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ABSTRACT: Determination of the phase diagrams for the nanocrystalline forms of materials is crucial for our understanding of
nanostructures and the design of functional materials using nanoscale building blocks. The ability to study such transformations in
nanomaterials with controlled shape offers further insight into transition mechanisms and the influence of particular facets. Here
we present an investigation of the size-dependent, temperature-induced solid-solid phase transition in copper sulfide nanorods from
low- to high-chalcocite. We find the transition temperature to be substantially reduced, with the high chalcocite phase appearing in
the smallest nanocrystals at temperatures so low that they are typical of photovoltaic operation. Size dependence in phase trans-
formations suggests the possibility of accessing morphologies that are not found in bulk solids at ambient conditions. These other-
wise-inaccessible crystal phases could enable higher-performing materials in a range of applications, including sensing, switching,
lighting, and photovoltaics.
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Size dependent structural transformations and phase transitions in nanoscale materials play a key role in
determining the phases that can be accessed and employed at the nanoscale, and yet there are still only a lim-
ited number of such transformations whose size and shape dependence has been mapped out. As a result,
our understanding of the underlying factors that control metastabilty and stability in nanocrystals is still in-
complete. With the advent of the capability to control the shapes of nanocrystals, as well as the ability to
separately tune composition through means such as ion exchange, it is now possible to investigate size de-
pendent structural transformations in a much wider range of systems. Here we investigate one such structur-

al transformation in nanorods of copper sulfide.

Over the past few decades, copper sulfide has captured the attention of a broad scientific community
with a rich Cu,«S phase diagram and compositionally tunable properties. This semiconductor has found ap-
plications in photovoltaics,! switching23 and sensing45 (sometimes enabled or enhanced by chemical trans-
formationsé7 or doping89), in addition to copper ore processing.10 The recent synthesis of copper(l) sulfide
nanocrystalsé11-14 may enable inexpensive solution processing for many of these applications, however, it is
critical for implementation that the size-dependence of the material properties and crystallographic phase

diagram be well understood.

Buffat and Borel described the size dependence of melting transitions in 197615 and their work has been
followed by a variety of experiments probing size dependence in temperature- or pressure-induced solid-
solid and solid-liquid phase transitions.16-1% This body of work has described situations where thermodynam-
ic factors dominate over kinetics, and in the simplest case, the size dependence arises from a competition
between surface energy and internal energy of each crystallographic phase. As the surface area to volume

ratio increases, phases with lower surface energy become more favorable:
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where Ty, (Py) is the bulk transition temperature (pressure), Ty, (Py,) is the size-modified phase transition
temperature (pressure), AH® is the enthalpy change for the phase transition, R is the particle radius, p is den-
sity, and v is the surface tension of each phase (1 or 2).

Depending on the nature of the phase transition, a reduction in nanoparticle size may either increase or de-
crease the temperature or pressure at which the transition occurs. In the case of a solid-liquid transition, the
surface energy almost uniformly decreases, so a melting point depression is typically observed with reduced

particle size (exceptions arise in cases of melting of inclusions of one solid phase encapsulated inside anoth-
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er solid). Solid-solid phase transitions have different trends: they can show either higher or lower transition
temperature or pressure with decreasing particle size. While there have been many reports of pressure-
induced solid-solid phase transitions, temperature-induced first-order solid-solid transitions have been diffi-
cult to reliably observe due to inadvertent particle reorganization, sublimation, or sintering, which can

change the size dispersion.

Stoichiometric or nearly stoichiometric Cu,S exhibits the monoclinic low-chalcocite phase at room tem-
perature, and shows a bulk transition to a higher symmetry hexagonal high-chalcocite at 376.65 K,2! a tem-
perature low enough to avoid sintering. Low chalcocite is a p-type semiconductor self-doped by copper va-
cancies, and has relatively high carrier mobility.2223 In the low chalcocite form, the sulfur sublattice is nearly
close-packed hexagonal, while the copper ions are organized in a complex fashion, forming a 144-atom unit
cell, CugeS4s.24  This arrangement of cations leads to an indirect bandgap?> of ~1.2eV. As low chalcocite
(LC) converts topotactically to high chalcocite (HC), the sulfur atoms approximately maintain their positions
while the copper ions adopt a partly statistical distribution on lattice sites, and the distinction between inter-
stitial and lattice ions is lost.26 This ‘melting’ of the copper sublattice gives rise to an increased almost lig-
uid-like ionic mobility, but a decreased hole conductivity. It is interesting to note that disorder in the crystal
structure in the HC phase leads to reduced mobility for holes and electrons in what amounts to the higher
symmetry phase.26 The transition has a subtle effect on the indirect bandgap (increased to 1.42eV), but
leaves the direct transitions unaffected.25 Despite the dependence of device-relevant optoelectronic proper-
ties on the copper(I) sulfide phase, there is lack of robust experimental data on phase properties of copper(I)
sulfide, as it is nontrivial to identify its low-symmetry phases and to measure the exact stoichiometry, which

varies between x=0 and x=0.2.

Phase transitions in copper(l) sulfide have been studied in extended solids27-29 and, more recently, in nano-

3031 A recent study32 illuminated the dynamics of the LC-HC phase transition in nanorods, enabling

particles.
the visualization of fluctuations between these two phases during the nucleation and growth of HC from the
LC phase. This study was performed without intentional heating, yet was able to access the HC phase likely
due to beam heating. There have been additional reports of HC nanoparticles existing at low tempera-
tures,1113 which suggests a size dependence to copper(l) sulfide phase stability. However, until now, the na-
ture of the relationship between particle size and transition temperature has not been systematically studied
for the important phase transition from low to high chalcocite. Here, we show such a study using copper(l)

sulfide nanorods to map out a size-dependent phase diagram for use in nanostructured devices employing

nearly stoichiometric Cu,S phases.
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Figure 1. (left) Phase transition of Cu,S from low chalcocite [Joint Committee on Powder Diffraction Standards (JCPDS) no. 00-033-
0490] to high chalcocite [JCPDS no. 00-046-1195] with increasing temperature. The * peak near 2.84 A is unique to low chalcocite, while
other strong peaks are shared by the high chalcocite phase or are obscured by small crystallite size-induced broadening or background. The
curves are offset for clarity. (top right) Transmission electron microscopy image of the nanorod sample from this data set allows size dis-
tribution measurements. (bottom right) A plot of the * peak intensity versus temperature shows a sharp transition from low to high chalco-
cite.

The stoichiometric low chalcocite phase of Cu,S can be reliably obtained through a cation exchange of
cadmium sulfide with Cu(I).92133 Monodisperse samples of CdS nanorods of controlled diameter and length
were synthesized using Schlenck line techniques®, and then converted to Cu,S by addition of a methanolic
solution of copper(I) salt to a solution of CdS nanorods in toluene.6 The resulting copper(I) sulfide nanopar-
ticles were drop-cast into a ~500nm thick film on a Si3N4 substrate. All steps were performed air-free to
prevent oxidation of the nanoparticles, which is known to result in a variation in the stoichiometry and phase
of Cu,S.9 X-ray diffraction of the copper(I) sulfide films was measured at the Stanford Synchrotron Radia-
tion Lightsource (SSRL) at beamline 11-3 with an energy of 12.735 keV and a grazing incidence geometry.
Samples were placed on a heating stage in a helium chamber and heated at 1 Kelvin per minute (to avoid
temperature overshoot and facilitate near-equilibrium measurements). Collection time was 5 min and raw

data were processed using WxDiff35 to obtain intensity (I) versus Q plots.

From a plot of I(Q), the strongest LC peak was identified and monitored as a function of temperature. Due
to the crystallographic relationship between low and high chalcocite, almost all diffraction peaks from HC
are shared with LC, but the greater and more complex ordering in the LC phase is manifested as several ad-
ditional peaks. One such peak near 2.84A is unique to LC and is denoted by * in Figure 1, which shows the
temperature dependent diffraction. High chalcocite data closely matched the JCPDS standard 00-046-1195,



while low chalcocite closely matched 00-033-0490 both before heating and after cooling, indicating the
Cu,S stoichiometry was maintained during transition.

Error bars on the data result from sample size distribution, as measured by transmission electron micros-
copy (TEM) (x-axis), and limits in the accuracy of a) temperature measurement, b) Gaussian fitting and dif-
fraction peak integration and c) the Boltzmann fitting (y-axis). Errors in absolute TEM size measurements
are assumed to be negligible in comparison with other errors mentioned above. As the particle size decreas-
es, the diffraction peaks are broadened, introducing more uncertainty. This accounts for the general trend of
larger error bars on smaller particles.

The integrated peak intensity (Ajow chaicocite=Arc) for the low chalcocite peak (2.84A) was plotted as a func-
tion of temperature, resulting in a sigmoidal curve representing the transition from low chalcocite (ALc>0) to
high chalcocite (Apc~0). Fitting these data with a Boltzmann function (Eqn 3) yielded a phase transition

temperature, T,.

ALC — AHC Eqn 3

(T_TO) ’
l+e KT

where AT is the temperature range in which the transition occurs.
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Figure 2. Phase transition temperature (Kelvin) as a function of nanorod diameter (nm). Data points collected in this study are black
squares; data from bulk?! and from Wang et al.3! are noted. Inset shows a magnified plot of the data from the present study. The fitting

curve (same in both plots) follows Equation 1 (Pearsons’s X2=1.18).

The average transition temperature (T,) was plotted versus nanorod size (diameter) to obtain the size de-
pendence (see Figure 2). A strong size dependence was observed, with nanorods transforming to high chal-
cocite at temperatures as low as 315 K, a depression of more than 60 K below the bulk transition tempera-
ture of 376.65 K. This trend indicates that HC may be thermodynamically favored at room temperature in
nanocrystals smaller than 2.5nm diameter. The data were fitted to Equation 1 by assuming the same density

(5.6 g/cc?4) for the two phases, and an enthalpy change of 3849.3 J/mol.36 This yields a change in average
5



surface energy of 20 mN/m or roughly a change of 50% from the low chalcocite value of ~40 mN/m.37.38 A
typical range found for Ay/yis 15% to 50%.1939-41 Cu,S may be on the high end of this range due to the
unique nature of its LC-HC transition in which the Cu sublattice effectively melts, lending some solid-liquid
character to this solid-solid transition. Further demonstrating the LC-HC order-disorder character is the high
formation entropy of 10.238 J/K-mol (with 1.3 Cu(I) atoms distributed over 2 equivalent positions and 2.7

Cu(Il) atoms distributed over 12 positions42).

The surface tensions obtained can be used in the Dupré equation to estimate the interfacial energy between
the two phases (assuming no work of adhesion). Comparing interfacial energy with internal formation ener-
gy or Gibbs free energy AG, we can calculate the critical nucleation radius (R") to be 0.885 nm, which is

comparable to the smallest nuclei that were observed in the recent in situ TEM study of the this transition>*:

R*=M 43 Eqn 4

AG

We also note that the hysteresis observed in this experiment (see Supporting Information) is similar to that

observed in extended solids.?’

T, was plotted as a function of nanorod length (keeping diameter constant at 4nm) and also as a function of
nanorod diameter (keeping length constant at 40nm). We see that the nanorod transition temperature depends
sensitively on the nanorod diameter d, whereas the nanorod length / has no significant effect on T, (Figure
3). This is consistent with the fact that the independent variable in the size-dependent depression is the sur-
face-area-to-volume ratio of the nanorods given by (4/d + 1/f). In the range of dimensions in the present

study, the length term (£) is negligible.
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Figure 3. Phase transition temperatures (top) as a function of nanorod length with constant diameter of 4nm) and (bottom) as a function of
nanorod diameter (with constant length of 40nm).

This work has some implications for the field of photovoltaics; copper sulfide comprised the original thin
film solar cell in 1954.3344 In the photovoltaics community there has recently been significant interest in
nanocrystalline Cu,S as well as the related phases copper (indium gallium) (sulfide selenide) (CIGS) and
copper zinc tin sulfide (CZTS)4546, which employ an ordered cation substitution for improved stability and
optical tuning. The phase diagrams of these ternary and quaternary semiconductors are also complex, leav-
ing open the possibility of relatively low-temperature phase transitions that may show a strong size-
dependence near photovoltaic operating temperatures (typically 300 K to 330 K) or during crystal growth
(500-800 K). In the case of Cu,S for photovoltaic operation, our work indicates that it is crucial to maintain a
particle size >6nm in diameter to avoid the stabilization of a deleterious phase (high chalcocite) at typical

operating temperatures.

The stabilization of a high-temperature crystallographic phase at room temperature by use of nanocrystal-
line semiconductors may have favorable or unfavorable consequences, depending on the functional proper-
ties of interest. For example, the low to high ionic conductivity change during the LC-HC transition could

find use in switching applications, which may be enabled by the narrow range of metastability observed due
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to the ~10 K hysteresis of this transition. Our results also provide context for several reported observations
of high chalcocite phases in nanoparticles existing at low temperatures.1113 The uniquely low-temperature
solid-solid transition observed for copper(l) sulfide suggests real-world applicability of this phase-change
material, while making a broader call for characterization of additional materials whose phase diagrams ena-

ble transitions between functional crystal phases at room temperature.
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