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Abstract

Near-infrared (NIR) light detection underpins various applications such as night vision, healthcare
imaging and optical communications. While commercial silicon-based photodetector is
transparent to wavelengths that are longer than about 1100 nm due to the absorption cut-off of
silicon (Si), lead sulphide (PbS) colloidal quantum dots (CQDs) have received attention as the
materials for NIR photodetection given their strong and tunable absorption in NIR region and
room-temperature solution processability. This thesis presents our progress in realizing fast and
efficient NIR photodetection based on PbS CQD. The particular focus considers the integration of

PbS CQDs with Si for on-Si light detection.

The CQDs exhibit low carrier mobility (~10°-102 cm?V-'s™!) compared to their crystalline
counterparts, which has severely hindered the realization of high-speed PbS CQD photodetection.
We demonstrate a fast PbS CQD photodiode fabricated from low-mobility CQDs (~107 cm?V-'s"
1) with rise/fall times as short as 0.33 us at zero voltage bias. The device achieves a fast response

by engineering RC time delay and charge transport.

Integrating PbS CQDs onto Si opens a plethora of applications in NIR light sensing for the CQDs.
An integration strategy is proposed based upon an on-chip CQD photodetector structure,
photodiode-oxide-semiconductor field-effect transistor (POSFET). This device architecture
utilizes Si as a channel for carrier transport and PbS CQD as the light-absorbing material
controlling the channel conductivity. Simulations showed that the photodiode could provide
photovoltage to the semiconductor, forming an inversion layer at the oxide-semiconductor

interface, and the electron density at the interface is significantly enhanced. For a proof-of-concept



demonstration, we experimentally connected a CQD photodiode with a commercial Si transistor
and proved that the current from the transistor could be increased by photovoltage provided by the
photodiode under NIR light illumination. The device shows a responsivity of 5.9A/W at the

wavelength of 1250 nm.

Another on-Si integration strategy based upon a structure of PbS CQD/Si heterojunction has
recently received attention. We conducted a simulation work, in which we leverage and
incorporate the heterojunction structure in a Si photonics platform. The study comprehensively
compares the CQDs with the other two candidates for NIR light detection, germanium (Ge) and
indium gallium arsenide (InGaAs), for a photodetector integrated with a Si waveguide. Results
find that the CQD photodetector is slow but has the lowest dark current, which is suitable for

medium-speed but ultralow noise applications.

CQD/Si heterojunction photodetectors that have been previously reported suffer from low EQE at
the NIR region. We demonstrate that Si surface passivation is crucial for building a high-
performance CQDY/Si heterojunction photodetector. We have studied one-step methyl iodine (CH3I)
and two-step chlorination/methylation processes for Si surface passivation. Transient photocurrent
(TPC) and transient photovoltage (TPV) decay measurements reveal the two-step passivated
CQD/Si interface exhibits fewer trap states and decreased recombination rates. These passivated
substrates were incorporated into prototype CQD/Si infrared photodiodes, and the best
performance photodiode based upon the two-step passivation shows an EQE of 31% at 1280 nm
which represents a nearly two-fold increase over the standard device based upon the one-step CHsl

passivated Si.

Further, we demonstrate the successful integration of PbS CQD Inks with Si. Thanks to the well-

passivated Si surface by the two-step method and high-quality CQD Inks, the heterojunction



photodiode yields a low density of trap states. With an insertion layer of p-type CQDs capped
with1,2-ethanedithiol (EDT) ligands, the built-in electric field is much enhanced, leading to
improved charge extractions. As a result, we obtained an EQE of 44% at the excitonic wavelength
of 1280 nm. The EQE values are maintained without detectable degradation throughout more than

600 h, achieving superior device stability.

The aforementioned studies reveal the potential of large-area and room-temperature integration of
PbS CQDs on Si read-out integrated circuits (Si-ROCIs) for building a NIR CMOS image sensor
(CIS). Finally, we conduct a simulation study, in which we incorporate CQD/Si heterojunction
into a NIR CMOS CIS. Results clearly show that each pixel on the CIS sensitively responds to
NIR light, and signals are read out through the bottom circuits as validated by the readout timing

sequence simulation.

The findings in this thesis are invaluable to the research of developing low-cost and large areas,

especially on-Si NIR light detection.
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1. Introduction

1.1  Photodetectors and Applications

Photodetectors are sensors made for light or photon detections, which mainly utilize photon-
excited electric charges and generate electric currents. Their light detection mechanism is based
on the internal photoelectric effect (or simply the photoelectric effect). To be more specific, when
light hits semiconductor surfaces with sufficiently high photon energy that is larger than the
material’s bandgap, an electron gains enough energy to break its bond to the parent atom and is
excited from the valence band to higher levels at conduction band, where it is free to move. This
results in an increase in free carrier density and thus conductivity in the semiconductor material.
In a photodetector, the excess carriers directionally transport under an internal or externally applied
electric field, leading to photocurrent generation in the device. Photodetectors based upon other
working mechanisms, such as photochemical and thermal effects are not considered in this thesis.
Nowadays, photodetectors are among the most ubiquitous technology used in our daily lives,
ranging from optical detectors in television remote controls to detectors in automatic doors in
public spaces. Photodetector applications cover almost all of the electromagnetic spectrum, with
some important applications listed in the following (Figure 1). Note that, the definition of NIR
wavelength range varies. For example, some categorize NIR from 780 nm to 1400 nm and
shortwave infrared (SWIR), instead, from 1400 nm to 3000 nm; others generally refer to this entire

range as NIR or SWIR. For simplicity, we refer to the entire range as NIR.
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Figure 1.1. Electromagnetic spectrum. NIR, MWIR and LWIR stand for, near-infrared, mid-

wavelength infrared and long-wavelength infrared.

Photodetectors are cornerstone components for process monitoring in food and manufacturing
industries. For example, X-ray photodetectors are implemented in the food industry for the
detection of contaminants to ensure food safety, such as glass, stone, stainless steel, plastic, etc. In
manufacturing industries, photodetectors are commonly used as position sensors to ensure the

proper place of a product.

In the ultraviolet (UV) range, applications such as flame detection and ozone monitoring heavily
rely on accurate UV photodetection. UV detection also is widely implemented for optical

communications in outer space for intra- and inter-satellite secured communications.

The largest volume application for photodetectors might come from imaging video cameras in the
visible regime, which ranges from small-size cameras such as dash cams for cars, cellphone
cameras and palm-sized action cameras to large cameras used by TV broadcasting. CCD (known
as charge-coupled device) technology has dominated video cameras for decades since its invention
in the late 1960s, mainly due to its high sensitivity and large dynamic range. Powered by the
advances in photolithography technology and the booming of mobile phones, CMOS

(complementary-metal-oxide semiconductor) technology has taken over CCD as the more popular



one. The latter merits its lower power consumption and smaller footprint. CMOS technology also

delivers much faster speed and easier camera-on-chip integration.

Another special interest lies in infrared (IR). Night vision detection is crucial for security
surveillance and military purposes, which require high-performance IR image sensors. As fibre-
optic communications operate in near-IR (NIR) regions, fast NIR light detection is needed to
transfer fast optical signals to electrical signals. NIR imaging has also emerged to be a promising
tool for medical applications. NIR fluorescence imaging system serves as one typical example.
The system is capable of human tissue imaging and thus enables cancer detection and many other
important clinical applications, including real-time metabolic monitoring, non-invasive imaging
of the lymphatic system and microvasculature blood flow mapping. Compared with conventional
imaging techniques such as computed tomography (CT) and magnetic resonance imaging (MRI),
the technology generally features a real-time display, high spatial and temporal resolution, high

portability of the system, etc.

In collision avoidance systems for automotive, photodetectors also play an indispensable role. The
system which can prevent or reduce collision severity is usually sophisticated, involving multiple
sensors, €.g., photodetectors for radar or Lidar and image sensors. On the other hand, Lidar systems
have been widely utilized for 3D-object representations, useful for facial recognition in mobile
devices and automated driving systems in autonomous vehicles; therefore, photodetectors can also

find applications there.
1.2 Figure of Merits for Photodetectors

Commonly exploited structures of photodetectors can be categorized into main four types:

photodiode, including p-n and p-i-n junction photodiode and avalanche photodiode, in which



generated carriers are collected by electrodes through diffusion and/or drift under intrinsic or
externally applied electric field; photoconductor, in which semiconductor materials reduce their
electrical resistance as a result of non-equilibrium generation of electric carriers upon absorption
of the incident photons; phototransistor, which employs internal photocurrent amplification and
thus possesses larger gain than photodiode; and metal-semiconductor-metal photodetector, which
exploits two Schottky junctions to collect generated electric charges, instead of one as in the case

of Schottky photodiode.

A few of the most important figures of merits used for characterizing photodetector performance
are discussed in the following. A basic metric that quantifies the photodetector efficiency is

responsivity, which takes the form of

5
P()

(1.1)

where Ry, 1s the responsivity in A/W, I, is the generated photocurrent (in the unit of A) and P is the
illuminated light power (in the unit of W). In some references, photovoltage (7} in the unit of V)
instead of photocurrent is employed. Thus, wavelength-dependent responsivity value relates the
generated photocurrent (or photovoltage) to a given illuminated light power. A similar quantity
that relates output with input is EQE, which is the ratio between output electron numbers and input

photon numbers. EQE can be related to responsivity as follow,
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where 4 = 6.63x10** J-s, is Planck constant, ¢ = 3x10® m/s, is the speed of light, ¢ = 1.6x10'° C,
is the electron charge and A is the wavelength in nm. In some cases, gain (G) is introduced instead

of EQE when the number of extracted electrons per input photon exceeds unity.

Photodetector sensitivity is another significant aspect, which can be determined by the noise-

equivalent power (NEP,), defined as

In

NEP, =—

(1.3)

where i, is noise current and Ry is spectral responsivity. NEP, determines the minimum incident
light power that a photodetector can measure at a certain wavelength. Noise sources including
thermal, shot, and flicker noises can all contribute to noise current. Thermal noise for a
photodetector originates from resistance (both series and shunt resistance), but more dominantly
from the amplifier that is connected to the photodetector. Shot noise is a quantum noise effect as
a result of the discrete nature of photodetection and the resulting randomness in the optical field
leads to the fluctuations or shot noise in the photocurrent. Unlike the shot noise, flicker noise is

spectral dependent and proportional to 1/f, more predominant low-frequency regimes.

To cross-compare sensitivity for photodetectors with different areas, specific detectivity is

proposed and defined as

(1.4)

where Dy * is the specific detectivity in the unit of jones and Ap is the device area.



The temporal response is used to determine the speed of a photodetector. It is normally determined
by rise/fall (tise/tran) time and 3dB bandwidth or cut-off frequency (f3ds). Rise time #ise (fall time
tran) 1s defined as the time for a signal generated by a photodetector under a square-wave light
illumination to rise (fall) from 10% (90%) to 90% (10%) of its final value. Cut-off frequency f3ds

is defined as the frequency at which the output signal drops by half or 3dB.
1.3 NIR Light Detection

In recent years, the photodetectors designed for the NIR region (780 - 3000 nm) have raised
tremendous attention, due to their immense potential for applications in optical telecommunication,
facial and gesture recognition, terrestrial mapping, night vision and security surveillance. For
applications requiring longer wavelengths in the NIR region (> 1100 nm), the most widely utilized
material in modern semiconductor electronics - Si - is no longer suitable. This is attributed to the
steep roll-off in its light absorption in the longer NIR range. For instance, Si has an absorption
coefficient of ~ 61.6 cm ! at 1000 nm, and a Si layer with a thickness of 100 pm absorbs 75% of
the incoming light. However, for most Si-based CMOS imagers, the epitaxial Si layer normally
has a thickness only from 5 to 10 um. Increasing the Si epi layer requires a higher bias voltage or

lower doping level, which adversely influences device operation.

To this end, previously developed commercial NIR photodetectors are normally based on high-
temperature hetero-epitaxial growth of Germanium (Ge) and III-V materials [1]-[3]. For Ge
photodetector, the Ge layer is normally epitaxially grown on Si. Its biggest challenge is the large
lattice mismatch (4.2%) between Si and Ge, leading to large threading dislocations which
ultimately increase dark current [4]. This can be much improved by a post-growth annealing
process [5]. Another disadvantage is that crystalline Ge is an indirect-bandgap semiconductor,
rendering much lower light absorption efficiency than III-V counterparts. Meanwhile, the Ge
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photodetector also exhibits large thermally induced noise, making it less sensitive. I1I-V compound
devices, on the other hand, are generally costly. Taking InGaAs as an example, it is normally
epitaxially grown on indium phosphide (InP). InGaAs photodetector merits much lower thermal
noise compared to Ge photodetector, and thus much more sensitive. The disadvantage is that
sophisticated techniques are employed to transfer the InGaAs layer onto Si-based microelectronic
circuits, such as transfer printing [6], [7] and wafer/die bonding [8], [9]. Although direct epitaxy
of InGaAs on Si is possible, the device needs a seeding layer (epitaxial buffer layer) with several
micrometer thick [10], [11], compared to only tens of nm for mature Ge epitaxy technology [12];
and device efficiency is far from optimized. Nevertheless, photodetectors fabricated based on high-

temperature hetero-epitaxy suffer from added manufacturing complexity and energy costs.
1.4 Colloidal quantum dots

In light of the challenge mentioned in the previous section, CQDs have gained tremendous
attention in recent years. CQDs are nanoparticles with their sizes much smaller than the exciton
Bohr radii of their bulk materials. This brings the physical confinement of electronics into a
quantum dot which alters the energy levels of the CQDs and tunes the electronic bandgap. In
particular, PbS CQD is a promising material for NIR light detection due to its strong and size-
dependable light absorption which can be further extended into the mid-IR range [13], [14]. CQDs
could be synthesized using the hot injection method in large quantities, and synthesizing
temperature normally is much lower than the epitaxial temperature used for Ge and InGaAs
fabrication; this promises low economical and thermal budgets. While electrical properties for
crystalline semiconductors could be tuned through a doping process under elevated temperatures,
the properties of CQDs could be altered by a much simpler room-temperature ligand exchange

process in chemical solutions. Adding to the appeals, because of the solution processability, CQDs



can be easily deposited via spin-coating, spraying and ink printing under room temperature [14]—
[18]. This enables significantly reduced fabrication complexity and lowered processing costs for

CQDs’ integration with other platforms, especially Si-based microelectronic circuits.
1.5 NIR PbS CQD Photodetectors

NIR PbS photodetectors with unprecedented gain and sensitivity have been developed. Structures
of previously proposed PbS CQD-based NIR photodetectors can be mainly categorized into

photoconductor, photodiode, and photo field-effect transistor (photoFET) as shown in Figure 1.2.
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Figure 1.2. Architecture of previously proposed PbS CQD-based NIR photodetectors with energy
band diagrams for (a),(b) photoconductor, (c),(d) photodiode, and (e),(f) phototransistor.

Reproduced with permission [19]. Copyright 2020, Wiley-VCH GmbH.

1.5.1 Photoconductor

Photoconductor was one of the most common types being investigated in the early stages of
research for PbS CQD photodetectors. In a basic configuration, a photoconductor consists of a
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planar channel made with photo-sensitive material (PbS CQDs) and two electrodes (source S and
drain D) at two ends (Figure 1.2a). As mentioned earlier, photo-induced carriers increase carrier
density and thus the conductivity in the channel. Generated carriers will circulate in the channel
before recombination under biased-voltage conditions, which produces photoconductive gain. In
a PbS CQD photoconductor, the photoconductive gain is assisted by trap states (sensitizing centers)
situated within the material bandgap. Photo-generated holes (electrons) are swept by the applied
voltage Vps and transverses the channel multiple times before recombination with electrons (holes)
which are captured and localized by the trap states. This gain aided by trap states is also termed

trap-assisted gain, which is determined by

¢ Dlifetime _ Tifetimet! Vbs

2
Tiransit L

(1.5)

where tiifetime 1S carrier lifetime, twansit 1S carrier transit time in the channel, u is carrier mobility, L
is channel length, and Vps is bias voltage. PbS CQD photoconductors generally possess large gains

due to the long carrier lifetime due to the sensitizing centers [20].
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Figure 1.3. (a) Schematics of photoconductor based on PbS CQDs and Ag nanocrystal composites.
(b) Photocurrent of devices with Ag nanocrystal incorporation. Reproduced with permission. Copy

right 2014, American Chemical Society.



The carrier lifetime can be further prolonged by incorporating PbS CQD with other materials. In
Figure 1.3, for example, silver (Ag) nanocrystals incorporated into PbS CQD photoconductor
could capture photogenerated electrons from nearby CQDs, further increasing carrier lifetime, and
thus gain and responsivity [21]. The long carrier lifetime, however, significantly slows the device
speed, resulting in a ‘long tail’ in the photocurrent signal when the light is off (see Figure 1.3b).
This is because trapped photocarriers will be slowly “released” when illumination is off, thus
creating a long-tail current. Depending on the device geometry size, the 3dB bandwidth could be
as low as only ~10 Hz. Thus, a trade-off exists between gain and temporal response in a
photoconductor. The large dark current is another limiting factor. Nevertheless, the detectivity is

still high thanks to the ultrahigh gain.

1.5.2 Photodiode

PbS CQD photodiode forms a built-in electric field and depletion region (space charge region),
generated by p-n homo/heterojunction between two oppositely doped PbS CQDs or between the
CQD and heavily doped electron/hole transport layer (ETL/HTL), or by Schottky junction between
the semiconductor and metal electrodes. The photodiode normally works under reverse-bias
conditions. Because of the existence of depletion region, it merits from ultralow dark current,
leading to low noise and high detectivity. Under the light, photo-excited carriers undergo a charge-
separation process and are collected by electrodes via drift (in the depletion region) and diffusion
(in the neutral region). The gain mechanism in PbS CQD photodiode is thus based on charge
separation and quantum efficiency is normally smaller than unity with some exceptions (gain > 1)
which will be discussed later in this section. The time response of the device is determined by
carrier transit time to reach the electrical contacts instead of carrier lifetime as in the case of PbS

CQD photoconductor, rendering a much higher bandwidth.
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In 2008, Clifford et al. demonstrated a Schottky photodiode (see Figure 1.4a) [22]. The Schottky
junction is between p-type PbS CQD and aluminum (Al) contact. Two components determine the
temporal response of a photodiode which are minority-carrier (electrons) drift and diffusion. The
former is a fast process driven by the electric field, while the latter is a much slower process
induced by carrier density gradient. By excluding the diffusion component in the device operation,
the authors successfully built an ultrafast Schottky photodiode with a 3dB bandwidth close to 3
MHz (see Figure 1.4b), much higher than PbS CQD photoconductors. However, one typical
drawback of the Schottky photodiode is its large dark current, causing high noise levels and

limiting device detectivity.
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Figure 1.4. (a) Schematics of PbS CQD Schottky photodiode (b) Dependence of device speed on

the bias voltage. Reproduced with permission [22]. Copy right 2008, Springer Nature.

In 2012, Klimov group presented a p-n photodiode using p-type PbS CQD and n-type ZnO/TiO:
(zinc oxide/titanium oxide) as shown in Figure 1.5a [23]. In the device, the wide-gap oxide
semiconductor serves as ETL that also blocks hole injection from the contact. The configuration
of the device also features a wider depletion region compared to the case of the Schottky

photodiode. Both ETL and wider depletion region effectively suppress dark current (70-80 nA/cm?,
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see Figure 1.5b). Taking a step further, So group in 2014 added a NiO (nickel oxide) HTL in the
structure (Figure 1.6a) [24]. This prevents electron injection from ITO (indium tin oxide) contact,

further reducing dark current (20 nA/cm?, see Figure 1.6b).
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Figure 1.5. (a) Schematics of PbS CQD p-n photodiode with ETL. (b) Dependence of light and
dark current characteristics on voltage bias. Reproduced with permission [23]. Copy right 2012,

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 1.6. (a) Schematics of PbS CQD p-n photodiode with both ETL and HTL. (b) Dependence
of dark current characteristics on voltage bias. Reproduced with permission [24]. Copy right 2014,

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

However, one obvious deficiency of photodiodes compared to photoconductors is their low
quantum efficiency, which normally cannot be larger than unity. Yet, PbS CQD photodiodes with
gain have been demonstrated by introducing traps into the device and therefore switch the gain

mechanism from charge separation to trap-assisted photoconductive gain as elaborated in the last

section.

PbS CQD photodetectors implemented with inorganic-organic ternary blends in the early stage
have attracted enormous attention, in which inorganic PbS CQD and two organic polymers are
mixed [25]. The two polymers serve as electron and hole transporting matrixes, while PbS CQD
act as sensitizing centers that induce trap-assisted photoconductive gain. For example, as
illustrated in Figure 1.7a Shen et al. demonstrated a ternary blend made of PbS CQD:PDTP-
DFBT:PCBM, where PDTP-DFBT stands for poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-

dithieno[3,2-b:2',3'-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothia diazole)], PCBM stands for
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[6,6]-phenyl C71 butyric acid methyl ester. A gain close to 2 was obtained, which is induced by
PbS CQD’s hole-trapping effect (see Figure 1.7b,c) [26]. To achieve higher photoconductive gain,
Dong et al. introduced ZnO CQDs into the ternary blend (Figure 1.8a), PbS CQD: poly(3-
hexylthiophene) (P3HT):PCBM:ZnO CQD, in which the extra ZnO CQD features a large density
of electron traps, triggering hole injections from the metal contacts and thus photoconductive gain
[27]. Finally, a gain exceeding 10 is achieved in the visible region (see Figure 1.8b,c). Instead of
introducing traps in the photoactive layer, in 2015 So group introduced hole traps in the HTL,
TAPC (1,1-bis[(di-4-tolylamino)phenyl]cyclohexane) as shown in Figure 1.9a. The traps are
generated by Ag atom penetration into the TAPC layer during thermal evaporation of Ag contact.

A gain that is higher than 180 is obtained [28].
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Figure 1.7. (a) Device structure of ternary bled photodiode. (b) Band structure of the device,
generated holes are trapped in PbS CQDs, which induces trap-assisted photoconductive gain. (c)
Dependence of EQE on different bias voltage. Reproduced with permission [26]. Copy right 2016,

The Royal Society of Chemistry.
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Figure 1.8. (a) Device structure of ternary bled photodiode doped with ZnO CQDs. (b) Band
structure of the device, generated electrons are trapped in ZnO CQD which induces trap-assisted
photoconductive gain. (¢) Dependence of EQE on different bias voltage. Reproduced with

permission [27]. Copy right 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 1.9. (a) Schematic view of PbS CQD photodiode with high gain. (b) Band structure of the
device, the generated holes are trapped in TAPC which induces trap-assisted photoconductive gain.
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1.5.3 PhotoFET

As discussed in the previous sections, PbS CQD photoconductors merit high gain but suffer from
large dark currents, while photodiodes have a low gain but feature ultralow dark currents.
PhotoFET (photo field-effect transistors or phototransistors) is a promising architecture that can
simultaneously achieve low dark current and high gain. The configuration for a conventional
PhotoFET is similar to a photoconductor but with an additional gate terminal. The gate voltage
can effectively control channel conductivity and thus control dark current. From equation 1.5, one
can observe that the trap-assisted gain is linearly proportional to the mobility of the channel
material. Therefore, efforts have sought to integrate high-mobility materials in a PbS CQD
photoFET, such as transition metal dichalcogenides (TMD) and graphene with PbS CQD as shown
in Figure 1.2e. In this architecture, PbS CQD serves as sensitizing centers for NIR illumination,
whereas the channel material features high mobility, leading to high gain. Apart from the gate
terminal controlling the channel conductivity, the junction and depletion region formed between

the channel material and PbS CQD can also suppress dark current.
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graphene and circulate in the channel, which induces trap-assisted photoconductive gain. (c)
temporal response of the device. Reproduced with permission [29]. Copy right 2012, Macmillan

Publishers Limited.

In 2012, Konstantatos et al. first presented a hybrid PbS CQD/graphene photoFET (see Figure
1.10a) [29]. Under dark, the junction formed between PbS CQD and graphene fully depletes the
graphene channel due to the atomic-thick nature of graphene. Under NIR light illumination, the
photo-induced holes generated in the PbS sensitizing layer diffuse into the graphene layer while
electrons are trapped inside CQDs, which leads to trap-assisted photoconductive gain (see Figure
1.10b). With the high carrier mobility of graphene, the device features an ultrahigh gain (10%) with

a detectivity 7x10'? jones.

Despite the ultrahigh gain achieved, the response time is rather slow (~ 10 ms) as shown in Figure
1.10c. This is due to that the charge separation in the CQD layer relies on the diffusion process.
To address this, Konstantatos group proposed to integrate the PbS CQD photodiode composed of
ITO/CQD atop graphene (see Figure 1.11a). The bias on the ITO electrode enlarges the depletion
region in the CQD layer, significantly enhancing charge separation and collection efficiency in the
photodiode (see Figure 1.11b). The device features a high gain of 10° and a temporal response of

sub-milliseconds (see Figure 1.11c¢) [30].
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Figure 1.11. (a) Schematic view of CQD photodiode /graphene photoFET. (b) Band structure of
the device, the generated photocarriers are swiftly separated with the aid of enhanced electric field

by ITO electrode bias. (c) temporal response of the device showing sub-millisecond response.

Reproduced from Ref. [30]. Copyright © 2016, The Author(s).

1.5.4 Siintegration

It is challenging to utilize a standalone PbS CQD photodetector for imaging applications. One
solution is combining the photodetector with a separate mechanical scanning apparatus; the
drawbacks are the speed is slow as it is limited by the mechanical movement and the setup is bulky.
Instead, the other option is to integrate PbS CQD photodetector with commercial Si-ROICs.
Thanks to the solution processability PbS CQDs can be integrated into a large area on Si-ROICs

via simple spin coating, spray, ink printing, etc.

In 2009, Hayden group presented a NIR image sensor in which a ternary blend
(CQD:P3HT:PCBM) photodiode is integrated into ROICs (see Figure 1.12a) [31]. The device is
capable of NIR light detection up to 1.8 pm, featuring a high rectification ratio of ~6000 (current
ratio for forward and reverse voltage bias) and EQE up to 51%. However, a moderate normalized
detectivity of only 2.3x10° jones was obtained.
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In 2017, Konstantatos and Koppens groups proposed to integrate PbS CQD/graphene hybrid
photoFET on CMOS ROICs and demonstrated a broadband (300-2000 nm) image sensor (see
Figure 1.12b). The use of the hybrid photoFETs (discussed in Section 1.4.3) with a detectivity of

up to 10'% jones can significantly enhance the sensitivity of the image sensor [32].

In 2022, Tang’s group proposed to integrate an entire PbS CQD photodiode onto bottom ROICs.
The working mechanism is by reading out the photocurrent to the bottom ROIC circuit through a
gold bottom electrode (see Figure 1.13). The photodiode design supported fast temporal response
and greatly suppressed the noise current; thus, the device rendered a high detectivity value of 2.1

x 1012 Jones and large 3dB bandwidth of 140 kHz [33].

Direct integration of CQD on Si-based upon the formation of CQD/Si heterojunction provides
another possible route for the combination of CQD with ROIC without intermediate materials (e.g.,
bottom electrodes in Figure 1.12), possibly saving material usage and simplifying the fabrication
process. Yet, one main challenge is the treatment of the CQD/Si interface, at which traps can
capture photocarriers and significantly degrade device performance. The other challenge is
constructing a favourable band alignment between Si and PbS CQD, for photocarrier transport and

collection.
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Figure 1.12. (a) Schematics of PbS CQD-based ternary photodiode integrated with commercial
ROICs. Reproduced with permission [31]. Copy right 2009, Macmillan Publishers Limited. (b)
PbS CQD/graphene hybrid photoFET integrated with ROICs. Reproduced with permission [32].

Copy right 2017, Macmillan Publishers Limited, part of Springer Nature.
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Figure 1.13. Schematics showing the integration of a PbS photodiode on Si ROICs through the
bottom gold contact. Reproduced with permission [33]. Copyright © 2022, The Author(s), under

exclusive licence to Springer Nature Limited.

In 2015, Sargent group demonstrated a PbS CQD (n-type)/Si (p-type) heterojunction photodiode
(see Figure 1.14a) [34]. CH3I was applied to passivate the Si surface, rendering an interface with
favourable band alignment and much-reduced traps. The photodiode exhibited a 30% EQE and a
detectivity of 1.5x10'! jones at 7V reverse bias (see Figures 1.14b,c). Ning’s group designed and
constructed an inverted structure photodiode consisting of a p-type PbS CQD/n-Si heterojunction
(see Figure 1.15) [35]. The inverted structure afforded a better band alignment than the non-
inverted structure. Finally, EQE of 22% and detectivity of 1.47x10'! jones were obtained without

voltage bias (see Figure 1.15b, ¢).
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Figure 1.14. (a) Structure of CQD/Si heterojunction photodiode. (b) Dependence of EQE on
wavelength at 7 V reverse bias. (¢) Dependence of responsivity on wavelength at 0 and 7 V reverse
bias. Detectivity was calculated at 1230 nm. Reproduced with permission [34]. Copy right 2015

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Incorporating CQD/Si heterojunction and effective surface treatment by CHsl, Adinolfi et al.
designed a phototransistor in which p-type Si is applied as a high-mobility channel and n-type
CQD as a sensitizing layer (see Figure 1.16a). The channel conductivity is controlled by the
photovoltage generated by rectifying CQD/Si junction and by the gate voltage (n+ Si gate at the
back; see device structure in Figure 1.16a). Thus the device is also termed as photovoltage field-
effect transistor (PVFET) [36]. By careful tuning of Si thickness and doping, the Si channel is
depleted under dark, leading to a lower dark current and reduced device noise. Thanks to the device
transconductance, gain > 10* and detectivity of 1.8x10!? jones were achieved (see Figure 1.16b),
much higher than CQD/Si heterojunction photodiode. Due to the reduced interface traps, the
temporal response of the device is as short as 10 s, one of the shortest among proposed PbS CQD

phototransistors (see Figure 1.16c).
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Figure 1.15. (a) Structure of inverted CQD/Si heterojunction photodiode. (b) EQE vs. wavelength
at 0 V bias. (c) Dependence of responsivity and detectivity on wavelength at 0 V bias. Reproduced

with permission [35]. Copy right 2020 American Chemical Society.
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Figure 1.16. (a) Device structure of PVFET. (b) Dependence on wavelength showing a gain of
PVFET and bare silicon at Vps =2 V (solid line) and Vps = 3 V (dashed line). (c¢) Fast temporal
response of the PVFET. Reproduced with permission [36]. Copy right 2017 Macmillan Publishers

Limited, part of Springer Nature.

22



1.6  Thesis objectives

The objectives of this thesis are to develop fast and efficient devices for NIR photodetection. The
core material of the study is PbS CQDs, based upon which we aim to develop a fast NIR CQD
photodetector through device engineering. More importantly, the main goal is to develop on-Si
CQD NIR photodetection as this introduces a plethora of new applications. It could be CQDs
integrated with Si waveguide with miniaturized on-chip device size for Lidar application, or large
area and monolithic integration with ROIC circuit for building low-cost NIR CMOS image sensors
(CISs). To do this, we aim to propose and develop possible on-Si integration strategies that are
straightforward and enable fast and efficient photodetection. Further, the proposed methods should

be compatible with the mature CMOS technology to lower the cost of on-Si CQD photodetectors.
1.7 Thesis outline

Chapter 2 is dedicated to providing an alternative route for achieving a NIR PbS photodiode with
the fastest response possible from PbS CQDs even with limited carrier mobility. By using an
analytical model which is originally utilized for studying silicon photodiode, we demonstrate and

explain the physical mechanism governing the operating speed of NIR PbS photodiode.

In chapter 3, we present a new architecture for PbS CQD on Si integration, POSFET, of which
device fabrication is fully compatible with the current COMS manufacturing process. With the
help of simulation, we provide a detailed description of the working mechanism of the POSFET
under NIR illumination. An experimental proof-of-concept is also presented to prove the feasibility

of such a novel structure.

Chapter 4 investigates PbS photodetector on Si using an alternative integration strategy, which is

based on PbS CQD/Si heterojunction. The chapter focuses more on comprehensive comparisons
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of PbS CQDs with other two materials commonly used for NIR light detection, Ge and InGaAs,
in a Si photonics platform. We take photodetectors that are integrated with waveguides as an
example, examining their performance in C-band wavelengths. Figure-of-merits including

responsivity, dark current and 3dB bandwidth are investigated.

Chapter 5 is dedicated to the investigation of the CQD/Si heterojunction interface. We explore
surface treatment for Si substrate, which is found to be crucial for lowering interface traps and thus
building a high-performance CQD/S1 heterojunction photodetector. A two-step treatment method
is proposed and compared with the standard one-step method through various techniques including
TPC and TPV measurement. Performances of fabricated photodiode devices using the two

methods are also compared.

In chapter 6, with the proposed surface treatment method in chapter 5, CQD inks are then
integrated onto Si. The necessary and benefits of an extra insertion layer of EDT-caped CQD are
discussed. The high-quality and stable CQD inks lead to highly efficient CQD ink/Si

heterojunction photodiodes with superior stability.

Chapter 7 contains a simulation study, which investigates a NIR CQD-based CIS. The integration
strategy is based on CQD/Si heterojunction. The feasibility of such a strategy is proven by

simulation.

Finally, a summary of key accomplishments and contributions in this thesis will be discussed in

Chapter 8. Some of the possible future directions and works will also be elaborated.
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2. Ultrafast PbS colloidal quantum dot photodiodes

2.1  Background

NIR PbS photodetectors with unprecedented gain and sensitivity have been developed. By
integrating novel high-mobility 2D materials and other TMD materials (e.g. graphene [29], [30],
molybdenum disulphide [37]-[39], tungsten disulphide [40], black phosphorus [41], [42]), PbS
CQD photodetectors were achieved with a responsivity up to 108 A/W, but at an expense of high
voltage bias [43]. In addition, their operating speed is far slower compared to commercial NIR
photodetectors, with a response time ranging from several milliseconds to sub-seconds. The slow
response time prevents its use from a plethora of important applications such as fast time-of-flight
cameras for autonomous vehicles, real-time vision for manufacture monitoring, and optical
telecommunications. Thus, a new strategy that produces a highly responsive PbS CQD

photodetector is required.

2.2  Methods

Preparation of so-gel ZnO: Zn(Ac)2-2H20 (1.5 g) and ethanolamine (420 pL) were mixed in
ethanol (30 mL). The mixture of ZnO solution was filtered through a filter (0.45 um) and stored

in the refrigerator for future use.

Synthesis of PbS CQDs: All reagents were purchased from Sigma-Aldrich and used as received.
Lead oxide (0.9 g; 4 mmoles), oleic acid (16.9 g; 60 mmoles), and octadecene (25 mL; 79 mmoles;
ODE) were combined in a three-neck flask charged with a magnetic stir bar. The mixture was
stirred under vacuum at 110 °C for 2 hours to form a visually transparent system. The flask was
backfilled filled with nitrogen and heated using a standard heating mantle. Upon reaching 120 °C,

an octadecene (ODE) solution of hexamethyldisilathiane (420 pL; 2 mmoles in 10 mL OED) was
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added rapidly in a single aliquot and the heating mantle was removed from the flask and stirring
was off. After the reaction cooled to room temperature acetone (40 mL, Fisher Scientific, Certified
ACS Reagent) was added and the solid was recovered upon centrifugation at 4000 rpm. The
precipitate was re-suspended in toluene (Fisher Scientific, Certified ACS Reagent) and purified by
acetone followed by centrifugation. This process was repeated three times. Finally, PbS CQDs
were dried under vacuumed at room temperature for 15 mins and then dispersed in octane with a

concentration of 50 mg/mL.

Fabrication of PbS CQD photodiode: Before fabrication, the ITO glass was ultrasonically cleaned
with Triton™ X-100 in deionized water, and then cleaned with isopropyl alcohol (IPA), after
which the ZnO solution was spun cast on ITO glass at 4000 rpm for 30 s and then heated at 280
°C for 20 mins to convert the precursor solution to ZnO film via hydrolysis. The oleate-capped
PbS CQDs were synthesized following a hot injection method reported before [44]. The PbS CQDs
were then dissolved in octane with a concentration of 50 mg mL™!. The PbS CQD solution was
then deposited on the ITO glass via the layer-by-layer method: for each layer, 50 pL of the CQD
solution was dropped and spun at 2500 rpm for 30 s. Oleate-capped CQDs are electrically
insulating, and the ligands have to be replaced by shorter ligands. For the PbS-TBAI layer, TBAI
solution (10 mg mL-1 in methanol) was applied to the substrate for 30 s, and spun at 2500 rpm for
10 s, followed by a two-time acetonitrile rinse. Whereas for the EDT-PbS layer, EDT solution
(0.01 vol% in acetonitrile) was applied. Finally, Au (120 nm) was thermally evaporated on the

PbS film.

Device characterizations: Characterizations including current-voltage, capacitance-voltage, TPC,
dark and photo-CELIV measurements were performed with Paios all-in-one system (Fluxim). The

system equips with a 60-mW white LED which has a rise time of 100 ns and a sampling rate of 60
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MS/s. Spectral EQE was measured with a quantum efficiency measurement system (Sciencetech

Inc).
2.3 Results and discussions

The configuration for the PbS photodiode studied in this work is depicted in Figure 2.1a, which
consists of ITO/ZnO nanoparticles/tetrabutylammonium iodide (TBAI)-treated PbS (termed PbS-
TBAI)/1,2-ethanedithiol (EDT)-treated PbS (termed PbS-EDT)/Au. Using the energy level values
published in the literature [45], the schematic band diagram is depicted in Figure 2.1b. Photo-
carriers generated in the space charge region will drift to electrodes while carriers generated in the
neutral region have to diffuse to the space charge region before being collected. As will be
discussed following, the neutral region should be eliminated to achieve an ultrafast photodiode.
Both ZnO and PbS layers were uniformly spun casting onto ITO glass (see Figure 2.2). To have
easier control of PbS thickness, the PbS active layer was prepared via layer-by-layer fashion [46],

through which various thicknesses were obtained by simply changing the number of PbS layers.

a) b) ®
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Figure 2.1. (a) Schematic of photodiode structure. (b) Schematic illustration of band diagram at

electron

hole

short-circuit condition showing two junctions formed at ZnO/ PbS-TBAI and PbS-TBAI/-EDT
interfaces. For achieving a fast photodiode at zero bias, neutral region and carrier diffusion are

undesirable. Reprinted with permission from [47]. Copyright © 2020, American Chemical Society.
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Figure 2.2. Cross-sectional SEM image of a PbS-based photodiode consisting of ITO/ZnO/PbS.

Reprinted with permission from [47]. Copyright © 2020, American Chemical Society.

For a semiconductor photodiode upon light illumination, the rise time (t:ise¢) is dominated by the
RC time constant (zrc) and the time for the collection of photo-generated carriers, which comprises
drift and diffusion components. The drift process describes a fast movement of generated
photocarriers driven by the electric field in the space-charge region, whereas the diffusion
component is determined by a slower movement of the minority carriers induced by carriers’
concentration gradient in the neutral region. The charge collection times for drift (zai) and
diffusion (z4ifr) processes are defined as times required for the carriers to reach the edges of the
space-charge and neutral regions, respectively. Finally, the rise time takes the form of the square

root of the three components combined and is given in the literature as follows [48]:

Trise :\/ Taitrtara T (2-27R0)?

2.1)

For zaify, it is usually undesirable when designing a fast photodiode, mainly due to two main aspects.
First, the diffusion process, as mentioned above, is normally much slower than drift. Second, the

resistance of the neutral region also contributes to RC time and slows down the photodiode’s
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response. Therefore, to build an ultrafast PbS-based photodiode, the diode should be fully depleted

at zero applied bias (Figure 2.1 b).

For 4, we have

d & &

(2.2)

where d is the thickness of the space-charge region, x is carrier mobility, £ is electric field strength
in this region, V) is junction built-in potential and V; is applied voltage. For a fully depleted
photodiode, junction built-in potential Vo can be simplified as the difference between the Fermi

energy of ZnO (Erzno) and the work function of metal contact (Wau) divided by the electric charge.
Finally, zrc is given by
TRe=RsC
(2.3)

where Rs 1s diode series resistance, arising from contact resistance and resistance of neutral region

which is zero in a fully depleted diode; and C is junction capacitance, given by

e
d

(2.4)

where &9 is the permittivity of free space, & is the dielectric constant of PbS QD film and 4 is the
photodiode active area [49]. Note that the photodiode under a light pulse resembles a capacitor
being discharged. In this case, trc is the time required to discharge the photodiode to 1/e (36.8%)

of its initial stored charge, and a factor of 2.2 must be multiplied in Equation 1 to compensate it
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for 10% to 90% rise time. From Equation (2.1)-(2.4), rise time zise as a function of d can be

calculated, given that necessary parameters are known, which are Rs, u, &, Erzno, Wau and 4.

Curren
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Figure 2.3. I-V characteristic under light and dark conditions. Reprinted with permission from

[47]. Copyright © 2020, American Chemical Society.

Series resistance Rs of the photodiode was extracted from the I-V characteristic as shown in Figure

2.3 as explained here. According to equivalent circuit for the photodiode model, as shown in Figure

2.4 below, we have:

V-IR V-IR
= tho exp <Q( s)) n S

nkT RSH

(2.5)
where / is the output current, /ph is the generated photo current, /o is reverse saturation dark current,

n is ideality factor, k is Boltzmann constant and 7 is the temperature. According to this equation,

two methods can be used to determine series resistance of a photodiode.

Methodl: At the point around open circuit voltage (/=0), and considering Rsu>>Rs, the equation

simplifies into
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nkT Iph
V=IRg+—In—
qg I

(2.6)

Thus, Rs is easily obtained as Rs=|1/(dZ/d})|=0, which is the invert value of the slope of the /-

curve at the open circuit voltage.

Method 2: according to Equation 2.5, under dark In(/) will be linearly proportional to terminal
voltage V at low currents [nkT/q*In(l/Io)=V-IRs]. At high current, however, it will deviate from the
straight line and the voltage deviation is due to the voltage drop on the series resistance, which

gives Rs=dV/I.

Similarly, shunt resistance is obtained as Rsu=|1/(dZ/dV’)|y=0, which is the inverse slope value of /-

V' characteristics at short circuit conditions under the light.
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Figure 2.4. (a) Equivalent circuit model for a photodiode. /-V characteristic under (b) dark and (c)
light conditions. Reprinted with permission from [47]. Copyright © 2020, American Chemical

Society.
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Figure 2.5. Photo-CELIV method for calculating carrier charge mobility. Reprinted with

permission from [47]. Copyright © 2020, American Chemical Society.
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Figure 2.6. Obtained mobilities for each ramp rate. Reprinted with permission from [47].

Copyright © 2020, American Chemical Society.

Carrier mobility was analyzed by photo-CELIV (charge extraction by linearly increasing voltage)
measurement at different voltage ramps [50], [51], and obtained characteristic is shown in Figure

2.5. The mobility was calculated using following equation [51],
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.7)

where d is the thickness of the active layer, dV/d¢ is the voltage ramp rate, tm is time when
maximum current occurs, Aj is the maximum extracted current and jo is the displacement current
plateau. The resulting mobilities are dependant on ramp rate but show an upper limit at 3x10

cm?V-ls7!, as displayed in Figure 2.6.
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Figure 2.7. Dark-CELIV method for calculating dielectric constant of the PbS film. Reprinted with

permission from [47]. Copyright © 2020, American Chemical Society.
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Figure 2.8. Obtained dielectric constant for each ramp rate. Reprinted with permission from [47].

Copyright © 2020, American Chemical Society.
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Dark-CELIV measurement was used to determine the dielectric constant of CQD film [52], which
is explained here. The dielectric constant of the PbS film was determined from dark-CELIV
method. A fully depleted photodiode was fabricated which resembles a capacitor. According to

parallel plate capacitor equation

o=Cr
(2.8)
we have
do dV
e :C —
Tardr
(2.9)
Insert Equation 2.4 into Equation 2.9, we have
id 1
&E=—=
SoA d_V
dt
(2.10)

where i is the measured displacement current, dV/d¢ is the voltage ramp rate in dark-CELIV
measurement. In the experiment, the voltage was ramped at a constant ramp rate to 1V in the
course of tens of microsecond. According to Equation 2.9, the displacement current is a constant
value when voltage is linearly ramped. The obtained displacement current with different voltage
ramp from dark-CELIV measurement is shown in Figure 2.7. Based on Equation 2.10, dielectric
constant was determined to be 15.5, as displayed in Figure 2.8. These parameters and other

necessary ones are listed in Table 2.1.
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Table 2.1. Parameters for rise time calculation.

Parameter  Erzno W au Rs Rsu u(em?Vish g A (mm?)

Value 42eV 54¢eV 320 ohms 360 kohms 3x1073 15.5 0.785

With the provided parameters, 7rc, 7aift and overall zise were determined as a function of PbS
thickness, as displayed in Figure 2.9. The depletion width of junction formed between PbS-TBAI
(n-type) and PbS-EDT (p-type) at zero bias is calculated by Equation 2.11, which is derived from

the electrostatic analysis of a p-n junction shown below,

2808r(1+1>¢
Xq= —+—0.
Tl g W, N

@2.11)

where Ne=10"° cm™ and N,=10'7 cm™ are doping concentrations for n-type TBAI- and p-type EDT-
PbS, ¢i=0.19¢V is built in the junction built-in potential [45]. Finally, we have x4=580 nm, which
is much larger than the thickness of fabricated devices in this work. In this case, the PbS thickness
considered in Figure 2.9 is smaller than do, and thus zaitr was neglected when calculating zrise in
Equation 2.1. It was observed in Figure 2.9 that transit time increases while RC constant decreases
as PbS thickness increases. With the synergic effect of transit time and RC delay, the overall zse
reaches a minimum value of ~0.38 us at a thickness dm =~ 245 nm. This means that with same
material and architecture, one can still achieve a faster PbS photodiode by balancing RC time delay

and charge transport effect.
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Figure 2.9. Simulated (a) trc, (b) Tarir and (c) overall s as a function of thickness of PbS active

layer. Reprinted with permission from [47]. Copyright © 2020, American Chemical Society.
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Figure 2.10. Capacitance-voltage measurement for device with 16-layer of PbS. Reprinted with

permission from [47]. Copyright © 2020, American Chemical Society.
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To prove the theory, devices with seven different thicknesses were fabricated. The thickness for
Zn0O was unchanged while PbS with an even number of layers raging from 4-16 were selected.
The thickness for each device was measured by a surface topography profiler. For the thickest
device with 16 layers of PbS, a capacitance-voltage profile was measured as illustrated in Figure
2.10. The measured capacitance remains constant (~ 135 nF/cm?) under reverse bias. This proves

that this device and others with smaller PbS thickness are fully depleted.

To experimentally determine the rise time for PbS photodiode, a short light pulse with a duration
of 20 us was shine on the photodiode, and the transient photocurrent (TPC) was measured. A
typical TPC response was shown in Figure 2.11, which shows ultrafast rise and fall edges of signal
that are under 1 ps. Figure 2.12 shows measured rise times for all fabricated devices. For 12-layer
PbS photodiode we have achieved a fastest rise time and fall time of both 0.33 us at zero bias
voltage. The ultra fast signal rise and fall render our device to be one of the fastest NIR PbS
photodiodes ever reported, making it suitable for applications such as time-of-flight sensing.
Meanwhile, at short circuit condition, the obtained experimental results show good accordance
with the proposed model, but large deviation was observed at 0.5 V reverse bias, especially for
thinner photodiode. This could be attributed to the reason that for an extremely thin diode at reverse
bias the depletion region reaches into ZnO lyaer by a larger extend and even into ITO layer. In this
case, the active layer thickness d is larger than that considered in our model. Based on Equation
2.1, this brings overestimation of capacitance in our predicted model and therefore rise time

predicted by the model is larger than measured values in the experiment.
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Figure 2.11. (a) TPC response of a 12-layer PbS photodiode for 0 and -0.5 V biases. (b) Zoom-in
figure showing components of fast rise and fall edges. Reprinted with permission from [47].
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Figure 2.12. Experimentally measured rise time for devices with different thicknesses at (a) 0 V
and (b) -0.5 V bias. Reprinted with permission from [47]. Copyright © 2020, American Chemical

Society.

Spectral EQE of the PbS photodiode was measured in Figure 2.13a at short circuit condition and
photoconductive mode (reverse biased). When the photodiode was reversely biased with 0.3 and

0.5 V, EQE value exceeds 100%. We posit that this higher than unity gain is due to
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photoconductive gain induced by HTL electron-trapping effect, which also has been reported in

other literatures [26]-[28], [53].
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Figure 2.13. (a) Spectral EQE and (b) detectivity of the fastest device (12-layer PbS) at 0 and -0.5

V bias. Reprinted with permission from [47]. Copyright © 2020, American Chemical Society.

Another figure of merit for a photodetector is the specific detectivity. At photoconductive mode,

noise current is dominated by shot noise,

in=2qLAf

(2.12)

where ¢ is electric charge, /4 is the dark current and Af'is the detection bandwidth. Whereas in

short circuit mode with zero voltage bias, noise is dominated by Johnson—Nyquist noise (thermal

noise), which is expressed as

) 4kg TAS
ih=
Rsy
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where kg 1s the Boltzmann constant, 7 is temperature and Rsy is shunt resistance of the photodiode
(see equivalent circuit in Figure 2.4). Based on Equations 1.3, 1.4, 2.12, and 2.13, the spectral D*
was determined as illustrated in Figure 2.13b. At 0.5 V reverse bias, the PbS photodiode can
achieve a highest detectivity value of 3.2x10'! Jones at 1125 nm. Finally, we compared the main
figure of merits of our developed and other previously reported NIR photodetectors in Table 2.
Our NIR PbS photodiode shows exceptional speed and high sensitivity at a very low voltage bias.
Especially, the photodiode outperforms the commercially available Ge photodiode (Ge-FDGO03)

in terms of both speed and sensitivity.

Table 2.2. Comparison of figure-of-merits between different reported NIR photodetectors

Rise/fall Detectivity Voltage

. a)
Material Structure time [ones] bias [V] Area Ref.
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9 PD, PC and PT stand for photodiode, photoconductor, and phototransistor, respectively.
b rise time is estimated by ziise =0.35/f3as [4], where fiap is the 3dB bandwidth.

2.4 Summary

To summarize, we have developed a NIR PbS QD photodiode with an ultrafast photo-response at
low voltage bias. By optimizing synergistic effect of the inherent RC time delay and carrier charge
transport process, we have achieved fastest rise/fall times of both 0.33 pus at reverse 0.5 V, making
it one of the fastest NIR PbS photodiode ever reported. The photodiode has high gain with an EQE
value approaching 150% at 1125 nm, induced by photoconductive gain effect. It is also highly

sensitive with a specific detectivity of 3.2x10'! jones at 1125 nm.

Future works includes utilizing higher-mobility QDs and apply the design process developed in
this work to fabricate faster PbS QD NIR photodiode. Considering the rapid development in PbS
QD chemistry in recent years, orders of improvement in the carrier mobility can be expected in
the future. In this case, with the proper design, one can achieve an NIR PbS photodiode with a rise
time of only tens of picosecond, which corresponds to several to tens of GHz bandwidth. This
holds great promises for low-cost high-frequency NIR detection in applications such as LiDAR

systems for self-driving cars.
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3. Photodiode-oxide-semiconductor field-effect transistor

3.1 Background

As discussed in Section 1.4, tremendous attentions have been received for CQD integration on Si
to extend the spectral range of Si-based microelectronics. In 2017, Adinolfi et al. made the
breakthrough proposing a novel device strcuture termed as PVFET [36] and device structure is
shown in Figure 1.16. In the presented work, authors used Si as the conducting channel and
appropriately adjusted channel doping to achieve a depleted CQD/Si in the dark to minimize the
dark current. This photodetector, combines photovoltaic effect and transconductive gain, shows
merits of high gain (~10%), fast speed (~10 ps), and low dark current (107'-10" A-cm™).
Nonetheless, the device performance can be further improved. The rectifying CQD/Si junction
facilitating photocarrier transports between CQD and Si channel would, conversely, create
significant gate current at high frequency. This can pose great challenges to junction reliabilities
and heat dissipations. Meanwhile, chemicals for CQD/Si interface treatment have to be judiciously
selected to achieve an energy-band-aligned trap-free interface (rectifying heterojunction) for
photocarriers transfers. We propose to separate CQD layer with Si channel and utilize

photovoltage generated by a CQD photodiode to modulate channel conductivity.
3.2  Methods

Device simulations: POSFET were simulated using commercial software, Lumerical FDTD
Solutions and DEVICE suite. FDTD Solutions was used to calculate the NIR light absorption and
carrier generation in CQD photodiode, and DEVICE was utilized to calculate the electrical

performance of the POSFET.

Synthesis of PbS CQDs: PbS CQD synthesis is described in method in section 2.2.
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CQD photodiode fabrication: Photodiode fabrication is similar as described in section 2.2.

Device characterizations: The dark and light currents were measured using Keithley 2400 source
meters. For light power dependant study, a diode laser source (Newport LQA) with wavelength of
635 nm is utilized as light source, and its output beam power, measured by Newport S120C power
meter, can be adjusted by changing the supply voltage. Its spectral responsivity studies were

carried out with the help of an EQE characterization system (Sciencetech Inc).

3.3 Results and discussions

The proposed structure is shown in Figure 3.1. The p-type (doping concentration, 5x10'°> cm™)
silicon is implemented as the channel (channel length of 2 um). Source and drain electrodes made
of aluminum are on the front side of the device, with two heavily doped n* wells (2x10'® cm™)
creating ohmic contacts. The CQD photodiode acting as a gate is separated from the channel by a
thin layer of oxide with a thickness of 10 nm. In the diode, the thickness and doping level for n-
and p-doped layer are 0.34 pm, 1x10' cm™ and 0.1 pm, 1x10'® cm?, respectively. Comparing
with the commercial metal-oxide-semiconductor field-effect-transistor (MOSFET) which employs
metal/polysilicon as the gate, the CQD photodiode is instead applied in the POSFET to produce
photovoltage governing the channel conductivity. Note that a thin layer of metal (i.e., Al) is
deposited on the n-CQD side of the photodiode and grounded to prevent electron accumulation at
the n side under illumination. The thickness of the metal is set to be 20 nm, rendering it almost

transparent to the incoming light.
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Figure 3.1. Structures of the POSFET. (a) 3D structure of the CQD POSFET. (b) Electrical circuits

of the device. Reprinted with permission from [61]. Copyright © 2019 Optical Society of America.
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Figure 3.2. Working principles of the POSFET: (a) simulations of electron concentration profiles
of the device in the dark and under infrared-light illumination; band diagrams of the POSFET in
the (b)dark and (c)illumination. The diagrams were calculated along the central axis shown as

dashed lines in (a). Reprinted with permission from [61]. Copyright © 2019 Optical Society of

America.
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Simulations were carried out using commercial software (Lumerical FDTD Solution and DEVICE)
to demonstrate the physical principles of the POSFET. Figure 3.2a shows electron density profiles
of the device in the dark (top) and under optical illumination (bottom). While without light electron
transports are hindered as the silicon channel is depleted, an inversion layer appears at the
oxide/semiconductor interface under optical irradiation (1300 nm), aiding electron transfers from
source to drain side. In Figures 3.2b,c, band diagrams along the central axis, displayed as black
dashed line in Figure 3.2a, were obtained from the simulations. In the dark (Figure 3.2b), only a
few numbers of electrons exist at the interface. Under illumination (Figure 3.2c), a large number
of electrons (~10"3cm™) can accumulate due to downward bending of conduction band, thereby
creating the inversion layer and an increased conductivity in the channel. To clarify the concept,
we calculated electron density along the axis in Figure 3.3a. It was found that under optical
illumination the charge density can be drastically enhanced by around five orders of magnitude at
the interface. This photoresponse can be attributed to the photovoltage (defined as the separation
between electron and hole quasi-Fermi levels) generated from the CQD photodiode. Finally, the
potential barriers for electrons from source n” well to the oxide-semiconductor interface are much
lowered by the photovoltage, rendering easier charge transports in the Si channel (see Figures 3.3

b,c).

Unlike the commercial germanium-on-silicon photodetector, the fabrication of the POSFET can
be achieved under room temperature, making it fully compatible with today’s CMOS technology.
In addition, comparing with the PVFET structure, the POSFET architecture exhibits much lower
gate leakage current, lower heat generation, and thus more stable device performance. The PVFET
structure also requires a combination of process conditions and judicious choice of interface

treatment chemicals in order to achieve a highly rectifying heterojunction between the CQD and
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silicon channel, that is an energy band alignment as well as a trap-free CQD/S1 interface, whereas
in the POSFET the aligned energy band is no longer required, giving more selections on the

chemicals for CQD/oixde interface treatment.
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Figure 3.3. (a) Electron density in the dark and under illumination, determined along the central
axis. Transverse potential distribution in the (b)dark and (c)illumination. Reprinted with

permission from [61]. Copyright © 2019 Optical Society of America.

In order to prove the practical feasibility of the POSFET, we experimentally connected a CQD
photodiode to a commercially available MOSFET (DN3525, MICROCHIP) as shown in Figure
3.4a. The CQDs were synthesized by solution-processed method and the photodiode was
fabricated via simple spin coating as shown in the SEM image in Figure 3.4a. The photodiode was

illuminated by NIR incident light through transparent ITO substrate. The MOSFET was biased



with a Keithley 2400 Sourcemeter, with which the output current was measured. As intuitively
expected, when light is biased on the CQD, an increase in source-drain current, photocurrent, was

be observed.

We first determined the device performance by characterizing the responsivity as a function of
light incident power. The results are shown in Figure 3.4b, demonstrating a downward trend in
responsivity for increasing incident power. We then investigated the spectral responsivity of the
device, along with the EQE of the utilized CQD photodiode, as displayed in Figure 3.4c.
Comparing with a silicon-based photodetector, which barely produces photoresponse beyond

silicon bandgap at 1100 nm, the device shows a highest responsivity of 5.9A/W at the exciton at

wavelength of 1250 nm.
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Figure 3.4. (a) Device configuration for proof of concept. (b) Spectral responsivity, along with
EQE of the photodiode as a comparison. (¢) Responsivity as a function of incident power.

Reprinted with permission from [61]. Copyright © 2019 Optical Society of America.
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3.4  Summary

In summary, the POSFET structure demonstrated in this chapter leverages the photovoltage effect
provided by CQD photodiode and transconductance amplification produced by field-effect
transistor located beneath. This design can benefit from minimized gate leakage current and lower
requirement on interface treatment. As a result, the POSFET can have a high sensitivity, as it is
reverse proportional to the noise current. Proof-of-principle has been demonstrated that the
POSFET shows a highest responsivity of 5.9A/W at the wavelength of 1250 nm. Future
development for the monolithic fabrication of CQD-NIR photodetector using CMOS technology

will enable this class of devices for low cost NIR photodetectors in a wide range of applications.
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4. Comparisons of on-chip Ge, InGaAs and colloidal quantum

dot photodetectors in silicon photonics

4.1 Background

On-chip detection of light in silicon photonics enables a plethora of applications, mainly as
receivers for optical communications [62]—-[64], but also plays an important role as photodetectors
for automotive LiDAR [65], [66] and chemical-/bio-sensing [67], [68]. The heteroepitaxy of Ge
on silicon (Si) offers an easy and cost-effective solution that is CMOS-compatible and is by far
the most mature device for this purpose. However, the greatest challenge for the integration of Ge
on Si is large lattice mismatch (4.2%) between the two materials, which can cause significant
issues, such as high density of threading dislocations that adversely affects device performance [4].
The previous two decades have witnessed tremendous efforts and rapid progresses in improving
Ge photodetectors integrated on Si. It includes introducing graded SiGe buffer layer between Ge
and Si [69], and a post-growth thermal annealing treatment [2]. Nowadays, the state-of-the-art Ge
photodetectors with a bandwidth exceeding 40 GHz and a responsivity close to 1 A/W have been

demonstrated [70], [71].

However, Ge photodetectors normally suffer from high dark current comparing with their
conventional III/V counterparts. This poses great challenges for reducing detector noise and the
whole power consumption of Si photonic integrated circuits. Method based on III/V-Si platform,
therefore, comes in as an alternative. Taking InGaAs as a typical example, it is direct-bandgap
semiconductor and has much larger absorption coefficient in the C-band than Ge. It leads to high-
efficiency and fast InGaAs photodetector on Si with low dark current. Current technology realizing
InGaAs-on-Si photodetector mainly involves wafer/die bonding [8], [9], transfer printing [6], [7]
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and heteroepitaxial growth [10], [11]. The first has stringent bonding requirement (wafer surface
conditions, etc.) with low throughput while the second requires accurate alignment of discrete
components. In contrast, heteroepitaxial growth provides a monolithic wafer-level integration
solution. Efforts have been made to optimize buffer layers to achieve high-quality InGaAs epi-
layers with a low defect density. Although the buffer layer for the InGaAs epi-layer has not reach
same quality level as the mature Ge photodetectors [72]—[74], in this work, we intend to predict
the performance of InGaAs-on-Si photodetectors fabricated via epitaxy technique when the buffer
layer with the same quality as Ge photodetectors is developed in the future. On the other hand,
near-infrared (NIR) photodetectors based on CQD/Si heterojunction have been recently
demonstrated [34], [35], [75]. Unlike abovementioned methods, the on-Si CQD photodetector only
requires room-temperature chemical surface treatment and an easy spin-coating process. This

paves the way for low-cost CQD photodetectors integrated on Si for silicon photonics.

Nevertheless, no previous works have been reported comparing the effects of material properties
on photodetector performance for the three materials. For example, InGaAs has much stronger
absorption than Ge, and thus InGaAs photodetector with smaller area can have the same efficiency
as Ge detector but with lower dark current and higher RF bandwidth (3dB cut-off frequency) due
to area-related RC effect. Here we seek to utilize silicon photonics as a platform and
comprehensively compare their performance of on-chip light detection. In this chapter, we take
photodetectors that are integrated with waveguides as an example, examining their performance
in C-band wavelengths. Figure-of-merits including responsivity, dark current and 3dB bandwidth

are investigated.
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4.2  Simulation method

Simulations were conducted using Lumerical FDTD and DEVICE suite. In the suite, FDTD is an
electromagnetic simulator used to calculate the electric field coupled from Si to active layer and
carrier generation induced by the light. The generation profile was then imported into CHARGE
which is a charge transport simulator used to calculate photodetectors’ electrical characteristics
such as dark current and responsivity. The structure of on-Si photodetector is shown in Figure 4.1.
The width (w) and thickness (¢) of the layer are 8 um and 500 nm for all the simulations, whereas
the length (/) varies. The width and thickness values are referenced from published works [12],
[76]-[78]. It also has been shown that the width of the active layer has little impact on
photodetector efficiencies [12]. We chose 8-pum width and 500-nm thickness and vary the detector
length to investigate photodetector performances. Note that for InGaAs photodetector, a thin buffer
layer (130nm) was inserted between Si and InGaAs. This buffer layer with such thin thickness has
not been realized but research efforts are being made to improve buffer layer quality including
reducing its thickness. Here, we intend to predict its performance once the quality of InGaAs epi-
layer has been optimized and compare it with that of mature Ge-on-Si technology. The material
electrical properties for Ge and InGaAs are given by the software database. The properties for PbS

CQDs are user-defined. All the necessary property parameters are listed in Table 4.1.

Three figure-of-merits are investigated for the devices, i.e., dark current, responsivity and 3dB
bandwidth. The generated carriers under illumination will create current induced by voltage bias

and the current was simulated by CHARGE simulator. Thus, responsivity values were obtained by

Equation 1.1 (both generated current and input light power were already recorded by FDTD
simulator). A wavelength dependent study (C-band wavelength) on responsivity was conducted,
while for the rest of the study 1.55 pm was set as the targeting wavelength. 3dB bandwidth was
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calculated by considering transit bandwidth and RC bandwidth, as will be explained in detail in

the later content.

Table 4.1. Material parameters used for the simulation of CQD photodetector.

Material electrical properties Ge InGaAs CQD

Bandgap (eV) 0.66 0.74 0.80

Carrier mobility (cm?V-!sh)  3900(e)/1800(h) 4000(e)/490(h) 3.7179]

Carrier lifetime (s) 1.5x10” 1.0x101° 1x107[80]
Dielectric constant 16 13.7 15.5 [47]
Electron effective mass 0.56 0.039 0.2 [81]
Hole effective mass 0.29 0.45 0.27 [81]
Refractive index 4.3 3.6 2.8

(b)

Figure 4.1. Schematic diagram of on-Si photodetectors: perspective views (a) with metal
electrodes and (b) without electrodes presented. Reprinted with permission from [82]. Copyright

© 2021 Optical Society of America.
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4.3  Simulation results and discussions

As displayed in Figure 4.2, the simulated electric fields under illumination from FDTD simulator
clearly show the light coupling from Si to active layers and the intensity attenuation caused by
active layer absorption. Interestingly, due to Ge’s low absorption, the light cannot be fully
absorbed at the end for a 10 um long photodetector. This is in drastic contrast to both InGaAs and
CQD photodetectors, in which most of the light is absorbed within 5 um distance. This means for
both photodetectors the detector length can be shortened while maintain same efficiency levels;

shorter lengths lead to low dark current and higher speed bandwidth.

(a) Top views (b) Side views

Figure 4.2. Electric field simulated by FDTD simulator demonstrating light coupling from Si to
active layers for (a)(b) Ge photodetector, (c)(d) InGaAs photodetector and (e)(f) CQD
photodetector. Active layers are indicated by the white box. The left column shows top views, and
the right column shows side views. Reprinted with permission from [82]. Copyright © 2021

Optical Society of America.
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Comparing with Ge, InGaAs and CQD have much lower intrinsic carrier concentrations (~10'!
cm™ as opposed to ~10'* cm™). According to Shockley diode equation, reverse saturation current
is proportional to the square of the intrinsic concentration. Thus, we sought to first investigate the
effect on their device dark current. Figure 4.3a shows the dark current for the photodetectors with
different lengths of active layer at 2 V reverse bias at 300K. As expected, both InGaAs and CQD
photodetectors have much lower dark current than Ge detector for all lengths. As shown in the
inset plot in linear scale, the dark current varies linearly with device length as it is dominated by
bulk current (only the dark current for Ge photodetector is displayed). The simulated dark current
for Ge photodetector in this work matches well with both the published simulation and
experimental results [12]. For example, experimental dark current reported in Ref. 12 were 4.4-
9.3 pA for the lengths of 15-25 pum (the width for the experimental devices is 8 pm, the same in
this study). It is also noticed that the CQD photodetector exhibits even lower dark current than
InGaAs photodetector at an order of nanoampere. This is due to CQD’s low carrier mobility
compared with crystalline semiconductors, leading to lower carrier diffusivity and thus smaller
reverse saturation current, according to Shockley diode equation. A temperature dependent study
on dark current was conducted and is shown in Figure 4.3b. Dark currents for all three devices
increase as temperature increases. More importantly, in our simulation results for Ge photodetector,
the dark current increases by a factor of 1.6-2.0 every 10K, which match well with reported

experimental results [83], [84].
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Figure 4.3. Dark current of photodetectors for different (a) lengths at 300K and (b) temperatures

at 50 um. Reprinted with permission from [82]. Copyright © 2021 Optical Society of America.
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Figure 4.4. Responsivity of photodetectors for different (a) lengths at 300K and (b) temperatures

at 50 pm. Reprinted with permission from [82]. Copyright © 2021 Optical Society of America.

Considering the superior absorption capability of InGaAs and CQD with absorption coefficients
at 1.55 pm of 9600 cm™! [85] and 2x10* cm™! [86], as opposed to 1800 cm™! for Ge [12], it is worth
comparing photodetector responsivity for the three materials, which can be observed in Figure 4.4.
Note that the absorption coefficient utilized in this study is for Ge thin film epitaxially grown on
Si at low temperature. However, the coefficient highly depends on the process conditions. For

example, a coefficient of 3000 cm™ at 1550 nm has been reported for 0.25% tensile strained Ge
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[87]. Here, by utilizing 1800 cm™, a direct comparison is demonstrated here to compare our
simulation results and that in the reference work. Figure 4.4a shows a gradual increase in
responsivity for Ge detector as detector length increases, due to its insufficient absorption at shorter
detector length. The trend as well as the responsivity values are similar to the published simulation
results [12]. However, the simulated responsivity values are higher than most published
experimental results (<1 A/W for experimental devices). This is because the simulation neglects
contact resistance which will be discussed in RF bandwidth calculation. In comparison, InGaAs
and CQD photodetectors exhibit a ‘saturation’ in responsivity values at all lengths in Figure 4.4a.
This is because almost all the light can be absorbed within 10 um detector length (see the electric
field simulation in Figure 4.2). Note that for InGaAs photodetector, achieving a thin buffer layer
is crucial for constructing a highly efficient device. It is estimated that for a 10-um-long InGaAs
photodetector the buffer layer must be thinner than 250 nm to exceed Ge photodetector’s
responsivity at the same length. This is because thicker buffer layer dramatically reduces light
coupling into InGaAs active layer. From Figure 4.4a, a conclusion can be drawn that both InGaAs
and CQD photodetectors are able to maintain a high responsivity with a small detector size, leading
to a smaller RC time constant and thus a faster speed. To this end, we will investigate RF
bandwidth in the following. In Figure 4.4b, it can be concluded that unlike dark current which

increases with higher temperature responsivity values are, however, stable with temperature.
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Figure 4.5. Responsivity of 15-um-long photodetectors for different C-band wavelengths.

Reprinted with permission from [82]. Copyright © 2021 Optical Society of America.

A wavelength dependent study on responsivity was then conducted, and results are illustrated in
Figure 4.5. The wavelength range is chosen in C-band wavelength (1530-1560 nm). Ge
photodetector shows a decreasing trend in responsivity value while InGaAs and CQD

photodetectors maintain the values due to their strong absorption across C-band wavelengths.
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Figure 4.6. Electric field distributions for three devices under 2 V reverse bias along Z-direction.

Reprinted with permission from [82]. Copyright © 2021 Optical Society of America.
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At reverse bias, diffusion can be neglected, and one only needs to consider transit time and RC
delay for the RF bandwidth. This can be seen in Figure 4.6, in which electric field distributions are
illustrated, which proves all the devices are operated without diffusion under reverse bias condition.
Transit time is the time it takes the carriers to move across the active region. This leads to carrier

transit frequency, which follows [88]

4.1)

where #; is the transit time. With the CHARGE simulator, we conducted a transient simulation to
extract carrier transit time. The principle is shown in Figure 4.7, which shows the front view of a
photodetector. Within the simulation region, a carrier generation profile imported from FDTD is
positioned at top edge of active layer. A global shutter is kept closed until 7o = 0.5 ps, after which
it opens to light and photocarriers are induced. Three current flux monitors are positioned as shown
which observe the dynamic movement of generated photocarrier under electric field. Results are
shown in Figure 4.8. The figure illustrates the propagation of current pulse through the three
monitors consecutively. At the time current pulse reaches monitor 3 (#m3), the pulse has traveled
the entire active layer, and thus carrier transit time is obtained as #: = fm3 — t. The electric field in
active layer is calculated to be > 1x10* V/cm (see Figure 4.6). At such high field, drift velocity
reaches saturation velocity for both Ge and InGaAs photodetectors. Ge’s saturation velocity
(5.4x10° cm/s) is slightly lower than InGaAs’s (7.7x10° cm/s), leading to larger transit time (see
Figures 4.8a,b). In contrast, CQD photodetector in Figure 8c has a drastic larger transit time due

to its small carrier mobility.
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Figure 4.8. Pulses depicting current flux propagation in (a) Ge, (b) InGaAs and (c) CQD
photodetectors. Reprinted with permission from [82]. Copyright © 2021 Optical Society of

America.

Other than transit time frequency, RC bandwidth frc is another limitation of RF bandwidth, and

follows [88]

1
Jre= 3R

(4.2)
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In the equation, the overall capacitance C is dominated by the depletion region. Via the CHARGE
simulator, we performed a small-signal ac (SSAC) simulation to calculate the overall capacitance
of the photodetectors. In this simulation, a dc voltage is applied to set the photodetector at reverse
bias condition. Meantime, a small ac signal of 0.001V is applied and the resulting ac current is

collected. According to the diode model, the admittance function can be written and simplified as
V(o)=L =(Rs+ : ) =joC
(@)= (Rs Tl T

(4.3)

under the condition of Rs = 0. Rs is series resistance and is negelected due to that in the SSAC
simulation the ac current is extracted without considering contact resistance. With this equation
and the extracted ac current, one can calculate the capacitance as a function of frequency, as
illustrated in Figure 4.9. Different capacitance values are observed mainly due to materials’
different dielectric constants. Other than the depletion region capacitance, one capacitance
neglected in the SSAC simulation is the parasitic capacitance between doped silicon and
conductive substrate. Taking the thickness of buried oxide as 2 pm, it can contribute a parallel

plate capacitance estimated of 0.017 fF/pum?.
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Figure 4.9. Capacitance extracted by SSAC simulation for (a) Ge, (b) InGaAs and (c) CQD

photodetectors. Reprinted with permission from [82]. Copyright © 2021 Optical Society of

America.

The resistance R in Equation. 4.2 is the sum of series resistance Rs and load resistance Rr. Rs

comprises contact resistance and resistance from diffusion region which equals to zero under fully

depletion condition at reverse bias. In this case, resistance R follows

R:RL+RS:RL+ %

4.4

where p is the resistivity of contact surface and A4 is the surface area.
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Figure 4.10. RF bandwidth for (a) Ge, (b) InGaAs and (c) CQD photodetectors of different lengths.

Data in (a) is adapted from Ref. 12. Reprinted with permission from [82]. Copyright © 2021

Optical Society of America.

Finally, to calculate the RF bandwidth we utilize the equation below to include both transit time

and RC limitation [88]:
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(4.5)

From Equations 4.1-4.5, we obtain the RF bandwidth as a function of detector length, as displayed
in Figure 4.10. Notably, the bandwidth simulation values for Ge photodetectors match well with
the published simulation results [12]. Based on the results obtained above, we draw our main
conclusions. With the premise that buffer layer will be optimized in the near future as the mature
Ge-on-Si technology, the InGaAs photodetector surely possesses advantages over the Ge
photodetector. Its dark current and thus the power consumption is much lower than the Ge
photodetector. More importantly, to maintain a high responsivity close to 1.2 A/W, InGaAs
photodetector’s length can be as short as 10 pm, which corresponds to a RF bandwidth of > 45
GHz, while Ge photodetector have to have 30 um long with a RF bandwidth of 25 GHz. In other
words, the InGaAs photodetector has higher bandwidth & responsivity product than the Ge
photodetector under the same detector design. As for the case of CQD photodetector, it exhibits
high efficiency and ultralow dark current, rendering it well suited for applications where sensitive
and low noise detection is required, such as in the science of quantum information. The bandwidth
is, however, much lower than both Ge and InGaAs photodetectors due to the low carrier mobility.
The low mobility results in a transit-time-limited bandwidth for all simulated lengths. Nevertheless,
the speed suffices for medium speed applications, e.g. NIR image sensors [32]. Especially,
considering its easy and low-cost processing, CQD photodetector can be potentially more

favorable towards these applications than Ge and InGaAs photodetectors.
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4.4  Summary

Three materials are compared for photodetection in Si photonics. Based on the simulation results
obtained, InGaAs is the best material for ultrafast on-chip light detection provided that the InGaAs
epi-layer on Si can be optimized. Comparing with mature Ge photodetector technology, InGaAs
photodetector can potentially have higher efficiency, lower dark current and faster speed. CQD
photodetector has the lowest dark current, raising extreme interests for applications in which
ultralow noise is required. The RF speed is the slowest, but it suffices for certain applications.
Considering its low cost and ease of fabrication, it could be more suitable than both Ge and InGaAs.
As the CQD mobility continues to rise, the CQD on-Si photodetector will possibly be comparable

to the counterparts fabricated from crystalline semiconductors.
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5. Silicon surface passivation for colloidal quantum

dot/silicon heterojunction photodiode

5.1 Background

CQD/Si rectifying junctions were first presented in two successive works in 2011 that pointed to
the potential of these structures [89], [90]; unfortunately, neither exhibited appreciable charge
extraction under illumination when exposed to incident light of wavelengths exceeding 1100 nm.
In 2015, Sargent’s group successfully demonstrated a CQD/Si junction that effectively extracted
photogenerated charges under 1200 nm illumination [34]. Through judicious tailoring of the
CQD/Si interface via a one-step methyl iodide (CHsl) functionalization, passivation of interface
defects and favorable band alignment between the two materials were simultaneously achieved
and an external quantum efficiency (EQE) of 14% at the exciton peak was realized at short circuit
condition and 33% at -7 V voltage bias. More recently, an alternative passivation strategy
employing zinc oxide (ZnO) nanoparticles provided 18% EQE at 0 V bias [75]. In 2020, Ning’s
group demonstrated an inverted-structure heterojunction which possessed lower energy band
offset that provided a better charge extraction [35]. The inverted structure using the same one-step
CH;sI passivation produced a higher excitonic EQE of 21% at short circuit condition. However, the
efficiency is still low, which we believe is due to incomplete and inefficient passivation of the Si

surface.

To date, the general two-step chlorination/alkylation method has been widely employed in
previous studies for efficient Si surface passivation and provides up to 100% of coverage on Si
surface [91]-[93]. The resulting methylated Si surface slows surface recombination velocity down
to < 30 cm/s [94], [95]. Comparing to other methods using insulating oxides[96]-[99] or bulky
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organic molecules [100]-[102], this method is also less prone to hinder charge transport in a
heterojunction, thanks to methyl group’s exceedingly small van der Waals diameter. To this end,
this chapter will present a comparative study of the performance of CQD/Si heterojunctions using
Si substrates functionalized based upon two complementary passivation strategies — one-step CH3l
passivation and two-step chlorination/methylation process. Through the study, we have
demonstrated the importance of efficient Si surface passivation for achieving high-performance
CQD/Si heterojunctions and therefore highly efficient CQD/Si photodetectors. Our CQD/Si
photodetector achieve 31% of EQE at excitonic peak at -4V bias, nearly two-fold enhancement
compared to the standard device (16%) passivated by CHsl. The high efficiency leads to a

detectivity of 8.8 x10'° jones.
5.2 Methods

PbS CQD synthesis: PbS CQDs were synthesized according to the method in Section 2.2.

Synthesis of ZnO nanocrystals: ZnO nanocrystals were synthesized as previously reported. [45]
Zinc acetate dihydrate (Zn(Ac)2-2H20; 2.96 g; 13.5 mmoles) and methanol (125 mL; Fisher
Scientific, Certified ACS Reagent) are combined in a three-neck flask. The mixture was stirred
and heated at 60 °C using a heating mantle. Then potassium hydroxide (KOH; 1.518 g; 27 mmoles)
dissolved in methanol (65 mL) was slowly injected into the three-neck flask and the solution was
kept heating at 60 °C for 2.5 h. After cooldown, the ZnO nanocrystals were extracted by centrifuge
(4000 rpm for 5 min) and washed by methanol (30 mL) followed by centrifuge. This process was

repeated twice before dissolving ZnO nanocrystals in methanol/ chloroform (10 mL/ 10 mL).

Device fabrication: A PbS CQD layer was deposited onto the functionalized silicon substrate of

choice via a layer-by-layer method under air-ambient conditions [103]. Briefly, an octane solution
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of PbS CQD (30 uL; 50 mg/mL) was placed on the Si substrate and was spun at 2500 rpm for 20
s. Subsequently, a methanol solution of tetrabutylammonium iodide (TBAI; 10 mg/mL) was
placed on the whole substrate where it remained for ca. 30 s to promote ligand exchange followed
by being spun at 2500 rpm to remove excess solution followed by acetonitrile rinsing twice. This
layer-by-layer process was repeated 10 times (10 layers) to reach desired film thickness. Then two
layers of ZnO were deposited by dropping methanol/chloroform solution of ZnO nanocrystal (100
uL) and spin-coated at 5000 rpm for 30 s. Finally, ITO (150 nm) was deposited via magnetron

sputtering.

X-ray photoelectron spectroscopy measurements: The measurements were conducted with a
Kratos Axis 165 Ultra X-ray photoelectron spectrometer, in which a 210 W monochromatic Al Ka
source with an energy v = 1486.6 eV was used. Survey spectra measurements were performed
with an analyzer pass energy of 160 eV and a step size of 0.3 eV. High-resolution spectra were
collected with an analyzer pass energy of 20 eV and a step size of 0.1 eV. All spectra were
calibrated based upon C 1s (284.4eV) and fitted using CasaXPS software. A Shirley background

was subtracted from the spectra for peak fitting.

Device characterizations: I-V curves were measured using a Keithley 2400 source meter. A
narrowband LED source (centered at 1300 nm; Luxmux ISB2) was used as light source for light
I-V measurement. TPV and TPC measurements were conducted as described in the methods in

Section 2.2.
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Figure 5.1 (a) Schematics showing charge transfers between Si:CQD heterojunction. (b)
Passivation processes for CHzl passivation (denoted as one-step) and two-step
chlorination/methylation treatment (denoted as two-step). Reprinted with permission from [104].

Copyright © 2021, American Chemical Society.

5.3 Results and discussions

All Si substrates used in the presented study were cleaned and etched to remove the thin layer of
surface native oxide. Surface passivation is crucial for reducing charge recombination at Si surface
and promoting charge transport at the CQD/S1 interface (Figure 5.1a). Two passivation strategies
are investigated in this study, one-step CH3l passivation (denoted as one-step) and two-step
chlorination/methylation treatment (denoted as two-step), as illustrated in Figure 5.1b. The one-
step treatment is served as the standard method which has been utilized in previous studies for
interface treatment for a CQD/Si photodiode [34], [35]. UV illumination is used for C-I bond
dissociation. Then both iodine and methyl radicals are absorbed by the Si surface. Whereas the
two-step treatment involves the first chlorination step by phosphorus pentachloride (PCls) in a
radical reaction followed by methylation with a Grignard reagent. Note that a direct methylation
step without prior chlorination does not produce a Si surface that is structurally and chemically

defined with a high degree of coverage.
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Figure 5.2. Survey XP spectra of CH3lI passivated Si surface and freshly etched Si displayed as
comparison. Reprinted with permission from [104]. Copyright © 2021, American Chemical

Society.
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Figure 5.3. Survey XP spectra of Cl- and CHs- terminated Si surface and freshly etched Si
displayed as comparison. CI 2s and 2p peaks appear only after chlorination step and disappear after
methylation step, indicating complete removal of the bonds. Reprinted with permission from [104].

Copyright © 2021, American Chemical Society.

After the Si surface is chemically treated. We first conduct X-ray photoelectron spectroscopy (XPS)
measurements. For one-step passivated Si surface, the I 3d signal in survey-scan XPS (Figure 5.2)
clearly indicates the absorption of iodine on Si surface. For the two-step method, the survey spectra
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(Figure 5.3) show the appearance of Cl-terminated Si only after chlorination step. It disappears
after methylation step, indicating complete removal of Si-Cl bond with the Grignard. Figure 5.4
shows high-resolution XPS spectrum of C 1s region. While the spectrum for one-step-passivated
Si surface (Figure 5.4a) shows negligible difference with the freshly etched Si surface, C 1s
emission region is evidently broadened for Si surface treated with two-step method (Figure 5.4b),
which can only be fitted by introducing a new fitted peak at 283.4 eV [105], [106]. This new peak
to methylated Si is due to the emission Si-C covalent bond. Such peak does not exist for chlorinated

Si, meaning Si-C bond is introduced only at the second methylation step.
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Figure 5.4. High-resolution XP spectra of C 1s region for: (a) One-step CHzl passivated, (b) two-
step treated Si surface and (c) chlorinated Si surface. Reprinted with permission from [104].

Copyright © 2021, American Chemical Society.

With the well-passivated Si surface, we then proceed to build CQD/Si heterojunction photodiodes.
The PbS CQDs are synthesized via a hot-injection method according to previous reports [47] (also
see the methods in Section 2.2). The absorption spectrum of the PbS CQD in Figure 5.5a shows
an exciton peak at 1290 nm. Schematics of the photodiode structure is illustrated in Figure 5.5b.

The CQD layer is spin-coated onto pretreated p-type Si surface via a layer-by-layer fashion [103]
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(see methods in Section 2.2). A layer of ZnO nanoparticles is deposited on top of CQD to block
hole back-injection (Figure 5.5¢). A layer of ITO is then sputtered as the top transparent contact.
The dark current-voltage (I-V) curve is displayed in Figure 5.5d, which demonstrates a rectifying

junction formed between CQD and Si.
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Figure 5.5. (a) Absorption spectrum of synthesized PbS CQD in octane solution. (b) NIR
heterojunction photodiode architecture. (c) Band structure diagram. (d) Dark I-V curve of CQD/Si
photodiode, showing a rectifying junction. Reprinted with permission from [104]. Copyright ©

2021, American Chemical Society.
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We then shine a narrowband light centered at 1300 nm using a light-emitting diode (LED) and
measure [-V characteristics as shown in Figure 5.6. The figure shows that at reverse biased
condition photodiode treated with two-step method extracts more photocarriers than the standard

devices. Note that the spot size of light source is smaller than device active area.
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Figure 5.6. I-V characteristics under 1300-nm illumination for devices treated with (a) one-step

method and (b) two-step method. Reprinted with permission from [104]. Copyright © 2021,

American Chemical Society.
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Figure 5.7. Transient photovoltage decay measurement of the CQD/Si photodiode. Reprinted

with permission from [104]. Copyright © 2021, American Chemical Society.
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TPV decay measurement is commonly used to analyze charge-carrier recombination in organic
solar cells [107]-[110]. Lifetimes derived from TPV measurement are closely related to steady-
state charge-carrier lifetimes [111], [112]. In Figures 5.7, TPV measurement shows that CQD/Si
photodiode passivated by the two-step method exhibits much longer photovoltage decay lifetime
comparing to one-step treated photodiode. This means photodiodes treated with two-step method
feature longer charrier lifetime and thus lower defect concentration. Since the only difference is
interface treatment, it indicates the two-step method passivates Si surface more effectively than
the standard one-step method. This conclusion is cross-confirmed by TPC measurement as

discussed below.
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Figure 5.8 (a) TPC measurement showing rise and fall edges. Devices are bias at -2 V. (b) Zoom-
in images showing fast rise and fall edges. Fall edge of standard device features much longer tail
than two-step passivated device. Reprinted with permission from [104]. Copyright © 2021,

American Chemical Society.

To characterize CQD/Si photodiode temporal response, TPC measurements are conducted and
displayed in Figures 5.8, which present the photodiode response to illumination of a 200-us white-

light square pulse with no background light. Results show fast signal rises of 2.5 ps and 6.6 ps for
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two-step treated and standard devices, respectively, at -2 V bias. A slower rise time for standard
device is associated with the trapping effect, in which the generated carrier charges after turn-on
are quickly captured by the traps [113]-[115], making the photocurrent dynamic slower to reach
the steady state. The effect is more significant when light is shut off. Subsequent to light-off, the
captured charges are released by traps; yet the process is much slower than the quick buildup of
trapped carriers [113]. The slow detrapping leads to a long-tail in fall-time edge as evident in the
Figure (~ 40 ps). Thus, standard device possesses more interface traps than our proposed

photodiode, consistent with the conclusion obtained from TPV measurement.
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Figure 5.9. (a) EQE spectra showing CH3I and two-step method treated CQD/Si photodiode at -2
and -4 V. (b) Detectivity spectra of CQD/Si photodiode under -2 and -4 V. Reprinted with

permission from [104]. Copyright © 2021, American Chemical Society.

High-quality CQD/Si heterojunction also leads to high EQE values as displayed in Figure 5.9(a).
Standard photodiode shows low EQE values due to insufficient interface passivation. The best
device has only 15.4% at -2 V and a slight increase to 16% at -4 V at excitonic wavelength. In

contrast, photodiode treated with two-step process exhibits higher EQE value. The best device
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features 25.2% at -2 V and a large enhancement to 31.0% at -4 V at exciton peak, nearly two-fold
improvement comparing to standard device under same conditions. This improvement further
validates the importance and effectiveness of efficient CQD/Si interface passivation. Figure 6(b)

demonstrates the spectral detectivity data calculated via [34]:
. A EQE, g4 A
D'=R Q5
2qldark he 2qldark

The equation could also be deducted from Equations 1.3, 1.4, 2.12, where R is the responsivity,

(5.1)

EQE; is spectral EQE values, / is the wavelength, 4 is the area of active device (0.09 mm?), g is
the electron charge, # is the Planks constant, ¢ is the speed of light, and /;,, is the dark current. A
detectivity value of 8.8 x 10'" jones (1280 m) was obtained at -4 V bias. The device also
demonstrates strong stability as it can maintain ~ 90% of its EQE value after 16 days (Figure 5.10).
This can be attributed to superior air-stability of CQD/Si interface treated with two-step

functionalization as discussed elsewhere [95], [116], [117].
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Figure 5.10. Device stability showing progressive degradation of the device in the air-ambient
conditions. After day 9, device performance stabilizes and maintain 90% of EQE value at exciton
peak at 1280 nm. Reprinted with permission from [104]. Copyright © 2021, American Chemical

Society.

5.4  Summary

This chapter presented a high-quality CQD/Si heterojunction using a two-step
chlorination/methylation treatment. TPV and TPC techniques validate that two-step method
effectively reduces recombination rates and passivates interface traps. Finally, we have built a
CQD/Si photodiode, which has a EQE value of 31% at 1280 nm at -4 V bias, comparing to only
16% for a standard CQD/Si photodiode. Less trap states also enhance response speed of the
photodiode. Our device exhibits fast rise/fall times of 2.5/3.3 us whereas the standard device has

sluggish long tail of ~ 40 ps in the fall edge.
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6. Colloidal quantum dot inks/silicon heterojunction

photodiode

6.1 Backgrounds

As discussed in the previous chapter, two-step chlorination/methylation treatment method
effectively passivate Si surface and CQD/Si interface was shown to exhibit lower trap-state
densities and recombination rates compared to that passivated by one-step CH3l, which was
commonly employed in the previous CQD/Si heterojunction photodiodes. Yet all previously
presented CQD/Si heterojunction photodiodes employed CQDs with ligands exchanged via a
layer-by-layer solid-state protocol. Nevertheless, the CQD Inks passivated by lead halides obtained
from a solution-phase ligand exchange yielded the best-performance photovoltaic devices to date,
owing to the flattened energy landscape, lower defect concentration, improved carrier transport in
the CQD Ink solids [118]-[122]. In addition, this straightforward and one-step spin-coating
process reduces fabrication complexity and lowers material waste, making it an attractive
alternative for scalable manufacturing. Herein, we integrate PbS CQD Inks on Si and constructed
a broadband NIR CQD-Ink/Si heterojunction photodiode which oprates from 800 to up to 1500
nm. Well-passivated Si surfaces and high-quality CQD Ink films have afforded a low density of
trap states. Built-in electric field is effectively enhanced by an insertion layer of p-type CQDs
capped with EDT ligands in between Si and CQD Ink layer, leading to improved photocarrier
extraction. Finally, an excitonic EQE of 44% at 1280 nm under 2 V reverse bias is obtained for
the heterojunction photodiode. The photodiode also features high speed owing to the mechanism

of fast charge-carrier separation under illumination, with rise and fall times lower than 4 ps.
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6.2 Methods

Synthesis of PbS CQDs: Synthesis protocols are described in Section 2.2.
Synthesis of ZnO nanoparticles: ZnO nanoparticles were prepared as described in Section 5.2.
Si surface passivation: Si surface was passivated as described in Section 5.2.

Preparation of CQD inks: CQD Inks were prepared through a solution-phase exchange protocol.
Lead halides consisting of lead iodide (0.23 mg; 0.5 mmol; Sigma-Aldrich) and lead bromide
(0.037 mg; 0.11 mmol; Sigma-Aldrich), and ammonium acetate (0.015 mg; 0.21 mmol; Fisher
Scientific) are combined and dissolved in 5 mL of dimethylformamide (DMF; Fisher Scientific)
in a test tube as precursor solution. 5 mL of OA-capped CQDs in octane (10 mg/mL) were added
to the precursor solution and vortexed vigorously for 2 min until CQDs completely transferred to
DMF phase. The CQDs in DMF phase were purified three times by adding octane to remove
residual OA ligands. CQDs were precipitated through the addition of 0.5 mL of toluene and
centrifuged at 4200 rpm for 1 min, and dried under vacuum for 20 min. Finally, CQD Inks were
prepared by dispersing CQD solids in a mixture of butylamine and DMF solution (v/v =9:1) at a

concentration of 200 mg/mL, and ready for film fabrication.

Device Fabrication: For a non-graded heterojunction photodiode, 70 uL. of CQD Ink solution was
placed on the Si substrate and was spun at 2500 rpm for 25 s. The samples were then annealed at
70 °C in a N»-filled glovebox for 30 min. After the samples were taken out of the glovebox, 100
pL of methanol/chloroform solution of ZnO nanoparticles was dropped on the substrate and spun
at 5000 rpm for 20 s and this repeated twice. Finally, ITO (120 nm) was deposited via magnetron
sputtering. For the photodiode with graded structure, two layers of EDT-treated CQDs were

deposited through a solid phase exchange process: 40 pL of OA-capped PbS CQD in octane
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solution (50 mg/mL) was dropped on Si substrate and spun at 2500 rpm for 25 s; subsequently, an
acetonitrile solution of EDT (0.01 vol%; Sigma-Aldrich) was placed on the whole sample where
it remained for 30 s for ligand exchange before being spun at 2500 rpm to remove excess solution,

followed by two-time rinsing with acetonitrile.
Device characterizations: Device characterizations are conducted as described in Section 5.2.

6.3 Results and discussions

The PbS CQDs show an exitonic peak at ca. 1280 nm (Figure 6.1a). Si surface passivation is done
by employing the two-step chlorination/methylation procedure as described in previous chapter.
We proceeded to construct the CQD/Si heterojunction photodiodes as illustrated in Figure 6.1b.
CQD Inks comprising PbS-I passivated by lead halides were directly deposited onto pre-
functionalized Si surface, enabling single-step fabrication. Subsequently, an electron transfer/hole
blocking layer of ZnO nanoparticles was deposited onto the PbS CQD layer. The device structure

was then completed by sputtering a top transparent contact of ITO. Al is sputtered at the back side

of the Si, serving as the bottom contact.
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Figure 6.1. (a) Spectral absorption of an octane suspension of PbS CQDs. Illustrations showing
the device structure of CQD/Si heterojunction photodiode (b) without and (c) with PbS-EDT buffer
layer. (d) Scanning electron microscopy (SEM; Figure 1d) secondary electron imaging showing
the cross-section of the photodiode stack; scale bar = 500 nm. (¢) TPV measurement of the
heterojunction photodiode. Simulated energy band diagrams for photodiode (f) without and (g)
with PbS-EDT buffer layer. (h) Dark I-V characteristics for heterojunction photodiode with the
PbS-EDT buffer layer. Reprinted with permission from [123]. Copyright © 2022 American

Chemical Society.

The initial investigations involved photodiode based upon highly doped Si substrates (i.e.,
resistivity < 0.05 Q-cm), because simulations suggest higher dopant concentration in the Si should
provide higher quantum efficiency for a CQD/Si heterojunction photodiode [35]. To our surprise,
and contrary to the previous report, data provided an excitonic EQE value of only ca. 5.0%. We
attribute these observations to a high density of trap states at highly doped CQD-Ink/Si interface.
To attempt to address the issue, we chose to insert a thin buffer layer (20 nm) of EDT capped PbS
CQDs (PbS-EDT) at the interface of functionalized Si surface and CQD Ink layer (Figure 6.1c).
Previous report suggests such a buffer layer effectively decreases interface recombination and
facilitates charge collections [124]. SEM (Figure 6.1d) secondary electron imaging shows our
procedure provides an intact layer structure within the final photodiode stack. The excitonic EQE
values, obtained from the new photodiode structure containing the EDT capped PbS CQDs buffer
layer, are considerably improved with the highest value up of 17%; still, EQE values obtained for
our devices remain much lower than the highest values previously reported. We posit that this

discrepancy may result from unsuccessful passivation on highly doped Si surface, as two-step
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surface treatment strategy employed here is originally designed for Si with low doping

concentrations [95].

In this context, we turned our attention to low-doping concertation Si substrates (i.e., resistivity 1-
10 Q-cm). To validate the PbS-EDT buffer layer has reduced recombination rates at the CQD/Si
interface, we performed TPV decay measurements for heterojunction photodiodes with both
structure design (Figures 6.1b and c¢). Such measurements are commonly employed to investigate
charge-carrier recombination and trapping/detrapping dynamics in photovoltaic and photodiode
devices [108], [110], [125]. Lifetime values determined from the measurements are closely linked
with steady-state charge-carrier lifetimes in devices [107], [111], [126]. Results shown in Figure
6.1e reveal that with a PbS-EDT buffer layer the lifetime increases from 74.1 ps to 402.7 ps,
consistent with the suppression of interface recombination from the insertion of PbS-EDT buffer

layer.

Table 6.1. SCAPS 1D modeling parameters.

Si PbS-EDT graded to PbS-I ZnO
Thickness (pm) 500 0.33 0.12
Bandgap (eV) 1.12 0.97 3.200

Graded from 4.05 to 4.3
Electron affinity (eV) 4.05 4.200
(parabolic)

Relative dielectric permittivity 11.9 20 66.000
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CB effective density of states

2.800E+19 1.000E+19 1.000E+19
(1/em”3)
VB effective density of states
1.040E+19 1.000E+19 1.000E+19
(1/cm”3)
electron thermal velocity
2.300E+7 7.000E+3 1.000E+7
(cm/s)
hole thermal velocity (cm/s) 1.650E+7 7.000E+3 1.000E+7
Graded from 5.000E-3 to
electron mobility (cm*/Vs) 1.500E+3 5.000E-2
5.000E-2
Graded from 5.000E-3 to
hole mobility (cm?/Vs) 4.500E+2 5.000E-2
5.000E-2
shallow uniform donor density Graded from 1.000E+12 to
1.000E+10 1.000E+18
Np (1/cm?) 5.000E+15 (exponential)
shallow uniform acceptor Graded from 1.000E+16 to
1.350E+15 2.000E+0
density Na (1/cm?) 1.000E+12 (exponential)

We also performed simulations by using a solar cell capacitance simulator (SCAPS) and
parameters are listed in Table 6.1. Results in Figures 6.1f and g show the energy-band diagrams
of both structures at 0 V bias. For devices without the PbS-EDT buffer layer (i.e., Figure 6.1f),
photogenerated electrons and holes readily recombine at CQD/Si interface owing to the weak built-

in electric field. In contrast, when the buffer-layer is introduced (i.e., Figure 6.1g) the built-in field
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in CQD layer is enhanced by more than seven folds, which significantly assists photocarrier
separation, transport, and collection. Therefore, we chose to focus on photodiode design that
includes a PbS-EDT buffer layer. Note that, a small extraction barrier exists at the CQD Ink/ZnO
interface; this is because the small-bandgap PbS CQDs exhibit larger electron affinity than ZnO.
To mitigate the barrier, strategies such as increasing the doping of ZnO layer can be adopted [127].

The dark current-voltage (I-V) curve is displayed in Figure 6.1h, which implies a rectifying

junction formed between CQDs and Si.
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Figure 6.2. Light I-V characteristics under various levels of irradiance intensity for photodiode (a)

with and (b) without buffer layer design. Reprinted with permission from [123]. Copyright © 2022

American Chemical Society.

For light I-V characteristics we shined a narrowband NIR light with a center wavelength of 1300
nm using a light-emitting diode (LED). Figure 6.2a shows the I-V characteristics for various levels
of light intensities. Comparing with Figure 6.2b, it is evident that under reverse voltage bias
heterojunction photodiode with buffer-layer design extracts photocarriers more effectively for
illumination levels over several orders of magnitude. With this figure, one can plot the

photocurrent (/1) as a function of source irradiance levels as displayed in Figure 6.3. For voltage
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bias ranges form -1 V to -4 V, the photocurrents scale with light intensity as I, ~ P¥, in which k =
1.0 is an empirical number which decreases as the trapping/detrapping dynamics dominate the

photodiode. The k value close to 1 proves the high quality of near trap-free Ink film employed in

this study.
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Figure 6.3. (a) Photocurrent and (b) responsivity values extracted from Figure 6.2a, as functions
of irradiance intensity for different voltage biases. Reprinted with permission from [123].

Copyright © 2022 American Chemical Society.

We then calculated responsivity values as a function of illumination levels (Equation 1.1) from
Figure 6.3a and results are displayed in Figure 6.3b. Numerous photodetector applications,
including image sensors and optical power meters, require having constant responsivity values
across wide range of irradiance levels for extracting the intensity of detection light based upon the
generated photocurrent. This linearity is characterized by another figure-of-merit, linear dynamic

range (LDR), within which the responsivity value remains constant:

P
LDR =20 x log——

min

(6.1)
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where P and P, are upper and lower limits beyond which responsivity values start to deviate
from linearity. As evident in Figure 6.3b, the responsivity stays constant in all measured irradiance

intensity range. Thus, a LDR of 46 dB is obtained for the heterojunction photodiode.
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Figure 6.4 (a) EQE spectra. (b) Stability tests showing device stability after more than 625-h stored
in air. (c) Detectivity spectra of the CQD/Si heterojunction photodiode. Reprinted with permission

from [123]. Copyright © 2022 American Chemical Society.

High-quality Ink film and well-passivated CQD/Si1 heterojunction lead to high spectral EQE values
and enhance the NIR sensitivity of Si up to 1500 nm, as shown in Figure 6.4a. From the figure, it
is observed that with increasing reverse voltage bias EQE values at longer-wavelength region
saturate. Notably, the heterojunction photodiode yields an EQE of 44% at 1280 nm under -2 V
bias, which is higher than the previously reported highest value [35]. Note that one recent report
demonstrated a photodiode based upon CQD/Si heterojunction with a gain > 300 [128];
nevertheless, the gain mechanism is based upon trap-assisted gain, and trapping/detrapping
dynamics cause much slower temporal response, commonly at the order of milliseconds. Other
CQD/Si heterojunction photodiodes that are based on hole-electron pair separation mechanism
possess a much faster speed, usually at the order of microseconds. This will be further discussed
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later in temporal response characterizations. Another drawback of trap-assisted photodiode is their
low LDR values, which is because the & value is smaller than 1, causing responsivity to vary with
irradiance intensity. Nevertheless, the excitonic EQE value obtained here is the highest among
CQD/Si heterojunction photodiode based upon photocarrier separation mechanism. Last but not
least, our heterojunction photodiode exhibits superior stability without noticeable degradation in

excitonic EQE value after more than 625-h (26 days) storage in ambient air (Figure 6.4b).

Figure 6.4c shows the spectral detectivity converted from spectral EQE values using the equation
5.1. Note that, we only consider the shot noise and neglect thermal noise; this is due to under
reverse voltage bias, the shot noise is the dominating source [129], [130]. The heterojunction
photodiode yields a specific detectivity of 2.6 x 10'! Jones at 1280 nm under -1 V, while it

decreases with increasing reverse voltage bias as dark current level rises.

0 . ool
800 1000 1200 1400
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Figure 6.5. Spectral EQE of CQD/Si heterojunction photodiode without PbS-EDT buffer layer.

Reprinted with permission from [123]. Copyright © 2022 American Chemical Society.

Figure 6.5 shows spectral EQE for a photodiode without buffer layer. Interestingly, photodiode

without buffer layer yields high EQE at shorter wavelength (< 1100 nm) but drastically low value
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around 13% at longer wavelength. This could be explained as follow. PbS CQDs exhibit higher
absorption at short wavelength (Figure 6.1a), and thus photons with larger energies are absorbed
near CQD/ZnO interface where generated photocarriers are quickly separated by the built-in field
of CQD/ZnO junction (see band diagram in Figure 6.1f). Whereas the absorption of lower-energy
photons mostly happens at CQD/Si interface, and generated photocarriers fail to quickly separate
owing to the low built-in field; thus holes/electrons are prone to be captured by CQD/Si interface
traps, leading to low EQE values at longer wavelength shown in Figure 6.5. With the inserted PbS-
EDT buffer layer, photocarriers generated in all CQD layers can be effectively collected thanks to
the enhanced electric field and are less prone to be captured by the CQD/Si interface trap states,

rendering high EQE values at all wavelengths displayed in Figure 6.4a.

Figure 6.6 shows the temporal responses of the heterojunction photodiode towards a chopped light
signal, obtained from TPC measurements. Figure 6.6a displays a photocurrent response over the
course of 50 light pulses which demonstrates the stability of our heterojunction photodiode
operating under light signals in air. Figure 6.6b and 6.6¢ display the temporal dynamics towards
single light pulse under various voltage biases and irradiance intensities. Results show a fastest
rise and fall edges of 3.8 and 3.6 ps under -4 V, owing to the charge-separation mechanism in
which photo-generated electrons and holes are separated and swiftly swept away by the electric
field. The absence of ‘long tail’ in the fall edge, which is normally associated with the sluggish
dynamics of carrier detrapping from trap states,[113], [131]-[133] for both voltage-dependent and
intensity-dependent studies (Figure 6.6b and 6.6c) proves the low trap-state densities thanks to
high-quality CQD/Si interface and PbS CQD Inks. To be noted that the temporal response is
mainly limited by resistance-capacitance (RC) delay as the active area is large (0.20 cm?). This is

proven in Figure 6.6d, in which the device area is reduced down to 0.03 cm?, and we obtained a
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faster photoresponse with rise and fall times of 1.9 and 1.2 ps. The microsecond response time
obtained from our heterojunction photodiode is several orders of magnitudes faster than the
millisecond response for the CQD/Si heterojunction photodiode based upon trap-assisted gain that
has been discussed earlier in EQE characterizations [128]. In Table 6.2, we compared the main
figure-of-merits of the demonstrated device with other Si heterojunction photodetectors.
Comparing to other photodetectors, PbS CQD integrated photodetectors effectively extend the
sensitivity of the Si heterojunction photodetector outside 1100 nm (cutoff absorption of Si) and

show high detectivity in short-wave infrared (SWIR).
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Figure 6.6 (a) Stable photoresponse towards chopped white light (50 pulses) at -4 V bias in air.

Temporal responses of a single light pulse at the top for different (b) voltage biases, (c)

illumination levels from 10% to 100% under -4 V, (d) a small-area device, and with their zoom-in

images showing rise and fall edges at the bottom panels. Reprinted with permission from [123].

Copyright © 2022 American Chemical Society.

Table 6.2. Comparison of figure-of-merits between different reported Si heterojunction

photodetectors.
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9 PD and PT stand for photodiode and phototransistor, respectively.

6.4 Summary

This chapter demonstrated the integration of PbS CQD Inks with ¢-Si and constructed a high-
performance heterojunction photodiode. Thanks to the highly efficient Si surface passivation,
high-quality PbS CQD Inks and the design with a CQD-EDT buffer layer, the heterojunction
photodiode yields an excitonic EQE value up to 44% at -2 V, a detectivity value up to 2.58 x 10'!
Jones at -1 V, and fast photoresponse of less than 4 ps without any sluggish tail. The fast
photoresponse is attributed to the low trap-state densities, as proved in both TPV and TPC
measurements. The device also exhibited superior stability over the course of 625-h exposure in
air ambient. The approach proposed in this study opens the door for low-complexity and

monolithic integration of CQD Ink devices on Si for potential applications such as on-chip NIR

lasing and photodetection for Si photonics technology [61], [62], [145], [146].
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7. Colloidal quantum dot CMOS image sensor for near-
infrared imaging

7.1  Background

NIR CIS enables significant applications such medical imaging, night vision and self-driving cars.
Mature commercial solution is using InGaAs material. Main process including high-temperature
epitaxial growth of InGaAs on InP substrate, subsequently followed by InGaAs dicing and flip-
chip bonding of InGaAs onto die circuits. However, this method is non-wafer scale and severely
limits the throughput. Another drawback is that pixel size is limited by bond pitch distance during
the flip-chip bonding process and thus it restricts CIS pixel resolution. For example, InGaAs-based
NIR CIS provided by TELEDYNE (Tau® SWIR) has a pixel size of 15 um and a resolution 640

x 512; this is in drastic comparison to Si-based visible CIS that has a pixel size as small as ~1 pm

and a resolution of 3,264 x 2,448 pixels in an area just Imm x Imm in size.

On the other hand, thanks to the solution processability at room temperature, CQDs could be
integrated with ROIC circuit in large area without bonding requirement; thus, CQD-based NIR
CIS could be realized with smaller pixel size (higher resolution), drastically lower energy cost and
manufacturing complexity. As we have mentioned in Section 1.4.4, several CQD NIR CIS have
been demonstrated (Figures 1.12 and 1.13), which were realized by integrating CQD photodiode
[31], [33] or phototransistor [32] onto ROIC circuits. This chapter is a simulation study and will
investigate the feasibility of an alternative integration strategy which is integrating CQDs onto

ROIC through CQD/Si heterojunctions as discussed in the previous two chapters.
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7.2  Simulation methods

The simulations were conducted using Taurus Medici. It is a 2D device simulator which is able to
model the electrical and optical characteristics of various semiconductor devices. The structure of
one active pixel in the proposed CQD/Si heterojunction based NIR CIS is displayed in Figure 7.1.

The architecture resembles the active pixel in a Si-based visible CIS with some extra layers.
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Figure 7.1. Schematics of an active pixel of a CQD-based NIR CIS.

A heterojunction is formed between a p-type CQD layer (doping concentration of 1x10'¢ cm™)
and a n-well Si layer (doping concentration of 1x10'® cm™), which is buried in a p-type (doping
concentration of 4x10'> c¢m™) Si substrate. A pinning layer of NiOx (doping concentration of
5x10" c¢cm?) is deposited on top of CQD, which enhances the built-in field of CQD/Si
heterojunction. The n-well structure is used to store the photocarriers generated from CQD layer
under NIR illumination. Once transfer gate (TG) is biased (open), the photocarriers will transport
to a floating diffusion (FD) made of n+ region. The voltage potential of the FD is monitored by a

source follower (SF) transistor, and the information is subsequently transferred to column bus line
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through a row-select transistor (SEL). A reset transistor (RST) will send a reset signal once it is

biased; in this case, both n-well and FD will be reset, and extra charges will be transferred out of

the pixel.

7.3  Results and discussions

We first simulate the characteristics of NiOx/CQD/Si heterojunction photodiode which is isolated
from the active pixel. Figures 7.2a and b show the electrostatic potential of the structure in dark
and under illumination along the vertical dashed red line shown in Figure 7.1. The diagram in
Figure 7.2a shows a p+/p/n/p type heterojunction formed in the dark. The extra layer of NiO
effectively enhances the built-in electric filed. Figure 7.2b clearly shows that the voltage potential
in the n-well significantly decreases under NIR light illumination because of the accumulation of
photo-electrons generated and transported from CQD layer. The voltage potential in NiOx layer

slightly increases due to the accumulation of holes in the layer.
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Figure 7.2. Electrostatic potential of NiOx/CQD/Si heterojunction photodiode in (a) dark and (b)

under illumination along the red dashed line shown in Figure 7.1.
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Figure 7.3. (a) I-V curves of NiO/CQD/Si heterojunction photodiode in the dark and various light
intensities. (b) Photocurrent at various intensities. (c) Responsivity values as a function of intensity

showing good linearity.

Figure 7.3a demonstrates the simulated photocurrent as a function of bias voltage for the
photodiode under various light intensities. In dark, it is clearly observed that a rectifying junction
is formed between p-type CQD and n-type Si layers with current density down to 3x107> A/um at
reverse bias. Photocurrent as a function of light intensity is depicted in Figure 7.3b. The values are
fitted as I, ~ P*, in which k close to 1, thanks to the low trap density of CQD layer (discussed in
section 6.3). Responsivity values are calculated from Equation 1.1 and plotted in Figure 7.3c as a
function of intensity. The values remain stable for all intensity, indicating superior linearity which

is crucial for the CIS.

We then proceeded to simulate the active pixel in Figure 7.4, which shows the voltage potential at
along horizontal direction at y = 10 nm in the dark and under illumination. In both cases, when the
TG is not biased, the n-p junction formed between n-well and channel beneath the gate renders a
potential barrier preventing electrons from traveling through. Once TG is biased, an inversion layer

is formed beneath the gate and drops the potential barrier. Under illumination, photo-generated
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carriers are temporarily stored in n-well if TG is closed (voltage potential decreases in n-well) and

are readily transferred from n-well to FD once TG is open.
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Figure 7.4. Electrostatic potential of the active pixel along the horizontal red dashed line in Figure

7.1 (y = 10 nm) in (a) dark and (b) under illumination.

Finally, we simulate the timing sequence diagram for the active pixel as shown in Figure 7.5. RST,
TG and RS transistors are voltage biased (opened) periodically to transfer the signal from a
selected active pixel, and a single period can be divided into three stages, that are reset, integration
and read. Finally, the Out signals are read through RS and column bus. Within on period (1x10™
s), it is clear from the figure that the Out signals differ in the dark (Figure 7.5a) and under (Figure
7.5b) illumination at “read” stage: Out remains high signal level in the dark while it is low level
under NIR light. The demonstration here proves that CQD-based NIR CIS can generate signals

under NIR light using similar device structure as the conventional Si-based visible CIS.
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Figure 7.5. Timing sequence diagram of the active pixel (a) in the dark and (b) under illumination.

7.4  Summary

The solution processability of CQDs promises large-area and monolithic integration on Si-ROICs;
this enables low-cost CQD-based NIR CIS with high resolution. This chapter presented a
simulation study on CQD-based CIS, in which CQDs were integrated by forming a CQD/Si
heterojunction. Results show that CIS is sensitive to NIR light thanks to CQD film, and signal
carriers are successfully transferred through the ROICs. The investigation in this chapter provides

alternative integration method of CQDs with Si ROICs for achieving CQD-based NIR CIS.
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8. Conclusions

8.1  Summary of accomplishments and contributions

The investigations conducted in this thesis explore fast and efficient NIR light detection realized
by CQD-based photodetectors. The heart of the thesis is centred around the integration of CQD

with Si and achieving on-Si CQD-based NIR photodetection.

We have demonstrated a fast CQD photodiode that exhibits fast rise and fall times of 0.3 ps even
with a low mobility CQD material. This was done by employing a physical model that predicts Si
photodiode temporal response. We applied the model to CQD photodiode and synergized the

carrier transport and RC effect; this has afforded a fast temporal response.

We proposed a POSFET structure for integration on Si. The structure replaces the poly Si gate in
a conventional CMOS transistor with a CQD photodiode. The photovoltage generated from the
photodiode modulates the channel conductivity in the transistor, the same as the voltage
modulation from poly Si gate in the CMOS transistor. The integration is CMOS compatible and
highly scalable. Simulations and proof-of-concept experiments were employed to prove the

feasibility of the method.

Forming a heterojunction between CQD and Si is another straightforward integration method. The
performance of heterojunction devices heavily depends on the junction quality. In this regard, we
have proposed using two-step chlorination/methylation method for Si surface passivation. The
method shows improved passivation efficiency compared to the conventional one-step methyl-
iodine passivation and greatly supress Si surface trap densities. Moreover, CQD/Si heterojunction
photodiode based upon the two-step method shows near double EQE enhancement over the one
based on one-step method.
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Considering CQD inks exhibit extremely low trap density and have yielded best performance
optoelectronic devices to date, we demonstrated CQD ink/Si heterojunction photodiode. Direct
contact of CQD ink with Si yielded low EQE efficiency due to weak built-in field. By inserting a
buffer layer of PbS-EDT layer in between, not only built-in field has been improved by seven folds,
but interface carrier recombination is also reduced. Such improvements have afforded a CQD/Si

heterojunction photodiode that has high EQE combined with fast temporal response.

One of the practical significances of CQD-based NIR photodetection for building a low-cost NIR
CIS. The final work in this thesis proposed to employ CQD/Si heterojunction for realizing CQD-
based NIR CIS. Simulations were utilized to validate the feasibility of proposed device. Results
showed that signals in the dark/light from the CQD/Si photodiode can be read out through the

conventional Si-based ROICs.

The works demonstrated in this thesis provided solutions for achieving efficient, fast, and low-cost
NIR light detection; the works also pointed out to the significance of on-Si integration, as such
integration is critical for realizing much broader practical applications for CQD. One is CQD-
based NIR CIS that already has been discussed here, the other is on-chip NIR photodetection that

will be discussed in the next section.

8.2  Future works

Part of the future works will be centred around realizing experimental proof of POSFET and NIR
CIS. I will expect this to be sophisticated since the Si circuit has to be customized. Commercial Si
circuits are normally packaged before delivery, and hence it is hard to achieve direct integration.
To this end, we will be closely collaborating with semiconductor foundries or any other fabrication

facility within Canada and try to fabricate Si circuits with exposed area for the following CQD
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integration. For example, for the case of NIR CIS, with the collaboration we might be able to
fabricate Si die/wafer with exposed n-well areas; upon receive them, we will utilize in-lab

resources to finish up the fabrication.

The rest of the future works focus on the experimental demonstration of CQD integration with Si
waveguides in the Si photonics platform, which was investigated in theory in Chapter 4. Si
photonics has been regarded as one of the most promising strategies for Lidar devices. Since it is
compatible with CMOS technology, such devices could be fabricated with low-cost and in
compact sizes; this is in drastic contrast to the Lidar technology nowadays based upon mechanical
laser scanning which is bulky and costly. Further, since Si photonics utilizes coherent light, such
Lidar devices are much more immune to outside uncoherent noises. Si photonics Lidar devices
using longer wavelengths (e.g., 1550 nm) is proven to be eye-safe and important; however,
achieving low-cost and sensitive on-chip photodetection in this wavelength range was found to be
challenging as discussed in Chapter 4. CQD integrated with Si waveguide could possibly address
the issue. To this end, we will design and fabricate the Si photonics chip using the NanoFAB
facility in the University of Alberta. In the end, we will package the chip and send the chips to
other groups equipped with setups and experiences in investigating Si photonics-based Lidar

technology.
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