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Atomic Layer Deposition of Copper Metal Films from
Cu(acac), and Hydroquinone Reductant

Tripurari Sharan Tripathi, Martin Wilken, Christian Hoppe, Teresa de los Arcos,
Guido Grundmeier, Anjana Devi, and Maarit Karppinen*

High-quality copper metal thin films are demanded for a number of advanced
technologies. Herein, a facile ALD (atomic layer deposition) process for the
fabrication of Cu metal films directly from two solid readily usable precursors,
copper acetylacetonate as the source of copper and hydroquinone as the
reductant is reported. This process yields highly crystalline, dense, specularly
reflecting, and electrically conductive Cu films with an appreciably high growth
rate of 1.8 A/cycle at deposition temperatures as low as 160 to 240 C.

1. Introduction

Copper metal is of high preference in microelectronics for inter-
connections due to its low resistivity and high resistance to elec-
tromigration.!! The fact that the dimensions of the smallest
features in microelectronic devices are scheduled to reach the
3.nm limit by 2022,/ has set increasingly strict demands for
the technique to deposit continuous low-resistivity Cu films
for the device fabrication. Atomic layer deposition (ALD) —a
leading gas-phase thin-film technique based on alternately
pulsed precursors —is an ideal choice for microelectronics
industry, as it inherently provides highly conformal thin films
over complex geometries and high-aspect-ratio structures, and
allows sub-nanometer control over the film thickness.” The chal-
lenge is to find industry-feasible, efficient and reliable ALD
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processes for high-quality Cu metal films
to meet all the specific requirements of
the targeted applications. Ultimately, the
ALD Cu films should be made competitive
with the current commercial technology
based on PVD (physical vapor deposition)
and plating techniques; this would require
low enough resistivity values and the avoid-
ance of any agglomeration problems lead-
ing to rough and even discontinuous
films at small film thicknesses.

There are several direct or indirect ALD
processes for copper metal thin films, as shown in Table 1, and
discussed in more detail e.g., in a recent review by Hagen et al.l*]
on metal thin film fabrications by ALD. For copper itself, the rep-
ertoire of well-behaving precursors is already significantly wide.
Most of the processes use H; as the reductant, but the difficulty is
its limited reactivity which implies unsatisfactorily low growth
rates particularly at low deposition temperatures. Hydrogen
plasma is more reactive, but the film conformality is often the
issue. In few works, organic reactants have been investigated
as well.’”) Organics are typically in solid or liquid form, and
hence relatively easy to handle. Recently, we developed a new
promising ALD Cu process based on Cu(acac), (acac: acetylacet-
onate) as the source of copper and a mixture of hydroquinone
(HQ) and water to serve as the reductant.’® The process offered
appreciably high growth rates up to 1.9 A/cycle; yet, the purity of
the films, judged only indirectly from the electrical transport
measurements, remained to be improved. Another weakness
in our Cu(acac); + HQ/H,0 process was its complexity due
to the involvement of three precursors.

Here, in the present study we have hypothesized that HQ is
the primary reductant, and it could be possible to optimize the
process to work without the intermittent water pulses for hydrox-
ylation. We will demonstrate that this indeed is the case, and
high-quality Cu films can be directly deposited from only the
two precursors, Cu(acac), and HQ, in a wide deposition temper-
ature range starting from as low temperature as 160 ‘C. X-ray
photoelectron spectroscopy (XPS) measurements confirm the
metallic state for copper, with the carbon level below 9at.%
(i-e., HQ/Cu ratio less than 1.5%).

2. Results and Discussion

All our deposition tests for the Cu(acac), + HQ process yielded
crystalline Cu metal films which were visually uniform, shiny,
and specularly reflecting. We first systematically investigated
the effects of the different deposition parameters on the film

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Table 1. ALD processes for Cu metal thin films.

Metal precursor/Reductant Deposifion GPC Ref.
temp. ( C)* (A/cycle)
Cu(thd),/H, 190-260 0.3 [14]
350 2.1 B31]
Cu(acac),/H; 250 - [32]
[Cu-(*BUNCMeNSBu)],/H, 150-250 0.04 [33-35]
[("Bu3P),Cu(acac)]/wet O, 100-125 0.1 [36]
Cu(hfac),/isopropanol 260 [20]
Cu(amd)/H; plasma 50-100 0.7 [37]
[Cu('PrNHC) (hmds)]/Ar/H, plasma 200 0.2 [38]
[Cu(®“NHC) (hmds)]/Ar/H, plasma 100 0.23 139]
Cu(*Bu-amd),+NHs/H, 160 0.15 34]
Cu(dmap),/ZnEt, 100-120 0.2 [40,41]
Cucl/H, 360, 400 038 [42,43]
Cu(OCHMeCH;NMej),+formic 100-170 05 7]
acid/hydrazine
Cu(OCHMeCH;NMe,),/H; plasma 100-180 0.65 [44]

*So-called ALD window, or if this is not reported, the lowest deposition temperature
used.

growth characteristics. Figure 1(a) shows the dependence
of the film thickness (for the number of ALD cycles fixed to
600) on the deposition temperature in the temperature range,
160-240 °C; for these experiments the precursor/purge pulse
times were fixed as follows: 2 s Cu(acac),,3 s N;/2 s HQ/3 s
N,. It can be seen that the film thickness first decreases sharply
between 160-180°C, retains essentially constant between
180-220 'C, and then slightly decreases again above 220 C.
We also calculated the mass density of films from the XRR data,
and noticed that within 180-200 "C it remained essentially con-
stant whereas being lower both below 180 'C and above 200 "C.
Thus, we concluded that the growth is optimal in the tempera-
ture range, 180-200 "C. For the rest of the process optimization
experiments, we fixed the deposition temperature to 190 C.
To ascertain the saturation of the surface reactions during the
ALD cycles, we then investigated the effects of the precursor
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pulse lengths on the film growth rate, see Figure 1(b) where
we have gradually increased the pulse/purge durations for one
of the precursors at a time (whereas keeping the durations fixed
at 2 s/3 s for the other); the number of deposition cycles was fixed
to 200 for these experiments. It can be seen that the growth-per-
cycle (GPC) value essentially saturates for both precursors when
the precursor pulse length is 2 s or longer, to yield the Cu films
with the growth rate of ~ 1.8 A/cycle. Finally, in Figure 1(c)
shows that with these deposition parameters (190 C; precur-
sor/purge pulse lengths 2 s/3 s) the film thickness is perfectly
controlled by the number of ALD cycles applied. The slope of
the linear fit line gives us the GPC value at 1.75 A/cycles.
Comparing this growth rate value to the values shown in
Table 1 for the other reported ALD processes of metallic Cu films
reveals that our Cu(acac), + HQ process is several magnitudes
more efficient than these other processes at low temperatures
(below 200 “C). It should also be mentioned that the growth rate
characteristics achieved here for the water-free process are not
inferior to our original Cu(acac), + HQ/H,0 process.®! For
the further sample characterizations, we grew the films with
600 ALD cycles, to achieve ~ 100 nm thick films.

Figure 2, shows the GIXRD patterns for the films deposited at
different temperatures from 160 to 240 C. It is clear that our
Cu(acac), + HQ process yields highly crystalline Cu metal films
throughout the deposition temperature range investigated with
no (crystalline) foreign inclusions or traces of copper oxide
phases as an impurity. The left inset in the figure displays the
normalised XRR plots at an expanded scale. Critical angle in
XRR measurements gives a rough estimate of the surface elec-
tron density of the films and thus an estimate of the mass density
of films, assuming a homogenous, smooth, and continuous
deposition. The higher the surface electron density of a material
is, the higher is the critical angle for the film.”! The right inset
shows the mass density values as a function of deposition tem-
perature calculated from the critical angles of the films. It can be
seen that within 180200 "C the density remains essentially con-
stant at ~ 8.0 g cm ™ (which is close to the ideal density of metal-
lic copper, 8.9 g cm ™), while being lower both below 180 "C and
above 200 "C. The slightly lower density at low temperatures is in
line with the observed agglomerate type of growth in SEM
images at low temperatures. Then, the sharp decrease in density
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Figure 1. Investigation of deposition parameters for the Cu(acac), + HQ process. a) Film thickness as a function of deposition temperature; the red
dotted line is a guide for the eyes b) Film growth-per-cycle (GPC) at 190 °C as a function of the pulse:purge durations (x sec. pulse : y sec. purge) for the
two precursors, Cu(acac), and HQ. c) Film thickness as a function of the number of deposition cycles at 190 “C; the red solid line is a linear fit to the data.
In a) and c), the pulse/purge times were 2 s Cu(acac)z/3 s N2/2 s HQ/3 s N,.
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Figure 2. GIXRD patterns for the films deposited at several temperatures.
Left inset shows the XRR data at an expanded scale around the critical
angle (normalised at start angle for minimum counts), and the right inset
shows the mass density as a function of deposition temperature, calcu-
lated from the critical angle estimated from the XRR plot by taking deriv-
atives of the data; the red dotted curve is a guide to the eyes.

above 220 "C may be due to partial decomposition of the copper
precursor; there are reports indicating that Cu(acac), starts to
decompose above 210 C.1"”

To assess the surface morphology and topological features of
the films in more detail, as shown in Figure 3 both AFM and
SEM images for representative films. For each film, there is a
good correspondence between the AFM and SEM images.
From SEM images dense and continuous films are readily visi-
ble. Films deposited at lower temperatures have larger grains and
show micro-agglomerate-like features along with the highest
RMS roughness values (up to 35 nm). As the deposition temper-
ature increases, the grain size decreases and the homogeneity
improves, and accordingly the RMS roughness value decreases
to 8 nm for the film deposited at 200 "C.

To confirm the metallic state of copper and address the possi-
ble impurities in our Cu metal thin films, XPS measurements
were performed on films deposited at 200 'C. The survey spec-
trum of the sample measured as-introduced shows mainly con-
tributions from Cu (~13 at.%), O (~27 at.%) and C (~58 at.%) and
trace amounts of N (<1 at.%) and Cl (<1 at.%). After sputtering
the sample during 3 min with Ar ions at 3 keV, the composition
of the sample is mainly Cu (86 at.%), with smaller contributions
from O (5 at.%) and C (9 at.%), possibly due to traces of HQ (1%-
2%) left in the sample. No traces of N or Cl were seen after sput-
tering. The core levels of Cu2ps,,, Ols and Cls for the sample
before and after sputtering are shown in Figure 4. The Cu2ps,,
peak of the sample as introduced (a.i.) shows two components at
932.6 and 934.7 eV corresponding respectively to metallic Cu and
CuO.™ The oxide component is due to superficial oxidation
from contact with ambient air, and it disappears after the sput-
tering, confirming the successful deposition of metallic Cu, in
agreement with the GIXRD results.
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RMS 35.93 nm 160 °C

RMS 15.44 nm

Figure 3. AFM (left) and SEM (right) images for the films deposited at
temperatures 160-240 "C.

The interpretation of the O1s and C1s peaks is not straightfor-
ward, due to the possible coexistence of remains of the original
HQ, its oxidized byproduct p-benzoquinone (BQ), and unidenti-
fied adventitious carbon species. The Cls peak in the a.i. mea-
surement shows three components at 284.7eV (C-C or C-H
bonds), 286.1 eV (C-0) and 288.5 eV (C = O) that can be associ-
ated to adventitious carbon. The corresponding O1s peak shows
three components, which can be roughly associated to Cu-O
bonds (530.4eV), C=0 bonds (531.8eV) and C-O bonds
(533.3eV)."% 1t is unclear from the spectrum whether any of
these components could be masking the presence of HQ (Cls
at 283.5 and 285.1eV; Ols at 532.2eV) or BQ (with Cls at
283.4 and 286.0eV; Ols at 530.8 eV).l"*! After sputtering, the
remaining C1s peak can be decomposed into one relatively broad
component at 284.2 eV and two weak components at 285.6 and
287.7 eV. The corresponding O1s peak shows two components at
530.1 and 531.7 eV. The shapes of the C1s and O1s peaks do not
allow for a univocal assignment to HQ or BQ within the film.
However, they are compatible with the interpretation that they

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 4. XPS spectra corresponding to Cu2ps;;, Ols and Cls core levels of a thin film sample grown at 200 °C. Upper row: sample measured as
introduced (a.i.). Lower row: sample measured after 3 min sputtering at 3 keV within the XPS spectrometer chamber (sputt.). Thick red lines: original
spectra; thick black lines: sum spectra; thin black lines: line components: discontinuous black lines: background.

correspond to original HQ of BQ compounds existing within the
film, which could have been partially broken during the sputter
treatment.

as shown in Figure 5 the dependence of electrical resistivity (p)
on temperature for the films deposited at 160, 180, and 200 "C,
after subtracting the temperature independent residual resistivity
component. The somewhat high residual resistivity contribution
(= 30 pQ-cm) correlates well with the higher surface carbon
impurity contribution in the XPS measurements for the as-
deposited (non-sputtered) films. A perfect metallic conduction
behavior (dp/dT > 0) is seen for all the three films. Also seen
is that the resistivity values slightly decrease with increasing
deposition temperature, presumably reflecting the surface

15

Deposition temperature

-
o

Resistivity (p) (uQ-cm)
[¢)]
I T

100 200

Temperature (K)

300

Figure 5. Electrical resistivity (p) as a function of temperature for films
deposited at different temperatures, after subtracting the temperature
independent residual resistivity component. Residual resistivity was calcu-
lated by extrapolating the linear curves to zero Kelvin.
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quality of the films, as surface roughness and scattering from
grain boundaries naturally increase the film resistivity. The room
temperature resistivity values are in the range of 10-15 pQ-cm,
i.e., very similar or lower than those previously reported for ALD-
grown Cu metal films with comparative thicknesses (ranging
from ~ 6.4 to 89 pQ-cm),>” but somewhat higher than the
ultimate target value of 1.72 pQ-cm at 20 "C for the bulk resistiv-
ity of copper.

Finally, we like to mention that there are a few previous
reports of the ALD of copper metal films using organic reduc-
tants. For example, Waechtler et al.* used formic acid (assisted
by a Ru catalyst) as the reductant to reduce Cu,O grown from
("BusP),Cu(acac) (Bu = butyl) and wet O, to metallic Cu,
whereas Knisley et al.”) used hydrazine to reduce copper for-
mate. In a few other non-ALD gas-phase processes, aliphatic
alcohols have been used as a reductant. For example, in chemical
fluid deposition (CFD)!'® and chemical vapour deposition
(CVD),"”~** methanol, ethanol, and isopropanol have been used
to produce Ni, Co, and Cu metal films from metal acetylacetonate
precursors. In CVD, Cu(acac), is first reacted with H,O to yield
Cu,O through ligand-exchange reaction,?®** which is then
reduced to Cu metal in a separate reduction step. In the present
ALD process, Cu(acac), is directly reduced by hydroquinone. It is
known that HQ can be oxidized in the presence of both Cu(I) and
C(I1) species.” Also, the ability of copper metal to catalyze the
oxidation of HQ to benzoquinone (BQ) has been verified in sev-
eral other studies.”>*’! Thus, in our Cu(acac), + HQ process,
HQ should have the capacity to reduce Cu(Il) from Cu(acac),,
liberating BQ as the reduction product. The forming Cu metal
surface should be beneficial to promote this reaction. To provide
experimental evidence for the feasibility of this reaction mecha-
nism, we conducted a solid state reactions with the two reactants,
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Cu(acac), and HQ, using Schlenk flasks and recorded the NMR
and IR data on the liberated byproduct which was confirmed to be
BQ (Figures S2, S3, Supporting Information). The forming Cu
metal surface that was deposited on the Schlenk flask was a proof
for the reduction of the Cu(Il) precursor by HQ (Figure S1,
Supporting Information) and this should be beneficial to promote
this reaction. To achieve the continuation of the surface reactions
between the alternately pulsed Cu(acac), and HQ precursors in
ALD, it is then important that the incoming Cu(acac), molecules
can adsorb on the formed Cu metal surface. Indeed, Hu et al.*®!
have demonstrated the adsorption of Cu(acac), onto Cu(110) sur-
faces. Thus, the binary ALD process, Cu(acac), + HQ, can con-
tinue without additional reactants. Further experimental
evidence from e.g., thermal desorption mass spectrometry of
the elements at the exhaust stages would be valuable for the vali-
dation of this reaction scheme.

3. Conclusion

We have developed a new promising ALD process for in-situ
deposition of copper metal thin films at low temperatures.
The process is based upon sequentially pulsed Cu(acac), and
hydroquinone (HQ) precursors, and it yields highly crystalline
copper metal films with an appreciably high growth rate of
~ 18A/cycdle at low deposition temperatures even below
200°C. The carbon level is 9at. % or less according to XPS,
implying the traces of HQ being below 1-2 at.%. The films
are highly crystalline and dense, and visually shiny and specu-
larly reflecting; they show perfect metallic-type behavior in resis-
tivity versus temperature measurements, with room-temperature
resistivity values as low as 10-15 pQ-cm. These values are com-
petitive for ALD-grown Cu metal films, but yet higher than
desired for real applications. In future works, true process devel-
opment efforts preferably in clean-room environment should be
made to approach the ultimate targets for the film quality.

As for the underlining chemistry, we propose the oxidation of
the organic HQ (hydroquinone) precursor as the possible mech-
anism responsible for the in-situ growth of metallic copper, fol-
lowed by adsorption of the Cu(acac), precursor on the Cu surface
in the next step to realize the continuation of the layer-by-layer
film growth. To prove this concept, theoretical studies using den-
sity functional theory (DFT) and further in-situ mechanistic stud-
ies are needed to truly consolidate this conjecture.

4. Experimental Section

The deposition process is based on an ALD cycle of two precursors
only, i.e., Cu(acac), and HQ, pulsed into the reactor in a sequence, using
high purity nitrogen (99.999%) as the carrier and purge gas at 300 sccm.
The precursors were procured from commercial sources (Cu(acac), from
STREM chemicals, purity 97%; HQ from Alfa Aesar, purity 98%). For the
depositions these precursors were placed inside the reactor and heated at
130 and 95 'C, respectively, for sublimation. The depositions were con-
ducted in a commercial hot-wall flow-type ALD reactor (F-120, ASM
Microchemistry Ltd., Finland), operated under a nitrogen gas pressure
of 2-3 mbar. The films were deposited on 3.5 x 3.5 cm? borosilicate glass
and silicon (without removing the native oxide layer) substrates.

Grazing-incidence X-ray diffraction (GIXRD: grazing incidence angle
of 1°) and X-ray reflectivity (XRR) measurements (PAN analytical model
X'pert Pro; CuK,) were performed to assess the crystallinity/phase
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composition and density of the films, respectively. The as-deposited films
were crystalline and did not show the typical fringe patterns in XRR mea-
surement. Thus, to determine the thickness of the films, cantilever tip
jump technique of atomic force microscope (AFM; TopoMetrix
Explorer); details of these analyses were as in our previous work.*!
The same AFM was also used for the surface topography and root-
mean-square (RMS) roughness measurements. Scanning electron micros-
copy (SEM; Zeiss-Sigma VP, resolution 1.3 nm @ 20kV) images were
taken to investigate the surface structures of the films.

The films were investigated for the chemical composition and state of
the elements using X-ray photoelectron spectroscopy (XPS; Omicron
ESCA+ system; Omicron Nanotechnology GmbH equipped with a hemi-
spherical energy analyzer at a base pressure of <5 x 107'° mbar). The
survey spectra were recorded with a pass energy of 100eV, whereas
the core level spectra were recorded at a pass energy of 20 eV, leading
to a full-width half maximum of the Ag 3ds,, peak of 0.77 eV. A monochro-
matic Al K, (1 486.7 eV) X-ray source was used, with a spot diameter of
1 mm. The spectra were measured under a take-off angle of 70° with
respect to the surface plane, and under irradiation with a low energy elec-
tron beam for charge compensation (0.8 eV). The peak analysis was done
with the UNIFIT,% using a convolution of Gaussian and Lorentzian line
shapes and modeling the background with a Shirley-type function. The
spectra were referenced to the position of the Au4f7/2 peak at 83.9eV.
Where indicated, removal of the superficial film layers was done by
sputtering with Ar™ ions with 3 keV energy for 3 min. Finally, resistivity
measurements were performed on the films in the temperature range
of 77-300K in linear four probe configuration using a homemade resis-
tivity measurement setup.
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Supporting Information is available from the Wiley Online Library or from
the author.
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