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ABSTRACT: ZnO films are commonly employed as n-type semiconductors in 5
heterojunctions with PbS colloidal quantum-dot (CQDs) films because of their ol ==
outstanding optical transparency and electron acceptor properties, yet studies of

the impact of ZnO film microstructure, composition, and defect qualities on the —T—
solar-cell performance are quite limited. Here we report on the fabrication of
ZnO films via pulsed-laser deposition and use these films to investigate how
different morphologies affect the PbS CQD solar-cell performance. By
modification of the background gas O, pressures during the ZnO deposition
process, the device performance approaching a 7.8% energy conversion
efficiency is achieved with an O, pressure of 100 mTorr. Higher or lower O, ‘ ‘ ‘ ‘
pressures led to significantly lower device efficiency. We employ various '2_51 0 -06 -02 02 06 10
materials and device characterizations to highlight the differences in the physical Voltage (V)

properties introduced by the fabrication oxygen pressure. In particular, we have

found that the differences in the type and density of ZnO oxygen defects are the key factors behind the dispersion in solar-cell
performances.
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B INTRODUCTION

PbS and PbSe semiconducting colloidal quantum dots
(CQDs) have been widely investigated because of their wide
range of optoelectronic device applications such as photo-
voltaic devices,' ™ photodetectors,5 and light-emitting di-

odes.>™® The extensive attention of CQDs by researchers ok - T
originates not only from their unique properties such as radla%on is also well-known and adds to its utll,lty n solar
tunable band gap via particle-size mo dification®™ "' and cells.”™ Several groups have explored various modifications to
convenient energy-level adjustment via molecular linkers'>'3 ZnO films and monitored the effect of these modifications in

. 4,1621,22 )
but also from their practical device fabrication advantages, such solar ce}ls to achieve >8(;é dPC}]lE t Sofngd;fnd Cheng’s
as the ease of operation of solution-based processing at low group, lor instance, studied the impact of different Zn0
temperature and low cost. Specific to solar cell applications, the thlckr213esses on optimization of the CQ-D solar-cell perfor'm-
significant developments in CQD solar cells have been mainly anccle. Until a few years ago,. nanowires of ZnQ, which
realized through two routes: device architecture engineering deviated from common flat architectures, were considered to
and surface passivation. Through those, the highest reported be an enabler architecture that eased the transport of electrons
. ) . v

certificated power conversion efficiency (PCE) of 12% was out of the S%D layer. For example, Bawendi, Gradecak, and
recently achieved."* Additionally, PbS CQD solar cells with co-workers™”* fabricated ZnO nanowire arrays to improve the
different architectures have been reported with outstanding air solar-cell device performance with large photocurrents. Never-
stability.4’15717 theless, the most efficient ZnO CQD solar cells reported have

Among the numerous studies of the depleted-heterojunction employed flat films, but the impact of the ZnO film
CQD solar-cell performance improvements, the majority of

extraction and transportation of the charge carriers. It has
already been demonstrated that ZnO is an excellent candidate
as an electron-transport layer because it possesses relatively
high mobility, high optical transparency (wide band gap),
abundance, and ease of fabrication and processing.'®'’ The
excellent photosensitive response of ZnO to ultraviolet (UV)

researchers have devoted their attention to optimization of the
absorbing layer. The exploration of window-layer materials is
rather limited even though they play a crucial role in the
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microstructure on optimization of the CQD solar-cell perform-
ance still requires further investigation because some
morphological variations, optimized by just the final device
performance, are not particularly well understood.

To investigate the effect of different ZnO film morphologies,
covering not just microstructure but composition and defects,
a suitable fabrication method must be considered. Because of
its simplicity and large-area applicability, sol—gel is more
commonly used to deposit ZnO in order to study the CQD
photovoltaic devices.”*”>* However, sol—gel approaches
typically only allow easy adjustment of the film thickness,
making additional film morphology control a challenge.
Therefore, it is imperative to find an alternative way to make
this morphology control be practicable. Pulsed-laser deposition
(PLD) is a method for ZnO film fabrication by which
researchers have reported that one can tailor subtle changes in
the film surface morpholo)ggf and properties via its deposition
background gas pressure.””® Inspired by this, in this work we
employ PLD with various oxygen gas pressures to obtain ZnO
films with different microstructures and examine the perform-
ances of the corresponding ZnO—PbS CQDs photovoltaic
devices. Although oxygen pressure increases during PLD
fabrication produced monotonic trends in the grain size,
crystallinity, and electron mobility, once these ZnO layers were
incorporated into PbS CQD solar cells, the photovoltaics
showed a peak in the performance at the midpressure
fabrication setting. Investigation of the underlying physical
mechanism showed that such a midpressure enhancement
arises from a reduction in the bimolecular recombination,
which we trace to an enhancement in the carrier lifetime and a
minimization of the ZnO oxygen defect densities. Our
experimental data demonstrate a detailed information on
how to obtain an optimal morphology for the ZnO film to
improve the device performance and reveal that simple
crystallinity or grain enhancement is insufficient. Moreover,
our work provides clear guidance on the minimal quality and
morphology that the electron-transport layer must possess for
the successful fabrication of heterojunction oxide—PbS CQD-
based solar cells.

B RESULTS AND DISCUSSION

Considering the architecture of the solar cells, the most
obvious role the ZnO-based entry window should play is to
provide an n-type electrical layer with minimal impedance for
light transmittance into the absorbing layer. The UV—vis
spectra of three types of ZnO films that were deposited under
different oxygen gas pressures are shown in Figure 1. To make
it simple, before further discussion, we designate the ZnO film
deposited under 80 mTorr oxygen as type I ZnO, under 100
mTorr oxygen as type II ZnO, and under 150 mTorr oxygen as
type III ZnO. Notably, all of the curves present a clear UV
absorption edge around 375 nm wavelength and a large
transmission (80—90%) from the blue to near-IR wavelength
region. However, the curves are not identical, and we can see
that the high transmission region presents a modulation typical
of interference effects across the oxide layer. Ellipsometry
measurements show that the ZnO index of refraction decreases
slightly under increased oxygen pressure. The refractive indices
for the 80, 100, and 150 mTorr films are 1.89, 1.82, and 1.78,
respectively (taking the SO0 nm wavelength value as
representative of the visible range). This optical change
(compared with the bulk ZnO index at S00 nm wavelength,
which is 1.98) may arise from the structural changes in the
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Figure 1. Optical transmission spectra of three different types of ZnO
films.

film. This is confirmed by inspection of the scanning electron
microscopy (SEM) micrographs of the ZnO films prepared at
various oxygen pressures. As indicated in Figure 2, an inverse
relationship between the oxygen pressure and the grain size of
the ZnO film is an obvious effect. Less obvious, but in
association with the index of the refraction drop, the grains are
not only smaller but also less densely packed. This effect from
PLD has been shown in other instances.”’ The results from
atomic force microscopy (AFM) analysis (Figure S1 in
Supporting Information) agree well with the SEM results.
They reveal that the root-mean-square roughness in the films
increases along with and increase of the background gas
pressure, forming a progressively less compact microstructure
composed of smaller nanocrystallites.

This microstructural change is coupled with structural
quality changes on the atomic scale. To explore this
connection, we perform X-ray diffraction (XRD) to analyze
the crystal structures of the deposited ZnO films (Figure S2).
The XRD patterns of the three types of ZnO films indicate that
they present the expected wurtzite structure, but as can be
noted, the C-axis-oriented (002) peak intensity decreased
significantly following the oxygen pressure increase, with a
concomitant increase of the full width at half-maximum
(fwhm). Scherrer’s” relationship between the X-ray line
sharpness and size of the nanocrystallites confirms the
microstructural changes that we already noted from the SEM
micrographs. The XRD data have a more important
implication, specifically that the smaller crystallites are also
increasingly incoherently connected (breaking crystal trans-
lation symmetry) among each other. Thus, although the film
morphologies and their optical properties are quite similar, we
could expect that the microstructure qualities will have a
marked influence in the electron-transport properties, namely
the carrier-transport mobility.

The field-effect transistors (FETs) with the ZnO film in the
channel are fabricated to study the electrical transport
properties of the ZnO films prepared at different pressures.””
The detailed electrical parameters obtained from FET
measurements are summarized in Table 1. We observe that
the carrier mobility of the ZnO films decrease while increasing
the oxygen gas pressure during deposition. Simultaneously, the


http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b01983/suppl_file/an8b01983_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b01983/suppl_file/an8b01983_si_001.pdf

Figure 2. SEM images of the deposited ZnO films under different oxygen pressures: (a) 80 mTorr; (b) 100 mTorr; (c) 150 mTorr.

Table 1. Deposition Oxygen-Pressure-Dependent Electrical
Properties for Different ZnO Films

carrier

deposition oxygen concentration mobility gcm2 conductivity

pressure (mTorr) (em™) vs™) (S em™)
80 2.9 x 10" 5.1 1.6 x 107*
100 6.5 x 10" 34 53 %107
150 1.5 X 10" 2.4 5.6 x 107

correlated carrier concentrations increase. The ZnO film
deposited under lower oxygen gas pressure gives a larger
carrier mobility owing to the smaller number of grain
boundaries in such a film,*° as observed in the SEM images
(Figure 2). Overall, the trends in the optical transmission,
SEM, AFM, XRD, and mobility data indicate that the ZnO film
fabricated with the lowest oxygen pressure has the best
morphology and electronic properties. However, as shown
below, subsequent studies of solar cells fabricated with these
films revealed that these trends do not correlate with the solar-
cell performance.

Solar-cell devices were fabricated in a layered structure with
ZnO/PbS-TBAI/PbS-EDT/Au (TBAI = tetrabutylammonium
iodide; EDT = 1,2-ethanedithiol) on an indium—tin oxide
(ITO)/glass substrate (schematic in Figure 3a). Each
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Figure 3. (a) Schematic device structure showing the heterojunction
between n-type ZnO and p-type PbS CQDs. (b) SEM cross-sectional
image of type II ZnO—PbS CQD devices indicating layer thicknesses.

particular layer was created as described in detail in the
Methods section and with thicknesses within 5% of those
shown in the representative example in Figure 3b. It is worth
pointing out that, for the three types of ZnO films, the film
thicknesses are 108 + 1, 110 + 1, and 113 + 1 nm,
respectively. Because the thickness difference is still within 5%,
its influence on the device performances could be ignored, and
we approximately take the film thicknesses for all types as the
same. The current—voltage (J—V) characteristics and external
quantum efficiency (EQE) spectra of the three types of ZnO—
PbS CQD solar cells are displayed in Figure 4a. The typical
devices with type I ZnO exhibited a Jsc of 17.3 mA cm™2, a

Voc of 0.64 V, and a fill factor (FF) of 48.2%, resulting in a
PCE of 5.3%. Fabricated at 100 mTorr of oxygen, the type II
ZnO devices surprisingly presented a significant PCE enhance-
ment, delivering a local champion device (type II ZnO) with a
PCE of 7.4% and a Js of 21.1 mA cm™2 However, when the
oxygen pressure was further increased to 150 mTorr (type III
Zn0), the PCE of the devices suffered a substantial
deterioration. The descriptions of the ZnO films and the
corresponding device performance parameters are listed in
Table 2 in detail. Comparing the different devices, we can see
that both Jsc and FF of type II ZnO are simultaneously
improved with very minimal changes in V¢. This is confirmed
by the ultraviolet photoelectron spectroscopy (UPS) measure-
ments on ZnO films deposited under different oxygen
pressures (Figure S3). With an increase of the oxygen gas
pressure, the Fermi level regarding the vacuum did not show
an obvious change, indicating that a similar V¢ can be
expected for the devices with different types of ZnO films. In
order to guarantee that this was not an anecdotical event in the
device performance, 20 devices of each type were tested. The
statistical deviations from the median values are relatively small
(under 7% variation) for all devices, supporting the conclusion
that ZnO morphological changes induced by the PLD oxygen
pressure are indeed behind this substantial solar-cell perform-
ance effect. Still though, as highlighted above, this solar
performance trend does not simply follow the SEM/AFM/
XRD structural tendencies or the electrical parameters derived
from the ZnO FETs characterization.

To identify the origin of the Jsc improvement, we obtained
the EQE spectra for different types of ZnO-film-based PbS
CQD solar cells, as shown in Figure 4b. In order to make
comprehensive comparisons, the EQE spectra are divided into
three distinctive regions. In the UV region (400—450 nm), the
higher EQE value in type I ZnO devices is consistent with the
outcome of the optical transmission spectrum discussed above.
This optical difference is not large, but it might explain the
slight relative decrease for both type II ZnO- and type III ZnO-
based devices. In the visible region (450—700 nm), the EQE of
type II ZnO devices demonstrates a higher, broader, and more
feature-rich response, which states that type II ZnO devices
couple to visible wavelengths more effectively and/or could
more efficiently extract the charge carriers. In the IR region,
the EQE spectra overlap quite well for all three types of
devices, and this confirms, as others have demonstrated, the
positive role of the PbS-TBAI/PbS-EDT back structure to
secure the IR-originated carriers’ extraction.” On the basis of
these observations, it is clear that the higher Js¢ of type II ZnO
devices is attributed to improvement of the EQE in the visible
region. However, the significant change in the FF indicates that
this is not a pure optical enhancement arising from a
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Figure 4. (a) Representative J—V characteristics. (b) EQE curve of devices with ZnO films under different deposition oxygen pressures.

Table 2. Performance Parameters of Three Types of Devices
Summarized from Figure 4

Jsc
device Voc (V) (mA cm™?) FF (%) PCE (%)
Type I ZnO— 0.64 + 0.01 17.2 = 0.7 482 + 0.5 53+02
PbS device
(80 mTorr)
Type II ZnO— 0.64 + 0.01 21.1 £ 0.1 55.6 + 0.1 74 £ 03
PbS device
(100 mTorr)
Type III ZnO— 0.64 + 0.01 193 £ 0.2 48.7 £ 0.1 6.0 + 0.2
PbS device

(150 mTorr)

constructive light-interference event originating of the film
thickness and index of refraction combination of the whole
stack. Indeed, the J—V curve shows that at high reverse bias
(=1 V) all of the current densities closely converge ~20—21.5
mA cm~’, indicating that the optical differences are not
substantial enough to explain the behavior from the short
circuit to the forward bias regions.

To identify the fundamental reasons behind the performance
differences between different types of devices, the J-V
characteristics and EQE spectra under various illumination
conditions were performed to explore the charge carriers’
recombination process. The charge collection probabilities of
the devices under various light intensities are obtained by
manipulating the J—V characteristics and from which the
predominant recombination mechanism (bimolecular/mono-
molecular recombination) is recognized. As discussed in other
literature reports,34_3’6 the photocurrent of a PbS CQD-based
solar cell with a thickness z of the PbS film could be derived
from a simplified model of charge generation/collection:

Jn = / G(LI) P(LLV) dz 0
where G(LI) is the absorbed photon flux per unit volume and
P(LLV) is the probability of charge collection [G is a function
of the light intensity (LI) and P, is left to possibly be].**™*°
Alternatively, under a more common situation in which we do
not consider the effect of the device geometry, this probability
can be presented as

P(LL V) = |]Ph (LI, V)/(]ph at saturation) @)

Given that the saturated current is set at —1 V for all three
kinds of devices, we could expand the collection probability as
follows:

B(LL, V) = 1], (LL, V)/J, (LI, =1V)| 3)

As shown in Figure S, under different light intensities, the
charge collection probabilities derived from the equations
discussed above do not overlap exactly at all applied voltage
biases for all three types of devices. This is a qualitative
indication of the existence of bimolecular recombination®*~*
for all three device types, but the curves also indicate that its
prominence in each device type is significantly distinct. In the
type II device, the normalized curves overlap quite well in the
reverse bias region and their degrees of dispersion over the
positive voltage range are relative smaller. In sharp contrast, for
both the type I and III devices, all of the curves start to
disperse immediately from the reverse bias region. The curves
dispersion for the type I device is the widest, even more than
that for the type III device, especially in the reverse bias region.
Therefore, this demonstrates that bimolecular recombination
appears significantly greater in both the type I and III devices.
This is the most likely physical reason accounting for the
reduction in the FF compared to the type II device.

Figure 6 shows the EQE spectra measured while the devices
were exposed to different white-light intensities (all taken in
short-circuit conditions). In an ideal case, the EQE dark curve
should overlap well with that under extra white-light exposure.
In other words, as before, the more acute EQE curve
dispersion indicates that more recombination is occurring
under illumination. When the three types of devices are
compared, the EQE curve of the type II device shows the least
dispersity versus the dark curve through the whole wavelength
region.

The above light-intensity experiments all confirm that the
differences in bimolecular recombination are the key factor
separating the performance between devices. However, how is
this type of recombination linked to the ZnO fabrication
differences? In order to make headway in this key question, we
have directed our attention to quantitatively studying the
charge-carrier accumulation and transport in the PbS CQD-
based solar cells. Electrochemical impedance spectroscopy
(EIS) is a very powerful tool for the investigation of the
impedance spectra of these devices under different V¢
conditions that were extracted from the J—V characteristics
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Figure 5. Charge collection probabilities of the devices with ZnO films under different deposition oxygen pressures: (a) 80 mTorr; (b) 100 mTorr;
(c) 150 mTorr. The charge collection probabilities of all are derived from the normalization of their J—V characteristics under different light

intensities, respectively.

induced under different light intensities (Figure 7). In these
curves, Z, the complex impedance of the device is expressed by
the two parts, the real part Z’ and the imaginary part Z”. The
relationship among those three is shown as follows (eq 4):

Z(w) =27 +iZ" (4)

The frequency is an indirect parameter in Figure 7, and it
decreases along the semiarc from left to right under different
light intensities.>”** Although the semiarcs look quite similar,
quantitatively there are important differences. In the low-
frequency region, the recombination resistance is quantified by
the value derived from the cross point of the EIS curve and the
7' axis.’®® In Figure 8a, we show these recombination
resistances versus Ve obtained under different light bias
conditions. A large recombination resistance (R,.) is a
necessary element for high-performance PbS CQD-based
solar cells because the accumulated charge carriers are allowed
to flow through the external circuit under this circum-
stance.”®*® EIS also allowed us to characterize the carrier
lifetime of these CQD-based solar cells. This is a crucial
parameter to describe the charge dynamics of the solar cells.
Generally, the primary relaxation process could be expressed
by the following equation:***'

I(t) = Ae™"/™ (5)

where A is a constant, 7, is the carriers’ lifetime, and t is the
time. The relaxation process listed above can be associated

with a characteristic frequency,””*
the following equation:

which is simply given in

o, =1/7

(6)

where the value of the frequency w, can be directly derived
from the plot of the imaginary part of the impedance Z” as a
function of the frequency. @, is the frequency that corresponds
to the peak value of Z”. In Figure 8b, it is clear that the lifetime
of the carriers in a type II device is the longest among the three
types of devices, followed by type IIl and type I under
illumination.

Up to this point, we can partially summarize the findings by
stating that the differences in the solar-cell performance are
due to different rates of bimolecular recombination, and this
deleterious effect is minimal in type II ZnO-containing solar
cells because its carrier lifetime and recombination resistance
are the largest. Because the only difference in these devices is
in the ZnO morphology, we should be able to connect the
improved device metrics to the type II ZnO structural/
compositional morphological characteristics.

However, given that the mobility and charge lifetime should
be positively correlated, why does the FET mobility character-
ization not anticipate the EIS observations? We believe the
most important reason behind this apparent discrepancy is that
the FET measures transport qualities in-plane along the film
surface but not across the film-thickness dimension, the way
charges move in solar-cell operation and are actually probed by
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Figure 6. White-light bias EQE spectra of the devices with ZnO films under different deposition oxygen pressures: (a) 80 mTorr; (b) 100 mTorr;

(c) 150 mTorr.

EIS. As shown in the SEM micrographs, the structures of the
films are granular but are also somewhat columnar (Figure 2);
thus, defects in-plane across those columns are likely to affect
the FET measured mobilities, but the defects along the film
thickness likely play a larger role in solar-cell operation.

To probe the existence and density of defects in the ZnO
layers, we have employed several approaches, the first of which
is transient photovoltage spectroscopy.’”** Using this
technique, the trap state densities of the three types of devices
have been explored. For an ideal trap-free semiconductor, the
photogenerated electrons under illumination experience a very
fast relaxation process to the conduction band edges and still
sustain dynamic thermal equilibrium. This situation is
applicable for the holes in the valence band. The two quasi-
Fermi levels that they establish are directly corresponding to
the Vo itself. For a semiconductor with traps, upon
illumination some of the photogenerated carriers are used to
fill the traps and therefore generate a smaller Vi5¢. This process
could be revealed with transient photovoltage spectroscopy.
On top of a constant light bias, a 532 nm nanosecond laser was
employed for the Vc modulation. Parts a—c of Figure 9 show
the capacitance, carrier concentration (n), and density of trap
states (DOS) at a series of V¢ values. Given the assumption
that the exciton generation and applied bias are noncorrelated
and a small recombination occurs under short-circuit
conditions, because the capacitance corresponds to the stored
charge in the bulk of the film, a larger capacitance implies more
trap states in the film. Here n can also be seen as the number of

extra carriers used for separation of the quasi-Fermi levels and
Voc accordingly (more details on this method can be found in
ref 1). As shown in Figure 9, in all parameters n, capacitance
per unit area, and particularly the DOS, the lowest values are
all associated with the type II device, followed by the type III
device, and the highest are in type I. This is consistent with the
photovoltaic performance shown earlier. We note that this
technique cannot distinguish where the defects are located.
Because ZnO is the electron acceptor, we presume that some
defects are at energy states below the conduction band in ZnO,
but some may also exist within the PbS layer. However, as
noted earlier, extreme care was taken to ensure uniformity in
the PbS layer across samples so that most differences can be
attributed to ZnO itself.

On the basis of the aforementioned results and discussion,
the performance improvement with optimized ZnO film
morphology can now be thoroughly explained. Despite
showing a better planar mobility, presumably because of its
in-plane compactness, type I ZnO has a higher overall density
of defects. The best cell performance obtained from type II
ZnO arises because it presents the lowest defect DOS, the
largest carrier lifetime, and thus a reduced bimolecular
recombination.

Finally, what physical defects have been caused by the ZnO
performance disparity? Photoluminescence (PL) and X-ray
photoelectron spectroscopy (XPS) were employed to bring
light to this last question. Figure 10 shows the PL and XPS
spectra for the three different types of ZnO films. As illustrated
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Figure 8. (a) Recombination resistance and (b) carrier lifetimes for the devices with ZnO films deposited under different oxygen pressures.

in the PL spectra (Figure 10a), the two emission peaks indicate
different kinds of emissions. The band-edge emission is
indicated by the peak centered near 400 nm, and the oxygen
vacancy (V) defect-related emission, in turn, is indicated by
the other broad one centered at 660 nm.*~*” Among the three
types of ZnO films, type I ZnO has the highest peak related to
the Vo defect, which is likely the ultimate culprit behind its
lower performance in the solar cells. This is also the most likely

reason for the device’s slight EQE losses within the 500—800
nm wavelength region in absorption/emission. On the other
hand, XPS analysis provides details on the state of the surface
oxygen ions in ZnO. As shown in Figure 10b—d, the
deconvoluted oxygen binding peak for ZnO could be expressed
by two contributing signals: the lower-binding-energy peak
(529.2 €V) corresponds to the oxygen atoms in a ZnO matrix,
and the higher-binding-energy peak (531.5 eV) corresponds to
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Figure 9. Capacitance (a), carrier concentration (b), and DOS (c) for the devices with ZnO films deposited under different oxygen pressures.

the oxygen interstitial defects.** The numbers shown within
the figure are the ratios of the area of the lower-binding-energy
peak to that of the higher-binding-energy peak, which indicate
the relative content of the oxygen-defected binding sites in the
ZnO film. The data in Figure 10b,c show the relatively smaller
intensities of the higher-binding-energy components, indicat-
ing that the oxygen interstitial binding defects in the ZnO films
are lower at the two lower oxygen fabrication pressures. These
XPS and PL results indicate that the decline of the vacancies
and the rise of the oxygen interstitials along the oxygen
pressure increase the path, introduce different traps, and hinder
the mechanisms to charge transport in the solar cell. The best
morphology of the ZnO film thus seems to result from a
balancing act between these compositional layer defects.

B CONCLUSION

During the fabrication of three types of ZnO films by PLD,
which differed only in the oxygen pressures employed during
growth, we encountered very distinct differences that had a
remarkable impact on their performance as part of PbS CQD
solar cells. Oxygen pressure increases led to small grain sizes,
less crystallographic alignment, lower film density, and a
decreased index of refraction, which, in turn, resulted in a
decreasing in-plane electron mobility. Notwithstanding this
monotonic trend, the midfabrication pressure, 100 mTorr,
actually resulted in the higher PCE performance of 7.8%, due
to significantly enhanced Jsc and FF relative to the devices with

ZnO made at the highest and lowest fabrication pressures.
Light and voltage bias analyses showed that the bulk of this
improvement originated from limited bimolecular recombina-
tion, which was likely a consequence of an extended carrier
lifetime and a relatively low defect density. The defects are not
limited to one defect type; rather there are the luminescent
defects associated with oxygen vacancies declining with oxygen
fabrication pressure and other types associated with
interstitial/amorphous ZnO. These results highlight the clear
morphology changes that a single processing variable can
induce to modify the microstructure and atomic structure of
the material and thereby lead to drastic optoelectronic
property changes. Direct measurement of the material defect
types and densities might be no less important than more
immediate characterizations such as the crystallinity, grain size,
or even in-plane mobility. Further work is now directed toward
determining whether the ZnO oxygen defects are a bulk-
transport hindering factor or only possibly acting at the
interface with the PbS CQD film.

B METHODS

Materials. Lead(II) oxide (99.999%), anhydrous hexane (95%),
tetrabutylammonium iodide (TBAIL; >99%), 1-octadecene (95.0%),
hexamethyldisilathiane (synthesis grade), 1,2-ethanedithiol (EDT,
99%), oleic acid (99%), anhydrous acetonitrile, and methanol were
acquired from the chemical company Sigma-Aldrich.
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Synthesis of PbS CQDs. PbS CQDs were _s?rnthesized via a
modified version of the procedure of Hines et al.** ™" The description
of the synthesis procedures is included in the Supporting Information.

Synthesis of the ZnO Film. The ZnO film was prepared by PLD.
ITO-coated glass was ultrasonically washed successively in a
detergent, deionized water, acetone, and isopropyl alcohol and then
dried under air. ZnO films were deposited on clean ITO glass by PLD
(PVD Products Nano-PLD-1000 Pulsed Laser Deposition System,
configured with a 248 nm KrF excimer laser) at room temperature
from a ZnO target (Kurt J. Lesker 99.9% purity). The oxygen gas
pressure was set as 80, 100, or 150 mTorr, and the flow rate was set as
5 scem. The chamber was pumped down to 107 Torr before flowing
the oxygen and starting the ZnO deposition. For ZnO film deposition,
a pulse energy of 200 mJ and a repetition rate of 40 Hz were used. All
ZnO films were then annealed in air for 30 min at 350 °C.

Fabrication of the Solar Cells. PbS CQD films were fabricated
through solid-state ligand exchange via a layer-by-layer dip-coating
technique, and the whole process was conducted in air. Each cell was
composed of 35 layers of TBAI-coated PbS CQDs and § layers of
EDT-coated PbS CQDs. For the preparation of one layer of TBAI-
coated PbS, substrates were dipped in four different solutions
successively: (1) a TBAI (10 mg mL™" in methanol) solution was
used as the linker solution, (2) a 7.5 mg mL™' PbS CQD solution was
used in hexane, (3) a TBAI (10 mg mL™" in methanol) solution was
used as an exchange solution, and (4) methanol was used as a rinsing
solution. For each solution, the substrates were immersed for 5, 20,
15, and S s and withdrawn at speeds of 1, 10, 10, and 10 mm s™*
followed by drying times of 60 s, 80 s, 30 s, and 60 s, respectively. The
same dip-coating process parameters and sequences were applied for
the subsequent preparation of layers of EDT-coated PbS films with a
EDT solution (0.02% by volume in acetonitrile). A total of 100 nm of
gold was used as the photocathode, and it was deposited in a thermal
evaporator under 1075 mbar.

Characterization of the ZnO Film. X-ray diffraction (XRD)
with a Cu Ka X-ray emission line (Rigaku Multiflex X-ray
diffractometer) was performed to characterize the crystal structure,
and atomic force microscopy (AFM; USA Bruker, Dimension Icon/
FastScan AFM) was performed for the surface morphology and RMS
roughness. Field-effect-transistors (FETs) were employed for mobility
characterization (double Keithley 2450 with CGS-4 probe station; the
channel with a 0.15 mm channel width and a 1.5 mm channel length
was built on a SiO, p-type wafer, with 285 nm oxide and 100 nm
aluminum contacts); photoluminescence (PL; Horiba) and X-ray
photoelectron spectroscopy (XPS; ThermoFisher ESCALAB 250Xi)
were utilized to obtain information on the ZnO composition and
defects. Ultraviolet photoelectron spectroscopy (UPS; ThermoFisher
ESCALAB 250Xi) measurements were conducted in an ultrahigh-
vacuum chamber (107'° mbar) with a helium(I) (21.2 eV) discharge
lamp. The resolution was 0.1 eV. Copper tape was used to make the
electrical contact. A 10.0 V bias was used to determine the low-
kinetic-energy photoelectron cutoff. Scanning electron microscopy
(SEM; FEI Helios 600 Nanolab Dual Beam System) was performed
to investigate the surface morphology of the ZnO films and device
structures.

Characterization of the PbS Solar Cells. ]—V characteristics
were conducted with a Keithley 2400 sourcemeter under simulated 1
Sun (1000 W m™2) solar illumination generated by a Newport solar
simulator. The various incident-light-intensity conditions were
realized by neutral density filters. EQE measurements were performed
under chopped monochromatic light, which originates from a halogen
lamp, and the generated photocurrent was recorded by a lock-in
amplifier. EIS measurement was conducted with a Gamry 500
potentiostat with a Gamry Framework for characterization of the
impedance of the photovoltaic devices. In the photovoltage transient
measurement, modulation of V¢ was realized by a 532 nm high-
energy nanosecond laser (Minilite I, Continuum Laser Company) on
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top of constant light bias with S ns pulse duration and 15 Hz
repetition rate. The modulated V5 was well controlled by tuning the
intensity of the nanosecond laser to make sure that it was less than
10% of Vyc. The open-circuit voltage transient was recorded with a
digital oscilloscope (TDS 380, Tektronix) at an input impedance of 1
MQ, while the short-circuit transient was measured at an impedance

of 50 Q.
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