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Electrically pumped graphene-based Landau-level laser
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Graphene exhibits a nonequidistant Landau quantization with tunable Landau-level (LL) transitions in the
technologically desired terahertz spectral range. Here, we present a strategy for an electrically driven terahertz
laser based on Landau-quantized graphene as the gain medium. Performing microscopic modeling of the coupled
electron, phonon, and photon dynamics in such a laser, we reveal that an inter-LL population inversion can be
achieved resulting in the emission of coherent terahertz radiation. The presented paper provides a concrete recipe
for the experimental realization of tunable graphene-based terahertz laser systems.
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I. INTRODUCTION

Graphene as a two-dimensional material with a linear band
structure exhibits a unique Landau quantization in strong
magnetic fields [1-5]. The continuous density of states (DOS)
within the Dirac cone rearranges into discrete nonequidistant
Landau levels (LLs), whose energetic positions can be tuned by
changing the magnetic field. Due to the relativistic properties
of low-energy electrons in graphene, the spacing between
its lowest LLs is extremely large compared to conventional
materials. Magnetic fields of a few Tesla give rise to LL
transition energies ranging from the terahertz (THz) up to the
far-infrared spectral ranges, which makes Landau-quantized
graphene a highly promising material for the realization of
tunable THz emitters and absorbers [6—10].

In previous work [10] we have shown that the remarkable
properties of Landau-quantized graphene can be exploited
to achieve continuous-wave lasing with an optically pumped
population inversion (PI) between neighboring LLs. However,
the optical excitation is highly challenging since one has
to selectively address single LLs with energetic separations
of a few tens of meV. Therefore, an electrically driven LL
laser would be technologically favorable. Here, our current
paper sets in and predicts an electrical pump scheme to
realize tunable terahertz lasers based on Landau-quantized
graphene. Here, the PI between LLs is achieved via selective
carrier injection by utilizing highly doped semiconductor
leads. To microscopically investigate the proposed mechanism
and to reveal the experimental conditions needed for such an
electrically driven LL laser, we use a quantum-mechanical
approach to describe the coupled dynamics of electrons,
phonons, and photons in the laser system. Based on our model,
we provide profound insight into the complex interplay of
pumping, stimulated, and spontaneous emission of photons as
well as Coulomb- and phonon-induced nonradiative processes
allowing us to predict optimal conditions for lasing at tunable
frequencies.
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II. LASING MECHANISM

We propose to embed the graphene layer between dif-
ferently doped semiconductor leads, giving rise to a double
heterostructure similar to those which are used for lead-salt
lasers [11,12]. Figure 1 schematically illustrates the lasing
scheme consisting of an n-doped semiconductor (the left side),
the graphene layer (the middle), and a p-doped semiconductor
(the right side). The entire system is penetrated by a magnetic-
field B, which induces discrete LLs  in graphene [with energy
e; o sgn(l)/Bll|], whereas the density of states within the
semiconductors stays quasicontinuous due to large effective
electron masses. Moreover, for a good performance of the
laser it is necessary that the Fermi energy in graphene is
close to the Dirac point in graphene so that it is pinned in
the zeroth LL when a magnetic field is applied. Additionally,
the semiconductors should be doped symmetrically, i.e., in the
biased structure the conduction-band minimum of the n-doped
lead E, has the same distance to the Fermi energy in the
graphene layer as the valance-band maximum E}, of the p-type
semiconductor. Note that we neglect the valence (conduction)
band of the n-type (p-type) semiconductor since it is assumed
to lie energetically much lower (higher) than the LLs involved
in the laser scheme.

By applying a bias voltage Uy, in the forward direction of
the p-n junction (cf. the red horizontal arrow in Fig. 1), we
induce a strong nonequilibrium carrier distribution throughout
the heterostructure exhibiting different quasi-Fermi levels for
electrons and holes within the n- and p-type semiconductors,
respectively. Therewith we obtain a spectrally narrow electron
reservoir in the left lead, allowing to selectively inject electrons
into resonant LLs within the red shaded channel in Fig. 1.
The same principle simultaneously injects holes in the valence
band of graphene. Thereby the energetic positions and the
widths of the injection channels are determined by the position
of the conduction- (valance-) band minimum (maximum) in
the left (right) lead and the applied electrical potential. By
changing the magnetic field we can now adjust the energetic
configuration of LLs in graphene and therewith choose which
levels are pumped. In a certain magnetic-field range we can
achieve the situation displayed in Fig. 1 where the first LL
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FIG. 1. Scheme of the electrically pumped Landau-level laser.
The Landau-quantized graphene (middle) is embedded between an n-
doped (left) and a p-doped semiconductor (right) allowing a selective
injection of electrons and holes into resonant LLs within the red
shaded channels. This results in a population inversion between LL 1
and LL 2 in the conduction band and their counterparts in the valence
band.

| = +1 lies below the band minimum of the left lead, whereas
the second / = +2 and the third ! = 43 are pumped since they
overlap with the injection channel. Hence, we can electrically
drive a population inversion between the first two LLs (orange
shaded transition). The same holds for/ = —1 and / = —2 in
the valence band of graphene due to the selective injection of
holes.

To achieve stimulated emission, the system is embedded
into a high-quality microcavity [13,14] with a resonator
mode matching the energy difference between / = +1 and
| = 42. Therewith the cavity photons become multiplied in
an avalanche of stimulated transitions 2 — 1 or —1 — —2
creating coherent THz light, cf. the orange arrows in Fig. 1.
For continuous lasing, the emission of cavity photons has to be
complemented by a nonradiative carrier relaxation to quickly
depopulate (repopulate) the lower (upper) laser level [ = +1
(I = —2). In our proposed pump scheme this is achieved by
additionally injecting electrons (holes) in [ = +3 (I = —-3).
By choosing the right magnetic field we can achieve resonance
between one of the optical phonon modes of graphene and the
LL transition 1 — —3 yielding a fast evacuation of carriers in
the lower laser level [ 10,15] as denoted with the brown arrow in
Fig. 1. Note that phonon-induced decay rates strongly depend
on how well the transitions match the phonon energy so that the
efficiency of the laser scheme varies with the magnetic field.

III. MODELING OF LASER DYNAMICS

To model the described laser system we apply a many-
particle approach including carrier-carrier, carrier-phonon, and
carrier-photon interactions on a microscopic level [16-20],
resulting in the following set of coupled equations of motions
for carrier occupation p;(¢) of the /th LL and the photons’

number 7, (¢) within the cavity mode p,

pr="y_ (Sl = Si)+ Pilp) + Y Tulpror), (1)
nl’ 4
fie = 4Ng Y Sl — kuny. 2)
i

Here S),, denotes the probability of a LL transition [ —> [’
via emission or absorption of a photon in mode p, which is
dynamically calculated within a quantum-optical approach.
Here we include carrier-photon correlations up to the quadru-
plet level allowing us to calculate the second-order correlation
function of the emitted light [21,22]. We consider a finite
photon lifetime (x,)~' = Q/w,, that is given by the cavity
quality factor Q and the photon frequency w,,. Moreover, the
rates I';; incorporate all electron-electron and electron-phonon
scattering channels, i.e., all energy allowed LL transitions, in-
cluding time-dependent Pauli blocking terms. These scattering
terms lead to a redistribution of carriers along all LLs towards
a Fermi distribution. The explicit equations for S); and I'y
including all matrix elements can be found in Ref. [10].

In this paper, we focus on the mechanism of electrical
pumping. The tunneling of carriers between the leads and the
Ith LL is modeled via

Pi=Py / del fi(e) — pi1Ly (e — £)0:(e).  (3)
A

Here the leads A = n,p are treated within the bath approx-
imation so that the carrier reservoir follows a static Fermi-
distribution  f;(¢) = {exp[(e — ®,)/(kzT)] + 1}~', whose
quasi-Fermi level is given by the applied electrical potential
®, = +U; /2. Apart from the occupation difference, the pump
rate is further determined by the spectral overlap of the DOS
of the leads and the involved LLs that is given by a Lorentzian
L,, with the width y;. The leads are assumed to be quasitwo
dimensional with a constant DOS reflected by the heavy-side
function 6, ,, whose onset is located at the corresponding band
extrema E;. The widths of the LLs are calculated dynamically
based on the scattering rates I'; [10,23-25].

To derive Eq. (3) we have assumed that the tunneling matrix
element for transitions between electronic states in the lead and
LL orbits is constant. Together with the absolute DOS within
the leads this parameter determines the pump efficiency Py. We
canrelate this material parameter to the injected current density
when neglecting Pauli blocking (e.g., lead is fully occupied,
and LLs are empty) and assuming that a certain number N, of
LLs is fully covered by the injection channel. In that case the
current density injected from lead A is given by

" ) ) e B
= — P ~4—N4yNpgPy= Niy— I. 4
J A; ) 7 NenV Po h gy 10 4)

Here Ny = BA/®( denotes the magnetic-field-dependent LL
degeneracy reflecting the number of magnetic flux quanta
®y = h/ep within the graphene layer of area A. The factor
4 further accounts for the spin and valley degeneracies. In
the last expression of Eq. (4) we have defined the maximum
current per LL as Iy = 4e Py, which multiplied with the density
of magnetic flux quanta (LL degeneracy) gives an estimate
of the injected current density per LL. Therefore, we will in
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the following use I as the central experimentally accessible
parameter characterizing the injection efficiency.

IV. LASER CHARACTERISTICS

To reveal under which conditions the proposed laser
mechanism works, we numerically solve the above-described
equations for different system parameters. In the following
we present the laser dynamics for an optimal parameter
configuration assuming a high cavity quality factor of Q =
5000, a temperature of 7' = 300 K, a laser cross section of
A = 1000 pum?, and an efficient carrier injection determined
by Ip =2 nA. The photon lifetime (given by Q) strongly
depends on the design of the utilized cavity and significantly
influences the threshold condition of a laser. Since our paper
focuses on many-particle processes and intrinsic loss channels
of the laser active medium, we have chosen a high cavity
quality to make our paper independent of the cavity design.
However, first experimental studies performed on THz cavities
have demonstrated very large photon lifetimes corresponding
to quality factors of several thousands [26]. Therefore, we
think that a variety of high-Q cavity designs comparable with
current optical-range cavities [27] will be available in the
near future, including designs compatible with the proposed
heterostructure. Moreover, we choose a magnetic field of
B =2.7T to reach a resonance between the LL transition
1 — —3 and transverse optical K-phonons (KTO) (exto =
162 meV [28,29]). Now we choose the position and width
of the injection channel according to the situation displayed
in Fig. 1. Hence we set Er =0, E, = —E, = (B =
27T)~ 84 meVand Uy =2®./e =26 3(B=2.7T)/e~
205 mV. Now only half of the second and third LLs are covered
by the injection channel, which reduces the pump efficiency
of those two levels. However we want to avoid any overlap of
the first and fourth LLs with the injection channel since this
would strongly counteract the PI.

Figure 2 shows the dynamics of the electrically pumped LL
laser, characterized by the population difference p, — p; [the
black curve in Fig. 2(a)], the total number of photons in the
cavity (the orange curve), and the second-order autocorrelation
function g® of the cavity light [Fig. 2(b)]. In the beginning
(t = 0) the system is set to thermal equilibrium, reflected by
a Fermi distribution for LLs (PI < 0) and very few photons.
At 50 ps we slowly increase the bias voltage which reaches
its maximum at 100 ps. Instead of an instantaneous switch
on, we choose a smooth step function for the voltage with
a Gaussian slope. As soon as the voltage is turned on, the
amount of electrons in the n-doped lead rapidly increases,
which enhances the tunneling efficiency giving rise to an
increased occupation of the second LL p,. Already after 75
ps a population inversion is reached, i.e., p» — p; > 0. The PI
increases adiabatically with the voltage up to a quasistationary
PI value of about 23% at 100 ps. Here, the injection of carriers
and phonon-induced relaxation into lower LLs are in balance
yielding stable occupations.

Simultaneously, the number of photons increases exponen-
tially via stimulated emission once a PI is established (cf. the
orange curve). For about 50 ps the PI stays stable despite
the growing photon avalanche. However, after approximately
150 ps the PI slowly decreases reflecting the so-called gain
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FIG. 2. Time evolution of (a) the population difference p, — p;
(the black curve) and the total number of photons in the cavity (the
orange curve) and (b) the second-order correlation function g® of the
cavity light. Once a voltage is switched on, a population inversion, i.e.,
p2 — p1 > 0, can be reached resulting in an exponential increase in
the photon number and g® — 1 characterizing coherent laser light.

compression [10], and the number of photons saturates. At
about 200 ps the system reaches a new equilibrium of pumping,
photon emission, and nonradiative relaxation characterizing
the lasing regime. Finally, we also have access to the photon
statistics of the emitted light via the second-order correlation
function g, cf. Fig. 2(b). Before the voltage is switched on
the photons are completely uncorrelated, which is reflected
by g® = 2 characterizing thermal light. Once a population
inversion is reached, the number of photons increases due
to stimulated emissions, and g approaches the value of 1
characterizing coherent laser light.

The dynamics presented in Fig. 2 shows that the proposed
lasing scheme works and leads to the emission of coherent
THz radiation for a certain set of parameters. In the next
step we widely vary the experimental conditions to determine
the minimum injection efficiency (threshold current) and how
tunable the laser will be for a fixed lead configuration. Here we
keep the cavity quality and position of the injection channel
constant and subsequently vary the injection efficiency Iy and
the magnetic-field B. Figure 3 shows the laser output power
in equilibrium in dependence of: (a) the injection efficiency I
(for a fixed B = 2.7 T) and (b) the magnetic field (for a fixed
Iy =2 uA). We find a strong increase in the output power
at a threshold value of about I(Sh = 0.3 A [the dashed line
in Fig. 3(a)]. For injection efficiencies below this value, we
obtain a very low photon output due to the predominantly
spontaneous emission. In this parameter region the injection
rate is too slow compared to phonon relaxation processes in
the graphene sheet so that the resulting PI does not induce
sufficient optical gain to compensate the cavity losses. The
underlying microscopic mechanisms limiting the efficiency of
an optically pumped LL laser have been already discussed in
Ref. [10]. Here, in the electrically pumped scenario, we find
that, for the above-mentioned setup, the injection efficiency
has to be on the order of /" = 0.3 1A to achieve lasing.
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FIG. 3. Laser output power in equilibrium as function of (a) the
injection efficiency /; (for a fixed B = 2.7 T) and (b) the magnetic-
field B (for a fixed Iy = 2 uA). Whereas (a) reveals a threshold
current of Iéh = 0.3 uA, (b) illustrates the wide tunability of the laser
mechanism.

Applying Eq. (4) we can estimate the injected current per
LL by multiplying this current with the density of magnetic
flux quanta, yielding a threshold current density of about
40 kA /cm?. Note that this is a rough estimate since the effect of
Pauli blocking has not been taken into account. The dynamical
calculation of the current including the occupation differences
between the lead and the LL yields a threshold current of about
12 kA /cm?. Whereas metallic leads form Ohmic contacts on
graphene with very low contact resistance [30], graphene-
semiconductor contacts are Schottky type [31,32]. However,
there are so far—to the best of our knowledge—no experimen-
tal studies in literature reporting on graphene embedded into a
p-n junction. Therefore, a direct evaluation of the feasibility of
the calculated threshold value is not possible. In the proposed
device the current will flow in the forward direction through
the p-n junction of the low gap semiconductor. As shown
from lead-salt lasers, such devices enable current densities in
the range of 10 kA /cm? [11], which shows that the required
current densities are, in principle, feasible. Nevertheless, the
realization of the proposed heterostructure with good contacts
to the semiconducting materials and the combination with a
high cavity quality will be challenging and require considerable
technological effort.

In Fig. 3(b), we now vary the magnetic field to examine
how tunable the proposed electrically driven LL laser can
be. The injection efficiency stays constant at the exemplary
value of Iy =2 pA, and the position as well as the width
of the injection channel are fixed to the same configuration
as before. Hence, when changing the magnetic field, the
pump conditions drastically change since the LLs, which are
supposed to be pumped, move out (whereas other LLs move
in) the injection channel. However, Fig. 3(b) shows that the
laser scheme works in a wide range of magnetic fields with
the same lead configuration, achieving output powers above
10 W/cm? between about By, = 2.1 and Bya = 4.5 T. In
consequence, the proposed LL laser works in a range between
5.3 and 7.7 THz.

For magnetic fields lower than the optimum value of
B =2.7T (the dashed line) we achieve the highest output
powers. Here the upper laser level [ = 2 shifts below the band
edge of the n-doped lead so that a PI between [ =3 and
[ = 2 is driven. Although the transition energy of 3 — 2 is
detuned from the transition 2 — 1 (cavity resonance), we still
obtain stimulated emission into the cavity mode due to the
strong dephasing induced by phonon and Coulomb scatterings.
Subsequently, carriers accumulating in/ = 2 after the emission
via the 3 — 2 lead to an inversion between / =2 and [ =1
allowing for a second laser transition 2 — 1. This cascade
of laser transitions allows a very efficient laser operation and
extends the magnetic-field range down to By, = 2.1 T where
also the third LL shifts below the injection channel. For high
magnetic fields the tunability is limited by the pumping of
the lower laser level / = 1, which starts to enter the injection
channel at about B, = 4.5 T.

In conclusion, we present a mechanism for electrical pump-
ing of a graphene-based terahertz Landau-level laser. To pro-
vide a concrete recipe for the experimental realization of such
lasers, we perform a fully quantum-mechanical investigation of
the nonequilibrium dynamics of carriers, phonons, and photons
in such a laser. Our calculations reveal that, in order to achieve
the laser threshold conditions, cavities with Q factors of several
thousands and current densities between the graphene and the
doped semiconductor in the range of kA/cm? are required.
Under these conditions the proposed Landau-level laser emits
coherent terahertz radiation with high output power and can
be externally tuned within a continuous range between 5.3 and
7.7 THz.
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