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ABSTRACT: Cu2O, CuO, and mixed-phase Cu2O/CuO thin films
with different relative compositions were prepared by oxidizing Cu films
at temperatures 150−380 °C for a time period ranging from 2 to 24 h,
and their ultrafast transient absorption spectra have been characterized
to understand the carrier dynamics of the heterostructured Cu2O/CuO
system. The absorption dynamics of a pure p-type Cu2O sample
followed a biexponential decay, with a fast time ∼0.3 ps and a long life
>150 ps, while a pure p-type CuO sample showed triexponential decay
dynamics, with three time constants, 0.25, 2.5, and >150 ps. For the
mixed-phased Cu2O/CuO thin films, their absorption dynamics all
followed the triexponential decay, and the two ultrafast time constants
showed strong composition dependence. Possible energy band
structures and electron transition processes are proposed to understand
both the spectroscopic and dynamics behaviors of these samples.

1. INTRODUCTION
Copper oxide is known to exist in three phases, Cu2O
(cuprite), CuO (tenorite), and Cu4O3 (paramelaconite).1,2

These binary oxides are attractive candidates for optoelectronic
applications, including photovoltaics, photocatalysis, and all-
optical switching, primarily because of their favorable
bandgaps. These materials are also inexpensive and environ-
mentally benign.1,3−5 Cu2O (bandgap 1.9−2.6 eV), a natural p-
type semiconductor, has extensively been studied for its
excitonic behavior, but interest has recently shifted to potential
solar cell applications.6 CuO (bandgap 0.8−1.8 eV), also a p-
type semiconductor,7−10 has shown promise in catalytic, gas
sensing, and magnetic applications. By varying deposition
conditions, the bandgaps for Cu2O and CuO can be tuned
from 1.2 to 2.6 eV, making them versatile materials for solar
absorption in photovoltaic devices.1,11 In addition, due to
favorable band edge misalignment that places the CuO valence
band and conduction band lower than those of Cu2O and the
potential charge separation mechanism, heterostructured
Cu2O/CuO thin films or nanostructures have been proven
to have better photocatalytic performance compared to Cu2O
or CuO single-component materials.12−16 For example, Jiang
et al. reported on CuO/Cu2O nanowires with methyl orange
(MO) degradation rates 260 times higher than pure Cu2O.

15

These high reaction rates were mainly attributed to charge
separation and transfer between the two oxide phases. Further
applications in water photoelectrolysis have also been achieved
by combining Cu2O and CuO to form heterojunctions.12 The
enhanced photocatalytic performance for Cu2O/CuO hetero-
structures is most likely determined by the change of

photoinduced carrier dynamics and charge transfer in the
material system.
To understand charge carrier processes of a semiconductor

material, femtosecond transient absorption pump−probe
spectroscopy (TAS) is commonly used as it provides powerful
means to characterize charge carrier dynamics by monitoring
pump-induced changes in the optical absorption spectrum
across different probe wavelengths.17−19 Photoexcitation across
the semiconductor bandgap is of particular interest; in this
case, the pump photon energy is transferred to these carriers
via interband transitions. As the system evolves back to
equilibrium, electron (hole) relaxation in the conduction band
(valence band) via carrier−carrier or carrier−phonon inter-
actions occurs on a femtosecond time scale.17−19 Subsequently,
these carriers can recombine radiatively or nonradiatively from
the bottom of the conduction band and the top of the valence
band. In the presence of midgap states (defect and/or surface
states), carrier trapping can also provide another relaxation
pathway on the tens-of-picoseconds to hundreds-of-pico-
seconds time scale.19 In the pump−probe optical absorption
spectrum, the ground-state population is monitored as a
transient bleach signal indicating the initial depletion and
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subsequent recovery of the ground-state population after
undergoing momentum and energy relaxation, whereas free
and trapped carriers are typically represented by rising or
decaying absorptive signals.18,19 In addition to interband
transitions, excitations from lower to higher levels of the
valence band may also contribute and equilibrate via carrier−
carrier or carrier−phonon scattering.5 The carrier dynamics of
many conventional oxide materials such as TiO2,

20−2220−22

Fe2O3,
23,2423,24 and ZnO21,25 have been studied extensively

based on TAS. However, there are only a few studies that have
investigated the carrier dynamics of CuO and Cu2O. Othonos
and Zervos showed that for CuO nanowires, the fast dynamics
of the photoinduced carriers followed a double exponential
decay with time constants of 0.4 and 2.1 ps.26 Born et al.
reported that for CuO nanocrystals deposited on a glass
substrate, there existed three time constants:27 the smallest
time constant was around 330 to 630 fs, which was attributed
to momentum relaxation via carrier−carrier scattering in the
valence band as well as exciton−exciton annihilation; the
second time constant was at 2 ps due to energy relaxation via
carrier−phonon scattering within the valence band; and the
third time constant, 50 ps, was associated with trapping and
recombination of the high density of trap states within the
CuO nanocrystals. Azimi et al. investigated the TAS of Cu2O
nanoparticles and discovered that the TA signal followed a
biexponential decay, with an ultrafast decay time ∼0.5 ps and a
long life component >8 ns.28 They attributed the small decay
time to the underlying excitonic state, while the long time was
due to defects/trap states. Studies by optical-pump THz-probe
spectroscopy showed that the minority carrier lifetime of Cu2O
thin films deposited by electrodeposition was 140−180 ps.29

The dynamics of incoherent exciton formation under
interband photoexcitation in a Cu2O crystal was investigated
by Tanimura et al. using time- and angle-resolved photo-
emission spectroscopy at 90 K.30 A very recent study on the
carrier relaxation of Pt-covered Cu2O by femtosecond time-
resolved two-photon photoemission yielded two time con-
stants, a rapid time constant on the order of 1 ps and a slower
time constant in the range of 80 ps.31 However, the above
reported carrier dynamics were determined from different
kinds of samples with different ultrafast spectroscopy
techniques. Gaining a coherent understanding of the carrier
dynamics of CuO, Cu2O, and their heterostructures neces-
sitates ultrafast spectroscopy measurements on samples from
the same preparation method and with systematic changes of
the relative composition.
One well-known CuO and Cu2O sample preparation

technique is a two-step thin-film processing method. Cu thin
films are deposited through conventional physical vapor
deposition and subsequently oxidized in an oxygen-rich
environment at different temperatures and time duration to
produce different oxides or mixture-phased thin films.3,32,33

Khojier et al. and Brown et al. separately showed that Cu
oxidation to Cu2O and CuO in thin films was directly related
to annealing temperature, time, and environment.3,32 Below
250 °C, samples composed of Cu2O were obtained but 350 to
400 °C annealing resulted in the CuO phase. Intermediate
temperatures gave rise to a mixture of the two oxide phases.
Basnet et al. reported on temperature-dependent oxidation of
Cu2O nanorods to CuO.34 Their results show a systematic
decrease in effective bandgap with increasing annealing
temperature, which they attributed to the change of phase.34

In the present study, the charge carrier dynamics in Cu2O,
CuO, and mixed-phase Cu2O/CuO thin films prepared by Cu
film oxidations are studied systematically by TAS. Sample
phase compositions and bandgaps are determined by X-ray
diffraction (XRD) and UV−vis, respectively.

2. METHODS
The CuO, Cu2O, and Cu2O/CuO mixed-phase thin films were
prepared by oxidation of Cu thin films at different conditions,
according to ref 34. Glass slides of 1 cm × 1 cm were cleaned
by boiling in a mixture of 4:1 (volume ratio) concentrated
H2SO4 (Fisher Scientific, 98%) and 30% H2O2 (Fisher
Scientific, 98%) for 20 min. Samples were then rinsed with
18 MΩ deionized (DI) water, dried under a flow of nitrogen
gas, and then loaded into a custom-built electron beam
deposition chamber. The deposition system was then pumped
down to a background pressure of less than 1 × 10−6 Torr.
During the deposition, the evaporation rate of Cu (Alfa Aesar,
99.99%) was set to be 0.1 nm/s until a final thickness of 100
nm was reached. Both the film thickness and deposition rate
were monitored by a quartz crystal microbalance and the
chamber pressure was kept below 1 × 10−4 Torr. After
deposition, the samples were allowed to cool to room
temperature in vacuum. The as-deposited Cu thin films were
oxidized for a time duration of 2, 4, 8, or 24 h at a temperature
of 150, 200, 290, or 380 °C, respectively, in a quartz tube
furnace (Lindberg/Blue 5.1 KW, Model:HFT553476) under a
20 sccm flow of ultra-high-purity oxygen gas (99.994% AirGas
OX-UHP) after ramping from room temperature at a rate of 5
°C/min. The treated thin-film samples from this point on will
be referenced by their annealing time (superscript) and
temperature (subscript) with the letter C as short for copper
oxide. For example, samples annealed at 150 °C for 4 h will be
labeled as 4C150.
The crystal structures of the samples were characterized by a

PANalytical X’Pert PRO MRD X-ray diffractometer with a
fixed incidence angle of 0.5°. The XRD patterns were recorded
with Cu Kα1 radiation (λ = 1.5405980 Å). The composition of
each sample was estimated by the Rietveld refinement method
using PANalytical X’Pert HighScore Plus. Steady-state UV/Vis
data was recorded by a commercially available Jasco V-570
UV/Vis/NIR spectrophotometer.
The setup for transient absorption measurements is based

on a commercially available 1 kHz regenerative amplifier
(Coherent Inc Legend Elite seeded by a Mira Optima 900)
and custom-built transient absorption spectrometer.35 Approx-
imately, 600 mW of the 800 nm fundamental with a temporal
width of 130 fs was used for the experiments. Four hundred
and eighty megawatts was frequency-doubled in a β barium
borate crystal to generate 1.5 mW of 400 nm (3.1 eV)
excitation pulses. To gain access to visible pump wavelengths,
another part of the Legend output was used to pump a
traveling wave optical parametric amplifier (TOPAS-C). An
optical chopper (Thorlabs MC2000) operating at 500 Hz was
used to block every other pump pulse before it was focused
with a 750 mm focal length lens onto the sample position. The
remaining 120 mW of the fundamental was passed through a
neutral density filter and focused into a 3 mm sapphire crystal
to generate a white-light continuum (WLC) probe beam
ranging from 440 to 800 nm. The transmitted WLC spectrum
was then recorded with a fiber spectrometer (AvaSpec-1650F-
USB2) and the transient absorption (TA) data was computed
as the difference in optical density with pump on and off. The
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time evolution of the TA spectrum was obtained by means of a
variable optical delay between the pump and probe pulses. The
latter was facilitated by a retroreflector mounted on a
computer-controlled linear translation stage (Newport Inc,
ILS150PP with an ESP 301 controller) within the probe beam
path. All experiments were carried out at room temperature.
Surface Xplorer and Glotaran packages were used for data
preprocessing and global fitting, respectively.36,37

3. RESULTS AND DISCUSSION
3.1. X-ray Diffraction. Figure 1 shows the XRD patterns of

six representative samples, 2C150,
4C150,

24C150,
2C200,

2C380,

and 24C380, annealed for different times (t) and at different
temperatures (T), respectively, and their visual appearances are
shown in Figure S1 of the Supporting Information (SI).
Clearly with increased time or elevated oxidation temperature,
the crystalline structures of the thin films change significantly.
In particular, the XRD patterns of 2C150 and 24C380 are
distinctly different: the 2C150 only shows individual crystalline
peak positions for Cu2O (solid squares), while the 24C380 only
demonstrates the diffraction peaks for CuO (solid triangles).
At the low oxidation temperature (T = 150 °C), with an
increase of t, the XRD patterns are dominated by the Cu2O
crystal phase. However, the crystal phase of the samples is very
sensitive to oxidation temperature. Comparing XRD patterns
of the 2C150,

2C200, and
2C380 samples, prominent Cu2O(111)

and (200) peaks in 2C150 decrease in intensity when T
increases from 150 to 200 °C and then almost disappear, while
the CuO(111) and (111̅) peaks start to show up at T = 380
°C. This result indicates a shift of the Cu2O crystal phase to a
CuO crystal phase and the formation of a mixed Cu2O and
CuO sample. At T = 380 °C and increasing t from 2 h (2C380)
to 24 h (24C380), the CuO(111) and (111̅) peaks become
sharper and more distinct and other XRD peaks for crystalline
CuO appear, which indicates that the quality of the CuO
crystalline structure of the thin film improves significantly. The
relative Cu2O and CuO composition ratios ηCu2O and ηCuO
were determined by the Rietveld refinement method from the
XRD patterns and are summarized in Table 1 for different
oxidized samples. The Rietveld refinement method is a reliable
way to determine crystallite phase compositions and has been
used for Cu2O/CuO nanorods and other materials.34,38,39 The
2C150 sample has almost 99% Cu2O, whereas the

24C380 sample
has 1.2% Cu2O (i.e., 98.8% CuO). The small amount of Cu2O

in the 24C380 sample indicates that there could be excessive
copper ions compared to the stoichiometry of intrinsic CuO,
indicating the existence of many defect states in the sample.
With the increase of t and T, the relative ratio of CuO to Cu2O
increases, as shown in Table 1.

3.2. Steady-State UV/Visible Absorption. The optical
extinction spectrum e(hν) of any sample is determined by

= −e hv T hv( ) ln ( )0 (1)

where T0(hν) is the transmission spectrum, h is Planck’s
constant, and ν is the photon’s frequency. Since the samples
studied were very thin and had small and constant reflectance
in the wavelength range considered here (see Section S2 of the
SI), we assume that e(hν) equals to the optical absorption
spectrum, i.e., e(hν) ≈ α(hν)d, where α(hν) is the absorption
coefficient and d is the oxide film thickness, which is known
from the deposition. For the 2C150 sample, we assume that it is
a pure Cu2O reference sample, its eCu2O(hν) ≈ αCu2O(hν)d, and
the 24C380 represents a pure CuO sample, so eCuO(hν) ≈
αCuO(hν)d. Here, the superscript denotes the type of the
copper oxide. Figure 2a plots the measured eCu2O(hν) and
eCuO(hν) on a semilog scale for samples 2C150 and

24C380. Both
spectra show similar trends: at small photon energy, there is
little extinction, while for v > vc (a critical frequency), the
e(hν) increases significantly with the increase of v, where vc is
related to the effective optical bandgap (OBG) Eg of the
material. The Eg can be extracted from a Tauc plot according
to the following equation,40

α[ ] = −hv hv A hv E( ) ( )n1/
g (2)

where A is a proportionality constant, n = 1/2 for direct band
transitions, and n = 2 for indirect band transitions. The Tauc
plots for samples 2C150 and

24C380 are shown in Figure S4a,b
and the resulting direct (indirect) OBGs are extracted as ED

Cu2O

= 2.48 eV (Ei
Cu2O = 1.55 eV) for 2C150 and ED

CuO = 2.20 eV
(Ei

CuO = 1.05 eV) for 24C380, which are in general agreement
with the values reported in the literature. Both Cu2O and CuO
are reported to have a direct OBG ranging from 2.1−2.6 to
1.3−3.0 eV and an indirect OBG of 2.1−2.21 and 1.2−2.1 eV,
respectively.27,32,34 The lower indirect OBGs observed here as
compared to literature values can be attributed to differences in
sample deposition techniques and annealing conditions.34 In
addition, since there are still impurities in both 2C150 and
24C380 samples, there exists a significant number of defects
close to the energy band edge. These defect states are
characterized by Urbach’s tail in optical absorption spectros-
copy27,41

α α= σ −hv( ) e hv E k T
0

( / )U B R (3)

Figure 1. XRD patterns of the different CuO/Cu2O thin-film samples.
The black squares mark the characteristic peaks for Cu2O (JCPDS ref
no. 078-2076) and the blue triangles label the peaks from CuO
(JCPDS ref no. 048-1548). The percentage refers to the relative Cu2O
composition determined by the Rietveld refinement method.

Table 1. Relative Compositions of the Cu2O and CuO in the
Oxidized Cu Thin Films at Different Conditions
Determined by the Rietveld Method

composition

sample name ηCu2O ηCuO
2C150 99 1
4C150 86 14
24C150 72 28
2C200 29 71
2C380 8.6 91.4
24C380 1.2 98.8
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where EU and α0 are the characteristic parameters of Urbach’s
tail of the material, σ is the steepness parameter, kB is the
Boltzmann constant, and TR is the room temperature. As
shown in Figure 2a, the linear fit in the semilog plots gives
EU
Cu2O = 2.48 eV and EU

CuO = 2.05 eV, which, according to eq 3,
correspond to the photon energy where e(hν) = 100.
Therefore, both reference samples, 2C150 and 24C380, have
significant defects that could affect their optical absorption and
will eventually influence the photocarrier dynamics.
For a mixed-phase Cu2O/CuO thin film, though an effective

medium theory could be used to predict the overall extinction
or absorption spectra of the films based on those of the
samples 2C150 and

24C380 and the relative composition ratio of
Cu2O/CuO, the relationship would become very complicated.
Here, based on the overall extinction or absorption of the
mixed-phase thin film, a simple linear model can be assumed
for the extinction spectrum only based on the composition,

α η α η≈ [ + ]e hv hv hv d( ) ( ) ( )mix Cu O
Cu O

CuO
CuO

2

2 (4)

Figure S5 shows an example of the emix(hν) for sample 24C150

and the calculated extinction spectrum based on eq 4, the
spectra of 2C150 and

24C380, and the composition ratio in Table
1. Despite some discrepancies at high photon energy hν, the
measured emix(hν) and calculated emix(hν) agree fairly well,
which means that eq 4 could be used roughly to predict the
general trend for emix(hν). Both eq 4 and Section S3 in the SI
indicate that the mixed-phase thin films do not have an
intrinsic optical bandgap, and the effective bandgap is a
complex function of the composition. Figure S4 shows the
corresponding Tauc plots, and the corresponding effective
ED
Cu2O and Ei

Cu2O versus ηCu2O are plotted in Figure 2b. A
significant increase in both ED

Cu2O and Ei
Cu2O is observed with

the increase of ηCu2O, which is consistent with the reports in the
literature.3,34

Figure 2. (a) Semilog plots of the extinction spectra e(hν) versus hν for samples 2C150 (ηCu2O = 99%) and 24C380 (ηCu2O = 1.2%) and (b) plots of the

direct (red triangles) and indirect (black squares) bandgap determined by Tauc plots versus the composition of Cu2O (ηCu2O) in the samples.

Figure 3. Chirp-corrected TA spectra of sample 2C150 (ηCu2O = 99%): (a) Overall two-dimensional (2D) TA map. (b) Representative TA spectra at
delay time t = 0, 0.1, 0.8, 2.4, and 150 ps. (c) Representative time-dependent TA curves at two characteristic wavelengths, the bleach dip λb = 462
nm and the induced resonance absorption peak λp = 502 nm. The solid curves are fitting results based on a sequential biexponential model. (d)
Plots of the resulting evolution associated spectra (EAS) for T1

Cu2O = 293 fs and T2
Cu2O ≥ 150 ps based on the global analysis technique.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c08716
J. Phys. Chem. C 2020, 124, 24908−24918

24911

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c08716/suppl_file/jp0c08716_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c08716/suppl_file/jp0c08716_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c08716/suppl_file/jp0c08716_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08716?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08716?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08716?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08716?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08716?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08716?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08716?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08716?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c08716?ref=pdf


3.3. TA Spectra of the Reference Cu2O Thin Film. The
time- and wavelength-dependent TA spectra ΔαCu2O(λ,t) of
the 2C150 sample (i.e., the pure Cu2O reference sample) is
shown in Figure 3a, and two unique spectra−time regions are
visible: a dip (bleach) area at delay time region 0 < t < 0.5 ps
and spectral region 450 < λ < 475 nm and an induced
absorption area at a similar delay time region but a longer-
wavelength region 475 < λ < 525 nm. Figure 3b shows the
corresponding TA spectra ΔαCu2O(λ,t) at selective delay times,
t = 0, 0.1, 0.8, 2.4, and 150 ps. The early time (t < 1 ps) spectra
show two distinct features: a sharp bleach between 445 and
475 nm with a dip at λb = 462 nm (hνb = 2.68 eV) and an
induced absorption peak in the wavelength region 475−550
nm, with a major peak, which blue shifts slightly (λp = 503 nm
(hνp = 2.46 eV) at t = 0 ps to λp = 497 nm at t = 0.8 ps) with
time and a shoulder (λs = 483 nm (hνs = 2.57 eV)) that stays
almost unchanged. When t ≥ 2.4 ps, the bleach is totally
recovered and there is are broad induced absorption features
extended from λ = 460 to 700 nm. These time-dependent
spectral features indicate that the bleach and induced
absorption occur simultaneously and are both directly linked
to the pump beam or the photocarrier generation; both the
bleach dip and absorption peak decay as a function of time;
when t > 2.4 ps, the featureless broad absorption band, which
extends to the longer-wavelength region, indicates intraband
transitions.
Using the global lifetime analysis (see details in Section S4

of the SI), the time-dependent TAS data for the Cu2O sample
can be fully described by a biexponential model convoluted
with a Gaussian function. Figure 3c shows two representative
Δα versus t curves at λb = 462 nm (the bleach dip at 462 nm)
and λp = 503 nm (the induced absorption peak). Both curves
are fitted with two global time constants, T1

Cu2O = 293 fs and
T2
Cu2O ≥ 150 ps. Based on the fitting, the resulting evolution

associated spectra (EAS) for T1
Cu2O = 293 fs and T2

Cu2O ≥ 150
ps are obtained and plotted in Figure 3d. The results are very
similar to what was reported by Azimi et al., who obtained
T1
Cu2O = 0.5 ps and T2

Cu2O ≥ 8 ns for Cu2O nanoparticles, and
attributed T1

Cu2O as the lifetime of the excitons.28 The electron
process associated with the long lifetime T2

Cu2O in the order of
10−10 s, could be due to the defect trapping (see the green
arrow between the CB and defect state of Figure 4). This value
is similar to the hole lifetime of Cu2O thin films observed by
Paracchino et al. using the optical-pump THz-probe spectros-
copy,29 which suggests that the hole dynamics could play a role
here. The EAS for T1

Cu2O manifests similarities to Δα(λ,t = 0),
showing two spectral characteristics in Figure 3a, the bleach
dip and the induced absorption peak, while the EAS for T2

Cu2O

is a broad featureless spectrum.
According to the literature, a bleach signal is typically due to

the depletion of the valence electrons, although the bleach dip
location is at higher energy with respect to the bandgap
because the transient spectrum is the first derivative of the
ground-state absorption spectrum.42 In fact, as shown in Figure
S6a, the bleach peak location for Cu2O is at 2.68 eV, which is
close to the dip location at 2.63 eV of the first derivative of the
UV−vis absorption spectrum.42 This feature can be attributed
to absorption to higher conduction band states and is
consistent with experimentally observed transitions in Cu2O
using spectroscopic ellipsometry by Meyer et al.43,44 The
induced absorption centers around hνp = 2.46 eV, which could
be due to several reasons (see Figure 4): the electrons in the
Γ8
− conduction band could further absorb probe photons to be

excited into higher conduction bands (the red arrow in CB of
Figure 4) or the electrons from the deep valent bands can
recombine with a high concentration of holes in the Γ7

+ valance
band (the red arrow in VB of Figure 4). Both situations, in
principle, could occur due to the complex band structure of
Cu2O.
The early time carrier dynamics depend on the excited

carrier population N. For the bleach that occurs at hνb = 2.68
eV, the pump-induced optical absorption,

α
α

Δ = −
+

hv
hv N

N N
( )

( )Cu O
b

Cu O
b

sat

2
2

(5)

where Nsat is a saturation electron density in the VB. Under the

assumption that N ≪ Nsat, eq 5 reduces to, = −α
α

Δ N
N

Cu2O

Cu2O
sat
, i.e.,

the induced absorption peak shares the same time constant
T1
Cu2O as that for the bleach dip. According to literature, T1

Cu2O

could be due to electronic dephasing, which is in the order of
tens to hundreds fs, and the intraband relaxation, in the same
order of time frame (see the green arrow in CB of Figure
4).12,45 Phenomenologically, the induced absorption peak can
be fitted by the following Gaussian-like function,

α σΔ = − Δhv N( ) e hv E ECu O
p

( / )2 p
2

(6)

where σp is the induced absorption cross section, Ep is the
absorption peak location, and ΔE is the spectral width. Based
on the absorption peak in Figure 3b, one obtains σpN(t = 0) =
5.39 ± 0.04, Ep = 2.46 ± 0.01 eV, and ΔE = 0.113 ± 0.001 eV.
The broad featureless spectrum EAS for T2

Cu2O indicates the
occurrence of multiple induced absorptions. When t > T1

Cu2O,
the pump-induced excessive electrons not only populate the
CB but also trap states. Therefore, hot carrier-induced
absorption, intraband absorption from the edge of the CB to
high-energy levels of the CB, as well as the defect absorption
would occur, which contributes to the broadness of the EAS.

3.4. TA Spectra of the Reference CuO Thin Film. The
time- and wavelength-dependent TA spectra ΔαCuO(λ,t) of the
24C380 sample (i.e., the pure CuO reference sample) is shown
in Figure 5a. Two unique spectra−time regions are observed: a

Figure 4. Proposed energy band structures and possible electron
transition processes for the p-type Cu2O thin film.
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dip (bleach) area at a delay time 0 < t < 1 ps and spectral
region 450 < λ < 650 nm and an induced absorption area at a
delay time region 0 < t < 2 ps and a longer-wavelength region λ
> 650 nm. Compared to the corresponding map for Cu2O
samples, the bleach spectral features become broader and the
spectral peak width decreases with delay time. For the pump-
induced absorption, the spectral region redshifts significantly
to the near IR region. Figure 5b shows the corresponding TA
spectra ΔαCuO(λ,t) at selective delay times, t = 0, 0.3, 0.8, 2.4,
and 149 ps. Regardless of the delay time, all spectra show
similar features: a broad bleach dip centered at λb = 490 nm
(Eb

CuO = hνb = 2.53 eV) and a broad absorption feature at a
larger wavelength. The dip energy is also significantly larger
than ED

CuO = 2.20 eV.

Based on eq 7, we can also obtain that ≈ ×′
′

−5.4 10N
N

3
sat

,

i.e., the free carrier generation ratios for CuO and Cu2O in our
experiments are about the same. With an increase in t, the
bleach dip slightly blue shifts, its magnitude decreases but does
not diminish within the time scale of our measurements. The
overall absorption at longer wavelengths also decreases with t.
Furthermore, the absorptive signal shows a monotonic increase
in intensity with wavelength λ. Such a ΔαCuO(λ,t)−λ
relationship is a characteristic of free carrier absorption
(FCA),46,47 which can be fitted by the empirical equation,

∑α λ λΔ = + −
=

hv A A( ) ( )
i

i
pCuO

0
1

3

0 i

(7)

where p1 = 1.5 is attributed to the scattering by the acoustic
phonons; p2 = 2.5 for the scattering by the optical phonons;
and p3 = 3.5 for the scattering by ionized impurities.47 Ai (i = 0,
1, 2, and 3) are the corresponding coefficient. Figure S7a,b
shows the fitting results for ΔαCuO(λ,t)(λ,t = 0.7 ps) and

ΔαCuO(λ,t)(λ,t = 85.4 ps). This result is consistent with the
report by Wang et al.,48 where the transient absorption of CuO
nanowires in the wavelength range 500−700 nm shall be due
to free carrier absorption. The fitted curves match the
experimental spectra well, elucidating the existence of the
FCA mechanism in CuO thin films. The decay dynamics of
ΔαCuO(λ,t) for the 24C380 sample are best described by a
triexponential decay function, and Figure 5c shows two
representative Δα versus t curves at λb = 489 nm (the bleach
dip) and λf = 749 nm (the high FCA).
Regardless of the wavelength, three time constants, T1

CuO =
250 fs, T2

CuO = 2.5 ps, and T3
CuO > 150 ps, are obtained. These

time constants are consistent with those reported by Othonos
et al.26 and Born et al.,27 i.e., T1

CuO is attributed to momentum
relaxation via carrier−carrier scattering in the valence band,
T2
CuO is attributed to the carrier−phonon scattering within the

valence band, and T3
CuO is due to trapping and recombination.

The EAS resulting from global analysis is shown in Figure 5d.
A schematic summarizing these proposed relaxation processes
is shown in Figure 6. The EAS for T1

CuO captures the essential
features for the TAS of the CuO film, manifests similarities to
the Δα(λ,t = 0). The EAS for T3

CuO elucidates that a significant
part of the free carriers in CuO has a very long lifetime. The
fact that the Δα in Figure 5c does not decay to zero indicates
that part of the free carriers lives for much longer than 150 ps.
Both EAS for T2

CuO and T3
CuO show a bleach dip around λb =

475 nm, which corresponds to the depletion of electrons in the
VB by the pump. It is also very interesting to notice how the
wavelength λ0 at EAS = 0 shifts with decay time. For T1

CuO, λ0
∼ 615 nm, which corresponds to 2.02 eV. This photon energy
is close to the Urbach tail energy EU

CuO, which defines the
intrinsic absorbance edge of the material.27,41 For T2

CuO, λ0 ∼
573 nm, which corresponds to 2.16 eV, close to the OBG

Figure 5. Chirp-corrected TA spectra of sample 24C380 (ηCu2O = 1.2%): (a) Overall 2D TA map. (b) Representative TA spectra at delay time t = 0,
0.3, 0.8, 2.4, and 150 ps. (c) Representative time-dependent TA curves at two characteristic wavelengths, the bleach dip λb = 489 nm and the free
carrier absorption (FCA) λ0 = 749 nm. The solid curves are fitting results based on a triexponential decay function. (d) Plots of the corresponding
evolution associated spectra.
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(ED
CuO = 2.20 eV) of our CuO sample; and for T3

CuO, λ0 ∼ 515
nm (2.4 eV), close to the bleach dip location of Δα(λ,t = 0).
By considering the EAS and the steady-state UV−VIS
absorption spectrum shown in Figure 2a, it can be concluded
that during the pumping the electrons in both the top of the
VB and extended defect states are depleted, thus the
absorption of probe light with hν > EU

CuO at a very short
delay time T1

CuO is minimized, i.e., a bleach occurs, while only
the FCA at the conduction band occurs for hν < EU

CuO. For
T1
CuO < t < T2

CuO, the top of the band tail will be gradually filled
with electrons so that additional absorption between the top of
the band tail and the CB (EU

CuO < hν < ED
CuO) would be

allowed, while for high-energy absorption (hν > ED
CuO), the

depletion still maintains. Finally, for T2
CuO < t < T3

CuO, the entire
band tails (or the defect states) are partially filled with
electrons, so that induced absorption with hν < Eb

CuO would
occur. Thus, most likely both the T2

CuO and T3
CuO are due to the

defect state trapping.
3.5. TA Spectra of Cu2O/CuO Thin Films. For a thin film

with the mixed composition of Cu2O and CuO, based on eq 4,
it is expected that the overall signal is a sum of the
contributions from both pure samples, i.e., the bleach due to
saturation absorption of CuO and Cu2O (eq 5), the induced
absorption peak in Cu2O (eq 6), and FCA in CuO (eq 7).
Here, we assume that the effect of interfacial transition or

charge separation has already been accounted for. Thus, from
the spectroscopic point of view, the TAS for a mixed Cu2O and
CuO thin film should be dominated by at least four
spectroscopic regions, the bleach regions of Cu2O (450 < λ
< 475 nm) and CuO (450 < λ < 650 nm), the resonant
absorption region (475 < λ < 525 nm) due to defects of Cu2O,
and FAC region (λ > 650 nm) in CuO. The broad bleach
region of CuO overlaps with the bleach and resonance
absorption regions of Cu2O, while the FCA region is solely
governed by the amount of CuO in the sample. Also, due to
the formation of Cu2O/CuO heterojunction interfaces, new
spectroscopic feature(s) is expected. Similarly, the carrier
dynamics of the mixed films is determined by T1

Cu2O, T1
CuO,

T2
CuO, the two long time constants, T2

Cu2O and T3
CuO, and

possible time constant for charge separation.
To test above arguments, the samples 24C150 (ηCu2O = 72%)

and 2C200 (ηCu2O = 29%) are taken as an example. Figure 7a
shows some representative TA spectra Δα(λ,t) of sample
24C150 at selective delay time, t = 0, 0.3, 0.8, 2.4, and 149 ps. At
small time (t = 0 and 0.3 ps), the spectra in Figure 7a resemble
the spectra in Figure 7b, i.e., a sharp bleach dip occurs at λb =
464 nm and a resonant absorption peak at λp = 498 nm. When
t > 0.3 ps, both above spectral features are gone, and TA is
dominated by a broad absorption (λ > 475 nm), and Δα(λ)
increases slightly with λ, which is the characteristics for FCA.
This time-dependent TAS behavior suggests that initially the
carrier dynamics are dominated by Cu2O, then when t > 0.3 ps,
the dynamics are dominated by CuO. Note that for this
sample, ηCu2O = 72%. This suggests that there is charge
separation occurring between Cu2O and CuO after 0.3 ps, and
the electrons in the CB of Cu2O could transition to the CB of
CuO. The decay dynamics of Δα(λ,t) for the 24C150 sample
can be fitted by a triexponential decay function. Regardless of
the wavelength, three time constants, T1

72 = 320 ± 50 fs, T2
72 =

2.9 ± 0.9 ps, and T3
72 = > 150 ps are obtained and the

corresponding EAS is extracted, as shown in Figure 7b.
Comparing the EAS features in Figure 7b with those shown in
Figures 3d and 5d, and considering the corresponding lifetime,
it is quite clear that the mechanism for T1

72 = 320 ± 50 fs
resembles the dynamics of T1

Cu2O = 293 fs; since the
corresponding EASs share the same bleach and resonance
absorption features, the T1

72 is dominated by hot electron
dynamics in Cu2O. In fact, since there is 72% of Cu2O in the
24C150 sample, it is understandable that the short time
dynamics of the mixed-phase system is determined by Cu2O.

Figure 6. Proposed energy band structures and possible electron
transition processes for the p-type CuO thin film.

Figure 7. (a) Representative chirp-corrected TA spectra of sample 24C150 (ηCu2O = 72%) at delay time t = 0, 0.3, 0.8, 2.4, and 150 ps, respectively,
and (b) plots of the corresponding evolution associated spectra based on a triexponential decay analysis.
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However, the long-time carrier dynamics, T3
72 > 150 ps, is

governed by CuO. The EAS for T3
72 is very similar to that of

T3
CuO, both EAS increases monotonically with the wavelength

λ, except that there is a weak bleach observed in the
wavelength range of 450−500 nm for CuO. Also Δα(λ,t) in
Cu2O is almost fully recovered in t < 2 ps (see Figure 3c),
while for CuO, Δα(λ,t) still maintains a relative high value
even after 10 ps, which indicates a longer trapping lifetime.
The EAS for T2

72 = 2.9 ± 0.9 ps does not resemble any of the
EAS for Cu2O and CuO and is considered to be the result of
new charge dynamics. By carefully examining this EAS, there
exist two resonance absorption peaks, one at λ = 477 nm (2.60
eV) and the other at λ = 495 nm (2.50 eV). These two
resonance absorption peaks cannot be generated by the charge-
transfer mechanism since only one resonance mechanism in
Cu2O is possible. Notice that the resonant energies for these
two peaks are both larger than that (2.46 eV) observed in
Cu2O, which indicates that these could be two new shallow
acceptor states, 0.08 eV and 0.18 eV above the VB, induced in
Cu2O during oxidation, compared to the original acceptor

states, which is 0.22 eV above the VB. The different dynamics
are possible due to the following reasons: first, comparing the
static absorption spectra α(hν) for samples 24C150 and

2C150 as
shown in Figure S8, there is significantly more absorption for
the 24C150 sample at the band tail; second, the formation of the
sample 24C150 from

2C150 is an oxidation process. This process
is usually a diffusion-limited reaction, which means that there is
no abrupt change in the interfaces between Cu2O and CuO. In
fact, between the pure Cu2O and CuO phases, there is a
diffusion zone that composes of a gradient composition of
CuxO, where 1 < x < 2. So, in this diffusion zone, there is a
deficiency of Cu+ in Cu2O, which can generate extra shallow
donor states. In addition, the sample 24C150 still has Cu2O and
CuO interfaces and charge separation could occur as discussed
above. The existence of a mixed interface of Cu2O and CuO
indicated that there could be interfacial defect states generated.
Therefore, in the 24C150 sample with 72% of Cu2O, the short
time dynamics T2

72 could be governed by the trapping of the
shallow donor states in Cu2O or the charge separation process
at the Cu2O and CuO interfaces. The two resonance

Figure 8. (a) Representative chirp-corrected TA spectra of sample 2C200 (ηCu2O = 29%) at delay time t = 0, 0.3, 0.8, 2.4, and 150 ps and (b) plots of
the corresponding evolution associated spectra based on a triexponential decay analysis.

Figure 9. Change of TA spectra for different Cu2O/CuO thin film samples at (a) t = 0 ps and (b) t = 150 ps. (c) Plots of the photonic energy of
the bleach dip and the Δα (λ = 700 nm, t = 0 ps) versus ηCu2O. (d) Plots of T1 and T2 versus ηCu2O.
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absorption peaks, one at λ = 477 and 495 nm, could be due to
these defect states.
Figure 8a shows some representative TA spectra Δα(λ,t) of

sample 2C200, and the spectral features and time-dependent
behaviors are similar to that of the 24C380 sample, i.e., a broad
bleach dip occurs at λb = 492 nm, which is slightly blue shifted
compared to that of the λb = 498 nm for the 24C380 sample.
Such a blue shift in λb is attributed to the presence of Cu2O in
the film. Also, a broad absorption bump centered around λf =
700 nm occurs and is assigned to FCA. With an increase in
delay time t, the overall spectral features remain unchanged,
while the amplitudes keep on decreasing. Compared to spectra
shown in Figure 5b, the amplitudes for bleach and FCA are
significantly reduced, which should be due to the absorption
from Cu2O. Considering the energy structure of CuO/Cu2O
heterostructure, there could be hole injection from the VB of
CuO to the VB of Cu2O, reducing the overall TAS amplitude.
The decay dynamics of Δα(λ,t) for the sample 2C200 also
follows a triexponential decay with T1

29 = 270 ± 50 fs, T2
29 =

1.03 ± 0.3 ps, and T3
29 > 150 ps. The corresponding EAS

shown in Figure 8b are very similar to those shown in Figure
5d of the 24C380 sample. Compared to the corresponding
lifetime, it is quite clear that the mechanism for T1

29 = 270 ± 50
fs resembles the dynamics of T1

CuO = 250 ± 20 fs, which is
dominated by carrier−carrier scattering or thermalization in
CuO; T3

29 > 150 ps is also assigned to trapping by defects,
similar to the 24C380 sample. The fact that T2

29 is much smaller
than T2

CuO suggests that more defect states close to VB of CuO
such as interfacial states, copper ion centers, etc. are produced
due to the presence of Cu2O.
To gain a systematic understanding on how ηCu2O affects

the carrier dynamics of the mixed-phase Cu2O/CuO thin films,
we performed TAS on the samples listed in Table 1. Figure
9a,b shows the TA spectra of different samples at t = 0 and 150
ps, both showing strong variations in TA spectra with ηCu2O. At
t = 0 ps, Δα(λ) is very sensitive to the minute amount of Cu2O
added in CuO thin films. When ηCu2O increases from 1.2 to
8.6%, the bleach dip amplitude decreases significantly from 7.2
× 10−3 (λ = 491 nm) to 1.4 × 10−3 (λ = 482 nm), while the
FCA decreases from 1.0 × 10−2 to 4.1 × 10−3 at λ = 762 nm.
When ηCu2O further increases to 29%, the overall spectra
features change slightly. For these three samples, similar TAS
features like that of the pure CuO thin film (24C380). The ηCu2O
= 72% sample starts to show the bleach and resonance
absorption features similar to those of the pure Cu2O thin film.
With a further increase in ηCu2O, both features become more
prominent. However, at longer delay time, the TAS features
and their change with ηCu2O become significantly different. The

spectra for CuO-dominated samples (ηCu2O = 1.2, 8.6, and
29%) show narrow banded bleach dips centered around λb =
476 nm (2.60 eV), while a broad band FCA is observed for λ >
525 nm. The TAS for Cu2O-dominated samples (ηCu2O = 72,
86, and 99%) all show broad absorption features maximized
around λ > 476 nm. The significant difference in short time
TAS for different ηCu2O demonstrates that the fast dynamics
depends closely on the composition, while the similarity in
long time TAS illustrates that the long life carrier dynamic
mechanism is similar.
In addition, according to the discussions above, the bleach

dip wavelength reflects the effective bandgap of the materials.

According to Figure 2b, the effective optical bandgap increases
monotonically with ηCu2O. So, a similar trend is expected for
the dip wavelength. Figure 9c plots the photonic energy
associated with the bleach dip as a function of ηCu2O, and the

energy increases monotonically with ηCu2O, which is consistent
with Figure 2b. In addition, the Δα(λ) in the longer-
wavelength region corresponds to FCA and based on eqs 4
and 7, the Δα(λ) at longer λ is a linear function of ηCu2O.

Figure 9c also plots the Δα(λ) at λ > 700 nm versus ηCu2O.

Except for the last data point at ηCu2O = 1.2%, all other data
follow a linear relationship very well.
The lifetimes for the bleach recovery kinetics of the samples

were extracted by a double exponential decay model for
samples with ηCu2O = 86 and 99% and a triple exponential
decay model for other samples. Figure 9d summarizes both T1

and T2 as a function of ηCu2O. As discussed for CuO, T1 is due
to carrier−carrier scattering or thermalization. As shown in
Figure 9d, when ηCu2O ≤ 72%, T1 increases monotonically with

ηCu2O; when ηCu2O > 72%, T1 decreases slightly with ηCu2O.

When ηCu2O = 72%, T1 reaches a maximum. Thus, if the
photocatalytic performance of the Cu2O/CuO is dominated by
the hot electrons, these results suggest that the ηCu2O = 72%
sample, i.e., the 24C150, is the optimized sample. This prediction
is consistent with previous experimental results by Basnet et al.,
where the dye photodecay rates of mixed-phase CuO/Cu2O
nanorod thin films prepared by a similar method were studied
systematically.34 Figure 4 in ref 34 indicates that both the
photoreduction and photooxidation rates are relatively high at
ηCu2O = 72%.34 The lifetime T2 is caused by carrier−phonon
scattering process in the VB in CuO. The decrease of T2 when
ηCu2O increases from 1.2 to 30% shown in Figure 9d could be
due to the fact that during the transition from CuO to Cu2O,
and the formation of the CuO/Cu2O interfaces, less carrier−
phonon scattering process would occur in the mixed material.

4. CONCLUSIONS
In summary, we systematically fabricated the Cu2O, CuO, and
mixed-phase Cu2O/CuO thin films with different relative
compositions by oxidizing Cu films at a temperature from 150
to 380 °C for a time period of 2−24 h. The XRD
characterizations show that the Cu2O composition in these
films can vary from 1.2 to 99%, while the corresponding CuO
composition changes from 98.8 to 1%. Since these films are
prepared under similar conditions, they can serve as excellent
model samples to understand how the relative composition of
Cu2O/CuO plays a role in photoinduced carrier dynamics by
ultrafast transient absorption spectroscopy. Detailed studies
show that the absorption dynamics of a pure p-type Cu2O thin
film follows a biexponential decay, with a fast time ∼0.3 ps and
a long time constant >150 ps. Based on the spectroscopic
features, energy band structures, and possible electron
transition process, rate equations for the electron dynamics
have been established. The short time constant is attributed to
the relaxation of hot electrons by scattering or thermalization,
while the long time constant could be due to the defect
trapping. For the pure p-type CuO sample, the TAS is
dominated by a bleach dip and free carrier absorption. Its
triexponential decay dynamics result in three time constants,
0.25, 2.5, and >150 ps, which correspond to carrier−carrier
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scattering or thermalization, defect trapping, and interband
transition. For the mixed-phased Cu2O/CuO thin films, if
Cu2O dominates the composition, the very short time
dynamics (<1 ps) are dominated by Cu2O while the long
time behavior (>150 ps) is determined by CuO. The charge
separation or other interfacial defect determines the carrier
dynamics in a few pico-second. If CuO dominates the
composition, the carrier dynamics are led by the CuO, and a
photo leach and free carrier absorption dictate the TAS. In fact,
it is discovered that both the bleach photon energy, the short
and medium time constants are a function of the Cu2O
composition. This study shows that for the Cu2O/CuO
heterostructures, there is charge separation that could
significantly change the carrier lifetime in pico-second time
scale. Depending on the composition and how the interface is
formed, processes like electron migration from Cu2O to CuO,
or hole injection from CuO to Cu2O, or defect state
absorption could change the lifetimes of the photoinduced
carriers. For the thin-film samples prepared by oxidation, it is
found that for Cu2O composition of 72%, the hot electrons’
lifetime (T1) reaches a maximum, which suggests that this film
could maximize the photocatalytic performance.
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