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ABSTRACT: In this work, a detailed investigation is carried out on copper oxide, in the form of cupric oxide (CuO) 
nanocrystals. Particular attention is paid to the bandstructure and ultrafast charge-carrier dynamics. Transient absorption 
spectroscopy is carried out with an above-bandgap pump beam and below-bandgap probe beam to glean insight on the relaxation 
and recombination dynamics of the CuO nanocrystals at various pump fluences. Three time constants are apparent. The first time 
constant varies with pump fluence from 330 fs to 630 fs, and it is attributed to momentum relaxation via carrier-carrier scattering 
in the valence band as well as exciton-exciton annihilation. The second time constant is constant at 2 ps, and it is attributed to 
energy relaxation via carrier-phonon scattering within the valence band. The third time constant is constant at 50 ps, and it is 
attributed to trapping and recombination, due to the high density of trap states within the CuO nanocrystals. Such findings lay 
the foundation for future studies and applications of the emerging CuO material system. 

Cupric oxide (CuO), or tenorite, is a semiconductor of rapidly 
growing interest. The interest in CuO has emerged within applied 
physics—largely from its potential for use in photovoltaics. Its 
absorption characteristics span the visible spectrum,1-2 and its 
formation of copper vacancies and oxygen interstitials supports its 
use as a p-type lattice.3 It has recently been shown that p-type 
copper oxide thin-films can be integrated with n-type metal oxide 
thin-films to form cost-effective photovoltaic p-n 
heterojunctions.4-6 At the same time, CuO has recently been 
shown to exhibit ultrafast relaxation and recombination dynamics, 
which can support its use in all-optical switching.7 However, an 
adequate understanding of its optical absorption characteristics 
and subsequent ultrafast charge-carrier dynamics has proven to be 
challenging. 

A major challenge to the understanding of CuO is the 
nanocrystalline morphology that the material typically forms. The 
differing nanocrystal sizes and phases of the nanocrystalline 
morphology have led to disparities for the optical absorption 
characteristics of the CuO nanocrystals—with reports of an 
indirect bandgap of approximately 1.2 eV8,9 and/or a direct 
bandgap ranging from 1.3 to 3.0 eV.8,10-17 The nanocrystalline 
morphology also leads to complexities in the evolution of the 
ultrafast charge-carrier dynamics within the CuO nanocrystals, 
due largely to mid-gap trap states within the bandgap created by 
the nanocrystals’ large surface area. Therefore, an accurate 
understanding of the fundamental charge-carrier trapping and 
relaxation dynamics in CuO nanocrystals is essential to future 
applications of CuO nanocrystals. 

The work of Othonos et al. has been a major step to gain an 
understanding of the absorption and ultrafast charge-carrier 
dynamics of CuO nanowires.3 The authors applied transient 
absorption spectroscopy to investigate CuO nanowires with 
diameters of 200 nm and lengths of 10 µm. It was proposed that 
the absorption and ultrafast charge-carrier dynamics are defined 
largely by the photoexcitation of electrons into the conduction 

band (CB) and the resulting relaxation of a transient population of 
holes within the valence band (VB).  

In this work, the absorption and ultrafast charge-carrier 
dynamics of CuO nanocrystals are explored further. Optical 
absorption spectroscopy is applied to the CuO nanocrystals to 
define the bandstructure, revealing a bandgap of 1.55 eV. 
Transient absorption spectroscopy is then applied to the CuO 
nanocrystals, with varying pump fluence levels, to characterize 
the ultrafast charge-carrier dynamics. The theoretical models and 
experimental findings reveal that the charge-carriers are subject to 
femtosecond-duration momentum relaxation (via carrier-carrier 
scattering) within the VB, followed by picosecond-duration 
energy relaxation (via carrier-phonon interaction). The subsequent 
band-edge and trap-assisted recombination (via mid-gap states) 
shows indications of exciton-exciton annihilation. These findings 
can lay the groundwork for future applications of this material. 

The CuO nanocrystals in this study are fabricated using a 
similar technique to that used by Johan et al.12 Glass slides are 
cleaned using isopropyl and deionized water, dried with clean dry 
air, and sputtered with copper to form thin films. High 
temperature annealing is then applied at 600°C for two hours in 
ambient air to create the CuO phase—as opposed to the Cu2O 
(cuprous oxide) phase that is formed at temperatures lower than 
300°C.12,18 The annealing process described here produced the 
best structural uniformity and spectral absorption characteristics, 
for CuO film thicknesses ranging from 20 nm to 200 nm. Films 
with sufficient quality could not be formed with thicknesses 
below 20 nm. 

It is found that the CuO nanocrystal size is a function of the 
CuO film thickness. Figure 1 shows the trend for CuO film 
thicknesses of 20, 60, 100, and 200 nm, which yield CuO 
nanocrystal sizes (i.e., diameters) of roughly 50, 130, 140, and 
300 nm, respectively. The corresponding scanning electron 
microscopy (SEM) images are shown in the figure insets. The 
CuO films with a nanocrystal diameter of 50 nm and a thickness 
of 20 nm are selected for further investigation in the remainder of 
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this study. They are sufficiently small to yield a strong 
dependence on trap states, and are near the border of the regime 
for weak exciton confinement, which is approximately three times 
the Bohr exciton radius, .19 Here, the Bohr exciton radius is 
estimated to be /  6	 	4 nm, where  is 
Planck's constant,  is the electronic charge,	  is the permittivity 
of free space, 	is the dielectric constant,11,20 and the reduced 
mass, , ranges significantly in the literature.11,13,21 (The Bohr 
exciton radius has previously been reported to range from 6.6 to 
28.7 nm.)22 

The optical absorption characteristics of the CuO nanocrystals 
are shown in Figure 2. The absorption coefficient, , is displayed 
as a function of the wavelength, , which is calculated from the 
percent power absorbed, given by 1 e , where  is the film 
thickness. The power absorbed is measured via transmission-
reflection measurements23 with a Yokogawa AQ6370 optical 
spectrum analyzer. The results show finite absorption across the 
displayed spectrum, which is attributed to a high density of trap 
states between the VB and CB of the nanocrystalline CuO 
material.7 A Tauc plot, shown in the inset, is used to extract the 
bandgap, , via the direct bandgap relation, 

, where  is an arbitrary constant,  is the photon frequency, 
and  is the photon energy.23 An extrapolation of the linear 
region from 1.67 eV to 1.80 eV of the Tauc plot down to the 
horizontal axis identifies the bandgap to be  1.55  0.05 eV. 
The error here is quantified through repeated measurements with 
different samples and spectral sources. This measured bandgap is 
within the range seen in the literature for CuO.12-17 There is also a 
notable Urbach tail, extending out to lower energies, which is 
characteristic of optical absorption via defect states in disordered 
semiconductor media.24 The authors note that the bandgap for 
CuO nanocrystals will, in general, depend on the nanocrystal size. 
Decreasing the nanocrystal size increases the density of trap 
states, which encroach into the bandgap from the band edges. This 
is seen as a red-shift on .25 However, the bandgap will begin to 
increase when the nanocrystal size approaches the Bohr exciton 
radius due to quantum confinement. This is seen as a blue-shift on 

.25 Rehman et al. tested CuO nanocrystals with radii of 11–29 
nm and observed these effects.26 The nanocrystals for our study, 
having a radius of 25 nm, fall in this range and likely see a blue-
shift from the calculated bulk crystal’s bandgap of 1.25 eV.27 

The charge-carrier dynamics that evolve within the CuO 
nanocrystals are revealed by way of transient absorption 
spectroscopy.28-29 The collinear free-space pump and probe laser 

pulses are generated by an erbium-doped fibre laser (Toptica FFS-
SYS-2B), emitting at a wavelength of 1550 nm for the probe 
beam, with a synchronized second harmonic stage emitting at a 
wavelength of 780 nm for the pump beam. The pulses have a 100 
fs duration and 90 MHz repetition rate and are focused using a 
40  microscope objective onto the CuO nanocrystals. Translation 
from across the sample, perpendicular to the optical axis, shows 
negligible changes to the results, indicating the nanocrystals are 
highly uniform. Translation parallel to the optical axis, out of the 
focal plane, is well controlled via nano-actuators (Newport, 8302), 
to ensure that reproducible beam fluences are applied. As the CuO 
nanocrystals have a bandgap of  1.55 eV, the experiment 
uses an above-bandgap pump photon energy of  1.6 eV, 
at a wavelength of 780 nm, and a below-bandgap probe photon 
energy of  0.8 eV, at a wavelength of 1550 nm. The 
selected photon energies, being  and , are 

 

Figure 1. The CuO nanocrystal size as a function of the film 
thickness. The films have thicknesses of (a) 20, (b) 60, (c) 100, 
and (d) 200 nm, with nanocrystal sizes of 50, 130, 140, and 300 
nm, respectively. The insets show SEM images of the 
nanocrystals. 

 

Figure 2. Optical absorption characteristics for the CuO 
nanocrystals. The absorption coefficient, , is shown as a function 
of the wavelength, . A Tauc plot is shown in the inset, as  
versus energy, , in black, with a linear fit shown in red. From 
this Tauc plot, the direct bandgap of the CuO nanocrystals is 
defined to be  1.55 eV. 

Figure 3. Transient absorption characteristics for the CuO 
nanocrystals. The pump and probe beams are focused onto the 
layer of nanocrystals using a 40  microscope objective, as seen in 
the inset. The transmitted probe beam power is measured as a 
function of the pump-probe time delay. The results, displayed as 
normalized differential transmission of the probe beam, ∆ / , are 
divided into four intervals: prior to zero time delay,  0 ps; at 
zero time delay,  0 ps; within the first picosecond after zero 
time delay, 0 ps 1 ps; after the first picosecond, 1 ps. 
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key for the study of this p-type material. The high pump photon 
energy allows it to photoexcite electrons from the VB to the CB. 
The low probe photon energy allows it to remain sensitive to 
charge-carrier dynamics evolving within the VB, as the probe 
beam will be predominately subject to absorption from the top of 
the VB to midgap states. Midgap states are known to play a major 
role in semiconductor nanocrystal films30 (and are needed to 
explain the results that unfold in the following analyses). 
Representative experimental results are shown in Figure 3 as 
normalized differential transmission, ∆ / , of the probe beam as 
a function of the time delay, , between the pump and probe 
pulses. The time delay axis has been divided into four segments. 
The interval prior to zero time delay is defined by  0 ps. The 
point of time at zero time delay is defined by  0 ps. The 
interval within the first picosecond after zero time delay is defined 
by 0 ps 	1 ps. The interval following the first picosecond is 
defined by 1 ps. 

The evolution of the charge-carrier dynamics in the 
bandstructure of the CuO nanocrystals is illustrated in Figure 4. 
Prior to zero time delay,  0 ps, the bandstructure is populated 

by electrons (red) and holes (blue) in the manner depicted by 
Figure 4(a). Given the low photon energy of the probe beam, 

/2, the probe beam predominantly photoexcites 
electrons from near the top of the VB to mid-gap states in the 
bandgap. (Such a proposition is similar to the proposed dynamics 
within CuS nanocrystals.)31 The process is labelled in the figure 
by . Precisely at zero time delay,  0 ps, the CuO 
bandstructure is populated by charge-carriers in the manner 
depicted by Figure 4(b). The system here is subject to the 
aforementioned probe beam absorption as well as the newly-
introduced pump beam absorption. Given the large energy of the 
pump beam, , the pump beam photoexcites a high 
density of electrons into the CB and holes in the VB, as labelled 
by . Initially, the photogenerated holes in the VB have a 
narrow distribution, which is seen as a large decrease to the probe 
beam’s absorption from state-filling-induced bleaching, i.e., a 
large increase is seen in the probe beam’s transmission due to the 
pump-induced increase of holes within the VB. Within the first 
picosecond after zero time delay, 0 ps 1 ps, charge-carriers 
in the VB undergo momentum relaxation on a femtosecond 

 

Figure 4. Illustration of the charge-carrier dynamics in the bandstructure of CuO nanocrystals having a bandgap of  1.55 eV. 
Photogenerated holes (blue) and electrons (red) are shown in the bandstructure at four time intervals: (a) prior to zero time delay,  0 ps, 
the VB and CB are populated by photogenerated holes and electrons from the probe beam, which has a photon energy of  0.8 eV; 
(b) at zero time delay,  0 ps, additional holes and electrons are photogenerated by the pump beam, which has an energy of  1.6 
eV; (c) within the first picosecond after zero time delay, 0 ps 	1 ps, the photogenerated holes in the VB undergo momentum 
relaxation due to carrier-carrier scattering; and (d) after the first picosecond,  1 ps, the photogenerated holes in the VB undergo energy 
relaxation and trap-assisted recombination. 
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timescale, as depicted by Figure 4(c). The distribution of charge-
carriers broadens due to carrier-carrier scattering, which rapidly 
decreases the number of holes that occupy the VB states 
undergoing probe beam absorption. This is seen as a rapid 
decrease in the probe beam’s transmission. In the following 
picoseconds, for 	1 ps, the holes in the VB undergo energy 
relaxation on a picosecond timescale and relax upwards towards 
the VB edge due to carrier-phonon interactions, as depicted by 
Figure 4(d). This further decreases the probe beam’s transmission. 
Once the holes reach the VB edge, trap-assisted electron-hole 
recombination takes place to return the system to equilibrium. 

The proposed charge-carrier dynamics are explored further to 
substantiate the interpretations of momentum relaxation (via 
carrier-carrier scattering), energy relaxation (via carrier-phonon 
interaction), and recombination (via midgap states). Given that 
rates at which charge-carriers undergo relaxation can vary with 
the photogenerated charge-carrier density, ,32-34 the transient 
absorption analyses are repeated with varying pump fluences to 
witness variations in the rates (if any). The experimental results 
are shown in Figure 5. 

Figure 5(a) shows the differential transmission of the probe 
beam, Δ / , for 13 different pump fluences, increasing linearly 
from 0.4 J·m-2 to 10 J·m-2. The Δ /  recovery follows a tri-
exponential decay that is dependent on pump fluence and 
independent of probe fluence. (Approximately 13% of the pump 
fluence is absorbed by the 20 nm thick nanocrystal film, based on 
the results of Figure 2.) Curve-fitting is applied via a tri-
exponential function, Δ / 	= e / 	 	 e /

e / , where	 , , and  are time constants, and , , and 
 are weightings (i.e., amplitudes). The curve-fitting parameters 

are extracted by convolving the tri-exponential function with the 
autocorrelation of the pump and probe pulses and employing 
iterative least-squares minimization. The curve-fitting shows 
strong agreement to the experimental results, with an average R-
squared value of 0.999. The fitted curves are shown superimposed 
(in black) on the experimental results. 

The three processes that exhibit the observed tri-exponential 
decay are characterized in Figure 5(b). This figure shows the rates 
for the time constants, 1/ , 1/ , and 1/ , and the weightings, 

, , and , as a function of the pump fluence, . Trendlines 
are shown in red. The dependencies of the rates and weightings on 

 give insight into the underlying charge-carrier dynamics. 

The first time constant, , is characterized for increasing 
pump fluence by a weighting, , that has nearly linear growth 
(albeit with a small superlinear component) and a rate, 1/ , that 
is nearly constant (albeit with a small linear component). We first 
consider the more standard linear response of  and constant 
response of 1/ . The responses are indicative of momentum 
relaxation, which in this case involves carrier-carrier scattering in 
the VB. The first time constant  varies from 330 fs to 630 fs, 
over the range of pump fluences. Such values are comparable to 
those seen for carrier-carrier scattering and momentum relaxation 
in other materials.28 Moreover, these observations and 
interpretations agree with those proposed by Othonos et al. for 
CuO nanowires, for which a time constant of 400 fs was seen at 
lower fluence levels with a 770 nm probe beam.3 (However, our 
1550 nm probe beam, with a photon energy of only 0.8 eV, 
suggests that the state-filling-induced bleaching experienced by 
our probe beam is for transitions between VB and mid-gap states.) 
We next consider the more unusual superlinear response of 	and 
linear response of 1/ —the beginnings of which were hinted at 
in the work of Othonos et al.3 A similar initial rapid decay has 
been seen in other semiconductor nanocrystals, with a superlinear 
trend in the amplitude (and an increasing rate) with respect to 
pump fluence. The semiconductor nanocrystals include ZnCdS,35 
ZnO,36 TiO2,

37 CdS,38 CdSe,39 and CuxS.40 This superlinear 
dependence is an indicator of exciton-exciton annihilation, which 
emerges following the saturation of trap states at sufficiently high 
pump fluence.41-42 Trap state saturation leads to the preferential 
populating of charge-carriers at band edges, where they 
experience rapid recombination via exciton-exciton 
annihilation.25,38-40,43 The superlinear growth in amplitude of our 
first process can be explained by this trap state saturation and 
emergence of exciton-exciton annihilation. At the same time, the 
linear trend in 1/ , with respect to pump fluence, is supported by 
the higher-order kinetics of exciton-exciton annihilation. In 
general, highly photoexcited semiconductor nanocrystals exhibit 
second-order kinetics via two-body (exciton-exciton) Auger 
recombination and third-order kinetics via three-body (electron-
electron-hole or electron-hole-hole) Auger recombination.44 The 
rate of two-body Auger recombination is proportional to ,39 and 
the rate of three-body Auger recombination is proportional to 

.45 Thus, our observed linearity between 1/  and  (and thus 
the pump fluence) suggests that there is a strong contribution of 

 

Figure 5. Time-resolved absorption characteristics for the 50 nm CuO nanocrystals. In (a), the experimental results for the normalized 
differential transmission, ∆ / , of the CuO nanocrystals are given for pump fluence increasing linearly from 0.4 J·m-2 (yellow) to 10 J·m-2 
(red). Superimposed behind each experimental curve is the tri-exponential decay curve-fit (black). In (b), the weighting of the first time 
constant’s term (top), , the weighting of the second time constant’s term (middle), , and the weighting of the third time constant’s term 
(bottom), , are plotted as a function of the pump fluence, . The inset shows the rates of the first (top), 1/ , second (middle), 1/ , and 
third (bottom), 1/ , time-constants as a function of . Trendlines are shown in red. 
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exciton-exciton annihilation in this first process. (It is worth 
noting that CuO is known to establish highly-correlated charge-
carriers, as seen by its formation of excitons with large binding 
energies and remarkably long lifetimes,46 and exciton-exciton 
annihilation has been reported in the literature for Cu2O.)47 

The second time constant, , is constant at 2 ps over the 
range of pump fluences, and it is associated with energy 
relaxation involving carrier-phonon scattering in the VB and 
scattering to trap states. The value for  is comparable to those 
seen for energy relaxation in other materials28,48 and is in 
agreement with that seen for energy relaxation by Othonos et al.3 
Moreover, the rate of energy relaxation, corresponding to the 1/  
curve in the inset of Figure 5(b), is constant with respect to , 
which indicates that the carrier-phonon scattering is independent 
of  and thus  as well.34 The associated weighting of the second 
time constant’s term, denoted by , as a function of , is seen in 
Figure 5(b). The linear trend seen here is indicative of standard 
state-filling-induced bleaching, which is proportional to .50 

The third time constant, , is constant at 50 ps over the range 
of pump fluences, and it is associated with trapping and 
recombination of charge-carriers. The long duration of this 
process matches typical time constants seen for trap-assisted 
charge-carrier recombination in semiconductor nanocrystals.41,49,51 
The authors note that the associated weighting of the third time 
constant’s term, denoted by , is positive, which indicates that 
the observed response is dominated by state-filling-induced 
bleaching of transitions from the VB up to mid-gap states. This is 
in contrast to free-carrier absorption, which would induce a 
negative change in transmission. (We do not see a transition from 
positive to negative probe transmission for any of our conditions, 
like those seen by Othonos et al. for a few of their probe energies, 
and this allows us to rule out secondary photoexcitation of 
electrons from mid-gap states or the conduction band up to higher 
states in the conduction band.)3 Ultimately, the weighting  is 
linearly proportional to , as seen in the inset of Figure 5(b), and 
this is further evidence that the probe is subject to absorption 
between states at the edge of the VB and mid-gap states. 

Given the importance of trap states in this third time constant, 
a free-carrier dynamical model is applied to characterize surface 
recombination in the CuO nanocrystals. It is assumed that the 
nanocrystals are uniformly illuminated to form an initial 
photogenerated charge-carrier density of . The charge-carriers 
then undergo diffusion and recombination in accordance with 

, ,
, ,

, ,
, (1) 

where free-carrier photoexcitation is approximated by the delta 
function, , diffusion along the radial dimension, r, is defined 
by the diffusion coefficient, , and bulk recombination is defined 
by the bulk recombination lifetime, . The diffusing free-carriers 
ultimately reach the outer radius, at , and undergo surface 
recombination in accordance with the boundary condition 

, , / , , ,  where the surface 
recombination velocity is . This model can be greatly simplified 
by assuming that the system has no dependence on the polar 
angle, , and by assuming that the nanocrystal’s radius is much 
less than the diffusion length, i.e., the diffusion coefficient is 
sufficiently large to ensure that ≫ . With these 
simplifications, the solution for the charge-carrier density 
becomes / , where the recombination rate is 
1/ 1/  and 3/  is the surface-to-volume ratio 
of the spherical nanocrystal.7 Given the small radius of the 
nanocrystals,  25 nm, and the measured recombination 
lifetime of  50 ps, the surface recombination velocity is 
estimated to be  2 104 m·s-1. To the authors’ best knowledge, 
a value for the surface recombination velocity of CuO has not 
been reported in literature, but the value reported here is 

comparable to those seen for CdS49 and InP.52 It is worth noting 
that a comparison to this work's other (larger) nanocrystals shows 
that the time constant  increases as the radius increases, as one 
expects for trap-assisted charge-carrier recombination, while the 
other two time constants,  and , exhibit minimal change as the 
radius increases, as one expects for their association to momentum 
and energy relaxation. 

Within this work, a detailed investigation was carried out on 
the bandstructure and ultrafast charge-carrier dynamics of CuO 
nanocrystals. The bandgap was measured to be 1.55  0.05 eV. 
This aligns with recent experimental studies, finding a direct 
bandgap12-17 at 1.4–1.8 eV, and emerging theoretical studies,17,21 
going beyond Standard Density Functional Theory to show a 
direct bandgap at 1.25 eV for bulk CuO.27 Both theoretically and 
experimentally, there appears to be a higher direct transition17,26-

27,53 near 3.0 eV, which may be the cause for the disparity in 
absorption characteristics. Transient absorption spectroscopy was 
carried out with an above-bandgap pump photon energy of 1.6 eV 
and a below-bandgap probe photon energy of 0.8 eV. The 
differential transmission of the probe beam through the CuO 
nanocrystals was measured for various pump fluences, and three 
time constants were apparent in the recovery. The first time 
constant, ranging from 330 fs to 630 fs, had a rate that scaled 
linearly with pump fluence and a weighting that scaled 
superlinearly with the pump fluence. The underlying mechanisms 
for this first time constant were attributed to momentum 
relaxation via carrier-carrier scattering within the VB and (what 
the authors believed to be) the first observation of exciton-exciton 
annihilation in CuO. The second time constant was constant at 2 
ps, with a weighting that scaled linearly with the pump fluence, 
and its underlying mechanism was attributed to energy relaxation 
via carrier-phonon scattering within the VB. The third time 
constant was constant at 50 ps, with a weighting that scales 
linearly with the pump fluence, and its underlying mechanism was 
attributed to trapping and recombination, due to the high density 
of trap states within the bandstructure. It is hoped that the 
knowledge of the bandstructure and charge-carrier dynamics put 
forward in this work can lay the foundation for future studies and 
applications of the CuO material system. 
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