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Metals and metal nitrides deposited using NHsz and H2/N: plasmas

Table S1. List of selected metals and metal nitrides which have been deposited using NHs
plasma and/or H2/N2 plasma as co-reactant. The third column indicates whether the use of NH3
and/or H2/N2 plasma resulted in a metal or metal nitride film. In addition the reduction potential
E° of the corresponding element is listed.? As the reduction potential decreases, C, O, and N
incorporation (and therefore metal nitride deposition) become more likely. In general, the use
of a NHz or H2/N2 plasma yields metal deposition for reduction potentials of ~ -0.3 and above,
while for elements below Co a metal nitride film is obtained. Note that W and Mo do not follow
the trend based on the reduction potential. W and Mo are however reported to be very prone to
nitridation and their nitrides are stable.!

Element Reported Reported Reference E° (eV)
co-reactant(s) state

Pt NH; metal 3 1.180
Ir NH; metal 4 1.156
Pd H2/N2 metal 5 0.951
Ag NH; metal 6 0.800
Ru NH3 & Ha/N; metal 7,8 0.455
Ni NHs metal 9 -0.257
Co NH3 & Ha/N; metal 10-12 -0.280
w NH3 & Ha/N; nitride 13 0.100
Mo H2/N2 nitride 14 -0.200
In H2/N2 nitride 15 -0.338
Ga NH3 & Ha/N; nitride 15,16 -0.549
Ta NH3 & Ha/N; nitride 17-19 -0.600
Nb NH3 & Ha/N; nitride 20,21 -1.100
Ti NH3 & Ha/N; nitride 22,23 -1.163
Hf Ha/N2 nitride 24 -1.550
Al NH3 & Ha/N; nitride 16,25 -1.662
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ALD behavior
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Figure S1. Growth per cycle (GPC) as a function of (a) CoCp2 dosing time and (b) plasma
exposure time for the AB-NH3- and the AB-H2/N» processes, plotted in the same graphs. The
default CoCp> dosing time and plasma exposure time were 6 s and 10 s, respectively. The lines
serve as guides to the eye. The saturation curves for the two processes look very similar and
the GPC in saturation is approximately the same (0.29 + 0.02 A). The precursor dosing time
shows saturation after roughly 5 s, and a plasma exposure time of 9 s is needed to reach
saturation.

Procedure for time-resolved quadrupole mass spectrometry measurements

To be able to differentiate between signals caused by reaction products from signals caused by
species present due to either the precursor dosing, source gasses, or plasma ignition, different
types of cycles were used. These three different cycles were: a ‘normal’ ALD cycle, a cycle
without precursor dosing and a cycle without igniting the plasma(s). See Figure S2 for
schematics of the three different cycles.
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Figure S2. Schematic illustrations showing the three different cycles that were used for the
QMS studies for the case of the AB-NHj3 process.

The three different sets of cycles were performed sequentially. Fig. S3 shows an example of
the raw data that is collected by this procedure. As can be seen, every set of ten ALD cycles
was preceded by plasma cleaning steps or a ‘plasma reset’. This plasma reset consisted of a 90
s Oz plasma (to remove contamination from the reactor wall), a reducing NH3 plasma for 120
s, and a final pump step of 60 s. For each set of ten cycles, the signal over the last nine was
averaged, since the first cycle was typically affected by the plasma reset.
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Figure S3. Raw QMS data collected for four different m/z ratios (27, 28, 29 and 40, see legend).
Three different sets of cycles were performed, separated from each other by plasma resets.

Assignment of species to m/z ratios

Table S2. m/z ratios, their assigned ions and their (main) assigned parent molecules. The
assignments are based on cracking patterns taken from the NIST database.

m/z  Assigned ion(s) Assigned parent species | m/z Assigned ion(s) Assigned parent species
2 H>" H, 27  CyH;", HCN' C:Hs4, CsHs, HCN
12 C’ HCN 28 N2*, CoHs" Nz, CoHy
13 CH' HCN 39 CHy', CHN' Co(céii;)(jgji{N
15 NH" NH;3 59 Co" Co(CsHs)a
16 NH" NH;3 65 CsHs" CsHg, Co(CsHs)
17 NH;" NH3 66 CsHs" CsHg, Co(CsHs),
18 H,O" NH4* H,0, NH; 98 CoC,H," Co(CsHs),

24 Gy’ C,H4, CsHs 124 Co(CsHs)" Co(CsHs)a
25 CH' C;Ha, CsHs 189 Co(CsHs)," Co(CsHs)2
26 CoH,", CN* C,H4, CsHs, HCN
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Comparison NHs and H>/N: plasma

QMS spectra

X AL LA AL B R LI AL B TrrT T T
w B e Plasma off 107 _(b),, H Plasma off| |
Plasma on Plasma on| i
< 10°} < 10°F N 3
= = | ;
e 10t 2 q0°f 4
=1 E 5 E
o ol o
E 1070 |t 5 10k p
10" [ 10" E n
10-12 I : 3 N A it st o 10-12 Hie?¥, &Y RAAA BN CREK " S
0 5 10 15 20 25 30 0 5 10 15 20 25 30
m/z m/z

Figure S4. QMS mass spectra for (a) NH3 and (b) H»/N», gas and plasma. The spectra were collected
for the source gas only (‘plasma off’, dashed line) and after plasma ignition (‘plasma on’, solid line).
Comparison of the two spectra in (a) indicates that part of the NHj3 is dissociated upon plasma ignition,
leading to formation of N, (m/z = 14 and 28) and H, (m/z = 1 and 2). On the contrary, (b) shows that
part of the H, and N> in the H»/N, plasma is consumed, leading to the formation of NH3, as revealed
by the increase in ion current for m/z ratios 15-17.

OES spectra
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Figure S5. Optical emission spectra for H,, N>, Ho/N> and NH3 plasmas over the wavelength range of
(a) 280 nm — 800 nm and (b) 332 nm — 340 nm. The emission spectra for the NH3 and H»/N, plasmas
are very similar. (a) The spectra have been scaled and offset for clarity. (b) An emission line for excited
NH can be seen at ~336 nm in the spectra for both plasmas, indicating that NH,, <3 radical species are
present.
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Figure S6. (a) Time-resolved QMS signals for m/z ratios 40 (Ar"), 59 (Co") and 66 (CsHg"),
collected during the precursor sub-cycle of the AB-NHj3 process, plotted on a logarithmic
vertical scale. (b) The QMS signal for m/z =66, plotted using a linear vertical scale. QMS
measurements were done for the normal ALD cycle, and for a reference cycle without igniting
the plasma, both using a CoCpz dose of 6 s. Comparing the two signals gives insight into which
species are formed as a consequence of the ALD reactions. Note that the Ar carrier gas is
diverted before sending it through the CoCp2 bubbler in order to stabilize the gas flow. This
leads to an increase in chamber pressure, which explains the initial increase in ion currents just
after = 0. After the Ar starts flowing through the bubbler at around 7 s (indicated with an
arrow in the figure), the ion currents for m/z ratios 59 and 66 increase, related to Co” and HCp*
(CsHg"), respectively. Subsequently changing the Ar gas flow from the bubbler to the purge
line at =13 s leads to a pressure spike, accompanied by a peak in the ion currents. During the
‘normal” ALD cycle the increase at t = 7s for m/z = 66 is significantly higher than for the
reference cycle without plasma exposure (note that the vertical scale is logarithmic in (a)). This
difference in ion current suggests that HCp is released when the precursor molecule chemisorbs
to the surface. Note that similar QMS measurements for the AB-H2/N» process also revealed
the release of HCp during precursor dosing, suggesting a similar reaction mechanism.

QMS cracking patterns
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Figure S7. QMS cracking patterns for (a) CoCpz and (b) HCp, both taken from the NIST
database. The cracking pattern for CoCp> is dominated by signals at m/z =59 (Co), 124 (CoCp)
and 189 (CoCp2). Signals at 39, 40, 65 and 66 are the main contributions in case of HCp.
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X-ray photoelectron spectroscopy
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Figure S8. XPS spectra for the Co2p, Ols, Cls and N1s peaks for Co films deposited using
the (a) AB-NH, process, (b) the AB-H2/N» process and (c¢) the ABC-N2-Hz process. 1000 cycles

were performed for all samples. 6 minutes Ar™ sputtering was applied to remove the surface
contamination. The films deposited using the AB-NH3- and AB-H2/N> processes contain small
amounts of impurities, while the film deposited using the ABC-Nz-H; process is significantly
contaminated with O, C and N. The surface of the films is slightly oxidized. However, the
metallic Co2p peaks is visible around 780.2 eV after Ar" sputtering, for the films deposited

using the AB-processes.
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Figure S9. XPS depth profiles for Co films deposited using (a, d) the AB-NHj3 process, (b, €)
the AB-H2/N> process and (c, f) the ABC-N»>-H> process. 1000 cycles were performed for all
samples. (e - f) show the impurity contents (O, N and C) in more detail. For the AB-NHj3
process and the AB-H>/N, process the N-content is slightly higher in the subsurface region
(~4.5 at.% as compared to ~2.5 at.%), suggesting that N species (e.g. NH,) are more stable on

the surface than in the bulk. Moreover, the trend of the N-content corroborates the out diffusion
of N.

Table S3. Material properties of Co films for the ABC-processes as determined from SE, four-
point probe and XPS. Two different three-step processes were used, an ABC-cycle with the N
plasma first, followed by the H> plasma and an ABC-cycle with the H» plasma first followed

by the N, plasma. The impurity contents were determined using XPS after sputtering with Ar"
for 6 min.

ALD Cycles d p [O] [N] [C]
Process (nm) (pQ-cm) (at.%) (at.%) (at.%)
ABC—-N;-H, 1000 44 1x103 10.1 8.4 7.2

ABC-H,-N; 350 28 7x10° 8.9 8.5 7.8
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Ion current as a function of H/N; mixing ratio

T T T T T T T T T T T 1.2 T T T T T T T T T T T 1.2
(a) (b)
4+ ] ’_,.l---l.\ 4+

e
2+ ».
«—rv—

lon current (x10° A)
w
N s. ~
o
(o)}
lon current (x10° A)
lon current (x10° A)
S
D
lon current (x10° A)

4 1 o ® m/z=17 [75 mTor] i
® m/z=16[13mTorr] “‘ 402 ® m/z=17 [13mTorr] i 40.2
‘ o

O 1 n 1 n 1 n 1 n 1 n 1 0.0 O 1 n 1 n 1 n 1 n 1 n 1 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

H,/(N,+H,) H,/(N,+H,)

11 m m/z=16 [75 mTorr]

Figure S10. QMS ion current at (a) m/z ratio 16 and (b) m/z ratio 17 as a function of H» fraction
in the Ho/N> gas mixture, for a pressure of 13 mTorr and 75 mTorr. The ion currents at m/z
ratios 16 and 17 are measures for the NH3 content in the Ho/N» plasma. The lines are guides to
the eye. Due to the low gas flows used for a pressure of 13 mTorr, it is not possible to keep the
pressure constant for mixing ratios higher than ~80 Vol.%. As mentioned in the main text,
adding N> gas to the H» gas increases the pumping speed, thereby changing the total pressure.
This makes obtaining certain mixing ratios for a constant total pressure not straightforward.
However, the similarities between the trends for the two different pressures confirm that the
optimum in the NH3 production corresponds to 70 Vol.% - 80 Vol.% Ha, both at 13 mTorr and
75 mTorr. The data for 75 mTorr is also shown in the main text in Figure 3.
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