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ABSTRACT: Quantum materials and phenomena have attracted
great interest for their potential applications in next-generation
microelectronics and quantum-information technologies. In one
especially interesting class of quantum materials, moiré super-
lattices (MSLs) formed by twisted bilayers of 2D materials, a wide
range of novel phenomena are observed. However, there exist
daunting challenges such as reproducibility and scalability of
utilizing 2D MSLs for microelectronics and quantum technologies
due to their exfoliate-tear-stack method. Here, we propose
lithography-defined semiconductor MSLs, in which three funda-
mental parameters—electron—electron interaction, spin—orbit
coupling, and band topology—are designable. We experimentally
investigate quantum-transport properties in a moiré specimen

Single 2-beam exposure

0 ‘m
//

Rotate sample 1 Exp
between exposures < EXP

[ WWI
L

Coherent
Plane waves

Propagatlon
vector

made in an InAs quantum well. Strong anomalous in-gap states are observed within the same integer quantum Hall state. Our work
opens up new horizons for studying 2D quantum-materials phenomena in semiconductors featuring superior industry-level quality
and state-of-the-art technologies, and they may potentially enable new quantum-information and microelectronics technologies.
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artificial quantum materials

uantum materials are exciting classes of materials in

which quantum phenomena emerge at macroscale
without classical counterparts.” These materials and phenom-
ena have attracted a great deal of interest for their potential
applications in next-generation microelectronics and quantum-
information technologies. In one especially interesting class,
two of the same or similar atomically thin layers of 2D van der
Waals (vdW) materials, such as graphene or transition-metal
dichalcogenides (TMDs), are overlaid with a small twist angle
or lattice mismatch, introducing a moiré periodicity as a new
length scale and a moiré band structure as a new basis, not only
for energy quantization but also for quantum geometry.”” "
The so-formed moireé superlattices (MSLs) have become fertile
ground for exploring quantum phenomena, such as the
Hofstadter butterfly spectrum”'’ and zero-magnetic-field
fractional quantum anomalous Hall effect.'' ™" In particular,
when twisted bilayer graphene is engineered at its “magic”
twist angle, the low-energy moiré bands are nearly flat,""'
indicating that electrons are heavy and slow, with unusually
strong electron—electron interactions. Indeed, a wide range of
novel quantum phenomena have been observed, such as

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

16=18 and orbital ferro-

quantum geometric superconductivity
magnetism.lg’20

The established moiré quantum materials and phenomena
are truly exciting. However, vdW MSLs are mainly fabricated
using mechanical exfoliation followed by tear-and-stack
methods. Thus, MSLs are not only challenging to reproduce
because of the inevitable lattice relaxation and spatial
inhomogeneity””' but also incompatible with the state-of-
the-art semiconductor processing technologies that exclusively
address scalability. In this paper, we propose realizing
lithography-defined MSLs*> composed entirely of sophisti-
cated bulk semiconductors (particularly III-V compound
semiconductors such as InAs). In these semiconductor MSLs,
our theoretical simulations show the formation of flat bands.
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Figure 1. General scheme of creating MSLs in a 2DEG formed in a semiconductor QW. (a) Schematic representation of AG. The white dots
represent holes etched through the 2DEG (black square), leaving the red areas forming a honeycomb lattice. (b) Schematic depiction of two-beam
IL, where parallel lines of alternating intensity form due to the interference of two linearly polarized coherent plane waves. The bottom four panels
show schematically how a lithography-defined MSL is fabricated using the IL method. (c) Schematic of two sets of parallel lines of a interference
pattern with a twist angle of 60°. By adjusting the laser intensity and exposure time, only the photoresist at the crossing points (brown dots) is fully
exposed. (d) SEM image of a triangular lattice of etched holes through a 2DEG in an InAs QW. (e) Schematic of two AG patterns with a twist
angle of 5°. The large supercell is indicated by the yellow hexagon. (f) SEM image of a MSL in an InAs QW. The scale bar is 5 ym.
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Figure 2. Plots of the real-space potential profiles and resulting band structures of the AG and MSL systems. For all potential holes, V = 10

and % = %. (a) Plot of the muffin-tin potential profile that produces the AG. (b) Commensurate MSL pattern that appears by the rotation of a

second set of the same AG by 8 = 38.21°. The yellow and blue potential holes indicate each of the two layers, and the red holes are where they
overlap. (c) Same as part b but for a commensurate MSL pattern with 6 = 5.09°. (d—f) Calculated band structures of parts a—c, respectively. The
red dots indicate the Dirac points.

Like in magic-angle twisted bilayer graphene or TMD moirés, Figure 1 illustrates our general scheme of creating MSLs in a
these flat bands are expected to lead to heavy electrons with 2D electron gas (2DEG) formed in a quantum well (QW). As
low kinetic energy and strong electron—electron interactions, shown schematically in Figure la, we first pattern an in-plane
giving rise to new strongly correlated electrons. triangular hole (white dots) array. Once the 2DEG in the hole
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Figure 3. Anomalous in-gap states in lithography-defined semiconductor moiré. (a) Electronic transport coefficients, magnetoresistance R,,, and
Hall resistance R, of the 2DEG in an InAs QW. (b) R, and R,, of a 2DEG-based moiré fabricated with the same QW as part a. The blue part
highlights the anomalous in-gap states in the quantum Hall state at Landau level filling v = S. The quantized Hal resistance is unaffected by these in-
gap states. (c) R, (ny) traces for the magnetic field sweeping up and down. The two traces overlap perfectly, demonstrating the robustness of the
in-gap states. (d) Diophantine analysis of the in-gap states. All of the data points show similar values of ~0.15.

region is etched off, the unetched area forms a honeycomb
lattice, namely, artificial graphene (AG),”*™ as sketched by
the red dots in Figure 1a. Note that the formation of the lateral
AG superlattice creates Dirac minibands with a periodicity-
dependent velocity that scales inversely with the superlattice
constant.”” Parts b—d of Figure 1 show the AG and MSLs
device fabrication in an InAs QW in this work. Interferometric
lithography (IL), which utilizes maskless exposure of a
photoresist layer with two coherent UV-light beams (Figure
1b), is used to create the AG and MSLs. It provides a flexible,
uniform, large-area nanolithographic capability. To pattern the
AG, two separate exposures are used to create the triangular
lattice in the resist prior to development. In detail, the
interference pattern of two linearly polarized coherent plane
waves is used to define the first set of parallel lines in
commercially available negative tone photoresist (NR7-S00P).
Then the sample is rotated by 60° prior to development, and a
second exposure is used to define the second set of lines. The
exposure dose is controlled so that a triangular array of holes
exists after postexposure bake and development (Figure 1c).
The sample is then etched using reactive ion etching (RIE),
and the resist is removed, yielding a triangular hole array in the
2DEG. Figure 1d shows a scanning electron microscopy
(SEM) image of one such AG device.

Two identical AGs (AG1 and AG2) with an in-plane angular
twist can also be patterned in the same 2DEG. An example of
5° is shown schematically in Figure le. As such, there emerges
a much larger hexagonal lattice structure, i.e., a MSL indicated
by the yellow hexagon. To create the MSL using IL, two
separate, rotated AG patterns are created in the photoresist
prior to development. By careful control of the angles between
the four exposures for the AG patterns, the twist angle between

AGI1 and AG2 can be precisely defined without requiring any
postprocessing alignment. The first set of parallel lines for AG1
is defined in the resist followed by the first set of parallel lines
for AG2 with a twist angle of 5°. This is then followed by the
second sets of lines for AG1 and AG2, respectively, at a twist
angle of 60° with respective to each of the two first sets. The
bottom four panels in Figure 1b show, schematically, the above
process. The laser intensity and exposure time for each set of
parallel lines are the same. After postexposure bake, photoresist
development, and RIE, holes are etched through the 2DEG,
and the designed MSL is produced. An SEM image of one such
MSL device is shown in Figure 1f.

To verify the formation of flat bands in our artificial
semiconductor MSL, now we show our band structure
calculations in Figure 2. The effective-mass theory in
conjunction with muflin-tin potentials is used to describe a
2DEG subjected to a periodic external potential (see
Methods). We first show the results for an AG in Figure
2a,d. The strength of potential modulation is set to be 10 in
units of %’ where m is the effective mass of the 2DEG in a

QW, L the lattice constant of the AG, and h the Planck
constant. Consistent with a previous study,23 mini Dirac cones
merge in the superlattice band structure. Taking m = 0.023m,
for InAs and L = 200 nm, the Dirac velocity is calculated to be

~8.3 X 10* m/s; this is N% of monolayer graphene’s Fermi
velocity, demonstrating that the energy bands become flatter
with AG potential modulation. Figure 2 also includes two
overlaid AG patterns with a commensurate twist angle of 8 =
38.21° in Figure 2b and € = 5.09° in Figure 2c. The strengths
of potential modulation in AG1 (green color) and AG2 (light
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2
blue) are set to be V; = V, = 10 in units of #, and the lattice
m.

constants are identically L. Parts e and f of Figure 2 show the
electronic band structures for these two commensurate MSLs,
featuring mini Dirac points at nearly the same energy of the
original Dirac point of AGI in Figure 2b. At the large twist
angle @ = 38.21°, the Dirac velocity of the MSL is only reduced
to ~0.8 of that of AG, yet at the small twist angle § = 5.09°
close to the value of our experimental device, ultraflat bands
(with Dirac velocity reduced to ~0.1 of that of AG) separated
from other minibands emerge. Note that the lattice constant
can be made as small as L = 20 nm, which is within the
capability of extreme-UV lithography. In the Supporting
Information, we further show that the strength of Rashba
spin—orbit coupling (SOC) in AG can be tuned by simply
varying the lattice constant L. This may open a new avenue for
AG spintronics.

Compared to vdW MSLs, semiconductor 2DEG-based
MSLs add two powerful features: intrinsic spin—orbit coupling
(SOC) and band gap/topology, and both are accurately
designable and continuously tunable. This offers the unique
advantage to controllably combine electron—electron inter-
action and SOC,*® which may enable disentangling of those
striking yet elusive quantum phenomena observed in their
uncontrolled combinations in vdW MSLs. For example,
superconductivity and correlated insulators with unconven-
tional features have been observed in magic-angle TBG.'
However, it is not yet clear whether and how spin and/or SOC
play important roles in producing, enriching, and enhancing
(or suppressing) them. To address this outstanding question, a
TMD layer was intentionally added to the already delicate
device.”*® However, it is challenging to control and determine
the strength of the proximity-induced SOC. Another
dimension of such superior design is band topology engineer-
ing of type II semiconductors such as InAs/GaSb by varying
the well thicknesses™ or applying an electric field,”” in which
Quantum spin Hall insulator’’ and excitonic insulator’>** have
been achieved.

However, the lattice constant L of AG produced by the UV
IL process is limited to ~200 nm. For a 1° MSL, the MSL
constant (L,,) is ~10 gm and the carrier density hosted in the
first miniband, n, = 8/(\/3Lm2),17 is ~10° cm™2. To raise 7, to
a practical value, one can either increase the twist angle to
~10° or lower L to the 20 nm range by employing e-beam
lithography, focused-ion-beam milling,** or even EUV IL. This
boosts 1, to ~10'" cm™ accessible to InAs QWs. Note that the
magic angle of 2DEG-based MSL, if existent, should be much
larger than that of twisted bilayer graphene because of a much
smaller Dirac velocity and much stronger “interlayer” tunneling
(as two AGs are defined in the same 2DEG).

In the following, we will present our experimental results of
magnetotransport studies in a specimen of IL-fabricated
2DEG-based MSLs. Similar results have also been observed
in other specimens cut from the same wafer. InAs QWs are
chosen as the starting material for the following reason. It is
known that the Fermi level of InAs normally pins above the
bottom of the conduction band; this helps avoid the depletion
length issue as encountered in GaAs QWs.* Figure 3a shows
the longitudinal resistance R,, and Hall resistance R,, taken in
a nonpatterned 2DEG in an InAs QW. At low B fields, R,,
displays the SdH oscillations, and R,, is linear with the B field.
An electron density of ~6.8 X 10" cm™ and mobility of ~1 X
10° cm?/(V s) are deduced for this InAs QW. At high B fields,

well-documented QHE is observed: R,, is vanishingly small,
whereas ny is quantized to the value of h/ ve®, where v is the
Landau level filling factor, h the Planck constant, and e the
electron charge. The observation of well-developed QHE
attests to the high quality of the starting InAs QW. Figure 3b
presents the magnetotransport data in a MSL specimen. The
lattice constant for triangular lattice is 250 nm, and the twist
angle is 5°. At low B fields, R,, and R, largely resemble those
in the nonpatterned sample. A carrier density ~7.4 X 10"
cm™? can be deduced. At high B fields, however, transport
features in R,, become very different from the nonpatterned
counterpart. Particularly, in the v = S quantum Hall state,
strong in-gap states are observed. Moreover, the strong in-gap
states in our MSL device only appears in the R,, trace, and
there is no visible change in R,,. In fact, R,, remains quantized
to the expected value of h/ 5¢% This is anomalous, given that in
the quantum Hall regime a dissipative nonzero R, always
accompanies a nonquantized Hall resistance. As we shall
analyze below using the Diophantine equation, our system
realizes an extreme limit that has never been achieved by
graphene and TMD moires. In Figure 3¢, for R,, and R, the
two traces for the B field sweeping up and down overlap with
each other perfectly. This demonstrates the reproducibility of
the in-gap states and that they are not artifacts.

Now we use the Diophantine equation, n/n, = t¢/¢, +
5,°%"7 which has been widely used to analyze the magneto-
transport data of moiré systems”**~*' in order to analyze the
strong in-gap states. Here f is the integer (or fractional) value
of the quantized Hall conductance, s is the filling of mini
energy bands for a periodically modulated 2DEG, n, = 1/A
with A the area of the superlattice unit cell, ¢) = BA the
magnetic flux, and ¢, = h/e the magnetic flux quantum. For the
sake of data analysis, we rewrite this equation as n = tB/¢, + s/
A. Then, it follows that each R,, minimum corresponds to an
integer value of s, with the constraint that all of their resulting
(n¢py — tB)/s values should yield the same constant ¢by/A.
Table 1 lists the corresponding magnetic field B and the fitted

Table 1. Corresponding Magnetic Field B and the Fitted
Parameter Values of (t, s) for Each In-Gap R,, Minimum
Based on the Diophantine Equation (n¢h, — t X B)/s = ¢h/A

B field t s (nh/e — tB)/s
5.99 S 6 0.145
6.05 N 0.147
6.26 S -3 0.146
6.38 5 -8 0.132
6.62 S —16 0.140
7.08 4 18 0.139
7.20 4 14 0.146
7.28 4 12 0.144

parameter values of (¢, s) for each in-gap R,, minimum. In
Figure 3d, we plot the value of (n¢g, — tB)/s as a function of B,
and all of the data points indeed fall onto a line of a constant
value of ~0.15, from which we deduce A ~ 28 x 107* m?
Remarkably, while this area is much smaller than the area of
the MSL unit cell (~ 8.1 X 107> m?), it is surprisingly close to
the area of the triangular AG unit cell shown in Figure Ic.

A couple of remarks are in order. First, in principle, the
Diophantine equation should include both the AG and MSL
potential modulations as follows: n = tB/¢y + s;/A; + s,/A,,
where A, and A, are the areas of AG and MSL unit cells,
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Figure 4. Energy gaps of the anomalous in-gap states. (a) Temperature dependence of R, for the in-gap states in the v = S quantum Hall state. (b—
e) Arrhenius plots for the four in-gap states at the magnetic fields B = 6.08, 6.26, 6.41, and 6.63 T, respectively. It is clearly seen that there exist two
slopes for each case, signaling a two-gap nature for the in-gap states. (f) Energy gaps plotted as a function of the magnetic field.

respectively. Because A, = 8.1 X 107"? m? is much larger than
A; =2.8 X 107" m? for a practical s, 5,/A, is negligibly small.
Thus, the Diophantine equation is dominated by the AG
physics. Second, for t = 5, A, = 8.1 X 1072 m?, and a fixed s,,
the change in B needed for a change in s, by 1 is ~0.1 mT.
Given the specifics of InAs, 6B = 0.1 mT corresponds to an
energy variation of 1 mK (here we take B = 6.5 T), much
smaller than the sample temperature ~300 mK in our
cryogenic system. Thus, to observe any change in s, one
needs to reduce A, by either increasing the twist angle or to
reduce the AG lattice constant from 250 nm to, e.g.,, 20 nm.

These strong in-gap states must originate from the moiré
engineering. Indeed, for comparison, only much weaker R,,
minima are observed in the QHE regime of an AG sample
made with the same InAs QW (see the Supporting Information
and ref 42). Importantly, the same quantum Hall state is
observed at multiple miniband fillings at a fixed density but a
varying B field. As a previously unexplored regime, this is in
sharp contrast to the graphene and TMD moiré systems in
which multiple quantum Hall or Chern insulator states are
observed at the same miniband filling.”*~*' While the graphene
and TMD moirés generally exhibit B/¢p, < s/A, our
experimental system realizes the opposite limit, B/¢, > s/A,
for the first time, because of the large supercell area A. As we
vary the magnetic field B, the miniband index s swipes through
a series of integers, while the Chern number f remains
unchanged. Additionally, in our 2DEG-based MSL, the two
AGs are defined in the same 2DEG plane and thus strongly
coupled. This is also different from vdW moiré systems in
which the interlayer couplings are weak.

To further characterize these in-gap states, we carry out
temperature-dependent studies of R,, of the strong in-gap
states within the same v = 5 quantum Hall state, as shown in
Figure 4a. Clearly, thermally activated behavior is observed for
each in-gap state, and the R, minima increases with
temperature. In Figure 4b—e, an Arrhenius plot is displayed
for the in-gap states at B = 6.05, 6.26, 6.38, and 6.62 T. The
red lines are linear fits. It is apparent that, for each in-gap state,
there exist two gaps, one for high temperatures (A;) and the
other for low temperatures (A)). In Figure 4f, the energy gaps
for these in-gap states are plotted as a function of B. As
aforementioned, our system is in the previously unexplored

limit, B/ ¢y > s,/A; > s,/A,, because of the large AG unit-cell
area A and the even larger MSL unit-cell area A,. Thus, as we
vary the magnetic field B, the miniband indexes s, and s,swipe
through a series of integers, while the Chern number ¢ remains
unchanged. For this reason, we assign the larger gap Ay to the
relatively strong AG gap and the smaller gap A, to the relatively
weak MSL gap.

In closing, we note that it was generally believed that the
Hofstadter butterfly sépectrum can only be observable in the
limit of ¢p/¢py ~ 1.°° Surprisingly, the results in our MSL
specimen show that the butterfly spectrum is still observable
when ¢/¢p, ~ 20. This new limit may have important
implications for studying new many-body states emergent in
2DEG-based MSLs. Lastly, semiconductors such as GaAs and
InAs have been the “go-to” materials over the past five decades
for classical information technology and may continue their
primacy in the quantum era. By engineering their hetero-
structures into an artificial quantum materials platform, future
applications can take the advantage of state-of-the-art semi-
conductor synthesis and processing such as (1) crystalline
perfection and purity, (2) advanced fabrication techniques, (3)
precise reproducibility of AG and MSL without the notorious
twist-angle disorder, and (4) compositional control via epitaxy
of III-V materials, including heavy (In and Sb) and light (Ga
and As) elements for tuning the strength of SOCs and vertical
engineering for tailoring band topology.

B METHODS

Electronic Transport Measurements. A specimen of 4
mm X 4 mm is cleaved from a MSL patterned wafer and
indium contacts are placed along the edge and corner of the
specimen. Low-frequency (~11 Hz) lock-in amplifier
techniques with an excitation current of ~10 nA is used to
measure the transport coefficients R, and R,,. All data are
taken in pumped 3He systems, and devices are immersed in
liquid 3He.

Band Structure Calculations. The AG band structures
displayed in Figure 2 were calculated using the model of
muffin-tin potentials.'"” As shown in Figure la, the triangular
lattice of white holes acts as a barrier for electrons and thus
produces a honeycomb lattice formed by the red dots. For the
single layer AG, we set the strength of the potential given by
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2
the holes to V = IOhf*L2 and their radii to R = %L and

2m
Fourier-transformed the muffin-tin potential to the momentum

space. Then the Bloch Hamiltonian was diagonalized over a
basis of plane-wave states, with an energy cutoff

200\ h 40
E. = (T) 73 = , V to ensure convergence of the low-
m

energy band structure. When necessary, an effective mass of
m* = 0.023m, (for InAs) and a lattice constant L = 200 nm
(for IL) were adopted. The commensurate MSL features two
identical AG, with the same parameters V and R but rotated at
a twist angle @ without any relative translation. For the MSL
calculations, the same energy cutoff E. was used.
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