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ver the past several decades, in-

tensive research efforts have

been undertaken to develop low-
temperature processed photovoltaic cells
through the use of nanostructured materi-
als including small molecules,'* conju-
gated polymers,>~° and colloidal nano-
crystal quantum dots (QDs).'®™" There has
been much progress in improving the
power conversion efficiency (PCE) of nano-
structured solar cells in the visible light re-
gion with reported efficiencies reaching
6.7%.>° An important approach toward real-
izing significant improvements to this per-
formance is to extend the spectral sensitiv-
ity of cells to near-infrared wavelengths,
which contain as much as half of the en-
ergy of the solar spectrum. This can poten-
tially be achieved by using colloidal nano-
crystal QDs as the light-harvesting material,
as their optical band gap can be tuned to a
desired range by choosing the appropriate
material composition and by controlling
nanocrystal size during synthesis.'?~ 4

Among the QD materials, PbS and PbSe

QDs possess excellent photosensitivity in
the near-infrared spectrum. Solar cells
based on a Schottky barrier formed at the
interface of the p-type PbS or PbSe QD films
and a metal cathode have been
reported' '8 with PCEs of up to 2.1%"® un-
der 1 sun AM1.5 test conditions. In these de-
vices, it is suggested that photocurrent is
generated by field-assisted charge separa-
tion in the depletion region. One limitation
of Schottky-based solar cells is that the
open-circuit voltage (Voc), an important
metric that directly affects the PCE, is ex-
pected to be lower than 0.5 E4/q,'® where
Eq is the band gap of the semiconducting
material and q is the electron charge. A
heterojunction solar cell incorporating an
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ABSTRACT We fabricate PbS colloidal quantum dot (QD)-based solar cells using a fullerene derivative as the
electron-transporting layer (ETL). A thiol treatment and oxidation process are used to modify the morphology and

electronic structure of the QD films, resulting in devices that exhibit a fill factor (FF) as high as 62%. We also

show that, for QDs with a band gap of less than 1 eV, an open-circuit voltage (Vo) of 0.47 V can be achieved. The

power conversion efficiency reaches 1.3% under 1 sun AM1.5 test conditions and 2.4% under monochromatic

infrared (N = 1310 nm) illumination. A consistent mechanism for device operation is developed through a circuit

model and experimental measurements, shedding light on new approaches for optimization of solar cell
performance by modifying the interface between the QDs and the neighboring charge transport layers.
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electron-transporting/hole-blocking layer
between the QDs and the metal cathode
could potentially allow for a higher Voc. The
challenge in realizing such a device is to
find materials that provide an appropriate
energy level alignment with the low band
gap QDs such that electron injection from
QDs to the material is promoted while back
electron transfer to the QDs (that would
lead to the undesirable electron—hole re-
combination) is suppressed. Recently, Choi
et al.?® and Leschkies et al.?' separately re-
ported a high-efficiency excitonic solar cell
structure composed of a PbSe QD layer
sandwiched between a ZnO electron-
transporting layer (ETL) and an organic
hole-transporting layer. In order to achieve
a Voc of 0.45 V, small QDs with relatively
large band gaps (E; = 1.3—1.4 eV) were re-
quired, limiting the infrared solar spectral
range harvestable by these cells. Also, the
introduction of the ETL layer did not seem
to improve the fill factor (FF) of the solar
cells, which remained at 30—40%, similar
to those of the Schottky solar cells. In the
present work, we demonstrate that it is pos-
sible to improve both the Voc and the FF
of QD/ETL bilayer solar cells through
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Figure 1. (a) Schematic of the bilayer solar cell structure and the energy level diagram of device components referenced to

the vacuum level. (b) lllustration of the charge flow mechanism in the pristine (left) and air-annealed (right) PbS QD/PCBM de-
vices. The black arrows denote the exciton generation process, the purple arrows denote the geminate electron—hole pair re-
combination process, the blue arrows denote the charge separation process, and the red arrows denote the bimolecular re-
combination process (assisted by midgap states). The thin wider band gap layers (yellow) that surround each QD in the right
figure represent the oxide compounds, and the dashed red arrows indicate a suppressed charge recombination via the bi-

molecular process. Note that the charge separation and recombination occur in both the bulk PbS QD layer and at the PbS

QD/PCBM interface.

modifying the interface properties that govern the
charge separation and recombination process in these
devices.

The bilayer QD/organic solar cells presented in this
study consist of an ITO-coated glass substrate on which
we deposit a thin film of PbS QDs (fabrication details
are presented in the Methods section), which acts as
both the light-absorbing and charge-transporting layer.
The QD film is then coated with a thin film of a fullerene
derivative, [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM), which serves as the electron-transporting and
hole-blocking layer. (PCBM was chosen in this work be-
cause efficient electron transfer from PbS QDs to PCBM
was demonstrated in a recent study of PbS QD/PCBM
photodetectors.?>%%) To modify the electronic structure
of individual PbS QDs and QD thin films in our devices,
the QD films are subjected to air annealing, nitrogen an-
nealing, or ozone exposure. Air annealing has previ-
ously been used to improve the conductivity of QD
films via a doping mechanism.?*?° It has also been
shown to enhance the V¢ and the air stability of PbS
QD-based Schottky devices,??” where chemical analy-
sis revealed that the performance improvement is re-
lated to the formation of PbO and PbSOs during the air
annealing process. However, the mechanism through
which these oxidation products affect the charge sepa-
ration, recombination, and transport remains unclear.
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Here, for solar cells containing small band gap PbS
QDs (E5 < 1.0 eV) that are air-annealed and treated
with thiols prior to PCBM deposition, we measure a fill
factor as high as 62%. Also, a Voc of 0.47 V is achieved
for QDs with a band gap of 0.97 eV (after air annealing).
This exceeds the Vo value of 0.27 V predicted by the re-
lation Voc = 0.6 (E4/e)—0.31 as reported in PbSe/ZnO
heterojunction solar cells.2! The PCE for these structures
is ~1.3% under 1 sun AM1.5 test conditions and 2.4%
under monochromatic infrared light illumination (of
wavelength A = 1310 nm, corresponding to £ = 0.95
eV). We also demonstrate that further improvement of
the PCE is possible with ozone treatment (reaching a
PCE of 1.7% under AM1.5, but with lower Voc and FF).
Devices made with and without oxidation treatments
are studied through measurements of optical absorp-
tion, quantum efficiency, shunt and series resistances,
light intensity dependence, and charge recombination
lifetime. The results suggest that the use of the bilayer
structure and the oxidation treatment enhances the
shunt resistance of the device by suppressing the
charge recombination process, resulting in a high V¢
and FF.

RESULTS AND DISCUSSION
Device Performance. A schematic of our device struc-
ture is shown in Figure 1a. The long oleic acid ligands
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on the as-synthesized QDs were first replaced by buty-
lamine ligands in solution, which were then exchanged
by ethanedithiol ligands (detailed procedure is de-
scribed in the Methods section) after formation of QD
films to improve charge transport properties and de-
crease solubility of the films. The QD layer is then pro-
cessed in one of four different ways prior to the deposi-
tion of PCBM: no further treatment (pristine), annealed
in air (air-annealed), or nitrogen atmosphere (N,-
annealed) at 110 °C for 30 min, or treated in an ozone
environment for 6 s (ozone-treated). For the annealed
devices, we applied a post-annealing ethanedithiol
(EDT) solution treatment to the QD layer for 30 s, which
has been observed to lead to a higher photocurrent in
our PbS QD/PCBM devices. Notably, this treatment has
the effect of reducing the conductivity of air-annealed
films of PbS QDs (see the measurements on charge
transport in QD films in the Supporting Information,
Figure S1), presumably due to it passivating surface
states on QDs and therefore reducing the carrier con-
centration. Meanwhile, the increase of the photocurrent
in the solar cell devices indicates that the post-
annealing treatment may increase the exciton lifetime
and reduce the density of electron traps in PbS QDs,
which should increase electron transfer to the PCBM
film.

The current—voltage (/I—V) characteristics of these
devices in the dark and under simulated AM1.5 test
conditions are plotted in Figure 2a,b, respectively, and
the photovoltaic parameters of merit are summarized
in Table 1. We note that the air annealing procedure
leads to a substantial increase in both the V¢ and the
FF. Nitrogen annealing had no such positive effect, sug-
gesting that the enhancement of the device perfor-
mance is related to an oxygen-induced reaction in air.

In addition to air annealing, ozone treatment of as-
deposited QD films also enhances the Voc and FF. The
increase in the photocurrent of the device after the
ozone treatment leads to the highest power conver-
sion efficiency among all of the devices studied here.
Compared to air annealing, in which samples are sub-
jected to an elevated temperature for 30 min, a short
room-temperature treatment in ozone (6 s long) allows
for a rapid surface oxidation process that should facili-
tate removal of QD capping ligands and formation of an
oxide shell for QDs, particularly those at the top sur-
face of the QD film, which form a heterojunction with
the PCBM overlayer. Longer ozone exposure results in
a decreased Jsc and an increased Voc. In the analysis that
follows, we largely focus on the differences between
the pristine and the air-annealed bilayer devices as the
latter exhibit the highest Voc and fill factor and contain
a more uniformly oxidized QD film as compared to
ozone-treated devices.

Composition Change during Air Annealing. In order to inves-
tigate changes in the chemical composition of the PbS
QD films, X-ray photoelectron spectroscopy (XPS) was
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Figure 2. Current—voltage characteristics of representative solar cells

(a) in the dark and (b) under 100 mW/cm? AM1.5 illumination.

carried out on the pristine film and on the air-annealed
films before and after post-annealing EDT treatment.
The XPS spectra show the presence of Pb, S, C, and O.
The atomic ratios of these elements in different samples
are summarized in Table 2. As expected, air annealing
increases the concentration of oxygen. Following the
post-annealing EDT treatment, the oxygen concentra-

TABLE 1. Response of PbS QD/PCBM Solar Cells under
Simulated AM1.5 (100 mW/cm?) lllumination®

Jsc Voc FF PCE Rs Ry
PbS QD PVs (mA/cm?) V) % % (Qm) (Qm)
Ny-annealed 1n7 0.085 32 032 15 40
pristine 8.2 0.16 38 050 2.1 530
ozone-treated 14.0 0.24 50 1.68 1.7 3200
air-annealed 42 0.47 62 127 16.4 120000
Schottky 7.2 0.25 38 068 20 180

(air-annealed)

“The devices are listed in the order of increasing Vo and FF. Response of the Schot-
tky PbS QD/Mg solar cells is also indicated. The series (Rs) and shunt resistance (Rsy)
are calculated from 9V/d/at V = 0.5Vand V = —0.1—0V, respectively, for
each J—V curve of devices in the dark.
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TABLE 2. XPS Chemical Composition (atom %) of the PbS

QD Films

films Pb S C 0
pristine 347 33.6 30.2 15
air-annealed (without EDT) 23.1 19.3 29.8 27.8
air-annealed (with EDT) 21.9 25.7 35.6 16.8

The “with EDT” and “without EDT” refer to with and without post-annealing EDT
treatment, respectively.

tion is observed to decrease. Concentrations of carbon
and sulfur, on the other hand, are observed to increase.
To more precisely identify the species formed during

the chemical treatments, we focused on the XPS spec-
tra of S 2p and O 1s peaks (Figure 3). Peak fitting of line
shapes to the spectra reveals the presence of PbO, Pb-
SO;s, and PbSO, in PbS QD films after air annealing (re-
fer to Figures ST and S2 and Table S1 in Supporting In-
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Figure 3. XPS spectra of S 2p (a) and O 1s (b) peaks in pristine (red)
QD film and air-annealed QD films with (green) and without (cyan)
EDT post-annealing treatment. Sulfur species are fitted with a S 2p
doublet (dotted line) with a 2:1 intensity ratio and 1.18 eV splitting
energy. The binding energies for the species are 160.6 and 161.78 eV
for PbS, 161.85 and 163.03 eV for C—S, 163.43 and 164.61 eV for S,
166.10 and 167.28 eV for PbSO;, and 167.84 and 169.02 eV for Pb-
SO,. Oxygen species are fitted with an O 1s singlet (dotted line). The
binding energies for the species are 529.3 eV for PbO, 530.96 eV for
PbSO;3, and 531.7 eV for PbSO,.

AN N 7Y - -
3746 A&ﬁ%\&) VOL. 4 = NO.7 = ZHAO ET AL.

formation for detailed analysis). Post-annealing EDT
treatment reduces the amount of these oxide com-
pounds and changes their relative composition. For in-
stance, the molar ratio between PbSOs; and PbSO,
changes from 1:1.3 to 1:0.7, suggesting a greater reduc-
tion in the PbSO, composition after EDT treatment.
This agrees with the earlier study by Konstantatos et
al.*® which showed that thiol treatment can remove the
PbSO, on the surface of QDs while leaving behind Pb-
SOs. As noted earlier, our annealing condition leads to
a relatively aggressive oxidation process. Rather than
only modifying the surface chemistry of the QDs, as in
the case of a solution-phase treatment? or short air an-
nealing process,?* it converts a considerable amount of
PbS (~40%) to amorphous oxide compounds that sur-
round the QDs. The benefits of creating this morphol-
ogy will be discussed later. Besides modifying the com-
position of the oxide compounds, the post-annealing
EDT treatment also increases the relative concentration
of C—S (thiol) species, indicative of surface trap passiva-
tion by EDT ligands. Henceforth, a post-annealing EDT
treatment is implied for devices described as having
been “air-annealed” or “N,-annealed”, unless otherwise
specified.

Absorption Spectra of QD Films. Changes in the structure
of the PbS QD films upon ozone, air, and nitrogen treat-
ments are readily observed in their optical absorption
spectra (Figure 4a). The pristine film and the ozone-
treated film show nearly identical absorption features,
suggesting that the brief ozone treatment only oxidizes
a very small portion of the QDs (presumably those
near the film surface) and that the light absorption in
the film is dominated by the unoxidized QDs. During air
annealing, the surface of the PbS QDs reacts with oxy-
gen to form oxide compounds, as shown in the XPS
measurement. The oxide compounds remain as an
amorphous matrix around the QDs (as indicated in the
band structure diagram of Figure 1b), while the effec-
tive size of the QDs becomes smaller. For our QD films,
the spectrum of the air-annealed film exhibits the first
excitonic transition at A\ = 1280 nm, about 170 nm blue-
shifted from the corresponding absorption peak of the
pristine film, which indicates a 0.1 eV increase in the
band gap of the air-annealed QDs. This corresponds to
a reduction of 0.8 nm in QD diameter, which is consis-
tent with the value extracted from X-ray diffraction data
of the films (see Supporting Information, Figure S3). Ac-
cording to the QD size dependence of Vo reported in
other publications,’™?%?" such QD size reduction can
lead to 0.05 V increase in the V¢, which is insufficient
to explain the larger increase (0.3 V) in Voc that we ob-
serve after air annealing of pristine QD films (see Table
1 and Figure 2b). For comparison, the absorption spec-
trum of the nitrogen-annealed film is also plotted in Fig-
ure 4a, which, in contrast, has its first excitonic peak
slightly red-shifted relative to the peak of the pristine
film. This is consistent with a densification of QD films
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Figure 4. (a) Optical absorption spectra of discrete PbS QD
films under different processing conditions. (b) External
quantum efficiency (EQE) spectra of PbS QD/PCBM devices.

as the nitrogen anneal introduces slight sintering and
causes a solvatochromic effect,” both of which would
lead to the observed absorption red shift.

Besides the shift in the first excitonic transition peak,
the total light absorption of the PbS QD film is also re-
duced after air annealing, due to part of the PbS react-
ing with oxygen to form wider band gap oxides, which
lowers the concentration of the optically absorptive
PbS. Figure 4b shows the external quantum efficiency
(EQE) of the pristine, air-annealed, and ozone-treated
devices as a function of wavelength, showing a dimin-
ished photoresponse intensity in the air-annealed de-
vices, reflecting the lower absorption fraction for these
structures, as measured in Figure 4a.

Shunt and Series Resistance. Differences in the perfor-
mance of the devices can be analyzed using a stan-
dard equivalent circuit model (inset in Figure 5), from
which we extract the series resistance (Rs) and the shunt
resistance (Rsy) of each device in the dark (values tabu-
lated in Table 1). We note a strong correlation between
the Voc and FF and the shunt resistance Rsy (Figure 5),
with Voc and FF of a device increasing for larger Rsy. The
finite value of Rsy reflects the presence of current leak-
age paths through the solar cells and/or bimolecular re-
combination of charge carriers within the solar cells.
The air annealing process can efficiently enhance Rsy

www.acsnano.org
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Figure 5. Open-circuit voltage (Voc, solid line) and fill factor
(FF, dashed line) plotted against the derived values of shunt
resistance Rsy. Inset: Equivalent circuit model of a solar cell.

as it can not only form an insulating matrix surround-
ing the QDs that reduces the leakage current but also
provide an energy barrier that suppresses the bimolec-
ular recombination process (Figure 1b).

In contrast to Rsy, the variation in Rs among the
tested devices is relatively small between the light/
dark conditions. Rs is 10-fold higher in the air-annealed
devices (both heterostructure and Schottky) as com-
pared to the pristine, nitrogen, or ozone-treated solar
cells, which reflects the reduction in charge mobility in
the air-annealed QD films, due to the oxide growth on
the PbS QDs. Although these wide band gap oxides in
PbS QD films lead to a higher Rs, they also increase Rsy
(Figure 1b), which, in turn, leads to the higher Voc and
FF. In contrast, nitrogen-annealed PbS QD films have a
low Rs and consequently a higher Jsc. However,
nitrogen-annealed PbS QD films fail to produce high a
Rsp, leading to lower Voc and FF.

Besides Rsy, we found that the Vo is also strongly
correlated to the turn-on point of the forward current
in the dark (Figure 2a). This result is not surprising as Voc
corresponds to the situation where the photocurrent is
completely balanced by the dark current. Therefore, for
a fixed photocurrent, a late turn-on of the device in
the dark will lead to a high Voc. In our devices, the
turn-on occurs when recombination of injected elec-
trons and holes prevails in the forward bias. Hence a de-
vice with diminished charge recombination rate (i.e.,
device that can build up a larger quantity of separated
charges) would yield a high Voc.

Comparing Bilayer and Schottky Solar Cells. The benefit of
incorporating a PCBM layer into the photovoltaic struc-
ture is evident from the comparison of the air-annealed
PbS QD/PCBM bilayer device with a Schottky solar cell
consisting of just the air-annealed PbS QD layer in direct
contact with the Mg/Ag cathode. The Rs for both struc-
tures is nearly the same, indicating that the PCBM film
does not dominantly contribute to the series resistance
of these cells. The Voc and FF are higher in the bilayer
device, reflecting a higher charge buildup and smaller
leakage. The Schottky device, however, exhibits a larger
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short-circuit current (Js¢), which can result from a wider
depletion region for exciton dissociation'>'” and/or a
higher efficacy of exciton dissociation at the QD/cath-
ode interface due to the reduced charge buildup. It is
also notable that in our experiments the device yield
and reproducibility are much higher in the bilayer de-
vice structure, presumably due to the PCBM layer effec-
tively blocking metal penetration through the QD layer
during the evaporation of the top electrode, reducing
leakage paths and yielding a more reproducible elec-
tron transfer interface.

The effect of bimolecular recombination on Vo can
also be seen by comparing the performances of the
pristine bilayer device and the air-annealed Schottky
device: The former has a lower leakage current (as
shown in Figure 2a) and a higher Rsy; however, its Voc
is lower than the air-annealed Schottky device. This sug-
gests that reducing the leakage current alone is not suf-
ficient to achieve a high Vo and that suppression of
charge recombination is vital in the bilayer devices.

Light Intensity Dependence and Charge Transport. The
current—voltage characteristics of the devices were
measured under monochromatic infrared (IR) light illu-
mination (\ = 1310 nm) of different intensities, where
PCBM is transparent for the selected wavelength of IR
light, ensuring that all of the photogeneration is taking
place in the PbS QD film. We observe that the high Vo
and FF are maintained in the IR-illuminated air-
annealed devices (Figure 6a), and that the IR power
conversion efficiency reaches 2.4%. This not only con-
firms that the shape of the /—V characteristics is deter-
mined by the PbS QD layer but also proves that such
devices can be used to efficiently harvest the IR portion
of sunlight.

The light intensity dependence of the normalized
short-circuit current density (Jsc) under IR illumination
is plotted in Figure 6b for the pristine, air-annealed, and
ozone-treated devices. The experimental data are fit-
ted with Jsc o [* to ascertain the contribution of charge
recombination in the loss mechanism for the photocur-
rent. It has been predicted that & = 1 when the photo-
current is determined by the generation rate of
electron—hole pairs upon photon absorption, while
o = 0.75 when the photocurrent is further limited by
formation of space-charge regions due to unbalanced
charge transport for electron and holes.*® In our experi-
ment, a = 0.96 for the pristine and ozone-treated de-
vice and « = 0.81 for the air-annealed device, suggest-
ing that the air annealing treatment and subsequent
post-annealing thiol treatment limit the charge trans-
port properties of the PbS QD film, leading to a space-
charge effect. To elucidate this point, we measured
charge transport through the PbS QD films in a field-
effect transistor (FET) geometry and found that the hole
mobility in the QD film decreases from 5.0 X 1073 to
5.5 X 107° cm?/V - s after air annealing/thiol post-
annealing treatment (mobility values are extrapolated

\\&) VOL.4 = NO.7 = ZHAO ET AL.

from the FET characteristics in the linear regime; see
Figure S4 in the Supporting Information). The decrease
in the film mobility can again be attributed to the insu-
lating oxide compounds acting as a barrier for charge
transport. The fact that the fill factor increases after air
annealing shows that the bias dependence of the pho-
tocurrent is much less affected by the reduced charge
transport than it is by the increased shunt resistance,
which would suggest that the initial geminate pair
separation is very efficient in the QD films.

Figure 6b also shows the increase in Vo for the
three types of devices with the increasing IR light inten-
sity. The increase of Vo with intensity is the largest for
the air-annealed devices, which can be attributed to a
low recombination rate of the photogenerated charges
in these structures. In contrast, faster recombination in
the pristine PbS QD films leads to rapid depletion of the
separated photogenerated charge and hence a lower
increase of the Voc with light intensity. The ozone-
treated devices represent an intermediate situation. It
is likely that in these devices only the interface QDs are
oxidized. Therefore, the increase in their V¢ values, as
compared to the pristine devices, would originate from
the reduced charge recombination at the QD/PCBM
heterointerface, while the decrease of the Vyc in the
ozone-treated devices, as compared to the air-annealed
devices, reflects the fast charge recombination in the
unoxidized bulk QD films. The direct measurement of
the charge recombination rates for different structures
is discussed in the next section.

Charge Carrier Recombination Life Time. To directly mea-
sure charge recombination in the PbS QD/PCBM bi-
layer solar cells, we performed small perturbation tran-
sient open-circuit voltage decay measurements.3' 33 In
this measurement, a DC-biased IR light source (A =
1310 nm) is used to illuminate the device to create ex-
citons that dissociate into electrons and holes. The
separated carriers fill up the sub-band gap states be-
tween the conduction and valence band edges and in-
crease the distance between the quasi-Fermi levels for
electrons and holes, Eg, and Eg, respectively. In an
open-circuit condition, this is manifested as the mea-
sured Voc. Simultaneously, a low-intensity pulsed IR
light is used to induce a small perturbation to the Voc
by transiently generating additional electrons and
holes. This leads to a small and momentary increase in
the energy difference between Eg, and Er,. The resulting
additional transient photovoltage, AV, will then decay
with a lifetime 7 that is determined by the recombina-
tion rate constant (kre, T = 1/kiec) Of the electrons and
holes. Figure 7a shows the transient voltage decay
curves of pristine and air-annealed devices, which can
both be fitted to a monoexponential decay function to
extract the lifetime T and consequently the kiec.

In Figure 7b, we plot ki as a function of the DC-
biased light intensity. For all the devices, k. increases
with increasing light intensity. This is expected as the
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Figure 6. (a) Current—voltage characteristics of an air-annealed device under monochromatic IR illumination (A = 1310
nm) at different intensities. (b) (Top) Incident light intensity dependence of the normalized short-circuit current (Jsc) for
PbS QD/PCBM devices. The experimental data (symbols) are fitted (solid lines) using Jsc = [*. (Bottom) Incident light inten-

sity dependence of the open-circuit voltage (Voc).

mobility of charge carriers is improved as more traps
become filled by photogenerated charge carriers and
the improved mobility can consequently increase the
charge recombination rate constant by increasing the
frequency of opposite charge carriers encountering
each other. We observe that the air-annealed device ex-
hibits a ke much smaller than the pristine and ozone-
treated device at low light intensities, indicating that at
low photogenerated charge carrier concentrations the
charge loss due to recombination process is greatly
suppressed in the air-annealed device. The reduced
charge loss compensates the reduction of photogener-
ated carriers at low light intensities, which explains the
maintaining of high Vo in the air-annealed device at
such conditions. The correlation of k.. and Vo is plot-
ted in Figure 7c. For the pristine devices, even at low
Voc, keec is relatively large, hampering a steady-state ac-
cumulation of separated photogenerated charge. For
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the air-annealed devices, a similarly high ki is only ob-
served at much larger values of Voc when a significant
amount of photogenerated charge is separated.

On the basis of the above observations, we pro-
pose a model (Figure 7d) to explain the charge recom-
bination process in our devices at an open-circuit con-
dition. In the air-annealed device, a thin layer of oxide
compounds at the PbS QD/PCBM interface can act as a
barrier for charge recombination. At low light intensi-
ties, there is only a small amount of photogenerated
carriers available to fill up the subgap states. Therefore,
the position of the electron Fermi level is low, and the
activation energy required for charge carrier recombi-
nation is high, resulting in a low k. As the light inten-
sity increases, more subgap states are filled with photo-
generated electrons, which further raises the electron
Fermi level and accelerates the charge recombination
process until, eventually, the electron transfer from the
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Figure 7. (a) Typical transient photovoltage (AV) decay data together with a monoexponential decay function fit at 0.5
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solid and dashed lines indicating fast and slow recombination rates, respectively. Note that the mechanism also applies to

the bulk PbS QD layer between a QD donor and a QD acceptor.

PbS QD to PCBM is matched by the back electron trans-
fer, thus pinning the photovoltage. In this situation,
the Voc saturates and the k.. probed by the transient
Voc measurement reflects the recombination rate con-
stant within the QD film. For the pristine device, since
there is minimal oxide barrier at the PbS QD/PCBM in-
terface, the charge recombination can occur relatively
easily even at low light intensities and the electron
Fermi level can only move a small amount before the
back electron transfer limits the photogeneration pro-
cess, leading to a low maximum Vopc.

It is important to note that the suppression of bi-
molecular recombination that results from air an-
nealing occurs not only at the PbS QD/PCBM inter-
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face but also between QDs in the bulk PbS QD film.
It has been shown that, due to the high dielectric
constant of PbS, a wide depletion region (~150 nm)
can form in the PbS QD film of a Schottky solar cell
structure under short-circuit conditions. In our bi-
layer devices, the width of this depletion region will
be reduced due to insertion of the PCBM layer, al-
though it may still significantly contribute to the
photocurrent. Therefore, at voltages lower than the
open-circuit voltage (i.e., before the depletion region
width reaches zero), bimolecular recombination of
charge carriers between QDs must also be taken into
consideration in modeling of the electronic pro-
cesses that govern device operation.
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CONCLUSION

We fabricated PbS QD-based solar cells that incorpo-
rate PCBM as the electron-transporting/hole-blocking
layer. By applying a simple two-step processing method
consisting of air annealing and a post-annealing thiol
treatment, we are able to modify the surface proper-
ties of the PbS QDs and consequently the performance
of the solar cells. We show that the fill factor of the de-
vice is predominantly affected by the shunt resistance
of the device, which can be enhanced by (1) using a bi-
layer structure and (2) creating a film morphology
where QDs are surrounded by the less conductive ox-
ide compounds that spatially separate photogenerated
charges, inhibiting their recombination, and leading to

METHODS

Materials. Lead(ll) acetate trihydrate (PbAc), oleic acid (OA),
hexamethyldisilathiane (TMS2-S), 1-octadecene (ODE), hexane,
methanol, butanol, butylamine, ethanedithiol (EDT), and acetoni-
trile (all solvents are anhydrous) were purchased from Sigma-
Aldrich and used as received. PCBM was purchased from Ameri-
can Dye Source Co. and used without additional purification.

Quantum Dots Synthesis and Ligand Exchange. The lead precursor
was prepared by dissolving and degassing 11.380 g of PbAc in
a mixture of 270 mL of OA and 30 mL of ODE at 100 °C. After the
lead precursor was made, the solution was heated to 150 °C un-
der argon, followed by the swift injection of the sulfur precur-
sor formed with 3.15 mL of TMS2-S and 150 mL of ODE. After syn-
thesis, the QDs were purified and extracted with a mixture of
methanol and butanol and then redispersed in hexane. Finally,
the QDs were washed twice with methanol and stored as a
powder.

The ligand exchange was performed inside a nitrogen glove-
box by dispersing the OA capped QDs in butylamine. After 3
days, the QDs were precipitated with methanol and redispersed
in octane to achieve a typical concentration of 75 mg/mL.

Device Fabrication. The patterned indium tin oxide (ITO)-coated
glass substrates were treated in 0.2 M (3-
mercaptopropyl)trimethoxysilane (MPTMS, in toluene) solution
for 12 h to grow a self-assembled monolayer of MPTMS, for the
purpose of improving the adhesion of the QD films on the sub-
strates. After the treatment, the PbS QD solution was spin-coated
on the substrates at 1500 rpm for 1 min. The QD films were
then dipped in 0.002 M EDT (in acetonitrile) solution for 30 s, fol-
lowed by a rinse with pure acetonitrile. The spin coating and
EDT treatment procedure was repeated twice to achieve a film
thickness of approximately 110 nm. We also experimented with
a layer-by-layer dip coating technique?® to make PbS QD films
from the OA capped QD solution. For the air-annealed devices,
the two deposition methods yield almost identical device char-
acteristics. For the pristine devices, however, the dip coating
method generally results in lower fill factor and slightly lower
short-circuit current (see Figure S5 in Supporting Information).
We note that film morphology of all the QD thin films appeared
similar in atomic force microscopy images. Following oxidation
and ligand exchange treatments of the PbS QD layer, a ~70 nm
thick PCBM layer is spin-coated from a 10 mg/mL PCBM solution
in chloroform. Finally, the top electrode was deposited by evapo-
ration of 50 nm thick film of Mg followed by 70 nm thick film of
Ag. Each device has an area of 0.012 cm?.

Characterization. The current—voltage characteristics of the de-
vices were measured using either a Keithley 6487 sourcemeter
or a HP 4155B semiconductor parameter analyzer. The devices
were illuminated through the glass substrate using an Oriel
91191 1000 W full spectrum solar simulator. Spectral mismatch
was not corrected for these measurements. For the light inten-
sity dependence experiment, devices were illuminated with a
Newport LPM laser diode (A = 1310 nm) in conjunction with a
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increased Voc. Presently, the power conversion effi-
ciency of the air-annealed devices is limited by the low
photocurrent, which is largely due to the low optical ab-
sorption and the high series resistance of the QD films.
The field dependence of the photocurrent in these
structures appears to be dominated by charge transfer
and charge recombination processes and is less af-
fected by charge transport. These insights demon-
strate the importance of limiting current leakage and in-
terfacial charge recombination in QD solar cells (which
is reflected in the high shunt resistance and late turn-on
in the forward bias) and suggest that introduction of
an inert interfacial layer (such as that of PbO on PbS
QDs) can assist in maintaining the high Voc and FF.

variable neutral density filter wheel to control the light inten-
sity. For the carrier recombination lifetime measurement, a New-
port LQD laser diode (A = 1310 nm) driven by an Agilent 33220A
function generator was used as a second light source to pro-
vide square wave modulated illumination. This illumination was
filtered through a neutral density filter before reaching the de-
vice to ensure a small illumination perturbation. Voc decay tran-
sients were recorded on a Tektronix TDS 3054B digital oscillo-
scope with a Tektronix ADA440A high impedance differential
preamplifier. The X-ray photoelectron spectroscopy was carried
out using a Kratos Axis Ultra spectrometer equipped with a
monochromated Al Ka X-rays (1486.6 eV) operating at 150 W
power. The optical absorption spectra of PbS QD films were ob-
tained by measuring the transmittance of the films on glass sub-
strates, using a Cary 5E UV—vis—NIR dual-beam spectrophotom-
eter. For the external quantum efficiency spectrum
measurements, the incident light was generated by a quartz
tungsten halogen lamp, chopped at 45 Hz, dispersed by a mono-
chromator, and conducted through an optical fiber to the
sample surface. The light intensity was calibrated using a combi-
nation of a Newport silicon photodetector (for wavelength of
400—800 nm) and a germanium photodetector (for wavelength
of 800— 1500 nm), and the photocurrent at a short-circuit condi-
tion was measured with a Stanford Research SR830 lock-in
amplifier.
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