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Observation of Dirac bands in artificial graphene in
small-period nanopatterned GaAs quantum wells
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Charge carriers in graphene behave like massless Dirac
fermions (MDFs) with linear energy-momentum disper-
sion" ?, providing a condensed-matter platform for studying
quasiparticles with relativistic-like features. Artificial gra-
phene (AG)—a structure with an artificial honeycomb lat-
tice—exhibits novel phenomena due to the tunable interplay
between topology and quasiparticle interactions®*-. So far,
the emergence of a Dirac band structure supporting MDFs
has been observed in AG using molecular®, atomic®’ and pho-
tonic systems®', including those with semiconductor micro-
cavities”. Here, we report the realization of an AG that has
a band structure with vanishing density of states consistent
with the presence of MDFs. This observation is enabled by a
very small lattice constant (a=50nm) of the nanofabricated
AG patterns superimposed on a two-dimensional electron gas
hosted by a high-quality GaAs quantum well. Resonant inelas-
tic light-scattering spectra reveal low-lying transitions that
are not present in the unpatterned GaAs quantum well. These
excitations reveal the energy dependence of the joint density
of states for AG band transitions. Fermi level tuning through
the Dirac point results in a collapse of the density of states at
low transition energy, suggesting the emergence of the MDF
linear dispersion in the AG.

The development of semiconductor superlattice systems has
stimulated great interest in the band engineering of layered semi-
conductors'*""°. Previous reports on nanopatterned artificial gra-
phene (AG) on GaAs quantum well (QW) structures found no
evidence of massless Dirac fermions (MDFs), either because of the
relatively large lattice periods®'*'® or possibly because of spectral
limitations”. Crucial to the observation of MDFs in semiconduc-
tor AG is the extent in the energy domain of the linearly dispersed
bands around the K and K’ points in the Brillouin zone (BZ)*, which
must overcome both thermal and disorder-induced broadenings.
This condition requires AG with superior spatial uniformity, as well
as lattice constants well below 100nm. The key steps for creating
the AG potential are described schematically in Fig. 1a-d. Figure le
presents the calculated AG energy bands for a lattice constant a of
50nm (for calculation see Supplementary Section 1). Each pillar
produces an effectively attractive potential, which is approximated
by a muffin-tin model (represented by a red dashed line in Fig. 1d).
The energy range of the MDFs at the K and K’ points in the BZ is
predicted to be ~0.4meV, which is considerably larger than found
in previous work* '®. This extended energy range, linked to the small
lattice constants, enables the experimental exploration of MDFs.

The fabricated AG lattices were superimposed on a two-dimen-
sional electron gas confined within a 25-nm-wide one-side modula-
tion-doped Al ,Ga,,As/GaAs QW. High-resolution electron-beam
lithography was used to define a honeycomb array of metallic
nanodisks (Fig. 2a,b), which served as a mask for reactive-ion etch-
ing®'. Proximity effects in GaAs are especially significant” and
required consideration during electron-beam lithography, for exam-
ple, through the optimization of exposure and development condi-
tions (see Methods). Honeycomb arrays of metal disks with lattice
constants between 40 nm (Supplementary Fig. 2a) and 70nm were
fabricated extending over an area of 200X 200 um? The disk radius
was optimized using the calculation described in Supplementary
Fig. 1. The fabricated masks displayed excellent short-range uni-
formity and long-range order, essential requirements for the
observation of Dirac fermion physics. Inductively coupled plasma
reactive-ion etching was used to create honeycomb lattices of pillars
in the substrate, as illustrated in Fig. 2¢,d (see Methods). This pro-
cedure allowed us to obtain an AG lattice with a nearly vertical pillar
profile, as presented in Supplementary Fig. 2b. Precise control of
the etch depth enabled tuning of the magnitude of the AG potential
and of the Fermi energy. AG samples with different lattice constants
were studied, as listed in Supplementary Table 1. Here, we present
the results from two patterns with a=50nm. Sample A was created
with an etching depth of 70nm (Fig. 2b,d), and sample B had an
etching depth of 75nm. This facilitated the in-depth study of the
AG band structure and monitoring of the emergence of MDF states.

Resonant inelastic light scattering (RILS) has been demonstrated to
be an effective probe of electron states in AG', but the low-lying states
near the Dirac cones have not been accessed until the present work.
Here, we report results based on photoluminescence (Supplementary
Figs. 3 and 4) and RILS methods (Supplementary Fig. 5). RILS mea-
surements of low-energy excitations at low temperature (4K) are shown
in Fig. 3a for sample A. The RILS signal overlaps with weak photolu-
minescence, which is subtracted, as shown in Fig. 3b. Typical spectra
after removal of the photoluminescence are shown in Fig. 3¢, in which a
clearly identifiable narrow peak (full-width at half-maximum (FWHM)
of ~0.21meV) near 0.85meV is labelled E;. A weaker broader peak
located near 1.3meV is labelled Ey;. These RILS spectra are interpreted
as arising from transitions between states belonging to different AG
energy bands, specifically from the ¢, band to the ¢, band, as indicated
in Fig. 3d. Moreover, by tuning the etching depth, the Fermi energy can
be reduced to a lower value, enabling the observation of transitions from
Coo tO ¢op. RILS measurements in this regime provide a direct observation
of the AG band structure, as explained in the discussion for sample B.
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Fig. 1| Principle of the realization of AG in a modulation-doped Al,_,Ga,As/GaAs QW. a, Schematic of the layer sequence in the QW sample. The QW
is positioned 110 nm below the surface and 30 nm below the Si 8-doping layer. The as-grown electron density is 1.8 x 10" cm2, with a Fermi energy of
6.3meV and low-temperature mobility of 3.2 x10°cm?V-"s7". b, Schematic of an etch-mask with honeycomb topology with lattice constant a.

¢, lllustration of the sample profile after etching, showing the parameters that define the AG pattern. r is the radius of the pillar. d, Schematic of the
periodic potential induced by the AG pattern (black solid line). —V, is the potential depth in the etched area. In the evaluation of the AG band structure,
we used a honeycomb muffin-tin potential (red dashed line) within the single-particle approximation and solved Schrédinger’s equation with a basis of
plane waves (Supplementary Section 1). e, Lowest two AG bands for typical parameters a=50nm, V,=—-10meV and r=8.5nm. f, AG band structure for
a=100nm, Vo=-2meV and r=17nm. In e and f, the linear dispersion range is shown (highlighted by the dashed circle) to be increased by a factor of ~4

fora=50nm.

RILS spectra of the inter-AG-band transitions are expected to
be proportional to the joint density of states (JDOS) for vertical
transitions (no wavevector change), as described in Supplementary
Section 4. The calculated JDOS peak shown in Fig. 3¢, which very
precisely overlaps peak E,, is largely due to transitions in the regions
of wavevector space marked as 1 and 2 in Fig. 3c,d. This agreement
indicates that disorder-induced broadening plays a minor role,
a crucial condition for the appearance of MDFs. In region 1, the
¢y and ¢, bands are nearly parallel, which results in a maximum
in the JDOS. Transitions in region 2 of the JDOS are at the Dirac
cones formed at the K and K’ points. Transitions in region 3 are
mainly transitions around the M point in the BZ where the c,, and
¢p, bands have fairly different k-dispersion, generating a broader
peak E,. The excellent agreement between the RILS spectra and
the calculated JDOS is strong evidence of the energy dispersion of
the AG bands formed under the periodic potential generated by the
fabricated nanopatterns.

Transitions from region 2 are of particular interest because they
originate from the segments of the reciprocal lattice BZ near the K
and K’ points, where MDFs are formed. To gain further insight into
the contribution from transitions within this region to the E; peak,
we take advantage of the resonance enhancement of RILS, shown in
Fig. 4. At lower incident photon energies, the asymmetric E; peak is
dominant, as seen in the upper spectrum in Fig. 4a. Region 2 transi-
tions occur at the high-energy cutoff of the E; peak (Fig. 4a). At this
lower incident photon energy, the E; peak mainly results from the
resonantly enhanced transitions around the Dirac points, as shown
in the inset to Fig. 4b. The low-energy tail of the E; peak (grey area)
probably arises from non-vertical transitions due to the impact of
residual disorder, as indicated in the inset to Fig. 4a and discussed
in Supplementary Section 4. The sharp cutoff of the E; peak at high
energy is interpreted as the cutoff of the JDOS due to Dirac cones
at the K and K’ points. These results support the existence of well-
defined MDFs.

A key picture of the electron states near the Dirac points can
be obtained from inter-AG-band transitions measured in an AG
structure in which the Fermi level lies below the energy at the K
and K’ points. This is achieved in our system by suitably tuning the
depth of etching during fabrication of the AG lattices. Figure 5a
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Fig. 2 | Nanofabrication of AG pattern on a modulation-doped
Aly;,Ga,,As/GaAs QW sample. a, lllustration of the etch-mask consisting
of an array of metal nanodisks arranged in a honeycomb lattice on the
surface of a QW sample. b, SEM micrograph of the mask of gold nanodisks
with 50 nm lattice constant (false colour). ¢, Cartoon representing the AG
nanopattern obtained by anisotropic dry etching through the mask using

a BCl;-based gas mixture. d, SEM image of an AG lattice with a lattice
constant of 50 nm after the ICP-RIE dry etch and removal of the gold mask.
The etch depth is 70 nm.
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Fig. 3 | Spectra of inter-AG-band transitions in sample A. a, Spectra of low-lying excitations at different incident photon energies hw,. The RILS signal
overlaps with the photoluminescence background. b, Subtraction of the background photoluminescence (red) reveals the RILS signal (blue). ¢, RILS
spectra for different incident photon energies hw, after removal of the photoluminescence background. Two peaks are identified at £, =0.85meV and
E,=1.3meV. The calculated JDOS of the inter-AG-band transitions between the cy, and ¢y, bands is in agreement with the observed spectra. The different
contributions to the JDOS are explained in d. d, lllustration of the electronic transitions associated with the observed RILS spectra. The AG bands are
calculated with a=50nm, r=8.5nm and V,=—6.4meV. The Fermi energy E; used in the calculation of the JDOS is 1.7 meV (Supplementary Section 3).
The linear dispersion range in ¢, and ¢y, bands is highlighted by a dashed circle. Three regions of the reciprocal space are identified with different colours
in d and the transitions in each region are related to the corresponding energy range of the JDOS in ¢c.

presents spectra from sample B, an AG lattice device with a=50nm
and etching depth of 75nm, resulting in a lower Fermi energy
than that in sample A. RILS spectra are shown in Fig. 5b after sub-
tracting a photoluminescence background signal (Supplementary
Fig. 6). The lowering of the Fermi energy results in strikingly dif-
ferent RILS spectra from those in sample A, as seen in the upper
panel of Fig. 5c. At hw;=1,525.75meV, no peak is observed.
When hw, is decreased to 1,525.2meV, a weak RILS peak is seen
near 1 meV, which becomes stronger for lower Aw, and its energy
decreases. When fw, is below 1,525.2meV, a strong RILS peak is
observed near an energy of 0.5meV. This RILS peak reaches its
maximum intensity at i@, =1,525.0meV due to the maximum in
resonance enhancement.

The spectra of low-energy transitions seen in Fig. 5b,c are
remarkably different from those in Fig. 3a, where a strong RILS
peak is centred at 0.8 meV. This crucial difference between samples
A and B is due to the lower Fermi energy—0.9 meV in sample B as
opposed to 1.7meV in sample A—so ¢, is the only AG band that is
populated in sample B and ¢, — ¢,, are the lowest inter-AG-band
transitions. The calculated AG band structure in Fig. 5d showing
flat bands near the M point and a linear dispersion near the Dirac
point is characteristic of AG. These features of AG are clearly man-
ifested in the RILS spectra shown in Fig. 5c. The intensity maxi-
mum at 0.5meV in the spectrum obtained with s, =1,525meV is

interpreted by the large JDOS for the ¢y, — ¢, transitions shown in
red in the lower panel of Fig. 5c and in Fig. 5d. The higher energy
transitions seen in the spectrum obtained with s, = 1,525.37 meV
arise mostly from transitions in the yellow region in the lower panel
of Fig. 5c and in Fig. 5d.

We highlight the rapid collapse of the RILS intensity in the very
low energy limit (approaching 0.1 meV) in Fig. 5c. This experi-
mental observation corresponds to the collapse of the JDOS for
the ¢y — ¢, transitions near the Dirac point, as seen in the lower
panel of Fig. 5¢ and in Fig. 5d (black curve), which follows directly
from the vanishing DOS of the linearly dispersing Dirac bands
(Supplementary Figs. 7 and 8). These results can thus be regarded as
a consequence of Dirac cones at the K and K’ points in the BZ of the
honeycomb lattice of AG.

To summarize, we have realized artificial graphene in a modu-
lation-doped AlGaAs/GaAs QW patterned with two-dimensional
honeycomb lattices with very small period, excellent long-range
order, short-range uniformity and anisotropic etching profile. RILS
spectra reveal transitions of electrons between AG bands with van-
ishing DOS, as expected for well-defined MDFs near the K(K’)
points. The presence of MDFs over a macroscopic region of a nano-
fabricated semiconductor system opens new research opportunities.
The small-period AG lattices in semiconductors, suitable for device
stability and integration, constitute a tunable platform for quantum
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spectrum, taken at hw, = ELR (see inset to b) is largely derived from transitions close to the K and K’ points. It shows an asymmetric £, peak with a sharp
cutoff on the high-energy side. The contribution to the JDOS from transitions near the K and K’ points (red curve) accurately describes the line shape of the
high-energy cutoff due to the vanishing DOS at the Dirac point. The signal at lower energy (grey area) is explained by non-vertical transitions due to residual
disorder (see inset). The lower spectrum, taken at higher hw, and showing peaks at £, and E,,, is interpreted with the JDOS (in red) with contributions from

a larger range of k space (regions 1, 2 and 3 in Fig. 3¢c,d). b, Integrated intensities of the E, and E,, peaks as a function of hw, showing maxima at ELR and E,E.
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Fig. 5 | Spectra of inter-AG-band transitions in sample B with a smaller Fermi energy than that in sample A. a, Colour plot of RILS spectra for incident laser
photon energy hw, measured at T=4.2K. The colour bar indicates intensity. b, Colour plot of spectra after removal of a photoluminescence background to reveal
RILS intensities of low-lying excitations. ¢, Bottom: JDOS calculated for transitions between cy, and ¢, states. The JDOS is broadened by Gaussian disorder of width
0.3meV. Top: RILS spectra after removal of the photoluminescence background. Values of hw, are indicated. Solid lines are calculated RILS intensities that include
the JDOS in the lower panel modified by resonance enhancement. The lower energy limit accessible in these RILS spectra is 0.1meV due to the finite width of the
laser line. d, Calculated AG band structure illustrating the electronic transitions associated with the observed RILS spectra. The AG bands were calculated with
a=50nm, dot radius r=8.5nm, V,=—6.9meV, T=4.2K and E;=0.9 meV. Due to the thermal population, transitions highlighted by black are allowed. The Fermi
level is indicated with a dashed line. In the bottom panel of € and in d, three distinct regions for the ¢y, — ¢, inter-AG transitions are identified by different colours.
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simulators of the novel quantum regime of MDFs not attainable
in natural graphene. The implementation of AG lattices in mate-
rials with strong spin-orbit coupling should enable the explora-
tion of topological insulating states**. The tunable parameters
also make AG lattices a realm for investigations of fractal quantum
physics***, the control of spin-orbit coupling® ** and simulation
of the opening of an energy gap by breaking inversion symmetry.
Moreover, through suitable state-of-the-art nanofabrication we can
create defects such as quantum dots in the lattice to study tunnelling
effects involving MDFs.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-017-0006-x.
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LETTERS

Methods

Fabrication of the AG nanopattern. Electron-beam lithography at 80kV and
abeam current of 400 pA (e-beam writer nB4, NanoBeam) was used to pattern
200 % 200 um?* honeycomb arrays of circles of various pitch, diameter and exposure
dose. We used a double-layer resist stack of poly(methylmethacrylate) (PMMA)
with different molecular weights to facilitate metal liftoff by forming an undercut
profile, which was developed in a solution of methyl-isobutyl ketone:isopropanol
(MIBK:IPA, 1:3). An Angstrom EvoVac electron-beam evaporator was used to
deposit 2nm Ti (adhesion layer) and 8 nm Au. After metal liftoff, the mask-carrying
samples were examined using a Hitachi S-4700 scanning electron microscope. A
Samco International RIE200iP was used to perform the inductively-coupled plasma
reactive-ion etching. The gas used was a mixture of 50s.c.c.m. Ar and 5s.c.c.m. BC,,

which has been shown to etch AlGaAs/GaAs heterostructures with high anisotropy*'.

For the presented patterns, the etching time was 110s. The etch recipe was optimized

NATURE NANOTECHNOLOGY

to achieve a high degree of physical bombardment and reduced chemical etching.
For details regarding the fabrication procedure and optimization see ref. *'.

Optical measurements. The sample was mounted in an optical cryostat with

a base temperature of 4 K. The RILS measurements were performed in a back-
scattering configuration, with the incident laser beam almost perpendicular
(within 6°) to the sample (Supplementary Section 4). A tunable Ti:sapphire laser
with spot diameter of ~100 um and typical power of ~1 mW was focused on the AG
nanopattern. Spectra were collected using a liquid-nitrogen-cooled charge-coupled
device through a double-grating spectrometer (Spex 1404).

Data availability. The data that support the plots within this paper and other

findings of this study are available from the corresponding author upon
reasonable request.
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