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Self-consistent ensemble Monte Carlo simulations show terahertz oscillations in single-walled carbon nanotubes Akin Akturk,a兲 Neil Goldsman, and Gary Pennington Electrical and Computer Engineering, University of Maryland, College Park, Maryland 20742, USA



共Received 1 February 2007; accepted 17 August 2007; published online 15 October 2007兲 We investigate electrical transient and stationary transport properties of semiconducting single-walled zigzag carbon nanotubes 共CNTs兲, using a transient ensemble Monte Carlo 共MC兲 simulator that self-consistently solves the semiclassical transport and Poisson equations. We developed the ensemble MC simulator to obtain time and space dependencies of the CNT electron concentration, velocity, and current profiles self-consistently with electrical potential distribution on the tube. Our calculated MC results indicate that self-induced terahertz CNT current oscillations on the tube and at the contacts emerge under several direct current biases. We associate these terahertz CNT oscillations with intersubband scatterings that cause the transfer of electrons from the first subband to the second, intrasubband scatterings and the nonlinear dispersion curves of each subband. The slow-moving electrons in the second subband bunch together locally on the tube, whereas the fast-moving first subband electrons move beyond the bunch and leave a relatively positive charged region behind. Also, intrasubband scatterings and subband curves give rise to low and high density electron regions by creating dispersion. These relatively low and high density electron regions create a charge dipole that then perturbs the electrical potential, resulting in a propagating domain, and thus current oscillations at tens of terahertz. After we investigate the physics of these calculated terahertz oscillations, we propose methods to modulate and shift the main oscillation frequency by varying the applied bias, tube length, or the diameter. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2794690兴 I. INTRODUCTION



The electrical properties resulting from carbon nanotube 共CNT兲 atomic structure have inspired numerous theoretical and experimental investigations of quasi-one-dimensional transport in CNTs. These investigations include studies of low- and high-field mobilities, as well as phonon scatterings.1–15 As part of these efforts, we built on our previous work1–4 and developed a Monte Carlo 共MC兲 methodology to investigate space and time dependent electron transport self-consistently with built-in electric fields. The selfconsistent solution of the semiclassical transport and Poisson equations on the tube provide potential, electron current, velocity, and concentration profiles spatially along the tube at different time instances. Using these profiles, we then investigate the stationary and transient electron transport characteristics in a CNT, and explore the bias, length and diameter dependencies of these characteristics. Of particular interest is that the ensemble MC calculations predict the possibility of current oscillations at tens of terahertz and nanometers in time and space under several applied direct current 共dc兲 step biases, inside and at the contacts of the CNT. The temporal and spatial current oscillations are a result of propagating charge dipoles on the tube. A dipole initially forms by spatial charge bunching due to intersubband scatterings, intrasubband scatterings, and dispersion relations of the subbands. It then drifts along the tube, superposed onto the external field. Further, intersubband interactions cause multisubband scatterings, especially between the first two subbands for the biases we applied. As an a兲
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electron scatters from the first to the second subband, it slows down due to two reasons: Effective mass in the second subband is higher, and it is more likely to scatter to the energy minimum of the second subband due to large densities of states around the subband minimum. Also, intrasubband scatterings may cause charge bunching due to favored scatterings to lower energies, especially to near subband minimum where densities of states are large. In addition, the dispersion resulting from the nonparabolic subband structure may contribute to spatial variations in electron density. To investigate electron transport in CNTs of several lengths and diameters, and under different biases, we first determine CNT electrical parameters to be used in the ensemble MC: CNT electron and phonon dispersion curves. Next, we show details of obtaining CNT electron-phonon scatterings using Fermi’s Golden Rule, the deformation potential approximation, and the CNT dispersion curves. We then present our ensemble transient MC methodology, followed by time and space dependent constant field ensemble MC results where built-in fields are taken as equal to the applied field. We later solve the Poisson equation to update local fields, and present temporal and spatial transient MC calculations, especially terahertz current and velocity oscillations. We also examine the length, bias, and diameter dependencies of these oscillations. II. CNT MONTE CARLO METHODS A. Details of obtaining CNT electron–phonon scattering rates



To calculate the electron–phonon scattering rate for any electron energy–momentum combination, we employ Fer102, 073720-1
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mi’s Golden Rule and the deformation potential approach. Using Fermi’s Golden Rule, electron scattering rate from momentum k to k⬘ can be written as follows: 2 2 兩H兩 ␦关E共k⬘兲 − E共k兲 ± Ep共q兲兴. ⌫共k,k⬘兲 = ប



共1兲



Here 兩H兩2, which is calculated using the deformation potential, estimates the coupling between the states k and k⬘. For a semiconducting single-walled zigzag CNT with fundamental indices of 共n , m = 0兲, this approach gives rise to the following expression for the CNT electron-phonon scattering rate from k in subband ␤ 共k = k , ␤兲 to k⬘ in subband ␤⬘ 共k⬘ = k⬘ , ␤⬘兲 via a phonon 共q = q , 兲 with momentum q 共q = k⬘ − k兲 in subband  共 = ␤⬘ − ␤ ± 2n or ␤⬘ − ␤兲1,2,14,15:
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The newly introduced variables are the deformation potential D 关9 eV 共Refs. 1 and 2兲兴, coefficient Q 关2 / a for optical phonons 共a = 2.46 Å兲, and 冑q2 + 共2 / d兲2 for acoustic phonons 共d is the tube diameter equal to na / 兲兴, tube length L, room temperature thermal energy Eth 共25.8 meV兲, and the CNT linear mass density  共 = 4nM / AT, where M = 12 g is the molar weight of carbon, T = 4.26 Å is the length of CNT’s translational vector, and A is the Avogadro’s number兲. In addition, the term in square brackets is the Bose–Einstein phonon occupation number at equilibrium, where the addition of zero or one corresponds to absorption or emission. To obtain the CNT electron dispersion relations to be used in the previous delta function, we apply zone folding methods to the tight binding graphene dispersion curve,9 written as E共kx,ky兲



d



Here E p0共兲 is the phonon energy at zero momentum;  and  are step functions; and vs is the longitudinal sound velocity of graphene, taken as 200 Å / ps. To find the total scattering rate from k in subband ␤, with corresponding energy E共k兲 = E共k , ␤兲, we integrate the scattering rate formula in Eq. 共2兲 over k⬘ for each subband ␤ ⬘:



1 1 បD2Q2 + ␦关E共k⬘兲 ⌫共k,k⬘兲 = LE p共q兲 exp共E p共q兲/Eth兲 − 1 0 − E共k兲 ± E p共q兲兴.
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where ␥ is the nearest-neighbor -hopping integral taken as 3 eV,1,2 and kx and ky are the electron wave vectors. As zigzag tubes are wrapped such that kx is along the tube axis, we substitute kx by k or kz, and ky by 2␤ / d, taking the confinement around the circumference into consideration such that kyd = ␤2. This gives the zigzag CNTs’ dispersion relations as a function of wave vector along the tube axis k, and wave vector index around the circumference ␤. We also note that 冑3a = 4.26 Å is the length of the zigzag tube’s translational vector T. In addition, we include the lowest three subbands for this work. As cosine is an even function of ␤ and k, we have two valleys composed of three subbands with their minima at k = 0. The phonon dispersion curves in Eq. 共2兲 are determined using zone folded graphene phonon spectra, around the ⌫ and K points using piecewise linear lines,2 as a function of phonon wave vector index around the tube circumference , and the phonon wave vector along the tube axis q:



共5兲 We then make a change of variables from k⬘ to E共k⬘ , ␤⬘兲 to evaluate the delta function: 2 ¯⌫共k兲 = បD 兺 2 ␤



⫻



冋



⬘



冕



Emax



Emin



Q2 E p共k⬘ − k, ␤⬘ − ␤兲



1 1 + exp关E p共k⬘ − k, ␤⬘ − ␤兲/Eth兴 − 1 0



册



⫻␦共E共k⬘, ␤⬘兲 − E共k, ␤兲 ± E p共k⬘ − k, ␤⬘ − ␤兲兲 ⫻



冏



冏



E共k⬘, ␤⬘兲 dE共k⬘, ␤⬘兲. ␥2T sin共Tk⬘/2兲cos共␤⬘/n兲



共6兲



Here the term between the delta function and dE共k⬘ , ␤⬘兲 is the density of states k⬘ / E共k⬘ , ␤⬘兲, Emin is the energy at subband minimum, and Emax is the subband minimum of the fourth subband, because we only include the first three subbands in our calculations. As in the quasi-one-dimensional CNT tube calculations we include two valleys with three subbands, at most 24 共k⬘ , ␤⬘兲’s or E共k⬘兲’s satisfy the delta function, and therefore contribute to the integral. Specifically, these 24 potential scattering mechanisms correspond to inter- and intravalley 共⫻2兲, acoustic and optical 共⫻2兲, emissions and absorptions 共⫻2兲 for the lowest three subbands 共⫻3兲. To find the possible scattering events, we solve for k⬘ or q 共q = k⬘ − k兲 that satisfy the energy and momentum conservations, for each subband ␤⬘: E共k⬘, ␤⬘兲 − E共k, ␤兲 ± E p共q,n兲 = 0, or
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Previously, we know the initial electron energy E共k , ␤兲, momentum k, and subband ␤. For each of the three subbands 共␤⬘兲 in two valleys assuming emission or absorption 共± in
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front of the phonon energy function兲, we solve this equation for q using the phonon energy dispersion curves for different subbands  关 = ␤⬘ − ␤共±2n兲兴. If a phonon momentum q gives the same energy as the right-hand side of the previous equation, we have a solution. Then the scattering rate to k + q , ␤⬘ is evaluated using the following formula if the phonon branch is acoustic: ⌫共k,k + q兲 =
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or the formula below if it is optical: ⌫共k,k + q兲 =
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For example, the intrasubband scattering rate corresponding to an acoustic phonon that has a linear dispersion relation starting from zero, Ep共q , 0兲 = បvs兩q兩, is ⌫共k,k + q兲 =
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We note that for all other momenta that do not satisfy Eq. 共8兲, the associated scattering rate is zero due to the delta function in Eq. 共5兲. Using Eqs. 共9兲 and 共10兲, and the phonon momenta that satisfy the energy and momentum conservation rules, the total scattering rate from E共k , ␤兲 can be written as follows: ¯⌫共k兲 =



兺



q=q,



⌫共k,k + q兲.
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Figure 1 shows the electron-phonon scattering rates from the lowest three n = 10 CNT subbands to its lowest three subbands up to the energy minimum of the fourth subband. Here the scattering rates are calculated for positive momenta. We then obtained the associated energy for those momenta, and plot the energy versus scattering rate curves. We have scattering peaks due to the large densities of states at subband minima. This results in high scattering rates for phonon emissions or absorptions that enable electron transfers to subband minima.



FIG. 1. 共Color online兲 Electron–phonon scattering rates from the lowest three subbands to the lowest three subbands of the n = 10 CNT up to the energy minimum of the fourth subband.



acteristics using the MC simulator, we start by configuring the steady-state distribution for initial conditions which we take as the tube under zero applied bias. We also must determine magnitude of the discrete time steps to resolve the numerical solution. To resolve the flight times between possible scattering events for electrons with any energy, we correlate the time step to the inverse of the maximum scattering rate. Such a time step considering the scattering rate can be at most a few femtoseconds, as can be seen in Fig. 1 where the peak scattering rate approaches 1015 s−1. We also need to continually update the electric field because the charge distribution inside the tube changes. The time step for updating the electric field should be comparable to the average response time of the electrostatic potential to a change in concentration. To determine the relaxation time for the local electric field, we first calculate the dielectric relaxation length for the CNT using the Poisson equation, as follows:



LD =



冑



Eth⑀CNT , e 2 c



共13兲



where e is the electronic charge; ⑀CNT is the dielectric constant14,16 of the n = 10 CNT 共9.7⑀0兲; and c is the net charge density. Here the linear charge density is roughly 10−4 Å−1. 共Under intrinsic conditions, linear charge density is about 10−5 Å−1.兲 Next, to find the potential relaxation time, we take the average electron velocity 共vave兲 to be approximately 107 cm/ s, based on our earlier steady-state calculations. Finally, this gives an approximate relaxation time of a few femtoseconds using t = LD / vave. Therefore, we set the time step ⌬t for solving the Poisson equation to 2 fs. Once we decide on the time steps, we discretize the momentum space using 2000 points from − / T to  / T for each of the three subbands 关⌬k = 共 / T兲 ⫻ 10−3兴. We calculate the density of each electron associated with a momentum k and subband ␤, using the following formula:



B. Ensemble transient Monte Carlo methodology



To characterize electron transport and potential on a CNT under different bias conditions, we developed a transient ensemble MC simulator. To obtain CNT transport char-



N共E共k, ␤兲兲 = f共E共k, ␤兲兲g共E共k, ␤兲兲⌬E共k, ␤兲,



共14兲



where f共E共k , ␤兲兲 is the Fermi–Dirac function,
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f共E共k, ␤兲兲 =



1 , 1 + exp关共E共k, ␤兲 − EF兲/Eth兴



共15兲



g共E共k , ␤兲兲 is the density of states introduced in Eq. 共6兲, ⌬E共k , ␤兲 is the corresponding energy step, and EF is the Fermi energy that is zero for an intrinsic tube. Furthermore, we here use 2000 momentum steps to resolve the exponential electron distribution. However, we ignore the electrons whose contributions are insignificant to the overall electron concentration. Next, to obtain the initial distribution on the tube at time t = 0, starting from the cathode 共anode兲 we distribute each electron with a positive 共negative兲 momentum k along the tube axis z every l distance apart, l共E共k, ␤兲兲 =
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using the electron velocity v共k , ␤兲 written in parentheses in Eq. 共16兲 共v共k , ␤兲 = 共1 / ប兲关E共k , ␤兲 / k兴兲, with a weight17 equal to: ¯ 共k, ␤,z = il,t = 0兲 = N共E共k, ␤兲兲l共E共k, ␤兲兲, N i = 0,1,2, . . . ,c
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pared to those theoretical1,2,12,13,18,19 and experimental5–7,10,11 data show agreement. We also have similar average velocities to those published previously.1,2,12,13,18,19 A. Time and space dependent constant field ensemble Monte Carlo



We next developed an ensemble MC simulator that resolves the semiclassical transport under a constant externally applied field. In the constant field ensemble MC simulator, we take the local electric fields as equal to the applied external field. 共Later in the following subsection, we selfconsistently solve for the built-in fields as well.兲 Specifically, we instantaneously change the applied field from 0 to 0.9 V/200 nm, on a 200 nm long single-walled zigzag n = 10 CNT, and then set the built-in fields equal to 0.9 V/200 nm for t ⬎ 0. In addition, we take the CNT as N doped with a constant Fermi level at 35% of the band gap 共EG for n = 10 is 1.06 eV兲 above the middle of the band gap. We calculate the total CNT electron concentration as a function of time t and space z evaluating first the double sum: z+⌬l



共17兲



where c共L / l共E共k , ␤兲兲兲 is L / l共E共k , ␤兲兲 rounded to the closest integer from below. We here note that the summation over a ¯ 共k , ␤ , z , t兲 for a distance l, around a point z0 of the weights N specific momentum k and subband ␤ divided by the distance l, gives the electron concentration associated with k and ␤ around the vicinity of that point zo. After we generate the zero bias profile, we apply a voltage, and calculate the new electrical potential profile on the tube using the electron distribution. To obtain the selfconsistent electrical potential on a uniform space mesh, we employ a tridiagonal matrix solver. We then let CNT electrons drift for ⌬t seconds in conjunction with the calculated built-in fields. At the end of their flights, we check if any of them probabilistically scatters with acoustic or optical phonons. For scattered electrons, we calculate new energies and momenta using the energy and momentum conservation laws. Next, we update the boundary electrons for new injections. We then recalculate the potential using the Poisson solver, and resolve the transport for the next ⌬t seconds. We repeat this for a length of time that is long enough for the important physical transport phenomena to emerge. In addition, this process is repeated for each electron on the tube simultaneously until it exits the tube from one end. Furthermore, we here start ramping the voltage at one side from zero to VA in 1 ps using uniform steps. We then keep the potential of this side fixed at VA after 1 ps.



III. ENSEMBLE MONTE CARLO RESULTS



We first determined the low-field mobility for infinitely long intrinsic semiconducting single-walled zigzag CNTs of varying diameters. Our calculated low field mobilities com-



兺 兺 N¯共k, ␤,z0,t兲,



共18兲



zo=z−⌬l k,␤



¯ 共k , ␤ , z , t兲 is the weight of an electron at location z where N 0 0 and time t, with the associated momentum k and subband ␤. We next divide the total number of electrons in 共z − ⌬l , z + ⌬l兲 by the length of this space interval 2⌬l to find the CNT electron concentration per length. Then we calculate the CNT current as a function of time and space using the following: z+⌬l



e I共z,t兲 =



兺 兺 N¯共k, ␤,z0,t兲v共k, ␤兲



z0=z−⌬l k,␤



2⌬l



,



共19兲



where e is the electronic charge, and v共k , ␤兲 is the average electron velocity around k in subband ␤. Using the CNT current and electron concentration, we later obtain average CNT velocity as a function of time and space after dividing the CNT current by the product of the CNT electron concentration and the electronic charge. Figure 2 共inset兲 shows the average CNT electron velocity 共concentration兲 as a function of tube location for an applied field of 45 kV/cm on a 200 nm long n = 10 CNT. To find the time averaged characteristics, we integrated the CNT velocity and concentration from 1 ps 共long after the steadystate is reached兲 to 10 ps by summing up the sampled values every 2⌬t seconds 共4 fs兲. We then normalized these by the number of samples. Further, we have here space dependent oscillations, with a period equal to roughly 40 nm. We attribute these space dependent oscillations to electron-phonon scatterings in the first subband. More specifically, an electron would gain 200 or 160 meV after a collision-free flight of approximately 44 or 36 nm under an applied field of 0.9 V/200 nm. These energies above the subband minima are enough to enable phonon emissions back to the minima. The electrons entering the tube with initial energy-momentum
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FIG. 2. 共Color online兲 The average CNT electron velocity on a 200 nm long CNT under a constant field of 45 kV/cm. 共Inset兲 Corresponding CNT electron concentration profile.



values near the first subband minimum 共initial energymomentum values of the majority of electrons entering the tube satisfy this due to the Fermi–Dirac statistics and the density of states兲 tend to scatter back to the subband minimum by these phonon emissions, after collision free flights of about 36 or 44 nm. These high scattering rates are related to the peaking of the density of states at the subband minimum. As a significant portion of the electrons scatter back to the first subband minimum after about 40 nm, and the associated velocities are low near the minimum, the electron concentration relatively increases around this location. This first velocity oscillation in space is followed by similar oscillations with smaller amplitudes, because the likelihood of escaping these emissions rises as electrons travel the length of the tube. Further, to investigate whether these oscillations will cause current oscillations in time, we developed a time and space dependent ensemble MC code described next. B. Time and space dependent transient ensemble Monte Carlo



To investigate whether the aforementioned spacedependent oscillations will give rise to oscillations in time, we included the Poisson equation in our MC simulator. The solution of the Poisson equation provides details of the local electric field in accordance with the semiclassical transport. We simulated a 200 nm long single-walled zigzag tube that is doped as described previously. We started with 0 applied bias condition, and then ramped the voltage on one side from 0 to 0.9 V linearly in 1 ps. The terminal voltages of 0 and 0.9 V were then kept unchanged for t ⬎ 1 ps. Figure 3共a兲 shows our calculated CNT current oscillations in time and space. The temporal progress of the current oscillations is also plotted in Fig. 3共b兲, which are slices taken from Fig. 3共a兲 at four time instances: 9.5, 9.508, 9.516, and 9.524 ps. Figure 3共b兲 shows that the minimum of the current travels from near z = 139 nm at t = 9.5 ps to z = 131 nm at t = 9.508 ps, then to z = 123 nm at t = 9.516 ps, and next to z = 112 nm at t = 9.524 ps. This indicates an approximate av-



FIG. 3. 共Color online兲 共a兲 CNT electron current as a function of time 共between 9 and 10 ps兲 and space 共tube location兲. 共b兲 CNT electron current as a function of space at four time instances: 9.5, 9.508, 9.516, and 9.524 ps. 共c兲 CNT electron current power spectrum, for tube points that are about 2 nm apart. 共CNT is 200 nm long; applied bias is 0.9 V.兲



erage envelope velocity of 108 cm/ s. As the average wavelength of the current is approximately 80 nm as shown in Fig. 3共b兲, the corresponding oscillation frequency is roughly 12.5 THz. Next, to get a better estimate of the oscillation frequency, we take the power spectrum of the current in time at tube points about 2 nm apart. The peak oscillation frequency of these power spectrum curves plotted in Fig. 3共c兲 is about 15.0 THz. 共The first peak corresponds to the dc component of the current, which is approximately 3.72 ⫻ 10−8 A.兲 We also have weaker oscillations at the harmonics; two and three times the main frequency. We show the CNT electron concentration and average velocity in Figs. 4共a兲 and 4共b兲. We note that the CNT electron concentration and average velocity are out of phase,
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first subband as in the constant field case described earlier, nonparabolicity of the subbands, or intersubband scatterings.20 More specifically, as electrons enter the tube from the ground side, they gain high velocities leaving behind a region with relatively low number of electrons. This gives rise to a potential increase on this side, enabling electrons to gain enough energies to scatter from the first subband to the second. 共The energy difference between the lowest two subbands is 0.63 eV for an n = 10 CNT.兲 Once they scatter to the second subband, they have higher effective masses and lower velocities. In addition, due to the high density of states at the subbands’ minima, they tend to scatter to the second subband’s minimum, where the average velocities are low. Thus, as electrons scatter from the first subband to the second, they pile up locally as can be seen in Figs. 5共a兲 and 5共b兲. These electrons later scatter back to the first subband, attaining higher velocities instantaneously. 共Fewer electrons populate the third subband as shown in Fig. 5共c兲, diminishing its effect on the overall electron transport.兲 Also, intrasubband scatterings and subband structures create spatially dependent electron velocities. 共However, subband structures alone do not give rise to oscillations, when electron-phonon scatterings are disabled.兲 Due to the large differences in electron velocities in adjacent regions, a charge dipole forms. This dipole then modifies the local electrostatic potential, and propagates along the tube giving rise to current oscillations.



C. CNT frequency modulation



FIG. 4. 共Color online兲 CNT electron 共a兲 concentration, 共b兲 velocity and 共c兲 potential as a function of time 共between 9 and 10 ps兲 and space 共tube location兲. 共CNT is 200 nm long; applied bias is 0.9 V.兲



thus creating current oscillations. Particularly, relatively low and high density electron regions due to fast and slow moving electrons give rise to charge dipoles. The charge dipole then modifies the local electric fields, as shown in Fig. 4共c兲. This results in dipole propagation along the length of the tube, and thus current oscillations. CNT propagating dipoles may emerge due to three different mechanisms: Electron-phonon scatterings within the



We next investigate bias, length, and index 共or diameter兲 dependencies of the CNT main oscillation frequency. We first increased the dc bias on the 100 nm long n = 10 CNT. As the dc bias is raised from 0.9 to 1.9 V, the oscillation frequency changed between 17.1 and 14.0 THz. We also simulated the CNT with higher voltages of 2.0 and 2.1 V. In these cases, electrons gained energies higher than the minimum of the fourth subband, and therefore some were deleted from the simulation domain. The remaining electrons went through a second intersubband scattering between the first and the second subbands as they moved along the tube, lowering the overall oscillation frequency by approximately half. We then examined the effects of the CNT length on the oscillation frequency. We changed the length from 50 to 200 nm, while fixing the applied dc bias at 0.9 V. As the tube length L increased from 50 to 200 nm, current oscillations remained. However, the oscillation frequency varied periodically between 17.9 THz 共L = 50 nm兲 and 15.0 THz 共L = 200 nm兲. Last, we investigated how the oscillation frequency was affected using different diameter, or fundamental index, tubes. We simulated three 100 nm long tubes, with fundamental indices of 10, 13, and 16, and diameters of roughly 0.8, 10.3, and 12.7 nm, respectively. The oscillation frequency, under a 0.9 V dc bias, changed approximately linearly as we increased the tube index 共or the tube diameter兲 from about 17.1 THz for n = 10, to 23.2 THz for n = 13, and then to 27.3 THz for n = 16. This indicates that using differ-
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IV. CONCLUSION



We report current oscillations in single-walled zigzag semiconducting CNTs under several dc biases. These current oscillations are as high as tens of terahertz that cover an important band, but generally not fully employed due to physical and material-dependent constraints, for radio frequency communication. Further, we attribute these current oscillations to inter- and intrasubband electron–phonon scatterings, and nonparabolicity of the CNT subband structure. Specifically, electrons first scatter from the first to the second subband. This slows them down due to higher effective masses and lower velocities in the second subband. These electrons then scatter back to the first subband, instantaneously gaining higher velocities. This, and electron bunching due to intrasubband scatterings and electron dispersion curves, in turn create a propagating charge dipole, and current oscillations. Additionally, we show that the main frequency of these oscillations may be modulated by the dc bias, tube length or the tube diameter. This may open paradigms in oscillator designs for terahertz radio frequency circuits.
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FIG. 5. 共Color online兲 CNT electron concentration in the 共a兲 first subband, 共b兲 second subband, and 共c兲 third subband as a function of time 共between 9 and 10 ps兲 and space 共tube location兲.



ent diameter tubes, we may be able to cover a large frequency band at THz frequencies, which is important in radio frequency communication.
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