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ABSTRACT: Stoichiometric copper(I) selenide nanoparticles have
been synthesized using the hot injection method. The effects of air
exposure on the surface composition, crystal structure, and elec-
tronic properties were monitored using X-ray photoelectron spec-
troscopy, X-ray diffraction, and conductivity measurements. The
current—voltage response changes from semiconducting to ohmic,
and within a week a 3000-fold increase in conductivity is observed
under ambient conditions. The enhanced electronic properties can
be explained by the oxidation of Cu™ and Se*” on the nanoparticle
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surface, ultimately leading to a solid-state conversion of the core from monoclinic Cu,Se to cubic Cu; gSe. This behavior is a result of
the facile solid-state ionic conductivity of cationic Cu within the crystal and the high susceptibility of the nanoparticle surface to
oxidation. This regulated transformation is appealing as one could envision using layers of Cu,Se nanoparticles as both
semiconducting and conducting domains in optoelectronic devices simply by tuning the electronic properties for each layer

through controlled oxidation.

B INTRODUCTION

Transition-metal chalcogenides are of current interest to
energy-related research due to their semiconducting properties
and the ability to tailor these properties through careful manip-
ulation of the synthesis conditions. These materials have histori-
cally been made by energy-intensive and ultra-high-vacuum
solid-state techniques that result in a high fabrication cost.
Current research is therefore focused on developing wet-chemi-
cal methods for the synthesis of high-quality semiconductin§
nanomaterials as building blocks in optoelectronic devices.'™
Several solution-processed metal chalcogenide nanomaterials
have been investigated as light-harvesting materials for photo-
voltaics, such as PbX (where X = S, Se, and Te),*”® Cu,S,’
CulnS,,"”"" CulnSe,,'*"* Culn,Ga;_,Se,"*" Cu,ZnSnS,, "¢
and Cu,ZnSnSe,.>° While the solution-based synthesis of these
nanomaterials has been shown to be facile and applicable to a
large class of compounds, the incorporation of such nanomater-
ials into fully functioning devices is not trivial.

A significant hurdle is that the surface of the chalcogenide
nanomaterials is highly reactive due to the large number of
unpassivated surface sites.”’ When exposed to oxygen, these
surface sites often oxidize, thereby hindering their performance
as a semiconducting material. This oxidation process is well
documented, and a well-studied example is thin films of lead
chalcogenide nanoparticles incorporated into photovoltaic
devices.””® In addition to the highly reactive surface, the large
density of nanoparticle interfaces in thin films serve as energy

barriers, drastically reducing the interparticle electrical conduc-
tivity in nanostructured devices.”> Because of these hurdles, new
and innovative methods are required for the synthesis, deposi-
tion, and stabilization of semiconducting metal chalcogenide
nanoparticles for device integration.

One way to overcome some of these limitations is to control
the resistance of a nanostructured film. Tricoli and Pratsinis
accomplished this by depositing films containing both semicon-
ducting and conducting nanomaterials such as n-type SnO, and
p-type CuO, respectively.”” The conductive material therefore
serves as nanoelectrodes that reduce the high film resistance,
thereby lowering the electrical conductivity losses found in most
nanoparticle films. However, this method requires the use of
materials with different electronic structures, and thus, proper
band alignment must be taken into consideration when the
semiconducting and conducting domains are chosen. To cir-
cumvent this, we have developed an approach to implement the
same material as both the semiconducting and conducting
domains by controllably tuning the electronic properties of
Cu,Se nanocrystals through time-resolved oxidation.

Stoichiometric Cu,Se and nonstoichiometric Cu,_,Se are
p-type semiconductors that can exist in many different crystal-
lographic systems including orthorhombic, monoclinic, and
cubic.”*** The optoelectronic properties of this material are
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promising, and potentially tunable, due to the wide range of
possible crystal structures, particle sizes, and corresponding band
gaps.”**® The band gap energy for both Cu,Se and Cu,_,Se is in
the optimal range for use as an absorber material in photovoltaic
devices. However, a widely varying indirect band gap of 1.1—1.5
eV?7?%%! has been reported with a direct band gap between 2.0
and 2.3 eV.””*"** While it has been shown that conductivity
increases with increasing temperature, typical semiconducting
behavior, many researchers also report observing an ohmic-type
response.””**”* The wide range in observed band gap energies
and varying electronic behaviors are likely due to differences in
the Cu to Se stoichiometry, recombination sites due to disloca-
tions, large grain size distributions in polycrystalline films, size
effects, and/or the oxidation state of the Cu and Se.*® Cu,Se
contains Cu in the +1 oxidation state, while the substoichio-
metric analogue consists of multivalent Cu. When stoichiometric
Cu,Se is exposed to air under ambient conditions, Cu' oxidizes
to Cu*", forming a surface oxide. In bulk crystals, and most thin
films, the effects of surface oxidation are negligible. However, the
effect is much more profound for nanoparticles because the
surface-to-volume ratio is large. The surface oxidation can there-
fore significantly alter the physical and/or electronic properties
of the material. We aim to take advantage of this process and use
it to controllably tune the electronic properties of the material. As
demonstrated in the Results and Discussion, oxidation of the
nanoparticles leads to a solid-state conversion of Cu,Se to the
superionic conductor Cu; gSe with a conductive coating. This,
coupled with the variability in crystal structure and stoichiome-
try, makes Cu,Se nanoparticles an interesting model system to
investigate a mixed semiconducting and conducting nanocrystal
film initially composed of the same compound.

Because of the flexibility present in the Cu,Se family of
compounds, both the structure and composition of the desired
product must be controlled to tune the electronic and optical
properties.*” This control is exerted by carefully choosing the
material synthesis procedure while simultaneously recognizing
that the structure and stoichiometry are sensitive to the oxidation
state of Cu as well as the high vapor pressure of Se.*® We chose to
pursue a one-pot solution-phase synthesis that provides control
over the oxidation state of the constituent elements** as well as
the size and morphology of the resulting nanoparticles.””*° Tt
also offers a scalable, cost-effective route allowing for flexible
processing aimed at device fabrication. Recently, nonstoichio-
metric Cu,_,Se nanocrystals via a one-pot synthesis have been
reported and result in beautiful morphologies and narrow size
distributions.’"** To our knowledge, this is the first reported
one-pot solution-phase synthesis of stoichiometric Cu,Se nano-
particles without the initial presence of the substoichiometric
phase. Through drop-casting thin films of stoichiometric Cu,Se
nanoparticles, we developed the steps which allow the assembly
of functional energy-related devices from a single material by
controlling the surface oxidation and resulting solid-state con-
version to Cu, gSe.

B EXPERIMENTAL SECTION

Chemicals. Selenium powder (99.99%), copper acetate hydrate
(98%), technical grade trioctylphosphine (TOP; 90%), trioctylphosphine
oxide (TOPO; 99.9%), methyl isobutyl ketone (MIBK; 99+%), and ACS
grade isopropyl alcohol (IPA; >99.5%) were purchased from Sigma-Aldrich.
Octylphosphonic acid (OPA) was purchased from PCI Synthesis. Poly-
(methyl methacrylate) (PMMA) solutions, both 49SK MW and 950K

MW, were purchased from MicroChem. The chemicals were used as
received without further purification. All anhydrous solvents were freeze—
pumped—thawed to remove any dissolved oxygen prior to use.

Methods. Nanoparticles of Cu,Se were prepared under inert
conditions using standard Schlenk line and glovebox techniques.**** ™"
In a typical synthesis, a mixture of 4.6 mmol of TOPO and 2 mmol of
OPA in a 50 mL three-neck round-bottom flask was prepared in a
nitrogen glovebox. Equipped with a stir bar, thermocouple, and reflux
condenser, the reaction flask was sealed with rubber septa, and trans-
ferred to an Ar Schlenk line, where it was degassed at 70 °C and
subsequently heated to 300 °C at a rate of 500 °C/h. In two separate
vials, precursor solutions of copper (TOPCu) and selenium (TOPSe)
were prepared in the glovebox by combining 1 mmol of copper acetate
hydrate in 2.5 mmol of TOP and 1 mmol of selenium powder in
1.5 mmol of TOP. Both vials were sealed with rubber septa, and the as-
prepared solutions were then taken out of the glovebox and sonicated
until the selenium powder completely dissolved and the TOPCu became
a light aqua green. After sonication, the TOPCu and TOPSe solutions
were loaded into separate 2.5 mL gastight Luer Lock syringes and rapidly
injected into the reaction flask containing the TOPO/OPA solution
simultaneously. After injection, the growth temperature was lowered to
285 °C and the reaction was allowed to proceed for 13 min. The reaction
was then quenched by injecting the product into degassed toluene.

Purification of the Cu,Se nanoparticles was performed in the glove-
box using degassed solvents to avoid surface oxidation. The resulting
product solution was centrifuged in excess toluene for 20 min to remove
any residual bulk product. The supernatant was decanted and transferred
to another centrifuge tube, where 2.5 mL of acetonitrile was added, and
the resulting murky-brown solution was centrifuged for another 20 min.
The supernatant was again decanted and transferred to a fresh centrifuge
tube. Methanol was then used to precipitate the remaining nanoparticles from
the supernatant, which were subsequently redispersed in toluene. Methanol
was added a second time to remove any excess surfactant, and the resulting
Cu,Se nanoparticles were stored in toluene for future characterization.

Transmission Electron Microscopy. Transmission electron
microscopy (TEM) images and selected area electron diffraction
(SAED) patterns were collected using a JEOL JEM-2000 transmis-
sion electron microscope under a working voltage of 160 kV. High-
resolution TEM (HR-TEM) images were obtained with a Philips
CM200 STEM instrument using a working voltage of 200 kV. The
TEM samples were created by dipping a carbon-coated copper grid in a
toluene solution containing the nanoparticles three times.

UV—vis. UV—vis spectra were collected for Cu,Se thin films using
an Agilent 8453 UV—vis ChemStation spectrophotometer. The thin
films were prepared by drop-casting nanoparticles on quartz microscope
slides inside a nitrogen glovebox, and the UV—vis spectrum was taken
immediately after removal from the glovebox, and at 24 h, 48 h, 1 week,
and 2 weeks of air exposure.

X-ray Diffraction. Powder X-ray diffraction (XRD) was per-
formed on a Scintag X-2 advanced diffraction system equipped with
Cu Ko radiation with a wavelength of 1.54 nm. Samples were prepared
in the glovebox from a slurry of Cu,Se nanoparticles in toluene. The
samples were subsequently dried under inert conditions, and XRD
patterns were taken immediately after removal from the glovebox as well
as after 24 h, 48 h, 1 week, and 2 weeks of oxygen exposure.

X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using a Physical Electronics
ESCA 5800 system employing monochromatic Al Kot (E = 1486.6 eV)
as the X-ray source. High-resolution scans were utilized to confirm the
presence and provide information regarding the bonding environment
and oxidation state of Cu and Se. These scans were performed with a
pass energy of 23.5 eV and a step size of 0.10 eV/step. All spectra were
shifted to account for sample charging using inorganic carbon as a
reference to 284.80 eV.
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Conductivity Measurements. Current—voltage (I—V) mea-
surements were taken employing a two-probe method using a Compact-
stat electrochemical interface potentiostat with a step size of 2 mV and a
scan rate of 2.5 mV/s. Devices were fabricated by spin-coating a layer of
495K MW PMMA, followed by a second layer of 950K MW PMMA,
onto a silicon chip with a 100 nm thermal oxide layer. Electron beam
lithography (EBL) was employed to draw electrodes spaced S00—600 nm
apart. A developing solution of methyl isobutyl ketone and isopropyl
alcohol in a 1:2 (v/v) ratio was subsequently used to develop the
features. Approximately 20 nm of chromium and 80 nm of gold were
evaporated onto the substrates. The chips were then submersed in
acetone to remove the remaining PMMA. To avoid oxygen contamina-
tion, a suspension of Cu,Se nanoparticles was drop-cast onto the chip in
the glovebox following a procedure previously reported in the
literature.>® Briefly, a metal stub was placed in the center of a recrys-
tallization dish, and 2 mL of degassed toluene was added. The substrate
with the evaporated metal contacts was positioned on top of the stub,
and 10 drops of the Cu,Se nanoparticle solution was placed on the
substrate. A watch glass covered the recrystallization dish to slow the
evaporation rate. This process was repeated three times to ensure a
uniform film of nanoparticles between the metal contacts. Current—
voltage measurements of the nanocrystalline film were collected both in
the glovebox and after the film was exposed to air.

B RESULTS AND DISCUSSION

Parts a and b of Figure 1 contain representative TEM and HR-
TEM images of Cu,Se synthesized by simultaneously injecting
TOPSe and TOPCu from separate syringes into the reaction
flask at the same rate. This procedure produced monodispersed
nanocrystals with a hexagonal morphology that arranged in a
close-packed configuration. A characteristic SAED pattern of the
nanoparticles (Figure 1a inset) is indexed to the (030), (060),
(090), (012), and (402) reflections of monoclinic Cu,Se. In
addition, multiple lattice fringes were observed in the HR-TEM
image contained in Figure 1b (inset). The measured spacings of
3.4, 2.3, and 2.1 A correspond to the (060), (090), and (012)
planes of monoclinic Cu,Se, respectively, thereby corroborating
the indexed SAED pattern. Particle size analysis performed on
the sample yielded an average size of 10.1 &= 0.8 nm, correspond-
ing to a monodispersity of 8.1% (Figure Sla, Supporting
Information). However, as illustrated in Figure S1b, when the
injection rate, sonication time, and injection and growth tem-
perature were altered, monodispersed nanoparticles could not be
synthesized. This result demonstrates that the above-mentioned
synthesis conditions were the three key parameters that control
the Cu,Se nanoparticle nucleation and growth. Of the three, the
most important aspect was temperature, as variation of both the
injection and growth temperatures led to inconsistent results.
This is because the injection temperature controls the particle
nucleation kinetics.> In this case, the injection temperature must
be high enough to immediately decompose the Cu and Se
precursors, thereby promoting instantaneous nucleation of the
desired nanoparticles. Nucleation was then followed by nano-
crystal growth, which was also temperature dependent. This is
due to the fact that the growth temperature controls the stability,
diffusion rate, and binding strength of the surfactant to the
growing nanocrystal surface, ultimately affecting the growth
rate.’” When the growth temperature was above 290 °C,
uncontrolled growth occurred, leading to a bimodal size dis-
tribution. At temperatures below 275 °C, the growth rate was too
slow, which also resulted in a broad size distribution. On the basis
of these results, it was determined that an injection temperature

Figure 1. (a) TEM and (b) HR-TEM images of Cu,Se nanoparticles
synthesized via simultaneous injection of TOPSe and TOPCu. Inset a:
SAED pattern of the nanoparticles indexed to stoichiometric monoclinic
Cu,Se. Inset b: HR-TEM image showing the crystallinity of the
nanoparticles.

of 300 °C and a growth temperature of 285 °C were optimal for
the synthesis of monodisperse Cu,Se nanoparticles.

As observed with temperature, the nanoparticle size and size
distribution were also functions of the precursor injection rate.
When the injection rate was different for each precursor, a
bimodal size distribution was observed. This is not surprising
as different precursor injection rates would lead to a variation in
the relative ratios of the Cu and Se precursors, ultimately
inducing multiple nucleation events. Similar results were ob-
tained when the TOPSe and TOPCu were combined into one
syringe prior to injection. This could be attributed to hetero-
geneity of the combined precursor solution and/or a reaction
occurring between the Cu and Se precursors before injection.
The best results were obtained when TOPSe and TOPCu were
in separate syringes but injected at the same time and rate.
Because Cu,Se is a promising candidate for photovoltaic applica-
tions, the transport properties of thin films fabricated by drop-
casting solutions of Cu,Se nanoparticles were measured.

Devices consisting of the Cu,Se nanoparticles were assembled
using EBL with a design similar to that employed by Bawendi and
co-workers (Figure 2&1).60’6l Figure 2b contains a scanning
electron micrograph of a chip showing three characteristic
devices used for testing. The inset clearly shows a continuous
Cu,Se film of nanoparticles (darker gray middle region) bridging
two Au electrodes (light gray outer regions). To ensure that the
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Figure 2. (a) Schematic representation of a Cu,Se nanocrystal thin film
device. (b) SEM micrograph of a device. The inset is a high-resolution
image of the thin film overlying the two electrodes.

observed current came from the nanocrystalline film, current
measurements as a function of voltage were collected from the
SiO, substrate and the Au electrodes, resulting in open circuit
and metallic behavior, respectively. To determine whether the
electronic properties of a device containing Cu,Se nanoparticles
can be regulated through a time-controlled oxidation of the film,
I—V measurements were collected before and after exposure to
the atmosphere.

The inset in Figure 3 contains plots of the current as a function
of voltage collected from devices illustrated in Figure 2 that were
protected in a nitrogen atmosphere prior to oxygen exposure.
The symmetric S-shaped curve measured from the film is
indicative of a semiconductor with a maximum current of 4 nA
at £1 V. When kept in an inert environment, the current
response remained unchanged over 48 h. The stability of the
Cu,Se nanoparticle thin film was then evaluated in air by
measuring the I—V response immediately after removal of the
device from the nitrogen glovebox. The current response was
subsequently evaluated hourly for 6 h. The data curves for the
first seven measurements are plotted in Figure 3. The initial scan
conducted outside the nitrogen glovebox exhibited semiconduct-
ing behavior with a slight increase in current to 5.4 nA, a
difference of ca. 1.5 nA when compared to the 48 h measurement
collected inside the box before the device was exposed to air.
Similar results were obtained after 1 h of exposure to air with a
doubling of the maximum current measured before air exposure.
However, after 2 h of exposure, a substantial increase in current
was observed and the I—V curve transitioned to an almost linear
response, indicating more ohmic than semiconducting behavior.
Asillustrated in Figures 3 and S2a (Supporting Information), this

trend continued with an increase of almost 2 orders of magnitude
in the current output after 6 h of air exposure. The ohmic
response continued with a drastic rise in current to 5 A after
24 h of air exposure and a slight increase to 6 (A after 48 h. The
maximum current of 13.5 #A, a 3000-fold increase from the initial
response, was observed after 1 week with a subsequent decrease
to 6.5 uA after 2 weeks of exposure. The change in behavior from
semiconducting to ohmic, as well as the increase in current
response by over 3 orders of magnitude, demonstrated the
potential to tune the electronic properties of Cu,Se nanoparticles
through controlled oxidation.

As mentioned above, it is well-known that Cu™ in Cu,Se can
oxidize to Cu*" when exposed to air, a process that is enhanced
in nanoparticles due to a high density of surface sites. In addition
to being highly reactive, nanoparticles allow one to monitor
chemical and crystallographic changes that may not be obser-
vable in the bulk material. Using XRD and XPS techniques, the
oxidatively induced changes in Cu,Se as a function of exposure
time to air were monitored to better understand the observed
change in electronic properties. Beginning with a systematic
XRD investigation, Cu,Se samples were prepared in a nitrogen
atmosphere to prevent oxidation. Once removed, an initial XRD
pattern was immediately collected and the sample was then
stored under ambient conditions between subsequent measure-
ments for time intervals consistent with the electronic transport
study (initial, 24 h, 48 h, 1 week, and 2 weeks). The XRD patterns
are stacked in Figure 4 as a function of time to clearly show the
transformation of the Cu,Se nanoparticle crystal structure to
Cu, gSe when exposed to air.

The diffraction peaks in the initial pattern presented in
Figure 4 have been indexed to monoclinic Cu,Se (JCPDS 27-
1131), thereby confirming the reflection assignments in the
SAED pattern shown in Figure 1. All peaks could be assigned,
suggesting that no crystalline impurities were present. There was
a slight shift to higher 20 for all peaks in the XRD pattern of the
sample exposed to air for 24 h, indicating a decrease in the lattice
parameters when compared to the initial sample. After 48 h,
however, a shoulder was apparent at higher 26 for the peak
located at 44°, which became more pronounced as the exposure
time increased. The shoulder eventually developed into a sepa-
rate peak, while peaks corresponding to the copper-deficient
Cu, gSe began to emerge. After 2 weeks of exposure, all of the
diffraction peaks were assigned to cubic Cu, gSe (JCPDS 71-44),
suggesting a complete solid-state conversion. This conversion is
useful because Cu; ¢Se is cubic, instead of monoclinic, and Cu
deficient when compared to Cu,Se. Because of these variations,
the substoichiometric material also has different properties. The
solid-state conversion to substoichiometric Cu, gSe in conjunc-
tion with an approximate 3000-fold increase in conductivity
clearly demonstrates that initially fabricating a functional device
with stoichiometric Cu,Se and controllably oxidizing it can result
in films with tunable electronic properties.

To further understand the mechanism behind the solid-state
conversion demonstrated by the time-resolved XRD analysis, a
systematic XPS study was performed to investigate the oxidation
states of both the Cu and Se atoms as a function time when
exposed to air. The evolution of the Cu2p XPS spectra contained
in Figure Sa as a function of exposure time shows a clear
oxidation from Cu™ to a mixture of Cu™ and Cu’*. As illustrated
in Figure Sb, the initial Cu2p;/, and Cu2p,,, peaks were
symmetric, narrow, and devoid of satellite peaks. This spectrum
is indicative of monovalent copper. When the Cu,Se sample was
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Figure 3. Current—voltage measurements of a Cu,Se nanoparticle thin film taken as a function of time exposed to air. Measurements are taken
immediately following removal from the glovebox and then once an hour for the subsequent 6 h. The inset illustrates the semiconducting behavior of the
film when kept in an inert environment for the initial and 24 and 48 h current—voltage measurements recorded inside the glovebox.
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Figure 4. XRD patterns of Cu,Se nanoparticles as a function of air
exposure. The initial pattern was taken immediately after the sample was
removed from the glovebox. That pattern is indexed to monoclinic
Cu,Se (JCPDS 27-1131). As the exposure time increases, the peaks shift
to higher 26 until the particles are converted to cubic Cu, gSe (JCPDS
71-0044).

exposed to oxygen for 2 weeks, however, the Cu2p peaks in the
spectrum contained in Figure Sc broadened and underwent
splitting while pronounced satellite peaks formed due to para-
magnetic Cu”". Since XPS is primarily a surface characterization
technique, this dramatic change in the spectra can be attributed
to the oxidation of a significant portion of the surface Cu”,
resulting in the presence of mixed valent Cu ™.

The Se atoms were also evaluated using XPS techniques and
underwent a similar conversion when exposed to oxygen.
Figure 6a contains Se3d spectra that clearly show a shift to
higher binding energy with an increase in exposure time. The
Cu,Se spectrum plotted in Figure 6b for a sample not exposed to
oxygen contains Se3ds,, and Se3d; , peaks, which, in addition to

appearing symmetric and narrow, demonstrate the characteristic
shape of Se®” in a consistent bonding environment. That is, the
Se3d,, peak is at a binding energy 0.86 eV higher than that of the
Se3ds, peak, and the spin—orbital splitting ratio is 2:3.°> The
observed binding energy of 53.9 eV for the Se3d peak is also in
agreement with what has been previously reported in the
literature for Cu,Se,® further confirming the indexed XRD and
SAED patterns. However, once the sample was exposed to air for 2
weeks, the Se spectrum contained in Figure 6¢ showed two very
distinctive peaks around 54 and 58.5 eV. The fitting of these peaks
was evidence of multiple oxidation states ranging from the selenide
to the oxide species. The evolution of the Cu and Se spectra was
analyzed in more detail to shed light on the changing crystal
structure and chemical composition of the nanoparticles.

An evaluation of the initial Cu2p;,, and Se3ds,, peak areas
yielded a Cu to Se atomic ratio of 2.0:1.0, demonstrating that the
initial sample was Cu,Se. As the solid-state conversion pro-
gressed, for which the XPS spectra of Cu and Se are presented in
panels a—e of Figures S3 and S4 (Supporting Information),
respectively, the atomic ratio increased from an initial value of
2.0:1.0 to 5.2:1.0. A bar graph illustrating the evolution of the
atomic ratio as a function of exposure time is plotted in Figure
S3f. These data, coupled with the XRD analysis that indicated a
solid-state conversion from Cu,Se to Cu,;gSe, suggested that
solid-state diffusion of cationic Cu from the particle core to the
surface occurred. This is not surprising because Se atoms are not
mobile in this particular crystal structure while the diffusion of
cationic Cu has been shown to be facile.*>**~%® Consequently, as
illustrated in Figure S3f, the surface Cu™ oxidized to Cu”" upon
exposure to oxygen, thereby establishing a chemical potential
gradient that resulted in the diffusion of Cu™ from the particle
core to the surface. Equilibrium was achieved when the conver-
sion to more air-stable Cu,; gSe was complete, at which time ca.
80% of the surface Cu existed as Cu’" likely in the form of
conductive copper oxide (CuOQ), copper hydroxide (Cu(OH),),

copper selenite (CuSeOs), or their combination. 08
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As with Cu, the Se atoms oxidized when exposed to oxygen.
Initially, Se®” was the only Se species present. In 24 h, however,
ca. 45% of the selenide species was converted to an intermediate
species with an oxidation state more positive than that of Se*”,
with a smaller percentage of ca. $% being converted to Se*",
tentatively identified as SeO,. The intermediate Se species could
be in the form of a polyselenide. With the formation of Cu—O
adducts, a sufficient number of Cu—Se bonds have to be
broken; the free Se atoms could then form short polyselenide
(Se—Se—Se) chains on the surface, causing the shift in the XPS

1388

spectra to higher binding energy.”” However, due to the com-
plexity of the Se3d spectra for samples exposed to oxygen,
relating the oxidation state of the intermediate species to an
absolute binding energy was problematic as the binding energy
shifts for different Se compounds are small.”> Nonetheless, it was
obvious when the spectra shown in Figure S4a—e (Supporting
Information) were analyzed that, as the oxygen exposure time
increased, Se was converted from the anion to the fully oxidized
cation through an intermediate species. As illustrated in Figure
S4f, a majority of the surface Se has been converted to the oxide
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after 2 weeks of exposure while approximately equal amounts of
the selenide and intermediate species were present. In bulk
samples, the oxidation of both Cu and Se surface sites would
have little effect on the physical and electronic properties of the
material. However, when the size is reduced to the nanoscale, the
effects of surface oxidation can alter both the physical and
electronic properties. This was further elucidated in the optical
properties of Cu,Se, for which the UV—vis spectra are shown in
Figure SS (Supporting Information). Time-resolved UV—vis
measurements show that after 24 h of air exposure the indirect
band gap increases from 1.3 to 1.4 eV while the direct band gap
increases from 2.2 to 2.4 eV. This change in band gap energy
remains constant over 2 weeks and may explain the large
variations in band gaps reported in the literature.””*°”** The
dramatic changes observed in the time-resolved XRD and XPS
data, coupled with the UV—vis data, are consistent with the
changes observed in the electronic properties.

The XRD and XPS data contained in Figures 4—6 mimic the
observed trends in the I—V curves plotted in Figures 3 and S2
(Supporting Information). A Cu,Se sample not exposed to
oxygen is composed of Cu’ and Se*” with a Cu:Se ratio of
2.0:1.0 without a surface oxide layer. The semiconducting
behavior is therefore dictated by the intrinsic properties of the
Cu,Se nanoparticles and the interparticle contact resistance.
After 24 h of air exposure, however, the resistance dropped
significantly, as indicated by a large increase in the maximum
current. This behavior can be explained by the presence of
conducting CuO and intermediate Se species on the surface of
the nanoparticles as well as the solid-state conversion to the
superionic conductor Cu; gSe. As the Cu was oxidized to cu’T,
for which the surface Cu™ decreased to ca. 50% of its original
concentration in 24 h (Figure S2f), a chemical potential gradient
was established within the particle. This resulted in the solid-state
diffusion of cationic Cu from the particle core to the surface,
making the particle core Cu deficient. As the Cu deficiency
increased, more holes were generated, thereby increasing the
majority charge carrier concentration.’® As illustrated in Figure 4,
equilibrium was reached when the particles were converted to the
substoichiometric Cu; gSe. The drop in the maximum current
from 1 to 2 weeks can be explained by the conversion of surface
Se from an intermediate species to the oxide. As illustrated by
Figure S4f (Supporting Information), the relative ratio of the
fully oxidized species to the intermediate species became greater
than 1 between 1 and 2 weeks. This is important because the
binding energy of the Se intermediate is close to that exhibited by
zerovalent Se, which provides more charge carriers at the expense
of less energy than the oxide species. However, the formation of a
significant Se surface oxide could increase the interparticle
resistance and mitigate the increase in charge carriers generated
within and on the surface of the particles due to the solid-state
conversion and CuO formation, respectively.

B CONCLUSIONS

A methodology has been created to implement the same
material in energy-related devices as both the semiconducting
and conductive domain by controllably tuning the electronic
properties of Cu,Se nanocrystals through time-resolved oxida-
tion. To accomplish this, a synthesis procedure for monodis-
persed Cu,Se nanoparticles without the presence of sub-
stoichiometric Cu; gSe was developed for which three key
variables for controlling size and size distribution were identified.

Upon optimization of these parameters—injection temperature,
growth temperature, and injection rate—reproducible, mono-
disperse Cu,Se nanoparticles with a diameter of 10.1 &+ 0.8 nm
were synthesized. Thin film devices of these nanoparticles were
subsequently prepared by drop-casting onto EBL-fabricated Au
contacts. These devices initially demonstrated semiconducting
behavior; however, after 1 week of exposure to oxygen, a 3000-
fold increase in conductivity and a change to ohmic behavior was
observed. XRD and XPS studies suggest the change in conduc-
tivity is due to Cu,Se nanoparticles readily reacting with oxygen,
ultimately leading to a solid-state conversion to Cu; gSe.

Il ASSOCIATED CONTENT

© Ssupporting Information. Additional TEM images and
size distribution plots, quantitative XPS analysis, extended cur-
rent—voltage measurements, and UV—vis data. This material is
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