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Abstract

Although technologically challenging, the integration of ferroelectric thin films with graphene spin-
tronics potentially allows the realization of highly efficient, electrically tuneable, non-volatile memo-
ries. Here, the atomic layer deposition (ALD) of ferroelectric Hf0.5Zr0.5O2 (HZO) directly on graphene
(Gr)/Co/heavy metal (HM) epitaxial stacks is investigated via the implementation of several nucleation
methods. With an in-situ method employing an Al2O3 layer, the HZO demonstrates a remanent polar-
ization (2Pr) of 19.2 µC/cm2. An ex-situ, naturally oxidized sputtered Ta layer for nucleation produces
a film with 2Pr of 10.81 µC/cm2, but a lower coercive field over the stack and switching enduring over
subsequent cycles. Magnetic hysteresis measurements taken before and after ALD deposition show strong
perpendicular magnetic anisotropy (PMA), with only slight deviations in the magnetic coercive fields due
to the HZO deposition process, thus pointing to a good preservation of the single-layer Gr. X-ray diffrac-
tion measurements further confirm that the high-quality interfaces demonstrated in the stack remain
unperturbed by the ferroelectric deposition and anneal.

1 Introduction

Graphene, besides being considered as a candidate for traditional electronics [1], has recently found applica-
tions in emerging fields such as spintronic devices [2, 3], offering long spin lifetimes and long spin propaga-
tion lengths [4]. While graphene exhibits negligible intrinsic spin-orbit coupling (SOC), it can be amplified
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by a proximity effect [5], for example when integrated with a heavier atom [6, 7, 8]. In addition, it has
been shown that the graphene-ferromagnet interface enhances interfacial perpendicular magnetic anisotropy
(PMA) [9, 10] in Co/heavy metal (HM) stacks. This improvement is generated by the enhancement of orbital
magnetic moment anisotropy promoted by the presence of Gr through the hybridization between the π-band
of Gr with the 3d-orbital of Co [10, 11], extending the Co thickness range for exhibiting PMA up to 4 nm.
Further, such Gr/Co interfaces present sizeable Dzyaloshinskii-Moriya interaction (DMI) [12, 10], which is
critical for stabilizing skyrmionic spin textures [13] being particularly interesting in the case of graphene
[14], as the interfacial magnetic interactions may be efficiently electrically tuned.

At the same time, the recent discovery of ferroelectricity in doped HfO2 thin films [15] has opened up
a new avenue for ferroelectric research, with many benefits compared to classic perovskite materials [16].
Perovskite films are typically ∼70 nm thick, compared to ∼5-20 nm for hafnia ferroelectrics, which limits
device scaling. Further, HfO2-based ferroelectrics profit from CMOS-compatibility [17]. This offers new
opportunities for the integration of ferroelectric films in non-volatile memory devices such as capacitor-based
random access memories, ferroelectric field-effect transistors and ferroelectric tunnel junctions [18, 19, 20, 21].

Bringing these two breakthroughs together, the integration of ferroelectric thin films on graphene could
further enable the use of graphene in non-volatile memories [22, 23], as well as opening up opportunities
for the non-volatile control of graphene’s SOC-mediating properties, amongst other applications. To-date,
the integration of ferroelectrics on graphene is sparse, mostly focusing on spin-coated polymers [24] or the
exfoliation of graphene onto perovskite substrates [25] or, most recently, ferroelectric HZO thin films [26]. For
the chemical vapour deposition (CVD) of graphene, where large-scale, single-layer graphene (SLG) can be
reliably deposited on various metal substrates [27], subsequent transfer of the film can lead to a deterioration
in material quality [28], while also losing any scaling benefits and the precise control over interface properties.
In this paper, we demonstrate the direct integration of a Hf0.5Zr0.5O2 (HZO) ferroelectric thin film onto CVD-
grown graphene via atomic layer deposition (ALD). This finding opens up new possibilities for the engineering
of layer stacks containing graphene, while maintaining the advantages of large (mm)-scale integration and a
high material quality.

2 In-situ methods for nucleation on the graphene surface

2.1 Film deposition and characterization

Some studies in literature have focused on the deposition of various dielectric materials on graphene (Gr)
and other 2D materials, as summarized in reference [29]. The deposition depends sensitively on surface
functionalization, precursor and oxidant choice, and temperature.

HZO films discussed here were deposited with HyALD and ZyALD as Hf and Zr precursor, respectively.
These precursors cannot be used with H2O as an oxidant, which has been shown to have good wetting of Gr
at lower temperatures, so that physisorption can be used in the absence of chemisorption to promote film
growth [30]. Of the remaining oxidants, O3, while demonstrated to functionalize the Gr surface at room
temperature, is damaging to SLG at elevated temperatures such as those required for ferroelectric deposi-
tion [31]. Furthermore, the choice of oxidant has been shown to limit the temperature range in which the
ferroelectric orthorhombic phase can be formed [32], and for applications in spin-orbitronics which exploit
interfacial effects, lower temperatures are needed to prohibit intermixing of Co and Pt [33]. Therefore, a
method was developed using a remote O2 plasma as an oxidant, with the plasma source located around 30
cm from the substrate. Under these conditions, the damage to SLG should be minimised [34].

Figure 1 shows the results of an atomic force microscopy (AFM) and grazing incidence X-ray diffraction
(GIXRD) study on in-situ nucleation methods on the Gr surface of Gr/Pt(111) stacks, with a Pt thickness of
30 nm. An AFM map of the pristine Gr surface before any deposition is shown in figure 1a. For the first three
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(a)

(b)
(e)

(c) (d)

Figure 1: AFM study of in-situ nucleation steps: (a) pristine Gr surface before any nucleation; (b) after
three extended cycles HyALD with O2 as oxidant and 110 cycles of HZO deposition; (c) after 3 cycles TMA
with H2O as oxidant; (d) full AFM map from (c)(the white dotted lines indicate the reduced area) with
probable step edges marked with red dashed lines. (e) GIXRD scans of HZO films deposited after 3 cycles
(green) and 6 cycles (blue) of Al2O3deposition.

deposition cycles the HyALD precursor residence time was increased to promote chemisorption, followed by
deposition of HZO and finally Al2O3 for crystallization (full details are given in methods). A subsequent
AFM map was recorded and is shown in figure 1b. While no conformal film was deposited, decorated lines
appear, indicating enhanced reactivity at some sites on the Gr surface. The size of these features, (1-2 µm),
is consistent with step edges previously observed in scanning tunneling microscopy (STM) experiments on
similar films [33]. Depending on the ALD precursor used, the energy barrier for chemisorption is increased
[35] and thus nucleation may be favoured only at more reactive sites, such as these step edges. The roughness
is similar for both the pristine Gr surface and the surface in 1b, at around 0.35 nm, which is slightly higher
than a single step edge in Pt(111), 0.238 nm [36].

In a second experiment, a seed layer of Al2O3 was deposited, followed by 11 nm HZO and a capping
layer for crystallization. For the seed layer only, a lower growth temperature of 150◦C was employed. For
Al2O3 deposited with a trimethylaluminum (TMA) precursor, H2O can be employed as an oxidant and
deposition can occur at a reduced temperature, so that enhanced physisorption of water molecules can assist
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in nucleation on the Gr surface [30]. In these samples, the metal substrate is expected to play a role in the
ALD process by further increasing wetting of the surface by H2O [37]. The lower temperature brings an
additional benefit of reducing any possible damage to the underlying Gr layer.

Figure 1c shows an AFM map of the sample surface after 3 deposition cycles of the Al2O3 interlayer.
Line defects (such as step edges) in the Gr layer also increase the wettability, which explains why there are
some regions of thicker deposition, as indicated by the red dashed lines on the larger-scale image in figure 1d,
which are of similar size and structure to the features seen in figure 1b. Furthermore, the increased average
roughness of 0.69 nm reveals the improved surface coverage, pointing to a more efficient nucleation even after
very few ALD cycles. The slight deviations in height appear to reduce as the film thickness increases, and are
absent in scanning electron microscopy (SEM) and AFM images of the full film, as shown in supplementary
figure S1, where the roughness is slightly reduced again to 0.52 nm.

In order to assess the ferroelectricity of the deposited HZO, GIXRD measurements were performed.
Figure 1e shows 2θ scans for ∼ 15 nm films deposited after Al2O3 nucleation for 3 cycles (green) and 6 cycles
(blue), measured after annealing. Crystalline peaks of HZO first appear after 6 nucleation cycles, suggesting
that below this, nucleation on the surface with H2O is incomplete. After 6 cycles, crystalline peaks can be
observed in the GIXRD scan, indicating the HZO is composed of a mixture of the non-ferroelectric monoclinic
(m-)phase, ferroelectric orthorhombic (o-)phase and antiferroelectric tetragonal (t-)phase. The main peak
in the GIXRD scan is at around 31◦, which is consistent with literature values for a mixed o-/t-phase, while
a significant m-phase portion is still visible at 28◦ and 32◦.

2.2 Electrical characterization of in-situ nucleated films

After observation of the o-phase in the deposited films, electrical polarization-voltage (P-V) and current-
voltage (I-V) measurements were performed for confirmation of their ferroelectricity, as presented in figure
2. First, capacitors were formed on the whole stack, shown schematically in figure 2a, with the Al2O3

capping layer intact. Capacitors were defined with diameters of 200 µm (as described in methods). The I-V
(solid lines) and P-V (dashed lines) characteristics of such a device are plotted in figure 2b, measured via
a dynamic hysteresis measurement (DHM) with the pulse train shown in the inset. The voltage was varied
from 10-14 V. Below this voltage range, no ferroelectric switching peaks are visible, while above 14 V the
sample breaks down, resulting in a large leakage.

The sample demonstrates asymmetric switching properties, with a positive/negative coercive voltage

V
+/−
c of +5.7/-7.2 V and remanent polarization P

+/−
r of +3.1 and -3.3 µC/cm2, respectively. The high co-

ercive voltages are related to the Al2O3 layers surrounding the HZO [38]. Since the plotted voltage is applied
across the whole stack (including Al2O3), a certain voltage is dropped across these interlayers, depending
on their dielectric constant and thickness, which decreases the voltage drop across the FE layer and thus
increases the apparent coercive voltage extracted from I-V and P-V curves. Further, the imprint observed
(shift to negative voltages along the voltage axis) indicates an internal bias field in the sample, which can be
related to fixed charges generated during annealing [39], either in the interfacial layers or the HZO, as well
as the inherent asymmetry caused by the fabrication flow of the sample.

To confirm this, the top Al2O3 layer was etched away and additional top electrodes deposited on the same
sample, as shown schematically in 2c. When the same DHM experiment is repeated (figure 2d), the coercive

voltage is reduced to V
+/−
c = +2.7/-4.5 V and the remanent polarization increased to P

+/−
r = +10.3/-8.9

µC/cm2. These improvements can be directly linked to the removal of one interfacial layer, with a reduced
depolarization field leading to a higher Pr and a larger voltage drop across the ferroelectric producing a
lower apparent Vc. The imprint effect remains, which hints towards vacancies created within the HZO layer
itself, likely due to oxygen scavenging from the top and/or bottom Al2O3 layers, as the main cause of the
observed internal bias field.
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(a) (b)

(c) (d)

Figure 2: Electrical characterization of HZO films: (a) schematic and (b) measured switching characteristics
of devices with the Al2O3 capping layer intact (inset: DHM pulse sequence, with blue dashed lines high-
lighting the pulses plotted here); (c) schematic and (d) measured switching characteristics of devices after
etching away of top Al2O3 layer

Finally, the experiment described here was repeated on a sample with a lower HZO thickness (10 nm).

As shown in supplementary figure S2, this leads to an expected increase in remanent polarization to P
+/−
r

= +7.77/-7.89 µC/cm2. However, the devices broke down at 10 V before full switching could occur, so that
Vc could not be properly estimated.

In both cases, the devices broke down after a single switching cycle, and some were shorted even during
the first measurement. This fast breakdown is attributed to pinholes in the nucleation layer (figure 1c) which
can propagate through the HZO and cause shorts. Such pinholes were observed in SEM images of the final
samples, as shown in supplementary figure S1b. This presents a clear need for the improvement of the film
quality. One possibility is increasing the conformality of the Al2O3 layer by careful control of the precursor
pulse and purge times, and further reducing the deposition temperature [30]. Nonetheless, the thickness of
the nucleation layer is clearly critical in increasing the device coercive voltage as well as the stability of the
resulting ferroelectric state, and in general, deposition of conformal Al2O3 on Gr requires relatively thick
oxides of several nms [40].
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3 Ex-situ methods for nucleation on graphene

3.1 Film deposition and characterization

(a) (b)

Figure 3: Structural characterization of ex-situ nucleated HZO films: (a) 2Θ scans of HZO films deposited
on two different stacks with Ta as a nucleation layer; (b) High resolution annular bright field STEM image
of the stack deposited on Pt (111).

To that end, another approach was investigated, where the nucleation layer for HZO is an ex-situ de-
posited transition metal which oxidizes in atmosphere before the ALD process. For this experiment, a 2
nm layer of Ta was deposited on the Gr/Co/HM(111) [10] as described in methods. Previous transmission
electron microscopy measurements, not shown, indicate that this thin layer of Ta becomes fully oxidised upon
exposure to atmosphere. Then, 11 nm HZO and 2 nm Al2O3 were deposited and annealed as before. GIXRD
and high-resolution scanning transmission electron microscopy (STEM) measurements on these samples are
presented in figure 3.

Ferroelectric o-/t-phase peaks were observed in GIXRD scans, as shown in figure 3a. Notably, a slight
reduction is seen in the non-ferroelectric monoclinic peaks at ∼ 28◦ and 32◦. The relative intensities of m-
and o-phase are well-known to depend on the underlying substrate [41] and the corresponding strain state
of the HZO layer [42].

Also visible in figure 3a is a significant shift of the HZO peaks, which indicates an altered strain state
in films deposited on stacks with a different heavy metal element (blue: Ir/ green: Pt). These observations
demonstrate that the underlying substrate is providing the template for the crystal properties of deposited
HZO. Thus, having careful control over the metallic stack supporting the Gr allows us to tune both the
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ferroelectric properties and quality of the deposited HZO.

A high-resolution annular bright field STEM image of the stack deposited onto Pt(111) is represented
in figure 3b. The HZO layer is polycrystalline, while the Ta oxide capping layer appears amorphous. Low
magnification images (not shown) exhibit continuous layers over long lateral distances, with relatively even
thicknesses. No major interfacial intermixing due to the processing of the FE layer can be detected from
these images. This was verified on a larger scale, as demonstrated in figure S3a, and the chemical composi-
tion of the films was measured with electron energy-loss spectroscopy (EELS, figure S3b), further confirming
that the deposition method leaves the underlying stack intact.

3.2 Electrical characterization of ex-situ nucleated films

Capacitor structures were defined as for the previous samples, directly on samples with the Al2O3 capping
layer etched away. Electrical characterization of these capacitors are presented in figure 4. Switching peaks
were observed at a much lower maximum applied voltage Vmax of <5 V, as shown in the switching IV curves
shown in 4a. In these measurements, a significant leakage current was observed, particularly at Vmax =
5 V. One cause of this leakage current could be a scavenging of oxygen from the HZO by the underlying
sub-stoichiometric TaOx layer.

Endurance measurements, that is switching measurements with intermediate cycling, were performed at
4.5 V and a measurement frequency of 1 kHz, to avoid early breakdown of the devices due to leakage and
high switching currents. Cycling was performed with square pulses at 100 kHz. For these measurements, a
PUND (positive up, negative down) pulse train, as shown inset in figure 4b, was applied. This method allows
us to separate switching from non-switching contributions to the current, i.e. the dielectric displacement
current and the significant leakage observed previously.

As can be seen from figures 4b & (c), capacitors display ferroelectric behavior with P
+/−
r up to +6.44/-

4.37 µC/cm2 and V
+/−
c of +2.02/-1.87 V. The films endure up to 104 switching cycles at 4.5 V before

breakdown, however, the switching current is seen to reduce over time. The decrease of ferroelectricity with
cycling, known as fatigue, is common in all HZO films, but is pronounced in these devices, with the switching
completely lost after about 50 switching cycles. This corresponds with a shift in Vc to more negative voltages,
i.e. a negative imprint. The presence of imprint as the film fatigues hints that the reduction in ferroelectricity
is linked to the redistribution of charges within the layer stack and subsequent domain pinning [43]. Further,
looking at the negative switching curves in figures 4a and 4b, the hysteresis may not be fully saturated at
the applied field. Larger fields are above the dielectric breakdown of the film. In order to attain an improved
endurance, both the interlayer properties and HZO film quality should be improved, to reduce internal fields,
increase the breakdown strength and avoid pinning of domains by charged defects. One significant source of
charged defects could be the aforementioned oxygen scavenging of the nucleation layer.

4 Post-deposition sample characterization

4.1 X-ray characterization of metallic stacks

Figure 5 shows the X-ray analysis of the film stacks before and after HZO deposition. In panel a, X-ray
reflectivity (XRR) measurements show the appearance of well-defined intensity oscillations due to the inter-
ference between reflected x-rays at the different interfaces of the heterostructure, demonstrating the presence
of abrupt interfaces, also after HZO deposition. Besides the Al2O3[0006] crystallographic reflection from
the substrate (at 2θ = 41.7◦), θ− 2θ diffraction patterns in panel b recorded in the heterostructures present
an intense peak centered at 2θ = 39.8◦, which corresponds with Pt[111]. Despite the reduced Co thickness,
we could observe a further peak at 2θ = 44.2◦ due to the relaxed out-of-plane Cofcc[111]. Panel c presents
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(a) (b)

(c)

Figure 4: HZO deposition on Ta nucleation layer: (a) 2Θ scans of HZO films deposited on two different stacks
with Ta as a nucleation layer; (a) IV switching curves on pristine, prepoled capacitors (inset: pulse train,
with blue dashed lines indicating plotted pulses) and (b) I-V and (c) P-V endurance curves extracted from
PUND measurements over 104 switching cycles (inset: PUND pulse train), for the HZO on Pt(111)/Co/Gr
sample.

the rocking curves around the Pt[111] reflection proving that HZO deposition does not induce additional
structural disorder in the Pt structure. In summary, the XRD measurements demonstrate the epitaxial
growth of the Pt and Co layers, which grow (111)-oriented on top of the Al2O3 (0001) substrate. After HZO
deposition, contributions from Pt and Co remain unchanged, indicating the preservation of the structural
properties of the stack after the ALD proccess.

4.2 Magnetic hysteresis measurements on HM/FM/Gr/HZO stacks

The magnetic properties of the samples were ex-situ investigated at RT by means of magneto-optical Kerr
effect (MOKE) magnetometry in polar geometry. In precedent works, we have demonstrated that on both
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Figure 5: XRD analysis of the films before and after HZO deposition: (a) XRR measurements and (b) θ−2θ
diffraction patterns recorded in the Gr-based heterostructures before and after the HZO deposition. (c)
Rocking scans around the Pt(111) reflection before and after ALD.Sharp contribution at 37.5º(*) corresponds
with Al2O3[0006] reflection at Cu K-β energy.

Pt and Ir HM buffers, the samples present a well-defined PMA for Co layer thinner than 4 and 2 nm for
Pt and Ir buffers, respectively. In this range of thicknesses, the hysteresis present sharp transitions and a
remanence magnetization (i.e., at zero field) almost 100% of the magnetization saturation value (MS , i.e. at
field larger than the anisotropy field), as well as large coercive fields. By combining Kerr, X-ray magnetic
circular dichroism, high-resolution transmission electron microscopy and ab-initio modelling, we previously
ascribed such behavior to a large magnetic anisotropy due to the anisotropy of the orbital moment, which is
of interfacial nature [11].

Figure 6 shows the out-of-plane magnetization component Mz normalized to the saturation value MS

as a function of the applied perpendicular magnetic field µ0Hz acquired in several samples, before and after
the ALD deposition of the ferroelectric HZO layer. The measurements demonstrate that the samples posses
PMA both without (blue filled squares) and with (empty black circles) the HZO layer, presenting sharp and
abrupt magnetization reversals, large coercive field, and fully remanence magnetization state. The cycles
before and after the HZO deposition in the stacks with Pt-buffers in figure 6a and 6b) are similar and do
not present relevant differences, indicating that the Gr stays intact during the ALD deposition and thus the
expected PMA enhancement at the Gr/Co interface is observed, along with the expected dependence on Co
thickness.
Nonetheless, in the case of Gr/Co/Ir(111) (figure S4 in Supp. Info.), we notice a slight increase of coercive
field after the ALD deposition of the HZO, which is probably due either to a minor partial oxidation of Co
(this may be due to some damage of the underlying Gr layer) or Co/HM intermixing (this may be favored
by the elevated deposition temperature used for the ALD growth and subsequent annealing, to be further
investigated). This effect is greatly reduced in Gr/Co/Pt(111) samples (figure 6a and 6b). In any case, the
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strong similarity in PMA before and after deposition indicates that these are both minor effects, which do
not substantially affect the overall magnetization reversals behavior of the Gr/Co system.

(a) (b)

Figure 6: Magnetic hysteresis measurements on full stacks: Out-of-plane magnetization component Mz

normalized to the saturation value MS as a function of the applied perpendicular magnetic field µ0Hz

acquired by magneto-optical (polar) Kerr magnetometry before (blue filled squares) and after (empty black
circles) the ALD deposition of the ferroelectric HZO for: (a) 2 nm Co layer between Gr and Pt(111); (b) 4
nm Co layer between Gr and Pt(111)

5 Conclusion

Deposition of ferroelectric HZO on graphene was demonstrated utilizing both an in-situ and an ex-situ nu-
cleation layer method. The optimised in-situ method employed 6 cycles of a low-temperature Al2O3 film
deposited with H2O as an oxidant, providing good wetting of the graphene layer which enabled subsequent
film deposition. However, high coercive voltages come from the thick interfacial films, and low endurance
is attributed to pinholes, which would require even thicker layers to remove. An ex-situ deposited Ta film,
oxidised in atmosphere, provides uniform coverage and an adequately reactive surface for the deposition of
HZO. In this case, the films could be switched at < 5 V, with 2Pr values of ∼ 11 µC/cm2, and the films
could be switched for several cycles, although the polarization decreased with cycling.

Through utilizing a substrate which exhibits interfacial perpendicular magnetic anisotropy in contact
with graphene, magnetic hysteresis measurements allowed us to characterize this effect both before and after
the ALD deposition of HZO. Both curves showed sharp magnetization reversals and large (∼50-75 mT)
magnetic coercive fields, with the coercive field after deposition increasing slightly due to intermixing effects
which occurs during the HZO deposition and anneal. This proves that the ALD process leaves the Gr layer
intact, and demonstrates the possibility of applying this process in spin-orbitronics applications combining
ferromagnetic and ferroelectric materials.

These first results open up pathways for investigating the integration of HZO and other HfO2-based
ferroelectrics directly on graphene. Through careful tuning of the interlayer properties and ALD deposition
parameters, the ferroelectric film properties such as remanent polarization and endurance can be further
improved. Combined with recent advances in the CVD growth of graphene on insulating substrates [44] or
on semiconductor materials such as Ge [45], this could enable the transfer-free processing of graphene as a
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channel material in non-volatile memories and various spintronic devices. Finally, depositing the interlayer
atop graphene via physical deposition makes this method versatile for different substrates, whereby the
ferroelectric properties can also be tuned depending on the supporting stack.

6 Experimental Section

6.0.1 Chemical Vapor Deposition of Graphene on Pt(111)

To obtain high-quality epitaxial Gr we utilized a chemical vapor deposition (CVD) method in ultra-high-
vacuum (UHV) condition [33]. In constrast to exfoliation methods, we followed a UHV growth and in-situ
characterization procedure, enabling the electronic and chemical control of the Gr interfaces while avoiding
contamination, which are known to affect the overall transport properties. The fabrication of the samples
was monitored by in-situ surface analysis at each stage of the growth, which consisted first in the deposition
of 10 nm-thick, epitaxial, single-crystal, heavy-metal buffer (i.e., Pt(111) or Ir(111)) by dc sputtering at
550 K onto commercial SrTiO3(111) single crystal substrates. The HM buffers present a crystal quality
equivalent to Pt(111) and Ir(111) single crystals, as verified by x-ray diffraction measurements (not shown
here).

Then, epitaxial monolayer graphene was grown in-situ by ethylene chemical vapour deposition at 1025 K
on top of the buffers. In the case of the Pt(111) buffer, the LEED and STM analyses indicate the presence of
multi-domain Gr flakes (i.e., domains oriented ±15º). Instead, Gr grown on the Ir(111) buffers presents the
well-known “10x10” moiré pattern that is due to the incommensurate unit cells of Ir and Gr. The difference
between the two cases is mostly related to the different interaction of Gr with the two heavy metals, Gr-Ir
being the more intense. The details of the growth and characterization of the epitaxial stacks are reported
in [33]. The epitaxial Gr/HM(111) onto SrTiO3(111) systems are then used for the ferromagnetic Co layer
intercalation, as discussed in the following section.

6.0.2 HM/Co/Graphene/Ta stack deposition

To incorporate a ferromagnetic layer into the epitaxial system described above, we resorted to the thermally
activated intercalation method as reported in [33]. In brief, Co was evaporated on top of Gr by molecular
beam epitaxy (MBE) at RT with a deposition rate of 0.3 Å/s monitored by an in situ quartz balance. Then,
in order to favor the penetration of Co atoms underneath the Gr layer, a low-temperature anneal was applied
to activate the intercalation process. Surface microscopy and in-situ spectroscopy experiments revealed that
the intercalated Co is pseudomorphic with the metallic substrates, epitaxial and (111)-oriented, as well as
homogeneous (over ∼ µm2) underneath Gr. In addition, these studies demonstrated that i) the Gr efficiently
protected the Co from oxidation, and ii) at annealing temperature higher than 600 and 650 K for Pt and It
respectively Co/HM intermixing occurs.

Finally, for some samples, we deposited by in-situ dc sputtering at RT 2 nm thick Ta layer on top of the
final structure in order to investigate the HZO layer nucleation on Gr and to protect the underlying Co from
oxidation.

6.0.3 Atomic Layer Deposition of Hf0.5Zr0.5O2/Al2O3

Films were deposited in an Oxford OpAL ALD system. First, where applicable, Al2O3 as a nucleation layer
was deposited at 150◦C with TMA as the precursor and H2O as the oxidant. Next, the temperature was
ramped up to 250◦C, for deposition of the HZO and subsequent Al2O3, with HyALD/ZyALD/TMA as the
Hf, Zr and Al precursors, respectively. For HZO films, the oxidant used was a remote O2 plasma, at a power
of 300 W and with the source located ∼30 cm from the substrate; for Al2O3, H2O was employed as the
oxidant. The HZO films were deposited at a layer ratio of 1:1 with an approximate growth rate of 1 Å/cycle.
HyALD and ZyALD pulse times were 2s, increased to 3s during the first nucleation experiment. The HZO
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thickness was varied by changing the number of cycles, while the Al2O3 capping layer for crystallization was
kept constant at a nominal thickness of 2 nm.

Samples were annealed for 5 s at 600◦C in an AST SHS-2800 RTP under N2 atmosphere for crystallization
of the HZO.

6.0.4 Atomic Force Microscopy measurements

AFM was performed in atmosphere on a Bruker Dimension XR microscope in tapping mode, with a Nanosen-
sors Point-Probe PPP-NCHR tip of 7 nm radius.

6.0.5 X-Ray Diffraction measurements

For GIXRD, 2θ scans were measured in a Bruker D8 Discover XRD system with a Cu K-α1 X-ray source,
a Göbel mirror and 0.2 mm divergence slit on the primary side, and a 2.5◦ Soller slit on the secondary side.
The source was set to an angle Ω = 0.45◦ to the sample surface.
X-Ray Reflectivity (XRR), X-ray diffraction (XRD) θ−2θ measurements and rocking-scans were performed in
a parallel beam geometry by using a commercial Rigaku SmartLab SE multipurpose diffractometer equipped
with a Cu K-α source (λ = 0.154nm), a cross beam optics system and a D/Tex Ultra 250 1D silicon strip
detector. The measurements were performed with a 2.5◦ Soller slit and a 2 mm length limit slit at the
primary side and a second 2.5◦ Soller slit at the secondary side.

6.0.6 Capacitor fabrication

10 nm Ti and 25 nm Pt were deposited via e-beam evaporation under high vacuum through a shadow mask
to form dots for the capacitors. Capacitors were either deposited on the Al2O3 layer, or directly to the HZO
by first etching the samples for 90 s in AZ 300 MIF developer at room temperature before metallization.

6.0.7 Electrical characterization

DHM measurements were performed on an Aixacct TF3000 ferroelectric prober, at a frequency of 10 kHz.

IV switching and PUND measurements were performed using PMUs controlled by Keithley 4225 RPMs
on a Keithley 4200 semiconductor probe station. The frequency for both switching and PUND measurements
was 1 kHz, and no time delay was applied between subsequent PUND pulses. In endurance measurements,
the device was cycled with square pulses at 100 kHz.

6.0.8 Scanning transmission electron microscopy and electron energy-loss spectroscopy

Electron microscopy observations were carried out in a JEOL ARM200cF microscope equipped with a CEOS
spherical aberration corrector and a Gatan Quantum EEL spectrometer at the Centro Nacional de Micro-
scopıa Electronica (CNME) at the University Complutense of Madrid. Specimens were prepared by conven-
tional methods, including mechanical polishing and Ar ion milling.

6.0.9 Polar Kerr Magnetic hysteresis measurements

The RT vectorial-Kerr experiments were performed in polar configuration by using p-polarized light (with
632 nm wavelength) focused on the sample surface and analyzing the two orthogonal components of the
reflected light as function of the magnetic field applied along the sample out-of-plane (ẑ) direction. This
enables the acquisition of the hysteresis loops of the out-of-plane magnetization components, MZ , which has
been normalized to the magnetization saturation MS .
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Figure 7: *
Direct integration of a Hf0.5Zr0.5O2 layer on heavy metal/Co/single-layer graphene stacks was investigated
via atomic layer deposition, utilizing different nucleation layers to enhance reactivity at the graphene surface.
These films showed ferroelectric switching, while maintaining the perpendicular magnetic anisotropy of the
underlying stack, indicating that the graphene and preceding interfaces stay intact and of high quality.
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Atomic layer deposition of ferroelectric Hf0.5Zr0.5O2 on single-layer,

CVD-grown graphene - Supplementary Figures

November 22, 2021

(a)

(b)

Figure S1: Structural characterisation of final deposited films: (a) AFM and (b) SEM image of
Hf0.5Zr0.5O2/Al2O3 films after crystallisation anneal. In (b) a pinhole can be seen in the film.
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(a)

Figure S2: Electrical measurements on 10 nm HZO on an Al2O3 nucleation layer: Polarization-voltage and
Current-voltage curves measured at Vmax = 8-9 V. At 9 V, ferroelectric switching is observed. Above this,
the devices break down. This can be attributed to pinholes in the nucleating Al2O3 layer (figure S1)

(a) (b)

Figure S3: Cross-section STEM-EELS study of deposited films: (a) high resolution annular bright field
STEM images of the full stack (HZO deposited on Pt(111)/Ta/Co/Gr), showing thickness homogeneity and
the polycrystalline structure of the HZO film; (b) (Left) High angle annular dark field STEM image of the
stack. A green rectangle shows the area where an EEL spectrum image was acquired. (Right) EELS maps
showing the spatial distribution of the Hf, Zr, Ta, Co ant Pt elemental signals, extracted from the analysis
of the absorption edges marked on the panels. The scale bars represent 10 nm in all cases.
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(a)

Figure S4: Magnetic hysteresis measurements on full stacks: Out-of-plane magnetization component Mz

normalized to the saturation value MS as a function of the applied perpendicular magnetic field µ0Hz

acquired by magneto-optical (polar) Kerr magnetometry before (blue filled squares) and after (empty black
circles) the ALD deposition of the ferroelectric HZO for (a) 1.5 nm Co layer sandwiched between Gr and
Ir(111) buffer.
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