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Anomalous current-voltage (I-V) characteristics, as reported with increasing frequency, can significantly
compromise the energy conversion efficiency of colloidal quantum dot (CQD) solar cells. This paper
applied a purely hopping transport model rather than the traditional Schottky-diode equation to inter-
pret the anomalous I-V curves measured in CQD solar cells with a structure: ITO/ZnO/PbS-TBAI QD/PbS-
EDT QD/Au. Anomalous [-V curves were found at temperatures below 300 K. A double-diode-equivalent
electric circuit was developed for the quantitative analysis of these anomalous I-V curves, yielding
multiple hopping transport parameters, such as hopping diffusivity, diffusion length, mobility, and
lifetime. Quantitative analysis revealed that the imbalanced charge carrier mobility in the carrier
transport (PbS-TBAI) and extraction (PbS-EDT) layers, as well as the existence of a reverse Schottky diode
at the PbS-EDT/Au interface, played key roles in the formation of the anomalous I-V curves. Furthermore,
charge-transfer (CT) states, located at the ZnO/PbS-TBAI interface, were found to reduce the CQD solar
cell open-circuit voltage through radiative and non-radiative recombination of excitons. A modified
Einstein equation was also validated, further proving the presence of a Schottky barrier and pointing to a

rate determining interface for the I-V behaviors of our solar cells.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Colloidal quantum dots (CQDs) have attracted much attention
in the past few years due to two major advantages: a) their solu-
tion fabrication process that provides possibilities for low-cost,
light weight, flexible, and roll-to-roll processed electronics [1-6];
and b) tunable optical and electrical properties through feasible
quantum dot size control [7-10]. As a result, CQD-based solar cells
have emerged as one of most promising photovoltaic devices ever
since they were first reported in 2005 [11]. In the meantime, their
power conversion efficiency (PCE) and in-air stability have been
significantly improved under intensive development; for example,
recently researchers have successfully demonstrated respectable
long-term air-stability (~5 months) for a double-QD layer solar
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cell architecture [12]. Our group was also successful in driving the
highest current CQD solar cell PCE to 10.7% [13]. Both of these
milestones are crucial in evaluating its commercial potential, fur-
ther encouraging the photovoltaics community. Specifically, there
are three dominant CQD solar cell architectures: Schottky-diode,
heterojunction, and CQD sensitized solar cells [14]. Compared with
the other two architectures, for Schottky-diode based CQD solar
cells, given a short-circuit current density (Jsc), device efficiency is
diminished by the lower Fill Factor (FF) and open-circuit voltage
(Voc) which are due to a poor energy barrier for hole injection into
the electron-extraction electrode [14]. Furthermore, in CQD sen-
sitized solar cells, charge transport is facilitated due to the mi-
crometer-thick matrix, however, light absorption efficiency is re-
duced as a consequence of this thin layer of light absorber on a
high surface area electrode [14]. In comparison, heterojunction
based CQD solar cells are much better with respect to the final
device energy conversion efficiency, as they can simultaneously
maximize FF, V,. and I, as well as light absorption efficiency
through proper material energy band engineering and


www.sciencedirect.com/science/journal/09270248
www.elsevier.com/locate/solmat
http://dx.doi.org/10.1016/j.solmat.2016.06.012
http://dx.doi.org/10.1016/j.solmat.2016.06.012
http://dx.doi.org/10.1016/j.solmat.2016.06.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2016.06.012&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2016.06.012&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2016.06.012&domain=pdf
mailto:mandelis@mie.utoronto.ca
http://dx.doi.org/10.1016/j.solmat.2016.06.012

156 L. Hu et al. / Solar Energy Materials & Solar Cells 155 (2016) 155-165

optimization of the light-absorption layer thickness [14]. Exciton
hopping transport in CQD solar cells involves exciton diffusion and
dissociation distinct from charge transport mechanisms which
govern conventional inorganic silicon cells [7]. However, most
studies of CQD solar cells to-date are based on the classical
Schottky diode equation that was derived under the assumption of
continuous energy band semiconductor systems where electron-
hole pairs dissociate immediately upon their generation and travel
at high charge mobility. Crystalline Si is representative of these
photovoltaic materials whereas CQD and organic solar cells are
excluded from that category [15,16]. Wiirfel, et al. demonstrated
that the Schottky equation cannot be applied to low-mobility
materials in the way it is used for inorganic solar cells, and device
parameters extracted from the Schottky equation such as ideality
factor, series resistances and shunt resistance lack real physical
meaning [17] and provide very limited assistance toward the op-
timization of device fabrication. In comparison, material para-
meters including carrier mobilities, diffusion length, lifetime, dif-
fusivity, and trap states offer more important information for solar
cell device structure optimization, starting with selection of ma-
terials. Unfortunately, in common with organic photovoltaic ma-
terials, CQDs constitute low carrier mobility photovoltaic materials
and have high exciton binding energy, both impediments to im-
proving solar efficiency in a straightforward manner. In summary,
a full understanding of charge carrier transport mechanism within
CQD devices is lacking.

Another impediment to solar cell device efficiency is the for-
mation of a Schottky junction at the CQD/anode interface which
forms an electric field with direction opposite to that of the light
incidence. This Schottky junction causes holes to accumulate at
the CQD/anode interface [16,18], thereby reducing the surface re-
combination velocity (SRV) as observed in organic photovoltaic
devices [19]. All of these adverse processes handicap hole extrac-
tion at the anode and lead to low solar conversion efficiency. An
experimental consequence of hole accumulation is the formation
of anomalous (including S-shaped) current-voltage (I-V) curves,
which have been reported for heterojunction CQD solar cells with
increasing frequency [12,15,20]. Nevertheless, the origins of the
formation of these anomalous I-V curves have not been well un-
derstood, nor have they been exploited toward designing higher
performance solar cells. Wang et al. [21] attributed them to the
electron accumulation effect induced by an exciton blocking layer.
Wagenpfahl et al. [19] found the reduction of hole-associated
surface recombination velocities could also give rise to S-shaped
I-V curves. One approach to study S-shaped I-V curves is through
fitting experimental data to theoretical electric circuit models.
However, although Romero et al. [22] developed equivalent elec-
tric circuit models that can quantitatively simulate three kinds of
I-V curves in terms of forward and reverse diodes, they did not
consider actual physical mechanisms. Here we analyze the tem-
perature-dependent [-V characteristics using a double-diode
electric circuit model and a hopping transport model to explain
their origins. In addition, performance factors of our device ar-
chitecture are discussed with improvement recommendations.

2. CQD solar cell fabrication and I-V measurement

PbS CQDs were prepared following our previous reports
[23,24]. Briefly, oleic acid (4.8 mmol), PbO (2.0 mmol) and 1-oc-
tadecence (ODE, 56.2 mmol) were mixed and heated to 95 °C un-
der vacuum. This was followed by the injection of bis(tri-
methylsilyl) sulphide and ODE at a high temperature of 120 °C.
After cooling, the PbS CQDs were successively precipitated and
redispersed using acetone and toluene, respectively. The products
were stored in a nitrogen glovebox for further surface passivation

treatments. CQD solar devices fabricated in this manner have the
structure of ITO/ZnO/PbS-TBAI QD/PbS-EDT QD/Au which has been
demonstrated by two groups to be stable for ca. 5 months [12], and
at least 1 month [13], respectively. S-shaped I-V curves at room
temperature for a CQD solar cell with this structure were also
reported by Chuang et al. [12] but were not well-understood in
terms of physical optoelectronic processes. Devices were fabri-
cated in air through a typical solution process [12,23,25]. TBAI and
EDT denote tetrabutylammonium iodide and 1, 2-ethanedithiol,
respectively. They are exchange-ligands for PbS CQDs to passivate
quantum dot surface trap states and adjust the interdot distance
which determines the coupling strength between two neighboring
dots. The exciton transition energy (effective band gap) of PbS QD
was measured in a solid CQD nanolayer to be ca. 1.4 eV. In the
fabrication process, a ca.100-nm ZnO nanoparticle layer was spin-
coated onto a clean glass substrate with a pre-deposited ITO
electrode of 145 nm thickness. PbS QD layers were deposited
through a layer-by-layer spin-coating process, after which a TBAI
solution (10 mg/ml in methanol) was applied to the substrate for
30s, followed by successive methanol rinse-spin steps. An EDT
solution (0.01 vol% in acetonitrile) and acetonitrile were used for
the deposition of the PbS-EDT nanolayer. As examined by scanning
electron spectroscopy, the final thicknesses of PbS-TBAI and PbS-
EDT were ca. 200 nm and 50 nm, respectively. In addition, a 120-
nm-thick Au anode was evaporated on the top of PbS-EDT. Fig. 1
shows a schematic of the fabricated CQD solar cell. Its energy
diagram is shown in Fig. 2 which illustrates that, under illumina-
tion, excitons generated in PbS-TBAI dissociate into free electron
and hole carriers through interdot coupling strength and the
electric field at the heterojunction interface. Free-electrons are
swept onto the cathode within the depleted area. In addition,
because of the energy barrier formed at the PbS-TBAI/PbS-EDT
interface, electrons are blocked from flowing to the anode which
can significantly increase I and V, [12,25]. Unfortunately, as will
be discussed later, such architecture leads to the formation of a
Schottky barrier in PbS-EDT, which prevents holes from being
extracted to the external Au anode, resulting in hole accumulation
and formation of an electric field with reverse direction to the
forward field in the main heterojunction diode (PbS-TBAI/ZnO). In
the following discussion, for the sake of clarification, the subscript
h refers to the heterojunction diode (ZnO/PbS-TBAI) and s refers to
the Schottky diode (PbS-EDT/Au). Fig. 3 shows the equivalent cir-
cuit: two diodes with opposite electric field directions represent-
ing heterojunction and Schottky diode, respectively.

The homojunction formed at the PbS-TBAI/PbS-EDT interface
gives rise to an electric field with forward direction, same as that
of the heterojunction, but its strength is diminished by the reverse
Schottky barrier because of the low PbS-EDT layer thickness
(50 nm). Therefore, to simplify the analysis and improve

Au Anodea®
(120 nm)

Fig. 1. Schematic of double-layer CQD solar cell with the structure: ITO/ZnO/PbS-
TBAI QD/PbS-EDT QD/Au.
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Fig. 2. Device energy band diagram under illumination. PbS-EDT acts as an electron
blocking layer and a Schottky barrier is formed for holes, thus prevent their ex-
traction to the Au anode.
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Fig. 3. Equivalent electric circuit of a double-diode model, consisting of a hetero-
junction diode between ZnO and PbS-TBAI layers and a Schottky diode between
PbS-EDT and Au.

parameter fitting reliability by decreasing the number of unknown
parameters in the hopping transport theoretical model developed
[26] and used in this work, this homojunction is not considered as
an independent diode in this paper, but part of the heterojunction.

The I-V characteristic curve measurements were obtained un-
der laser excitation with wavelength of 830 nm and excitation
intensity of 100 mW/cm?. The sample was placed on a Linkam
LTS350 cryogenic stage which can maintain a constant tempera-
ture in a range from 77 K to 520 K. For this study, the I-V char-
acterizations were performed at 300 K, 250 K, 200 K, 150 K, and
100 K.

3. Theory and calculation
3.1. Double-diode-equivalent hopping transport model

CQD solar cell I-V curves can be quantitatively interpreted
using a hopping transport mechanism [26]. Referring to the energy

diagram in Fig. 2, any hole accumulation at the PbS-EDT/Au in-
terface due to the effective impedance presented by the Schottky

barrier can give rise to a local space charge layer (SCL) W and an
electric field with opposite direction to the heterojunction electric
field. Therefore, charge carrier hopping transport in PbS-TBAI
(heterojunction) dominated by electron transport, and in PbS-EDT
(Schottky barrier) dominated by hole transport, should be distinct.
Influence of the Schottky barrier on the net current density is
expected to be strong and possibly dominant over the local dif-
fusion current density due to the thinness of the SCL, especially at
low temperatures. To extract carrier hopping transport para-
meters, the electron current across the heterojunction is expressed
as the sum of diffusion and drift currents [26]:

B Dy(T) |( cosh d/Ly(T)]
h= qANO{[ Ly(T) ][ sinh[ d/Ly(T)] * #y(DEy

b
Dy(T) 1)

Here, q is the elementary charge, A is the CQD solar cell area
exposed to the light, N, is the electron/hole population at equili-
brium, D,(T) is the electron hopping diffusivity, L(T) is the elec-
tron diffusion length, d is the CQD layer thickness, g, is the elec-
tron hopping mobility in PbS-TBAI corresponding to the hetero-
junction, V,is the electric potential across the entire heterojunc-
tion, and E, is the electric field. According to this mechanism, the
heterojunction gives rise to an electric field across the entire CQD
nanolayer, while the Schottky diode generates a reverse electric
field in the local SCL with a nominal thickness ofW. Similarly, as a
combination of diffusion and drift currents the hole current
flowing across the Schottky diode can be expressed as [26]:

B DyT) |( cosh[ (d — W)[LyT)]
k= qANO{[ L(T) ][ sinh d - WyjLyD)] ) ¥ «(DFs

ﬂs(T)Vs]
ex, -1
( b [ DM @

All parameters are analogous to those of the heterojunction in
Eq. (1), while it is noted that E; is the electric field associated with
the Schottky diode.

The analysis of the double-diode electric circuit model of Fig. 3
yields

V=V,-Vandatpoint 1, I

on =1+ 1. Atpoint2,[= [,

therefore, I, = I+ 1, 3)
Using Eqgs. (1)—~(3), the external voltage V can be written as a

function of the external current I and the free charge carrier
hopping transport parameters:

V= D“(T;ln bon | +1
Hn cosh| 4
gANy| 2D [L"(T)] + uy(T)E,
" Sinh[ ufr)]
DS(T I
— In +1
”S(T) cosh| 4
gAN, %M + u(T)E,
s sinh[m} @)

A hallmark of the hopping transport nature of charge carriers in
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the CQD architecture of Fig. 2 based on quantum dot-to-dot hop-
ping and transport across the PbS-TBAI and the PbS-EDT inter-
faces, is a modified Einstein relation compared to the conventional
continuous-band solar cells. The theory of quantum dot-to-dot
carrier hopping and transport across discontinuous energy inter-
faces such as the Schottky barrier leads to an Einstein relation
which takes on the “hopping” activation form [26]:

ape

Dy(T) nkT kT (5a)
where j=h(s) denotes the heterojunction (Schottky) interface, n is
the dimensionality of the problem, and E; is the activation energy
of the respective barrier (barrier height). This parameter originates
in the mobility component in Eq. (5a) which is the effective mo-
bility, the externally measured transport property of carriers into
which excitons are dissociated. The Boltzmann factor exp( —E ;/kT)
appears in the Einstein relation (5a) due to the fact that carriers
(holes in this case, Fig. 2) hop to thermally cross over the CQD-PbS-
EDT/Au barrier E,j to enter the external circuit used for the
measurement. The mobility being the externally measured trans-
port quantity carries this hopping factor, whereas the diffusivity is
a transport property internal to the CQD active layer and is not
subject to the interfacial hopping probability. Eq. (5a) assumes that
inter-quantum dot hopping is an exponentially thermally activated
process with a hopping time constant given by [2].

N S )
5T To,jexp[ kT] (5b)

Here, the quantity 7,; is a characteristic time for hopping of car-
riers (excitons or their dissociation product charge carriers) be-
tween nearest neighbor quantum dots crossing an inter-dot en-
ergy barrier Ej; over a distance x;; that separates the two quantum
dots at locations (i) and (j). 7o, is temperature independent and
given by [27].

1 =f€XP(—7/i}X,'j)

7o, (50)
where fis an attempt frequency and y;; is related to the hopping
probability across the energy barrier of effective thickness/dis-
tance x;. The foregoing Einstein relation (5a) was experimentally
validated in the case of a depleted heterojunction PbS CQD solar
cell [26]. It was also be tested and found to be valid in the present
device structure in this paper.

3.2. Origins of anomalous current-voltage curves

Experimental I-V curves measured on a typical CQD solar cell
under illumination exhibit temperature-dependent shapes, i.e. [-V
curves change from exponential (300 K), to S-shaped (250 K and
230K), and to negative exponential (200 K,150 K and 100 K), as
shown in Fig. 4. Tress et al. [28] found that S-shaped I-V curves
were induced by strongly imbalanced minority charge carrier
mobilities (hole mobility in excess donor, and electron mobility in
excess acceptor regions) in organic solar cells. As a consequence,
the FFs were compromised. Similarly, in the present study, im-
balanced mobilities between charge carrier transport in the light
absorbing layer (PbS-TBAI) and in the carrier extraction layer (PbS-
EDT) were also found to alter device I-V curves due to enhanced
hole accumulation which increases the Schottky diode reverse
electric field strength.

To investigate the effects of imbalanced charge carrier mobi-
lities in the PbS-TBAI and PbS-EDT, I-V curves were simulated
using Eq. (4) and gradually reducing the hole mobility us from
1 cm?/Vs to 0.005 cm?/Vs, while other hopping parameters were

kept unchanged as shown in Fig. 5(a). Trial values for each para-
meter were selected referring to reported values for different li-
gand-treated PbS CQDs. Kholmicheva et al. [29] studied MOA (8-
mercaptooctanoic acid), and MPA (3-mercaptopropionic acid)
treated PbS CQDs using photoluminescence (PL) spectroscopy, and
measured the corresponding exciton diffusivities to be 0.003 cm?/s
and 0.012 cm?/s, respectively. Carey et al. [30] estimated free
electron and hole diffusion length in the range from 30 to 230 nm
for various PbS CQDs, including EDT treated, pure, CdCl, treated,
bromide treated, pure fused, and solution or solid-state-iodide-
treated PbS CQDs. For electron and hole mobility in CQD nano-
layers used as CQD solar cell light-absorption and charge-carrier-
transport layers, Carey et al. [30], and Tang and Sargent [7] tabu-
lated hole (electron) mobilities for three types of ligand-treated
PbS CQDs. PbS CQD nanolayers without further ligand treatments
yielded hole (electron) mobility of 7.2x10~%cm?/Vs
(1 x 103 cm?/Vs for electrons), while for CdCl,-treated and bu-
tylamine-treated CQD nanolayers, it was reported to be
1.9x103cm?/Vs (42 x10"3cm?/Vs for electrons) and 1.5
x 1073 cm?/Vs (2 x 10~%cm?/Vs for electrons), respectively. To
our best knowledge, the strength of the hetero/homojunction-in-
duced electric field in PbS CQDs has not been reported. However,
the electric field should be inversely proportional to device
thickness. In InAs/GaAs QD solar cells, Kasamatsu et al. [31] re-
ported that the electric field was 46 kV/cm when the device
thickness was ca. 300 nm. This value increased to 193 kV/cm when
the device thickness was reduced to 50-nm. Due to the thinness of
our Schottky diode SLC, a relatively higher electric field value of
1 x 10°V/cm was chosen for simulations. To investigate the in-
fluence of hole mobility us on the solar cell I-V curves, parameters
common to both heterojunction and Schottky diode were con-
sidered to have the same values. Fig. 5(a) shows shape changes
which are consistent with our experimental solar cell I-V curves
from normal exponential, to S-shaped, to negative exponential,
when p; decreases from 1 cm/Vs to 0.005 cm/Vs. Compared with
the electron mobility y;, in the heterojunction, a higher y; value for
the Schottky diode facilitates the extraction of charge carriers to
the external anode. As already mentioned, for this double-diode
model there are four types of currents contributing to the final
device current, i.e. both heterojunction and Schottky diode con-
tribute diffusion and drift currents. Most excitons dissociate within
the heterojunction (ZnO/PbS-TBAI) and the homojunction (PbS-
TBAI/PbS-EDT) interfaces, where the electric fields and/or interdot
coupling strength are strong enough to split bound electron-hole
pairs. In addition, the diffusion current pertaining to the Schottky
diode is negligibly small. As a consequence, it is expected that high
us can enhance hole extraction efficiency, thereby improving solar
cell performance.

In contrast, when u; is very small, such as in the case of low
hole mobility within PbS-EDT, holes accumulated at the PbS-EDT/
Au interface induce a local SCL and electric field. A similar phe-
nomenon has been reported for a depleted-heterojunction PbS
CQD solar cell [26]. In the present case, the decrease of s may be
due to multi-phonon assisted carrier hopping in CQD nanolayers:
at high temperatures, the high phonon density results in high hole
mobility. Temperature-dependence of charge carrier mobility was
reported before [32]. It was also found [33,34] that carrier-mobi-
lity-controlled current density increased with temperature. As
shown in Fig. 5(b), the solar cell FF increases with u; and saturates
above 0.2 cm?/Vs. Saturation implies that all holes that flow to the
anode metal are effectively extracted when hole mobility is high
enough, however, higher hole mobility cannot improve solar cell
efficiency.

For our PbS CQD solar cell the diffusion current in the Schottky
diode region is negligible. To explore the influence of diffusivity,
Fig. 6(a) shows that high diffusivity also gives rise to anomalous
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Fig. 4. 1-V characteristic curves of a CQD solar cell measured at 300 K (a), 250 K (b), 230 K (c), 200K (d), 150 K (e), and 100 K (f).

solar cell I-V curves. This simulation used the same values of all
other parameters as in Fig. 5(a). High diffusion current at high
diffusivity Ds compromises the one-diode heterojunction I-V be-
havior. Consistently, Fig. 6(b) shows FF decrease with increasing
hopping diffusivity.

Besides imbalanced charge carrier mobility, the Schottky bar-
rier is another key-role playing factor in the formation of anom-
alous CQD solar cell I-V curves. When holes arrive at the Schottky
diode side, Fig. 2, they are transported to the Au anode through a
phonon-assisted hopping transport mechanism. Therefore, with
decreasing temperature the reduced phonon population depresses
this phonon-assisted hole hopping process. As a consequence,
more holes accumulate at the interface, leading to anomalous [-V

curves as measured. Fig. 4(a) to (f) shows excellent match between
experimental [-V curves and best fits to the theoretical model
using Eq. (4).

3.3. Open-circuit voltage origin of excitonic solar cells

The Shockley-Queisser (SQ) limit [35] was derived for con-
tinuous-band semiconductors where photon interactions with a
solar cell induce the generation and recombination of free elec-
tron-hole pairs. This mechanism is true for inorganic solar cells
when carrier binding energy is much smaller than the thermal
energy kT, in which case lattice-bound excitons dissociate into free
electrons and holes at room temperature [36]. Consequently, V,. in
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constant, and (b) solar cell FF as a function of D;.

the case of ideal solar cells is the result of electron and hole quasi-
Fermi energy level splitting, equal to the voltage difference be-
tween device contacts [37-39]. Carried over to CQD solar cells, use

of the SQ limit requires that exciton binding energy should be
negligible. This is not the case with the majority of CQD solar cells
which have high exciton binding energy, especially in CQD nano-
layers with low coupling strength and large interdot distances.
Therefore, in most practical CQD solar cells, an exciton must en-
counter a heterojunction where it can dissociate into free electrons
and holes. Unfortunately, heterojunctions incur additional energy
losses by enhanced exciton recombination, which, in turn, de-
creases V,. and device efficiency [40-42]. Specifically, impacts of
heterojunctions on V, loss are through the formation of charge-
transfer (CT) states located at acceptor-donor interfaces (the ZnO/
PbS-TBAI interface in this study), a mechanism also reported for
organic solar cells [40-43]. As shown in Fig. 2, Ecris the energy gap
between E. of ZnO and E, of PbS-TBAI and excitons remain elec-
trically neutral due to their high binding energy. Hopping excitons
diffuse and induce charge transfer across the heterojunction in-
terface to form a bound polaron pair (BP) with binding energy Ej,
which is significantly smaller than the binding energy of a bulk
exciton. These types of bound pairs are prone to dissociating into
free carriers. In the case of organic photovoltaic materials, Ep is
typically less than 0.5eV and thus results in non-thermo-
dynamically limited exciton dissociation, always being lower than
the bulk exciton binding energy (1 eV) [40]. It is known [43-45]
that CT states can also absorb photons, but due to the much lower
density of these interface states than bulk states, the CT absorption
coefficient is typically two to three orders of magnitude lower than
that inducing bulk exciton transitions [44,45]. Furthermore, be-
cause excitons are bound with smaller energy gap (Ecr) at the
heterojunction interface than with bulk energy gap (Eg), bulk
materials dominate absorption whereas heterojunction interfaces
dominate recombination and dissociation. Consequently, the re-
combination rate increases at interfaces because it can take place
via lower energy bound-pair states. Moreover, since small Ecr does
not limit dissociation, electron and hole quasi-Fermi energy level
splitting is no longer the major factor in determining V,.. The
maximum possible open-circuit voltage is determined by
qVer™ = Ec, which occurs in the limit of high-incident intensity
and 0 K [40]. V,. is proven to be temperature-dependent and can
be expressed by the following expression [41,43].

3.2
V(1) = Fer KTyl kT | KT e,

qa q | fa2a(Eq-2)| q 6)
where | is the short-circuit current density, h is Plank’s constant,
f is the florescence emission intensity, 1 is the reorganization
energy associated with the CT absorption process, and EQEj; is the
electron luminescence external quantum efficiency. V,. losses oc-
cur through radiative and non-radiative CT state recombination,
labeled as AV and AVIY", respectively. V. loss to radiative CT
state recombination ( AV{) is a thermodynamically imposed
mechanism for a given material system, whereas non-radiative
recombination (AVj2") can be avoided through many approaches,
for example, by removing material defects. From Eq. (6), AVZ and
AVEE" can be obtained as [41]:

3.2
Avgéd(r):_klln _ Je et
q | fa2a(Ecr - 2) (7a)
kT
AVEY T)=——In(EQE
OC( ) q ( Q EL) (7b)

Fig. 7(a) shows best-fits to the temperature-dependent V.
using Eq. (6). The best-fitting procedure was performed 300 times,
followed by statistical analysis of the fitted parameters to generate
the final parameters as summarized in Table 1. The detailed pro-
cedure to assure reliability of the measured parameters is dis-
cussed in the next section. The fitted Ecr=1.1 eV exhibits high
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Fig. 7. (a) Figure of the measured open-circuit voltage (V,.) and short-circuit cur-

rent (Is.) as a function of temperature. Eq. (6) was used for the best-fitting of V,.. (b)
Vo at various temperatures. (c) The ratio AV/2/AV%" as a function of temperature.

Table 1
Summary of best-fitted parameters using Eq. (6).

Parameters Sample size (fit- Mean value SD 95% Confidence

ting times) intervals
Ecr, eV 300 11 86x107° +98x10°1
f, eV? 0.0069 0.0027 +31x1074
A eV 0.35 0.16 +0.018
EQEg, 56x107% 26x107% +29x1077

fitting uniqueness, leading to the maximum achievable V,.=1.1 V.
For comparison, E; of our PbS-TBAI is ca. 1.4 eV [12,23] since the
smaller Ecr does not limit exciton dissociation [40]. As shown in
Fig. 7(b), the decrease in V,. through radiative and non-radiative
recombination was extracted using Eqs. (7a) and (7b). The max-
imum V,. exhibits insignificant change within our experimental
temperature range, consistent with results reported by Gruber

et al. [43]. Therefore, the maximum V,. determined by Ecr is
henceforth considered to be constant. Both radiative and non-ra-
diative recombination V,. losses decrease when temperature de-
creases. Furthermore, Fig. 7(c) shows that AV and AVE have
similar magnitudes, although radiative recombination seems to
overtake non-radiative recombination as the dominant re-
combination mechanism for V,. loss at low temperatures, as ex-
pected. The maximum V,. will be theoretically achieved at 0 K
[40]. It should be noted that if CT state emission is negligible, the
maximum Vo, is determined by the bulk energy band gap E,.
Overall, according to the above theoretical model, in order to in-
crease the CQD solar cell V,, Ecr should be enhanced in future QD
photovoltaic device design. In addition, taking our solar cells as an
example, it is also suggested to passivate ZnO/PbS-TBAI interface
traps states through proper chemical ligands to decrease the non-
radiative recombination induced V. loss.

4. Results and discussion

As shown in Fig. 7(a), despite the enhanced non-radiative re-
combination, short-circuit current increases with increasing tem-
perature. To extract carrier hopping transport parameters through
best-fits to the six I-V curves at different temperatures, Fig. 4, two
independent best-fitting computation programs were used to in-
vestigate the reliability and thus the uniqueness of the best-fitted
results in a statistical analysis. These programs have been used
successfully in earlier multi-parameter fits to experimental data
from an amorphous/crystalline silicon solar cell heterojunction
[46]. The ‘mean-value best fit’ minimizes the mean square variance
between the experimental data and the theoretical values. The
‘statistical best fit’ uses the fminsearchbnd solver [47] to minimize
the sum of the squares of errors between the experimental and
calculated data. This program delivers different results due to
different trial starting points generated by the program itself,
thereby creating standard deviations (SD) or variances of the
theoretical curve best-fitting procedure to the experimental
points. To investigate the reliability of the fitted parameters, this
procedure was repeated several hundred times and the 100 lowest
variances were selected. Based on these 100 best-fitted results, the
variance and 95% confidence interval were calculated. The statis-
tical mean value was used as reliability (uniqueness) measure and
the variance as a precision measure of the associated parameter. It
is seen that the results from the two independent best-fitting
programs are in very good-to-excellent agreement. In Table 2, the
best-fitted values of both Dj, and D, decrease monotonically with
decreasing temperature, which is consistent with the multi-pho-
non assisted hopping mechanism [2,26,48-50] and are close to the
reported values [29,50] between 0.003 and 0.012 cm?/s for PbS
CQDs which were surface passivated with different ligands. Similar
to temperature-dependent electron mobility in a two-dimensional
quantum dot superlattice [32] (electron mobility increase with
temperature), the electron and hole mobilities, ¢, and p,, decrease
monotonically with decreasing temperature, which is opposite to
charge carrier mobility trends in continuous energy-band struc-
tures of e.g. inorganic photovoltaic materials. It has been found
[33,34] that the hopping conductivity of CdSe or PbSe quantum
dot arrays increases with temperature in the range from 10 K to
523 K, due to the increase of electron mobilities by means of
multi-phonon assisted hopping. Fig. 8 shows Arrhenius plots of
[Tuj(T)/Dj(T)], j=h,s, a combination of terms identified in Eq. (5a)
which replaces the conventional Einstein relation in the CQD
hopping transport theory. These figures experimentally prove the
validity of the hopping Einstein relation and extract heterojunc-
tion, Fig. 8(a), and Schottky barrier inside the SCL, Fig. 8(b),



Table 2

Summary of best-fitted parameters.

Fitted parameters

Temperature, K

300 250 230 200 150 100
Mean-value  Statistical best Mean-value  Statistical best Mean-value  Statistical best ~Mean-value  Statistical best ~ Mean-value  Statistical best ~Mean-value  Statistical best
best fit fit best fit fit best fit fit best fit fit best fit fit best fit fit
Hopping Dn  366x107% 352x107% 252x107%  236x107% 117x107%  1.09x10~* 7.74x107° 6.48x107° 474x107° 411x107° 361x107°> 3.53x10°°
diffusivity cm?/ +1.44 %1075 +2.74x 1073 +2.06 x 107 +1.28 x10~> +6.36x10~° +1.49x10°°
S
Ds, 377x10"% 394x10~* 843x107° 832x10°° 6.76x107% 2.07x10°° 356x1077 587 x1077 230x1077  251x1077 121x1077 128 x1077
cm?/ +2.46 x 107> +2.88x107° +1.60 x 107> +4.52x1077 +4.83x10°8 +9.57x107°
S
Diffusion L, 338x10"% 393x10°© 413x107% 373x10°° 368x10°% 3.96x10°° 322x107% 3.85x10°° 394x10°% 418x10°° 475x107% 511x10°°
length cm +8.63x1077 +6.56 x 1077 +2.75x1077 +6.41x1077 +2.53x1077 +3.66 x 1077
L, 512x107% 573x10°° 3.08x10°% 3.53x10°° 512x107% 4.54x10°° 337x10°® 2.80x10°° 265x107% 245x10°° 571x107% 549x10°°
cm +6.24x 1077 +5.63x1077 +6.08 x 1077 +5.93x10°7 +323x1077 +225x 1077
Hopping um 341x1073  329x10°3 133x107>  125x1073 3.83x10°% 323x10°* 209x10°% 185x1074 815x107°> 8.63x10°°> 389x107° 392x10°°
mobility cm?/ +134x107* +145x 1074 +6.32x107° +3.50x 1077 +137x107° +9.20x 1077
Vs
s 559x1073 584x103 1.61x1073 1.66x10~3 1.09x10"%  157x10~* 527x107% 798 x10°° 126x107% 132x10°6 6.32x1077  6.64x1077
cm?/ +3.64x1074 +5.48 x 107> +4.80x107° +5.84x10°¢ +2.52x1077 +411x1078
Vs
Space charge W, 2.33x107° 224x10°° 1.84x107°> 1.82x10°° 139%x107> 157x10°° 1.63x107°> 178x10°° 1.77x107°>  1.6x107° 164x107°> 179x10°°
width cm +1.08x 1076 +1.66x 1076 +1.83x10°6 +1.65x10°6 +1.84x10°° +1.67x10°6
Photo-gener- Iy, 856x107% 8.57x107* 6.69x10"% 6.70x107* 449%x107% 450x107* 281x107% 275x107% 141x107% 137x107* 582x107° 575x107°
ated current A +1.08x 10~ +311x10° 1 +122x10°° +8.74%x10°° +43%x10°° +1.28x10°°
Lifetime s 312x107%  439x10°8 6.77x10"% 588x10°8 116x1077 144x1077 134x1077  229x1077 328x1077  425x1077 6.25x1077  739x1077
7, s 695x107% 833x10°% 113x107  150x 1077 3.88x107% 9.96x10~7 319x107>  134x107° 305x107°  2.39x107° 269x107% 236x107*
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Fig. 8. Arrhenius plots of (a) the ratio Tuy(T)/Dy(T) and (b) the ratio Tuy(T)/Ds(T). The
mobilities and diffusivities were calculated and fitted for the PbS-TBAI and the PbS-
EDT interface, respectively.

activation
respectively.

From the fitted parameters in Table 2 using Eq. (4), the fol-
lowing explanation emerges: at low temperatures the charge
carrier extraction efficiency is reduced due to the reduced hole
mobility, however, the enhanced influence of the Schottky barrier
on hole extraction, Fig. 2, reduces the hole current. The overall
effect is a decrease in short-circuit current with decreasing tem-
perature. Hopping transport of charge carriers in CQD nanolayers
is a multi-phonon-assisted process [26,48,50]. As a consequence,
the extraction efficiency of charge carriers, including free electrons
and holes, is suppressed at low temperatures owing to the reduced
thermal energy. In Fig. 9(a), the FF calculated from FF:%, where
Pax is the maximum power calculated from the I-V curves, is re-
duced from 0.51 at 310K to 0.13 at 100K as a result of reduced
charge carrier extraction efficiency.

The imbalance of hole mobility in the heterojunction (PbS-
TBAI) and in the associated Schottky diode (PbS-EDT) gives rise to
S-shaped and negative exponential current-voltage curves, as
shown in Fig. 4. In Table 2, the best-fitted values of carrier mobi-
lities pp and ps, at 300 K show that y;, is smaller than y,, implying
sufficiently high charge carrier extraction rate in the hole extrac-
tion layer (PbS-EDT). This results in holes being able to be ex-
tracted efficiently and, as a result, the CQD solar cell behaves like a
normal one-diode device. The best-fitted results reveal better
photovoltaic material made of PbS-EDT than of PbS-TBAI. This is

energies E;,=372meV and E;s=29.3 meV,
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Fig. 9. (a) The CQD solar cell FFs measured at various temperatures. (b) Maximum
power of as-studied CQD solar cell measured at various temperatures.

also consistent with the SCL lower mobility activation energy E,
across the Schottky barrier, Fig. 8(b), than E,j across the hetero-
junction, Fig. 8(a). A similar conclusion in terms of electron mo-
bility was reported by ref. [50] using frequency-domain photo-
carrier radiometry (PCR). However, due to the complicated device
architecture, each of the two fitted mobilities leading to the Ein-
stein plots of Fig. 8(a) and (b) should not be unconditionally in-
terpreted to be exclusively associated with the PbS-TBAI or PbS-
EDT interfaces. Although at 250 K the fitted x> up, the 250 K [-V
characteristic shapes in Figs. 4(b) and 5(a) reveal that low mobility
of charge-carrier-induced hole accumulation on the anode side has
already set in, thereby reducing hole extraction efficiency. This
trend is further demonstrated at even lower temperatures by the
fitted results which show that u;, and s magnitudes reverse, with
Hn becoming larger than y, especially at 100 K. However, it should
be noted that both unbalanced mobility and Schottky diode con-
tribute to the formation of anomalous I-V characteristics, although
our best-fitted results are not able to provide strong evidence of
the role of the SCL electric field, the fitted values of which show
high standard deviation. The existence of the reverse Schottky
diode has been established in previous reports [12,15]. It is im-
portant to point out from the simulated curves shown in Fig. 5
(a) that anomalous I-V curves can appear even without the ex-
istence of a Schottky diode. Fig. 9(b) shows that the calculated
maximum power decreases with decreasing temperature. This is
consistent with both mechanisms of the imbalanced charge carrier
mobilities and existence of Schottky diode, which reduce solar
efficiency through hole-accumulation-induced charge carrier ex-
traction reduction. Apart from optimizing the work functions of
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the anode metal and CQD nanolayers, for instance, a smaller anode
work function can alleviate the effect of Schottky diode effect in
our solar cells, applying a high charge carrier mobility layer next to
the anode so as to reduce the interfacial activation energy mea-
sured through the Einstein relation, Fig. 8(a), appears to be a po-
tentially effective method for the improvement of CQD solar effi-
ciency. The suggestion of applying high charge carrier mobility
layer next to the anode is supported by the results of Zhang et al.
[51] that an increased CQD solar cell PEC was achieved by em-
ploying a hole transport interlayer between the QD film and anode
metal. Furthermore, based on our simulations, it is also re-
commended to apply graded hole transport layers close to the
anode which 1) enhance the intrinsic electric field to increase the
hole mobility; 2) create additional interfaces to improve exciton
dissociation; 3) alleviate the Schottky diode effect to remove hole
accumulation influences; and 4) further block electron flow to the
anode. However, this strategy may complicate the device fabrica-
tion processes.

The photogenerated current, Iy, according to the electric cir-
cuit of Fig. 3, is the sum of I;. and the current flowing across the
heterojunction diode. Both of these currents are controlled by
temperature sensitive exciton and free charge carrier hopping
transport. The best-fitted values of I,y at various temperatures are
shown in Table 2. I,y and I, exhibit the same trend with tem-
perature. Ipy depends on the dissociation of excitons as follows:
when excitons are generated optically, they can dissociate into free
electrons and holes through two paths. They may diffuse to the
heterojunction interface where the local electric field can separate
electron-hole pairs [52,53]; or they can be decoupled during
hopping diffusion between neighboring quantum dots [54]. Inter-
dot coupling strength is determined by ligand length: short ligand
length yields strong coupling strength. However, it is possible that
exciton decoupling is also thermal energy related, as more ambi-
ent thermal energy induces higher exciton vibration amplitude,
increasing the decoupling probability. Excitons that do not dis-
sociate undergo recombination through radiative and/or non-
radiative processes as discussed above. Recombination contributes
to the loss of excitons and consumes photogenerated current.
Therefore, I,y decreases at lower temperatures.

Electron (hole) lifetime 7, (7) is calculated from statistically

2
fitted values of Dy, (Ds) and Ly, (Ls) through the equation:t, = ;—‘l‘. As

summarized in Table 2, both 7, and 7, decrease with increasing
temperature which is consistent with the temperature-dependent
carrier lifetime reported by Wang et al. [55,56] and Mandelis et al.
[26]. In these cases, excitons in both coupled and uncoupled PbS
CQDs were found to possess longer lifetimes at low temperatures
due to lower radiative and non-radiative recombination. Table 2
shows two calculated values of 7, (as well as 75) for each tem-
perature, obtained from ‘mean-value best fit' and ‘statistical best fit'.
They exhibit small differences demonstrating high reliability and
uniqueness of the measurements resulting from the proposed
model. The non-monotonic trend of the electron hopping diffusion
lengthL, is the result of the trade-off between increased diffusivity
and decreased lifetime with increased temperature, through
Ly, = \/Dy,. Strictly speaking, the diffusion length L, is a material
property, and the intrinsic lifetime affecting factors should include
trap states and dot-to-dot coupling [3,7,49,54]. Our best-fitted L,
and L, values agree with reported values for PbS CQDs in the range
between 30 nm and 230 nm [30].

The fitted SCL width W associated with hole accumulation at
300 K is larger than that at other temperatures. Note that the fitted
depletion width W through Eq. (4) is an effective value across the
PbS CQD layers. In other words, the actual SCL of PbS-TBAI and
PbS-EDT is determined through a competitive process between
the depletion layers of the heterojunction and the Schottky diode.

To calculate the effective SCL, the depletion extent and width of
both diodes should be considered. The increase of W at high
temperatures, Table 2, is consistent with changes in the accumu-
lated hole density at the PbS-EDT CQD/Au interface which acts as a
conventional junction depletion layer. Specifically, at low tem-
peratures, due to reduced hole extraction efficiency as discussed
above, higher density of accumulated holes results in higher
density of occupied local QD energy states, and therefore a narrow
depletion layer. In contrast, at high temperatures, hole density at
the interface decreases due to higher hole extraction efficiency,
thereby, alleviating the concentration gradient and resulting in
reduced density of occupied local QD energy states, and a wider
depletion layer.

5. Conclusions

A theoretical model of hopping transport in PbS CQD solar cells
was introduced to extract charge carrier hopping parameters in-
cluding hopping diffusivity, diffusion length, mobility, space
charge layer width, photogenerated current, and relaxation life-
time. A double-diode electric circuit model featuring a hetero-
junction (PbS-TBAI/Zn0) and a Schottky diode (PbS-EDT/Au anode)
with two electric fields of opposite directions was used to quan-
titatively interpret experimental I-V curves obtained from a fab-
ricated CQD solar cell with a structure: ITO/ZnO/PbS-TBAI QD/PbS-
EDT QD/Au, which exhibits anomalous I-V characteristics at tem-
peratures below 300 K. Detailed best-fits of I-V data to the theo-
retical model and simulations revealed that imbalanced charge
carrier mobility is one of two factors giving rise to S-shaped and
negative exponential I-V characteristics. The other factor is the
formation of a reverse Schottky barrier for holes adjacent to the
hole-extracting anode. The existence of a modified Einstein rela-
tion linking hole diffusivity and mobility and the hopping activa-
tion energy E, s over the Schottky barrier was validated, leading to
the measurement of E,;. A similar relation at the PbS-TBAI het-
erojunction was demonstrated and used to calculate the effective
barrier activation energy Eg p.

In addition, quantitative analysis showed that the V,. of our
CQD solar cell is limited by the existence of charge-transfer (CT)
states located at the ZnO/PbS-TBAI interface. The loss mechanism
responsible for V,. decrease was attributed to both radiative and
non-radiative recombination processes which provided quantita-
tive insight into the nature of the V,. temperature dependence.
The present model and I-V analysis can be used to measure device
transport parameters, especially hopping mobility, aimed at
minimizing Schottky barrier in order to maximize the short-circuit
current and P, toward the optimization of CQD solar cell
fabrication.
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