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Ballistic field-effect transistor with negative-effective-mass current
carriers in the channel
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We consider a ballistic field-effect transistor with channel current carriers having a negative
effective mass section in their dispersion relation. Such a device is suggested as an effective
generator of terahertz-range oscillations. A gate potential controls the generator regime
(including oscillation frequency, amplitude, turning on and off).
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1. Introduction

A channel current of a sufficiently long ballistic field-effect transistor (FET) is saturated beginning with
a drain potentiaV = Vs = (1/3)edNj, whereNj = Ng + (2Vg/ed) ande is the electron charge. (We
assume that the FET contains a planar channel doped by ionized acceptors or donors with a concentration
Ng(cm~2). Metallic gates with the same potentidlg are placed on both sides of the channel in a distance
d. A saturation current (A cmt) is determined by the expression:= Is = €?(2dN;3/27m)¥/2. The
formulae forVs andIs are obtained for the simplest parabolic dispersion relatign = p2/2m, wherep
is a momentum, anth is an effective mass. A more complicated model of the ballistic FET with the same
dispersion relationl], 2] leads to analogous results. As was shownZ §tationaryl V -characteristics of
such ballistic FETs can be unstable in sections of increasing cuivert Vs) as a result of development
of two-stream instability 3, 4], but they are stable in saturation sectigh's > Vs). It is because the single
stream of the traversing ballistic carriers with eneed¥ is left in the channel at the saturation regime, and
the carriers, which are in equilibrium with the drain reservoir, are absent.

In this paper we are interested in the more complicated dispersion relation shown in [Figontains a
negative effective mass (NEM) section around energy ec. It is known [B] that a current in this case is
saturated without any gates in a certain drain potential rairge < V < ek /e (where the meaning ak is
understandable from Fid). This saturated current is equallte= |c = evcNg whereuvc is a ballistic carrier
velocity in a quasineutral segment (QS) of the channek= (de/dp) for p = pc. A carrier concentration in
the QS is equal to the ionized impurity concentration, and all these carriers are the NEM carriers. Therefore,
a homogeneous carrier distribution in this ballistic plasma is unstable, and terahertz electric oscillations are
generated as a result of development of NEM ballistic plasma instability. An oscillation frequency exceeds
1 THz if a channel length is shorter than @.&n [6, 7].
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Fig. 1. Quantized hole dispersion relatien= ¢(p) for the ground state in 8 nm square p-type GaAs/AlAs Q\§ a lattice constant;
~ is the Planck constant.

2. NEM ballistic FET

Here we consider a ballistic FET with the dispersion relation of channel current carriers shownln Fig.
The presented dispersion relation relates to quantized holes of the ground quantization subband for a square
8 nm p-type GaAs/AlAs quantum well (see details 8)[ These holes are selected here as current carriers
in the channel of the calculated FET. Station&ky-characteristics of such a device depend substantially
on relation between the values of the above introdigedndVc = ec/e. While a conditionVs « V¢ is
satisfied, the NEM section of the dispersion relation does not influence the FET action considered above. For
the opposite relatioWc « Vs a FET behavior is presented by two saturation regimes: (1) an intermediate
saturation that begins witfi = V¢ and (2) a final saturation that begins with= Vs. A saturated current
for the former is determined by the formulla= 1% = evcNy. It can be controlled with a gate potentiéd
as in the ordinary FET, but the potential of saturatiyis determined only by a position of the NEM section
in the carrier dispersion relation. Therefore, carriers in the quasineutral channel segment are NEM, and the
instability of their homogeneous distribution occurs and leads to the oscillation generation. Distinction of
these oscillations is that an oscillating current flows basically en route from gate to drain, and a source
current is almost stationary. A gate potent¥al not only controls a stationary source current but it also turns
the FET on and off the oscillatory regime. The second (final) saturation beginningwiti(> Vkek /€) is
characterized by curremt= ¢ that is determined by the same formula fgrin which effective mass for
the small values of momentum < pc is replaced with effective mass* for largep > pc.

3. Numerical calculations

We confirm the above-stated qualitative arguments with the direct numerical calculations and use for this
aim a more realistic FET model (Fig) with a single top gate and a two-dimensional hole gas current-
conducting channel. The channel connects plahes@urce with g-drain and serves as a p-base of the
obtained ppp™-diode. A length of this baskis selected at 0.2m for our calculations. We assume that
both the source and the drain supply the base channel with Fermi—Dirac-distributed holes having the given
Fermi-energy & = 10 meV). The channel is directly doped with ionized acceptbks= 10! cm~2). This
is assumed to simplify calculations, but really to reach the ballistic transport the modulation doping by the
acceptor sheets in the barriers is required instead of the direct doping. A dispersion relation of holes is shown
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Fig. 2. Numerically modeled top-gated FET with a p-type conducting channel.
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Fig. 3. Source currentg versus drain potentidl for gate potential8/g = 50 mV (1), 25 mV (2), O (3)—25 mV (4),—50 mV (5),
—75 mV (6), —100 mV (7),—125 mV (8). In the range 0.03-0.045 V there are large-amplitude low-frequent0(GHz) source
current oscillations on curve 8.

in Fig. 1. The metallic gate is placed at a distandepf 16 nm from the channel and it covers the channel
almost entirely (excluding edge clearances at the source and the drain equallp/2 = 0.02 um).

A kinetic equation for one-dimensional ballistic transport of quantized holes in the channel is solved self-
consistently with a two-dimensional Poisson equation in the entire space between the drain and the source
planes. In they-direction, periodicity conditions (with spatial period 2= 0.16 «m) are used as boundary
conditions. Itis shownd] that such a period value allows us to consider parallel current-conducting channels
as almost independent devices. Calculations are carried out for AlAs-barrier medium (with the dielectric
constantkp = 10.9) at a temperature of 4.2 K. Because of the assumed lack of current carriers outside
the channel we have no stationary current in the gate. On the other hand, however, the current instability is
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Fig. 4. Gate currentdg versus drain potentia¥ for gate potentiald/g = —4 mV (1), —8 mV (2), —25 mV (3), =50 mV (4),
—75mV (5),—100 mV (6),—125 mV (7). The Fourier analysis results are presented in the left-hand side insetg,-Glieent scale
shown on the right-hand side is the same for all the curves.

developed apart the source—in the right part of the base, because the emitted from the source holes have to
gain the NEM-section energy to become unstable. Therefore, most of the oscillation current flows through
the gate and does not flow through the source. As a result, source clgtisralmost free of oscillations.

A family of characteristicds = Is(V) for several values of/s is shown in Fig.3. We can see very small
oscillations ofls for negative gate voltages. They are much smaller than gate current oscillations shown
for negative values 0¥ in Fig. 4. The current oscillations are calculated by means of slow (quasiadiabatic)
increasingV linearly with time:V (t) = V (0)+ V' x t, whereV' is selected equal to 0.2 mV pk We obtain
oscillation portraits for the whole interesting drain voltage range. (We are particularly interested in drain
voltageg V| < 36 mV when the emission of optical phonons at low temperatures is impossible, and ballistic
transport is quite realistic.) The high-frequency oscillation range narrows with increase in negative gate
potentialVg. Simultaneously we can observe from the Fourier analysis (see the insets4h & gubstantial
increase in oscillation frequencies: frowll.2 THz for Vg = —4 mV to ~2.5 THz for Vg = —125 mV.
Although these oscillations are noticeably nonlinear, they contain one or two key modes with the largest
amplitudes. The highest frequencies of such modes occMdes —125 mV.

4. Three forms of oscillatory regimes

In Fig. 4 the presented characteristits = Ig(V) (as well as characteristics of a drain currépt=
Ip1(V) and Ip = Ip2(Vs), which are not presented in this communication) demonstrate that regions of
stable stationary regimes alternate with regions of oscillatory regimes. We observe three different forms of
the oscillatory regimes listed below.

A. Oscillatory regimes, which take place approximately in the voltage rahges< V < Vk and
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Vgl > 4 mV. These regimes appear as results of development of NEM-instability. Oscillation frequencies
rise monotonically with increase iVg| (from 1.2 THz forVg = —4 mV to 2.5 THz forVg = —125 mV).

B. Oscillatory regimes, which take place in the extended drain voltage range \frenVc to V ~ 65—
70 mV) and in the restricted gate voltage rand&;( = 8—25 mV). These regimes are also initiated by NEM-
instability. However, in this case voltages of saturation for both above-mentioned saturation forms are close
to each other. Therefore, we have a single extended saturation region with NEM-holes as the predominating
channel current carriers.

C. Oscillatory regimes, which take place for large valuepvefl (= 100 mV) and for values o¥, which
are betweelWk and~|Vg|. This range is intermediate between sections of NEM-saturation and conventional
FET-saturation. Two-stream instability consideredjfpr ballistic FET appears and develops in this range.
Oscillation frequencies in the two-stream regime are substantially lower than frequencies in the NEM regime
(for the same values ¢¥/g|). These frequencies also rise monotonically with an increaBésiin and a drain
voltage range of oscillation widens.

5. Conclusion

We have suggested introducing gates in the design of ballistic NEM generator and to transform it into a
ballistic NEM FET. The gate potential allows us: (1) to switch oscillatory regimes and to control oscillation
amplitudes, (2) to control oscillation frequencies in very wide ranges, and (3) to separate effectively loops of
the stationary source current and the high-frequency gate current. As a result, we enhance functional abilities
of the ballistic NEM generator.
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