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Free-standing layers of nanoscale thickness are essential in numerous applications but challenging to fabricate
for all but a small selection of materials. We report a versatile, chemical-free pathway of exfoliating centimeter-
sized free-standing nanolayers from Si(100) with native oxide based on the spontaneous delamination of thin Ru
and Ru-based films upon annealing at temperatures as low as 400 °C. Combining results from x-ray photoelectron
spectroscopy (XPS), and transmission and scanning electron microscopy (TEM, SEM), we identify that the
element Ru, a thin SiO2 layer, and the Si(100) substrate are essential ingredients for the delamination and
propose a stress-based mechanism to explain the effect. The diffusion of Si into the layer upon annealing leads
to the formation of a Ru-Si compound at the thin-film side of the Ru/Si(100) interface and pyramidal cavities
in the Si(100) substrate. Moreover, the uptake of Si results in an increase in layer thickness and the buildup
of in-plane compressive stress, which is reduced by local buckling and finally by the separation of the full
layer from the substrate at the SiO2-Si(100) interface. The use of a thin Ru-buffer layer allows us to apply this
delamination process to produce free-standing nanolayers of Mo and HfMoNbTiZr in this simple, chemical-free,
and vacuum-compatible manner. These results indicate the potential of the reported effect for the fabrication of
free-standing layers using a wide range of compositions, deposition techniques, and growth conditions below
the onset temperature of delamination.

DOI: 10.1103/PhysRevMaterials.6.043402

I. INTRODUCTION

Thin free-standing membranes are indispensable in techno-
logical applications such as frequency filters [1–3], advanced
electronics [4,5], gas-separation membranes [6,7], or transpar-
ent sheets for short-wavelength radiation [8–11]. They also
find application in catalysis [12,13], as electrodes in advanced
battery concepts [14–16], and as interconnects [17]. Each of
these applications has its own, demanding set of requirements
to the respective free-standing films. Customized materials
are thus required for good functionality. Manufacturing cus-
tomized layers in a reproducible way is challenging and often
requires complex processing and the intensive use of chem-
icals, for example for the chemical removal of the entire
substrate after depositing the thin films. New, chemical-free
ways of producing free-standing films would contribute to
developing simpler and more sustainable production methods
with a better environmental footprint and potentially a lower
price.

The production of free-standing layers typically starts with
the deposition of a thin film on the substrate of choice. Thin-
film growth is typically accompanied by the buildup of stress,
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which finds its origin in intrinsic and extrinsic sources [18,19].
Intrinsic stress is attributed to the formation of defects in the
layer during grain growth and to the coalescence of grains. It
increases with film thickness and is specific to the combina-
tion of deposited material, substrate, and growth conditions
[18]. Extrinsic stress components, on the other hand, are not
directly related to the atomic-scale structure of a film, but
originate for example in the difference in thermal expan-
sion coefficients between the substrate and a film deposited
at elevated temperature [19,20]. The superposition of these
stress components compromises the adhesion of the film to
the substrate and can lead to failure in the form of crack-
ing or uncontrolled delamination if a critical stress value is
exceeded.

The stress in a layer of a defined phase and composition
varies substantially if its density and structure are modi-
fied by processes such as diffusion, intercalation [21], phase
transformations [19], and compound formation [22,23]. The
formation of silicides by annealing thin films of transition
metals deposited onto Si is a good example of this process
[24]. The formation of a silicide by Si diffusion typically
leads to compressive stress in the layer due to the addition
of material, which usually requires a volume expansion to
match the different density of the compound formed. Various
relaxation mechanisms may lead to a reduction of the total
stress in the film [25].

In this article we report the observation that Ru-based
metal films on native-oxide-terminated Si(100) substrates de-
laminate spontaneously at the Si(100)-SiO2 interface upon
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annealing at approximately 400 °C, yielding centimeter-scale
free-standing layers with thicknesses starting at 20 nm. We
further observed that a Ru silicide phase was formed by Si
diffusion through the native SiO2 layer during annealing. The
uptake of Si substantially increased the equilibrium volume
of the film, adding a strong compressive component to the
stress in the layer and at the interface. We propose that this
buildup of compressive stress is at the root of the delamination
and causes the Ru-Si/SiO2/Si(100) stack to cleave at the Si-
SiO2 interface. This mechanism reconciles our observations
on thin films of various thicknesses and compositions, grown
using two different techniques. Moreover, we demonstrate
that Mo and HfMoNbTiZr films on Si(100) with an ultrathin
Ru silicide buffer layer follow the same delamination pattern,
indicating a potential application of the reported Ru-based
delamination for the chemical-free exfoliation of customized
free-standing metal layers via a versatile, vacuum-compatible,
and environmentally friendly process.

II. METHODS

Sample preparation: Pure Ru, Mo, and Ru100−xMox alloy
thin films were sputter-deposited onto p-doped Si(100) sub-
strates with native oxide using a Polyteknik Flextura M506 S
system. The substrates were cleaned with a sequential ultra-
sonic bath of acetone and isopropanol; the native oxide of
Si was not removed prior to deposition. The base pressure
of the system was approximately 1.0 × 10−7 mbar. Pure Ru
and Mo thin films were deposited by DC sputtering with
a power of 200 and 75 W and Ar background pressure of
2.0 × 10−3 and 1.33 × 10−2 mbar, respectively. Ru100−xMox

alloy thin films were co-deposited from separate sources by
RF and DC sputtering, respectively, with an argon background
pressure of 2 × 10−3 mbar. During deposition, the substrates
were kept at room temperature and rotated in order to optimize
the homogeneity of the deposition. The Ru silicide reference
sample was synthesized by depositing a 25 nm thick Ru thin
film onto clean Si(100) substrates with native oxide by pulsed
laser deposition using a KrF excimer laser at an energy density
of 7.5 J/cm2 and laser repetition rate of 10 Hz. A 99.95%
pure Ru target (Alineason Materials Technology GmbH) was
used for the deposition process. The substrate was kept at
room temperature and the background deposition pressure
was 1.0 × 10−9 mbar. The Ru thin film was subsequently
annealed at 550 ◦C to ensure homogeneous conversion of the
entire film to Ru silicide [26]. HfMoNbTiZr thin films were
deposited with pulsed laser deposition in 4.0 × 10−2 mbar Ar
background pressure at an energy density of 11.0 J/cm2 and
a laser repetition rate of 10 Hz. A custom-made HfMoNbTiZr
(20:20:20:20:20 at.%) target was used for the deposition
process.

X-ray photoelectron spectroscopy: The step-by-step XPS
investigation of the delamination process was performed
in situ in a UHV setup (base pressure better than 1.0 ×
10−9 mbar) equipped with a Scienta Omicron R4000 HiPP-3
analyzer (swift acceleration mode, 1 mm slit entrance) and
a monochromatic Al-Kα source (1486.6 eV). An as-grown
Ru thin film (thickness approximately 100 nm) was loaded
in the setup via a load lock: the annealing treatment was
performed in UHV at approximately 400 °C with a radiative

heater; the temperature was measured both with a thermocou-
ple and a pyrometer. The delamination of the Ru thin film
was performed directly in UHV with carbon tape, allowing
the XPS measurement of the film-substrate interface side of
the delaminated layer and bare substrate separately, avoiding
any surface contamination due to air exposure. Survey spectra
were recorded at 500 eV of pass energy (PE), while detailed
spectra were recorded at PE = 100 eV.

Scanning electron microscopy: SEM measurements were
performed using a FEI Verios 460 SEM system with a Schot-
tky field electron gun. The SEM micrographs were taken at
an electron energy of 5 keV and a beam current of 100 pA.
The immersion field mode was used in order to optimize the
spatial resolution.

Transmission electron microscopy: Cross sectional speci-
mens of the Ru47Mo53 thin film were prepared with an FEI
Helios G4 CX dual beam system at 30 kV ion energy and pol-
ished at 5 and 2 keV to remove residual surface damage. These
specimens were analyzed with a double-aberration-corrected
FEI Themis Z scanning transmission electron microscopy sys-
tem at 300 kV. EDX spectrum mapping was performed with a
probe current of 1 nA, where the spectra were recorded with
a Dual-X system, providing in total 1.76 sr EDX detector.

III. RESULTS AND DISCUSSION

Figure 1 depicts a schematic of the observed delamination
of Ru thin films upon annealing. After sputter deposition
of Ru on native-oxide terminated Si(100), as described in
the Methods section, the 20 to 200 nm thick Ru films were
found to detach completely from the substrate upon annealing
at 400 °C. This delamination was characterized by visible
changes in the appearance of the films. The film surface
developed visible patches of lower reflectivity and higher
apparent roughness. These modified areas expanded, propa-
gating across the sample on a timescale of several seconds
and finally leading to a changed appearance of the entire film
(see movie in the Supplemental Material [27]). What seemed
to be a roughening transition was concomitant with a loss of
adhesion between the substrate and the entire Ru layer. The
resulting free-standing nanolayers were harvested from the
substrate using adhesive tape. For thicknesses of 100 nm and
higher, centimeter-sized flakes were directly exfoliated with
tweezers, as shown in Fig. 1(c).

The composition and chemical properties of the exposed
Si(100) substrate and the thin-film side of the Ru/Si(100)
interface were investigated in situ after delamination of a
100 nm thick Ru film in ultrahigh vacuum (UHV) by means of
x-ray photoelectron spectroscopy (XPS). The survey spectrum
of the 100 nm thick Ru film (Fig. S1 [27]) shows only peaks
corresponding to Ru and oxygen, which was present due to
exposure to air before annealing, whereas Ru, O, and Si were
observed at the thin-film side of the interface (Fig. S2 [27]).
Figure 2(a) shows the XPS spectra of the extended Ru 3d re-
gion of the as-grown Ru thin film before annealing (black), the
thin-film side of the Ru/Si(100) interface after annealing and
delamination in UHV (red), and a separately prepared, thin Ru
silicide film that was used as a reference specimen (blue). The
spectrum of the as-grown Ru thin film is characterized by the
Ru 3d5/2 peak at a binding energy of 279.9 eV, a doublet peak
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FIG. 1. Sketch of the delamination process. (a) Ru-based thin films (thickness ranging from approximately 20 up to 200 nm) are sputter
deposited onto clean Si(100) substrates with native oxide. (b) Annealing at T ≈ 400 °C causes the delamination of the film from the substrate.
(c) Centimeter-sized free-standing layer (200 nm Ru77Mo23) exfoliated from the substrate with tweezers.

splitting of 4.1 eV, and an asymmetric peak shape, in good
agreement with reports for metallic Ru in the literature [28].
Moreover, the extended Ru 3d region in Fig. 2(a) shows the
presence of a broad plasmon loss feature at a binding energy
value of approximately 312 eV, corresponding to an electron
energy difference of �E ≈ 32 eV with respect to the main Ru
3d5/2 peak.

In the XPS spectra of the thin-film side of the exfoliated
Ru/Si(100) interface (red), the main Ru 3d5/2 peak of the
spectrum is shifted by 0.45 eV towards lower binding energy
with respect to metallic Ru, comparable to the binding energy
shift attributed to the formation of a metal-rich Ru silicide in
the literature [29]. The extended Ru 3d region in Fig. 2(a)
shows a plasmon loss peak at approximately 305 eV (�E ≈
25.5 eV), which is close to its position in the Ru silicide
reference sample at 303 eV (blue). Moreover, the peak shape
of the Ru 3d doublet of the thin-film side of the Ru/Si(100)
interface spectrum in Fig. 2(b) shows a sharp contrast to the
asymmetric shape that is characteristic of metallic Ru (black)

[28], and resembles the symmetric peak shapes of the Ru
silicide Ru 3d doublet (blue). The increased width and shifted
binding energy of the plasmon loss peak at the thin-film side
of the Ru/Si(100) interface compared to the silicide reference
as well as the small residual asymmetry of the Ru 3d peaks
indicate the presence of a small amount of metallic Ru close to
the interface. This comparison indicates a change in electronic
structure with the annealing treatment and suggests the forma-
tion of a nonmetallic Ru silicide at the interface between the
Ru thin film and the substrate. A detailed XPS investigation to
discern the type of silicide that is formed is beyond the scope
of this study.

A survey spectrum of the thin-film side of the Ru/Si(100)
interface reveals the presence of silicon and oxygen (Supple-
mental Material Fig. S2(a) [27]). From the measured XPS
peak area we estimated the relative composition of Ru, Si,
and O in the surface region to be 39.5%, 39.1%, and 21.4%,
respectively, as reported in Fig. 2(c). Variations in probing
depth with different electron kinetic energies were not taken

FIG. 2. XPS results of the Ru layer before and after delamination. (a) Extended Ru 3d region of the as-grown Ru thin film (black), the
thin-film side of the Ru/Si(100) interface after annealing and tape delamination in UHV (red), and a Ru silicide thin-film reference (blue). The
shift of the plasmon loss peak maximum is highlighted in the inset with dashed lines. (b) Ru 3d detailed spectra of the as-grown Ru thin film
(black), thin-film side of the Ru/Si(100) interface (red), and Ru silicide reference (blue). (c) Surface compositions of the thin-film side of the
Ru/Si(100) interface and the Si(100) substrate after annealing and exfoliation in UHV.
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FIG. 3. (a) Schematic summary of the different Ru-Mo thin films investigated. The production of free-standing Ru-Mo nanolayers (sketch
at the bottom) was successful for pure Ru and all alloy compositions in this study (green area). For pure Mo (red line) no delamination was
observed. (b) SEM micrograph of a 200 nm thick Ru77Mo23 film, delaminated upon annealing at 700 ◦C and viewed from the side that had
been in contact with the Si(100) substrate. (c) SEM micrograph of the Si(100) substrate after annealing and exfoliation of the same Ru77Mo23

film.

into account. The detailed spectrum of the Si 2p region
[Fig. S2(b)] shows a small shift of the main Si 2p3/2 peak
of 0.3 eV towards a higher binding energy value compared
to elemental Si, which is in agreement with literature on Ru
silicide [29]. The presence of SiO2 was only observed on
the thin-film side of the delaminated Ru/Si(100) interface,
whereas on the substrate the signal from SiOx species was
below the detection limit in the Si 2p region [Figs. S2(c)
and S2(d)] and the O 1s signal was very low [�2%, see
Fig. 2(c)]. In the region probed by XPS, the thin-film side of
the Ru/Si(100) interface exhibited a ratio of oxidized silicon
to the sum of Ru and total Si of SiOx/(Ru + Sitot) ≈ 20%, a
value that is higher than the SiO2/Sitot ratio measured for a
Si(100) substrate with native oxide (approximately 11%). No
traces of ruthenium were detected on the substrate after the
delamination. We conclude that the native oxide delaminated
from the substrate together with the Ru thin film in its entirety
and remained at least partly intact. The higher SiO2 signal on
Ru silicide is attributed to a shorter inelastic mean-free path
of photoelectrons in the Ru silicide layer, which led to a lower
measured intensity of Ru and Si. These observations indicate
a sharp separation at the Si-SiO2 interface with negligible
intermixing after Si diffusion.

We tested whether or not the observed delamination
behavior is specific for Ru layers on Si(100) by repeating the
same procedure for Mo and for Ru-Mo alloys of four different
compositions (Ru100−xMox). In addition to the effect of
composition, the study of Ru-Mo alloys allowed us to assess
the effect of structural disorder, since a high Ru content
was reported to favor the growth of polycrystalline films,
while approximately equiatomic compositions were found
to assume an amorphous structure for deposition at room
temperature [30]. Figure 3(a) summarizes the observed effect
of composition and structure on the delamination of Ru-Mo
films. Reproducible delamination was achieved for all five

investigated Ru-containing compositions (pure Ru to
Ru41Mo59), proving that the effect is not limited to a
narrow compositional range or a certain crystallographic
structure. For pure Mo, we did not succeed in producing
free-standing nanolayers by delamination from the substrate
up to annealing temperatures of 700 °C [red line in Fig. 3(a)].
No other indications of reduced adhesion were observed for
the annealed Mo films. We therefore conclude that for the
binary Ru-Mo system the presence of Ru is essential for the
reported delamination mechanism.

The necessary ingredients for delamination were further
explored by varying the substrate properties and deposition
technique. No delamination was observed for Ru films on
Si(100) without its native SiO2 layer, which had been removed
via etching with hydrofluoric acid. Thicker interlayers of SiO2

(approximately 20 nm), achieved by annealing the substrates
in air, also prevented delamination, most likely by inhibiting
Si diffusion. The orientation of the substrate plays a decisive
role as well, demonstrated by annealing Ru layers on native-
oxide terminated Si(111), for which no tendency towards
lower adhesion was observed. Also a change in deposition
method to pulsed laser deposition (PLD) in UHV modi-
fied the Ru/SiO2/Si(100) sufficiently to avoid delamination,
whereas silicide formation was still observed upon annealing.
The highly reproducible effect observed on sputter-deposited
Ru/SiO2/Si(100) was thus found to be strongly affected by
small variations in interface properties, such as surface energy,
defect density, and diffusivity in the oxide layer.

Figures 3(b) and 3(c) show scanning electron microscopy
(SEM) images of the free-standing film at the thin-film side
of the Ru/Si(100) interface [Fig. 3(b)] and of the substrate
[Fig. 3(c)] after delaminating a 200 nm thick Ru77Mo23 film.
The thin-film side of the Ru/Si(100) interface is imaged as
a smooth surface with nanoscale speckles that we attribute
to small crystallites in the annealed silicide layer. The most
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FIG. 4. HR-TEM measurements of a 20 nm thick Ru47Mo53 thin film. (a) TEM image of the as-grown sample showing the crystalline
Si(100) substrate, the disordered native SiO2, and the amorphous metallic thin film. (b) Zoomed-in region of the Ru47Mo53 thin film [white
square in (a)], and corresponding 2D-FFT filtered using a Hann function (inset), both adapted from Yetik et al. [30]. (c) TEM image of the
Ru47Mo53 thin film after annealing at 400 ◦C. (d)–(g) EDX maps of the white dashed rectangular area in (c) for Si, Ru, Mo and O.

prominent features in the images are micrometer-sized protru-
sions with a volcanolike shape, characterized by a thin cracked
layer lifted off the film and a dark “crater.” A large fraction
of the electrons from this central region is prevented from
reaching the detector, which is positioned at an angle of ap-
proximately 30° with respect to the sample surface, resulting
in a lack of signal. The volcanolike appearance indicates a
violent process of formation, breaking up a thin overlayer of
the Ru-based film by pulling (or pushing) it upwards. We pro-
pose that these structures form during the exfoliation step at
locations where the film is still connected to the substrate after
annealing. The strong adhesion at these “defects” leads to a
local breakup of an overlayer upon mechanical exfoliation.
In Fig. 3(c) a SEM micrograph of the substrate after exfo-
liation shows the presence of a high number of rectangular
cavities. The zoomed-in image in the inset reveals that these
cavities have the shape of inverse pyramids of missing silicon
in the single-crystalline Si(100) substrate. In the context of
the silicide formation reported above, it is likely that these
inverse pyramids are etch pits, which have been observed as
a result of silicide formation on Si(100) for several metals
[31,32]. Typically the faces of the pyramids follow the crystal
plane with the lowest surface energy. For Si, these are the
{111} planes [33], which form facets at an angle of 54.7° with
respect to the (100) plane [34].

The high-resolution transmission electron microscopy
(HR-TEM) measurements of a 20 nm thick Ru47Mo53 thin
film in Fig. 4 provide mechanistic insights into the delam-
ination process. Figure 4(a) shows a cross-sectional high-
resolution TEM image of the as-grown amorphous Ru47Mo53

thin film on a Si(100) substrate with native SiO2 layer. The
topmost layer labeled Pt/C is required for TEM sample

preparation using focused-ion-beam cutting. In Fig. 4(b) a
zoomed-in section of the Ru47Mo53 thin film is reported,
highlighted with a dashed square in Fig. 4(a). The complete
lack of long-range order is evident in the image and can also
be inferred from the two-dimensional fast Fourier transform
(2D-FFT) pattern in the inset. The absence of preferred orien-
tations and of long-range order results in a broad ring without
sharp features in reciprocal space [30]. The right-hand side of
Fig. 4 shows HR-TEM images of the Ru47Mo53 thin film after
annealing. The image in Fig. 4(c) shows that the amorphous
Ru-Mo film has detached from the Si(100) surface with an-
nealing at 400 °C. The light gray region between the Ru-Mo
layer and the Si substrate corresponds to empty space created
by the detachment of the alloy layer. The darker shaded re-
gions close to the substrate and the metal film are a result of
oxidation and carbon accumulation during focused-ion-beam
cutting (see also Fig. S6 [27]). A detailed image of the amor-
phous Ru-Mo layer after annealing is available in Fig. S3 [27].
The dashed white box in Fig. 4(c) highlights one of the few
locations where the nanolayer remained locally attached to the
substrate since no mechanical force was applied to complete
the exfoliation. The composition of the highlighted region
was investigated using energy-dispersive x-ray spectroscopy
(EDX) maps of Ru, Mo, Si, and O in Figs. 4(d)–4(g). These
measurements reveal the diffusion of silicon from the sub-
strate into the alloy thin film with annealing. The delaminated
Ru-Mo layer contains a substantial fraction of Si, whereas the
as-deposited Ru-Mo film contains no Si (Fig. S4 [27]). On the
other hand, no diffusion of Ru and Mo to the Si substrate was
observed, as shown in Figs. 4(e) and 4(f), respectively. In ad-
dition to the change in composition, the TEM measurements
show that the thickness of the metallic thin film has increased
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from 20 nm before annealing [Fig. 4(a)] to approximately
32–33 nm afterwards [Fig. 4(c)], corresponding to a swelling
by more than 60% with respect to the as-grown film.

In addition to the production of Ru-based membranes, we
demonstrate that Ru delamination can serve as a pathway to
achieve free-standing layers of custom composition. Very thin
Ru buffer layers were found sufficient to enable the exfolia-
tion of free-standing metal nanolayers. For sputter-deposited,
200 nm thick Mo films, a Ru buffer layer of only 5 nm
thickness was enough to enable exfoliation after annealing at
600 °C. The characteristic change in reflectivity that indicates
the detachment from the substrate was observed already at
around 400 °C. For a 45 nm thick film of the high-entropy al-
loy HfMoNbTiZr (20:20:20:20:20 at.%) deposited using PLD,
no delamination occurred for 5 nm Ru, but successful exfolia-
tion of an intact stack of HfMoNbTiZr/Ru/SiO2 [Fig. S5(a)]
was achieved for a 20 nm thick Ru buffer layer. We attribute
the higher required thickness to intermixing of the deposited
HfMoNbTiZr with the thin Ru layer upon deposition, caused
by the high kinetic energy of the material arriving at the
surface during the PLD process. XPS spectra of successfully
delaminated films showed only Ru and Si close to the interface
with the Si substrate [Fig. S5(b)], indicating that no significant
alloying between Ru and other metals in the stack occurred at
the temperature required for delamination.

The combined evidence from in situ XPS, visual obser-
vation during annealing, HR-TEM, EDX, and SEM enables
us to propose a qualitative delamination mechanism. Already
at 400 °C, Si atoms diffuse through the native SiO2 layer
on Si(100) into the Ru film. The formation of Ru silicide is
thermodynamically favorable and readily proceeds at 400 °C,
leading to the incorporation of substantial amounts of Si. The
incorporated Si results in swelling of the film and the buildup
of in-plane compressive stress. However, with all bonds at
the interface intact, the barrier for cleaving is high and the
Ru/SiO2/Si structure remains intact. However, if the layer
detaches in one location, for example at one of the pyramidal
cavities in the Si substrate, the layer can buckle to locally
release the compressive stress caused by Si incorporation.
The atoms directly adjacent to this detached region experi-
ence a strong localized force pulling them off the substrate
in addition to the high compressive stress in the layer. This
combination results in the breaking of bonds and the growth of
the delaminated region, which propagates across the sample in
an avalanchelike manner. The in situ XPS results confirm that
the breaking point is the interface between Si(100) and SiO2.
This interface is expected to be the energetically most favor-
able one to cleave, based on reports of the surface energies of
low-index Si surfaces [35], their native SiO2 layers [36], and
on a higher surface energy of Ru silicide compared to Si(111)
[37]. The delaminated layer remains attached to the substrate
at a small number of locations, for example at defects leading
to crystallization of particles at the interface, and is removed
upon mechanical exfoliation.

The HR-TEM images support the proposed mechanism
in several respects. In combination with EDX, they provide
information on the diffusing species, the presence of the na-
tive oxide, and the total layer thickness. The EDX results
demonstrate that annealing treatment results in the diffusion
of silicon into the film, whereas no indications for metal

diffusion are observed, which is the dominant mechanism of
silicide formation for several transition metals such as Ni [38].
The images further indicate that the native oxide layer remains
largely intact, which is also confirmed using in situ XPS. In
Fig. 4(g) the oxide layer appears to be thinner and shows
spatial variations in density at the connecting point between
film and substrate: this observation indicates that defects in the
silicon native oxide may facilitate the diffusion of Si. This is
particularly relevant since no Si diffusion in amorphous silica
is expected at 400 °C [39], in agreement with the absence
of the delamination effect for Ru on thicker SiO2 layers at
otherwise comparable conditions. The formation of silicide
thus indicates that the native oxide is either sufficiently thin
to allow for Si diffusion or locally damaged, for example
during sputter deposition, where energetic ions can create
defects that act as diffusion channels and define the starting
points of silicide formation. According to the TEM results,
however, the Si is not localized to a small number of channels
but homogeneously distributed in the metal film converted
to silicide. This conversion leads to a considerable increase
in equilibrium volume (from about 0.014 to 0.034 nm3/Ru
for the example of Ru2Si3) [40], which exceeds the thermal
expansion of all materials in this study over the relevant tem-
perature range by several orders of magnitude. This increase
in volume is borne out by a substantially larger film thickness
(by ≈60%) observed in TEM images. In-plane expansion,
however, is blocked by bonds at the interface, preventing full
equilibration of the volume and creating extrinsic compressive
stress in the layer [25]. This is in agreement with the observed
buckling upon delamination.

The proposed mechanism further highlights that all three
components of the Ru/SiO2/Si(100) stack are imperative for
the delamination to occur. The interface between Si(100) and
its thin native SiO2 layer is crucial as the location of sepa-
ration, indicated by the unsuccessful attempts to generalize
the effect to modified interfaces, for example without SiO2,
with a thicker SiO2 layer, or with different surface orien-
tation of Si. An oxide layer of finite thickness is essential
for the detachment, since it ensures a favorable cleavage
point with low-energy surfaces for both the substrate and the
free-standing film. The absence of oxygen from the Si(100)
substrate indicates the preference to cleave at a well-defined
plane, minimizing the roughness and number of broken Si-O
bonds. The importance of an intact SiO2-Si interface and
oxide layer is highlighted by the absence of delamination
for pulsed laser deposited films, which most likely grow on
an oxide that is damaged by high-energy atoms and ions
during the deposition process. The relevance of the surface
orientation is most likely related to the removal of Si from the
surface layer. In the case of Si(100), this removal leads to the
formation of cavities with {111}-oriented faces, which are not
expected to occur in the same way on Si(111) but could have
an essential role, for example as starting points for the detach-
ment and buckling of the film. The importance of the element
Ru is clear from the reported observations, but the reasons
for this selectivity remain unclear. The preference for Si as a
diffusing species in the formation of Ru silicide establishes
a clear difference to other transition metals such as Ni [38].
The tendency of Ru to form silicides with significantly larger
volume at low temperature is not sufficiently different from
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Mo [41] to explain the observed selectivity. The preference of
Ru for hexagonal structures is not expected to play a decisive
role based on the observed delamination of amorphous Ru-Mo
layers. We speculate that a strong interfacial adhesion at the
Ru-SiO2 interface mediates the transfer of strain to the SiO2-
Si(100) interface, potentially related to the coexistence of Ru
silicide and small metallic contributions observed in XPS of
the thin-film side of the delaminated Ru/Si(100) interface.

Finally, the templating experiments with thin Ru buffer
layers can also be explained with the same mechanism. The
results indicate that Ru is essential at the interface, but al-
ready 5 nm of Ru buffer layer is sufficient to allow for major
modifications of the metal film without interfering with the
delamination. The increase in required thickness for the high-
entropy alloy deposited using PLD, a deposition technique
with high-energy particles impinging at the surface, indicates
that an intact interface with SiO2 and a minimum thickness of
continuous Ru in the first nanometers of the film is essential.
For Ru thicknesses surpassing a critical value, the process is
expected to be independent of the deposition technique and
should even allow for growth in reactive atmosphere and at
elevated temperature, provided the Ru layer remains intact
and silicide formation does not occur before inducing delam-
ination. Moreover, this approach could also be applicable to
other functional materials, such as oxides, other ceramics, and
high-temperature polymers.

IV. CONCLUSIONS

Our results demonstrate that annealing thin Ru-based films
on Si(100) with native oxide leads to the delamination of

centimeter-sized free-standing nanolayers, which detach from
the substrate at the sharp interface between Si and its native
oxide. We propose an explanation of the effect based on
stress caused by the conversion of the Ru layer to Ru silicide,
concomitant with a strong increase in the equilibrium volume
of the film and the buildup of compressive stress. The layer
responds by buckling, starting locally at pyramidal cavities
in the Si substrate. Once the layer can detach locally, which
is easiest at the pyramidal cavities in the Si substrate, it starts
buckling. The detached region grows in an avalanchelike man-
ner, creating an ultrathin free-standing membrane and leaving
behind a clean Si substrate. We demonstrate that the delam-
ination effect can be generalized to the pure metal Mo and
the PLD-grown complex alloy HfMoNbTiZr by making use
of thin Ru buffer layers. The delamination of Ru-supported
layers thus shows potential to enable the chemical-free fab-
rication of metal nanolayers of custom composition. This
approach is compatible with a variety of deposition tech-
niques and growth conditions as well as fully vacuum-based
processing, while remaining simple and environmentally
friendly.
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