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Infrared Photodiodes

Optimization of Charge Carrier Extraction in Colloidal
Quantum Dots Short-Wave Infrared Photodiodes through

Optical Engineering

Epimitheas Georgitzikis,* Pawel E. Malinowski, Jorick Maes, Afshin Hadipour,
Zeger Hens, Paul Heremans, and David Cheyns

Colloidal quantum dots (QDs) have attracted scientific interest for infrared
(IR) optoelectronic devices due to their bandgap tunability and the ease of
fabrication on arbitrary substrates. In this work, short-wave IR photodetectors
based on lead sulfide (PbS) QDs with high detectivity and low dark current
is demonstrated. Using a combination of time-resolved photoluminescence,
carrier transport, and capacitance-voltage measurements, it is proved that
the charge carrier diffusion length in the QD layer is negligible such that
only photogenerated charges in the space charge region can be collected.

To maximize the carrier extraction, an optical model for PbS QD-based
photodiodes is developed, and through optical engineering, the cavity at

the wavelength of choice is optimized. This universal optimization recipe

is applied to detectors sensitive to wavelengths above 1.4 pm, leading to
external quantum efficiency of 30% and specific detectivity (D*) in the range

of 10'? Jones.

1. Introduction

Imaging in the infrared (IR) wavelength range is essential
for many applications such as low-light/night vision, surveil-
lance, sorting, biometrics, and medical diagnostics.l!l As silicon
cannot be used to detect wavelengths above 1000 nm, imagers
designed for the short-wave infrared (SWIR) range are based on
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semiconductors with a smaller bandgap
such as InGaAs and HgCdTe, combined
with a Si-based CMOS readout circuit in
a so-called hybrid imager.’l These mate-
rials have been thoroughly investigated
over the last years, leading to high perfor-
mance detectors. However, such hybrid
solution sets a fundamental limitation to
the smallest pixel size that can be achieved
and this leads to very expensive detectors.
In that respect, colloidal quantum dots
(QDs) are a very interesting material group
for the fabrication of IR imagers due to
their unique opto-electronic properties.
Quantum confinement allows the tuning
of the nanocrystal bandgap according to
their size, enabling detection at different
wavelengths of the IR spectrum, while
their electrical properties depend on the
proper selection of ligands.P’! Additionally,
the fact that they can be dispersed in solution and deposited
over a large area makes them great candidates for low cost sen-
sors, since they can be facilely integrated on top of the readout
circuit enabling monolithic IR imagers.[-

A lot of scientific effort has been devoted in the last years
on improving the performance of QD photodiodes by the use
of more efficient ligand passivation techniques”~! or the device
stack optimization'®!!l leading to very high external quantum
efficiencies (EQE) in a broad wavelength spectrum (up to
1 um). However, for imaging applications, additional figures
of merit such as the signal-to-noise ratio, the detector response
speed, and the detectivity in a specific and narrow wavelength
range must be maximized. Recent studies demonstrated
that larger diameter QDs are characterized by lower absorp-
tion coefficients making it harder to achieve high EQE values
further in the IR region.'>13l In the state of the art, two types
of PbS-based detectors are dominant for the SWIR wavelength
region, namely photoconductors!'*!! and photodiodes.[1*18]
Photoconductors rely on amplification gain and suffer from low
response speed, which makes them inappropriate for mega-
hertz imaging. Schottky diodes have led to high QE and fast
SWIR detectors, but the high dark current is a limiting factor
towards the realization of an actual imager. Photodiodes using
n-p junctions have been studied and applied in solar cells!*”!
and photodetectors.?”! These devices can combine a low dark
current and fast response.
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Figure 1. a) Photodiode stack architecture. The infrared photo-active layer is formed by a layer of PbS QDs. TEM shows the superlattice formed by the
QDs and reveals high level of crystallinity. b) Schematic band diagram at equilibrium showing the p-n junction formed between the doped TiO, and

the PbS QD layer and the drift and diffusion mechanisms.

In this work, we analyze the limits of the charge carrier
extraction in colloidal QD photodetectors, and we apply this
understanding in conjunction with optimization of the optical
performance to maximize the efficiency of photodetectors at
the wavelength of 1.4 microns. The charge carrier extraction
mechanisms of narrow bandgap QD films are analyzed by
time-resolved photoluminescence (TRPL), carrier transport,
and capacitance-voltage measurements, enabling the determi-
nation of the carrier density, lifetime, and mobility. From the
calculated short diffusion length of the minority carriers, we
deduce the need to achieve a wide depletion region to mini-
mize recombination and thus enhance the carrier harvesting.
Subsequently, these data are used as feedback into process
optimization of photodiodes based on an n-p heterojunction
architecture, in which the junction is formed by a QD photoac-
tive film and a metal oxide that acts as an n-type electron trans-
port layer (ETL). Using optical modeling based on a transfer
matrix method, we optimize the thickness of the transport layers
to maximize the intrinsic cavity effect of the device structure at
the wavelength that matches the IR absorption peak of the QDs,
taking the limited depletion width into account. The result is a
considerable boost in the QD layer absorption leading to high
quantum efficiencies in the SWIR. In the fabricated devices,
this boost is combined with a low dark current (=pA cm™),
leading to specific detectivity in the range of 10'2 Jones.
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2. Results and Discussions

We selected PbS QDs with a diameter of 5.5 nm (see Experi-
mental Section and Figure S1, Supporting Information) synthe-
sized by hot-injection method.?!l Here, the use of substituted
thioureas enables the production of gram scale batches in a
reproducible way. The NIR photoactive layer with a peak wave-
length absorption at 1440 nm, is sandwiched between two
transparent transport layers with good conductivity, and hence
tunable thickness (see Figure 1a for the layer stack structure).
The photodiode junction is created at the interface between the
niobium-doped titanium dioxide layer (TiO,:Nb)?? and the PbS
QDs capped with 1,4-Benzenedithiol (1,4 BDT).?3?4 Transmis-
sion electron microscope (TEM) inspection of the layer-by-layer
grown QD material revealed perfect crystallinity within the
QDs, high level of super-crystallinity within a single layer, and
random orientation between layers. Figure 1b depicts a sche-
matic band diagram of the junction formed between the wide
bandgap TiO,:Nb and the PbS QDs, using energy level values
form literature.”>2% The carriers that are photogenerated
inside the space charge region will drift by the built-in potential
to the respective electrode, while carriers that are generated in
the quasi-neutral region must diffuse towards the space charge
region in order to be collected. In the next sections, we present
an in-depth analysis of the drift and diffusion mechanisms

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a) o3 :
- 05V
0.25 hes —— -0.25V| .
v \aaaas . oV
N'_' 02 [ X v
S v
o
- 0.15 X
= \
O o1} v
\“
0.05¢ o
%
* 4
O I I I
102 10° 104 10° 10°
Frequency [Hz]

b)

N WA OO N

(A/C)? [F2 cm* ]

N

0
-1

08 -06 -04 02 0 02 04
Voltage [V]

Figure 2. Capacitance—voltage measurements for Schottky diodes using a structure of ITO/QD/AI. a) Capacitance as a function of frequency at three
bias conditions for a relatively thin PbS QD layer (=50 nm). b) Mott-Schottky plot for a thick, not fully depleted PbS QD layer.

describing the transport of the photogenerated carriers and we
quantitatively assess their limitations.

The electrical field in the space charge region of the photo-
diode causes carriers to drift towards the contacts. For a p-n
junction, this space charge region originates from the carrier
depletion from one side of the junction towards the layer with
an opposite majority carrier profile. Assuming that the car-
rier concentration of the TiO,:NDb is much higher than the one
of the QDs, we can consider a one-sided junction.?*?”] The
depletion width (W) of such a one-sided junction is

W= 28, & (Vbi_V)
\ q Nop

where g, is the effective-medium dielectric constant of the
QD layer, & is the vacuum permittivity, Vi; is the build-in
potential, g is the elementary charge, and Ngp is the doping
concentration of the QD film.*% In order to obtain &, and Nqp,
capacitance-voltage (C-V) measurements are performed on
Schottky diodes with a structure of ITO/PbS/AlL Assumingly
fully depleted devices (QD thickness 50-75 nm) are used to
obtain the dielectric constant from the parallel plate capacitor
model C = (Ag,&)/d, where A is the diode surface area and d
is the PDbS layer thickness. As shown in Figure 2a, the meas-
ured capacitance remains constant in the range of 10°~10° Hz
and for biases between —0.5 and 0 V, confirming that the diode
is fully depleted. The dielectric constant can be accurately
obtained at 14 + 1, a value that matches the results presented in
literature through theoretical models.3"]

To determine the doping concentration of the PbS QD
absorber, a Schottky diode with the same structure as previ-
ously is processed, however this time a thick (=250 nm) and
thus not fully depleted PbS QD layer is used. Using the Mott—
Schottky equationf!!]

1)

1 2(Vu-V)

- q€ & Ngo ()
the Ngp is obtained from the slope of 1/C? versus the applied
bias and found to be in the range of 2.3 x 10" and 3.1 x 10"
(Figure 2b). Then the carrier density and the determined dielec-
tric constant are applied in Equation (1), in order to calculate
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the depletion width in the p-n junction devices, which is found
to be around 65 £ 10 nm at 0 V bias, while at 2 V reverse
bias, it increases to 135 £ 10 nm. These values are also con-
firmed by performing C-V measurements on the p-n junction
photodiodes and the voltage-dependent depletion width can
be determined directly from W = g¢,/C(V) (Figure S2, Sup-
porting Information).

Charges photogenerated outside of the space charge region
are required to diffuse across the quasi-neutral region to be col-
lected by the respective electrode. The distance that the carriers
can travel before they recombine is defined by their diffusion
length, which can be calculated as

L=Dt (3)
where 7 is the carrier lifetime and D is the diffusion coeffi-
cient, linked to the charge carrier mobility u via the Einstein—
Smoluchowski relation p— kT u (with k the Boltzmann's
constant, and T the temperaturqe).

The carrier lifetime in the QD film is obtained using TRPL
on glass/PbS layers. The PL decay as a function of time,3%
(Figure 3a), corresponds to the decay of the minority carriers.
From these data, we retrieve a minority carrier lifetime of only
15 ns.

To determine the carrier mobility in the PbS film, single
carrier devices exhibiting space charge limited current (SCLC)
are fabricated using an ITO/QD/Ag structure for electron-
only devices and ITO/PEDOT:PSS/QD/MoO,/Au for hole-
only devices. Figure 3b shows a current density—voltage curve
(J-V) and the results of the fitting obtained using the SCLC
mechanism in a hole-only device. The results for an electron-
only device are shown in Figure S3 in the Supporting Informa-
tion. At low bias voltages (<0.1 V), the device follows an Ohmic
behavior with ] being proportional to V. As the bias increases,
the injected carriers start to dominate, filling trap states of the
film, and the current density becomes proportional to the square
of the applied voltage (J ~ V2). When all of the traps are filled,
there is an exponential current increase, followed by another
region with a | ~ V2 behavior following the Mott-Gurney law,*’]

VZ

9
Jve = 3 SrSOﬂy (4)
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Figure 3. a) TRPL measurements lifetime spectra of 5.5 nm QDs capped with 1,4-BDT. b) J-V plot of single carrier PbS QD photodiode demonstrating

the Ohmic, trap filled, and SCLC regions.

where d is the active layer thickness. From the Mott—Gurney
region of the J-V curves, we extracted the mobility of holes and
electrons in the range of 4 X 10 cm? V™! s7' and 1 x 107> cm?
V71571, respectively.

Knowing the lifetime and mobility, the diffusion length of
the minority carriers can be readily calculated from Equation
(3) and is found to be extremely short — less than 1 nm. This
result indicates that there is a limitation on the distance that
the carriers can travel before they recombine; thus carrier
extraction based on diffusion can be excluded. We conclude
that for maximum photocurrent, we cannot rely on carrier dif-
fusion, but rather, fully depleted devices should be considered.

Taking into consideration the preceding analysis, we deter-
mine that the maximum usable QD layer thickness in our
photodiode structure falls in the range of the depletion width
(maximum 150 nm). Achieving high efficiencies with only
a few hundred nanometers is a big challenge due to the low
capture cross-section for SWIR light (extinction coefficient
below 10* cm™). However, an advantage of using thin layers
that are in the range of the incident light wavelength is the pos-
sibility to create a standing light wave inside the photodiode
stack. Reflection and transmission of the light takes place at the
interface between two materials due to the difference of their
refractive indices. Furthermore, contact metals act as mirrors
reflecting all the light back to the photodiode stack. As a result,
positive and negative interference takes place, creating points
of high and low light intensities. A proper optical design of
the devices can shift the highest light intensity to the place
where an exciton dissociation center is located, while at the
same time minimize losses. This can lead to a significant
enhancement of the detector quantum efficiency.

The characteristic optical properties of the materials used,
required for the modeling, are incorporated into the complex
index of refraction where n is the refractive index and k is the
extinction coefficient. Thin layers of QD material are depos-
ited on Si/SiO, substrates and measured using variable angle
spectroscopic ellipsometry. The data can be fitted using a dis-
persion law consisting of a Cauchy dependence and Lorentzian
absorption peaks for the complex index of refraction. However,
due to the low extinction coefficient of the PbS QD films,
the ellipsometry data obtained are not sufficient for accurate
modeling. In the next phase, values with improved accuracy are
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obtained by fitting the transmission and reflection data (R/T) of
QD layers on glass. The R/T of three different thicknesses are
fitted simultaneously using transfer matrix modeling, starting
from the dispersion law as obtained from ellipsometry. Using
this approach, the data as shown in Figure 4 are obtained. The
complex index of refraction for the other materials in the photo-
diode stack is directly obtained from ellipsometry.

The optical constants are subsequently used as an input for
a transfer matrix method, adapted to our device structure, sim-
ulating the behavior of the light as it impinges on the photo-
diode.3**] As shown in Figure 4c, the used layers are stacked
between a semi-infinite transparent glass substrate and a semi-
infinite ambient atmosphere. The light falls into the multilayer
from the left, through the glass substrate, and for each layer
this can be resolved in two separate terms: a component propa-
gating in the positive (E*, moving in the same direction as the
incident light) and one in the negative direction (E7). Using the
thickness d; of each layer and its complex index of refraction n;
obtained above, the electrical film of each component can be
calculated and subsequently the total electrical field inside our
devices can be plotted as below for the wavelength of interest
(1440 nm). The expected absorption for the device stack can be
retrieved as well as the expected absorption of each individual
layer and the expected photodetector EQE at the target wave-
length. The developed model comes in full agreement with the
experimental data (Figure S4, Supporting Information). Addi-
tionally, the thickness of each layer can be optimized to obtain
the highest possible EQE values.

First, we simulate the effect of the QD layer thickness on
the performance of the device, with fixed thicknesses for the
transport layers. In order to incorporate the drift-limited optical
active zone in the stack, we split the simulated QD film into
two layers: one resembling the depleted layer close to the
TiO,:Nb that will contribute to the photocurrent generation,
and one resembling the photocurrent inactive part, in which
the generated carriers will recombine. The simulation is per-
formed by sweeping the total QD film thickness and the deple-
tion width. The expected EQE at the wavelength of 1440 nm
(Figure 5a) demonstrates that for a depletion width in the range
of 130 nm, a local maximum of 25% can be reached for a QD
film of around 150 nm, while a depletion width larger than
350 nm is required to achieve EQE values above 40%. To check

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Complex index of refraction measured using variable angle spectroscopic ellipsometry and reflection/transmission measurements. a) Fit
of the reflection and transmission data for three different thicknesses of the QD film with the complex index of refraction model determined by
ellipsometry. b) The final n and k values for the 5.5 nm QDs demonstrating a peak at about 1440 nm. c) Multiple reflection and transmission in the
examined multilayer stack sandwiched between two semi-infinite ambient layers (glass substrate and air). Light is incident from the glass substrate.
The electrical field in each layer has two components propagating in the positive (E*) and the negative (E7) direction, and together they form the total
electrical field. The normalized modulus squared of the electrical field for the wavelength of 1440 nm is plotted.

the validity of the simulations, photodiodes are fabricated with ~ the results predicted by the simulations. Furthermore, the
selected QD layer thicknesses in the range of 45-300 nm and  devices with an active layer of 120 £ 10 nm show the highest
transport layer thicknesses at 5 and 20 nm for the HTL and the ~ EQE values; hence, this is the QD layer thickness that can lead
ETL, respectively. The trend between measured EQE values, the  to the most efficient photon-to-carrier conversion and should be
depletion width, and the total QD thickness (Figure 5b) follows  used for further optimization.
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Figure 5. Optical simulations a) monitoring the expected EQE at the wavelength of 1440 nm with variable QD layer thickness and depletion width,
and b) comparing the simulated values with the experimental results of fabricated photodiodes. The error bars indicate the uncertainty in the QD layer
thickness (+ 10 nm) and the variation in the EQE results obtained from measuring different diodes that have the same QD layer thickness.
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Figure 6. Optimization of carrier harvesting at 1440 nm for a photodiode using a fully depleted 120 nm QD layer and analysis of the optical losses
in the full stack. a) Optical simulations for variable transport layer thicknesses in order to achieve the maximum possible EQE, and b) the minimum
possible loss in the ITO. c) Before device optimization, the optical loss in the ITO is 40% at 1440 nm, while d) after optimization using 30 and 90 nm
of HTL and ETL thickness, respectively, the loss in the ITO is reduced to 10% and the absorption of the QD layer is increased.

Notwithstanding the optimization of the QD layer thick-
ness, further enhancing of the optical cavity can be achieved by
fine tuning the other layers in the photodiode stack. By using
again optical simulations with a fixed QD layer thickness to the
previously found optimum of 120 nm, we analyzed the optical
losses in the stack and we efficiently minimized them at the
target wavelength of 1440 nm. The analysis of optical losses
in the layer stack used above is shown in Figure 6. It is clear
that ITO is mainly responsible for these losses, since it is char-
acterized by a high absorption in the IR spectrum, above 40%
at the spectral area of 1.4 um (Figure S4, Supporting Informa-
tion). To minimize this absorption, simulations are performed
by sweeping the TiO,:Nb and the HTL thicknesses and moni-
toring the expected EQE and ITO absorption (see Figure 6a,b).
A proper selection of the transport layer thicknesses will
improve the detector EQE notably, while the ITO absorption
is minimized. These observed trends are subsequently used as
a feedback towards the optimization of the actual devices. The
analysis of the optical losses shows indeed a steep decrease
in the light lost due to ITO absorption in the target spectrum
after the fine tuning of the transport layers. The result is the
fabrication of photodiode detectors with enhanced absorption
at the wavelength of 1440 nm demonstrating an EQE value
higher than 30% as shown in Figure 7a. Additionally, these
optimized devices are characterized by a dark current lower
than 1 HA cm™ (Figure 7b) at 2 V reverse bias, leading to a
peak in the specific detectivity at the target wavelength with a
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value of =7 x 10 Jones, which is one of the highest reported
values for PbS QD photodiode detectors in this range of the IR
spectrum.

3. Conclusion

In this work, we describe a methodology for the enhancement
of the photogenerated carrier harvesting in PbS QD photodiode
detectors for IR light absorption, and use the methodology to
optimize a SWIR photodiode. This methodology is based on
a combination of thorough analysis of the dominating car-
rier extraction mechanisms, with optical engineering of the
photodiode stack. The aforementioned techniques are applied
on photodiodes formed by a heterojunction of a metal oxide
(TiO,:Nb) and an IR sensitive PbS QD film. Due to the demon-
strated short diffusion length, we deduce the need to fabri-
cate fully depleted devices, setting a maximum thickness of
150 nm to the QD layer. For these fully depleted devices, further
improvement of the detector performance is realized through an
optical design. Using transfer matrix simulations, we maximize
the intrinsic cavity effect of the device structure and enhance
the EQE of our photodiodes at 1440 nm, reaching values of
=30%. Finally, we can conclude that improving the diode junc-
tion by increasing the depletion width in the examined system,
as well as improving the carrier diffusion length within the QD
film, may further improve the quantum efficiency.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Performance characteristics of the optimized fabricated devices. a) EQE and detectivity. b) Current density under dark conditions.

4. Experimental Section

QD Synthesis: Lead oleate was synthesized from lead trifluoroacetate
according to a previously described method.?'l Also, N-4-MeO-
phenyl-N"-dodecylthiourea was synthesized according to Hendricks
et al.?l Lead oleate (10.281 g, 13.35 mmol, 1.5 equiv) and n-dodecane
(150 mL) were added to a 250 mL 3-neck round bottom flask equipped
with a stirring bar and coupled to a Schlenk line. The set-up is stirred
for T h under N, flow at 120°C. In a nitrogen-filled glove box, N-4-
MeO-phenyl-N"-dodecylthiourea (3.0 g, 8.89 mmol) and 1-methoxy-
2-(2-methoxyethoxy)ethane (5 mL) were mixed in a 10 mL vial. The
vial was sealed with a rubber septum and taken outside. Both vessels
were then heated to 135 °C and once the temperature was stable,
the solution of thiourea was quickly injected into the clear colorless
lead oleate solution via a syringe. The reaction was allowed to run for
5 min at 135 °C before the flask was cooled with a water bath. Once
cooled to room temperature, toluene (60 mL) was added and the
resulting slurry was split between centrifuge tubes and centrifuged
(2000 RCF, 10 min). The dark nanocrystal dispersion was decanted
and any remaining solids were discarded. Acetone (150 mL) was then
added to precipitate the nanocrystals. After centrifugation (2000 RCF,
5 min), the clear, pale brown solution was discarded and the
remaining nanocrystal residue was redispersed in toluene. Five more
cycles of precipitation from toluene with acetone were performed to
reach a ligand coverage of 4.1 oleate ligands per square nanometer
as measured by TH NMR spectroscopy. Finally, the resulting 1.8 g of
5.5 nm sized PbS QDs were dispersed in n-octane and stored in a
nitrogen-filled glove box.B¢l

Device Fabrication: The photodiodes were fabricated using a
solution-based process except of the top metal contact that was
thermally evaporated. TiO,:Nb dispersion in ethanol®”l was spin
coated on glass substrates with pre-patterned ITO lines cleaned
previously in soap, water, acetone, and IPA. Subsequently, the PbS
QD film was deposited in air by spin-coating a 15 mg mL™" solution
of PbS QDs in octane. Once dried, 1,4-BDT dissolved in acetonitrile
was applied to the substrate for 30 s and spun dry. Then the substrate
was washed with acetonitrile. The thickness of the QD film could
be increased by repeating the deposition cycles multiple times. Then
the poly[N,N’-bis(4-butylphenyl)-N,N’-bisphenylbenzidine] (polyTPD)
was spin coated. The stack was completed with the thermal evaporation
of 100 nm of silver (Ag). The device area was defined by the overlap of
the top and bottom electrodes at 0.13 cm?. For the Schottky diodes,
the QD layers were directly deposited on the glass/ITO substrates,
while the Schottky junction was formed with the evaporation of
100 nm thick aluminum (Al). For the single carrier devices, poly(3,4-
ethylenedioxythiophene)—poly(styrenesulfonate) ~ (PEDOT:PSS; VP
Al4083, H. C. Stark) was used as a HTL, spin coated at 2500 rpm from
water and annealed at 120 °C for 10 min in order to achieve a 50 nm
thick film. Additionally, the 5 nm thick molybdenum oxide (MoO,) used
was thermally evaporated.
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CV  Measurements: Capacitance-voltage measurements of the
diodes were performed using a Keysight E4980A Precision LCR meter,
superimposing 10 mV of AC bias over the DC bias and at frequency
range between 20 Hz and 1 MHz.

Photoluminescence Measurements: PbS QD films were deposited on
quartz substrates using the layer-by-layer technique mentioned above.
The PL measurements were performed using a Hamamatsu PL lifetime
spectrometer. The QD film was excited by a 532 nm laser and the
photoluminescence was measured in wavelengths ranging from 380 up
to 1650 nm.

EQE and R/T Measurements: Spectral response measurements were
performed using a Bentham PV300 Spectral Response system. A light
beam from a Xenon/Quartz halogen source was coupled into a Bentham
TMc300 single monochromator, giving a coverage over the spectral
range of 300-2500 nm. The reflection and transmission measurements
were executed using an integration sphere.

Current-Voltage Characterization: IV sweeps were carried out in N,
environment using a Keithley 2400 source-meter.

Ellipsometry: Optical constants and film thickness of the materials
were measured using a variable angle spectroscopic ellipsometer
(Semilab GES5).
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