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A highly-conformal and stoichiometric p-type cuprous copper(I) oxide (Cu;O) thin films were
grown using atomic layer deposition (ALD) by a fluorine-free amino-alkoxide Cu precursor, bis(1-
dimethylamino-2-methyl-2-butoxy)copper (Ci;4H32N20,Cu), and water vapor (H,O). Among tested
deposition temperatures ranging from 120 to 240°C, a self-limited film growth was clearly confirmed
for both precursor and reactant pulsing times at 140°C. Between 140 and 160 °C, the process exhib-
ited an almost constant growth rate of ~0.013 nm/cycle and a negligible number of incubation cycles
(approximately 6 cycles). The Cu,O films deposited at the optimal temperature (e.g. 140°C) showed bet-
ter properties in view of their crystallinity and roughness compared to the films deposited at higher
temperatures. Rutherford backscattering spectrometry showed that the film deposited at 140°C was
almost stoichiometric (a ratio of Cu and O ~2: 1.1) with negligible C and N impurities. X-ray photo-
electron spectroscopy further revealed that Cu and O in the film mostly formed Cu,0 bonding rather
than CuO bonding. Plan-view transmission electron microscopy analysis showed formation of densely
packed crystal grains with a cubic crystal structure of cuprous Cu,0. The step coverage of ALD-Cu,0
film was remarkable, approximately 100%, over 1.14-pm-high Si nanowires with an aspect ratio (AR)
of 7.6:1 and onto nano-trenches (top opening width: 25 nm) with an AR of 4.5:1. Spectroscopic ellip-
sometry was employed to determine optical constants, giving optical direct band gap of 2.52 eV. Finally,
Hall measurement confirmed that the ALD-Cu,O film had p-type carriers with a high Hall mobility of
8.05cm?/Vs.
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1. Introduction transparent to the visible rays (around 400-760 nm) while cupric

CuO is not transparent because of its small optical bandgap. Owing

Copper oxides, with particular regards to the most stable com-
pounds of cuprous oxide (Cu;0) and cupric oxide (CuQ), are very
attractive materials due to many interesting and unique properties
of p-type semiconducting nature, tunable optical bandgap, non-
toxicity, earth-abundant, and low cost. Specifically, Cu,0 and CuO
are known to have band gaps of 2.1~2.6eV and 1.2~2.1eV [1],
carrier concentrations of ~10'®cm=3 and ~10'7 cm~3, and hole
mobilities of ~100cm?2/Vs [2] and ~6.6 cm?/V's [3] at room tem-
perature (293 K), respectively. As imaginable from the properties
listed above, cuprous Cu,0 has a higher mobility and is mostly
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to these better properties, Cu,O has been mostly in concern for
many applications, including, but not limited to, gas sensors [3,4],
resistive random access memories [5,6], photodiode [7,8], anode
materials in batteries [9-11], p-type channel layer in thin film tran-
sistors (TFTs)[2,12],solarcells [21] and catalysts [13].Evenitis clear
that obtaining stoichiometric, cuprous Cu,0 is an important task,
a very careful and rigorous selection on process conditions is nec-
essary since Cu,0 can be formed in conditions with a very narrow
O, partial pressure compared to those of Cu and CuO, as indicated
in the equilibrium phase diagram [15]. In fact, during sputtering
and chemical vapor deposition, it was reported that a single phase
Cu,0 thin film was obtained only in limited conditions of oxygen
partial pressure and deposition temperature, while both Cu,0 and
CuO were typically formed when deposition temperature or oxygen
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partial pressure was high [3,16]. In order to deposit Cu, O thin films,
various techniques such as sputtering [2,15], CVD [16,17], elec-
trodeposition [18], pulsed laser deposition (PLD) [19] and thermal
evaporation [20] were introduced for many potential applications.
These techniques could successfully prepare highly pure p-type
Cu,0 thin films upon precise control of deposition parameters.
However, these methods have an inherent limitation to be applied
for potential higher performance devices with very complex, small-
sized, and high aspectratio structures. To overcome these obstacles,
atomic layer deposition (ALD) can give a viable solution for depo-
sition of Cu,0 thin films onto those emerging applications since
ALD can provide an excellent conformality, a digital controllability
of a film thickness, and a perfect large-area uniformity owing to its
inherent surface-saturated and self-limited reaction mechanisms.

In spite of potential strong needs, very few studies have been
reported to develop ALD-Cu,0O processes [22-26]. In these studies,
both fluorine-containing and non-fluorinated Cu precursors were
used, as summarized in Table 1. Generally, fluorine-containing
precursors, (trimethylvinylsilyl) hexafluoroacetylacetonato cop-
per(I) [Cu(I)(hfac)(TMVS)] [22] and hexafluoroacetylacetonate
copper(l) acetylacetonate [(hfac)Cu(I)(DMB)] [23], have a high
vapor pressure of 1Torr at 60°C and 2Torr at 40°C, respec-
tively, which is desirable for facile delivery of the precursors.
By using these precursors, high growth rates of 0.025nm/cycle
at 225°C with Cu(I)(hfac)(TMVS) and of 0.086 nm/cycle at 100°C
with (hfac)Cu(I)(DMB) were obtained. In addition, excellent elec-
trical properties, such as 5cm?/Vs and 37 cm?2/V s of mobility and
10'6 cm—3 and 10!% cm~3 of carrier concentrations, were obtained
using Cu(I)(hfac)(TMVS) and (hfac)Cu(I)(DMB), respectively. In
those reports, it should be noted that a phase of ALD-grown copper
oxide thin films significantly affected by both a reactant pulsing
condition and a deposition temperature. For instance, the pure
Cu,0 films were deposited only at optimal oxidation conditions
(the number of oxidation steps by oxygen plasma), while either
Cu or CuO phases were obtained for poor- and rich-oxidation
conditions, respectively [23]. In case of Cu(I)(hfac)(TMVS), the
pure Cu,0 phase was obtained only at or below 300°C, while
the CuO phase was started to be detected at 350°C [22]. Even
though the fluorine-containing precursors have been successfully
introduced for demonstration of high quality ALD-Cu,O thin films,
one remarkable drawback of those processes is a poor adhesion
of the deposited films due to fluorine residues at the interface
between substrate [24]. To resolve this problem, non-fluorinated
Cu precursors, such as bis(tri- n-butylphosphane)copper(I) acety-
laceotonate [("BusP),Cu(acac)] [24] and copper monochloride
[CuCl] [25], were tested and resulted in film growth rates of
0.04 nm/cycle at 500°C and 0.01 nm at 120°C, respectively. How-
ever, both precursors suffered from low volatilities. For instance,
CuCl should be heated to very high temperature (>400°C) and
limited its use for a low temperature deposition [26]. In the
case of ("BusP),Cu(acac), its low vapor pressure (0.015Torr at
98°C) inevitably required much amount of Ar carrier gas upto
~700 standard cubic centimeter per minute (SCCM). In this study,
highly pure and stoichiometric Cu,O films were deposited by
ALD by a new fluorine-free amino-alkoxide Cu precursor, bis(1-
dimethylamino-2-methyl-2-butoxy)copper (C14H3;,N;0,Cu), and
water vapor (H,0). As addressed, the use of F-free precursor can
give a clear advantage on the adhesion, which was a critical draw-
back of the conventional F-containing precursor, by excluding F
residues at the film/substrate interface. In addition, this precursor
has a relatively high vapor pressure of 1.2 Torr at 80 °C compared
to other fluorine-free Cu precursors. The newly proposed ALD sys-
tem was tested by depositing Cu,0 films on thermally grown SiO,
substrates at various substrate temperatures ranging from 120 to
240°C. We confirmed a self-limited film growth and a linearity
upon the number of ALD cycles, as in an ideal ALD process, of

the present reaction scheme at the ALD temperature window of
140-160°C. The deposited films were found to be almost stoichio-
metric (a ratio of Cu and O ~2:1.1) and to have a cubic crystal
structure of Cu,0. A remarkable conformality was demonstrated
by depositing ALD-Cu,0 films over 1.14-pm-long Si nanowires
and onto very narrow trenches [an opening width of ~25nm and
an aspect ratio (AR) of ~4.5]. In addition, optical and electrical
properties of ALD-Cu,0 films were evaluated using spectroscopic
ellipsometry and Hall measurement.

2. Experiments
2.1. Deposition

Cu, 0 films were deposited using a travelling-wave type ALD
reactor (Lucida-D100, NCD technology) with bis(1-dimethylamino-
2-methyl-2-butoxy)copper (Ci4H3;N>0,Cu, 99.9999%) as a pre-
cursor and water vapor as a reactant. The new Cu precursor was
provided from DNF solution, Korea, and it has a vapor pressure
of 1.2 Torr at 80°C with dark purple liquid at room temperature.
Deposition temperatures ranging between 120 and 240°C were
tested to figure out an ALD temperature window of the present ALD
scheme. P-type Si (100) wafers covered with 100-nm-thick ther-
mally grown SiO, were used as substrates. The Cu precursor was
vaporized in a bubbler at the temperature of 80°C and was car-
ried into the process chamber by N, gas at a flow rate of 200 sccm.
The gas delivery line temperature was maintained at 100 °C to pre-
vent condensation of the Cu precursor during the delivery. A water
vapor, carried by 100sccm of Ny gas, was also provided into the
chamber as a reactant. Right after the precursor and reactant puls-
ing steps, a purging process was performed with 200 sccm of Ny ; as
in the sequence of the precursor pulsing, purging, reactant pulsing
and then purging in each ALD cycle. From preliminary investi-
gations, basic pulsing conditions were set as follows: precursor
pulsing for 5s, reactant pulsing for 5s and purging for 10s. Such
conditions were found to be sufficient to guarantee a self-limited
growth of the ALD-Cu;O films.

2.2. Analysis of films properties

Thicknesses of the Cu,0 films were determined from analyses
of cross-sectional view transmission electron microscopy (XTEM,
Tecnai F20 equipped with a 200kV accelerating voltage and a
field emission gun) and X-ray reflectance (XRR, PANalytical X’-pert
MRD with Cu-Ka radiation at 1.5kW). Properties of the ALD-
Cu, O films according to their deposition conditions were analyzed
by using various tools. For phase and crystallinity identifications,
grazing-incidence angle (incident angle, 6 = 3°) X-ray diffractome-
try (GIXD, PANalytical X’-pert MRD with Cu-Ko radiation at 1.5 kW)
analysis was performed. A roughness was investigated by using
Atomic Force Microscope (AFM, DI Instruments NanoScopellla).
A composition and a density were analyzed using a Rutherford
backscattering spectrometry (RBS, NEC 2MV Pelletron Accelera-
tor). Resonance RBS techniques were used to accurately detect
low-mass elements, such as N and C, in the Cu,0 films. X-ray
photoelectron spectroscopy (XPS) analyses were performed to
investigate chemical bonding within the Cu,O films. For XPS study,
Al-Ka of 1204 eV radiation was used and an anode was oper-
ated at 15kV. Plan-view TEM analysis was used to clearly observe
microstructures of the ALD-Cu,O films. Plan-view TEM sample was
prepared using conventional procedures, such as tripod polishing
and Ar-ion milling. For Ar-ion milling, Gatan precision ion polishing
system was used. A conformality of the ALD-Cu,O0 films was eval-
uated both over 1.14-pwm-high Si nanowires (AR: ~7.6) and onto
trenches with an AR of ~4.5 (top opening width: ~25 nm) by using
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Table 1
Summary of reported ALD-Cu, O processes with various Cu precursors.
Precursor Reactant Growth rate Growth Vapor pressure Note Refs.
(nm/cycle) rate (nmy/s) (Torr)
Fluorine-contained Cu Cu(I)(hfac)(TMVS) Oxygen 0.025 at 225°C 0.016 1at60°C AALD [22]
precursor [(trimethylvinylsilyl)hexafl-
uoroacetylacetonato
copper(I)]
(hfac)Cu(I)(DMB) Oxygen 0.086 at 100°C 0.003 2 at40°C PEALD [23]
[hexafluoroacetylacetonate
copper(I)(3,3-dimethyl-1-
butane)]
Fluorine-free Cu CuCl [copper monochloride] Water 0.04 at 500°C 0.004 - ALD [25]
precursor ("BusP),Cu(acac) Oxygen + Water 0.01 at 125°C 0.0003 0.015 at 98°C ALD [24]
[bis(tri-n-butylphosphane)-
copper(I)acetylacetonate]
" AALD and PE-ALD denote the atmospheric ALD and plasma-enhanced ALD, respectively.
cross-sectional view scanning electron microscope (XSEM, Hitachi (a)
S-4800 equipped with a 20 kV accelerating voltage and a field emis- 0.018-
sion electron gun) and XTEM. The optical properties of deposited =
Cu,0 thin films were analyzed using a spectroscopic ellipsome- 20,015
ter (HORIBA, UVISEL, Japan). The optical information pertaining to L ) ! ¥
the amplitude and phase information was measured from 1.5 eV to £ 0.012-
5.0eV at aresolution of 0.05 eV. The obtained amplitude and phase :q; '
information was analyzed using the commercial software “DeltaPsi o 0.009
2” (Horiba, Japan). Electrical properties were analyzed using a Hall £
Measurement (ECOPIA HMS-3000). %
¢5 0.006-
3. Results and discussion 2 4 6 8 10
3.1. Growth kinetics of ALD-Cu,0 process Precursor pulsing time(s)
Prior to ALD film growths, a thermal decomposition of the new 0.020
Cu precursor was tested. Only the precursor was pulsed into the (b)
chamber at 240 °C for 10 min, without flowing water vapor. In this . 0.016
preliminary test, a film was not grown at all and this indicates that % i
the new Cu precursor is thermally stable up to 240°C, excluding a 5 0.0124 L]
possibility of gas phase reaction. Meanwhile, a film was deposited E '
when water vapor was pulsed after precursor pulsing (both for 5s), :.;,’ 0008] *
indicating that water vapor is essential for growing ALD-Cu, O films [
in this study. £
Once the thermal stability and reactivity of the Cu precursor % 0.004
was confirmed, a self-limited growth behavior, a key characteris- o
tic of an ALD process, was evaluated at a substrate temperature 0.000 , , ,
of 140°C. Fig. 1(a) shows growth rates of the Cu,0 films on ther- 0 2 4 6 8
mally grown SiO; surfaces as a function of precursor pulsing times. Reactant pulsing time(s)
The precursor pulsing times were varied from 3 to 10s while a
reactant pulsing time was fixed to 5 s. The growth rates were deter-
mined by dividing the measured film thicknesses by the number of 0.018- (c)
ALD reaction cycles. With increasing the precursor pulsing time e
from 3 s to 55, a growth rate slightly increased to 1.3 times. How- 3 0.015. i
ever, as further increasing the precursor pulsing time, a change §‘ ’ L]
of the growth rates became negligible. These results indicate that g 0.012
the ALD growth is self-limiting to the Cu precursor pulsing of 5s Y H
or longer. As similarly, water vapor pulsing times were varied © 0.009
from 1 to 7s, while the Cu precursor pulsing time was main- s |
tained to 55, as shown in Fig. 1(b). When the water vapor pulsing g
time was same as or longer than 5, the growth rates showed lit- ¢5 0-006+
tle change. The same experiment was also done at the substrate . . . .
2 4 6 8 10

temperature of 160°C [Fig. 1(c)]. The results showed that with
increasing the precursor pulsing time longer than 5s, the growth
rates was little changed, which is the same results at the sub-
strate temperature of 140 °C. These results indicate that no thermal
self-decomposition of the precursor took place at this temperature
and that the deposition was accomplished by a self-limited surface
reaction between adsorbed precursors and reactants. Based on the

Precursor pulsing time (s)

Fig.1. Growthratesof the ALD-Cu,O films as a function of (a) precursor and (b) reac-
tant pulsing times at a deposition temperature of 140°C, and (c) precursor pulsing
times at a deposition temperature of 160 °C. Thicknesses were measured by XTEM
and the growth rates were defined by dividing the measured film thicknesses by the
number of ALD cycles.
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Fig. 2. Thicknesses of the ALD-Cu,O films as a function of the number of ALD reac-
tion cycles. The films were deposited at 140 °C with the basic pulsing conditions on
thermally grown SiO, surfaces as substrates. Inset figures show the corresponding
XTEM images that were used to measure the film thickness.

results in Fig. 1(a and b), a basic gas pulsing condition, which guar-
antees the self-limiting and surface-saturated ALD-Cu,0 growth,
was set as follows; precursor pulsing for 5s, precursor purging
for 10s, reactant pulsing for 5s, and reactant purging for 10s.
Fig. 2 shows thicknesses of the ALD-Cu,O0 films deposited on the
thermally-grown SiO, surfaces as a function of the number of ALD
reaction cycles. The films were grown at the deposition temper-
ature of 140°C and with the basic pulsing conditions set above.
The number of deposition cycles was varied from 500 to 3000
cycles. The thicknesses were determined from corresponding XTEM
images, as shown in insets of Fig. 2. The film thickness increased
linearly with increasing the number of ALD reaction cycles, as in
a typical ALD reaction. From a linear fitting of the data points, a
growth rate was determined to be 0.013 nm/cycle, which is com-
parable to the reported value of using ("BuzP),Cu(acac) precursor
[24], while the Cu precursor in this study still holds an advantage
of a much higher vapor pressure. In addition, Fig. 2 clearly showed
that a very small number of incubation cycles around 6 (defined as
an intercept of the extrapolated line with an abscissa) was needed
for the growth of ALD-Cu,0 films. Such short incubation period
suggests an active adsorption of the Cu precursor molecules and a
fast nucleation of the ALD-Cu;O in this study.

Fig. 3 shows growth rates of the ALD-Cu,0 films, deposited
with the basing pulsing conditions (5s-10s-5s-10s), as a func-
tion of a deposition temperature. Herein, the growth rates were
determined by dividing the measured film thicknesses by the
number of ALD reaction cycles. The film deposition at the sub-
strate temperature of 120 °C was possible but its growth rate was
too low as ~0.005nm/cycle. When the deposition temperature
increased to 140°C, the growth rate increased more than twice
as ~0.013 nm/cycle. This growth rate was almost constant in the
deposition temperatures range between 140 and 160 °C. Further
increase of the deposition temperature above 160 °C resulted in a
considerable and gradual increase of the growth rate, even up to
0.15nm/cycle at 240°C.

3.2. Growth temperature-dependent properties of ALD-Cu,0
films

Properties of the ALD-Cu,O films deposited at various tem-
peratures were analyzed by using GIXD and AFM to figure out an
optimal deposition temperature. Fig. 4 shows GIXD patterns of the

Growth rate (nm/cycle)
-

’
--m
P

L e e e
100 120 140 160 180 200 220 240

Deposition temperature (°C)

Fig.3. Growthratesofthe ALD-Cu,O films as a function of a deposition temperature.
The basic pulsing conditions that guaranteed the self-limited film growth were used
(precursor pulsing of 55, reactant pulsing of 5 s, and precursor and reactant purging
of 105s).

ALD-Cu;0 films deposited at 140, 180, and 240 °C. Herein, thick-
nesses of all ALD-Cu,O films were the same as ~30 nm. The GIXD
results of the Cu,0 film deposited at 140°C showed specific five
peaks corresponding to the cubic Cu,O. It is noteworthy that
no peaks related to CuO or Cu was observed and thereby the
film deposited at this temperature consisted of the pure Cu,O.
With increasing the deposition temperature to 240°C, the peaks
intensity of the cubic Cu;O was decreased remarkably. In other
words, the films deposited at lower temperatures exhibited much
higher crystallinity, although the growth rates were much lower
as compared to those obtained at high deposition temperatures.
Such high crystallinity of the ALD-Cu,0 films deposited at low
temperature can be a great advantage since it was reported that
the crystallinity of Cu,O thin films significantly affected their
electrical properties. For example, Fortunato et al. [2] showed that
the mobility of sputter-deposited Cu,O thin films was significantly
improved from 0.65cm?/Vs to 18.5cm?/Vs by post-annealing at
200°C owing to the improved crystallinity.

Cu,0(110)
-~ Cu,0(111)
Cu,0(200)
Cu,0(220)
Cu,0(311)

Intensity (Arb.units)

20 (Degrees)

Fig. 4. Grazing incidence angle X-ray diffraction (GIXD) patterns of the ALD-Cu,0
films as a function of the deposition temperature. Thicknesses of the ALD-Cu, O films
were ~30 nm.
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Fig. 5. Atomic force microscope (AFM) results of the ALD-Cu,O films as a function of the deposition temperature. Thicknesses of the ALD-Cu,O films were ~30 nm. Inset

images show the vertical scaled images.

Roughness of the ALD-Cu,0O films deposited at various tem-
peratures was analyzed by AFM. Fig. 5 shows AFM results of the
30-nm-thick ALD-Cu,O films deposited at 140, 180, and 240°C.
And inset figures in each Fig. 5(a, b and c) shows the vertical
scale AFM results. The Cu,O deposited at 140°C has 0.617 nm
of roughness. And roughness was increased as increasing depo-
sition temperature from 180°C to 240°C. Each temperature has
4,784 nm and 6.084 nm of roughness. The results clearly indicated
that AFM roughness of Cu,O films deposited at high temperatures

above the ALD temperature window was much higher than that
of the films deposited within ALD temperature window (140°C),
as well as the roughness increased with increasing the deposition
temperature from 140 to 240°C. For instance, a very smooth film
with the roughness of 0.617 nm could be prepared at the depo-
sition temperature of 140°C. Even though the comparison of the
roughnesses of ALD-Cu,0 and Cu,O thin films deposited by other
methods, such as sputtering and CVD, is not available due to lack
of reported results, the results on the roughness of ALD-Cu and
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Fig.6. RBS(incidence energy of He2*: 2 MeV)spectra of the ALD-Cu, O film deposited
on a thermally grown SiO, substrate at 140°C.

CVD-Cu [27] might suggest that ALD film generally give a lower
roughness. Extremely smooth surface of the film deposited at low
temperature (140°C) can also be observed in the XTEM images in
Fig. 2.

The previous paragraphs showed that the properties of the ALD-
Cu,0 films deposited at 140°C, were superior in views of their
crystallinity and roughness. Such an availability of the ALD depo-
sition within the temperature window can hold another merit in
terms of conformality. Indeed, it was reported that a conformality
of ALD films deposited at temperatures above an ALD temperature
window was degraded due to thermally decomposed components
of a process [28,29]. In fact, considering potential applications of
the ALD-Cu,O films such as a nanowire photodiode composed of
p-type and n-type semiconductors [30] and gas sensing [37], prepa-
ration of the ALD-Cu, O films into very small-sized high AR features
with an remarkable conformality is essential. In order to meet those
requirements, the ALD-Cu,0O films deposited at optimal deposi-
tion temperature (140 °C) were further analyzed and characterized,
which will be provided in the following section.

3.3. Properties of ALD-Cu,O0 thin film deposited with optimal
conditions

The ALD-Cu,O films deposited at the optimal conditions (at
140 °C with the basic pulsing conditions) were analyzed by using
various tools. First, Rutherford backscattering spectrometry (RBS)
analysis was performed to determine a quantitative composition
and density and to check a possible incorporation of impurities
into the film during the deposition. Fig. 6 shows the RBS spectra
of the film (~30 nm) deposited on the SiO, (100 nm in thickness)
covered Si wafer (~400 wm in thickness). When incident energy of
He2* was 2 MeV, as shown in Fig. 6, a backscattering peak from Cu
in the deposited film was clearly shown at channel numbers from
~760 to ~810. A backscattering peak from Si consisted of two com-
ponents; one from the thermally grown SiO, at a channel number
of ~324 and another from the Si wafer at ~528. A backscattering
peak from oxygen was arisen from two different positions as well;
one from the SiO, and another from the copper oxide film. Using
the RUMP simulation, a ratio of Cu and O (Cu/O) in the ALD film
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(932.7¢V) |

40k 4 Cu02p,, ‘ ‘
(952.5eV) ‘ |
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M) \
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Fig. 7. XPS spectra of the ALD-Cu,O film deposited at 140°C with an optimized
pulsing conditions (5s-10s-5s-10s); (a) Cu 2p and (b) O 1s.

was determined as 2:1.1, indicating the almost stoichiometric Cu,; O
film. In order to check incorporation of low mass impurities, such
as carbon and nitrogen, during the film deposition, both carbon
and nitrogen resonance RBS modes with incident He%* energies of
4.282 and 3.7 MeV, respectively, were used (data now shown here).
The resonance RBS detected very small backscattering peaks from
Cand N in the film. The RUMP simulation showed C and N contents
were negligible as 0.05 and 0.16 at.%, respectively. A density of the
film could also be determined by using the composition data and
areal density obtained from RBS, atomic mass of the elements, and
the film thickness determined by XTEM. The results indicated that
the ALD-Cu,O film prepared in this study had a very high density
of 5.9 g/cm3, even comparable to a bulk value (6.0 g/cm3).

The films deposited with the optimal conditions were further
analyzed by XPS to identify chemical bonding configurations. A sur-
vey spectra, acquired at the film surface in a range of 0-1204 eV of
binding energy (not shown here), showed signals of C (due to a
surface carbon contamination) as well as Cu and O elements. Thus,
XPS data were obtained after sputtering an approximately 4-nm-
thick film to remove the surface contamination and to characterize
bonding status of the film itself. The XPS data were calibrated to
adventitious C 1s peak detected on the film surface. Fig. 7(a) shows
the XPS spectrum of Cu 2p orbital. Two intensive peaks centered
at around 933 eV and 952 eV were observed and attributed from
Cu-0 bonding from the cuprous Cu,0 [Cu 2p3p;: 932.7eV and Cu
2p1j2: 952.5eV] [31,32]. The peak position of Cu 2p3), in this study
is consistent with the reported value of ~932.7 eV in the Cu,0 thin
films prepared by other method [31]. Very weak satellite located
at higher binding energies around 946 and 965 eV were observed
and those features could be also identified to Cu-O bonding from
the cuprous Cu,0 phase of Cu 2p3j; and Cu 2pq, [32]. In case of
O 1s XPS spectrum, only a single peak centered at ~530.6 eV was
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Fig. 8. Plan-view TEM analysis results with deposition temperature; (a) bright-field, (b) dark-field image of the film deposited at 140°C, (c) bright-field, (d) dark-field image
of the film deposited at 180°C images, (e) bright-field, and (f) dark-field image of the film deposited at 240°C. The inset figures in (a), (c), and (e) show the selected-area

electron diffraction (SAED) patterns at each deposition temperature.

observed, which could be originated from Cu-O bonding in the
cuprous Cu,0. Therefore, the XPS analysis strongly supports that
the films deposited with the optimal conditions in this study mostly
consisted of the cuprous Cu,0 phase, as corresponding to the XRD
results.

Microstructures and phases of the ALD-Cu, O films were char-
acterized by TEM, as shown in Fig. 8(a-f) [(a and b) deposited at
140°C, (c and d) at 180°C, (e) and (f) at 240°C]. Fig. 8(a, c and e)
shows the plan-view TEM bright-field (BF)images of ALD-Cu, O film
with deposition temperature. That clearly showed well-developed
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Fig. 9. (a) XSEM and (b) plan-view SEM image of Si nanowire before deposition. (c) XSEM and (d) plan-view SEM image of the ALD-Cu,O films deposited over 1.14-pwm-high
Si nanowire (AR~ 7.6). The inset figures of (c) and (b) showed the schematics of the conformal deposition of ALD-Cu,O films on high AR Si nanowires.

polycrystalline grains, which were densely packed even though the
film was deposited at as low as 140 °C. In the case of ALD-Cu, O film
deposited at 180°C, it seemed to be difficult to identify individual
grains, indicating the degradation of crystallinity as compared to
that deposited at 140°C. In the case of ALD-Cu,O film deposited
at 240 °C, the grains appeared to be somewhat non-homogeneous,
which is different from the BF TEM image of the film deposited at
140°C.The corresponding selected-area electron diffraction (SAED)
patterns [inset of Fig. 8 (a, c and e)] suggested that all the films
formed the cuprous Cu,O crystals with the cubic structure (lattice
parameter: 4.2696 A and space group: Pn3m). From dark-field TEM
images [Fig. 8(b, d and f)], which was taken by placing the objec-
tive aperture to the first ring of SAED pattern, an average grain
size was determined to be around 8.6nm at 140°C, 10.27 nm at
180°C and 24.96 nm at 240°C. As addressed previously, obtaining
a single phase cuprous Cu, O film was challengeable since a narrow
thermodynamic window of Cu,0O typically results in coexistence
of Cu, 0 with the cupric CuO, even though the cuprous Cu,0 has a
clear advantage compared to the cupric CuO in views of its mobil-
ity and optical bandgap. It was reported that the CuO phase was
formed when the deposition (sputtering) was performed at as high
as 350 °C while the Cu,0 phase was formed at 150°C [22]. Similar
phenomena were also shown during preparation of copper oxide
using a sol-gel-like dip technique [33]. In the case of ALD copper
oxide films, a phase was reported to be greatly dependent on both a
reactant pulsing condition [23] and a deposition temperature [22].
Even though those reported processes had limited conditions on
obtaining the pure Cu,0 phase, it should be noted that a very pure,
stoichiometric and single phase Cu,O thin film could be readily
obtained at low temperature by using the ALD reaction scheme
proposed in this study, based on the current investigations of XRD,
RBS, XPS, TEM, and SAED analyses.

Conformality of the ALD-Cu,O process was evaluated by
depositing films over very-small sized Si nanowires (AR: ~7.6) and

onto nano-trenches (top opening width of 25 nm and AR of ~4.5)
since the conformality is a critical factor for their applications into
nano-structured devices such as a nanostructured photodiodes
[30,34] and a seed layer with reduction process [35]. Fig. 9(c and
d) shows the cross-sectional and plan view SEM image of the
20-nm-thick ALD-Cu,O films deposited over 1.14 um-high Si
nanowires. Fig. 9(a and b) was shown to compare with Si nanowire
before deposition. As clearly shown in the image, the Cu,0 films
were deposited uniformly and conformally over all Si nanowires.
The inset figures of (c) and (d) showed the schematics of the
conformal deposition of ALD-Cu,O films on Si nanowires. This
result might suggest a potential improvement of an efficiency of
nanowire photodiodes if the present ALD process is used [38].
Fig. 10 showed the XTEM image of the ALD-Cu,O films deposited
onto the nano-trenches. The enlarged one of the XTEM image (the
inset figure) confirmed that the thicknesses of the ALD-Cu,O films
at a top, middle, and bottom of the trenches were almost same as
~20nm, indicating ~100% step coverage. The remarkable step cov-
erage of the ALD-Cu,O process on those Si nanowire and nano-scale
trenches demonstrated in this study obviously indicates that the
Cu, O film can be conformally coated under the ideal, optimized ALD
growth conditions, without suffering from the partial decomposi-
tion of the precursor. Spectroscopic ellipsometry was employed to
estimate optical constants and optical band gap of the ALD-Cu,0
films. From the spectroscopic ellipsometry measurements, the
optical constants, i.e. refractive index (n) and extinction coefficient
(k),atvariousincident photon energies (wavelength: 1) were calcu-
lated by using excitonic model [14] and plotted in Fig. 11(a). Among
the constants, the obtained extinction coefficients (k) were used to
extract absorption coefficient («) of the film by using a following
relation,

o= (1)
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Fig. 10. XTEM image of the ALD-Cu,0 films deposited onto nano-trenches (top
opening width: ~25nm, AR: ~4.5). The inset figure is the enlarged one of the XTEM
image.

Those absorption coefficients were further developed to esti-
mate optical bandgap of the ALD-Cu,0O film. As well-known in
the Tauc’s relationship, frequency-dependence of absorption coef-
ficient is correlated with optical band gap (Eg) of materials [39,40].
The generalized band-gap dependence of the absorption coefficient
is given by

ahv = (hv—Eg)m. (2)

The exponent m is determined depending on a type of band
in corresponding semiconductors, i.e. m=2 for indirect band gap
semiconductors and m=1/2 for direct band gap semiconductors.
Because Cu,0 is known as a direct band gap material, m=1/2 was
selected. The plot of (ahv)? versus hv gives optical band gap by
extrapolating the plot in a linear region to the x-axis, as shown in
Fig. 11(b). From the Tauc plot, the optical band gap of ALD-Cu, O film
was estimated to be ~2.52 eV. This value is in reasonable agreement
with the theoretical value of 2.4 eV |[14]and is also similar compared
to those of films deposited by other methods [2,22,36].

Hall measurement was performed to evaluate electrical prop-
erties of the ALD-Cu,O films. The thickness of ALD-Cu,O film was
100nm for Hall measurement, and glass was used as insulating
substrate to prevent any contribution from the substrate. The Hall
measurement confirmed that the films have p-type carriers with
a concentration of 5.88 x 10'4 cm~3. In addition, the Hall mobility
was as high as 8.05 cm?/V s, which is higher than those of Cu, O films
deposited by sputtering [2] and thermal evaporation [36]. Such
superior electrical properties can open a potential for the ALD-Cu,0
films to be used as p-type semiconductors of emerging applications,
such as nanostructured photovoltaics and optoelectronic devices.

Finally, the adhesion of ALD-Cu,0 film on SiO, substrate was
evaluated by using a scratch and peel-off test at a total of 9 points
of the wafer. A perfect adhesion of 100% adhesion pass rate was
obtained, which is determined by the number of peel-off points
out of the total 9 points.
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Fig. 11. (a) Refractive index and extinction coefficient obtained from spectroscopic
ellipsometry analysis [inset figure shows the actual result of deposited Cu, O film on
glass substrate] and (b) Tauc’s plot [(athv)? vs. incident photon energy| for calculating
optical band gap of the ALD-Cu,O film (thickness of the Cu, O film: 23 nm) The inset
figure showed the ALD-Cu,O film deposited on glass substrate.

4. Summary and conclusions

In this study, the highly conformal and stoichiometric p-
type semiconducting Cu,0O thin films were grown by ALD with
the sequential supply of the newly synthesized fluorine-free
amino-alkoxide Cu precursor, bis(1-dimethylamino-2-methyl-2-
butoxy)copper (C14H33N>0,Cu), and water vapor (H,0). Among
the tested deposition temperatures between 120 and 240 °C, a self-
limited film growth behavior was confirmed for both the precursor
and reactant pulsing at 140 °C. In addition, between 140 and 160 °C,
the growth rate was constant as ~0.013 nm/cycle with the negli-
gible number of incubation cycles. The properties of the ALD-Cu,0
thin films deposited at the optimal temperature (140 °C) were con-
siderably superior to the films deposited at temperatures above
the ALD window in views of their crystallinity and roughness. The
results based on the XRD, RBS, XPS, TEM, and electron diffraction
analysis consistently showed that the very pure (negligible C and
N), stoichiometric (the ratio of Cu and O~ 2:1.1) and single phase
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Cu,O0 thin film could be easily obtained at a low temperature by the
ALD scheme proposed in this study. It should be emphasized that
the conformality of the ALD-Cu,O0 films was remarkable, approx-
imately 100%, over the very small-sized Si nanowires with AR of
7.6 and trenches with 25 nm-width and AR of 4.5:1. The spec-
troscopic ellipsometry analysis extracted the optical band gap of
the ALD-Cu,O film as 2.52 eV. Finally, the Hall measurement con-
firmed that the ALD-Cu,O films had p-type carriers with a high Hall
mobility of 8.05 cm?/V s. In conclusion, the demonstrated excellent
properties of the ALD-Cu,0 films suggest that the present process
can be a viable technique for constructing Cu,;0-based emerging
semiconductor devices including diodes, photovoltaics, and com-
plementary metal-oxide-semiconductor integrated devices.
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