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ABSTRACT OF THE DISSERTATION

Novel Organic Shortwave Infrared Photosensors

by

Weichuan Yao

Doctor of Philosophy in Electrical Engineering (Nanoscale Devices & Systems)
University of California San Diego, 2019

Professor Tse Nga Ng, Chair

A low-cost and scalable short-wavelength infrared (SWIR:  = 1–3 m) photosensor
will be widely deployable and transformative for a wide range of spectroscopic systems and
optoelectronics that form the foundation for scientific, industrial, medical, and defense
applications. Conventional SWIR photosensors are cost-prohibitive due to complex
fabrication involving epitaxial growth of inorganic crystals. To make SWIR photodetectors
affordable for ubiquitous sensing, this thesis aims to realize low-cost organic SWIR bulk

xviii

heterojunction (BHJ) photodiodes by using a novel class of modular narrow bandgap
conjugated polymers, and to demonstrate the direct solution deposition of organic thin films
can replace complex manufacturing processes and produce the comparable performance.
While polymeric semiconducting materials have been widely used and extensively
studied in organic photovoltaics, different device behaviors accompany the progressive
shrinkage of polymer bandgap to extend spectral absorption out to SWIR region. A better
understanding of the fundamental properties of SWIR organic photodiode (OPD) is therefore
needed to predict and advance performance. This thesis focuses on understanding different
aspects of OPD performance that centers around specific detectivity, which ultimately
defines the signal-to-noise ratio.
Firstly, in Chapter 3, the challenges in the dark noise increase associated with the
low-bandgap organic system are discussed, followed by an introduction to different noise
suppression methods. An emphasis is made on the importance of direct noise measurement
to stay out of the pitfall of overestimating detectivity. Two approaches including interface
engineering and electrode work function tuning are demonstrated to suppress the noise
current in SWIR OPDs. Secondly, in Chapter 4, an improved model to decouple dissociation
and collection efficiency is proposed to pinpoint the limiting factor of SWIR OPDs, and
exemplary device engineering methods are shown to improve the dissociation bottleneck.
Then, in Chapter 5, two recombination mechanisms limiting the device efficiency are shed
light upon by connecting the optoelectronic properties to the materials composition. Lastly,
in Chapter 6, three applications are demonstrated to show the practicality of solutionprocessed SWIR OPDs and the potential in realizing the low-cost and large-scale SWIR
sensing.
xix

Chapter 1 Introduction
1.1 Applications of SWIR Photosensor
Optical sensors are widely deployed in numerous applications, including
environmental monitoring, spectroscopic instrumentation, security and defense, just to name
a few. Despite the high utility of visible (VIS) and near-infrared (NIR) sensing technologies,
photodetection in SWIR region ( = 1–3 m) is highly desirable owing to its unique
advantages. For example, SWIR radiation can penetrate through smoke particles more
effectively than visible light as depicted in Figure 1.1, and thus can provide rescue workers
with better visibility through heavy smoke and haze. In other domain of applications like
health monitoring and biological imaging, SWIR detection possesses the edge of the superior
detection depth and resolution due to several reasons. Firstly, the wavelength dependence of
photon scattering is observed to follow a power-law decay from the VIS-NIR to the SWIR
region.1 Reduced tissue scattering contributes to a greater penetration depth in the SWIR
region, as shown in Figure 1.2 (a). Secondly, in the VIS-NIR region, tissue absorption is
primarily attributed to hemoglobin. The absorption from hemoglobin is orders of magnitude
lower when extending to the SWIR region,2 so SWIR signal does not attenuate as much as
in the VIS-NIR wavelength region in most biological tissues (Figure 1.2 (b)). Moreover, the
potential of a more information-rich means of tissue composition analysis and
characterization is enabled by prominently distinctive water- and lipid-related absorption
features in the SWIR region,3 and these features are not readily accessible in the VIS-NIR
region. Thanks to the above advantages as well as minimal tissue autofluorescence,
researchers have been able to carry out biological imaging4–6 in the SWIR region, as

1

exemplified in Figure 1.3, in which SWIR detection offers higher contrast and greater details
of information.

Figure 1.1. SWIR detection enables imaging through smoke and haze. (sensorisinc.com)
(a)

(b)

Figure 1.2. (a) Comparison of penetration depth between NIR and SWIR detection. NIR
light shows complete attenuation by 5 mm, whereas SWIR light can be detected through
10mm of phantom tissues. (b) Light absorbance versus spectral wavelength through various
tissue samples. Reproduced with permission from Ref 2. Copyright 2013 Springer Nature.

Figure 1.3. In vivo mouse brain fluorescence imaging in different spectral regions.
Reproduced with permission from Ref 4. Copyright 2014 Springer Nature.
4
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1.2 Alternative Materials for SWIR Photosensor
While SWIR detection shows a prominent promise in a wide variety of applications,
its utility is relatively limited ascribable to the high cost. The current SWIR technologies7,8
remain largely dependent on inorganic crystals, which require complicated manufacturing
processes such as high-temperature growth of epitaxial semiconductors, complex die
singulation and bonding. These processing requirements not only are incompatible with
monolithic integration onto conventional silicon CMOS readout electronics but also
dramatically add to the high cost. Therefore, alternative materials are being sought for
scalable SWIR applications that are economically viable. Among these alternatives, twodimensional material graphene9 has shown its compatibility with the highly mature siliconbased platform and stood out as a contender for low-cost and large-scale integration. In
addition, solution-processed semiconductors including colloidal quantum dots10–13, metalhalide perovskites,14,15 organic molecules and conjugated polymers16–19 offer solution
processability that allows low-temperature processing and direct deposition to achieve high
fill factor (the photo-active fraction of the pixel area), emerging as candidates for nextgeneration SWIR sensing. The ease and versatility of solution processing are attractive as
they enable deposition from solution over large areas using readily available manufacturing
techniques, such as spin coating, roll-to-roll printing, spray coating and doctor blading
(Figure 1.4), and offer the potential to deliver compact and high-resolution imaging systems.
In these novel candidates, organic molecules and polymers, with exceptional properties such
as synthetical tunability,20–23 mechanical flexibility24–26 and biocompatibility,27 have seen a
success in the organic bulk heterojunction (BHJ) photodiode structure, outperforming silicon
photodiodes in the visible and NIR spectral region in a range of metrics including specific

3

detectivity.17 Moreover, while conventional SWIR detectors like InGaAs detector are powerhungry because of cooling requirements to reduce noise, organic detectors can operate at
near-physiological temperatures, which combined with the above-mentioned advantages
renders them a facile choice for wearable optoelectronic applications.28–31 It is manifested in
Figure 1.5 that a NIR organic photodiode (OPD) has a larger tolerance to temperature
changes than an inorganic photodiode.32 More details on how temperature plays a part in the
device physics of OPD will be discussed in Chapter 6.

Figure 1.4. Different manufacturing techniques for deposition and processing of solutionprocessed materials. Reproduced with permission from Ref 16. Copyright 2017 Springer
Nature.

Figure 1.5. The impact of temperature changes on a typical organic photodiode and a
commercial germanium photodiode. Reproduced with permission from Ref 32. Copyright
2018 American Chemical Society.

4

1.3 Photosensor Metrics
As the starting point of understanding SWIR OPD performance, some important
characterization metrics are to be introduced in this section. A basic figure of merit that
quantifies the strength of photo-response is the responsivity (R), which measures the
electrical output per optical input. What is closely related to R is external quantum efficiency
(EQE), which quantifies the conversion efficiency of incident photons to charge carriers.
Another important quantity is noise spectral density (Sn), which represents the electrical
signal generated in the absence of light. The overall figure of merit for photodetection,
specific detectivity (D*), corresponds to the signal-to-noise ratio (SNR) setting the detection
bandwidth to 1Hz and the device area to 1 cm2 at an incident power of 1W. These important
metrics are summarized in Table 1.1 and will appear throughout the rest of the dissertation.
In addition to these metrics, some other figures of merit are also commonly characterized in
photodetector works, such as the linear dynamic range (LDR) (measures the range of incident
light power over which the detector response is linear), -3dB bandwidth (characterizes the
temporal response and is limited by carrier transit time (ttr) , RC time or both) and noise
equivalent power (NEP) (indicates the incident power that would be required to yield a nearunity SNR over a bandwidth of 1Hz. D* normalizes the NEP to the device area and detection
bandwidth).

5

Table 1.1. Definitions of photosensor metrics.
Metric

Definition

External quantum The ratio between the number of collected carriers and incident
efficiency (EQE) photons: 𝐸𝑄𝐸 = 𝑅 ℎ𝑐 , where 𝑅 = 𝐽𝑝ℎ is the responsivity, 𝐽 is
𝑝ℎ
𝜆𝑞
𝑃
𝑙𝑖𝑔ℎ𝑡

the photocurrent density, 𝑃𝑙𝑖𝑔ℎ𝑡 is the intensity of the incident light
per unit area, ℎ is Planck’s constant, 𝑐 is the speed of light, 𝜆 is the
wavelength of light, and 𝑞 is the elementary charge. 𝐸𝑄𝐸 is unitless
and often expressed as a percentage.
Noise
spectral The noise spectral density origins from multiple noise sources,
density (Sn)
including shot noise, thermal noise and 1/f (flicker) noise. The total
noise
spectral
density
is
expressed
as
𝑆𝑛 =
2
2
2
√𝑆𝑠ℎ𝑜𝑡 + 𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝑆1 . Shot noise is related to the current by
𝑓

𝑆𝑠ℎ𝑜𝑡 = √2𝑞𝐼, where 𝑞 is the elementary charge and 𝐼 is the current
flowing through the device. Thermal noise is given by 𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
√4𝑘𝑇/𝑅𝑠ℎ , where 𝑘 is Boltzman’s constant, 𝑇 is the temperature,
and 𝑅𝑠ℎ is the shunt resistance of the device. 1/f noise is empirical and
usually not expressed in terms of device parameters. The unit of 𝑆𝑛
is A/√Hz.
Specific
detectivity (D*)

The signal-to-noise ratio of responsivity to dark noise: 𝐷∗ =

𝑅√𝐴
𝑆𝑛

,

where 𝑅 is the responsivity, 𝐴 is the effective device area, and 𝑆𝑛 is
the noise spectral density. The unit of 𝐷 ∗ is Jones (1 Jones = 1 cm √Hz
/W).
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1.4 Fundamentals of Organic Semiconductors and Bulk Heterojunction
The working principle of a photodiode is essentially such that absorbed light is
transferred to photoexcited carriers that are separated by a junction subsequently. The
existence of the junction guarantees the separated carriers do not recombine before collected
by electrodes. In an inorganic photodiode, the junction (depletion region) forms when having
the n-type and p-type region of the semiconductor in contact, while phase-separated mixtures
of organic materials, i.e. BHJ, are employed to serve the same purpose for organics. In this
section, the major fundamental distinctions between inorganic and organic semiconductors
and the concept of BHJ will be introduced.
1.4.1 Distinctions between Inorganic and Organic Semiconductors
In inorganic semiconductors, atoms are covalent-bonded in three dimensions. In
contrast, organic conjugated molecules or polymers are composed of individual molecules
weakly bound by Van der Waals forces. Inside a molecule, the pz atomic orbitals of the carbon
atom overlap to form π bond and the π electrons are delocalized within the conjugated
backbone of the carbon-carbon bonds. With the lack of the organized crystalline structure in
organics, charge carriers transport by means of hopping between localized states assisted by
thermal activation. While charge carriers can move freely in the conjugated backbone, it is
much tougher to hop from one molecule to its adjacent neighbors. The limitation in the intermolecular charge transport results in much lower mobility than inorganic materials.33 The
energy level structure in Figure 1.6 illustrates the difference between inorganic and organic
semiconductors from another perspective. For amorphous organic semiconductors, band
conduction is not applicable and instead the concepts of the highest occupied molecular orbit
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(HOMO) and the lowest unoccupied orbit (LUMO) are adopted. The energy required to
pump an electron from the HOMO to the LUMO is referred to as Eg and is analogous to the
valence-conduction band gap in inorganic semiconductors. For single crystalline
semiconductors, the conduction and valence band edges are clear-cut. By contrast, in organic
semiconductors, the edges of HOMO and LUMO are disordered and not clearly defined, with
the densities of tail states34 extending into the gap between HOMO and LUMO.
Another significant difference is organic materials possess lower dielectric constant
(εr ≈ 2 – 4) due to the existence of tightly bound Frenkel excitons (electron-hole pairs). The
binding energy of the Frenkel exciton is in the range of 0.3 – 1 eV while that of the Wannier
exciton in the inorganics is close to the thermal energy at room temperature (~ 26 meV). This
means unlike inorganic materials, excitons in organics cannot dissociate with the thermal
energy into free carriers instantaneously upon light excitation. It takes additional driving
force for Frenkel excitons to dissociate, and this extra force can be provided by the energy
band offset at the BHJ interface.

Figure 1.6. Energy level versus density of states versus for (a) single crystal inorganic
semiconductors, and (b) amorphous organic semiconductors.
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1.4.2 Working Principles of Bulk Heterojunction
The knowledge base of organic semiconductors and BHJ has been established after a
long journey of exploration, in which the organic photovoltaic (OPV) community had
contributed an incredibly large amount of research efforts in the past two decades.35–38 To
effectively assist charge generation, a structure bringing organic materials with different
electron affinities is necessary. Usually, the organic material with a relatively high HOMO
level is the p-type material or the electron donor, and that with a relatively low LUMO level
is the n-type material or the electron acceptor. At the interface of the two materials, the energy
offset of LUMO levels, equivalently the difference in electron affinities, creates the driving
force to assist charge separation. The first organic solar cell reported by Tang39 employed a
bi-layer structure of n-type and p-type organics and was limited in efficiency because the
short exciton lifetime does not allow generated excitons to efficiently diffuse across half of
any film thickness that is greater than the exciton diffusion length (~10 nm). If reducing the
film thickness to the range of twice the exciton diffusion length, the resultant optical
absorption would be highly insufficient. With the invention of BHJ, this tradeoff is
bypassed.40
BHJ is composed of a blend of electron donor and acceptor materials. The donor
constituent is small molecules or polymers responsive in the light spectrum of interest, and
the acceptor constituent is usually fullerene and its derivative, as it has been demonstrated
the photoinduced electron transfer from conjugated polymer to fullerene is ultrafast.41
Generally, there are four steps to transfer energy from photons to photoexcited carriers based
on the BHJ structure, as illustrated in Figure 1.7 (a). The first step is to absorb photons with
energy larger than or equal to the Eg of donor material and generate excitons. An exciton is a
9

pair of the electron excited into the LUMO and the hole left in the HOMO that stays bound
𝑞2

by the Coulombic attraction, which is expressed as 4𝜋𝜀𝑟 , where 𝑞 is the elementary charge,
𝜀 is the dielectric constant and 𝑟 is the distance between electron and hole. The generated
excitons then diffuse to a donor-acceptor (D-A) interface within their diffusion length as the
second step of the process. The advantage of BHJ is it forms an interpenetrating D-A network
throughout the active film and meanwhile allows for a normal film thickness (~100 nm) to
provide sufficient optical absorption, as depicted in Figure 1.7 (b). The nanoscale D-A phase
separation ensures most excitons can find a D-A interface before they decay to ground state.
Once an exciton reaches a D-A interface, the ultrafast charge transfer (CT) happens and forms
a so-called CT complex, which still contains an electron-hole pair but with a much looser
attraction and the two carriers reside in two different phases. At this step, the energy of CT
state is determined by the effective energy gap of BHJ, which is the energy difference
between the HOMO level of the polymer donor and LUMO level of fullerene acceptor, and
is smaller than that of excitonic state after undertaking the energy alignment offset between
the D-A LUMO levels (ΔELUMO). The existence of ΔELUMO creates a strong local electrical
field favorable for separating electron-hole pairs into mobile carriers. Finally, as the last step,
the separated free carriers can drift under the guidance of the internal electrical field and
diffuse by the concentration gradients to their respective electrodes. Because the active layer
thickness is typically thin (~100 nm), the internal electrical field usually extends through the
whole layer, given the space charge caused by the carriers or residual doping is not enough
to render a large band bending. As a result, the carrier transport is dominantly field-driven.
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Figure 1.7. (a) The energy diagram of BHJ blend. (b) The nanoscale phase-separation
domain of BHJ blend. The numerical markers of 1 to 4 represents four general physical
processes: (1) light absorption and exciton generation, (2) exciton diffusion, (3) exciton
dissociation and (4) mobile charge transport.
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1.5 Challenges Facing Organic SWIR Photodiodes
In the light of the common deployment of BHJ structure in OPV research, the same
attributes also make BHJ ideal for OPD.42,43 Like for an efficient BHJ solar cell, a satisfactory
OPD requires adequate absorption of light to generate excitons, efficient exciton transfer to
the CT state at the BHJ interface, and high probabilities of the charge dissociation and
collection process. On top of these requirements, dark noise needs to be maintained at a
reasonably low level to ensure a decent detectivity. Despite the fruitful legacy of OPV
research establishment, the paradigm has shifted when the bandgap of light-absorbing
polymers aggressively shrinks to extend the response into the SWIR territory. On the one
hand, although organic materials are considered as the candidate with a good caliber for
photodetection, only a few organic SWIR photodiodes have been reported to respond past
1µm,44–48 owing to the deficit of organics that are optoelectronically functional in the SWIR
region. On the other hand, there remains a disparity between the limiting factors on the
performances of organic photodiodes operating in the SWIR and visible-NIR regions.49
Furthermore, the bandgap shrinkage inevitably gives rise to an increasing dark noise, which
hampers the overall detectivity of SWIR OPD.20,32 Therefore, a better understanding is
critically needed to advance the performance and realize the potential for organic SWIR
photodiodes to compete with the inorganic counterparts. The following chapters address the
arising challenges in incorporating small bandgap polymers into BHJ photodiodes, from the
perspectives of suppressing the dark noise in Chapter 3 and enhancing charge dissociation in
Chapter 4 and collection efficiency in Chapter 5.
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Chapter 2 Device Structure, Fabrication and Characterization
2.1 Device Structure
2.1.1 Inverted and Non-inverted Device Structure
Both non-inverted and inverted devices are exploited in SWIR OPDs. The device
structures of these two types are displayed in Figure 2.1. Indium tin oxide (ITO) is one of
the most commonly used transparent conductor. The hole transport layer (HTL) and the
electron transport layer (ETL) are chosen in such a way that the charge extraction is
facilitated and the leakage current is suppressed. Some low work-function metals such as
aluminum (Al) and silver (Ag) are widely used as metal electrodes.

Figure 2.1. Non-inverted (left) and inverted (right) organic photodiode structure.

In comparison to the non-inverted structure, the inverted geometry allows future
integration with conventional CMOS focal plane arrays. In addition, Poly(3,4ethylenedioxythiophene)-poly(styrene sulfonate), or PEDOT:PSS, is often used on the ITO
glass in the non-inverted architecture as the HTL. However, the acidity of PEDOT:PSS could
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be detrimental to the long term stability of the ITO/PEDOT:PSS interface.1,2 The inverted
structure can eliminate the use of PEDOT:PSS but involves the thermal evaporation of ptype metal oxide interlayers, which is less compatible with the scalable solution-processing
approach. Therefore, both structures are used to complement each other.
2.1.2 The Role of Interfacial Layer
The built-in potential determined by the difference in the work function (WF)
between the anode and cathode electrodes is a facilitator for both charge dissociation and
collection processes. The charge transfer at the electrode/organic interface is affected by the
energy level alignment. The importance of these energy level and interface modifications
puts interfacial layer (IL) in a critical position to achieve high device performances.
The WF of electrodes can be modified by IL via forming the surface dipoles at the
electrode/organic interface.3 The WF modification can mitigate the energy level mismatch
between the WF of electrodes and the Fermi levels of photocarriers by bringing them closer.
Additionally, electrode selectivity is challenging and crucially important in BHJ devices,
because both the donor and acceptor species are present at the electrode/organic interface.
Two problems can arise from this configuration. First, photocarriers with the wrong polarity
can transport to the opposite electrode, and as a consequence, the recombination of electrons
and holes at the same electrode would cause an efficiency loss. Second, in the reverse bias
operational condition, the external injection of electrons (holes) from the anode (cathode)
into the active layer contribute to the increase of the dark current. Both scenarios are depicted
in Figure 2.2. With the employment of ILs, these issues can be alleviated. Ideally, the HTL
should have a HOMO level close to or shallower than that of the donor materials, and a high-
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lying LUMO level; the EBL should have a LUMO level close to or deeper than that of the
acceptor materials, and a low-lying HOMO level. The energy barrier created by ILs at the
electrode/organic interfaces can effectively prevent photocarriers from getting extracted to
the wrong electrode and external carriers from injecting to the device, resulting in an
enhancement of electrode selectivity and dark current suppression.
(a)

(b)

Figure 2.2. (a) Photocarrier transfer dynamics at organic/electrode interfaces with (right) and
without (left) proper interfacial layers. (b) External charge injections to the active layer under
reverse bias with (right) and without (left) proper interfacial layers.
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2.1.3 Interfacial Layer Materials
In our study, the HTL materials used include PEDOT:PSS, evaporated and solutionprocessed molybdenum trioxide (MoO3), and the ETL materials used include ethoxylated
polyethylenimine (PEIE) and zinc oxide (ZnO).
PEDOT:PSS is a benchmark material in thin-film electronic fabrication. It is a
transparent and conductive polymer made up of two ionomers. Compared to PEDOT:PSS,
MoO3 has excellent stability in the ambient environment and is also commonly used as HTL
material. Although MoO3 has deep-lying energy levels4,5 and its valence band usually does
not align with the HOMO of polymer, it is considered to have a good hole transport property
as holes can be extracted through the gap states formatted in the oxygen vacancies6 and the
band bending induced by the high WF of MoO3 also provides an extraction force.7 Solutionprocessed MoO38 has attracted great attention because of its compatibility with large-area and
all-solution production, so in addition to thermally evaporated MoO3, solution-processed
MoO3 is also used in our study.
PEIE as an EBL material can substantially decrease the WF of ITO by more than
1eV9 and has shown promising potential in achieving low dark current without extra blocking
layers in the OPD application,10 and therefore is used in our inverted device structure. ZnO,
which has demonstrated the capability in enhancing optical absorption and reducing the
bimolecular recombination at the cathode/organic interface,11 is used with the Al cathode in
our non-inverted device structure.
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2.2 Material Preparation and Device Fabrication
2.2.1 Bulk-heterojunction Materials
The BHJ consists of an interpenetrating network of a polymeric donor and a fullerene
acceptor. Two donor-acceptor copolymers are provided by our collaborator (Prof. Azoulay’s
group in the University of Southern Mississippi) in this dissertation study.12 The first polymer
(referred to as P1 for the rest of the dissertation) is comprised of a bridgehead olefin (C=CPh)
substituted cyclopentadithiophene (CDT) donor and pyridal[2,1,3]selenadiazole (PSe)
acceptor (C=CPhCDT-co-PSe). The second polymer (referred to as P2 for the rest of the
dissertation) is comprised of alternating electron-rich bridgehead olefin substituted
cyclopentadithiophene (CPDT) and electron-poor thiophene flanked [1,2,5]thiadiazolo[3,4g]quinoxaline (TQ) building blocks (CPDT-TQ). The molecular acceptors are [6,6]-phenylC71-butyric acid methyl ester (PC71BM) and [6,6]-phenyl-C61-butyric acid methyl ester
(PC61BM) purchased from Ossila. The chemical information for P1 and P2 are shown in
Figure 2.3 and Figure 2.4 respectively.

Figure 2.3. Material information of P1. (a) Chemical structure. (b) UV–vis–NIR absorption
spectra of pristine polymer in chloroform (solid line) and as a thin film (dashed line) cast
from chlorobenzene.

21

Figure 2.4. Material information of P2. (a) Chemical structure. (b) UV–vis–NIR absorption
spectra of pristine polymer in chloroform (solid line) and as a thin film (dashed line) cast
from chlorobenzene.
The recipes to make the BHJ blend solutions for both polymers are as follows. The
solvent for the P1:PCBM BHJ blends is a mixture of chlorobenzene and chloroform in 3:1
volume ratio, with 3% of 1,8-diiodooctane as an additive. P1 and PC61BM (a good weight
ratio is 1:3) are dissolved into the solvent. The solution is stirred on a hot plate at 55 C
overnight inside a nitrogen-filled glovebox before being spin-coated. The P2 polymer and
PC71BM (a good weight ratio is 1:2) are dissolved in dichlorobenzene with 3% of 1,8diiodooctane as the additive. The solution is stirred on a hot plate at 80 oC overnight in N2
atmosphere. Then the solution is cooled to 45 oC and before being spin coated with different
spin speeds to form BHJs of different thicknesses.
2.2.2 Formulation of Solution-processed Metal Oxides
ZnO nanoparticles (NP) are synthesized from zinc acetate dehydrate (ZnAc•2H2O)
and potassium hydroxide (KOH), following the procedure described by Hermann-Jens et al.13
The chemicals are used as purchased from Sigma-Aldrich without further purification. In our
study, 780 mg ZnAc•2H2O and 390 mg KOH powders are loaded into two separate beakers
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inside the glove box. They are then transferred out of the glove box for making different
solutions. ZnAc•2H2O solution is formed by dissolving 780 mg ZnAc•2H2O power in 50 ml
methanol, and KOH solution is formulated by dissolving 390 mg KOH powder in 28 ml
methanol. ZnAc•2H2O solution is then transferred to a three-necked flask. Gradually add
KOH solution to the flask to make the reaction of ZnAc•2H2O with KOH happen. The
reaction is kept at 60 ℃ constant temperature in water bath for 2 hours. The ZnO NPs visibly
inspected as white precipitate are purified and re-dissolved in methanol to form the ZnO NPs
solution. The concentration of the ZnO NPs solution is ~0.01 mol/L. A thin film of ZnO layer
can then be spin coated on the organic layer without post-annealing.
Solution-processed MoO3 is synthesized following the procedures described by Xie
et al.8 The molybdenum powder are purchased from Sigma-Aldrich. 100mg molybdenum
powders are loaded in a beaker. 10 ml ethanol is added to the beaker and the molybdenum
suspension is stirred for several minutes. 0.35 ml hydrogen peroxide (H2O2) (30%) solution
is then added into the metal power suspension solution, allowing for an 18-hour reaction to
form HMoOX solution. The concentration HMoOX solution is ~0.1 mol/L. After the MoO3
suspension is diluted 20 times by ethanol, it can be directly used to cast MoO3 thin film on
the organic layer without post-annealing.

2.2.3 Fabrication Procedures for Inverted Device
The inverted devices are used for the studies in Chapter 3 and Chapter 4. The
fabrication procedures are as follows. The pre-patterned ITO substrates were ultrasonically
cleaned in detergent, deionized water and 2-propanol for 15 min sequentially. PEIE (35-40
wt% in water, molecular weight 7000 g/mol) purchased from Sigma-Aldrich was diluted by
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2-methoxyethanol to achieve a concentration of 0.4% by weight, and it can be used by itself
or mixed with ZnO nanoparticles in a ratio of 2:1 by weight. The mixture was cast onto a
cleaned ITO substrate at a spin speed of 3500 rpm to form a ~10 nm film, which was annealed
at 120 oC for 10 min in ambient. Then the prepared BHJ blend solution was spin-coated on
the PEIE(ZnO)/ITO substrate. To complete the fabrication of the photodiode, 15 nm MoO3,
followed by 100 nm Ag, was deposited on top of the BHJ film through thermal evaporation
in a vacuum chamber with a pressure of 3×10-6 mbar. The effective areas of the
photodetectors were 9 mm2. The devices were encapsulated between a cover glass bonded
with epoxy. The energy diagram of the inverted structure is shown in Figure 2.5.

Figure 2.5. Energy diagram of the inverted device structure.
2.2.4 Fabrication Procedures for Non-inverted Device
The non-inverted devices are used for the study in Chapter 5. The fabrication
procedures are as follows. Glass substrates with ITO were cleaned by ultra-sonication in
detergent, deionized water, and isopropanol for 10 min in each solvent. PEDOT:PSS
Heraeus 4083 purchased from Ossila was diluted with isopropanol in 1:4 volume ratio to
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improve surface wetting. The diluted PEDOT:PSS was cast onto a cleaned ITO substrate at
a spin speed of 1000 rpm for 90 s, followed by annealing at 130 C for 10 min, to form the
interfacial layer for hole extraction. The prepared BHJ blend solution was then spin coated
onto the PEDOT:PSS/ITO substrate. A ZnO nanoparticle solution was spin coated onto the
BHJ layer to form a ~15 nm interfacial layer for electron extraction. Then 80 nm Al was
thermally evaporated to complete the photodiode structure. The devices were encapsulated
with cover glass slides glued onto the substrates with epoxy. The energy diagram of the
noninverted structure is shown in Figure 2.6.

Figure 2.6. Energy diagram of the non-inverted device structure.
2.3 Material and Device Characterization
The current–voltage characteristics were measured with a Keithley 6487 picoammeter. In EQE measurements, the monochromatic light source was a halogen lamp
connected to a monochromator from Spectral Products. The light passed through an optical
chopper operating at 400 Hz. The device photocurrent was amplified through a low-noise
amplifier (SRS 570) and measured with a lock-in amplifier (SRS 510). Depending on the
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measurement region, an optical filter with a cut-off wavelength at 455 nm, 645 nm, or 1025
nm was used to reduce the scattered light from higher-order diffraction.
For transient photocurrent measurements, a 520 nm pulsed laser with <10 ns pulse
width was used as the light source. The RC time is measured to be ~90 ns, which is much
shorter compared to the carrier transit time. Laser intensity was 20 mW/cm2 and kept the
same for all measurements in the linear dynamic range of the devices. A 1.5 V battery in
series with a potentiometer was connected to apply variable external bias on the photodiode.
The photodiode was in series with a load resistor, of 150 Ω, and the photocurrent was
converted from the voltage dropped across the load resistor (I = V/150 Ω). Each data curve
is an average of 64 measurements as recorded by an oscilloscope, and it is also average over
5 trials for each applied bias.
Capacitance spectroscopy measurements were performed with a Bio-Logic SP200
potentiostat in the dark and in the frequency range 10−106 Hz. A small ac voltage of 100 mV
was used, and this amplitude was low enough to maintain linearity of the response and high
enough to minimize measurement noise. The noise spectral density was obtained by
connecting the device through a preamplifier (SRS 570) to a power spectrum analyzer (HP
89410A).
2.4 Experimental Procedures
2.4.1 Process for Image Reconstruction Measurement
The Fabry-Perot cavity array was fabricated using grayscale electron-beam
lithography as previously described by Huang et al.14,15 The area of each cell in the cavity
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array is 500 x 500 m2. The light source was a super-continuum laser (NKT Photonics
SuperK COMPACT), and the white light was passed through a monochromator (Horiba iHR
550) to modulate the output wavelength over time. An infrared camera (Hamamatsu C1274103) was used to capture the transmission pattern of the cavity array for calibration. The
calibration pattern was adjusted by a ratio of spectral responsivity, to account for the
difference in spectral response between the infrared camera and the organic SWIR
photodiode. The sample to be imaged was a mask patterned by inkjet printing black ink to
block light transmission. Since the black ink did not completely block out all SWIR light, a
small signal from the light leakage was subtracted from the background. The photocurrent
from our organic device was collected with a lock-in amplifier (SRS 830) and a data
acquisition board (NI USB-6009). The compressive sensing algorithm for image
reconstruction is based on L1-regularized least squares as described by Kim et al.16 The
experiment setup is shown in Figure 2.7.

Figure 2.7. Experiment setup for the single-pixel image reconstruction.
2.4.2 Process for Pixel Array Integration and Spectroscopic Measurement
Each OPD is individually connected to a 1N4007 switching diode in a back-to-back
structure. The anodes of the two diodes are attached together. The silicon switching diodes
are soldered onto a prototype board and then connected to OPD electrodes by conductive
epoxy (CW2460 Circuit Works). 16 pairs of back-to-back diodes are connected to four
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columns marked as A1~A4 and four rows marked as B1~B4. There is an electronic switch
on each line to address columns and rows, controlled by CD4053BE analog multiplexer IC
chips interfaced with an Arduino nano. The columns and rows are connected in an outer loop
through a picoammeter and a voltage source (Keithley 6487). During the measurement, only
one pixel is addressed at a time, and the voltage source supplies 1.2 V, in which depending
on the photocurrent ~0.3 V forward bias is applied on the silicon rectifier to turn on the diode
switch and the remaining ~0.9 V is applied on the OPD to reverse bias the device. The time
interval used to read each pixel is 100 ms.
The advantage of back-to-back diode architecture is the four photodiodes sharing the
same column or row are isolated by the switching diodes so that the crosstalk between pixels
can be reduced. If there is no switching diode, when a device is being measured, the
photocurrent generated by a neighboring pixel could flow back through other OPDs on the
same lines and bypasses the device being measured. The added switching diodes can stop the
back-low current and block the bypass. The circuit diagram of the active-matrix array is
shown in Figure 2.8.

Figure 2.8. Circuit diagram and photograph of the 4 × 4 active matrix array.
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Chapter 2, in part, is a reprint of the material as it appears in the publication: Wu, Z.;
Yao, W.; London, A. E.; Azoulay, J. D.; Ng, T. N. Elucidating the Detectivity Limits in
Shortwave Infrared Organic Photodiodes. Adv. Funct. Mater. 2018, 28 (18), 1800391. The
dissertation author was the co-author of the paper.
Chapter 2, in part, is a reprint of the material submitted for publication: Yao, W.; Wu,
Z.; Huang, E.; Huang, L.; London, A. E.; Liu, Z.; Azoulay, J. D; Ng, T. N. Organic Bulk
Heterojunction Infrared Photodiodes for Imaging Out to 1300 nm. The dissertation author
was the primary author of the paper.
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Chapter 3 Suppressing Dark Noise
3.1 Introduction to Different Noise Sources
A key to achieving a high sensitivity of OPD is to keep the electrical noise in the dark
at a low level. The electrical noise in the dark generates extra power consumption when the
device is in idle and can potentially lead to a saturation of the read-out process. Although it
is practically acceptable to subtract the dark noise from the total signal to get a meaningful
result, the randomness in the noise fluctuation cannot be removed mathematically.
Ultimately, according to the definition of the detectivity and the NEP, the entity of dark noise
sets the minimum detectable photo-signal. To decrease the dark noise, it is important to
understand its different components and corresponding sources.
3.1.1 Shot Noise
The first common type of dark noise is shot noise. Shot noise originates from the
quantization of charge carriers, the randomness of whose arrival can be described by a
Poisson process. Shot noise spectral density in the dark can be expressed as:

𝑆𝑠ℎ𝑜𝑡 = √2𝑞𝐼𝑑𝑎𝑟𝑘

(3-1)

where 𝑞 is the elementary charge and 𝐼𝑑𝑎𝑟𝑘 is the dark current. The shot noise spectral
density is frequency-independent and is directly related to the magnitude of dark current. The
dark current can be modelled by the diode equation:1
𝐽𝑑𝑎𝑟𝑘 = 𝐽0 (𝑒 𝑒𝑉/𝑛𝑘𝑇 − 1)
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(3-2)

where 𝐽0 is the dark saturation current density, 𝑉 is the applied voltage, 𝑒 is the elementary
charge, 𝑘 is Boltzmann’s constant, 𝑇 is absolute temperature (K), and 𝑛 is the ideality factor.
𝐽0 is dependent on the effective energy gap of BHJ, which is the energy difference between
the HOMO of polymer donor and the LUMO of fullerene acceptor.2 This dependence gives
a clue that an increase of the dark current level is expected to appear in the polymers with the
narrowing bandgap. Equation (3-2) contains deep physical meanings as trap and
recombination related information can be extracted from 𝑛 and 𝐽0 .3,4 Nevertheless, what
usually concerns more is the measured magnitude of the dark current, as it determines the
shot noise level an OPD must endure, which in many instances has been regarded as the
dominant component of noise. There are different sources that can introduce the dark current
to an OPD. Under reverse bias, the main contributions to the dark current are Frenkel-Poole
electric-field-assisted emission from trapped sites5 and charge injection from the electrodes
to the active layers.6,7 In the absence of bias, with the narrowing polymer bandgap, both
thermal cross-generation of intrinsic carriers at the D-A interface through ground-state CT
interaction and direct generation in the bulk become possible.8 Other factors like extrinsic
doping via oxygen or humidity and morphological defects also have been found accountable
for the dark current formation.9
3.1.2 Thermal Noise
The second common type of dark noise is thermal (Johnson-Nyquist) noise. Thermal
noise is generated by the thermal agitation of charge carriers, and the noise spectral density
is:

𝑆𝐼 = √4𝑘𝑇/𝑅𝑠ℎ ; 𝑆𝑣 = √4𝑘𝑇𝑅𝑠ℎ
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(3-3)

where 𝑆𝐼 is the current noise spectral density, 𝑆𝑣 is the voltage noise spectral density, 𝑘 is
Boltzmann’s constant, 𝑇 is absolute temperature (K) and 𝑅𝑠ℎ is shunt resistance in the dark.
For OPDs, thermal noise only relies on the shunt resistance and temperature and is
independent of frequency. A representation of shunt resistance is shown in Figure 3.1. Shunt
resistance usually measures the leakiness of the device and is inversely proportional to the
magnitude of the dark current. It can be obtained from impedance spectroscopy
measurements in the low frequency region, provided the impedance characteristics are not
twisted by the existence of interfacial barrier resistance.10

Figure 3.1. Equivalent circuit model of a photodetector. IL represents a light current source,
Ct is the terminal capacitance, RSh is the shunt resistance, RS is the series resistance and RL
is the external load resistance. Reproduced with permission from Ref 11. Copyright 2018
John Wiley and Sons.

3.1.3 Flicker Noise
The third common type of dark noise is flicker (1/f) noise. It is usually more
prominent in the low-frequency domain and overshadowed by white noise from other sources
as frequency increases. This trend of 1/f frequency dependence hence gives it another name:
1/f noise. 1/f noise exists ubiquitously across different electronic systems. Although there are
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several insightful works to explain its mechanism specific to certain systems,12 its origin in
disorder organic materials remains unclear. Yet, researchers have extensively used it as a
diagnostic tool to analyze characteristic parameters such as density of states and carrier
lifetime, assess the transport process and probe the recombination kinetics.13–17 Despite its
usefulness in studying the intrinsic dynamics of charge carriers, 1/f noise is often only
significant under large reverse bias18 or in a very small low-frequency window19, rendering
it a concern of lesser substance in many cases.
3.2 Potential Pitfalls in Noise Characterization
In the literature, it is commonly seen to infer the noise current directly from shot noise
by assuming the dark current is the major contributor. While this assumption holds true
sometimes, especially for instances like a large dark current is induced under a certain reverse
bias. However, for small bandgap polymers used in SWIR OPDs, to get around the presence
of the increased dark current even under a moderate reverse bias, the devices are usually
operated in the photovoltaic mode.20,21 Under such circumstance, the substitution of the total
noise with shot noise alone is no longer valid as thermal noise becomes more pronounced.
This can be seen in the noise measurement of a typical SWIR OPD illustrated in Figure 3.2
(a). Around zero bias, the actual measured noise current of OPD is more than an order of
magnitude larger than the theoretical calculation of shot noise using the dark current value at
a small bias of -0.1mV. In the meantime, with Equation (3-3), thermal noise is calculated to
be 0.3pA/Hz0.5 with the shunt resistance value extracted from Figure 3.2 (b), which is quite
close to the measurement. This evidences the dominance of thermal noise in the photovoltaic
mode for small bandgap material system and alerts to an overestimation of detectivity by
more than an order of magnitude if the universality of the shot noise dominance is presumed.
34

When the device is subject to reverse bias, the situation changes. 1/f noise takes over in the
low-frequency region and gradually settles to a plateau. The preeminence of 1/f noise spans
over a larger frequency range under -0.7V than under -0.2V, which can be explained by the
dark current dependence of 1/f noise.22 The plateau levels match the shot noise calculation
with Equation (3-1) inserting the dark current values from Figure 3.2 (c). The calculation
results are 0.4pA/Hz0.5 and 0.8pA/Hz0.5 for -0.2V and -0.7V bias respectively. The results
present a scenario that under reverse bias the dominant noise source transitions from 1/f noise
to shot noise as frequency increases, and indicate the major contributor to the total noise
varies in different operational conditions. It is therefore critically important to acquire the
actual noise through direct noise measurement for an accurate calculation of detectivity. It is
also shown in Figure 3.2 (a) that at zero bias, the SWIR OPD is able to achieve a lower noise
level than the germanium photodiode, manifesting a potential advantage in low-noise
performance of organic materials over their inorganic counterparts.
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(a)
(a)

(b)

(c)

(b)

(c)

Figure 3.2. (a)Photodiode noise current versus frequency under different applied biases. The
solid lines are measured values, and the dashed line represents the calculated noise using shot
noise assumption. (b)Impedance spectroscopy measurement of the OPD in the dark to extract
its shunt resistance at zero bias. (c) Dark current-voltage characteristics of the OPD to provide
dark currents under different biases for the shot noise calculation.
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3.3 Increased Dark Noise in Low-Bandgap Polymers
With the bandgap of polymers employed in the BHJ system progressively shrinking,
the localized band-tail states near the HOMO and LUMO levels are distributed more closely
to each other in the energy scale, for both the pristine polymer bandgap and the effective BHJ
bandgap. As a result, the energy it takes for intrinsic carriers in the dark to be thermally
elevated to the nearby band-tail states is reduced. Hence thermal generation becomes easier
to occur both in the pristine polymer and across the CT state at the D-A interface. The buildup
of intrinsic carriers can reduce shunt resistance and consequently higher thermal noise
current, even without the need of external field. This trend is captured in Figure 3.3 (a).
Under reverse bias, the dark current of the SWIR OPD sees a surge in magnitude relative to
zero bias, as shown in Figure 3.2 (c). This sharp upswing is mostly attributed to the increased
charge injection resulting from the corresponding lowering of the Schottky barrier with the
use of small bandgap polymers. The height of the Schottky barrier for the hole injection from
the cathode is defined as the difference between the cathode Fermi level and the polymer
HOMO. An uplifted HOMO level of small bandgap polymer contributes to a smaller
Schottky barrier height initially, and with the aid of reverse bias the cathode work function
is pulled down and consequently, the Schottky barrier is shrunk even more. The lower the
Schottky barrier height, the more severe the external charge injection will get. 23 The effect
of decreasing polymer bandgap on the dark current under reverse bias is delineated in Figure
3.3 (b).
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Figure 3.3. (a) Shunt resistance measured at zero bias versus the charge-transfer state energy
for different polymer species. The impedance spectroscopy measurement results for shunt
resistance extraction at low frequency are shown on the right panel with a variety of active
film thicknesses. Shunt resistance increases with the film thickness up to the point where its
benefit is offset by an increased volume for the thermal generation of intrinsic carriers.
Reproduced with permission from Ref 24. Copyright 2018 American Chemical Society. (b)
Dark current-voltage characteristics for polymers with different bandgaps. The arrow
indicates the decreasing direction of polymer bandgap. Reproduced from Ref 25 with
permission from The Royal Society of Chemistry.

38

While the more active thermal generation is in principle inevitable for low bandgap
organic systems, the increase of the dark noise from other sources especially like the external
carrier injection can be inhibited to some extent by a variety of approaches. Electrode work
function tuning has been shown as an effective way to increase the energy barrier for carrier
injection, examples including a simple addition of a very thin layer of surface modifier such
as PEIE to decrease the cathode work function26,27 (so as to increase the energy barrier for
the hole injection from cathode), and surface treatments such as oxygen plasma or ultraviolet
ozone to increase the ITO work function28 (so as to increase the energy barrier for the electron
injection from anode). A potential downside of such surface modifications is its destruction
to EQE if any defect states are introduced to the electrode/organic interface. The dark current
is also proven to correlate with the active layer morphology,9 so careful control of
morphology might be useful to this end. However, a caveat is a direct modification of the
active material morphology can probably cause a side effect on the responsivity, and an
indirect approach such as passivating the rough film with a buffer layer to eliminate the
leakage pathway caused by pinholes is worth considering.29 In addition, molecular
engineering has also been employed for dark noise reduction. As an example, functionalizing
the polymer backbone with 3,4-ethylenedioxythiophene side chains discernibly depresses the
OPD dark current by enhancing the interaction between the polymer and the PEDOT:PSS
layer and hence creating a favorable vertical phase separation, which allocates a polymerrich environment near the anode to prevent the injection of electrons to the PCBM phase. 30
Nonetheless, molecular engineering could be complex in terms of chemical synthesis and not
always readily applicable to other systems. Regarding the vertical phase separation, an
alternative strategy is to use layer-by-layer solution processing method31 that forms a
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vertically gradient component to prevent electrons (holes) injecting from the anode
(cathode).32 The challenge of this method is to find orthogonal solvents for sequential
deposition.33 More traditionally, active film thickening is always an effective tactic for noise
reduction,9,34 but it would hurt the photo-response considerably in the low bandgap polymer
system due to the reasons to be described in detail in Chapter 4, and thus is not quite
applicable in our situation.
Finally, interface engineering, namely inserting a charge blocking layer (electron
blocking layer, i.e. EBL, or hole blocking layer, i.e. HBL) between the electrode and the
active layer, has been implemented successfully in a good number of works.1,2,35–37 For BHJ
devices, due to the difficulty of vertical phase separation, both donor and acceptor are usually
in contact with the same electrode, which is prone to a risk of the charge injection to the
corresponding phase. The charge blocking layer plays a strategic role for not only enlarging
the charge injection barrier, but also annihilating the leakage pathway by keeping the active
layer from direct contact with the electrode and filling surface pinholes. In the following
section, it will be demonstrated how interface engineering is utilized in SWIR OPDs to
suppress the dark noise.
3.4 Dark Noise Suppression in Organic SWIR Photodiodes
The inverted device architecture (ITO/PEIE/BHJ blend/MoO3/Ag) is commonly used.
In the noise reduction study, the BHJ blend is composed of polymer P1 detailed in Chapter
2 and PC71BM in 1:2.5 weight ratio. PEIE can modify the work function of ITO to create an
enlarged energy barrier against hole injection from the cathode. MoO3 serves as a holeextraction layer, but it cannot block electrons from the anode effectively owing to its energy
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alignment.38,39 Therefore, better prevention of electron injection under reverse bias is needed
to reduce the dark noise. In this section, two strategies, i.e. insertion of EBL and anode work
function tuning, are employed to fulfill this purpose.
3.4.1 Wide-Bandgap Polymer as Electron Blocking Layer
To work effectively as an EBL, the interlayer needs to follow some protocols. Firstly,
it needs a high-lying LUMO level to create a large enough energy barrier, which is defined
as the energy difference between its LUMO and the Fermi level of the anode. Secondly, its
HOMO level should be aligned appropriately with the p-type polymer to ensure efficient hole
extraction. High hole mobility of the interlayer material is also preferred for the same
purpose. Lastly, its processing should not involve any solvent that can re-dissolve the
underlying layer. Although the first two requirements can usually be met from a wide
selection of large bandgap materials, the last one limits the choices of solution-processible
EBL, which might require the aid of photo-crosslinking agent.35–37 Here, a dry transfer
process is demonstrated to bypass the restrictions of the solvent orthogonality.
Poly(3-hexylthiophene) (P3HT) is chosen to be the EBL. P3HT is a well-known and
commercially available polymer. As shown in Figure 3.4. the HOMO level of P3HT matches
that of P1 quite well, and the high-lying LUMO level introduces a 1.7eV electron injection
barrier as opposed to the original barrier height of 0.5eV without the presence of P3HT. The
dry transfer process is outlined in Figure 3.5. A bare glass is cleaned with standard
procedures and then treated with octadecyltrichlorosilane (ODTS) solution in hexadecane.
The ODTS solution will form a self-assembled monolayer on the glass surface for a smoother
peel-off process later on. Pristine P3HT solution is prepared and spin-coated on the glass.
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Then the transfer medium poly(dimethylsiloxane) (PDMS) is put on top of the P3HT film
and firmly press for 5 seconds for adhesion to happen. Next, PDMS/P3HT is placed onto the
prepared BHJ layer on the sample, and the whole stack is heated at 140℃ for 30 seconds so
the bonding between P3HT and BHJ films will form. After this, PDMS is gently peeled off,
leaving P3HT on top of BHJ to cool off. Lastly, MoO3 and Ag are sequentially evaporated to
finish the device fabrication.
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Figure 3.4. Energy diagram of the device with the P3HT electron blocking layer.

Figure 3.5. Dry transfer procedures and the device structure.
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With the incorporation of P3HT EBL, a noticeable suppression in dark current and a
correlating improvement in shunt resistance are observed. As depicted in Figure 3.6 (a), the
dark current decreases appreciably from no P3HT EBL to a P3HT EBL with a moderate
thickness of 60 nm, with the corresponding current level at the electric field of -4V/µm
dropping from 8.0×10-5 to 1.6×10-5 A/cm2. Increasing the P3HT EBL thickness from 60 nm
to 105 nm, the reduction of the dark current slows down, and the effect saturates beyond 105
nm. This trend can be recognized in Figure 3.6 (c) as well, in which the total noise current
at zero bias matches thermal noise that can be conveniently computed with the shunt
resistance using Equation (3-3). The enhanced dark noise reduction with the increased EBL
thickness is interpreted from the standpoint of electron tunneling. When the EBL is thin,
injected electrons can still tunnel through especially with the help of the electric field induced
by the applied reverse bias. Beyond 105 nm, the EBL is thick enough to completely decimate
the electron tunneling, and thus reaches saturation of blocking effect. In the small bandgap
system made of P1:PC71BM blend, the employment of P3HT EBL can suppress the dark
current under reverse bias (-4V/µm) by an order of magnitude, and the total noise at zero bias
by six-fold. This reduction is not as significant as the case in which P3HT EBL is applied to
a wide bandgap polymer system and about 3 orders of magnitude reverse-biased dark current
reduction is achieved.40 This is likely due to the reason that there are more activities that can
substantially intrigue the dark noise in the low bandgap polymer system, such as the thermal
generation of intrinsic carriers, and the external carrier injection accounts for a relatively
smaller portion of the total noise in comparison to the wide bandgap polymer.
The photo-response is adversely affected by the P3HT EBL as exhibited in Figure
3.6 (d). EQE monotonically declines as the P3HT EBL thickness increases, as the thickness
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increment not only extends the hole collection distance but more importantly weakens the
internal electric field that is crucial for charge dissociation in the low bandgap BHJ. The
built-in potential across the active layer is determined by the intrinsic properties of the D-A
interface and the difference of the work functions between the two conductive electrodes.
The internal electric field is defined as the ratio of the built-in potential to the film thickness.
The EBL thickness is comparable to the BHJ layer thickness in this study, so the internal
electric field greatly diminishes with the EBL insertion. The adverse effect of the P3HT EBL
on the photocurrent is also observed in wide bandgap materials.40 The factors impacting
charge dissociation will be discussed thoroughly in Chapter 4. The dark noise suppression
benefited from the P3HT EBL is more pronounced than its negative impact on the photoresponse. As the net result, the detectivity still sees an improvement with the aid of P3HT
EBL, and as shown in Figure 3.6 (e), the optimal EBL thickness is 105 nm. The dark current
reduction under reverse bias is not large enough to benefit the OPD from operating in the
biased condition, and hence the device is still more advantageous at zero bias.
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(a)

(b)

(c)

(d)

(e)

Figure 3.6. (a) Dark current versus external electric field for devices with different P3HT
layer thickness. (b) Impedance spectroscopy measurement at 0V for shunt resistance
extraction. (c) Noise current at 0V (dominated by thermal noise) versus P3HT layer
thickness. (d) External quantum efficiency at zero bias versus incident wavelength for
devices with different P3HT layer thickness. (e) Specific detectivity at 0V versus incident
wavelength for devices with different P3HT layer thickness. The inset is the specific
detectivity at 1000 nm incident wavelength versus P3HT layer thickness.
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3.4.2 Anode Work Function Tuning
While MoO3 is an ideal interlayer material for hole transport, PEDOT:PSS can
provide a high anode work function to create a higher energy barrier for electron injection,
as depicted in Figure 3.7. In previous OPV researches, MoO3 and PEDOT:PSS have been
used jointly in the form of double layer41 or blend42 to enhance the solar cell performance.
To leverage both the hole extraction and electron blocking properties, MoO3 and
PEDOT:PSS are blended to make an interfacial layer (IL) in my study. Details on processing
solution MoO3 and its use in device fabrication are elaborated in Chapter 2.
Figure 3.8 reveals the effect of the blend IL on both the light and dark current
compared to the reference device with the pristine MoO3 layer. It can be seen the dark current
is suppressed by the blend IL, and especially the trend of the rapid increase of the dark current
from around zero bias to a small reverse bias is alleviated. In the meantime, however, the
blend IL also leads to a reduction of light current. In the short-circuit condition, this reduction
is more significant than under reverse bias. These two observations together imply there
forms an energy barrier around zero bias that impedes both electron injection and hole
extraction. This energy barrier can be shrunk by applying reverse bias to the anode, which is
reflected on the fast rise of the light current under reverse bias. This interpretation can be
better visualized in Figure 3.9 (a). While for the reference device with the pristine MoO3
layer, a moderate reverse bias such as -0.2V can only improve EQE by no more than 30%,
for the device with the blend IL, this improvement is effectively 100%. Even though the
reverse bias can salvage the photo-response by overcoming the hole extraction barrier
induced by the blend IL, detectivity is still better at zero bias, as shown in Figure 3.9 (b),
because the noise reduction compensates for the lowered EQE. The comparison between the
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pristine MoO3 and the blend of MoO3 and PEDOT:PSS shows although in the latter case the
light current is worse (Figure 3.10 (a)), the decrease in the dark noise is more pronounced.
Therefore, an enhancement of detectivity is still obtained by means of the MoO3 and
PEDOT:PSS blended IL (Figure 3.10 (b)). There is still room for improvement in terms of
surface morphology control, as the blend introduces an increased surface roughness 42 and
possibly some damage to the underlying layers from solution processing.
E
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Figure 3.7. Energy diagram of the device with the MoO3 and PEDOT:PSS blend anode
interfacial layer.

Figure 3.8. Current-voltage characteristics for the device with pristine MoO3 layer and the
device with MoO3 and PEDOT:PSS blend layer. Black markers represent the dark current,
and red markers represent the light current under 980 nm laser diode illumination with
512µW intensity.
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(a)

(b)

Figure 3.9. EQE (a) and specific detectivity (b) under 0V and -0.2V bias for the device with
the MoO3 and PEDOT:PSS blend layer.

Figure 3.10. EQE (a) and specific detectivity (b) at zero bias for the device with the pristine
MoO3 layer and the device with the MoO3 and PEDOT:PSS blend layer.
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3.5 Conclusions
In this chapter, different sources of noise for OPD are discussed. Since the dark noise
increases significantly under reverse bias for low bandgap polymers, the device operation is
normally set at zero bias. This characteristic is different from visible photodiodes where
reverse bias does not significantly increase noise in wider bandgap materials. The strategies
used to raise detectivity in visible photodiodes, such as increasing BHJ thickness to reduce
shot noise and applying high reverse bias to increase EQE, are not applicable to the low
bandgap SWIR devices. In our SWIR OPD system, 1/f noise is usually negligible beyond
100Hz in low biasing condition, so mainly the white noise (shot noise and thermal noise) is
the concern. Through a direct noise measurement, the dominant noise source in the SWIR
OPD at zero bias is identified to be thermal noise, different from the common assumption of
shot noise being the main force in the literature. An emphasis on the importance of direct
noise measurement is made to avoid a potentially inaccurate estimation of detectivity as the
dominant noise sources can change depending on the biasing conditions. Different noise
reduction methods are discussed, and two strategies in mitigating the external carrier
injection as one of the major noise origins in the SWIR OPD are experimentally
implemented. The results demonstrate perceptible noise suppression, and the compromised
photo-response lead to a mild improvement on the detectivity. This study points out the
challenges associated with the performance optimization of the SWIR OPD.
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Chapter 4 Elucidating Efficiency Bottlenecks
4.1 Introduction
Given that organic BHJ solar cells show external quantum efficiency1 EQE > 80% in
the visible region, there is great potential for a polymer-based BHJ to achieve high EQE in
the SWIR. Owing to a paucity of SWIR-absorbing organics,2,3 only a few organic SWIR
photodiodes have been reported that exhibit a photo-response past 1 m,4–8 and they show
low EQE < 10% for  > 1.2 m. A better understanding of the limiting factors in narrow
bandgap BHJ devices is critically needed to predict and advance performance.
This chapter studies a prototypical BHJ photodiode with peak absorption at  = 1.2
m and extended photo-response to 1.55 m, based on the polymer P2. In narrow bandgap
devices, the photocurrent deviates from typical models9–12 used to describe the BHJ photoresponse in the visible spectrum. To reconcile these discrepancies, we present an improved
model to explain the electric-field dependence of the photocurrent for SWIR photodiodes.
This physical model offers an expedient method to pinpoint the origins of efficiency losses,
by separating the exciton dissociation and charge collection efficiencies, as we modify device
parameters such as film thicknesses, BHJ composition, etc. Our results indicate that the main
loss factor is due to poor exciton dissociation efficiency, particularly common in SWIR BHJ
photodiodes with low-energy CT states. The physical model provides insights into device
design guidelines and operating conditions necessary for improving EQE.
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4.2 Results and Discussions
4.2.1 An Improved Model to Describe Photocurrent in Organic SWIR Photodiodes
The device structure is ITO/ZnO:PEIE/P2:PC71BM/MoO3/Ag. Figure 4.1 (a) shows
the typical photocurrent density-voltage characteristics of the device. The photocurrent
density Jph(V) = JL(V) − JD(V) is the difference between the current density under illumination
JL and the dark current density JD. The voltage Vbuilt-in is the built-in potential at which the
photocurrent density is canceled, namely when JL = JD. In Figure 4.1 (b), the Jph data are
plotted against the effective electric field Eeff = Veff/d, where the effective voltage is Veff =
Vbuilt-in− V, with V being the applied bias and d the BHJ thickness. Prior work on BHJ
describes the electric-field dependence of photocurrent density using the Hecht equation13,14:

J ph = J sat 

2 Veff
d2

d2
[1 − exp( −
)]
2Veff

(4-1)

= J sat  collect ( Eeff )

where Jsat is the saturated photocurrent density dependent on the amount of absorbed light,
and μτ is the mobility-lifetime product that characterizes the capture cross-section and density
of recombination centers. The μ and τ are not independent variables; the value of μτ reflects
the extent of biomolecular recombination15 or recombination via localized states.13 For
example, in a device affected by biomolecular recombination due to an increase in carrier
density under intense illumination, the μτ value decreases, reflecting Jph-V characteristics
with low fill factor.12 The phenomenological Hecht equation often fits very well to the Jph-V
characteristics of typical organic BHJ solar cells made from large bandgap polymers, for
which the main limitation is recombination in the charge collection process.16
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However, with the SWIR photodiodes with a narrow bandgap, the electric-field
dependence of photocurrent is not fully accounted for by Hecht model. The dashed line in
Figure 4.1 (b) is a fitted curve based on Equation (4-1), and the poor fit indicates that the
Hecht model is insufficient to describe the data across the range of electric fields. The Hecht
equation attributes the electric-field dependence of photocurrent solely to recombination
losses during charge collection, as the Hecht model assumes a constant exciton dissociation
efficiency over all electric fields. It overlooks that exciton dissociation processes can vary
with the electric field, depending on the BHJ energy-level alignment. In BHJs with a large
offset between donor-acceptor LUMO levels, the exciton dissociation approaches 100%,
while in BHJs with small donor-acceptor LUMO offset, the exciton dissociation efficiency
is low and can be increased by applying an electric field.17–19 The latter case requires
modifications to the Hecht model.

Figure 4.1. (a) Photocurrent density versus bias voltage under laser diode illumination, at
10.5 mW/cm2 for  = 980 nm and at 250 mW/cm2 for  = 1310 nm. This photodiode has a
BHJ thickness of 350 nm. (b) Photocurrent density versus the effective electric field, with
fits according to the Hecht model (blue dashed line) or to the improved model of Equation
(4-3) (solid lines). (c) Internal quantum efficiency versus effective electric field. The markers
represent experimental data. The dashed lines are calculated according to the
Braun/Mihailetchi CT dissociation model. The solid lines are fit lines based on Equation
(4-3).
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The electric field dependence of exciton dissociation must be considered to describe
the SWIR devices in this work. Braun9 and Mihailetchi et al.10,11,20 modeled the rates of
exciton dissociation kD and recombination kR by invoking that excitons at CT states21,22 have
a finite lifetime and either dissociate into free carriers at rate kD, or decay back to ground
states at rate kR. The dissociation rate kD is electric-field dependent, while kR is independent
of

the

electric

field.

The

dissociate( Eeff ) = k D ( Eeff ) /[k D ( Eeff ) + k R ]
k D ( Eeff ) =

3q 
4 0 r a

exp( −
3

of CT exciton; b =

dissociation
.

The

efficiency
rate

kD

is
is

expressed

by

dependent

on

q2
EB
b 2 b3
is the binding energy
)[1 + b + + + ...] , where E B =
kT
3 18
4 0 r a

q 3 Eeff
; <μ> is the local carrier mobility23; a is the initial separation
2 2
8 0 r k T

distance between the electron and hole in a CT exciton; ε0 is vacuum permittivity; εr is the
dielectric constant of BHJ; k is Boltzmann constant; and T is temperature and for this study
T = 295 K. The physical parameters εr = 3.4 and a = 1.3 nm are fixed in this work based on
materials properties. Due to the Gaussian distribution of states in organics, the dissociation
efficiency dissociate(Eeff) is integrated over the electron-hole pair separation distance x, to be
found as

 dissociate( Eeff ) =

4
 a3





0

 dissociate( x, Eeff ) F ( x)dx

(4-2)

where F(x) = x2∙exp(-x2/a2) is the state distribution function. The functional form of the
dissociation probability dissociate(Eeff) is an “S-shaped” curve increasing with the electric
field, visualized by the dashed lines in Figure 4.1(c). In comparison to typical organic solar
cells, the dissociation probability in SWIR devices is worse due to the lower built-in electric
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field from the reduced CT-state bandgap and higher thermal decay of CT excitons.1,24 The
photocurrent generation process sketched in Figure 4.2 illustrates that, upon photon
absorption (Step 1), the photogenerated exciton migrates to the delocalized charge-transfer
(CT) states at the donor-accepter interfaces (Step 2). The CT excitons have a finite lifetime
and either dissociate into free charge carriers (Step 3) or decay back to ground states (Step
4). In BHJs incorporating progressively narrow bandgap materials, as the wavefunction
overlap between the relaxed CT-state and the vibrational modes of the ground state increases,
the thermal decay rate of CT excitons will rise. Note the experimental data deviate from the
above dissociation model especially at low fields in Figure 4.1(c), because Equation (4-2) is
not designed to include the effects of other processes, such as charge collection on the
photocurrent.

Figure 4.2. Schematics of the photocurrent generation process.

We account for the electric-field dependence of both exciton dissociation and charge
collection processes in order to arrive at a general phenomenological expression for the
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photocurrent density. We combine Equations (4-1) and (4-2) and obtain the following
formula to fit to data and study the dissociation and collection efficiencies in our SWIR
photodiodes:

J ph = J sat 

2 Eeff
d

[1 − exp( −

d
)]  dissociate( Eeff )
2 Eeff

(4-3)

= J sat  collect ( Eeff )  dissociate( Eeff )

We determined the values in Table 4.1 by fitting Equation (4-3) to the photocurrent densities
in Figure 4.1 (b). The fitting parameters <μ>, kR relate to dissociation, μτ/d2 describes charge
transport, and Jsat depends on incident light power. The photocurrent density is converted to
IQE through dividing Jph(Eeff) by Jsat. As seen in Figure 4.1 (b) and (c), Equation (4-3) fits
very well to the experimental data across all electric fields, because our model eliminates the
assumptions of either constant dissociation or collection in the individual Hecht or
Braun/Mihailetchi model, respectively.
The improved model as denoted by Equation (4-3) offers a straightforward method
to separate the efficiencies of exciton dissociation and charge collection processes, and
subsequently identify the limiting mechanism. The fit values to Equation (4-3) are used to
calculate IQE over a large range of electric fields. Specifically in Figure 4.1 (c), the dashed
line represents the Braun/Mihailetchi model that assumes collect(Eeff) = 100%, such that IQE
depends on dissociate(Eeff) only. At electric fields below 2 V/m, the measured data deviate
from the dashed line, and the difference quantifies the drop in charge collection efficiency
from 100%. At electric fields above 2 V/m, the measured data follow the dashed line quite
closely, indicating that the electric field is sufficiently high to reach 100% charge collection,
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and consequently the IQE drop is attributed to inefficient exciton dissociation. For example,
based on fit values to Equation (4-3) and the graphical analysis in Figure 4.1 (c), the
dissociation efficiency is at 12% while collection efficiency is 75% at zero applied bias
(where Eeff = 0.6 V/μm) under an illumination wavelength of 980 nm. Thus, the low IQE in
SWIR photodiodes is mainly due to poor dissociation efficiency, and electric-field
dependence of exciton dissociation plays an important role in the narrow bandgap materials.
Table 4.1. Fit values to Equation (4-3) for the device in Figure 4.1 illuminated by 980 nm
or 1310 nm light, under different incident power. The physical parameters εr = 3.4 and a =
1.3 nm are fixed in this work based on materials properties.
980
1310
Illumination  (nm)
Light Power (mW/cm2)
10.5
250
-3
2 -1 -1
<μ> (10 cm V s )
1.0 ±0.1 1.0 ±0.1
2
-1
μτ/d (V )
4.0 ±0.3 4.0 ±0.3
2
Jsat (mA/cm )
7.4 ±0.2 10.8 ±0.2
kR (107 s-1)
1.4 ±0.1 1.9 ±0.1
The following values are reported for an
applied bias V = 0 V, where Eeff = 0.6 V/μm:
ηdissociate (%)
12 ±0.2
9.5 ±0.2
ηcollect (%)
75 ±2
74 ±2
IQE (%)
9.0 ±0.3 7.0 ±0.3

4.2.2 Electric-Field Dependence of Exciton Dissociation
Since our fit results indicate a field-dependent charge generation process, we test this
interpretation with independent measurements of transient photoconductivity16,25 (Figure
4.3) to check the dissociation loss versus the transport loss. As explained in detail in the
reference,25 transient photoconductivity differentiates the two loss mechanisms, by
measuring the photocurrent from the mobile carriers at short times to extract the initial charge
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density before significant bimolecular recombination or charge collection occurs. If the
exciton dissociation process is not efficient, an externally applied voltage provides an
additional electric field to separate the electron-hole pairs, and hence the initial charge
density will increase with an increasing reverse bias. On the other hand, if the dissociation
process is efficient, all the electron-hole pairs are already separated into free carriers; an
external bias will have minimal effect on the initial charge density. Then the initial charge
density will be relatively constant across the range of applied voltages, and this scenario has
been observed in BHJ solar cells.24,25 Here we measure the transient photoconductivity of our
SWIR CPDT-TQ:PC71BM photodiodes and compare it to a P3HT:PC71BM device with a
CT-state bandgap of 1.0 eV, which is 0.4 eV larger than the SWIR devices here.
The

transient

photocurrent

density

is

expressed

as

𝐽𝑝ℎ (𝑉, 𝑡0+ ) =

𝑞〈𝜇〉 𝑁(𝑉, 𝑡0+ )𝑉𝑒𝑓𝑓 /𝑑, where 𝑡0+ denotes the time just after the illumination pulse, 〈𝜇〉 =
𝑑 2 /(𝑡𝑡𝑟 𝑉𝑒𝑓𝑓 ) is the average mobility estimated from the carrier transit time 𝑡𝑡𝑟 (namely, the
time when the transient photocurrent decays to 1/e of the peak value), and 𝑁(𝑉, 𝑡0+ ) is the
photogenerated charge density soon after the illumination pulse. The mobile charge density
is 𝑁(𝑉, 𝑡0+ ) = 𝑁0 (𝑉)f(𝑡0+ ) = 𝑁0 (𝑉)[1 −

〈𝜇〉𝑡0+ 𝑉𝑒𝑓𝑓
𝑑2

], where the function f(𝑡0+ ) accounts for

the percentage of charge collected within the RC rise time of the measurement circuit. 25
Hence the initial charge density N0(V) at an applied voltage is given by
𝐽𝑝ℎ (𝑉, 𝑡0+ )
𝑉𝑒𝑓𝑓

1
= 𝑁0 (𝑉) 𝑞〈𝜇〉/𝑑
〈𝜇〉𝑡0+ 𝑉𝑒𝑓𝑓
[1 −
]
𝑑2

(4-4)

All the parameters used in the following N0(V) calculations are directly measured quantities
or material constants. The initial charge density for the SWIR device and the P3HT:PC71BM
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device in Figure 4.3 is estimated at 𝑡0+ of 60 ns and 40 ns, respectively, immediately
following the transient peak signal.
Figure 4.3 (b) shows a typical series of the transient voltage traces Voscilloscope under
various bias, and the signals are converted to Jph by Jph = Voscilloscope/(Rload*area), where Rload
is a resistor of 50  and the photodiode area is 9 mm2. In Figure 4.3 (c), we compare the
transient photoconductivity Jph/[Veff f(𝑡0+ ) ] of the SWIR device at 60 ns after the
illumination pulse. With higher reverse bias, the transient photoconductivity value increases.
The extracted initial carrier density N0(V) increases with the applied bias in Figure 4.3 (d).
This trend is indicative of an electric-field dependent dissociation process, that more free
carriers are generated with the aid of an external voltage applied to the SWIR photodiode. In
contrast, the measurements on a P3HT:PC71BM device show a very different transient
photoconductivity response in Figure 4.3 (e) and (f), where the Jph/[Veff f(𝑡0+ )] and N0(V)
values do not increase upon applying external bias. One caution regarding the analysis of the
P3HT blend device involves accounting for the electric-field dependence of mobility. In
Equation (4-4), the mobility 〈𝜇〉 is not constant over the range of electric fields. For organics
it is well known that mobility increases with the electric field20 by 〈𝜇〉 = 𝜇0 √𝐸. After the
adjustment, N0(V) is shown by the open markers in Figure 4.3 (d) and (f). For
P3HT:PC71BM, the initial charge density is relatively constant and maximized regardless of
the external fields, while for the SWIR blend, the amount of photogenerated charge can be
further increased with the higher field, indicating field-assisted dissociation. The transient
photoconductivity results confirm that exciton dissociation is a limiting factor for the SWIR
photodiodes based on narrow bandgap polymers.
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Figure 4.3. (a) Schematics of the transient photoconductivity measurement. (b) Transient
voltage under different applied bias on the SWIR photodiode. (c, e) Transient
photoconductivity and (d, f) carrier density after the excitation pulse at different applied
voltages. (c, d) are taken on the SWIR P2:PC71BM device and (e, f) are on the P3HT:PC71BM
device. The direction of the arrows in (c, e) indicates increasing reverse bias. In (d, f), the
solid markers are data extracted based on the assumption of a constant 〈𝜇〉, while the open
markers account for 〈𝜇〉 = 𝜇0 √𝐸𝑒𝑓𝑓 .

Besides the processes of exciton dissociation and free carrier recombination, there are
two other conditions that may potentially contribute to the electric-field dependence of
photocurrent: 1. a high density of deep trap states and 2. a high leakage current. For condition
1, if many mobile carriers are captured by deep traps and de-trapping is relatively slow, the
device may exhibit severe time-dependent J-V hysteresis due to photoconductive gain, and
Equation (4-3) does not apply. A high density of deep traps and space charges would be
revealed in the low-frequency region of electrochemical impedance spectroscopy (EIS)
measurements.26 The J-V and EIS data of our SWIR devices do not show hysteresis nor a
significant amount of deep traps. For condition 2, if the high leakage current is an issue, the
shunt resistance would be similar to the series resistance in the EIS data, which is not the
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case for our devices. Both above conditions are not observed in our SWIR devices and do
not contribute to the electric-field dependence of photocurrent.
4.2.3 Delineating dissociate, collect under Different Spectral Regions
Fitting Jph-V characteristics to Equation (4-3) allow us to isolate the physical
parameters that are affected under different stimuli or by device designs. For instance, when
the incident excitation wavelength is changed in Figure 4.1, we observe that the device under
1310 nm light shows greater electric-field dependence than the same device under 980 nm
light. After accounting for the differences in incident power through normalization by Jsat,
the IQE is found to be lower under the longer wavelength light in the BHJ absorption bandtail. To interpret this spectral effect, we find via fitting data to Equation (4-3) that the
transport parameters <μ> and μτ/d2 are not influenced by incident wavelength, but the
parameter kR is reduced under 980 nm light (Table 4.1). The decrease in recombination rate
kR with shorter wavelength light is due to the higher energy excitons, in which the excess
energy released in the charge-transfer process27 improves dissociation probability.
4.2.4 Delineating absorb, dissociate, collect with Different BHJ Thicknesses
Since high electric-field dependence is observed in the photocurrent measurements,
we proceed to vary the BHJ film thickness, which in effect changes the built-in electric field
in the photodiodes. The BHJ thickness affects both the photocurrent and dark current noise,
and our discussion in the following section focuses on the photo-response, and Section 4.2.6
will explain noise and the resulting detectivity.
Figure 4.4 (a) displays the Jph-V characteristics for a set of SWIR photodiodes with
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BHJ thickness d ranging from 150 nm to 720 nm. Under similar incident power from a laser
of  = 980 nm, the photocurrent density decreases with increasing film thickness. The x-axis
in Figure 4.4 (a) is converted from the applied voltage to the effective electric field in Figure
4.4 (b); after the x-axis conversion, the trends in Figure 4.4 (a) and (b) appear different
because of the normalization over thickness. To understand how thickness affects the
efficiencies of dissociation and collection processes, the photocurrent density is converted to
IQE versus the effective electric field, and the data are fitted to Equation (4-3) with the
resulting values included in Table 4.2. Figure 4.4 (c) shows enhanced IQE by using thinner
BHJ films. If the devices are operated specifically at zero applied bias where the Eeff = Vbuiltin/d,

both dissociate(E) and collect(Eeff) are increased in a thinner BHJ due to the higher internal

electric field.
Table 4.2. Fit values to Equation (4-3) for the SWIR photodiodes with different BHJ
thicknesses in Figure 4.4. The calculatedabsorb is obtained from absorb = EQE/IQE and the
measured absorb is from the reflectance spectra.
BHJ thickness
150 nm
350 nm
480 nm
720 nm
Incident power
4.5
4.8
5.3
4.5
(mW/cm2) at  = 980 nm
a = 1.3 nm, εr = 3.4, <μ> = 1 x10-3 cm2 V-1 s-1
kR (107 s-1)
1.1 ± 0.1 1.4 ± 0.1
2.3 ± 0.1
2.7 ± 0.1
μτ/d2 (V-1)
6.0 ± 0.5 4.0 ± 0.3
3.1 ± 0.1
2.6 ± 0.1
2
Jsat (mA/cm )
2.2 ± 0.1 3.4 ± 0.1
3.7 ± 0.1
3.2 ± 0.1
The following values are reported for an applied bias V = 0 V:
1.4
0.6
0.28
0.18
Eeff (V/m)
15.4
ηdissociate (%)
11.9 ±0.3
7.7 ±0.2
6.7 ±0.2
±0.3
ηcollect (%)
83 ±2
76 ±2
55 ±2
48 ±2
EQE (%)
7.9 ±0.3
8.0 ±0.3
3.8 ±0.2
2.8 ±0.2
62 ±3
89 ±3
89 ±3
88 ±3
Calculatedabsorb (%)
Measured absorb (%)

60 ±5

85 ±5
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85 ±5

85 ±5

(d)

(e)

Figure 4.4. (a) Photocurrent density versus applied voltage, (b) photocurrent versus effective
electric field, and (c) internal quantum efficiency versus the effective electric field for devices
with different BHJ thicknesses. The solid lines are fits to Equation (4-3). The dashed lines
are calculated from Equation (4-2) which assumes dissociate(E) = 100%. The dashed arrows
indicate the magnitudes of internal Eeff at zero applied bias; the IQE, EQE, and extracted
absorb efficiency at zero applied bias are listed in the inset. For clarity, the device with 720
nm BHJ was omitted in (c) but its fit values are reported in Table 4.2. (d) External quantum
efficiencies of photodiodes with different BHJ thicknesses. The inset is a photograph of four
SWIR P2:PC71BM photodiodes, each with an active area of 9 mm2. (e) Absorption spectra of
the photodiodes with different BHJ thicknesses. Around the absorption peak of the polymer,
since the absorption coefficient of BHJ layer is usually at least 2 orders higher than those of
other layers, we assume that only 10% of light is absorbed by the layers other than the BHJ.
Thus, in the 800 nm to 1000 nm spectral range, the absorption spectra are estimated from
%Absorption = 100% ‒ %Reflectance – 10%.
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The BHJ thickness affects the absorption efficiency in an opposite trend to the
dissociation or the collection process, as light absorption increases with thicker BHJ film.
We examine the thickness dependence of absorb in two ways: 1. by extracting it through

absorb = EQE/IQE using the measured EQE and IQE in Figure 4.4 (c); and 2. by measuring
the photodiode reflectance spectra, shown in Figure 4.4 (e). The independent measurements
confirm the reliability of the results for absorb. Due to the interference effect of light through
multiple sub-wavelength thin films and the high absorption coefficient of the organic BHJ,
the reflectance spectra of our devices show absorb = 60% at a BHJ thickness of 150 nm and
saturates to absorb = 90% at a thickness of 350 nm, under an illumination wavelength of 980
nm. Therefore, despite the thin absorption layer in our devices, absorb is high and not the
main bottleneck for wavelengths above the polymer optical bandgap. Peak absorption
efficiencies as high as 80% have been previously reported in organic solar cell containing
only 80 nm BHJ.28,29 Accounting for all the contributions (absorb, dissociate, collect) to
photocurrent, the EQE values are similar between the BHJ thickness of 150 nm and 350 nm
as seen in Figure 4.4 (d). For the 350 nm photodiode, the lower IQE is compensated by an
increased absorb in comparison to the 150 nm device.
4.2.5 Device Engineering to Enhance Dielectric Constant
Among the parameters affecting the exciton dissociation rate (kD), the dielectric
constant of BHJ (εr) has a high tunability from the device engineering perspective. The
enhanced dielectric constant presents an easily polarizable environment that screens the
Coulombic attraction between the electron-hole pair and stabilizes free carriers. Hence,
dielectric screening might be of crucial importance to the poor dissociation efficiency30 of
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SWIR OPDs. A computational analysis shown in Figure 4.5 illustrates the effect of changing
εr on the dissociation probability of CT states according to the dissociation model by Braun
and Mihailetchi et al. 9,10

Figure 4.5. Effect of varying the dielectric constant, εr = 3—4, in steps of 0.2. The green line
indicates high dissociation efficiency, in which εr =11.7 is the value for silicon. Only εr is
varied while the physical parameters a, <μ>, and kR are held constant.
One way to increase εr is to increase the fullerene loading31 as PCBM usually has a
higher dielectric constant (~3.9)32,33 than typical conjugated polymers(~3-3.5),34 and
moreover, higher polarizability in BHJ blends than in their pristine constituents is achievable
thanks to the polymer-fullerene interactions.35 This phenomenon can be observed in the
electric-field dependence of photo-response when we vary the polymer donor P1 and
fullerene acceptor (PC61BM) as depicted in Figure 4.6. As the exciton binding energy is
lowered by increasing εr, photogeneration can become less dependent on the electric field,25
because the dissociation process would not need as much external bias to assist in separating
electron-hole pairs. A similar experiment on composition is done on P2:PC71BM and the
obtained photocurrents are fit to our model to investigate the effect of the compositional
change. The fit results are shown in Figure 4.7. The fit values show that the transport
parameter μτ/d2 decreases as the blend becomes less balanced in composition; raising the
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fullerene content from 1:2 to 1:4 lead to lower hole mobility and in turn lower charge
collection efficiency, especially at low electric fields. On the other hand, the higher fullerene
content in 1:4 BHJ aids in charge dissociation. Overall the internal quantum efficiencies for
the two compositions are similar, due to the trade-offs between the exciton dissociation and
charge collection processes.
(a)

(b)

Figure 4.6. (a) Photocurrent versus applied voltage under incident white light. The various
colors indicate different donor to acceptor ratios. (b) Dielectric constants extracted from the
geometric capacitance values.

Figure 4.7. Internal quantum efficiencies of the devices with two different donor-to-acceptor
ratios. Dashed lines represent the dissociation model by Braun and Mihailetchi et al.; the
values shown in the inset table correspond to zero applied bias.
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While the above example shows increasing the acceptor concentration is effective in
augmenting dielectric screening but probably at the cost of compromising carrier transport
balance, our lab has also demonstrated another plausible method to enhance the BHJ
dielectric constant by blending a high-permittivity additive (εr is up to 24) to the active
materials.36 A boost in EQE is seen on two different polymer variants, due to the
improvement on dissociation and collection efficiency respectively. A prerequisite for this
method is the introduction of the high-permittivity additive should not disturb the film
morphology that may counteract the benefit of higher polarizability.37 In addition, there are
other approaches to manipulate the structure and functionalization in the active materials to
acquire high dielectric constants.32,33,38,39 Overall, a lot of attention has been given to the
topics on raising the dielectric constant in this field, which is particularly relevant to the
SWIR OPD.
4.2.6 Noise Characterization
For photodiodes acting as a detector, a key figure of merit is the detectivity D*
(defined in Chapter 3), which, in addition to photo-response, requires accurate assessment of
the dark current noise in. Dark current measured with a power spectrum analyzer gives the
noise spectral density in (Δf)-0.5 in Figure 4.8 (a). Here 1/f noise is negligible at frequencies
beyond 100 Hz. The shot noise near zero external bias is ~10-14 A/Hz0.5, an order of
magnitude lower than the thermal noise. As thermal noise is the major noise source,
improving shunt resistance will be key to mitigate noise. Increasing the thickness of BHJ
slightly raises shunt resistance, from RSH = 32 k for 150 nm film to RSH = 48 k for a 480
nm film. A further thickness increase did not improve RSH, because there is a trade-off
between a long carrier collection path, countered by an increased volume for thermal
70

generation of carriers. The detectivities of photodiodes with different BHJ thicknesses are
similar (Figure 4.8 (d)). For our SWIR photodiodes under reverse bias, there is a sharp rise
in noise that is only partially compensated by a minor EQE improvement. At an applied bias
of -0.2 V, the noise current density is at least 3 times that at zero bias, while the photocurrent
only increases by about 30% (similar results found in the reference40). The overall detectivity
is worse under reverse bias than at zero external bias. Thus, to maximize detectivity in the
above devices, it is preferable to operate at zero external bias and use BHJ film thickness
350 nm for this particular polymer system. Our set of SWIR photodiodes reach a detectivity
up to 5 x1010 Jones, which is higher than that of devices using a blend41 of organics and
quantum dots as shown in Figure 4.8 (d). The main reason for the increased performance is
the lower leakage current and noise in our devices, compared to the quantum dot blends with
high leakage current probably due to rough morphology.

Figure 4.8. (a) Noise spectral density of photodiodes with different BHJ thicknesses at zero
external bias. For clarity, only two thicknesses are shown. The shaded area indicates the shot
noise level calculated from the dark current measured at -0.1 mV, for BHJ thickness between
150 nm – 720 nm. (b) Dark current versus applied bias. (c) Shunt resistance estimated from
impedance spectroscopy at zero external bias. (d) Detectivity calculated according to the
actual measured noise (colored traces). The dashed line represents an overestimated
detectivity calculated using only shot noise. The star markers represent the detectivity of a
previously reported SWIR photodiode41 based on a blend of organics and quantum dots.
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4.3 Conclusions
While only few organic photodiodes have photoresponse past 1 m, novel SWIR
polymers are emerging, and a better understanding of the limiting factors in narrow bandgap
devices is critically needed to predict and advance performance. Based on state-of-the-art
SWIR BHJ photodiodes, this chapter demonstrates a straightforward method to decouple the
exciton dissociation efficiency and charge collection efficiency in photocurrent-voltage
measurements. The physical model offers an accessible analytical tool to identify the limiting
factors to organic SWIR photodiode performance; this new model is needed to properly
account for the increasing electric-field dependence of photocurrent processes in narrow
bandgap materials. Our results provide an understanding of the fundamental properties
necessary to extend the utility of organics into a field now completely dominated by inorganic
materials, and indicate that the main loss factor is due to poor exciton dissociation efficiency,
particularly common in SWIR BHJ photodiodes with low-energy CT states. In addition to
improving the parameters (kR, <μ>, μτ/d2,), maximizing built-in electric field is
essential to improve the main bottleneck in dissociation efficiency. To optimize detectivity
in the P2:PCBM photodiodes, it is preferable to operate the devices at zero external bias and
use BHJ film thickness  350 nm in order to balance the requirements for IQE, abs, and
thermal noise. The measured results that properly include all noise components show a peak
detectivity of 5 x 1010 Jones with a spectral range up to 1.55 m. The device design rules
discussed here will be applicable to other SWIR BHJ systems and will be useful for guiding
the development of economical, scalable organic detectors for the SWIR spectrum.
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Chapter 4, in part, is a reprint of the material as it appears in the publication: Wu, Z.;
Yao, W.; London, A. E.; Azoulay, J. D.; Ng, T. N. Elucidating the Detectivity Limits in
Shortwave Infrared Organic Photodiodes. Adv. Funct. Mater. 2018, 28 (18), 1800391. The
dissertation author was the co-author of the paper.
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Chapter 5 Understanding Recombination Mechanisms
5.1 Introduction
The recent progress in tuning narrow bandgap polymers1–4 has enabled organic bulk
heterojunction (BHJ) photodiodes to show a photo-response out to 1.7 m; however, the
device external quantum efficiency (EQE) remains low when operating without
photoconductive gain, with EQE  30% in state-of-the-art organic SWIR photodiodes.5–7 The
device EQE and detectivity (D*) are low due to increasing non-radiative recombination8,9 as
the bandgap is reduced. To understand the recombination mechanisms in SWIR BHJ devices,
this work examines the density of states (DOS) distribution and carrier transit time through
capacitance10,11 and transient photocurrent12,13 measurements. The sub-bandgap DOS is
important, because the DOS connects the materials composition and optoelectronic
properties and provides an understanding of dispersive transport and recombination,
particularly at localized trap states.14
Here we adjust the BHJ donor-to-acceptor ratio, to study how blend composition
affects the DOS and in turn influences charge transport in narrow bandgap devices. Chapter
4 has shown that higher fullerene acceptor concentration raises polarizability and dielectric
screening in BHJ and improves charge-transfer (CT) state dissociation.15–17 This work offers
insight into another aspect of donor-to-acceptor ratio, namely on how it affects recombination
and charge collection process. As the blend ratio is tuned, we identify two recombination
mechanisms, one due to deep traps and the other to poor extraction of accumulated space
charges at the electrodes. Based on the device characterization, the optimal composition is
used to fabricate a device for imaging in the spectral range of 1—1.3 m.
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5.2 Results and Discussions
5.2.1 Device Photo-response
The photodiode semiconductors are a blend of the copolymer4 P1 and PC61BM, with
the

detailed

information

described

in

Chapter

2.

The

device

structure

is

ITO/PEDOT:PSS/P1:PC61BM/ZnO/Al. The polymer has a peak absorption at  = 950 nm,
and the devices show photo absorption edge to  = 1300 nm as shown in Figure 5.1. The
photocurrent near the built-in potential Vbi in Figure 5.1 (a) shows “s-shaped” kinks which
indicate non-ideal charge extraction. The Vbi is defined18 as the voltage when the photocurrent
Jph = 0, where the photocurrent is the photo-response Jillumination subtracted by the dark current
Jdark.
As the weight ratio of donor to acceptor (D:A) is varied from 2:1 to 1:4, the
photocurrent shows lower electric-field dependence with increasing acceptor concentration.
The BHJ with 1:3 ratio reaches the highest external quantum efficiency (EQE) of 6.2%
without an external bias in Figure 5.1 (c). If a reverse bias of -0.65 V is applied to this
photodiode, the EQE increases by ~2 times due to the electric-field dependence as seen in
Figure 5.1 (b). Devices with 1:4 ratio are made with two different film thicknesses, to check
if optical absorbance (Figure 5.1 (b)) is contributing to the EQE decrease beyond 1:3 ratio.
As the film thickness is increased from 120 nm to 200 nm, the devices with 1:4 ratio still
show lower EQE than the device with 1:3 ratio. As the film thickness increases, a shift of the
EQE peak for the device with 1:4 ratio is observed. This shift is caused by different
distributions of the light intensity due to the optical interference effect in different film
thicknesses.
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Different D:A ratios are shown to affect morphologies such as crystalline packing
and aggregation19, and therefore resulting in the change of DOS. The measurements below
extract the DOS to determine the electronic state distribution. Knowing the DOS will help to
reveal recombination mechanisms and explain why a 1:3 ratio is the optimal composition in
our set of SWIR devices.

Figure 5.1. (a) Photocurrent versus applied voltage under incident white light with the
intensity of 4 mW/cm2. The light intensity was kept low to ensure all the measurements were
in the linear dynamic range of the devices. The inset zooms in near built-in bias. The various
colors indicate different donor to acceptor ratios. (b) Optical simulations based on code from
http://web.stanford.edu/group/mcgehee/transfermatrix/index.html show the change in
absorbance with film thicknesses. External quantum efficiency at zero applied bias versus
incident wavelength, in (c) linear scale and (d) logarithmic scale. The BHJ film thickness for
each D:A ratio is 180 nm for 2:1, 160 nm for 1:1, 190 nm for 1:2, 160 nm for 1:3, 120 nm
(blue solid symbols) and 200 nm (blue open symbols) for 1:4.
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5.2.2 Capacitance Measurements in the Dark
The DOS is extracted from capacitance-frequency measurements,11,20 which
determine the fraction of trap charge responding to an applied ac field that thermally excites
trapped charges to mobile transport states. The small ac bias alternately traps and releases
carriers from states near the Fermi energy. Only the carriers in states shallower than the trap
energy E can be released quickly enough to contribute to the capacitance at each
measurement frequency . The trap energy is related to the measurement frequency by

𝐸𝜔 = 𝑘𝑇 ln (

𝜔0
)
𝜔

(5-1)

where k is Boltzmann’s constant, T is the temperature, and 𝜔0 is the rate prefactor for thermal
excitation from the trap and around 1012 s-1 in typical organic photodiodes.11 Based on
analyses in References11,20, the trap DOS distribution is

𝐷𝑂𝑆(𝐸𝜔 ) = −

𝑉𝑏𝑖
𝑑𝐶(𝜔)
𝑞𝐴𝑡𝑘𝑇 𝑑 ln(𝜔)

(5-2)

where 𝑉𝑏𝑖 is the built-in potential, q is the electric charge, and C() is the capacitance
measured with an ac perturbation of angular frequency . Here the 𝑉𝑏𝑖 ranges from 0.25 V
to 0.3 V for different D:A ratios, and the temperature is ~ 300 K. The device area is A = 9
mm2, and the BHJ thickness t is listed in Table 5.1. Note that the capacitance measurement
cannot distinguish between electron and hole traps and reports the sum.
A rapid change in slope dC/dln() indicates an increase of the trap DOS at the
corresponding energy by Equation (5-2). The device with 2:1 donor: acceptor ratio showed
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the worst initial performance among the series; its characteristics degraded rapidly and were
omitted in the following analyses. In Figure 5.2 (a), in the high-frequency region between
0.1—1 MHz the devices generally have a large DOS as evident from the rapidly changing
capacitance. Then the DOS decreases in the range between 1 kHz to 0.1 MHz but rises again
at a low frequency below 1 kHz. This trend means there are separated groups of shallow and
deep traps centered at different energy levels. To quantitatively describe this trend, we
express the DOS as a combination11,21 of an exponential distribution for the band-tail with
shallow traps and a Gaussian distribution for the deep states:
−𝐸𝜔
𝑁𝐺
(𝐸𝜔 − 𝐸𝐺0 )2
𝐷𝑂𝑆(𝐸𝜔 ) = 𝑁𝑇 exp (
)+
exp[−
]
𝐸𝑇
2𝜎 2
𝜎√2𝜋

(5-3)

In the first term denoting the exponential distribution, 𝑁𝑇 is the density of states near the
mobility edge, and 𝐸𝑇 is the slope of the exponential band-tail. In the second term denoting
the Gaussian distribution, the 𝑁𝐺 is the density of deep states, 𝜎 is the disorder spread, and
𝐸𝐺0 is the mean energy of the deep traps.
We calculate a model DOS using Equation (5-3) and then solve for the corresponding
capacitance by integration with respect to  according to Equation (5-2). In doing so, the
error between the measured and calculated capacitance is minimized, and the resulting fits
are the black lines depicted in Figure 5.2 (a). Alternatively, we extract the DOS from
capacitance-frequency measurements by computing the derivative dC/dln() in Equation
(5-2). Although there is considerable noise in the derivatives as shown in Figure 5.3, the
obtained values match and confirm our DOS models.

81

Figure 5.2. (a) Capacitance versus frequency at zero applied bias. The markers represent the
experimental data, and the black solid lines are calculated fits obtained by modeling the DOS
using Equation (5-3) and then integrating it with respect to  using Equation (5-2). (b) Model
DOS extracted from (a). (c) Capacitance versus applied voltage at 10 kHz. Inset: dielectric
constants extracted from the capacitance measurements at a bias of -4 V. All the
measurements are taken in the dark.

Figure 5.3. Density of states for D:A ratio of (a)1:1, (b)1:2, (c) 1:3 and (d)1:4. The black
markers represent the derived DOS from the experimental capacitance-frequency data using
Equation (5-2), and the red solid lines are the model DOS from Figure 5.2 (b).

Table 5.1. Parameters of Equation (5-3) that fit the capacitance-frequency curves in Figure
5.2 (a).

D:A
1:1

Thickness
(nm)
160

1:2

15

𝑁𝐺 (10

Gaussian distribution
cm-3) 𝜎 (meV) 𝐸𝐺0 (meV)

Exponential distribution
𝑁𝑇 (1020 cm-3 𝐸𝑇 (meV)
eV-1)
0.96 ± 0.02 40.0 ± 0.1

6.2 ± 0.1

69 ± 3

500 ± 2

190

5.7 ± 0.1

87 ± 3

505 ± 2

0.84 ± 0.02

40.0 ± 0.1

1:3

160

3.4 ± 0.1

62 ± 2

499 ± 2

3.41 ± 0.02

36.0 ± 0.1

1:4

120

3.8 ± 0.1

76 ± 4

530 ± 2

4.42 ± 0.02

37.0 ± 0.1
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The DOS for different D:A ratios are depicted in Figure 5.2 (b), and the best-fit
values are listed in Table 5.1. For 1:4 D:A ratio, 120nm and 200nm BHJ thickness show a
similar DOS trend and therefore only 120nm is listed in Table 5.1 as a representative. The
uncertainty is low for the Gaussian distribution parameters describing the deep traps, as
capacitance measurements are reliable for deep trap estimation corresponding to low
frequencies. The high-frequency capacitance, however, can be affected by series resistance
R when  > 1/RC. The recombination time limits the accuracy of capacitance measurements
beyond 0.5 MHz. Thus, the accuracy decreases for DOS within 0.35 eV from the band edge,
as calculated from Equation (5-1) using the frequency limit. The parameters for exponential
distribution in Table 5.1 are under-estimates since carriers are not able to respond to fast ac
perturbations, but values are probably correct within an order of magnitude.
The exponential DOS distribution characterizes the band-tail states located near the
band edges. These band-tail states are shallow and provide states for photo-excited carriers
to populate. Therefore, a wide band-tail distribution allows light absorption further into the
sub-bandgap. The Gaussian DOS distribution characterizes the localized, deep trap states in
the band gap. Carriers are trapped in these deep states that are very difficult to escape before
recombination occurs, and hence deep traps contribute to poor charge transport, which is
manifested as a decrease in EQE. From the Gaussian fits, devices with 1:3 and 1:4 ratios
show fewer deep traps than the others, and this correlates to the EQE results. In summary,
the Gaussian part of DOS contributes to the EQE loss, and the exponential part of DOS
contributes to sub-bandgap absorption. An illustration of the two DOS distributions is
included in Figure 5.4.
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Figure 5.4. (a) Energy alignment in a heterojunction film. (b) Reduction of charge-transfer
state (ECT) gap as the polymer bandgap (Eg) is decreased. The energy of the acceptor LUMO
level is assigned to 0 eV for convenience.

In addition to the capacitance-frequency characteristics, the capacitance-voltage
measurements in Figure 5.2 (c) reveal two changes upon increasing the acceptor
concentration in BHJs: i) an increase in charge accumulation between 0 V—1 V, and ii) a
rise in dielectric constant. The dielectric constant  is calculated from the capacitance value
at an applied bias of -4 V, where the device is fully depleted, and the value is the geometric
capacitance C =  0 A/t with 0 being the vacuum permittivity. The  increase agrees with
prior work that reports higher polarizability16 in BHJ blends than in their pristine constituents
and increasing dielectric screening15 with more fullerene. The enhanced dielectric constant
presents an easily polarizable environment that reduces the Coulombic attraction between
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the electron-hole pair. As the exciton binding energy is lowered, photogeneration can become
independent of the electric field,22 because the dissociation process would not need an
external bias to assist in separating electron-hole pairs. The devices here are not fully free of
dissociation problems,3,17 but the screening effect explains the characteristics in Figure 5.1
(a) which shows lower electric-field dependence as the  increases, when the D:A ratio is
adjusted from 1:1 to 1:4.
Regarding the charge accumulation23 between 0 V—1 V in Figure 5.2 (c), the
capacitance reaches a maximum peak at an applied bias Vpeakcap, at which point the applied
electric field suppresses the built-in field, resulting in reduced charge extraction. The Vpeakcap
is a measure of the potential barrier induced by charge accumulation. As the D:A ratio
changes from 1:1 to 1:4, the Vpeakcap increases and indicates a higher potential barrier. The
larger imbalance between donor and acceptor contents contributes to worse percolation
transport for one carrier type (hole in this case) and leads to a rising barrier due to space
charge accumulation. The effect of charge accumulation is also observable in the dark
current-voltage characteristics in Figure 5.5, in which devices reach space-charge-limited
conduction at smaller bias with higher acceptor concentration. The accumulated charge will
alter the built-in electric field and potentially increase recombination. So far, the analyses are
for measurements in the dark; to further understand light response and recombination in
organic SWIR photodiodes, transient photocurrent is measured to check for factors limiting
the collection of photogenerated charge.
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Figure 5.5. Current-voltage characteristics in the dark. The numerical values are the slopes
in the space-charge-limited-current analysis.
5.2.3 Transient Photocurrent Measurements
Measuring transient photocurrent allows us to probe the kinetics of dispersive
transport and recombination. By using nanosecond laser pulses to photo-generate charge
carriers, the transient photocurrent (TPC) shows the time it takes for carriers to be swept out
before recombination. The photocurrent follows the stretched-exponential form12 as shown
in Figure 5.6. After normalization to the peak amplitude, the TPC data indicate the 1:3 D:A
ratio has the fastest transit time (Table 5.2) and the lowest recombination tail among all the
blends.
Table 5.2. The average transit time extracted from Figure 5.6 for devices with different D:A
ratios. The error bar is about 30% of the estimated value due to the dispersive nature of charge
transport.
Blend ratio
1:1
1:2
1:3
1:4

Average transit time (µs)
1.28
0.95
0.76
0.88
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Figure 5.6. Normalized transient photocurrent at zero applied bias for devices with varying
donor-acceptor ratios in linear (left) and log scale (right). The transit time is defined by the
time when TPC signals change its slope. The 1:4 BHJ here has higher signal than 1:3, because
the excitation wavelength is 520 nm, for which the photo-response of 1:4 shows higher EQE
than 1:3 in the visible range, as shown in Figure 5.1 (c).

In TPC measurements, the initial carrier concentration is depicted as in Figure 5.7
(a) and is the same for both electrons and holes. Drift under an applied bias will produce
current with the same sign because of the oppositely charged carriers. On the other hand, the
diffusive motion of the two carrier types will yield current with opposite directions and
therefore opposite signs. When the applied bias increases from below to above the built-in
voltage, the TPC is expected to change sign, because the internal electric-field direction is
flipped. The built-in voltage of the devices is obtained from Figure 5.1 (b). In Figure 5.7
(b), the photodiode with 1:2 ratio switches its photocurrent sign as expected, as it transitions
from zero to forward bias. In contrast, the device with 1:3 ratio does not show photocurrent
for bias between 0.55 V—1.47 V. The forward-biased photocurrent is limited by
recombination, since the electrons drifting toward the ITO electrode encounter accumulated
holes, and the carriers recombine and are not collected by the electrodes. It is also possible
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that, as acceptor concentration increases, there is higher hole trap density in the BHJ and the
hole transport percolation pathways are disrupted. Thus, the increased charge accumulation
with higher acceptor concentration leads to an extraction barrier.
The recombination in our devices is shown to be influenced by two factors, the
potential barrier due to accumulated charge and the deep trap density. There is less
accumulated space charge with decreasing acceptor concentration, but the reduced extraction
barrier is offset by an increasing deep trap density. From DOS measurements the 1:3 ratio
has the lowest deep trap density and the highest EQE among the different blend compositions.
The capacitance and transient photocurrent measurements are applicable to probe transportrecombination dynamics in the time scale of 0.1 s or longer and it would be relevant to
study systems with ternary blends or polymer acceptors in the future.

Figure 5.7. (a) Schematics of drift and diffusion current directions. The black arrows are for
drift at a bias voltage below the built-in voltage, while the red arrows are for above the builtin voltage. (b) Transient photocurrent under different applied bias for a photodiode with a
D:A ratio of 1:2 or 1:3.

88

5.2.4 Comparison of EQE in Spectral Regions Above or Below the Donor Optical
Bandgap
Due to the wide distribution of band-tail states in organic semiconductors, there is
measurable photo-response below the donor optical bandgap, in the band-tail spectral range
of = 1000—1600nm (Figure 5.1 (c),(d)). The band-tail photo-response offers an alternative
approach to extend the device’s spectral range beyond the donor bandgap, and theoretically
the minimum energy, or the longest wavelength, that can be absorbed by a BHJ photodiode
is defined by the energy gap of the CT-state. There is a possibility that when changing the
D:A ratio, the absorption of the CT state is affected as well.24,25 In our BHJ, the CT state
energy is estimated to be 1 eV, which corresponds to the absorption at  = 1240 nm. We do
not observe a specific absorption hump around the CT-state energy, probably because of the
increasing non-radiative decay of CT excitons in our narrow bandgap system. In our devices,
in lieu of direct CT state absorption, the sub-bandgap absorption is from band-tail states as
illustrated in Figure 5.4. Light with energy lower than the donor bandgap would generate
excitons from these band-tail states located near the band edges, which migrate to the D-A
interfaces to become CT state excitons. The exponential DOS distribution characterizes the
band-tail states located near the band edges. These band-tail states are shallow and provide
states for photo-excited carriers to populate. Therefore, a wide band-tail distribution allows
light absorption further into sub-bandgap. This can be visualized from Figure 5.8, which
normalizes the photo-response in Figure 5.1 (c) and highlights the spectral extension from
increasing the donor concentration. The spectral shoulders of the devices with higher donor
concentration redshift compared to the pristine polymer, while the devices with lower donor
concentration follow the pristine absorption profile more closely. The results agree with the
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exponential band-tail DOS modeled in Table 5.1, where the devices with 1:1 and 1:2 ratios
show wider band-tail state distribution (higher 𝐸𝑇 ) than 1:3 and 1:4 ratios. Note that the
exponential slope 𝐸𝑇 is a better characteristic parameter to interpret band-tail distribution
than the magnitude of exponential function because the transport level dictated by BHJ
interfacial properties is influenced differently by various D:A ratios, and the resultant shift
of the mobility edge can largely affect the magnitude of exponential DOS distribution at a
given energetic position. Therefore, a direct comparison of the magnitude of exponential
function between different D:A ratios without the exact information of the respective
mobility edge position might be artificial, and using the exponential slope as an indication
can be free of such concern.
However, the band-tail approach so far is restricted to low efficiencies. As discussed
earlier in Chapter 4, dissociate is reduced for band-tail excitons due to higher recombination
rate. In term of absorb, even with a thick film of 480 nm, the sum of the absorption from BHJ
and electrodes is less than 50% in the band-tail region (Chapter 4, Figure 4.4(e)). Increasing
BHJ film thickness to increase absorb will adversely affect dissociate and collect, both of which
rapidly drop with thickness (Chapter 4, Table 4.2). To leverage the band-tail response, other
researchers have employed an optical cavity26,27 to increase absorption without raising the
BHJ thickness. Using this approach, the reported EQE is enhanced to 20% at = 900 nm but
beyond that wavelength, the EQE is limited to < 1%. The band-tail photo-response offers an
extension to the photodiode spectral range but currently operating in the band-tail is not
efficient. For devices without optical structures such as micro-cavity and plasmonic
structures, it is preferable to tune the peak absorption of the donor polymer and reduce bandtail states, because a reduction in band-tail states will mitigate thermal decay and improve
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the main bottleneck in dissociation efficiency.

Figure 5.8. Normalized EQE spectra in Figure 5.1 to the absorption peak at  = 950 nm. The
black dash line shows the absorption spectrum of a pristine polymer film.
5.2.5 Noise Characterization
The measured noise spectral density in Figure 5.9 (a) is not significantly affected by
the D:A ratio, and any difference is mainly due to processing variations. In our devices,
thermal noise can be calculated from shunt resistance, and the calculated values are listed in
Table 5.3. The thermal noise comes close to the measured noise, indicating the thermal noise
is the dominant noise source at zero bias for our SWIR devices here. The detectivity is higher
at 0 V than at reverse bias, because with an applied bias, the device noise increases faster
than the EQE.28 For example, the measured noise at a reverse bias of -0.65 V in Figure 5.9
(a) is an order of magnitude higher than at zero applied bias for the device with 1:3 D:A ratio,
while the EQE improves only by 2x at reverse bias. The detectivities for different D:A ratios
are calculated from the measured EQE and noise, and D* reaches up to 3 x 1010 Jones or
cmHz1/2W-1.
91

Figure 5.9. (a) Noise power spectral densities versus frequency. (b) Detectivities of the
photodiodes versus incident wavelength, where the light source is operating at 400 Hz. Solid
symbols indicate devices at zero applied bias, and open symbols indicate a device at a reverse
bias of -0.65 V.

Table 5.3. Measured shunt resistance at zero bias for devices with different D:A ratios. The
thermal noise is calculated from the shunt resistance Rshunt by 𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = √4𝑘𝑇/𝑅𝑠ℎ𝑢𝑛𝑡 .
Blend ratio
2:1
1:1
1:2
1:3
1:4

Shunt resistance Computed
thermal
(kΩ)
noise (pA/√Hz)
99
0.41
13
1.12
73
0.48
54
0.55
72
0.49
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5.3 Conclusions
This chapter studies organic BHJ photodiodes with a wide spectral range to 1.3 m
in the shortwave infrared. Adjustment of the D:A ratio shows how blend composition affects
the DOS which connects materials composition, optoelectronic properties, and provides
insight into features relevant to understand dispersive transport and recombination in the
narrow bandgap devices. Capacitance spectroscopy and transient photocurrent measurements
indicate the main recombination mechanisms arising from deep traps and poor extraction
from accumulated space charges. By examining the DOS through capacitance spectroscopy,
increasing acceptor concentration decreases the deep trap density and raises the BHJ
dielectric constant, both factors contributing to an enhancement in EQE. The EQE peaks at
a 1:3 ratio and drops with a further increase in acceptor, because of space charge
accumulation and recombination issues as clarified by transient photocurrent measurements.
Lastly, the feasibility and challenges of using band-tail photo-response to expand the spectral
range of devices out to the limits of CT states are also discussed.
Chapter 5, in part, is a reprint of the material submitted for publication: Yao, W.; Wu,
Z.; Huang, E.; Huang, L.; London, A. E.; Liu, Z.; Azoulay, J. D; Ng, T. N. Organic Bulk
Heterojunction Infrared Photodiodes for Imaging Out to 1300 nm. The dissertation author
was the primary author of the paper.
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Chapter 6 Applications of Organic SWIR Photodiodes
6.1 Introduction
As described in Chapter 1, SWIR OPDs are highly desirable for a wide range of
applications in bioimaging, physiological monitoring and spectroscopy, thanks to their
numerous merits including low signal attenuation, deep penetration depth and temperature
insensitivity. In this chapter, three applications are demonstrated, at both the single pixel and
the integrated array level, to convey the potential of OPD in realizing effective, economical
and scalable SWIR detectors.
6.2 Results and Discussions
6.2.1 Reconstructive Imaging in the SWIR Spectral Range up to 1.3 m
The organic photodiodes here show an extended spectral range beyond the visible
spectrum and are used in single-pixel compressive imaging up to = 1.3 m in the SWIR
region. Unlike active-matrix pixel arrays1–4, a single-pixel camera configuration simplifies
detector requirements by leveraging computational techniques to process and reconstruct
signals. A single photodetector works in conjunction with an array of spectral filters and a
monochromatic light source as depicted in Figure 6.1 (a), and the detector captures the signal
𝑦(𝜆) = ∫ 𝑇(𝑥, 𝑦, 𝜆) × Φ(𝑥, 𝑦) 𝑑𝑥𝑑𝑦 . The spatial-spectral encoder is an etalon array5
consisting of 10 × 10 cells, each made to vary in thickness to transmit unique spectra of light.
In Figure 6.1 (b), the etalon array’s spectral transmission pattern is measured to serve as the
matrix 𝑇(𝑥, 𝑦, 𝜆). Image recovery is done with compressive sampling algorithms6,7 using
matrix calculations to minimize the error8 | ∑(𝑇 × Φ) − 𝑦|2 between the measured signal
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𝑦(𝜆) and the reconstructed image Φ(𝑥, 𝑦). For example, a projected image of the capital
letter “A” is captured by the photodiode as the signal in Figure 6.1 (c). By using the etalon
matrix values in the corresponding spectral range and computing through the compressive
sensing algorithm, we are able to reconstruct an image successfully as shown in Figure 6.1
(d), which matches the projected pattern. This system can cover a wide spectral range from
500 nm – 1300 nm, and the image reconstruction in the visible range is demonstrated in
Figure 6.2. More details on the experimental setup and procedures can be found in Chapter
2.

Figure 6.1. (a) Schematics of the measurement for image reconstruction. (b) Transmission
characteristics of a 10 x 10 etalon array in the spectral range of 900-1300 nm. (c) The
photodiode current measured for a sample mask with the capital letter “A” cut-out. The 1050
nm peak is due to the super-continuum seed laser. (d) The reconstructed image using the data
of parts (b) and (c).
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Figure 6.2. (a) Transmission characteristics of a 10 x 10 etalon array in the spectral range of
500-800 nm. (c)The photodiode current measured for a mask with the capital letter “A” cutout. (d) The reconstructed image using the data of parts (a) and (b).

6.2.2 Organic SWIR Photodiodes for Photoplethysmogram Measurement
SWIR OPDs can operate at near-physiological temperatures and are shown to change
the detectivity by only about 2.8 times as the temperature swings in the range from -12 to
44℃,9 while in the same range the detectivity of inorganic photodetectors changes by more
than an order of magnitude.10 The detectivity of an OPD still improves when the operating
temperature is reduced, because the activation energy measured in the dark is higher than
under illumination, which indicates the photocurrent decreases less than the dark current
upon lowering the temperature. Nevertheless, the requirement for the cooling power of
organics is far less stringent than inorganics on account of their different charge transport
mechanisms. Charge transport in organics takes the form of hopping between localized states,
a process stimulated by the elevated thermal energy. In contrast, charge transport in
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inorganics would be hindered by phonon scattering from the lattice vibration upon the
temperature increase. The insensitivity to the temperature change endows organic
semiconductors with the advantage in ambient operation and the potential to bypass the
cooling control requirements, and therefore makes them more suitable than inorganics for
wearable physiological sensing applications.
Photoplethysmography (PPG)11 is an optical biomonitoring technique to
noninvasively assess the cardiovascular system, whose health condition is critical to the
prevention of many chronic diseases. By virtue of the above advantages of organic materials
in healthcare applications, PPG devices based on organics have been demonstrated,12 which
capture the modulation of light transmission caused by the blood flow during cardiac cycles
as shown in Figure 6.3. There is a great interest in extending the sensing spectrum into the
SWIR range as the visible detection is limited by motion artifacts and tissue penetration depth.
Therefore, we demonstrate a proof-of-concept in using a SWIR OPD to perform arterial pulse
measurements.

Figure 6.3. A schematic of a model for photoplethysmography detection over several cardiac
cycles. Reproduced with permission from Ref 12. Copyright 2014 Springer Nature.
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The measurements simultaneously track the hemodynamic signals of two SWIR
OPDs placed on the fingertip and the ear lobe respectively. The results are shown in Figure
6.4 (a). The OPD discerns two peaks in each cardiac cycle. As illustrated in Figure 6.4 (b),
the first peak (P1) comes from the heart’s pumping pressure, and the second peak (P2) from
the reflected pressure from the lower body.13 The augmentation index is defined as the P2/P1
ratio and is a measure of the arterial stiffness. Elastic arteries have slower and smaller P2,
and aged vessels have increased P2 owning to the rigidity and the incapability of dissipating
the reflected wave. Artery stiffness is a good predictor for not just heart disease, but also the
prevention of cognitive risks such as stroke and dementia. The results obtained reflect the
health status for the test participant, showing an augmentation index of about 10%, which is
typical for his age of 28. Other information such as heart rate and its variability, blood
oxygenation and blood pressure can also be inferred from PPG measurements.

Figure 6.4. (a) Arterial pulse measurements simultaneously performed at a fingertip and an
earlobe location. (b) Photoplethysmographic waveforms within a cardiac cycle
corresponding to different ages.
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6.2.3 Spectroscopic Imaging via Organic SWIR Photodiode Array
Atherosclerosis14, a condition where fatty deposits clog arteries, can be analyzed by
SWIR spectroscopy thanks to the clear differences in transmittance between muscle and fat,
especially at  = 1200 nm as shown in Figure 6.5 (a). Here we demonstrate the feasibility to
incorporate SWIR OPDs into a low-cost, scalable active matrix array that enables spatial
mapping and compositional analysis to estimate fat content by noninvasive imaging.

The measurement setup is shown in Figure 6.5 (b). 1152 nm and 1200 nm bandpass
filters are used to tune the incident light to two single wavelengths (10 nm of full width at
half maximum) where fat can be distinguished from muscle by their distinct absorption
features. A 4×4 active matrix array is placed at the receiving end with each pixel comprised
of a SWIR OPD connected to a silicon switching diode (not responsive in the SWIR region)
in a back-to-back fashion. The back-to-back configuration is to isolate the OPDs sharing the
same line (vertical or horizontal) so as to reduce the signal crosstalk between neighboring
pixels. While fatty tissues absorb much more significantly at  = 1200 nm compared to
muscular tissues, both types of tissues show similar absorption at  = 1152 nm, so acquired
signals at  = 1152 nm will be taken as the baseline for normalization. Transmission T is
defined as the ratio of the photocurrent (the current measured under illumination subtracted
by the current measured in the dark) transmitted through the sample to the photocurrent
response of the OPD. Transmittance ratio TR is calculated by 𝑇𝑅 = %𝑇1200𝑛𝑚 /%𝑇1152𝑛𝑚 .
This normalization also adjusts for the background fluctuation due to the water absorption,
as the transmittance of water is nearly constant in the  range of 1150 nm to 1250 nm.
For the sample in Figure 6.5 (c) inset, three ~1 mm thick beef slices are stacked
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together to image the fat distribution under a lean muscular layer, and the sample pattern is
illustrated in Figure 6.5 (b). According to the above definitions, 𝑇𝑅𝑚𝑢𝑠𝑐𝑙𝑒 is high and 𝑇𝑅𝑓𝑎𝑡
is low. For a mixture of lean and fat such as the top and the bottom quarter section in the
sample pattern, the values 𝑇𝑅𝑠𝑎𝑚𝑝𝑙𝑒 should be between 𝑇𝑅𝑚𝑢𝑠𝑐𝑙𝑒 and 𝑇𝑅𝑓𝑎𝑡 . The TR values
are converted to estimate the fat content at each pixel location by 𝑓𝑎𝑡% = (𝑇𝑅𝑠𝑎𝑚𝑝𝑙𝑒 −
𝑇𝑅𝑚𝑢𝑠𝑐𝑙𝑒 )/(𝑇𝑅𝑓𝑎𝑡 − 𝑇𝑅𝑚𝑢𝑠𝑐𝑙𝑒 ), where the values of 𝑇𝑅𝑚𝑢𝑠𝑐𝑙𝑒 and 𝑇𝑅𝑓𝑎𝑡 are measured
with 3 mm thick calibration standards that are only lean muscle or fat respectively. The
results are shown in Figure 6.5 (c). The measurement uncertainty is ~30% due to light
scattering and variations in calibration tissues. More details on the experimental setup and
procedures can be found in Chapter 2.

Figure 6.5. (a) Normalized transmittance spectra of muscular (black) and fatty tissues (red).
The inset schematic shows the scenario of fatty deposits clogging an artery. (b) Measurement
setup for SWIR spectral imaging. The image of tissue sample is portrayed according to actual
arrangement of muscular and fatty layers. (c) Percentage of fatty tissues at each pixel
location. The inset photograph shows the actual sample for imaging. Reproduced with
permission from Ref 3. Copyright 2018 John Wiley and Sons.
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6.3 Conclusions
Three applications are demonstrated in this chapter. A SWIR OPD is leveraged with
compressive sensing algorithms to enable the single-pixel image reconstruction in a broad
spectral range from 500 nm to 1300 nm. It is also used to record PPG signals to examine
artery stiffness and predict cardiovascular risks. The feasibility of the array integration of
SWIR OPDs for imaging of the sample structure and interrogation of the fat-muscle
composition via spectral analysis is also showcased. These demonstrations deliver the
promising potential in the high-performance single-pixel utility as well as the economical
and scalable system integration in SWIR detections.
Chapter 6, in part, is a reprint of the material submitted for publication: Yao, W.; Wu,
Z.; Huang, E.; Huang, L.; London, A. E.; Liu, Z.; Azoulay, J. D; Ng, T. N. Organic Bulk
Heterojunction Infrared Photodiodes for Imaging Out to 1300 nm. The dissertation author
was the primary author of the paper.
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