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Thermal atomic layer deposition of rhenium nitride and rhenium 
metal thin films using methyltrioxorhenium 
Stefan Cwik,a Keenan N. Woods,b S. Sameera Perera,a Mark J. Saly,b Thomas J. Knisley,b and Charles 
H. Winter*,a 

The growth of rhenium nitride and rhenium metal thin films is presented using atomic layer deposition (ALD) with the 
precursors methyltrioxorhenium  and 1,1-dimethylhydrazine. Saturative, self-limiting growth was determined at 340 C for 
pulse times of ≥4.0 s for methyltrioxorhenium and ≥0.1 s for 1,1-dimethylhydrazine. An ALD window was observed from 340 
to 350 C with a growth rate of about 0.60 Å/cycle. Films grown at 340 C revealed an root mean square surface roughness 
of 2.7 nm for a 70 nm thick film and possessed a composition of ReN0.14 with low O and C content of 1.6 and 2.6 at.%, 
respectively. Enhanced nucleation on in-situ grown TiN, relative to thermal SiO2, enabled a conformality of 98% on high 
aspect ratio trenched structures. Subjecting the ReN0.14 thin films to thermal or chemical and thermal treatments reduced 
the nitrogen content to ≤1.6 at.%, yielding a film purity of about 96 at.% rhenium and resistivities as low as 51 µΩ cm. The 
Re metal film thicknesses on the trenched structures remained intact during the post-deposition annealing treatments and 
the films did not delaminate from the substrate surfaces. 

Introduction
Rhenium (Re) metal possesses many beneficial properties, 
including very high melting point (3180 C), high strength at 
elevated temperatures, high hardness, excellent wear 
resistance, high surface binding energy, a work function of 4.72 
eV, and low electrical resistivity (18.7 µΩ cm).1-30 Potential 
applications include hard coatings, wear resistant coatings, 
catalysis, and various uses in microelectronics devices. Thin 
films of Re are required for many applications. Re and Re-
containing thin films have been deposited by many methods, 
including various types of sputtering,1-7 molecular beam 
epitaxy,8,9 electroplating and electroless deposition,10-16 and 
chemical vapor deposition (CVD).17-30 CVD growth of Re metal 
and Re-containing films have mostly employed ReCl5, but ReF6, 
Re2(CO)10, CpRe(CO)3, HRe(CO)5, MeReO3, and EtReO3 have also 
been used as precursors.17-30

The ongoing miniaturization of semiconductor devices has 
led to an increasing focus on the evaluation of new materials 
with dimensions on the nanometer scale. There is particular 
interest in metals with low resistivities at thicknesses of <20 nm 
and good surface adhesion to substrates.31,32 The high surface 
binding energy of Re metal33 and its low bulk resistivity of 18.7 
µΩ cm34 make it a promising candidate for use in 
microelectronics devices. Applications of Re metal films in 

microelectronics devices have been limited to date, but have 
included diffusion barriers for copper interconnects,3,12,27 gate 
metals for transistors,22,23 microwave resonators,8 and 
materials in superconducting devices.2,6

Atomic layer deposition (ALD) is a film growth method that 
affords Angstrom level film thickness control and can give 
perfect conformal coverage in high aspect ratio features.35,36 
These attributes make ALD of special interest for 
microelectronics device manufacturing. The thermal ALD of 
ReNx and Re metal films was recently reported using ReCl5 and 
ammonia.37 ReNx films were obtained at temperatures below 
400 C, while temperatures of 400 C or higher led to Re metal 
films through loss of N2. The corrosive nature of ReCl5 
potentially limits its utility as a precursor, since underlying 
materials can be etched by the HCl byproduct. As such, there is 
a need for halogen-free precursors for Re metal ALD. In this 
regard, carbonyl-containing precursors such as Re2(CO)10, 
ReCp(CO)3, and HRe(CO)5 are potential ALD precursors, 
however, their use in CVD resulted in considerable carbon (C) 
incorporation in the resultant films.19,28 Trioxorhenium 
compounds of the general formula RReO3 have been evaluated 
as CVD precursors, and revealed promising precursor 
characteristics, especially for small alkyl groups (R = Me, Et).25 
Methyltrioxorhenium (MeReO3, hereafter MTO) was found to 
be the most promising CVD precursor candidate because of its 
high volatility, good thermal stability, and low C impurities 
observed in ReOx and Re films grown by plasma CVD.25 More 
recently, MTO was used as an ALD precursor in combination 
with trimethylaluminum for the growth of the mixed metal 
oxide thin films RexAlyO3x

38 and Re-Al2O3Me.39 
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In order to develop new ALD processes employing halogen-
free Re precursors, the choice of the reducing co-reactant is of 
great importance, particularly because of the Re-O and Re-C 
bonds present in MTO. The ReCl5-based ALD process employed 
ammonia as the co-reactant.37 Complete reaction of MTO with 
the nitrogen (N) co-reactant is vital to avoid the formation of Re 
oxide nitride phases, since the stronger Re-O bonds could afford 
ReOx films upon annealing. 

Herein, we report the thermal ALD of ReNx and Re metal 
films using MTO and 1,1-dimethylhydrazine (Me2NNH2). The 
basicity of alkyl hydrazines should be sufficient to react 
completely with MTO to form ReNx or Re with low C and O 
levels. ReNx films were deposited within an ALD window of 340 
to 350 C, but were transformed to high purity Re metal films 
upon annealing at ≥400 C under various conditions. The films 
obtained in this study were fully characterized with respect to 
thickness, resistivity, structure, morphology, and composition 
using scanning electron microscopy (SEM), X-ray fluorescence 
(XRF), 4-point probe resistivity measurements, grazing 
incidence X-ray diffraction (GI-XRD), atomic force microscopy 
(AFM), and X-ray photoelectron spectroscopy (XPS). 
Additionally, films were deposited in trenched substrates, 
either on thermal SiO2 or TiN surfaces. Transmission electron 
microscopy (TEM) was employed to assess the conformality of 
the depositions before and after annealing and also to 
understand the film continuity at low thicknesses. 

Experimental
ALD experiments were performed with a Picosun R-75 BE 

ALD reactor at process temperatures ranging from 300 to 400 
C on SiO2 (300 nm)/Si and TiN (20 nm)/Si substrates without 
removal of the native oxides. MTO (98% purity) was used as 
received from Strem Chemicals, Inc. and was delivered from a 
Picosolid booster into the reactor chamber at 35 C at the 
reactor pressure of about 5-7 Torr. Linear relationships were 
observed in plots of MTO consumption versus number of 
growth cycles, which ruled out false self-limiting behavior 
through MTO vapor depletion in the booster. Me2NNH2 was 
purchased from Sigma-Aldrich and was delivered at room 
temperature, using a conventional vapor-draw bubbler. In 
order to limit the consumption of Me2NNH2, a flow restricting 
VCR gasket (100 µm) was installed in the bubbler line. Ultrahigh 
purity N2 (99.999%, Airgas) was used as the carrier gas. Re thin 
films were deposited between 300 and 400 C according the 
sequence 4.0 s MeReO3 – 20 s purge – 0.1 s Me2NNH2 – 20 s 
purge, unless stated overwise. In-situ TiN was deposited 
according to a literature ALD process40 with the pulse and purge 
sequence of 5 s TiCl4 – 20 s purge – 0.5 s hydrazine – 20 s purge. 
Annealing under reactive atmosphere was performed in a CN1 
(CN1 Co., Ltd.) reactor at 400 C at 11-12 Torr for 1 h, followed 
by an annealing step in a tube furnace at 600 C for 10 minutes 
in a N2 atmosphere. The inert annealing was also solely 

performed in a tube furnace at 600 C for 10 minutes in a N2 
atmosphere. 

Cross-sectional film thickness measurements were 
performed with a JEOL-6510LV scanning electron microscope. 
The room temperature sheet resistivities were measured using 
a Jandel 4-point probe RM3000+. XRF measurements were 
carried out prior to and after the depositions using a Hitachi 
FT150h instrument. The Re Kα intensities were determined 
after 30 s measurements at a voltage of 45 kV with an Al500 
primary filter and without a collimeter. For TEM imaging, 
samples were prepared using an FEI Helios 600i scanning 
electron microscope and were subsequently imaged using an 
FEI ThemisTEM instrument (200 kV). XPS data were collected 
with a Thermo Fisher Scientific K-Alpha XPS system equipped 
with a monochromatic Al source (spot size 400 × 600 μm2, 500 
eV Ar ion sputtering, and 1.8 × 10−8 Torr working pressure). AFM 
images were collected using a DI7000 AFM (Digital Instruments, 
Inc.) in the noncontact mode (1 Hz scan rate).

Results and discussion

Precursor Selection and Initial Studies

The synthesis and properties of MTO have been previously 
reported.41 The chemical structure of MTO is shown in Chart S1. MTO 
is a solid with a melting point of 111 C and sublimation temperature 
of 65 C at 0.001 Torr. The thermogravimetric analysis of MTO was 
previously reported, and shows a single step weight loss with no 
residual mass.38 To address thermal stability under film growth 
conditions, MTO was pulsed into the reactor chamber without a co-
reactant (500 cycles: 4.0 s MTO – 40 s purge) at substrate 
temperatures between 300 and 400 C. Thermal decomposition was 
observed by XRF on metal substrates such as Co, Cu, Ru, and Pt (Fig. 
S1), which is consistent with a previous report that described film 
growth in CVD using MTO on steel surfaces at temperatures above 
300 C.25 By contrast, no film growth was observed on Si, SiO2, TiN, 
and TaN at temperatures of up to 400 C by XRF (Fig. S1). Moreover, 
the sheet resistances of the latter substrates remained unchanged 
after the attempted depositions. The etching behavior of MTO with 
metal substrates was also explored. Pulsing as described above with 
only MTO using Ru, Co, and Cu substrates at 340 C afforded no 
detectable decreases in the metal XRF signals after 1000 cycles (Fig. 
S2), demonstrating a lack of metal etching by MTO. ReCl5 was 
previously used as a precursor for Re metal ALD,37 and is a potential 
etchant for metal films. Pulsing only ReCl5 over Ru, Co, and Cu 
substrates at 400 C (the temperature required for the growth of Re 
metal films37) using the pulse sequence 4.0 s ReCl5 – 40 s purge with 
500 cycles led to significant decreases in the intensities of the Co and 
Cu XRF signals, indicating etching by ReCl5 (Fig. S3). The XRF signal 
intensities for Ru substrates were similar before and after ReCl5 
treatment (Fig. S3), suggesting no etching. The lack of metal 
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substrate etching by MTO is a significant advantage compared to the 
etching induced by ReCl5. 

Self-limiting growth

To assess self-limiting growth, the saturation behavior of the 
MTO precursor and Me2NNH2 co-reactant was studied at 340 C for 
500 deposition cycles. For MTO, the pulse time of Me2NNH2 was set 
at 0.1 s and 20 s N2 purges were used to ensure removal of volatile 
species. A plot of growth rate versus MTO pulse times demonstrated 
a saturative growth rate of 0.60 Å/cycle at ≥3.0 s pulse lengths (Fig. 
1a). Film thicknesses were determined by cross-sectional SEM. 
However, the film resistivity reached a minimum value at ≥4.0 s MTO 
pulse lengths. Therefore, a 4.0 s MTO pulse length was employed for 
the experiments described below. A plot of growth rate versus 
Me2NNH2 pulse length revealed a constant growth rate of 0.60 
Å/cycle at 0.1 to 0.3 s pulse lengths (Fig. 1b). However, the film 
resistivity was lowest at 0.1 s pulse length, so this value was chosen.  
Based upon these experiments, a pulse and purge recipe of 4.0 s MTO 
pulse – 20 s N2 purge – 0.1 s Me2NNH2 pulse – 20 s N2 purge was 
employed for all subsequent deposition experiments. The saturative 
MTO pulse lengths were additionally determined by XRF, revealing 
increasing Re content up to 4.0 s pulse time (Fig. S4). These XRF 
experiments mirror the thickness data shown in Fig. 1 and support 
the interpretation of the resistivity data. The Re Lα XRF counts 
remained constant during the variation of the Me2NNH2 pulse 
lengths within experimental error (Fig. S5).

(a)

(b)

Fig. 1 Dependence of growth rate on precursor pulse length for MTO 
(a) and Me2NNH2 (b) at 340 C using 500 cycles on SiO2 with 
thicknesses evaluated by cross-sectional SEM. 

Temperature series

At optimized pulse times for MTO and Me2NNH2, a series of 
depositions was carried out in the range from 300 to 400 C to 
evaluate a potential ALD window and to gain insight into the film 
resistivities with respect to deposition temperature (Fig. 2). The 
growth rate increased steadily with temperature up to an ALD 
window between 340 to 350 C. The growth rate in the ALD window 
was about 0.60 Å/cycle, consistent with the saturation curves in Fig. 
1. At temperatures above 350 C, the growth rate increased up to 1.5 
Å/cycle at 400 C, most likely due to thermal decomposition of MTO. 
MTO was previously reported to decompose between 300 and 350 
C.25 While no growth was observed on SiO2 substrates using only 
MTO as the precursor, the experiments in Fig. 2 involved ALD growth 
with MTO and Me2NNH2. Accordingly, the presence of Me2NNH2 
must change the surface chemistry to allow the chemisorption of 
MTO. The film resistivities were about 250 µΩ cm within the ALD 
window, but ranged from 275 to 400 µΩ cm at ≤330 C. Uncertainties 
in resistivity values are about 10%, largely because of film thickness 
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measurement uncertainties by SEM. At temperatures of ≥350 C, the 
resistivity values decreased and reached a minimum of 160 µΩ cm at 
400 C. The decreasing resistivities with increasing deposition 
temperatures is probably related to decreasing N content in the films 
due to thermal decomposition of ReNx at elevated temperatures. 
ReNx is reported to be metastable and releases nitrogen at elevated 
temperatures (≥400 C).4,37 The growth rates changes observed upon 
increasing the deposition temperatures were confirmed by XRF 
results for the samples grown on SiO2 substrates (Fig. S6).

Fig. 2 Dependence of growth rate on the deposition temperature for 
films grown from 300 to 400 C with 500 cycles on SiO2. Thicknesses 
were evaluated by cross-sectional SEM.

Dependence of film thicknesses on the number of growth cycles 

The dependence of the film thickness on the number of growth 
cycles is shown in Fig. 3 for SiO2 and TiN substrates. These films were 
grown at 340 C using the optimized pulse sequences described 
above. The growth rates for these processes were 0.85 Å/cycle on 
SiO2 and 0.78 Å/cycle on TiN (Fig. 3), using cross-sectional SEM to 
measure film thicknesses (Figs. S7-S10). These values are higher than 
the growth rate of ~0.60 Å /cycle observed in Figs. 1 and 2, since they 
do not include nucleation delays of ~109 cycles on SiO2 and ~58 
cycles on TiN. It is possible that the lower growth rate on TiN 
substrates arises from more efficient nucleation and the formation 
of denser films, compared to SiO2. Plots of XRF ReL signals as a 
function of number of growth cycles also provided linear 
relationships, with growth rates of 0.96 and 0.98 Å/cycle on SiO2 and 
TiN substrates, respectively (Fig. S11). These growth rates suggest 
that similar amounts of Re are deposited on SiO2 and TiN substrates, 
supporting the proposal of denser films on TiN substrates. 
Nucleation delays from the XRF plots were ~113 cycles on SiO2 and 
~64 cycles on TiN, which are identical to the values obtained from 
the plots using SEM thickness measurements. Resistivities of <10 nm 
thick films grown on SiO2 were ~2500 µΩ cm, but decreased sharply 

at thicknesses of >10 nm to about 230 µΩ cm. Films deposited on TiN 
had resistivities below 100 µΩ cm for thicknesses of <10 nm, which 
originates from the conductivity of the underlying TiN substrates. 
Resistivites for 58 and 78 nm thick films grown on TiN were 185 and 
245 µΩ cm, which are similar to the values observed for thicker films 
on SiO2. 

(a)

(b)

Fig. 3 Dependence of film thickness on the number of growth cycles 
for films grown at 340 C on SiO2 (a) and TiN (b), as evaluated by SEM. 
The r2 values are 0.98484 (a) and 0.99119 (b).
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Film compositions

The composition of a 70 nm thick Re film grown on a Si(100) 
substrate with native oxide at 340 C for 1000 cycles was investigated 
by XPS with sequential Ar ion sputtering. The depth profile (Fig. 4) 
revealed surface oxides that were removed upon Ar ion sputtering. 
After 600 s of sputtering, a constant composition was obtained and 
is summarized in Table 1. A Re content of 83.8 at.% was observed 
and both C (2.6 at.%) and O (1.6 at.%) were present at low levels. The 
remainder of the film composition was 12 at.% of N, which indicates 
formation of nitride species during film growth. Ignoring the C and O, 
the overall composition of the film is ReN0.14. The low O content 
suggests a complete reaction of the oxide ligands in MTO to Re metal 
and ReNx. The low C content implies efficient removal of the methyl 
group in MTO and minimal C incorporation from the methyl groups 
in Me2NNH2. 

Fig. 4 XPS depth profile of a 70 nm thick Re film grown at 340 C on 
a Si(100) with native oxide substrate.

Table 1 Re thin film bulk composition as evaluated by XPS.

Re 4f7/2 N 1s O 1s C 1s

Concentration [at. 
%]

83.8 12.0 1.6 2.6

The high resolution XPS spectra of the Re and N ionization 
regions in the film bulk are presented in Fig. 5. The Re 4f7/2 binding 

energy of 40.7 eV corresponds to Re metal, which has been reported 
to range from 40.3 to 40.8 eV.42-45 The additional presence of Re-N 
bonds is indicated by the ionization at 42.3 eV, since the ReNx 
ionization appears at around 42.2 eV.46 The N 1s binding energy of 
397.7 eV corresponds to a metal nitride.44 The minor ionization at 
399.8 eV may correspond to an organic N species.44 The O 1s 
ionization (Fig. S12) shows a typical oxide binding energy of 530.6 
eV.44 The C 1s ionization at 283.8 eV (Fig. S12) might be attributable 
to aliphatic C embedded into the film during Re growth.44 This is 
agreement with a literature report ruling out rhenium carbide 
formation.29 The intensities of the O 1s and C1s ionizations were very 
low, which precluded peak modelling to obtain more detailed 
information. 

(a)

(b)
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Fig. 5 High resolution Re 4f (a) and N 1s (b) ionization regions in the 
film bulk of a 70 nm Re film grown at 340 C on a Si(100) with native 
oxide substrate.

Structure and morphology

For the study of the surface morphology, a 70 nm thick film 
grown on Si(100) with native oxide substrate at 340 C was 
investigated by AFM (Fig. 6) and the root mean square (RMS) 
roughness was evaluated. An RMS surface roughness of 2.7 nm was 
observed, which is about 4% of the film thickness. The film surface is 
thus very smooth.

Fig. 6 AFM micrograph of a 70 nm thick film grown at 340 C on a 
Si(100) with native oxide substrate.

X-ray diffraction experiments showed that films grown within the 
ALD window (340 to 350 C) were amorphous. However, crystalline 
Re metal films were grown using MTO and Me2NNH2 with a substrate 
temperature of 400 C, as revealed by GI-XRD (Fig. 7). The main 
reflection at 2 = 40° corresponds to Re metal in the (002) 
orientation. Fig. 7 also shows the positions of the (100) and (101) 
reflections for Re metal, which were not observed in our sample. The 
additional reflection at 2 = 45° is consistent with the coexistence of 
ReNx, even at this elevated temperature.37 The presence of ReNx at a 
substrate temperature of 400 C suggests that an additional post-
deposition treatment is required to obtain pure Re metal, since the 
N evolution was incomplete.

Fig. 7 GI-XRD pattern of a film grown at 400 C for 500 cycles on a 
Si(100) with native oxide substrate.

Conformality Studies in High Aspect Ratio Features

The nucleation behavior was studied with respect to the 
substrate chemistry using trenched SiO2 substrates containing aspect 
ratios of about 6.5, widths of about 15 nm, and depths of about 100 
nm. ALD experiments were carried out at 340 C on the untreated 
SiO2 structures and on in-situ TiN covered structures that were 
coated with about 1 nm of in situ, ALD-grown TiN. The coated 
structures were studied by TEM. For the in-situ ALD TiN, TiCl4 and 
hydrazine were used at 300 C using the pulse and purge sequence 5 
s TiCl4 – 20 s N2 purge – 0.5 s hydrazine – 20 s N2 purge.40,47 As shown 
in Fig. 8, nucleation of the film on the SiO2 structures was modest and 
afforded non-homogeneous, non-continuous nanoparticles. By 
contrast, excellent nucleation behavior was observed on the in-situ 
TiN-coated structures, yielding a dense, continuous film. The 
conformal coverage was 98%. These findings are consistent with the 
differential nucleation delays on SiO2 and TiN substrates described 
above. Moreover, Re diffusion into the underlying SiO2 layer was 
observed on top regions of the trenched structures (Fig. 9). The in-
situ 1 nm thick TiN liner revealed excellent barrier layer properties, 
since no diffusion was observed for this sample (Fig. 9). 

(a)
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 (b)

Fig. 8 TEM images of Re thin film grown on (a) SiO2 trenched 
structures and (b) on in-situ 1 nm thick TiN coated structures.

Fig. 9 Expansion of TEM images to highlight Re diffusion into SiO2 
(left), in contrast to no Re diffusion into TiN (right).

Fig. 10 TEM image and EELS elemental mapping for C, N, O, Si, Ti, and 
Re of a 3.6 nm Re film on 1 nm TiN on SiO2, including an overlay of 
the elements C, Si, Ti, and Re.
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The barrier layer properties of the in-situ TiN film were further 
analyzed by elemental mapping. In this experiment, a 1 nm thick in-
situ TiN film was deposited on the SiO2 structure, followed by the 
growth of a 3.6 nm ReN0.14 film. After the confirmation of the film 
continuity of the Re thin film with TEM (Fig. 10), the elemental 
mapping was conducted with electron energy loss spectroscopy 
(EELS). No indication of metal diffusion was observed in the element 
maps (Fig. 10) or in the respective depth profile (Fig. S13). 
Additionally, the low oxygen level in the Re thin film was confirmed, 
which was below detection limit of EELS.

Annealing study of the ReN0.14 films

The ultimate goal of this work was to develop ALD-based routes 
to Re metal films, not ReNx films. Accordingly, the ReN0.14 films that 
were deposited at 340 C were annealed to study changes in 
composition, resistivity, and conformality. To assess the composition 
changes upon thermal treatment, a 20 nm thick film was analyzed by 
XPS prior to and after post deposition treatment. The as-deposited 
sample revealed a similar bulk composition (Table 2) as described in 
Table 1, highlighting the reproducibility of the process. To assess N2 
desorption, a 20 nm thick film was heated to 600 C for 10 minutes 
under a high purity N2 atmosphere. The XPS depth profile of the 
annealed film (Fig. 11) revealed an increased Re content in the film 
of 96 at.%. During the post-deposition treatment, N is completely 
removed from the film bulk and is only present at the film surface 
and in the TiN liner. Additionally, both C and O content decreased in 
the annealing step. We attribute the surface N content in the film 
prior to sputtering to N-containing organic residues, since they are 
easily removed upon sputtering. The resistivity of the thin film 
decreased from 140 µΩ cm prior to annealing to 74 µΩ cm after 
annealing. For comparison, the bulk resistivity of Re metal is 18.7 µΩ 
cm. 

Fig. 11 XPS depth profile of an annealed Re thin film. The initial 
ReNx film was about 20 nm thick.

Table 2 Re thin film bulk composition as evaluated by XPS and 
resistivities before and after annealing.

Re 
4f7/2 

[at.%]

N 1s  
[at.%]

O 1s  
[at.%]

C 1s  
[at.%]

Resistivity 
[µΩ cm]

As 
deposited

83.7 10.2 2.7 3.4 140

N2 anneal 95.8 0.2 1.2 2.8 74

H2 anneal 89.3 1.6 1.9 7.2 117

NH3 
anneal

95.8 0.4 2.1 1.8 51

The successful purification under inert annealing conditions 
motivated the subsequent study of reactive annealing, where the 
sample was treated at 400 C under a reactive atmosphere (H2 or 
NH3) prior to annealing at 600 C under argon. XPS data for these 
annealed films are shown in Figs. S14 and S15. While the H2 
pretreatment was found to be less efficient (resistivity after 
annealing 117 µΩ cm) than the pure thermal treatment (resistivity 
after annealing 74 µΩ cm), the annealing under an ammonia 
atmosphere improved the bulk resistivity further down to 51 µΩ cm. 
However, the compositions obtained by XPS are similar for all three 
annealed samples. Both Re and N contents are identical within 
experimental error for films annealed under H2 and NH3. The 
exception is the reduced C content for the ammonia annealed 
sample, which could be caused by the formation of volatile 
hydrocarbons due to ammonia exposure. Any Re nitrides that form 
upon treatment of Re metal with ammonia at 400 C would eliminate 
N2 from the films in the subsequent 600 C annealing step. The 
resistivities of the annealed films (51-117 µΩ cm) did not approach 
the value for bulk Re metal (18.7 µΩ cm) after annealing. The slightly 
higher resistivity values after annealing may arise from the small 
amounts of C and O remaining in the films.

Finally, the effects of annealing on a 20 nm Re thin film deposited 
on a trenched structure coated with 1 nm of in situ TiN were studied. 
The high surface binding energy of Re33 was expected to allow 
thermal treatment without delamination from the trench walls. A 
continuous film was grown on the trenched structure, as confirmed 
by TEM (Fig. 12a). There was no noticeable roughening of the film 
surface by TEM after the annealing. Features grown in the trenches 
show a typical “keyhole” gap in the center of each trench, where 
precursors are unable to penetrate and fill. The coated trenched 
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structure was then annealed at 600 C for 10 minutes and was then 
analyzed by TEM (Fig. 12b). The annealing step induced changes in 
the microstructure as evident from the presence of crystalline 
domains. Interestingly, the film thicknesses decreased only by <5%, 
suggesting that the density is close to the bulk value for Re metal of 
21.02 g/cm³. Most importantly, excellent adhesion of Re was 
observed, since the films did not delaminate to a significant extent 
from the trenched structure walls.  However, the small amount of 
shrinkage upon annealing led to some tiny gaps at the sides and 
bottoms of the structures between the SiO2 substrate and the Re/TiN 
filling. Due to the high melting point of Re metal, it did not flow into 
the trenches. However, the annealing step reduced the keyhole sizes 
and fused the tops of the layers in each trench. Similar observations 
were obtained for the films that were subjected to the reactive 
annealing procedures (Figs. S16, S17), which highlights the tendency 
of thin Re metal films to adhere strongly to substrate surface and not 
undergo distortion upon annealing at 600 C.

(a)

 (b)

Fig. 12 TEM images of films grown on in-situ 1 nm TiN coated 
structures before (a) and after (b) annealing at 600 C under inert 
atmosphere.

Mechanistic Possibilities

Key features in the deposition of ReNx films from MTO and 
Me2NNH2 include low O and C levels in the films and N incorporation 
in the films. Imido complexes of the formula RRe(NR’)3 (R = Me,48-50 
OSiMe3,51 OSiPh3;52 R’ = alkyl, aryl) have been reported, but were 
prepared by treatment of RReO3 with either RNHSiMe3 or RNCO. By 
contrast, treatment of MTO with primary amines R’NH2 at room 
temperature affords the adducts MeReO3(NH2R).53,54 We speculate 
that treatment of MTO with Me2NNH2 under the high temperature 
ALD conditions described herein may lead to the hydrazido complex 
MeRe(NNMe2)3 as a film growth intermediate, thereby eliminating 
the O atoms from MTO as water. Protonation of the Re-C bond in 
MTO by Me2NNH2 would lead to elimination of the methyl group as 
methane. The low C content in the ReNx and Re metal films suggests 
that cleavage of the relatively weak N-N bonds in MeRe(NNMe2)3  
occurs to eliminate the dimethylamino groups as volatile species that 
are not incorporated in the films.

Conclusions

Herein, a thermal ALD process for the growth of Re nitride 
and Re metal films is presented. The process affords thin, 
conformal, and continuous films on high aspect ratio structures 
because of the self-limiting nature of ALD. Significantly, the 
metal-organic precursor MTO is halogen-free and does not etch 
sensitive metal substrates such as Co and Cu. By contrast, ReCl5 
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causes extensive etching of Co and Cu substrates, as 
demonstrated herein. The co-reactant Me2NNH2 possesses 
sufficient reactivity to cleave the Re-O and Re-C bonds in MTO 
to afford films of the composition ReN0.14 within the ALD 
window at 340 C, with C and O contents below 3 at.%. Growth 
of films on trenched SiO2 wafers generally showed poor 
nucleation and gave low conformal coverage and non-
continuous coatings in the high aspect ratio features. However, 
growth of a 1 nm thick TiN layer on the SiO2 surfaces of the 
trenched substrates allowed the deposition of conformal, 
dense, and continuous films. Additionally, the TiN layer served 
as a diffusion barrier to stop the infiltration of Re into the SiO2 
substrate surface. Thermal and reactive annealing procedures 
were investigated to convert the initial ReN0.14 films into Re 
metal films through N2 loss. These procedures afforded Re 
metal films with N contents of ≤1.6 at.% and resistivities as low 
as 51 µΩ cm. The thermal annealing of Re-coated trenched 
structures led to a small amount of densification, but 
delamination of the Re film from the TiN/SiO2 surface was not 
observed, except for tiny gaps that occurred at the sidewalls 
and bottoms of the trenches. The high density and high surface 
binding energy of Re metal contribute to the thermal stability of 
the Re films.  
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