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ABSTRACT: Bulk-heterojunction films composed of semi-
conductor nanoparticles blended with organic oligomers are of
interest for photovoltaic and other applications. Cu,_xS
nanoparticles were cluster beam deposited into thermally
evaporated pentacene or quaterthiophene to create bulk-
heterojunction thin films. The nanoparticle stoichiometry,
morphology, and chemistry within these all-gas phase
deposited films were characterized by X-ray photoelectron
spectroscopy (XPS) and electron microscopy. Cu,_xS nano-
particles were (at most) only slightly copper-deficient with

respect to Cu,S; ~2.5 nm diameter, unoxidized Cu, S nanoparticles formed in both pentacene and quaterthiophene, as the
matrix was not observed to impact the nanoparticle morphology or chemical structure. Cluster beam deposition allowed direct
control of the nanoparticle stoichiometry and nanoparticle:organic ratio. Chemical states or Wagner plots were combined with
other XPS data analysis strategies to determine the metal oxidation state, indicating that Cu(I) was predominant over Cu(Il) in

the Cu,_xS nanoparticles.
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I. INTRODUCTION

Earth abundant and nontoxic materials possess economic and
environmental advantages for use in photovoltaic devices." The
goal of low-cost and efficient materials for solar energy
conversion has motivated investigations of nanostructured
materials for photovoltaic technologies.” * Hybrid organic—
inorganic materials make up one class of nanostructured
materials considered for use in bulk-heterojunction devices
because of their low cost and potential ease of large-scale
fabrication. Copper-based chalcogenide nanoparticles, whose
1.1-1.7 eV bandgaps can be size-tuned via quantum confine-
ment, are one of several nanoparticle-based candidates for use
in photovoltaics.”™® Copper sulfide nanoparticles are also
potentially useful for photodetectors, nanoscale electric
switches, biosensors, and batteries.”' However, the stability
of copper sulfide in air has been a long-standing barrier to the
use of this otherwise promising solar energy absorber, as
oxidation leads to substoichiometric phases and gives rise to
excessive p-doping,'"'> Even without oxidation, copper sulfide
nanoparticles can form up to five different stoichiometries or
phases,'® hence the use here of the Cu,_4S notation.

Over the past decade, the efficiency of bulk-heterojunction-
based organic photovoltaic devices has quadrupled."* Bulk-
heterojunction devices are constructed using materials consist-
ing of a donor and an acceptor: the donor can be a conducting
polymer or organic oligomer that absorbs optically and
generates excitons, while the acceptor can be an inorganic
nanocrystal that, while also absorbing radiation, can additionally
facilitate electron transfer."®> The nanocomposite films prepared
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here are based on design rules for bulk-heterojunction films
driven by the choice of Cu, xS nanoparticles as the inorganic
phase and the overlap of their highest occupied and lowest
unoccupied molecular orbitals with those of an adjacent organic
oligomer."*' Pentacene and another organic semiconducting
oligomer, quaterthiophene, are used in prototype photovoltaic
devices for their high carrier mobility and stability with respect
to oxidation.'” >

This paper describes the preparation of Cu,_xS nanoparticles
by cluster beam deposition.”’ Previous work depositing PbS
nanoparticles showed that cluster beam deposition allows direct
control of nanoparticle properties such as surface chemistry
without the need for ligand capping.”*** Cu,_4S nanoparticles
were deposited into thermally evaporated pentacene or
quaterthiophene to create a bulk-heterojunction thin film.
These all-gas phase deposited films were characterized by X-ray
photoelectron spectroscopy (XPS) and electron microscopy.
Chemical states or Wagner plots were combined with other
XPS analysis strategies to distinguish the oxidation state of
copper.

Il. EXPERIMENTAL SECTION

A. Deposition of Cu,_,S Nanoparticles, Organic Oligomer,
and Carbonaceous Film. Cu, xS nanoparticles were generated from
a copper target inside the cluster beam deposition source (Nanogen-
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Figure 1. Cross section of the pulsed DC magnetron cluster source for cluster beam deposition. The evaporator for organic deposition and the target

are also shown.

50, Mantis Deposition Ltd., Oxfordshire, UX.) shown in Figure 1 by
pulsed DC magnetron sputtering with Ar and reactive hydrogen
sulfide (H,S) gas.22 The magnetron was housed in a water-cooled gas
aggregation source with a base pressure of 10~® Torr, an operating
pressure near 30 mTorr, and an operating power of ~75 W, in which
Cu,_xS clusters were allowed to form by reactive sputtering and
nucleation for subsequent deposition onto a silicon substrate. Silicon
wafers [n-type Si(100) wafers, Atomergic Chemical Corp., Melville,
NY] were used as substrates for deposition after hydrogen termination
by HF etching.

A significant effort was undertaken to develop conditions for pulsed
magnetron sputtering of stoichiometric copper sulfide. Sputtering
occurs within the magnetron after the striking voltage is applied to the
copper target cathode, the Ar sputtering gas undergoes ionization, a
glow discharge is ignited, and Ar ions begin to sputter the target. The
magnetron configuration was comprised of an unbalanced planar
magnetron with a circular target disk and a set of unbalanced
permanent magnets placed directly behind the target to create an
electron bottle. Cu,_yS nanoparticles were formed by adding H,S gas
to the discharge, but H,S complicates the process** by decreasing the
deposition rate (see the Supporting Information) and discharge
stability. For example, arcing in the discharge can occur, which
degrades the quality of the deposited film, gives rise to the presence of
particulates and pinholes, damages the target by local melting, and can
eventually damage the discharge power supply.”® Incorporation of a
pulsing unit (Sparc-le V, Advanced Energy, Fort Collins, CO) during
magnetron sputtering of copper sulfide was implemented to prevent
arcing, target damage, and other deleterious effects. Pulsing the DC
discharge power at 20 kHz was found here to stabilize process
parameters with an absence of arcing and was previously shown to
improve the quality of the deposited films.>®

The gaseous Cu, xS clusters were deposited both simultaneously
and in a stepwise manner onto the Si substrate with pentacene (P0030,
already purified by sublimation, TCI of America, Portland, OR)
evaporated from a heated ceramic crucible (LTE 11000K, 1 cm?®, K. J.
Lesker, Pittsburgh, PA). Pentacene was deposited at a rate of 15—20
A/min to achieve a ~100 nm thick film by thermal evaporation at
160—190 °C (depending on the amount of organic remaining in the
crucible). Pentacene was deposited at a rate 10—1S times higher than
that of the nanoparticles, as measured with a quartz crystal
microbalance (see below). Quaterthiophene was deposited at a similar
rate of 15 A/min in attempts to achieve the same film thickness by
evaporating in the range of 140—240 °C.

Acetylene ions with a kinetic energy of S0 eV were generated by a
Kaufman ion source (IBS 250, 3 cm, Veeco/ Commonwealth Scientific,
Plainview, NY) and used to deposit a thin carbonaceous film atop the

silicon wafer (termed C/Si) to allow investigation of nanoparticle
stoichiometry free from effects of pentacene or quaterthiophene.***¢

B. X-ray Photoelectron Spectroscopy. Samples were charac-
terized by high-resolution monochromatic X-ray photoelectron
spectroscopy (XPS), using a previously described instrument.”” A
monochromatic 1486 eV Al Ka X-ray source was operated at 300 W
(15 keV and 20 mA emission current). Semiquantitative analysis was
also confirmed using a commercial instrument (Kratos AXIS-165
Surface Analysis System) that also operated at high resolution with a
monochromatic Al Ka X-ray source, which utilized a charge
neutralization coil (data not shown).

After the deposition of films, samples were transferred in vacuum
for analysis by XPS, preventing any exposure to the atmosphere. This
was accomplished by joining together the CBD instrument and XPS
chamber with an interconnecting high-vacuum load lock (see the
Supporting Information). Maintaining the films under vacuum en
route to analysis prevented oxidation, as verified by XPS.

All XPS binding energies were charge corrected and referenced to
the C 1s peak for aliphatic carbon at 285.0 eV. Both S 2p and Cu 2p
core levels displayed contributions from the 3/2 and 1/2 degenerate
spin orbit peaks whose area ratios were 2:1. The S 2p spin orbit
splitting was taken as 1.20 eV (determined experimentally vs the
literature average of 1.17 eV>®), while a 19.8 eV splitting was used for
Cu 2p (vs the NIST value of 19.9 eV). Binding energies refer to those
for the S 2p;,, and Cu 2p;, spin orbit peaks only, unless explicitly
noted otherwise. The elemental content was analyzed from averages of
at least three spectra using only the 2p;,, spin orbit component from
the core level spectra.

C. Quartz Crystal Microbalance and Electron Microscopy. A
quartz crystal microbalance (SQC-222, Sigma Instruments, Fort
Collins, CO) was used to monitor the deposition of both nanoparticles
and the organic matrix.

Transmission electron microscopy (TEM) was performed using a
field-emission electron microscope (JEOL 3010F, JEOL, Peabody,
MA) with an acceleration voltage of 200 keV. Nanoparticles were
codeposited with an organic matrix directly onto a 200 mesh carbon-
coated copper grid to allow imaging. High-angle annular dark field
imaging scanning transmission electron microscopy (HAADF-STEM)
was performed using a probe aberration-corrected 200 keV STEM/
TEM with a cold field emission source with 0.35 eV energy resolution
(JEM-ARM200CF, JEOL) and demonstrated resolution of 0.08 nm
for HAADF imaging at 200 keV.*

lll. RESULTS AND DISCUSSION

A. Copper:Sulfur Stoichiometry and Deposition Rate.
Figure 2 shows the XPS survey scan of Cu, xS nanoparticles
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Figure 2. Survey X-ray photoelectron spectrum (XPS) of the Cu,_,S

cluster beam deposited onto the Si wafer coated with an ~100 nm
thick film of thermally evaporated pentacene.

deposited on a silicon wafer that was previously deposited for 1
h with the organic semiconductor pentacene. The Cu 2p;/, and
S 2p;,, peaks were used to analyze the sample stoichiometry.
The absence of a silicon signal in the XPS survey scan indicated
complete coverage of the substrate by pentacene and
nanoparticles. The high sulfur content and the absence of an
oxygen signal in the XPS survey scan indicated the sole
presence of copper sulfide.

Cu,_xS nanoparticles were also examined without deposited
pentacene to better determine their stoichiometry and to
evaluate the Cu oxidation state via comparison with literature
photoelectron peak binding energies (see the Supporting
Information for XPS survey scans similar to that shown in
Figure 2). Cu,_4S nanoparticles were deposited onto a thin
carbonaceous film on the Si substrate (denoted C/Si)
previously prepared bg 50 eV acetylene ion deposition, as
described previously.”>*® It was assumed that the nanoparticles
coalesced into films in the absence of pentacene or another
organic matrix, although the film morphology was not
confirmed by electron microscopy.

Nanoparticles were deposited under a variety of flow rate
ratios of sputtering gas (Ar) to reactive gas (H,S), after which
the stoichiometries of the resultant films were examined by
XPS. The results shown in Table 1 indicate that even slight
changes in the Ar:H,S ratio were found to affect the chemical
composition of the deposited film. The rate of deposition of
pure Cu with only argon flow was maximal at 0.8 sccm
(standard cubic centimeters) of argon and declined as the flow
rate was increased. A flow with a 1:1 ratio produced ~82 atom

Table 1. Summary of Films of Cu, xS Prepared at Different
Flow Ratios of Sputtering (Ar) and Reactive (H,S) Gas
Given in Standard Cubic Centimeters (sccm)®

ratio Ar flow (sccm) H,S flow (sccm) % Cu % S
1:1 1.00 1.00 82 +8 18 + 8
1:2 1.00 2.00 78 +7 22+7
1:3 1.00 3.00 71 £ 2 29+ 2
2:2 2.00 2.00 66 + 1 34+1

“Cu and S elemental percentages were determined from XPS peak
areas, while the deposition rate was measured with a quartz crystal
microbalance.

% Cu content in copper rich films. Films produced at a 2:2 ratio
indicated an average chemical composition of 66 + 1 atom %
copper and 34 + 1 atom % sulfur, nominally corresponding to
Cu,S. All nanoparticles were subsequently deposited at a 2:2
ratio but are labeled as Cu, xS to represent the potential
existence of multiple copper sulfide phases with stoichiometries
close to both chalcocite (Cu,S) and djurleite (Cuyq,S) (see
below). Several phases are known to coexist with chalcocite,
which is dominant in the bulk."?

Sputtering of the Cu target was inhibited slightly by
increasing partial pressures of H,S gas, an effect related to
the well-known hysteresis in reactive sputtering processes.*’
However, the deposition rate as measured by the quartz crystal
microbalance (see the Supporting Information) varied only
slightly for different sputtering:reactive gas ratios. Thus, only an
average deposition rate of 2.4 + 0.2 A/min across all gas flow
ratios is reported here, based on an assumed copper sulfide
density of 5.68 g/cm’.

B. Electron Microscopy. Cu, S that was cluster beam
deposited into either organic matrix was found by electron
microscopy to maintain a distinct nanoparticle morphology.
TEM micrographs (shown in the Supporting Information)
show films consisting of a blended bulk heterojunction of
Cu,_xS nanoparticles embedded in quaterthiophene or
pentacene. The presence of spherical particles was evident in
TEM micrographs of samples prepared with a relatively low
deposition rate of organic on holey carbon copper mesh grids
but were difficult to distinguish because of poor phase contrast
(see the Supporting Information).

Imaging with high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) based on
atomic Z contrast was therefore used to confirm the presence
of nanoparticles. The HAADF-STEM images in Figure 3
confirm that nanoparticles observed in TEM were mono-
dispersed Cu, xS nanoparticles. For the dark field imaging
shown in Figure 3, the black part of the image represents the
absence of any signal arising from interference of the electron
beam with the sample and shows the gaps in the copper grid.
The dark gray parts of the images represent pentacene or
quaterthiophene supported on holey carbon, while the lighter
gray spheres represent the Cu, xS nanoparticles. A poorer
phase contrast was observed for HAADF-STEM of the
pentacene versus quaterthiophene films, so the latter were
used to determine nanoparticle size distributions. An average
diameter of 2.3 + 0.4 nm was measured from statistical
averaging of more than 300 individual Cu,_ xS nanoparticles in
quaterthiophene, with the histogram shown in Figure 3c
generated using images similar to Figure 3b. Comparison of
panels a and b of Figure 3 and indicates similar nanoparticle
sizes appear in both pentacene and quaterthiophene. Nano-
particle features were absent from films with little or no copper
sulfide.

C. Copper Chemical State for Cu,_,S Nanoparticles in
Pentacene. The following results apply to only Cu, xS
nanoparticles embedded in organic pentacene, unless explicitly
noted otherwise. Figure 4a shows the Cu 2p core level XP
spectrum of Cu,_yS nanoparticles in pentacene without any air
exposure, whose experimental binding energy was 933.1 + 0.5
eV. This Cu 2p binding energy agreed well with the average
values for monovalent copper sulfide, Cu,S, from the NIST
XPS database®® of 932.5 + 0.3 eV. Nevertheless, the binding
energy overlap present in copper and other first row transition
metals can complicate spectral interpretation because of the
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Figure 3. HAADF-STEM images of Cu,_,S nanoparticles in (a)
pentacene and (b) quaterthiophene. (c) Histogram of the diameter of
Cu,_xS nanoparticles in quaterthiophene.

complexity of their respective 2p spectra. Table 2 lists published
photoelectron binding energies for different oxidation states of
copper,”’ updated here to include more recent references from
the NIST database.

The 932.6 €V accepted value for the copper metal binding
energy, Cu(0), suggested a slightly higher oxidation state
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Figure 4. (a) XPS core level spectra of Cu 2p for Cu,_xS nanoparticles
deposited atop a thin film of pentacene without any atmospheric
exposure. (b) Cu 2p region after exposure to the atmosphere for
several days, for nanoparticles deposited without pentacene. Points are
raw data, and lines are fits to the data, with background subtractions
shown.

present here as all experimental values lay above this value at
933.1 = 0.5 eV. Furthermore, the absence of a Cu 2p;,
component well above 933.0 eV is a common indicator of the
presence of only Cu(I).*> Figure 4b presents the analysis of the
Cu 2p region after exposure of nanoparticles deposited in the
absence of a protective pentacene overlayer to the atmosphere
for several days. The evidence of this oxidation can be observed
in the Cu 2p spectra, where the presence of additional p peaks
was seen in the Cu,_xS/C/Si air-oxidized film, shown in Figure
4b near 935 eV for Cu 2p;, (as well as a peak at 955 €V for Cu
2p,,). Figure 4 clearly displays the oxidation of Cu(I) to
Cu(Il) and the presence of copper oxide (see below). By
contrast, unoxidized Cu,_4S displayed only the single Cu 2p;/,
component displayed in Figure 4a.

Nevertheless, distinguishing Cu(I) from Cu(Il) in sulfur-
containing compounds on the basis of photoelectron peak
binding energies alone was limited by the observation that Cu
2ps), appeared at ~932.5 €V in both cases.”® Further support
for the sole presence of Cu(I) in unoxidized copper sulfide is
found in the absence of excited state or shake-up satellites in
the Cu 2p spectra.®"** Figure 4b shows the appearance of the
shake-up satellites in the region from 940 to 945 eV upon
oxidation of a fraction of Cu(I) to Cu(Il), as noted above.*>
The shake-up features present in Cu 2p spectra were
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Table 2. Comparison of Experimental XPS Data on Cu,_yS Deposited on a Carbonaceous (C/Si) or Pentacene Film with
Literature Values>® for Different Copper Compounds in Various Oxidation States®

Cu 2p3, binding energy
(eV)

Cu Auger kinetic energy L;M,sMys
(eV)

modified Auger parameter S 2p;,, binding energy
(eV)©

(eV)

literature compound

Cu(0) 932.6 + 0.2 (29) 918.6 + 0.2 (25) 18512 £ 0.3 -

Cu(1),0 932.4 + 02 (20) 916.7 + 0.3 (12) 1849.1 + 0.4 -

Cu(I1)O 933.7 + 0.4 (27) 917.9 + 0.2 (12) 1851.6 + 0.4 -

Cu(D),S 932.5 + 0.3 (10) 917.1 + 02 (6) 1849.6 + 0.4 162.3 + 1.7 (12)

Cu(I)S 932.5 + 1.0 (9) 918.1 + 0.2 (6) 1850.6 + 1.0 162.1 £ 0.6 (S)
experimental Cu, xS

C/Si, no air 933.0 + 0.1 915.8 + 0.0 1848.8 + 0.1 162.1 + 0.1

exposure

C/Si, oxidized 935.6 + 1.1 9149 + 0.5 1850.5 + 1.2 163.6 + 0.4

in pentacene 933.1 £ 0.5 915.7 £ 0.1 1848.8 + 0.5 162.4 + 0.2

“Numbers of literature values from the database are given in parentheses. See the text for an explanation. ’a’ = E,(C'C"C") + E,(C), as discussed in
g P Xp k b

the text. See eq 1. “Core component.

undisputed evidence of an open 3d° shell of Cu(II)** arising
from copper oxide and were fit with two components.®®

XPS peak shifts alone can be insufficient to reveal surface
chemical states, especially for metal sulfide compounds, but
Auger peaks are sometimes more sensitive to oxidation state.
The Cu L;M,M,s Auger line position corroborated the
presence of Cu(I) in the pristine, unexposed films, which
appeared at a kinetic energy of 915.7 eV (see the Supporting
Information). The relatively wide gap between the Auger line
positions for Cu(0) at 918.6 + 0.2 eV and those for Cu(I)
compounds Cu,O and Cu,S at 916.7 and 917.1 eV,
respectively, also supported the assignment of the Cu, 4S
nanoparticles in pentacene to Cu(I) given their 915.8 eV Auger
peak.***” The Cu(Il) compounds CuO and Cu$ also appear
around 918 eV, showing the larger peak position differences
between oxidation states for Auger data compared to
photoelectron peaks for this transition metal, corresponding
to Cu(I).

A plot of the kinetic energy of the Auger Cu L;M,;sM,; line
versus the Cu 2p;/, peak photoelectron binding energy can
provide yet more information regarding the copper oxidation
state. Prior work has shown that such Wagner or chemical state
plots can help distinguish different chemical states of core-
ionized atoms.>>** Wagner plots define a modified Auger
parameter a’, which is the sum of the photoelectron peak
binding energy and the Auger peak kinetic energy, and
collectively provide chemical state information free of charge
corrections and work function measurement:

@ =a+ hv=E(C'C'C") + E,(C) (1)

where a is the electronic polarizability of a chemical species,
E(C'C"C") is the kinetic energy of an X-ray-excited Auger
electron (commonly from a core—core—core Auger decay
process), and E;(C) is the binding energy for the core ionized
species. It has been argued that a nonlocal screening
mechanism is evident for Cu(I) compounds during the Auger
emission process, and therefore, the simple electrostatic model
can be applied when calculating the Auger parameter shifts.*®
Application of these concepts allows use of the Auger
parameter shifts in semiconductors to characterize the local
environment of core-ionized atoms.>> The diagonal lines on the
Wagner plot represent a constant o', and thus, values appearing
on the same line with a unit slope have the same modified
Auger parameter (when the photoelectron peak binding energy

is plotted as decreasing along the x-axis). Compounds
appearing on the same line are thought to be undergoing
similar initial state effects.*®

Figure S5 shows the Wagner plot constructed from
compounds with different Cu chemical states listed in the
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Figure 5. Wagner plot for Cu compounds compiled with data from the
NIST database.”® The empty circle is metallic copper or Cu(0); the
filled squares are known Cu(II) compounds (labeled), and the empty
squares are known Cu(I) compounds. “Exp Cu,xS” represents data
for the nanoparticles deposited in pentacene.

NIST database® (error bars represent the standard deviation of
averaged database values). There are distinct areas in the graph
for Cu(0), Cu(I), and Cu(Il) compounds.>’***° The
experimental results for Cu,_xS nanoparticles fell within 1.1
eV in either coordinate of Cu,S and within the area where all
Cu(I) compounds appear. The Wagner plot is further evidence
that Cu(I) is the predominant oxidation state present in the
deposited nanoparticles prior to any air exposure.

The relatively low value for the modified Auger parameter
makes clear the notably different chemical and electronic
environments present in these Cu,_S nanoparticles compared
to the bulk species that have been thoroughly tabulated in the
literature. The experimentally determined @’ and Auger peak
position found here were both lower than any of their
respective values reported for bulk copper-containing com-
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pounds (see Table 2). Mason et al. best conceptualized this
effect by showing that the Auger kinetic energy values for small
metal clusters were lower than for bulk copper-containing
samples.*' ™ Specifically, an ~3 eV decrease in the Auger
kinetic energy for Cu(0) clusters compared to the bulk metal
was attributed to both initial and final state effects that
increasingly manifest themselves with a decreasing cluster
size.**** TInitial state effects in this context are understood to
be a change in the electronic structure of copper atoms in the
cluster and are mainly attributed to a reduced electron density
and result in a narrowing of the valence (3d) band. Although
the effect is strongly dependent on the substrate, the major
contribution of the final state effect is a result of a reduced
relaxation energy. A change in the degree of atomic relaxation
around the Cu(I) ion with regard to normal (bulk) Cu(I)
compounds®”> is most likely caused by a reduced coordination
around the copper atoms. The result is a weakened screening of
the core hole produced by photoionization by both intra-
atomic relaxation by electrons of the atom of interest and, more
importantly, extra-atomic relaxation from neighboring atoms.
These comparisons are relevant considering the low value for
the Auger kinetic energy, which further supports the correlation
with Cu(I) on the Wagner plot.

D. Sulfur Chemical State for Cu,_,S Nanoparticles in
Pentacene. Table 2 and Figure 6a show the S 2p XPS core
levels for Cu, xS nanoparticles in pentacene, which indicate
two distinct chemical environments for core and surface sulfur
similar to that previously described for PbS nanoparticles.*>*

a) 180-
160
140

& 120

& 100-

80-

60-

40-

20-

0_

Cu,S Surface

Cu_,S Core

Intensity

174 172 170 168 166 164 162 160 158 156
Binding Energy (eV)

b) 450-
400 4T
350

@ 300-

o

€ 250-

2
@ 200
[

€ 150
100

50+

Cu,S Surface

Cu,S Core

4T - Cu,S

174 172 170 168 166 164 162 160 158 156
Binding Energy (eV)

Figure 6. S 2p core level XPS of Cu,_4S deposited in (a) pentacene
and (b) quaterthiophene (4T).

The binding energy of S 2p;/,.corg Was 1624 + 0.2 eV, as
shown in Figure 6 (where CORE refers to S within the center
of the nanoparticle), which corresponds with the average value
of 1623 + 1.7 eV for Cu,S from the NIST database.”®
However, sulfur in CuS versus Cu,S compounds cannot be
distinguished by S 2p binding energy values alone as these
overlap in the NIST database.

The surface component S 2p;/, sure appeared at a higher
binding energy, most likely because of unpassivated sulfur
atoms on the Cu, xS surface. A less likely explanation for the
appearance of two separate sulfur species is that they arise from
distinct S—S type bonding present at the surface, originating at
corner atoms or other defect sites.”>*%*%*” The § 2P3/2-SURF
binding energy was shifted higher by an average of 1.4 eV in
both Cu, S films on C/Si and in Cu,_ S nanoparticles in
pentacene, in agreement with the magnitude of “surface sulfur”
component shifts seen for PbS and CdS nanocrystals.***’

E. Chemical State of Cu,_,S Nanoparticles Deposited
into Quaterthiophene. The survey scan of Cu,_yxS
codeposited into quaterthiophene was dominated by Cu, S,
and C peaks (see the Supporting Information). The substrate
was barely observable, with only low Si and O counts arising
from the SiO, layer on the Si substrate.

All experimental data indicated Cu,_yxS nanoparticles in
quaterthiophene were Cu(I) and not Cu(Il). The Cu 2p
spectra (data not shown) did not display any of the secondary
peaks or satellites expected for Cu(Il). The peak positions of
the Cu 2p and Auger L;M,sM,;s peaks correlated with those in
pentacene and would fall within the Cu(I) region in the
Wagner plot shown in Figure S (data point not plotted).

The S 2p core level spectra of Cu, yS codeposited into
quaterthiophene are presented in Figure 6b. These S 2p spectra
were deconvoluted into four major sources of sulfur, analogous
to those observed previously for PbS nanoparticles in
quaterthiophene.”*?® These four sulfur components were
assigned as arising from quaterthiophene at a binding energy
of 164.1 eV (labeled 4T in Figure 6b), quaterthiophene
interacting with the Cu,_xS nanoparticle at 162.7 eV (4T-
Cu,S), the surface component of Cu, xS at 163.4 eV (Cu,S
Surface), and the core component of Cu,_yS at 162.0 eV (Cu,S
Core). No interference from the substrate was seen in the 2p
spectra, and again, two peaks were required to fit the part of
this sulfur spectrum arising from Cu,_,S nanoparticles.

IV. CONCLUSIONS

Cluster beam deposition was used to prepare ~2.5 nm Cu,_xS
nanoparticles in either pentacene or quaterthiophene that are
free from the capping ligands usually required for colloidal
preparation. These nanoparticles were determined to be
nominally Cu,S but are labeled as potentially copper-deficient
because of the existence of several phases with similar
stoichiometries."> Cluster beam deposition allowed direct
control of nanoparticle stoichiometry and surface chemis-
try.”*** Pulsing the plasma discharge power increased process
stability in the cluster beam deposition source and allowed
Cu,_4xS to be deposited without arcing. Together with thermal
evaporation of organic matrices, cluster beam deposition can be
used to grow nanoparticle films of a desired thickness and
nanoparticle density that are free from the effects of oxidation
and agglomeration that can arise during other preparation
methods. The agreement between copper and sulfur XPS data
indicated that similar Cu,_xS nanoparticles formed in both
pentacene and quaterthiophene, as the matrix did not change
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the nanoparticle morphology or chemical structure. Never-
theless, further studies are required to fully elucidate the local
environment of Cu and S in the nanoparticles and to determine
whether these nanoparticles are crystalline.

Cu,_xS nanoparticles with Cu(I) are better suited for light
harvesting than the higher-band gap Cu(Il) sulfide, and the
former have been shown to be promising candidates for light-
absorbing components for thin film and hybrid photovoltaic
devices.>**>° Thus, analysis of the nominal copper oxidation
state was performed here to demonstrate that the thin film
composition prepared here by cluster beam deposition might
be well suited for use in photovoltaics. Specifically, XPS data
indicated that only Cu(I) was present in the Cu, xS
nanoparticles, at least prior to atmospheric exposure. Prior
work showed that Cu,S nanoparticles prepared by different
methods exhibit a direct band gap of 1.1—1.4 €V," although the
band gaps of these cluster beam-deposited films have not been
experimentally verified. Furthermore, slightly copper-deficient
Cu,_4S has also found recent application in plasmonic devices
and nonlinear optics, including nanosensors, in part because of
the p-doping and migration of Cu in the copper sulfide lattice
giving rise to a local surface plasmon resonance.'**!
Nevertheless, the ultimate utility of these Cu, yS—organic
bulk-heterojunction films for photovoltaic application will be
known only once they are evaluated electrically under simulated
solar illumination. Such photoelectrical characterization of
these films is now underway.

Finally, the use of chemical states or Wagner plots® was
reprised here to determine the oxidation state of copper in
these nanoparticles. These powerful yet relatively uncommon
XPS data analysis strategies can also be applied to copper
sulfide and other nanomaterials produced by other methods,
making them worthy of further attention in the nanoscience
community.
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