group lead salt semiconductors such as lead teluride (PbTe), lead selenide (PbSe).
Among which, 1V-VI semiconductor, specially for PbSe, it is regarded as one of the
most popular options due to its unique electronic and photonic properties for devel-

oping low-cost infrared detection and gas sensing technologies.

Most improtantly, IV-VI semiconductor (e.g., PbSe material), intrinsically, has much

lower Auger recombination coe cients than other semiconductor material systems.



As shown in Fig.1.1, Auger coe cient of IV-VI semiconductors is about one to two
orders of magnitude lower than II-VI (e.g., HgCdTe) and IlI-V (e.g., InAs) at room

temperature [5], as highlighted in the pink dashed circle.

Fig. 1.1: Auger Coe cients Comparison among di erent materials in the MIR region [1].

Auger coe cient describes the non-radiative recombination process, playing a critical
role to impact the material quantum e ciency and thus the optoelectronic devices
performance such as light emitters and photodetectors. The mechanism gets more
sever and can dominate the recombination at higher temperature, simply due to its
triple order relationship with the increasing carrier concentration through this process.
Therefore, In MIR optoelectronic devices, high operating temperatures is a challenge
for traditional 111-V and 11-VI semiconductors due to their high Auger, leading to per-
formance degradation. In contrast, IV-VI materials with much lower Auger coe cients
can suppress the Auger recombination process at higher temperature, and thus o er
better device performance (e.g., higher sensitivity in mid-IR photodetectors), which is

signi cantly important for the modern gas sensing technology development.

It is worth noting that, besides the Auger recombination mechanism, the Shockley-
Read-Hall (SRH) recombination, which is also known as defect-assisted non-radiative

recombination serves as another important factor in a ecting the eventual device per-
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formance. It is a two-step process in semiconductors where electrons and holes recom-
bine through defect or impurity energy levels within the band gap. This process has
less temperature dependency than Auger. Thus, even intrinsically having the lower
Auger process, if the material growth process introduces a high volume of active defects
in the material, the devices made out from the IV-VI semiconductor could still end up
failing regardless of what temperature it operates. This has remain a major material
challenge in IV-VI group material system, especially using high vacuum growth meth-
ods that the active voids and dislocations can be created easily. But surprisingly, many
studies have found that the IV-VI material produced by the solution-based chemical
bath deposition methods could e ectively passivate the defects via introducing oxide
in the growth process, which was a main reason making uncooled PbSe based MIR

photodetectors widely utilized in the past few decades.

1.2 Overview of Chemical Bath Deposition Method

The Chemical Bath Deposition (CBD) method for depositing 1V-VI semiconductor
(lead sul de) was pioneered by Emerson Reynolds in 1884 [6]. This method is usually
considered as the simple and low-cost Im deposition method. In which, the crystal
quality due to equilibrium growth is better compared to other methods, regardless of
the crystal size [7]. Besides, another obvious CBD advantages is low cost, and can
be setup easily since it does not require stringent vacuum systems, plasma generators,
and high temperature. The main drawbacks of traditional CBD growth method is its
challenges in achieving consistent reproducibility, maintaining precise chemical bath
concentrations, achieving thin uniform layers across a large surface, and the process is

further restricted by its dependency on the substrate material [8] [9].

It is widely known that, there are mainly two chemical growth mechanisms to grow

PbSe using the CBD method, which include lon-By-lon (IBI) and Cluster (colloidal)



methods. The lon-by-lon (IBI) mechanism involves a reaction between free metal
ions (PI¥*) and selenide ions $€ ) or more likely hydrogen selenide ionsHSe ).
This reaction results in the precipitation of PbSe when the ionic product exceeds the

solubility product [10]. The reaction process of IBI is expressed as follows [2]:

SeS@ + OH ! HSe + SC;

Pb?" + HSe + OH ! PbSe+ H,0

In the cluster mechanism, colloidal particles produced through homogeneous reactions
in the solution adhere to the substrate and create a very thin layer. During clus-
ter growth, solid clusters form in the solution, and di use to the substrate. At low
[OH]H[Pb?**] ratios, solid oxide clusters form due to Pb(OH) precipitation, which
subsequently react with free selenide anions to generate PbSe clusters [11]. At low
temperatures, the decreased solubility of Pb-hydroxide leads to the precipitation of
Pb(OH),, which subsequently reacts with Se to form PbSe nanoparticles. Due to
the reduced kinetic energy at low temperatures, the PbSe nanoparticles lack su cient
energy to undergo proper crystallization, causing them to aggregate randomly and

form clusters [12].

The chemical reaction process of Cluster is expressed as follows [2] :

Ses@ + H,O! HSe + Se$S03 + OH

Pb(OH), + HSe ! PbSe+ OH + H,0O

Besides two traditional growth mechanism, it is noted that there is a third unique
hybrid mechanism which is a combination of both lon-By-lon (IBI) and Cluster. We
call it as the Oriented Attachment (OA) method. Such an OA process is a crystal
growth process in which nanocrystals align and merge, resulting in the formation of

a single crystal. Templeman et al. introduced an OA chemical deposition growth

4



technique to deposit PbSe, which demonstrated substantially improved uniformity
and quality [11]. But his OA deposition has to be carried on the GaAs substrates.
In recent, our group's graduated member Dr. Tahere Hemati established a new OA

growth method which can deposite the OA PbSe Im directly on amorphous substrates.

In her work, the growth duration is identi ed as a crucial parameter that in uences
the transition between di erent growth mechanisms, including cluster formation, IBlI,
and OA. Tahere observed that the cluster mechanism is active during the initial O
to 3 minutes, after which it transitions to the OA mechanism. The OA mechanism
remains dominant for approximately 10 minutes, followed by a subsequent shift to
the IBI mechanism. Fig.1.2 illustrates the growth rate as a function of growth time,

distinguishing three distinct growth mechanisms: Cluster, OA and IBI[2].

Fig. 1.2: the growth rate as a function of growth times [2]

In the growth experiment of my thesis study, | continued her unique growth work to
deposite OA PbSe thin Im and further conducted the study on various control factors,
including the growth time, growth temperature, and solution pH. Through this study,
| developed a systematic understanding of how to regulate the growth mechanism
at various stages. A comprehensive discussion of this topic will be presented in the

following Chapter Two section.



1.3 Periodic Photonics Engineering

The advancement of nano-fabrication technology has spurred growing interest in chip-
scale photonic gas sensors. As shown in Fig.1.3, di erent gas molecules only absorb
a set of very narrow bandwidth light at speci ¢ MIR wavelengths, which correspond

to their molecular vibration energy levels. However, the gain spectra of the as growth

semiconductor Ims are generally very broad in the wavelength domain.

Fig. 1.3: Mid infrared absorption ngerprint of some gas molecules with their relative
intensities[3].

Therefore, it is preferable that the optoelectronic devices such as light emitters or pho-
todetectors can be tailored to only respond to a narrow bandwidth in order to achieve
a high selectivity in the gas sensing process. Thus, considering the powerful ability to
enable the photonic resonance, enhance the Purcell e ect and thus manipulate the res-
onant quality (Q) factor to stimulate light and molecule interaction, periodic photonic
engineering, specially the simple 1D resonant grating structure, i.e., high contrast grat-
ing (HCG), plays a crucial role in supporting the rapidly developing eld of on-chip

biological and chemical sensing.

Talking about HCG photonics, it is a periodic sub-wavelength structure composed of
a high-refractive-index material embedded in a lower-refractive-index medium, which
facilitates strong light con nement, and wavelength selectivity, making it useful for

lasers, optical Iters, and photonic sensors. Particularly for the photnic gas sensors, |
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believe the device performance can be signi catnely boosted up with the integration
of this photonic engineering solution. Therefore, conducting photonic engineering
work using the HCG architecture with the goal to enhance the Q-factor is another
important work that | conducted during my master student period, which will be

further elaborated in this thesis in the following Chapter four section.

1.4 Research Objectives and Thesis Outline

The objectives of this thesis study focuses on the study of the IV-VI material growth
optimization to produce high quality MIR thin Ims, and the photonic structure design
strategy, tailored for gas sensing applications. By integrating a suitable photonic
grating structure, this PbSe-based design o ers a cost-e ective optoelectronic device

alternative with improved spectral control.

This thesis explores the growth of PbSe material and nanophotonic engineering of
PbSe nanocrystal Ims to maximize their performance as mid-infrared emitters. This
research aims to advance photonic grating engineering using PbSe semiconductors to

develop mid-infrared light sources for gas sensing applications.

For the outline of this thesis, the current chapter provides a brief review of the key
characteristics of PbSe materials as well the periodic photonic grating to support the

device development.

Chapter Two details the experimental process for growing PbSe using the Chemical
Bath Deposition (CBD) method using Oriented Attachment technique, with variations

in key parameters such as temperature, pH, and growth time. Characterization of the
samples was conducted using Scanning Electron Microscopy (SEM), Energy Dispersive
X-ray Fluorescence (EDX), X-ray Di raction (XRD) and FTIR, with photolumines-

cence (PL) measurements taken to assess the material's properties.



Chapter Three introduce the details of the e ect of thermal annealing treatment and
investigated how annealing with nitrogen in uences the photoluminescence and struc-

tural properties of PbSe thin Ims deposited on a glass substrate.

Chapter Four focuses on the simulation and design of nanostructured photonic grat-
ings, optimizing various parameters to enhance emission. An e-beam resist was coated
onto the PbSe sample, followed by mask patterning using Electron Beam Lithography
(EBL) to create nanometer-scale features with an optimized beam current and dose.
Unwanted PbSe was then removed through dry etching using Reactive lon Etching
(RIE). The characterization of the fabricated sample using SEM, AFM, and FTIR is
also discussed. Chapter Five summarizes the overall work and provides recommenda-

tions for future research directions.

With the growing need for cost-e ective, narrowband emitter, the results of this study
could serve as a foundational step toward the development of rapid manufactured

infrared sensors and imaging devices.



CHAPTER 2

Material Deposition and Characterization of PbSe Thin Films

In this chapter, I will present my extensive experimental study on preparing the high
guality PbSe thin Ims using chemical bath deposition method. The thin Im material
serves as the foundation for me to further conduct the design and fabrication of the

corresponding emitting devices.

2.1 Experimental Setup for the Chemical Bath Deposition Process

To conduct the chemical reaction process, Pb is used as cation and Se as anion. Sodium
hydroxide (NaOH) is used as a complexing agent to control the reaction rate [19]. With
that, to prepare the CBD process, several precursor solutions need to be created rst

with the steps detailed below.

The Pb precursor and the Se precursors are two main solutions for enabling the reac-
tion. For the the Pb precursor, 0.2 M lead (Il) acetate trihydrate (Aldrich, Z99.99%
trace metals basis) used, which is prepared by adding lead acetate in 250 ml of deion-
ized water and placing on a hot plate at 108 C for 15 minutes. After preparation,
the Pb precursor bottle is stored in a refrigerator at 4C. Before use, it should be
placed in a warm water bath or on hotplate for a few minutes to allow it to reach
room temperature. For the Se precursor, a 0.2 M stock solution of sodium selenosul-
fate (Na,SeSQ) was prepared by adding 0.2 M selenium powder (Aldrich, 100 mesh,
99.99% trace metals basis) with 0.5 M sodium sul te (Aldrich, BioUltra, anhydrous,
98% purity). The Na,SeSQ solution was stirred at 105C for 5 to 6 hours until
the solution became transparent in color. Then, it was Itered to remove non-reacted

selenium powder. A5 M NaOH solution was prepared by dissolving sodium hydroxide



in deionized water. The mixture was stirred at 85C for approximately 30 minutes

until the sodium hydroxide was fully dissolved.

Besides, amorphous substrates i.e. rectangular microscopic glass slides 3"x 1" were
used as the substrate to facilitation the deposition of the PbSe Ims. Thorough clean-

ing of substrates is necessary before the process: The glass slides were cleaned through
Acetone (55C) and Methanol (RT) for 10 minutes and 05 minutes respectively and
then by the RCA method. 5 parts of De-ionized water, 1 part of Ammonia Hydroxide

and 1 part of Hydrogen peroxide were used.

During the growth experiment, a mixture of DI water and ammonia hydroxide was
heated on a hot plate until the solution reached 7C. Once the target temperature was
achieved, hydrogen peroxide was added, and glass slides were immersed in the solution
for 15 minutes. The slides were then removed, thoroughly rinsed with deionized water,

and dried using ultra-high-purity (UHP) nitrogen gas.

Below listed is a step-by-step process for growing PbSe nanocrystals under the water-

bath control environment:

1 Fill a Pyrex crystallizing dish (beaker) with water and place it on a hot plate set

to 330C.

2 . Heat the water bath for 10 to 15 minutes, placing a thermometer inside to

monitor the temperature.

3 Once the water bath temperature reaches 85, place a solution bottle containing
DI water, Pb precursor, and stir bar magnet into the bath. Ensure that two-
thirds of the solution bottle is submerged in water. Within approximately 10

minutes, the solution temperature typically rises to 96 98C.

4 When the solution reaches this temperature range, add NaOH and wait for ap-

proximately three to four minutes.

10



5 . Then, add the Se precursor and immediately remove the bottle from the water

bath.

6 Insert a clean glass slide (washed with DI water and dried with \gas) into the

solution bottle.

7 Seal the bottle with a cap and place it in a forced air oven at a controlled
temperature for a speci ed duration. Fig.2.2 shows the forced air oven where
the temperature is regulated through a built-in temperature controller to ensure

uniform heating.

During steps 1-4, for enabling better growth temperature control, | have carried out
the growth under two temperature control methods using the hot-plate and the water-
bath respectively. Initially, | used the hot-plate method by placing the solution bottle
directly on the heated surface. However, | observed that the solution temperature
was not uniform within the bottle, which a ected the deposition quality. While the
hot-plate method allowed for faster heating, it resulted in non-uniform deposition due

to uneven temperature distribution.

Fig. 2.1: Water bath setup images showing (a) the condition before adding OH and (b) the
state after OH addition.

11



To improve uniformity, | later switched to the water-bath method, where the solution
bottle was immersed in heated water as display in Fig.2.1. This approach provided
slower, more controlled heating, ensuring a stable temperature throughout the solution.
The results showed signi cantly better deposition uniformity, making the water-bath

method ideal for precise temperature control, particularly for nanocrystal growth.

Fig. 2.2: Forced air oven used for growing PbSe

After deposition, the backside of the substrate is scraped away using a blade or cleaned
using cotton swabs moistened in nitric acid to ensure accurate analysis of the front
layer and to inspect the Im's darkness under the light. Afterward, the glass substrates
are washed with deionized water to remove any remaining contaminants, and dried
with a ow of nitrogen gas, then stored in sample boxes for future use and further

characterization.

Following this standardized growth procedure, | varied several growth parameters to
study the control of PbSe nanocrystals. The parameters include temperature, pH
(NaOH concentration), and growth duration. The detail resulting e ects via tuning
these parameters will be presented and discussed in the following sections. In certain

samples, the same process was repeated to achieve thicker Im formation.

12



Fig. 2.3: Images of PbSe thin Im samples deposited on glass, showing temperature variation
from left to right: 65 °C, 60°C, and 55°C.

2.2 Investigate the oven temperature e ect on the resulting Ims

The PbSe growth temperature in the forced air oven was varied from 85to 65 C. The
Fig.2.3 and Fig.2.4 illustrate the impact of temperature on the deposition of PbSe thin
Ims on a glass substrate. The surface of the low-temperature growth Sample #119
(55 C) appears rougher. As shown in Figure 2.4, low growth temperatures (85
lead to the formation of clusters due to reduced solubility, which hinders proper crys-
tallization and results in nanoparticle aggregation. As the temperature increases, the
crystal size grows, with more pyramid-shaped crystals observed at higher tempera-
ture (Sample #124). An increase in temperature results in a corresponding growth
in size [13]. The growth temperature typically in uences the reaction rate and the

structural characteristics of the Ims [12, 14].

Fig. 2.4: SEM images showing temperature variation in samples
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2.3 Investigate the DI water ratio on the resulting Ims

PbSe was grown by varying the water concentration, with precise control using a
pipette. A higher increase in water content appears to promote larger cubic crys-
tal size, greater spacing between crystals, and a transition to an ion-by-ion growth
mechanism. Among the samples, Sample #118 (with 21.2 mL of water) exhibits the
highest shininess and a greater number of pyramid structures. A lower concentration
due to excess water promotes Ostwald ripening, where smaller nanoparticles dissolve

and larger ones grow, as shown in Sample #114 in Fig.2.5.

Fig. 2.5: SEM Images of PbSe thin Im samples deposited on glass, showing DI water
variation from left to right: 20.8, 21.2, and 21.5 ml.

The Fig.2.6 illustrates the photoluminescence (PL) behavior of PbSe samples deposited
with varying quantities of deionized (DI) water, while keeping all other growth param-
eters constant. Sample #118, which was prepared with an optimal amount of DI
water, shows enhanced PL intensity due to the formation of OA nanocrystals with im-
proved crystallinity and reduced defect density. In contrast, Sample #116, prepared
with less DI water, leads to faster deposition of PbSe, which might trap more defects
and thereby reduce the PL. On the other hand, Sample S#114, which was prepared
with a higher amount of DI water, shows lower PL intensity. The excessive dilution
reduces the precursor concentration, leading to fewer nucleation sites and the growth

of larger, less quantum-con ned crystals during recrystallization. These larger crystals
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Fig. 2.6: Measurement of PL with variation of DI water during growth process

tend to have lower PL due to reduced carrier con nement and increased non-radiative
recombination.As shown in the Fig.2.5 and 2.6, an optimal increase in DI water con-
tent results in the formation of smaller nanocrystals, enhancing quantum con nement

e ects and leading to improved PL intensity.

2.4 Investigate the e ect of OH concentration on the resulting Ims

PbSe thin Ims were grown by varying the OH concentration while keeping all other
parameters constant. Table 2.1 presents the recipe for each sample prepared with
dierent OH quantities. To assess thin Im thickness, samples were examined un-
der light by evaluating their darkness and transparency. The transparency of Sam-
ples #128 and #129 is similar to that of Samples #126 and #127, whereas Sam-

ple #118 exhibits a noticeably darker transparency compared to the others.
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Table 2.1: Change in OH quantity by keeping temperature and water quantity same

Sample No.| Temperature{C) | DI water (ml) | OH (ml)
129 60 21.2 1.65
118 60 21.2 1.75
128 60 21.2 1.85
126 60 21.2 1.95
127 60 21.2 2.05
130 60 21.2 2.25

The analysis suggests that the optimal window for high-speed growth may be around
an OH concentration of 1.75 mL. As shown in Figures 2.8 and 2.9, increasing the
OH concentration results in higher transparency, which is undesirable for our appli-
cation. Additionally, SEM analysis in g. 2.10 of Sample #130 (2.25 mL OH) reveals

irregular crystal sizes, indicating that excessive OHleads to non-uniform growth.

Fig. 2.7: PbSe thin Im samples deposited on glass, showing variation in OH guantity.

Fig. 2.8: PbSe thin Im samples synthesized with varying OH concentrations, displayed
under light.

The Fig.2.11 shows the photoluminescence (PL) intensity of PbSe samples deposited

with varying OH concentrations, while keeping other parameters constant. All sam-
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Fig. 2.9: Images of PbSe thin Im sample deposited on glass, deposited with higher OH.

Fig. 2.10: SEM images of PbSe thin Im samples deposited on glass, showing the e ect of
increasing OH quantity from left to right.

ples were prepared at a high temperature of 86C. At high OH concentration, an
abundance of free hydroxide ions can slow down the formation of lead hydroxide
nanocrystals, favoring anon-by-ion growth mechanism. This slower growth results in
lower PL intensity due to fewer nucleation sites and potentially less uniform crystallite
formation. In the case wherel.75 mL of OH was added, the growth mechanism
transitions from a cluster-based mechanism to an OA mechanism, which completes
e ectively within the 10-minute growth window. This condition promotes better crys-
tallinity and particle uniformity, resulting in stronger PL intensity. In the third sce-
nario, with a reduced amount of OH, there are fewer hydroxide ions available to
combine with lead, leading to an excess of free Pbions. This imbalance causes

premature and uneven formation of lead hydroxide prior to the addition of selenosul-
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Fig. 2.11: Measurement of PL with variation of OH quantity during growth process

fate, resulting in irregular PbSe crystal sizes, thinner Im deposition, and weaker PL

emission.

2.5 Investigate the repeated growth process on the resulting Ims

This section provides a comparative analysis of single and double layer PbSe thin Ims
grown using the chemical bath deposition (CBD) method. This study evaluates their
structural, optical, and electrical properties to determine the impact of layering on

Im performance.

The choice between PbSe single and double-layer Ims a ects the e ciency of the
material, making a comparative study essential. PbSe thin Ims were synthesized

using the CBD method under controlled conditions. Two sets of samples were prepared.
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One with a single-layer deposition and the other with a double-layer deposition. The
deposition parameters such as bath composition, oven temperature, growth recipe and

time were maintained constant.

Fig. 2.12: Single Layer (left) and Double Layer (right) PbSe thin Film deposition using
CBD method

The Fig.2.12 and Fig.2.13 display single-layer and double-layer PbSe samples. Two
single-layer PbSe samples were prepared, after that one of which was used as a sub-
strate in a new solution for double layer deposition. A new deposition solution must

be prepared using the same recipe as before, as lead and selenide were consumed and

deposited onto the previous sample.

Fig. 2.13: Single Layer (left) and Double Layer (right) PbSe thin Film deposition under the
light

Fig.2.12 illustrates the uniform adhesion of the PbSe thin Im on an amorphous sur-

face. In Fig.2.13, the single-layer deposition appears as a transparent orange, indicat-
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ing that the Im is thin. In contrast, a double-layer deposition results in a signi cantly

thicker Im, as evidenced by its completely dark appearance under light.

Thickness of both single and double layer samples were measured by the Alpha-step
pro lometer. The single and double layer thickness was found to be 175 nm and 494

nm, respectively.

The Photoluminescence (PL) measurement was performed using a Bruker Invenio-R
Fourier Transform Infrared (FTIR) spectrometer with a resolution of 16 cm?. The
InSb high-gain detector was cooled with liquid nitrogen, while an external SR-830
lock-in ampli er was integrated with the PL module to minimize thermal background

noise. Excitation was performed using a 980 nm semiconductor diode laser.

Fig. 2.14: PL measurement of Single Layer and Double Layer PbSe thin Film deposition

An enhancement in PL intensity was observed after the deposition of second layer.
Fig.2.14 illustrates the comparison of PL between single-layer and double-layer PbSe

thin Ims. The PL signi cantly improved after depositing the double layer due to
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reduced defects and enhanced radiative recombination.

Fig. 2.15. Comparison of XRD of PbSe nanocrystals of (a)single and (b)double layer de-
posited on Glass substrate

The structural properties of the sample were analyzed X-ray di raction (XRD). XRD
analysis revealed di erences in crystallinity between the single and double layer Ims.
The single layer Im exhibited a cubic PbSe phase with a preferential orientation along
the (200) plane. The double layer has a peak at (220) plane. The double layer Im
showed increased grain size due to the additional layer. The average crystal size found
using the Debye Scherrer equation 2.1 for the single and double layer Ims are 25.3

and 48.5 nm respectively.

2.6 Investigate the PbSe Films with a Sputtered Seed Layer

This section explores the impact of the seed layer on the optical and structural char-
acteristics of PbSe deposited using the CBD method. The thin Im deposited using
the CBD method is typically around 200 nm. However, our simulation design for cre-
ating photonic structure of PbSe requires a PbSe Im thickness of approximately 770
nm. To achieve this, there are two possible approaches: either repeat the deposition

process four times or rst grow a seed layer and then use the CBD method. Since
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each round of CBD increases surface roughness, | opted for the latter approach, i.e.
growing an initial seed layer via sputter deposition before depositing PbSe using the
CBD method. Similar method has been carried out by Parisa et al. to grow another

semiconductor material, zinc oxide which has applications in photodetectors and gas

sensors [15].

The sputter deposition is a physical vapor deposition (PVD) method for thin Im. In
our cleanroom lab, the system we used to deposit PbSeis a built-in-house multi-mode

coating system with the sputtering function as shown in Fig.2.16.

Fig. 2.16: The multi-mode pulsed E-beam/Sputtering Deposition System

To carry out the seed-layer deposition experiment, we prepared both glass and sil-
icon samples as the substrates, which were cut intdD1 cn® pieces using a dicing
machine and thoroughly cleaned prior to deposition. The cleaning process involved

solvent cleaning followed by plasma treatment to ensure the removal of any residual
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