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ABSTRACT: Gated graphene superlattices, where in-plane variations in the potential-energy profile are introduced with a
periodic patterning of the gate electrode or dielectric, provide new opportunities for tailoring the electronic and optical
properties of two-dimensional materials. Here we present a numerical study of the optical transitions between minibands
derived from the same energy band (conduction or valence) in these systems. Giant absorption peaks at voltage-tunable THz
frequencies are obtained, associated with van Hove singularities in the joint density of states of select pairs of minibands.
Furthermore, we describe the possibility of interminiband THz gain in the same systems under external carrier injection,
resulting from a local population inversion at specific symmetry points of the mini-Brillouin zone, even in the absence of a global
inversion. These results highlight the great potential of engineered graphene superlattices for THz optoelectronic device
applications, including modulators, tunable photodetectors, and lasers.
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S olid-state superlattices (SLs), where a periodic potential-
energy profile is artificially superimposed on the lattice
potential of a crystalline sample, have been studied extensively
since the pioneering work of Esaki and Tsu in 1970." These
systems are most commonly implemented with vertically
coupled semiconductor quantum wells, where the SL potential-
energy profile is produced by the spatial variations of the
conduction- and valence-band edges along the epitaxial growth
direction. Over the past few decades, these structures have
allowed for the investigation of a wide range of fundamental
electronic phenomena, such as the opening of new energy
bandgaps at the minizone boundaries, negative differential
conductance, and Bloch oscillations.” Their optical properties
have also been studied in detail, beginning with infrared
absorption spectroscopy measurements.”* Similar structures
have then played a key role in the development of mid-infrared
and THz quantum cascade lasers, including devices where
stimulated emission involves electronic transitions between the
first-excited and ground-state SL minibands at the minizone
boundaries.””’

More recently, renewed interest in SL material and device
physics has focused on two-dimensional (2D) crystals,
particularly graphene, in the presence of an external potential
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varying periodically on the sample plane. This lateral SL
potential is obtained naturally in graphene transferred over
hexagonal boron nitride (h-BN), when the orientations of the
graphene and h-BN lattices are closely aligned.*""* Due to the
lattice mismatch between the two crystals, a moiré pattern with
suitably small periodicity (a few 10 nm) is then produced in
their combined atomic arrangement, and as a result, the energy
of the graphene carriers is modulated periodically by the
nearby ionized B and N atoms. An alternative approach
consists of introducing periodic variations in the graphene
charge density (leading to a commensurate electrostatic
potential-energy profile) via a suitable patterninog of the
chemical doping distribution,"* gate electrode,">'° or gate
dielectric.'” The use of strain variations in graphene on a
periodic array of supporting nanospheres has also been
investigated recently.'® Compared to moiré SLs, these
engineered approaches generally feature more complex device
geometries but, at the same time, offer greater design flexibility
and, in the case of periodically gated samples, the possibility of
dynamic tunability. Regardless of the physical origin of the
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Figure 1. Periodically gated graphene SLs. (a) Schematic SL geometry. The circular regions are held at a constant electrostatic potential Ug,
relative to the surrounding areas. (b) MBZ of the SL of (a). (c) Miniband structure of the same SL for A = 50 nm, D = A/2, and Uy, = 73 meV.
(d) Dispersion of the minibands of (c) along selected symmetry lines of the MBZ. The solid double arrow indicates the interminiband transitions
under study in this work. The dashed vertical arrow denotes the excitation of holes in miniband V3 at the pump-light photon energy used in the
gain calculations of Figure 4. The curved arrows illustrate intraminiband hole relaxation processes in minibands V2 and V3.

periodic potential, the graphene band structure is strongly
modified through the formation of minibands featuring new
Dirac points on a mini-Brillouin zone (MBZ) determined by
the SL symmetry and periodicity.'”~>* The resulting electronic
properties have been studied in detail through extensive
transport measurements, including the observation of fractal
band structures under large magnetic fields’~""'” and ballistic
miniband conduction."”” The optical excitation of electron—
hole pairs in moiré SLs has also been investigated via
absorption spectroscopy23 and photocurrent measurements.””*

In this work, we present a numerical study of the optical
transitions between minibands derived from the same energy
band (conduction or valence) in graphene SLs. While these
transitions form the basis of the most significant technological
application of semiconductor SLs to date (quantum cascade
lasers), they have so far remained largely unexplored in the
context of 2D materials. Recent theoretical studies have shown
the presence of sharp peaks in the THz conductivity of moire-
patterned graphene, associated with resonances across the
lowest two valence minibands.>>*° Here, we consider instead
SLs based on periodic in-plane variations of the gate potential
and investigate the dynamic tunability of their THz
interminiband absorption spectra. Furthermore, we describe
the feasibility of THz amplification in the same structures and
compute their gain spectra based on a simple model of
interminiband carrier dynamics. Our simulation results under-
score the potential of engineered graphene SLs for the
development of highly integrated and widely tunable THz
devices, including modulators, photodetectors, and light
emitters. It should be noted that graphene in general is
already being widely investigated as a promising THz
optoelectronic material, by virtue of its gapless and linear
energy dispersion, record high room-temperature mobilities,
and strongly confined far-infrared plasmonic excitations.
Several innovative device concepts leveraging these distinctive
properties have already been proposed and/or demonstrated
for different applications.””* While graphene SLs have not
yet been considered in this context, the present work indicates
that they may also play a particularly significant role for future
THz device development.
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B PERIODICALLY GATED GRAPHENE
SUPERLATTICES

The SL geometry under study consists of a single graphene
layer (possibly encapsulated in h-BN for enhanced mobility**)
featuring a triangular periodic array of circular regions where
the electrostatic potential is held at a constant value Ug
relative to the remaining area of the sample (Figure la). This
arrangement can be obtained in a double-gated graphene field-
effect transistor, by introducing the same periodic variations in
either top or bottom gate potential (with the other gate used to
independently control the graphene Fermi level). Specific
device structures could be implemented with a periodic
patterning of the top gate contact'>'® or by introducing a
commensurate lattice of air holes in the bottom gate
dielectric.'” In passing, we note that similar structures (albeit
with larger periods) have also been developed recentlgf for the
study of THz plasmon polaritons in graphene.*”** In the
following we present simulation results for a constant array
period A = 50 nm, which is well below the collision mean free
path of carriers in high-quality graphene samples, and at the
same time large enough to be accessible with current
nanofabrication techniques. The diameter D of the circular
regions is fixed at A/2.

The SL miniband structure is computed by diagonalizing the
electronic effective Hamiltonian near the Dirac points,
including the SL periodic potential, in the basis of the energy
eigenstates of graphene in the absence of any external
perturbation.'” The absorption spectrum can then be evaluated
from the dynamic conductivity using the approach described,
for example, in ref 47, which, when applied to a graphene SL,
produces the following expression

4
= D0 D g, uladly )P
A k  mn#Em ' ,

i(w + i6) — [E, (k) — E,(k)]
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a(w> - €y
0

(1)

Here a is the dimensionless absorption coefficient normalized
to the inverse thickness of a graphene single layer; the incident
light is assumed to be a harmonic plane wave of angular
frequency @ and linear polarization along the x direction;
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E,k) and w,, are the electronic energy eigenvalues and
eigenvectors as a function of crystal wavevector k and
miniband index n; the k sum is over the entire MBZ (shown
schematically in Figure 1b); the indexes m and # in the second
sum run over all SL minibands (both conduction and valence);
vp & 1 X 10° m/s is the graphene Fermi velocity, A is the
sample area, o, is the x component of the Pauli matrices, f is
the electronic occupation probability, and 7, = §7' is the
scattering lifetime. The latter parameter is taken to be 1 ps,
corresponding to a carrier mean free path [ = vgz,. of about 1
pum, which can be readily achieved even at room temperature
in high-quality graphene samples fully encapsulated in h-BN,**
even in the presence of an external SL potential.'”

Figure Ic,d shows the calculated electronic band structure
near the K Dirac point of plain graphene (relabeled I in these
plots), for the device geometry of Figure la with Ug = 73
meV. As expected in the presence of the periodic SL potential,
both valence and conduction bands evolve into a series of
minibands, labeled Vi and Cn in the following (where the
positive integer n increases with increasing energy separation
from the Dirac point). Importantly, any two consecutive
minibands in these plots are connected to each other at least at
one symmetry point of the MBZ, so that no full minigap is
opened (as would be the case in a standard 2D electron gas
under similar periodic potentials). This behavior is a
consequence of the chiral nature of the graphene carriers,
combined with the inversion and time-reversal symmetry of
their Hamiltonian,'” which is preserved even in the presence of
the periodic potential of Figure la. (In contrast, full minigaps
can be opened in graphene/h-BN moiré SLs, where the
inversion symmetry of the graphene unit cell is broken by the
different potentials of the nearby B and N atoms.'') In any
case, pronounced local minigaps between consecutive mini-
bands are still observed in Figure lc,d at or near other
symmetry points of the MBZ. The miniband structure shown
in these figures also features a clear electron—hole asymmetry,
which is related to the polarity of the SL voltage and thus can
be reversed by changing the sign of Ug;.

B INTERMINIBAND ABSORPTION

Depending on the carrier distribution among the different
minibands, large resonant peaks in the SL absorption spectrum
can be obtained, associated with van Hove singularities in the
interminiband joint density of states. Here we focus on the
local minigap between the second and third valence minibands
at the X points of the MBZ (indicated by the solid double
arrow in Figure 1d). This minigap occurs between the
maximum of the miniband below and a local maximum
(with a nearby saddle point) of the miniband above, and as a
result can produce a particularly strong peak in the joint
density of states, and thus in the interminiband absorption
spectrum. This expectation is confirmed by the simulation
results of Figure 2, where the absorption coeflicient  of eq 1 is
computed under conditions of thermal equilibrium at different
temperatures T. The graphene Fermi energy Ep in these
calculations is fixed at the bottom of the minigap under
consideration, so as to maximize the electronic population
difference between minibands V3 and V2 near the X point. A
sharp absorption peak at the minigap frequency of 3.7 THz is
obtained, with maximum value at low temperature as large as
4.7. This value is quite remarkable, considering the ultrasmall
thickness of single-layer graphene. The corresponding single-
pass absorbance (without accounting for reflection at the SL
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Figure 2. Interminiband absorption in graphene SLs. Absorption
spectrum of the SL of Figure 1 under conditions of thermal
equilibrium at different temperatures, with Fermi level at the top of
miniband V3.

surface) is 1 — ™% = 99.1%, as opposed to 2.3% for the case of
interband transitions in plain graphene.*” As the temperature is
increased, the peak absorbance decreases due to the thermal
excitation of electrons across the V2—V3 minigap, but a large
value above 60% is still computed at room temperature.
Relatively strong and sharp absorption peaks are also
computed for the same SL geometry with shorter scattering
lifetimes 7,. on the order of a few hundred fs (see Supporting
Information, Figure S1). In passing, we note that eq 1 does not
include the effect of free-carrier absorption, which however can
be expected to be quite small at the low carrier density of the
sample under study (3.3 X 10" cm™2). For example, using the
Drude formula for the free-carrier absorption coefficient of
plain graphene,48 we find a negligible contribution of apc, =
0.006 at the peak absorption frequency of Figure 2.

The absorption peak just described can also be tuned
dynamically by varying the SL potential Uy, (Figure 3a), due
to the resulting variations in the SL miniband structure. In
particular, the energy separation between minibands V2 and
V3 increases with increasing Ug;, while at the same time their
curvatures near the X point decrease (Figure 3b), leading to a
proportional enhancement in their joint density of states. As a
result, the absorption peak is blue-shifted, and simultaneously
increased and broadened. This behavior is illustrated in the
color map of Figure 3a, where we plot the THz-range
interminiband absorption spectrum of the structure of Figure 2
(again, with Fermi level fixed at the top of miniband V3), for
different values of Uy at T = § K. The frequency of maximum
absorption ), indicated by the dotted line in the color map,
can be varied across a wide portion of the THz spectrum with
relatively small changes in SL potential. The progressive
flattening of both minibands V2 and V3 with increasing Ug
also explains the observed saturation in v, at large values of
the SL potential. The accessible tuning range (Vpeak <9.2 THz
in Figure 3a) can be increased using SLs of shorter period A
(see Supporting Information, Figure S2), where the larger size
of the MBZ allows for larger energy variations across each
miniband at any given voltage.

By virtue of their large peak values, relatively steep edges,
and broad tunability, the absorption spectra of the SL just
described are particularly attractive for the development of
THz modulators capable of providing high contrast ratios. To
illustrate, Figure 3c shows the single-pass transmission e™* of
the same structure at different frequencies plotted as a function
of U;. At frequencies above 3.7 THz, e™ can be decreased by
a factor of over 100X by varying the SL potential from 0 to a
value on the order of 100 meV or less. At lower frequencies,
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Figure 3. Dynamic tunability of interminiband absorption in graphene SLs. (a) Absorption spectra of the SL of Figure 2 at S K for different values
of the potential Ug;. The dotted line indicates the frequency of peak absorption /., as a function of Ug;. For each value of Uy;, the graphene Fermi
level is fixed at the top of miniband V3. (b) Valence miniband structure of the same sample geometry for different values of Us;. (c) Single-pass

transmission e~ *

of the same device at different frequencies plotted as a function of Uy;.

the maximum achievable contrast ratios are smaller, due to the
proportionally smaller absorption peaks, but can be increased
using SLs with larger period (see Supporting Information,
Figure S2). The underlying modulation dynamics can also be
expected to be ultrafast, since it depends on the external
perturbation of an electronic band structure (e.g., similar to the
quantum-confined Stark effect in semiconductor quantum
wells*”) and, thus, is not limited by any charge transport
phenomena. The same interminiband transitions could also be
employed for THz photodetection, even though they do not
involve the direct generation of new electron—hole pairs.
Instead, the energy of the absorbed light in these devices can
be converted into heat and then detected through the
photothermoelectric effect—a process that has already been
shown to be quite efficient in the context of intraband THz
absorption in plain graphene.*’ In this context, the narrowband
nature and dynamic tunability of the interminiband transitions
under study are also quite interesting as a way to enable novel
functionalities, such as the development of extremely
miniaturized THz spectrometers.

B INTERMINIBAND GAIN

Next, we investigate THz light emission and amplification in
the same graphene SLs. If the sample is undoped and a
significant number of holes is then introduced in miniband V3
(e.g., by optical pumping or electrical injection), light emission
peaked at the V2—V3 minigap frequency can be expected. The
possibility of optical gain at the same frequency is enabled by
the separation in reciprocal space between the absolute
maxima of minibands V3 and V2, which are located at the X
and M symmetry points of the MBZ, respectively (Figure 1d).
In traditional SLs based on semiconductor quantum wells,
when excess electrons (holes) are injected into a miniband,
they tend to quickly relax into the available states near the
minimum (maximum) of the same miniband, before eventually
decaying into other minibands at lower (higher) energy.® The
underlying intraminiband relaxation mechanism is primarily
carrier—carrier scattering, which is particularly effective at
equilibrating carriers among energetically adjacent states (as
opposed to states separated by a finite energy gap). This
general idea is exploited in SL quantum cascade lasers,””’
where a local population inversion is established between the
extrema of two consecutive minibands even without a global
inversion across the same two minibands. A detailed
investigation of the corresponding intra- and interminiband
carrier relaxation dynamics in graphene SLs has not been
reported yet. However, a similar behavior as just described can
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be expected based on time-resolved studies with plain
graphene.’’™>” In these reports, intraband equilibration by
carrier—carrier scattering was found to occur on a much faster
time scale compared to interband recombination (about 100 fs
vs 1—10 ps at room temperature). As a result, separate quasi-
Fermi distributions are established in different bands under
nonequilibrium conditions. The associated carrier temperature
dynamics (i.e., cooling to the lattice temperature via optical
phonon emission) is more complex as it depends on the energy
range of the initial hot-carrier distribution,” but generally
takes place on an intermediate time scale.

With such relaxation dynamics in the SL of Figure 1, holes
injected into minibands V3 and V2 will rapidly relax into states
near their respective maxima at the X and M points, so that a
local population inversion near X can be established. To
estimate the resulting optical gain, we consider an optical
pumping scheme where electrons and holes are introduced in
an undoped SL through the absorption of externally incident
light. The hole densities in minibands V2 and V3 (P, and P,
respectively) are computed with a simple rate-equation model,
similar to what is commonly used to study the threshold
condition in quantum cascade lasers:>*

dPp, P,
=3 r®,
dt 7
dP, P, B
2 — -3 2 + rlq)p
it 1, o ()

In these equations, @, is the photon flux of the pump light, r,
(for n = 2 or 3) is the fraction of incident pump photons that
are absorbed through the creation of holes in miniband Vg,
and 7, is the lifetime of the corresponding miniband with 1/7;
= 1/73, + 1/73 and 1/7, = 1/7,,, where 1/7,, is the hole
interminiband decay rate from Vn to Vm. The hole densities P,
and P, are obtained by solving eq 2 in steady state (i.e., with d/
dt — 0) and then used to evaluate the quasi-Fermi energies Ep,
and Ep; of their respective minibands, again under the
assumption of ultrafast intraminiband equilibration. Finally,
the gain spectrum g(®) = —a(w) is computed from eq 1 with
the occupation probabilities f(E,(k)) given by quasi-Fermi
distribution functions with Fermi energies Eg,.

In these calculations, the pump wavelength 4, is selected so
as to maximize r;, while at the same time keeping r, as small as
possible (see Supporting Information, Figure S3). Specifically,
we use a resonance in the joint density of states of minibands
V3 and Cl1 (illustrated by the dashed arrow in Figure 1d),
which occurs at 4, = 11.7 ym under the SL bias conditions of
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Figure 4. Interminiband gain in optically pumped graphene SLs. (a) Low-temperature gain spectrum of the SL of Figure 1 for different values of
the interminiband relaxation lifetime 7*. Inset: hole densities of minibands V2 and V3 vs 7*. (b) Gain spectra of the same sample geometry for 7% =

3 ps and different values of the SL potential Ug;.

Figure 1 (Ug, = 73 meV). The corresponding values of ry and
r,, evaluated using eq 1, are 10.7% and 2.6%, respectively. The
photon flux @, is computed for an input pump intensity
(transmitted inside the graphene sheet) equivalent to 2 mW
focused on a 10 X 10 ym? area. Finally, the scattering lifetimes
7, are taken to be in the picosecond range, in accordance with
the experimental interband relaxation times of plain
graphene.”’™>® For simplicity, we also introduce the
assumption that these lifetimes are all equal to one another,
that is, 73, = 73, = 7,; = 7%, and then study the gain-spectrum
dependence on the single parameter 7*. In fact, 7,; can be
expected to be shorter than both 73, and 73, given the close
energetic proximity of minibands V2 and V1 along the M—X
direction in the MBZ (Figure 1d), which favors fast hole
interminiband relaxation from V2 to V1 by carrier—carrier
scattering. Therefore, this assumption of equal interminiband
decay rates can possibly lead to overestimating P, and thus
underestimating the gain coefficient in the simulations below.

The interminiband gain spectrum of the SL of Figure 1 is
shown in Figure 4a, computed for T = 5 K and different values
of the time constant 7* ranging from 1 to 5 ps. In these
calculations, the broadening parameter § of eq 1 is set equal to
1/t + (1/7, + 1/7;)/2,>° where the second term accounts for
the additional interminiband scattering under the present
nonequilibrium conditions. In each trace of Figure 4a, a sharp
feature centered near the V2—V3 minigap frequency is
obtained, with peak value as large as 0.8 for the longest time
constant. If the same SL is placed inside a vertical optical
cavity, the corresponding amplification factor per round trip ¢’
is therefore nearly SX. The inset shows the hole densities P,
and P; computed in the same simulations. Regardless of the
specific value of 7*, the SL does not support a global
population inversion between the minibands under study (i.e.,
P, is always smaller than P,). The observed gain is then
produced by the aforementioned local inversion near the X
point of the MBZ, where miniband V2 is well below its
maximum and therefore features smaller hole occupation
probability (i.e, more electrons) than the maximum of V3 at
the same point. Calculations based on the same model just
presented with the same set of values for 7# suggest that the
presence of gain may be possible even at room temperature
(see Supporting Information, Figure S4). However, more
definitive predictions in this respect will require a deeper
knowledge of the intra- and interminiband relaxation dynamics
of graphene SLs than presently available.

The frequency of peak gain is also tunable with the SL
potential Ug;, as illustrated in Figure 4b for 7# = 3 ps. As
already described above, increasing Ug, has the effect of

flattening both minibands V2 and V3 near the X point and thus
increase their energy separation, and as a result the gain
spectrum is shifted to higher frequencies. The flattening of V3
throughout the MBZ at large values of Ug (e.g., see bottom
panel of Figure 3b) also causes a redistribution of its hole
population across the entire miniband. Under these conditions,
absorption of the pump light via transitions involving V3 can
be partially saturated. This effect is not accounted for in the
model of eqs 2, and its inclusion would require further
assumptions about the SL intra- and interminiband relaxation
dynamics. For this reason, in Figure 4b we only consider values
of Ug, for which the hole occupation probability of the V3
states involved in the pumping transitions remains sufficiently
small (<0.1%), so that absorption saturation of the pump light
is not a concern. Similar to the case of the absorption spectra
described above (see Supporting Information, Figure S2), the
tuning range of the gain peak can also be extended using SLs of
smaller period.

B CONCLUSION

The simulation results presented in this work highlight the
great potential of periodically gated graphene SLs for THz
optoelectronic device applications. In particular, by virtue of
their strong van Hove singularities in the joint density of states
of select miniband pairs, these systems can provide narrow-
band absorption (or gain under suitable pumping), with giant
peak values for 2D materials. These absorption and emission
features are also broadly tunable (with relatively small changes
in the SL potential), which represents a distinctive advantage
over traditional THz optoelectronic materials. Specific device
applications that can be envisioned include modulators with
large contrast ratio and high speed, and narrowband tunable
photodetectors. Furthermore, the ability of the same systems
to provide interminiband gain may open the way for a new
class of compact THz lasers inspired by prior work with
quantum-well SLs.”~” The ultimate performance capabilities of
such THz sources depend on the detailed intra- and
interminiband carrier dynamics of graphene SLs, and the
present work therefore provides a direct motivation for the
investigation of these phenomena. It should also be noted that,
while the simulations of Figure 4 have focused on optical
pumping for simplicity, suitable electrical-injection schemes
could also be devised, for example, based on tunneling from an
adjacent graphene sheet across an intervening 2D insulator
such as h-BN. Altogether, graphene SLs therefore represent a
promising new materials platform to address a long-standing
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gap in optoelectronic science and technology, that is, the lack
of high-performance solid-state THz devices.
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Additional simulation results showing interminiband
absorption versus carrier scattering lifetime and SL
period, optimization of the pump wavelength used in the
gain calculations, and interminiband gain versus temper-
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