
Rapid Stoichiometry Control in Cu2Se Thin Films for Room-
Temperature Power Factor Improvement
Michael R. Scimeca,† Fan Yang,‡,§ Edmond Zaia,‡,∥ Nan Chen,† Peter Zhao,†,⊥ Madeleine P. Gordon,‡,#

Jason D. Forster,‡ Yi-Sheng Liu,¶ Jinghua Guo,¶ Jeffrey J. Urban,*,‡ and Ayaskanta Sahu*,†

†Department of Chemical and Biomolecular Engineering, NYU Tandon School of Engineering, Brooklyn, New York 11201, United
States
‡The Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States
§Department of Mechanical Engineering, Stevens Institute of Technology, Hoboken, New Jersey 07030, United States
∥Department of Chemical and Biomolecular Engineering, University of California, Berkeley, California 94720, United States
⊥Department of Chemical Engineering, Cooper Union, New York, New York 10003, United States
#Applied Science and Technology Graduate Group, University of California, Berkeley, California 94720, United States
¶Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

*S Supporting Information

ABSTRACT: Cu2Se thin films provide a promising route
toward relatively safe, sustainable and solution processed
thermoelectric (TE) modules in contrast to more expensive
and toxic materials currently on the market such as Bi2Te3.
Cu2Se is known in the TE community for its high
performance at high temperature and has recently attracted
attention from its large theoretically predicted figure of merit
at room temperature. Unfortunately, one of the main
limitations encountered so far in Cu2Se thin films is that the
carrier concentrations are not optimized for TE operation
after solution processing. In this work, we conduct a comprehensive study of the structural, optical, and TE properties of Cu2Se
thin films and demonstrate that nonoptimized carrier concentrations in these films lead to observations of poor performance at
room temperature. Through a simple soaking procedure in a Cu+ ion solution for only a few minutes, we demonstrate a 200−
300% increase in power factor. This soaking process pushes the carrier concentration of the Cu2Se thin film toward its optimal
value for TE operation and marks the highest TE performance for any solution processed Cu2Se thin film at room temperature
thus far. If the performance can be further optimized at room temperature, Cu2Se thin films will be the material of choice to
utilize in TE modules for powering miniature electronics and sensors, which has been an increasingly popular and rapidly
expanding market.
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■ INTRODUCTION

With a global initiative to move toward cleaner energy
technologies,1−8 thermoelectric (TE) devices, which can
directly convert thermal energy into electrical energy and vice
versa have the unique advantage of providing a clean, quiet,
reliable, and safe source of power generation or solid-state
cooling.9−11 Traditional refrigerants possessing potent green-
house gases can be replaced with the implementation of TE solid
state cooling technology.12 In addition, the emergence of
wearable microelectronics13−18 creates inspiration for flexible
TE power generation and cooling devices that can be integrated
into clothing.19,20

To gauge the efficiency of a TE material, the figure of merit,

= α σ
κZT T
2

, and power factor, α2σ, are two commonly used

performance indicators, where α is the Seebeck coefficient, σ is

the electrical conductivity, κ is the total thermal conductivity
from electron and phonon contributions, and T is the absolute
temperature of the material.21 To achieve a high ZT, a TE
material needs to simultaneously exhibit a high Seebeck
coefficient, high electrical conductivity, and low thermal
conductivity. Improving ZT is difficult because these parameters
(α, κ, and σ) are interrelated and thermal conductivity typically
increases with electrical conductivity.7 Strategies to break these
relationships in materials have traditionally involved nano-
structuring and energy filtering.22−26 While ZT values focus
simply on the material potential of a TE material, cost-effective
processability, and sustainability should also be considered. At a
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system level, to alleviate the cost of manufacturing and to
develop flexible TE devices, solution processing12,27,28 offers the
advantages of manufacturing at lower temperatures and
pressures while reducing the amount of waste material.12,21

With solution processing, flexible thin films of TE material can
be fabricated at a low cost.29 Significant advancements in the TE
research community have been reported in the past few decades;
however, the materials and manufacturing processes used are
still either too expensive or wasteful.11 The best materials
demonstrating high ZT at room temperature (typically around
1) have historically included the use of rare or toxic elements in
inorganic crystalline semiconductors, such as Bi2Te3 and Sb2Te3,
and fabricated using energy intensive techniques, including
vacuum melting and spark plasma sintering (SPS).12,30,31 To
address these shortcomings, Cu2Se has been proposed as a
relatively nontoxic and abundant alternative with theoretical
predictions of a maximum bulk ZT around 1.16 at 305 K.32−34

Numerous experimental results have demonstrated promising
TE performance of Cu2Se, while operating at high temperature
(>800 K) with a ZT of around 1.5.19,35−40 However, these high
ZT values are only obtained via expensive manufacturing
practices.11 Additionally, at high operating temperatures, Cu2Se
demonstrates instability which would lead to degradation of
performance over time.34,41,42 At room temperature, we expect
minimal degradation of Cu2Se as compared to high temperature
operation. In addition, nanostructuring Cu2Se can potentially
improve material stability due to limiting Cu+ diffusivity at the
interfaces.43,44 The best ZT values recently reported for solution
processed Cu2Se at room temperature are only 0.14 in spite of
predicted values of over 1.21,32 In this Article, we show that the
reason for this low performance is due to extremely high carrier
concentrations in Cu2Se resulting from Cu vacancies and self-
doping, which drastically affect the Seebeck coefficient. We then
proceed to demonstrate a simple yet effective approach that
introduces excess Cu ions into the Cu2Se lattice, fills in the
vacancies, and leads to about 200−300% improvements in as-
synthesized Cu2Se thin films.

■ BACKGROUND

The most direct and ideal route to solution processed
semiconductor materials would be to dissolve them in a solvent,
deposit on any substrate and anneal to remove the solvent.
However, crystalline semiconductors are typically insoluble in

most common solvents. One solvent that has had success
dissolving these materials is hydrazine.45−48 Unfortunately,
hydrazine is a poor option for large applications due to its
explosive and toxic properties.12 Recently, Webber et al.
developed amethod to completely dissolve metal chalcogenides,
including Cu2Se, into a thiol-amine solution.49−51 This binary
solvent combination has the advantage of being less dangerous
than hydrazine,12 and the deposition of metal chalcogenides
using this technique yields closely packed, void-free thin films
without the need for spark plasma sintering or hot pressing.11

The close contact of each crystalline grain within the thin film
should lead to improved electron transport and an improved
power factor in TE devices. With the apparent success of this
facile metal chalcogenide fabrication process, our overall goal is
to match and even exceed the TE performance achieved from
higher cost fabrication processes. If achieved, this result would
lead to massive cost savings and pave the way for environ-
mentally friendly, high performance TE devices to be deployed
on a commercial scale.
A power factor of 2000 μW/(m*K2) would result in a ZT of 1

assuming our measured thermal conductivity of 0.6 W/(m K) at
room temperature. Currently, room temperature power factors
of Cu2Se materials fabricated using the cosolvent thiol-amine
solution range widely from 80 to 180 μW/(m K2) depending on
annealing temperature.11,12 Typically, Cu2Se exhibits p-type
behavior and has a hole concentration range between 1020 to
1022 1/cm3.20 Large discrepancies in the reported power factors
and carrier concentrations in Cu2Se stem from different
synthesis protocols that produce samples with varying degrees
of nonstoichiometry and carrier concentrations as seen in Figure
1a.11,12,21 Off stoichiometry is stable in Cu2Se and Cu deficiency
can even reach Cu1.7Se.

12,21 Cu deficiency is also known to
create an equivalent concentration of hole carriers19 which leads
to a high hole carrier concentration in Cu2Se. Even though most
reports refer to the as-synthesized products as Cu2Se, the
products are very likely to be Cu2−xSe, where the carrier
concentration heavily depends on x.21,52 For example, changing
x from 0.28 to 0.01 can change the carrier concentration more
than an order of magnitude from 4 × 1021 to 2 × 1020 1/cm3

assuming carrier concentration is directly proportional to Cu
deficiency.21,52 To further improve the power factor, one can
tune the carrier concentration of these Cu2Se thin films as
demonstrated in similar systems, such as Ag2Se, where an excess
of Se was provided to reduce the amount of electrons, and Cu2S,

Figure 1. (a) Theoretically calculated TE figure of merit, ZT, as a function of carrier concentration atT = 305 K. Values of the parameters input into the
model are from literature: effective mass,m* = 3.15me

56 (me is defined as the mass of an electron at rest), lattice perturbation constant, μ0 = 34 cm
2/(V

s)32 and lattice thermal conductivity, κlat = 0.16 W/mK.32 κelec is calculated based on the Wiedemann−Franz law. Experimental values of ZT (black
spheres) are plotted in addition to other published results for comparison: blue triangle,21 blue circle,20 and blue square.58 (b) Cartoon depicting the
strategy to remove Cu deficiency in Cu2−xSe thin films samples by soaking in a solution of Cu ions. Cu ions are kinetically driven into the Cu2−xSe
crystal lattice and fill in any Cu vacancies to improve ZT from 0.04 to 0.34. The photos show Cu2Se films on glass substrates.
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where the stoichiometry was tuned from Cu1.97S to Cu2S to
optimize the power factor.12,53−55 We simulate the expected ZT
as a function of carrier concentration using material parame-
ters32,49,56,57 from literature and observe that if the carrier
concentration can be reduced to 4 × 1019 1/cm3, ZT can be
improved to 1.69 at room temperature (Figure 1a).20,32

The details of this calculation are presented in the Supporting
Information (SI). Elemental doping and modulating off-
stoichiometry have been implemented to tune carrier concen-
trations in Cu2Se.

20,32 For instance, Day et al., achieved only a
marginal improvement of 33% in ZT in Cu2Se by doping with
Br.32 Our approach relies on reducing the number of Cu
vacancies in the system by reinfusing the Cu2Se lattice with Cu
ions using a technique adapted from the Manna group,59−61

which pushes the carrier concentration closer to the optimal
value of 4 × 1019 1/cm3.32 Our results show a nearly 300%
increase in power factor from 168 to 653 μW/(m K2) by simply
soaking an annealed Cu2Se thin film in a solution of Cu ions for 7
min at room temperature. To the best of our knowledge, this
value is the highest power factor for a solution processed Cu2Se
thin film reported at room temperature.

■ RESULTS AND DISCUSSION
As shown in Figure 1b, we propose that soaking a Cu2−xSe thin
film in a solution of Cu ions creates a large Cu concentration
gradient where it is energetically favorable for Cu ions to be
kinetically driven into the Cu2−xSe lattice to fill vacancies and
decrease the carrier concentration. This technique was initially
employed to reduce Cu2−xSe nanocrystals into stoichiometric
Cu2Se nanocrystals for a cation exchange experiment.61 Since
nanocrystals have a high surface area to volume ratio, the Cu
ions do not have to diffuse long distances and can efficiently fill
in vacancies. For our thin films, this method works since we are
working with nanosized Cu2Se grains (on the order of 40 nm,
Figure 2).
The ability to tune carrier concentrations through this simple

Cu ion infusion technique results in a competitive advantage for
nanostructured materials as compared to bulk materials. To test
this hypothesis, bulk Cu2Se powder was first dissolved into a
thiol-amine mixture to get a stable suspension as shown in
Figure S1a and then a thin layer of Cu2Se was spin-coated onto a
glass substrate (Figure S1b). Scanning electron microscope
(SEM) images presented in Figures 2a and 2b show the quality
of the deposited films which can be tuned by changing the
concentration of the starting solution and/or deposition
conditions. As-deposited films are then soaked in a 0.05 M
tetrakis(acetonitrile)copper(I)hexafluorophosphate ([Cu-
(CH3CN)4]PF6) solution in acetonitrile for different amounts
of time to tune the vacancy concentration. We selected
[Cu(CH3CN)4]PF6 as the Cu+ precursor because of its slow
reactivity,62 which enabled us to accurately control the addition
of Cu+ ions into the thin films on the time scale of minutes and
ensure unintentional doping is minimized as the strong P−F
bonds in the PF6

3− anion would prevent P or F doping in the
film. Figure 2c and 2d shows SEM images of the postsoaked film
revealing no discernible change in the morphology of the films.
To verify that our film composition was not compromised by the
soaking process, we used X-ray photoelectron spectroscopy
(XPS) to detect the presence of both Cu and Se and observed no
discernible change or unintentional doping in the spectra before
and after soaking (Figure S2). We further examined the
oxidation state of Cu in the films by performing high-resolution
X-ray absorption spectroscopy (XAS) using a synchrotron

radiation source at the Cu L2,3-edge for 3 different samples with
nominal stoichiometries of Cu1.99Se, Cu1.98Se, and Cu1.90Se
(Figure S3). The spectra show 2p3/2 characteristic transitions of
both Cu1+ and Cu2+ species at 931.5 and 929.5 eV, respectively,
even in the Cu1.99Se sample, which could be either due to the
much larger absorption cross-section for Cu2+ than Cu1+ species
or minute amounts of Cu2+ oxide or selenite impurities (CuO or
CuSeO3).

63,64

To probe the structure further and observe if any structural
changes occur in the crystal lattice of the Cu2−xSe thin filmwith a
change in stoichiometry, we performed X-ray diffraction (XRD)
analysis. According to the phase diagram presented by Kang et
al., changes in off-stoichiometry x in Cu2−xSe can induce
structural phase transitions as well.52 Cu2Se has two phases of
interest for our application: the low-temperature α-phase and
the superionic high-temperature β-phase, where the TE
properties rapidly transition.65,66 In the β-phase, the Se atoms
are positioned in a face-centered cubic arrangement and the Cu
ions are disordered throughout the lattice.58,67 The α-phase is
not fully understood but is estimated to be a mixture of layered
structures, where the cations are ordered.19,52,68 In their report,

Figure 2. Scanning electron microscope (SEM) images of a Cu2−xSe
thin film sample: (a, b) before soaking top view, (c) after soaking top
view, and (d) after soaking cross sectional view. These images
demonstrate the uniformity and thickness of the Cu2−xSe thin film
samples.
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Kang et al. argued that the transition between the α and β phases
is a first-order phase transition, where a phase mixture can exist
near the phase boundaries.52 At a stoichiometry of Cu1.9Se, a
two-phase mixture is often observed at room temperature which
agrees well with the phase diagram.12,52 In fact, an off
stoichiometry of just Cu1.97Se (x = 0.03) can result in the
formation of the β-phase at room temperature.69 Increasing Cu
vacancies is reported to distort the structure of the α-phase until
a rearrangement to the β-phase is energetically favorable.58 For
TE applications, the α-phase of Cu2Se is preferred because it has
a lower carrier concentration than the β-phase.52

A dropcast thick film is used to validate the crystal structure
transformation from Cu2−xSe to Cu2Se. To directly observe
structural changes before and after soaking Cu2−xSe films in a Cu
ionic solution, XRD data sets are presented in Figure 3a, which
compares XRD structural features in a Cu2−xSe film before and
after soaking to a perfectly stoichiometric Cu2Se reference
sample.

It is observed that the β-phase is the dominant phase with Cu
deficient samples. After soaking, the vacancies are filled and the
α-phase dominates which is evidenced by a shift in the 2θ peak of
27° toward the left to lower values of 2θ and the emergence of a
new peak at 13°. In addition, the XRD peaks of the postsoak
sample closely resemble stoichiometric Cu2Se at a higher 2θ
range between 35° and 55°. At around 46°, one can observe a
small peak which can be attributed to small grains of Cu2−xSe
that were not infused with Cu ions since the film is several
microns thick. After demonstrating that a crystal phase
transition occurs with dropcast films, we performed XRD
analysis for various stoichiometric ratios of Cu2−xSe using spin-
coated thin films (Figure 3b) where the shorter diffusion length
of the 2D films should lead to faster and more complete crystal
structure transitions. As the stoichiometric ratio is improved

toward Cu2Se, the peak around a 2θ of 27° shifts toward the left
and another peak around a 2θ of 13° emerges at a stoichiometry
of Cu1.963Se. These XRD trends are again representative of the α-
phase of Cu2Se.

58 This corresponds well with the phase diagram
which reports a phase mixture at room temperature with this
stoichiometric ratio. The XRD peak intensity is proportional to
the phase fraction52 and a complete phase change from β to α
most likely occurs at a stoichiometry of Cu1.993Se with an
increased intensity of the 2θ peak at 13°. This complete phase
change signals that this soaking technique is best suited for 100
nm thin films as compared to much thicker (1−2 μm) dropcast
samples.
We obtained optical absorbance data to detect the presence

and concentration of vacancies in a Cu2−xSe crystal lattice to
better understand if and how off-stoichiometry influences the
energy band diagram for a Cu2−xSe thin film. To clearly observe
how different stoichiometric ratios affect absorbance spectra, we
obtained ultraviolet−visible−near-infrared spectroscopy (UV−
vis−NIR) data for six different Cu:Se ratios ranging from
Cu1.9Se to Cu1.995Se. To highlight the observed trend seen in the
absorbance data presented in Figure 4a, we compare the lowest
stoichiometric ratio with the highest stoichiometric ratio of
Cu2−xSe.
For a Cu1.9Se sample, we observe a sharp peak in absorbance

at around a 500 nm wavelength, followed by broadband
absorption at higher wavelengths (starting at 800 nm and
above). For Cu1.995Se, the narrow peak is skewed toward longer
wavelengths (lower energy) and the broad absorption at higher
wavelengths seen in Cu1.9Se disappears when the stoichiometry
approaches Cu2Se. The sharp peak corresponds to band-edge or
interband absorption, while the broad peak at longer wave-
lengths corresponds to intraband absorption. We propose an
explanation for this phenomenon through the energy diagram
presented in Figure 4b. As x increases in Cu2−xSe, the number of
Cu vacancies in the lattice increases. As vacancies increase, the
chemical potential is pushed further into the valence band and
there is a greater probability for electrons to exist at lower energy
states away from the valence edge.52 With empty states in the
valence band, electrons can now be excited in two ways:
intraband excitation and interband excitation. Intraband
excitation can occur when electrons move from a lower energy
state in the valence band to a higher energy state still within the
valence band. If there are many available states in the valence
band, there is a large range of energies that can excite an electron
from one energy state to another within the band. In addition,
the energy differences between states in intraband excitation are
small because the states are spaced close together, and there is no
bandgap to surmount. Referring to the UV−vis−NIR data, the
broad, lower energy absorbance (>800 nm) can be attributed to
intraband electron excitation. As for interband excitation, the
amount of energy required must be large enough to raise the
energy of the electron from its current state to the first available
state in the conduction band. Compared to intraband excitation,
interband excitation requires higher energy and is represented
by the narrow peak at higher energy (<800 nm) in the UV−vis−
NIR data.
As vacancies are filled, the chemical potential should rise and

electrons should increasingly occupy all available states up to the
valence edge. Thus, the amount of energy needed to excite an
electron to the conduction band will decrease and approach the
energy of the band gap while intraband excitation ought to be
eliminated. This hypothesis is corroborated through the UV−
vis−NIR data (Figure 4a), where the onset of the narrow

Figure 3. (a) Powder diffraction data for Cu2Se low temperature alpha
phase (blue),70 X-ray diffraction (XRD) data for dropcast Cu2−xSe
samples prepared in this work with a Cu deficiency of about x = 0.1
before soaking in Cu ions (green) and XRD data for Cu2−xSe samples
after soaking in Cu ions (red). The XRD data shows there is a crystal
phase transition after soaking which closely matches the Cu2Se low
temperature phase reference data. (b) XRD patterns of spin-coated
Cu2Se samples prepared in this work with stoichiometric compositions
of Cu1.9Se (black), Cu1.95Se (red), Cu1.963Se (blue), Cu1.989Se (green),
Cu1.993Se (pink), andCu1.995Se (dark yellow).With an increasing Cu:Se
ratio, a new XRD peak appears at about 13° corresponding to the (004)
crystal plane and the peak at 27° corresponding to the (111) crystal
plane70 shifts to the left indicating a phase transition to the low
temperature phase.
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interband excitation peak shifts to lower energy (800−1600 nm)
and the broad intraband excitation peak slowly vanishes as the
stoichiometry ratio is improved to 2:1 and vacancies are filled.
While qualitatively the trend is what one would expect, we

proceeded further to test our optical data with the actual

stoichiometry of the samples analyzed. We chose a range of
stoichiometries including Cu1.9Se, Cu1.963Se, and Cu1.995Se to
estimate the direct and indirect band gaps from a Tauc plot
(Figures S4 and S5). The direct band gaps are plotted as a
function of the carrier concentration (Figure 5a) and observe a

Figure 4. (a) Ultraviolet−visible−near-infrared spectroscopy (UV−vis−NIR) data for Cu2Se samples with various Cu deficiency levels indicated by
the variable y: Cu1.9Se (black), Cu1.95Se (red), Cu1.963Se (blue), Cu1.989Se (green), Cu1.993Se (pink), and Cu1.995Se (dark yellow). As the stoichiometry
approaches Cu2Se, the short wavelength peak broadens, while the long wavelength peak is quenched suggesting changes in interband and intraband
electronic transitions. (b) Cartoon depicting how electrons occupy and transition between energy levels in the conduction and valence bands for a Cu
deficient sample and a perfectly stoichiometric Cu2Se sample, where x represents the amount of Cu deficiency. CB represents the conduction band,
while VB represents the valence band. The blue arrow depicts interband transitions while the red arrow depicts intraband transitions. The green region
depicts the energy level to which electrons are filled in the VB. The intraband electronic transitions are quenched, while the minimum interband
electronic transition approaches the electronic bandgap energy when Cu vacancies are filled.

Figure 5. (a) Direct bandgaps calculated from Tauc plots using the absorbance data vs carrier concentration. (b) Theoretical Fermi level with respect
to the valence band vs carrier concentration. Comparing energy differences at the same experimental carrier concentrations values yield ΔE values of
0.65 and 0.48 eV from the absorbance data and the theoretical calculations, respectively. Effective mass, m*, and lattice perturbation constant, μ0,
values used in the Fermi level calculation are the average of the range of the values found in literature.32,49,56,57

Figure 6. (a) Carrier concentration (blue) and stoichiometry (orange) estimations for Cu2−xSe samples prepared in this work as a function of soaking
time in Cu ion solution. Increased soaking time leads to the decrease in carrier concentration as copper vacancies are filled. (b) TE parameter data for
Cu2−xSe films prepared in this work: electrical conductivity (blue) and Seebeck coefficient (orange). The electrical conductivity and Seebeck
coefficient trends are as predicted with the reduction of carrier concentration during the soaking process. (c) TE power factor (blue) and figure of
merit, ZT (orange), data as a function of Cu ion solution soaking time. Error bars are shown to depict the measurement uncertainty on a distinct
sample. The optimal soaking time is about 6−7 min to achieve a maximum power factor of 653 μW/(m K2) and a ZT value of about 0.34, which are
both the highest reported for a solution processed Cu2Se thin film known to-date.
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reduction of nearly 0.65 eV in optical band gap with increasing
stoichiometry from Cu1.9Se to Cu1.995Se. Similar to Figure 1, we
can also simulate the carrier concentration as a function of the
chemical potential. In Figure 5b, we demonstrate that using
carrier concentration values for the Cu1.9Se and Cu1.995Se
samples, the modeled chemical potential changes by 0.48 eV
corresponding to a 0.48 eV reduction in the apparent optical
band gap which is in casual agreement with the optical data.
While the numbers (0.48 and 0.65 eV) do not match exactly, it
should be noted that this change in stoichiometry also results in
a change in crystal structure and hence, most likely a change in
the band structure and band edges as well.
Our optical and structural data establish that when Cu

deficient Cu2‑xSe samples are soaked in a solution of Cu ions,
empty states in the valence band are filled and the more
structured α-phase becomes dominant at room temperature as
stoichiometry approaches Cu2Se. This results in fewer hole
carriers and drives the carrier concentration toward its optimal
value for TE performance. Figure 6a clearly relates soaking time
with stoichiometry and carrier concentration.
Stoichiometry was estimated from the average of 5−10 Hall

carrier concentration readings assuming that a change in carrier
concentration corresponds to a linear change in Cu
vacancies.21,52 With increasing soaking time, the stoichiometry
increases toward Cu2Se along with a subsequent order of
magnitude reduction in carrier concentration. The reduction of
carrier concentration should improve TE properties toward the
theoretical maximum ZT of 1.69 (Figure 1).32 Figure 6b shows
measured in plane TE properties as a function of Cu ion solution
soaking time. Electrical conductivity decreases with increased
soaking time while the Seebeck coefficient increases, leading to
an overall increase in TE power factor. This correlates with
Boltzmann transport equation (BTE) TE physics where a
decrease in carrier concentration often coincides with an
increase in the Seebeck coefficient.7 We used the single
parabolic band theory to model the range of Seebeck coefficient
and electrical conductivity values as a function of carrier
concentration using literature parameters and find that our
experimental values lie within this range (Figure S6 and details
of the model in the SI). As the ratio of Cu:Se ratio approaches
2:1, we observe a change in the transport mechanism as well,
demonstrated by our measurements of temperature dependent
electrical conductivity (Figure S7). The electrical conductivity
of a thin film with Cu1.9Se decreases with increasing temperature
similar to the behavior of a degenerately doped semiconductor
or a metal, while the electrical conductivity for the Cu1.998Se
sample increases with increasing temperature akin to a
semiconductor. The results are in agreement with our optical
data that show intraband carrier absorption with Cu1.9Se,
proving that the Fermi level is deep within the valence band and
classifying it as a degenerately doped semiconductor. As the
sample is infused withmore Cu ions rendering it closer to Cu2Se,
the Fermi level moves closer to the band edge, intraband
absorption decreases and the material behaves like a semi-
conductor with decreased electrical conductivity.
Figure 6c shows the power factor and ZT values based on the

measured TE parameters as a function of soaking time. Values of
ZT are only presented for the samples for which cross-plane
thermal conductivity was measured using time-domain
thermoreflectance (details in the Thermal Conductivity Section
in the SI). For thermal conductivity values, we assume that
cross-plane thermal conductivity is a fair representation of in-
plane thermal conductivity to align with the other in-plane

measured TE parameters. In-plane thermal conductivity has
historically been very challenging71 to accurately measure and
the relatively low values of thermal conductivity in our samples
(<1W/(m K)) would require a smaller beam that would further
complicate the measurement. However, we acknowledge that if
possible, measuring in-plane thermal conductivity would be the
best practice to obtain the clearest representation of thermo-
electric performance since the phonon scattering mechanism
may be different based on the different interfaces that exist
between the cross-plane and in-plane directions. Nevertheless,
we still believe our assumption is fairly reasonable since our thin
film is composed of similar sized nanoparticles distributed
equally in all directions based on our SEM images in Figure 2. As
predicted, TE performance is enhanced with the reduction of Cu
vacancies and an optimal soaking time before the point of
diminishing returns is seen to occur between 5 and 10 min. Our
optimal power factor occurs at a value of about 650 μW/(m K2)
when the Cu2Se films are soaked with Cu ions for around 6−7
min which is a 3−4-fold increase compared to recently reported
power factor values at room temperature for Cu2Se thin films
prepared via the thiol-amine dissolution process.11,12,51

With the performance of Cu2Se TE materials rapidly
advancing toward commercial viability, the stability of the
material needs to be addressed.42,72 Figure S11 shows the results
of a 22 h stability test consisting of testing the Seebeck
coefficient for 100 repetitions allowing a 5 min cool-down
period between measurements. The results show a 0.67 μV/K
per hour reduction in the Seebeck coefficient during thermal
cycling which raises stability concerns even at room temper-
ature. However, many recent reports discuss and demonstrate
improvements to the stability of Cu2Se at high temperatures,
which leads us to believe that, using our facile ion impregnation
approach, we can implement similar strategies to potentially
alleviate these stability concerns during lower temperature
operation.41,44,73

■ CONCLUSIONS
In summary, we have significantly improved the room
temperature power factor of Cu2Se thin films prepared by the
thiol-amine dissolution process by a post treatment process
which involves simply soaking the films in a solution of Cu ions
for a brief 5−10 min. The result is a truly scalable and low-cost
fabrication process which yields the highest TE power factor of
653 μW/(m K2) reported for a solution processed Cu2Se film to
date. We demonstrated a reduction in the carrier concentration
of Cu2Se from 4.3 × 1021 to 3.4 × 1020 1/cm3. If the carrier
concentration can be reduced even further to 4 × 1019 1/cm3 by
alternate strategies that include elemental doping, alloying and
energy filtering, it might be possible to achieve a ZT of 1.69 at
room temperature, where degradation issues of Cu2Se can
potentially be mitigated. If achieved, Cu2Se can become an
economical competitor for p-type materials in large scale TE
applications and address the global need for sustainable and
environmentally friendly solid-state cooling or power generation
for microelectronics.

■ EXPERIMENTAL METHODS
Two hundred milligrams of bulk Cu2Se powder was dissolved in a
solution of 2 mL of ethylenediamine and 0.2 mL of ethane dithiol using
a magnetic stirring hot plate. After filtration, fully dissolved Cu2Se
solution was spin coated onto glass substrates at an RPM of 1800 for 60
s. The thin films were then annealed for 1 h at 350 °C. To perform the
soaking process, Cu2Se thin films were soaked in a Cu ion solution in
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acetonitrile and then rinsed in pure acetonitrile before drying with mild
heat on a hot plate. To characterize the morphology, structure,
composition and optical properties on the Cu2Se thin films, we
performed SEM (Zeiss Gemini Ultra-55 Analytical Field Emission),
XRD (Bruker AXS D8 Discover GADDS), XPS (Versa Probe II), XAS
(Beamline 8.0.1 of the Advanced Light Source (ALS) in Berkeley, CA),
and UV−vis−NIR (ASD QualitySpec Pro). Electrical measurements
were performed via the standard 4 probe van-der-Pauw method and
Seebeck measurements were performed on a homemade setup using
small Peltier units (Ferrotec) to provide various temperature gradients.
A LabView program was used with Keithley 2400 Sourcemeters and
Agilent 34401 multimeters to provide current sources and measure
voltages, respectively. Hall carrier concentrations were also obtained
using an Ecopia HMS-5000 variable temperature Hall effect measure-
ment system. Thermal conductivity measurements were performed
using the standard time domain thermoreflectance (TDTR) method.
Film thickness measurements were performed via a Veeco Dektak 150
profilometer and cross sectional SEM to accurately calculate electrical
and thermal conductivities respectfully. Full details about experimental
methods can be found in the Supporting Information along with
supporting figures.
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