

















FIG. S5. Overview HAADF-STEM images of the non-superconducting film, showing sparse occurrence of extended defects
within the film. Similar defect structures have been observed at higher densities in non-superconducting films*?® and at similar
densities in superconducting films.*

FIG. S6. Representative HAADF-STEM images showing the mixed-phase microstructure in the two superconducting films
with (top) Tc = 1.4 K and (bottom) 7. = 1.8 K. All scale bars are 20 nm. The damage along the top surface of the 7. = 1.8
K film is a consequence sample preparation in the FIB. The white patches observed in both films are due to electron beam
exposure.
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FIG. S7. Histograms comparing the occurrence of different n phases counted from HAADF-STEM images of several SroRuO4
thin films. The numbers of occurrences are normalized by the total number of layers counted in each film (IN); note that the
occurrences are plotted on a log scale. The transition temperature T is given for films that superconduct; non-superconducting
films are labelled “nSC”. The thickness ¢ of each film is also indicated. The three films studied in depth in this report are
outlined by colored boxes. Superconductivity is not limited only to thick films, as evidenced by the two superconducting 18
nm-thick films.
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FIG. S8. HAADF-STEM images of the 30 nm thick STRuOs film on (110) NdGaOg referenced in the SEM-EDX measurements
show no obvious inclusions of RuO2 or ruthenium metal precipitates or other secondary phases. The film’s RRR of 21.4 indicates
fairly low levels of disorder.
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FIG. S9. Confocal Raman spectroscopy measurements of the non-superconducting and 7. = 1.4 K SraRuQ4 films. Spectra
were acquired in the backscatter geometry using a WITec Alpha300R Confocal Raman microscope equipped with a 532 nm
laser source. The propagation of incident light was along the c-axis of the SroRuQy films, with polarization along the SroRuO4
a-axis. The two in-plane crystal axes of (110) NdGaOgs substrates are distinct and yield different polarized Raman signatures:
the measurements presented here are with polarization along the (001) axis of NdGaOs. (top) Baseline-corrected confocal
Raman spectra of the two films and a bare (110) NdGaOgs substrate. (middle) Zoomed-in view of the same data above showing
the spectral region from ~300 cm™! to 400 cm ™" identified by Kim, et al.’. The substrate signal dominates the measurement.
(bottom) The same spectral region with the substrate contribution removed from the measurement of each film. The subtraction
is performed by a least squares best fit of the raw data from each film to a constant scale and offset of the substrate reference.
The result of this optimization is subtracted from each spectrum to remove the substrate contribution. We note that the
NdGaQs3 substrates of our samples are more Raman-active in the spectra range on interest than the LSAT substrates used by
Kim, et al., which complicates the substrate correction. Still, the spectral features in the 300-400 cm ™' range are consistent
with the presence of ruthenium vacancies in the non-superconducting film, especially in the peak near 325 cm™*. The strength
of this peak is greatly reduced in the superconducting sample, suggesting the second peak near 380 cm™' may be a signature
of something other than ruthenium vacancies.
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FIG. S10. Calculated thermodynamics of MBE (TOMBE) diagrams® for the (a) non-superconducting and (b) 7. = 1.8 K
films. The black dot on each diagram indicates the expected phase stability based on calibrated values of strontium and
ruthenium fluxes and ozone partial pressure during growth. The cyan lines show the equivalent oxidation potential for ozone
partial pressures ranging from 10~'' — 1075 Torr. This kind of description is informative for phase-pure films, but does not
capture microstructural variation such as the mixed-phase intergrowths observed in the T, = 1.4 K film.
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