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Neuromorphic computing has emphasized the need for memristors with non-volatile, multiple
conductance levels. This paper demonstrates the potential of hexagonal boron nitride (hnBN)/graphene
heterostructures to act as memristors with multiple resistance states that can be optically tuned using
visible light. The number of resistance levels in graphene can be controlled by modulating doping
levels, achieved by varying the electric field strength or adjusting the duration of optical illumination.
Our measurements show that this photodoping of graphene results from the optical excitation of
charge carriers from the nitrogen-vacancy levels of hBN to its conduction band, with these carriers
then being transferred to graphene by the gate-induced electric field. We develop a qualitative model
to describe our observations. Additionally, utilizing our device architecture, we propose a memristive

crossbar array for vector-matrix multiplications.

Neuromorphic computing (NC), inspired by the human brain, has emerged
as a new paradigm beyond von Neumann computing. NC provides a low-
energy alternative to the traditional von Neumann architectures, promoting
sustainable computation in our modern information age. The critical
hardware building blocks for NC are memristors (artificial synapse), neural
processing units, and threshold switches (artificial neurons)'~. A memristor
is a fundamental electronic component whose resistance is dependent on
the charge that has flown through it; it is a resistor with a memory. This
charge-history dependence of resistance can be exploited in machine
learning frameworks where computation can be carried out via cross-bar
arrays, and synaptic weights (such as weights for neural networks) can be
modified by a certain number of electrical pulses, leading to in-memory
computing. A low-power, non-volatile memristor is essential to exploit NC’s
benefits fully.

A prerequisite for memristic action is a platform with non-volatile
doping. Chemical and electrostatic doping are the two most commonly used
techniques to induce charge carriers in 2-D channels. Chemical doping is
done by hetero-atom substitution and adsorption of molecular adsorbates
onto graphene and other 2D materials. There are several drawbacks of this
approach, including limited control over doping concentration, introduc-
tion of uncontrolled structural defects and lattice strains, unintentional
impurity introduction, challenges in maintaining stability and diffusion
control, and the sensitivity of the sample to processing conditions® .

Electrostatic doping involves doping using an external local gate. While
this technique avoids most of the disadvantages of chemical doping listed
above, the magnitude of doping attainable is limited by the breakdown
voltage of the gate dielectric”*"®. Liquid ionic gating has the potential of
reaching higher doping levels than is achievable by dielectric gates but at the
cost of device instability and non-scalability"**.

A viable alternative is optical doping of graphene on hexagonal boron
nitride (hBN) substrates” *. hBN has a band gap of 6 eV with several
intermediate defect states that can be optically excited”"*’. This method
involves the controlled optical excitation of charge carriers from defect states
of hBN and their transfer to graphene using an external electric field. This
technique is reversible without adversely affecting transport mobility and
defect density.

In this article, we present an in-depth study of optical doping in hBN/
graphene heterostructures using visible light. Our research reveals that
electrons in the nitrogen-vacancy defect state in hBN can be optically excited
with violet light and transferred to graphene through electrostatic gating.
This technique enables high-density doping of graphene, with the doping
level controlled by gate voltage or illumination time. The dynamics of this
doping process, measured with millisecond temporal resolution, can be
adjusted by varying the illumination wavelength and optical power. Fur-
thermore, we demonstrate that a graphene/hBN heterostructure can func-
tion as a memristor, exhibiting multiple resistance levels. The device’s
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compact structure and room-temperature operation enhance its potential
for scalable, room-temperature neuromorphic applications.

Results and discussion

Single-layer graphene devices encapsulated between thin hBN crystals were
fabricated using the dry transfer method. 1-D electrical contacts to the
graphene were achieved by lithography and dry etching, followed by Cr/Au
metallization (Fig. 1a)". A back-gate voltage, V,, tuned the charge carrier
number density. Electrical transport measurements were performed using a
low-frequency AC measurement technique. The Dirac point (maxima in the
device resistance R) is attained at V,= 0 V (Fig. 1b), solid blue line, attesting
to the absence of charged impurities in the graphene channel.

Optoelectronic measurements

The optoelectronic measurements were carried out at room temperature,
and the sample was illuminated by using either an LED of wavelength,
A=427m or a Ti Sapphire pulsed laser (80 MHz repetition rate, 100 fs
pulse width). To photo-dope the device, we use the following protocol:
The gate voltage is set to a desired value V7, and the device is exposed to
the light of wavelength 427 nm of intensity I = 62 Wm ™, till the resistance
saturates to its value at the Dirac point, Rpp (Fig. 1¢). The light is turned off
at this point, and the gate response of the device is measured. It was found
that the entire R — V,, plot shifts with the Dirac point at V; (Fig. 1b—solid
red line; in this example V¥ = —3 V), establishing that the device is now
electron-doped. We refer to this step as the SET protocol wherein the
Dirac point can be set deterministically at any desired value of V,. To
RESET the device, it is exposed to a higher light intensity I = 458 Wm > at
V% = 0V until the Dirac point shifts to V, = 0 V. This protocol brings the
Dirac point of the device back to V, =0 V (Fig. 1b—dotted green line). As
illustrated in Fig. 1b, the process can be repeated without degradation in
the device characteristics.

Figure 1 (d) shows snapshots of the R — V, data in 10 s intervals during
the SET process. During this measurement, the light was turned on for 10 s
with V; = —2 V. Theillumination was turned off, and the R — Vgcurve was
measured. The process is repeated multiple times to generate the plots in Fig.
1d. The intensity of the light was kept very low (I=4 Wm ™) to allow for a
much slower rate of resistance change. One can see that the entire transfer
curve shifts gradually to the left until the Dirac point reaches Vi = —2 V.
The results for similar measurements done with different values of V7 are
shown in Fig. le. These measurements establish that the Dirac point can be
moved deterministically to any value of the gate voltage either by controlling
the exposure time (Fig. 1d) or the value of V7 at which the device is illu-
minated (Fig. le). The detailed temporal dynamics of R during the entire
‘SET-RESET’ process are discussed in Supplementary Note 3.

After setting up the SET/RESET protocol, we now show that the
resistance of the sample at a specific gate voltage can be repeatedly alternated
between two distinct states (Fig. 2a). The data for a single light pulse is shown
in Fig. 2b, which shows the saturation in the two states, hence the stability of
the SET and RESET states. Moreover, adjusting the light exposure time
makes switching between multiple resistance values possible, as depicted in
Fig. 2c. In this measurement, the light was turned on for 10 s (blue shaded
region of the timeline), during which R increased. The light was then turned
off. The value of R was stable at the value it reached when the illumination
was cut off. This process can be repeated to produce multiple stable resis-
tance levels in graphene.

Figure 2d, e shows controlled switching between multiple resistance
states in an arbitrary and on-demand manner, demonstrating stability and
repeatability in the resistance states. The maximum fluctuations measured
in the resistance around the resistance states for repeated switching was
found to be +0.05x R/Rpp (Supplementary Note 6). This on-demand
switching, stability and repeatability is a key indicator for the robustness of
the device for memristor application.

(b)

Pristine
— V=3V
— V=4V
— V=5V

Fig. 1| Device characteristics and optical doping. a Optical image of the device and
a schematic of the device structure. b Longitudinal resistance as a function of gate
voltage for the pristine sample before illumination (blue solid line), after photo-
doping at V; = =3V (red solid line), after erasing the doping (green dotted line),
and after photodoping again at Vi = —3 V (pink dotted line). ¢ Change in the
longitudinal R as a function of time for constant power and gate voltage on exposure

Vg(V)

to light. t = f, marks when the light was turned on and ¢ = #; when the light was
turned off. d Snapshots of R — V; plots as the Dirac point progressively shifts from
Vg=0V at t =t (solid purple line) to V,* = — 2V at t = t; (solid red line).

e Representative plots of deterministic shifting of the Dirac point to desired values of
V, by photodoping. Rpp is the four-probe resistance at the Dirac point.
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Fig. 2 | Reproducible multiple states. a Optical switching of the device’s resistance
between two well-defined values at Vi = —5V with LED light source of A = 427 nm
and I = 62 Wm 2 b Resistance versus time graph for a single light pulse of SET and
RESET. ¢ Figure illustrating optical pinning of R to multiple values. The blue shaded
region marks when the light was switched on (hence R increased with f). The white
regions show the time the light was off. LED light source of A =427 nm and
I=4Wm? was used with V; = —5V. For a-c the R/Rpp values are recorded at

t(s)

V¥ = —5V. d Successive optical switching of the device’s resistance between two
well-defined levels; SET level at Vi = —4V, =3V, =2V, —1V and RESET level
Vg = 0V. e Optical switching of the device’s resistance between different distinct
resistance levels, defined by V;. For both (d) and (e), the measurements were done
with an LED light source of A =427 nm. The intensity of illumination was
I=62Wm™ for SET and I =458 Wm™? for RESET. The R/Rpp value is measured

Fig. 3 | Memristor. a Schematic of the proposed
cross bar geometric memristor. b Schematic of the
individual device forming a cell of the memristor.

f—
at Vg =0V.
graphene
- ate electrode

9

Application as memristor

As shown in Fig. 2¢, our device has at least six stable resistance states, with
more resistance states also accessible by lower optical powers. Such an hBN/
graphene heterostructure with multiple stable resistance values holds sig-
nificant potential for developing memristor devices for vector-matrix mul-
tiplication and machine learning (ML) applications'**. Several such devices
can be fabricated in a cross-bar array for a typical linear algebra calculation,
with voltages as inputs and currents as outputs. A new vector-matrix

multiplication operation can be carried out by modifying the weights of each
cross-bar intersection, i.e., by changing the resistance of the channels. For
hardware implementation of ML training, the synaptic weights of a neural
layer (each layer will be a separate cross-bar array) can be similarly modified.

We propose a cross-bar geometry schematically shown in Fig. 3a to
achieve the above objectives. Its compact footprint offers distinct advantages
over other structures. Each device unit (shown schematically in Fig. 3b) is
individually gated; this architecture is conveniently achievable using
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Fig. 4 | Schematic energy band alignment (top panels) and charge distribution
(bottom panels) in the device under different conditions. £, £y and &,
represent the conduction band edge, N-vacancy mid-gap state and valence band
edge of hBN, respectively. a For V; = 0, hv = 0, hBN and graphene are charge
neutral. b The graphene channel acquires a positive charge for V<0 and hv = 0. The
resultant electric field E,,, bends the bands of the hBN. ¢ SET: For V;<0 and hv # 0,
electrons are transferred from £y (orange dotted line) to £ (solid red line) of hBN.
These electrons drift into graphene (represented by the dotted electrons) and reduce

+++++++4+ T

its net positive charge. d The doping process stops when E; = E,.,. The hBN bands
flatten out, graphene is charge neutral, and the hBN is left positively charged. e After
the gate voltage is set to zero, graphene draws a net negative charge from the contacts,
making it electron-doped and the total system charge neutral. (f) RESET: For

V; = 0V and hv # 0, electrons are excited from &, (blue solid line) of the hBN to
recombine with the holes in £y (orange dotted line). The electrons from graphene
(represented by the red dotted circles) drift into hBN £, and recombine with the
holes left behind.

modern nano-fabrication processes. Before each operation, the channel
resistance of each device is SET by a global incident optical beam and the
application of distinct back-gate voltages to different devices. The RESET for
any desired device can done by setting its gate voltages to zero and illumi-
nating with a global incident optical beam.

Origin of the phenomenon

Photodoping of the graphene channel requires charge transfer from hBN to
graphene. The energy corresponding to violet light (A = 427 nm) is 2.9 eV,
much lower than the band gap of hBN (=6 eV), precluding photo-excitation
of carriers from the valence band of hBN. We also find that the graphene
channel remained undoped in a device with only the top hBN flake and
without the bottom hBN flake upon using the same protocol described
above (Supplementary Note 2). This study confirms that only the bottom
hBN was responsible for the photodoping effect. Although the top hBN is
not essential for the operation of the device, it is crucial for having a high-
quality, low-defect graphene channel with long-term stability.

Based on our observations, we sketch out a possible scenario below that
explains all our experimental findings. Figure 4a is a schematic of the energy
alignment of the bottom hBN and the graphene without photo-excitation
and at Vi, = 0. Several mid-gap states in hBN can act as electron donors. Of
these, the one most relevant for us is the defect state of nitrogen vacancies
(marked as £ in Fig. 4). This level can have stable charge states of + 1 or 0°°.

A negative gate-voltage V, = V7 dopes the graphene channel with holes
and creates an electric field E,,, directed from graphene into the hBN
(Fig. 4b) leading to band bending. Illuminating the device with violet light
excites electrons from &£ to the conduction band &£ of hBN. These elec-
trons are funneled to the graphene channel under the influence of the
electric field. The holes left at £y in the hBN generate an electric field E; in
the direction opposite E,,, (Fig. 4c). The electron transfer process continues
until the net electric field between graphene and hBN E,,=E,; — E;
becomes zero. Simple electrostatics arguments show that the effective
number density in graphene becomes zero at this point, which manifests as a
shift of the charge neutrality point to V7 (Fig. 4d).

On reducing V, to zero, graphene draws negative charges from the
metal contacts, making the net device charge neutral (Fig. 4e). This charge
configuration generates an electric field E; directed from the hBN to gra-
phene. The consequent band bending and the fact that £y>&, forbids
electron transfer back from graphene to the hBN; graphene remains
negatively charged with the Dirac point at V, = V7, and hBN is positively
charged (Fig. 4e). This constitutes the SET protocol. The energy barrier to
back-transfer electrons from graphene to hBN explains the long-term
charge retention in graphene after the photodoping is completed.

Exposing the device to light with Viy = 0'V erases the doping, bringing
the graphene’s Dirac point back to V=0 V. For this to happen, excess
electrons need to be removed from graphene and transferred back to hBN.
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Note, however, that this process is energetically unfavorable as £, >, at the
interface. We propose a phenomenological scenario in which this RESET
process is a two-step process involving (1) the transfer of electrons from the
valence band of hBN to its mid-gap states due to optical excitation and (2)
subsequent electron transfer from graphene to the empty valence band
states of hBN due to electric field (Fig. 4f). Consequently, the RESET process
(involving electron transfer from graphene to hBN) is much slower than the
SET process for electron doping. Device-level simulations are required to
verify if the above scenario correctly captures the doping erasure process.

To experimentally verify the scenario proposed above, we used a tunable
pulse laser to study the wavelength dependence of the ‘SET” time 7. Figure 5a
plots 7, versus the laser photon energy for a constant laser intensity and
Vg = —3 V. It shows a minimum centered around E = 2.8 eV. This photon
energy corresponds to the optical absorption by valence nitrogen defect in hBN
‘Ex- leading credence to our understanding of the photodoping process”. The
wavelength dependence of the time required for the RESET’ 7, is shown in Fig.
5b. In contrast to the SET process, 7, reaches its minimum value at around
E =32 eV; this value matches exactly £y — Ey; the energy required to excite
charge carriers from the valence band to the nitrogen-vacancy state.

We note that the optical power used for the RESET process is higher
than that used during the SET process. Thus, one must consider the pos-
sibility of the formation of defect states in the hBN during this process. We
rule out this scenario by noting the lack of long-term resistance drift, as seen
from Fig. 2. We have also considered the possibility of the reversible creation
of additional mid-gap states but ruled them out from energetic considera-
tion. The maximum used power for the optical measurements was
10° Wm 2, which is significantly lower than the reported power needed to
create defects in hBN'*™.

Figure 5¢ shows the dependence of 7, on the intensity of the light, ata
fixed Vi and 1=427nm. We find that 7,ecI ~!. This dependence is
understandable, as an increase in the intensity of photons leads to more free
charges being produced in hBN, reducing the time taken to dope
(see Supplementary Note 1 for detailed derivation). For measurements
performed at a fixed intensity of light, the time constant to dope should
increase with an increase in the magnitude of V; (equivalently, of E,,,);

measurements confirm this (Fig. 5d) (See Supplementary Note 1 for detailed
derivation).

To summarize, we demonstrate a reversible control of the Dirac
point in the graphene-hBN heterostructure to encode the resistance
values via a combined optical-electrical stimulus. The device’s resistance
can be modified by varying the gate voltage in the presence of an optical
incident power or by fixing the gate voltage and illuminating it with
multiple optical pulses. The switching time can be tuned by the incidence
light wavelength (Fig. 5a), light intensity (Fig. 5¢), or the gate voltage
(Fig. 5d) providing tremendous tunability of the properties of the device.
The time taken to electron dope is much less compared to hole doping
for a fixed power and gate voltage, and further experiments need to be
done to make them comparable. It should be possible to control the
switching time by modifying the defect density in hBN using electron
irradiation or annealing processes. The ability to photoelectrically SET,
READ, and RESET multiple stable and non-volatile resistance states of
the device makes it ideal for use as a memristor.

Methods

Device fabrication

The devices were fabricated using the dry transfer technique®. Single-layer
graphene (SLG) and hexagonal boron nitride (hBN) flakes were mechani-
cally exfoliated onto a Si/SiO, substrates. The hBN flakes had a thickness of
25-30 nm. Electron beam lithography was used to define electrical contacts.
This was followed by etching with a mixture of CHF; (40 sscm) and O,
(10 sscm). The metallization was done with Cr/Au (5 nm/60 nm) to form
the 1D electrical contacts with SLG.

Measurements

All electrical transport measurements were performed at room temperature
using a low-frequency AC measurement technique. For low-temperature
measurements, the sample was cooled down in a cryostat to 4.7 K. For
optoelectronic measurements, the sample was illuminated using either an
LED of wavelength, A =427 nm, or a Ti Sapphire pulsed laser (80 MHz
repetition rate, 100 fs pulse width).
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The authors declare that the data supporting the findings of this study are
available within the main text and its supplementary Information. Other
relevant data are available from the corresponding author upon request.
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