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Ultrafast light-based logic with graphene
By exploiting subfemtosecond control of light pulses, researchers demonstrate an ultrafast logic gate based on the
waveform-dependent photocurrent generated by real and virtual carriers in graphene.

Klaas-Jan Tielrooij
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n the quest for observing and exploiting
ever faster physical phenomena,
ultrashort light pulses play a crucial
role. Few-cycle laser pulses enable the
visualization of processes occurring on a
timescale down to the optical period of light,
which is a few femtoseconds for visible light.
Laser sources with carrier-envelope-phase
(CEP) stabilization, where the exact
waveform of light pulses is controlled, even
enable attosecond time resolution. Such
waveform control has led to prospects of
technological applications, in particular
signal processing at speeds that exceed the
current gigahertz clock rates of processors
based on field-effect transistors by orders of
magnitude1. In a recent report in Nature2,
the groups of Hommelhoff and Franco
followed up on this promise, providing
a proof-of-concept demonstration of an
ultrafast logic gate.
This achievement relied on
phase-stabilized few-cycle laser pulses
with controlled waveform that interacted
with graphene electrons. In particular,
they exploited the finding that the
CEP-dependent photoresponse can originate
from either real or virtual charge carriers,
depending on the exact waveform and the
exact location of the incident light pulse.
They then used two incident light pulses
that — depending on their exact shape —
were assigned logic inputs of zero or one.
The total current provided the logic output,
with the device behaving as an ultrafast logic
NOR gate. This is a functionally complete
operator, meaning that no other operator
types are needed to construct a processor.
In their experiment, the researchers
fabricated three different graphene
channels, each with a different channel
length in the micrometre range, connected
to two gold electrodes (Fig. 1). They then
illuminated the centres of these channels
with few-femtosecond light pulses with
controlled waveform. Graphene is known
for its efficient photoresponse generation
through several mechanisms3. Importantly,
here the experiment focused exclusively
on the fraction of the photocurrent that
was CEP dependent, which they obtained
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Fig. 1 | Waveform-dependent photocurrent generation. a, Ultrafast phase-controlled waveforms with
an asymmetric shape (blue lines) imprint net momentum onto the charge carriers (grey spheres) in
graphene channels, leading to photocurrent generation. b, An ultrafast phase-controlled waveform with
a symmetric shape (red lines) imprints net polarization onto the charge carriers in graphene channels,
exclusively leading to photocurrent generation in the shortest channel, where the graphene–electrode
interface provides symmetry breaking. This waveform- and location-dependent photoresponse
generation via real and virtual charge carriers in graphene constitutes the main ingredient for ultrafast
logic operation with such devices.

through photocurrent demodulation with
a lock-in amplifier. A previous report of
the Hommelhoff group4 described how a
CEP-dependent graphene photoresponse
appears in the strong-field regime with a
field strength above ~10 MV cm−1. The
mechanism was ascribed to coherent
electron dynamics occurring at a timescale
even faster than the 10–100 fs electron–
electron interactions in graphene.
The key concept that enabled the ultrafast
logic operation was the distinction between,
and the CEP-control of, photocurrent
generation by either real or virtual charge
carriers. In the case that the electric field

of the waveform was asymmetric, this
resulted in real charge carriers with net
momentum, whereas a symmetric waveform
resulted in virtual charge carriers with net
polarization (Fig. 1). This concept of real
versus virtual charge carriers observed here
in the strong-field regime is analogous to the
real versus imaginary conductivity probed
using terahertz pulses in the weak-field
regime: a real conductivity corresponds to
an absorptive response, typically due to free
charges that gain net momentum, whereas
an imaginary conductivity corresponds to
a non-dissipative response, for example,
due to confined charges that gain net
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Fig. 2 | Ultrafast NOR gate. a, Schematic of ultrafast logic exploiting two ultrashort light pulses incident in the centre of the channel (A), where only real
carriers generate a photoresponse, and at the electrode (B), where also virtual carriers can generate a photoresponse. Symmetric waveforms are always
assigned a logic one; asymmetric waveforms either a zero or a one, depending on their phase. b, The logic gate operates through the photocurrent generated
by real and virtual carriers, which can add up or cancel or be negligible. By assigning only positive photocurrent to a logical output one, the device operates as
an ultrafast logical NOR gate, as the truth table indicates. c, To perform calculations at petahertz speeds, the logical inputs A and B could consist of sequential
phase-controlled waveforms.

polarization5. Strikingly, real carriers,
created by an asymmetric waveform,
led to a photoresponse in all graphene
channels, whereas virtual carriers, created
by a symmetric waveform, only led to a
photoresponse in the smallest graphene
channels, where they are created in close
proximity to the electrodes (Fig. 1). To
perform ultrafast logic operation, two
distinct waveforms were focused onto
a graphene device: one in the centre of
the graphene channel, where only real
carriers create photocurrent, and one at
the graphene–electrode interface, where
virtual carriers also lead to photocurrent.
Each waveform was assigned logical input
of one or zero, depending on its exact shape
(Fig. 2a). For the generated photocurrent,
a positive photocurrent would be a logic
output one; a negligible or negative
photocurrent would be zero. Figure 2b
shows how this corresponds to an ultrafast
NOR gate.
What is particularly impressive about
this demonstration is that the logic gate has
the potential to enable ultrahigh-bandwidth
computation, for example, by using a
sequence of symmetric and asymmetric
waveforms as logical inputs (Fig. 2c).
The fundamental limit for the bandwidth
will then be the optical period, which
corresponds to a petahertz bandwidth.
To bring such speeds closer to reality,

there are fundamental and technological
challenges that would need to be overcome,
starting with the task of finding ways to
create sequences of controlled waveforms
as in Fig. 2c, and to correlate the resulting
photoresponse of such sequences to
logic outputs of individual waveforms in
the sequence. Perhaps parallel6, rather
than sequential, computing could be an
interesting approach to explore. In terms
of technological challenges, there are
concerns related to the need for strong
electrical fields, which has implications
towards energy consumption and heat
generation, and the rather large footprint
of the logic device. Finally, it is likely that
(opto)electronic processes will play a
speed-limiting role in optical computing
after all. These are technological concerns
that generally apply to the field of optical
computing7.
There are several opportunities
that do speak in favour of the current
implementation of an ultrafast logic gate
based on graphene. Graphene offers ultrafast
optoelectronic conversion8, favourable
heat-dissipation properties9 and strongly
confined plasmons, which can lead to
a reduced footprint and increased field
strength, and have recently been used for
all-optical logic operations10. Furthermore,
there are currently strong efforts to get
graphene manufacturing and integration

processes ready for industrialization11. The
ultrafast logic gate demonstrator can thus
benefit from these concerted efforts, and
in turn it confirms the enormous potential
of graphene ultrafast optoelectronics
for a broad range of applications across
information and communications
technologies.
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