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1. Film growth and thickness measurements by different methods

Figure S1 Growth rates of MoOx films deposited using different a) [Mo(NtBu)2(dpamd)2] and b) O3 
pulse lengths at 300 C as measured by ellipsometry and EDS. Unless otherwise noted, the films were 
deposited using 1000 cycles with 1 s [Mo(NtBu)2(dpamd)2] and 5 s O3 pulses. XRR could not be used 
due to high roughness of the films. The dashed lines are meant to guide the eye.

Figure S2 Growth rates of MoOx films deposited using different [Mo(NtBu)2(dpamd)2] pulse lengths 
at 250 C using 1000 cycles and 5 s O3 pulses as measured by ellipsometry, EDS (using XRR density), 
and XRR. The dashed lines are meant to guide the eye.
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Figure S3 Growth rates of WOx films grown at 300 C using different a) [W(NtBu)2(dpamd)2] and b) 
O3 pulse lengths as measured by ellipsometry and XRR. Unless otherwise noted, the films were 
deposited using 1000 cycles with 1 s [W(NtBu)2(dpamd)2] and 5 s O3 pulses. The dashed lines are 
meant to guide the eye.

Figure S4 a) Growth rates of MoOx films deposited at different temperatures and b) thicknesses of 
MoOx films deposited with a different number of ALD cycles as measured by ellipsometry and EDS. 
Unless otherwise noted, the films were deposited at 300 °C using 1000 cycles with 1 s 
[Mo(NtBu)2(dpamd)2] and 5 s O3 pulses separated by 1 s purges. The dashed lines are meant to guide 
the eye.
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Figure S5 a) Growth rates of WOx films deposited at different temperatures and b) thicknesses of 
WOx films deposited with a different number of ALD cycles as measured by ellipsometry and XRR. 
Unless otherwise noted, the films were deposited at 300 °C using 1000 cycles with 1 s 
[W(NtBu)2(dpamd)2] and 5 s O3 pulses separated by 1 s purges. The dashed lines are meant to guide 
the eye.
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2. Conformality

Figure S6 Cross-sectional SEM images of a MoOx film deposited in a trench (aspect ratio 30:1). The 
insets show film thicknesses at aspect ratios (ARs) 0 (entrance), 10, 20, and 30 (bottom). The film 
was deposited at 300 C using 750 cycles with 1 s [Mo(NtBu)2(dpamd)2] and 5 s O3 pulses separated 
by 3 s purges. The small film thickness at the very bottom of the trench is likely due to insufficient 
precursor doses used in the experiment.
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3. MoOx films deposited at different temperatures
Raman spectra of the films deposited at 300 and 325 °C showed several modes attributed to α-MoO3 
when either a 532 or a 633 nm laser was used (Figure S7, see also the peak list and assignments in 
Table S1).1–4 The spectrum of the film deposited at 275 °C measured with a 532 nm laser was rather 
featureless except for broad and weak peaks around 680, 815, and 863 cm–1, as well as peaks 
originating from the silicon substrate (Figure S7a). Using a 633 nm laser instead resulted in broad 
features at approximately 280, 483, and 818 cm–1 for the film deposited at 275 °C (Figure S7b). The 
peak positions of the film deposited at 275 C do not match those reported for α1–4 or β4,5 MoO3,  or 
-Mo4O11,6–8 Mo8O23,8 or Mo18O52.8 We are not aware of reports of Raman spectra of other suboxide 
phases. Instead, the shape and position of the Raman features of the 275 °C film match those reported 
for amorphous MoO3,9 suggesting that the film was not completely crystalline, and that the suboxide 
phase detected by XRD is not strongly Raman active.

Figure S7 Raman spectra of MoOx films deposited at different temperatures (1000 cycles) measured 
using a) 532 nm amd b) 633 nm laser. The peaks marked with asterisks originate from the Si substrate. 

Table S1 Observed α-MoO3 Raman modes and their assignments according to refs.1–4

Raman shift (cm–1) Assignment
994  A1g, B1g (OMo)
819 B1g (OMo2)
665 B3g (OMo3)
337 Ag (OMo3)
291 B3g (OMo)
284 B3g (OMo)
244 B3g (OMo2)
217 Ag (OMo2)
197 B2g (OMo2)
157 Ag (O2Mo2)n

127 B2g

115 B1g
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Figure S8 θ-2θ X-ray diffractograms of MoOx films deposited at different temperatures using 1000 
cycles. α refers to α-MoO3 (PDF 005-0508).
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4. MoOx films of different thicknesses deposited at 300 °C

Figure S9 AFM images and roughness values (Rq) of MoOx films deposited at 300 °C with different 
number of ALD cycles.

Figure S10 θ-2θ X-ray diffractograms of MoOx films deposited at 300 °C with different number of 
cycles. α refers to α-MoO3 (PDF 005-0508).
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5. Effects of [Mo(NtBu)2(dpamd)2] and O3 pulses

Figure S11 SEM images of MoOx films deposited with different [Mo(NtBu)2(dpamd)2] pulse lengths 
at 300 °C using 1000 cycles with 5 s O3 pulses.

Figure S12 a) Grazing incidence and b) θ-2θ X-ray diffractograms of MoOx films deposited with 
different [Mo(NtBu)2(dpamd)2] pulse lengths at 300 °C using 1000 cycles with 5 s O3 pulses. α 
refers to α-MoO3 (PDF 005-0508).
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Figure S13 Refractive indices (ellipsometry, at 630 nm) of MoOx films deposited with different 
[Mo(NtBu)2(dpamd)2] pulse lengths. Films were deposited at 300 °C using 1000 cycles and 5 s O3 
pulses. The dashed line is meant to guide the eye.

Figure S14 a) SEM images of MoOx films deposited with different O3 pulse lengths at 300 °C using 
1000 cycles with 1 s [Mo(NtBu)2(dpamd)2] pulses.
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Figure S15 a) Grazing incidence and b) θ-2θ X-ray diffractograms of MoOx films deposited with 
different O3 pulse lengths at 300 °C using 1000 cycles with 1 s [Mo(NtBu)2(dpamd)2] pulses. α 
refers to α-MoO3 (PDF 005-0508).

Figure S16 Refractive indices (ellipsometry, at 630 nm) of MoOx films deposited with different O3 
pulse lengths. Films were deposited at 300 °C using 1000 cycles and 1 s [Mo(NtBu)2(dpamd)2] pulses. 
The dashed line is meant to guide the eye.
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6.  WOx films deposited at different temperatures

Figure S17 θ-2θ X-ray diffractograms of WOx films deposited at different temperatures using 1000 
cycles. The Miller indices refer to monoclinic -WO3 (PDF 043-1035). 

Figure S18 Raman spectra of WOx films deposited at different temperatures (1000 cycles) measured 
using a) 532 nm and b) 633 nm laser. The peaks marked with asterisks originate from the Si 
substrate.

Table S2 Observed WO3 Raman modes and their assignments according to refs.10,11

Raman shift (cm–1) Assignment
807 (O-W-O)
710 (O-W-O)
675 (O-W-O)
272 (O-W-O)
131 lattice mode
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7. WOx films of different thicknesses deposited at 300 °C

Figure S19 θ-2θ X-ray diffractograms of WOx films deposited with different number of ALD cycles 
at 300 °C. The Miller indices refer to monoclinic -WO3 (PDF 043-1035). The peak marked with an 
asterisk originates from the sample stage.
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8. Effects of [W(NtBu)2(dpamd)2] and O3 pulses

Figure S20 SEM images of WOx films deposited with different [W(NtBu)2(dpamd)2] pulse lengths at 
300 °C using 1000 cycles.

Figure S21 a) Grazing incidence and b) θ-2θ X-ray diffractograms of WOx films deposited with 
different [W(NtBu)2(dpamd)2] pulse lengths at 300 °C using 1000 cycles. The peak marked with an 
asterisk originates from the sample stage.
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Figure S22 Densities (XRR) and refractive indices (ellipsometry, at 630 nm) of WOx films deposited 
with different [W(NtBu)2(dpamd)2] pulse lengths. Films were deposited at 300 °C using 1000 cycles 
and 5 s O3 pulses. The dashed lines are meant to guide the eye.

Figure S23 SEM images of WOx films deposited with different O3 pulse lengths at 300 °C using 
1000 cycles with 1 s [W(NtBu)2(dpamd)2] pulses.
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Figure S24 a) Grazing incidence and b) θ-2θ X-ray diffractograms of WOx films deposited with 
different O3 pulse lengths at 300 °C using 1000 cycles with 1 s [W(NtBu)2(dpamd)2] pulses. The 
peak marked with an asterisk originates from the sample stage.

Figure S25 Densities (XRR) and refractive indices (ellipsometry, at 630 nm) of WOx films deposited 
with different O3 pulse lengths. Films were deposited at 300 °C using 1000 cycles and 1 s 
[W(NtBu)2(dpamd)2] pulses. The dashed lines are meant to guide the eye.
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9. XPS of MoOx films

Figure S26 Photoelectron survey spectra measured with 0 and 60° take-off angles of a 50 nm MoOx 
film deposited at 275 °C. The spectra were mere measured with 650 eV radiation.

Table S3 Mo 3d5/2 and O 1s binding energies, composition and work functions measured with 0 and 
60° take-off angles for a 50 nm MoOx film deposited at 275 °C

Mo 3d5/2 binding energy (eV) 
and concentrations (at.%) 

O 1s Binding Energy (eV)Electron 
take off 
angle (°)

Mo4+ Mo5+ Mo6+

Average 
Mo 

oxidation 
state

Stoichiometry 
(O/Mo ratio)

H2O OH- O2- in 
Mo4+

O2- in 
Mo5+

O2- in 
Mo6+

Work 
function 
(Φ) [eV]

0 230.19 
(21.0)

231.57 
(51.0)

232.98 
(28.0)

+5.1 2.6 534.37 533.71 532.77 531.49 530.55 5.98

60 230.51 
(39.1)

232.01 
(43.4)

233.51 
(17.5)

+4.8 2.4 534.13 533.67 532.64 531.63 530.83 7.01
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10. Characterization of 50 nm MoOx films used for resistivity 
and gas sensor measurements

Figure S27 a) SEM images and b) grazing incidence X-ray diffractograms of 50 nm MoOx films 
deposited at 275 and 300 °C.
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