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Cu,O is known as an electrochromic material with a possible applicability for solar-light modulation. The reversible transition
between the two different oxidation states, CuO and Cu,O, is responsible for the visible-light switching ability. Cu,O films in
their as-prepared, colored and bleached states were subjected to a surface analysis in order to relate the bleaching/coloring
effects to the quantified Cu-oxide transition. An XPS analysis on the Cu2p electrons of the as-prepared, bleached and colored
films showed that the Cu-ion quantity reversibly turning from CuO to Cu,O during the electrochromic cycling was about 3.4 %.
An analysis of the XRD patterns of the film's three states confirmed that a small portion of the surface Cu-atoms probably
participate in the coloration/bleaching process. Scanning electron microscopy (SEM) images revealed obvious changes in the
surface morphology due to bleaching and coloration transitions, particularly in the grain size and porosity of the Cu,O films.
The surface morphology of the films was also studied with the atomic force microscopy (AFM). This technique allowed
significant conclusions to be derived relating to the surface roughness as well as the compositional homogeneity of the films
before and after electrochemical treatments. These results appeared to be complementary to those derived from the X-ray
diffraction patterns. One may assume that the coloration centers are located at very few film's monolayers of the interface with
the electrolyte.
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Cu,O je poznan kot elektrokromizni material z moZnostjo uporabe za modulacijo son¢ne svetlobe. Reverzibilni prehod med
dvema oksidacijskima stanjema, CuO in Cu,O, vpliva na moznost preklapljanja vidne svetlobe. Tanke plasti Cu,O v izhodnem,
obarvanem ali obeljenem stanju so bile analizirane na povrSini, da bi ugotovili u¢inke barvanja/beljenja pri kvantificiranem
prehodu Cu-oksidov. XPS-analiza z elektroni Cu2p pripravljene, obeljene in obarvane plasti je pokazala, da se okrog 3,4 %
koli¢ine Cu-ionov med elektrokromizno obdelavo reverzibilno odmika od CuO proti Cu,O. Analiza XRD-sledov treh stanj traku
je potrdila, da verjetno majhen delez Cu-atomov sodeluje v postopku obarvanje/beljenje. Vrsticna elektronska mikroskopija
(SEM) je potrdila obCutne spremembe v morfologiji povrSine zaradi prehodov obarvanja in obeljenja, posebno velikost zrn in
poroznost plasti Cu,O. Morfologija povrSine plasti je bila pregledana z mikroskopijo na atomsko silo (AFM). Ta tehnika
omogoca pomembne sklepe glede povrSinske hrapavosti, kot tudi homogenosti sestave plasti pred elektrokemijsko obdelavo in
po njej. Ti rezultati se ujemajo s tistimi, dobljenimi z XRD-posnetkov. Lahko sklepamo, da so centri obarvanja locirani v nekaj
monoplasteh na stiku z elektrolitom.

Kljucne besede: elektrokromizem, Cu,0, CuO, XPS, XRD, SEM, AFM

1 INTRODUCTION solar cell application®. It is known that copper oxide thin

films exhibit cathode electrochromism’-, i.e., they are

transparent for visible light in their oxidized state and
almost black in their reduced state.

Thin Cu,O films can be deposited with different tech-

Electrochromic materials are known as modulators of
the reflection/transmission of the incident illumination'.
There are many applications of electrochromic films, one
of the most important being the production of large-area

electrochromic displays?. Rear-view mirrors with a vari-
able reflectance, based on electrochromic oxide films,
are commercially available for many kinds of vehicles?.
The most attractive, very useful and environmental
friendly applications of electrochromic materials are the
so-called "smart windows"? that are able to automatically
modulate the incoming solar illumination in the interior.
Smart windows may also be alternatively powered by
photovoltaic cells, thus, operating as energetically inde-
pendent devices.

A copper (I) oxide (Cu,O) thin film has been a sub-
ject of research in numerous studies, as a candidate for a
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niques: sputtering®, electrochemical deposition®!?, sol-
gel-like dip technique>!!, thermal oxidation'?, anode oxi-
dation'® or chemical-deposition method'*!”. Chemically
deposited Cu,O films were the subject of our previous
research!” and are the topic of our present interest. Our
former publication'® showed some of the advantages and
disadvantages of this electrochromic material for solar-
light-modulation applications, implying the necessity for
a more profound surface examination of their light-
switching mechanism.
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2 EXPERIMENTAL WORK
2.1 Electrochromic Cu O film preparation

Fluorine-doped tin oxide films on glass (FTO) with a
sheet resistance of 10-20 € and transmittance for the
visible light of about 80-85 %, products of Solar-Split,
Croatia, were used as the substrates. Electrochromic
Cu,O films were deposited with the electroless-chemi-
cal-bath deposition method, described elsewhere!>-!7.
The thickness of Cu,O was estimated from the SEM
image of the cross-section of the glass/film interface.

2.2 Surface analysis of the Cu,0 electrochromic films

The X-ray diffraction patterns of the Cu,O films on
the SnO, (FTO) substrates in their as-prepared, bleached
and colored states were recorded with a Rigaku Ultima
IV X-ray diffractometer, using Cu-Ka radiation of
0.15418 nm. XRD scans were taken within an angular
interval 260 from 20 ° to 70 ° via a step method applying
0.02 ° steps (20) and a counting time of 0.6 s per scan.
Scattered X-ray radiation was detected using a DteX
detector. The XRD pattern of the FTO (SnO,) substrate
was recorded as well. In addition to the identification,
the XRD patterns were also used for estimating the ave-
rage crystal size with the Scherrer method.

The X-ray photoelectron spectroscopy (XPS)
instrument consisted of a non-chromatized X-ray source
with an Mg-Al dual anode. A hemispherical electrostatic
electron analyzer VSW HA100 was employed under the
following operating conditions: a fixed-analyzer-transi-
tion (FAT) mode of 50 eV and a resolution of 1.1 eV. The
XPS spectra were taken from the Cu,O electrochromic
films deposited onto the conductive FTO surface, in their
as-prepared, bleached and colored states. The Mg-Ka
XPS spectra were taken from the film surfaces with no
previous Ar* ion-beam cleaning, taking into account that
the electrochromic modifications possibly take place on
the immediate surface of the interface with the elec-
trolytes. The binding energy of the Cu2p electrons was
subjected to an analysis. Taking into account that the
Cu2p electron binding energy shifts due to the presence
of various copper-oxygen compounds each of the com-
pounds was quantified.

Scanning electron microscopy (SEM) was used for
an estimation of the Cu,O film thickness by taking the
scans from the film/glass substrate cross-section profile.
Surface SEM scans were taken from the surface of the
Cu,O/substrate as well as from the sole substrate. The
SEM analyses of the scans taken from the Cu,O/FTO
samples in their as-prepared, bleached and colored states
were used for depicting the variation in the crystal grain
size and the porosity. A digitalized system of JEOL
JSM-T220A SEM was used.

The surface morphology and phase composition of
the investigated Cu,O films, in their as-prepared, colored
and bleached state, were studied with atomic force
microscopy (AFM). The height, amplitude error and
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phase images were measured using a scanning probe
Shimadzu microscope SPM 9600 operating in a dynamic
and phase mode. The measurements were performed
using silicon SPM probes with a resonance frequency of
320 kHz and a force constant of 42 N/m. Several
different regions on the investigated sample surface were
explored. The scan rate was 1 Hz or 2 Hz depending on
the size of the scanned area (1 um or 5 um). The image
resolution was 512 lines per each scan direction. The
measured images were only flattened, without any
further processing. The surface roughness was calculated
using the SMP Manager data processing software.

3 RESULTS AND DISCUSSION
3.1 Film bleaching and coloration

Three Cu,O films were deposited under equal condi-
tions onto the FTO substrate. One of the films was kept
in the as-prepared condition for further examination. The
second film was brought into the bleached state as it was
biased with +1 V against the FTO adjacent electrode in a
0.2 M KNOs solution for 10 seconds. The third film was
fully colored upon biasing with —1 V against the FTO
adjacent electrode in the 0.2 M KNOj; solution for 10 s.
The three films were subjected to a surface analysis,
described in section 3.2. It is worth mentioning that the
films retained their electrochromic colors for a long time
(over one year) upon the completion of the surface anal-
ysis.

3.2 Surface analyses of the Cu,O films (XRD, XPS,
SEM and AFM)

The XRD patterns of the Cu,O electrochromic films,
deposited onto the FTO substrate in their as-prepared,
bleached and colored state, are presented in Figure 1.
The SnO, (FTO) substrate alone was also analyzed. The
corresponding CPDS files for CuO, Cu,O and SnO, are
given in'2,

As can be seen from Figure 1, only three peaks were
identified in addition to the one of the SnO, substrate.
The analysis showed that all three detectable peaks, low
in intensity, pertained to the Cu,O cuprite phase. The
small Cu,O peak intensity and the absence of the iden-
tifiable peaks typical for the tenorite crystalline oxide
state of copper (CuO) did not allow us to draw any con-
clusions about the electrochromic reversible switching
between the two Cu-oxide states. Thus, one may specu-
late that the transition from the bleached to the colored
state and its reverse process occur through the known
transition of only a minor (sub-detectable) portion of the
dominant oxide of Cu,O into CuO.

The diffraction pattern of the as-prepared Cu,O
sample shows two diffraction peaks between the 26
angles of 42 ° and 36 °, which are characteristic for cop-
per (I) oxide. Following the fitting procedure, the angular
position and the full width at half maximum (FWHM) of
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Figure 1: XRD patterns of the Cu,O electrochromic films deposited
onto the FTO substrate in their as-prepared, bleached and colored
state. The pattern of the substrate and the corresponding CPDS files
are given on the graph.

Slika 1: XRD-posnetki elektrokromiznih plasti, nanesenih na FTO-
podlago v njihovem pripravljenem, obeljenem in obarvanem stanju.
Na sliki so prikazani vzorec podlage in ustrezne CPDS-datoteke.

detectable diffraction peaks were found. The average
crystal diameter was estimated to be about 24 nm using
the Scherrer equation.

Figure 2 presents broad XPS spectra of the Cu,O
film in its as-prepared, bleached and colored states. The
distinct peaks of the binding energy were found to
originate from all the elements of the film compound,
such as Cu (the 2p3/2 main peak centered at around 932
eV and a strong satellite centered at 943 eV), O (Ols)
and C (Cls). The expected Auger peak of Cu LiM4sMys

as-prepared

Cu 2p3/2s

Cu 2p3/2main peak

bleached

colored

Intensity [Arb. Units]
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Figure 2: Broad XPS spectra of the Cu,O film in its as-prepared,
bleached and colored states

Slika 2: Sirokopasovni XPS-spekter plasti Cu,O v pripravljenem,
obeljenem in obarvanem stanju
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is not sufficiently distinct on either of the three sample
broad spectra). The three Cu2p3 spectra were corrected
by fixing the Cls peak to 285 eV. Each of the corrected
XPS Cu2p3 spectra was then deconvoluted into two
Gaussian peaks corresponding to CuO, known to appear
between 934.2 eV 222 and 935.2 eV 2!, and to Cu,O,
known to appear between 932.3 eV and 933.8 eV 2%,
Since the Cu’ and Cu,O Cu2p3 peaks can not be resolved
with deconvolution (the binding energy shift between the
two is only about 0.1 eV)?*, Cu(OH), can not be clearly
distinguished from CuO at 935.3 eV 22 due to their over-
lap. Disregarding the presence of the copper metal and
hydroxide, we can assume that the entire Cu2p signal
originates from the CuO and Cu,O compounds. Each of
the two Gaussian-peak areas (Al and A2) of the Cu2p3/2
zero-leveled XPS spectra on Figure 3 is proportional to
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Figure 3: Deconvolution of the XPS spectra of Cu2p3 electrons on
two Gaussian peaks: a) as-prepared, b) bleached and c) colored elec-
trochromic Cu,O film on FTO substrates. Al and A2 are the corres-
ponding peak areas.

Slika 3: Upadanje XPS-spektra elektronov Cu2p3 na dveh Gaussovih
vrhovih: a) pripravljene, b) obeljene in c) obarvane elektrokromizne
plasti Cu,O na FTO-podlagi. Al in A2 sta odgovarjajoc¢i podrocji
vrhov.
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Table 1: Binding energies of Cu2p3/2 electrons, obtained from XPS spectra with deconvolution on two Gaussian peaks with areas Al and A2.
Reference values are given for comparison.
Tabela 1: Energije vezav elektronov Cu2p3/2, dobljenih iz XPS-spektra z dekonvolucijo v dva Gaussova vrhova Al in A2. Za primerjavo so
prikazane referen¢ne vrednosti.

. . Fraction of Cu*? (as in|Fraction of Cu*! (as in
b}ithi'ng“éE . 8}8) blsﬁ (ﬁhgcgf o cclgcl)) AB. E. | CuO) of the tota(l Cu | Cu,0) of the totzgl Cu
eV) atoms A2/(A1+A2) | atoms =A1/(A1+A2)
eV) (eV) (%) (%)
XPS handbook?? 933.6
Litexature - XES 934.2 932.5 1.7 22.1 77.9
T. Ghodselahi et al.** 934.5-935.2 932.3-933.8 1.4-2.2
I. G. Casella et al.? 932.2-932.8
As-prepared 935.5 933.7 1.8 9.8 90.2
Colored 935.5 933.7 1.8 6.8 93.2
Bleached 935.3 933.7 1.6 10.2 89.8

Figure 4: SEM micrographs taken of the surfaces of the: a) as-pre-
pared, b) bleached and c) colored films on FTO substrates

Slika 4: SEM-posnetki povrsine plasti na FTO-podlagi: a) priprav-
ljeno, b) obeljeno in c) obarvano
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the signal yield from the Cu atoms bonded in either CuO
or Cu,0. Hence, the relative peak area of either A1 or A2
versus the total peak area (A1+A2) in percent can be
considered a measure for the Cu*!' (as in CuO) and Cu*?
(as in Cu,0) quantities in the film. A possible presence
of the elemental copper and hydroxide was neglected
because these are not active participants in the reversible
electrochromic redox reactions.

The results for the Cu2p binding energies of the three
states of the electrochromic Cu,O film from Figure 3 are

carbon
paste

Figure 5: a) SEM of the Cu,O film grown on an amorphous substrate
(glass), b) SEM of the cross-section of the Cu,O film on a glass inter-
face. The estimated film thickness is about 250 nm.

Slika 5: a) SEM-posnetek Cu,O filma, nastalega na amorfni podlagi
(steklo), b) SEM-posnetek prereza plasti Cu,O na steklu. Debelina
plasti je okrog 250 nm.

Materiali in tehnologije / Materials and technology 49 (2015) 3, 387-393
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Figure 6: Two-dimensional surface images of: a) as-prepared, b) colored and c¢) bleached Cu,O thin films
Slika 6: Dvodimenzionalni posnetek povrsine tanke plasti Cu,O: a) pripravljeno, b) obarvano in c) obeljeno

summarized in Table 1. It is evident that the experimen-
tal values revealed somewhat greater binding energies
(about 1.2 eV) than those reported for the bulk samples?,
but they are in good agreement with those reported for
the films?*?5. The results showed that the binding ener-
gies pertaining to the two Cu2p3/2 peaks retained the
known difference of about 1.7 eV 2324,

From Table 1 it is clear that the as-prepared sample
contained 90.2 % Cu*!' (bonded as in Cu,0, the yellowish
transparent oxide). From this point, it is evident that the
amount of Cu*! slightly increased in the bleached sam-
ple, up to 93.2 %, but decreased in the colored sample, to
89.8 %. By the same time, the amount of Cu*? atoms (as
in the CuO black-colored oxide) decreased in the
bleached sample and increased in the colored sample,
correspondingly. Hence, it can be assumed that the elec-
trochromic switching occurs due to the transition of only
about 3.4 % Cu atoms (93.2-89.8 %) from Cu* to Cu*?
and vice versa. This result is in agreement with the XRD
patterns, revealing no detectable peaks of the CuO phase
due to their relatively small quantity compared to those
of the Cu,O phase. Furthermore, the characteristic Ols
peaks of the XPS spectrum were practically useless for
the CuO and Cu,O quantification because the Ols peak
at 530.6 eV 2 can be associated with both the CuO and
Cu,O phases, while the peak at 531.6 eV can only be
associated with the electrochromic inactive Cu(OH),
compound.

If one takes into account the crystallography data for
the unit cells of cuprite-Cu,O and tenorite-CuO, one can
make an estimation of the possible variations in the vol-
ume that may induce the strain in the Cu,O structure and,
hence, invoke film degradation due to repeatable cycling.
Under the assumption that the Cu,O electrochromic
behavior relies on only 3.4 % of the Cu atoms, we can
estimate the relative changes in the crystallite volume, in
which about 3.4 % Cu atoms from tenorite (a monoclinic
structure with a unit cell volume V. (CuO) = 81.03 - 1073
nm? °) recrystallize into cuprite (a cubic structure with a
unit cell volume V. (Cu,O) = 77.83 - 103 nm? 2°). One
can assume that the crystallites within the film undergo a
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negligible relative volume reduction during the colora-
tion and a volume expansion during the bleaching.
Hence, the limited cycling lifetime that was previously
observed in these films!”'® cannot be ascribed to the
volume friction within the crystallites.

Figures 4a to 4c¢ present the SEM micrographs of the
surfaces of the as-prepared, bleached and colored films
on the FTO substrates, correspondingly. The micrograph
on Figure 4a reveals round grains of the as-prepared
film with a diameter of about 250 nm. The grain size of
the bleached films on Figure 4b seems similar. However,
the micrograph of the colored-sample surface from
Figure 4c reveals notably smaller round crystal grains.

0.0
500 x5 00 um

000

Figure 7: 2D and 3D surface images of FTO substrates
Slika 7: 2D- in 3D-posnetek povrsine FTO-podlage
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Figure 8: Three-dimensional surface images of Cu,O thin films: a) as-prepared, b) colored and c) bleached
Slika 8: Tridimenzionalen posnetek povrSine tanke plasti Cu,O: a) pripravljeno, b) obarvano in c¢) obeljeno

Furthermore, as a consequence of the grain shrinkage,
the porosity of the colored film seems to have increased
notably (an obviously larger empty space among the
grains upon the coloration). In addition, Figure 5 shows
the SEMs of: (a) the Cu,O films deposited onto the glass
(amorphous) substrate and (b) a profile of about 250 nm
Cu,O film on the glass substrate (the interface
cross-section). From Figure 5a it is obvious that the
Cu,O film grows irregularly and non-homogeneously on
an amorphous substrate, such as glass. However, the
SEMs on Figure 4, along with the XRD patterns,
showed a mixed amorphous-crystalline growth on the
crystalline substrate (FTO).

Two-dimensional AFM surface images of the as-pre-
pared, bleached and colored Cu,O thin films are pre-
sented in Figure 6. For a comparison, Figure 7 includes
2D and 3D surface images of the FTO substrate. The
scale of all the three images is 5 um. As can be seen
from Figure 6, there are significant differences between
the surfaces of the as-prepared, bleached and colored
samples. In addition, from Figure 8 one can see that the
electrochemical voltage cycling notably affects the
surface roughness. In other words, the oxidation process
(coloration), taking place on a sample surface, deteri-
orates the surface smoothness, increasing the root-
mean-square roughness. On the other hand, the reduction

90.00
[deg)

-76.71
5.00x 5.00 um

2.00 um 2.00 um

process (bleaching) is followed by an improvement of
the surface smoothness. Furthermore, the roughness
parameter (Ry) derived from the AFM scans of the
observed surfaces (an area of 5 um x 5 um) decreased
from 480 nm for the colored to 108 nm for the bleached
sample.

In order to compare the compositional homogeneity
of the Cu,O thin films in their as-prepared, colored and
bleached state, their phase surface images are presented
on Figure 9, correspondingly. Besides Cu,O and CuO,
some minor amounts of Cu(OH), were found in all three
samples. Furthermore, the results showed that the cuprite
(Cuy0) phase is the most abundant in the bleached state,
which is in agreement with the XPS results of this study.
Comparing the phase images of the as-prepared and
colored states, it could be concluded that the amount of
the tenorite (CuO) phase is comparable in both the
as-prepared and colored states which is again in line with
the XPS results.

4 CONCLUSION

The coloration process of the chemically deposited
Cu,O films can be considered as a reversible transfer of
the film 3—4 % of the total 90 % Cu*!' into Cu*2. The
coloration can thus be attributed to a decrease of 3—4 %

90.00
[deg]

-

9000 ———————— 7188
5.00% 5.00 um 200 um 5.00% 5.00 um

Figure 9: Phase surface images of Cu,O thin films: a) as-prepared, b) colored and c) bleached. The scale is 5 um in both directions and 90 nm in

height.

Slika 9: Povrsinska slika faz v tanki plasti Cu,O: a) pripravljeno, b) obarvano in c¢) obeljeno. Merilo je 5 um v obeh smereh in 90 nm po visini.
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of the interstitial oxygen, creating oxygen vacancies in
the CuO film. From all the above findings, it appears that
only 3-4 % of the copper atoms in the film surface
represent the coloration centers that are driven to switch
the transmittance between 30 % and 80 % '"-'8. The SEM
micrographs showed that the grain size of the Cu,O
crystallites notably shrank upon the coloration of the
film, whereas the porosity grew up. Significant changes
in the surface morphology among the as-prepared and
treated samples were also detected by AFM. While the
oxidation process (the coloring) deteriorated the surface
smoothness, the reduction (the bleaching) invoked the
surface smoothening. The AFM phase imaging revealed
the existence of three different phases in the as-depo-
sited, colored and bleached films: Cu,O, CuO and a mi-
nor amount of the hydroxide phase — Cu(OH),. In
agreement with the XPS results, the amount of the
dominant cuprite phase was found to be the highest for
the bleached state, while the tenorite phase (CuO)
appeared in comparable amounts in the as-prepared and
the colored states. The limited quantity of the electro-
chromic active Cu-atoms within the thin Cu,O films on
the transparent conductive oxide (TCO) limits its perfor-
mance in the white-light-transmittance modulation bet-
ween 20 % and 80 %. If the Cu,O films are sensitized as
nanocrystals within a TCO matrix, it can be expected
that a more efficient coloration can be achieved.
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