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Negative-effective-mass ballistic field-effect transistor:
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We considep ™ pp* diodes, in which the middlp region(basé consists of g-type quantum well
current-conducting channel that is controlled by a gate potential. Hole concentrations in the channel
are assumed to be such that a ballistic current flows only in the lowest quantized subband. This
subband contains a negative-effective-m@isM) section in the dispersion relation. We carry out
numerical simulation for realistic designs of this ballistic field-effect transigt&T) and compare

them to simple analytical estimates. We show that three types of self-organized terahertz current
oscillations appear in these FETs. Two of these types originate from the NEM instability, while the
third arises from the two-stream instability, predicted before for conventional ballistic diodes and
FETs. Frequencies of the NEM oscillations are controlled effectively by a gate potential. They are
substantially higher than frequencies of two-stream oscillations. The NEM oscillation frequencies
exceed 2.5 THz for large enhancing gate potentials.2@O0 American Institute of Physics.
[S0021-897€00)06910-3

I. INTRODUCTION initial channel carrier density. The saturation voltaye
=Vg s proportional toVg+Vg,. WhenVp<Vg, all of the

This article is devoted to a theoretical study of field- drain voltage drops across a source-adjacent region, and a
effect transistoréFETS where balllistic transport occurs in a quasineutral regiorfQR) forms over most of the channel.
current-conducting channel. We present analytical estimate@/hen Vp,>Vg, the excess drain voltage/g—Vs) drops
for a simplified FET model with symmetric gates on both across a drain-adjacent region, and now the QR is shortened
sides of the channéFig. 1(a)] and numerical simulations for by the extent of a depletion layer on the drain side. Such
a more realistic model with a single top gate over the channébehavior of the ballistic FET is similar to the behavior of the
[Fig. 1(b)]. The basic feature of our device consists of thepallistic NEM diode! A current in this diode is saturated at a
dispersion relation of channel current carriers, which we ascertain voltageV.=¢./e (see Fig. 2 and the voltage/,
sume to contain a negative effective-mésd&M) section, as drops across a source-adjacent depletion regiovi<ifVv,, .
shown in Fig. 2. It has been shown previodsfythat the  (As the source we have in mind the cathode of tHean*
presence of such a section leads to an instability of stationaifiode or the anode of the" pp™ diode) But if Vp>V,, an
current regimes in ballistie " nn™ andp*pp" diodes and excess voltag¥/p — V, drops, as in the previous case, across
the self-organization of oscillatory regimes with periodic a drain-adjacent extending depletion region. The size of the
current oscillations. The oscillation frequency is higher if thesaturation voltage interval in the ballistic NEM diode is
diode bases are shorter, and the frequency exceeds 1 THz fggund above by valu¥,=¢, /e that can be obtained from
the base lengths shorter than u&h. These oscillations are Fig. 2. WhenVp>V,, the spatial charge structure reforms
predicted both for bulk sampl&3and for two-dimensional substantially, and the diode current increases again. The sta-
(2D) electron gaseéin double or combined quantum wélls  tionary current is unstable exactly in the saturation interval
and 2D hole gasesn squarep-type quantum wells’). Since  of voltages ¥/, V), where ordered current oscillations ap-
the quantum well$QWs) can be used as current-conducting pear instead. The oscillation frequency depends on the base
channels of FETs, we can arrange gate control of stationangngth that in turn depends on the base doping and also on
and oscillatory regimes of the ballistic generator. dispersion relation details.

The presence of a controlling gate transforms the ballis-  We show below that the changeover to the ballistic
tic diode into a ballistic FET. The theory of ballistic FETS NEM FET allows us to control not only stationary character-
for the simplest channel carrier dispersion relatiofp) istics of the device but also all the parameters of the oscilla-
=p?/2m (wherep is a momentumm is an effective mags  tory regime using the gate potentid . Specifically, we can
was originally developed in Refs. 8 and 9. It was shown thakwitch the current oscillations on and off, change their am-
a current of the ballistic FET becomes saturated with inplitude and(this is especially importahtchange their fre-
crease in drain voltag¥, and a saturated current vallie quency in a wide range. Another useful feature of the FET is
=lg is proportional to V+Vge)*? whereVg is a gate  separation of stationary and oscillation currents. The un-
potential (relative to a sourge and Vg, is determined by stable plasma is separated from the source by a depletion
layer where an almost stationary potential distribution exists.
Author to whom correspondence should be addressed; electronic maill Nerefore, as in the NEM diode, an oscillation region in the
zinovi@ciao.eng.wayne.edu NEM FET is on the right side of the chann@lig. 1). As a
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s’ d currents dependent on stationary values of the same poten-
FIG. 1. Considered designs of field-effect transistd®. Symmetrical tials are considered. A brief discussion of some results is

double-gate design selected for analytic consideratibh.Asymmetrical ~ presented in Sec. VII, and concluding remarks are in Sec.
periodic single-gate design selected for numerical simulation. Plages  VIII.
anddd’ are planes in which source and drain full currents are calculated.
Source, drain, and gate are denoted as S, D, and G, respectively.
Il. BALLISTIC CARRIER TRANSPORT IN DIODE
STRUCTURES
result of such positioning almost all of the oscillatory current

flows in the gate-drain circuit. The stationary current, on the IS known;' that ballistic transport of current carriers in
other hand, flows between source and drain since the QW& sufficiently long diode base forms a QR in its middle part.
barrier is assumed to be nonconducting. Generally speakind "€ mobile carrier charge is compensated in the QR by the
this separation of currents allows us to choose source conta@PPants, leading to a mobile carrier concentratidnequal

materials and schemes of source injection of hot ballistid® the concentration of ionized donors or accepthiig, that
carrierg® with great flexibility. is N=N, . This carrier concentratioN can be written in turn

The article is organized as follows. In Sec. Il we remind S the sum of the concentrations of ballistic carriers, injected

readers of the basic results on ballistic transport in dopedfom the source{tfat is, the cathode in the nn" diode or
diode structuregincluding the NEM carrier transportin  the anode of the "pp™ diode, N;, and the concentration of
Sec. Il stationary ballistic transport in FET channels is con-¢arriers, injected from the drait,

sidered, including a simplified analytical treatment. It allows  N=N,+N,. (1)

us to analyze a channel current for different values of poten- , )
tials Vp, andVe. In Sec. IV we examine the stability of the We assume that transport of both source-emitted carriers and

obtained stationary solutions and consider the developmefr@in-emitted carriers is fully ballistic, and these carriers do
of current instabilities in the NEM ballistic FET. In Sec. V a NOt exchange energies or momenta and move in electric
model and a procedure of numerical simulations are briefiyi€!ds independently. We also assume, for qualitative consid-
described. The results of these simulations are presented fifation, that a sufficiently high voltagé, drops across the
Sec. VI. Calculations of the source current dependence off@Se- The energy rangég (see Fig. 3 in which there are
V, andV are presented first. These currents are almost freallistic carriers, is assumed to be narrow in comparison with

of very high frequency oscillations. Next, gate oscillation€Vp+ 9¢<€Vp. Then the source-emitted carriers can be
considered a monoenergetic beam with moment(xr), en-

ergy e(x)=e[p(x)] and velocityv (x) =de/dp|,-px - The

/ drain-emitted carriers cannot enter the long source-adjacent
ngev) / spatial charge regiofS-SCl, see Fig. )3 and thereN=Nj.
€, A one-dimensiona{1D) Poisson equation in this region can
aol be written in the form
dE e I N ©
ég dx  xplev(x) A
10} whereE is an electric field strengthsy is a dielectric con-
stant, and is a current density
0 . . . . pa
00 01 po2 03 FI)( 04 h l=ev(X)N;. 3
FIG. 2. Dispersion relatios =¢(p) for the ground quantized hole subband Assuming a carrier transport is classical, we have
in 8 nm squarg-type GaAs/AlAs quantum well selected as the FET chan- dp eE
nel and used for numerical simulations; a is the lattice consf&mergy T (4)
interval (0, 250 meV is really considered for our simulatiin dx v(p)
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and from Eqs(2) and(4) Ill. BALLISTIC CARRIER TRANSPORT IN GATED
STRUCTURES
d(E?/2) . . )
eKDd—:I—ev(p)NA. (5) We now consider a hypothetical planar struct{ifég.
P 1(a)] placed completely between two metallic gates with the

[In fact, we have assumed in Eq8) and(4) that the ballistic ~ Same potentiaV . It is assumed that the distanag, be-
carriers are holes, but E¢B) is independent of this assump- tween a current-conducting(nn" or p“pp") channel and
tion.] Integrating Eq.(5) within the S-SCR with a constant €ach of the gates is small in comparison with the base length,
dopant densityN,, we obtain the following expression, I, and also with some other lengths characterizing a longitu-
which is acceptable on the border of the S-SCR and the QRinal carrier distribution in the base. Then the local potential

(whereE=0): difference between the gates and some pgiitt the base
channel defines the local gate charge. Consequently, it con-
Ip1—ee(p1)NA=0, (6)  trols carrier concentration at that point. We would like to

obtain an expression analogous to Ef).for a concentration
" of current-conducting source-emitted ballistic carriers in the
channel QR(The QR is formed in the middle section of the

wherep, is the ballistic carrier momentum in the QR. Equa
tion (6) in combination with Eq(3) give us the following for

the QR: gated base as befoyeWith this aim, we use a two-
N,  &(py) dimensional Poisson equatidinstead of one-dimensional
—= . 7 Eqg. (2
Na~ Pao(py) 0 Fa@l
) JEx JE, e
If &(p)=p?/2m, andv(p)=p/m, wheremis a constant ef- WJF a_y: K—(N—NA)5(y), (10
D

fective mass, we find from Ed7):
where §(y) is a Dirac delta-functionN and N, are carrier
N1=N>=Na/2, 8  (hole and doping(acceptor concentrations, respectively, in
the channel (cm?; that is, these values differ from bulk
concentrations with the same designations introduced in Sec.
II). As a result of the integration over tlyecoordinate from
—d to d we obtain

that is, half of the carriers in the QR are ballistic current-
conducting(traversing source-emitted carriers, and the other
half are current nonconductingontraversing carriers, that
are in equilibrium with the drain carrier reservoir. Taking
nonparabolicity of the dispersion relation into account leads . JE(0)  2kp

to an increase in the share of traversing ballistic carfiérs kpd—g — ~ g Ve~ V(¥ ]=e(N=Ny), (11)
because their effective mass rises. If there is a NEM section ) o S )

in the dispersion relatiorisee Fig. 2 a certain threshold WhereE,(0) is a longitudinal field in the channel(x) is a
value of momentum exists. This [5=p,, for which &(pe) potential of.the channel in the poirf and «j is defined by
=pv(p), andN;=N,, N,=0. That is, only traversing &N €Xpression

ballistic carriers are in the QR. As a result the QR is effec- d
tively united with the S-SCRleft in Fig. 3). Further increase KD = KDJ Exdy/Ex(0)d.

in the drain voltage now broadens the drain-adjacent SCR -

(D-SCR, right in Fig. 3. As long as the QR exist&lespite If a linear decrease d&,(x,y) from E,(0) in the channel to

this broadeningthe current is saturated: 0 in the gates takes pladg(x,y)=E(x,0)(1—]y|/d), we
have k= xp . Taking into accountas abovg formula (3)
I=lc=evcNp, (9 and assuming that(p,)=—&(p,)/e, whereV(p,) is a po-

wherev.=v(p,). We note that velocity, falls inside the tential of the channel QR, we obtain, analogously to &g.

range of velocities corresponding to the NEM section in Fig. N e(py1) 1-e(py)/en

2. This means that only NEM ca_rriers exist_ in the QR for N_Ch: p1v(py) X1—28(p1)/sA' (12)
V.<V<V,. Such NEM plasma is convectively unstable. . ) . )

This instability is globalizedfor a diode that has a finite, but Hereea=€"dNx/«p, py is a carrier momentum in the QR,
sufficiently large size base and is shorted or closed on a 2Vgkp

small load resistangeand leads to the self-organization of NA=Np— “ed (13
certain oscillatory regimes® The oscillations depend on the

base lengthl, the doping concentratiol,, the load resis- Nch=Nx(1—2&(p;)/e,) is a total hole concentration in the

tance, etc. channel QR. Formally formul&l2) reduces to Eq(7) for
We note that the lack of equilibriurturain-emitted car- ~ d—, whenNcy—Nxz—Na, andes—.
riers in the QR(in the presence of ballistic NEM carriers In the parabolic dispersion casg(p) = p®/2m, wherem

obviates the problem of momentum and energy transfer duts a constant effective mass, we obtain
to carrier—carrier interaction. Therefore, our conclusion _

. . . . Ny 1  1-e(pi)ien
about the unstable ballistic regime for carriers with the NEM N~ 2 XW.
section in the dispersion relation can be extended to high Ch e(P)lea
carrier concentration cases where this interaction cannot Ve see thalN,=Ncy, if €(p;)/ea=1/3. This condition coin-
principle be neglected. cides with the saturation of the drain current for such a dis-

(14)
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FIG. 4. Finding of saturation voltagés in the point of tangency of the left Vg=V,/3 and | s= 1/3[(2/3)(d/m) NX3]1/2, The opposite
(L) and right(R) sides of Eq(15). (8) Va/3<Vc. (b) Vc<Va/3.(c) Acase  |imiting case whens <e,/3 is demonstrated in Fig.(8).
of comparable/,/3 andV. Then the saturation current of the FET is much smaller be-
cause this saturation is completely defined by the NEM sec-
tion in the dispersion relation. This case is the most interest-
persion relation. All of the carriers in the QR become tra-ing from our point of view because it leads to a real gate-
versing ballistic holes. Holes that are in equilibrium with the controlled ballistic NEM diode. For a diode gated in this way
drain reservoir are absent. The excess of the drain voltag&e can neglect the second term on the right side of(E2).
Vp—Vs, whereVs=—¢,/3e is a saturation voltage, drops and consider regime withs=p.v(p;) andN; =N} (that is,
across a drain-adjacent depletion region. Analogous resultgith pure NEM plasma But the value ofN} is set by not
are presented in Refs. 8 and 9 for the ballistic FETs, whictpnly the doping but is additionally controlled by the gate
have a more complicated design. Nonparabolicity of the dispotential.
persion relation decreases the saturation voltagand satu- The value ofe /3 is decreased with decreasihg and
ration current 5 for given values ok, andNx (in compari- nearse.. As a result a regime of “combined” saturation
son with a parabolic dispersion relation with the sameappears. The concentration of the traversing ballistic carriers
effective mass ap—0). The presence of a NEM section in in the QR becomes smaller thf . We note also that the
the dispersion relation lowers these values even more. Wealue of Vg is smaller for the combined saturation regime
can find these values with the help of an equation than bothe 4/3e ande/e. This case is illustrated in Fig(d).
It is easy to ascertain that in the case represented in Fig.
Ap(eV)=V(1=VIVy), (15 4(b) there are two saturation sections in tiecharacteristic.
whereV=g(p,)/e, Va=eple, A\=1/€?N}%, and the func- The first is characterized precisely by the valig=e¢ /e
tion p(eV)=p(e) is obtained by inverting the dispersion and occurs with a smaller saturation currkgi. The second
relation of channel carriers=eV=¢(p). Equation(15) is  is characterized by a greater val\g, that asymptotically
derived by substitutingy, from Eq.(12) into Eq.(3). It gives  approaches/3e (if the parabolic relatiore = p2/2m() is
a IV characteristic of a FET with the QR in the channel.reestablished at large valuesm$ p. with an effective mass
ValuesV(\) for given\ can be obtained as abscissas of them(«)>2m). These two saturation sections appear begin-
intersection point of\p(eV) with parabolasV(1—V/V,). ning with a certain value oV, that is significantly larger
Only the first intersection point of two, whose value\oiis  than 3V.. The saturation voltagegs;,Vs, and relating cur-
smaller, has physical meaning. The saturation case with curentslg;, |l are plotted agains¥, in Fig. 5. They are
rent \ =\ corresponds to tangency of curvkgp(V) and calculated on the basis of E(L5) and the particular disper-
V(1—-VI/V,). A condition of tangency is (£2V/V,)/(1 sion relationeV=¢(p) shown in Fig. 2.(The latter means
—VIV,)=(V/p)(dp/dV) and coincides with conditiolN;  that the FET channel correspondsa 8 nmsquarep-type
=N¢p. The tangency is shown in Fig.(a@ for a limiting  GaAs/AlAs QW. We see thaV/g=V /3 for V,<3V, and it
case where.>¢,, Whereg, is a characteristic energy that is saturated up t&,. aroundV,=3V,.. The second satura-
defines the position of the NEM section in the dispersiontion section appears &,=V,; (see Fig. 5. Here the rela-
relation(Fig. 2). In this case the NEM section is not reached,tionship Vg,=V,/3 reappears, whilevVg; =V, as before.
and around the tangency poipfeV) can be approximated Since V,; is noticeably greater than bothvV3 and 3v,,
by the parabolgp(eV)=(2emV)2. As a result, we have there is a voltage section where the current increases from
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s to . Since the values of,, and as a resul g, and
|5, are greater, this section is more extended.

IV. INSTABILITY OF THE BALLISTIC PLASMA IN
GATED STRUCTURES

We investigate the stability of stationary ballistic plasma
in sufficiently long gated structures with QRs and plasma > _ 2
instabilities in the framework of the same model as in Sec.
[ll. All of the dynamic variables are written as sums of sta-
tionary values and small nonstationary components. Thﬁeo

formers are independent &fin the QRs. The latter are pro-
portional to expikx—iwt), wherek is a real wave number,
and w=w(k) is a circular frequency, which is generally a

complex number and has to be obtained from a dispersion

equation. Such a form appears as
A(x,t)=A+A’(k)explikx—iwt),

(16)
where A’ can beE;.,,N;,N5,17,15,p1,p5,01,05,81,V/,
and the corresponding nonzero valuesfofire: N;,N5, 14
=1,p1=p,v1=v(p),e1=¢(p),V=¢le. As before, index 1
relates to traversing carriers, and index 2 relates to nontr
versing carriergwhich are in equilibrium with the drain car-
rier reservoir in the stationary caselhe following linear

equations connect the primed values with each other:

KD(ikE;+ Z—?)—(eNﬁeNﬁ)&(y):O, 17)
iklj—iewN;=0, (18
ikl;—iewN,=0, (19
l1=evNj+eviNy, (20
I,=eviN,, (21)
—i(w—vk)p=eElu, (22
—lwp;=eEqy, (23
¢'=vp;, —ikV'=Ey, E)’,Z—ddTV/,
y
d%e

vy= pid—pf pi/m(p), v,=p,/m(0),

wherem(p) is an effective mass of traversing carriévath
momentump; = p), m(0) is an effective mass of nontravers-
ing carriers(with momentump,=0). Equation(17) follows
from the Poisson equation, Eq4.8) and (20) follow from
the equations of continuity of currentg andl, (separately,
Egs.(20) and(21) follow from the definition of the ballistic
current[see Eq.(3)], and Egs.(22) and (23) follow from
Newton’s laws. Equation&l8)—(23) allow us to obtain
2 , 0f N

k? dy? v (0)5(y)( w?> (w—kv)?
whereQ?=— €N, /kpm(p) , Q2=e?N,/kpm. (When se-
lecting signs before the right sides of the expression@bf
andQ% we take into account that the effective mas(p) is
negative in the case that interests us, and effective méds

’ 2

) . (29

Gribnikov et al.

is always positive. As a result of the solution of Eq24)
with boundary conditiond/’(=d)=0 we obtain a disper-
sion equation in the form

wz(w—kv)2+wﬁw2—w,23(w—kv)2=0 (25
with
Ofktanhkd ~ OFktanhkd

An analogous equation also occurs for the homoge-
usly doped bulk diode bases considered in Sec. Il. There
the frequenciesy andwp are independent af andk. They
are defined by formulasw?=—€?N;/kpm(p) and w3
=e’N,/kpm(0), whereN, , are bulk concentrations.

If w%=0 (that is, we have no traversing ballistic carriers,
and the plasma consists of nontraversing carriers)pmg
have

(26)

Frequencywp defines conventional plasma oscillations of
ac_arriers with effective mas®(0). The acoustic branch;(k)
describes excitations to states with velogitylf w3=0 (that

is, all of the carriers are traversinghen

w1’2=iwp; w3=kv.

(27)

Frequencies, , define excitations of the NEM carriefd

wy is rea). The presence of imaginary parts oy leads to

an infinite increase in the excitation amplitude, making a

homogeneous distribution of such carriers unstable. Fre-

quencyw;=0 describes excitations to nontraversing states.
In the general case, when bailf, and w3 are nonzero

and both types of carriers are present, the behavior of the

plasma substantially depends on a valué&wofWe introduce

a new variables= w/k and new parametetsy p= wy p/K.

Then Eq.(25) takes on the form

(1)1’2: kUiin, 0)3:0.

s2(s—v)?+s%3—(s—v)w3=0. (28)

We have vZ=—[€?N;d/2kpm(p)] (tanhkd/kd) and v3
=[e2N,d/2kpm(0)] (tanhkd/kd) for the FET structures.

Valuesvy p are constant in the case kti<1. They are
proportional tok~*? if kd>1, and they are proportional to
k—1if wy p are constant, as in the bulk diodes. For small
values ofv we have two real solutions of E(28)

2
Up

2 .2
1250 (29
(untvp)?
valid if v2<(vy*vp)?, and two more solutions
S3‘4Eii\l}’%|_l)2, (30)

which are imzaginary fovﬁ2>v2§ ar;d re;il forZ<v3. They
are valid ifv*<[(vnEvp)Yvp]lvy—vh|- '
For large values of there are two real solutions of Eq.

(28)

valid if (Uivp)2>l),2\l, and two complex solutions

2
UN
SiZEUZ 1- —2
(vxvp)

(31)

Downloaded 23 Apr 2003 to 141.217.203.226. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 87, No. 10, 15 May 2000 Gribnikov et al. 7471

. UUN
S3 =Vt i —, 32
24 e (32) n

valid if v2—v3>0v3. If v?>0v3, solutions(32) are the same Fe
as solutionsw, , in Eq. (27) for the casav’=0. We see that 0.6 1
a homogeneous state of mixed plasma is unstable practically -
for all of the values okvif w?> w3, but it is unstable even 0.4
if wi<w3 for large values okv, as it can be deduced from Al
formula (32). 0.2 1

We see that the homogeneous plasma sedtion QR
in the gated FET structures is as unstable as in the ungated 0.0 : ' : | : :
diode bases. But in realistic structures this section is included 00 20 40 60 80 O R0
in series with the SCRs. Therefore, the problem of globaliza- k / A

tion 9f _the abov_e mentloned mStab'“t'es and self- FIG. 6. Source currerty vs drain-source voltage/y(t)| and timet for the
organization of oscillatory regimes requires additional de=elected FET design/c=0.05 V (1), 0.025 V (2), 0 (3), —0.025 V (7),
tailed analysis. This problem is considered below by means0.05 V (8), —0.075 V(9), —0.10 V (10), —0.125 V(11). Voltage Vp(t)

of numerical simulations of selected FET structures. changes with tim¢Eq. (33)] with the rateV,=0.002 V/ps. Characteristic
(1) is shifted upward 0.05 A/cm.

V. NUMERICAL SIMULATION PROCEDURE Vp a()=Vp o(0)+ V) ot. 33)

The design selected for our numerical simulatipfg).  This procedure, when used for the stable quasistationary re-
1(b)] differs substantially from the simplified design of Fig. gime with adiabatically small ratédy o, allows us to mea-
1(a), and seems more realistic. There is a single top gate, arglire eithel 5 =1,(Vp) for a givenVg or I5=1p(Vg) for a
it is of a finite size. A source and a drain are brought outgiven V. In both cases, the drain currehj is equal to
from under the gate, and some clearan@eith sizec) ap-  source currentgg, and these currents flow entirely through
pear between the gate and the source, as well as between tihe channel. If we have an oscillatory regime, this procedure
gate and the drain. The active region is confined by drain andllows us to observe the portrait of the oscillatiofas a
source quasimetallic planes on the sides. On the top anfdinction of time through the background d¥ characteris-
bottom planes we impose periodic boundary conditions. Thaics. We can evaluate the fundamental frequency, amplitude,
is, we consider an infinite system of parallel gated channeland harmonic composition of oscillations for differevig
instead of a single channel. Spatial period i2 assumed andVp. Because of displacement currents, nby | gg,
large enough to consider each of them as approximately inand a gate current; =1 — | gg does exist. We calculate cur-

dependent(Behavior of such spatially periodig*pp* di- rentsl andl gg as full currents through certain planes. These
ode structures that depends ob i8 described in detail in planesss anddd’ are parallel to the draisource plane
Ref. 5. and are placed between the gate and the drain or the source,

We assume that current flows only in the current-respectivelysee Fig. 1b)].
conducting channel. Therefore, we have a one-dimensional We assume for simplicity that the channel is directly
ballistic transport problem. Distribution functions of carriers doped with acceptoréut we keep in mind that modulation
entering the channel from the drain and the source are speaioping will really be implemented to provide the ballistic
fied in the form of Fermi—Dirac functions with given Fermi carrier transport in the channel
energiesw. The electric fields exist everywhere, but mainly
in the bgrners ogt3|de_the channel. As a result, the Po!sso\r)L RESULTS OF SIMULATIONS
problem is two dimensional. It has to be solved for the given
source ¥sg=0), drain (/p) and gate Ys) potentials. We The design, which we selected for simulat{étig. 1(b)],
restrict ourselves to the Poisson equation and do not take infs described by the following set of numbeis=0.2 um,
account magnetic fields. This formulation of the problemlz=0.16 um (that is, c=(l—14)/2=0.02 um), 2b=0.16
seems reasonable for our confined spatially periodic strugum, a distance gate-chanra#=0.016 um, Ny=10" cm 2,
ture, which cannot radiate electromagnetic waves into freg.=10 meV/(this value is the same both for the drain and for
space. (This structure allows us to withdraw oscillation the sourcg «p=10.9 (as in AlA9), temperaturel =4.2 K.
power only by means of an electric load in the drain cirguit. RatesV}, ¢ in Eq.(33) are selected to be equal to 0.2 mV/ps.
The self-consistent solution of the Poisson equation and th&/e select for our simulation the dispersion relation of quan-
ballistic kinetic equation is obtained analogously to our treattized holes presented in Fig. 2 because in this case the NEM
ment of ungatech™nn™ and p*pp* diodes with current- range extends up te,=0.035 eV, lower than the optical
conducting channels described in detail in Ref. 6. To obtairphonon energy in GaA&.036 eVj. Therefore, the channel
detailed information about the current oscillations we assuméoles in the NEM range cannot emit such phonons and stay
that one of the two potential¥,p or Vg, is fixed, while the  ballistic.
other is assumed to be increasing or decreasing slowly with  The source currertgas a function of time in our model
time FET is presented in Fig. 6 fovp that increases with time

Downloaded 23 Apr 2003 to 141.217.203.226. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



7472 J. Appl. Phys., Vol. 87, No. 10, 15 May 2000 Gribnikov et al.

0.275

0.03} (11) -
0.250 0.00 W
-0.03
0.225
? 0.03}
12 0.00
-0.03
11t
0.03}
1.0 0.00
-0.03¢
0.9t
0.03
~
g 08 g 000
§ ﬁ -0.03
~ 0.7 ~ . .
a » 0.03 (7) 1.4
L] o ‘ it
06t 0.00 | \‘th‘l_‘ A i ‘\H”“H il
' -0.03 ‘
05¢ 0.03; ©) 1.3
0.00 it il Hri ‘\‘m‘llw‘Hli‘\\\’I‘Im‘\lhl‘\ml\HMIH
04r -0.03 ‘
03¢ 0.03} (5)
0.00
0.2t -0.031
0.03
0.1 “
0.00
0.0 2 . " . . -0.03}
0.00 002 004 006 008 010 012 0.012 0.016 0‘0'20 oo
Vo (V) v, (V)
FIG. 7. (a) Drain currentl; vs drain-source voltagp/p(t)| and timet for FIG. 8. Gate currentg=Ip— I s Vs drain-source voltagh/p(t)| and time

the same FET desig/g=—0.004 V (4), —0.008 V (5), —0.016 V(6), tfor the same gate potentials as in Figa)7 The extended time scale allows
—0.025 V(7), —0.05 V (8), 0.075 V(9), —0.10 V (10), —0.125 V(11).  ys to examine oscillation shape and to estimate frequency. Numbers near
Characteristics are shifted upward relative to each other 0.1 A/lcm. Numbergnaracteristics are oscillation frequenci@iz) in nearby sections.
near characteristics are oscillation frequen¢iEdz) in nearby sectiongb)
Fragment of characteristic fafg=—0.125 V.
maximum oscillation amplitudes towards highég values
(seelp(Vp) in Fig. 7 forVg=—8, —16, and—25 mV). For
according to Eq(33) and eight values oY from +50 mV  example, folVg= —25 mV the maximum oscillation ampli-
to —125 mV. The characteristics f&f;=50, 25, and 0 mV tude is reached afp=55 mV, and the/, range of oscilla-
remind us of characteristics of the conventional FET, and daions is 16—65 mV. Amplitudes of the drain and gate current
not contain any oscillations. But all of the characteristics foroscillations exceed amplitude of source current oscillations
negativeVg exhibit oscillatory phenomena with oscillations by a factor of 30—40. Increasingg further narrows thé/p
becoming very significant foVg=—125 mV. Figure 7 range of oscillations on the account of the high-voltage part.
(where the analogous characteristics of the drain culrgnt TheseV ranges foVg= —50, —75, —100, and—125 mV
are presentedand Fig. 8(where the gate currentz=1p exist only in the restricted NEM limits, and, naturally, oscil-
—Ilgg Oscillations are showrconfirm these results very con- lations in these ranges are related to the NEM instability. We
vincingly. As mentioned above, amplitudes b and I g note that the average current in the NEM sections\Vfge=
oscillations are much greater thagi oscillation amplitudes. —75, —100, and—125 mV is far from saturated and rises
In Figs. 7 and 8 we present characteristicd gfand | for  very noticeably. It is worth notirfg® that in the case of
several small enhancing values \6§ (—4, —8, —16 mV). ungated planar channel bases the strict saturation also does
Current oscillations can be observed starting With= —2 not occur. But in the FETS this current rise seems far greater.
mV. ForVg=—4 mV we see very noticeable oscillations of The most noticeable feature of the NEM oscillatory re-
the gate and drain currents in the rangeV/gf=15—35 mV. gimes in ballistic NEM FETs is a monotonic rise in oscilla-
These oscillations are distinctly sinusoidal with frequencytion frequency with increase in enhancing gate potential:
~1.2 THz. Increasing the negative values\&f results in  from f=w/27=1.2 THz forVg=—4 mV to f=2.5 THz for
broadening of th&/ range of oscillations. It also shifts the Vg=—125 mV. This increase can also be monitored in Fig.
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FIG. 9. Drain current, vs gate potential/(t) and timet. |Vp|= 0.018 V ( )
(a) and 0.055 V(b). Characteristi¢b) is shifted upward 0.1 A/cm(l) Area 2
of the 1st type oscillationgll) Area of the 2nd-type oscillationglll) Area >

of the 3rd-type oscillations. Numbers near characteristics are oscillation fre-
quencieg THz) in nearby sections.

9 where characteristicep=1p(Vg) are presented for two
values ofVp, Vp=—18 and—55 mV. The former is in the
NEM section, and the frequency rises monotonically with the
current. This rise is accompanied by decreasing amplitudes
for high values ofVy, .

ForVg=—100 mV the second oscillatory range appears
unrelated to the above-described NEM section. Oscillation
frequencies in this section are much lower than in the NEM
section. These oscillations take place through the back-
ground of well-marked FET current saturati@hat is due to
the gate effegt At Vg=—125 mV the second oscillatory
section becomes significantly wider. In contrast to the NEM
oscillation these oscillations are present not only in the drain
and gate currents but also in the source current. This distinc-
tive peculiarity cannot be explained only by pronounced dif-
ference between oscillation frequencies for these ranges. Os- . . .
cillation frequencies {1 THz) for Vo= —4 and—8 mV are 0.00 0.05 0.10 0.15 0.20
of the same order as in the second section\fge= —125 x (um)

mV but they are not manifested in the source current for the
former and are manifested for the latter. This gives evidencE!G. 10. Pictures of concentration and potential oscillations for three types

. . - of oscillatory regimes(a) Oscillations of the 1st typeM(g=—0.050 V,
of the different origin of current oscillations for large values Vp|=0.020 V). (b) Oscillations of the 2nd typeMg= —0.025 V, |[Vo)|

of Vpp in these two cases. o =0.055 V). (c) Oscillations of the 3rd type g)=—0.125 V, |Vp|
Let us turn to thelp=I1p(Vg) characteristic forVp =0.080 V).

=—55 mV (Fig. 9. We can see here two oscillation ranges,

which are isolated from each other by a large gate voltage

gap. The source current oscillations are presented only in thleft side of the base is not affected and therefore the source

high V5 range. current oscillations are absent. Increasing the enhancing gate
To diagnose current oscillations, which appear in differ-voltage and hence the channel carrier concentration results in

ent areas ofVp,Vg} plane we consider nonstationary con- a decrease of the effective oscillation wavelength and, as a

centration and potential distributions in the FET channel. Weesult, of oscillation frequency.

discover three typical oscillation signatures illustrated in Fig.  The second type of oscillatiofFig. 10b)] takes place

10. The first of thenjFig. 10@)] appears at small values of for comparatively small gate potentialg; and large drain

Vp and is due to the NEM instabilityVp = — (15—35) mM. potentialsVp>V,=¢ /e (Fig. 2. It corresponds to the os-

This range shifts to smaller voltages with increasing valuegillation area Il in characteristity =1p(Vg) for Vp=—55

of V¢ . The picture is very much like that of ungated diodemV in Fig. 9. In this case the current is saturat@ed in

generatorS. The spatial charge wave consisting of alternat-conventional FETs and the voltage of saturatioN, is in

ing layers of accumulation and depletion originates under théhe NEM limits. (We remember that all the excess of the

gate and drifts to the drain while rising in the amplitude. Thedrain voltage over the voltage of saturatidfy,— Vg, drops
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on the depletion region adjacent to the drain. This region 0 Vp(mV) 120
widens with increase iWp but a channel potential on the left ' ' ' ' '
side of the depletion layer stays constamts a result we
obtain intensive NEM oscillations in the channel QR for 06
drain voltagesVp, which are much greater than =g, /e. |
These oscillations also perturb the concentration and poten- 05
tial distributions in the depletion region. They can exist only g 0
in the narrow range of gate potentials because the voltage of é)
saturationVg has to be within the strictly determined limits. ~
The third type of oscillation occurs at large bath and -
Vp values. In this case the saturation voltage of our gated
diode (as for the conventional FBTis greater thanV,
=g, /e, and the entire NEM section of the dispersion rela-
tion is hidden in the lefsource-adjaceptspatial charge re-

02|

gion. Oscillations develop in the QR where NEM carriers are 1t

absent completely. A region of oscillations includes almost 0.0 L

all the space under the gate. There appear significant oscil- 0 100 200 300 400 500 600
lations of the source current, which are negligible in the pre- t(ps)

vIous cases._ SUCh_f_i pICtUI_’e reminds us of developme_nt Of_ thﬁG. 11. Drain currentp vs drain-source voltag/p(t)| and timet for the
two-stream instability. This phenomenon does not, in prinFET having a parabolic dispersion relation of the channel hotes:
ciple, require a NEM section in the dispersion relation. But it=0.65m,, wherem, is the free electron mas¥s=—0.050 V (1), —0.075
also differs from the standard picture for the FETs, whichV (2}, ~0.100 V (3), —0.125 V (4). Characteristics are shifted upward

have channel carriers with the parabolic dispersion rela‘,[ionrelative to each other 0.1 A/cm. Numbers near characteristics are oscillation
p P frequenciegTHz) in nearby sections.

Detailed study of concentration and potential distribu-
tions in the ranges corresponding to the third type of oscil-

The results of numerical simulations described in Sec!atlon shows that we are dealing with a certain regime of

VI confirm for the most part our analytic forecasts. Sc)mepseudosaturation. Despite the apparent current saturation, the

discrepancies can be attributed to incomplete similarity O]c;irrltetr) ctogcentranon '.r,:hthe char:;l %? does not ds_tay cton-
the designs shown in Figs.(d and Xb). The oscillatory stant but decreases with increasvig. 1he source-adjacen

regime of the second tyd&ig. 10(b)] initiated by the short- depletion region on the left of the QR also does not stay

ened NEM plasma QR, which is separated from the drain bgonztantta_r;?].mcreasest.hTth;e draln-adjac?nt dgpletmn r_e?lpn
the wide depletion region, is similar to the analogous regim S absent. This means that two groups of carriers coexist in

described in Ref. 5 for ungatenl” pp* diodes. The upper the chaqglel fQRN1.<{\ICh’ an;th2>i). Thesp ttwgllgtrou\[/:)\/s aret
limit of the drain voltage range of oscillations in Ref. 5 sig- [ﬁstp;)hnSI f or exis en?e ot twos rt()aatm i.nsnadl.]!fy' f c r;o ©
nificantly exceeds th¥.=¢./e limit that occurs only in the atthese two groups ot carrers substanually difier from two

. . 13 .
regime of the first typdFig. 10@)]. The most unexpected groups considered before both in wotk$!3and in our cal-

results relate to the third type of the oscillatiffig. 10)] culations, which are presented in Fig. 11. It is because these
which we attribute to the development of a two-str7e arncarriers are of different effective masses. Ballistic traversing

instability 1! Development of the two-stream instability has ho:;as hatve a hgavyheflfectlve masﬁ?.”?]? he{a}\r/]y hc;le ma)ss.”
repeatedly been predicted for ballistic diodes with a para2"'@ NONUraversing noles are much fignter. Theretore, oscilla-

bolic dispersion relatiorisee Refs. 12, 13 and thergimBut t|r?n sk:gnatulres n this .fﬁse seetr)n Im%r.e corr!pllcatledretihan for
this instability cannot exist if a current is saturated becaus € channel cariers with a parabolic dispersion relatfég.

in this case the only carrier stredif traversing holestakes 13 The p.seud(?[saturaltlon regllme transf(_)rrhms Into Ia real satu-
place in the channel QRN =Ny, andN,=0). To confirm ration regime at very large values ¥f,. These values are

this factl(Vp) characteristics of one more FET, which hasgreater for greater values ¥ .
the same design as in Fig(h), are presented in Fig. 11.

Channel carriers in this FET have the simplest dispersiorY”l' CONCLUDING REMARKS
relatione = p2/2m with the effective mass of GaAs heavy We have shown that unstable stationary regimes appear
holes. The dispersion relation in Fig. 2 asymptotically tendsn the gated NEM ballistic diodes as in their ungated prede-
to this relation atp—o~. We can observe well-developed cessors. Development of instabilities for these regimes leads
oscillations only in sections of increasing current. Frequenio self-organized generation of current oscillations accompa-
cies of these oscillations increase with negative valuesof nied by concentration and electric field oscillations. These
from 0.5 THz forVg=—50 mV to 1.4 THz forVg=—125 phenomena in the FET variant are displayed in more varied
mV. Analogous oscillations with smaller amplitudes areform because gate potentials control both a drain voltage
present in the source current. But we observe no oscillationsange of the oscillations and the oscillation frequencies. The
in the saturation sections of all of these characteristics. Thisscillation frequency in the NEM range rises monotonically
result completely corresponds to the prediction of Ref. 9. with the increase in enhancing gate potential. It more than

VIl. DISCUSSION
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doubles as the gate potential is changed from 6 1@5 mV. Here we have considered only ballistic devices where

An advantage of the ballistic NEM FETs is in effective re- the channel is completely or almost completely controlled by

duction of the length of oscillation region because an oscilthe gate. But there are possible gated structures where the

lating current enters the base channel from the attead channel is covered by a gater by two gatesonly partially.

of the sourcg As a result, the oscillation region is shifted Such devices allow us to design more favorable distributions

significantly to the right, towards the drain and shortens. of carrier concentration and electric field along the current
Along with the standard regime of NEM oscillations direction and to reach ultimately higher oscillation frequen-

which occurs in the NEM range of drain voltages, the seconaies. Some results in this direction were presented recently in

NEM-oscillatory regime is shown and described for smallRef. 14.
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