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ABSTRACT

This paper reports the fabrication of the Cu,0 quantum dots (QDs) emitting a controlled wavelength in
the visible spectral range prepared by atomic layer deposition (ALD). Cu,O thin film layers formed on the
Al,03 surface showed large density of islands via Volmer-Weber growth mode, which resulting in QD
formation. As the number of ALD cycles was increased from 60 to 480, the spatial density and mean
diameter of the Cu,0 QDs increased systematically from 4.02 x 10''/cm? to 2.56 x 10'?/cm? and from
2.1 to 3.2 nm, respectively. The absorption spectral results indicated that the electron energy transition in
the Cu,O QDs was a direct process with the optical band gaps decreasing from 2.71 to 2.15 eV with
increasing QD size from 2.1 to 3.2 nm because of the quantum confinement effect. The Cu,0 QDs showed
broad emission peaks composed of multiple elementary emission spectra corresponding to the Cu,O QD
ensembles with a different size distribution. As the size of Cu,0 QDs decreased, the shoulder peaks at the

higher energy side developed due to the quantum confinement effect.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor low-dimensional structures, such as quantum
wells, quantum wires and quantum dots (QDs) have attracted
considerable attention because of their importance as functional
building blocks, offering unprecedented opportunities for novel
device applications as well as for investigating many novel quan-
tum phenomena [1,2]. Most studies have focused on II-VI semi-
conductors, such as CdS, CdSe and PbSe [3-5]. Recently, cuprous
oxide (Cu,0) nanostructures have received considerable interest
because of their remarkable physical properties, such as large
exciton binding energy of 140 meV, exhibiting typical excitonic
features [6] and a forbidden electric dipole transition between the
lowest energy of the conduction band and the top of the valence
band due to the same parity [7,8]. In addition, it is a p-type tran-
sition metal oxide compound semiconductor that provides novel
electron-correlations for superconducting and ferromagnetic
physical phenomena [9]. Therefore, Cu,0 is an excellent candidate
for applications in photo-voltaics [10,11], photo-catalysts [12],
magnetic storage [13], gas sensor [14], and biosensors [15]. In
addition, nano-structured Cu,O has been investigated widely be-
cause of their novel optical and structural properties [8,16-18]. On
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the other hand, few have reported the fabrication of well-defined
Cu,0 quantum structures because Cu,O has an extremely small
bulk Bohr exciton binding radius of 0.7 nm [8]. The difficulties in
controlling the size, composition and matrix have limited studies
on controllable quantum effects. Furthermore, the fabricated Cu,0
quantum structures are in the form of nano-powders [8,16-18],
which are difficult to apply to various devices, and the shape and
position of the nanostructures are difficult to control. For more
compatible applications of Cu,0 QDs to other devices, the fabri-
cation process needs to be controllable and it should be possible
for the nanostructures to be fabricated on a range of substrates.
This paper reports the controllable fabrication of the Cu,O QDs on
a silicon (Si) substrate by atomic layer deposition (ALD) to in-
vestigate the quantum size effect.

2. Experimental
2.1. Deposition of Cu,0 quantum dots

The Cu,0 QDs were deposited on Si (100) and sapphire (0001)
substrates by atomic layer deposition (ALD) using a traveling-
wave-type ALD reactor (Lucida D100, NCD Technology, Korea),
which is a particularly effective method for synthesizing QDs
uniformly and precisely by controlling the number of ALD cycles.
Bis(1-dimethylamino-2-methyl-2-butoxy)copper (Ci4H32N20,Cu)
and water vapor (H,0) were used as the precursor and reactant,
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respectively. The Cu precursor was vaporized in a bubbler at 80 °C
and carried to the process chamber by N, gas at a flow rate of
200 sccm. Water vapor prepared in a canister kept at 10 °C was
flowed into the chamber without a carrier gas. The temperature
and pressure of the reactor were maintained at 140 °C and
~1 Torr, respectively. The basic pulsing conditions for Cu,O QDs
were as follows: precursor pulse for 5 s, reactant pulse for 5 s, and
purge for 10 s, which were found to be sufficient to guarantee self-
limited growth of the Cu,O film. The sequence of the precursor
pulse, purge, reactant pulse, and purge occurred in each ALD cycle.
Immediately after forming the Cu,0-QDs, ALD-Al,O3 was de-
posited on them in-situ at the same temperature. Al;O3 ALD was
then performed using a sequential supply of trimethylaluminum
[TMA, (CH3)3Al] and water vapor. TMA was contained at 10 °C and
provided without a carrier gas. One ALD unit cycle for Al,O3
consisted of a TMA (0.2 s) pulse - N, purge (10s) — H,O pulse
(0.2 s) = N, purge (10 s). The deposition of the Cu,0 QDs and Al,03
was repeated 5 times.

2.2. Characterizations

The structural properties of the Cu,0 QDs were examined ac-
cording to the number of ALD cycles by transmission electron
microscopy (TEM, Tecnai F20 equipped with a 200 kV accelerating
voltage and a field emission gun). Plan-view TEM analysis was
used to observe the formation of Cu,O QDs according to the
number of ALD cycles and those crystalline structures. The plan-
view TEM sample was prepared using conventional procedures,
such as tripod polishing and Ar-ion milling. A Gatan precision ion
polishing system was used for Ar-ion milling. X-ray diffraction
(GIAXRD, PANalytical X’-pert MRD with Cu-K, radiation at 1.5 kW)
was performed for the phase and crystallinity identifications of the
ALD deposited Cu,0, grazing-incidence angle (incident angle,
0=3°). The optical properties of the Cu,0 QDs were examined
using a photoluminescence (PL) and UV-visible spectrophotometer
(Scinco, S-3100). PL was performed at room temperature using a
325 nm continuous He-Cd laser with an excitation power of
27 mW.

3. Results and discussion

Fig. 1 shows GIAXRD pattern of the Cu,O films deposited on Si
(100) substrate with 2000 ALD cycles to examine the composition
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Fig. 1. GIAXRD patterns of the ALD-Cu,O films deposited with 2000 ALD cycles.

and crystalline structure of the deposited thin layers. The GIAXRD
results of the Cu,0 film showed 5 specific peaks corresponding to
cubic Cu,0. No peak related to CuO or Cu was observed. The Cu,0
thin films deposited via same reaction condition showed very pure
and stoichiometric (the ratio of Cu and O ~2:1.1) phase [19].
Hence, the film deposited at this temperature was considered to
consist of pure Cu,0.

Fig. 2(a)~(d) show the plan-view bright-field TEM images of
ALD-Cu,0 for various numbers of ALD cycles of 60, 120, 240, and
480, respectively. Cu,0 QDs was observed at 60 ALD cycles, as
shown in Fig. 2(a), and the QD density increased with increasing
the number of ALD cycles up to 120 [Fig. 2(b)] and the QDs size
increased slightly. When the number of ALD cycles was increased
to 240 [Fig. 2(c)], the QDs size and their density increased con-
tinuously, even though the electron diffraction pattern (the inset
figure) was quite dim, indicating the relatively low density of
crystalline Cu,0 QDs. Fig. 2(d) shows that the QD size and density
increased significantly with increasing the number of ALD cycles
up to 480, and a high density of QDs was clearly observed in the
low-magnification TEM image. As the number of ALD cycles was
increased from 60 to 120, 240 and 480, the diameter of the Cu,0
QDs increased from 2.1 to 2.3, 2.9 and 3.2 nm, respectively. The
selected area electron diffraction (the inset figure) clearly in-
dicated a spotty-pattern from the cuprous Cu,O QDs with a cubic
structure (lattice parameter: 4.2696 A and space group: Pn3m).
Interestingly, most Cu,0O QDs were still separated from each other,
as observed in the magnified image (the inset figure of yellow
box), indicating that partial coalescence of the QDs did not occur.
The arrows in the figures correspond to the Cu,0 QD regions.

Fig. 3 presents a summary of the spatial density and mean
diameter of the Cu,0 QDs as a function of the number of ALD
cycles, which were measured from the corresponding plan-view
TEM images in Fig. 2. As the number of ALD cycles increased from
60 to 480, the spatial density and mean diameter of the Cu,0 QDs
increased continuously from 4.02 x 10''/cm? to 2.56 x 10'?/cm?
and from 2.1 to 3.2 nm, respectively. This behavior is usually ob-
served behavior in the QD hetero-structures grown via Volmer—
Weber growth mode because the Cu,O atoms bound more
strongly to each other than to substrate. In addition, by growing at
low temperature at 140 °C, the surface diffusion of adatoms is
suppressed to result in simultaneous increase of the size and
density of QDs with increasing the deposit. An extrapolation of the
size and density in Fig. 3 to zero growth time (number of cycles)
resulted in a non-zero structure with a density of around few 10"/
cm?. In general, a zero or below-zero fitting of the diameter and
the density would be expected in Stranski-Krastanov growth
mode [20]. On the other hand, these results showed that Cu,0
growth is initiated with three-dimensional islands on Al,O3
without the formation of a wetting layer, indicating that the
growth mode is assumed to be a Volmer-Weber growth mode
because of a low surface energy of the Al,O3 layers.

Fig. 4 shows the absorption spectral results obtained by mea-
suring a UV-visible absorption spectrometer. For the optical
measurements, samples were deposited on both side polished
sapphire substrates. According to the Tauc relationship, for photon
energies (E, h,) greater than the band gap, light absorption can be
approximated using [21]:

ahv = ay(hv — Ep)"

where h is Planck's constant, v is the frequency of a photon, « is
the absorption coefficient, a, is a constant, and Eg is the band gap.
The exponential factor, #, depends on the type of transition in-
volved; 0.5 or 2 for a direct or indirect transition, respectively [21].
As shown in Fig. 4, the plot of (ahv)? versus hyv was fitted well and
the optical band gap was determined by extrapolating the linear
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Fig. 2. Plan-view bright-field TEM images of ALD-Cu,0 for various numbers of ALD cycles; (a) 60 cycles, (b) 120 cycles, (c) 240 cycles, and (d) 480 cycles. The insets of each
figure show the SAED patterns indicating the crystalline structures and magnified images to clearly show the Cu,0 QDs in each sample. And the yellow arrows correspond to

Cu,0 QD regions.
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Fig. 3. Summary of the density and size of the Cu,0 QDs measured by TEM.

region of the abruption spectrum because Cu,0 is a direct band
gap semiconductor. The optical absorption revealed a continuous
increase, not sharp absorption features, which would be due par-
tially to the broad size distribution of the Cu,O QDs. The optical
band gaps for the Cu,0O QDs with 2.1, 2.3, 2.9, and 3.2 nm de-
creased from 2.71 to 2.41, 2.23 and 2.15 eV, respectively. The
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Fig. 4. Variation of (ahv)? as a function of the photon energy (hv) to obtain the
direct band gap of Cu,0 QDs with various sizes. The inset shows the schematic
diagram of the sample structure of Cu,0 QDs/Al,0; multiple layers deposited by
the ALD system.
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measured optical band gaps were 0.54, 0.24, and 0.06 eV larger for
the 2.1, 2.3, and 2.9 nm Cu,0 QDs, respectively, than the bulk band
gap energy (2.17 eV) of the Cu,0 materials. This large blue-shift in
the band gap energy can be attributed to the size-dependent
electronic transitions in the Cu,0 QDs, as suggested by the quan-
tum confinement effect. Based on an effective mass approximation
with a Coulomb interaction, the energy band gap of the Cu,0 QDs
(Egp) can be estimated as follows [22,23]:

(1 1
Eop=Ey + ——| — + —5
@~ g 8r2(m: mﬁ‘)

_1.8€°
Are egr

where Egp and Eg are the lowest excitation energy of the Cu,0
QDs and the bandgap of bulk Cu,0 (2.17 eV), respectively, r is the
radius of the Cu,0 QDs, h is Planck's constant, m, is the electron
effective mass of 0.98m, [24], my, is the hole effective mass of
0.66m, [25], e the is electron unit charge, &, is the relative per-
mittivity of Cu,0 of 7.5 [26], and & is the vacuum permittivity. The
band gaps estimated by this effective mass approximation for the
Cu,0 QDs with a size range between 2.1 and 3.2 nm were in the
range, 2.9 and 2.3 eV. Although many parameters, such as the
electrical parameters and the energy band structures of the Cu,0
materials, in this calculation were approximated, the band gap of
the Cu,0 QD matched well with the experimental results. The
exciton Bohr radius of the Cuy0 is 0.7 nm and a strong quantum
confinement effect occurs for Cu,0 nanoparticles with a diameter
less than 0.7 nm [8]. This size range is slightly smaller than the
mean diameter of the Cu,O QDs fabricated in this study. The QD
size range in this case corresponds to the weak quantum con-
finement region. Therefore, the variation of the optical band gap is
clearly due to the quantum confinement effect in the Cu,O QDs.
The Cu,0 QDs, 3.2 nm in diameter, showed absorption edge very
close to the bulk band gap of Cu,0 because the size range of the
QD ensemble is much larger than the exciton Bohr radius of the
Cu,0. The Cu,0 QDs, 2.9 and 3.2 nm in diameter, showed double
and single distinct peaks, as indicated by the arrow in Fig. 4. The
peak energies were 1.93 and 2.06 eV for the 2.9 nm Cu,0 QDs and
2.13 eV for the 3.2 nm Cu,0 QDs. These emission peak energies are
smaller than the bulk band gap energy 2.17 eV of Cu,0. The origin
of these peaks is unclear, but it might be due to the formation of
CuO or surface defects within the Cu,0 QDs, as reported elsewhere
(8,17,18,27].

Fig. 5(a) shows the PL spectra of the Cu,0 QDs as a function of
the diameter measured at room temperature for the five layered
Cu,0 QDs/Al,03 structures as shown in the inset of Fig. 4. The
Cu,O QDs, 3.2nm in diameter, showed single emission peak
around 550 nm, which was slightly higher than the band gap of
bulk Cu,0. As the size of the Cu,0 QDs decreases, shoulder peaks
at the higher energy side develop, resulting in a broad emission
spectrum. The broad PL spectrum from the 2.1 nm sized Cu,0 QD
was composed of multiple elementary PL emission peaks and was
deconvoluted by fitting a multiple Gaussian function, as shown in
Fig. 5(b). The three elementary peaks at 416, 491 and 581 nm
correspond to the Cu,O QD ensembles with a different size dis-
tribution. During the PL emission process, electrons and holes are
generated by an excitation laser and are recombined simulta-
neously in the potential wells with a different depth. If the energy
barrier height is lower than the thermal energy for the electrical
charge carriers, recombination occurs only at the deeper wells
dominantly because of the charge carrier transport and redis-
tribution process between the QDs with different sizes [28]. In this
case, however, the energy barrier is much larger than the thermal
energy because a large band gap material, Al,O03 (~8.8 eV), was
used as a barrier layer between the Cu,0 QD layers. Each Cu,0 QD
was isolated electrically in the Al,05 matrix. This avoids the escape
of the electrical charge carriers from the potential wells provided
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Fig. 5. (a) Normalized PL spectra measured at room temperature for Cu,0 QDs with
various sizes. (b) Multiple Gaussian peaks for the deconvolution of PL spectrum are
shown by the dashed lines.

by Cu,0 QDs, which finally results in multiple PL emission peaks
from the Cu,0 QDs with different size distributions.

4. Conclusion

Cu,0 QDs showing controlled emission due to quantum con-
finement were fabricated. The Cu,O thin layers deposited by ALD
showed stoichiometric Cu,O without impurities and CuO or Cu
phase. The plan-view TEM results for the ALD-grown Cu,0 re-
vealed the formation of QDs and the density and size increased
systematically with increasing number of ALD cycles, ie., the
thickness of the Cu,O layer on Al,0s. As the number of ALD cycles
was increased from 60 to 120, 240 and 480, the diameter of the
Cu,0 QDs increased from 2.1 to 2.3, 2.9 and 3.2 nm, respectively.
From the initial growth behaviors of the Cu,0 islands, the growth
mechanism for the Cu,0O QDs was found to be Volmer-Weber
growth mode. The electron diffraction patterns of the QD areas
clearly showed a spotty-pattern, indicating the successful forma-
tion of the cuprous Cu,O QDs with a cubic structure. The ab-
sorption spectral results indicated that the electron energy tran-
sition in the Cu,0 QDs was a direct process. The optical band gaps
for the Cu,0 QDs decreased from 2.71 to 2.15 eV with increasing
diameter of the QDs from 2.1 to 3.2 nm due to the quantum con-
finement effect. The Cu,0 QDs showed broad emission peaks
composed of multiple elementary peaks at 416, 491 and 581 nm,
which corresponded to the Cu,0 QD ensembles with different size
distributions. As the size of the Cu,0 QDs decreases, the shoulder
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peaks at the higher energy side developed because their size was
in the weak quantum confinement regions. These results imply
that the Cu20 QDs are successfully fabricated via this method and
can be a potential candidate material for optoelectronic
applications.
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