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Fe precursors for ALD

The deposition of iron oxide by ALD has seen a rich variety of precursors explored, wviz.
[-diketonates, alkoxide, halides, metallocenes, amidinate, ketoiminate, etc. as tabulated
in Table S1. Among these precursors ferrocene ([Fe(Cp),]) has been intensively studied
due to its commercial availability and low cost. However, despite the fact that its high
stability enables safe handling in ambient conditions, ALD iron oxide from [Fe(Cp),] requires
relatively high temperature with molecular O,'? (> 350 °C) or a strong oxidant like Oj.

Nonetheless, the deposition with ferrocene has been reported challenging. For instance, Klahr
et al.® observed a decreased GPC after the first few hundred of cycles, which was believed

to be caused by the self-catalytic decomposition of [Fe(Cp),]. Linear deposition rate was



demonstrated to be achieved by introducing TiO, co-deposition.* In addition, Avila et al.

once described [Fe(Cp),| condensation in the pump and generation of pump malfunction.®

Table S1: Fe,O4 precursors tested in atomic layer deposition process

Fe precursor Oxygen source Deposition temperature GPC (A/cycle) Impurity Ref

Fe(acac)s O, RT-150 - - 0
Fe(thd), 0, 186 0.11 . 7
Fe(thd), * 0, 138-380 0.1-1 i s
Fe, (O'bu),* H,0 130-170 0.26-0.04 i 0
Fey (O'bu)* H,0 180 0.62 i 10
FeCl, H,0 500 0.2 i n
FeCl, H,O 200-350 0.6 Cl 12
FeCl, H,O 210-360 0.65 Cl 13
Fe(Cp), 0, 350-500 1.4 C !
Fe(Cp), 0, 367-534 0.15 i 2
Fe(Cp), 03,0, mixture 200 0.2 - 14
Fe(Cp), 0, 200 0.62 i 3
Fe(Cp), 0, 170-350 1.4 H 15
Fe(Cp), 0, 200-325 0.4-0.5 i 4
Fe(2,4—C,H,,),* H,0, 60-120 0.4-0.6 i 16
Fe(2,4—C,H,,),* 0, 60-120 0.2-0.3 i 16
Fe(2,4—C,H,,),* 0, 60-120 0.5-0.9 i 16
Fe(hfa), TMEDA* 0, 150-350 <0.2 C.H 17
FeAMD H,O 130-200 0.55+0.05 - >
Fe('pki),* H,0 100-275 0.47-1.1 C 18

* synthesized

acac = acetylacetonate

2,4—C;H,;=2,4—methylpentadienyl

hfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate, TMEDA = N ,N,N /N ’-tetramethylethylenediamine
ipki = N-isopropyl ketoiminate

Gd precursors for ALD

In Table S2, the precursors adopted for the ALD Gd,O5 synthesis are summarised. (-
diketonate Gd(thd); and cyclopentadienyl Gd(*PrCp), precursors were mainly used for
ALD Gd,O;, however the films were mostly reported to be contaminated. Other studies
performed combining water and Gd cyclopentadienyl Gd(CpCHj,),, alkoxide Gd(mmp)s,,

silylamide Gd[N(SiMe,),]5, where either non-saturative ALD growth or carbon/hydrogen
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contamination were observed.'? ALD Gd,O; process was observed to be self-limiting from
another alkoxide Gd(DMB), with water, nonetheless the films were also found with car-
bon and hydrogen impurities. Milanov et al.?® demonstrated an alternative Gd guanidinate
[[GA(DPDMG);]] (employed in the current study) with considerable thermal stability and op-
timal reactivity toward H,O to facilitate higher growth rates, leading to well-defined Gd, O,

deposition behaviour.

Table S2: Gd- precursors tested in atomic layer deposition process

Gd precursor Oxygen source Deposition temperature (°C) GPC (A/cycle) Impurity Ref
GA[N(Si(Me)s),)s 1,0 150-300 0.6-2.4 - 21
Gd(thd),* 0, 300 0.3 CFH 2
Gd(thd),* 0, 225-400 0.3 cH
Gd(MeCp), H,0 150-350 0.75-2.5 H 23
Gd(mmp),* H,0 200-300 0.1-1 - 2
Gd(DMB),* H,0 300-400 0.3-0.5 CH @ ®
Gd(DPDMG),* 1,0 160-300 1.1 - 20
Gd("PrCp), 0, plasma 150-350 1-3.5 - 26
Gd("PrCp), H,0 300 0.5-2 H 27
Gd(‘PrCp), 0, 250 0.1-0.4 C 2
Gd(‘"PrCp),(‘Pr—amd)* H,O 200-325 0.7-1.7 CH 2
Gd(‘"PrCp),(‘Pr—amd)* O, 200-350 0.4-1.3 C 2

* synthesized

thd = 2,2,6,6-tetramethylheptane-3,5-dione
mmp = OCMe,CH,OMe

DMB = OC(CH,),CH(CH,),)

DPDMG = (‘PrN),CNMe,

amd = Amidinate

ALD valving systems

In Figure S1 it is shown a scheme of the ALD reactor that is employed in this study. Three
different valving systems, that are here identified as flow mode (F), pressure-boost (PB)
and exposure mode (E), could be achieved by manipulating the exit valve and ALD valves
highlighted in the picture. In F mode a continuous flow of inert gas carries the precursor

to the reaction chamber. For low-vapor pressure precursors, PB mode is used with an



elevated vapor pressure before precursor pulses. E mode was applied to enable sufficient
surface reaction and deposition homogeneity. In this case, the gas exit valve was closed after
precursor dosing. These three modes are explained in more detail in the Experimental part

of the main manuscript.
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Figure S1: Ilustration of the valving system of the ALD reactor: different modes (specifically,
flow mode, pressure-boost or exposure mode) can be realised by manipulating the valve
opening and closure. (Adapted from Savannah 100 user manual.3°)

Gd,O, films from [Gd(DPDMG),]

The optimization parameters for gadolinium oxide deposition using an ALD-type approach
are displayed in Figure S2(a) heating Gd(DPDMG)3 at Tgq.sum=135 °C under pressure-boost
(PB)/flow (F) mode at 160 - 250 °C deposition temperature. Upper panel (blue) identifies

depositions investigated using H,O as co-reactant. Lower panel identifies those tested using



ozone as oxidant. EDX spectrum from the sample prepared in pressure-boost with ozone at

250 °C is shown in Figure S2(b).
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Figure S2: (a) Optimization of Gd,O, deposition temperature from [Gd(DPDMG),] and
O5/H,0 at sublimation temperature of 135 °C using pressure-boost (PB)/flow (F) mode.
(X: no Gd detection; v: Gd detection). (b) EDX spectra from as-deposited sample from
[GA(DPDMG),] and Oy at the deposition temperature of 250 °C.

The element concentrations, ratio and film thicknesses obtained from RBS studies for the

optimized samples in this work are listed in Table S3.

Table S3: Summary of composition and thickness for Gd,O5;, Fe,O;, Gd-Fe-O
([Fe(Cp)y)+[GA(DPDMG),]) and Gd-Fe-O ([Fe('pki),]+[Gd(DPDMG),]) samples from
RBS/NRA study. The error margin for C, N and O is approximately 3 at.%

Sample C (at.%) N (at.%) O (at.%) Fe (at.%) Gd (at.%) Metal/O Fe/Gd Thickness (nm)

Gd,04 3.3 0.4 73.8 0.2 22.3 0.30 - 80

Fe,O4 0.8 0.3 65.0 33.8 0.0 0.52 - 60
Gd-Fe-O ([Fe(Cp),)+|Gd(DPDMG),]) 1.4 1.0 67.6 17.6 124 044 141 30
Gd-Fe-O ([Fe(‘pki),]+[Gd(DPDMG),]) 0.9 0.2 63.2 175 182 0.5 0.96 120

Figure S3 shows typical XRR pattern of Gd,O4 films that allowed to build the thickness

map in the main manuscript (Figure 2).
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Figure S3: XRR curves of Gd,0,/Si samples located at different chamber positions. 40 sccm
gas flow.

Fe,O4 films from [Fe(Cp),]

The deposition of Fe,O4 using [Fe(Cp),] was studied in the 150 - 250 °C temperature window
in flow mode (70 sccm) repeating 2000 cycles. Fe was only detected when ozone was used as
co-reactant for a temperature range of 200 - 250 °C, see Figure S4(a). Typical EDX analysis

from an as-deposited film is shown in Figure S4(b).
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Figure S4: (a) Optimization of Fe,O4 deposition from [Fe(Cp),] and ozone/water using flow
mode with 70 sccm flow. (X: no Fe detection; v: Fe detection) (b) EDX spectrum of
as-deposited 15 nm film prepared from [Fe(Cp),] and ozone at T=250 °C.



Fe,O; films from [Fe('pki),]

Scheme of the parameters investigated to optimize the deposition of Fe,O5 from [Fe(‘pki),]
at Tresupi= 100 °C using ozone and water as co-reactant under pressure boost or flow mode
at deposition temperature window of 150-250 °C is shown in Figure S5(a). No iron was
detected in the films for these conditions. Therefore, sublimation temperature was increased
to 130 °C, Figure S5(b). EDX spectrum shows the presence of Fe in the deposited films

performed at 250 °C with ozone, heating the iron precursor at 130 °C, Figure S5(c).
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Figure S5: Optimization of Fe,O5 deposition from [Fe('pki),] and H,0/O; at sublimation
temperature at (a) 100 °C and (b) 130 °C; PB is under pressure boost mode while F means
using flow mode. The processes were carried out with precursor sublimation temperature
at 100 °C under 70 sccm flow with 2000 cycles. (X: no Fe detection; v: Fe detection). (c)
Exemplary EDX spectra of the deposited Fe,O, films.

Gd-Fe-O from [Gd(DPDMG),| and [Fe(Cp),)]

The AFM topographyic images obtained from both systems show homogeneous and smooth
surfaces with surface roughness of ~ 1 nm 4+ 0.1 nm, and grain size of 50 nm for the
[GA(DPDMG);3] and [Fe(Cp)s] combination and 70 nm for [Gd(DPDMG);] and [Fe(ipki)s].
Height profile is identified as black line in the topographic image and depicted at the bottom

of the figure.
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Figure S6: AFM topographic images of the Gd,Fe,O, system obtained from (a)

[GA(DPDMG);3] and [Fe(Cp)s] (b) [GA(DPDMG)s] and [Fe(ipki)s]. Bottom images show
the height profile extracted for the respective topographic images.

XPS survey spectrum of a 30 nm GdzFe; O, sample combining [Gd(DPDMG);] and [Fe(Cp)-]
reveals the existence of Gd, Fe, O, C and Si, Figure S7. The absence of the N s peaks at ~
400 eV indicates the decomposition of nitrogen containing DPDMG ligand. The quantitative
ratio of Gd and Fe in the Gd;Fe;O,, film was extracted from the survey spectrum taking
into consideration the relative sensitivity factors (RSF) for each element.3! The cation ratio
Gd/Fe is found to be 1.77 which is very close to the theoretical value 1.67 calculated from

the chemical formula of GdsFe;O,,.
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Figure S7: XPS survey spectrum of a 30 nm thick GdsFe;O,, film annealed at 800°C for 30
min in oxygen.

Reported binding energy values for of Gd 3d and Fe 2p core level spectra in GdzFe;0,,,

Gd,04 and Fe,O4 are summarized in Table S4 and compared with our data.

Table S4: The binding energy positions of Gd 3d and Fe 2p core level spectra in Gd;Fe;O,,,
Gd, 04 or Fe,O5 samples

Gd 3dz;,  Gd 3ds), Fe 2p1/2 Fe 2p3j AE(satellite-Fe2ps ) Ref.

@) @) @) @) (V)

GdjFe;0,, thin films 1221.1 1189.1 725.0 711.4 7.8 This work
Gd,Fe,0,, films - 1186.5 - 710.5 - 3
Gd, 0, thin films 1219.4 1187.0 - ; - 33
Gd,0, powder 1219.6 1187.6 - - - 34
Gd,0,5 powder - 1187.5 - - - %
Gd, O, nanocrystal 1220.4 1187.9 - - - 36
Fe, O, films - - 724.3 711.2 - 37
Fe,O, films - - 724.5 710.9 - 18
Fe, O, powder - - - 711.2 7.8 38
a—Fe,0; powder - - - 710.8 8.5 3
~v—Fe,O5 powder - - - 711.0 8.3 39
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Figure S8: In plane magnetic measurements of a 30 nm thick Gd;Fe;O,, sample annealed
at 800°C for 30 min in oxygen: (a) field-independent magnetic hysteresis loop (M-H) at 50
K (zoom-in spectra see inset panel); (b) temperature-dependent magnetization curve (M-T)
under ZFC-FC conditions at 5 KOe. Inset in (b) shows the derived reversed susceptibility
under the same conditions.

Gd-Fe-O from [Gd(DPDMG),| and [Fe(pki),]

The EDX spectra of samples located at different places along the gas flow path in the cham-
ber are illustrated in Figure S9 (from e to h moving from gas inlet toward outlet). At posi-
tion e the well-defined peaks of Gd and Fe are observed; moving to the gas outlet the films

become Fe rich. This observation is also true when the Gd,O4, Fe,O4 subcycles are reversed.
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Figure S9: EDX spectra of Gd-Fe-O samples from 2Gd: 1Fe and 1Fe: 2Gd deposition
process combining [Gd(DPDMG),] and [Fe(ipki),] that are located at different places along
the gas flow path in the reaction chamber (corresponding to the marks in Figure 10 main
manuscript).
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Figure S10: In plane magnetic measurements of a 120 nm thick Gd,Fe,O, sample prepared
from [Gd(DPDMG),] and [Fe('pki),] annealed at 800°C for 30 min in oxygen: (a) field-
independent magnetic hysteresis loop (M-H) at 50 K (zoom-in spectra see inset panel); (b)
temperature-dependent magnetization curve (M-T) under ZFC-FC conditions at 5 KOe.
Inset in (b) shows the derived reversed susceptibility under the same conditions.
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