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Abstract

The rough, even discontinuous morphology of vapor-deposited copper films inhibits their
attractive electrical properties. In the present study, we investigate the influence of deposition
time, deposition temperature, and the flow rate of the precursors on the morphology of Cu films
deposited from metalorganic chemical vapor deposition. We show that it is necessary to purify
the copper(l) cyclopentadienyl triethylphophine (CpCuPEts) precursor in order to improve its
stability and volatility. We also determined its saturated vapor pressure law, logPsat (Pa) = 4.368
- 2272/T (K). The Arrhenius plot of the global deposition reaction of Cu films in the presence
of hydrogen between 431-523 K shows a low apparent activation energy of 10 kJ/mol. Electron
probe microanalysis, grazing incidence X-Ray diffraction, and image analysis of the
micrographs obtained by top-down surface scanning electron microscopy reveal metallic films
composed of Cu islands. Their size and packed density increase and, ultimately, the islands
coalesce with increasing precursor flow rate and, to a lesser extent, with increasing deposition

temperature.
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1. Introduction

Copper films are widely used as interconnect material seed layers [1-4], for device
encapsulation [5], or as components of antimicrobial coatings [6] due to their high electrical
conductivity, high ductility, and biocidal nature. Such films are conveniently deposited on flat
surfaces by evaporation or sputtering. However, these methods cannot be applied to the
metallization of non-line-of-sight surfaces, such as trenches and vias on Si, or the inner walls
of tubings such as polymer waveguides [7], because of their weak hole-filling capability and
the resulting non-uniformity. As a characteristic example, specifications concerning the
metallization of the internal surface of polymer waveguides include the deposition of a film
composed of a several-microns-thick, highly conductive, corrosion/oxidation-resistant metal
with smooth surface morphology and adherence to the composite substrate. These
specifications are not necessarily compatible, since it is difficult to preserve high smoothness
while promoting adhesion [8, 9]. The heat sensitivity of polymers gives rise to additional
constraints, namely processing at low to moderate temperatures. Alternatively, chemical vapor
deposition (CVD) can be used specifically in view of the possibility of achieving conformal
films [9-11] combined with relatively elevated growth rates. Despite considerable work on the
CVD of Cu, the reluctance of the process to yield smooth films remains to be overcome. Indeed,
in general terms, the activation energy for the heterogeneous nucleation of Cu is higher than
the activation energy for the growth of 2D structures, e.g. thin films ([12] and references
therein). This situation results in rough, even discontinuous films, which are inappropriate for
the targeted properties. For these reasons, research since the early days of this technique has
focused on monitoring Cu film morphology through the appropriate selection of process

conditions [13].

Numerous copper precursors contain oxygen and/or halogen atoms in their ligands, or require

oxygen-containing co-reactants for the deposition of copper [14]. However, an oxygen-free



precursor can be considered as more appropriate for the processing of metallic films, because
alternative, halogen-based deposition chemistries require high process temperatures and they
involve corrosive by-products. Copper(l) cyclopentadienyl phosphine derivatives were among
the few oxygen- and halogen-free precursors that were investigated in CVD processes [15-21].
CpCuPEt; (Cp = n®>-CsHs, Et = C,Hs) was synthesized and characterized in the late fifties, but
it had not been used as a metalorganic CVD (MOCVD) precursor before the 1980s [22] [23].
In the 1990s, it was used in combination with alanes for the co-deposition of Cu-Al films [16,
17]. CpCuPEts—based CVD processes operate at a relatively low temperature, typically 473 K,
thus allowing surface functionalization of thermally sensitive parts. In our previous
investigation of the physical and thermal properties of CpCuPEts,[24] we defined the law of
P,,; Vvs. sublimation temperature in the 313-343K range. We demonstrated that the compound
is stable below 343K and that it provides pure copper films in the 423-563K range. We also
investigated the heterogeneous thermal decomposition mechanism of CpCuPEtz by online and
in situ mass spectrometry (MS), revealing all of the changes in the composition of the gas phase
[25]. However, no systematic investigation of the film morphology, especially regarding
smooth films, has been reported for this suitable adequate Cu precursor, especially considering
the previously mentioned unfavorable competition between nucleation and growth. Moreover,
the process was observed to be unstable during the course of the various deposition experiments
[25]. This instability was attributed to the variation of the precursor characteristics from one
batch to the other, revealing the need to purify the precursor and to revisit its thermal behavior.
The present contribution aims at investigating these two aspects, namely the precursor thermal
behavior and the film morphologies.The purification protocol is presented and a saturated-
vapor-pressure behavior is defined as a function of temperature for the purified precursor. The
thermal behavior of the latter is established and the Arrhenius plot of the process is determined.

Finally, the morphology of the deposited Cu films is systematically investigated as a function



of deposition temperature and precursor concentration, taken as representatives of the process

parameters.

2. Experimental details
2.1. Precursor

As-received CpCuPEt; (Strem Chemicals) was purified by sublimation at 313 K and 102 Torr.
The elemental composition of the precursor was determined by ICP-MS for Cu and P, and by
CHN microanalysis for C and H. Its thermal stability in the condensed phase was investigated
by Thermo-Gravimetric and Differential Thermal Analysis (TGA and DTA) under nitrogen

flow (40 L/min), from 298 K to 873 K, with a 10 K/min ramp.

The saturated vapor pressure (Psat) of the purified compound was determined with the aim of
controlling the transport conditions in the CVD experiments. Data for Psat Versus temperature
were obtained by using a previously described static method.[26] The precursor was
conditioned in a homemade sublimator composed of tubing and a frit. In this setup, two valves
are positioned before and after the sublimator, and a third one serves as bypass. A new batch of
the compound was used for each investigated sublimation temperature. For each temperature,
two sequential measurements were performed with the same batch of the compound, with the
aim of monitoring the evolution of Psx due to the possible degradation of the compound after
the first measurement. Between the two measurements, the chamber was evacuated to the base
pressure. Based on the determined temperature dependence of Psa, the flow rate Qcpcupets Of

CpCuPEtz in the deposition chamber can be estimated from Eq. 1[27].

Psat(Tsa B M
QCpCuPEt3 (sccm) = QNZ,PTEC X e [1 —exp (_ )] [1]

Psub— Psat(Tsat) QNz,prec



where M is the mass of precursor introduced in the sublimator in g, Qnzprec IS the carrier flow
rate of nitrogen through the sublimator in standard cubic centimeters per minute (sccm),
Psat(Tsat) is the saturated vapor pressure in Torr at the sublimation temperature Tsat, Psub IS the
pressure in the sublimator in torr, and B is mass transfer coefficient in sccm/g. B values, typically
between 0.2 and 4 sccm/g, were determined by mass loss of the precursor in each set of

deposition conditions.
2.2. CVD of Cu films

CVD experiments of Cu films were performed in a vertical, cylindrical, stagnant-flow, warm-
wall MOCVD reactor, which has been described in detail in [28-30]. The reactor is equipped
with a showerhead system, ensuring homogeneous flow of the reactants on the surface of the
substrate. 10 x 10 x 1 mm? Si (100) wafers (Siltronix or ACM) and 304L stainless steel coupons
of various centimeter size were used as substrates. The Si coupons were etched ina 1 ml HF:10
ml H20 solution for 1 min, sonicated in an acetone and ethanol for 5 min, and dried in Ar flow.
The stainless steel substrates were polished with 2400 grade SiC paper: they were then
ultrasonically cleaned in ethanol for 5 min and finally dried in Ar flow. Substrates were placed
horizontally at different radial positions, on a 58-mm-diameter susceptor (substrate holder)

facing the shower plate and heated by a resistance coil just below the surface.

The sublimated CpCuPEts precursor was thermally regulated in the evaporator. Two nitrogen
(Air Liquide, 99.999 %) lines were used: one for the transport of the precursor and one for the
dilution of the input gas. Hydrogen was used as reducing gas-reactant, flowing at 25 sccm. The
total flow rate was maintained at 325 sccm. 19 independent experiments were performed at
1333 Pa, in the temperature range 431-523K. Table 1 lists the ranges of the investigated

operating conditions.



Table 1. Investigated operating conditions.

Total reactor pressure / Pa 1333

Time / min 90 - 420
Deposition temperature / K 431 - 523
Sublimation vessel temperature / K 326 - 373
Precursor flow rate / sccm 0.004 - 0.070

2.3. Characterizations

We defined the deposition rates as the mass gained per unit surface over the experiment duration
(ug.h™t.cm). We estimated the rates by weighting the substrates before and after the deposition
experiments in a Sartorius-Genius microbalance, with a +1 g precision, corresponding to
approximately four monolayers of Cu on the entire coupon surface. We probed the elemental
composition of the films by electron probe microanalysis (EPMA) with a CAMECA SX50
instrument and performed a structural investigation by grazing incidence X-Ray diffraction
(GIXRD) with a Seifert XRD 3000 TT diffractometer using CuKa radiation and 2 degrees
incidence angle. We investigated the morphology of the films by scanning electron microscopy
(SEM) with a LEO 435 VP instrument operating at 15 kV and the topography of the films by
white light interferometry with a MetroProTM Zygo New View 100 optical interferometer. We
analyzed the top-down micrographs obtained by SEM measurements by using the software
application nanoTOPO-SEM™ (version 11, Nanometrisis) that quantifies different

characteristics of the film surface morphologies.

3. Results and discussion

3.1. Precursor



Sublimation of the as-received brown CpCuPEtsz powder yielded only white, translucent
crystalline particles, in agreement with the expected appearance of the pure compound.[22]
Table 2 presents the elemental molar ratios of P, C, and H to Cu for the as-received and purified
compounds. The corresponding ratios for the stoichiometric, pure CpCuPEts are given for
comparison. There were no significant differences, either between the as-received and the
purified compound or between the compounds and the theoretical values. It is worth noting,
however, that the content of P and C in the purified compound was closer to the theoretical
values than that in the as-received compound. The difficulty in determining the oxygen content
prevented us from identifying the nature of the impurities present in the as-received compound.
However, the minor deviation from the theoretical value for both as-received and purified
samples indicates that the impurities present in the former concern the surface and not the bulk
of the individual grains. Considering that the solid-to-gas transformation during the sublimation
process takes place through the surface of the grains, such a surficially modified as-received
compound is expected to present a lower saturated vapor pressure than the purified compound.
Moreover, we observed a progressive change in the color of the purified compound with time,
when exposed in ambient conditions: it changed from translucent white to yellow to brownish
after some days. This result renders the long term stability of CpCuPEtz in ambient conditions
questionable, especially in terms of the surface area of its grains. The potential instability, in
turn, is expected to shift the effective vapor pressure of CpCuPEts toward lower values without,
however, affecting the thermal decomposition in CVD conditions and, subsequently, the

characteristics of the obtained Cu films.

Table 2. Elemental molar ratios of P, C, and H to Cu for the as-received and purified CpCuPEts.

The corresponding ratios for the stoichiometric, pure compound are given for comparison.



Molar ratio P/Cu C/Cu H/Cu

As received 0.492 2.110 0.318
Sublimed 0.491 2.089 0.313

Stoichiometric, pure CpCuPEts 0.487 2.079 0.317

Figure 1 presents the TGA and DTA profiles of the sublimated compound. Weight loss occured
in the range of 383-493 K. Above 493 K we obtained a residue that corresponds to 8 wt% of
the initial amount. Two endothermic peaks appeared in the DTA curve, at 396.5 K and at 490.1
K. We attribute the first peak to the melting point and the second to the evaporation of the
compound. The TGA data show negligible weight loss up to 373 K. These results indicate that
CpCuPEtz is thermally stable under N2 up to 373 K and that it sublimates at higher temperature

under ambient pressure.

100 100

80 80

60 60

TG, weight (%)
DTA (uV)

40 40

20 20

ob— . v oo, il
300 350 400 450 500 550 600 650 700 750

Temperature (K)

Fig. 1: TGA and DTA profiles of the sublimated CpCuPEtz under N2 flow at atmospheric

pressure in the temperature range 298-773 K.



Figure 2 presents the experimentally determined values of the Psx vs. temperature for the
sublimation of purified CpCuPEts in the range 313 K to 363 K. Empty and grey diamonds refer
to the first and the second measurements, respectively (see experimental section). The obtained
values at each temperature were similar, except for those obtained at 353 K (80 °C) and above.
We conclude that the precursor remains stable during the sublimation process up to this
temperature, at which point its degradation is initiated. The obtained sublimation law for the

purified CpCuPEt; is:
logPsat (Torr) = 6.493 - 2272/T (K) (2

and is illustrated in figure 2 by the straight line. The gray squares in Figure 2 represent the
previously reported raw Psx vs. temperature points for the as-received compound, which
resulted in a reported sublimation law of logPsa (Torr) = 9.671- 3455/T(K) in the temperature
range 313 K-353 K. [24] These points correspond to systematically lower Pss values than the
ones of the purified compound. The observed Psa drop at 353 K was attributed to a noticeable
decomposition of the precursor. The Psa of non-purified CpCuPEt3 was previously reported as
2.10° Torr at 293 K, [22] but information on the adopted experimental protocol was not
provided. This value is reported as a gray circle in Figure 2. For this sublimation temperature,
the reported laws for the as-received and purified compounds yield Psx values equal to 8.10°
Torr and 55.10° Torr, respectively: i.e., an order of magnitude higher for the purified
compounds. We conclude that the purification of the precursor by sublimation enhances the

volatility and the stability of CpCuPEts.
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Fig. 2: Saturated vapor pressure of the purified CpCuPEts as a function of inverse temperature
for two sequential measurements (empty and grey diamonds for the first and second
measurements, respectively). The straight line is the obtained sublimation law for the pure
precursor (equation 1). Literature results, illustrated by grey squares [24] and the grey circle

[22], are also reported for comparison.

Depending on the adopted operating conditions for the MOCVD experiments, the flow rate of
the precursor, estimated from the Eq. 1, varies between 0.004 and 0.070 sccm. The temperature
range where Psat Of the purified precursor shows a stable, linear (in Arrhenius plot coordinates)

behavior indicates that it is sufficient to ensure precursor transport to feed the MOCVD process.

3.2. Growth rate and crystalline structure

EPMA analysis of the films revealed pure Cu without impurities from heteroatoms such as
phosphorus or carbon. For all experiments, we observed a 5- to 30-min nucleation delay. We

evaluated it by visual inspection of the illuminated substrate surface through two windows
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mounted on the deposition chamber and defined it as the time needed for the surface color to
change from shiny grey to brick red through a sharp color transition. In view of the observed
time scale (min), this observation allows the convenient and rather precise determination of the
incubation time [31]. The deposition time reported in Table 1 takes into account the proper
nucleation delay for each experiment. This phenomenon was also probed in a specific
experiment, which consisted of monitoring the gas phase by continuous online MS[25]. Indeed,
at 493 K, 11 min after the beginning of the precursor feeding, a sharp decrease in the intensity
of the precursor and an increase in the intensity of the Cp, product peaks were observed,
indicating the beginning of deposition. The optical tracking of the color change of the substrates
revealed the onset of copper-film growth at the same time. We conclude that the observed
induction period is due to the delay in nucleation on the substrate at this temperature. During
the MOCVD experiments, we did not find a correlation between the value of the nucleation

delay and either the deposition temperature or the flow rate Qcpcupets.

Figure 3 presents the temperature dependence of the growth rate (GR), evaluated on silicon
substrates. In this diagram, the mass gain per unit surface and time is divided by the precursor
flow rate Qcpcuress (Hg.h™t.cm2.sccm™). Presenting the growth rate in this manner overcomes
the difference among the different experiments concerning the precursor feeding. Only one
region is notable in this semilogarithmic plot of GR/Qcpcurets VS. reciprocal temperature. In the
temperature range of 423 K-523 K, the film growth rate is almost constant with a slight increase
with increasing temperature. The apparent activation energy of the global deposition
mechanism, obtained from the slope of the linear plot, is low (roughly 10 kJ/mol). Krisyuk et
al. reported a similar behavior for copper deposition, namely a weak dependence of the GR in
the temperature range of 513 K-573 K, corresponding to a diffusion-controlled regime.[32]
They also observed a sharp linear increase of the GR at temperatures up to 513 K, indicative of

a surface-reaction-controlled regime with an activation energy of 65 kJ/mol. In another study
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on MOCVD of Cu, Addou et al. reported two regions in the Arrhenius plot of the GR on Si
substrate: a diffusion-limited regime with a minor variation of the GR (468 K-493 K) and a
surface-reaction-limited region at lower temperatures, for which they report an activation
energy equal to 50 kJ/mol.[9] Interestingly, the activation energy in the diffusion-limited
regime, estimated from their reported Arrhenius plot (Figure 1 in [9]), is 12 kJ/mol: i.e., almost
identical to the present one. Beach et al. [33] studied copper deposition from CpCuPEts on
Cr/Cu-seeded Si substrate and determined an activation energy of 75 kJ/mol in the temperature
range 423-483 K. From these different reports, we can conclude that the very low value of
activation energy obtained in the present work corresponds to a diffusion-limited regime.
Moreover, we observed that an increase of the precursor concentration in the input gas —
through the increase of the sublimation temperature and/or the increase of the nitrogen flow
rate through the evaporator — results in an increase in the growth rate. This result applies also

to a diffusion-controlled regime in these conditions.

We also observed a decrease in the GR with decreasing deposition time when all the other
process parameters were kept constant. This is in agreement with the results obtained by online
MS monitoring of the gas phase during the deposition experiments. [25] During deposition at
493 K, MS monitoring revealed a monotonic increase in the intensity of the precursor and a
decrease in the intensity of the deposition reaction products with deposition time at low
deposition temperature. This confirmed a gradual decrease in the growth rate. Such non-steady-
state behavior may be attributed to the saturation of the growing surface with adsorbed
phosphine, which hinders precursor supply to the deposition zone. Indeed, Holl et al. [34]
reported that PEts is well adsorbed on the copper surface in the investigated temperature range,
and CVD from phosphine-containing precursors should be performed at a higher temperature
to desorb the surface-adsorbed PEts. The phenomena observed in our experiments agree with

the growth-rate behavior. The desorption of the cumulated decomposition products, such as
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PEts, on the surface is favored with increasing temperature, resulting in a moderate increase of

the available surface-nucleation sites. This, in turn, allows for a corresponding increase in the

Cu growth rate.
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Fig. 3. Plot of the MOCVD growth rate divided by the estimated flow rate of CpCuPEts

(GR/Qcpcuretz) of Cu as a function of the inverse of the growth temperature.

3.3. Surface morphology

Figure 4 presents SEM surface micrographs of Cu films deposited at different temperatures and
precursor feeding rates, from 431-523 K and 0.006-0.070 sccm, respectively. Further
information on the deposition conditions of the films shown in Figure 4 is presented in Table
3. For all the investigated deposition conditions, the films presented a nodular smooth
morphology that is characteristic of a Wolmer-Weber type island growth. The grain size was
approximately 40-60 nm for the film deposited with Qcpcurets=0.006 sccm (fig. 4a and 4b); it

increased with increasing CpCuPets flow rate and attained 90-110 nm for the film deposited at
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493 K and 0.02 sccm (fig. 4f). XRD analysis revealed that the size of Cu crystallites, estimated
using Sherrer’s equation from the (111) diffraction peak, also increased with increasing
precursor feeding rate. Indeed, the crystallite size was 20 nm and 40 nm with 0.01 sccm and
0.07 sccm CpCuPets flow rate, respectively. The simultaneous increase of the size of crystallites
and grains with increasing precursor flow rate resulted in the coalescence of the grains (fig. 49
and 4h) and, consequently, yielded films with improved continuity. On the other hand, the grain

size decreased slightly with increasing substrate temperature (fig 4e, 4d and 4c).

When the deposition time was longer than 210 min (Table 3 and fig 4a, 4c, 4e), we observed
brighter spots of larger Cu aggregates on the surface of the film. Higher magnification images
in Fig 4a and 4e are presented in Fig 5a and 5b, respectively. We attribute such preferential
local growth to the adsorption of decomposition byproducts on the growing surface, namely
triethylphosphine, which made the nucleation sites temporarily unavailable, thereby allowing

growth recovery only after a deposition time greater than 210 min (in the present case).

Table 3. Operating conditions of Cu samples shown in Fig.4.

Sample showninFig. 4 a b c d e f h g

Time/min 240 210 270 120 334 110 120 120
Deposition temperature / K 523 493 523 493 431 493 493 493

Precursor flow rate /sccm 0.006 0.006 0.01 0.01 0.01 0.02 0.04 0.07

15



Fig. 4. Top-down view SEM images showing the morphology of the copper films grown on Si

wafers under conditions summarized in Table 3.
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Fig. 5. Higher magnification top-down view SEM images (a) Fig. 4a, (b) Fig. 4e, and (c) Fig.

4h.

We used top-down SEM images to calculate the coverage of silicon substrates by copper and
the period (if any) of the morphology of deposited material. Figure 6 shows the two main tools
we used to analyze the SEM images: the histogram of pixel intensities of images (Fig. 6a) and
the radially averaged Fourier spectrum (Fig. 6b). Not surprisingly, the micrographs are
characterized by bimodal histograms with two peaks corresponding to the dark regions of the
substrate and the brighter pixels of the deposited material, respectively. The bimodal character
dictated the definition of the threshold at the minimum between the peaks (see Fig. 6a where
the threshold is defined at ~0.27). Additionally, we used Fourier analysis to identify and
measure the periodicity of the deposited films. Figure 6b shows a typical Fourier spectrum
(amplitude) of a top-down SEM image, in which the prominent peak justifies the presence of
periodicity in the deposited morphology, with a period defined by the inverse of the peak
frequency. Using these methods, we measured the coverage and period of the deposited copper
films. The results are shown in Figure 7 for the majority of the images displayed in figure 4 to

illustrate the impact of temperature and precursor flow rate.
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Fig. 6. Histogram of the pixel intensities of a typical top-down SEM micrograph of the copper
surface morphology (a). The bimodal character is evident with a peak at the dark pixels of the
substrate and a second peak at the brighter pixels of the deposited material, respectively. It is
clear that the reasonable choice of the threshold to measure the film coverage by copper is at
the local minimum between the two peaks (~0.27 at this case). Circularly averaged 1D Fourier
transform of a typical morphology after deposition with a single peak used for the calculation

of the period of morphology (b).

The results show that when the deposition temperature decreased from 493 K (Fig. 4d) to 431
K (Fig.4e), the film coverage shrank while the period of their morphology elevated from 210
nm to 350 nm. The latter behavior is consistent with our expectation that the decrease in the
deposition temperature of constraints the desorption of decomposition products, namely
triethylphosphine, resulting in less dense morphologies with a greater period. This is also
consistent with the observations by Shima et al. that a lower deposition temperature leads to a
larger nucleate density, which suggests that Cu CVD conditions follow the general nucleation
behavior as physical phenomena: the CVD reaction is not the limiting step to promote

nucleation.[35]
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A second observation from the results in Figure 7 pertains to the effects of precursor flow rate.
We observed a noticeable increase in period from 0.02 sccm (Fig. 4f) to 0.04 sccm (Fig. 49)
and 0.07 sccm (Fig. 4h and Fig. 5¢), whereas the coverage remained almost similar with a slight
increase from 0.78 to 0.84 and 0.86, respectively. The fact that the morphologies of figures 4g
and 4h become broader with much wider local features and uniformity points to the
predominance of coalescence over nucleation. The morphologies of figures 4g and 4h (channel-
like structure) were also observed by Hagen et al., who attributed these features to a coalescence
becoming less complete because of the decrease of curvature gradients when the deposition is
further continued.[36] Shima et al. also observed an increased coalescence with increasing
amounts of precursor in the gas phase and predicted that a higher partial pressure of the
precursor would result in a a larger Cu nucleation density, which is confirmed by our
observations.[35] The methodology in our study provides a quantitative assessment of the

contribution and interplay of the two fundamental mechanisms of nucleation and coalescence.
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Fig. 7. Coverage (left axis) and period (right axis) of Cu films, measured using the methodology
illustrated in figure 6, as a function of Qcpcurets. The source surface SEM micrographs of figure

4 for each point are reported.
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These results show that a high precursor flow rate Qcpcurers > 0.02 sccm) allows the
predominance of coalescence effects over nucleation processes. The channel-like morphology
(fig 4g and 4h) obtained in these conditions should impart a lower value of resistivity than that
imparted by the island morphology. Indeed, the electrical resistivity of copper film prepared by
ALD was 17 uQ.cm for island morphology, as compared with the much lower value of 7.6

uQ.cm for channel-like morphology and 1.7 uQ.cm for the bulk, monocrystalline Cu.[36]

4. Conclusions

The MOCVD of Cu films from CpCuPEts was investigated to determine precursor
characteristics and the interplay between growth parameters and film morphology. We show
here that it is necessary to purify the compound in order to obtain the best stability and volatility
up to 363 K. The Pss values obtained from the purified precursor obey the logPsa (Pa) = 4.368

- 2272/T (K) relation; they are convenient to ensure precursor transport in MOCVD process.

The obtained Cu films are pure. The Arrhenius plot of the Cu growth rate yields an activation
energy of 10 kJ/mol, showing weak dependence on the deposition temperature. This
observation, in conjunction with literature results, indicates a diffusion-controlled regime in

these deposition conditions.

For all the investigated conditions, the films present nodular, smooth morphology, which is
characteristic of a Wolmer-Weber type island growth. From the SEM images, we observed a
simultaneous increase in the size of crystallites and grains with increasing precursor flow rate,
resulting in the coalescence of the grains and, consequently, in improved film continuity. We
also observed a slight decrease of the grainsize with increasing deposition temperature. Image

analysis of SEM top-down micrographs revealed that when the deposition temperature

20



decreased from 493 K to 431 K, the film coverage shrank while the period of their morphology
increased from 210 nm to 350 nm. The latter behavior meets our expectation that the decrease
of deposition temperature limits the desorption of decomposition products, namely
triethylphosphine, resulting in less dense morphologies. We observed a noticeable increase in
period with an increas in theprecursor flow rate from 0.02 sccm to 0.04 sccm to 0.07 sccm,
whereas the coverage remained almost similar with a slight increase from 0.78 to 0.84 to 0.86,
respectively. This indicates that the channel-like morphologies became broader with much
wider local features and uniformity, underpinning the dominance of coalescence effects over

nucleation processes.

With a specially developed methodology of image treatment, we quantified the period (density)
and coverage to assess the contribution of nucleation and coalescence, respectively, as well as
the interplay of these two fundamental mechanisms. Subsequently, we addressed the link
between structure (coverage) and function (electrical conductivity). From a more general
perspective, this work strengthens the correlations among processing, structure, and function
by means of precursor insight and advanced and targeted morphological characterization of

structure.
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