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ABSTRACT: Stabilizing Cu2S in its ideal stoichiometric form,
chalcocite, is a long-standing challenge that must be met prior to
its practical use in thin-film photovoltaic (PV) devices. Significant
copper deficiency, which results in degenerate p-type doping, might
be avoided by limiting Cu diffusion into a readily formed surface
oxide and other adjacent layers. Here, we examine the extent to which
PV-relevant metal-oxide over- and underlayers may stabilize Cu2S
thin films with desirable semiconducting properties. After only 15 nm
of TiO2 coating, Hall measurements and UV−vis−NIR spectroscopy
reveal a significant suppression of free charge-carrier addition that
depends strongly on the choice of deposition chemistry. Remarkably,
the insertion of a single atomic layer of Al2O3 between Cu2S and
TiO2 further stabilizes the active layer for at least 2 weeks, even under
ambient conditions. The mechanism of this remarkable enhancement
is explored by in situ microbalance and conductivity measurements. Finally, photoluminescence quenching measurements point
to the potential utility of these nanolaminate stacks in solar-energy harvesting applications.
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■ INTRODUCTION

Cu2S was identified decades ago as a potential photovoltaic
(PV) absorber because of its exceptional combination of non-
toxicity, elemental abundance, and an absorption coefficient of
>104 cm−1. Owing to a 1.2 eV direct band gap, a theoretical
single-gap PV efficiency greater than 30% is predicted, near the
peak of the Shockley−Queisser detailed balance limit.1−6

Historically, CdS/Cu2S heterojunction PV devices reached
pilot-line production efficiencies near 10% (at the time Si-based
devices were around 11%).7,8 Despite this rapid progress,
several obstacles to long-term stability reduced interest in them
in the late 1980s. Of major concern was the deterioration in the
performance of the CdS/Cu2S heterojunction device under
ambient conditions, likely due to the instability of the Cu2S
active layer.1,9−12 Early studies concluded that Cu diffusion,
both into the CdS and to the surface oxides, transforms α-
chalcocite (Cu2S) into a heavily doped djurleite (Cu1.96S),
which decreases the device short-circuit current, open-circuit
potential, and fill factor.12

At temperatures less than 90 °C, four distinct crystalline
phases exist near Cu2S: chalcocite (Cu2S), djurleite (Cu1.96S),
digenite (Cu1.8S), and anilite (Cu1.75S).

13,14 The missing Cu+ in
substoichiometric Cu2−xS are compensated with an increase in
free holes (intrinsic p-type dopants). Given approximately one
positive free carrier per Cu vacancy, the formation of djurleite
would lead to a carrier concentration >1020 cm−3, resulting in a
degenerately doped semiconductor unsuitable for use in

conventional PV applications.15,16 Therefore, stabilizing the
carrier concentration in stoichiometric Cu2S is a prerequisite to
the potential utilization of Cu2S in practical PV.
Recently, we examined the intrinsic stability of model stand-

alone Cu2S thin films in nitrogen and air.16 The electronic
properties of the thin films were found to evolve rapidly under
ambient atmospheres. The hole concentration, and therefore
conductivity, rises by an order of magnitude immediately upon
air exposure followed by a continued rise over weeks. Surface
analysis revealed the formation of CuxO, in the form of a non-
self-limiting oxide layer,17,18 and X-ray diffraction indicated a
simultaneous transformation from chalcocite to djurleite.
Clearly, CuxO is formed from Cu+ extracted from the bulk of
the Cu2S film, leaving behind Cu+ vacancies that must be
compensated with positive free charge carriers.5,19 Calculations
by Lukashev et al. suggest an intrinsic instability of
stoichiometric Cu2S (chalcocite), with the system favoring
the formation of Cu vacancies (djurleite) even when in
equilibrium with Cu metal.5,20,21 Although neither an
experimental verification nor quantification of any kinetics for
this prediction have been reported, it is clear that vacancy
formation is thermodynamically favorable in an oxidizing
environment. Therefore, we hypothesize that inhibiting Cu
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reactions at the interface with air is paramount to maintaining
moderate doping levels (<1019 cm−3) in thin films.
Furthermore, it is well established that in addition to the
formation of surface oxides Cu may also diffuse into some
substrates or underlayers quite readily.22 This represents a
second potential diffusion pathway for Cu+ out of Cu2S. Cu
diffusion has been a major concern in the microelectronics
industry for some time, where Cu has been shown to diffuse
readily into Si and SiO2. As such, several approaches, including
barrier layers, have been implemented to prevent the failure of
integrated circuits.18,23−26 Similarly, Cu has also been shown to
diffuse in some transparent conducting oxides, highlighting the
necessity for diffusion barriers in photovoltaic devices as
well.27,28

Compared to metal sulfides, many metal oxides exhibit lower
reactivity with atmospheric water and oxygen as well as orders
of magnitude lower diffusion coefficients for metals like Cu. It is
not surprising then that metal oxide over- and underlayers show
promise for stabilizing metal sulfides. For example, Law and co-
workers demonstrated that encapsulating lead chalcogenide
nanoparticles in Al2O3 results in improved air stability and
superior electronic properties.29−31 Similarly, we previously
showed that overcoating Cu2S thin films with 30 nm of Al2O3
slows the degradation of the chalcocite phase by more than a
factor of 100 compared to bare films.16 However, although
model Al2O3 overlayers serve to prove the concept, non-
insulating (semiconducting) overlayers with similar effect
would dramatically expand the range of functionality, including
the potential for p−n junctions common to photovoltaics.28

Atomic-layer deposition (ALD) is an attractive route to both
the preparation of pure and stoichiometric Cu2S

16,32 as well as
numerous metal-oxide layers. Unlike other deposition methods,
the ALD mechanism involves two well-defined chemical half-
reactions whereby two reactive vapor-phase chemical species
are separated in time with inert-gas purging. As a result of the
self-limiting half-reactions, the growth is digital, and the surface
chemistry is well-defined. This affords unique opportunities to
control the chemical bonding at the interfaces as well as the
atomic-level thickness and composition control of films over
large areas, even on substrates with complex geometry.33−36 As
such, we suggest that ALD is uniquely suited for several steps in
the fabrication and understanding of Cu2S thin-film PV devices,
from nanostructuring the active layer to pinhole-free deposition
of a heterojunction mate.
Here, we probe the effect of metal-oxide over- and

underlayers of relevance to PV on the electronic stability of
Cu2S thin films. A ZrO2 control and n-type TiO2 overlayer are
observed to consistently slow the rise in carrier concentration
using thicknesses of order 20 nm. Strikingly, the addition of one
ALD cycle of Al2O3 between these layers completely halts the
rise in carrier concentration for at least 2 weeks. An in situ
growth and conductivity study revealed a possible mechanism
for this effect, and XPS data corroborate the suppression of Cu
diffusion through this passivation layer. Finally, photolumines-
cence measurements demonstrate the potential for utilizing
these nanolaminate stacks in PV devices.

■ METHODS
Thin-Film Deposition. A Cambridge Nanotech Savannah 200

ALD coupled to a N2-filled glovebox and customized for compatibility
with H2S

37 was used for the deposition of all materials in the
nanolaminate stack. The pulsing scheme for the depositions detailed
below is as follows: t1−t2−t3−t4, where t1 and t3 are the pulse times and

t2 and t4 are the purge times in seconds for the metal and oxidant
precursor, respectively. Bis(N,N′-disec-butylacetamidinato)dicopper-
(I) (CuAMD) and nickel amidinate (NiAMD) were purchased from
Dow Chemical Company (Electronic Materials Division). Titanium
tetraisopropoxide (TTIP), tetrakis(dimethylamido)titanium(IV)
(TiTDMA), tetrakis(dimethylamido)zirconium(IV) (ZrTDMA), and
trimethylaluminum (TMA) were purchased from Aldrich. H2S (1%) in
N2 was used as the S source. (Safety note: H2S is a poisonous gas but it
not f lammable at a 1% concentration.) All ALD precursors were used as
received with no further purification. Cu2S thin films were deposited
using CuAMD, heated to 145 °C, and H2S with a pulsing sequence of
2−20−0.1−20 at a reactor temperature of 130 °C. The precursor
manifold was set to 150 °C to prevent precursor condensation prior to
expansion into the ALD chamber. All over- and underlayers were
deposited at a reactor temperature of 200 °C with the manifold at 150
°C. Al2O3 was deposited using TMA and DI water with 0.015 s pulses
and 10 s purge steps for each precursor. TiO2 deposited with TTIP
(80 °C) and DI water was grown with the sequence 0.1−10−0.015−
10. The sequence for growing TiO2 using TiTDMA (75 °C) was
identical to the TTIP recipe, with the exception that a 0.15 s pulse was
used for TiTDMA. ZrTDMA (75 °C) and DI water were used for the
growth of ZrO2, with a pulsing sequence of 0.4−10−0.015−10. NiO
was grown using 2.5−30−0.030−30 with NiAMD and DI water.38

Fused quartz and silicon substrates were solvent-cleaned using a
sequential 10 min sonication in acetone, 10 min sonication in
isopropanol, and blow drying with N2.

Characterization. Hall measurements were recorded at room
temperature with an Ecopia HMS-3000 Hall measurement system.
The probe current was selected such that the voltage signal was
between 0.1 and 1 V. In some cases, the carrier concentration was
derived from the measured conductivity values using a mobility of 5
cm2 V−1 s−1. This mobility was determined by room-temperature,
inert-atmosphere Hall measurements on pristine ALD-Cu2S thin films.
In situ current−voltage (I−V) measurements were collected using a
custom-built substrate holder that consisted of a Macor base with a
cutout for the substrate (Figure S1). A metal foil was attached to the
back to provide heat conduction to the substrate, and two leads were
fastened to the Macor to prevent shorting to the metal foil. Teflon-
insulated wires were attached to the leads and fed downstream through
the exhaust line to a KF feedthrough that was further attached to a
CHI 620D potentiostat. Film thicknesses were determined either from
profilometry, ellipsometry, or by in situ quartz crystal microbalance
(QCM) measurements. In situ QCM was performed using a custom-
built ALD lid with two QCM ports installed 2 and 6 in. from the inlet
port.39 Reflectance-corrected UV−vis−NIR was collected on a Varian
Cary 5000 with an integrating sphere accessory (DRA-2500). A
custom X-ray photoelectron spectroscopy (XPS) instrument40 with a
Mg Kα (1253.6 eV) X-ray source and hemispherical electron-energy
analyzer in the fixed absolute resolution mode was used for surface
analysis of the nanolaminate stacks. Survey spectra were collected
using a 44 kV pass energy, and detailed high-resolution spectra were
collected using a 22 kV pass energy. The energy step for the survey
and high-resolution spectra were 0.5 and 0.1 eV, respectively. CasaXPS
(Casa Software, Ltd.) was used to analyze the data. All spectra were
shifted using the Au 4f1/2 XPS emission line (with a binding energy of
84.0 eV). Scanning electron microscopy (SEM) images were collected
on a Hitachi S4700-IL. The emission spectra of the nanolaminate
stacks were measured on a home-built system. The samples were
excited with a CW diode laser at 800 nm (50 mW), and the resulting
photoluminescence spectra were collected by an optical lens, which
was then focused on a monochromator (an InGaAs photodiode array
from Princeton Instruments, 1 × 1024 pixels, 2 s integration).

■ RESULTS AND DISCUSSION

Metal-Oxide Over- and Underlayers. Alternating ex-
posures of CuAMD and H2S were used to deposit 100 nm thin
films of Cu2S. Although less relevant for PV applications, ZrO2
over- and underlayer controls (at the Cu2S/air or quartz/Cu2S
interface, respectively) were tested owing to the ease with
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which they may be deposited by ALD as well as previous
reports of its use as a diffusion barrier for Cu.41 ZrO2 under- or
overlayers (or both) were deposited, and the stacks were
subsequently exposed to ambient laboratory conditions. The
largest improvement in the electronic properties of the Cu2S
thin film was achieved when using a 100 cycles (∼12 nm)
overlayer of ZrO2, Figure 1. In contrast, 20 cycles (∼3 nm) of

ZrO2 was insufficient to improve stability. No carrier
stabilization can be resolved when adding only a ZrO2
underlayer, as evidenced by the ∼1020 cm−3 carrier
concentration and >100 Ω−1 cm−1 conductivity. However, a
significant enhancement is observed when a 3 or 12 nm thick
ZrO2 underlayer is utilized in addition to the 12 nm overlayer.
As expected from prior literature,18,23−26 the most dramatic
slowing of p-type carrier addition is achieved by incorporating
both an over- and underlayer. Although the Cu2S/air interface
shows a dominant effect, the most significant reduction in
carrier rise is imparted by addressing both pathways for Cu+

extraction.
Unlike ZrO2, TiO2 has potential to serve as both a diffusion

barrier and n-type mate to Cu2S in a heterojunction PV.26 TiO2

is abundant, stable, and environmentally benign, making it
considerably more appealing than CdS, an n-type emitter
commonly used in thin-film solar cells. Moreover, diffusion into
metal oxides is generally orders of magnitude slower than into
sulfides.28 TiOx, in particular, has been previously shown to act
as a diffusion barrier for Cu interconnects.18

To compare effectively the results obtained with ZrO2 over-
and underlayers to that obtained with TiO2, a “reset” process
was developed that enables the use of Cu2S films other than
those freshly prepared. If the Cu2S surface and carrier
concentration could be recovered by post-treatment, then a
large batch of Cu2S substrates could be stored and later
modifided and compared with high precision. Previous reports
indicate that thermal treatments of CdS/Cu2S in air, under
vacuum, or in a more reducing atmosphere (i.e., H2 or CO)
enhanced PV-device performance. The enhancement was
attributed to optimizing the CdS/Cu2S interface by essentially
resetting the Cu2S stoichiometry.7,11,42−44 After aging in a N
glovebox between 2 h and 1 month, the carrier concentrations
of Cu2S films ranged from the mid 1019 to low 1020 cm−3,
respectively. Aged samples were placed in the ALD chamber at
200 °C for 15, 30, or 60 min under 1 Torr of flowing ultrapure
N2.

7,42 Hall measurements were taken in the glovebox
immediately after removal from the ALD reactor. In all cases,
the carrier concentration was reduced to the low to mid 1018

cm−3 range, suggesting that this approach, even in the absence
of a strongly reducing atmosphere, yields films similar to those
freshly prepared. XPS analysis (Supporting Information, Figure
S2) further suggests a recovery of the original surface chemistry,
including the decomposition of surface oxides,45,46 that are
correlated with a return to the original electronic properties.
For Cu2S films deposited on 12 nm ZrO2-coated quartz, the

process chemistry used for the deposition of TiO2 overlayers
impacted the stability of Cu2S. Two well-known chemical
precursors for TiO2 ALD were investigated, TTIP and
TiTDMA. A 15 nm TiO2 film was deposited on either freshly
prepared Cu2S thin films immediately after Cu2S deposition
(without breaking vacuum) or on glovebox-stored films that
were subject to a 30 min thermal reset as described above. The
resulting properties and behavior of the nanolaminates based
on fresh and reset Cu2S films were indistinguishable. Figure 2a

Figure 1. Carrier concentration derived from the conductivity
determined by room-temperature Hall measurements for various
combinations of ZrO2 under- and overlayers.

Figure 2. (a) Comparison of the carrier concentrations directly measured from 100 nm Cu2S thin films passivated with ∼15 nm TiO2. The TiO2 was
grown with TTIP or TiTDMA. The rates of degradation can be found in Table S1. (b) TiO2 grown using TiTDMA with 1, 3, or 10 cycles of Al2O3
included at the interface of Cu2S/TiO2. Because of the low conductivity of the samples in panel b, the carrier concentration was calculated from the
conductivity determined from Hall measurements using a mobility of 5 cm2 V−1 s−1.
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shows the influence of TiO2 overlayers, deposited using either
TTIP or TiTDMA with H2O, on the electronic stability of
Cu2S in air.
When TTIP was employed, the carrier concentration was

found to be initially lower than an analogous quartz/ZrO2/
Cu2S film without a TiO2 overlayer, but the carrier
concentration rapidly approached 1020 cm−3 (see Table S1).
The initial carrier concentration and conductivity values were
both reduced when the TiTDMA/H2O process was used. The
rate of free carrier addition was further suppressed (Table S1),
and the carrier concentration of the Cu2S films, passivated by
TiO2 grown with TiTDMA, remained lower than those
passivated with TTIP-TiO2. These values were also more
than an order of magnitude lower than the unpassivated
quartz/ZrO2/Cu2S films. We speculate that in the case of
growing TiO2 with TTIP the oxygen in the metal precursor
may have a role to play, potentially through the release of ROH
byproducts that may react with the Cu2S layer early in the
growth.
During the development of the reset process, it was

discovered that a further reduction in the carrier concentration,
to high 1016 or low 1017 cm−2, prior to the addition of TiO2
overlayers could be achieved after just one cycle of alumina
(TMA + H2O). Unfortunately, Cu2S films solely treated in this
way quickly increased in carrier concentration. However, the
discovery inspired the addition of an ultrathin Al2O3 layer
between the Cu2S and top TiO2. Prior to TiO2 deposition via
TiTDMA/H2O, the nanolaminate stacks were subjected to a 30
min thermal reset at 200 °C under vacuum. Without breaking
vacuum, 1, 3, or 10 ALD cycles of Al2O3 were deposited
immediately followed by ∼15 nm of TiO2 at 200 °C. Hall
measurements, plotted in Figure 2b, revealed that with only one
cycle of Al2O3 prior to TiO2 deposition the addition of free
carriers could be virtually halted for the duration of the
measurements (a period of 2 weeks). That there is virtually no
increase of free carriers in the samples with Al2O3/TiO2
overlayers suggests stabilization on much longer time scales.
Interestingly, one ALD cycle produces almost the same effect as
three or even 10 ALD cycles of Al2O3. Although a subsequent
in situ QCM study (vide infra) suggests that very little Al2O3
film growth occurs in the first five-to-six cycles, it is clear that
even one cycle of Al2O3 had a dramatic effect on passivation

performance. One hypothesis consistent with these observa-
tions is a change in the TiO2 nucleation and grain growth
behavior on Cu2S with and without Al2O3 treatment, which
might lead to significantly different passivation. It is notable,
however, that when TTIP was used in conjunction with Al2O3
cycles the Cu2S carrier concentration still rapidly reached 1019

cm−3 within 15 h.
The accuracy of the Hall measurement depends upon four

relatively low-resistance contacts to the Cu2S thin film, which is
buried under a thin oxide overlayer in the above experiments.
In cases where significant conductivity originates from the
overlayer (this was found not to be the case for the thin and
lightly doped TiO2 films studied herein), the direct measure-
ment would be further complicated. Therefore, to corroborate
the results of the Hall measurements, NIR optical spectroscopy
was also performed on the various nanolaminate stacks. It has
been previously shown that upon oxidation of Cu2S nano-
particles, NIR absorption results from free carrier absorp-
tion.47−51 Therefore, a qualitative investigation of the NIR,
alongside less dramatic differences in the visible wavelengths
region reported for differing Cu2−xS phases, allows for a
contactless probe of carrier concentration. Figure 3 plots the
reflection-corrected UV−vis−NIR absorption of unpassivated
quartz/Cu2S, quartz/ZrO2/Cu2S/ZrO2, quartz/ZrO2/Cu2S/
TiO2, and quartz/ZrO2/Cu2S/Al2O3/TiO2 nanolaminate
stacks. The Hall measurement-derived carrier concentrations
were of the order 1020, 1019, 1018, and 1017, respectively. In all
samples, a direct band gap of 1.2 eV was determined from the
Tauc plot in Figure 3b. A second direct band gap was also
inferred that is ∼0.65 eV higher in energy. Previous
experimental observations, as well as recent calculations,
suggest that this higher-energy transition originates from
excitation to a second conduction band level located ∼0.6
above the first.5,53 The blue shift in the band gap with
increasing carrier concentration can be attributed to increasing
Cu vacancies that reduce number of carriers in the valence band
thereby open up the band gap, which is consistent with prior
literature reports.5,52 The inset in Figure 3a clearly depicts an
absorption increase in the NIR that scales with the carrier
concentration. A linear relationship between the absorbance at
1700 nm and the free carrier concentration derived from Hall
measurements is shown as Figure 3c. This agreement between

Figure 3. (a) UV−vis−NIR spectra and (b) Tauc plot for quartz/Cu2S (black), quartz/ZrO2/Cu2S/ZrO2 (blue), quartz/ZrO2/Cu2S/TiO2 (aqua),
quartz/ZrO2/Cu2S/Al2O3/TiO2 (green). The inset in panel a shows the NIR absorption of each thin-film stack in more detail. In panel b, the dotted
and dashed lines are fits to derive the direct band gap values. (c) Absorption at 1700 nm plotted as a function of the measured carrier concentration
by room-temperature Hall measurements: quartz/ZrO2/Cu2S (1020 cm−3), quartz/ZrO2/Cu2S/ZrO2 (10

19 cm−3), quartz/ZrO2/Cu2S/TiO2 (10
18

cm−3), and quartz/ZrO2/Cu2S/1cAl2O3/TiO2 (10
17 cm−3).
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optical spectroscopy and Hall measurements suggests that the
metal oxide over- and underlayers significantly stabilize the
electronic properties of the Cu2S layers by reducing or halting
the formation of free carriers that result from surface oxidation
and Cu diffusion.
In Situ Analysis of ALD Overlayers. To understand the

origins of this remarkable stabilization effect, in situ QCM
(Figures 4 and S3) and current−voltage (I−V) measurements

(Figures 5 and S4) were performed during film growth and
processing. Cu2S was deposited onto the quartz crystals, and
the chamber was then vented to the glovebox atmosphere. The
QCM lid was cooled and exposed to the glovebox atmosphere
for 2 h before pumping to vacuum and ramping the ALD
temperature to 200 °C, processing very similar to that for the

samples investigated in the previous section. After thermal
equilibration for ∼1 h, several Al2O3 ALD cycles were
performed at 200 °C. The resulting mass changes are presented
in Figure 4. A small mass loss was observed simultaneous with
the first TMA pulse, corresponding to what would be a 0.3 Å
(assuming a density of 5.6 g/cm2) reduction in Cu2S or Cu2O.
Clear Al2O3 growth has a pronounced nucleation delay, with no
obvious mass addition for at least five cycles. These results do
not, however, exclude the possibility that Al2O3 growth may be
displacing surface oxides or residual precursor ligands. Although
the chemical bonding between relevant atoms (Cu, S, Al, and
O) is inaccessible at this stage, the surface chemistry of this
interface is the subject of further investigations in our lab.
To capture the distinct change in conductivity observed ex

situ above, in situ I−V measurements were also performed
under processing conditions commensurate with those used to
prepare the most stable Cu2S nanolaminate stacks. In situ I−V
measurements were executed during the 30 min thermal reset
process and subsequent overlayer deposition (using three cycles
of Al2O3 and 15 nm TiO2 at 200 °C). Figure 5 shows the
estimated carrier concentration versus time, calculated from the
resistance at 0.2 V (Figure S4) and assuming a Cu2S thickness
of 100 nm and carrier mobility of 5 cm2 V−1 s−1, for quartz/
ZrO2/Cu2S/3cAl2O3/TiO2. During the thermal treatment
under vacuum, the carrier concentration in both samples
decreased as expected. In Figure 5, the carrier concentration
decreased throughout the 30 min thermal reset, reducing the
value by 5-fold during the 200 °C soak. Instantaneous with the
first TMA dose, the carrier concentration further decreased by
over an order of magnitude. A saturating carrier concentration
was achieved after two cycles of Al2O3, with a minimum value
∼2 orders of magnitude lower than a Cu2S sample with thermal
reset alone. Deposition of TiO2 induced only minimal changes
to the carrier concentration. Upon cooling the sample to room
temperature, the carrier concentration estimated from the
resistance was in accordance with values determined by Hall
measurements (1017 cm−3). The combination of in situ I−V
and ex situ Hall measurements begin to map the effects of heat
treatment under vacuum and subsequent ALD precursors with
high resolution. Furthermore, we begin to visualize any changes
to the Cu2S thin film and potentially the formation of a p−n
junction. A more detailed in situ study with chemical insights,
perhaps via quadrupole mass spectrometry to determine gas-
phase products, is warranted to derive further details of the
mechanism behind Cu2S surface modification and junction
formation.54,55 Such studies are, however, beyond the scope of
this report, which is to describe the effects of various treatments
on materials properties.

Surface Analysis. The exposure of Cu2S to at least one
TMA/H2O cycle prior to TiO2 overcoating has two distinct
and important effects. First, TMA exposure clearly reduces the
initial number of free charge carriers in the chalcocite film by
more than an order of magnitude. Second, the modification
dramatically improves the effectiveness of a subsequent TiO2
overlayer. We hypothesize that the TMA/H2O treatment
provides a more robust and uniform interface between Cu2S
and TiO2, which may reduce the formation of a non-self-
limiting CuOx layer at the interface56 and/or enable a more
complete and pinhole-free TiO2 overlayer. As one of the most
sensitive probes to surface composition, XPS was undertaken to
examine whether Cu diffused to the surface of the glass/ZrO2/
Cu2S/TiO2 nanolaminate stacks prepared with and without an
intermediate single cycle of Al2O3. The samples were stored

Figure 4. In situ QCM measurement monitoring the deposition of
Al2O3 on Cu2S after venting the ALD to the glovebox atmosphere for
2 h, raising the temperature of the ALD to 200 °C, and equilibrating
for 1 h at temperature under vacuum. The black trace is the last six
cycles of Cu2S, with the blue and yellow tick marks corresponding to
the CuAMD and H2S precursors, respectively. The red QCM trace
plots the Al2O3 deposition, where the red and gray tick marks are the
TMA and H2O pulses, respectively.

Figure 5. Carrier concentrations, calculated from in situ I−V
measurements, vs time during the reset process and subsequent
deposition of the quartz/ZrO2/Cu2S/3cAl2O3/TiO2 stack. The
orange, magenta, and aqua regions highlight the reset process, three
cycles of Al2O3, and TiO2 deposition, respectively. Carrier
concentrations are an estimate on the basis of the resistance at 0.2
V, a presumed carrier mobility of 5 cm2 V−1 s−1, and assuming a Cu2S
thickness of 100 nm.
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under ambient conditions for 8 days prior to XPS analysis.
Figure 6a shows the survey scan for each nanolaminate stack,

whereas panels b and c are high-resolution scans of the Cu 2p
region with and without the TMA/H2O treatment, respectively.
Despite the TiO2 overlayer, Cu is present on the surface of the
nanolaminate stack when an Al2O3 interfacial layer is omitted.
This is consistent with the depletion of Cu from Cu2S as
inferred from Hall measurements (Figure 2b). Although Cu
diffusion through a uniform and pinhole-free TiO2 overlayer
cannot be excluded, the observation of Cu on the nanolaminate
surface suggests that the TiO2 growth is nonuniform. Island
growth, in contrast to continuous thin-film deposition, is not
uncommon for ALD oxides grown on surfaces with low
nucleation density, which may result from incompatible surface
chemistry (in this case, a lack of hydroxyl termination). In
contrast, no Cu was observed at the surface of the nanolaminate
stack when one cycle of Al2O3 was introduced prior to
overcoating with TiO2. This is consistent with our hypothesis
that the TMA/H2O treatment improves the homogeneity of
TiO2 nucleation and subsequent continuous thin-film growth.
A similar morphological effect, in which a few cycles of TMA/
H2O has improved the nucleation of subsequent oxides, has
been previously observed in related systems.57

Photoluminescence. The next step toward the identi-
fication of a nanolaminate stack suitable for use in solar-energy
conversion is an understanding of the photoinduced charge-
separated state. Steady-state and time-resolved photolumines-
cence (PL) spectroscopies are common and useful routes to
information about minority carrier lifetimes, interfacial charge
transfer, and the surface recombination velocity.58−60 Such
studies are particularly informative when correlated with the
electronic properties and diverse under- and overlayers
investigated herein. In addition to those stacks described
above, Cu2S interfaces with NiO were also prepared. As an
intrinsically p-type oxide with band alignment suitable to accept
holes from Cu2S, NiO was used in place of ZrO2 at the quartz/

Cu2S interface in some samples. On the basis of Hall
measurements and UV−vis−NIR data, the quartz/NiO/
2cAl2O3/Cu2S/1cAl2O3/TiO2 nanolaminate stack demonstra-
ted similar stability under ambient conditions to the quartz/
ZrO2/Cu2S/1cAl2O3/TiO2 nanolaminate. As a preliminary
study of the photoinduced charge-separated state, the steady-
state PL spectra and relative intensity for various nanolaminate
stacks with 150 nm thick Cu2S films were measured (Figures 7

and S5). The most intense PL was recorded for a Cu2S film
sandwiched by ZrO2. With band edges predicted to be
inaccessible to either electron or hole injection from Cu2S,
this result is not unexpected. The PL spectra peaks around 1.27
eV, consistent with previous reports of stoichiometric
chalcocite.48,61 The emission is centered near the absorption
band edge and lacks any lower-energy peaks that might be
indicative of intragap states. The native oxides that grow on
Cu2S under ambient conditions also preserve significant PL
despite the strong electronic effects of Cu vacancy formation in
the underlying Cu2S. This suggests a moderate surface-
recombination velocity at this interface, which might be
anticipated based on reports of the most efficient Cu2S PV to
date that are likely terminated with a similar interface.44,62 With
a 1cAl2O3/TiO2 overlayer, the PL intensity significantly
decreases relative to the ZrO2-sandwiched film. This behavior
is consistent with, but not proof of, charge-transfer quenching
that may be predicted given the expected energy-level
alignment (Figure 7, right). The PL intensity and ration-
alization is similar for the case of a NiO underlayer, except that
hole transfer is anticipated. Less than 4% of the original PL
intensity remains for the quartz/NiO/2cAl2O3/Cu2S/1cAl2O3/
TiO2 nanolaminate stacks. Although there are other possible
explanations for these trends, they are consistent with a charge-
transfer mechanism in which excited electrons in Cu2S are
injected into the TiO2, whereas the holes are injected into the
NiO. Together with the electrical studies above, these results
bolster the prospects for an air-stable nanolaminate stack with
the potential for application in solar-energy conversion.

■ CONCLUSIONS
Insulating and semiconducting metal-oxide thin films under and
over Cu2S thin films were investigated in an effort to minimize
Cu diffusion and thereby stabilize the intrinsic (Cu vacancy)
doping of chalcocite. TiO2 was identified as a particularly

Figure 6. XPS data for quartz/ZrO2/Cu2S/TiO2 (blue) and quartz/
ZrO2/Cu2S/Al2O3/TiO2 (aqua). (a) Survey scan of both samples and
high-resolution scan of (b) quartz/ZrO2/Cu2S/Al2O3/TiO2 and (c)
quartz/ZrO2/Cu2S/TiO2.

Figure 7. Room-temperature PL spectra of various nanolaminate
stacks with 150 nm Cu2S. The right panel depicts an idealized energy-
level diagram prior to equilibration for the quartz/NiO/2cAl2O3/
Cu2S/1cAl2O3/TiO2 stack.
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promising interfacial layer, especially when grown subsequent
to at least one ALD cycle of Al2O3. Under these conditions, a
carrier concentration on the order of 1017 was stabilized for at
least 2 weeks under ambient conditions without further
encapsulation. XPS analysis reveals no evidence for Cu at the
exposed surface of TiO2 under these optimal processing
conditions. In situ thin-film growth and conductivity measure-
ments suggest that the role of the TMA/H2O treatment is not
as a barrier but rather to reduce the Cu2S carrier concentration
and improve the nucleation of subsequent TiO2 growth. Room-
temperature steady-state PL studies reveal band edge emission
characteristic of stoichiometric Cu2S that is most intense when
the absorber layer is sandwiched between ZrO2 under- and
overlayers. When TiO2 and/or NiO interfaces are introduced,
the PL intensity is significantly reduced, behavior consistent
with charge-transfer quenching. Together, these studies
demonstrate the potential for utilizing related Cu2S nano-
laminate stacks in stable photovoltaics.
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