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Abstract

Films of copper(l) nitride were deposited by Atomic Layer Deposition
(ALD), using copper(ll) hexafluoroacetylacetonate, water and ammonia as
precursors. Introduction of a water pulse in the ALD cycle was found to be crucial
for initiating film growth on both amorphous SiO2 and single crystalline o-
Al203(001) substrates. The water pulses generated an oxidic copper monolayer,
which in a subsequent ammonia pulse was converted to the nitride. The films
have been grown in the temperature range from 210 to 302 °C. Phase pure films
of CusN were obtained up to 265 °C. At higher deposition temperatures such as
283 °C, phase mixtures of CusN and Cu were obtained. For temperatures above
302 °C films of only Cu were grown. Film growth rate was the same on the two
different substrates. The films were randomly oriented on SiO2. Completely intact
films were obtained at a thickness of 20 nm. The optical band gap of the films

was measured to 1.6 eV.
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CusN is a semiconductor where the band gap varies with the nitrogen
content. The experimentally measured band gaps for CusN films with insulating
character have been reported to be in the range 1.1 up to 1.8 eV.® Films of
CusN can obtain a metallic character in copper rich environments, where band
gaps as low as 0.25 eV have been measured for films with low resistivity values
and larger unit cells.>” The copper rich films may be seen as phase mixtures of
copper and copper(l) nitride grains. At the copper rich side a CusN phase has
also been proposed, where the extra copper atom is incorporated in the larger
hole at the center of the CusN unit cell.}® However, theoretical calculations
indicate that such a phase is not stable unless the conditions are very copper
rich.® The metastability and the possibility of varying the band gap of CusN may
offer a unique set of applications to be exploited in areas like microelectronics,
optical data storage and solar energy technology. In the literature, decomposition
temperatures of the CusN phase have been reported to be as low as 100 °C in
vacuum.® It has also recently been demonstrated that the metastability of the
CusN can be used for patterning of the films. For example, dot patterns, obtained
by argon ion etching! and by electron beam radiation,'? are reported as well as
conducting copper lines produced by laser writing.*® These patterns might be
used for optical data storage applications.**

Another interesting tentative large application of CusN films, using the

metastability, might be for metallisation in microelectronics. Copper films may be



produced via the nitride and a subsequent short annealing. This might offer
advantages with respect to growth rate, morphology, surface roughness, grain
size, adhesion and nucleation instead of direct deposition of copper metal. In
chemical processes such as Chemical Vapour Deposition (CVD) and Atomic
Layer Deposition (ALD) hydrogen is by far the most frequently used reducing
agent when growing copper thin films. Copper deposition processes are
therefore mainly controlled by the activation of the hydrogen. Thus, the relative
inertness of hydrogen leads to the need of using higher deposition temperatures
to obtain a reasonable film growth rate. Higher deposition temperatures also
affect copper surface mobility and interfacial reactions and rough films and phase
mixtures formed upon reaction between film and substrate materials (barrier)
might be the outcome.

Films of CusN have been successfully produced by sputtering methods
using copper and nitrogen as source materials.3-51015-17 Other used CusN
deposition methods are MBE® and ablation of copper in a nitrogen ambient.!®
CusN films have also been grown by CVD?°. The main focus in this paper is to
explore possibilities of low-temperature growth of CusN by using the ALD method
and a new process concept. After a copper precursor (Cu(hfac)z2) pulse an
oxide/hydroxide monolayer is generated in a subsequent water pulse. The nitride
is finally formed by introducing ammonia in the next pulse. Hence the
oxide/hydroxide monolayer will act as sacrificial layers, opening for new reaction
channels. The films are grown on two different oxide substrates, amorphous SiO2

and single crystalline a-Al203(001). Since a thermally activated process is used,



nitrogen gas can no longer be used as nitrogen source due to its inertness at
lower temperatures. Instead, ammonia is used as nitrogen source. Cu(hfac): is
used as copper source due to its high vapour pressure and high reactivity at
lower deposition temperatures. In some previous studies of copper growth by
CVD/ALD, water has been used to enhance film nucleation and growth rate.?0-23
The addition of water was also found to have a large effect on copper film growth
on the same substrate types as used in this study.?* In this work, two different
ALD sequences are applied, one including water (pulse sequence:

Cu(hfac)2/H20/NHs3) and one without water (pulse sequence: Cu(hfac)2/NHs).

Experimental

Films of copper(l) nitride (CusN) have been grown by Atomic Layer
Deposition (ALD). In the ALD process, a copper(ll) B-diketonate type precursor
Cu(hfac)2-hydrate [Cu(1,1,1,5,5,5-hexafluoro-2,4-pentanedionate)2] also known
as copper(ll) hexafluoroacetylacetonate) was used as copper source material
(99.99+%-Cu, Strem Chemicals), together with water (de-ionised) and ammonia
(99.995%, Air Liquide) as other precursors. The effect of the water presence in
the Cu(hfac)2 precursor on the deposition process is reported in the results and
discussion section.

Films were grown in a five-zone hot wall ALD-reactor with a 60 mm silica
reactor tube. The temperature in each zone was controlled individually. Cu(hfac)
was sublimated in the first two zones, while gas mixing and film growth occurred

in the last zone. The reactants were transported into the deposition zone in five



separate silica tubes in order to avoid gas mixing before the deposition zone.
Instead, gas mixing occurred in a substrate block, placed in the deposition zone.
The substrate block was made of nitrided titanium (TiN surface layer), in order to
obtain a non-reactive surface. The metal block also gave a uniform temperature
profile in the deposition zone. Of the five gas lines, three were designed for
sublimation of solid precursors and two lines with a constant carrier gas flow for
supply of other gaseous precursors such as water and ammonia. Five pneumatic
valves, two for Cu(hfac)z, one for water and two for ammonia controlled pulsing
of reactants into the growth region.

Water was vaporised from a glass vessel and carried into the system by
effusion. The water partial pressure was controlled by a thermo-bath kept at 7.0
°C. During water pulsing, a pneumatic valve opened to the evaporator and water
was mixed with a constant flow of carrier gas. The ammonia pulsing was
arranged in such a way that the gas was either admitted into a gas line (with a
constant carrier gas flow) or via a bypass line to the pump side of the system.

A two tube line was used for sublimation of the Cu(hfac)2. The precursor
was placed in a silica boat in an inner tube, inside an outer tube (with a constant
flow of carrier gas). Cu(hfac)2 was then transported into the deposition zone with
the carrier gas flowing through the inner silica tube, containing the precursor. The
pulse was stopped by redirecting this flow to the outer tube. Furthermore, the gas
flows were arranged in such a way that a small back flow over the precursor boat
was utilised to abruptly abort the Cu(hfac):2 inlet during the ALD process. The

Cu(hfac)2 precursor was sublimated at a temperature of 60 °C. Prior to film



deposition the Cu(hfac)2 precursor was heat-treated for 30 min at the sublimation
temperature in order to remove the hydrate water.

Argon (99.9999%, Air Liquide) was used as carrier gas at a total flow of 70
sccm in the five silica tubes leading into the substrate block. The argon flow
corresponded to a linear flow velocity of 2.4 m/s over the substrates in the
deposition zone. Also, a bulk flow of argon was used outside the substrate block
to obtain a flow in the main reactor tube.

The ALD growth process (ALD cycle) consisted of six steps. First,
Cu(hfac)2 was adsorbed on the substrate surface, followed by argon purging to
remove excess of precursor. After the purging, water was supplied and another
purge pulse removed gaseous reaction products. Furthermore, an ammonia
pulse was used to form the CusN phase in an exchange reaction with the
previously deposited copper oxide surface layer, thus acting as a sacrificial layer.
Finally, argon purging was used to separate the precursor pulses. Typically used
pulse durations within the ALD cycles in this study were 4 s for Cu(hfac)z, 4 s for
water and 4 s for ammonia. The argon purging after each precursor pulse was
usually 6 or 8 s long. The mass inlet rate was normally 0,9 mg/pulse for Cu(hfac):
and 2.4 mg/pulse for water, respectively, whereas the NHs flow was kept at 42
sccm (corresponding to a partial pressure of 1.4 mbar). The deposition
experiments were performed at temperatures ranging from 211 to 302 °C and at
a total system pressure of 3.8 mbar. The temperature was measured with a
thermocouple placed inside the substrate block. Fused silica (SiO2) and single

crystalline (001) oriented «-Al2Os were used as substrates, which were pre-



treated in an ultra-sonic bath, rinsed in methanol and dried in a nitrogen flow prior
to deposition. For the growth kinetic studies, CusN films deposited on amorphous
fused silica substrates were used.

Film thickness or the amount of deposited material per unit area was
measured by energy dispersive X-Ray Fluorescence Spectrometry, XRFS
(Spectro X-Lab 2000), using a 20 mm? mask and a Mo-target. From XRFS the
relative amount of deposited material can be obtained by integrating the
intensities of characteristic peaks from the included elements. However, if an
absolute thickness value is desired from XRFS, standards of known thicknesses
have to be used. Thus, the measured XRFS results (Cu K. peak) were compared
to copper standards prepared by evaporation on soda lime glass. The obtained
film thickness, using the standards, were then multiplied by the density quotient
p(Cu)/p(CusN) to get the corresponding CusN thickness. Finally, no correction for
absorption effects was required because of the fact that the films were very thin.
Moreover, the film thickness was also measured by X-Ray Reflectivity, XRR
(Siemens D5000, equipped with a slit system). From the XRR data, other
parameters such as film density and roughness were also obtained from fitting
the experimental data with the Wingixa program. The diffraction data for the non-
textured films, deposited on SiO2, were collected with the grazing incidence
technique (where the angle of incidence was kept around the critical angle ~0.4°
for maximum intensity) by using a non-focusing geometry (Philips X'pert MRD,
equipped with an X-ray mirror and parallel-plate collimator). The surface

morphology of the films was studied with Scanning Electron Microscopy, SEM



(Leo 1550 Gemini). Film surface and bulk contamination was examined by ex-
situ X-ray Photoelectron Spectroscopy, XPS (Quantum 2000 Phi), using
monochromatic Al K« for sample excitation. Sputtering by argon ions was used to
remove surface contamination and to determine the impurity level in the bulk.
The film composition was calculated from sensitivity factors and XPS peak areas.
InfraRed absorption spectra, IR (Perkin Elmer Spectrum One), were collected
where the Cu(hfac)2 precursor was studied as paraffin mulls between KBr plates.
Peaks due to the paraffin could not be successfully removed in the region of
3000-2700 cm™. Optical data were collected with a spectrophotometer?® by
measuring the reflectance and transmittance from the CusN films. The

absorbance as a function of photon energy was calculated by 1-R-T.

Results and Discussion

Precursor stability. Copper(ll) hexafluoroacetylacetonate have been used
as copper source in the growth process due to its high vapour pressure at lower
temperatures. However, the precursor contains a small amount of water in its
solid state and the effect of this water on the deposition process was for this
reason studied separately. Cu20 films can be grown when switching the system
into Chemical Vapour Deposition (CVD) mode by using Cu(hfac)2 and water as
precursors. Both sublimation and adsorption studies of Cu(hfac)z have been
reported in the literature. The outcome of the studies is not entirely clear if
Cu(hfac)2 is sublimated together with water in the form of clusters?® or

independently from the water.'%2” The reports also indicate that the precursor



undergo thermal decomposition under adsorption on surfaces at temperatures
above 300 °C.%%2% To investigate if the presence of water and the thermal
stability of the Cu(hfac)2 precursor influenced film growth rate, experiments using
only the copper containing precursor were carried out. Thus, an 8 s long
precursor pulse, separated by a 20 s argon pulse, was repeated for 250 cycles at
247, 291 and 302 °C on both clean SiO2 substrates and on previously deposited
CusN/Cu films. The precursor was heat-treated at the sublimation temperature,
60 °C, for 30 min prior to the Cu(hfac)2 pulsing. At 247 and 291 °C, the film
thickness measured by XRFS was the same (before and after the precursor
pulsing), both on the SiO2 substrates and on the CusN/Cu films. This shows that
the contribution to the growth rate from thermal decomposition and internal
reaction is less than 5% of the total growth rate. However, at 302 °C copper was
deposited both on the clean SiO:2 substrates and onto a previously deposited
copper film. The copper deposition was due to thermal decomposition of the
precursor and corresponded to approximately 20% of the total copper content in
a film grown at 302 °C. Furthermore, TG studies indicated that the majority of the
water in the precursor was evaporated separately at such a low temperature as
30 °C. For example, when the temperature was cycled between room
temperature and 40 °C, the mass loss was markedly larger during the first cycle.
During all following cycles the TG curves were similar and the sublimation rate
was the same. If all water is assumed to have been evaporated during the first
cycle, a total amount of water in the un-treated precursor could be calculated to

0.2 H20 per Cu(hfac)2 formula unit. Finally, IR spectra from the precursor before



(Fig. 1la) and after annealing (Fig. 1b) were collected. The water has been
evaporated during the annealing, which is indicated by the absence of
characteristic OH-stretch features in the range from 3700 to 3400 cm™2.% In
conclusion the pretreatment of the Cu(hfac)2 precursor was enough to remove
the majority of the water and hinder internal reactions and thermal decomposition
during the growth process according to the investigations with IR, XRFS and TG.

Growth kinetics. The growth rate of the copper(l) nitride as a function of
precursor pulse lengths was tested at a deposition temperature of 247 °C. Film
thickness, measured by XRFS, as a function of Cu(hfac)2 pulse length is shown
in Fig. 2a. It can be seen that the growth rate increases rapidly up to
approximately 4 s long precursor pulses. After 4 s the growth rate increases
more slowly and the gain from longer pulse lengths starts to decrease. It can also
be seen that saturation was not completely reached even after a 12 s long pulse.
This might be due to several factors; bulky ligands, causing internal repulsion
between the Cu(hfac)- adsorbates at higher surface coverages, thermal
decomposition and competing deposition pathways. However, at a deposition
temperature of 247 °C no thermal decomposition of the precursor could be
observed when measured by XRFS. Regarding bulkiness of ligands, similar
saturation results when other metal organic precursors were used have also
been reported in the literature. 332

After pulsing with Cu(hfac)2 and purging with inert carrier gas, water was
supplied to the deposition zone. The results from varying the water dose can be

seen in Fig. 2b. The filled squares correspond to a water dose of 2.4 mg/pulse



and the open circle to a 4.1 mg/pulse water dose. On the contrary to the
Cu(hfac)2 pulsing, it was found that a saturation of the water pulse was reached
after approximately 2 s, indicating that the reaction was fast. During the water
pulse, an oxide/hydroxide overlayer is thought to be formed as an intermediate
step in the deposition process as compared to the water free process where
CusN was formed directly when ammonia reacted with the adsorbed Cu(hfac):
precursor. It has been shown in CVD studies that the reaction product Hhfac etch
copper(l) oxide.3334 Thus, not only the pulse length of water but the water partial
pressure could be important in the process as well. Practically no deposition of
CusN occurred when water was excluded from the growth process and only
Cu(hfac)2 and NHs was used as precursors. Moreover, an experiment where
water was only supplied during the first 75 cycles, out of a total of 750 was
carried out. During the final 675 cycles, only Cu(hfac)2 and ammonia were
admitted into the reactor. It was found that the film deposited with a water start
was 60% as thick as compared to a film where water had been supplied during
all cycles on SiO2 substrates. The effect of adding water to the process have also
been described for copper growth by ALD, using the same deposition scheme,
but with CuCI/H20/H2 precursor combinations.?*

Ammonia was supplied as the third reactant. The influence of varying the
ammonia partial pressure between 0 and 1.5 mbar can be seen in Fig. 2c. A
steep increase in film growth rate can be observed when the NH3 partial pressure
was increased from 0 to 0.33 mbar. After 0.33 mbar, the growth rate still

increased up to 1.1 mbar, but at a much slower rate. At 1.4 mbar the films were



slightly thinner than at a 1.1 mbar ammonia partial pressure. Cu20 was
deposited for a process scheme without NHs.

In Fig. 3., film thickness as a function of the number of ALD cycles for
CusN films grown at 247 °C is shown. From the XRFS data in the graph, film
growth rate was estimated to 0.35 A/cycle.

Film characterisation. Film composition/impurities of the films deposited
with different ammonia partial pressures was measured ex-situ by XPS, both in
the bulk of the films and on the film surfaces. Growth processes that use metal
organic precursors may yield precursor residues in the films, mainly from carbon
or other elements from the precursor ligands. Differences in film composition may
occur for water or ammonia upon reaction with the adsorbed Cu(hfac)z precursor.
Therefore, an XPS analysis was also performed on a film where water was only
supplied during the first 75 out of the 750 cycles. It was found that films
deposited both with and without water contained precursor contaminations on the
film surfaces in the form of three different types of carbon and fluorine. After
cleaning of the surfaces by sputtering with argon ions, no silicon from the
substrates or fluorine could be detected in the bulk. However, some differences
were observed between the two growth processes. In the process where water
was included, almost no carbon was detected in any of the films after sputtering.
Since the amount of carbon was small and hardly distinguishable from the
background, the total amount of carbon should be less than 1 at% in the films
deposited with the water based process. On the contrary, much larger carbon

content was detected in the film deposited without including water in the growth



process. The carbon content was approximately four times as high as in the
water free process. (An absolute value of the carbon content was measured to 2
at%.) No major differences in film composition were detected for the CusN films
deposited with an ammonia partial pressure ranging from 0.33 to 1.4 mbar.
However, it was found that the CusN films contained oxygen in the bulk. To
determine the oxygen content in the films, sensitivity factors for copper and
oxygen were calculated by measuring (with the same XPS parameters) the
atomic concentrations in a Cu20 film (narrow homogeneity range), deposited by
CVD at the same deposition temperature. In the CVD film, no impurities were
detected such as carbon and fluorine. Furthermore, no Cu 2p peak split could be
detected in the bulk, indicating that the CVD film was not oxidised (no Cu(ll)
contribution). Thus, the oxygen content in the films was calculated to range from
3.7 to 5.2 at%, assuming a copper concentration of 75 at% in the CusN films.
However, films deposited without the addition of water also contained 2.3 at%
oxygen. The oxygen content in the bulk of the film, deposited without water, was
the same after exposing the film to air for one month, indicating that the diffusion
of oxygen into the film after film growth was slow. Under the assumption that the
films contained 75 at% copper the nitrogen content was estimated to
approximately 20 at% since the amount of other impurities, except for oxygen,
were found to be low. No absolute determination of the copper to nitrogen ratio
was done due to the fact that no standard samples with known Cu/N composition

was at hand for calculating new sensitivity factors.



Diffractograms for films deposited with three different NHs partial
pressures (0, 0.33 and 1.4 mbar) are shown in Fig. 4. Diffractograms from films
deposited at higher ammonia pressure than 0.33 mbar had the same appearance
as that for 0.33 mbar. It was also found that the CusN films were randomly
oriented since the intensity distribution was roughly in agreement with intensities
from diffraction data of bulk CusN.3®

Film thickness as a function of deposition temperature is displayed in Fig.
5 and some corresponding diffractograms are shown in Fig. 6. It can be seen
from Fig. 5 that film growth started at approximately 210 °C, which was also the
lowest deposition temperature for growth of copper(l) oxide in the system when
ammonia was omitted. No difference in growth rate was observed for films
deposited on fused silica and alumina in the given temperature range (210 to 302
°C). After films started to grow at the lowest deposition temperatures, the growth
rate increased with increasing deposition temperature up to approximately 280
°C. From 280 to 300 °C a steep decrease in film growth rate was observed. The
corresponding diffractograms (Fig. 6) show that phase pure films of CusN were
grown at lower deposition temperatures, whereas phase mixtures of copper(l)
nitride and metallic copper were obtained at 283 °C. At 302 °C, the films
consisted of mainly copper metal. However, the growth rate was still markedly
lower at 302 °C, even if it was taken into account that the films consisted of
copper instead of copper(l) nitride. (The density quotient between bulk Cu/CusN
is ~1.5, which means that the same amount of copper atoms in a CusN and in a

Cu film will lead to a thinner Cu film.) Another possible explanation for the



decrease in growth rate might be explained by an increased rate of precursor
desorption, which may also result in nucleation problems.

No preferred orientation was observed on the fused silica substrates. For
the metallic copper phase, peak positions were in good agreement with the
diffraction data,3® whereas the CusN peaks were found to be shifted 0.2 to 0.4° to
higher diffracting angles in 20 (when the peak shifts from the grazing incidence
method have been taken into account). The shifted peaks correspond to a CusN
cell parameter two to three hundreds of an A smaller than the cell parameters
determined for the bulk phase (3.814 A). Possible explanations of the smaller cell
parameter might be due to residual stress or impurities in the films such as
oxygen.

The morphology of the deposited films was characterised by SEM. Due to
nucleation problems and island growth of the CusN films, at 247 °C, a complete
surface coverage of the substrates was not obtained until a film thickness of 20
nm. At film thicknesses above 10 nm, the CusN grains started to coalesce and
form larger connected film areas. Film morphology was roughly the same for
films grown on the SiO2 and a-Al203(001) substrates. However, film morphology
varied markedly with the deposition temperature as well. SEM images for films
grown on fused silica substrates at three different deposition temperatures are
shown in Fig. 7. It should also be noted that film morphology was roughly the
same for films deposited on SiO2 and a-Al203(001) substrates. At 247 °C (Fig.
7a), homogeneous films were obtained and the lateral grain size was estimated

to range from 10 to 40 nm. Moreover, the grain size and roughness was



approximately the same for films deposited with 500 cycles and upwards. In Fig.
7b, SEM images for the two phase film (Cu and CusN) deposited at 283 °C are
shown. It can be seen that larger crystallites (around 100nm) have been formed
on the film surface, spaced some micrometers apart. In the regions between the
larger crystallites, indications of film decomposition at some areas can be
observed. Due to the large diffusion rate of copper, one possible explanation is
that the larger crystallites consist mainly of copper metal, obtained by the thermal
decomposition of the nitride. At the highest deposition temperature (Fig. 7c), only
larger copper grains around 50 nm existed. Films were not covering the entire
substrate surface in this case, which might be due to poor nucleation conditions
and/or large diffusion rates of copper on the given surfaces.

Film thickness from XRFS and XRR as a function of the number of ALD
cycles for CusN films grown at 247 °C has been shown in Fig. 3. From XRR,
interesting properties such as film roughness and density can be calculated,
apart from the film thickness by fitting of measured data. It was found that there
was a good agreement between the thickness data measured with the two
methods for films thicker than approximately 20 nm, which was the thickness
required to obtain completely intact films. As observed by SEM, films thinner than
20 nm often had areas of holes. This might explain why the XRR thickness
values were larger than those measured by XRFS for the thinner films. The film
thickness could not be determined by XRR for the film deposited with 250 cycles
(corresponding to a 5 nm thick film according to XRFS). Furthermore, no

changes in lateral grain size were detected by SEM when the number of



deposition cycles increased. From XRR, the surface roughness was calculated to
be in the region of 3 to 4 nm for the films deposited with 500, 750 and 1000
cycles. For calculation of the XRFS thickness, the density of CusN has to be
known since standards of copper were used. In the XRFS measurements a bulk
CusN density of 5.84 g/cm? was assumed. From the XRR measurements, the film
density was found to be in the region of the bulk density.

The CusN band gap was measured by optical methods. In the literature,
band gaps have been reported to range from 0.25 up to 1.8 eV.>” One commonly
used method for calculating the onset band gap of absorption is to plot the
absorption coefficient at different energies. The absorption coefficient can be
calculated from the transmittance and reflectance, where different band gaps
such as indirect or direct types result in different plots. Both indirect (oc a2) and
direct models (< a?) have been used previously. The onset band gap in this work
has been determined by plotting the absorbance as a function of energy, where
the band gap was determined from the intercept on the energy axis. A plot can
be seen in Fig. 8, where a band gap of 1.6 eV was obtained for a CusN film
deposited with 750 Cu(hfac)2/H20/NHs cycles on fused silica. Furthermore, the
band gaps from films deposited with different NHs partial pressures and with or
without water included in the growth process all had band gaps within 0.1 eV of
each other.

The effect of adding water. In the CusN growth process, the results of
adding water have been described in the previous sections. The addition of water

in pulses is supposed to produce an oxidic monolayer acting as a sacrificial layer



for the nitride growth during the ammonia pulse. This illustrates a principle of
mediating surface reactions by using intermediate pulses and sacrificial layers in
ALD. Fims have been grown by utlising a three-step process
(Cu(hfac)2/H20/NHz) and later on, film growth without including water. The fact
that no films were obtained without adding water initially indicates that the
Cu(hfac)2 precursor yields a low surface coverage on the oxide substrate
surfaces. Thus, at least initially, hydroxyl groups on the substrate surface played
an important role in the CusN growth process. Hence, the initial film deposition
was thought to take place during the Cu(hfac)2 pulse when the copper containing
precursor reacted with previously adsorbed surface specimen (including hydroxyl
groups or combinations of -OH-NHx thereof). This could be verified by carrying
out a test to determine if the water was only of importance in the beginning
(during film nucleation) of the deposition process or if it affected the film growth
rate during the entire deposition process. As shown in the growth kinetic section
earlier, film growth of CusN growth on top of CusN occurred also without addition
of water. It is probable that a reaction between Cu(hfac)2 and adsorbed hydroxyl
groups on the substrate surface or vice versa was the rate determining step at
lower deposition temperatures as long as the substrate was exposed to the
vapour. Furthermore, the markedly lower growth rate (2-3 times) of Cu20 as
compared to CusN might be due to differences in etching behaviour towards the
Hhfac reaction products or differences in adsorption behaviour between CusN
and Cu20 towards the precursors. Finally, addition of water into the growth

process also affected the film composition. The differences in carbon content



between the two deposition processes indicated that the addition of water led to
surface reactions where the hfac ligands were kept intact during the adsorption
and/or surface reactions in the ALD scheme. One possible explanation for the
oxygen content in the water free films might be due to the fact that the Cu(hfac):
ligands were not stable during the water free deposition process, which was also
indicated by the higher carbon content in the films. Thus, the oxygen content may

originate from the precursor ligands themselves.

Conclusions
In this investigation, films of copper(l) nitride films have been grown in the
temperature range from 210 to 302 °C. Copper(ll) hexafluoroacetylacetonate,
water and ammonia was used as precursors. Water has been used in an
intermediate step for CusN film deposition on both fused silica and single
crystalline a-Al203(001) substrates and the advantage of using water in the ALD
cycle has been demonstrated. It was found that adding water to the process
(pulse sequence: Cu(hfac)2/H20/NHs) was a prerequisite to initiate film growth on
the two oxide substrates. The CusN growth rate on top of CusN was similar for

films grown with or without the addition of water.
Differences in film composition were detected in the films grown with the
two pulse sequences. The films grown without the addition of water contained 2
at% carbon whereas the films deposited with water contained a four times
smaller amount of carbon. The larger carbon content in the water free films

indicated that the hfac ligands in the precursor were more likely to crack when



reacting directly with ammonia than with water. On the other hand the oxygen
content was larger in the films where water was included in the growth process,
3.7 to 5.2 at% as compared to 2.3 at% for the water free sequence. The oxygen
content was approximately the same when the ammonia partial pressure was
altered between 0.33 to 1.4 mbar, indicating a difficulty to remove excess oxygen
during the ammonia step. No fluorine was detected in any of the films.

No difference in growth rate was observed between SiO2 and a-
Al203(001) substrates. Phase pure films of CusN were grown up to 265 °C.
However at a deposition temperature of 283 °C peaks from copper metal started
to emerge in the diffractograms. At 302 °C, the films consisted almost entirely of
copper metal. The initial morphology of the thinner films was rough due to
nucleation problems and island growth. A complete surface coverage of the
substrates was not reached until a film thickness of 20 nm at a deposition
temperature of 247 °C. At film thicknesses of 15 nm up to 20 nm, the substrate
surface was almost completely covered except for a few holes. The CusN grains
started to coalesce in films around 10 nm thick, deposited at 247 °C. However for
films thicker than 20 nm, film morphology was insensitive to changes in film

thickness. The lateral grain size was estimated to range between 10 to 40 nm.
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Figure captions:

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

IR spectra from the Cu(hfac)2 precursor. a) before annealing and b) after

annealing at 40 °C for 60 min.

CusN growth rate on SiO2 substrates at 247 °C. a) as a function of
Cu(hfac)2 pulse length, b) as a function of H20 pulse length and c) as a

function of NHs partial pressure.

Growth rate of CusN as a function of the number of ALD cycles for films

deposited on SiO2 at 247 °C.

X-ray diffractograms for films deposited with different NHs partial
pressures on SiO2 at 247 °C and 750 cycles. Peaks marked with filled
diamonds correspond to the Cu20 phase. All unmarked peaks belong to

the CusN phase.

CusN/Cu film thickness as a function of deposition temperature for films

grown with 500 cycles on SiOo.

X-ray diffractograms for films deposited with 500 cycles at different
deposition temperatures on SiO2. Peaks marked with asterisks correspond

to the Cu phase. All unmarked peaks belong to the CusN phase.



Fig. 7. SEM images for Cu/CusN films grown on SiO2 substrates at three different
deposition temperatures. a) 1000 cycles at 247 °C, b) 500 cycles at 283

°C and c) 500 cycles at 302 °C.

Fig. 8. Absorbance plot for a CusN film deposited with 750 cycles at 247 °C.
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Fig. 4.
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