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ABSTRACT: In colloidal nanoparticle (NPs) devices,
trap state densities at their surface exert a profound impact
on the rate of charge carrier recombination and,
consequently, on the deterioration of the device perform-
ance. Here, we report on the successful application of a
ligand exchange strategy to effectively passivate the surface
of cuprite (Cu,0) NPs. Cu,O NPs were prepared by
means of a novel synthetic route based on flame spray
pyrolysis. FTIR, XRD, XPS, and HRTEM measurements
corroborate the formation of cubic cuprite Cu,O nano-
crystals, excluding the possible presence of undesired CuO
or Cu phases. Most importantly, steady-state emission and
transient absorption assays document that surface
passivation results in substantial changes in the intensity
of emissive excitonic states—centered at copper and
oxygen vacancies—and in the lifetime of excitons near the
band edge. To shed light onto ultrafast processes in Cu,O
nanocrystals additional pump probe experiments on the
femtosecond and nanosecond time scales were carried out.
Two discernible species were observed: on one hand, an
ultrafast component (~ps) that relates to the excitons; on
the other hand, a longlived component (~us) that
originates from the defects/trap states.

M etal oxide semiconductors offer a broad range of attractive
properties, including chemical stability, nontoxicity, and
high abundance of elements."” Recently, special attention has
been paid to preparing and probing colloidal nanoparticles
(NPs) of copper oxide in the context of various photonic and
photoelectrochemical applications.> ® Cuprous oxide (cuprite
Cu,0), which features p-type semiconducting properties and a
band gap energy of about 2.1 eV, has emerged as an interesting
class of materials for solar energy conversion.”®

In the synthesis of cuprous oxide NPs, one of the grand
challenges is the synthesis of high-quality Cu,O NPs with
minimum imperfections and the inclusion portions of impurities
or undesired phases. Importantly, the formation of CuO or Cu
phases on the surface of Cu,O NPs may exceed the deleterious
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impact on the semiconducting properties of cuprous oxide films.
In addition, important challenges in colloidal NP devices
encompass the presence of an organic capping agent, on one
hand, and the existence of various bulk and/or surface trap states,
on the other hand. The earlier and the latter are both crucial
factors that impact excited state carrier dynamics as well as charge
transport in optoelectronic devices.

Disorders, reconstructions, and uncoordinated atoms on the
surface evoke the formation of shallow and deep traps in NP
devices, which may adversely impact the device performance.” A
potential solution to overcome the detrimental influence of
surface traps implies the ligand passivation of NPs through a
simple post-solid-state treatment. Past work has demonstrated
that monovalent inorganic ligands bound to cations provide the
necessary means to effectively surface passivate NPs.'® A
particularly crucial advantage of this approach is the possibility
to remove dangling bonds at the NP surface without the
requirements to carry out any high temperature processing steps.
To date, this strategy is, however, only applied to a few inorganic
NP systems such as PbS, PbSe, CdS, and CdTe NPs.''? Here,
we report the preparation of single phase Cu,O nanocrystals.
The dry Cu,O nanopowder was prepared by flame spray
synthesis, whereby the flame was run in nitrogen, that is, under
nonoxidizing conditions, to avoid the formation of fully oxidized
CuO. Cu,0 NPs were then dispersed in an acetic acid/
isopropanol solvent mixture (5wt %). The resulting mixture was
centrifuged, and the supernatant was removed and replaced by
dry isopropanol. The Cu,O sediment was again dispersed with
the help of horn sonication and centrifuged. After repeated
washing and centrifugation, isopropanol was added in order to
adjust the Cu,O solid concentration to 5 wt %; for further details
on the synthesis of Cu,O NPs, see the Supporting Information
(SI). The postsynthetic ligand exchange on thin films is exploited
effectively to eliminate surface recombination sites in Cu,O NPs.

Figure la shows X-ray diffraction (XRD) patterns of as-
synthesized Cu,O NPs. The observed diffraction peaks are
indexed as (110), (111), (200), and (220) reflections of the
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Figure 1. (a) X-ray powder diffraction patterns of as-synthesized Cu,O
NPs. (b) HRTEM image of Cu,O NPs. (c) Corresponding zoom-in
HRTEM image of a single Cu,O NP whose infringe spacings match
those of the Cu,O cuprite. The lattice spacings for the (110), (111), and
(200) planes are 0.3, 0.25, and 0.2 nm, respectively.

standard cubic cuprite crystal structure with a lattice constant of
4.27 A (space group Pn3m or O}). Similar to bulk cubic Cu,0
(JCPDS No. 05-0667), a stronger intensity of the (200) peak is
noted when compared to that of the (220) peak. The phase and
purity of Cu,O NPs is further studied by high-resolution
transmission electron microscopy (HRTEM). From the
HRTEM images (see Figure 1b, c) the high crystallinity of
Cu,O NPs is appreciated. Moreover, atomic lattice fringes with
interplanar spacings of 2, 2.5, and 3 A are resolved, which match
well with the lattice planes of (200), (111), and (110) of cubic
Cu,O, respectively.

To further examine the quality of the Cu,O NPs and their
surface chemical interactions, a surface sensitive technique such
as X-ray photoelectron spectroscopy (XPS) was employed. In
the XPS spectrum of the copper core level, namely Cu 2p, shown
in Figure 2, the main peaks at 932.5 and 952.6 eV correlate with
Cu 2p;/, and Cu 2p, ), respectively, and are assigned to Cu’,
while signals associated with Cu®" or Cu™® are lacking. In the Cu
2p spectrum, Cu*" is identified by the appearance of a main signal
at 933.5 eV along with a series of shakeup satellites at higher
binding energies. > The shakeup satellites are characteristic of
materials such as Cu®* having a partially filled d’ shell
configuration in the ground state. The absence of sharp satellite
features for Cu, O is rationalized on the basis of a full d' shell that
inhibits screening via charge transfer involving d states. As a
matter of fact, screening the core hole is only realized through
states involving the broad sp conduction band."*
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Figure 2. XP high-resolution spectra of Cu,0 NPs displaying the Cu 2p
and O 1s regions.

Furthermore, in the O 1s spectrum (Figure 2), the main signal
at a binding energy of 530.5 eV is a clear oxygen signature
associated with cuprite Cu,0."* The shoulder at a slightly higher
binding energy of 531.6 eV is ascribed to, for example, hydroxyl
groups and molecular water adsorbed on the Cu,0O NP
surface.'®'” Also, the Cu,0 NPs show an LMM Auger transition
at 570 eV, which further corroborates the presence of Cu,O (see
Figure S1). In the Cu LMM spectrum, Cu and Cu,O relate to
peaks at 568 and 570 eV, respectively.

Surface passivation of Cu,O NPs was achieved using a solid-
state treatment by 3-mercaptopropionic acid (MPA). Prior to the
layer-by-layer washing with MPA, Fourier transform infrared
spectroscopy (FTIR) measurements (Figure S2) reveal a signal
at 615 cm™'. The latter is associated with copper—oxygen
stretching vibrations in the Cu,O phase.'® After MPA treatment,
additional IR signals are discernible at 1261, 1388, and 1540
cm™'. The peak at 1540 cm™ is assigned to the stretching
vibrations of the carbonyl group, while the signals at 1261 and
1388 cm™! are attributable to C—OH and C—O stretching
vibrations, respectively. An interesting observation is the lack of
S—H stretching, which implies that the mercapto group and Cu”
form a complex. In turn, this would leave the polar carboxylic acid
group retaining the surface of Cu,O NPs. XPS measurements
were also performed with passivated Cu,O NPs (see Figure S3),
indicating the existence of Cu predominantly in the form of
Cu,O. Sulfur (S) was found primarily as a sulfide and/or
mercaptan with, however, low levels of sulfate and/or sulfone. In
line with the FTIR data, vide supra, these results suggest the
complexation of Cu” by mercapto groups. We cannot rule out the
presence of a small fraction of Cu as Cu sulfide and/or Cu sulfate.

Photoluminescence (PL) spectroscopy was used to study the
impact of MPA treatment on the excitonic states in Cu,O NPs.
From the PL spectra of Cu,0 NPs shown in Figure 3, two
distinct emission maxima originating from the relaxed excitons
localized near Cu and O vacancies are observed. On one hand,
the maximum at around 750 nm is associated with the
recombination of bound excitons at charged oxygen vacancies
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Figure 3. Photoluminescence spectra of Cu,O NP films before (solid
line) and after washing with MPA (solid line with full circles).

(Vo), and on the other hand, the stronger emission maximum at
around 960 nm relates to the emission from excitons bound by
copper vacancies (V,) also known as f-luminescence.'**° Large
widths of the observed emissions are an indication of strong
lattice relaxation within the vicinity of localized excitons.'® A
comparison of emission intensities, that is, 750 vs 960 nm,
suggests a higher concentration of Vi, than V4 in Cu,O NPs.
Upon MPA treatment, a substantial increase in the intensity of
bound exciton emissions from both V, and V is seen. The
enhanced quantum yield for radiative excitons is explained on the
grounds of passivating defects or trap states at the Cu,O NP
surface. These defects and trap states act as recombination
centers for charges that dissociate from either Cu or O vacancies.
It is noteworthy to emphasize that, in the MPA treated Cu,O

NPs, the increase in PL intensity for Vi, is about twice that for
Vo. As copper vacancies are known to be energetically the most
favorable p-type defects in Cu,0,”' our observation prompts us
toward improvement in the p-type conduction properties of
MPA modified Cu,O NPs. Notably, it has been shown that the
Vo defects lack transition levels within the gap and, in turn, are
incapable of annihilating holes.*"

To shed light onto the processes following photoexcitation,
transient pump probe measurements were performed with
femtosecond excitation at 387 nm. First, nonpassivated Cu,O
NPs were probed. Immediately after excitation, an instanta-
neously formed ground state bleaching is discernible in the 420
to 470 nm range that maximizes at 455 nm, left part of Figure 4.
The latter correlates well with the absorption features in terms of
band gap seen in the steady state absorption measurements (see
Figure S4). Simultaneous with the latter, a broadly absorbing
transient is formed, which spans from 470 to 800 nm. It features a
maximum at 495 nm and a shoulder at 605 nm and is ascribed to
a Cu,O exciton. Both, that is, the 455 nm minimum and the 500
nm maximum, decay biexponentially. On one hand, a short-lived
component of large amplitude is noted within the time window
of 20 ps. From a multiwavelength analysis a lifetime of 0.5 + 0.06
ps is derived for the underlying excitonic state. Implicit is that the
presence of defect and/or trap states deactivates the excitonic
state rapidly. On the other hand, a long-lived component of small
amplitude evolves that is, however, stable beyond the
experimental time window of 8 ns. Its two lifetimes, which is in
the hundreds of ns and about 2 us, is only determined in
complementary nanosecond pump probe experiments (see
Figure S7). Notably, in the long-lived component the minimum
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Figure 4. (Top) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash photolysis (387 nm, 200 nJ) of
nonpassivated Cu,O NPs (left) and passivated Cu,O NPs (right) film with several time delays between 0 and 8000 ps at rt. (Bottom, left and right)
Corresponding time-absorption profiles of the spectra at 455 and 497 nm, monitoring the exciton dynamic.
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is red-shifted to 455 nm, the maximum is split into 475 and 495
nm features, and the shoulder is blue-shifted to 590 nm. Our
observations, that is, transient bleaching at 455 nm and strong
excited state absorption at wavelengths beyond 479 nm, are in
sound agreement with the previous studies on Cu,O NPs, where
the nature of the signals is linked to excitonic and trap states.”

Regarding passivated Cu,O NPs, again the same ground state
bleaching at 450 nm, maximum at 495 nm, and shoulder at 605
nm are formed with the commencement of the excitation, right
part of Figure 4. A short- and long-lived decay of the transient are
seen. By fitting the short-lived decay, a lifetime for the excitonic
state of 1.16 + 0.03 ps is determined, which is approximately
twice as long as that seen for nonpassivated Cu,O. As a matter of
fact, lowering the number of recombination centers via ligand
exchange with MPA assists in stabilizing the excitonic state and,
in turn, in activating emissive excitonic states that are either
copper or oxygen bound, vide infra. Nevertheless, a long-lived
component, whose features resemble those recorded for
nonpassivated Cu,O, namely a 455 nm minimum, 475 and 495
nm maxima, and a 590 nm shoulder, is noted at time delays
during which the short-lived component has decayed quantita-
tively. Its two lifetimes are in the range of hundreds of ns and
about 2 ps. Owing to the fact that their relative amplitudes have
decreased by a factor of 2 when compared to nonpassivated
Cu,0 suggests that the two processes are linked to each other.
This hypothesis is further corroborated by the fact that the
emission of passivated Cu,O NPs is significantly stronger than
that noted for nonpassivated Cu,O NPs. The reproducibility of
PL increase upon MPA treatment (see Figure SS) was probed in
several PL assays, which revealed on average an increase of more
than 1 order of magnitude. The lifetimes as they were derived
from the transient absorption measurements are summarized in
Table S1. The long-lived components on the microsecond time
scale originate presumably from the defect or/trap states, while,
as aforementioned, the ultrafast component on the picosecond
time regime is related to an excitonic state. Such an elongation of
the exciton lifetimes has previously been reported for Cu,O
quantum dots and is based on a forbidden transition across the
band gap at the I point.”*

To further demonstrate the influence of the ligand passivation
on Cu,O NPs, we fabricated photovoltaic devices using a simple
planar heterojunction structure (see Figure S8a). Prior to any
MPA treatment, no appreciable photocurrents were noted. In
stark contrast, devices based on surface passivated Cu,O NPs
showed a short circuit current density (J,.) of 0.85 mA cm™
Details on the device fabrication and the corresponding current—
voltage characteristic are given in the SI (see Figure S8b). The
observed photocurrent of 0.85 mA cm™ is larger than that of
previously reported values for cuprous NPs used in a similar
device structure.” Here, an important processing advantage over
the previous reports is a significantly lower annealing temper-
ature used for device fabrication (125 °C).

In conclusion, cuprite Cu,O NPs were prepared by using the
technique of flame spray synthesis. The various analytical
analyses revealed no presence of undesired CuO or pure metallic
Cu. Furthermore, the concept of ligand passivation was
demonstrated in Cu,O NPs by binding mercapto (—SH) groups
to the different atomic sites on the surface of nanoparticles,
reducing the recombination pathways for charges dissociated
from various excitonic states. The strategy of ligand surface
passivation was shown to be an effective way to develop
semiconductor materials with significantly lower electronic trap
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states within the band gap, making them suitable materials for
modern electronic and optoelectronic devices.
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