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ABSTRACT: A facile room-temperature method for assem-
bling colloidal copper sulfide (Cu,_,S) nanoparticles into
highly electrically conducting films is presented. Ammonium
sulfide is utilized for connecting the nanoparticles via ligand
removal, which transforms the as-deposited insulating films
into highly conducting films. Electronic properties of the
treated films are characterized with a combination of Hall
effect measurements, field-effect transistor measurements,
temperature-dependent conductivity measurements, and ca-
pacitance—voltage measurements, revealing their highly doped
p-type semiconducting nature. The spin-cast nanoparticle films
have carrier concentration of ~10" cm™, Hall mobilities of
~3to 4 cm® V™! 57! and electrical conductivities of ~5 to 6 S-
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cm™. Our films have hole mobilities that are 1—4 orders of magnitude higher than hole mobilities previously reported for heat-
treated nanoparticle films of HgTe, InSb, PbS, PbTe, and PbSe. We show that electrophoretic deposition (EPD) as a method for
nanoparticle film assembly leads to an order of magnitude enhancement in film conductivity (~75 S-cm™") over conventional
spin-casting, creating copper sulfide nanoparticle films with conductivities comparable to bulk films formed through physical
deposition methods. The X-ray diffraction patterns of the Cu,_ S films, with and without ligand removal, match the Djurleite
phase (Cu,,S) of copper sulfide and show that the nanoparticles maintain finite size after the ammonium sulfide processing. The
high conductivities reported are attributed to better interparticle coupling through the ammonium sulfide treatment. This
approach presents a scalable room-temperature route for fabricating highly conducting nanoparticle assemblies for large-area

electronic and optoelectronic applications.
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B INTRODUCTION

The need for solution-based processing of semiconductor
electronics has spurred interesting research efforts in recent
years. In addition to the lower cost for solution processing, it
also allows for large-area and flexible electronic applications
compared to conventional semiconductor processing methods.
Due to their exceptional size-dependent electronic properties
and solution processability, semiconducting colloidal nano-
particles are becoming important building blocks for electronic
and optoelectronic devices such as field-effect transistors,’
photovoltaic devices,” and light-emitting diodes.” These
nanoparticles have typically been assembled into thin films
with short-range ordering via drop-casting, spin-casting, or
inject printing.”® Spin-casting is a widely known method for
assembling nanoparticle films from colloidal solution, and the
quality of the resulting films depends on appropriate solvent
selection and substrate preparation procedures.* For practical
large-area applications, the spin-casting process results in
inefficient use of starting colloidal nanoparticles because a
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significant portion of the nanoparticle solution is discarded
during the process. In addition, obtaining uniform films over a
large area is a challenge.

Electrophoretic deposition (EPD) is an alternate method for
the fabrication of nanoparticle films that shows great promise
for electronic applications.*” EPD has been widely used for the
processing of thin films and coatings for a wide variety of novel
applications. EPD is accomplished by applying a voltage
between two conducting electrodes immersed in a solution
containing nanoparticles. The resulting electric field drives the
charged particles through the solution, onto electrodes of
opposite polarity. EPD is an attractive method for depositing
nanoparticle films for applications due to its versatility for
fabricating a wide variety of films of different materials, its
efficient use of the colloidal particles (most particles in solution
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are deposited), and the possibility of depositing films on
substrates of arbitrary size and geometry. EPD has been shown
to result in closely packed nanoparticle assembly, often with
mechanical robustness.” "' While the mechanical stability of
EPD films over conventional film deposition has been
previously demonstrated,” little is known about the electronic
properties of the films deposited via EPD.

Copper sulfide is a p-type semiconductor material that has
generated a great deal of interest due to its potential use in
optoelectronic applications. While several methods such as
physical deposition methods (evaporation and sputtering),'>
pulsed chemical vapor deposition,"”> and chemical bath
deposition methods'*™'® have been used to deposit Cu,_.S
films, a facile method suitable for large-scale applications is
desirable. Hence, a simple and robust method for solution-
based processing of conducting Cu,_,S films is important. In
this work, we utilize EPD as an alternate method for depositing
conducting copper sulfide nanoparticle films, and we study the
effect of deposition methods on electronic transport properties
of EPD and spin-cast Cu,_,S films. Our room-temperature
method for realizing highly conductive Cu, .S nanoparticle
films involves chemical treatment of as-deposited films with
ammonium sulfide—a process that replaces the bulky
surfactant ligands with metal-sulfide bonds—transforming the
as-deposited insulating films into highly conducting films.
When we compare the electronic properties of copper sulfide
nanoparticle-based films deposited via electrophoretic deposi-
tion and spin-casting, we find that spin-casting can yield films
with high conductivities (5.7 S-cm™) and mobilities (4.3 cm?
V~'s7!), and that the EPD films consistently have an order of
magnitude higher conductivity (up to 75 S-cm™") than the spin-
cast films. We believe this could pave the way for new methods
of room-temperature processing of nanoparticles for applica-
tions such as printable electronics.

B EXPERIMENTAL SECTION

Overview of Experimental Procedures. Our experimental plan
is summarized in the schematic of Figure la, showing colloidal Cu,_,S
nanoparticles utilized as building blocks for the fabrication of
nanoparticle films via spin-casting and electrophoretic deposition.
The copper sulfide nanoparticles shown in Figure 1b were synthesized
in batch to ensure uniformity between multiple devices."” In
preparation for film deposition the nanoparticles are redispersed in
hexanes, cleaned, and filtered through 0.2 ym polyvinylidene fluoride
(PVDF) membranes. The nanoparticles are then deposited by spin-
casting or EPD onto the substrates, and the electronic properties of
the prepared films are studied by performing resistivity, Hall effect, and
field effect transistor (FET) measurements. Different substrates and
substrate preparations are used for the Hall and FET measurements to
match the experimental needs of each characterization method. For
the resistivity and Hall measurements, Cr/Au (5 nm/90 nm)
electrodes are deposited on borofloat glass and doped-Si/SiO,
substrates via electron beam evaporation such that after nanoparticle
deposition, the films could be manually patterned into 5 mm squares
with 200 ym squares of gold contacts at the edges of the film. The
FET devices consist of doped-Si/SiO,/Cr/Au (500 ym/300 nm/S
nm/100 nm) stacks to form a bottom-gate and bottom-contact
transistor once the nanoparticle film is deposited. The substrates (both
FET and Hall) used for spin-casting were cleaned in isopropanol,
acetone, and methanol and vapor primed with hexamethyldisilazane
(HMDS) prior to film deposition. For the spin-cast films, ~S0 L of 5
mg/mL of Cu,_,S nanoparticles in hexanes are deposited for 30 s at
2000 rpm. This spin-casting condition is selected after characterizing
the properties of films (conductivity and film homogeneity) obtained
from varying spin parameters, using primed and unprimed substrates,
and varying solution concentration. The EPD of the copper sulfide
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Figure 1. (a) Schematic depiction of experimental plan to study
electronic transport in EPD and spin-cast copper sulfide films. (b)
TEM of starting copper sulfide nanoparticles with average particle size
of S nm. (c) AFM height image showing a step in height between the
film and regions from which the films have been cleaned, revealing film

thickness.

films is carried out by applying a voltages (up to ~600 V) for up to 15
min between two conducting electrodes arranged in a parallel plate
capacitor configuration and immersed in a colloidal solution of copper
sulfide nanoparticle dispersed in hexanes, as shown in Figure la.
Particles are attracted to the electrodes via Coulombic interaction. The
spacing between the electrodes is ~3 mm, and with hexane having a
dielectric constant of ~1.9, the effective electric field for film
deposition is ~1050 V/cm. The particles are deposited onto the
positive electrode, suggesting our particles are predominantly
negatively charged. (See Supporting Information for further details
on experimental procedures.)
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Optimal Nanoparticle Film Deposition Conditions. Film
deposition conditions are optimized to obtain conducting films
(>100 nm thickness) in a reproducible manner. The optimal EPD and
spin-cast conditions are characterized to ensure that the measured
films are of identical thicknesses, as conductivity of the films often
exhibit thickness dependent behavior. Ensuring that the film thickness
obtained from EPD and spin-casting are identical often requires
multiple deposition cycles. Three EPD and ten spin-cast deposition
cycles were usually carried out to obtain identical thicknesses of ~120
nm. The film thicknesses are determined using an atomic force
microscope (AFM) after cleaning a region of the films with a swab tip
soaked in hexanes, as shown in Figure lc. Each deposition cycle
consists of spin-casting/EPD of colloidal nanoparticles onto the
substrates/devices, followed by an ammonium sulfide (NH,),S ligand
replacement step:'® after each film layer is made by EPD or spin-
casting, the substrate is immersed in a 4 mM (NH,),S/methanol
solution for 30 s, rinsed in methanol for 30 s, and dried in ambient
temperature. The ammonium sulfide ligand replacement strips off the
organic ligands and replaces them with sulfide anions, resulting in a
metal—sulfur terminated nanoparticle surface.'® With the removal of
the bulky organic groups, the nanoparticles are also brought together
in intimate contact. Both these effects (metal—sulfur surface and
inorganic connections between nanoparticles) increases interparticle
coupling and enhances charge transport. This step is critical for
obtaining conductive films; without the ammonium sulfide treatment,
the films are insulating (Supporting Information).

B RESULTS AND DISCUSSION

Characterization of the colloidal nanoparticle building blocks by
transmission electron microscopy (TEM) and the initial film by
X-ray diffraction (XRD) show the nanoparticles having an
average size of ~5 nm and matching the XRD pattern for
copper sulfide (Figures 1b and 2a). The XRD pattern (Figure
2a) can be most closely compared to three different phases of
copper sulfide Cu,_,S: low Chalcocite, x & 0; Djurleite, x =
0.06; and Roxbyite, x = 0.19. Cu,S has been shown to be an
intrinsic semiconductor,'>'® whereas the Cu,¢,S and Cu,g,S
are p-type semiconductors due to the presence of copper
vacancies.”*>* The XRD pattern of our measured samples
match the Dijurleite phase most closely; hence, a p-type
semiconducting behavior is expected. However, we note that
the exact phase of Cu,_,S has been known to be difficult to
distinguish using XRD patterns alone, as mixed 2phases and
transformation between phases is common.'®*"">>?® After the
ammonium sulfide surface underwent ligand treatment, we
observe no changes in the XRD patterns, and Scherrer analysis
of the XRD peaks indicates a crystal size of ~4.8 nm both
before and after treatment (Figure 2a), indicating that the
particles have not sintered into larger grains and that they have
not disintegrated into smaller crystals. The ammonium sulfide
treatment used in preparing these films has previously been
shown to increase interparticle coupling.'® TEM images of
samples scraped off the EPD films (Figure 2b,c; also see Figures
S1 and SS, Supporting Information, for post-ammonium sulfide
treatment spin-cast films) suggest that the nanoparticles in the
films have not sintered together from the ammonium sulfide
treatment but have formed a closely packed network of
nanoparticles inorganically connected, as was seen in work by
Zhang et al.'® Preliminary analysis of film porosity also suggests
that EPD films are better packed than spin-cast films (See
Figures S2, S4, and SS, Supporting Information ). Hence, EPD
films should have better interparticle coupling,

The stoichiometry and composition of the EPD and spin-cast
films before and after the ammonium sulfide treatments are
characterized with X-ray Photoelectron Spectroscopy (XPS).
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Figure 2. (a) XRD pattern of the copper sulfide film before and after
ammonium sulfide treatment compared to the Djurleite Cu,o,S
(JCPD 23-0959), Roxbyite Cu;gS (JCPDS 23-0958), and low-
chalcocite Cu,S (JCPDS 33-0490) phases of copper sulfide. A close
match to the Djurleite is observed, indicating the presence of copper
vacancies. (b) TEM of Cu,_,S nanoparticles scraped off of EPD films
without ammonium sulfide treatment. The films are insulating without
ammonium sulfide treatment. (c¢) TEM of Cu,_,S nanoparticles
scraped off of EPD films treated with ammonium sulfide. These films
have conductivities as high as 75 S-cm™ at room temperature. The
particles are scraped off of films made by three EPD cycles.

Figures S6 and S7 (Supporting Information) show XPS survey
scans of spin-cast and EPD-films before and after ammonium
sulfide treatment. All XPS spectra are calibrated with the
binding energy of the C 1s peak at 284.8 eV and the films were
deposited on a doped-Si/SiO, substrate. The atomic
percentages of the constituent elements are summarized in
Table S1 (Supporting Information). The Cu 2p, S 2p, O 1s, C
Is, N 1s, and Si 2 p peaks are used for calculating the atomic
percentages. The ratio of Cu/S before the ammonium sulfide
treatment for both spin-cast and EPD films is close to 2:1, as
expected for Cu,_,S. However, due to the presence of a
significant amount of C, O, and Si, the stoichiometry
information obtained for Cu,_,S from XPS data is not exact.
The high-resolution XPS spectra of C 1s in Figures S8 and S9
(Supporting Information) indicate a reduction in carbon
content after the ammonium sulfide treatment. After the
ammonium sulfide treatment, the ratio of the atomic
percentages of Cu/S films is ~I1:1. This increase in sulfur
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content, in addition to the decrease in C and N peaks, is
attributed to the removal of organic ligands and replacement
with sulfide anions. The absence of N peaks after treatment also
indicates that no inorganic ligands (e.g., (NH,),S or (NH,)S™)
or ammonium or ammonia moieties remain after treatment.
These results—increase in sulfur, the lack of nitrogen signal,
and the decrease in carbon—are all consistent with our
previous work and extensive characterization of this ligand
removal process.'®

From the high-resolution scans of Cu 2p and S 2p in Figure
3, the chemical state of copper and sulfur in the films are
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Figure 3. High-resolution XPS scan of the Cu 2p region for spin-cast
films (a) before ammonium sulfide treatment and (b) after ammonium
sulfide treatment and for EPD film (c) before ammonium sulfide
treatment and (d) after ammonium sulfide treatment. The Cu 2p;,
peaks in a and c indicate a shift to higher binding energy, a
consequence of oxidation. Satellite peaks (Cu®*) at ~943 eV observed
in panels a and c are not observed in panels b and d. See Figure S10
(Supporting Information) for corresponding high-resolution scans for
the S 2p region.

further assessed. The binding energies of Cu 2p;,, and Cu 2p, ),
are centered at 932.6 and 952.6 eV respectively, indicating a
monovalent state of copper (Cu*) as expected in Cu,S. In
addition, the presence of the Cu L;M, M, Auger transition
with kinetic energy of 918.5 eV (showing up at binding energy
~568 eV on the survey scans) further suggests a Cu* state.”’
The satellite peaks that appear at 943.7 eV in the Cu 2p high-
resolution scans before ammonium sulfide treatment in Figure
3a,c are due to oxidation. The S 2p spectra in Figure S10
(Supporting Information) shows a doublet species with binding
energies of 162.7 and 163.9 eV corresponding to S 2p;/, and S
2p,y, respectively. These peaks are indicative of a Cu—S bond
formation.”” While the exact stoichiometry of the Cu,_,S films
is difficult to determine because excess S from the processing
can produce misleading values, the XPS and XRD results infer
that our films are Cu,_,S.

Hall effect measurements of the carrier concentration, carrier
type, and mobility reveal that the spin-cast copper sulfide films
are highly conducting. Colloidal nanoparticles are spin-cast
onto the devices for Hall measurements (Figure la). The
substrates (in our case, glass) for Hall measurements should be
nonconducting, on which EPD cannot be performed. All

electrical measurements were done in a Physical Property
Measurement System (PPMS, Quantum Design). Sheet
resistance was measured using the standard van der Pauw
approach by determining resistance Ri4,3, the resistance
obtained by applying a DC current (I,,) through gold contacts
1 and 4 and measuring the voltage (V,3) that develops between
gold contacts 2 and 3. By swapping the contact points for
current injection and voltage measurements, we observe
identical resistance values and conclude that the films are of
uniform thickness and suitable for Hall measurements. The
sheet resistance is expressed as R, = 7R3/ (In 2).2® For Hall
effect measurements, we measure the voltage between contacts
2 and 4, while the current is applied between contacts 1 and 3
in the presence of a magnetic field.

In Figure 4, the room-temperature magnetic-field-dependent
Hall voltage V;;, measured for two spin-cast films (spin-on-glass

15008 @ Spin-on-glass 1 (I = 35 pA) | | 1
—m— Spin-on-glass 2 (I = 50 yA) /
10007 " 1
— I/ ®
> L / [ ] 4
3 500 e
o o
) e
£ o
N o T
;": -500[ o J
[ /
-1000F . R
e
n
-1500F ) ) I
) 2 0

MagneticField (T)

Figure 4. Hall effect measurements for two spin-cast films on glass
substrates. Films are treated with ammonium sulfide. The Hall voltage
is determined for varying magnetic field (—4 to 4 T). Polarity of the
Hall voltage indicates the Cu,_,S are p-type semiconducting.

1 and 2) is shown. These samples were prepared identically.
The film thicknesses, d, measured from profilometry and AFM
of the two samples 1 and 2 is determined to be 112 and 120
nm, respectively. The positive polarity at positive magnetic
fields (0 to 4 T) of Vi is indicative of a p-type material, which is
commonly reported for copper sulfide films with copper
vacancies.'”'#'21%* To ensure measurement accuracy, the
polarity of the magnetic field is reversed. After magnetic field
reversal, we observe that the polarity of Vi changes, but the
magnitude remains approximately the same. This implies an
accurate measurement of Hall voltage. We determine the
conductivity (6 = 1/Rd,) of spin-on-glass samples 1 and 2 to
be 5.74 and 5.44 S-cm™’, respectively. We determine the Hall
carrier concentration ny and Hall mobility gy using the
expressions ¢ = nyepy and Vi = ((IB)/(nyed)), where ¢ is the
elementary charge (1.602 X 107" C), I is the applied current,
and B is the applied magnetic field. These results are
summarized in Table 1. Compared to transistor-based
measurements, Hall measurements have the advantage of
studying the intrinsic charge transport in nanoparticle-based
films independent of charge trapping effects.”*** Our Hall
measurements result in Carrier concentrations of ~10" cm™
and Hall mobilities of ~3.3 and 4.3 cm®> V™' s™! for our spin-
cast Cu,_,S nanoparticle films 1 and 2, respectively. Because
our films are insulating before the ligand replacement step, we
attribute these high conductivities to the post-deposition
ammonium sulfide treatment, which increases interparticle
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Table 1. Hall Effect Measurements on Spin-Cast Nanoparticle-Based Films

spin-on-glass films slope (V/T) film thickness (nm)
1 179 x 107* 112
2 328 x 107* 120

conductivity (S-cm™")
5.74 1.09 x 10" 328
544 7.93 x 10" 4.28

carrier density (cm ™) Hall mobility (cm® V™' s7%)

coupling. Recent results have also shown conductivity enhance-
ments in CulnSe, films with virtually bare nanoparticle surfaces
after ligand exchange with 1-ethyl-5-thioterazole.*!

The high conductivities and carrier concentrations of our
films are comparable to values previously obtained from low-
chalcocite (Cuyg90S and Cu, 995S) copper sulfide films prepared
by thermal evaporation (~1 um thick) and RF sputtering
techniques (0.1—0.5 yum thick): Cu,g9S (7 S:em™ and 1.5 X
10" ecm™) and Cu,g9sS (35 S-em™ and 10*° cm™3)."* Even
higher conductivities have been reported for anilite phase
(Cu,75S) copper sulfide films,* although we note that (1)
copper sulfides are typically p-type from copper vacancies, with
more copper vacancies generally leading to higher conductivity,
(2) XRD from Figure 2a suggests that our measured films are
of the Djurleite phase (Cu,g,S—Cu,oS), which has fewer
copper vacancies than the anilite phase and more copper
vacancies than the low-chalcocite phase, (3) the anilite phase is
expected to have higher conductivity than our Djurleite films, as
there are more copper vacancies in anilite, and (4) our films are
made from nanosize grains without thermal annealing and
should not be expected to compete with bulk; however, our
results show comparable values to thermally processed bulk
films. Thus, our measured values of conductivities are
remarkably high. When compared to copper sulfide films
prepared by pulsed chemical vapor deposition of identical
thickness (~120 nm) and stoichiometry (between Cu,,S to
Cu,S), our nanoparticle-based films show better or identical
conductivities."> In Table S2 (Supporting Information), we
summarize the electrical conductivities of some copper sulfide
films previously reported, and we note their stoichiometry and
method of determination, synthesis and deposition methods,
and film thicknesses. Although the results are widely
ranging,lz_lé’zg’e’2 we can infer that increasing copper vacancies
suggest higher conductivities, that annealed films have higher
conductivities than unannealed films, and that our solution-
processed nanoparticle films perform on par with some of the
physically deposited films, even though our nanoparticles have
not been annealed.

It is interesting to note that a low-cost solution-based process
is able to realize highly conducting films comparable to bulk
deposition methods without annealing. Our films have hole
mobilities that are 1—4 orders of magnitude higher than hole
mobilities previously reported for heat treated nanoparticle
films of HgTe, InSb, PbS, PbTe, and PbSe.*® Our films also
have 1-7 orders of magnitude higher conductivity than those
of some previously reported metallic nanoparticles of Au,
CoPt;, Ag, Pb, Co, and Pd.>* Hence, our films are applicable as
p-type conducting films and as conducting electrodes in an all-
nanoparticle based device. However, we note that it is difficult
to compare different material systems exactly. Such highly
conductive nanoparticle-based films made without thermal
annealing have also been recently reported for silver nano-
particles.”> These silver films are metallic in nature, while our
Cu,_,S films are p-type semiconducting; hence, our films are
more suitable active materials for electronic and optoelectronic
applications. In addition, although silver nanoparticle-based
films could be used for device electrodes, Cu,_,S films with

high conductivities could also be used as electrodes with the
added advantage of transparency, although the transparency
will be dependent on film thickness.”

The effect of film deposition methods on the electronic
properties of these highly conducting Cu, .S are analyzed
through temperature-dependent conductivity measurements on
films (made via EPD and spin-casting) of identical thicknesses
deposited on doped-Si/SiO, substrates with Au contact pads.
The device geometry is similar to those used for the Hall
measurements above, with the exception of a doped-Si/SiO,
substrate in place of the glass substrate. EPD works for these
substrates because the doped silicon is conductive. In addition,
we measured the temperature dependence of the conductivity
of spin-cast films (spin-on-glass 1 and 2) that were used for
Hall effect measurements. All the electrical measurements are
carried out in the PPMS, and Ohmic contacts are ensured
through wire-bonding. Conductivity is measured following the
van der Pauw method described above, and film thicknesses are
obtained from profilometry and AFM measurements. In Figure
Sa, we show the temperature-dependent conductivity of Cu,_,S
nanoparticle films formed by EPD (blue symbols) and spin-
casting (red symbols), between 25 and 300 K. The plots with
open red circles and open red diamonds are measurements of
films spin-cast onto glass substrates, while the plot with solid
red circles is from a film spin-cast onto doped-Si/SiO,
substrates. Clearly, the effect of the substrate type on
conductivity measurements is not discernible. Slight variations
in the properties of EPD films between runs are known to
result from uncontrolled experimental conditions, such as
humidity and temperature.”®

On the basis of the results in Figure Sa, two points are worth
noting: (1) EPD films have an order of magnitude higher
conductivity than spin-cast films, and (2) the conductivity of
the films decreases with decreasing temperature. At room
temperature, the highest conductivity of all the measured EPD
films is ~75 S-cm™', while the highest conductivity from the
spin-cast films is 5.7 S-cm™. This corresponds to resistivities of
~13.6 mQ-cm and ~174 mQ-cm, respectively. We attribute
this order of magnitude enhancement in conductivity seen in
EPD films to the close-packing of the nanoparticles, as shown
in Figure S1 (Supporting Information). EPD is suggested to
produce closely packed films in an energetically favored
assembly,®® whereas spin-cast films are prone to disorder.”
These temperature-dependent studies further confirm our
earlier assertion that EPD films produce better conducting
films than spin-cast films. We can infer from such conductivity
trends that EPD films will likely have higher carrier mobilities
than spin-cast films. We note that while the ammonium sulfide
treatment may introduce some impurities that could potentially
dope the films, the EPD and spin-cast films are subjected to
identical ammonium sulfide treatment processes.

To clarify the conductivity effects, it is necessary to consider
the pore volume of the films.*” The improvement in
conductivity of EPD over spin-casting can be a result of higher
packing order or better interlinking of the nanoparticles in the
film. SEM images (Figures S1 and S4, Supporting Information)
indicate that the EPD films are better packed than spin-cast
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Figure 5. (a) Temperature-dependent electrical conductivity measure-
ments of EPD and spin-cast films from 25 to 300 K showing a decrease
in conductivity with deceasing temperature. EPD films show an order
of magnitude enhancement in conductivity. (b) Semilog plot of
conductivity (In ) vs (1/T)"* shows variable-range hopping (VRH)
conduction. The black solid lines are fits of the conductivity using
Mott-VRH with one-fourth power—temperature dependence. The
data is best fit to a Mott-VRH (Table S4, Supporting Information).

films. To better assess the average porosity, we measure the
mass (before and after deposition) and thickness of the EPD
and spin-cast films deposited on a 15 X 1S mm® silicon
substrate and calculate the film density. By assuming a bulk
density of 5.6 g/cm® for Cu,S, we estimate the percentage
porosity and the solid fraction of the films (Table S3,
Supporting Information). EPD films have ~38% film porosity
and 0.62 solid fraction, while spin-cast films have ~57% film
porosity and 0.43 solid fraction, indicating a higher packing
fraction for the EPD films. These calculated values are in good
agreement with the 2D solid fraction (“% area”) obtained from
image-processed SEM images in Figure S4 (solid fraction of
0.63 for EPD and 0.40 for spin-cast; Supporting Information).
The experimentally measured conductivity (6,,casureq) should be
related to the interlinking conductivity (o) of the nano-
particles and the solid fraction (S;) of the films by 6,ciued =

onSe. To understand this effect, we rescaled the temperature-
dependent conductivity of the films shown in Figure Sa to
express conductivity as the interlinking conductivity (o, =
Oumeasured/ St), as shown in Figure S11 (Supporting Information).
Despite this normalizing for solid fraction, the EPD films still
show an order of magnitude increase in conductivity compared
to the spin-cast films. The results of this analysis implies that
while the EPD films are less porous (denser) than spin-cast
films, porosity alone does not account for the order of
magnitude difference in conductivity. We can conclude from
this study that the interlinking between particles is enhanced in
EPD processing.

Analysis of the carrier transport mechanism from the
temperature-dependent conductivities of the films reveals a
hopping conduction mechanism for charge transport (Figure
Sb). The trend shows a decrease in conductivity (In &) with
decreasing temperature, which is typical for semiconductors
where thermally activated hopping—the process in which a
charge carrier in a localized state moves to another state via
energy it receives from a phonon—is prominent.>® The
hopping process extends beyond nearest neighbors with the
further-distance hops resulting from smaller energy barriers.
This process is counterbalanced by a decreasing tunneling
probability over large distances, such that the conductivity is of
the form ¢ = o, exp(—A/T"),>** where A is a constant
proportional to the activation energy and hopping probability.
The power law (n) dependence of the temperature in the
conductivity equation is reported as 1 or '/, for nearest-
neighbor hopping (also thermally activated hopping) or Efros—
Shklovskii VRH, respectively.**~** However, our data are best
fit with a power of '/, suggesting a Mott VRH mechanism
(Table S4, Supporting Information).*®** The linear depend-
ence of In ¢ versus T~/* from 25 to ~270 K in the spin-cast
films and the EPD films in Figure Sb is therefore indicative of
variable-range hopping conduction in both films. While
previous work showed a transition temperature at which
conduction changes from VRH to nearest-neighbor hopping,*
our results do not exhibit any such transition in hopping
mechanism, which is a similar conclusion found by Houtepen et
al. for a T3 conductivity dependence in ZnO nanoparticles.**
The parameters A and ¢, in the conductivity equation are
extracted for Mott-VRH and shown in Table 2. The pre-

Table 2. Linear Fits of Conductivity to Mott Variable Range
Hopping Equation

A (K% 0y (S-em™)
EPD 1 4.04 134.04
EPD 2 1.74 110.04
spin (glass) 1 5.51 2145
spin (glass) 2 7.57 33.94
spin (Si) 532 16.19

exponential factor ¢;, which is about an order of magnitude
higher in the EPD films than in the spin-cast films, is inversely
proportional to the lattice spacing,® further suggesting that
better interparticle coupling is responsible for the enhanced
conductivity in EPD films. Between 270 and 300 K, we observe
that the conductivity in the EPD-1 film begins to deviate subtly
from the expected hopping behavior, and, in fact, conductivity
begins to decrease with increasing temperature. While the
source of the deviation is not fully clear, such a trend of
decreasing conductivity with increasing temperature has been
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observed in other studies on nanoparticle films where metal-like
transport is suggested based on field-effect mobility measure-
ments 254546

The temperature stability of the films is studied by extending
the temperature range to 400 K (the maximum temperature of
the PPMS). In Figure S12, Supporting Information, we show
the resistivity data for two films made by EPD and spin-casting.
We cycled the temperature from 300 to 25 K, and then from 25
to 400 K. For both film types, cycling from 25 to 300 K results
in an increase in resistivity with a decrease in temperature;
however, when cycling from 25 to 400 K, a sharp and
irreversible drop in resistivity (increased conductivity) is
observed in the EPD and spin-cast film at ~350 K and ~380
K, respectively. The drop in resistivity suggests that the films
are likely sintering at these higher temperatures. It is interesting
to note that the EPD films sinter at lower temperatures than
the spin-cast films. This is possibly due to the tighter packing of
the EPD films over the spin-cast films. In addition, we note that
a recent study demonstrated irreversible thermal doping in
Cu,S nanoparticle films above 350 K, and this may provide an
alternative explanation.”

We also assessed the light-sensitivity of the performance by
measuring EPD and spin-cast films under 150 W illumination
(Micro-Lite FL2000 High Intensity Fiber Optic Illuminator).
For this study, we varied the electrode spacing and obtained the
current-voltage characteristics of the films with four-wire
resistance measurements. We find negligible light sensitivity
in all cases. (See Supporting Information Figure S13 for
discussions on aging the films in ambient conditions and
Figures S14 and S1S for data on light stability.)

In Figure 6, we show the output and transfer characteristics
of FET devices. The transistor geometry is bottom-gate
bottom-contact, with the nanoparticles deposited onto the
source and drain electrodes via EPD and spin-casting
(schematic of construction shown in Figure la). The film
thicknesses of the EPD and spin-cast films are ~350 nm and
~70 nm thick, respectively. The resulting transistor channel is
2.5 pym wide and 1 mm long. At gate voltage Vg = 0V, a
substantial drain-to-source current (Ipg) of ~0.96 mA is
measured at a drain-to-source voltage Vpg = 4 V for EPD
films, whereas at the same Vg and Vg, the drain current in the
spin-cast films is ~4.2 pA. Because conduction in FETs occur
mostly via the surface channel, the difference in thickness
cannot account for 2 orders of magnitude difference in current
levels; hence, the higher current levels obtained from the EPD
films further suggests that EPD films consistently form more
conducting films than spin-cast films. The Ips—Vpg graph is
shown in logarithm scale in order to display the differences
between the EPD and spin-cast data on a single plot. Due to
the 2 orders of magnitude difference in Ig between the EPD
and spin-cast films, the features of the spin-cast data are
suppressed when plotted on a traditional linear-scale (Figure
S16, Supporting Information). Ipg is slightly increased by
changing the gate voltage from zero to negative values (—10
and —20 V) for both EPD and spin-cast films, which is expected
for a p-type semiconducting material, although the gate
modulation is weak and no saturation occurs. Because the
Cu,_,S films obtained from EPD and spin-casting are
conducting, utilizing them in a FET-geometry as channel
material would imply a depletion-mode operation for such
transistor. Transfer characteristics (Ins—Vgg plots at Vg = S V)
of FETs made from both EPD and spin-cast films shown in
Figure 6b, depict no rectification; however, qualitative assess-

102 ;
a)
3L 4
10 EPD film
Z 104F—V =0V 3
R
10
Spin-cast film
106 3
107 ( 40
Vs (V)
b) T T T T T T T T T
103 3
e EPDfim,V, =5V
e Spin-castfilm, V=5V ]
— 10% E
< 3
8
10 - E
10750 10 0 10 20
Vs (V)

Figure 6. FET measurements of EPD and spin-cast films. (a) Log—log
plot of drain-source current as a function of drain-source voltage (FET
output characteristics). The plot shows minimal gate modulation and
no saturation for both films. Channel width, 1 mm; channel length, 2.5
um. Slight increase in drain current with negative gate voltages
suggests a p-type channel. (b) Semilog plots of drain-source current as
a function of gate voltage (FET transfer characteristics) at a constant
Vps of 5 V. EPD films conduct higher drain currents than spin-cast
films. FET mobilites extracted from plots in panel b are 1.12 and
0.0087 cm?® V™' s7! for EPD and spin-cast films, respectively.

ment of the plots indicate that the gate modulation is minimal
and that the drain-source current level decreases by using
positive gate voltages. The change in slope observed in the Ipg—
Vs plot of the EPD film near Vi = 0 V, which is not seen for
the spin-cast films, is likely due to carrier depletion in the
channel with positive gate voltages; however, the influence of
charge trapping sites, which may be different for each film type
might result in the disparity. Further studies on charge trapping
mechanisms might provide better clarifications. From the Ing—
Vs plot, we calculated field-effect mobilities of 1.12 and 0.0087
cm? V7' 57! for the EPD and spin-cast films, respectively. We
note that the field-effect mobility of the spin-cast sample is
lower than that obtained from Hall effect mobilities in Table 1.
Although, FET measurements have been typically used to
characterize the electronic properties of nanoparticle films, the
results are strongly affected by charge trapping.”®
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Figure 7. (a) Schematic of the of metal (Au)—semiconductor (copper sulfide)—insulator (silicon oxide)—metal (doped-Si) (MSIM) capacitors
fabricated with EPD and spin-cast films. Also shown is the equivalent capacitance of the MSIM structure, which is a series connection of oxide (Cpy)
and nanoparticle film capacitance (Cyp). (b) High-frequency (100 kHz) capacitance—voltage (C—V) measurements of the MSIM capacitor in panel
a. Estimated oxide capacitance assumes a dielectric constant of 3.9 and thickness of ~300 nm. Area is ~4.8 mm?

Capacitance—voltage (C-V) measurements of EPD and
spin-cast films reveal that the films are highly doped, as their
capacitance shows no voltage dependence. We fabricate metal
(Au)—semiconductor (copper sulfide)—insulator (silicon
oxide)—metal (doped-Si) (MSIM) capacitors (Figure 7a) and
measured the equivalent capacitance Cyq sweeping gate voltage
from —45 to 45 V at 100 kHz with a precision LCR meter
(Agilent 4284), as shown in Figure 7b. The equivalent
capacitance of the MSIM structures—a series arrangement of
oxide capacitance Coyx and nanoparticle film capacitance Cyp—
is shown in Figure 7a. The measured equivalent capacitance
Ceq = (1/Cox + 1/Cxp)~". With increasing film capacitance,
Cgq tends toward Coy. The estimated oxide capacitance Coy is
~0.552 nF as depicted in Figure 7b (assuming a dielectric
constant of 3.9 for silicon oxide, area of 4.88 mm?, and an oxide
thickness of 300 nm.) Varying the gate voltage has negligible
effect on the equivalent capacitance measured for both EPD
(0.54S nF) and spin-cast films (0.4 nF), which further supports
the minimal gate modulation seen in the output characteristics
in Figure 6a. These results, however, further support our
assertion that more mobile charges are accumulated in EPD
films than in spin-cast films; hence, the EPD films will have
higher drain-to-source currents, as found in the FET measure-
ments above. The constant capacitance with gate voltage
confirms that the Cu,_,S films obtained from both EPD and
spin-cast are highly doped. Although it is difficult to quantify
the carrier concentration from C—V plots,”” the Hall effect
measurements shown in Figure 4 help to assess the highly
doped nature of the films.

Bl CONCLUSION

While the high conductivity observed in these Cu, S films
does not make them ideal candidates for FET channel
materials, they could potentially be utilized as source and
drain electrode materials in an all-nanoparticle based transistor,
as was recently demonstrated with Ag nanoparticles for the
source and drain electrodes.’® In addition, Cu,_,S films could
be employed as highly conducting p-type transparent
conducting electrodes.”” The order of magnitude enhancement
in conductivity obtained for our EPD films could be applied to
enhance the conductivities of films shown to have high electron

18918

mobilities (>10 cm® V™' s7') only after heat treatment or
chemical doping.****

In summary, we have shown that ammonium sulfide
treatment of insulating Cu,_,S nanoparticle-based films results
in highly conducting films comparable to physically deposited
thin films. Further, we show that EPD results in an order of
magnitude enhancement in conductivity of these Cu,_,S films
over spin-casting. The increase in conductivity is attributed to
better interparticle coupling in the EPD films. The result of this
study presents a scalable route to producing highly electrically
conductive solution-processed films for electronic and opto-
electronic applications.
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