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The exfoliation of layered crystals can produce diverse two-dimensional 
(2D) materials and heterostructures. However, the micromechanical 
cleavage of non-stratified materials into 2D flakes remains challenging due 
to z-direction consecutive bonding. Here we report a mechanical exfoliation 
method for producing freestanding 2D metal oxide flakes. By synchronizing 
the thermal decomposition of metal salts and water-assisted forming, we 
synthesize large-aspect-ratio lamellae of amorphous and crystalline metal 
oxides as parent materials, which can exfoliate to ultrathin flakes. The 
freestanding, transferrable features allow the room temperature integration 
of high-k metal oxide flakes as top-gate dielectrics in 2D material transistors. 
We utilize the dual-function Cr-doped AlOx flake as the gating dielectric and 
component, sensing and storing the visible light by photon-programming 
floating gate effect, showing an in-sensor computing device. Our results 
provide a platform to investigate the fundamental properties of ultrathin 
metal oxides free of substrate clamping and pave the way to metal 
oxides-based functional devices.

Metal oxides, a class of ceramics formed by metal cations and oxide 
anions, have comprehensive applications ranging from modern elec-
tronics and sensors to energy technology1–3. One well-known example 
is the insulating amorphous metal oxides (AMOs, such as SiO2 and high 
dielectric constant (high-k) HfO2), which are critical industrial dielec-
trics in memory and logic devices4–6. Crystalline metal oxides (CMOs) 
with lattice periodicity are desirable for next-generation electronics 
devices owing to their versatile physical functionalities such as fer-
roelectricity and ferromagnetism in three-dimensional (3D) shapes7. 
Recently, by bottom-up growth, freestanding complex oxide thin films 
have been synthesized and their heterostructures have been obtained 
via remote epitaxy through graphene or by etching interfacial sacrificial 
layers8–11. On a parallel front, mechanically exfoliating layered crystals 

to freestanding 2D forms and artificially stacking them by the transfer 
technique is one method of establishing heterostructures, benefitting 
from intrinsic periodic interfaces for cleavage12–17. The development of 
a universal method to mechanically exfoliate non-layered materials is 
of interest but is challenging.

When focusing on metal oxides, a liquid-phase exfoliation start-
ing from the bulk crystals has been successfully applied to six kinds 
of CMO, which typically undergoes an isotropic exfoliation process, 
giving rise to limited size particles18–24. The touch print approach, 
which uses the self-limited oxidized layer on metal surfaces, produces 
seven CMO ultrathin flakes (typically <2 nm)25–27. Very recently, the 
exfoliation of crystalline, intrinsically layered SnO and V2O5 to thin 
flakes has been fulfilled by introducing a transition from a stable to a 
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the case of water deficiency. Surprisingly, when using these foams as 
source materials for the traditional tape exfoliation, ultrathin flakes 
(5–50 nm thick) with smooth surfaces can be obtained routinely on 
substrates, bearing a high level of resemblance to the exfoliation of 
layered crystals but with a very distinct mechanism (see the whole 
process in Supplementary Video 1). Apart from its simplicity, this 
foaming-exfoliation methodology allows for the general, rapid syn-
thesis of varied AMO thin flakes with high efficiency.

Taking the precursor aluminium nitrate non-ahydrate (ANN; 
Al(NO3)3·9H2O) as an example, calcinating ANN pellets initiates the 
dehydration (~70 °C) and then successive decompositions are per-
formed that involve amorphous aluminium oxide (α-AlOx) as interme-
diate products (<800 °C), ultimately producing crystalline alumina 
(~1,200 °C); this method has been widely used for decades in the 
industrial production of alumina powders29. In our experiment, when 
putting several ANN pellets together, the desorption of crystal water 
molecules accumulated and the conspicuous ebullition, along with the 
gas release, was observed upon heating (Supplementary Video 2). The 
thermal decomposition of ANN proceeded simultaneously so that the 
growth of metal oxides encountered water bubbling, generating cellu-
lar foams of α-AlOx with macroscopic-to-microscopic holes (Fig. 1b, c).  
Micro-computed tomography (micro-CT) characterization shows 
internal pores with diameters ranging from tens to hundreds of micro-
metres (Fig. 1d; see more and detailed analysis in Supplementary Fig. 1 
and Supplementary Video 3). Scanning electron microscopy (SEM) 
images of α-AlOx foam (Fig. 1e) show oxide lamellae featuring a high 
degree of surface smoothness and large aspect ratios with a thickness of 
several micrometres and lateral size of up to hundreds of micrometres 

metastable phase28. So far, there has been no experimental work (to our 
knowledge) on the exfoliation of AMOs, probably due to difficulties 
in obtaining appropriate bulk AMOs materials. Moreover, obtaining 
uniform thicknesses in AMO and CMO flakes with the capability to 
tune the thickness, and, more importantly, the novel functionalities 
beyond high-k dielectrics, is of interest.

In this Article, we develop a foaming-exfoliation process as a ver-
satile method to prepare AMO and CMO ultrathin flakes. By coincid-
ing the decomposition of metal salts and water-assisted foaming, 
large-sized 2D lamellae are obtained that undergo long-range even 
fracture during tape exfoliation, producing freestanding thin flakes 
with transferable characteristics. We further show these exfoliated 
AMO and CMO flakes as one building block that can be incorporated 
into 2D materials-based heterostructures as high-quality dielectrics 
and functional components.

Results and discussion
Preparation process of flakes
As sketched in Fig. 1a, the synthesis of ultrathin AMO flakes includes two 
steps: water-assisted, low-temperature calcination of metal salts to pre-
pare large-sized amorphous (α-) lamellae in a 3D foam and subsequent 
mechanical exfoliations of AMO lamellae to thin flakes. Here, water 
serves as a green, efficient foaming agent without any residues left in 
products. During the thermal decomposition of metal salt hydrates, 
the water bubbling introduces a large amount of gas release, dramati-
cally altering the morphology of products, giving porous AMO foam 
containing 2D-like lamellae (up to hundreds of micrometres large but 
only several micrometres thick) rather than conventional powders in 
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Fig. 1 | Preparation of AMO flakes by the foaming-exfoliation method.  
a, Schematics of the synthesis process. Calcinating metal salt hydrates at low 
temperatures initiates dehydration and thermal decomposition, enabling the 
synchronization of the in situ foaming process by water boiling and the growth  
of AMOs. The obtained 3D AMO foam is composed of holes and thin lamellae  
of oxides. By the conventional tape exfoliation, the lamellae with large aspect 
ratios undergo long-range even fracture, producing ultrathin AMO flakes.  
b, Optical images of ANN precursors before and after calcination, displaying the 
macroscopic porous structures. c, SEM image of an AMO foam. d, A micro-CT 

scan of one foam, showing the characteristics of internal porous structures.  
e, SEM characterizations of the foam surface, showing smooth-surfaced lamellae 
with large aspect ratios (the right panel is an enlarged image of the red box in  
the left panel). f, A representative optical image of exfoliated α-AlOx flakes.  
g, An AFM image of one ultrathin α-AlOx flake with a thickness of 6.4 nm. h, Low-
magnification TEM images and the corresponding SAED result of one exfoliated 
α-AlOx flake. Scale bars, 1 mm (c), 200 μm (d), 20 μm (left panel of e and f ), 5 μm 
(right panel of e and left panel of g), 1 μm (right panel of g), 500 nm (left panel of h) 
and 5 nm−1 (right panel of h).
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(see cross-section SEM images in Supplementary Fig. 2b,c). X-ray dif-
fraction (XRD) measurements confirmed its amorphous state (Sup-
plementary Fig. 2d).

Surprisingly, by treating these α-foams as starting materials for 
tape exfoliation (Supplementary Video 1), we can routinely obtain 
AMO 2D thin flakes (5–50 nm thick) with height-dependent colours and 
lateral sizes of ~10 µm (Fig. 1f,g, Extended Data Fig. 1, Supplementary 
Fig. 3 and Supplementary Video 4), very similar to those obtained by 
exfoliating layered crystals, which have naturally preferential cleavage 
planes1–4. These exfoliated AMO layers hold structural integrity30 and 
typically possess flat surfaces and uniform height, by which this exfolia-
tion process is thus referred to as a long-range and even fracture at a 
10 µm scale (Extended Data Fig. 2), in sharp contrast to the conchoidal 
fracture for the bulk of amorphous materials and the faceted fracture 
for crystals31,32. After transferring, selected area electron diffraction 
(SAED) characterizations of AMO layers confirm the amorphous feature 
by showing only diffuse halos (Fig. 1h).

To investigate the mechanism of this foaming-exfoliation process 
for AMO thin flakes, in a control experiment, we found that calcinat-
ing a single ANN pellet induced a slight and ‘local’ water boiling, and 
the morphology of pellets was kept after calcination (Supplementary 
Video 5). The final products were submicrometre ultrafine powders, 
indicating the isotropic growth of AlOx (Supplementary Fig. 4). There-
fore, fierce water boiling and gas release were believed to play a critical 
role in lamellae structures and foams. While the foaming technique is 
typically utilized as the post-process preparation of porous polymers 
and ceramics33,34, the boiling of desorbed crystal water in this study 
coincides with the ANN decomposition and the growth of α-AlOx, result-
ing in the water-assisted foaming in the growth step and the anisotropic 
growth towards 2D lamellae. Synchronizing the precursor decomposi-
tion (oxide growth) and water boiling (foaming process) is essential, 
and it only depends on the precursors’ physicochemical properties. 
To corroborate this microscopic mechanism, we investigated more 
metal nitrate hydrates with decomposition temperatures >100 °C, 
including Zn and Co (Supplementary Fig. 5a,b), showing only fine 
particles instead of lamellae after calcination when having water as the 
forming agent. In sharp contrast, by replacing the forming agent with 
a high-boiling-temperature solvent, the foaming-exfoliation method 
works for α-ZnOx and α-CoOx (Supplementary Fig. 5c,d). By borrowing 
the concept of glass-forming ability for amorphous materials, we focus 
on the glass lamella-forming ability of AMOs in our method. Results in 
Supplementary Fig. 5 support that the glass lamella-forming ability, as 
expected, is contingent upon whether precursor decompositions and 
foaming agent boiling occur concurrently or not.

We further developed the second route toward thin AMO flakes 
by directly crushing foams on substrates (Supplementary Video 1). 
Foams broke into smaller and thinner pieces, and thin flakes (thickness 
<100 nm) can also be obtained at the same locations indicated by 
pre-fabricated marks on substrates (Extended Data Fig. 3). Although 
the probability of ultrathin flakes is low, this crushing approach unam-
biguously verifies the following: (1) thin flakes indeed come from ANN 
calcines, and (2) thin flakes strongly, if not solely, hinge on the fracture 
of foams themselves, other than the interaction competition among 
foam–substrate interfaces and foams inside, signifying a distinct thin-
ning mechanism with that of layered crystalline materials’ cleavages. 
Note that the missing plastic deformation mechanism endows amor-
phous materials with inherent brittleness35,36, and AMOs are non- 
stratified. In our experiment, the third dimensional of the resulting 
flake lies in the range of sub-ten to tens of nanometres, which has not 
been experimentally investigated before, to the best of our knowledge. 
On the other hand, the exfoliation mechanism for the ultrathin AMO 
layers can be theoretically explained by the mixed-mode cracking 
behaviour37. We use Extended Data Fig. 4 to help visualize the exfolia-
tion mechanism. For lamellae, containing a surface notch on a rigid 
substrate will introduce fracture in two modes. In mode I, the tensions 

find the weakest spot on the surface so that a crack initiates and devel-
ops vertically, resulting in smaller flakes with the same thickness. In 
mode II, the bending moment introduces concentrated shear stress 
on the most severe, probably pre-existing geometrical flaws, initiating 
a crack that propagates through the longitudinal section and in a per-
fectly smooth path to produce a thinner flake. Hutchinson and Suo 
gave the approximation solutions for the mode I and mode II energy 
release rates as GI ∼ 3M2/Eh3 + 3P2

4Eh
 and GII ∼ 9M2/4Eh3 + P2

Eh
, respec-

tively, in which M is the bending moment, P is the axial tension, E is 
Young’s modulus and h is the thickness of the delaminated flake37. 
Moreover, to show the mechanical process of the cleavage into thin 
flakes, we further applied the finite element analysis with the phase 
field fracture model (Supplementary Figs. 6 and 7)38. In short, with the 
increased pressure, the cracks can steadily propagate horizontally in 
mode II fashion, which is consistent with the previously theoretical 
analysis on the delamination of an isotropic elastic solid near a surface 
flaw (see detailed analysis in Supplementary Note 1 and Supplementary 
Video 6)37.

The versatility of the method
To show the method’s versatility, we extended the investigations to 
more AMOs, with Ga from post-transition metals, and Cr, Zr and Hf 
from transition metals being selected (Fig. 2b). For α-GaOx, the same 
water-assisted foaming process, smooth and micrometre-thick lamel-
lae, and ultrathin flakes can be observed with high reproducibility 
(Supplementary Fig. 8). As for α-CrOx, yields of lamellae and ultrathin 
flakes by directly calcinating nitrate nonahydrates were low. Strik-
ingly, adding additional water to dissolve nitrate completely before 
the calcination can generate adequate foaming and enlarge lateral 
sizes of α-lamellae, enormously improving the chance of α-CrOx thin 
flakes by exfoliations (Supplementary Fig. 9). With the strategy of arti-
ficially adding extra water as forming agents, we further applied this 
method to more AMOs in which originally there was no water boiling 
by heating hydrate precursors only. For example, only fine powders of 
α-ZrOx were prepared by calcinating zirconium nitrate pentahydrate 
(Supplementary Fig. 10). By heating the aqueous solution, the overall 
geometry changed dramatically; lamellae (>100 μm) and thin flakes 
were successfully fabricated by the exfoliation (Supplementary Fig. 10). 
Moreover, if the metal nitrates were commercially unavailable or costly, 
this foaming-exfoliation method would still work with other salt precur-
sors. We used hafnium dichloride oxide octahydrate as the precursor 
for preparing α-HfOx flakes (Supplementary Fig. 11). Furthermore, by 
introducing a high-boiling-point solvent (for example, ethylene glycol) 
to synchronize the foaming and decomposition, α-InOx and α-MoOx thin 
flakes were able to be obtained by the exfoliation (Fig. 2b). The glass 
lamella-forming abilities of mono-AMOs we have explored are summa-
rized and visually represented in Fig. 2a (Supplementary Fig. 12). Also, 
the water-assisted foaming process guarantees the atomic-level mixing 
of multiple metal ions in the aqueous solution before calcination, allow-
ing us to prepare complex bi- and polymetallic oxide flakes. We demon-
strated the synthesis of ternary ZrAlO and quaternary AlHfZrO flakes 
by simply mixing precursors (Fig. 2b, Supplementary Figs. 13 and 14,  
and Supplementary Note 2). All of the detailed synthesis conditions of 
metal oxides are listed in Supplementary Table 1.

Another aspect to discuss is the yield and thickness control of AMO 
thin flakes. As exemplified by α-AlOx, we show the statistical analysis on 
the counts of large flakes in Extended Data Fig. 1. Typically, one can find 
tens of thin flakes on one SiO2 /Si substrate, similar to the yield of 2D 
materials by the tape exfoliation. Another example of the high yield of 
exfoliated thin flakes is displayed in Supplementary Fig. 15 for α-ZrOx.  
A series of mechanical exfoliations of all of the metal oxides investi-
gated here have been conducted (Supplementary Figs. 16 and 17); the 
yield, which is defined by the number of thin flakes over the area, has 
been calculated and presented in Supplementary Table 2. Moreover, the 
heating rate has been revealed as an effective parameter to tune yields 
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for certain metal oxides (Supplementary Figs. 18–21, Supplementary 
Note 3 and Supplementary Table 3). Furthermore, liquid exfoliation 
has proven effective for metal oxide flakes (Supplementary Figs. 22–24 
and Supplementary Note 4). At this moment, it is hard to control the 
thickness of one specific AMO flake using this method. However, for 
application, one can always pick up the flakes with desired thicknesses, 
for example, 20–40-nm-thick high-k AMO flakes for top dielectrics with 
acceptable leakage currents.

Here, we emphasize the capability of doping in AMOs, which gives 
rise to novel metal oxide flakes that possess unique properties and func-
tionality that can be incorporated into devices. For example, we show 
the doping of amorphous AlOx by Cr (CrAlO) or Fe (FeAlO), in analogy 
with the sapphire and ruby (Cr- and Fe-doped crystalline Al2O3, respec-
tively). The colour of calcines changed dramatically, accompanied by 
increased optical absorption in the range of 500–700 nm (Fig. 2c). Note 
that the freestanding amorphous CrAlO thin flakes were not prepared 
by other methods before and investigated in devices. Thereby, the 
doped AMOs with multitudinous choices on matrixes and dopants can 
provide a new type of nanomaterials with tunable physical properties.

By increasing calcination temperatures (Tcal) to improve crystal-
linities, we further demonstrate the preparation of CMO thin flakes by 

this foaming-exfoliation process (Supplementary Table 4). As shown 
in Fig. 3a,b, apart from the 7 metal oxides with high glass lamella- 
forming abilities (Fig. 2a), we extended the library of foaming- 
exfoliation-derived CMO flakes to 6 more metal oxides (total of 13 
CMOs) with isolated flakes with flat surfaces (Supplementary Figs. 25 
and 26). SAED results show multiple sets of diffraction spots with 
twisted angles suggesting a polycrystalline feature (Fig. 3b and Sup-
plementary Fig. 27). High-resolution transmission electron microscope 
(TEM) images show that the crystal size can be controlled by Tcal. When 
Tcal is relatively low (but above the crystallization temperature points), 
the sub-10 nm crystallites with varied orientations are interfaced with 
amorphous regions (Supplementary Fig. 27). Moreover, increasing 
Tcal leads to the increase of crystallinities manifested by the larger, 
well-defined nanocrystallites with recognizable grain boundaries and 
the absence of vitreous regions (Supplementary Fig. 28).

The lattice periodicity in CMOs endows versatile physical function-
alities, such as ferromagnetism and ferroelectricity. Accordingly, we 
examined whether or not the exfoliated, crystalline (Hf, Zr)O2 (c-HfZrO) 
flakes possessed ferroelectricity by piezoresponse force microscopy 
(PFM). As displayed in Fig. 3e, hysteresis loops of phase and amplitude 
curves of four cycles were taken randomly on one exfoliated HfZrO 
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b, Representative optical images and AFM characterizations (thickness 
determined by the white lines) of exfoliated mono-, bi- and tri-AMO flakes.  

c, Optical images (left) and absorption spectra (right) of pristine, Cr-doped and 
Fe-doped α-AlOx samples, respectively, showing enhanced absorption in the 
range of 500–700 nm by doping. Scale bars, 10 μm (optical images in b) and 1 μm 
(AFM images in b).
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flake, exhibiting a coercive field of 1.19 MV cm−1 (refs. 39–41). The robust 
ferroelectricity of exfoliated HfZrO flakes is further supported with 
the domain switching by applying a box-in-box (+5 V outside and −5 V 
inside), which is stable after 24 h (Fig. 3c,d), confirming the functional-
ity preservation in the exfoliated CMO flake.

Applications of exfoliated flakes
With the polymer-assisted transfer technique initially developed for 
2D layered crystals, AMO and CMO flakes can also be transferred onto 
the target 2D materials to achieve the van der Waals integration, form-
ing vertical 3D–2D heterostructures. Atomic force microscope (AFM) 
characterizations showed no overt contaminations, height changes 
or wrinkles on the α-AlOx flake after the assembly (Fig. 4a and Sup-
plementary Fig. 29). Dual-gated 2D materials field-effect transistors 
(FETs) are thus feasible by transferring AMO or CMO flakes as top-gate 
dielectrics (Fig. 4b, Supplementary Figs. 30 and 31 and Supplementary 
Note 5). Interestingly, a ~1-nm wide gap between the MoS2 channel 
and top AMO dielectric was revealed by the cross-section scanning 
TEM (STEM) characterizations (Fig. 4c, Supplementary Figs. 32 and 
33 and Supplementary Note 6), consistent with nanogaps that existed 
in 2D semiconductor FETs with transferred top dielectrics18,19,42. This 

nanometre gap excludes the damages or doping to the semiconduc-
tor in principle when compared with the conventional atomic layer 
deposition process in which a considerable n-doping effect on MoS2 
occurs, and the interface impurities adversely affect the device per-
formance (the subthreshold swing (SS) and hysteresis)43,44. Moreover, 
the separation of dielectric preparation and device integration in our 
method allows high preparation temperature for dielectrics, for exam-
ple, crystalline ZrO2 (c-ZrO2) synthesized at 450 °C, ensuring the high 
quality of insulators and suppressing current leakage.

Figure 4d,e shows the output (Vds–Ids) and transfer (Vtg–Ids) charac-
teristics of a monolayer MoS2 gated by one transferred c-ZrO2 flake (ds, 
drain source; tg, top gate). A current on/off ratio (Ion/Ioff) of over 1 × 108 
at Vds = 0.4 V is observed. For a wide range of Vds (0.1–0.5 V), SS values as 
small as 70 mV dec−1 and hysteresis width of 2.7 mV (MV cm−1)−1 (Fig. 4g) 
are found, both of which are among the best values for monolayer 
MoS2 FETs (Supplementary Tables 5 and 6), indicating an ultralow 
interfacial trap density (Dit ≈ 7.6 × 1011 cm−2 eV−1) and low near-interfacial 
border trap, both of which benefit from the nanogapped dielectric 
contact and high-quality insulators13. Note that for 2D material FETs, 
the van der Waals integration of electrodes onto channels has been 
widely investigated45; the nanogapped contact between various 
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Fig. 4 | Van der Waals integration of exfoliated AMO/CMO flakes and 
electronic applications. a, AFM and optical (inset) characterizations of one 
α-AlOx transferring onto a graphene flake. b,c, Schematic with blue atoms 
indicating metal and red atoms indicating oxygen (b) and a cross-section STEM 
image of a 3D–2D heterostructure (c), showing a ~2-nm-wide gap between one 
monolayer MoS2 and transferred metal oxide flake. TG, top gate. d,e, Vds–Ids 
(d), where Vtg is −2 to 2 V with a step of 0.4 V (the Vtg gradually increases along 
the dotted arrow, and the black line is up to 2 V), and Vtg–Ids characteristics (e), 
where Vds is 0.1–0.5 V (the purple line to the black line, that is, along the dotted 
arrow) with a step of 0.1 V, of a dual-gate monolayer MoS2 FET with one c-ZrOx 
flake as the top dielectric, showing the SS of 70 mV dec−1. The inset in d shows 
the optical image of the as-fabricated FET. S, source; D, drain. f,g, Double-sweep 

transfer curve of the c-ZrOx-gated MoS2 device, showing an ultrasmall hysteresis 
width of 2.7 mV (MV cm−1)−1. g is the enlarged image of the black circle in f. 
The black curves indicate the forward scan (balck arrow), and the red curves 
indicate the reverse scan (red arrow). h,k, A photon-programming floating 
gating device is shown. The device structure and three operations, including the 
laser programming (i), floating gate after turning the light off (ii) and erasing 
by a positive gate voltage (iii), are shown (h), and by applying optical spikes, 
the long-term plasticity is revealed in the photon-programming floating gating 
optoelectronic device (k). i, The retained channel current is programmed by the 
laser power densities (different color lines represent different power densities). 
j, Four sensing memory-erasing cycles are shown. Scale bars, 10 μm (insets of a), 
5 μm (inset of d), 500 nm (a) and 5 nm (c).
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high-k dielectrics (or other functions) and semi-conductors is the 
indispensable supplement towards full-gapped contact devices with 
high performance6,18,19,42. More in-depth investigations of using trans-
ferred oxide flakes as dielectrics have been performed (Supplementary 
Figs. 34–37 and Supplementary Note 7)46–50.

Apart from the dry integration, the deep engineering of metal 
oxides allows unprecedented properties and functions, for exam-
ple, the considerable response to the green light irradiation for 
Cr-doped AlOx (CrAlO; Fig. 2c). Here, we demonstrate that in one FET 
the dual-functional CrAlO insulator works as the gating dielectric 
and component sensing and storing visible light information in a 
non-volatile way by the photon-programming floating gate, followed 
by the in-memory process. We first investigated the dielectric function 
of the transferred CrAlO flake in a top-gated MoS2 FET (Supplementary 
Fig. 38), which exhibits an Ion/Ioff of ~1 × 106, negligible leakage current 
and small hysteresis of 18.5 mV (MV cm−1)−1. As shown in Fig. 4i, when 
applying a green light stimulus, the channel current increases by two 
to three orders of magnitude. In sharp contrast to a conventional 
photocurrent, which decays severely and promptly after removing the 
stimulus, a non-volatile optoelectronic memory function is revealed 
by a stored, retained channel current after turning the light off. We 
further show the ability to set the retained current over two orders of 
magnitude by programming incident powers (Pin) and the stability in a 
5,000 s time frame. In a MoS2 FET top gated by an undoped AlOx flake, 
after the stimulus, the channel current drops quickly with a volatile 
response (Extended Data Fig. 5b), bearing a high level of resemblance 
to conventional photocurrents.

Different from the floating gate non-volatile memory51,52, a 
photon-programming floating gate effect that senses and stores the 
light information is proposed and sketched in Fig. 4h (see more details 
in Extended Data Fig. 5a). Due to the enhanced green light absorption 
of dielectrics by doping, electron–hole pairs are generated upon the 
illumination and dissociated, followed by electron tunnelling to MoS2 
through the nanogap. With the light off, the near-interfacial holes 
cannot be recombined by, for example, electrons in MoS2, due to the 
nano-sized gap, and therefore can serve as the robust floating gate 
responsible for the retained channel current in Fig. 4i. The pure light 
programming in such devices denies the necessity of any gate voltage 
involved (Vtg = 0 V). We found the extremely low memory threshold 
power of light (0.55 pW μm−2) in our photon-programming floating 
gating devices. Note that both key points of the photon-programming 
floating gating effect, dielectrics with a response to visible light and 
nanogap to preserve the stored charges, stem from our foaming- 
exfoliation transfer method.

Holes of the floating gate can be electrically erased by applying 
Vtg of 10 V, which facilitates the electron injection from MoS2 to CrAlO 
and the consequent neutralization of trapped holes at the interfaces. 
The electrical erasing process had a strong anti-jamming capability, 
that is, when the applied positive Vtg for erasing is 10 V, only one-way 
electron tunnelling (from MoS2 to CrAlO) is allowed, which ensures the 
erasing operation even simultaneously under the illumination and 
leads to one propositional logic operation, the negation of an implica-
tion (¬(p → q)) ;Extended Data Fig. 5g). As shown in Fig. 4j, the light 
programming and electrical erasing in photon-programming floating 
gating devices are highly repeatable. Moreover, we demonstrated 
in-sensor Boolean logic operations, p and p AND q, in a photon- 
programming floating gating device (Supplementary Fig. 39). Further-
more, the photon-programming floating gating optoelectronic device 
has the potential as a synaptic device for in-memory neuromorphic 
computing and the long-term plasticity modulated by optical spikes 
is displayed in Fig. 4k.

Here, we note that, although previously some types of CMO 
have been shown to be thinned down by liquid exfoliation or touch 
print7,8,21–28, to the best of our knowledge, there are very few examples of 
the use of these exfoliated AMO and CMO flakes in 2D materials-based 

electronic devices (only very recently, crystalline strontium titanium 
oxide as high-k dielectrics)18,19, not to mention the functionality induced 
by the oxide components. The dual-functional CrAlO flakes intro-
duced here as one example demonstrate that our method can bring 
new opportunities for 2D heterostructures by merging the functions 
of ceramics into the conventional vdW devices. Moreover, with the 
advent of 2D amorphous materials53–56, the freestanding, ultrathin AMO 
flakes, as an indispensable prototype, offer the platform to explore the 
fundamental amorphous physics in 2D space57,58.

Conclusions
We report a foaming-exfoliation method to prepare AMO and CMO thin 
flakes. The atomic-level premixing of precursors in solutions guaran-
tees the synthesis of polymetallic oxides and controlled doping. The 
ultrathin, transferrable and freestanding features of oxide flakes can 
be integrated with 2D materials, giving dual-function dielectrics in 2D 
electronics and photon-programming floating gating heterostructures. 
The naturally non-existent shapes, including 3D continuous foam, 
high-aspect-ratio lamellae and 2D thin flakes, of AMOs and CMOs may 
also be used in other fields such as catalysis and batteries.

Methods
Synthesis of AMO and CMO foams
The commercial metal salts utilized as precursors in our experiments 
are as follows: Al(NO3)3·9H2O (three types: ≥98% from Sigma-Aldrich; 
99.99% metal basis from Macklin; 98.0–102.0% from Alfa Aesar), 
Ga(NO3)3·H2O (99.99%), Cr(NO3)3·9H2O (99.95% metals basis), 
Zr(NO3)4·5H2O (99.9% trace metals basis), Cl2HfO·8H2O (98% trace met-
als basis excluding Zr), In(NO3)3·4H2O (99.9%), (NH4)6Mo7O24·4H2O 
(99%), Co(NO3)2·6H2O (99.99%), La(NO3)3·6H2O (99.99%), Cd(NO3)2·4H2O 
(99.9%), Fe(NO3)3·9H2O (99%), Zn(NO3)2·6H2O (99%), and Mn(NO3)2·4H2O 
(98%). All of the metal oxide foams were prepared with a similar calcina-
tion process. As exemplified by α-AlOx, a crucible with 5 g of ANN was put 
in a Muffle furnace, followed by the calcination at 800 °C for 2 h ramped 
at a rate of 13 °C min−1 in an air atmosphere and then slowly cooling down 
to room temperature. For experiments of adding extra water, deionized 
(DI) water was introduced into a crucible containing the metal precursor 
with gentle stirring, ensuring complete dissolution. Different Tcal was 
also tried if needed. We note that it is necessary to apply extra water to 
ANN from Alfa Aesar to obtain foams, probably due to the insufficient 
content of crystal water. The Tcal was 510 °C for α-GaOx and 250 °C for 
α-CrOx, respectively. Amorphous ZrOx foams (Tcal: 250 °C) can only be 
produced by adding more DI water, since directly heating Zr(NO3)4·5H2O 
powders cannot initiate bubbling. The precursor for amorphous HfOx 
foams was Cl2HfO·8H2O with 250 °C of Tcal. Amorphous InOx foams (Tcal: 
250 °C) can be produced by adding DI water and ethylene glycol (EG). 
For amorphous MoOx foams, Tcal of 350 °C was selected with EG as the 
foaming agent. The polymetallic oxide foams were prepared by a similar 
process with dissolving corresponding metal salts at designed ratios. 
The optimized Tcal was 350 °C and 250 °C, respectively, for ZrAlO and 
ZrAlHfO. The furnace calcination under 20 cm−3 min−1 of NH3 was utilized 
for ZrAlO, by which the probability of ultrathin flakes was increased.

CMO foams were produced by the calcination at elevated tem-
peratures. The Tcal was 1,100 °C for c-AlOx, 600 °C for c -GaOx, 700 °C for 
c-CrOx (introducing 40 cm−3 min−1 of NH3), 450 °C for c-ZrOx (introduc-
ing 40 cm−3 min−1 of NH3), 500 °C for c-HfOx, 350 °C for c-ZnOx (adding 
EG), 230 °C for c-CoOx, 250 °C for c-MnOx, 550 °C for c-MoOx, 730 °C for 
c-LaOx, 450 °C for c-CdOx, and 310 °C for c-InOx and c-FeOx (adding EG 
and DI water), respectively.

Exfoliation of AMO and CMO thin flakes
The 4 cm-by-1 cm SiO2/Si chip was first cleaned by the sonication in 
acetone and then isopropyl alcohol, followed by a nitrogen gas blow. 
It was further treated with medium-power oxygen plasma for 2 min. 
The first route (route 1) of the mechanical exfoliation is assisted by 
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the Scotch magic tape as shown in Supplementary Video 1. Typically, 
~0.1 g of AMO/CMO foams was put on the tape with the subsequent 
folding–unfolding process three to four times; then, the tape was put 
on the pre-cleaned Si chip with very gentle pressing. After peeling off 
the tape, the Si chip was investigated by the optical microscope to 
identify thin AMO/CMO layers. In route 2, the AMO/CMO foam was 
directly put onto the pre-cleaned Si chips, followed by mechanical 
crushing with tweeze tips.

Transfer process
Thin layers of exfoliated AMOs/CMOs on SiO2/Si substrates were trans-
ferred onto the TEM grid with the assistance of polycarbonate (PC; 
10 wt.% in chloroform) film. The PC solution was spin-coated on the chip. 
After 1–2 min baking at 110 °C, this PC film was manually peeled from 
the Si chip and put onto the Quantifoil TEM grids (Au, 300 mesh). With 
a post-baking (10 min at 150 °C), the PC film was softened and attached 
well with grids. Then, PC films were removed by several runs of acetone 
and hot chloroform baths. To transfer the AMO flakes as top dielectrics, 
a transparent elastomer stamp, polydimethyl siloxane (PDMS), was cut 
into a 1 cm by 1 cm piece. The PC film with exfoliated flakes was put onto 
PDMS with short-time baking. The whole stack was then transferred onto 
a homemade aligned transfer stage with heating capability. The flakes 
were identified under an optical microscope and manually aligned to the 
target layers (graphene, MoS2 or black phosphorus (BP) in the glovebox). 
The stage temperature was set to be ~100 °C. After several minutes, 
the PDMS was peeled off slowly. The top PC film was then removed by 
chloroform vapour for 1–2 h. For PFM measurements, exfoliated HfZrO 
flakes were transferred onto the Au-coated SiO2 /Si substrate.

Sample characterizations
The micro-CT characterizations for the porous foams were done by 
SKYSCAN 1272, Bruker Corporation. SEM imaging was performed by 
using TESCAN VEGA 3 LMH with tungsten-heated cathodes. The X-ray 
photoelectron spectroscopy (XPS) spectroscopy measurements were 
conducted using the Axis Supra. XRD data were acquired by a SmartLab 
9KW with Cu Kα radiation. The diffuse reflectance absorption spectra 
of AMOs were obtained by the Agilent Cary 7000 equipped with an 
integrating sphere with a barium sulfate coating. For the thickness 
measurement of exfoliated flakes, AFM measurements were done by 
Dimension Icon, Bruker Corporation. Energy dispersive spectrometer 
(EDS) and EDS mapping were obtained by HITACHI S-4800. TEM and 
electron energy loss spectroscopy (EELS) characterizations have been 
conducted in a double spherical corrected ARM-300 at a low accelera-
tion voltage (80 kV) with an electron-counting K2 camera. Brunauer–
Emmett–Teller data were acquired by ASAP 2020.

PFM
PFM measurements were performed using an atomic force micro-
scope (Asylum Research MFP-3D) with Pt/Ir-coated Si cantilever tips 
(PPP-EFM-50). The PFM images were taken in the presence of an alter-
nating current voltage (1 V) and a drive frequency of ~350 kHz. Domain 
switching was realized by applying an electric bias to the AFM probe. 
Hysteresis loops were measured by dual alternating current resonance 
tracking PFM mode.

FEA and phase field fracture model
Finite element analysis (FEA) with the phase field fracture model was 
carried out to simulate the process of AMOs cleaving into nano-sheets. 
The field phase model employs a continuous scalar phase field d (rang-
ing from 0 to 1) to regularize cracks, with d = 0 representing the intact 
state and d = 1 indicating the complete fracture state. We adopted the 
linear elastic fracture phase field model, which used the quadratic crack 
geometric function and degradation function. The phase field model 
was implemented in the commercial FEA software ABAQUS through 
the user-defined material subroutine (UMAT).

Device fabrication and measurement
To fabricate the devices for electric breakdown characterizations, the 
AMO flakes were first prepared on one SiO2/Si substrate. The bottom 
electrodes with typical widths of 10 μm were patterned by standard 
electron beam lithography (Tescan VEGA 3) on another Si substrate 
with a 285-nm-thick oxide, followed by the metal deposition (20 nm 
of Au) and conventional lift-off process. The target flakes were trans-
ferred onto the bottom electrodes, followed by AFM measurements. 
The top electrodes (70 nm of Au) were fabricated with the same proce-
dures as the bottom ones. For the dual-gate FETs, graphene and MoS2 
monolayers were mechanically exfoliated by the thermally assisted 
transfer technique and first identified by the optical microscope. 
Raman and photoluminescence (PL) (for MoS2 only) measurements 
were applied to ensure their monolayer characteristics. Source and 
drain electrodes (10 nm of In/40 nm of Au) were fabricated by standard 
electron beam lithography (EBL) and metal deposition with top high-k 
thin flakes of AMOs/CMOs transferred. Au 70 nm thick was used as the 
top-gate electrode. For the fabrication of BP FETs, the exfoliation of BP 
and assembly of α-AlOx were conducted in the glovebox. To fabricate 
FETs with etched graphite as contacted, graphite was patterned and 
then etched. Few-layered BP flakes were transferred on electrodes 
with PDMS, and then high-k thin flakes of AMOs/CMOs were trans-
ferred and aligned onto the channel materials of FETs, followed by 
the deposition of top-gate electrodes. Cr/Au (3 nm/25 nm) were used 
as source/drain electrodes, and Cr/Au (6 nm/90 nm) were used as 
top-gate electrodes. Before the electric measurements, all the devices 
were thermally annealed at 190 °C under 500 cm−3 min−1 of Ar for 1 h. 
The electric breakdown measurements were carried out in a probe sta-
tion (ZEPTOOLS, LNP50-4) at room temperature under vacuum with a 
Keithley 2614B SourceMeter. Electrical measurements of dual-gated 
graphene and MoS2 FETs were carried out in a vacuum probe station 
(~3 × 10−6 Torr) at room temperature by a Keithley 2614B and 2401 
SourceMeter. For BP FETs, transport measurements were performed 
in a Janis cryostat (~1 × 10−6 mbar) with a helium compressor and lake-
shore 331 temperature controller. Electrical data were recorded by a 
Keithley 4200 SCS system.

Data availability
All data that support the findings of this study are available in the 
Article and Supplementary Information. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Exfoliated AMOs thin flakes. a-b, Optical images of 
typical exfoliation of AMOs: putting foams on tapes (a) and pressing them on 
substrates (b). c, Statistics of the flakes’ lateral size (l) on three substrates in (b). 
The numbers of ultrathin flakes (thickness d < 10 nm) found on three substrates 

are 1, 3, and 8, respectively. d, Low-mag optical image of exfoliated AMOs flakes, 
showing their high density and large dimensions. e-f, Optical images of ultrathin 
AMO flakes. g-h, AFM characterizations of two ultrathin flakes with thicknesses of 
10.6 nm and 12.9 nm, respectively.
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Extended Data Fig. 2 | Height uniformity of varied AMOs and CMOs flakes. a–e, Optical images (left column), AFM images with five lines highlighted (middle 
column), and height profiles (right column) corresponding to lines in AFM images. Scale bars: 5 μm (optical images, left column), 2 μm (AFM images, middle column).
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Extended Data Fig. 3 | Route #2 to fabricate AMOs flakes by directly crushing 
calcines on marked substrates. a–d, Optical images of four samples at different 
locations. From left to right panels: small pieces of α-AlOx calcines on substrates 
(before crushing), low-magnification images after crushing with a tweeze tip,  

and zoomed-in images showing flakes with lateral sizes of ~ 10 μm. Samples  
from Route #2 were typically thicker than those from Route #1, that is, the  
tape exfoliation.
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Extended Data Fig. 4 | Schematics of the exfoliation mechanism from 
lamellae to thin flakes. Note that lamellae are not entirely flat but slightly  
curved (Supplementary Fig. 1b, c). Pressing the curved flake on the rigid substrate 
introduces bending on the material and thus causes two possible fracture 

modes. In Mode I, the flake cleaves along the cross-section into two pieces of 
equal thickness, introducing shrinkage of the lateral size. In Mode II, the crack 
propagates along the longitudinal section so that a thinner flake exfoliates from 
the original piece.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Photon-programming floating gate devices.  
a, Schematics of the devices’ operations and band diagrams(Purple box: Gr-TE, 
Grey box: CrAlO, Blue box: MoS2, Blue balls: electron, White balls: hole). The 
operation is based on the considerable adsorption of green light in the CrAlO 
layer and electron tunneling through the nanogap between monolayer MoS2 
and CrAlO. Without the gating or illumination, the channel is in the low current 
(OFF) state (Step i). With the illumination of a 532 nm laser, photon-generated 
electron-hole pairs occur in CrAlO, followed by the pair dissociations and the 
electron transfer from CrAlO to MoS2 (Step ii). When turning the light off, due to 
the nanogap, holes nearby the interface cannot be combined and thus can exist, 
serving as a photon-programming floating gate to turn on the device (Step iii). 
The near-interfacial holes can be erased with the assistance of gate voltages. For 
example, with a 10 V of the top-gate voltage, the injection of an electron from 
MoS2 back to CrAlO takes place, eliminating the floating gate (Step iv). The 
laser programming step can be enhanced by applying a negative gate voltage 
(Vtg = -2 V) which promotes more efficient electron tunnelling and higher hole 
density left in CrAlO for floating gating (Step v). The positive top-gate voltage 
also restricts only one-way electron tunnelling (from MoS2 to CrAlO) even under 

illumination, giving rise to a robust voltage erasure (Step vi). b, Comparison of 
CrAlO and AlO as top-gate dielectrics. With the same device configurations and 
laser stimulus, a non-volatile optoelectronic response is revealed for the CrAlO-
gated device manifested by the retained channel current without suppression 
for at least 4000 s, in sharp contrast to an unstable current with fast decay in 
an AlO-gated device. c. Voltage erasing process by the back-gate voltage. By 
applying 80 V of the back-gate voltage, the device is turned on with an enhanced 
electron density, and a slightly negative bias (-5 V) is also helpful for the electron 
tunnelling (from MoS2 back to CrAlO) to erase the floating gate. After the voltage 
erases, the channel current drops back to the off-state level. d, Different current 
states programmed by the intensity of light. e-f, Operations corresponding 
to Steps v and vi in a. Enhanced laser programming is achieved by applying 
a −2 V of top-gate voltage which leads to a ten-times larger retained current 
(1000 nA in e versus 100 nA in f). During the top-gate voltage erasing process, the 
concurrent illumination (even at higher power) does not affect the elimination 
of the floating gate stored in the previous run of illumination (f). g, One in-sensor 
logic operation, the negation of an implication (¬(p → q)) where p is the laser 
illumination and q is the top-gate voltage.
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