
precursors
Deposition was carried out at 160°C
using Cu(dmap)2 as a copper 
precursor, which was heated to the
temperature of 65°C in a bubbler-
type reservoir.
Hydroquinone as a reducing agent 
was heated to the temperature of 
105°C in a bubbler-type reservoir.

SEM studies
Basic morphology investigation 
using SEM allows to observe the 
distribution of island growth. Based
on the size and distribution of 
islands one can evaluate the process 
parameters with respect to the 
formation of compact film in ALD 
early stage.

TEM studies
High-resolution imaging revealed a 
fine fraction of the copper nuclei
and a fraction of large crystalline 
particles with a shell considered as 
an oxide.

C K edge
Carbon signal observed in TEY and 
the weak signal in PFY suggest
presence of the residual carbon that
may originate from the precursor
organic fraction. In the samples 
fabricated with alternative methods, 
such as PVD and PLD this signal is 
negligible.

ex-situ XAS
Ex-situ XAS investigation of air-
exposed Cu films was performed at
PIRX beamline at SOLARIS 
synchrotron in two modes: surface 
sensitive Total Electron Yield (TEY) 
and bulk sensitive Partial Fluorescence 
Yield (PFY) before (orange line) and 
after (blue) X-ray irradiation.

O K edge
Pre-peak shows the presence of 
oxygen bound to the metal, while the 
double edge is tentatively ascribed to 
the presence of two types of metal 
oxides: the signature of copper oxides 
or oxygen bound to the Cu atom in 
the precursor ligand.

Cu L edge
Analogous spectra for TEY and PFY 
means that the entire layer volume
was probed. The layer thickness was 
determined to be of the order of few
nanometers. Both the Cu(II) and 
Cu(I) are observed in the spectrum: 
first strong and second weaker 
signal.

Si K edge
Typical spectrum of silicon, with 
negligible silicone oxide phase, 
shows that the layer is very thin 
relative to TEY or the substrate is
partialy covered by Cu in the form 
of islands. PFY shows strong self-
absorption due to silicone substrate.

EDX
Maps of elemental compositions of 
the ALD layer show strong copper 
signal for both large islands of 
approx. 10 nm and fine grains of 
the order of single nanometers in 
diameter.

diffraction
Polycrystalline diffraction shows a 
fine dense grain phase and larger 
islands characterized by strong 
diffraction spots. Further analysis 
reveals the presence of a Cu2O 
phase and metallic Cu.

reduction
Detailed analysis of TEY and PFY
of Cu L edge at the energy of 931.0 
eV (blue line) and 934.6 eV (yellow) 
reveals copper oxide. It may suggest
that the oxide phase is located 
mainly close to the surface.

summary
Systematic XAS investigation 
revealed that the reduction of Cu 
under X-ray irradiation is
significantly more pronounced for 
Cu grown in the first few ALD cycles. 
This shows the necessity of in-situ 
and operando measurements for 
insight into nucleation, coalescence, 
and film formation.
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Comprehensive study of the early growth stages of copper films
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motivation
X-ray spectroscopy and electron
microscopy are key tools for 
understanding the growth
mechanism and optimize process
parameters to improve the 
formation of ultrathin compact 
metallic Cu films by ALD 


