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ABSTRACT: The current—voltage (J—V) characteristics of
ZnO/PbS quantum dot (QD) solar cells show a QD size-
dependent behavior resulting from a Schottky junction that
forms at the back metal electrode opposing the desirable
diode formed between the ZnO and PbS QD layers. We study
a QD size-dependent roll-over effect that refers to the
saturation of photocurrent in forward bias and crossover
effect which occurs when the light and dark J=V curves
intersect. We model the J—V characteristics with a main diode
formed between the n-type ZnO nanocrystal (NC) layer and
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p-type PbS QD layer in series with a leaky Schottky-diode formed between PbS QD layer and metal contact. We show how the
characteristics of the two diodes depend on QD size, metal work function, and PbS QD layer thickness, and we discuss how the
presence of the back diode complicates finding an optimal layer thickness. Finally, we present Kelvin probe measurements to
determine the Fermi level of the QD layers and discuss band alignment, Fermi-level pinning, and the V,,. within these devices.
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chottky-junction quantum dot solar cells (QDSCs) have
Sattracted intense attention in the past few years,k4 but they
have several limitations. While large short circuit currents (J;.) of
over 20 mA/cm” are achieved, the open circuit voltage (V,.) is
low compared to the band gap energy, E,. The maximum V.
obtainable in a Schottky geometry is likely limited to Eg/2q,
where g is the charge of an electron. The low V,/s typically
reported are attributed to Fermi-level pinning at the metal/
semiconductor junction. Because the Schottky junction forms at
the back electrode opposite from where light is incident, minority
carriers (electrons) recombine or are trapped at defect sites
before they reach the negative electrode. To overcome the above
limitations, an “inverted cell” structure can be used, where light is
incident upon the high-field region that forms at the heterojunc-
tion of a transparent n-type metal oxide layer with the p-type PbS
QD layer.” ® Here, minority carriers should flow toward the
metal oxide while holes are extracted at the high work function
back contact. In this structure, the V. is determined by the
difference in the quasi-Fermi levels in the PbS QD and ZnO
layers. We recently reported an NREL-certified ~3% efficient
device with structure of ITO/ZnO NC/PbS QD/Au with a V.
that is greater than the PbS bulk band gap, demonstratin§ that
quantum confinement effects can be utilized in QDSCs.” The
device is remarkably stable in air without encapsulation for more
than 1000 h. However, a full understanding of exciton dissociation

v ACS Publications ©2011 american chemical Society

and space charge within the device is lacking. There is ample
room for improvement in all three key factors that impact
efficiency: J, Voo, and fill factor (FF). Here we analyze the
size-dependent J—V characteristics and discuss limiting factors of
the device architecture with suggested routes for improvement.

We focus on ITO/ZnO NC/PbS QD/metal devices fabri-
cated in air with eight different diameters of PbS QD with first
exciton transition energies (effective band gaps) ranging from
0.76 to 2.1 eV. ZnO NC layers were spin coated at 2000 rpm
from chloroform onto a cleaned glass substrate with prepat-
terned ITO electrodes of 150 nm thickness (Thin Film Devices,
Anaheim). The resulting ~100 nm thick ZnO layer composed of
~5 nm nanocrystals was heated on a hot plate set to 260 °C for
30 min to remove residual solvent. The PbS QD layer was
deposited onto the ZnO layer via sequentially immersing the
substrate into a PbS QD hexane solution of concentration
10 mg/mL followed by 1 mM 1,2-ethanedithiol (EDT) in ace-
tonitrile solution.">” Approximately 30 dipping cycles were
required to produce QD layer thicknesses of 200—270 nm.
The film growth rate is fairly linear with the number of dip cycles
and depends primarily on the QD concentration.'® Au or Ag is
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Figure 1. Typical characteristics of J—V in the dark and under 1 sun
illumination, which shows the crossover and roll-over effects. The device
structure is ITO/ZnO NC/PbS QD/Ag with PbS layer thickness of
~S550 nm.

evaporated onto the top of the film at a rate of 0.1 nm/s with base
pressure of 1x10~’ Torr to produce ~100 nm layers. All devices
are formed with an active area of 0.11 cm” defined by the overlap
of the contact electrodes. Synthesis of the ZnO NCs and PbS
QDs followed previous published reports,” and more detailed
information concerning layer thickness and QD diameters is
provided in the Supporting Information.

Figure 1 shows the J—V characteristic of a device with 550 nm
thick PbS QD layer with Ag as the back contact. The plot exemplifies
the roll-over effect (current saturation at high forward bias) under
illumination and the crossover effect (intersection of dark and
light current under forward bias). The dark curve is nearly flat
while the light curve appears relatively normal in the power quadrant
but begins to saturate above the V.. A hole-injection barrier resulting
from a Schottky barrier that forms at the PbS QD/metal interface
can explain both of these abnormalities in the J—V response. The
roll-over effect, also observed in CdTe thin film'"'* and organic
solar cells,">'* is due to a back contact hole-injection barrier. The
crossover effect is dominant in Cu,S devices'> '® and has been
reported recently in QD based devices."

A schematic of the PbS QD device is shown in Figure 2a
and the two-diode equivalent circuit is shown in Figure 2b with
boxes denoting the lumped equivalent circuit for each interface.
Figure 2c¢ is a schematic of the equilibrium band diagram.
Photogenerated minority carriers in the PbS layer can either be
swept into the ZnO layer and transported to the anode or swept
into the back metal cathode, thus leading to opposing currents.
Holes are majority carriers and, therefore, should be extracted at
the metal cathode but experience a hole-injection barrier at both
the ZnO and metal interfaces.

J—V Simulations and Schottky Barrier Height. To simulate
the solar cell J—V relationship, we employ a commonly used
lumped circuit model that includes a diode with diode quality
factor, a shunt resistance Ry, in parallel with the diode, and a
series resistance R..>”*! The shunt resistance indicates the degree
of charges lost due to recombination and trapping, while the
series resistor R, considers conductivity, i.e., mobility of specific
charge carrier in the respective transport medium. The J—V
characteristics in our case follow a two-diode model with
opposing diodes connected in series at the anode. In the
following description, the subscript h refers to the heterojunction
diode and s refers to the Schottky diode. Under illumination the
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Figure 2. (a) Schematic of the inverted solar cell with structure of ITO/
ZnO NC/PbS QD/Ag. (b) Two-diode model equivalent circuit includ-
ing a heterojunction diode between the ZnO and PbS QD layers and a
Schottky junction diode between PbS QD film and Au or Ag. The
junctions marked by dashed rectangular lines in panel a schematically
indicate the corresponding diodes in panel b. (c) Device band diagram
under illumination. Holes meet barrier height at the Ag or Au electrode,
and electrons can flow in either of two opposite directions to electrode.
(See Supporting Information for an SEM image of a cross section of a device.)

current across the heterojunction diode can be expressed as
T =Joh = Jno (™™ = 1) = Vi /Ray b (1)

where i, is the saturation current, ],y is the photogenerated
current, Ry, , is the heterojunction diode shunt resistance, and n,
is the heterojunction diode ideality factor. The current that flows
through the Schottky junction diode is

Js = _]ps +Jso (equ/kT - 1) + Vs/Rsh, s (2)

where ], is the saturation current, ], is the photogenerated
current, and Ry, ¢ is the Schottky diode shunt resistance. Because
the two diodes are in series, the current is equivalent through
each diode, while the applied bias, V, is divided between the
heterojunction, V}, Schottky junction, V,, and any resistive
components, IR, therefore

V =Vy+Vi+ IR (3)

eqs 1—3 can be solved to generate the J—V characteristics” and
are used to model the measured data.

Figure 3 displays illuminated J—V characteristics of devices
made from the various PbS QD diameters, with Ag (panel a) and
Au (panel b) as the back contact. In the Supporting Information
we show an expanded voltage range as well as the dark J—V
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Figure 3. J—V curves for eight devices made from PbS QDs with
various diameters. Panel a is for devices with Ag as the back contact and
panel b is for Au. Modeled curves are shown as black dotted lines.

curves (Figures S1—S4, Supporting Information). The roll-over
effect is obvious for E, greater that ~1 eV and is nearly absent
below 1 eV. Similarly, the crossover effect is also most pro-
nounced for band gaps greater 1 eV and diminishes for smaller
band gaps. For small QDs with larger band gap,22 the barrier
height between the PbS layer and Ag is large enough to block
hole-injection; therefore, holes accumulate at the interface,
causing the current to saturate. For larger QDs with smaller
band gap, the barrier is reduced allowing for some hole injection,
which occurs via thermionic emission. The barrier height can also
be reduced if Au replaces Ag. The J—V characteristics with Au as
the back contact are shown in Figure 3b, because of the lower
work function the transition from normal J—V curves to ones
that exhibit roll-over and crossover occurs for effective band gaps
greater than ~1.4 eV. While some J—V curves do not exhibit roll-
over, almost all exhibit crossover; however, crossover is most
pronounced for the J—V curves that exhibit roll-over. Note that
even for J—V curves that do not exhibit roll-over, the back
Schottky junction can limit device performance.”®

We model the J—V curves for both Au and Ag back contact
devices using eqs 1—3. The results of a nonlinear least-squares
fitting routine are shown as black dotted lines in Figure 3. The
dark J—V curves were modeled simultaneously with the light
curves and the dark J—V results are shown in Figures S2 and S4
(Supporting Information) as the black dotted lines. The ex-
tracted parameters are tabulated in Tables S2 and S3 of the
Supporting Information. Previous reports show how the Schott-
ky-junction barrier height formed by PbS QD films depends on
the contact work function and QD size."~* The current at which
roll-over occurs is determined by the Schottky saturation current,
Jso- In Figure 4, we plot the extracted values for ], and J,pp as a
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Figure 4. Extracted values of the photocurrent (red circles) and

Schottky-barrier saturation current (blue circles) for devices with (a)
Ag as back contact and (b) Au.

function of band gap energy. The extracted photocurrent, [y, is
the sum of the photocurrent generated by the heterojunction
minus the photocurrent generated by the Schottky junction,
while J, is related to the Schottky-barrier height by the following
relationship 10

Jso =qnyvpe” 1%/T (4)
where n, is the effective density of valence band states, vy is the
thermal velocity of carriers, and ¢y, is the Schottky barrier height.
A large ], indicates a poor Schottky junction. From eq 4, ¢, is
inversely related to Ji,. In accordance with our observations
discussed above, ], is high for smaller band gap QDs (larger size)
and is lower for higher band gap QDs (smaller size); see Figure 4.
For Ag devices, ], undergoes a transition from high to low at E,
~ 1.1 eV while for the Au devices the transition occurs at E; ~
1.4 eV. The blue shaded areas in Figure 4 represent the low-
barrier region, and the unshaded areas are the high-barrier region.
The extracted photocurrent, J,1, 1, exhibits interesting trends and
is correlated to the high- or low-barrier regimes. For the high
barrier regime, J,1,;, decreases from a maximum at the interface
between the high and low barrier regimes as the QD size decreases
and the barrier-height increases. This is likely due to a combination
of increasing photocurrent generated at the Schottky junction that
opposes the main heterojunction current and decreased light
absorption as the band edge of the QD layer is blue-shifted.
Simulations of light absorption ' within these types of devices indicate
that light absorbed near the back electrode (within ~100 nm) is
roughly constant with change in QD diameter, while light absor-
bed within ~100 nm of the ZnO/PbS interface decreases for
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Figure S. V,. (open red squares correspond to Ag and open blue
triangles to Au) and ¢, (filled red triangles correspond to Ag and filled
blue triangles to Au) dependence with PbS QD band gap energy (QD
diameter is shown on the top axis). A straight gray dotted line is drawn to
extend the ¢, band gap dependence to larger band gaps and illustrates
where the measured ¢, deviates. The horizontal green dashed line is
drawn at ~0.5 V and indicates the transition from low to high barrier.

smaller QD diameters. Therefore, the decrease in Jyp is a
combination of decreased light absorption near the ZnO/PbS
interface and strengthening of the Schottky barrier and therefore
increased carrier extraction that opposes the current extraction
from the heterojunction. In the low barrier regime, ], 1, decreases
for smaller E,. This is likely due to a weakening of the hetero-
junction’s electric field resulting in lower carrier extraction and
increased carrier recombination, but further work is required in
order to understand why ], decreases in this regime.

To calculate ¢, we need to estimate vy and n,. In bulk semi-
conductors the thermal velocity of carriers is, vg = 1/27-
(kT/m*)"’* and for simplicity we assume that m*=1; therefore,
vr=2.69 X 10" cm/s. The effective density of valence band edge
states, n,, can be estimated by assuming that each QD can provide
at most eight states at the band edge. The band gap in PbS occurs
at the four equivalent L-points of the Brillouin zone and is
therefore 8-fold degenerate.**** We assume QDs are randomly
packed and are touching; therefore, the fill fraction is at most
0.56,2° and the effective volume that each QD occupies is Vg =
Vqp/0.56 and n,=8/V,g. In Figure S6 (Supporting Information)
we plot n, as a function of QD diameter and then estimate ¢, using
eq 4 and plot the results along with the measured V. in Figure S.
While n, is only estimated here, the value of ¢, depends on the
In(n,) and, therefore, depends weakly on our estimation.

The low-to-high ¢, transition is consistent with trends in V.
For QDs with Eg less than 1.1 eV, the V,, is identical for Au and
Ag back contacts consistent with the idea that for these sized
QDs, the back contact forms an Ohmic contact. For smaller
diameters the V, is higher for Au compared to Ag. In particular,
for E, greater than 2 eV, the V. reaches 670 mV with Au contacts
versus 350 mV with Ag. The barrier-heights, ¢y, for the Auand Ag
back contact devices are nearly identical for QD band gap
energies less than 1 eV and increases with increasing band gap
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Figure 6. (a) J—V characteristics of devices structure ITO/ZnO NC/
PbS QD/Ag under 1 sun illumination with two PbS layer thicknesses,
the black lines correspond to 550 nm and the blue lines to 118 nm. The
dash lines are for the dark J—V curves. The PbS QD size is 3.7 nm. The
inset is power conversion efficiency (PCE) as a function of PbS QD layer
thickness with top contact of Au (blue) and Ag (red). (b) EQE spectra of
various thickness PbS layers under different bias. The EQE is defined as
the dark — light so that under reverse bias the EQE is positive as
described in the text.

energy. A nearly straight line indicating an increasing ¢}, with
increasing band gap energy is found for devices consisting of QD
band gap energies between 0.6 and 1.1 eV. We have drawn in a
straight line (shown as the dotted gray line) that extends this
trend to smaller QDs and is consistent with an increasing n,
(Figure S6, Supporting Information) for the smaller QDs. ¢,
deviates from the line at different QD diameters depending on
the back contact. ¢, values for the Ag device deviate at E, of
1.1 eV, represented by the shaded blue region, while ¢, for the Au
device deviates at E, of ~1.4 eV, represented by the shaded red
region. ¢y, increases above the dashed line for both the Au and Ag
devices. The midpoint of the transition from a low barrier to high
barrier is ~0.5 V, and a horizontal dashed line is drawn indicating
the transition from low to high barrier. This is roughly consistent
with the low to high barrier transition found for CdTe devices.”*
The band gap at which the transitions occurs is ~1.1 eV for the
Auback contact devices and ~1.4 eV for Ag, and the difference is
approximately equal to the difference in the work function of Ag
and Au (4.7 and 5.1 eV). Finally, the size-dependent series
resistance, R (Figure SS, Supporting Information), increases for
smaller QDs consistent with recent FET mobility measurements
for PbSe EDT treated films which found that the mobility
increased for larger QDs.”’
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Layer Thickness Dependence. To investigate the behavior
of the two diodes, Figure 6a shows J—V characteristics with two
different layer thicknesses (118 and 550 nm) and Ag as the back
contact. The 118 nm device does not exhibit significant roll-over
in contrast to the 550 nm device; however, both exhibit cross-
over. In CdTe thin film solar cells, the absorber thickness is larger
than the minority carrier diffusion length; therefore, one can
reasonably assume that the main and the back diodes are
independent circuit elements with little interaction. For reason-
ably thick CdTe (>3 um), the conduction and valence bands are
flat over much of the CdTe thickness.">'* In our case, the PbS
QD layer thickness is thin relative to ~150 nm reported
depletion region at the PbS QD/Ag interface." Thus, it is likely
that the two diodes interact, and one possible consequence is that
the main diode may override the Schottky junction lowering the
hole-injection barrier but at the same time reducing the efficiency
of the main diode.”® Other possible consequences of this
interaction need further study. The presence of the back diode
complicates the ability to optimize these devices. The power
conversion efficiency as a function of PbS layer thickness is
shown in the inset to Figure 6a. The optimal thickness is ~340
nm for both Au and Ag contacts. For thicknesses less than ~340
nm, the efficiency decreases due to decreasing light absorption
while for thicknesses greater 340 nm the efficiency decreases due
to strengthening of the back diode.

Further insight can be gained from bias-dependent external
quantum efficiency (EQE) measurements shown in Figure 6b.
The EQE is measured using a lock-in amplifier synchronized to
an optical chopper that modulates the incident light. The phase
of the lock-in amplifier is adjusted so that the measured EQE is
positive under zero bias and corresponds to the dark current
minus the light current; therefore, under forward bias, where the
light and dark curves have crossed, the EQE becomes negative.
Under negative and zero bias, the EQE spectra have similar
shapes for both thin and thick layers, where the EQE is higher in
the thicker layer due to increased light absorption. However,
under positive bias and for wavelengths less than ~650 nm, the
EQE spectra deviate from one another. Blue photons generate
holes near the PbS/ZnO interface and they must transport across
the entire layer prior to recombination. Longer wavelength
photons, greater than ~650 nm, penetrate further into the film
and generate carriers near both contacts. These results
indicate that carriers generated near the PbS/ZnO interface
experience the back diode differently than carriers generated
throughout the film. A plausible explanation is that photo-
generated carriers near the Schottky junction decrease the
effective hole injection barrier.

Fermi Level Measurements. We employ Kelvin probe mea-
surements to determine the Fermi level of the PbS and ZnO NC
layers. Kelvin probe measurements determine the position of
the Fermi level relative to a reference surface, and for these
measurements a stainless steel standard is used as the refer-
ence with work function values of ca. —4.2 to —4.3 eV
measured by ultraviolet photoelectron spectroscopy (UPS).
We plot the relative values of the Fermi level in Figure 7 (light
blue squares are for the PbS QD layers and the brown dashed
line is for ZnO). From the relative values of the PbS Fermi
level we determined the relative position of the valence band,
E,/(PbS), by the following relationship

E,(PbS) =E{(PbS) + kT In(p/n,)

1.5
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Figure 7. (a) Band positions relative to a stainless steel standard for
EDT treated PbS QD layers, ZnO NCs, and the work functions of
Au and Ag. The conduction and valence bands for the PbS QDs (blue
triangles) are determined from the value of the Fermi energy determined
from Kelvin probe measurements (light blue squares). The Fermi level
of the ZnO NCs (brown dashed line) was determined from the Kelvin
probe measurements and the ZnO conduction band edge, and work
functions of the Au and Ag were taken from literature values.

where p is the effective hole doping density of the PbS QD
layers and we assume p =1x10"7 cm ™ >," and n, is the effective
density of valence band states (Figure S6, Supporting In-
formation). The relative conduction band position, E./(PbS),
is determined by adding the band gap energy to the valence
band (shown as blue triangles in Figure 7a). The black dotted
lines in Figure 7a show the E./(PbS) and E,/ (PbS) for a doping
density of p = 110" and p = 1 x10"® cm . We also show
literature values adjusted for the reference work function for
the conduction band of the ZnO, E.(ZnO), and the work
functions of the Au and Ag. The absolute values of E.(PbS)
and E,(PbS) differ from a recent report using cyclic voltam-
metry (CV),”” but we can recover those results by shifting our
values by a constant amount depending on the value of the
reference work function. The differing results may be due to a
difference between CV and Kelvin probe measurements, or
the chemical treatment used to produce conductive films may
shift the bands. In a UPS study, Timp and Zhu®® report that
the valence band of EDT treated PbSe QD films on ZnO are
shifted by 0.1—0.3 eV, depending on the QD size relative to a
hydrazine treatment. They suggest that the Fermi level of the
QDs is pinned to ZnO surface states. A similar effect may
occur here, and further investigations are underway.

Our results, which are independent of the reference work
function, imply that EDT treated PbS QD layers will always form
a type II interface with ZnO irrespective of the QD diameter.
This is in contrast to what has been reported for PbSe/ZnO
interfaces where a transition from type I for larger QDs to type II
for smaller QDs occurs.”> Because the Fermi level of the ZnO
NC layer is lower than that of the PbS QD layers, an unfavorable
equilibrium band alignment should occur at this interface.
Furthermore, the work functions of Au and Ag are larger than
the Fermi level of the QDs indicating that in the absence of Fermi
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level pinning Au and Ag should form a favorable contact with the
PbS layer. However, we have shown evidence for the formation
of an unfavorable Schottky barrier with opposite polarity to the
heterojunction diode. Therefore, we conclude that the metal/
PbS interface undergoes Fermi level pinning, consistent with
previous reports for PbSe QD Schottky junction solar cells."

The barrier height for a Schottky contact in the absence of
Fermi level pinning is determined by the difference in the valence
band edge and the metal Fermi energy (or metal work function).
The band bending at the semiconductor—metal interface can be
characterized by the difference in the valence band edge in the
bulk layer and at the interface and is related to the barrier height.
In the case of Fermi level pinning at the semiconductor/metal
interface, the barrier height is related to the difference between
the valence band edge and some characteristic energy level. As E,
increases, the Schottky barrier height increases, consistent with
our measurements.

The V,. in heterostructure devices is determined by the
difference of the quasi-Fermi level of holes (Eg,) at the metal,
hole extracting interface, and quasi-Fermi level of electrons (Eg,)
at the n-type ZnO NC/ITO interface.*’ Therefore the maximum
V. is determined by the difference in the equilibrium junction
potential. The realized V,. is determined not only by the
energetics but by the total recombination within the device.
Recombination at the interfaces is likely a significant problem
within this device structure and limits the V..

The hole-injection barrier can be corrected by two strategies:
the first is to choose a high work function metal such as Au. A
high work function contact is required to minimize the hole-
injection barrier; however, Fermi level pinning at the QD/metal
interface prevents elimination of the barrier in the structures
tested so far.

We have shown here that even with a work function that is
larger than the Fermi level of the PbS layer, a Schottky barrier is
formed that impedes hole-injection. This is likely due to Fermi
level pinning at the PbS/Au interface. A second strategy invokes
the establishment of a heavily p-doped surface layer in order to
enable the tunneling of holes through the barrier height, which is
not easy to achieve in our system but is the subject of future
investigations and would lead to better behaved J—V character-
istics and corresponding higher conversion efficiencies.

In conclusion, the J—V characteristics are investigated in a
heterojunction PbS QD solar cell with structure of ITO/ZnO
NC/PbS QD/metal and can be described by two opposing
diodes: one formed by the ZnO/PbS interface and the other
by the PbS/metal contact. The Schottky barrier height is a
function of the QD band gap energy and back contact metal
work function. We find that the Fermi levels are pinned at the
metal/semiconductor junction and likely at the ZnO NC/PbS
QD layer interface as well. Further work to understand and
optimize the interfaces of these hetereosturctured QD solar cells
should lead to an increase in power conversion efficiency. The
recent demonstration of air stability’ combined with the poten-
tial for very high efficiencies®> motivates further investigation of
QD solar cells.
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