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ABSTRACT: The significant performance increase in nanocrystal
(NC)-based solar cells over the last decade is very encouraging.
However, many of these gains have been achieved by trial-and-
error optimization, and a systematic understanding of what limits
the device performance is lacking. In parallel, experimental and
computational techniques provide increasing insights into the
electronic properties of individual NCs and their assemblies in thin
films. Here, we utilize these insights to parameterize drift—diffusion
simulations of PbS NC solar cells, which enable us to track the
distribution of charge carriers in the device and quantify
recombination dynamics, which limit the device performance.
We simulate both Schottky- and heterojunction-type devices and,
through temperature-dependent measurements in the light and
dark, experimentally validate the appropriateness of the parameterization. The results reveal that Schottky-type devices are limited by
surface recombination between the PbS and aluminum contact, while heterojunction devices are currently limited by NC dopants
and electronic defects in the PbS layer. The simulations highlight a number of opportunities for further performance enhancement,
including the reduction of dopants in the nanocrystal active layer, the control over doping and electronic structure in electron- and
hole-blocking layers (e.g., ZnO), and the optimization of the interfaces to improve the band alignment and reduce surface
recombination. For example, reduction in the percentage of p-type NCs from the current 1—0.01% in the heterojunction device can
lead to a 25% percent increase in the power conversion efficiency.
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B INTRODUCTION thin films to improve charge separation and extraction, thereby
mitigating the impact of trap-assisted recombination.

Further improvement in the device performance can be
accelerated with in depth knowledge of the recombination
processes occurring in the solar cells under operating
conditions. Fitting analytical models to experimental data
provides important insights.'”'® For example, identifying trap-
assisted Shockley—Read—Hall (SRH) recombination as the
dominant recombination process in PbS NC solar cells, and
determining the impact of the NC band gaps and mobilities on
recombination dynamics, was possible through fitting to
temperature-dependent current—voltage (I—V) measure-
ments.'”** While such approaches can provide insights into
the dominant recombination mechanism, they only offer

Nanocrystal (NC)-based solar cells are promising candidates
for next-generation photovoltaics, offering tunable band gaps'
and potentially low-cost manufacturing via solution process-
ing.” There has been significant improvement in the device
performance over the last 15 years, with initial solar cells from
2005 showing a just few percent power conversion efficiency’
to the most recent devices offering 15%.* Lead sulfide (PbS)
NC-based solar cells have achieved efficiencies of 12.4% and
are the focus of our work here since they have been a driver in
the development of NC solar cell understanding and
technology.”

Changes to the active materials and the device architecture
have increased the device performance, with improvements
often linked to a reduction in non-radiative recombination.
From early on, it was apparent that non-radiative recombina-
tion through electronic trap states in the NC thin films was
limiting the device performance,6 and significant effort has
been directed toward the reduction of trap states through
optimization of the NC passivation.””'” In addition, modern
device designs employ layered'”'* or doping-graded'*'® NC
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Figure 1. Schematics showing (a) architecture and (b) energy band diagram (at 0 V, no illumination) of the “Schottky” metal—semiconductor—
metal device, and (c) architecture and (d) energy band diagram (at 0 V, no illumination) of the heterojunction device investigated experimentally

and with simulations.

Table 1. Selected Input Parameters®

name variable
PbS
band gap E,
Schottky: PbS:EDT
heterojunction: PbS:EDT
heterojunction: PbS:I
electron affinity Ec
PbS:EDT
PbS:I
electron mobilities at 300 K He
hole mobilities at 300 K Hy
shallow doping density
defect type
deep doping density Ny
capture cross section e/h o./oy
energy level with respect to Ey Era
name variable
ZnO
band gap Eg
electron affinity Ec
CB effective density of state Nc
VB effective density of state N,
electron mobilities He
hole mobilities iy
shallow donor doping density Np

defects

“A full list of all parameters can be found in the Supporting Information.

value unit source
eV Bozyigit et al."”
1.10
1.25
1.14
eV see ref 22
3.79
3.92
1.65 cm?/V s see text and ref 22
0.18 cm?/V s see text and ref 22
0 cm™? see text and ref 22
acceptor see text and ref 22
10" cm™3 see text and ref 22
10-1 cm? see text and ref 22
0.25 eV see text and ref 22
value unit source
3.05 eV see Peng et al.>®
4.19 eV see text
3.14 x 10'8 cm™? see text
2.51 x 10 cm™? see text
0.5 cm?/V s see text
0.15 cm?/V s see text
3 x 10 cm™? see text
none see text

limited insights into where recombination occurs spatially
within the device.

Numerical drift diffusion simulations can be used to gain
further insights into the spatial distribution of charge and the
recombination mechanisms under different operating con-
ditions. One challenge in drift—diffusion simulations of solar
cells is that they require a large number of input parameters
(on the order of hundreds),”’ which leads to the risk of
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overfitting. Indeed, different combinations of parameters could
lead to satisfactory agreement to measurements (e.g., the same
short-circuit current could be fit using a high absorptivity and a
high recombination or a low absorptivity and low recombina-
tion). In the solar cell literature, this challenge of overfitting is
often addressed by designing experiments to extract or
performing calculations to determine the parameters inde-
pendently, therefore only fitting a small select number of

https://doi.org/10.1021/acsaelm.1c00787
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Figure 2. (2) Ensembled individual PbS NCs form the NC solid, (b) trap formation in a NC—film, and (c) ZnO—ITO interface formation.

parameters. We have shown that we are now at a point in our
understanding of NC materials that it is possible to take
systemically measured and calculated parameters to fully
simulate NC solar cells at the device level.”*

Here, we perform numerical drift—diffusion simulations of
metal—semiconductor—metal and heterojunction PbS NC-
based solar cells to understand the band structure of these
devices, the charge distributions, and recombination dynamics.
We carry out a systematic parameterization of the devices, and
agreement between simulated and experimental temperature-
dependent current—voltage (I—V) measurements in the dark,
I-V measurements under 1 sun illumination, and temperature-
and illumination-dependent open-circuit voltage (Vo) meas-
urements confirm the appropriateness of the parameterization.
The simulations enable us to gain detailed insights into what
types of recombination occur and where it occurs in the
different device architectures. Finally, we use the simulations to
highlight how device performance can be further improved by
judicious selection and optimization of blocking contacts and
the dopant and trap state density in the NC layer.

B EXPERIMENT AND SIMULATION

Device Fabrication. We experimentally and computation-
ally investigate two different device architectures (Figure 1).
The simplest type of NC-based solar cell consists of a metal—
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semiconductor—metal junction, the Schottky device (Figure
la), since one of the metal—semiconductor interfaces forms a
Schottky barrier. However, unlike a classical (unipolar)
Schottky diode that creates a barrier for majority carriers, a
NC-based Schottky solar cell is a bipolar device also allowing
minority carrier injection (here, electrons into the p-type NC
layer). Our device consists of a 100 nm thick lead sulfide (PbS)
NC layer deposited on indium tin oxide (ITO) and topped
with a 1 nm lithium fluoride (LiF) and thick (~100 nm)
aluminum (Al) layer. For this work, we use PbS NCs that are 3
nm in diameter with ethanedithiol (EDT) as a cross-linking
ligand. The properties of the PbS NCs and the device
fabrication have been described in detail previously.”’

A heterojunction device (Figure 1b) features an internal
junction between the NC layer and another semiconducting
material. The heterojunction devices used in this study consist
of a 100 nm thick layer of zinc oxide (ZnO) NCs deposited on
ITO followed by a 350 nm PbS layer with iodine surface
termination. We consider the structure developed by Chuang
et al,"> which includes an additional PbS layer cross-linked
with EDT on top of the PbS:I layer. The device fabrication
protocol used in this work used the solid-state ligand exchange
reported previously”* and a slightly adapted recipe for ZnO
nanoparticles (more KOH), resulting in a highly doped n-type
oxide. The device is completed with a top layer of gold.

https://doi.org/10.1021/acsaelm.1c00787
ACS Appl. Electron. Mater. 2021, 3, 4977—4989
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Simulation. An overview of the parameters used in the
simulation are listed in Table 1, and the full parameter list can
be found in Supporting Information, Table S1. We determine
most of the input parameters independently from the
experiment or calculation (Supporting Information). Below
we discuss several important aspects related to the coarse grain
parameterization of the PbS layers, the ZnO layer, and the
interfaces that are relevant to the following discussions
pertaining to device operation.

PbS NC Layer. The ~3 nm PbS NCs used here are in the
strong confinement regime, and the splitting between the
highest occupied (lowest unoccupied) electronic state and the
next lower (higher) state is 70 meV (150 meV).”® Both
energetic distances are significantly larger than kT, meaning
that only the highest occupied (lowest unoccupied) electronic
state will contribute to the valence band (VB) [conduction
band (CB)] edges of the NC solid. We therefore take the
effective density of states Nc = Ny to be the density of NCs
Nyc = 10 em™,

Electronic trap states have a significant impact on
recombination and mobility in NC thin films.*® Trap states
in PbS NC thin films have been shown to stem from both the
oxidation or reduction of doped NCs,”” and the fusing two
NCs together in a process known as NC dimerization.”® As
thin-film fabrication of PbS NC thin films is typically
performed in air, we assume here a density, N,, of p-type
NCs resulting from exposure to oxygen.”” Based on measure-
ments of the trap-state density,”” we assume that 1% of the
NCs is of p-type (for a density N, ~ 10'7 cm™), meaning that
they have an additional hole, but their electronic structure is
nearly identical to that of an intrinsic NC (Figure 2a). If this
hole is released into the VB (i.e., the NC is reduced), the
electronic levels of the then reduced p-type NC shift relative to
the bands of the neighboring NC.”° The highest occupied
energy state of the reduced p-type NCs then become traps for
holes in the NC film (Figure 2b). According to previously
reported density functional theory (DFT) calculations,* for a
3 nm diameter NC, this trap state will be at an energy Er , of
0.25 eV above the VB. Free carrier generation is therefore
linked to the trap formation. This is taken into account in the
simulations by doping the PbS layers using acceptors with a
depth of 0.25 eV and a concentration of N, ~ 10'7 cm™. For
simplicity, we begin by ignoring trap states arising from
dimerization and treat this in the results and discussion section.

Recombination is a key parameter defining the efficiency of a
solar cell. We apply the SRH recombination model,”" which
describes the situation where an electron and hole recombine
via a trap or defect state in the band gap of the semiconductor
(e.g., an electron is captured and recombines with a hole in a
trap). At the metallic contacts in the devices, surface
recombination (i.e., the minority carrier current) is included.
Recombination can also occur at the ZnO NC and the PbS NC
interface;>*™>° however, we assume here that this interface
recombination is small relative to the trap-assisted bulk
recombination (see the Supporting Information for further
discussion). Additional recombination processes, such as
radiative (~np/Nyc®) or Auger Recombination (~n’p/Nyc®
or p*n/Nyc’), are not considered in our simulations. The
rationale for the omission of both mechanisms is that they lead
to substantially slower recombination than the SRH mecha-
nism for the relatively low electron and hole densities (n, p <
Nyc) relevant for illumination densities up to 1 sun.””
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If the time needed for a charge carrier to find a
recombination center in the SRH process is longer than the
actual recombination process, we refer to this situation as the
diffusion-limited regime. If the recombination process is longer
than the time for carriers to find each other at the
recombination center, we speak of the reaction-limited regime.
In a study by Bozyigit et al," we showed that diffusion-limited
recombination could explain the -V characteristics of both
Schottky and heterojunction-based PbS NC devices over a
large temperature range. We provide further discussion of the
regimes in the Supporting Information.

To aid in the discussion of our simulations, we step through
the equations relevant for SRH recombination following the
presentation in ref 37 in the Supporting Information. In short,
we can calculate the probability of a p-type NC having a hole, f,
which is given by the hole capture (pvy,,0,) plus the electron
(e,) emission divided by capture and emission processes of
both holes and electrons™

Pl p0p +e,

NV, 1On T Pl p0p T €4 T € (1)
and the SRH recombination is given by
?)
Uth,nanyth,pap(np -n
Ropn =
N nOn T Pl p0p +e, + €p ()

As we explain in the Supporting Information, we assume that
the capture coefficients for electrons ¢, = 6, vy,, and @, = 0,
Vihp are equal, where o is the capture cross section and vy, is
thermal velocity of electrons and holes, respectively.

Lastly, we consider the electron and hole mobility. Charge
transport in PbS NC thin films occurs through phonon-
mediated charge transfer between NCs, and we use DFT-
parameterized kinetic Monte Carlo simulations to determine
an effective, temperature-dependent mobility for electrons,
1.(T), and holes, p,(T, Ny).*° Here, for all NC layers, we
assume a NC size of 3 nm and an interparticle spacing of 6 A,
which leads to charge transfer times between two NCs of 21
ps. We use the DFT-based parameterization reported
previously.”® For electrons, we find an effective mobility of
Ue (300 K) = 1.65 cm?/V s. For holes, we determine y;, (300
K, 10" cm™) = 0.18 cm?/V s, which accounts for the presence
of 10'7 cm™ reduced, p-type NCs that act as hole traps and
significantly reduce average drift velocity of holes.

ZnO Layer. In the NC-based ZnO layer, the electrons are
the majority carriers (n-type semiconductors’’) and contains
no minority carrier in relevant densities. The electronic
properties of ZnO vary greatly depending on the ZnO
deposition method and post-deposition treatments.”® We
select electron and hole mobilities of 0.5 and 0.15 cm*/V
s,>” based on literature values for nanostructured ZnO thin
films.**~*' The ZnO layer has a large density of free electrons,
where typical measured values range from 10'® to 10*!
em 37" These free electrons originate from donor states;
however, little is understood about the origin of these donor
states, ™ making them difficult to use as a model.

The high n-doping in ZnO is essential for the functionality
of the heterojunction device; otherwise, a barrier exists at the
ZnO—ITO interface. If the donor density is too small (<10"
cm™), an inverted diode is created across the entire ZnO layer
at the ZnO—ITO interface, impeding extraction of electrons at
the ITO contact, opposing the current flow through the solar

https://doi.org/10.1021/acsaelm.1c00787
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cell rendering the device non-operational (Supporting
Information, Figure S4). For higher n-doping densities
(>10" cm™), only a thin Schottky barrier remains at the
ZnO-ITO interface.

In the simulation, even this thin barrier impedes current flow
across the ZnO—ITO interface. We know that this is
unphysical since previous studies'”** on these types of solar
cells, as well as our own experiments, demonstrate efficient
electron extraction, meaning that current from ZnO to ITO is
not impeded. This unphysical behavior of the simulation could
have its origins either in the limitation of the simulation or the
parameterization. Specifically, in the real device, tunneling
through the thin barrier may occur that is not captured in the
drift diffusion simulation. Additionally or alternatively, oxidized
donors in the ZnO layer may be pinning the Fermi level of the
ZnO somewhere between the ZnO CB (—4.2 eV) and at a
value closer to that of the ITO which is at —4.9 eV, thus
preventing the accumulation of free charge and barrier
formation at the ZnO—ITO interface. However, since we
lack a model for the donor distribution in the ZnO, we do not
know where the Fermi level is pinned. We therefore model our
ZnO layer as a trap-free semiconductor with a density of free
electrons of 3 X 10'® cm™ and shift the ITO work function to
—4.6 eV, which prevents the formation of the injection barrier
(Figure 2c). This simplification means that recombination
dynamics in the ZnO is not treated; however, under all device
operating conditions, the hole density in the ZnO is negligible.

Interfaces. Volk et al.*’ showed that at a NC—metal
interface, a charge-transfer dipole layer is formed. Due to
Fermi level equilibration, the NCs at the interface can either
oxidize (or reduce). This dipole is located mostly across the
first NC layer. As we cannot directly add a dipole to the
simulation, we treat the metal and dipole as one element and
shift the work function of the metal accordingly.”” We
;p%roximate the shift in Fermi level due to the surface dipole

y

Ipl
€€ AnC ®)
where Ipl is the magnitude of the induced surface dipole.
Assuming the charge forming the dipole is located in the center
of the NCs in the first NC layer,” the magnitude of the
induced surface dipole is equivalent to a single charge times the
NC center to metal contact distance, Ipl = g X (ryc +
NC-NC distance) = g X 2.91 nm. Ay is effective substrate area
occupied by a NC for the [100] facet of body-centered cubic
(BCC) NC solid (2ryc + ne-nNC distance)” and has a value of
19.32 nm? for EDT cross-linked PbS. &, is the relative
permittivity of PbS (Supporting Information, Table S1), and &,
is the vacuum permittivity. The shift in the Fermi level is
therefore AE,,. = 195 meV.

Comparing Simulations to Experimental Device
Characterization. As we have discussed, nearly all of the
input parameters to the drift—diffusion simulations are
independently taken from experiments or DFT based-
calculations. To confirm that the parameterization of the
simulations can reproduce device operation, we perform a
number of measurements on both Schottky and heterojunction
devices.

Key performance metrics of a solar cell (short-circuit
current, Jgc, open-circuit voltage, V¢, and fill factor) can be
obtained by measuring a current—voltage (I—V) sweep under
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AML.5 illumination. In Figure 3a,b, we plot the measured light-

I-V curves for the Schottky and heterojunction device,
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Figure 3. Measured (red solid line) and simulated (green dashed
line) current—voltage sweep under AM1.S illumination at 300 K of a
Schottky (a) and a heterojunction (b) solar cell device. Measured
(solid line) and simulated (dashed line) current—voltage sweeps in
the dark for temperatures from 220 (blue) to 300 K (red) of a
Schottky (c) and a heterojunction (d) solar cell device. Measured
(solid line) and simulated (dashed) open-circuit voltage as a function
of the generation rate and temperatures from 220 (blue) to 300 K
(red) of a Schottky (e) and a heterojunction (f) solar cell device. The
green dashed and gray dotted line mark the slopes for an ideality
factor ny of 1 resp. 2. In panels a—d, the triangles, diamonds, stars,
squares, and circles mark the conditions where simulations are
performed.

respectively. We utilize the light-I-V curves to parameterize
the two remaining “free” parameters in the simulations; the
absorption cross section of the PbS NC thin film 6,, and the
external series resistance of the devices R,,, (which includes the
sheet resistance of the ITO and interfacial resistances between
the contact layers). Starting with previously reported values,'”
both 6, and R, were fine tuned to optimize the agreement
between the simulated and measured light-I-V curves (Figure
3ab). For the heterojunction device, the simulated Vg is
slightly higher than the measured value; however, it has been
previously demonstrated that V5 above 0.6 V can be achieved
with this device architecture.”® Our slightly lower than
expected Vo could be due to the quality of the ligand
exchange and environmental conditions during thin film
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Figure 4. Band bending (column 1) across the PbS layer in the Schottky device is shown (a) in the dark at 0 V (square in Figure 3), (b) in the dark
at 0.4 V (circle in Figure 3), (c) under 1 sun illumination at 0 V (triangle in Figure 3), (d) under 1 sun illumination at 0.4 V (diamond in Figure 3)
and (e) under 1 sun illumination at V¢ (star in Figure 3). The level of acceptor defects is shown with the blue dotted line (Er), and the quasi-
Fermi levels (E;, and Efp) are shown with orange dashed lines. For each of these conditions, the additional columns present schematics showing

where p-type NCs (represented by the

« »

-”) are occupied by a hole (represented by the “O”) (column 2), the ratio of occupied traps (column 3),

the charge carrier density (electrons shown with the blue line and holes shown with the red line) (column 4), and the effective recombination rate
as given by eq 2 (black line), the recombination approximated by eq 6 (gray line), n/74¢ (blue dashed line), and p/z44 (red dashed line) (column
5).

deposition, which influence the density of p-type NCs and Temperature-dependent I-V (IVT) sweeps in the dark have

dimer traps, which in turn will influence the recombination
dynamics. However, the general agreement is a good first

indication that our simulations can successfully reproduce the

key performance metrics of the solar cell.

been previously used to study the charge-carrier transport,
trapping, and recombination in NC-based solar cells."” For
both devices, we simulate the increase in current as a function
of the voltage observed experimentally (Figure 3c,d). A plateau
at 1 V is observed in both devices, which is due to the change
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Figure S. Band bending (column 1) across the PbS layers (PbS:EDT in light brown, PbS:I in brown) and ZnO (green) for the heterojunction
device is shown () in the dark at 0 V (square in Figure 3), (b) in the dark at 0.4 V (circle in Figure 3), (c) under 1 sun illumination at 0 V (triangle
in Figure 3), (d) under 1 sun illumination at 0.4 V (diamond in Figure 3), and (e) under 1 sun illumination at V¢ (star in Figure 3). The level of
acceptor defects is shown with the blue dotted line (Er), and the quasi-Fermi levels (Eg, and E?g) are shown with orange dashed lines. For each of

these conditions, the additional columns present schematics showing where p-type NCs

represented by the “-”) are occupied by a hole

(represented by the “O”) (column 2), the ratio of occupied traps (column 3), the charge carrier density (electrons shown with the blue line and
holes shown with the red line) (column 4), and the effective recombination rate as given by eq 2 (black line), the recombination approximated by
eq 6 (gray line), n/74q (blue dashed line), and p/z4 (red dashed line) (column S).

from a trap-assisted recombination regime at low voltage to a
series resistance limited regime at higher voltages. The
agreement in temperature dependence between the measure-
ment and simulation shows that the assumptions are sufficient
to capture the dominant temperature-dependent parameters.
This is despite simplifications such as ignoring the temperature
dependence of vy, or the small differences in mobility expected
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in the PbS:I or the PbS:EDT. The discrepancy in current
density for low voltage between the simulated and measured
Schottky device (i.e., also seen by the different slopes at 0 V in
Figure 3a) is due to the absence of a finite shunt resistance in
the simulated device, ignored for simplicity, which may be
present in a real-device as a result of spatially inhomogeneous
films or contaminates.""
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Similarly, measurements of the open-circuit voltage as a
function of temperature and generation rate,”> Voo(G,T),
allow us to probe whether the recombination dynamics are
accurately modeled. At V¢, no current is exiting the device,
meaning that the recombination rate is equal to the generation
rate. For both the Schottky and the heterojunction device,
experiment and simulation agree and show that the V¢
increases with increasing generation rate (due to the higher
number of photogenerated charge carriers) and decreases with
increasing temperature (because Vo = kT/(q In(np/n;*)), and
the equilibrium carrier concentration n; increases with
increasing temperature so that the same amount of
recombination is reached at a smaller quasi-Fermi level
splitting) (Figure 3e,f). The slope of the Vo versus generation
rate (i.e., the ideality factor, see the Supporting Information)
can provide insights into recombination mechanisms, and we
discuss it in the results and discussion section below to further
validate the simulation results. Ideality factors between 1 and 2
are typically indicative of SRH recombination, occurring in
different regions of the device. In the Schottky device for low
generation rates, (G < 10'° cm_3), the experiment shows an
ideality factor > 2, whereas the simulation shows an ideality
factor of 1. An ideality factor > 2 is consistent with the shunt
resistance limiting performance,44 and, since we do not include
a shunt resistance in the simulated device, it makes sense that
this is not captured in the simulations. In the case of the
heterojunction, we see that the simulations underestimate the
Voc at low temperatures and do not capture the experimentally
observed behavior. This is likely a limitation of the parameter-
ization since some parameters may have temperature depend-
ence that we did not consider (e.g,, mobility in the ZnO, that
would decrease for lower temperature which is equivalent to
adding a series resistance). The trends in slope at higher
generation rates are discussed below.

B RESULTS AND DISCUSSION

Having confirmed that the simulations exhibit the key trends
observed experimentally, we plot results of the simulation
showing the energy bands within the PbS layer(s) (column 1),
the occupation probability f of a p-type NCs with a hole
(columns 2 and 3), the density of electrons and holes (column
4), and the bulk recombination rate (column $S) in the
Schottky (Figure 4) and heterojunction (Figure 5) devices for
different operating conditions: (panel a) 0 V in the dark,
(panel b) 0.4 V in the dark, (panel c) 0 V under 1 sun, (panel
d) 0.4 V under 1 sun, and (panel e) Vi under 1 sun. The 0.4
V forward bias was chosen as it is close to the maximal power
point voltage of both devices (heterojunction 0.39 V and
Schottky 0.38 V). These simulations give us insights into the
operation of NC-based solar cells.

To facilitate the discussion around the bulk recombination,
in column S, we also plot eq 2 under certain limits. If the
intrinsic charge carrier density,36 n, ~ (NoNy)2 x e E/2T =
10° em™3, is much smaller than either p or n, we can ignore this
term in eq 2. Due to the large energetic distance of the trap
states from the CB (E1 — E¢ = 0.9 eV), the electron emission
coefficient e, is small (~vy, ,0,N, efeBr/AT = 5 % 1075 7! at
300 K) and is therefore also ignored. The hole emission
coefficient e, is larger (Nl/th,pUpNv PV BT = 6 % 10° 57! at
300 K), but for most cases, Vg nOpMt OF Vg ;0P (~10"-10"s7")
is significantly larger than e, so e, can also be ignored.
Therefore, eq 2 simplifies to

P
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np
Rgpy = — oy, Ny
n —+

(4)

Defining a diffusion-limited SRH recombination time 7gpy
constant

1
TSRH =~
oV Ny (%)
the recombination in the PbS layer can be expressed as
pn 1
Repy = -
n+ P Toru (6)

Equation 6 is shown with a gray dashed line column 5.
Furthermore, if bothn and p > Ny and p < norn < p, eq
6 can be simplified to

n
Ry, ®
i (7)
or
P
i (8)

Equations 7 and 8 are plotted in red and blue dashed lines in
column 5. We note that in column S, we are only considering
the recombination that occurs in the PbS layer and not the
surface recombination.

Schottky Device. The Schottky device at short-circuit
conditions (0 V) shows significant band bending across the
PbS NC layer (column 1, Figure 4a) due to the work function
difference between the ITO and Al contacts. Most p-type NCs
are missing holes (i.e., the PbS layer is mostly depleted) and is
thus acting as trap states (column 2 and 3). To arrive at this
condition, electrons (blue line in column 4) have entered the
device from the aluminum contact and reduced the holes on
the p-type NCs. At 0 V in the dark, the thermal generation and
the recombination current are equal so no net recombination
occurs (nothing is plotted in column ).

When a positive voltage (here, 0.4 V) is applied across the
device (Figure 4b), electrons are injected from the Al contact,
and holes are injected from the ITO contact. We see that the
electron and hole densities (blue and red lines in column 4)
are now distributed throughout the device. Because the
application of a voltage flattens the bands, and injected holes
can get trapped, there are fewer reduced p-type NCs (columns
2 and 3). The bulk recombination (black line in column 5)
occurs predominately where there are p-type NCs occupied
with a hole (~first 60 nm close to the ITO). Close to the Al
contact, the electrons are majority carriers and as soon as a p-
type NCs get occupied with a hole, an electron will recombine
with the hole and reduce the NC again. Indeed, we are in the
regime described by eq 8 where recombination is only limited
by the number of holes (agreement between black line and red
dashed line in column $). Integrating the bulk recombination
rate over the PbS layer thickness gives 1.5 X 10'* cm™ s™". The
injected current (both that measured and experimentally and
in simulation, Figure 3c) is 0.12 mA cm 2, which corresponds
to 7 X 10" electrons cm™ s™', meaning that most injected
carriers recombine at the contacts (i.e., surface recombination
dominates).

Under illumination, photons are absorbed, and electrons and
holes are generated across the PbS layer (column 4). At short-
circuit condition (0 V) (Figure 4c), the band bending is the
same as in the dark (Figure 4a). While some photogenerated

https://doi.org/10.1021/acsaelm.1c00787
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Figure 6. (a) Efficiency calculated as a function of the p-type NC density for a heterojunction device. Marked with a gray dashed line is the
acceptor density of the solar cells used in this study. (b) Simulated current voltage sweeps under 1 sun illumination at 300 K of a heterojunction
device at various acceptor densities (from 10" to 2 X 10'” cm™). Efficiency as a function of PbS:I layer thickness for an acceptor density of (c) 10"’
cm™ (the same as in the real device) and (d) 7 X 10" cm™. The gray dashed line indicates the layer thickness used in the experiments.

charge recombines, a short-circuit current of Jsc = 13.6 mA/
cm?® (ie., electrons from aluminum) is extracted since the
generation rate (i.e., the amount of charge carrier generated
due to light) is larger (8.6 X 10' cm™ s7') than the total
recombination rate (1.4 X 10" cm™ s™'). Surface recombi-
nation remains the dominant form of recombination (1.3 X
10" cm™* s7"). The highest rate of bulk recombination (black
line in column $, eq 2) occurs in the region near the aluminum
contact. Here, we again have recombination in the space
charge region, where the large number of majority electrons (p
< 1) recombine with holes that can get trapped on reduced p-
doped NCs. The recombination depends only on the number
of available holes (eq 8, red dashed line).

As we increase the bias to 0.4 V (Figure 4d), the extracted
current decreases (11.6 mA/cm?) since the recombination
increases (~0.25 mA cm™2). Here, the recombination in the
neutral region of the device, where photogenerated electrons
recombine with holes on p-type NCs that have not been
depleted, is comparable to recombination in the space charge
region. In the neutral region of the device, the recombination is
limited by the number of electrons (blue dashed line, eq 7).
We note that in the space-charge region, the assumption that
the capture coefficients for electrons and holes are equivalent
(@n = @, = 107" cm®) may be less valid than that for the
neutron region. For comparison, we simulate the case for 1 sun
and 0.4 V where ¢, > ¢, across the entire device and find that
this would shift the region of maximum recombination into the
space region (Supporting Information).

The flatter the bands, the higher the number of p-type NCs
still occupied by holes. At V¢, we have almost full flat band
condition, no charge is extracted (Figure 4e). Surface
recombination still accounts for 80% of the total recombina-
tion (8.6 X 10'® cm™ s7!). The bulk recombination in the PbS
(1.6 X 10" cm™2 s7!) accounts for 20% of the total and is
dominated by the SRH in the neutral region.

In summary, the performance of a Schottky device is limited
by the surface recombination (carriers going into wrong
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contact). This is consistent with the experimentally measured
Voc(G,T), as shown in Figure 3e, where we find an ideality
factor < 1 (Supporting Information), indicating that surface
recombination is the limiting factor.*> As explained in previous
work,”” this means that while some further improvements
could be found by reducing the number of traps (i.e., p-doped
NCs), the Schottky devices mostly are limited by the contacts
(both in depletion width and surface recombination).
Remedies can be the modification of the interface either by
adding organic components*® or selecting electrodes with
specific work functions to introduce, for example, beneficial
interface dipoles.*

Heterojunction Devices. Figure 5 shows the same
simulations as shown in Figure 4 but for heterojunction
devices. The band diagrams in the first column highlight that
the PbS:EDT layer works as an electron blocking layer and the
ZnO as a hole blocking layer. Band bending (depletion region)
in the PbS:I layer occurs predominately in the interface region
with ZnO, where a depletion region forms (p-doped NCs are
reduced) due to electrons from the ZnO layer (columns 2 and
3). At 0 V, in the dark (Figure Sa), the thickness of this
depletion region is ~100 nm. While this is similar to the width
of the depletion region in the Schottky device, heterojunction
devices have a thicker PbS layer thickness (350 vs 100 nm), so
this depletion region is only a fraction of the PbS layer in the
heterojunction, and, as we will see, is not critical to the device
performance.

The relatively thin depletion region in the heterojunction
device means that most p-doped NCs retain their holes
(column 2 and 3) so that, for all operating conditions, the hole
density is larger than the electron density (holes ~10'® cm™
and electrons ~10” to 10" cm™) throughout a large portion of
the PbS:I NC layer. Since p >> n, the bulk recombination rate
in the PbS layer (black line in column $) follows eq 7, meaning
that the recombination rate only depends on the number of
available electrons. The overlap between the black line and
blue dashed line for all operating conditions shows this to be
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the case. Only in a thin layer close to the ZnO, where there are
significant number of reduced NCs, does the bulk recombi-
nation rate deviate.

If a small bias (0.4 V) is applied to the device (Figure Sb),
we inject a charge (current is 6.4 X 107> mA cm™2). Due to the
selective contacts, all injected charge recombines within the
device (total recombination current 6.4 X 107° mA cm™2).
This is seen by the electron and hole densities (blue and red
lines in column 4) going to zero in the PbS:EDT and ZnO
layers, respectively. Adding light (Figure Sc—e), we photo-
generate charge (generation rate = 1.9 X 10" cm™s7'). As a
result of the electron and hole blocking (PbS:EDT and ZnO),
the charge that does not recombine in the PbS:I can be
extracted.

In contrast to the Schottky device where surface
recombination dominates, in the heterojunction device, at
room temperature, SRH recombination accounts for the
majority (~2/3) of the recombination. For example, at 0.4 V
for the 30.6 mA cm™ of photogenerated current, 6.0 mA cm ™
is lost due to SRH recombination and 2.5 mA cm™ due to
surface recombination, only 23.3 mA cm™> can be extracted.
This is consistent with the observation of experimental ideality
factor near 1, that only goes below 1 (i.e., indicating that the
surface recombination is dominating) for low temperatures and
high illumination intensities (Supporting Information).

Device Optimization. To improve the device performance
in the heterojunction device, an obvious strategy is thus to
reduce the number of hole traps. However, given the one-to-
one correspondence between the doping and trap density (i.e.,
the p-type NCs), decreasing the number of hole traps will
consequently decrease the doping density and therefore reduce
the strength and width of the built-in field. We assess whether
eliminated doped NCs are nonetheless a viable strategy.

In Figure 6, we plot the power conversion efficiency, open-
circuit voltage, and short-circuit current for a heterojunction
device as function of p-type NC density (N,) from 10'
(corresponding to 1 p-type NC per 10000 NCs) to 10"
cm™ (corresponding to 1 per 10 NCs). The more doped the
NCs, the worse the performance (Figure 6a), predominately
due to the decrease in short-circuit current since more p-type
NCs means higher recombination (Figure 6b). The Vo is also
weakly dependent on the density of p-type NCs as a reduction
in the SRH recombination rate will also improve the V.. We
find that value for the N, measured in PbS NC solar cells of
10" cm™ (gray dashed line in Figure 6a) lies in a portion of
the plot with a steep slope. This means that small variations in
N, can lead to significant changes in the performance, which
explains why small changes to the system that can influence the
NC doping (e.g,, storage time of NCs, condition during thin
film deposition, quality of chemicals and precursor) and
strongly impact performance. While it appears that reducing
the number of recombination centers N, improves the
performance dramatically, in reality other forms of recombi-
nation (e.g., band-to-band or Auger)”’ would begin to
dominate (Supporting Information).

For an acceptor density of 10" cm™, increasing the
thickness further would reduce the overall efficiency (Figure
6d). Decreasing the p-type NC density (e.g,, 7 X 10" cm™ in
Figure 6¢) would allow more charge carriers to be extracted
before they recombine, enabling an increase in the active layer
thickness. This allows more absorption and therefore increase
the overall efficiency of the device.
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While reduction of a p-type NC creates a trap for holes and
acts as a recombination center, we also know that fusing NCs
into dimers also creates deep trap states.”” In the Supporting
Information, we propose how to model recombination in the
dimers and find that the dimers alone cannot account for the
recombination dynamics observed experimentally in these
devices.

B CONCLUSIONS

In conclusion, device level simulations of PbS NC-based solar
cells enable us to identify the origin of performance limitations
and to assess where further development efforts should be
focused. We identify three aspects to consider.

First, in terms of NC materials, we show that the p-doping
and electronic defects (e.g, dimer traps) both have a negative
impact on the performance. This reinforces the importance of
synthesis, washing procedures, and deposition conditions on
the final device performance.

Second, electron and hole transport and blocking layers limit
the performance and should be improved. Both the PbS:EDT
and ZnO play an important role in blocking electrons and
holes from recombining at the contacts. An important learning
from this work came from the parameterization of the ZnO
and ZnO—ITO contact. We observe that it is crucial to have
highly defective ZnO that pins the work function of the ITO.
The high electronic density is not crucial to the solar cell but
rather helps fix the ZnO—ITO interface. This can be further
improved, for example, by magnesium doping"® or indium
doping of ZnO.* On the hole transport (electron blocking)
layer, a number of recent studies are exploring different organic
molecules®® and polymers.>'

Third, interfaces with contacts require consideration. Due to
the dipole formation on the NC—contact interface, the contact
work-functions must be selected with awareness of the NC
electronic structure.” Alternately, the chemical modification to
the interface or the surface of the NC can mediate this effect,
as shown in recent work.>”

While this work has been carried out for PbS NC solar cells,
we hope the approach involving independent parameterization
of drift—diffusion simulations will inspire analogous work on
other NC solar cells. For example, parameterization and
simulation of NC perovskite solar cells>>** could hopefully
accelerate targeted development of techniques for NC
preparation and assembly in devices. Size-dependent charge
separation and recombination have been demonstrated,> and
optimization of NC preparation can improve carrier charge
mobility and device efficiency.”® Such results, complemented
by other design choices based on an understanding of charge
distributions and recombination dynamics obtained through
bottom-up parameterized simulations, can be used to further
push the limits of the NC solar cell performance.
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