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Memristor nanostructures based on the bigraphene/diamane phase

transition
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Carbon nanostructures based on a local structural phase transition bigraphene/diamane obtained by transferring

two graphene layers onto a La3Ga5SiO14 substrate and irradiating them with an electron beam through a polymethyl

methacrylate layer are studied. Irradiation of the structure led to local functionalization of bigraphene with oxygen

and hydrogen with the formation of sp3- bonds and a bigraphene–diamane phase transition, which was previously

predicted theoretically. Changes in the intensity and position of peaks in the Raman spectra of irradiated bigraphene

and an increase in its resistance indicate a local phase transition. Theoretical calculations of the modified bigraphene

structure on La3Ga5SiO14 and experimental measurements of the proportion of sp3-hybridized carbon atoms indicate

the formation of diamane nanoclusters and the possibility of local formation of nanostructures whose memristive

states can be controlled at low currents and bias voltages.
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Introduction

The need to process large volumes of data in real time by

artificial intelligence systems of self-driving vehicles encour-

ages researchers to create more energy-efficient and faster

microelectronic components. DOJO processor developed

in 2021 for Tesla Autopilot neural artificial vision networks

on the basis of 7 nm CMOS (complementary metal-oxide-

semiconductor) technology has a set of D1 boards with

25 integrated circuits each that consume 15 kW (288A,
52V) (Figure 1) [1]. To perform ∼ 1018 operations per 1 s

(1.1 EFLOP), the processor needs 3000 D1 boards with the

total power consumption of 45MW. The annual consump-

tion peak of electricity produced by heat, hydroelectric,

nuclear, solar and wind power plants in the Unified Energy

System of Russia in 2021 was ∼ 161000MW [2] which

may supply power to ∼ 3500 autopilots. This is by orders

of magnitude lower that the number of traditional drivers on

the roads in Saint Petersburg (2.5mln) or Moscow (5mln).
An ordinary driver brain consumes 10−20W. The data

indicates low energy efficiency of artificial real-time data

processing systems and the need for their development.

With the emergence of new low-dimensional crystals and

memristor nanostructures based on them that have unique

structural, electronic and optical properties, electronic and

optoelectronic devices with better energy efficiency and

data processing rate may be created. Two-dimensional

graphene-like crystals [3] and Van der Waals heterostruc-

tures [4] have high mobility of charge carriers and cover

a wide ultraviolet, visible and infrared absorption spectral

range [5]. An important feature of two-dimensional crys-

tals is the absence of dangling bonds on their surface,

which makes it possible to build them in CMOS to

form defect-free interfaces. Using the CMOS technology,

high performance photosensors with high resolution and

sensitivity in a wide range from 300 nm to 2µm were

demonstrated [6].

Two-dimensional crystals also demonstrate ultra-fast pho-

toinduced structural phase transitions [7–11]. For example,

reversible photoinduced phase transition in MoS2 from

semiconductor phase 2H to metallic phase 1T (Figure 2)
may occur during ultrashort times in a femtosecond

range [12].

This approach was used to demonstrate dynamic switch-

ing of the MoS2 QDNS photomemristor structure (two-
dimensional nanocrystals with quantum dots) [13,14]. Pho-
tomemristive states associated with 2H- and 1T-phases are

well controlled by 532 nm light and the bias voltage of 1.7 V

and 2.7V [13]. Resistive switching was also observed in

electric field in a graphene oxide (GO) structure [15–18].
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Figure 1. Boards with 25 integrated circuits with DOJO processors intended for neural networks for pattern recognition in the Tesla

Autopilot artificial intelligence system (left). Power of each board (right) is 15 kW.
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Figure 2. Phase transition in two-dimensional MoS2 from

semiconductor phase 2H (a) to metallic phase 1T (b) [7].
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Figure 3. I-V characteristics of the PtTi/rGO/GO/rGO/PtTi

memristor structure formed by an electron beam (inset) and

cyclic switching of resistive states associated with sp3- and

sp2-hybridization of carbon atoms, by the bias voltage of 0.8−0.9 V.

At low bias voltages (0.4 V), resistance in the Al/GO/Al

memristor nanostructures varied by three orders of mag-

nitude. Detailed analysis of such structures showed that

resistive switching was associated with conductive channels

in graphene oxide that are formed during tuning of the

sp3/sp2-hybridization of carbon atoms [19]. Memristive

states in the PtTi/GO/PtTi nanostructures made by electron

beam irradiation [14,19] are well controlled by the bias

voltage of < 1V (Figure 3) and allow signal processing in

memory [20–27].

Such approach may be used for energy-efficient process-

ing of large amounts of electrical [28–30] and optical [31]
data.

1. Bigraphene/diamond-like C2H-diamane
phase transition

Phase transition of hydrogen-bonded bigraphene to

diamond-like C2H-diamane was predicted by L.A. Cher-

nozatonsky et al [32]. Atomic structures of single-layer

graphane (a) and diamane (b) are shown in Figure 4.

Hydrogen atom adsorption by graphene and bigraphene

leads to formation of materials with new electronic prop-

erties, in particular, to single-layer diamond (diamane).
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4
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Figure 4. Atomic structures of single-layer graphane (a) and

diamane (b).
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Figure 5. Raman scattering spectra of locally electron-beam irra-

diated bigraphene at different irradiation doses (DB > DA > D0).

Chemically induced phase transition of bilayer graphene

to single-layer diamond was confirmed experimentally by

CVD-bigraphene fluorination [33]. Methods with high

spatial resolution demonstrated formation of interlayer

carbon-carbon bonds and fluorinated diamond monolayer

(F-diamane).
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Figure 6. Raman mapping of the bigraphene/diamane/bigraphene nanostructure obtained by irradiation of bigraphene on La3Ga5SiO14

through PMMA. Optical image of the bilayer graphene surface irradiated with electron beam (vertical band) at the accelerating voltage

of 25 kV and dose of 1 µC/cm2 (a). Scale bar — 1 µm. Intensity ratio map of Raman bands D and G (b), 2D and G (c) of the

bilayer graphene after local electron irradiation in the form of a vertical band. Distribution of defect density sp3 (cm−2) evaluated by the

D-peak (d).

2. Local bigraphene/diamane phase
transition induced by electron beam

Local phase transition in a structure based on bigraphene

transferred to a La3Ga5SiO14 substrate was achieved by

electron-beam irradiation through polymethyl methacrylate

(PMMA) [34]. Phase transition of bilayer graphene to

diamane was observed when hydrogen and oxygen atoms

were released from PMMA and langasite, respectively, and

bonded in local irradiated regions with bigraphene. Raman

scattering (RS) spectra of bigraphene locally electron-beam

irradiated with different irradiation doses show that, as the

dose increases, the ratio of typical peaks D to G increases

(Figure 5).
Variation of peak intensity and position in RS spectra and

increase in bigraphene resistance after irradiation indicate

local phase transition of bigraphene to diamane with the

sp3-hybridization of carbon atoms. Raman mapping of the

bigraphene/diamane/bigraphene structure shows that local

phase transition is formed and the fraction of carbon atoms

in the sp3-hybridization in the irradiated region increases to

3 · 1011 cm−2 (Figure 6).
Modeling of the modified bigraphene structure

on La3Ga5SiO14 and experimental evaluation of the

sp3-hybridized carbon atom fraction indicate that diamane
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Figure 7. Density of electron states of diamane (carbon and

hydrogen atoms) in the diamane/langasite nanostructure. Fermi

level is shifted to zero.

clusters are formed in the irradiated bigraphene regions and

the band gap is opened in bigraphene at the level of 0.7 eV

(Figure 7) [34].

3. Memristor nanostructures based on
the bigraphene/diamane phase
transition

Memristor nanostructures were made using local bi-

graphene/diamane phase transition. Electron beam irradi-

ation dose needed to destroy PMMA and release hydrogen

from it and oxygen from the La3Ga5SiO14 substrate was

measured experimentally and used for direct electron-beam

formation of memristor nanostructures. The formation

scheme and optical image of the AlCr/bigraphene/diamane

/bigraphene/AlCr nanostructure obtained by electron beam

scanning through PMMA at optimal irradiation parameters

(U = 25 kV, D = 1mC/cm2) along a line with a width of

200 nm, as well as the current-voltage (I-V) characteristics

of the structure before and after are shown in Figure 8.

Bigraphene on the La3Ga5SiO14 substrate was produced

by transferring graphene grown on copper foil by the CVD

method described earlier in [34,35]. Electron-beam induced

phase transition of bigraphene to diamane leads to formation

of a barrier for charge carriers and nonlinear I-V charac-

teristics (Figure 8, bottom right inset). I-V characteristics

and resistance variation in the Al(Cr)/bigraphene/Al(Cr)
structure non-irradiated and locally electron-beam irradiated

along the line show that irradiation of the structure lead

to a nonlinear dependence of current on bias voltage

and to increase in resistance by two orders of magni-

tude. AlCr/bigraphene/diamane/bigraphene/AlCr memristor

nanostructure formed by the electron beam in bigraphene

shows nonvolatile memristive states of bigraphene (420�)
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Figure 8. The current-voltage characteristics of the

AlCr/bigraphene/AlCr/ nanostructure on the La3Ga5SiO14 sub-

strate before electron beam irradiation (red open circles) and

after irradiation of the ∼ 200 nm region (dark vertical band in

the top left inset) open squares). Inset — optical image of

the nanostructure: bigraphene — brown, Al/Cr electrodes —
yellow. Bigraphene — diamane region after local electron-

beam irradiation — vertical dark band. Scale bar — 1000 nm.

Insert at the bottom right — I-V characteristics of the obtained

nanostructure in the region of low currents after irradiation with

an electron beam.
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Figure 9. Switching of memristive states of the bi-

graphene/diamane/bigraphene nanostructure with AlCr electrode

on the La3Ga5SiO14 substrate formed by electron-beam irradiation

of bigraphene at the bias voltages of ±0.9V.

and diamane (20 k�) (Figure 9), which can be reversibly

switched in an electric field at bias voltages of ±0.9V.

Modeling and evaluation of the stability of the bi-

graphene/diamane structure in an electric field show that

diamane with a minimum width of 1 nm is thermodynami-

cally stable (Figure 10).
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Figure 10. Dependence of the diamond cleavage barrier

calculated as the difference between the initial stage and the

stage with detached O2 for the desorption of one and two oxygen

molecules from the diamond surface. The graph shows cleavage

barrier variation at different applied electric field values. The inset

shows in more detail the dependence of the cleavage barrier during

the desorption of two oxygen molecules on the applied electric

field.

When the band width is < 1 nm, the structure becomes

instable and is separated into bilayer graphene. As the

band width increases, the energy barrier for diamond

cluster cleavage grows from 0.66 eV/O2 to 2.38 eV/O2 [36].
The obtained data indicates that phase transition can be

controlled in nanoscale memristor structures in the electric

field that decreases as the structure sizes decrease.

Conclusions

Local phase transition from bigraphene to diamane

predicted theoretically was studied experimentally. Electron-

beam irradiation of the PMMA/bigraphene/langasite struc-

ture in optimum conditions leads to formation of hydrogen

and oxygen atoms and their binding with bigraphene in

the irradiated regions to form diamane. Low-dimensional

structures based on bigraphene/diamane represent a new

class of atomic functional devices obtained by direct electron

beam exposure compatible with CMOS technology and

promising for the creation of new energy-efficient multi-level

resistive memory.
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