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This study reviews recent advances in room-temperature coherent amplification of terahertz (THz) radiation in graphene, electrically driven by a dry cell battery. Our study explores THz light–plasmon coupling, light absorption, and amplification using a current-driven graphene-based system because of its excellent room temperature electrical and optical properties. An efficient method to exploit graphene Dirac plasmons (GDPs) for light generation and amplification is introduced. This approach is based on current-driven excitation of the GDPs in a dual-grating-gate high-mobility graphene channel field-effect transistor (DGG-GFET) structure. The temporal response of the DGG-GFETs to the polarization-managed incident THz pulsation is experimentally observed by using THz time-domain spectroscopy. Their Fourier spectra of the transmitted temporal waveform through the GDPs reveals the device functions 1) resonant absorption at low drain bias voltages below the first threshold level, 2) perfect transparency between the first and the second threshold drain bias levels, and 3) resonant amplification beyond the second threshold drain bias voltage. The maximal gain of 9% is obtained by a monolayer graphene at room temperatures, which is four times higher than the quantum limit that is given when THz photons directly interact with electrons. The results pave the way toward tunable graphene plasmonic THz amplifiers.
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INTRODUCTION
Graphene is promised to a wealth of interesting applications, and graphene plasmonics is emerging as one of the most viable paths for bringing those applications into reality [1, 2]. Over the past years, noble metal/semiconductor plasmonics has allowed significant progress in a number of fields with impressive applications to ultrasensitive detection down to the single-molecule level [3], improved photovoltaics [4], nanoscale photometry [5], and cancer therapy [6]. Nevertheless, graphene is currently taking off as one of the most vibrant and promising alternatives in the race for new plasmonic materials [7], especially in the mid to far-infrared (THz) regions [8–14].
The generation and amplification of electromagnetic waves by plasmonic instabilities in conventional two-dimensional (2D) electron systems (2DESs) have been actively investigated since 1980. The main idea has been to exploit the radiative decay of grating-coupled 2D plasmons for the realization of compact tunable solid-state far-infrared devices [15–27] and thus develop new alternatives to the vacuum devices, such as traveling wave and backward wave tubes based on the Smith–Purcell effect [28], which face severe difficulties to operate beyond the millimeter-wave region [29]. However, after about 40 years, we are still a long way from the realization of efficient emitters, amplifiers, and generators based on those plasmonic instability–driven mechanisms. The intensity of radiation reported experimentally so far is too small [16, 24–26], and the plasmon resonances are too broad and not tunable enough [27] to be promising for device applications.
The rise of graphene and the well-established stronger light–plasmon coupling in graphene structures compared to conventional 2DES’s in semiconductor materials [30] make this work worth to be revisited. Indeed, graphene plasmon–based far-infrared devices have recently been investigated [31–34] and significant improvements on gain modulation [32, 34], sensitivity [33], and emission [31] have been reported, yielding the foundational pillars for a future robust graphene-based plasmonic technology from mid- to far-infrared region. Therefore, to address the efficiency limitation of conventional 2D plasmonic grating-coupled emitters and amplifiers, we explore a graphene plasmonic approach.
We investigate dc current-driven plasmonic amplification in high-mobility graphene-channel transistor GFET structures that combine the advantage of an efficient tunable absorber, emitter, and amplifier at room temperatures. Plasmon modes in our devices are excited in monolayer graphene encapsulated in hexagonal boron nitride (hBN) layers with a periodic grating gate structure positioned above the graphene sheets as used elsewhere in 2D semiconductors [22, 35–42]. The grating gate modulates the incoming electromagnetic wave and defines the plasmonic wave vectors.
This is the first experimental observation of such plasmon dynamics with clear transitions from absorption to transparency and then amplification regimes, explained here by the occurrence of current-driven plasmonic instabilities and/or negative conductivities and the resulting plasmon-polariton gain in the graphene DGG structures. The external quantum efficiency extracted from our devices is about ∼0.1 (see Supplementary Material S0) which is several orders of magnitude higher than the largely used optical-to-THz conversion devices since the work by Auston at al. [43] on picosecond photo-conducting Hertzian dipoles in 1984, and about two orders of magnitude higher than the plasmon-improved photo-conducting devices based on conventional semiconductors [44, 45].
The main part of the experimental results has been published in the authors’ original prior publications [46, 47] which will be re-reviewed and be extended in their interpretations in this article. The interpretation of the observed phenomena of THz amplification with existing theories was given in [46], which will be emphasized with a different route to trace the scenario with new theories [47].
DEVICE FABRICATION AND EXPERIMENTAL SETUP
We designed a series of monolayer graphene channel field-effect transistor (GFET) structures. First, a hexagonal boron nitride (hBN) thin film was exfoliated from a bulk material and transferred onto a SiO2/Si substrate as a buffer base layer. Then, a high-quality monolayer graphene was exfoliated from a kish graphite single crystal, and transferred onto the hBN buffer layer. Then another thin hBN film was transferred onto the monolayer graphene to encapsulate the graphene and to work for the gate stack insulator. Then the gate electrodes were metalized and lifted off to form our original dual-grating-gate (DGG) structure that worked as a highly efficient antenna to couple the THz radiations and graphene Dirac plasmons (GDPs) [46, 47]. By the Raman spectroscopy and the contrast differentiations of the optical microscope image, the transferred graphene sheet was well identified to be monolayer. The DC characteristics were measured, confirming a fine electrical ambipolar transfer characteristic with less unintentional doping (as shown in Supplementary Materials S1, Supplementary Figure S1D). The extracted electron field-effect mobility ranged between 30,000 and 40,000 cm2/Vs, depending on the DGG and drain biases conditions, thanks to the hBN-encapsulated cleanest and inert environment [46, 47].
We examined three samples: two asymmetric DGG alignments (A-DGG1 shown in Figure 1B and A-DGG2 shown in Supplementary Materials S1, Supplementary Figure S1C) [46] and one symmetric DGG alignment (S-DGG, shown in Figure 1C). Details on samples description are given in the Supplementary Materials S1. With the applied gate voltages Vg1 and Vg2, each device supports the formation of two different plasmonic cavities (types C1 and C2) below the DGG fingers of Gate 1 and Gate 2 (see top part of Figure 1A).
[image: Figure 1]FIGURE 1 | Schematic view and device images of the DGG-GFETs. Schematic illustrating of the hBN/graphene/hBN heterostructure, including the asymmetric dual-grating-gate metallization (A). Optical image of the asymmetric dual-grating-gate A-DGG1 (B) and the symmetric S-DGG (C) samples. After Ref. 46.
Terahertz time-domain spectroscopy (THz-TDS) was employed to measure the changes in the temporal wave forms of the THz pulses transmitted through the graphene plasmonic cavities of type C1 (C2) when sweeping Vg1 (Vg2) and keeping the voltage on the other gate electrode constant at the charge neutral point (CNP) Vg2 = VCNP2 (Vg1 = VCNP1). The THz pump pulse was generated by a low temperature–grown InGaAs/InAlAs photoconductive antenna (TERA 15-TX, Menlosystems) excited by a femtosecond 1550-nm band fiber-laser pulse source (IMRA femtolite BS-60: <100 fs FWHM, 50 Hz repetition, >60 mW average output power). The linearly polarized THz wave emitted by the antenna was collected and refocused onto the sample from 45° oblique angle (and subsequently onto the THz detector) using off-axis parabolic mirrors. A small 250-μm-diameter hole at the end of a tapered aperture of a conical shape was placed close to the sample. THz radiation was detected using a second low temperature–grown InGaAs/InAlAs THz photoconductive antenna made of the 25-μm dipole and 10-μm gap excited with an average optical power of 17 mW (at 1,550 nm). More detailed information about the experimental setup is given in Ref. 47. The measurement system bandwidth was 0.1–4 THz and the S/N of ∼40 dB. The source-to-drain voltage (Vd)–dependent measurements were also conducted at a constant Vg1,2. The transmission coefficient was obtained by the fraction of the Fourier transform from the measured temporal waveform of the signal transmitted through and without the device. The transmission coefficient at a given Vg1 (g2) and Vd is referred to as T, whereas TCNP is the transmission coefficient at Vg1 (g2) = VCNP.
EXPERIMENTAL RESULTS
Results Under Non-Drain–Biased Conditions
Figure 2 depicts the measured extinction spectra (1−T/TCNP) in the three devices for Vd = 0 V. The gate length–dependent extinction spectra are shown in Figures 2A,B for the same electrical doping of one type of cavities (C1 or C2) Vg1,2 − VCNP = 3 V, while the other type of cavities (C2 or C1) is in the CNP conditions. The incident THz radiation was polarized parallel (Figure 2A) or perpendicular (Figure 2B) to the DGG fingers. In the parallel polarization case, the extinction spectra are characterized by the Drude response with a monotonic decrease of the absorption with frequency. In the perpendicular polarization, in contrast, a completely different line shape is seen with a pronounced absorption peak associated with the excitation of the plasmons resonance. We used a damped oscillator [image: image] and Drude [image: image] models to describe the line shape of the extinction spectra shown in dashed lines in Figures 2A,B. Here, [image: image] is the plasma resonance frequency given in Eq. 1 [48, 49], [image: image] is the line width of the plasmon resonance, and [image: image] is the Drude scattering rate.
[image: image]
where
[image: image]
is the plasma wave velocity. q is the plasma wave vector, d is the thickness of the top h-BN layer, e is the elementary charge, ε is the dielectric constant of h-BN layers, εF is the Fermi energy, and ℏ is the reduced Planck constant. We observed up to ∼19% absorption in the sample S-DGG (LG = 2 µm) which is substantially strong for a single atomic layer material, testifying of a strong light to plasmon coupling in our devices.
[image: Figure 2]FIGURE 2 | Gate voltage– and length-dependent extinction spectra of the graphene structures for Vd = 0 V. Plasmonic cavity length (LG)–dependent extinction spectra of the three devices with incident light polarized parallel (A) and perpendicular (B) to the DGG fingers. The measured line shape is well reproduced by a Drude model fit for parallel polarization [dashed line in (A)] and a damped oscillator model fit for perpendicular polarization [dashed line in (B)]. Measured gate voltage–dependent transmission spectra 1−T/TCNP of the asymmetric device A-DGG1 with incident light polarized perpendicular to the DGG fingers, with biased cavities C1 when sweeping Vg1, while the voltage on the other gate electrode is kept constant at Vg2 = VCNP2(C) and biased cavities C2 when sweeping Vg2, while the voltage on the other gate electrode is kept constant at Vg1 = VCNP1(D). Scaling laws of graphene plasmon resonance frequency in the three devices as a function of wave vector q = π/LG(E) and gate voltage (F). The solid lines in (E) and (F) are fits to data using the model expressed in Eq. 1. After Ref. 46.
To study the resonance scaling behavior with the carrier density, we conducted bias-dependent measurements. The gate voltage–dependent extinction spectra are shown in Figures 2C,D for the device A-DGG1 with light polarized perpendicular to the gate fingers for different values of Vg1, while Vg2 = VCNP2 (Figure 2C) and different values of Vg2 while Vg1 = VCNP1 (Figure 2D). It is worth mentioning that throughout all of our experiments, the data from the other devices (A-DGG2 and S-DGG) were quite similar to that shown in Figures 2C,D (see also the Supplementary Materials S2). Our gate voltage–dependent data also show a clear blue shift of absorption peak frequency with increasing Vg and an increase in the strength of the plasmon resonance. The scaling behavior of plasmon resonance frequency is shown in Figures 2E,F where the resonance peak extracted from the measured extinction are plotted as a function of the plasmon wave vector q = π/LG (Figure 2E) and gate voltage (Figure 2F) and fitted to Eq. 1 for the dispersion law of gated 2D plasmons in graphene with hBN layer thickness as a parameter.
Our data show good agreement between the measured resonance frequencies scaling laws over carrier density and cavity length and the theoretical expectations, allowing us to unambiguously attribute the resonances observed here to GDPs in the DGG-GFET’s. The plasmon absorption coefficients obtained in our graphene structures, with metallic gates-induced plasmonic cavities are rather high, compared to the previously reported results in graphene micro-ribbons [30, 50, 51], rings, and disks [11, 52, 53].
Results Under Drain-Biased Conditions
The most striking features in our measurements arise when we explore the influence of Vd on the device absorption spectra. Figure 3 depicts the Vd-dependent extinction spectra measured in the cavities C1 and C2 of the sample A-DGG1 with the electrical doping at Vg1 − VCNP1 = 3 V, Vg2 = VCNP2 (Figures 3A,C) and Vg2 − VCNP2 = 3 V, Vg1 = VCNP1 (Figures 3B,D). As Vd increases, the absorption peak clearly exhibits the red shifting along with a noticeable reduction of plasmon resonance strength. Then the absorption completely vanishes, as seen in the measured extinction spectra being zero at Vd = 160 mV (Figure 3A) and Vd = 370 mV (Figure 3B). The plasmonic devices become perfectly transparent to the incoming THz radiation within the entire experimental bandwidth. Here we report the first experimental observation of such a transparency behavior over a relatively wide frequency range (0.1–3 THz) in graphene plasmonic structures at 300 K. With increasing Vd beyond this transparency regime, a negative absorption peak appears in the extinction spectra from the lower frequency side with a noticeable blue shift. The negative absorption is an indication of a more intense transmitted pulse as compared to the incoming pulse referred to as gain. This striking influence of Vd can also be visualized in inversion of the experimental extinction spectra as a function of frequency and Vd as shown in Figure 3 where the positive peaks in red-colored spectra show the device absorption, whereas the negative peaks in blue-colored spectra show the gain, and the transparency regime between the two peaks with clear current-induced transitions between those regions. Throughout all of our experiments, the data from the other asymmetric device (A-DGG2) were quite similar to those shown in Figure 3, while no amplification was observed in the symmetric sample S-DGG (see the Supplementary Materials S3) [46].
[image: Figure 3]FIGURE 3 | Drain bias–dependent extinction spectra of the graphene structures. Spectra measured in cavity C2 of device A-DGG1 for fixed Vg2 − VCNP2 = 3 V and Vg1 = VCNP1 when varying Vd. After Ref. 46.
DISCUSSION
Interpretation of the Phenomena on the Basis of Classical Theories
By assuming that the carrier drift velocity (v0) is proportional to the mobility and dc electric field in each cavity we estimate that v0 varies from 0 to ∼3.85 [image: image] 107 cm/s in our experiments. Also, the plasma wave velocities s1 and s2 are calculated using Eq. 2 as [image: image]and [image: image], respectively. It is manifested that the plasma wave velocities are always higher than the drift velocities v0.
We now examine the scaling behavior of plasmon resonance frequency with drain bias voltages. The resonance frequencies, ωP(Vd) extracted from the drain voltage–dependent extinction spectra for the asymmetric devices are shown in Figure 4A as a function of the characteristic field intensity qVd in the plasmonic cavities. In the positive absorption region, the plasmon resonance frequencies are described by a scaling behavior of ωP(Vd) = ωP (0)[1 − αqVd]β, while in the negative absorption region (amplification region), the scaling behavior is ωP(Vd) = ζ [−1 + χqVd]η. Our fitting (solid lines in Figure 4A) gives β ≈ 0.3 and η ≈ 0.5, while the parameter α ≈ 0.37 (kV/cm)−1 defining the lower cut-off, the same in all cavities, indicates that the onset of the observed transparency regime depends only on the dc electric field in the plasmonic cavities. However, the amplification onset defined by the fitting parameter χ ≈ 0.098, 0.127, 0.149, and 0.187 (kV/cm)−1 for LG = 1.5, 1, 0.75, and 0.5 µm varies for different cavities. This cavity length–dependent amplification threshold has been predicted in symmetrical plasmonic cavities based on conventional 2DES [18], although it was formulated for case wherein the carrier drift velocity surpasses the plasma velocity which is ruled out in this experiment. In the presence of Vd, the source–drain current introduces a collective electron stream flow on which plasma waves are carried at drift velocity v0. Physical phenomena such as Doppler shift of plasmon frequency might therefore occur in the plasmonic system and be considered as possible explanation for the red and blue shift observed experimentally. However, the experimental current-induced tuning range of the resonance frequencies is wider than that expected from a simple classical model. Theoretical approach including the nontrivial carrier hydrodynamics in graphene, the nonuniform density in the channel and asymmetric grating gates remain an open challenge for rigorous quantitative interpretation of the observed drain voltage–dependent scaling behavior of plasmon resonance frequencies.
[image: Figure 4]FIGURE 4 | Drain bias–dependent resonance frequencies (A) and gain (B). Scaling laws of the measured graphene plasmon resonance frequency in the three devices as a function of qVd and fits to data shown as solid lines (A). Maximal gain coefficient (minima of the negative extinction spectra) measured in devices A-DGG1 and A-DGG2 (B). Clear threshold-like behavior is seen with onset field intensities of ∼ 5.4 kV/cm (black dotes), ∼6.6 kV/cm (red dotes), ∼7.8 kV/cm (blue dotes), and ∼9.4 kV/cm (dark yellow dotes) in the four cavities. After Ref. 46.
Figure 4B depicts the maximal gain coefficient obtained in the two asymmetric samples as a function of qVd. The applied drain bias voltage varies up to 700 mV with the incoming THz radiation power of the order of few microwatts. Our data show up to ∼9% amplification, which is remarkably high for a single atomic material, testifying of a relatively efficient plasmonic generation process and strong plasmon–radiation coupling. We define the external quantum efficiency as EQE = Pout/Pin where Pout is the device emitted power and Pin the injection power. We estimate Pout ≈ 2.7 µW in our graphene-based devices, while the injection electrical power is Pin ≈ 32 µW by considering the upper limit of Vd = 700 mV and the protection current limit of Ip = 1 µA set to keep the devices safe during experiments. Our devices therefore demonstrate significantly high external quantum efficiency EQE ≈ 0.1 (see Supplementary Materials S1). While relatively inefficient plasmon generation has been reported in semiconductor heterostructures [16, 22, 24–26], the improved efficiency observed in our DGG-GFET devices is consistent with the well-established stronger light–plasmon coupling in graphene structures compared to conventional 2DES in semiconductor materials [30]. Other types of sources operating at 300 K such as the optical-to-THz conversion photoconductive devices are largely used in THz technologies. Recently, plasmon based photoconductive devices have shown improved performance in terms of bandwidth and power [44, 45] with a maximum emitted power of 250 µW for 80 V bias voltage and 100 mW optical pump power [44] and thus an external quantum efficiency of the order of ∼10−3. Our graphene plasmonic devices show about two orders of magnitude higher external quantum efficiency as compared to those improved optical-to-THz conversion photoconductive devices.
The gain is observed beyond threshold field intensities of ∼5.4 kV/cm (black dotes), ∼6.6 kV/cm (red dotes), ∼7.8 kV/cm (blue dotes), and ∼9.4 kV/cm (dark yellow dotes) in the four cavities as shown in Figure 4A. This threshold-like behavior indicates that the current-driven plasmonic instability is likely to be the process governing the occurrence of plasmon generation in our hBN/graphene/hBN structures. In this subsection, we discuss the possible origins of plasmon instability in our structures by first ruling out the physical mechanisms requiring carrier drift velocities higher than plasmon velocities since the estimated plasmon velocity in our structures s ≈ 3 × 108 cm/s is higher than the maximum drift velocity v0 = 3.85 × 107 cm/s.
Theoretical investigations of such instabilities have been developed in 2DES based on conventional semiconductor heterostructures [15, 17, 18, 20, 21, 54, 55] and different scenarios are predicted depending on the fraction of carrier drift velocity v0 and plasma velocity s. For values of v0 smaller than s, an instability based on amplified plasmon reflection at the cavity boundaries are predicted in Ref. 17, if asymmetrical boundary conditions are realized at different ends of the cavity. In Refs. 19, 57, 58, it has been shown that transit time effects in the high field domains of 2DES may drive the plasmonic system unstable, no matter which velocity is higher than the other, v0 or s. When the drift velocity reaches the plasma velocity, a different type of instability named dissipative instability [15] may develop along with a choking of electron flow leading to the current saturation [56]. Another type of plasmonic instability, which is not our case, has been predicted for the carrier drift velocity surpassing the plasmon velocity referred as plasmonic boom instability occurring with a super-plasmonic boom similar to the well-known supersonic boom [20]. Cherenkov-like plasmon instability may also develop in the grating gated 2D electron structure when the electron drift velocity exceeds the plasmon phase velocity [18, 21].
On the basis of the experimental results where the carrier drift velocity is always lower than the plasma velocity, amplified plasmon reflection at the cavity boundaries [17] and transit time effects [19, 57, 58] are therefore most likely to be the main process governing the observed transparency and gain. Indeed, giant plasmon instability has been predicted in graphene plasmonic structures similar to those reported in the present work, when the amplified reflection and transit-time–based type of instabilities are superposed with phase synchronization between the neighboring cavities [58].
The common ground within the plasmonic instability picture is the wave amplitude growth with an increase in the electron drift velocity [15, 17, 18, 20, 21]. The plasmon gain also known as instability increment then acts against the plasma wave damping responsible for the losses. The emission is observed above the drift velocity threshold where the gain becomes bigger than the losses. The instability increment, [image: image], in the case of superposition of transit time and amplified reflection types of instabilities is given by [17, 19, 57, 58].
[image: image]
where J0(x) is the zeroth order Bessel function, Lt/ut is the electron transit time from one plasmonic cavity to the other one, ut and Lt are the drift velocity in the transit regions and the length of those regions, respectively. The decrement is given by γd = ΓP/2, where ΓP is the plasmon resonance line width, which is ∼0.6 THz around the lower cut-off defined by the occurrence of the transparency regime. By assuming ut ∼ Fermi velocity (vF) in the depleted regions, we obtain γi ≈ 0.87 THz. This increment is bigger than the decrement which supports the idea of the two types of instabilities being the governing mechanisms of the observed amplification.
The drain voltage–dependent phase change retrieved from the THz electric field in cavities for ADGG-GFETs manifested the inversion between the absorption and amplification conditions (see Supplementary Materials S4). This transition is an unambiguous evidence for gain and additionally supports our interpretation of light amplification via excitation of graphene Dirac plasmons in the high-mobility hBN/graphene/hBN structures.
Interpretation on the Basis of a New Phenomenological Modeling
The most important theoretical challenge is to find the physical process or mechanism in which the transition from absorption with red shift to amplification with blue shift can take place for drift velocities v below the plasma wave velocity s. In this work, we develop a phenomenological theory which shows that, indeed, amplification is possible for v < s [47]. We use grating gate structures to create a periodic structure of highly conducting active regions separated by low conducting passive regions. The large difference between concentrations allows us to localize plasmons in active regions and control their properties both by gate electrodes and by the dc driving current. Let us consider the structure of periodically alternated stripes of the high (low) electron density and corresponding high (low) plasma wave velocity, as shown in Figure 5 composed of two different regions with lengths L1 and L2, plasma velocities s1 and s2, carrier densities n1 and n2, and drift velocities v1 and v2 (see Figure 5). This periodic structure (plasmonic crystal) can be described by the Kronig–Penney model [59]. We assume that n1 ≫ n2 and refer to region “1” as active and region “2” as passive. In the absence of dissipation, such a structure represents an example of 1D plasmonic crystal [47], with the plasma wave spectrum [image: image], which describes allowed and stop bands and can be found from the following dispersion Eq. 4:
[image: image]
where k is the plasmon quasi-momentum, [image: image] and [image: image] are the plasmon transit times, and [image: image] is the mismatch parameter. We consider the simplest reasonable case of [image: image]and [image: image].
[image: Figure 5]FIGURE 5 | A simplified 1D hydrodynamic modeling for the DGG structure driven by dc current in the oscillating field of the THz radiation E.
One may linearize the hydrodynamic equations of graphene Dirac plasmons as follows [47]:
[image: image]
[image: image]
where [image: image] is the carrier momentum relaxation time in the cavity 1 region, and E0 is the magnitude of THz radiation field intensity. Under the conditions of [image: image]and [image: image], let us assume that
[image: image]
In this case, the plasmons in passive region 2 are overdamped, whereas the plasmons in active region 1 may oscillate at resonant frequencies. Here, we introduce an effective plasmon relaxation rate (inverse of the effective plasmon relaxation time) as follows:
[image: image]
One may find the solutions in the form of [image: image] and [image: image] The oscillating correction to the current is given by the following equation:
[image: image]
[image: image]
The dependence of total averaged dissipation [image: image]is eventually calculated as follows [47]:
[image: image]
[image: image]
[image: image]
Eq. 11 contains plasmonic resonance characterized by the effective frequency [image: image] which encodes Doppler red shift, the effective damping [image: image], and most remarkably, the factor [image: image] in Eq. 13, which changes the sign with increasing [image: image] thus with increasing the current. This is our key analytical result.
The calculated [image: image]is plotted in Figure 6 for various [image: image]values. The results qualitatively agree with the experimental results and can capture the overall tendency from absorption with red shift to amplification with blue shift. It is well manifested that the negative dissipation, that is the amplification net gain, is able to be obtained even if [image: image] The break-even point of the fraction of [image: image] at which the dissipation loss turns to amplification gain is obtained to be [image: image] [47]. It is worth noting that, within this framework, there is no need to condition any instability as the factor that causes amplification. The quantitative understanding needs further study which will be given in the near future.
[image: Figure 6]FIGURE 6 | Calculated power dissipation in the active region 1 for different values of [image: image] [47]. The dotted arrow lines indicate the tendency of red shifting in the absorption regime and blue shifting in the amplification regime.
CONCLUSION
In summary, we have introduced an efficient method to exploit graphene Dirac plasmons for light generation and amplification. This approach is based on asymmetric dual-grating-gate high-mobility graphene-channel FETs, but can potentially be applied in other emerging 2D materials with low level of losses and high degree of spatial confinement of plasmons. This work answers the problems stated about 40 years ago about the possibility of using the radiative decay of grating-coupled 2D plasmons for the creation of tunable compact solid-state based THz emitters and amplifiers. Interpretations for the observed phenomena, drain voltage–dependent transition from absorption with red shift to amplification with blue shift via transparent regime, are given in two ways based on plasmonic instabilities and non-plasmonic instabilities. The plasmonic instabilities in 2DESs is a reliable method for THz light generation in contrast to optical down-conversion to THz frequencies based on nonlinear optical effects and the optical-to-THz conversion through photoconduction, the latter present a very low conversion efficiency and the former is also inherently inefficient due to the optical and THz phase mismatch limiting the efficient field interaction length. Our new phenomenological device modeling suggested a possibility of plasmonic amplification mechanism without the need for instabilities. Moreover, while other types of emitters such as quantum-cascade lasers operate exclusively at cryogenic temperatures, all results presented in this work are obtained at room temperatures. The graphene plasmonic solutions presented here offer new ways for designing efficient devices for future robust far-infrared plasmonic technology and establish new important challenges for theoretical physics still requiring a physical model allowing full quantitative description of current-driven plasma phenomena in graphene and other 2D systems with Dirac like energy band structure.
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