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Abstract 

In the infrared, photodetectors are the key components in a wide-variety of 
applications such as thermal imaging, remote sensing, spectroscopy with newer 
technologies added to the list such as LiDAR and deep tissue imaging. As the 
demand for photodetectors increase with a shift towards longer wavelengths, we 
need high-performance, scalable and low-power consuming alternatives to current 
infrared photodetector technologies. 

Colloidal Quantum Dots (CQDs) are nanoscale-sized semiconductors with 
quantum-confined charges in all 3 dimensions. They can be synthesized in solution 
and can easily be deposited onto a desired substrate as a quantum dot (QD) film 
which allows easy integration with current silicon-based technologies. QDs are 
efficient light absorbers and their bandgap can accurately be tuned by controlling 
their size during synthesis. Lead chalcogenide QDs, such as PbS and PbSe, have 
tunable bandgaps covering the near-infrared (NIR) and short-wave infrared (SWIR) 
up to 3 µm, making them ideal sensitizers for photodetectors.    

In this thesis, we utilize PbS QDs with an excitonic bandgap around 1.8 µm in 
combination with 2-dimensional transition metal dichalcogenides (TMDCs) to form 
hybrid photodetectors operating in the infrared. With their layered structure similar 
to graphene and semiconducting character, TMDCs have outstanding electronic 
properties. Incorporating few-layers of TMDCs in our PbS QD detectors allows fast 
and efficient charge transfer from the QDs to the photodetector contacts through the 
TMDC layer, boosting detector responsivity. By combining PbS QDs with two types 
of TMDCs, WS2 and MoS2, we are able to reach detectivities exceeding 1012 Jones 
at room temperature with a response up to 2 µm. 

Probing further into the infrared, we extend the spectral response of our hybrid 
detectors up to 3 µm by utilizing narrower-bandgap PbSe QDs with MoS2 layers. 
After a careful analysis and using strategies such as oxide-isolation of metallic 
contacts, we reached detectivities of 7.7 x 1010 Jones at 2.5 µm at RT. With their 
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low-noise and high responsivities, our detectors improve the potential of hybrid 
detectors and demonstrate a performance comparable to commercial detectors 
without the need of external cooling, costly vapor deposition techniques or complex 
integration with silicon technology. 

Broadening the reach of PbS QDs even further, even beyond the limit of their bulk 
bandgap, up to 9 µm by using a novel doping method, we demonstrate the first PbS 
QD intraband photodetectors. Having developed this air-stable high n-doping 
method for PbS QDs, observation of intraband transitions taking place between the 
first two conduction levels becomes possible. These intraband transitions have lower 
energies compared to the bandgap, opening up another degree of freedom in 
tunable optical response of our QDs between 6-9 µm. We study how the doping 
works across a wide range of QD sizes and at different temperatures. Our 
photodetectors utilizing the intraband transitions in highly-doped PbS QD films have 
detectivities approaching 105 Jones. 

To sum up, we demonstrated lead chalcogenide QD based photodetectors with 
improved performance and spectral responses progressively shifting deeper into the 
infrared. Our TMDC-QD hybrid detectors reveal the potential of these systems as 
alternatives to commercial detectors. Whereas, surpassing the bandgap limit with 
high doped QDs and intraband transitions opens up new ways to realize 
optoelectronic devices further in the infrared. 
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Resumen 

En el infrarrojo, los fotodetectores son los componentes clave en una amplia 
variedad de aplicaciones, como escaneo térmico, teledetección, espectroscopia, 
además de otras tecnologías más nuevas, como LiDaR o escaneo de tejidos 
profundos. A medida que aumenta la demanda de fotodetectores con aplicaciones 
hacia longitudes de onda más largas, necesitamos alternativas de alto rendimiento, 
escalables y de bajo consumo de energía a las tecnologías actuales de 
fotodetectores infrarrojos. 

Los puntos cuánticos coloidales (CQD) son semiconductores de tamaño 
nanométrico con portadores de carga confinados cuánticamente en las 3 
dimensiones. Se sintetizan en solución y se pueden depositar fácilmente sobre 
cualquier sustrato en forma de película de puntos cuánticos (QD) que permite una 
fácil integración con las tecnologías actuales basadas en silicio. Los QDs son 
absorbentes de luz eficientes y sus bandas prohibidas se pueden ajustar 
controlando su tamaño durante la síntesis. Los QDs de calcogenuro de plomo, como 
PbS y PbSe, tienen bandas sintonizables que cubren el infrarrojo cercano (NIR) y 
el infrarrojo de onda corta (SWIR) hasta 3 µm, lo que los convierte en 
sensibilizadores ideales para fotodetectores. 

En esta tesis, utilizamos PbS QD con una banda prohibida excitónica de 1,8 µm en 
combinación con dicalcogenuros de metales de transición bidimensionales 
(TMDCs) para formar fotodetectores híbridos que operan en el infrarrojo. Con su 
estructura en capas similar al grafeno y su carácter semiconductor, los TMDC tienen 
propiedades electrónicas sobresalientes. La incorporación de unas pocas capas de 
TMDC en nuestros detectores de PbS QD permite una transferencia de carga rápida 
y eficiente desde los QDs a los contactos del fotodetector a través de la capa TMDC, 
lo que aumenta la capacidad de respuesta del detector. Al combinar PbS QD con 
dos tipos de TMDCs, WS2 y MoS2, podemos alcanzar detectividades superiores a 
1012 Jones a temperatura ambiente con una respuesta de hasta 2 µm. 
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Profundizando más en el infrarrojo, ampliamos la respuesta espectral de nuestros 
detectores híbridos hasta 3 µm mediante la utilización de QDs de PbSe, de banda 
prohibida más estrecha, con capas de MoS2. Después de un análisis cuidadoso y 
utilizando estrategias como el aislamiento de los contactos metálicos mediante 
óxido de aluminio, alcanzamos detectividades de 7,7 x 1010 Jones a 2,5 µm a 
temperatura ambiente. Con su bajo nivel de ruido y alta responsividad, nuestros 
detectores mejoran el potencial de los detectores híbridos y demuestran un 
rendimiento comparable al de los detectores comerciales sin la necesidad de un 
enfriamiento externo, costosas técnicas de deposición de vapor o una integración 
compleja con la tecnología de silicio. 

Además, se ha ampliado el alcance de los QDs de PbS hasta 9 µm, sobrepasando 
el límite de su banda prohibida en bulk. Mediante el uso de un método de dopaje 
novedoso, demostramos los primeros fotodetectores intrabanda de PbS QDs. Este 
método nos permite obtener un alto dopaje tipo n de los PbS QDs, que hace posible 
la observación de las transiciones intrabanda entre los dos primeros niveles de 
conducción. Estas transiciones intrabanda tienen energías más bajas en 
comparación con la banda prohibida, lo que abre otro grado de libertad en la 
respuesta óptica sintonizable de nuestros QDs entre 6-9 µm. Este método también 
estabiliza los PbS QDs dopados, evitando su oxidación en contacto con el aire. 
Adicionalmente, estudiamos cómo funciona el dopaje en una amplia gama de 
tamaños QD y a diferentes temperaturas. Nuestros fotodetectores, que utilizan las 
transiciones intrabandas en películas de PbS QDs altamente dopadas, tienen 
detectividades que se acercan a 105 Jones. 

En resumen, demostramos fotodetectores basados en QDs de calcogenuro de 
plomo con un rendimiento mejorado y respuestas espectrales que se desplazan 
progresivamente más profundamente en el infrarrojo. Nuestros detectores híbridos 
TMDC-QD revelan el potencial de estos sistemas como alternativa a los detectores 
comerciales. Por otro lado, la superación del límite de la banda prohibida con QDs 
altamente dopados abre nuevas formas de realizar dispositivos optoelectrónicos 
más allá del infrarrojo. 
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1 - Introduction 

A photodetector is an optoelectronic device that responds to light with a measurable 
change in its electrical properties. They are the crucial components of imaging 
systems, telecommunications, remote sensing, healthcare, space exploration and 
many more. Depending on the application, their response can cover the 
electromagnetic spectrum from x-rays to the infrared and for each part of the 
spectrum a different material and design is needed, making them an interesting 
candidate for research and development.   

Currently, most photodetectors are in the form of CMOS (complementary metal 
oxide semiconductor) image sensors, representing almost 5% of the global 
semiconductor industry. About 68% of these sensors are used in mobile devices for 
cameras. In 2021, the CMOS image sensor market was valued at $20.7 billion with 
expected projections reaching up to $31.5 billion by 2026. It is one of the sectors 
least affected by COVID-19 pandemic and is expected to grow even further with the 
momentum the IoT (internet of things) and home security systems.1 With this 
massive demand and technologies such as LiDAR (light detection and ranging) 
being introduced to the consumer market, photodetectors will surely expand both in 
production volume and operation wavelength covering the visible and infrared. 

In the visible part of the electromagnetic spectrum, photodetectors mostly use 
crystalline silicon as an active material. With its indirect bandgap of 1.1 eV 2, 
abundance on earth and years of established silicon processing technology, silicon 
dominates the industry. For imaging purposes silicon detectors are fabricated in the 
form of a focal plane array (FPA) where pixels of individual photodetectors form an 
array in a CCD (charge-coupled device) or CMOS detector, commonly known as an 
imaging sensor of a camera. With low fabrication costs, widespread use and 
satisfactory performance for most applications, silicon photodetectors will likely 
remain dominant in the visible. 
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In the near-infrared (NIR) between 0.78 µm and 1 µm, Si detectors can still be 
utilized; however, after about 1 µm of wavelength, sensitivity of silicon detectors 
diminishes rapidly. Going further into the infrared, in the short-wave infrared (SWIR) 
region between 1-3 µm, silicon is replaced mostly by III-V semiconductors such as 
InAs or ternary compounds such as InGaAs. In the mid-infrared (MIR) region 
between 3-6 µm, compounds such as InSb or InAsSb are used. Even further into 
the infrared in the long-wave infrared (LWIR) region between 6-15 µm, HgCdTe 
detectors are the practical choice.3 All these active materials are grown epitaxially 
in ultra-high vacuum conditions with less abundant elements. After their growth they 
need to be integrated to silicon-based readout circuitry by means of indium bumps 
or flip-chip bonding which adds another level of complexity to their fabrication, 
reducing the yield. For high performance, most detectors in these regions require 
external cooling which makes these detectors bulky and non-practical for some 
applications.4  

Despite these issues, there is demand for high-performance and low-cost infrared 
photodetectors. In medical imaging, NIR windows between 1.1-1.35 µm and 1.6-
1.87 µm are being explored for deep tissue imaging.5 In spectroscopy, most 
molecules having strong characteristic vibrational transitions in the MIR, opening up 
possibilities for material processing and chemical and bio-molecular sensing. 
Moreover, with Earth’s atmosphere having two transmission windows around 3-5 
µm and 8-13 µm, there is also demand from astronomy, remote detection of 
explosive gases and thermal imaging.6  

1.1 - Colloidal Quantum Dots 

Quantum dots (QDs) are nanometer-scale nanocrystals small enough such that its 
electrons and holes quantum-confined in all 3 dimensions. They can be synthesized 
epitaxially with vapor deposition techniques7 or chemically in solution. Solution-
processed quantum dots or colloidal quantum dots (CQDs) are lower cost, more 
versatile and can be integrated easily with existing optoelectronic devices.8 
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Figure 1.1: Evolution of the band structure of quantum dots from its bulk semiconductor state 
with decreasing size. Practically continuous conduction and valence bands get discretized as the 

quantum confinement effects get more prominent in smaller radii of QDs, therefore influencing 
the effective band gap. 

What makes QDs interesting for optoelectronic applications is the tunability of their 
optical and electrical properties by controlling their dimensions and surface 
chemistry. In bulk materials, the combination of a large number of atomic orbitals in 
the crystal gives rise to a continuous distribution of energy states for electrons which 
become energy bands. Electrons and holes can occupy any state in the practically 
infinite number of states in these bands. In semiconductors, there is a gap with no 
allowed states between the highest occupied band and lowest unoccupied band, 
which is defined as the bandgap, which ranges from some hundreds of 
millielectronvolts to several electronvolts.9 As we shrink the dimensions of the 
semiconductor and go below a certain radius, referred to exciton Bohr radius, 
quantum confinement effects become prominent and energy levels for electrons and 
holes become discrete. They can occupy a smaller number of these less dense 
discrete energy states which causes the bandgap energies to be larger than in 
bulk.10 By changing the dimensions of the QD, it is possible to influence these 
discrete energy levels and the bandgap over a wide range of energies. Strongly 
quantum-confined, smaller QDs will have larger bandgaps and as the QD size 
increases the bandgap eventually redshifts towards the bandgap of that material in 
bulk. Size-tunable bandgap of QDs has been utilized in photodetectors11, solar 
cells12 and light-emitting devices13. 

Another degree of freedom arises when the CQDs are made into QD films to be 
utilized in devices. Spincoating is one of the most common methods to obtain high-
quality QD films. During the spincoating process, long organic ligands on the surface 
of the CQDs are replaced with shorter ones to obtain a close-packed film for better 
charge transport between the QDs, controlling doping in the film and passivating or 
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modifying the surface chemistry of the QDs. There is a plethora of ligands14 to 
choose from depending on the application and that specific QD size and material. 
Careful selection of an appropriate ligand is therefore crucial to the performance of 
the final device and affects factors such as the doping, mobility, trap density and 
electron affinity.9 

In the infrared, there are various choices of semiconductors that can be synthesized 
as CQDs. A summary of these materials and their wavelength span can be seen in 
Figure 1.2-a. Materials such as HgTe CQDs can span a wide range of wavelengths; 
however, Hg containing compounds can potentially lead to health and environmental 
concerns. Less toxic alternatives such as lead chalcogenides (such as PbS, PbSe, 
PbTe) are focus of active research. Safer materials such as Ag2Se CQDs15,16 are 
also considered as alternatives to Hg and Pb-based CQDs.17 

Figure 1.2 – (a) Spectral sensitivity ranges for several CQDs in the SWIR-NIR region. Adapted 
from ref 18.(b) Normalized absorption for several different sized PbS CQDs. As the diameter of 

the CQDs increase from 1.8 nm to 6.4 nm, excitonic absorption peak redshifts, allowing tunable 
photoresponse. 

In this thesis, main focus will be on two lead chalcogenide CQDs: PbS and PbSe. 
These CQDs are synthesized using a Schlenk line by a hot-injection method where 
precursors are injected into organic solvents at elevated temperatures. Control of 
the CQD size and size distribution is achieved by factors such as injection 
temperature, type of precursors, stabilizing surfactants and reaction time. During the 
reaction stages of nucleation and growth are separated and individually controlled 
to obtain the desired optical properties. In the end, a CQD solution is obtained in an 
organic solvent with each CQD capped with long ligand chains for colloidal stability. 
Figure 1.1-b shows PbS CQDs with various diameters using the synthesis described 
above.  
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1.2 - Thesis Objectives and Outline 

The main objective of the thesis is to develop and optimize photodetectors in the 
short-wave to mid-infrared range with high performance, low noise and low cost. We 
want these detectors to be easily integrated with the silicon-based technology and 
to be alternatives to the current commercial detectors without the need of costly and 
bulky external cooling systems.  

To reach these goals, we use lead chalcogenide CQDs in combination with TMDCs 
in the short-wave infrared range. For photoresponse in the mid-infrared, we utilize a 
novel doping technique on lead sulfide CQDs to allow low-energy transitions in the 
CQDs. 

This thesis is organized as follows: 

Chapter 2 provides the basics of photodetectors. Different types of photodetectors 
and their principles of operation are discussed. Fundamental limits on detector 
performance are laid out and noise in photodetectors are investigated. Figures of 
merit on assessing the performance of these detectors are introduced.  

Chapter 3 presents novel hybrid photodetectors with PbS QDs and two different 
types of TMDCs. An introduction on TMDCs and their properties are discussed. 
Following that, hybrid photodetectors utilizing MoS2 and WS2 combined with PbS 
QDs are introduced. Their characterization and performance assessment concludes 
the chapter.  

Chapter 4 advances the hybrid photodetectors further into the infrared. With PbSe 
QDs and an MoS2 layer below, we are able to obtain response up to 3 µm. The 
performance of the device is further improved by oxide-isolation of contacts, 
resulting in higher detectivity.  

Chapter 5 introduces a novel method to obtain high-doped PbS QD films and 
presents another degree of freedom in controlling the absorption of QDs. The 
method is analyzed in detail and studies on doping versus QD size and temperature 
are presented. Photodetectors using the highly-doped QD film is presented that 
operate in the MIR-LWIR.       
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2 - Photodetector Basics 

In almost every imaging system that we use today, we have photodetectors. As the 
interest shifts from visible wavelengths to infrared, we need new technologies to 
cover the IR. But before that, a deep understanding of photodetector operating 
principles is needed. This chapter will cover the basic types of photodetectors, how 
we assess their performance and their fundamental limits. 

2.1 - Types of Photodetectors 

Depending on their operation principle, photodetectors are mainly divided into two 
categories: thermal detectors and photon detectors. When a photon hits the active 
material of the detector and it heats up the material therefore causing a change in 
conductivity, then it can be classified as a thermal detector. If that photon excites an 
electron and creates an electron-hole pair that can be collected by the terminals of 
the device and extracted as photocurrent, then the device can be classified as a 
photon detector. In this thesis, I will focus on photon detectors; however, a brief 
description of thermal detectors is provided for comparison purposes. 

2.1.1 - Thermal Detectors 

There are various types of thermal photodetectors including bolometers, thermopiles 
and pyroelectric detectors. The active materials in these types of devices respond 
to a temperature change and different mechanisms are used to detect the 
temperature change as an electrical signal.  

In bolometers, the conductivity of the active materials changes due to heating of the 
material and this can be detected using a differential circuitry, such as a Wheatstone 
bridge. Thermopiles on the other hand, are thermocouples usually connected in 
series. They operate on the basis of differential temperature change converted into 
a voltage difference due to thermoelectric effect. And pyroelectric detectors output 
signal when they detect a change in temperature and widely used in sensors.  
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Thermoelectric photodetectors are generally slow when compared to photon 
detectors. Their response is usually in the millisecond range. They are usually much 
noisier than photon detectors, but they are cheaper to manufacture and they don’t 
usually require active cooling.4 Compared to photon detectors, they have a flatter 
spectral response. 

2.1.2 - Photon Detectors 

These types of detectors operate on the principle of photon absorption creating 
mobile charge carriers. Generally, they can be divided into photoconductor and 
photovoltaic photodetectors. 

Photoconductors change their resistivity when light hits them. They are essentially 
radiation-sensitive resistors. If the energy of the incident photon is larger than the 
bandgap of the material, then the photon gets absorbed and an electron-hole pair is 
created. These carriers are then swept to the contacts by the applied bias voltage. 
Change in the current across terminals of the photodetector is then detected as 
signal. Photocurrent in a photoconductive detector can be expressed as: 

 𝐼!" = 	𝑞𝜂𝐴Φ#𝐺 Equation 2.1 

Where 𝑞 is the fundamental charge, 𝜂 is the external quantum efficiency, 𝐴 is the 
detector area, Φ# is photon flux density incident on the device and 𝐺 is photoelectric 
current gain. 

Suitable active material selection is important as photocurrent depends on 𝜂, the 
external quantum efficiency. This value includes the effects such as surface 
reflection and scattering that internal quantum efficiency misses. 

Photovoltaic detectors have a built-in electric field that separates the 
photogenerated charges. This field may arise as a result of a p-n junction, 
heterojunction, Schottky barrier or a metal-insulator-semiconductor junction. As a 
result of a built-in electric field, in the depletion region charges are accelerated, thus 
making photovoltaic detectors faster. Photocurrent for a photovoltaic detector can 
be expressed with the same equation for photoconductors, except that the gain 
factor is taken as one (apart from avalanche photodetectors which can have gain 
factors larger than one).  
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Figure 2.1- Comparison of photoconductive and photovoltaic mechanisms in photon detectors. 
(a) Schematic of a photoconductive detector with contacts (yellow) and the corresponding band 
diagram (b) that shows the photogenerated charges. EC and EV signify conduction and valence 
band energies in the semiconductor. (c) The schematic for a photovoltaic detector using a p-n 

junction as the active area and corresponding band diagram in (d). 

2.2 - Figures of Merit 

Considering many different architectures and materials being used in 
photodetectors, we need generally accepted and quantitative measures to compare 
and assess their performance. These performance metrics are reported in many 
photodetectors and they are used in this thesis extensively. 

External Quantum Efficiency. The EQE, or 𝜂, is the ratio of number of charge 
carriers collected by the detector to the number of photons incident on the active 
area. In contrast to internal quantum efficiency (IQE), which considers the number 
of absorbed photons by the active material, EQE takes into account all kind of 
external losses such as reflection and scattering, therefore EQE is always smaller 
than IQE. Ideally, it can take values between 0 and 1 unless there is an internal gain 
mechanism. 

Responsivity. The responsivity of a photodetector is the ratio of electrical output 
over incident light power on the detector. Electrical output can either be a change in 
electrical potential or current; therefore, responsivity has units of volts per watt V/W 
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or amperes per watt A/W. Current responsivity of a photon detector can be 
expressed as: 

 𝑅 =	
𝐼$%&!%&
𝑃'()'*+(&

=	
𝜆𝑞𝜂
ℎ𝑐 	𝐺	

Equation 2.2 

where 𝜆 is the wavelength, 𝑞 is the electron charge, 𝜂 is the EQE,	ℎ is the Planck’s 
constant, 𝑐 is the speed of light and 𝐺 is photoconductive gain that may be greater 
than 1 for some photoconductive photodetectors and is limited to 1 for photovoltaic 
ones. 

Noise Equivalent Power. The noise equivalent power (NEP) is the incident power 
on the detector generating a signal output equal to the noise output. Stated another 
way, the NEP is the signal level that produce a signal-to-noise ratio (SNR) of one.4 
It can be thought as the minimum light power that the detector can respond to and 
distinguish from noise. In terms of current output response and responsivity, it can 
be expressed as: 

 𝑁𝐸𝑃 =	
𝐼(
𝑅  Equation 2.3 

where 𝐼( is the noise current in Amperes. NEP has units of Watts. In some sources, 
NEP is normalized to the electrical bandwidth of the measuring equipment 19, as 
both noise power and NEP depend on measurement bandwidth and is indicated by 
𝑖(. In that case bandwidth-normalized-NEP has units of W Hz1/2.  

Detectivity and Specific Detectivity. Detectivity (D) is simply defined as the 
inverse of NEP. However, this metric by itself does not include the effects of area or 
bandwidth. Therefore, specific detectivity or normalized detectivity denoted as 𝐷∗ is 
proposed by R. Clark Jones in 1953 to establish a common ground in comparing 
photodetectors with different areas, different bandwidths and noise properties.20 It is 
defined as: 

 𝐷∗ =	
√𝐴𝐵
𝑁𝐸𝑃 =	

𝑅√𝐴𝐵
𝐼(

 Equation 2.4 

where 𝐴 is the device area and 𝐵 is the electrical bandwidth. 𝐷∗ has units of Jones 
and is mainly used in this work to compare and characterize photodetectors of 
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varying architectures. In SI units, Jones is expressed as cm Hz1/2 W-1. If bandwidth-
normalized-NEP (𝑖()  is to be used in defining 𝐷∗, then the equation becomes: 

 𝐷∗ =	
𝑅√𝐴
𝑖(

 Equation 2.5 

Although specific detectivity (𝐷∗) is proposed as a comparison metric, it still does not 
include the measurement conditions of bias voltage, temperature or modulation 
frequency. These parameters should be specified when 𝐷∗ is being reported. Also, 
as the responsivity of a photodetector depends on the excitation wavelength, 𝐷∗ also 
depends on it, which needs to be reported as well. 

2.3 - Noise Mechanisms in Photodetectors 

Thermal and photon detectors have different detection mechanisms and therefore 
different sources of noise. Thermal detectors are generally limited by temperature 
fluctuation noise arising from radiant power exchange with a radiating background. 
On the other hand, photon detectors are generally limited by generation–
recombination noise arising from photon exchange with radiation background.21 For 
this thesis, I will focus on the noise mechanisms of photon detectors.  

In a photon detector, there are optical and electronic noise sources. Electronic noise 
is present in almost all electronic devices and is related to the movement of electrons 
in the detector circuit. Optical noise arises from the statistical nature of photons and 
their probabilistic interaction with the active material, exciting carriers in the detector.  

There are mainly four types of noise mechanisms in photoconductors: shot noise, 
1/f noise, thermal noise and generation-recombination noise. 

Shot Noise. This type of noise arises due to the probabilistic nature of particles. 
Photon emission from a source does not happen at a constant stable rate, but it is 
a probabilistic process that is characterized by Poisson statistics and is especially 
pronounced when number of particles are low. The same type of noise applies to 
electrons that are passing through a potential barrier, like a p-n junction or a grain 
boundary. Each electron has an independent random possibility of passing through 
the junction at any given time, described by Poisson statistics. As a consequence, 
shot noise scales with the mean current that passes through the circuit. For 
electrons, it can be expressed as: 
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 𝐼#"$& =	42𝑞𝐼-+.(𝐵 Equation 2.6 

where 𝐼-+.( is the average current passing through the circuit and 𝐵 is the bandwidth 
of the measurement equipment. Shot noise is white; i.e., it is independent of 
frequency. Photonic shot-noise is prominent in ultraviolet or visible detectors, but it 
is shadowed by background radiation for detectors operating in infrared above about 
1.5 µm wavelength at room temperature.22 

Thermal Noise. Also called Johnson noise, this type of noise is associated with the 
random thermal motion of carriers in resistors and not with the fluctuating number of 
carriers. This type of noise is present in all electronic equipment even when there is 
no bias voltage applied. It can be expressed as: 

 𝐼&"+/-.0 = 	26
𝑘𝑇𝐵
𝑟  Equation 2.7 

Where 𝑘 is Boltzmann’s constant, 𝑇 is the temperature in Kelvins and 𝑟 is the 
resistance of the device. This type of noise is ideally white. 

Generation-Recombination Noise. In photon detectors, when a finite bias is 
applied through the contacts, carrier density fluctuates due to random generation 
and recombination attributed to lattice vibrations. Because of that, at a given time it 
is unlikely that there will be exactly the same number of charge carriers in the free 
state at succeeding instances of time and that is observed as changes in 
conductivity and therefore changes in photocurrent in the device. Expressions for G-
R noise change in low and high bias regimes and according to the doping level of 
the conductor. This type of noise is generally dominant in intermediate frequencies 
and is less pronounced in high frequencies.4 

1/f Noise. Sometimes called flicker noise, this type of noise is dominant at lower 
frequencies. The origins of this noise are still not clear; however, it is observed 
consistently in many electronic systems. In general, 1/f noise appears to be 
associated with the presence of potential barriers at the contacts, interior, or surface 
of the semiconductor. Reduction of 1/f noise to an acceptable level is an art that 
depends greatly on the processes employed in preparing the contacts and 
surfaces.4 Power spectral density of this type of noise is observed in measurements 
as an inverse power law with respect to frequency: 
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 𝑃𝑆𝐷	 ∝ 	
1
𝑓1 Equation 2.8 

where k is a constant that depends on the device. 

2.4 - Background Limited Infrared Detection (BLIP) Limit 

The performance of the detectors, especially in the mid and long-infrared, is limited 
due to background emitting at infrared wavelengths, due to finite temperature of the 
environment. Therefore, photodetectors operating at these wavelengths cannot 
distinguish between the background emission and the intended source. Even if the 
quantum efficiency is maximized and other sources of noise are minimized so that 
the system is not electronic-noise limited, background radiation puts a limit on the 
performance of infrared photodetectors. As the temperature of the environment 
changes, the bounds of the limit also change; in a cold environment background 
emission will be reduced so the detectors can have a higher limit.  

Background radiation can be modelled as a blackbody source at a certain 
temperature, emitting in all directions. Planck modelled this emission as: 

 𝑄(𝜆, 𝑇2) = 	
2𝜋𝑐

𝜆3	(𝑒
")

415!6 − 1)
 Equation 2.9 

where	𝑄 is the blackbody photon emittance (in units of photons m-3 s-1) and 
expressed in terms of 𝑇2 as the background temperature in K, 𝑐 as the speed of 
light, ℎ as Planck’s constant and 𝑘 as Boltzmann’s constant.23 We can see how the 
value for 𝑄 changes with respect to temperature in Figure 2.2. Assuming that we 
have a photovoltaic detector operating in infrared so that the detector is photon-
noise limited (not electronic-noise limited), we can express the BLIP limit on 
detectivity 𝐷∗ as:  

 𝐷2789(9;)∗ =	
𝜆4𝜂

ℎ𝑐42Φ2
 Equation 2.10 

where Φ2 is the total background photon flux density reaching the detector, obtained 
by integrating 𝑄 with respect to wavelength to account for all the different energy 
photons. For a photoconductive detector, this limit is lower as both generation and 
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recombination take place in the same spatial location; therefore, additional 
recombination noise. Photoconductive BLIP limit becomes: 

 𝐷2789(9=)∗ =	
𝜆4𝜂

2ℎ𝑐4Φ2
 Equation 2.11 

If we assume a perfect detector with 𝜂 = 1 with a field of view of 180o, the curves in 
Figure 2.2 are obtained. In the visible, BLIP limit may not be important; however, 
infrared photodetectors face a significant upper limit with room temperature BLIP 
limit of about 2x1010 Jones at 14 µm for photoconductors. 

 
 

Figure 2.2 – Blackbody photon emittance at different temperatures (left) and the resulting BLIP 
limits on detectivity (D*) of the photodetectors in the infrared. Photoconductive (PC) are 

expressed as solid lines and photovoltaic (PV) limits are expressed as dashed lines.   

Once the background-limited performance is reached, the only detector parameter 
that can influence a detector’s performance is the quantum efficiency, 𝜂. For QD-
based photodetectors there is another important parameter besides 𝜂 that effects 
the BLIP limit: size uniformity. An ensemble of QDs with little size distribution 
between individual QDs will have a higher optical absorption coefficient than an 
ensemble with a wider size distribution. And reduced optical absorption in QDs 
results in an increase in the normalized dark current and a reduction in detectivity.24 
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3 - Hybrid Photodetectors Utilizing PbS 
QDs and TMDCs 

Colloidal quantum dots have been utilized in many optoelectronic devices owing to 
their tunable optical and electrical properties. In the infrared, lead chalcogenide 
CQDs are employed in photodetectors with tunable spectral response. Yet, high 
performance in these photodetectors is impeded by low charge mobility in the QD 
films as a result of inefficient charge hopping transport.25 A fraction of 
photogenerated charges recombine before they reach the contacts and others are 
captured by trap states leading to reduced responsivity and a slow device response. 
Surface engineering and ligand exchange strategies have been able to push 
mobilities up to 0.1 cm2/Vs in CQD photodetectors 26; however, there is still room for 
improvement before QD based devices can compete with commercial 
photodetectors. 

To exploit the potential of QDs fully in high-performance devices, hybrid 
photodetectors have been proposed. Hybrid photodetectors combine tunable light-
sensitive QDs with high-mobility charge transfer layers. One of the first hybrid 
detectors uses a PbS QD film deposited on graphene transistors.27 Photogenerated 
carriers in QDs are transferred to graphene for fast charge collection. The high 
mobility of exfoliated graphene (about 1000 cm2/Vs) allows these charges to rapidly 
be collected by the source-drain contacts before they can recombine inside the QD 
film. Additionally, an internal gain mechanism boosts  device responsivity as 
photogenerated charges circulate through the detector circuitry many times before 
they recombine.27 As a result, graphene-QD devices reach responsivities as high as 
107 A/W at 950 nm at room temperature. Despite having high photocurrent, 
graphene-QD hybrid detectors also have high dark current which leads to high 
power consumption. This is due to graphene being a semi-metal and current flow 
through graphene transistors cannot be switched off by electrostatic gating unlike 
regular transistors with distinct off and on states. Therefore, alternative materials are 
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needed to reduce dark currents and noise in QD based hybrid detectors to realize 
highly responsive devices that exploit the full potential of QDs. 

3.1 - Layered TMDCs 

Transition metal dichalcogenides (TMDCs) have the potential to be an alternative to 
graphene as a high-mobility charge transfer layer. TMDCs are a class of materials 
with the formula MX2, where M is a transition metal element form group IV (Ti, Zr, Hf 
etc.), group V (V, Nb or Ta) or group VI (Mo, W etc.), and X is a chalcogen (S, Se or 
Te).28 These materials can have layered structures that are held together by van-
der-Waals forces between layers.29 Their layered structure allows them to be peeled 
off and transferred to any other substrate to be used in their mono or multi-layer 
forms, making them a member of 2D materials family. They hold promise for a wide 
range of applications for low-power electronics, flexible electronics, optoelectronics, 
straintronics or spintronics. Furthermore, TMDCs show promise for biophysics 
applications, such as DNA sequencing and personalized medicine, because 
nanopores based on atomically thin membranes of TMDCs were shown to provide 
a rapid, high-resolution method for DNA sequencing.30 

 

Figure 3.1 – Layered TMDC structure. Transition metals (M) and chalcogenides (X) form a 
layered structure MX2 which can be peeled off and used in devices.28  

One relevant major difference between graphene and layered TMDCs is the 
presence of a bandgap. First-principle calculations based on density-functional 
theory revealed the band structures of several TMDCs.31 The band diagrams change 
dramatically when the number of layers get close to a monolayer. For instance, one 
of the first candidates of layered TMDCs, molybdenum disulfide (MoS2), gradually 
switches from an indirect bandgap semiconductor to a direct one as the number of 
layers decrease from bulk to monolayer. In the meanwhile, its bandgap blueshifts 
about 0.7 eV, as A. Kuc et al. demonstrated in Figure 3.2. 
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Figure 3.2 – Evolution of the band structure of bulk MoS2 as the number of layers decrease from 
bulk to monolayer. The horizontal red dashed lines indicate the Fermi level. Arrows indicate the 
fundamental band gap (direct or indirect) for a given system. The top of valence band (blue/dark 
gray) and bottom of conduction band (green/light gray) are highlighted. Figure adapted from 31 

The indirect and direct transitions in TMDCs have also been confirmed by 
experimental photoluminescence (PL) results. In mono and few-layers of MoS2, 
direct bandgap results in a dramatic increase in the PL efficiency as the material 
gets thinner.32 A similar behavior is also observed in WSe2.33 From a device 
perspective, number of layers of a TMDC is another tunable parameter to design an 
adequate band-structure in a photodetector. 

TMDC layers are also excellent materials for charge transfer. Although field-effect 
charge mobilities are not as high as graphene, in few-layers of TMDCs, they are 
high enough to be used as a charge transfer layer in transistors. The first 
demonstrations of exfoliated MoS2 transistors show electron mobilities between 0.5 
- 3 cm2/Vs.34 These values are far below theoretical predictions of about 200 - 500 
cm2/Vs 35, most probably due to atmospheric adsorbents – mainly water 
molecules.36 Encapsulating the TMDC layers with metal oxides turned out to be very 
efficient in boosting the field-effect mobility. In HfO2 encapsulated MoS2 monolayer 
transistors, room-temperature electron mobilities are measured to be at least 200 
cm2/Vs.37  

Another member of the TMDC family, tungsten disulfide (WS2), show electrical 
transport characteristics very similar to MoS2, with field-effect electron mobilities of 
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20 cm2/Vs without encapsulation38 and 214 cm2/Vs with WS2 single layers 
sandwiched between hexagonal boron-nitride (hBN).39 

2-dimensional TMDCs can be obtained by exfoliation from larger crystals using 
adhesive tapes, similar to the early days of graphene research.34 A bulk crystal of 
TMDC is peeled-off by sticking an adhesive tape onto its surface and then sticking 
the tape onto a desired substrate. This process leaves layers of TMDC material on 
the substrate. Then, regions of mono or multi-layer TMDCs can be identified using 
optical microscopy on adequately selected substrates permitting interference.34 
Some samples fabricated by this method can be seen in Figure 3.3. For this sample, 
a substrate of Si/SiO2 is used with an oxide thickness of 285 nm for peeling both 
MoS2 and WS2 flakes. Si/SiO2 substrates with SiO2 thickness between 230-300 nm 
are expected to yield the maximum contrast for monolayers.40 Color of the flakes are 
indicative of their layer thicknesses as analyzed extensively and discussed in 
reference 41 and indicated by a color scale on each image.   

 

Figure 3.3 - Exfoliated TMDC layers of (a) MoS2 and (b) WS2 using an adhesive tape on a 
Si/SiO2 substrate. Regions of single and multilayer TMDCs are clearly visible under an optical 
microscope with a scale on how the color relates to the thicknesses of the layers. Scale bars 

indicate a length of 10 µm.  

Other methods for obtaining 2D TMDC layers include liquid phase exfoliation and 
spray-coating or inkjet printing 42; intercalation of TMDCs by ionic species (such as 
Li for MoS2 despite losing some pristine properties)43 and chemical vapor deposition 
(CVD) on metals. Unlike other methods, CVD growth of TMDC layers is scalable 
and can easily be applied to large-area devices, with the downside of low mobility 
due to structural defects and grain boundaries.44  
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3.2 - TMDC – QD Hybrid Photodetectors 

Presence of a bandgap in 2D TMDCs allows them to be used in transistors with 
electrostatically influenced on and off states. The high on/off ratio in these transistors 
is one of their strongest aspect when compared to graphene and also traditional 
InGaAs transistors45. In TMDC photodetector applications, the device is biased to 
operate in the off-state which translates to low dark current levels and high 
responsivities; serving as a motivation for this work.  

Hybrid TMDC-QD photodetectors that use TMDCs as high mobility transport layers 
have proven effective in both absorbing infrared radiation in the QD layer and 
transferring the photogenerated carriers via the TMDC layer to the contacts for 
charge collection. For WSe2 photodetectors combined with PbS QDs, detectivities 
of about 1013 Jones have been achieved for incident light of about 1 µm 
wavelength.46 MoS2 and WS2 based photodetectors have also been utilized in such 
hybrid photodetector applications.47–49 Until this work, PbS QD - TMDC detectors 
have been reported with compelling performance up to 1.5 µm, exhibiting 
detectivities up to 1011 Jones at the exciton wavelength (around 1 µm)48; however, 
access to longer wavelengths towards 2 µm has been achieved only with the use of 
HgTe CQDs.50  

In this chapter, we employ PbS CQDs with an exciton wavelength of 1.8 µm in 
combination with two kinds of TMDCs (MoS2 and WS2) to demonstrate the first 
hybrid photodetectors with low noise and high detectivity up to 2 µm at room 
temperature. 

3.3 - Hybrid Photodetector Device Structure and Fabrication 

Figure 3.4-a depicts the architecture of the hybrid detectors used in this study. The 
detector consists of few-layers TMDCs – either MoS2 or WS2 – on a doped-Si/SiO2 
substrate in a field-effect transistor (FET) architecture with a back-gate (doped-Si) 
and gold source-drain contacts for charge collection. PbS QD layer sits on top of the 
TMDC transistor, creating the hybrid structure with top-sided illumination.  
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Figure 3.4 - (a) Hybrid photodetector architecture with circuit diagram. Optical microscope 
images of few-layer WS2 (b, c) and MoS2 (d, e) transistors before and after PbS CQD deposition, 

respectively. Areas with TMDCs are indicated by black dotted lines. 

Fabrication of the hybrid photodetectors starts by fabricating the TMDC FET. Using 
a PDMS tape, WS2 and MoS2 flakes are exfoliated from their bulk crystal forms onto 
a clean doped-Si/SiO2 substrate. After exfoliation, samples are soaked in acetone 
for 30 minutes to remove the residual glue from the PDMS tape and rinsed with 
isopropanol. Regions of few-layers of TMDCs are identified under an optical 
microscope. Photoresist, AZ5214E, is spincoated on the samples at 4000 rpm for 
40 seconds and baked for 1 min at 100°C. Using laser-writing photolithography, 
source and drain contacts are patterned on the edges of the TMDC flakes. After 
development, 3/50 nm of Ti/Au are deposited using an e-beam and thermal 
evaporator for the contacts. Following lift-off, samples are annealed under nitrogen 
atmosphere at 150ºC for 2 hours to improve metallic contact adhesion to the TMDC 
layers. Optical microscope images of the structures at the end of this transistor 
fabrication process can be seen in Figure 3.4-b and d for WS2 and MoS2 based 
devices respectively. The devices have an active device area of 50 µm2. 

In our devices, instead of using single layer TMDCs, we incorporated few-layers of 
TMDCs since previous reports show that FETs which consist of 5-6 layers of TMDCs 
exhibit lower noise than monolayers or bulk.51 We confirmed the number of layers 
as well as the quality of the flakes by Raman spectroscopy. These measurements 
are performed with a Renishaw Invia Raman Microscope with a laser wavelength of 
532 nm. Figure 3.5 shows the Raman spectrum for both MoS2 and WS2 flakes that 
are used in fabricating the transistors. There are 2 observable phonon modes, E12g 
and A1G, with corresponding molecular displacements as depicted in the figure. 
According to the location of the peaks, a clear determination of the number of layers 
can be deduced. For MoS2 flakes, E12g peak starts at 384.7 cm-1 while MoS2 is in its 
monolayer form and slowly approaches 383 cm-1 in its bulk form whereas the A1G 
peak goes from 402.7 cm-1 to 407.8 cm-1. Following this analysis, in Figure 3.5-a, 
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the Raman shifts correspond to a layer thickness of 4-5 layers.52 Belonging to the 
same family of TMDCs, WS2 has similar vibrational modes. For WS2 flakes, E12g 
peak starts at 352.1 cm-1 in monolayer WS2 and goes to 348.7 cm-1 in its bulk form 
and the A1G peak goes from 417.5 cm-1 to 419.1 cm-1. For the WS2 flakes that we 
observed, the vibrational Raman shifts correspond to a thickness of 3-4 layers 
(Figure 3.5-b).53 

 

Figure 3.5 - Raman spectra for MoS2 (a) and WS2 (b) flakes after exfoliation measured with a 
532 nm laser. Vibrational modes E12G and A1G are depicted in the figures next to their 

corresponding peaks. 

Next step in the device fabrication is the spincoating of appropriately sized PbS QDs 
on the TMDC FET devices. For that, CQDs are synthesized as follows and 
spincoated onto the device with a proper ligand exchange procedure. 

PbS CQDs of 1.8 µm exciton wavelength are synthesized following a previously 
reported multi-injection method.54 Briefly, 0.45 g lead oxide (PbO), 100 mL 1-
octadecene (ODE) and 3.8 mL oleic acid were mixed and degassed overnight at 
90ºC under vacuum. After the degassing, the solution was placed under Argon, the 
reaction temperature was set to 115ºC and a solution of 55 µL 
hexamethyldisilathiane ((TMS)2S) in 3 mL ODE was quickly injected. After 6 
minutes, a second solution of 135 µL (TMS)2S in 12 mL ODE was dropwise injected 
with a rate of 0.75 mL/min. After this second injection, the heating was stopped, and 
the solution was let to cool down naturally to room temperature. CQDs were purified 
three times by precipitation with acetone and ethanol and redispersing in anhydrous 
toluene. Finally, the CQD concentration was adjusted to 30 mg/mL in toluene and 
the solution was bubbled with N2 for 30 minutes to avoid oxidation.  
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Chapter 3. Properties and characterization of 2D TMDCs

3.3(a) presents the two phonon modes and their atomic displacements for two

layers of MoS2. The E1
2G phonon corresponds to a strong in-plane vibrational

mode with spectral appearance around 386 cm�1 for monoloayer MoS2. The A1G

mode originates from an out-of-plane mode and peaks around 405 cm�1. With

increasing flake thickness, E1
2G red shifts and A1G blue shifts, and both slowly

approach their bulk phonon modes for flake thicknesses of more than 5 layers

[66]. Following a classical model for coupled harmonic oscillators, an increase (blue

shift) in both peak frequencies would have been expected due stronger restoring

forces by adjacent planes. However, theoretical DFT calculations have revealed

that neighboring layers of MoS2 enhance the dielectric screening of long-range

coloumb interactions, resulting in a decrease in the E1
2G frequency [67]. Although

the reported peak positions vary and depend on factors like temperature and the

substrate [68, 69], the di↵erence between the peaks of the two modes is a precise

diagnostic tool for determination of the number of layers as depicted in Figure

3.3(b). The frequency di↵erence has been correlated with AFM data to calibrate

the Raman system on the used substrates. In agreement with literature, a striking

di↵erence is noticed for the first 1-4 layers. This di↵erence decreases with increasing

thickness, thus limiting its accuracy for thicker flakes.

Figure 3.3: Few layer MoS2 raman modes. (a) Schematic of the two charac-
teristic and detectable raman modes, E1

2G and A1G, of few-layer MoS2. The atomic
displacement is a↵ected by neighboring layers, leading to a thickness dependence
of the raman spectrum. (b) Peak frequency and frequency di↵erence between the
characteristic raman modes for 1 - 5 layers. Extracting the di↵erence is an accurate
tool to estimate the number of layers for few-layer MoS2 flakes.

Apart from AFM and Raman, additional reliable methods like the measurement

of photoluminescence spectra o↵er insight into the quality and number of layers of

the 2D sample under investigation. The continuous change in the band structure
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Transmission electron microscopy (TEM) images of the dots can be seen in Figure 
3.6-a. Analysis of TEM images reveal an average diameter of the QDs is 8.03 ± 1.67 
nm. The diameter and the excitonic absorption peak match closely with the model 
developed by Moreels et al.55 and also from previous experimental works in our 
group.56 

After the synthesis of PbS CQDs, we measured their absorption spectra in toluene, 
using a Cary 5000 Spectrophotometer. Pure toluene is taken as a background 
(indicated with a black dashed line in Figure 3.6-b) and CQD solution is diluted in 
the same toluene for absorption measurements. The absorption curve can be seen 
in Figure 3.6-b and shows a clear exciton peak near 1.8 µm. 

 

Figure 3.6 – (a) TEM images of the CQDs used in this study. The scale bar on the bottom left 
indicates 20 nm. (b) Spectral absorption of the PbS CQDs in toluene after synthesis (blue curve). 

Absorption of toluene is indicated by a dotted black line. 

To form the hybrid device and coat the CQDs on TMDC transistors as a film, it is 
necessary to decrease the distance between QDs and to passivate their surfaces 
with a proper ligand exchange treatment. Previous research in our group on PbS 
solar cells suggest that a mixed ligand treatment of ZnI2 and MPA (zinc iodide and 
3-mercaptopropionic acid) for large sized PbS QDs suppress trap state density, 
possess higher mobilities and result in a larger electron affinity when compared to 
1,2-ethanedithiol (EDT) ligand treatment; which is a common ligand used with PbS 
QD films.57 Therefore, this mixed ligand treatment has been our choice for our 
devices. PbS QD films are deposited using a layer-by-layer spin-coating process 
under ambient conditions at 2500 rpm. ZnI2+MPA ligand solution is prepared in 
methanol (25x10-3 M ZnI2 with 0.01% MPA v/v). Dropping CQD solution (in toluene) 
following by ligand solution and methanol for washing the excess unbound ligands, 
layer-by-layer deposition is performed on the TMDC transistors. The process is 
repeated 4 times. Resulting thickness of the QD film is measured with a profilometer 
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as 85 nm. Optical microscope images of the final devices can be seen in Figure 3.4-
c,e. 

3.4 - Electrical Characterization of Hybrid Photodetectors 

 

Figure 3.7 – IDS-VGS curves in dark for WS2 based device (a) and MoS2 based device (b) in 
different stages of fabrication in logarithmic scale. Arrows correspond to the direction of the gate 

voltage sweep. 

To characterize the electrical properties of hybrid detectors, we performed 
measurements in ambient conditions using an electromagnetically isolated probe 
station and a semiconductor analyzer (Agilent B1500A) with a 4-probe connection. 
Measurements of source-drain current (IDS) versus back-gate voltage (VGS – applied 
through the doped-Si underneath) are shown in Figure 3.7 with a bias voltage (VDS) 
of 1V applied between the source-drain contacts. In TMDC FETs, as the VGS is 
swept between -40V and 20V, we can see a clear off-state induced by the electric 
field through the TMDC by the gate electrode. In the off-state, the current passing 
through the transistor channel (IDS) is around 1-10pA as indicated by the dashed 
curve and is limited by the measuring equipment. 

After the QD layer is deposited on the TMDC transistors, off-state currents increase 
in both MoS2 and WS2 based devices. In MoS2 based devices, this can be linked to 
the presence of sulfur vacancies that create high density of localized states and an 
uncontrolled doping resulting in an increase of the off-state currents.58 A similar 
mechanism can also be present in WS2 based devices. Off-state dark currents in 
both WS2 and MoS2 based devices are in a similar range in the final devices, around 
5-10nA.  

We can calculate the field-effect mobility, µ, of the charges by fitting the linear region 
of the IDS-VGS curves, under the short channel approximation as: (2) 
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 𝜇 =
𝑑𝐼>?
𝑑𝑉@?

	
𝐿

𝑊𝐶$A𝑉>?
 Equation 3.1 

where L and W are the length and width of the TMDC channel and Cox is the 
capacitance of the oxide layer. Cox is taken as 1.28x10-8 F cm-2 for a thickness of 
285 nm of SiO2. The slopes of the IDS-VGS curves are calculated when the device is 
in the on (conducting, non-depleted) state. A significant hysteresis in the curves can 
be seen in all devices which can be linked to atmospheric adsorption and trapped 
charges; an issue being addressed by many groups.59,60 Due to hysteresis, forward 
and backward field-effect mobilities are different and are tabulated  in Table 3.1. 
Forward curve is defined as starting with a negative VGS and increasing to positive 
voltages, while backward curve is the opposite. For the remainder of this chapter, 
we will only consider backward mobilities. 

Device Forward Mobility 
(cm2/Vs) 

Backward Mobility 
(cm2/Vs) 

MoS2 17.74 21.93 

MoS2 + QDs 5.10 7.27 

WS2 19.38 30.16 

WS2 + QDs 6.19 12.42 
 

Table 3.1 - Mobilities of the devices in various steps of fabrication. Forward and backward values 
are extracted from Figure 3.7 and calculated using Equation 3.1 

Upon QD deposition, for WS2 based device, field-effect mobility decreased from 30.2 
to 12.4 cm2/Vs; and for the MoS2 based device, it decreased from 21.9 to 7.3 cm2/Vs. 
In both devices hysteresis in the transfer curves decreased significantly after the QD 
layer is deposited. This can be attributed to a decreased interaction of the TMDC 
layers with atmospheric adsorbates. 

In TMDC based photodetectors due to high on/off ratios that these materials 
inherently possess, noise levels are low; resulting in high specific detectivities (D*). 
Therefore, a careful analysis of this low noise in the off-state is necessary. For our 
devices, we measured the noise power spectral density (PSD) by two different 
methods. Firstly, by analyzing the Fourier transform (FFT) of the IDS and secondly, 
by measuring the noise at different frequencies with a lock-in amplifier under the 
same biasing conditions. For the first method, noise spectra are obtained as FFT of 
dark current traces spaced 4 ms apart. The second method uses a lock-in based 
setup: Zurich Instruments MFLI with a 2-channel low noise power source Keysight 
B2962A. 
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Figure 3.8 - Noise characteristics of hybrid devices in dark conditions. Measurements obtained 
by taking the FFT of the dark current traces (scattered dots) and by the lock-in (hollow dots and 

lines) match closely. Shot noise limits are indicated by horizontal lines for WS2 (green) and MoS2 
(blue) based devices. 1/f behavior (flicker noise) is indicated by dotted red lines as a guide to the 

eye. 

Noise PSDs for both devices are shown in Figure 3.8 and they are similar in terms 
of magnitude and shape. Both FFT and lock-in methods give similar results. In low 
frequency range, up to approximately 5 Hz, the devices exhibit 1/f behavior (flicker 
noise, calculated to be 1/f1.7), indicated by dotted red lines.  

3.5 - Optical Characterization of Hybrid Photodetectors 

 

Figure 3.9 - Responsivity versus incident light power on the photodetector active area, measured 
by using a 1310 nm laser. 

We first started optical characterization of our devices by measuring the responsivity 
of our photodetectors under infrared illumination. These measurements are 
performed in the same probe station as the electrical characterizations using a fiber-
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coupled 1310 nm laser with adjustable power. VGS is swept to obtain maximum 
responsivity. In order to measure the laser power density incident on our devices, 
we used a Ge detector in combination with a 25 µm diameter circular aperture right 
before the detector. 

Figure 3.9 shows the responsivity of our devices with respect to increasing laser 
power. We observe a decrease in responsivity as the incident light power increases. 
As shown by Kufer et al.48 TMDC-QD hybrid photodetectors become less responsive 
in high illumination conditions, due to direct charge transfer from QDs. 
Photogenerated carriers in the QDs induce a reverse electric field, effectively 
lowering the built-in field.61 Charge carrier recombination is therefore accelerated at 
the interface with the resulting drop in responsivity. At an incident laser wavelength 
of 1310 nm, WS2 and MoS2 based devices have a maximum responsivity of 510 
A/W and 103 A/W respectively.  

Similar to graphene–PbS QD hybrid photodetectors27, our hybrid photodetectors 
benefit from an internal gain mechanism, boosting responsivity. This 
photoconductive gain originates from photogenerated electrons in the QD layer 
being transferred to the high-mobility TMDC layer and circulating in the detector 
circuitry multiple times while holes are trapped inside the QDs. This yields to an 
internal gain, which is determined by the ratio:  

 𝐺 =
𝜏0'B+&'-+
𝜏&/.(#'&

	 Equation 3.2 

where tlifetime is the electron-hole recombination lifetime and ttransit is the carrier transit 
time through the contacts. tlifetime values can be extracted from time response of the 
detectors (Figure 3.10) and ttransit can be calculated as: 

 𝜏&/.(#'& =
𝐿C

𝜇𝑉>?
	 Equation 3.3 

where L is the length of the device (5 µm in our devices). We calculated the gain for 
WS2 based device as approximately 107 and for the MoS2 based device it is about 
8.7x105.  
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Figure 3.10 – Photoresponse decay times of the photodetectors, and time constants extracted 
from the decay curves. 

Photoresponse speed is another critical figure for many photodetector applications. 
We measured the response speed of our detectors using a 1310 nm laser. As the 
laser is turned off, exponential decay of the photocurrent can be seen in Figure 3.10 
with different time constants. MoS2 based devices operate faster than WS2 based 
ones with a time constant of about 0.032 s to 0.2 s. These values are in range of 
previously reported hybrid devices and a detailed analysis will be provided in the 
following section. 

The final step is to characterize the spectral responsivity of our devices across the 
SWIR-NIR region. We performed these spectral responsivity measurements using 
a fiber coupled supercontinuum laser (SuperKExtreme EXW-4, NKT Photonics) in 
the same probe-station setup under same biasing conditions. During these 
measurements, we have adjusted the power of the laser such that the incident light 
power on the device for that wavelength is kept constant in order to rule out any 
effects from the power-dependent responsivity that these devices exhibit.   
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Figure 3.11 – Spectral responsivity (y-axis on the left) and detectivity (D*) (y-axis on the right) for 
the two types of hybrid devices in the 800 – 2400 nm range. 

Figure 3.11 shows the responsivity of our devices in the 0.8 – 2.4 µm range, with a 
clear excitonic peak at around 1.8 µm in both devices. At this wavelength, 
responsivity reaches 1442 A/W and 202 A/W for WS2 and MoS2 based devices 
respectively. The detectivity, D*, is then calculated by using Equation 2.5. Our WS2 
and MoS2 devices exhibit detectivities of 1.0x1012 and 2.8x1011 Jones, respectively, 
at room temperature with their photoresponse reaching up to 2.1 µm. Previously 
reported PbS-based hybrid photodetectors, while having high detectivities (7x1013 
Jones), have only achieved photoresponse up to 1.5 µm.46 The only other hybrid 
devices to achieve responsivity up to 2.1 µm were based on HgTe, with detectivities 
in the same order as our WS2 based devices.50 

3.6 - Band Diagrams and Discussion 

Constructing band diagrams are essential in properly analyzing our photodetectors 
and to better understand their operating mechanism. In this work we have used 
exfoliated TMDC layers and therefore the sizes of our flakes have an area in order 
of 30-100 µm2. With these small sizes, traditional techniques such as ultraviolet 
photoelectron spectroscopy (UPS) measurements are not possible. In addition to 
that, in hybrid devices PbS QD layer thickness exceeds the penetration depth of 
UPS, preventing a detailed analysis of the interface between TMDC-QDs. Our 
analysis of the band diagrams are based on reported values for TMDCs, UPS values 
of the PbS QD film by itself and observations on our measurements in Figure 3.7. 

(1) 
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Figure 3.12 - Band Alignments of the materials used in our devices for (a) WS2 based and (b) 
MoS2 based devices. CB and VB indicate conduction and valence bands respectively. Ef 

indicates the Fermi level denoted by dashed lines. The shaded gray areas in (a) indicates the 
uncertainty of the exact position of the band edges for WS2. (c, d) Band diagrams including band 

bending for our hybrid devices, following the discussion in this chapter. 

We have used UPS values from the literature while determining the bandgap and 
electron affinity energies. Reports of experimental UPS measurements of exfoliated 
TMDC flakes show that valence band of WS2 and MoS2 lies below 5.99 and 5.49 eV 
from the vacuum level respectively.62 Some other UPS measurements performed 
on chemically grown WS2 denote the valence band edge around 5.65 eV below the 
vacuum level.63 For this reason, in Figure 3.13-a, we included and uncertainty in the 
valence and conduction band edges for WS2, as the exact position is still not settled 
yet. For the bandgaps of few-layers of TMDCs, we have used the experimental 
values from other groups; for MoS2 and WS2 they are approximately 1.39 eV 64 and 
1.42 eV 65 respectively. 

As for the PbS QDs, we have used -5.0 eV for the valence band maximum (VBM), 
as obtained from previous UPS measurements from our group for QDs similar to the 
ones employed here.56 The conduction band maximum (CBM) has been obtained 
by adding the measured optical bandgap to the VBM. 
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Figure 3.13 - IDS-VGS curves of the hybrid photodetectors in linear scale for (a) WS2 and (b) MoS2 
based devices. In both cases, curves shift to the right after QD deposition, which is indicated by 

an arrow. 

Observations on IDS-VGS curves give clues about the band alignment in the TMDC-
QD heterojunction. In Figure 3.13 the curves that are previously presented in 
logarithmic scale in Figure 3.7 are plotted in linear scale and magnified to better 
observe the threshold voltages. Threshold voltage is the VGS above which the 
transistor starts conducting and goes into the on-state. In both cases, before QD 
deposition, we can see that the threshold voltages lie in the lower voltages whereas 
after QD deposition, threshold voltages shift to higher voltages. This indicates that 
the hybrid transistor system is less n-doped than the bare TMDC transistor system, 
which suggest electron transfer from the TMDC to the QDs upon junction of the two 
materials. Therefore, the Fermi level (Ef) of the QDs must be below the Fermi levels 
of TMDCs before they are combined. The shift in the threshold voltages is larger in 
the case of MoS2 as compared to WS2. This suggests there is a larger difference in 
Fermi levels between MoS2 layers and QD layers than in WS2.  

We know that: (i) the Fermi level of the QDs must be lower than that of the TMDCs, 
(ii) the Fermi level of MoS2 is higher than that of WSs; and (iii) both WS2 and MoS2 
are n-type and highly conductive, therefore, for each of them, we assume that the 
Fermi level should not be more than 3 or 4 times kT below the CBM. In addition, we 
have calculated the Fermi level of our PbS CQD film to be approximately 0.085 eV 
below the CBM, as explained below.  

In order to accurately pin the Fermi level of the PbS QD film, we have fabricated 
transistors without an underlying TMDC layer. These results can be found in the 
following section 3.2.5. For our discussion, we borrow some results from the IDS-VGS 
of these devices that utilize the same PbS QDs. With these curves, we have been 
able to obtain the electron population, n, in our PbS CQD film, following the method 
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described by Koh et al.66 which turns out to be n ≈ 6.7 x 1017 cm-3. We have 
calculated density of states of the CBM, NC, in our QDs considering: (i) the volume 
occupied by a single QD (a sphere of diameter 8.0 nm); (ii) a QD packing density in 
the film of 0.64 (for a random distribution); (iii) 8-fold degeneracy of the CBM of PbS 
QDs.67 With those values, we get NC = 1.9x1019 cm-3. The occupancy factor, f, of the 
CBM is then approximately 𝑓 = 𝑛

𝑁=M =	0.035. From Fermi-Dirac statistics, we know: 

 𝑓DE = 𝑒(FDF")/15 + 1 Equation 3.4 

where f is the occupancy of an electronic state with energy E, Ef is the Fermi level, 
k is Boltzmann constant and T is temperature. Using the value f=0.035 yields to 𝐸 −
𝐸H~0.085 eV in the PbS QD film. 

Figure 3.13-c and d depicts the bandgaps of our hybrid devices considering all the 
discussion above. The difference in responsivities and the speed of our detectors 
can be explained by these bandgap alignments. 

As for the speed of our devices, the clear formation of a type-II heterojunction in the 
case of WS2 leads to slow recombination between photogenerated electrons 
transferred to the WS2 and trapped photogenerated holes in the QD layer. In the 
case of MoS2 based detectors the band alignment creates an electron-rich zone at 
the interface that facilitates faster recombination, thereby leading to faster 
photocurrent relaxation.  

The nature of the band alignment in those two cases may also account for the 
difference in responsivities between the two types of detectors. WS2 based 
photodetectors possessing a clear type II junction allows for more efficient electron 
transfer to the TMDC material compared to the case of the MoS2 based detector.  

3.7 - Reference Devices 

We fabricated two sets of reference devices to draw meaningful conclusions and to 
quantify the performance boost in our devices. The first set is fabricated following 
the same device architecture, but we used 1,2-ethanedithiol (EDT) instead of 
ZnI2+MPA for ligand exchange in preparing the QD film. EDT is a ligand that is more 
commonly used in PbS QD films to decrease the distance between adjacent QDs. 
For our case, doping has a significant importance in the performance of our devices. 
Therefore, we wanted to test if EDT proves to be a better suited ligand to achieve 
proper band alignment and increase performance in our devices. 
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Figure 3.14 – Characterization results for TMDC – PbS QD devices with EDT ligand treatment. 
IDS-VGS curves for the photodetectors after and before QD deposition for MoS2 (a) and WS2 (b) 
as carrier channel. Arrows indicate the direction of the voltage sweep. (c) Noise power spectral 

density measurements obtained by the FFT of dark current traces. (d) Responsivity versus 
incident light power on the devices with 1310 nm laser wavelength. (e) Spectral responsivities for 

hybrid devices measured with a supercontinuum laser. Corresponding detectivity values are 
indicated on the y-axis on the right. (f) Response speed of the hybrid devices to a 1310 nm laser 

and calculated time constants for each case. 
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Figure 3.14 is a summary of all the characterizations performed for the TMDC-QD 
hybrid device with EDT ligand treatment. Figure 3.14-a and b show the IDS-VGS 
curves of MoS2 and WS2 based devices. Off-state currents increase after the QD 
deposition as in the previous case resulting in slightly higher off-state currents in the 
hybrid devices. Hysteresis is decreased after QD deposition as expected due to 
reduced interaction with atmospheric adsorbents.  

Figure 3.14-c shows that the noise levels follow a similar behavior as the ZnI2+MPA 
treated devices. With the measured responsivities and noise levels, detectivities (D*) 
at the exciton wavelength is 3.4x1010 Jones for WS2 based device whereas for the 
MoS2 based devices D* is calculated to be 2x108 Jones.  

Regarding the speed of the devices Figure 3.14-f shows that WS2 based device is 
slower than the MoS2 based device with time constants of 2.44 seconds to 0.8 
seconds, similar to the ZnI2+MPA treated devices. This can be due to poor trap state 
suppression in the WS2 based device. 

Previous reports show that EDT induces a p-doping rather than an n-doping in 
contrast to iodine-based ligands, such as ZnI2+MPA. UPS measurements reveal that 
EDT-treated PbS QD films have CBM and VBM energies closer to vacuum level.14 
An observation of the curves in Figure 3.14-a and b, show that the threshold voltage 
shifts to lower voltages after the QD deposition. This indicates that QD deposition 
induced an n-doping on the final hybrid system. Therefore, the Fermi level of the 
TMDCs must have been lower than the QDs before the hybrid device is formed. In 
the heterojunction interface, the built-in electric field is therefore in the opposite 
direction of ZnI2+MPA-based-QDs-TMDC interface. The  reverse built-in electric 
field, in combination with worse trap state suppression57 are the reasons for lower 
performance of the EDT-based hybrid devices. 

The second set of reference devices we fabricated are without a high-mobility TMDC 
layer. In other words, they are PbS QD photoconductive photodetectors that has an 
exciton wavelength of about 1.8 µm treated with ZnI2+MPA ligands. These reference 
devices allowed us to demonstrate the effect of the TMDC layer and the effect of the 
gain mechanism on detectivity as well as determining the Fermi level of the PbS QD 
film. 
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Figure 3.15 – Electrical and optical characterization of PbS QD photodetectors with an exciton 
wavelength of 1.8 µm. (a) IDS-VGS curve of the device with arrows indicating the direction of the 
VGS scan. (b) Responsivity versus incident light power on the device with a laser of 1310 nm 
wavelength in logarithmic scale. (c) Responsivity versus wavelength obtained by using the 
supercontinuum laser, with a peak around 1.8 µm. Detectivity values for the corresponding 

wavelengths are indicated on the right y-axis. (d) Photoresponse speed of the detector to a laser 
of 1310 nm. As the laser illumination is switched off, photocurrent decays exponentially with a. 

time constant of 22 ms. 

Figure 3.15-a shows the IDS-VGS curve of the QD photodetector with 1V of VDS bias. 
The PbS QD film is n-type with a filed-effect mobility of 4.8 x 10-2 cm2/Vs. Figure 
3.15-b shows the light power dependent responsivity at 1310 nm laser illumination. 
Just as in the hybrid devices, there is a decrease of responsivity as the laser power 
increases. The minimum measurable photocurrent gives a responsivity of about 1.46 
A/W. This is at least 2 orders of magnitude lower than the hybrid devices we 
presented. Photogenerated carriers recombine before they can be extracted by the 
contacts due to a combination of low mobility, trap states and large contact 
resistance. 

Spectral responsivity is measured using a supercontinuum laser with normalized 
light intensities. The resulting spectral shape is almost identical to the one of hybrid 
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devices, except the increasing responsivity below 900 nm, which can be attributed 
to the onset of absorption of the TMDCs. A clear peak around 1.8 µm can be seen 
with a peak responsivity of 2.88 A/W and a corresponding detectivity of 4.1 x 108 
Jones, 3-4 orders of magnitude smaller than hybrid devices. Photoresponse speed 
of the QD photodetector is measured with a 1310 nm laser and is plotted in Figure 
3.15-d. After the laser illumination is turned off, photocurrent decays with a time 
constant of 22 ms, faster than the hybrid devices. In the absence of an internal 
electric field separating the photogenerated charges and gain mechanism, faster 
response is expected in the QD photoconductor, in exchange for high responsivity. 

3.8 - Summary 

We have fabricated and measured several devices following the same procedure to 
test the reproducibility and the performance range of our hybrid photodetectors. 
These results are summarized below, in Table 3.2. 

Table 3.2 - A summary of the performance metrics of fabricated hybrid photodetectors. 

 

All of the devices in Table 3.2 are fabricated on separate substrates and measured 
under the same conditions as the devices presented earlier. The average metrics 
are also presented for each device set. In general, we can see that the responsivity 
values of WS2 based devices are larger than the ones of MoS2, which is the major 
difference between the two sets of devices towards a large difference in detectivities. 
Noise levels are almost the same in both sets of devices. WS2 based devices are 
generally slower than the MoS2 based ones in their response to light.  

 Device 
Number 

Max. Responsivity 
(A W-1) 

Noise current – 
in (A Hz-1/2) 

Detectivity 
(Jones) 

Average Time 
Constant (s) 

W
S 2

 b
as

ed
 

De
vic

es
 

1 1442 1 x 10-12 1.02 x 1012 0.20 ± 0.11 

2 2530 1 x 10-12 1.26 x 1012 0.27 ± 0.05 

3 890 1.74 x 10-12 3.25 x 1011 0.45 ± 0.10 

4 1078 1 x 10-12 7.62 x 1011 0.36 ± 0.13 

average 1485 1.185 x 10-12 8.42 x 1011 0.32 ± 0.10  

M
oS

2 b
as

ed
 

De
vic

es
 

1 202 5 x 10-12 2.8 x 1011 0.0296 ± 0.0264 

2  6.3 1.2 x 10-12 3.7 x 109 0.0941 

3 1.01 5.1 x 10-12 1.4 x 108 0.14 ± 0.017 

4 5.4 1.1 x 10-12 3.47 x 109 0.062 ± 0.03 

average 53.7 3.1 x 10-12 7.12 x 1010 0.081 ± 0.024 
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In this chapter, we demonstrated two different types of TMDC-PbS QD hybrid 
photodetectors, one with WS2 and the other with MoS2, both capable of operating at 
wavelengths above 1.8 µm. Owing to the semiconducting nature of few-layers of 
TMDCs, our devices exhibit reduced dark current and noise as compared with 
graphene-based hybrid photodetectors; therefore, reducing power consumption and 
increasing detectivity. Using a suitable iodine-based ligand treatment for the PbS 
QD film leading to a heterojunction that favors separation of photogenerated 
charges, gave rise to a detectivity of 1.0 x 1012 Jones for the WS2 based hybrid 
detector at 1.8 µm and room temperature. These hybrid devices have great potential 
as they are thin, can easily be integrated with CMOS technology and can operate 
with high responsivities across the SWIR at room temperature. Our work also 
highlights the importance of the selection of the appropriate TMDC channel for a 
given QD material.  
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4 - MoS2 – PbSe QD Hybrid 
Photodetectors for Extended SWIR 

Detection 

In the previous chapter, we have explored hybrid photodetectors with MoS2 and WS2 
and PbS QDs. In this chapter, we extend our understanding of hybrid photodetectors 
and utilize it for another kind of QD sensitizer, lead selenide. This lead chalcogenide 
is similar to PbS; however, with slight differences that allows us to probe further into 
the infrared. We were able to extend the bandwidth of our hybrid photodetectors up 
to almost 3 µm at room temperature.  

4.1 - PbSe Colloidal Quantum Dots    

PbSe in its bulk form is a narrow bandgap semiconductor with a bandgap of 0.278 
eV (4.46 µm) at room temperature which is smaller than of bulk PbS (0.42 eV).2 It 
has an exciton Bohr radius of 46 nm which is larger than PbS Bohr radius of 20 nm.68 
These properties alone make PbSe a great candidate for infrared optoelectronics 
once it is made into QDs. PbSe QDs are first reported as early as 1997 in a 
phosphate glass host.69 Then, liquid-phase syntheses are developed which led to 
better control over QD size and size.70 In this study, we use a synthesis developed 
by Yu et al. with modifications to increase yield and get a narrow size distribution.71 

We have obtained PbSe CQDs with an excitonic peak at 2.5 µm using a similar 
Schlenk line procedure as PbS with hot injection method. 2 mmol PbO, 15 mmol 
oleic acid, and 10 mL 1-octadecene were mixed in a three-neck flask and heated at 
100°C under vacuum for 1 hour to form lead oleate, stirring at 650 rpm. Then, the 
solution was placed under Argon, the temperature was raised to 180°C and a 
solution of TOP-Se was quickly injected (2 mmol Se, 200 µL DPP and 1 mL TOP). 
After 3 minutes of reaction under these conditions, a second solution of 
trioctylphosphine-Se (2 mmol Se in 2 mL trioctylphosphine) was injected dropwise. 
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Immediately after this second injection, the reaction was quenched with a water 
bath. Once at room temperature, CQDs were separated by centrifugation and 
redispersed in anhydrous toluene. The addition of 10 µL butylamine was necessary 
to redisperse the precipitate. Subsequently, the product was washed for three times 
with a mixture of acetone/ethanol and finally redispersed in anhydrous toluene, 
adjusting the concentration to 30 mg/ml. The final solution was bubbled with nitrogen 
to avoid the oxidation of the material. 

 

Figure 4.1 – PbSe CQDs in tetrachloroethylene solution after synthesis. (a-b) TEM images of the 
QDs with two different magnifications. Scale bars are identified on the lower left corner. (c) 
Absorption spectra of the QDs in solution with a prominent excitonic peak around 2.5 µm 

indicated with a solid line. Absorption of the solvent tetrachloroethylene is indicated with a dotted 
line. (d) Size distribution of the QDs obtained from the TEM images with an average diameter of 

8.6 ± 0.57 nm. 

Figure 4.1 summarizes the PbSe CQDs after synthesis. High resolution TEM images 
show non-agglomerated QDs with a uniform distribution. The crystalline structure of 
the individual QDs can be seen in the images. The absorbance spectra in Figure 
4.1-c shows an excitonic peak around 2.5 µm (0.5 eV) with another high-energy 
peak around 1.8 µm (0.69 eV). The CQDs are capped with oleic acid and is in a 
solution of tetrachloroethylene to get rid of any parasitic absorption from the solvent. 
A histogram of size distribution of the QDs are extracted from the TEM images. The 
CQDs have an average diameter of 8.6 ± 0.57 nm and compared to the Bohr radius 
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for PbSe of 46 nm, we can say that our CQDs are in the quantum confinement 
regime. 

4.2 - PbSe-based Photodetector 

After obtaining the PbSe QDs, we have utilized them in a simple photodetector 
architecture as a starting point without any TMDC layer. A schematic of the device 
can be seen in Figure 4.2-a. 

 

Figure 4.2 – (a) Schematic of the photodetector with only PbSe QDs. (b) IDS - VGS curve of the 
detector in dark. The arrows show the direction of VGS sweep. 1V of VDS is applied between the 

contacts. 

We have used a back-gated architecture using doped-Si and SiO2 (285 nm). We 
patterned source and drain electrodes using photolithography and Ti/Au (3/50 nm) 
deposition. The distance between the contacts is 5 µm. We then spincoated several 
layers of PbSe QDs onto the substrate. To replace the oleic acid ligands on the 
surface of the PbSe CQs and get a close-packed, high-mobility film we used 1,2-
ethanedithiol (EDT) during spincoating. This layer-by-layer process is repeated 2 
times to obtain a final PbSe QD film thickness of around 50 nm. 

Electrical and optical characterization of the device was performed in an 
electromagnetically isolated probe station at room temperature with 4-probe 
connections to a semiconductor analyzer. In Figure 4.2-b, IDS-VGS curve is depicted 
with 1V of bias between source and drain contacts. We can see that the QD film is 
highly conductive and the electric field is not able to induce a remarkable modulation 
in IDS. The film demonstrates a p-type character with a field-effect hole mobility of 
0.96 cm2V-1s-1 calculated using Equation 3.1.  
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Figure 4.3. (a) Responsivity of the photodetector to a 1310 nm laser with respect to incident light 
power. Grey line is a guide to the eye. (b) Noise current spectral density of our device in dark 
between 1-100 Hz. Grey line is a guide to the eye and shows the 1/f component of noise. (c) 

Spectral responsivity between 1250-3000 nm. The peak arising from the excitonic peak of PbSe 
around 2.5 µm can be seen clearly. 

Figure 4.3-a shows the responsivity of our photodetector as the incident light power 
increases with a maximum of 0.08 A/W at low light power. The measurement is 
performed with a power-adjustable 1310 nm laser incident on the active area of the 
detector. It shows a logarithmic decrease as the sensitizing traps in QDs are 
saturated.48 Spectral response of the detector is measured by a monochromator 
based setup and the responsivity between 1250 – 3000 nm is plotted in Figure 4.3-
c. A peak around 2.5 µm is visible that corresponds to the excitonic peak of the QDs 
that corresponds to a responsivity of 0.055 A/W. 

Noise current spectral density (in) is measured in dark with a lock-in based setup 
using the same biasing conditions as the responsivity measurements. Typical 1/f 
component of noise can be seen in Figure 4.3-b. Detectivity (D*) can then be 
calculated using Equation 2.5. At 2.55 µm, our PbSe-only photodetector has a 
detectivity of 1.96 x 106 Jones at room temperature. 

4.3 - Hybrid Photodetectors with MoS2 and PbSe QDs 

Two issues limit the performance of the PbSe-only photodetector: high dark current 
and low mobility of the PbSe film. In this section, we will address both issues and 
improve upon the performance of the detector. 

Firstly, we can utilize a TMDC layer underneath the QDs to take advantage of the 
high mobility of TMDCs and by forming a heterojunction to take advantage of the 
inherent gain mechanism that arises from this hybrid photodetector, as 
demonstrated and discussed extensively in the previous chapter. For that we utilized 
few-layers of MoS2 between the contacts underneath the PbSe QD layer. We chose 
MoS2 in this case over WS2 due to its closer conduction band alignment with PbSe 
QDs. The fabrication process is similar to the one described in the previous chapter; 

100 101 102

Frequency (Hz)

10-11

10-10

N
oi

se
 C

ur
re

nt
   

   
  

D
en

si
ty

 (A
 H

z-1
/2

)

4 6 8 10
Incident Light Power (W) 10-8

0.04

0.05

0.06

0.07

0.08

0.09
0.1

R
es

po
ns

iv
ity

 (A
/W

)

1500 2000 2500 3000
Wavelength (nm)

0

0.05

0.1

0.15

R
es

po
ns

iv
ity

 (A
/W

)

VGS = 0V
VDS = 1V

 = 1310 nm
VGS = 0V
VDS = 1V

VGS = 0V
VDS = 1V

a b c



Chapter 4 – MoS2 – PbSe QD Hybrid Photodetectors for Extended SWIR Detection 

 40 

we exfoliated MoS2 layers from a bulk MoS2 on top of the Si/SiO2 substate and 
identified the flakes under a microscope followed by the lithography of source-drain 
contacts on both sides of the flake. We preserved the same architecture i.e., the 
same dimensions for the contacts and active area. We then spincoated PbSe QDs 
of about the same thickness as before (2 cycles of layer-by-layer spincoating, 
resulting in a thickness if around 50 nm) using the EDT ligand exchange.  

 

Figure 4.4 – (a) Schematic of the hybrid MoS2-PbSe photodetector. (b) IDS-VGS curves of the 
hybrid detector before (black curve, left y-axis) and after (orange curve, right y-axis) PbSe QD 
film deposition. Arrows indicate the direction of the VGS sweep with VDS = 1V. (c) Schematic of 
the hybrid detector with Al2O3 isolated source-drain contacts. (d) IDS-VGS curve of the contact-

isolated device before (black curve, left y-axis) and after (blue curve, right y-axis) PbSe QD film 
deposition. (e) Responsivity vs. light power for the hybrid (orange) and contact-isolated hybrid 
(blue) detectors to a laser of 1310 nm. (f) Noise current spectral density of both devices with 
lines as a guide to eye. Stars indicate the maximum detectivity (D*) for both devices at the 
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exciton wavelength at RT with their corresponding y-axis on the right. Reprinted with permission 
from 72. Copyright 2021 American Chemical Society. 

A schematic of the MoS2-PbSe QD hybrid device can be seen along with the IDS-
VGS curves of that device at various stages of fabrication can be seen in Figure 4.4-
a and b. A rectifying behavior arising from the MoS2 can be seen clearly. After PbSe 
QD deposition the rectification is preserved with off-state currents around 320 nA (at 
VDS = 1V), which is where the device will be operated to take advantage of the 
reduced dark current. The field effect electron mobility in the hybrid device is 16.5 
cm2V-1s-1. 

As we have seen in the previous section with PbSe-only photodetector, we have a 
QD film that is very conductive. As we apply a bias voltage between source and 
drain contact, we expect a current passing through the MoS2 layer (which can be 
turned off with backgating) However, as the QD film itself is conductive, under the 
same bias, a significant amount of current passes through the QD film, that cannot 
be influenced by backgating. Therefore, in the hybrid device we observe a relatively 
high dark current which masks the photocurrent and reduces responsivity. To 
overcome this problem, we decided to isolate the source-drain electrodes by 
depositing an oxide barrier on them such that the electrodes are only in contact with 
the MoS2 layer below. This will ensure that dark current contribution from the QD 
film reduces and photogenerated carriers can still be transferred from the QDs to 
the MoS2 layer and then to the contacts. 

 

Figure 4.5- A summary of the fabrication of contact-isolated hybrid photodetector. Reprinted with 
permission from 72. Copyright 2021 American Chemical Society 

A quick summary of the fabrication process for the contact-isolated hybrid device 
can be seen in Figure 4.5. We chose Al2O3 as the oxide as it can be deposited 
uniformly onto the whole sample at low temperatures and good coverage. As usual, 
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MoS2 flakes are transferred onto a Si/SiO2 substrate and regions of few-layer MoS2 
are identified. Ti/Au contacts are patterned in each side of the flake to create an 
MoS2 transistor. Then, after another photolithography step, MoS2 flake is protected 
with photoresist. 5 nm of Al2O3 is deposited onto the whole sample using ALD at 
80°C. Photoresist is then removed in hot acetone to reveal the MoS2. PbSe QDs are 
spincoated twice to reach a thickness of 50 nm. Source-drain contacts are then 
contacted for characterization by bigger pads far away from the active region where 
the same photoresist protection is performed (not shown in the schematic). 

A schematic of the contact-isolated device and the corresponding IDS-VGS curve can 
be seen in Figure 4.4-c and d. We can see that in the final device, off-state currents 
are down to 10 nA as a result of the oxide isolation process. We can still see the 
rectification behavior arising from MoS2 layer. The field effect electron mobility of the 
final device is calculated as 6.37 cm2V-1s-1. 

 

Figure 4.6 – (a) A schematic of the band alignment between few layers of MoS2 and PbSe QDs 
treated with EDT. (b) Band bending and charge transfer under illumination in the hybrid detector. 

In both hybrid devices, as we deposit PbSe QDs on top of MoS2 layer, we create a 
heterojunction with a built-in electric field. In order to better understand the dynamics 
of this junction, we performed UPS measurements for the PbSe QD film treated with 
EDT used on our devices. Valence band edge of the QDs lie at 4.54 eV below 
vacuum level with Fermi level 0.23 eV above it. Based on the optical absorption 
measurements of the QDs, bandgap is deduced to be 0.52 eV, which puts the 
conduction band at 4.02 eV below vacuum level. For MoS2, we utilized the values 
for few-layers from literature.64 The resulting band alignment in the heterojunction is 
sketched in Figure 4.6-a.  

Following a similar discussion as in the previous chapter, if we observe the IDS-VGS 
curves, we can see that the threshold voltage shifted towards higher voltages after 
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QD deposition. Just as in the WS2-PbS detector in the previous chapter, this 
suggests electron transfer from the TMDC to the PbSe layer, resulting in band 
bending depicted in Figure 4.6-b. Under IR illumination, electron-hole pairs are 
generated in the PbSe QDs. Holes are trapped in the QDs while electrons move 
towards MoS2 and then to the contacts. This leads to the gain mechanism that we 
are familiar with from the previous chapter and boosts the responsivity as electrons 
move several times in the circuitry while holes are trapped until they recombine. 

Figure 4.4-e shows the responsivity of both the hybrid devices with respect to 
changing light intensity. Under 1310 nm laser light the hybrid device reaches 
responsivities around 23.5 A/W. For the isolated-contact hybrid device this value 
goes up to 192 A/W. At high light powers, the responsivity decreases in both cases 
as a result of the reverse electric field induced by high number of photogenerated 
carriers near the heterojunction.61 For the contact-isolated device this effect is more 
prominent as more photogenerated charges pass through the junction rather than 
reaching the contacts directly skipping MoS2. This results in an enhanced reverse 
electric field and manifests itself as a slightly steeper decrease with respect to 
increasing light power in the measurement.   

Noise current spectral densities (in) of both hybrid devices are measured and plotted 
in Figure 4.4-f. The 1/f behavior can be seen in both measurements with very similar 
dependence on frequency. Contact-isolated device has lower noise in across the 
frequencies measured. High responsivity and low noise in the contact-isolated 
device translates into higher detectivity. The detectivity of the hybrid device is 1.0 x 
1010 Jones whereas the contact-isolated hybrid device has a detectivity of 7.7 x 1010 
Jones at RT. 

 

Figure 4.7 – Spectral responsivity of the contact-isolated hybrid device between 1250-3000 nm 
with a peak around 2.5 µm, corresponding to the excitonic absorption of PbSe QDs. Detectivity 
(D*) corresponding the same measurement is plotted on the right axis. (b) Response speed of 

the same device to a laser of 1310 nm. Time constant is about 0.04 s as the laser illumination is 
switched off. Reprinted with permission from 72. Copyright 2021 American Chemical Society 
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We measured the responsivity of the contact-isolated device up to 3 µm using the 
monochromator-based setup as before. Figure 4.7-a shows the resulting curve with 
the prominent excitonic peak around 2.5 µm originating from the PbSe QD layer. At 
2.55 µm, responsivity reaches 137.6 A/W with a detectivity of 7.7 x 1010 Jones. 

Response speed of the contact-isolated device is also characterized by the 1310 nm 
laser and the semiconductor analyzer under the same biasing conditions and plotted 
in Figure 4.7-b. As the laser is turned off, photocurrent decreases exponentially with 
a time constant of 0.04 s. Photoconductive gain can then be calculated using 
Equations 3.2 and 3.3 where ttransit is calculated to be 3.9x10-8 s and gain is in the 
order of 106. 

4.4 - Summary 

As in the previous chapter, to test the reproducibility of our devices, we fabricated 
and characterized several devices to see and the performance range of our hybrid 
photodetectors. These results are summarized below, in Table 4.1. 

Table 4.1 - A summary of the performance metrics of fabricated hybrid photodetectors. 

 Device Max. Responsivity (A/W) Detectivity (Jones) 
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1 41.9 1.0 x 1010 

2 35.3 6.97 x 109 

3 13.4 5.17 x 109 

4 25.4 1.0 x 109 

average 29.0 7.71 x 109 
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2O

3 i
so

la
tio

n 1 137.6 7.7 x 1010 

2 51.4 8.1 x 109 

3 50.9 4.4 x 109 

average 80.0 3.0 x 1010 

The devices presented are fabricated on separate substrates following the same 
fabrication steps. On average, we can see that Al2O3 contact isolation helps increase 
the responsivity. The detectivities are in the range of 109-1010 Jones for the hybrid 
device without contact isolation and exceeds 1010 Jones after isolation. 

In this chapter, we demonstrated photodetectors based on PbSe QDs having an 
excitonic peak around 2.5 µm. We improved the performance of the photodetectors 
with a MoS2 layer to take advantage of the high mobility of such TMDCs and internal 
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electric field that drives the photogenerated charges towards MoS2. We isolated the 
source-drain contacts on both sides with Al2O3 to reduce the dark current from the 
conductive PbSe QD layer. In the end, we obtained a hybrid photodetector operating 
up to 3 µm with a detectivity of 7.7 x 1010 Jones at 2.55 µm at room temperature – 
highest reported to date for QD detectors in these wavelengths. These devices have 
the potential to be used in low-cost, high-performance applications without cooling 
and can be an alternative to current technologies. 

To place our hybrid devices in perspective, we summarized previously reported 
similar hybrid detectors operating at similar wavelength ranges in Table 4.2. 

Table 4.2 - Previously reported hybrid devices in the infrared consisting of TMDCs and QDs and 
some of their performance metrics. 

 

  

Active Material Spectral 
Coverage (nm) 

Responsivity 
(A/W) 

Detectivity 
(Jones) 

Response 
Time (s) Reference 

MoS2/PbS QD 400-1500 6 x 105 5 x 1011 0.3-0.4 48 

MoS2/HgTe QD Vis-2200 ~103 ~1012 4 x 10-3 50 

WS2/PbS QD 400-1500 14 3.9 x 108 2 x 10-4 49 

WSe2/PbS QD 400-1400 2 x 105 7 x 1013 7 x 10-3 46 

Bi2O2Se/PbSe 
QD Vis-2100 103 Not 

reported 4 x 10-3 73 

MoS2/PbS QD 800-2100 202 2.8 x 1011 0.03 This work, 
Chapter 3 

WS2/PbS QD 800-2100 1442 1.02 x 1012 0.2 This work, 
Chapter 3 

MoS2/PbSe QD 1200-3000 41.9 1.0 x 1010 0.04 This work, 
Chapter 4 

MoS2/PbSe QD 
(with Al2O3) 1200-3000 137.6 7.7 x 1010 0.04 This work, 

Chapter 4 
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A comparison with the traditional commercial detectors can also be summarized as 
in the Table 4.3 below:   

  Table 4.3 – Comparison with commonly used commercial detectors 74,75 

  

Active Material Spectral Coverage 
(nm) 

Detectivity 
(Jones) 

Operating 
Temperature (K) 

Extended-InGaAs 1100-2300 8.0 x 1010 223 

InAs 1500-3500 1.2 x 109 300 

InAs 1500-3000 5.0 x 1011 196 

InAsSb 1000-5800 1.1 x 1011 243 

InSb 2000-5500 1.2 x 1011 77 

HgCdTe 2000-22000 1.0 x 1010 77 

MoS2/PbS QD 800-2100 2.8 x 1011 300 

WS2/PbS QD 800-2100 1.02 x 1012 300 

MoS2/PbSe QD 1200-3000 1.0 x 1010 300 

MoS2/PbSe QD (with 
Al2O3) 1200-3000 7.7 x 1010 300 
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5 - Robust High n-doping in PbS QD 
Films and Photodetectors Utilizing 

Intraband Transitions 

The spectral range of colloidal quantum dot-based optoelectronic devices can be 
tuned by controlling their size during synthesis. For relatively smaller CQDs, the 
spectral response is at higher energies than the bulk bandgap as a result of quantum 
confinement. As the size of the CQDs gets larger, the quantum confinement effect 
gets weaker and the spectral response approaches the bulk bandgap of that 
semiconductor. Therefore, bulk bandgap can be considered as the low-energy limit 
of CQD based devices. 

To reach lower than bandgap energies with CQDs, a possible way is to utilize 
intraband transitions. As opposed to interband transitions between the highest 
valence band to the lowest conduction band, intraband transitions can happen 
between the two conduction bands, or two valence bands. The energy difference 
between these 2 bands is usually smaller than the bandgap, therefore allowing us 
to reach spectral coverages below the bandgap and provides a tunable tool for future 
optoelectronics.  

5.1 - Doping of Quantum Dots 

In order to access the intraband transitions within the conduction band, we must first 
have a steady population of electrons in the quantum confined band-edge states. If 
both the valence band and the first conduction band is occupied, transitions may 
take place between the conduction levels, allowing us to utilize these transitions for 
optoelectronic devices.  

There have been many strategies to achieve steady population of electrons in the 
conduction level. Early experiments by Guyot-Sionnest and co-workers in 1998 use 
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pump-doping with CdSe QDs to observe intraband absorption between the first two 
conduction levels  (1Se -> 1Pe).76 As the visible pump laser ensures that the 1Se 
conduction level is occupied, an absorption peak that corresponds to the energy 
difference between 1Pe and 1Se appears and it is considered a direct evidence of 
intraband absorption.  

Doping the QDs with impurities is considered to achieve steady occupation of the 
conduction level. However, these conventional doping mechanisms used in 
semiconductors such as introducing dopant atoms do not work well with QDs as 
these impurity atoms tend to be expelled from the cores in a process called self-
purification. Binding energies of each surface of the nanocrystal also play a role in 
the adsorption of the dopant atom and determines if doping is possible or not. Also, 
these dopants atoms may introduce irregularities in the crystalline structure.77,78  

Electrochemical n-doping of quantum dots are first demonstrated with CdSe, CdS 
and ZnO QDs by injecting electrons to the QDs with alkali metals. A bleach of the 
excitonic peak as well as an intraband (1Se -> 1Pe) transition is observed, whose 
peak depend on the size of the QDs. However, stability is an issue as the doping 
diminishes within minutes when exposed to air at RT for CdSe QDs.79 The doping 
technique for CdSe QDs is then developed further to obtain reversible 
electrochemical doping of the QDs in solution, leading to electrically controllable 
absorption of exciton peak. Applied gate voltage through the electrolytes causes a 
shift in the Fermi level and allows intraband transitions; however, stable high doping 
cannot be achieved as the nanocrystal is susceptible to decomposition.80 

Air-stable doping in QDs is later observed in mercury chalcogenide QDs by self-
doping during synthesis without any impurities and simply by controlling the sulfur 
on the surface of the dots.81 For HgSe QDs, this led to the development of first 
photoconductive photodetectors utilizing intraband transitions between 3-5 µm with 
a detectivity of 8.5 x 108 Jones at 80 K, which are air stable.82 Inspired by the 
operating principles of quantum well photodetectors, detectors using mixture of 
HgSe and HgTe nanocrystals is demonstrated to have lower dark currents than just 
HgSe QDs, boosting the detectivity up to 1.5 x 109 Jones at 80 K.83 

Several efforts have been made in order to achieve stable heavy doping in lead 
chalcogenide QDs. In PbSe QDs, it has been demonstrated that both electrons and 
holes can be injected electrochemically through an electrode dipped inside the CQD 
solution to observe intraband absorption peaks.84 Studies are performed with pump-
probe spectroscopy to access and study the intraband transitions and their lifetimes 
in PbSe QDs.85 For p-type doping in PbSe QDs, a post-synthetic cation exchange 
is developed utilizing Ag+ to replace Pb2+ on the QD surface.86 This technique is 
extended for n-type doping in PbSe QDs using In3+ instead of Ag+.87 In both cases, 
a bleach of the excitonic absorption peak is observed with intraband absorptions 
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arising as the cation amount is increased. Another study from the Klimov group 
demonstrated that using cobaltocene, both PbS and PbSe QDs can be heavily-
doped both in solution and in film. They observed intraband absorption peaks 
proportional to the cobaltocene concentration; however, this technique also had its 
limitations as the doping diminishes within tens of hours in an air and water free 
atmosphere (and immediately when exposed to air).66 Iodine treatment in PbS QDs 
is demonstrated in heterojunctions to give a superior n-type character to the QD film 
compared to chlorine and bromine. Although being air-stable, the amount of n-type 
doping was not enough to observe a bleach of the excitonic peak, indicating a 
weaker n-type doping.88  

5.2 - Highly n-doped PbS QD Films 

To access the mid-infrared intraband transitions in the conduction levels of PbS QDs 
and utilize them in photodetectors and other optoelectronic devices, we need stable 
heavy n-doping. To achieve that, we used atomic substitution on a specific surface 
of the PbS QDs. In contrast to previous cation substitutions on the QD surface, we 
posited using aliovalent anionic substitution as predicted by previous density 
functional theory (DFT) calculations.89    

Owing to their size and almost roughly shapes, QDs have different crystal lattice 
planes on their surfaces. In PbS QDs, we can identify 2 of these surfaces. One of 
them is the Pb rich (111) surface, and the other is the (100) surface where S atoms 
are exposed. These planes have different surface energies that affect how bind to a 
ligand and the doping that arises as a result. Figure 5.1 is a schematic of different 
crystal planes in a single PbS QD around 6 nm diameter without any ligands on its 
surface. 

 

Figure 5.1 - Schematic of a PbS QD with Pb rich (111) plane and (100) plane with S ions 
exposed 

devices. We instead posited that aliovalent anionic substitution
may lead to a more robust doping scheme. Density functional
theory (DFT) calculations have theoretically predicted n-type
doping upon iodide substitution, yet not experimentally
observed.26 Here we sought to use PbS (100) surfaces as a
platform to facilitate heavy doping through iodide substitution
(Figure 1a). Our selection has been guided by the DFT
calculations shown in Figure 1b,c taking into account also the
exposure of such facets on the surface of large PbS CQDs to
enable the implementation of the doping. Iodide binding on
(111) surfaces, on the other hand, serves as a passivant without
causing any strong doping e!ects27 (Supporting Information
Section S1).
Bleach of the "rst exciton transition as a result of Pauli

blocking is one of the main signatures of a successful
population of the CB.28,29 However, bare iodide-exchanged
samples did not show any absorption bleaching as the DFT
calculations predicted (see Supporting Information Section
S2.1). The absence of heavy doping, evidenced by the lack of
bleaching in the absorption measurements, is ascribed to the
presence of oxygen and water in the "lm upon exposure to
ambient conditions. Oxygen and water are e#cient oxidants
and have been reported as e!ective p-type dopants in lead
chalcogenides.30,31 In order to preserve heavy n-doping in our
"lms under ambient conditions, we submitted our samples to
atomic layer deposition (ALD) of alumina with a 2-fold
purpose: impeding oxygen to further incorporate in the "lm,
and preventing oxidation caused by oxygen/water adsorbates
pre-existent in the "lms upon their formation. In"lling with
alumina (supported by XPS results in Supporting Information
Section S3), hence, is crucial to preserving robust n-type

doping provided by iodide ligand-exchange procedure. We
have observed that only the samples that have undergone
iodide doping and ALD encapsulation demonstrate optical
bleaching and, herein in this study, are assigned as doped PbS
CQD and the samples only with iodine substitution as
undoped samples. Control samples of thiol-based ligand
exchange chemistry did not show any signatures of heavy
doping upon ALD encapsulation, further corroborating the
role of iodine as the n-type dopant (see Supporting
Information Section S2.1). Absorption spectra at shorter
wavelengths show that the higher energy states of the CQDs
remain una!ected by the doping process (see Supporting
Information Section S2.2)
Figure 1d shows an exciton peak bleach after alumina

deposition, indicating that the ALD process was successful in
maintaining heavy doping at ambient conditions. We have
been able to quantify the doping (number of electrons in the
CB per dot) in our samples optically, by analyzing the bleach
in the absorption (see Experimental Section in the Supporting
Information), while we further con"rm the doping level
electrically via "eld e!ect transistor measurements (see
Supporting Information Section S4), as shown in Figure 1e.
Small dots have an octahedral shape with Pb-rich (111) facets,
while, as the dot diameter increases, their morphology evolves
progressively to a cuboctahedron that has six sulfur-rich (100)
facets.30 Because (100) surfaces are progressively exposed with
increasing PbS CQD size, the doping e#cacy of the process
increases with the size of the dots. Figure 1e shows that
particles smaller than 4 nm in diameter do not undergo this
doping process due to the lack of (100) exposed facets,
whereas in particles with an exciton peak of more than 1800

Figure 1. (a) Schematic representation of the S2! substitution to I! in (100) surface in large, cuboctahedral-shaped PbS CQDs. (b, c) Calculated
density of states of the (100) surface before and after I! substitution showing that the Fermi level, EF, is shifted to the CB. (d) Absorption spectra
of two representative PbS CQD "lms, before and after doping. The CQD sizes are 5.5 and 6.1 nm with respective exciton peaks at1480 and 1580
nm (solid black lines). After doping of the CQD "lms the absorption bleaches (red dash lines). (e) The number of electrons in the CB, upon
doping, depends on the size of the CQD due to the degree of (100) surface presence that enables doping. Red dots represent the experimentally
extracted number of electrons from measuring the bleaching of the absorption of the "lms at the exciton peak with the use of 1-ethyl-3-
methylimidazolium iodide (EMII) for ligand exchange, while blue dots represent the ZnI2/MPA hybrid ligand treated "lms that are used for ASE
and gain measurements. Yellow dots indicate the extracted doping values from electrical FET measurements of transistors based on EMII-treated
CQDs. Both ligand treatments are equally e!ective in the doping of the CQDs. The red area represents the doping range variation based on size
distribution of the CQDs, indicating even the doping distribution across the "lms is ±0.5 electrons. The data have been "tted with a sigmoidal
function (black dash line) as a guide to the eye.
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doping upon iodide substitution, yet not experimentally
observed.26 Here we sought to use PbS (100) surfaces as a
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have observed that only the samples that have undergone
iodide doping and ALD encapsulation demonstrate optical
bleaching and, herein in this study, are assigned as doped PbS
CQD and the samples only with iodine substitution as
undoped samples. Control samples of thiol-based ligand
exchange chemistry did not show any signatures of heavy
doping upon ALD encapsulation, further corroborating the
role of iodine as the n-type dopant (see Supporting
Information Section S2.1). Absorption spectra at shorter
wavelengths show that the higher energy states of the CQDs
remain una!ected by the doping process (see Supporting
Information Section S2.2)
Figure 1d shows an exciton peak bleach after alumina

deposition, indicating that the ALD process was successful in
maintaining heavy doping at ambient conditions. We have
been able to quantify the doping (number of electrons in the
CB per dot) in our samples optically, by analyzing the bleach
in the absorption (see Experimental Section in the Supporting
Information), while we further con"rm the doping level
electrically via "eld e!ect transistor measurements (see
Supporting Information Section S4), as shown in Figure 1e.
Small dots have an octahedral shape with Pb-rich (111) facets,
while, as the dot diameter increases, their morphology evolves
progressively to a cuboctahedron that has six sulfur-rich (100)
facets.30 Because (100) surfaces are progressively exposed with
increasing PbS CQD size, the doping e#cacy of the process
increases with the size of the dots. Figure 1e shows that
particles smaller than 4 nm in diameter do not undergo this
doping process due to the lack of (100) exposed facets,
whereas in particles with an exciton peak of more than 1800

Figure 1. (a) Schematic representation of the S2! substitution to I! in (100) surface in large, cuboctahedral-shaped PbS CQDs. (b, c) Calculated
density of states of the (100) surface before and after I! substitution showing that the Fermi level, EF, is shifted to the CB. (d) Absorption spectra
of two representative PbS CQD "lms, before and after doping. The CQD sizes are 5.5 and 6.1 nm with respective exciton peaks at1480 and 1580
nm (solid black lines). After doping of the CQD "lms the absorption bleaches (red dash lines). (e) The number of electrons in the CB, upon
doping, depends on the size of the CQD due to the degree of (100) surface presence that enables doping. Red dots represent the experimentally
extracted number of electrons from measuring the bleaching of the absorption of the "lms at the exciton peak with the use of 1-ethyl-3-
methylimidazolium iodide (EMII) for ligand exchange, while blue dots represent the ZnI2/MPA hybrid ligand treated "lms that are used for ASE
and gain measurements. Yellow dots indicate the extracted doping values from electrical FET measurements of transistors based on EMII-treated
CQDs. Both ligand treatments are equally e!ective in the doping of the CQDs. The red area represents the doping range variation based on size
distribution of the CQDs, indicating even the doping distribution across the "lms is ±0.5 electrons. The data have been "tted with a sigmoidal
function (black dash line) as a guide to the eye.
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Obtaining a doped film starts with spincoating the oleic acid capped PbS QDs in 
toluene on a substrate layer by layer. During the spincoating we use 1-ethyl-3- 
methylimidazolium iodide (EMII) dissolved in methanol to replace the long oleic acid 
chains by iodine. After we reach a desired film thickness, we use atomic layer 
deposition (ALD) to coat 3 to 5 nm of alumina (Al2O3) onto the substrate at a 
relatively low 80°C. At the end of this process, we obtain a highly n-doped PbS QD 
film. 

 

Figure 5.2 – n-doping with iodine substitution in large cuboctahedral shaped PbS QDs. (a) 
Schematic of I- replacing S-2 on the (100) surface and not being able to replace on the Pb-rich 
(111) surface. (b-c) Calculated density of states (DoS) on the (100) surface before and after 
iodine replacement. After iodine replacement, the Fermi level (Ef) is in the conduction band 

which indicates heavy n-doping in the QD. (d) On the Pb-rich (111) surface, iodine atoms cannot 
replace the S-2 ions but they are simply adsorbed on the surface of the dots. DoS after iodine 
adsorption is plotted without any significant change in Ef indicating that the doping does not 

originate from that surface. Figures adapted from ref 90. 

devices. We instead posited that aliovalent anionic substitution
may lead to a more robust doping scheme. Density functional
theory (DFT) calculations have theoretically predicted n-type
doping upon iodide substitution, yet not experimentally
observed.26 Here we sought to use PbS (100) surfaces as a
platform to facilitate heavy doping through iodide substitution
(Figure 1a). Our selection has been guided by the DFT
calculations shown in Figure 1b,c taking into account also the
exposure of such facets on the surface of large PbS CQDs to
enable the implementation of the doping. Iodide binding on
(111) surfaces, on the other hand, serves as a passivant without
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Bleach of the "rst exciton transition as a result of Pauli

blocking is one of the main signatures of a successful
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S2.1). The absence of heavy doping, evidenced by the lack of
bleaching in the absorption measurements, is ascribed to the
presence of oxygen and water in the "lm upon exposure to
ambient conditions. Oxygen and water are e#cient oxidants
and have been reported as e!ective p-type dopants in lead
chalcogenides.30,31 In order to preserve heavy n-doping in our
"lms under ambient conditions, we submitted our samples to
atomic layer deposition (ALD) of alumina with a 2-fold
purpose: impeding oxygen to further incorporate in the "lm,
and preventing oxidation caused by oxygen/water adsorbates
pre-existent in the "lms upon their formation. In"lling with
alumina (supported by XPS results in Supporting Information
Section S3), hence, is crucial to preserving robust n-type

doping provided by iodide ligand-exchange procedure. We
have observed that only the samples that have undergone
iodide doping and ALD encapsulation demonstrate optical
bleaching and, herein in this study, are assigned as doped PbS
CQD and the samples only with iodine substitution as
undoped samples. Control samples of thiol-based ligand
exchange chemistry did not show any signatures of heavy
doping upon ALD encapsulation, further corroborating the
role of iodine as the n-type dopant (see Supporting
Information Section S2.1). Absorption spectra at shorter
wavelengths show that the higher energy states of the CQDs
remain una!ected by the doping process (see Supporting
Information Section S2.2)
Figure 1d shows an exciton peak bleach after alumina

deposition, indicating that the ALD process was successful in
maintaining heavy doping at ambient conditions. We have
been able to quantify the doping (number of electrons in the
CB per dot) in our samples optically, by analyzing the bleach
in the absorption (see Experimental Section in the Supporting
Information), while we further con"rm the doping level
electrically via "eld e!ect transistor measurements (see
Supporting Information Section S4), as shown in Figure 1e.
Small dots have an octahedral shape with Pb-rich (111) facets,
while, as the dot diameter increases, their morphology evolves
progressively to a cuboctahedron that has six sulfur-rich (100)
facets.30 Because (100) surfaces are progressively exposed with
increasing PbS CQD size, the doping e#cacy of the process
increases with the size of the dots. Figure 1e shows that
particles smaller than 4 nm in diameter do not undergo this
doping process due to the lack of (100) exposed facets,
whereas in particles with an exciton peak of more than 1800

Figure 1. (a) Schematic representation of the S2! substitution to I! in (100) surface in large, cuboctahedral-shaped PbS CQDs. (b, c) Calculated
density of states of the (100) surface before and after I! substitution showing that the Fermi level, EF, is shifted to the CB. (d) Absorption spectra
of two representative PbS CQD "lms, before and after doping. The CQD sizes are 5.5 and 6.1 nm with respective exciton peaks at1480 and 1580
nm (solid black lines). After doping of the CQD "lms the absorption bleaches (red dash lines). (e) The number of electrons in the CB, upon
doping, depends on the size of the CQD due to the degree of (100) surface presence that enables doping. Red dots represent the experimentally
extracted number of electrons from measuring the bleaching of the absorption of the "lms at the exciton peak with the use of 1-ethyl-3-
methylimidazolium iodide (EMII) for ligand exchange, while blue dots represent the ZnI2/MPA hybrid ligand treated "lms that are used for ASE
and gain measurements. Yellow dots indicate the extracted doping values from electrical FET measurements of transistors based on EMII-treated
CQDs. Both ligand treatments are equally e!ective in the doping of the CQDs. The red area represents the doping range variation based on size
distribution of the CQDs, indicating even the doping distribution across the "lms is ±0.5 electrons. The data have been "tted with a sigmoidal
function (black dash line) as a guide to the eye.
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On different surfaces of the QD, iodine affects the doping in different ways. Figure 
5.2 shows a schematic and DFT calculations of the ligand exchange process. On 
the (100) surface, S-2 ions are exposed on the surface which allows the I- ions to 
replace them. The calculated density of states (DoS) before and after for the (100) 
surface can be seen in Figure 5.2-b and c. After the aliovalent anion substitution on 
this surface, Fermi level (Ef) goes up into the conduction band, indicating heavy n-
doping. However, on the (111) surface S-2 ions are not exposed on the surface, 
prohibiting I- ions from replacing S and the iodine are adsorbed on the surface. DoS 
calculations in Figure 5.2-d show that this process does not affect the position of 
Fermi level significantly. These simulations are also confirmed by quantitative 
analysis of lead and sulfur data in X-ray Photoelectron Spectroscopy (XPS) 
measurements, showing an increase if Pb/S ratio after ligand exchange due to I 
replacing S.90 

The QD film right after the ligand exchange do not show any of the indicators of 
heavy doping such as excitonic absorption bleach or appearance of an intraband 
absorption signal at lower energies. We attribute this to the presence of oxygen and 
water inside the film that is adsorbed during spincoating. Water and oxygen are 
demonstrated to be effective p-type dopants for PbS QDs and may counteract the 
n-doping induced by iodine.88,91 ALD of alumina is therefore essential in preventing 
further oxidation and passivating oxygen and water that are adsorbed in the film.  

Transmission spectra of an EMII-treated PbS QD film on an undoped silicon wafer 
can be seen in Figure 5.3. The same sample is measured just before and after 
alumina deposition. A clear bleach in the excitonic transmission peak can be seen, 
with a slight redshift after the doping process, due to the modification of dielectric 
constant around the QDs influencing quantum confinement.92 A dip in transmission 
around 0.19 eV emerges, that was not present in the undoped sample, which 
corresponds to the intraband (1Se -> 1Pe) transmission energy for this particular size 
of PbS QDs. 
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Figure 5.3 – Transmission spectra of a PbS QD film treated with iodine before (red – undoped) 
and after (black – doped) alumina deposition. Both the bleach in the exciton signal and 
appearance of the intraband signal can be seen. Spectra are offset vertically for clarity. 

A notable property of high doping in PbS QDs is that both iodine and alumina are 
needed. Reports on similar lead chalcogenide QD films treated with sulfides93 and 
thiols94 that are infilled with low temperature alumina using ALD do not show 
intraband absorption or intraband bleaching. A combination of both iodine treatment 
and alumina is therefore essential.  

Strong n-doping with iodine and alumina is observed for similar systems by different 
groups as well. Abelson and coworkers observed doping and studied the effect of 
alumina on the QD film. Their X-ray diffraction and synchrotron grazing-incidence 
small-angle X-ray scattering (GISAXS) data shows that ALD infilling leaves the QD 
size, unit cell and spatial order of the QDs unchanged.95 They conclude that alumina 
does not affect the crystal structure but only passivates water and oxygen inside the 
film and prevents further oxidation. 

In our films we have confirmed that alumina does not stay on top of the QD film but 
it also infills the film by X-Ray Photoelectron Spectroscopy (XPS) measurements. 
Films are fabricated with a 3 nm alumina coverage in ALD. Prior to the 
measurement, the films are etched approximately 20-40 nm inside the XPS chamber 
and then the analysis is performed. 2p peak originating from aluminum is observed 
at that thickness, confirming the penetration of alumina inside the film.90 
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Figure 5.4 – Transmission spectra of the PbS QD film before and after doping. Series of 
measurements up to 67 days confirm long term stability of our doping in ambient. 

Stability of the doping play an important role to utilize these films in optoelectronic 
devices. We have tested the excitonic transmission of our samples up to 67 days. 
The samples are stored in ambient with constant exposure to light. In Figure 5.4, 
these measurements are plotted, conforming stability of at least 2 months in 
ambient. 

5.3 - Optical Intraband Response of High-doped PbS QD 
Films 

While characterizing intraband transitions in various PbS films, we used Fourier 
transform infrared spectroscopy (FTIR) with a MIR source and a liquid nitrogen 
cooled MCT detector. We started with spincoating the PbS QDs with an EMII ligand 
exchange onto a double-side polished undoped silicon (10-20 Wcm) substrate of 
about 300 µm thickness. Unlike more common doped silicon wafers, undoped silicon 
is transparent between 0.1-0.75 eV range. We make sure that the films are thick 
enough to obtain a high signal to noise ratio. In our case, 5 repetitions of layer-by-
layer deposition resulting in a 100 nm thick film is enough to achieve this. As there 
can be slight differences in thickness between samples due to the spincoating 
process, we measure the thickness of each PbS film with profilometer after 
fabrication. 

11 
 

 

 

S6: Stability test of the doped PbS CQD film  

 

Figure S6 :  Series of absorption sepctra of doped PbS CQD film for a period of 67 days 
(solid lines). The sample was kept in ambient conditions with continuous exposure of 
ambient light. The respective undoped films is plotted for comparison (dash line). 

 

 

 

S7: X-ray Photoelectron Spectroscopy (XPS) in PbS QD solids  

 

We studied, with quantitative XPS analysis, the Pb/S ratio between the ad-hoc oleic capped 

PbS QD and the iodine treated PbS QDs in order to probe experimentally the substitution of I- 

in the (100) surface of the QDs. For that purpose, we used a series of PbS QD with different 

sizes. The small CQDs with band-edge absorption at 800nm do not have exposed sulfur rich 

surfaces, while starting with QDs absorbing at 1300 nm the (100) surface appears and the (100) 

surface increases in larger dots.  Below we show the quantitative XPS fitting for both I- doped  

and oleic acid (OA) capped PbS QDs. The table summarizes the Pb/S in different QD sizes 

showing that in dots without the (100) surface the Pb/S ratio remains constant before and after 

the ligand exchange while the Pb/S is increased after the Iodide substitution in larger CQDs. 
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Figure 5.5 - Calculating the absorption in the heavily doped PbS QD films. (a) A schematic of the 
film, spincoated on top of an undoped silicon substrate. Incident light from the FTIR is taken as 1 
and reflections and transmissions are subtracted from that to obtain the absorption in the film. (b) 

Example absorption spectra obtained by the measurements and calculated absorptions (c-d) 
Upper panel: Examples of calculated absorption spectra for different sized dots near the 

intraband (c) and interband (d) transition energies. Lower panel: Second derivative of the spectra 
above to accurately identify the peak position. Red lines indicate the gaussian fits to the data. 

We are able to obtain both transmission and reflection data in our FTIR system using 
a microscope setup. The setup is first calibrated with bare undoped-Si near energies 
where the absorption of the undoped-Si is negligible to make sure that transmission 
and reflection adds up to 100%. This may not always be the case for thin films, as 
the light reaches to the sample with high divergence and scattered light may affect 
the result 10-20%. When we are certain that the system is calibrated with only the 
light that reaches the sample with angles close to 90° to the film surface, we start 
the measurements for thin films.  

In Figure 5.5, a summary of the measurement method can be seen. We obtain the 
absorption in the film by: 

 𝐴B'0-	 = 1 − 𝑇-+.# −	𝑅-+.# −	𝐴#%J# Equation 5.1 

undoped Si

PbS QD film

incident 
beam (1)

transmitted
beam (Tmeas)

reflected beam 
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Figure S3. Example of the absorption measurement of a thin PbS layer in a sample as the one sketched 
in Figure S2. The absorption of the whole sample is obtained as: ܣ௦ ൌ ͳ െ ܶ௦ െ ܴ௦. The 
absorption of the PbS layer is obtained as: ܣ ൌ ௦ܣ െ  .௦௨௦ܣ

 

 

 

Figure S4. Typical absorption spectrum of the Si substrate used in this study. 
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Figure S3. FTIR transmission measurement of a 20-nm Al2O3 layer deposited by ALD on a 

lightO\�GRSHG������RKPāFP��VLOLFRQ�VXEVWUDWH��7KH�$O2O3 transmission spectrum is obtained 

using a pristine silicon substrate as background sample. Al2O3 exhibits light absorption in the 

������P�UDQJH� 

 

 

Figure S4. Examples of Gaussian fittings (red, dashed lines) used for obtaining the energies of 

the intraband (a), and first and second exciton transitions (b) in PbS CQD films. Dashed lines 

indicate the central energy of the Gaussian line shape. Insets indicate the electronic transition 

associated to each fitted peak.  
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where Tmeas is the measured transmission spectra for the substrate+film assembly, 
Rmeas is the measured reflection from the whole structure and Asubs is the absorption 
in the bare undoped-Si substrate that is measured prior to the measurement. In 
order to identify the peak location of the intraband and interband transitions for 
accurate analysis, we take the second derivative of the absorption curves in the film 
and fit gaussians to accurately pinpoint the energy, a method previously 
demonstrated by Cademartiri and coworkers.96 We repeat the process in the near 
infrared to fit the excitonic absorption peak for each film before and after alumina 
coating. Therefore, the bleach in the excitonic peak and its redshift can be identified 
for further analysis. 

To compare and quantify the strength of carrier transitions in our film, we also 
calculate the absorption coefficient, a. For the simple case of a thin slab of 
homogeneous material, a can be calculated by taking into consideration the multiple 
internal reflections that occur at the front and back air/sample interfaces, which 
increase the effective optical path.97 When the thin-film is deposited on a substrate, 
reflections taking place at every interface (refractive-index change), as well as 
absorption in the substrate, must be taken into account. For this case, a can also be 
analytically calculated assuming at≪1 98 where t is the thickness of the thin film. 
However, in all cases the refractive index of the sample or, alternatively, the fraction 
of reflected light in a single air/sample interface must be known. Because of the 
wavelength range in our study (5−9 μm), it was not possible for us to measure either 
of these values. Hence, we have calculated a using the model: 

 𝐴'(& = 1 −	𝑒Da& Equation 5.2 

where Aint = Afilm/(1 − Rmeas). Aint represents the intrinsic absorption of the film 
irrespective of the external medium taking into account only the light that enters the 
film. Switching from the total absorption (Afilm) to the absorption coefficient (a) allows 
us to compare different samples with slightly different thicknesses, as we measure 
the exact thickness of the films with profilometry for each sample. 

5.4 - Size-Dependent Intraband Transitions in Doped Films 

After obtaining high doping in PbS QDs, the next step is to study how the doping 
changes with respect to different sizes of QDs having different excitonic peaks. 
Figure 5.6-a summarizes the excitonic (interband) absorbance of different PbS QDs 
right after their synthesis. The QDs are freshly synthesized and capped with oleic 
acid and dispersed in toluene. We determine the diameter of the QDs by locating 
the peak energy in their absorbance spectra and using the experimentally fitted 
sizing curve proposed by Moreels and coworkers: 
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 𝐸+A)'&$( = 0.41 +	
1

0.0252𝑑C + 0.283𝑑 Equation 5.3 

where Eexciton is the exciton energy and d is the dot diameter.55 Our dots have 
diameters in the range of 5.2 to 9 nm.  

 

Figure 5.6 – Intraband study of various sizes of doped PbS QD films. (a) Normalized excitonic 
absorption spectra of the QDs used in the study in toluene solution before film formation. QDs 

have diameter in the range of 5.2 – 9.0 nm. (b) Energies for the 1Sh -> 1Pe labeled as E2 and the 
excitonic 1Sh -> 1Se transition labeled as E1. Inset depicts a schematic of these transitions. Data 
points are the peak positions in absorption spectra as discussed in the text and lines are fits. (c) 

Normalized absorption (Afilm) for the intraband transitions at RT. As the dot size decreases, 
intraband absorption peak redshifts. (d) Energy of the intraband transition versus dot diameter. 
Markers indicate the peak of the gaussian fits to the data in (c) with an error bar of about 3meV. 

Red solid line is a fit to the markers. Black dashed line corresponds to the fit of E2 – E1 
presented in (b). 

We then formed doped films on undoped-Si substrates and measured the absorption 
(Afilm) of the films as described previously. Figure 5.6-b shows the result of the fits to 
the absorption spectra for the 1Sh -> 1Se (E1) and 1Sh -> 1Pe (E2). We observed that 
after forming the film, the excitonic peak (E1) is redshifted as expected due to 
decreased distance between QDs leading to a slight loss of quantum confinement. 
We fitted these energies with: 

conventionally exploited interband transitions and can even be
smaller than the band gap of the bulk counterpart, thus
allowing exploitation of part of the electromagnetic spectrum
forbidden for a given bulk SC material. To give an example of
its potential, !ne-tuning of and access to intraband transitions
in CQDs could lead to photodetectors and light sources in the
MWIR and LWIR11 made of relatively high bandgap, cheap,
and nontoxic materials, replacing the current technology based
on epitaxially grown HgCdTe, InGaAs and GaInSb.12

Consequently, work in this !eld is becoming more and more
intense, and steady-state probing of intraband transitions has
already been achieved in several materials.13 However, until
recently only mercury chalcogenide CQDs have exhibited
stable high doping that allowed fabrication of intraband
photodetectors.11,14,15 Recently, robust heavy doping has been
demonstrated in PbS CQD !lms,16 enabling intraband
absorption and photodetection in the MWIR and LWIR,17 at
energies smaller than the PbS bulk band gap. At this point,
studies of the basic properties of intraband transitions in
CQDs are needed to guide the development of intraband-
based devices and applications. In this work, we investigate the
size and temperature dependence of intraband transitions in
the CB of PbS CQDs. We report the intraband absorption
coe"cient of PbS QD !lms and discuss the size dependence of
the oscillator strength of the !rst intraband transition in PbS
QDs.

RESULTS AND DISCUSSION
PbS CQDs and Doped Films Used for the Study.

Figure 1 shows absorbance spectra of the PbS CQDs used in

this study, which evidence good control on the QD size
(diameter) in the 5!9 nm range and low size dispersion. QD
size has been obtained using the empirical model for oleic-acid
capped QDs reported in ref 6 after !tting the exciton energy in
the absorbance spectra.
After synthesis, we fabricated doped !lms following the

method reported in ref 16. The !lms are spin-coated layer-by-
layer on silicon substrates, exchanging the original oleic acid
ligand with iodine. We use semi-insulating (lightly doped)
silicon substrates throughout the whole study because the
di#erent measurements performed require transparency in the
1!12 !m range. After formation, the !lm is in!ltrated and
capped with alumina by atomic layer deposition, a method that
has been proven to provide n-doping in PbSe18 and ZnO19,20

QDs. The resulting PbS CQD !lms are heavily n-doped ("
1019 cm!3)16 and, consequently, exhibit steady-state intraband
absorption in the CB.17 Figure 2b shows the !rst two interband

excitons in the doped !lms as a function of the dot diameter, d,
obtained via analysis of the absorption spectra, as shown in
Figure 2a. Note that for some samples, E2 could not be
accurately !tted, hence the reduced number of data points for
E2 in Figure 2b. We found that the !rst exciton is red-shifted in
the doped !lms as compared to the as-synthesized solutions
(Supporting Figure S1). We used this exciton-shift !ngerprint
as well as the doping level of the samples (discussed later and
shown in Figure 4d) to discard oxidation of the dots before or
during !lm formation, thus guaranteeing proper sample quality
for further quantitative studies. We found that the samples that
showed signs of oxidation (slight blue-shift of the !rst exciton)
also exhibited lower doping levels.
We have !tted the !rst exciton, E1 (1Sh!1Se), and the

second exciton, E2 (1Sh!1Pe), with eqs 1and 2:
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with a !t correlation coe"cient, R2 > 0.99.
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with R2 > 0.99.
The constant term 0.41 eV is the bulk band gap of PbS, Eg,

at room temperature (RT). The size-dependent 1/d2

represents the con!nement energy characteristic of particles

Figure 1. Absorbance spectra, normalized to the maximum of the
exciton peaks, of oleic-acid capped PbS CQDs dispersed in
toluene. The QD diameter of the di!erent solutions ranges
between 5.2 and 9.0 nm.

Figure 2. Interband absorption in heavily n-doped PbS CQD "lms.
(a) Second-derivative analysis of the absorption spectrum. Vertical
lines indicate the "rst three excitons. (b) Energy of the "rst two
excitons, corresponding to lines 1 and 2 in (a) as a function of d.
The lines are "ts, as described in the main text. The inset
illustrates the transitions of the "rst (red arrow) and second (blue
arrows) excitons. Resulting from the n-doped character of the
QDs, the measured E2 originates exclusively from 1Sh!1Pe
transitions and not from 1Ph!1Se transitions.
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forbidden for a given bulk SC material. To give an example of
its potential, !ne-tuning of and access to intraband transitions
in CQDs could lead to photodetectors and light sources in the
MWIR and LWIR11 made of relatively high bandgap, cheap,
and nontoxic materials, replacing the current technology based
on epitaxially grown HgCdTe, InGaAs and GaInSb.12
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intense, and steady-state probing of intraband transitions has
already been achieved in several materials.13 However, until
recently only mercury chalcogenide CQDs have exhibited
stable high doping that allowed fabrication of intraband
photodetectors.11,14,15 Recently, robust heavy doping has been
demonstrated in PbS CQD !lms,16 enabling intraband
absorption and photodetection in the MWIR and LWIR,17 at
energies smaller than the PbS bulk band gap. At this point,
studies of the basic properties of intraband transitions in
CQDs are needed to guide the development of intraband-
based devices and applications. In this work, we investigate the
size and temperature dependence of intraband transitions in
the CB of PbS CQDs. We report the intraband absorption
coe"cient of PbS QD !lms and discuss the size dependence of
the oscillator strength of the !rst intraband transition in PbS
QDs.

RESULTS AND DISCUSSION
PbS CQDs and Doped Films Used for the Study.

Figure 1 shows absorbance spectra of the PbS CQDs used in

this study, which evidence good control on the QD size
(diameter) in the 5!9 nm range and low size dispersion. QD
size has been obtained using the empirical model for oleic-acid
capped QDs reported in ref 6 after !tting the exciton energy in
the absorbance spectra.
After synthesis, we fabricated doped !lms following the

method reported in ref 16. The !lms are spin-coated layer-by-
layer on silicon substrates, exchanging the original oleic acid
ligand with iodine. We use semi-insulating (lightly doped)
silicon substrates throughout the whole study because the
di#erent measurements performed require transparency in the
1!12 !m range. After formation, the !lm is in!ltrated and
capped with alumina by atomic layer deposition, a method that
has been proven to provide n-doping in PbSe18 and ZnO19,20

QDs. The resulting PbS CQD !lms are heavily n-doped ("
1019 cm!3)16 and, consequently, exhibit steady-state intraband
absorption in the CB.17 Figure 2b shows the !rst two interband

excitons in the doped !lms as a function of the dot diameter, d,
obtained via analysis of the absorption spectra, as shown in
Figure 2a. Note that for some samples, E2 could not be
accurately !tted, hence the reduced number of data points for
E2 in Figure 2b. We found that the !rst exciton is red-shifted in
the doped !lms as compared to the as-synthesized solutions
(Supporting Figure S1). We used this exciton-shift !ngerprint
as well as the doping level of the samples (discussed later and
shown in Figure 4d) to discard oxidation of the dots before or
during !lm formation, thus guaranteeing proper sample quality
for further quantitative studies. We found that the samples that
showed signs of oxidation (slight blue-shift of the !rst exciton)
also exhibited lower doping levels.
We have !tted the !rst exciton, E1 (1Sh!1Se), and the

second exciton, E2 (1Sh!1Pe), with eqs 1and 2:
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Figure 1. Absorbance spectra, normalized to the maximum of the
exciton peaks, of oleic-acid capped PbS CQDs dispersed in
toluene. The QD diameter of the di!erent solutions ranges
between 5.2 and 9.0 nm.

Figure 2. Interband absorption in heavily n-doped PbS CQD "lms.
(a) Second-derivative analysis of the absorption spectrum. Vertical
lines indicate the "rst three excitons. (b) Energy of the "rst two
excitons, corresponding to lines 1 and 2 in (a) as a function of d.
The lines are "ts, as described in the main text. The inset
illustrates the transitions of the "rst (red arrow) and second (blue
arrows) excitons. Resulting from the n-doped character of the
QDs, the measured E2 originates exclusively from 1Sh!1Pe
transitions and not from 1Ph!1Se transitions.
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in a well under the e!ective mass approximation. The 1/d term
is an empirical observation required to "t E1 and E2, as it was
the case in previous studies,6,21 indicating that corrections to
this approximation are needed. In both transitions, the 1/d
term is dominant over the quantum con"nement one, as it is
the case in as-synthesized PbS CQDs.6 In fact, for E2, data can
be "tted without the 1/d2 term, in the 5 nm < d < 8 nm range,
with R2 > 0.99. However, the fact that the 1/d2 term of E2 is
almost negligible in this size range is not particular of doped
dots. Cademartiri et al.21 showed that the second exciton in
undoped PbS CQDs dispersed in solution deviates from the
expected behavior for d > 5 nm, which caused E2 to not be
"tted to an equation of the form of eq 1 in the 4!7 nm size
range. Therefore, although we expect eq 1 to be valid for d < 5
nm,6,21 we do not expect the same for eq 2.
There is not a clear explanation for the peculiar size

dependence of E2. Although it was a cause of controversy in
the past, there is now a consensus that it corresponds to the
1Sh!1Pe and 1Ph!1Se transitions.22,23 These two have very
similar energies due to the almost identical electron and hole
e!ective masses in PbS,24 as indicated in the inset of Figure 2b.
Both transitions should be forbidden by symmetry. However, it
has been shown that parity selection rules are relaxed in PbS
QDs, allowing optical absorption features that do not conserve
parity.22 It has been discussed that breaking of the inversion
symmetry of the wave function is needed to fully explain the
optical absorption spectra of PbS QDs.23 Ref 21 shows yet
another higher-energy transition (seventh exciton) that
exhibits a size dependence behavior similar to E2, with a
sudden change in trend for d > 5 nm, and discusses the
possibility that this transition originates from a separate corner
of the Brillouin zone. Here, we propose another explanation for
the sudden change in the size dependence of E2. It has been
reported that the morphology of PbS QDs changes with size,
evolving from an octahedral shape, for d < 3 nm, to a
cuboctahedral shape, for d > 4 nm.25 Small QDs have Pb-rich
(111) facets, whereas in larger dots, S-rich (100) facets
emerge. We argue that the change in morphology in large dots,
having exposed sulfur atoms, may contribute to the formation
of new states that modify the energy of the second (and
possibly the seventh) interband transition.
Size Dependence of the Intraband Transition. We

have measured the absorption spectra of the intraband
transitions in our "lms, Afilm, by means of transmission and
re#ection measurements via Fourier transform infrared spec-
troscopy. Our samples consist of a thin "lm ("100 nm) of PbS
QDs on top of a substrate ("300 !m) of semi-insulating
silicon, as sketched in Supporting Figure S2. Afilm is de"ned as

= ! ! !A R T A1film meas meas subs (3)

where Rmeas and Tmeas are the measured transmission and
re#ection, and Asubs is the absorption of the substrate, which
was previously characterized through re#ection and trans-
mission measurements (see Supporting Figure S3). Figure 3a
shows that the intraband transition shifts to higher energies as
the dot size decreases, owing to increased quantum con"ne-
ment. Sharp features at around 0.14 and 0.15 eV arise from the
di!erences (such as the amount of SiO2) in the reference
silicon substrate and the substrate of each sample (see
Supporting Figure S4). Below 0.13 eV, alumina contributes
to absorption (Supporting Figure S5).
The size dependence of the intraband energy, EIB, at RT is

plotted in Figure 3b. We have "tted the results with eq 4:

= !E
d d

(eV) 1.57 2.5
IB 2 (4)

with R2 = 0.97. The negative value of the 1/d2 term is
expected, since we expect EIB to be equal to E2 ! E1 (see eqs 1
and 2). For comparison, we have plotted E2 ! E1 in Figure 3b.
These results support the fact that, for all studied samples, the
absorption peaks analyzed correspond to intraband transitions.
As it was the case for E1 and E2, the 1/d term represents the
dominant contribution to the size dependence of EIB. This will
be useful later on for the analysis of the temperature
dependence of EIB. As discussed previously, eq 2 is not valid
for d < 5 nm, therefore, eq 4 should not be valid either. We do
not know whether eq 2 and, hence, eq 4 still hold for d > 8.5

Figure 3. (a) Intraband absorption spectra of QDs of di!erent sizes
normalized to the peak maxima. (b) Energy of the intraband
transition, at RT, as a function of the dot diameter. Data are
obtained as the central energies of Gaussian "ts of absorption
spectra such as those presented in (a). The error bars are estimates
of the uncertainty in the "ts (±3 meV). The red solid line
corresponds to eq 4. The black dashed line represents the energy
di!erence between the second and "rst excitons. (c) Second
con"nement energy (E2 ! Eg) divided by the "rst con"nement
energy (E1 ! Eg) as a function of the "rst con"nement energy. E2
(1Sh!1Pe) is obtained in two ways: directly from absorption
spectra at RT (!) and as EIB (1Se!1Pe) + E1 (1Sh!1Se) at RT (")
and 98 K (!).
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in a well under the e!ective mass approximation. The 1/d term
is an empirical observation required to "t E1 and E2, as it was
the case in previous studies,6,21 indicating that corrections to
this approximation are needed. In both transitions, the 1/d
term is dominant over the quantum con"nement one, as it is
the case in as-synthesized PbS CQDs.6 In fact, for E2, data can
be "tted without the 1/d2 term, in the 5 nm < d < 8 nm range,
with R2 > 0.99. However, the fact that the 1/d2 term of E2 is
almost negligible in this size range is not particular of doped
dots. Cademartiri et al.21 showed that the second exciton in
undoped PbS CQDs dispersed in solution deviates from the
expected behavior for d > 5 nm, which caused E2 to not be
"tted to an equation of the form of eq 1 in the 4!7 nm size
range. Therefore, although we expect eq 1 to be valid for d < 5
nm,6,21 we do not expect the same for eq 2.
There is not a clear explanation for the peculiar size

dependence of E2. Although it was a cause of controversy in
the past, there is now a consensus that it corresponds to the
1Sh!1Pe and 1Ph!1Se transitions.22,23 These two have very
similar energies due to the almost identical electron and hole
e!ective masses in PbS,24 as indicated in the inset of Figure 2b.
Both transitions should be forbidden by symmetry. However, it
has been shown that parity selection rules are relaxed in PbS
QDs, allowing optical absorption features that do not conserve
parity.22 It has been discussed that breaking of the inversion
symmetry of the wave function is needed to fully explain the
optical absorption spectra of PbS QDs.23 Ref 21 shows yet
another higher-energy transition (seventh exciton) that
exhibits a size dependence behavior similar to E2, with a
sudden change in trend for d > 5 nm, and discusses the
possibility that this transition originates from a separate corner
of the Brillouin zone. Here, we propose another explanation for
the sudden change in the size dependence of E2. It has been
reported that the morphology of PbS QDs changes with size,
evolving from an octahedral shape, for d < 3 nm, to a
cuboctahedral shape, for d > 4 nm.25 Small QDs have Pb-rich
(111) facets, whereas in larger dots, S-rich (100) facets
emerge. We argue that the change in morphology in large dots,
having exposed sulfur atoms, may contribute to the formation
of new states that modify the energy of the second (and
possibly the seventh) interband transition.
Size Dependence of the Intraband Transition. We

have measured the absorption spectra of the intraband
transitions in our "lms, Afilm, by means of transmission and
re#ection measurements via Fourier transform infrared spec-
troscopy. Our samples consist of a thin "lm ("100 nm) of PbS
QDs on top of a substrate ("300 !m) of semi-insulating
silicon, as sketched in Supporting Figure S2. Afilm is de"ned as

= ! ! !A R T A1film meas meas subs (3)

where Rmeas and Tmeas are the measured transmission and
re#ection, and Asubs is the absorption of the substrate, which
was previously characterized through re#ection and trans-
mission measurements (see Supporting Figure S3). Figure 3a
shows that the intraband transition shifts to higher energies as
the dot size decreases, owing to increased quantum con"ne-
ment. Sharp features at around 0.14 and 0.15 eV arise from the
di!erences (such as the amount of SiO2) in the reference
silicon substrate and the substrate of each sample (see
Supporting Figure S4). Below 0.13 eV, alumina contributes
to absorption (Supporting Figure S5).
The size dependence of the intraband energy, EIB, at RT is

plotted in Figure 3b. We have "tted the results with eq 4:
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with R2 = 0.97. The negative value of the 1/d2 term is
expected, since we expect EIB to be equal to E2 ! E1 (see eqs 1
and 2). For comparison, we have plotted E2 ! E1 in Figure 3b.
These results support the fact that, for all studied samples, the
absorption peaks analyzed correspond to intraband transitions.
As it was the case for E1 and E2, the 1/d term represents the
dominant contribution to the size dependence of EIB. This will
be useful later on for the analysis of the temperature
dependence of EIB. As discussed previously, eq 2 is not valid
for d < 5 nm, therefore, eq 4 should not be valid either. We do
not know whether eq 2 and, hence, eq 4 still hold for d > 8.5

Figure 3. (a) Intraband absorption spectra of QDs of di!erent sizes
normalized to the peak maxima. (b) Energy of the intraband
transition, at RT, as a function of the dot diameter. Data are
obtained as the central energies of Gaussian "ts of absorption
spectra such as those presented in (a). The error bars are estimates
of the uncertainty in the "ts (±3 meV). The red solid line
corresponds to eq 4. The black dashed line represents the energy
di!erence between the second and "rst excitons. (c) Second
con"nement energy (E2 ! Eg) divided by the "rst con"nement
energy (E1 ! Eg) as a function of the "rst con"nement energy. E2
(1Sh!1Pe) is obtained in two ways: directly from absorption
spectra at RT (!) and as EIB (1Se!1Pe) + E1 (1Sh!1Se) at RT (")
and 98 K (!).
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conventionally exploited interband transitions and can even be
smaller than the band gap of the bulk counterpart, thus
allowing exploitation of part of the electromagnetic spectrum
forbidden for a given bulk SC material. To give an example of
its potential, !ne-tuning of and access to intraband transitions
in CQDs could lead to photodetectors and light sources in the
MWIR and LWIR11 made of relatively high bandgap, cheap,
and nontoxic materials, replacing the current technology based
on epitaxially grown HgCdTe, InGaAs and GaInSb.12

Consequently, work in this !eld is becoming more and more
intense, and steady-state probing of intraband transitions has
already been achieved in several materials.13 However, until
recently only mercury chalcogenide CQDs have exhibited
stable high doping that allowed fabrication of intraband
photodetectors.11,14,15 Recently, robust heavy doping has been
demonstrated in PbS CQD !lms,16 enabling intraband
absorption and photodetection in the MWIR and LWIR,17 at
energies smaller than the PbS bulk band gap. At this point,
studies of the basic properties of intraband transitions in
CQDs are needed to guide the development of intraband-
based devices and applications. In this work, we investigate the
size and temperature dependence of intraband transitions in
the CB of PbS CQDs. We report the intraband absorption
coe"cient of PbS QD !lms and discuss the size dependence of
the oscillator strength of the !rst intraband transition in PbS
QDs.

RESULTS AND DISCUSSION
PbS CQDs and Doped Films Used for the Study.

Figure 1 shows absorbance spectra of the PbS CQDs used in

this study, which evidence good control on the QD size
(diameter) in the 5!9 nm range and low size dispersion. QD
size has been obtained using the empirical model for oleic-acid
capped QDs reported in ref 6 after !tting the exciton energy in
the absorbance spectra.
After synthesis, we fabricated doped !lms following the

method reported in ref 16. The !lms are spin-coated layer-by-
layer on silicon substrates, exchanging the original oleic acid
ligand with iodine. We use semi-insulating (lightly doped)
silicon substrates throughout the whole study because the
di#erent measurements performed require transparency in the
1!12 !m range. After formation, the !lm is in!ltrated and
capped with alumina by atomic layer deposition, a method that
has been proven to provide n-doping in PbSe18 and ZnO19,20

QDs. The resulting PbS CQD !lms are heavily n-doped ("
1019 cm!3)16 and, consequently, exhibit steady-state intraband
absorption in the CB.17 Figure 2b shows the !rst two interband

excitons in the doped !lms as a function of the dot diameter, d,
obtained via analysis of the absorption spectra, as shown in
Figure 2a. Note that for some samples, E2 could not be
accurately !tted, hence the reduced number of data points for
E2 in Figure 2b. We found that the !rst exciton is red-shifted in
the doped !lms as compared to the as-synthesized solutions
(Supporting Figure S1). We used this exciton-shift !ngerprint
as well as the doping level of the samples (discussed later and
shown in Figure 4d) to discard oxidation of the dots before or
during !lm formation, thus guaranteeing proper sample quality
for further quantitative studies. We found that the samples that
showed signs of oxidation (slight blue-shift of the !rst exciton)
also exhibited lower doping levels.
We have !tted the !rst exciton, E1 (1Sh!1Se), and the

second exciton, E2 (1Sh!1Pe), with eqs 1and 2:

= + +E
d d

(eV) 0.41 1.50 4.2
1 2 (1)

with a !t correlation coe"cient, R2 > 0.99.

= + +E
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(eV) 0.41 3.09 1.4
2 2 (2)

with R2 > 0.99.
The constant term 0.41 eV is the bulk band gap of PbS, Eg,

at room temperature (RT). The size-dependent 1/d2

represents the con!nement energy characteristic of particles

Figure 1. Absorbance spectra, normalized to the maximum of the
exciton peaks, of oleic-acid capped PbS CQDs dispersed in
toluene. The QD diameter of the di!erent solutions ranges
between 5.2 and 9.0 nm.

Figure 2. Interband absorption in heavily n-doped PbS CQD "lms.
(a) Second-derivative analysis of the absorption spectrum. Vertical
lines indicate the "rst three excitons. (b) Energy of the "rst two
excitons, corresponding to lines 1 and 2 in (a) as a function of d.
The lines are "ts, as described in the main text. The inset
illustrates the transitions of the "rst (red arrow) and second (blue
arrows) excitons. Resulting from the n-doped character of the
QDs, the measured E2 originates exclusively from 1Sh!1Pe
transitions and not from 1Ph!1Se transitions.
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conventionally exploited interband transitions and can even be
smaller than the band gap of the bulk counterpart, thus
allowing exploitation of part of the electromagnetic spectrum
forbidden for a given bulk SC material. To give an example of
its potential, !ne-tuning of and access to intraband transitions
in CQDs could lead to photodetectors and light sources in the
MWIR and LWIR11 made of relatively high bandgap, cheap,
and nontoxic materials, replacing the current technology based
on epitaxially grown HgCdTe, InGaAs and GaInSb.12

Consequently, work in this !eld is becoming more and more
intense, and steady-state probing of intraband transitions has
already been achieved in several materials.13 However, until
recently only mercury chalcogenide CQDs have exhibited
stable high doping that allowed fabrication of intraband
photodetectors.11,14,15 Recently, robust heavy doping has been
demonstrated in PbS CQD !lms,16 enabling intraband
absorption and photodetection in the MWIR and LWIR,17 at
energies smaller than the PbS bulk band gap. At this point,
studies of the basic properties of intraband transitions in
CQDs are needed to guide the development of intraband-
based devices and applications. In this work, we investigate the
size and temperature dependence of intraband transitions in
the CB of PbS CQDs. We report the intraband absorption
coe"cient of PbS QD !lms and discuss the size dependence of
the oscillator strength of the !rst intraband transition in PbS
QDs.

RESULTS AND DISCUSSION
PbS CQDs and Doped Films Used for the Study.

Figure 1 shows absorbance spectra of the PbS CQDs used in

this study, which evidence good control on the QD size
(diameter) in the 5!9 nm range and low size dispersion. QD
size has been obtained using the empirical model for oleic-acid
capped QDs reported in ref 6 after !tting the exciton energy in
the absorbance spectra.
After synthesis, we fabricated doped !lms following the

method reported in ref 16. The !lms are spin-coated layer-by-
layer on silicon substrates, exchanging the original oleic acid
ligand with iodine. We use semi-insulating (lightly doped)
silicon substrates throughout the whole study because the
di#erent measurements performed require transparency in the
1!12 !m range. After formation, the !lm is in!ltrated and
capped with alumina by atomic layer deposition, a method that
has been proven to provide n-doping in PbSe18 and ZnO19,20

QDs. The resulting PbS CQD !lms are heavily n-doped ("
1019 cm!3)16 and, consequently, exhibit steady-state intraband
absorption in the CB.17 Figure 2b shows the !rst two interband

excitons in the doped !lms as a function of the dot diameter, d,
obtained via analysis of the absorption spectra, as shown in
Figure 2a. Note that for some samples, E2 could not be
accurately !tted, hence the reduced number of data points for
E2 in Figure 2b. We found that the !rst exciton is red-shifted in
the doped !lms as compared to the as-synthesized solutions
(Supporting Figure S1). We used this exciton-shift !ngerprint
as well as the doping level of the samples (discussed later and
shown in Figure 4d) to discard oxidation of the dots before or
during !lm formation, thus guaranteeing proper sample quality
for further quantitative studies. We found that the samples that
showed signs of oxidation (slight blue-shift of the !rst exciton)
also exhibited lower doping levels.
We have !tted the !rst exciton, E1 (1Sh!1Se), and the

second exciton, E2 (1Sh!1Pe), with eqs 1and 2:

= + +E
d d

(eV) 0.41 1.50 4.2
1 2 (1)

with a !t correlation coe"cient, R2 > 0.99.

= + +E
d d

(eV) 0.41 3.09 1.4
2 2 (2)

with R2 > 0.99.
The constant term 0.41 eV is the bulk band gap of PbS, Eg,

at room temperature (RT). The size-dependent 1/d2

represents the con!nement energy characteristic of particles

Figure 1. Absorbance spectra, normalized to the maximum of the
exciton peaks, of oleic-acid capped PbS CQDs dispersed in
toluene. The QD diameter of the di!erent solutions ranges
between 5.2 and 9.0 nm.

Figure 2. Interband absorption in heavily n-doped PbS CQD "lms.
(a) Second-derivative analysis of the absorption spectrum. Vertical
lines indicate the "rst three excitons. (b) Energy of the "rst two
excitons, corresponding to lines 1 and 2 in (a) as a function of d.
The lines are "ts, as described in the main text. The inset
illustrates the transitions of the "rst (red arrow) and second (blue
arrows) excitons. Resulting from the n-doped character of the
QDs, the measured E2 originates exclusively from 1Sh!1Pe
transitions and not from 1Ph!1Se transitions.
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in a well under the e!ective mass approximation. The 1/d term
is an empirical observation required to "t E1 and E2, as it was
the case in previous studies,6,21 indicating that corrections to
this approximation are needed. In both transitions, the 1/d
term is dominant over the quantum con"nement one, as it is
the case in as-synthesized PbS CQDs.6 In fact, for E2, data can
be "tted without the 1/d2 term, in the 5 nm < d < 8 nm range,
with R2 > 0.99. However, the fact that the 1/d2 term of E2 is
almost negligible in this size range is not particular of doped
dots. Cademartiri et al.21 showed that the second exciton in
undoped PbS CQDs dispersed in solution deviates from the
expected behavior for d > 5 nm, which caused E2 to not be
"tted to an equation of the form of eq 1 in the 4!7 nm size
range. Therefore, although we expect eq 1 to be valid for d < 5
nm,6,21 we do not expect the same for eq 2.
There is not a clear explanation for the peculiar size

dependence of E2. Although it was a cause of controversy in
the past, there is now a consensus that it corresponds to the
1Sh!1Pe and 1Ph!1Se transitions.22,23 These two have very
similar energies due to the almost identical electron and hole
e!ective masses in PbS,24 as indicated in the inset of Figure 2b.
Both transitions should be forbidden by symmetry. However, it
has been shown that parity selection rules are relaxed in PbS
QDs, allowing optical absorption features that do not conserve
parity.22 It has been discussed that breaking of the inversion
symmetry of the wave function is needed to fully explain the
optical absorption spectra of PbS QDs.23 Ref 21 shows yet
another higher-energy transition (seventh exciton) that
exhibits a size dependence behavior similar to E2, with a
sudden change in trend for d > 5 nm, and discusses the
possibility that this transition originates from a separate corner
of the Brillouin zone. Here, we propose another explanation for
the sudden change in the size dependence of E2. It has been
reported that the morphology of PbS QDs changes with size,
evolving from an octahedral shape, for d < 3 nm, to a
cuboctahedral shape, for d > 4 nm.25 Small QDs have Pb-rich
(111) facets, whereas in larger dots, S-rich (100) facets
emerge. We argue that the change in morphology in large dots,
having exposed sulfur atoms, may contribute to the formation
of new states that modify the energy of the second (and
possibly the seventh) interband transition.
Size Dependence of the Intraband Transition. We

have measured the absorption spectra of the intraband
transitions in our "lms, Afilm, by means of transmission and
re#ection measurements via Fourier transform infrared spec-
troscopy. Our samples consist of a thin "lm ("100 nm) of PbS
QDs on top of a substrate ("300 !m) of semi-insulating
silicon, as sketched in Supporting Figure S2. Afilm is de"ned as

= ! ! !A R T A1film meas meas subs (3)

where Rmeas and Tmeas are the measured transmission and
re#ection, and Asubs is the absorption of the substrate, which
was previously characterized through re#ection and trans-
mission measurements (see Supporting Figure S3). Figure 3a
shows that the intraband transition shifts to higher energies as
the dot size decreases, owing to increased quantum con"ne-
ment. Sharp features at around 0.14 and 0.15 eV arise from the
di!erences (such as the amount of SiO2) in the reference
silicon substrate and the substrate of each sample (see
Supporting Figure S4). Below 0.13 eV, alumina contributes
to absorption (Supporting Figure S5).
The size dependence of the intraband energy, EIB, at RT is

plotted in Figure 3b. We have "tted the results with eq 4:

= !E
d d

(eV) 1.57 2.5
IB 2 (4)

with R2 = 0.97. The negative value of the 1/d2 term is
expected, since we expect EIB to be equal to E2 ! E1 (see eqs 1
and 2). For comparison, we have plotted E2 ! E1 in Figure 3b.
These results support the fact that, for all studied samples, the
absorption peaks analyzed correspond to intraband transitions.
As it was the case for E1 and E2, the 1/d term represents the
dominant contribution to the size dependence of EIB. This will
be useful later on for the analysis of the temperature
dependence of EIB. As discussed previously, eq 2 is not valid
for d < 5 nm, therefore, eq 4 should not be valid either. We do
not know whether eq 2 and, hence, eq 4 still hold for d > 8.5

Figure 3. (a) Intraband absorption spectra of QDs of di!erent sizes
normalized to the peak maxima. (b) Energy of the intraband
transition, at RT, as a function of the dot diameter. Data are
obtained as the central energies of Gaussian "ts of absorption
spectra such as those presented in (a). The error bars are estimates
of the uncertainty in the "ts (±3 meV). The red solid line
corresponds to eq 4. The black dashed line represents the energy
di!erence between the second and "rst excitons. (c) Second
con"nement energy (E2 ! Eg) divided by the "rst con"nement
energy (E1 ! Eg) as a function of the "rst con"nement energy. E2
(1Sh!1Pe) is obtained in two ways: directly from absorption
spectra at RT (!) and as EIB (1Se!1Pe) + E1 (1Sh!1Se) at RT (")
and 98 K (!).
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in a well under the e!ective mass approximation. The 1/d term
is an empirical observation required to "t E1 and E2, as it was
the case in previous studies,6,21 indicating that corrections to
this approximation are needed. In both transitions, the 1/d
term is dominant over the quantum con"nement one, as it is
the case in as-synthesized PbS CQDs.6 In fact, for E2, data can
be "tted without the 1/d2 term, in the 5 nm < d < 8 nm range,
with R2 > 0.99. However, the fact that the 1/d2 term of E2 is
almost negligible in this size range is not particular of doped
dots. Cademartiri et al.21 showed that the second exciton in
undoped PbS CQDs dispersed in solution deviates from the
expected behavior for d > 5 nm, which caused E2 to not be
"tted to an equation of the form of eq 1 in the 4!7 nm size
range. Therefore, although we expect eq 1 to be valid for d < 5
nm,6,21 we do not expect the same for eq 2.
There is not a clear explanation for the peculiar size

dependence of E2. Although it was a cause of controversy in
the past, there is now a consensus that it corresponds to the
1Sh!1Pe and 1Ph!1Se transitions.22,23 These two have very
similar energies due to the almost identical electron and hole
e!ective masses in PbS,24 as indicated in the inset of Figure 2b.
Both transitions should be forbidden by symmetry. However, it
has been shown that parity selection rules are relaxed in PbS
QDs, allowing optical absorption features that do not conserve
parity.22 It has been discussed that breaking of the inversion
symmetry of the wave function is needed to fully explain the
optical absorption spectra of PbS QDs.23 Ref 21 shows yet
another higher-energy transition (seventh exciton) that
exhibits a size dependence behavior similar to E2, with a
sudden change in trend for d > 5 nm, and discusses the
possibility that this transition originates from a separate corner
of the Brillouin zone. Here, we propose another explanation for
the sudden change in the size dependence of E2. It has been
reported that the morphology of PbS QDs changes with size,
evolving from an octahedral shape, for d < 3 nm, to a
cuboctahedral shape, for d > 4 nm.25 Small QDs have Pb-rich
(111) facets, whereas in larger dots, S-rich (100) facets
emerge. We argue that the change in morphology in large dots,
having exposed sulfur atoms, may contribute to the formation
of new states that modify the energy of the second (and
possibly the seventh) interband transition.
Size Dependence of the Intraband Transition. We

have measured the absorption spectra of the intraband
transitions in our "lms, Afilm, by means of transmission and
re#ection measurements via Fourier transform infrared spec-
troscopy. Our samples consist of a thin "lm ("100 nm) of PbS
QDs on top of a substrate ("300 !m) of semi-insulating
silicon, as sketched in Supporting Figure S2. Afilm is de"ned as

= ! ! !A R T A1film meas meas subs (3)

where Rmeas and Tmeas are the measured transmission and
re#ection, and Asubs is the absorption of the substrate, which
was previously characterized through re#ection and trans-
mission measurements (see Supporting Figure S3). Figure 3a
shows that the intraband transition shifts to higher energies as
the dot size decreases, owing to increased quantum con"ne-
ment. Sharp features at around 0.14 and 0.15 eV arise from the
di!erences (such as the amount of SiO2) in the reference
silicon substrate and the substrate of each sample (see
Supporting Figure S4). Below 0.13 eV, alumina contributes
to absorption (Supporting Figure S5).
The size dependence of the intraband energy, EIB, at RT is

plotted in Figure 3b. We have "tted the results with eq 4:

= !E
d d

(eV) 1.57 2.5
IB 2 (4)

with R2 = 0.97. The negative value of the 1/d2 term is
expected, since we expect EIB to be equal to E2 ! E1 (see eqs 1
and 2). For comparison, we have plotted E2 ! E1 in Figure 3b.
These results support the fact that, for all studied samples, the
absorption peaks analyzed correspond to intraband transitions.
As it was the case for E1 and E2, the 1/d term represents the
dominant contribution to the size dependence of EIB. This will
be useful later on for the analysis of the temperature
dependence of EIB. As discussed previously, eq 2 is not valid
for d < 5 nm, therefore, eq 4 should not be valid either. We do
not know whether eq 2 and, hence, eq 4 still hold for d > 8.5

Figure 3. (a) Intraband absorption spectra of QDs of di!erent sizes
normalized to the peak maxima. (b) Energy of the intraband
transition, at RT, as a function of the dot diameter. Data are
obtained as the central energies of Gaussian "ts of absorption
spectra such as those presented in (a). The error bars are estimates
of the uncertainty in the "ts (±3 meV). The red solid line
corresponds to eq 4. The black dashed line represents the energy
di!erence between the second and "rst excitons. (c) Second
con"nement energy (E2 ! Eg) divided by the "rst con"nement
energy (E1 ! Eg) as a function of the "rst con"nement energy. E2
(1Sh!1Pe) is obtained in two ways: directly from absorption
spectra at RT (!) and as EIB (1Se!1Pe) + E1 (1Sh!1Se) at RT (")
and 98 K (!).
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𝐸E = 0.41 +
1.50
𝑑 +

4.2
𝑑C  Equation 5.4 𝐸C = 0.41 +

3.09
𝑑 +

1.4
𝑑C  Equation 5.5 

In these fits, 0.41 eV is the bulk bandgap of PbS at RT. 1/d2 term represents the 
confinement energy of particles in a well under the effective mass approximation. 
1/d term is an empirical observation required for the fits and used in previous studies 
as well.55,96 

The absorption spectra (Afilm) for the intraband transitions for the dots are shown in 
Figure 5.6-c. Note that it was not possible to obtain a reliable signal for some of the 
samples. We have observed that as the dot size increases, intraband transition 
energy shifts to lower energies as a result of decreased quantum confinement. 
Sharp dips around 0.14 and 0.15 eV are a result of a combination of native SiO2 and 
other adsorbents on the Si substrate that vary between the reference and the 
sample. Intraband transition energies are plotted in Figure 5.6-d as markers with an 
error of ±3 meV. A fit to the data turns out to be: 

 𝐸'(&/.J.(* =	
1.57
𝑑 −

2.5
𝑑C  Equation 5.6 

and is indicated with a red solid line. The black dashed line is the curve E2-E1 and is 
match quite well the red line. These results support that the absorption peaks 
analyzed correspond to the intraband transitions for all studied samples. 

 

Figure 5.7 – Absorption coefficient (a) of the samples. (a) Absorption coefficient spectra for 
intraband transitions in three films of various sized PbS QDs. (b) Peak values of a for intraband 

(red markers) and interband (blue markers) calculated from Gaussian fittings to spectral a 
measurements. Error bars account for the uncertainties in film thickness and noise in absorption 
measurements. (c) Integrated a, labelled as a , over the energies covered by the Gaussian fits. 

nm. We know, however, that EIB should get progressively
closer to zero as the quantum con!nement gets weaker. For
dot diameters close to the exciton Bohr radius, aB, of PbS (!20
nm), the nanocrystals are in the weak con!nement regime and
EIB should approach zero.
In the framework of the e"ective mass approximation, the

normalized con!nement energy of the di"erent interband
transitions (con!nement energy of exciton i, Ei " Eg, divided
by the con!nement energy of the !rst exciton, E1 " Eg) should
be independent of E1 " Eg.

10 Figure 3c plots the normalized
con!nement energy of the second intraband transition. We
have used two set of values for E2, those obtained directly from
absorption measurements (Figure 2b) and values obtained as
E1 + EIB (Figures 2b and 3b). As expected, both sets of values
yield very similar results. However, instead of a size-
independent value, we observe a linear decrease of the
normalized con!nement energy of the second exciton for E1
" Eg in the 0.25"0.45 eV range (8 nm > d > 5 nm). This
behavior matches the one reported for undoped PbS CQDs
dispersed in solution,21 where (E2 " Eg)/(E1 " Eg) # 1.39 for
E1 " Eg > 0.45 eV (d < 5 nm) and increases for smaller
con!nement energies (larger dots). We ascribe this behavior to
the fact that both E1 and E2 have a predominant 1/d
contribution over the 1/d2 con!nement energy term, as
discussed in the previous section.
Figure 3c also shows measurements of (E2 " Eg)/(E1 " Eg)

at 98 K. To calculate Eg at low temperatures, we used 320
!eV/K as the temperature dependence of the bulk PbS band
gap.26 The low-temperature values of normalized con!nement
energies match closely the values at RT, indicating that E1 and
E2 at low temperatures follow similar size dependences to

those shown in Figure 2b. The impact of temperature on the
intraband transition will be studied later on.

Absorption Coe!cient of Doped PbS QD Films.
Characterizing the intrinsic absorption intensity of a semi-
conductor is crucial both for its use in practical applications
and for theoretical studies. We have performed absorption
measurements such as those shown in Figure 3a to calculate
the absorption coe#cient of our !lms (see Methods). Figure
4a shows some of the measured absorption coe#cient spectra
of the intraband region. The peak values of " for the 1Se"1Pe
transition are plotted in Figure 4b as a function of d. The "
peak values and other relevant parameters of the results
presented in Figure 4 are compiled in Supporting Table S1.
For comparison, " for the interband (1Sh"1Se) transition in
the same samples is also plotted in Figure 4b. Note that in
these absorption measurements, we have not been able to
measure the interband transitions for all samples, and the
reason is two-fold: For the samples with smaller QDs, the
exciton energy falls out of the detector range. For the samples
with larger QDs, the interband absorption peak is almost
completely bleached (1Se almost completely !lled). The
measured interband absorption coe#cient in these heavily
doped samples is around 0.5 ! 104 cm"1. From this value, we
can estimate what the interband absorption coe#cient would
be in undoped samples. The interband absorption peak in the
doped samples has been bleached to about a quarter of its
value prior to doping (Supporting Figure S6). Therefore, the
interband absorption coe#cient for undoped or lightly doped
!lms would be in the order of 2 ! 104 cm"1, similar to the
measured value of the intraband absorption coe#cient and

Figure 4. Absorption coe!cients in heavily n-doped PbS CQD "lms. (a) Absorption coe!cient spectra measured in PbS QD thin "lms for
QDs of di#erent sizes. (b) Peak values of the intraband (red circles) and interband (blue rhombus) absorption coe!cients. Values are
obtained by "tting the absorption spectra to Gaussians. The error bars account for the error propagation of the uncertainty in "lm thickness
(see Supporting Table S1) and the absorption measurements (5%, estimated). (c) Integrated absorption coe!cients. Values are obtained by
integration of the "tted Gaussians. (d) Measured occupancy factor of 1Se. (e) The maximum attainable value of !! , !!max, and oscillator
strength per volume of the intraband and interband absorption. The line is a power law "t. (f) Oscillator strength per QD of the intraband
absorption.
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Figure 5.7 summarizes the absorption coefficients, a, calculated for the same 
samples as discussed previously in the text. Figure 5.7-a shows three examples of 
spectral a over the intraband energies. Gaussian fits are performed on this data and 
in Figure 5.7-b, the intensities of these Gaussians are plotted with respect to QD 
size with red markers. As a comparison, values for interband transitions of some 
samples are also plotted in the same figure. It was not possible to obtain interband 
values for all samples; in some samples the interband signal falls out of the detector 
range and in the others the bleach in exciton is so severe that a meaningful peak 
cannot be identified. However, in the samples we have observed, intraband signal 
intensity was always stronger than interband – an indication of heavy doping and 
population of the 1Se level. 

We also calculated the integrated a over the whole Gaussian fit in order to better 
compare different films with slightly different QD size distributions. These results are 
shown in Figure 5.7-c indicating a similar behavior as in Figure 5.7-b. Integration 
over the whole spectrum of the transition corrects for the impact on a peak values 
of differences in full width half maxima. 

5.5 - Occupation of the Conduction Level and Size-
dependent Doping 

In their 1Se state, PbS QDs can accommodate up to 8 electrons due to the eight-
fold degeneracy in these states including spin.99 It is possible to calculate the 
number of electrons in the 1Se state by simply measuring the amount of excitonic 
bleach in our samples. We measure the excitonic absorption by previously 
mentioned methods before and after alumina deposition, assuming that the doping 
before alumina deposition is low enough to consider 1Se state non-occupied. We 
define an occupancy factor for the 1Se state as: 

 ∅ = 1 −
𝐼C
𝐼E

 Equation 5.7 

where I1 and I2 are the integrated absorption strength of the excitonic transition of 
the lightly doped (before alumina) and heavily doped (after alumina) samples 
respectively.  

As the size of the PbS QDs increase, a peculiar transition takes place in the surface 
of the QDs. Smaller-sized QDs up to about 4-5 nm diameter have an octahedral 
shape with Pb-rich (111) surfaces. As the diameter of the QD increase even further, 
its morphology starts to evolve into a cuboctahedron with increasing sulfur rich (100) 
surfaces. As previously explained in this chapter, doping is effective on the (100) 
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surface due to the aliovalent anionic substitution of S-2 with I-. Beygi and coworkers 
summarized this morphology change in Figure 5.8-a. 

 

Figure 5.8 – (a) Evolution of the shape of the PbS QDs and appearance of different surfaces 
with respect to the diameter of the QDs adapted from 91. Yellow dots indicate sulfur atoms and 
gray ones are lead atoms. (100) surface emerges as the dot diameter grows above 4-5 nm. (b) 

Occupancy factor (f) versus dot diameter obtained from exciton bleaching measurements. 
Dotted line is a sigmoid fit to the data. (c) Energy levels for EMII treated films extracted from 

UPS measurements. Fermi level goes above the conduction band as the dot size increases as a 
result of higher doping due to a larger sulfur replacement on the (100) surface. 

In our doped samples, we also observe the effect of the morphology change. In 
Figure 5.8-b, occupancy factor, f, is plotted against dot diameter. The S-shaped 
curve is in agreement with the increase in exposed (100) surfaces as the 
morphology changes. Below a QD diameter of 4 nm, we don’t observe any bleach 
in the excitonic absorption or an intraband signal due to a lack of (100) surfaces.  
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Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.06.152.

3. Results and discussion

3.1. Size dependent shape and composition of PbS QDs

In order to study the surface chemistry of PbS QDs, it is required to
investigate the shape of nanoparticles and the corresponding arrange-
ment of Pb and S atoms on their surfaces. The shape of nanoparticles is
controlled by the thermodynamics as well as growth kinetic which is
a!ected by the synthesis conditions such as time and temperature as
well as type of the capping ligands [21]. According to the Gibbs ther-
modynamic principle, the equilibrium shape of a nanoparticles is ob-
tained by minimizing the surface energy for a given volume. Wul!
construction is a simple method for predicting the thermodynamic
equilibrium shape of nanoparticles based on surface energy minimiza-
tion theorem [29–31]. In this method, the equilibrium shape of particle
is that which minimizes !Ai!i where Ai is the area of the ith plane with
the surface energy of !i. While surface energy of each plane is propor-
tional to the length of a vector drawn normal to a crystal face (!i = hi)
[29], the Wul! construction ratio for speci"c planes (hkl) can be in-
troduced by equation (1):=! !(hkl)/ (100) h(hkl)/h(100) (1)

According to the calculated surface energies of each planes of spe-
ci"c sized particles, (1 1 1)/(1 0 0) Wul! construction ratio calculated
for PbS QDs of 1 to 7.5 nm diameter (Table S1). Here, di!erent values of
(1 1 1)/(1 0 0) Wul! construction ratios represent di!erent equilibrium
shape of QDs. While a ratio of 1/"3 corresponds to octahedron mor-
phology, ratios between 1/"3 and 2/"3 are related to truncated octa-
hedron morphology and a ratio of 2/"3 corresponds to a cuboctahedron
shape of QDs. Based on the calculated Wul! construction ratios, PbS
particles smaller than 2.7 nm are octahedrons with eight (1 1 1) surface
facets. But with particle size increasing, the particles have truncated
(1 0 0) facets to reduce their surface energy and cuboctahedron-shape
particles result when the QD sizes exceed 4.74 nm. As well, these model
results are in agreement with Bealing’s model concerning PbSe QDs
surface- oleate ligand interactions [21] and Zherebetsky’s model

concerning the surface energy of di!erent planes [22]. Together, this
indicates that models that predict fully Pb terminated spherical lead
chalcogenide QDs [17] cannot be correct. The presented model sug-
gested that the QDs’ morphology, surface facets and elemental ar-
rangement on these facets are directly related to the size of QDs.

Based on the Wul! construction results with respect to the equili-
brium shapes of QDs of a given size, we use an atomistic model to
“build” the corresponding FCC crystal, which allows us to predict the
number and arrangement of Pb and S atoms in the core and on the
surface of di!erent sized PbS QDs. The atomistic model results for QDs
of 1–7.5 nm diameters are shown in Fig. 1a, and the corresponding
atomic counts are reported in Table S1. Fig. 1b shows the arrangement
of Pb and S atoms on the surface of typical octahedron and cubocta-
hedron PbS QDs. The (1 1 1) facets that cover the octahedron particles
are completely terminated by Pb atoms. Distinctly, the surface of cu-
boctahedron particles consists of eight (1 1 1) hexagonal facets and six
(1 0 0) square facets. Polar (1 1 1) facets completely terminated by Pb
atoms with a coordination number of three, and make up 77.6% of
whole surface of the particles. In contrast, nonpolar (1 0 0) facets which
make up 22.4% of the particle’s surface, have checkerboard arrange-
ment of Pb and S atoms.

Fig. 2a shows the TEM image of typical PbS QDs with mean particle
size of 4 nm indicates. According to the HR-TEM images of such par-
ticles (Fig. 2b), synthesized QDs have the truncated octahedral mor-
phology, with ordered fringes arrangement representing the prepara-
tion of single crystal particles. Based on the Fast Fourier Transform
(FFT) pattern presented in Fig. 2c, the two types of planes observed in
HR-TEM images (with about interplanar spacing of 2.8 and 3.5 Å) are
related to (1 0 0) and (1 1 1) crystalline planes of PbS nanocrystals,
respectively. By calculating the length of vectors drawn normal to dif-
ferent crystal faces of HR-TEM images, the (1 1 1)/(1 0 0) facet normal
ratios for 4 nm particles was measured to be #0.87, in agreement with
the truncated octahedron shape predicted by our Wul! construction
model. A similar analysis of the HR-TEM images of other literature
reports con"rms this evolution from octahedron to cuboctahedron PbS
QDs [22,26].

X-ray di!raction pattern of such nanoparticles (Fig. 2d) also con-
"rms successful synthesis of rock salt PbS QDs. Lattice constant of QDs
is calculated 5.922 Å based on X-ray spectrum, same to the value

Fig. 1. (a) Equilibrium shape of 1 to 7.5 nm PbS QDs and (b) arrangement of Pb and S atoms at the surface of octahedron and cuboctahedron PbS quantum dots.
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Doping change as a consequence of morphology also manifests itself in ultraviolet 
photoelectron spectroscopy (UPS) measurements. We have analyzed various 
iodide treated films in UPS and the results are plotted in Figure 5.8-c. Due to the 
inability of UPS to penetrate the uppermost alumina layer, we were not able to 
measure the alumina covered films but utilized EMII treated films without alumina; 
however, as UPS is performed under high vacuum, adsorbed water and oxygen 
inside the film is partially removed during measurements and we were able to 
observe high n-doping in our films. Fermi level goes above the 1Se level in larger 
dots but stays within the bandgap for QDs that only has (111) surfaces. The UPS 
analysis is performed by a 21.22 eV monochromatic Hel UV source and a correction 
proposed by Miller and coworkers are made in the valence band fits.100 

 

Figure 5.9 – IDS versus VGS curves for various FETs of PbS QDs of different sizes. In all of the 
samples, n-doping is evident with increasing IDS values as the QD size increases – indicating 

higher conductivity. 

Complementing optical measurements, we also characterized the electrical 
response of the doped QD films by employing them in field-effect transistors (FETs). 
On doped-Si/SiO2 samples, we have fabricated Au source and drain contacts with 
varying lateral gaps of 10 µm – 25 µm. In this geometry doped-Si is used to apply 
the back-gate voltage (VGS) while we measure source-drain current (IDS). On top of 
these substrates, we have deposited QDs resulting in thicknesses around 50 nm (2 
repetitions of layer-by-layer deposition) of different sizes following the doping 
procedure. We performed electrical measurements using a semiconductor analyzer 
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and FIB-SEM. To calculate the number of electrons per dot, ݊ொ, we use the value ߚ ൎ ͲǤͶ 

± 15%, where ߚ is the volumetric packing density of our nanoparticles.  
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where ߛொ ൌ Ͷ
͵ൗ   .ሻ is the QD radiusܧொሺݎ .ொଷ is the volume of a given QDݎߨ

 

Figure S4.1  FET transfer characteristic (ܫௌܸீ ) of doped PbS dots with different sizes. The 

length of the channel, ݈, and the value of ܸௌ for each measurement are indicated. All devices 

exhibit n-type character. 
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with 4-probe connection inside an electrically isolated setup. A summary of the 
parameters extracted from these measurements can be found in Table 5.1. 

Table 5.1 – Extracted parameters from the FET measurements of heavily doped PbS QD films 

Exciton 
Wavelength 

(nm) 

QD 
Diameter 

(nm) 
e- Mobility 
(cm2V-1s-1) 

Carrier 
Density 
(cm-3) 

Conductivity 
(S cm-1) 

nQD (e-
/QD) 

1210 4.2 0.27 4.1 x 1018 0.18 ± 15% 0.21 ± 
15% 

1286 4.5 0.15 8.9 x 1018 0.21 ± 15% 0.6 ± 15% 

1402 5.1 0.038 1.1 x 1019 0.07 ± 15% 1.0 ± 15% 

1525 5.8 0.085 3.2 x 1019 0.44 ± 15% 4.3 ± 15% 

1572 6.1 0.066 3.4 x 1019 0.36 ± 15% 5.4 ± 15% 

Electrical characterization of the films also confirms high doping in the films with 
carrier concentrations in the order of 1019 cm-3. As the QD size increases, we see a 
similar trend as the optical measurements with increased doping in bigger sized 
dots. A calculation of electrons per dot (nQD) is also introduced as: 

 𝑛K> =	
𝑛γK>
𝛽  Equation 5.8 

where n is the carrier concentration extracted from the FET measurements, γK> is 
the volume of a QD given by 4 3M 𝜋𝑟K>L and 𝛽 is the volumetric packing density of 
our nanoparticles taken as 0.74 ± 15%. Calculated values for nQD can be seen in 
Table 5.1. 

5.6 - High n-doping at Low Temperatures and its Optical 
Characterization 

To gain insight into the behavior of high n-doping of PbS QDs and to ultimately use 
them in photodetectors, we have characterized our films at low temperatures down 
to 80 K.  

Low-temperature measurements are performed using the FTIR as previously 
described in the chapter with an additional temperature controllable Linkam 
HFS350EV-PB4 stage cooled by liquid nitrogen. The stage is mounted on the FTIR 
microscope on the sample holder. With ZnSe windows on both sides of the sample 
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holder and a vacuum valve, the stage can go down to liquid nitrogen temperatures. 
The rate of cooling is set as 3 K/min for our measurements and we have waited for 
5 minutes before taking a measurement to allow the substrate to reach a thermal 
equilibrium with the cooled stage.  

 

Figure 5.10 – Interband (a) and intraband (b) absorption spectra of a highly doped PbS QD film 
of 6.5 nm diameter at different temperatures between 98-298K. 

Figure 5.10 shows absorption spectra measured for a highly doped PbS QD film of 
diameter 6.5 nm. We measured both the intraband and the interband absorption to 
better evaluate the behavior of the dots and compared it to the lightly doped (without 
Al2O3) case. Figure 5.10-a shows the interband peak of a highly doped sample. The 
size of the QD is selected such that the interband signal is not fully bleached and 
allows us to observe shifting. As the temperature is increased from 98 K to 298 K, 
we observe a blueshift with increasing amplitude of the absorption peak. This 
behavior is previously observed in similar systems and is affected by a combination 
of various factors. These factors have been studied in PbS QDs and include thermal 
expansion of the lattice101, electron-phonon interactions101,102 and effective mass103. 
For PbS QDs that have diameters smaller than 4 nm, interband transition is 
unaffected by temperature and as the size of the QD increases, the temperature 
dependence converges to the one of bulk PbS.101 For the QD sizes that we use in 
this study (between 5-9 nm), we deduce that electron-phonon interactions play the 
major role. 

Contrary to the interband signal, the peak of the intraband signal shift in the opposite 
direction with an increasing amplitude as the temperature decreases. A similar effect 
is also observed in HgSe QDs.82 It has been shown with FET measurements that at 
lower temperatures, nQD does not change104; therefore we think that the increase in 
the amplitude is an intrinsic property of the material. The increase matches the 
previous reports of increased absorption cross section of the interband transition at 
low temperatures in PbS CQDs.105  

shown to be constant in the 80!300 K range.17 The increase
of intraband absorption intensity at low temperatures is in line
with previous reports of increased absorption cross section of
the interband transition at low temperatures in PbS CQDs.42

Finally, by comparing Figure 5a,b, it can be appreciated that
the energy shift of the intraband transition is stronger for
smaller dots, as opposed to what has been found for the
interband case.
In order to do a quantitative analysis of the temperature

dependence of the intraband and interband transitions, we
have identi!ed the energies E1 and EIB at di"erent temper-
atures, as described previously. In addition, we have measured
samples with light n-type doping (Ø " 1, see Methods) in
which there are no signs of interband bleaching or intraband
absorption. An example of temperature dependence for such
samples is shown in Supporting Figure S8. For E1 and EIB, we
have calculated the respective coe#cients of energy variation
with temperature, #E1/#T and #EIB/#T, as the slopes of linear
!ts to the measured data (Supporting Figure S9). Although the
temperature dependence of E1 is not linear in the whole 0!300
K range,42,43 the use of a linear dependence is generally
accepted as a valid approximation in the 100!300 K range.40,42

Our results show that a linear dependence is also a good
approximation for the intraband transition in that temperature
range.
The measured temperature dependence coe#cients are

plotted in Figure 5d as a function of the dot diameter. As
anticipated, the temperature dependence of the intraband
transition is negative and is stronger for smaller dots. These
results can be qualitatively explained by considering only el!
ph coupling e"ects, which, as mentioned before, are dominant
in the temperature dependence of E1 in undoped PbS QDs.
The contribution of el!ph coupling to the temperature

dependence of interband transitions in PbS QDs is smaller
for higher energies.40 Thus, the temperature dependence of E2
is expected to be weaker than that of E1. Since EIB = E2 ! E1, it
follows that #EIB/#T < 0. In addition, since the energy
di"erence between E2 and E1 is larger for smaller dots, #EIB/#T
should increase (in magnitude) as the dot size is reduced.
In our lightly doped !lms, the values of #E1/#T are similar to

those previously reported for undoped QDs.40 Upon heavy
doping, #E1/#T is reduced. The di"erence in #E1/#T between
the heavily doped and lightly doped samples increases with dot
size and, hence, with Ø (see Figure 4). For samples with d = 5
nm (Ø$0.1), both values are very close. We deduce that upon
occupation of 1Se ,the el!ph interaction is modi!ed, resulting
in a reduced contribution to the temperature dependence of
E1.
Next, we analyze the size dependence of #EIB/#T on the

basis of empirical results discussed above. We know, through
eqs 1 and 2, that at RT both E1 and E2 are dominated by the 1/
d term. In addition, Figure 3 indicates that this behavior is
maintained at low temperatures. It follows that #EIB/#T will
have a 1/d dependence with size. Figure 5 shows a !t (R2 =
0.96) of the measured data to C/d, where C is a constant. For
large values of d, #EIB/#T tends to zero, since EIB ! 0 because
of the relaxation of the quantum con!nement as d ! aB.

CONCLUSIONS
We have performed size- and temperature-dependent optical
studies of the intraband transition in densely packed !lms of
PbS QDs, thus providing valuable data that can be directly
used in device design and engineering. The absorption
coe#cient of the intraband transition is in the order of the
absorption coe#cient of the interband transition (104 cm!1).
This result implies that thin-!lm PbS intraband optoelectronics
can be envisaged. Additionally, dots with semioccupied 1Se
(only partially bleached interband) exhibit strong absorption in
both interband and intraband transitions. These dual-band
strong absorbers may be interesting for multigap optoelec-
tronic devices such as intermediate band solar cells,46 which
currently experience a major setback related to weak
absorption.47

Our measurements reveal absorption in the !rst intraband
transition (1Se!1Pe). However, absorption at more energetic
intraband transitions (from 1Se to higher levels such as 1De,
2Se, and 1Fe)

22 could not be detected (Supporting Figure
S10), likely because these transitions are either forbidden or
much weaker than the !rst intraband transition in the studied
size range. Our results further indicate that the oscillator
strength per particle of the intraband transition has a weak
dependence on the dot size.

METHODS
PbS Colloidal QD Synthesis. PbS QDs synthesis was adapted

from a previously reported multi-injection procedure.48 Brie$y, a
mixture of lead oxide (PbO), 1-octadecene (ODE), and oleic acid was
degassed overnight at 90 °C under vacuum. After degassing, the
solution was placed under Ar atmosphere, and a speci!c reaction
temperature was set. A solution of hexamethyldisilathiane ((TMS)2S)
in ODE was quickly injected. After 6 min, a second solution of
(TMS)2S in ODE was dropwise injected in a rate of 0.75 mL/min.
After this second injection, heating was stopped, and the solution was
let to naturally cool down to room temperature. QDs were puri!ed
three times by precipitation with acetone and ethanol and redispersed
in anhydrous toluene. Finally, the concentration was adjusted to 30

Figure 5. Intraband absorption spectrum at di!erent temperatures
of highly n-doped PbS CQDs "lms with QD diameter (a) 6.5 nm
and (b) 8.4 nm. The two spikes at around 0.14 eV are due to the
temperature variation of the SiO2 absorption peak (see Methods).
(c) Interband absorption spectrum at di!erent temperatures of the
same sample as in (a). (d) Temperature dependence of the
interband (!) and intraband (") transitions in heavily n-doped
PbS CQD "lms on silicon substrate. For comparison, the case of
interband transitions in lightly n-doped "lms is also shown (#).
Broken lines are guides to the eye. The solid red line is a "t to C/d,
where C is a constant.
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shown to be constant in the 80!300 K range.17 The increase
of intraband absorption intensity at low temperatures is in line
with previous reports of increased absorption cross section of
the interband transition at low temperatures in PbS CQDs.42

Finally, by comparing Figure 5a,b, it can be appreciated that
the energy shift of the intraband transition is stronger for
smaller dots, as opposed to what has been found for the
interband case.
In order to do a quantitative analysis of the temperature

dependence of the intraband and interband transitions, we
have identi!ed the energies E1 and EIB at di"erent temper-
atures, as described previously. In addition, we have measured
samples with light n-type doping (Ø " 1, see Methods) in
which there are no signs of interband bleaching or intraband
absorption. An example of temperature dependence for such
samples is shown in Supporting Figure S8. For E1 and EIB, we
have calculated the respective coe#cients of energy variation
with temperature, #E1/#T and #EIB/#T, as the slopes of linear
!ts to the measured data (Supporting Figure S9). Although the
temperature dependence of E1 is not linear in the whole 0!300
K range,42,43 the use of a linear dependence is generally
accepted as a valid approximation in the 100!300 K range.40,42

Our results show that a linear dependence is also a good
approximation for the intraband transition in that temperature
range.
The measured temperature dependence coe#cients are

plotted in Figure 5d as a function of the dot diameter. As
anticipated, the temperature dependence of the intraband
transition is negative and is stronger for smaller dots. These
results can be qualitatively explained by considering only el!
ph coupling e"ects, which, as mentioned before, are dominant
in the temperature dependence of E1 in undoped PbS QDs.
The contribution of el!ph coupling to the temperature

dependence of interband transitions in PbS QDs is smaller
for higher energies.40 Thus, the temperature dependence of E2
is expected to be weaker than that of E1. Since EIB = E2 ! E1, it
follows that #EIB/#T < 0. In addition, since the energy
di"erence between E2 and E1 is larger for smaller dots, #EIB/#T
should increase (in magnitude) as the dot size is reduced.
In our lightly doped !lms, the values of #E1/#T are similar to

those previously reported for undoped QDs.40 Upon heavy
doping, #E1/#T is reduced. The di"erence in #E1/#T between
the heavily doped and lightly doped samples increases with dot
size and, hence, with Ø (see Figure 4). For samples with d = 5
nm (Ø$0.1), both values are very close. We deduce that upon
occupation of 1Se ,the el!ph interaction is modi!ed, resulting
in a reduced contribution to the temperature dependence of
E1.
Next, we analyze the size dependence of #EIB/#T on the

basis of empirical results discussed above. We know, through
eqs 1 and 2, that at RT both E1 and E2 are dominated by the 1/
d term. In addition, Figure 3 indicates that this behavior is
maintained at low temperatures. It follows that #EIB/#T will
have a 1/d dependence with size. Figure 5 shows a !t (R2 =
0.96) of the measured data to C/d, where C is a constant. For
large values of d, #EIB/#T tends to zero, since EIB ! 0 because
of the relaxation of the quantum con!nement as d ! aB.

CONCLUSIONS
We have performed size- and temperature-dependent optical
studies of the intraband transition in densely packed !lms of
PbS QDs, thus providing valuable data that can be directly
used in device design and engineering. The absorption
coe#cient of the intraband transition is in the order of the
absorption coe#cient of the interband transition (104 cm!1).
This result implies that thin-!lm PbS intraband optoelectronics
can be envisaged. Additionally, dots with semioccupied 1Se
(only partially bleached interband) exhibit strong absorption in
both interband and intraband transitions. These dual-band
strong absorbers may be interesting for multigap optoelec-
tronic devices such as intermediate band solar cells,46 which
currently experience a major setback related to weak
absorption.47

Our measurements reveal absorption in the !rst intraband
transition (1Se!1Pe). However, absorption at more energetic
intraband transitions (from 1Se to higher levels such as 1De,
2Se, and 1Fe)

22 could not be detected (Supporting Figure
S10), likely because these transitions are either forbidden or
much weaker than the !rst intraband transition in the studied
size range. Our results further indicate that the oscillator
strength per particle of the intraband transition has a weak
dependence on the dot size.

METHODS
PbS Colloidal QD Synthesis. PbS QDs synthesis was adapted

from a previously reported multi-injection procedure.48 Brie$y, a
mixture of lead oxide (PbO), 1-octadecene (ODE), and oleic acid was
degassed overnight at 90 °C under vacuum. After degassing, the
solution was placed under Ar atmosphere, and a speci!c reaction
temperature was set. A solution of hexamethyldisilathiane ((TMS)2S)
in ODE was quickly injected. After 6 min, a second solution of
(TMS)2S in ODE was dropwise injected in a rate of 0.75 mL/min.
After this second injection, heating was stopped, and the solution was
let to naturally cool down to room temperature. QDs were puri!ed
three times by precipitation with acetone and ethanol and redispersed
in anhydrous toluene. Finally, the concentration was adjusted to 30

Figure 5. Intraband absorption spectrum at di!erent temperatures
of highly n-doped PbS CQDs "lms with QD diameter (a) 6.5 nm
and (b) 8.4 nm. The two spikes at around 0.14 eV are due to the
temperature variation of the SiO2 absorption peak (see Methods).
(c) Interband absorption spectrum at di!erent temperatures of the
same sample as in (a). (d) Temperature dependence of the
interband (!) and intraband (") transitions in heavily n-doped
PbS CQD "lms on silicon substrate. For comparison, the case of
interband transitions in lightly n-doped "lms is also shown (#).
Broken lines are guides to the eye. The solid red line is a "t to C/d,
where C is a constant.
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Figure 5.11 – Peaks of absorption spectra with respect to temperature for intraband (a) and 
interband (b) transitions in highly-doped PbS QD films of various sizes. Open circles in (a) 

represent low-doped (without Al2O3) QD films and are included for comparison. Black lines are 
linear fits to the data. (c) Temperature dependence of intraband (orange squares) and interband 
transitions (black circles – filled circles for highly doped films and hollow circles for lightly doped 

ones). Data points are extracted from (a) and (b) and black lines are fits to the data. 

We have measured the shift of the peaks of intraband and interband absorption 
spectra with respect to temperature for various sized PbS QDs. Figure 5.11 is a 
summary of the shifts in interband for high doped and low doped cases and 
intraband for high doped QDs. We can see that there is a clear linear dependence 
for all cases with respect to temperature. An analysis of the energy shift with 
temperature is extracted from these data and plotted in Figure 5.11-c. We observe 
a linear dependence of ¶E/¶T to the QD size in the 98 K - 298 K range for PbS QD 
diameters between 5.2 - 9.0 nm. 

For the intraband transitions, ¶E/¶T is negative and gets stronger in magnitude as 
the QD sizes gets smaller. As previously mentioned, electron-phonon coupling has 

S-5 
 

 

Figure S8. Temperature dependence of the interband absorption spectrum in lightly n-doped PbS CQD 

films. QD diameter is 6.5 nm. 

 

 

 

Figure S9. Interband (a) and intraband (b) energies in the 98K±298 K temperature range for doped PbS 

QDs of different sizes. Full circles and squares represent interband and intraband energies, respectively, 

in heavily n-doped CQD films. Open circles represent interband energies in lightly n-doped CQD films. 

Same QD sizes in (a) and (b) are plotted with the same color. Solid lines are linear fits whose slopes 

represent the temperature dependence of the interband or intraband energies, ߲ܧଵȀ߲ܶ or ܧூȀ߲ܶ . 
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a major contribution to the temperature dependence of the interband signal, 
concluded from previous studies on lightly doped QDs. The contribution of 
electron−phonon coupling to the temperature dependence of interband transitions 
in PbS QDs is smaller for higher energies.101 Therefore, we expect the temperature 
dependence of the E2 (1Sh->1Pe) transition to be weaker than E1 (1Sh->1Se) 
transition. Since the intraband transition EIB=E2-E1, the intraband energy change 
with respect to temperature ¶EIB/¶T is negative. In addition, since the energy 
difference between E2 and E1 is larger for smaller dots, ¶EIB/¶T should increase (in 
magnitude) as the dot size is reduced.  

The interband measurements that we have performed for lightly-doped (without 
Al2O3) QD films match closely with previous reported literature.101 We can see that 
in Figure 5.11-c, the interband curves have different slopes and the difference gets 
larger as the dot size increases. In a smaller-sized QD or around 5 nm diameter, 
both values are similar as the nQD for the high-doped film is around 1. However, as 
the dot size increase, nQD also increases and the 1Se state becomes more 
populated. We therefore attribute the difference of ¶E/¶T for low and high doped 
films to the modified electron-phonon interaction due to the occupation of the 1Se 
state. 

5.7 - Low-temperature FET measurements of Doped Films 

 

Figure 5.12 – Temperature dependent FET measurements of highly-doped PbS QD films. (a) 
IDS-VGS curve at different temperatures of one of the measurements. VDS is 1V. The sample 
shows n-type behavior at all temperatures. (b) Number of electrons in the 1Se level (nQD) at 

different temperatures for three different-sized PbS QDs. nQD is conserved at low temperatures 
down to 80K.  

As well as characterizing the doping optically at low temperatures, we also 
characterized is electrically using FETs. These FETs are fabricated as described 
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Figure S5. Field effect transistor (FET) transfer characteristic (GUDLQ�FXUUHQWJDWH�YROWDJHܫ��

ܸீ ) at different temperatures of a heavily doped PbS CQD film. The source-drain voltage, ܸௌ, 

was 1V. The sample exhibits heavy n-type character at all temperatures, as evidenced by the 

weak modulation of the conductivity achieved via gating. 

 

 

Figure S6. Intraband absorption measured using FTIR spectroscopy in heavily doped PbS QDs 

at different temperatures. The intraband absorption spectrum blue-shifts at low temperature. 

The peaks at around 0.14 eV in the low-temperature measurement are an artifact due to the 

temperature shift of the signature of the native SiO2 present in the silicon substrate used in the 

QD sample, while the silicon reference sample was measaured at room temperature. 
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previously in the chapter and measured using a cryostage connected to a 
semiconductor analyzer. As the FET is cooled down to 80 K we measured the IDS-
VGS curves in several intervals. A sample measurement can be seen in Figure 5.12-
a. The film shows high n-doping as evidenced by the weak modulation of 
conductivity via back-gating. We then calculated nQD as described before. A 
summary of the results can be seen in Figure 5.12-b. Different sized PbS QD films 
retained their high n-doping character down to 80 K with a weak dependence to 
temperature.  

5.8 - Photodetectors Utilizing Intraband Transitions in High-
doped PbS QDs 

The method of highly n-doping PbS QDs and having a controllable intraband 
absorption in the mid-infrared is an attractive alternative to current MIR 
photodetectors which are dominated by costly and complex HgCdTe or III-V 
materials.24 In addition to that, the high doping is robust both with respect to time 
and temperature. As a next step, we fabricated photodetectors utilizing these heavily 
doped QDs to explore their potential in optoelectronic applications. 

 

Figure 5.13 – A sketch of the photodetector. On a CaF2 substrate, lithographically patterned 
Golden interdigitated electrodes are used to collect photogenerated charges produced by the 

intraband absorption of the doped PbS QD film on top. 

We fabricated photodetectors on CaF2 substrates to avoid parasitic absorption and 
heating from the substrate. We used an array of interdigitated finger electrodes with 
an active area of 1x1 mm2. These electrodes are patterned on CaF2 with 
photolithography and Ti/Au deposition. We then spincoated our PbS QD dots of 
desired size with iodine ligand exchange 4 times to reach a thickness around 80 nm. 
We then deposited Al2O3 onto the whole substrate using ALD. Figure 5.13 shows 
schematic of the final device. On these CaF2 substrates we were both able to do 
optical absorption as well as electrical characterization measurements utilizing the 
bare and patterned areas of the substrate. 

exciton bleach or intraband absorption (Figure S2), further
supporting the dopant role of iodine demonstrated in ref 20.
Intraband transition redshifts with increasing dot size,

resulting from a progressive relaxation in the charge con!ne-
ment (Figure 1c). By tuning the size of the dots, we
demonstrate intraband absorption in the 6!9 !m range, as
indicated by Gaussian !ttings (red dotted lines). Beyond 10
!m, alumina has some contribution to the absorption (see
Figure S3). Note as well the progressive disappearance of the
interband peak (left side of the panel) as the dot size increases,
resulting from an increasing population of the CB.
Figure 1d shows the intraband transition energy of doped

PbS CQDs versus their exciton energy. The intraband
transitions measured span from 0.14 to 0.20 eV. These
energies have been obtained from absorption measurements in
two di"erent ways, as sketched in the bottom-right inset: (I)
!tting direct intraband (1Se ! 1Pe) transitions (black crosses);
and (II) by !tting and subtracting the 1Sh ! 1Pe and 1Sh !
1Se transition energies (orange plus signs). The latter method
is supported by the fact that parity selection rules are relaxed in
PbS QDs, allowing the otherwise forbidden 1Sh ! 1Pe
transition.23,24 Both methods give similar results, thus
con!rming the intraband nature of the low-energy absorption
of our QDs. Examples of the !ts are shown in Figure S4.
Our doping method was previously proven to be robust with

time (>2 months).20 Robustness with temperature is also of
paramount importance for optoelectronic applications in the
mid- and long-wave infrared. In particular, some applications
such as infrared photodetection require low temperatures to

achieve the highest performance.11 We de!ne nQD as the
doping level of the CQD !lm, measured in electrons per QD
(e!/QD). Figure 2a shows the dependence of the doping level
with temperature in two PbS QDs samples. The doping level
was obtained from !eld e"ect transistor (FET) measurements
(see Figure S5), following the method described in ref 20.
Figure 2a demonstrates that the e#cacy of the employed
doping method is weakly dependent on temperature in the
80!300 K range. Consequently, intraband absorption is still
accessible at low temperatures (see Figure 2b and Figure S6)
enabling therefore the development of intraband PbS CQD
photodetectors. We have thus fabricated interdigitated-
electrode devices (see Figure 2c) for photoconductivity
measurements. Devices were fabricated on transparent CaF2
substrates to avoid sample heating due to parasitic absorption
in the substrate. Figure 2d plots the intraband quantum
e#ciency, QE, spectra of devices measured under mono-
chromatic light at 80 K. The vertical dashed lines indicate the
bandgap of bulk PbS at 80K ("3.7 !m).25 Our measurements
demonstrate intraband photodetection in the 5!9 !m range
(MWIR and LWIR), thus breaking the limit set by the band
gap value of the bulk in CQD optoelectronics. Beyond 9 !m,
the light power density reaching the sample was too low to
produce a measurable signal.
Measurements of the dependence of the photocurrent with

the modulation frequency (see Figure S7) indicate that both
intraband and interband detection are slow: >30 and >200 ms,
respectively. We have measured the speci!c detectivity, D*, of
our devices (see Methods in Supporting Information). At 80 K

Figure 2. (a) E"ect of temperature on the doping level of PbS CQD !lms for three di"erent sizes of QDs. (b) Absorption spectra, measured at 80
K, of three doped PbS CQD !lms with PbS of di"erent sizes. (c) Sketch of the interdigitated devices used for photoconductivity measurements. (d)
Photodetection quantum e#ciency of devices using the same dots as in (c). The applied biases, Vbias, were 1, 5 and 1.6 V, from top to bottom. The
chopping frequency of the excitation light, fc, was 11 Hz in all cases. Gaussian !ttings (dashed) are superimposed to the measured data. Vertical
dashed lines indicate the band gap wavelength of bulk PbS, "bulk, at 80 K.
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Figure 5.14 – Schematic of the measurement setup. Monochromated light leaves the light 
source+monochromator assembly and is directed onto the sample via parabolic and flat mirrors. 

Sample is biased and measured with a current preamplifier and lock-in amplifier. 

In order to characterize the response of our photodetectors, we used a setup as 
sketched in Figure 5.14. A NERNST lamp used between 4.5 - 9 µm of wavelength 
and is fed through a monochromator. The filtered and monochromated light is then 
directed onto the sample with golden parabolic and flat mirrors with a mechanical 
chopper in the way. The sample sits on the tip of the cold finger of the cryostat and 
is contacted by electrodes on both sides. Light enters the cryostat through a ZnSe 
window that is transparent in our working range. We bias the photodetector through 
a current preamplifier as well as measure and amplify the photodetector output 
before sending it to a lock-in amplifier. The photocurrent is then obtained from the 
lock-in. We also measured the light intensity at different wavelengths on the sample 
using an MCT detector and calculated responsivity accordingly. 

current 
preamplifier

lock-in
amplifier 

NERNST
light source

and monochromator
assembly

cryostat

mechanical 
chopper 
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Figure 5.15 – (a) Absorption spectra of the PbS QDs of 3 different sizes at 80K. A peak 
originating from atmospheric CO2 is identified on the curves. For comparison the bulk bandgap 
of PbS (lbulk) at 80K is shown with a dashed line. (b) Quantum efficiency of the photodetectors 
utilizing the PbS QDs from the (a). Markers indicate the measurements and dashed lines are 
Gaussian fits to the data. The bias applied between the interdigitated electrodes are 1, 5 and 

1.6V from top to bottom.  

Figure 5.15-a shows the absorption of the film on CaF2 substrates measured with 
FTIR at low temperatures as described before. We can see that using different sizes 
of PbS QDs allows us to tune the response in the 6 - 9 µm range. Figure 5.15-b 
shows the quantum efficiency (QE) of our photodetectors. Both the absorption signal 
and QE have a similar shape. The vertical dashed line represents the bulk bandgap 
of PbS at 80K (around 3.7 µm) and with our intraband photodetectors we are able 
to operate at wavelengths longer than that. Above 9 µm, light power reaching our 
samples is too low to detect any meaningful signal. 

Table 5.2 - Figures of merit for our intraband photodetectors. These values are obtained at 11Hz 
of light chopping frequency. 

QD Diameter 
(nm) QE Responsivity 

(A/W) 
Detectivity 

(Jones) 
Peak Wavelength 

(µm) 

5.0 2.7 x 10-5 1.5 x 10-4 4 x 104 6.8 

7.5 1.9 x 10-5 1.1 x 10-4 8 x 104 7.3 

8.9 2.0 x 10-5 1.3 x 10-4 4 x 104 8.0 

exciton bleach or intraband absorption (Figure S2), further
supporting the dopant role of iodine demonstrated in ref 20.
Intraband transition redshifts with increasing dot size,

resulting from a progressive relaxation in the charge con!ne-
ment (Figure 1c). By tuning the size of the dots, we
demonstrate intraband absorption in the 6!9 !m range, as
indicated by Gaussian !ttings (red dotted lines). Beyond 10
!m, alumina has some contribution to the absorption (see
Figure S3). Note as well the progressive disappearance of the
interband peak (left side of the panel) as the dot size increases,
resulting from an increasing population of the CB.
Figure 1d shows the intraband transition energy of doped

PbS CQDs versus their exciton energy. The intraband
transitions measured span from 0.14 to 0.20 eV. These
energies have been obtained from absorption measurements in
two di"erent ways, as sketched in the bottom-right inset: (I)
!tting direct intraband (1Se ! 1Pe) transitions (black crosses);
and (II) by !tting and subtracting the 1Sh ! 1Pe and 1Sh !
1Se transition energies (orange plus signs). The latter method
is supported by the fact that parity selection rules are relaxed in
PbS QDs, allowing the otherwise forbidden 1Sh ! 1Pe
transition.23,24 Both methods give similar results, thus
con!rming the intraband nature of the low-energy absorption
of our QDs. Examples of the !ts are shown in Figure S4.
Our doping method was previously proven to be robust with

time (>2 months).20 Robustness with temperature is also of
paramount importance for optoelectronic applications in the
mid- and long-wave infrared. In particular, some applications
such as infrared photodetection require low temperatures to

achieve the highest performance.11 We de!ne nQD as the
doping level of the CQD !lm, measured in electrons per QD
(e!/QD). Figure 2a shows the dependence of the doping level
with temperature in two PbS QDs samples. The doping level
was obtained from !eld e"ect transistor (FET) measurements
(see Figure S5), following the method described in ref 20.
Figure 2a demonstrates that the e#cacy of the employed
doping method is weakly dependent on temperature in the
80!300 K range. Consequently, intraband absorption is still
accessible at low temperatures (see Figure 2b and Figure S6)
enabling therefore the development of intraband PbS CQD
photodetectors. We have thus fabricated interdigitated-
electrode devices (see Figure 2c) for photoconductivity
measurements. Devices were fabricated on transparent CaF2
substrates to avoid sample heating due to parasitic absorption
in the substrate. Figure 2d plots the intraband quantum
e#ciency, QE, spectra of devices measured under mono-
chromatic light at 80 K. The vertical dashed lines indicate the
bandgap of bulk PbS at 80K ("3.7 !m).25 Our measurements
demonstrate intraband photodetection in the 5!9 !m range
(MWIR and LWIR), thus breaking the limit set by the band
gap value of the bulk in CQD optoelectronics. Beyond 9 !m,
the light power density reaching the sample was too low to
produce a measurable signal.
Measurements of the dependence of the photocurrent with

the modulation frequency (see Figure S7) indicate that both
intraband and interband detection are slow: >30 and >200 ms,
respectively. We have measured the speci!c detectivity, D*, of
our devices (see Methods in Supporting Information). At 80 K

Figure 2. (a) E"ect of temperature on the doping level of PbS CQD !lms for three di"erent sizes of QDs. (b) Absorption spectra, measured at 80
K, of three doped PbS CQD !lms with PbS of di"erent sizes. (c) Sketch of the interdigitated devices used for photoconductivity measurements. (d)
Photodetection quantum e#ciency of devices using the same dots as in (c). The applied biases, Vbias, were 1, 5 and 1.6 V, from top to bottom. The
chopping frequency of the excitation light, fc, was 11 Hz in all cases. Gaussian !ttings (dashed) are superimposed to the measured data. Vertical
dashed lines indicate the band gap wavelength of bulk PbS, "bulk, at 80 K.
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A summary of the figures of merit can be seen in Table 5.2. We reach detectivities 
of 8 x 104 Jones at 7.3 µm at 80 K. Correcting by the shadowing factor of the 
interdigitated electrodes (∼50%) and the reflectivity of the PbS layer would give rise 
to internal detectivity values on the order of 105 Jones.  

 

Figure 5.16 – Photocurrent versus frequency at 80K for both the intraband and interband peak. 
Curves have been normalized to have a similar response around 60 Hz. 

The data presented in Table 5.2 is obtained with a chopping frequency of 11 Hz. We 
also decided to see the effect of frequency on photocurrent to see how fast our 
photodetectors can respond to modulated light. We both investigated the interband 
and intraband transitions at high frequencies. Figure 5.16 shows that both the 
interband and intraband detection are slow with time constants of above 30 ms for 
intraband and 200 ms for interband. 

With a novel high-doping process for PbS QDs, we investigated how doping works 
in different sizes of QDs and at different temperatures. We studied how the doping 
changes with exposed facets of PbS. We then fabricated photodetectors utilizing the 
intraband transitions made available by high-doping and reached wavelength 
regimes that were not possible with PbS QDs. We obtained detectivities of 8 x 104 
Jones at 7.3 µm with a PbS film that has a robust doping in ambient, at different 
temperatures and also robust in time beyond 2 months of testing. These films can 
be an alternative to current photodetector technology in the MIR and LWIR.  

     

9 

 

 

Figure S7. (a) Photocurrent at the first and higher energies excitons for the same sample 

reported in Figure 2d (top panel) of the main manuscript. (b) Photocurrent versus detection 

frequency at the intraband and exciton energies for the same sample as in (a). The curves have 

been normalized to have a similar valuel at 60 Hz. The inverse relationship of the photocurrent 

with frequency down to 30 Hz indicates that the time constant of the photodetection process is 

> 30 ms and > 200 ms, for the intraband and exciton energies respectively. 

 

 

 

 

Figure S8. Scheme of the QD transport model. ܩ ,ܩௌ, ܩ are total conductance, conductance 

through 1Se channels, and conductance through 1Pe channels, respectively. ܧி  is the Fermi 

level (dashed line). 
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Conclusion 

As we continue to interact with light and incorporate it into our major technologies, 
demand for high-performance, low-cost, portable photodetectors that can respond 
to a wide range of wavelengths will continue to rise. In the infrared, with a wide-
variety of applications that keeps on expanding, research for alternative active 
materials is going on. The studies presented in this thesis put forward prototypes of 
photodetectors that respond in the SWIR-NIR-LWIR regime using lead chalcogenide 
CQDs that can be alternatives to current technologies. 

PbS and PbSe QDs are efficient in absorbing light; however, due to their poor 
electrical characteristics, charge extraction is limited. In chapters 3 and 4, we 
presented hybrid photodetectors with TMDCs and QDs to solve this problem. 
Research on 2D materials eventually uncovered these layered materials with high 
conductivity and easy integrability with silicon-based technologies. Owing to their 
bandgap, they can be used in transistors with high on/off current ratios. We 
combined few-layers of TMDCs with QD films to form a hybrid detector. Under 
illumination, photogenerated electrons in the QD layer are transferred to the 
underlying TMDC layers with the help of a built-in electric field. Electrons can easily 
be transferred to the contacts of the photodetector with the help of the high-mobility 
TMDC layers. On top of that, these electrons can circulate many times in the detector 
circuitry before they recombine with holes in the QD layer resulting in an inherent 
gain. PbS QD based hybrid photodetectors with WS2 and MoS2 show record 
detectivities of 1.0x1012 and 2.8x1011 Jones, respectively, at room temperature with 
their photoresponse reaching up to 2.1 µm. We extended the response of these 
hybrid photodetectors further into the infrared with PbSe QDs. Proper analysis of the 
structure and reducing dark currents from the QD layer with oxide-isolated contacts 
allowed us to have detectivities of 7.7x1010 Jones with response reaching up to 3 
µm at room temperature, highest reported to date for QD detectors at these 
wavelengths.  
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Until recently, optoelectronics using QDs mainly focused on the transitions along the 
tunable bandgap. As the QD size increases, quantum confinement effects get looser 
and the bandgap eventually approaches the bulk bandgap of the material. The bulk 
bandgap of is therefore putting a low-energy limit on the tunability of QDs. In chapter 
5, we presented a novel method to overcome the bandgap limit and obtain 
photoresponse further into the infrared. We presented an air-stable high n-doping 
method for PbS QDs that is also stable over long periods of time. Iodine-based 
ligand treatment on the surface of the QDs in combination with a thin layer of Al2O3, 
results in highly doped QD films. The doping is high enough so that the electrons 
occupy the 1Se level and transitions with a more energetic 1Pe level are allowed. As 
the energy difference between these two conduction levels are smaller compared to 
the bandgap, QD film can absorb photons that are less energetic than the bulk 
bandgap. This new intraband transition is also tunable with the QD size, providing 
another degree of freedom to tune the optical response of the film even across MIR 
and LWIR. Studies of doping versus QD size and temperature are carried out, 
revealing more about the doping mechanism. 

Finally, using the high-doped PbS QD films, we realized photodetectors with the 
longest-wavelength response ever demonstrated for this material. A detectivity of 
8x104 Jones is reached at 7.3 µm at 80K. Considering the bandgap of bulk PbS 
being around 3.7 µm, we reached far beyond this limit using the intraband 
transitions.  

Outlook 

Equipped with various examples of how high-mobility layers can aid in charge 
transport from light-sensitive and spectrally tunable QDs, we know that hybrid 
detectors outperform non-hybrid ones. With a careful selection of QD and transport 
layer considering the resulting band alignments and using techniques like contact-
isolation, the performance of these devices can be improved. The bottleneck of 
exfoliating TMDC films for transistors is being challenged by many groups. Large 
wafer-scale CVD deposition of WS2 monolayers have already been demonstrated 
with FET mobilities up to 4 cm2V-1s-1.106 And for MoS2, CVD-growth yields to 
mobilities exceeding 12 cm2V-1s-1.107 As such techniques develop, hybrid TMDC-QD 
detectors can be fabricated in a scalable manner, leading to tunable, cost-effective 
and high performance detectors operating without any cooling and they can compete 
with existing detectors on the market. 

Enabling intraband transitions in QDs with long term stability paves the way for 
countless applications in optoelectronics. It offers a new paradigm in engineering 
the spectral response of QDs and allows us to probe deeper into the infrared. Along 
with the photodetectors, we also demonstrated stimulated emission utilizing 
intraband transitions90 paving the way towards intraband QD lasers in the LWIR. 
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Performance of the intraband photodetectors will be improve by engineering the 
charge-extraction process to realize detectors with higher responsivities. Hybrids 
with carefully selected charge-blocking layers can decrease dark currents in the 
detectors, which is one of the issues of having a highly-doped highly-conductive film. 
With lower dark currents and improved charge transfer, intraband QD 
photodetectors operating at room temperature are not far from reach.  
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