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Engineering artificial graphene in a two-dimensional electron gas
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At low energy, electrons in doped graphene sheets behave like massless Dirac fermions with a Fermi

velocity, which does not depend on carrier density. Here we show that modulating a two-dimensional electron
gas with a long-wavelength periodic potential with honeycomb symmetry can lead to the creation of isolated
massless Dirac points with tunable Fermi velocity. We provide detailed theoretical estimates to realize such
artificial graphenelike system and discuss an experimental realization in a modulation-doped GaAs quantum
well. Ultrahigh-mobility electrons with linearly dispersing bands might open new venues for the studies of

Dirac-fermion physics in semiconductors.
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Graphene is a one-atom-thick two-dimensional (2D) elec-
tron system composed of carbon atoms on a honeycomb
lattice.! The lattice has two inequivalent sites in the unit cell
that are analogous to the two spin orientations of a spin-1/2
particle. This observation opens the way to an elegant de-
scription of electrons in graphene as particles endowed with
a pseudospin degree-of-freedom.! At low energy, electrons in
graphene are described by a 2D massless Dirac fermion
(MDF) Hamiltonian, Hp=vgo-p, where vg is the bare Fermi
velocity, which does not depend on carrier density, p is the
2D momentum measured from the corners of the Brillouin
zone, and o is the pseudospin operator constructed with two
Pauli matrices {o”,i=x,y}, which act on the sublattice pseu-
dospin degree-of-freedom. It follows that the energy eigen-
states are chiral, i.e., for a given p have pseudospins oriented
either parallel (conduction band) or antiparallel (valence
band) to p. The Dirac-like wave equation and the chirality of
its eigenstates have a number of very intriguing
implications.' It would be highly desirable to have other ma-
terials with Dirac-like spectrum and a pseudospin degree-of-
freedom. One candidate is represented by HgTe/Hg(Cd)Te
quantum wells (QWs) where MDFs are predicted to arise at
a critical QW thickness.> More recently, Park and Louie3
proposed that MDFs can arise in any 2D electron gas
(2DEG) if appropriately nanopatterned.

Here we present an independent approach to the realiza-
tion of “artificial graphene” in a nanopatterned 2DEG. We
provide theoretical evidence for the occurrence of linearly
dispersing energy bands in an artificially engineered honey-
comb lattice, and we demonstrate a remarkable dependence
of the Fermi velocity on the strength of the external potential
in this system. We also define the conditions that the external
periodic potential and the electron density must satisfy in
order to achieve artificial MDFs. Finally we present the pho-
toluminescence (PL) of the 2DEG confined in a high-
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mobility modulation-doped GaAs/AlGaAs QW where a
nanopatterning with honeycomb symmetry is achieved by
dry etching. We believe that the development of patterned
2DEGs with tunable parameters will offer unprecedented op-
portunities to study fundamental interactions of MDFs in
high-mobility semiconductor structures.

We start our analysis by considering a 2DEG consisting of
electrons with band mass m,=0.067m (m is the bare electron
mass in vacuum) confined in a GaAs/AlGaAs QW. The
2DEG is subjected to a periodic external potential V. (r)
with honeycomb structure. For the numerical calculations we
have used a 2D muffin-tin potential that is zero everywhere
but in disks of radius r, where it takes the constant value V.
The center-to-center dist_ance between the disks is a, and the
lattice constant is ay=13a.

Because the typical values of @, are much larger than the
GaAs lattice constant, the external periodic potential can be
viewed as a long-wavelength superlattice, which creates
minibands. These are found by solving the secular equation*

2
det{ {zﬁ—(k +G)? —En(k)] %6+ V(G- G’)} =0. (1)
my,

Here V(G) are the Fourier components of the external poten-
tial,

Veur) = 2 V(G)exp(iG - 7), 2)
G

G={g +pg, are the reciprocal lattice vectors (RLVs) with €
and p integers, and g;,g, are primitive RLVs, g,
=27(1,v3)/(3a) and g,=27(1,-3)/(3a).

In Fig. 1 we plot the calculated energy minibands for a
muffin-tin potential with a=150 nm, r=52.5 nm, and for
three different values of Vy: Vy=+1.0, -0.125, and
-0.8 meV. As dictated by symmetry and group theory,’

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.79.241406

GIBERTINI et al.

1.6 [ ] 1.4 [ 7 T
SR DN

=
1.0 0.8 9
08| = 0A6--—-§-— -
0.6 0.4
r M K r r M K r

2 SN 12}
0.8 | =3 _
E;I: 0.6 F ] — éo 0.8
04 T é 0.4 F
0.2 - =sete '
0.0 0.0 ' '
r M K r 0.0 r/a 0.5

FIG. 1. (Color online) Top left panel: energy minibands (in
meV and shifted upwards by 0.5 meV) for a repulsive potential with
Vo=+1.0 meV [the points ', M, and K are defined in the inset of
Fig. 2(b)]. Dirac points are formed at the K point. The dashed lines
are the approximate slopes of the bands near the Dirac points.
Top right and bottom left: same as in the top left panel but for V,
=-0.125 meV and V;=-0.8 meV. Bottom right: the absolute
value of the threshold potential Vg" (in meV) as a function of r/a
for a=150 nm.

these minibands are characterized by the existence of two-
fold degenerate points at the corners of the Brillouin zone. It
is easy to show that states with k close to these points are
effectively described by a two-component MDF Hamiltonian
‘Hp, with a Fermi velocity v that depends on my, on a, on
Vy, and on r (see below). Comparing the different minibands
shown in Fig. 1, we clearly see that in the case of a repulsive
muffin-tin potential even when the Fermi level lies at the
Dirac point (dash-dotted lines in Fig. 1), other type of states
are present at the same energy. Ideally, similar to what hap-
pens in graphene, one would like to be left only with isolated
Dirac points at the Fermi level, i.e., with a gap in the bulk of
the Brillouin zone. Within the muffin-tin model we have
used, to create such gap we need an attractive potential,
whose strength has to be stronger than a certain threshold
VAT, The absolute value of VI" is plotted in Fig. 1 (bottom
right panel) as a function of the ratio r/a for a=150 nm. For
a geometry with r/a~0.35 the threshold potential is
—0.18 meV.

Note that in the regime where isolated Dirac points exist,
the band structure of the nanopatterned 2DEG at sufficiently
low energies consists of manifolds of minibands separated by
minigaps (see, e.g., the bottom left panel in Fig. 1).

Vi, however, cannot be too large in absolute value. In-
deed, when the local potential V,, is attractive and too strong,
it can lead to the formation of bound states.® In this regime
any small imperfection in the periodic structure, which is
experimentally unavoidable, could lead to a dramatic change
in the character of the states, yielding complete localization.
Transport would occur mainly via variable-range hopping, a
regime that we want to avoid. For a single disk we have
estimated this threshold potential for the formation of bound
states to be
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h? 0.37
~———meV, (3)
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where B~ 3.832 is the first zero of the Bessel function J,(x).
For r/a~0.35 this localization threshold is roughly 3 meV,
i.e., 20 times larger (in absolute value) than the threshold
|V necessary to create a gap in the bulk of the Brillouin
zone. Thus there is a precise window of values of |V, which
depends on m;, and on geometrical parameters a and r, which
are suitable to create isolated Dirac points in the single-
particle band structure of the 2DEG.

When a gap exists in the bulk of the Brillouin zone, the
condition to have the Fermi level exactly at the Dirac point is
equivalent to the requirement of having just one band filled.
The electron density np necessary to fill one band corre-
sponds _exactly to two electrons per unit cell, np
=4/(3\34?). For structures with a~ 150 nm np is on the
order of a few 10° cm™2, which is a value that can be
reached experimentally.” For electron densities 10°=<n
=10'" cm™, the appropriate a changes from 277 to 88 nm.

To explore the applicability of these ideas to real systems
we realized the periodic external potential on a sample con-
taining a 2DEG in a 25-nm-wide one-side modulation-doped
Aly Gag9As/GaAs QW. The 2DEG, positioned 170 nm un-
derneath the surface (the doping layer is at 110 nm), has
measured low-temperature  electron density n.=1.1
X 10" ¢cm™? and mobility of 2.7 X 10® c¢m?/(Vs). The exter-
nal modulation is achieved by defining first an array of
Nickel disks with the desired geometry by e-beam nano-
lithography and then by etching away the material outside
the disks by inductive coupled reactive ion shallow etching
(80 nm below the surface). The resulting nanopatterning af-
ter removal of the Nickel is shown in Figs. 2(a) and 2(c).
Thanks to the low level of damage introduced by this
process,? these pillars act as a weak attractive potential (V,,
<0) for electrons.” Although the absolute value of Vj, is not
known experimentally, it can be tuned by varying the etching
depth. In particular, as the etching depth goes below the Si
delta doping, full localization of the electron wave function
leads to an array of quantum dots.® The experimental values
of the parameters are!® @~ 150 nm and r~50 nm, similar
to those used for the calculations.

Since n,>np, electrons occupy not only the bands with
isolated Dirac points but also minibands at higher energy, as
shown in Fig. 2(b), where the DOS and the nominal Fermi
level for Vy=-2.8 meV are shown. Despite the large doping,
the impact of the nanopatterning and the formation of mini-
bands clearly manifest in the PL spectrum. Figure 2(d) shows
representative PL spectra at 2 K both of the unprocessed (red
dotted curve) and processed (black solid curve) samples. In
the unprocessed 2DEG case, the PL shape is determined by
the density of states of the free electrons and equilibrium
occupation factors of the 2DEG and photoexcited holes!!
leading to an estimated electron density in agreement with
the transport results. The processed sample PL, on the con-
trary, displays a remarkable change with the appearance of
sharp structures on the high-energy side and an overall re-
duction in its linewidth, which are consistent with the modi-
fication of the conventional constant-in-energy DOS as
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FIG. 2. (Color online) (a) and (c) Scanning electron microscopy
images of the nanopatterned modulation-doped GaAs/AlGaAs
sample. (b) Calculated density of states (DOS), in units of eV~
Xnm™2, as a function of energy for a muffin-tin potential with V,,
=-2.8 meV, a=150 nm, and r=52.5 nm. The first structure in the
DOS is fixed at the energy of the main photoluminescence (PL)
peak [see panel (d)]. The vertical dashed line denotes the Fermi
level associated with the nominal density n,=1.1 X 10" c¢cm™. The
insets show (i) the Brillouin zone corresponding to the external
periodic potential represented in panel (a) and (ii) a zoom of the
DOS corresponding to the first structure in the main panel (the
energy in the horizontal axis of the inset is specified in meV). The
v-shaped DOS characteristic of MDFs is evident. Panel (d) Low-
temperature (T=2 K) PL of the sample before (red dotted curve)
and after (black solid curve) the processing.

shown in Fig. 2(b), provided that V, is chosen
appropriately'? (at V,=—2.8 meV in this case). The overall
smaller linewidth of the PL suggests a reduction in the aver-
age electron density due to the impact of the etching process.

We would like now to comment on the magnitude and
tunability of the Fermi velocity of these artificially induced
MDFs. Using first-order perturbation theory it is possible
to calculate analytically the slope of the bands close to
the K p01nt in agreement with Ref. 3 we find vF“f)
—Zﬂ'ﬁ/(3\3mba) which is (to this order of perturbation
theory) independent of the strength and the sign of the po-
tential V|, and is exactly one-half the velocity of a free elec-
tron of wave-vector K in the absence of the modulation. This
“nearly free” result applies only for V,— 0. In passing, we
note that using the value of the bare electron mass in vacuum
my=m and a=1.42 A (which is the Carbon-Carbon distance
in graphene) one gets U(F"f)~0.98>< 10% m/s, which is sur-
prisingly close to the Fermi velocity of electrons in
graphene. Using instead the value of the band mass in GaAs,
my~0.067m, and a=150 nm, we find v\"™ ~ 1.4 X 10° m/s,
roughly one order of magnitude smaller than the value of the
Fermi velocity in graphene. When V is beyond the regime
of applicability of first-order perturbation theory, the general
formula for the Fermi velocity [in units of v "7 s

v 3\3a
S0 =1+ 7, 2 (GG, )

where w((G) are the Fourier components of the periodic part
of w=2""4(¥,—W¥)). Here {¥,(r),o=1,|} are the two de-
generate eigenfunctions of the Hamiltonian H=p?/(2my,)
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FIG. 3. (Color online) Left panel: color plot of the effective
Fermi velocity v [in units of the nearly-free Fermi velocity vE,“f)] as
a function of r/a and |V, (in meV), for a=150 nm. Right: vg/v{"™
as a function of |V| for r/a=0.35 (circles) and r/a=0.45 (squares),

again for a=150 nm.

+V.(r) at the K point, chosen to be a basis of the 2D rep-
resentation of the little group presented in Ref. 5. We have
calculated Eq. (4) numerically, and the results are summa-
rized in Fig. 3. We see that a finite value of V (this plot
concentrates only on V;<0), away from the regime of ap-
plicability of perturbation theory, tends to reduce the Fermi
velocity with respect to v(“f).

We remark that an attractive potential at the sites of a
honeycomb lattice produces effects qualitatively similar to a
repulsive potential at the centers of the hexagonal cells,
which form a triangular lattice. The latter was studied in Ref.
3 and led to a weaker dependence of the Fermi velocity on
the strength of the external potential.

Artificially induced MDFs in 2DEGs confined in high-
mobility semiconductor heterostructures could offer several
advantages over graphene. One is clearly related to the very
high purity of the former systems. Even though the dominant
scattering mechanisms in graphene are not yet fully under-
stood, it seems that charged impurities trapped close to (or
on) the graphene plane play a very important role in limiting
graphene’s mobility,!># partly obscuring intrinsic properties
of MDFs. The massless Dirac fluid at low densities is indeed
a highly inhomogeneous system.!>"'3 Although attempts to
achieve high mobilities in graphene systems'*-?? seem to of-
fer promising prospectives, the possibility of creating artifi-
cially MDFs in high-quality 2DEGs with mobilities that can
exceed 107 cm?/(Vs) even at low densities would represent
a very exciting alternative route.?> The realization of artificial
graphene thus would pave the way for the experimental ob-
servation of several predictions made for MDFs, such us a
universal minimum conductivity! o,;,=4e*/(7h) and un-
usual electron-electron interaction physics.?*~2

Cyclotron resonance in artificial graphene should
exhibit a VB dependence and quite large gaps. Indeed, the
MDF cyclotron frequency is' wMP" —\201:/ {g, where {p
=\hc/(eB)~257 A/\B/Tesla is the magnetic length, while
in a standard 2DEG it is instead w?"9=#/(m,(} ) In
graphene vp~10° m/s and thus, at a ﬁeld B=10 T,
~1328 K. In GaAs, at the same field, ©*PEC~63 K. In
artificial graphene created in GaAs, as we have seen, the
Fermi velocity is tunable: if we use its nearly free value,
vp~1.4X10° m/s, we get @)>F~186 K at 0 T, which is
roughly 1 order of magnitude smaller than in graphene but
still 1 order of magnitude larger than in a standard 2DEG.
More importantly, since the fractional quantum Hall effect is
easily observed in 2DEGs, artificial graphene could also be a
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very useful playground to understand electron-electron inter-
action effects in MDF systems in the presence of high mag-
netic fields. The large area of the superlattice unit cell offers
also the possibility to achieve commensurability?® between
an external magnetic flux and the quantum of flux at quite
small values of the external magnetic field.

The realization of MDFs in conventional semiconductors
opens the interesting scenario related to the impact of spin-
orbit coupling particularly if one uses InAs-based materials
where spin-orbit coupling and effective g factors are large.
Finally we would like to mention that if the nanopatterning
technique discussed above is carried out in areas with exten-
sion much smaller than that illustrated in Fig. 2, one can in
principle create artificial graphene ribbons with perfect zig-
zag or armchair edges in which confinement and boundary
conditions could play a very important role.

In summary, we have shown that under suitable condi-
tions systems of massless Dirac fermions can be created in
conventional 2DEGs confined in semiconductor QWs by cre-
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ating a superlattice with honeycomb geometry by nanopat-
terning. The existence of artificially induced masslessness
could be demonstrated through the observation of the half-
integer quantum Hall effect' or by studying the PL or neutral
collective excitations in the low-density regime. Such artifi-
cial graphene structures embedded in semiconductors could
open novel routes for studies of electron interactions in low-
dimensional systems.
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