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Two-stream instability and oscillatory regimes induced in ballistic diodes
and field-effect transistors
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Two groups of current carriers naturally coexist in ballistic and quasiballistic diodes and field-effect
transistors(FETS: (1) traversing ballistic current carriers emitted by a source and absorbed by a
drain, and2) nontraversingnonparticipating in a current floncarriers that are in equilibrium with

the drain carrier reservoir. Therefore, the convective two-stream instability develops in such diodes
and FETs with appropriate physical and geometrical parameters. It can result in oscillatory regimes.
In this article, we consider development of the two-stream instability'inn* diodes with a doped

bulk n-basen®nn™ diodes with a modulation dopedchannel base, and also in diodes with a gated
n-channel baséhat is in ballistic FETswhere a gate potential controls electron concentration in the
channel. Since oscillatory regimes in such devices are restricted by pair electron—electron
interaction between electrons belonging to the two different streams and participating in the
instability process, we suggest a new type FET with two parallehannels. Current-carrying
electrons from the primary channel interact with slow electrons from the parallel additional channel
that simultaneously serves as a controlling gate for the primary channel. In this design, electron
streams participating in the two-stream instability are spatially separated, and their pair interaction
is suppressed. Along with analytic estimates, we present results of numerical simulations for the
ballistic FETs that prove the existence of oscillatory regimes in terahertz frequency ranges.
© 2000 American Institute of Physid$50021-897@0)01224-X]

I. INTRODUCTION ode and sped up by the electric field in the SCR. We assume
that the drain absorbs them without any reflection. The elec-
Two-stream instability goes back to the well-known pio- trons of the second group are emitted by the drain, and these
neering work of Pierce.It appears both in gas discharge electrons come back after they reflect from the S6& Fig
plasma&® and in solid state plasmadif they contain two 1), If the energyeV substantially exceeds a Fermi energy of
(or more than twp mobile components drifting with differ- the base electrons, directional velocities of electrons of the
ent directional velocities. In the 1960s, the two-stream instaabove-mentioned groups are substantially different. If the
bility in electron—hole plasma of bulk InSb was adjusted toparabolic dispersion relation takes place for all of the con-
the description oK-band coherent microwave radiaticsee  sidered electron energies, concentrations of electrons of both
Refs. 5, 6 and references thereihis generation takes groups in the QR are equal; =n,. If nonparabolicity oc-
place in transverse magnetic fields of the Suhl configurationcurs, and the effective mass of the traversing electrops
Ryzhii and his co-authof$ first paid attention to the two- greater than the effective mass of the nontraversing onpes
stream instability in ballistic and quasiballistic electron trans-the number of the former exceeds the number of the latter:
port in short-base“nn* diodes. It is knowA® that a bias  n,>n,. For infinitely large(or negative effective massn,
voltageV across such a diode forms in its bagb: a spatial  of the traversing electrorfspnly these traversing electrons
charge regionSCR), most of which is a depletion region, are present in the QR1,=0.
and(2) a quasineutral regiofQR) where negative electron The two-stream instability is a result of collective
charges compensate positive donor char@gee Fig. L. A plasma oscillations of both electron groups. This instability
length of the SCRx,, is determined by voltag¥ that drops  can exist if both mentioned groups really do exist and plasma
mainly across this region. A length of the QR=I—X;, is  oscillations exist in each of these groups. This means that

determined in the main by base lengttThis length cannot plasma frequencies in both groups must be sufficiently high
be large because of the condition of ballisticityr, at least,

quasiballisticity of electron transport. If this condition is
well satisfied, electrons in the QR consist of two groud$: Here 7, and r, are the times of plasma oscillation damping
traversing ballistic electrons with the energy of the order ofin these groups, an@, and w, are the plasma frequencies
eV and (2) nontraversing electrons, which are in the quasi-defined by the formula

equilibrium with the drain(anode electron reservoir. The
electrons of the first group are emitted by the souah-

(1)17'1,(1)27'2>1. (1)

2 _ 2
7 ;= €Ny o/ kKpMy 5, (2

where kp is the dielectric constant. An increase in concen-

dAuthor to whom correspondence should be addressed; electronic maiif.ration_s_nl,z (in order to raise' the ple}sma frequencies,)
zinovi@besme6.eng.wayne.edu intensifies electron—electron interaction between electrons of
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more generalized case, multichannghnsistors instead of
those with a single gated channel. A two-channel transistor
contains an additional parallel ballistic channel alongside the
main current-conducting ballistic channel. These channels
are independently contacted. Therefore, voltages dropped
across these channels are different, and electron velocities in
the QRs in both channels are also different. Two-stream in-
stability appears in this case due to electrostatic interaction
%ﬁD of plasma oscillations in the neighboring channels. There are

Hg

two advantages of the two-channel transistors over the
single-channel prototype4l) The current saturatioiand
existence of only hot traversing electroms the main chan-
_ _ _ . nel does not exclude development of two-stream instability
FIG. 1. Two electron streams in the quasineutral region of ballisticn™ d h fth llel d ch | with
diode. (1) stream 1 (traversing electrons (2) stream 2 (nontraversing _ue t9_t _epresencg of the paralle Sec?on channe Wlt. qua-
electrons. siequilibrium (standing or slowly moving electrons. This
second channel is specially formed to carry the second elec-
tron stream withv,~0. (2) Due to the spatial separation of
the streams in both channels, we can attenuate pair collisions

different groups. This interaction does not cancel ballistic

transport on the whole. But the strong intergroup electron—between electrons belonging to different channiét is,

electron scattering cancels the existence of the two streanjatergroup ele_ctron—t_electron interactjoand not attenuate.
and, as a result, the two-stream instability. To avoid destruc"t€'channel interaction between plasma excitations with

tion of the two-stream structure of an electron distributionSmall Va'“_es_' Oﬂ_" As a result, we can avoid undesirable
function, the strong inequality electron mixing in the momentum space.

In this article, we obtain dispersion relationgk) for
I"fv1<7p5 3 excitations of quasineutral plasma, which consists of two

i ; s
must be satisfied, where,, is the above-mentioned inter- €l€ctron streams in the base QR of the ballistin™ di-
group scattering time for the first group of electrons, apd ©de- We consider the following versiongl) a homoge-

is the velocity of these traversing electroms= y2evim, ~ neously doped bulkn base;(2) a modulation doped planar
for the parabolic dispersion case. Since the timg de-  channeln base;(3) a gated channetransistoy n base; and,

creases with increasing, (while the timer,, of scattering (4 @ two-channel base with independently contacted and

the second group electrons on the first group electrons d@YPplied channels. In the fourth case, one of the channels
creases with increasing,), we cannot build up these con- S€rVes as a current-conducting base, and the other channel

centrations without hindrance. serves as a gate, participating in formation of the two-stream
The considered two-stream instability occurs for com-instability and simultaneously controlling a conductivity of
paratively small values of the produkct, (of wave number the first channel. In all of these cases we find ranges of
k= k| into velocityv,) and, as a result, can be implemented &Xistence of two-stream instability and its Increments.
in sufficiently long-base sample$~ 7/k,,) at sufficiently Real finite size(shor Pases of ballistim"nn™ diodes
low voltagesV. To increase the real values &f,.,, to and transistors limited by™ contacts(and gates in the tran-
shorten the base lengths, and to raise voltdgn ordxer to sistorg are in fact certain microcavities for two-stream
upconvert frequencigswe need to increase donor concen- plasma.oscillations. These cavitifas select the mo_st. appropri—
trations in bulk bases. This leads to undesirable additiondt€ oscillatory modes and globalize for them the initial con-
electron scattering by ionized donors. To avoid this effect Vective instability. As a result, oscillations of diode or tran-
planar channel bases with modulation doping can be usedStor currents appear with a certain frequency or a certain
instead of bulk bases. The special gate potential can produéé)ectral composition. We consider these oscillatory regimes
electrons in such channel bases if these bases are gated.Of the basis of the self-consistent solution of a ballistic ki-
fact, these gated channel base diodes are field-effect transfa€tic €quation in the basulk, channel, and two-channel
tors (FETS. As it is well known, a drain current in ballistic Structuré together with a Poisson equation in the same base
FETs (as in ordinary nonballistic FEJss saturated due to &nd in its vicinity. We show that the ballistic diodes and
the gate effect for high values af>V,, whereV, is the FETS, ywth the bases of the above—mentloned. types, can be
saturation voltage, and only traversing ballistic electrons reoScillation generators, and generated frequencies move into a
main in the current channel at the saturated regime. Therd€rahertz range with base shortening and carrier concentra-
fore the two-stream instability is impossible under the satu{lon Increasing.
ration, but it is possible af <V (as it was predicted in Refs.
10 and 1}. The saturation threshol also can be increased || DISPERSION RELATIONS FOR BULK AND
by enhancement of electron concentration in the channel, buINGATED CHANNEL BASES
this enhancement is restricted by the intergroup electron—A Homogen bulk b
electron interaction as before. - Homogeneous bulk bases
The two-stream instability in wide ranges of voltages  We consider a homogeneously doped neutral bulk region
and concentrations can be obtained using two-chaionein ~ with only two types of electrongl) electrons with the mo-
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mentum p, directed along thex axis and with the corre-
sponding energy e;=¢(p;) and velocity v{=v(p;) 2 2 2121/
=ds/dp|,—p,, and (2) electrons with the momenturp, +2k% wg) M. (14
~0 and correspondingly,~0 andv,~0. The neutrality of The instability occurs ifk?v?+2w3<2(wg+2k?v2w?)*?,

the base means that the sum of electron concentrations fbat is
constant,

01234 K) = (12 {kv [ K**+ 205 = 2(w]

Note that this instability is always convecti¥eThe maxi-

where np is the concentration of ionized donors, and themal increment takes place Htv|=/3/2w, and is equal to

electric field is absent wo/22. If we assume that the longest wave mode allowed
E=—dV/dx=0, () by the n base is the mode withk,,,,=2#/l’, condition (15)

transforms intaw <’ wqy /7 and
hereV(x) is the electri ial. In this region there is th
where (x)ist e electric potential. In this region there is the V<ensl 2/2xp 7=V,
electric current with density

n1+n2:nD, (4)

(16)

We can estimate the range Wf,. If np=4x10"% cm3,

I"=10"% cm, andkp=12/(47), then we obtainVy= 30
sincej,~0. The above-described two-stream presentation ofnV. Increase iV, by increasing’ is limited because of the
the electron distribution function is legitimate if the real necessity of ballistiqor, at least, quasiballistictransport.
spread of velocities and energies is small in comparison witiThe same reason does not allow us to raige(because of
the velocity v, and energye;, respectively. At least the ionized-donor scattering and intergroup electron—electron
conditione;=eV>u, whereu is the Fermi energy in the scattering. We note thaVy, does not depend on an electron
QR must be satisfied. effective mass. The oscillation frequency attained in the con-

We present small nonstationary variations of concentrasidered specific case is equal fte- kv /2(27) < wo/2m~1.5
tions and other variables in the form of their Fourier compo-THz, for the electron effective mass=0.067m, (wherem,
nents with the wave numbér is the free electron mass

j=j1=—evim (6)

Ny =} fk)elkxie(t @) . F(_)rmula (13) also shows that the inste_lbillity does not
: : exist in the single component plasma consisting of only hot

ballistic carriers ,=0, n;=np) where w »(K)=kv

*w4.(py). However, the situation changes substantially if

and so on. Generally speaking, the frequencig&) are
complex numbers at real wave numb&raVe write out the

equations defining these primed values:

the effective massds/dp?) r::lpl of the hot ballistic carriers
the Poisson equation

becomes negative. Then an increment of the rising plasma

kok2V' (K)=e[n} (k) +n5(K)], (8)  oscillations appears instead of their frequency
the equations of continuity of the streams w(12(K) =kv£ilwi(py)|. 17
nakpl(K)/my = [kv; — (k) (k) (9) This case is considered in detail in a number of our group

articles beginning from Ref. &see Refs. 13 and 14These

n,okps(k)/my=—w(k)n;(k), (10 oscillations increase with the same high increment for all of
. the values ok. Therefore, the selection of the fundamental
and the Newton equations . . . .
mode is determined by correlation betweerp and |’ =|
[kvi—w(k)]pi(k)=ekV (k), (11 —Xy, boundary conditions, and an external load. Since the
, instability appears in a single stream, the role of the inter-
—w(k)pa(k)=ekV'(k). (12) group electron—electron scattering becomes less crucial.

To obtain Egs. (8)—(12) we use the relationsj;(k)
=—ev(Kni—eviny(K);  ja(K)=—evy(K)ny;  vi(K)
=d?e/dp?|pp, - P1(K)=p1(K)/m(py); v(K)=pa(K)/
m(0); E'(k)=-—ikV'(k); m;=m(p;); my,=m(0). The
dispersion relatiomw (k) that follows from Eqs(8)—(12) has
the well-known fornt?

B. Ungated n channel base

For a single ballisticn channel placed in a dielectric
medium, the dispersion equation of two-stream plasma oscil-
lations (in the limit of the very long QR has the form

J1 92 1
=, 18
< >+ Z)g =1, (13 (w(k)—vl? 0?0 K o
(w(l)~ko) 0 (k) where 01=091(p1) =€’N1/2kpm(py), 9-=02(0)

wherev=v, andw, , are defined by Eq.2). =e?N,/2kpm(0), v=v,=v(p;), whereN; andN, are the

In the simplest and very important case of parabolic dissheet concentrations (¢rf) of electrons of the first and sec-
persion relation of electrons(p)=p%2m, we havem, ond groupgi.e., traversing and nontraversingquation(18)
=m, and simultaneousiy;=n,=np/2 in the QR(as itis is derived in Sec. Il as the limiting case of the dispersion
shown, for example, in Refs. 9 and )13Then, aﬁ: w§ equation for the gated channels. This equation relates by the
= w3/2, wherew3=e?ny /kpm, and the roots of Eq13) are  same token both to nonquantized three dimensid88)
written in the form channel electrons and to the limiting quantum case when all
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L only in the part of the nontraversing electrons, whose role in
Vei the channel is passive. The traversing electrons are current
- di ' conducting, and their concentration in the QR must always
S Dl L tdrain v be finite. As a result, the current saturates at a finite value of
SCR! QR «,,! : voltageV = Vg, with a finite concentration of traversing elec-
— X I [d2 trons N;, and with zero nontraversing concentratit\y
L =0. In the saturated state of the gated QR, we deal with
single-stream plasma. Fov>V, the voltage exces¥
Voo —V, drops across the new depletion regitime SCR-2 near
the drain. SinceN,=0 at the saturation, the two-stream in-
FIG. 2. Current channel between the gates of the gatath™ diode. stability is possible only foV<V. To determine concen-

trationsN; andN,, which are not equal to each other in the
agated QR, we have to solve a 2D Poisson equation in the
space between gat& andG,. We assume that the channel
width is negligibly small in comparison with the widtfg
andd, of the top and bottom dielectric barriers having the
dielectric constantkp; and kp,, respectively(Fig. 2). The
Poisson equation

of the electrons are in the lowest subband of size quantiz
tion. Equation(18) transforms into Eq(13) as a result of the
replacementsy; K| :‘*’iz- For the parabolic dispersion re-
lation of the channel electronsng=m,=m) we have, as in
the case of the bulk basbl;=N,=Np/2, whereNp is the
total sheet electron concentration, amd=g,=go/2, where

go=e’Np/2kpm. Then we obtain
JE, JE, ,
W—'_W:(e/KDi)(ND_N)a(y)a =12 (21)
(1,234 K) = (1/2{kv = [|K|(|k|v*+2go

+2(g2+2go|k|lvD) Y3 1H2, (19) is solved in the SCR with the lengtky, where .the entire
voltage V=V(x;) drops. In the SCR there exist only the
traversing electrons, that =N, . The concentratioN in

Eq. (21) determines the channel electron concentration, if
eVGl,Z_VZO- If a strong inequality,

The instability occurs atk|v?<4g,. The maximal incre-
ment appears fofk|=(1+2)go/v?. It is equal togy/2v.
As in the previous case, we estimate the limiting size of th
longest wave mode ds=27/1". Thus,v?<2g,l’/m and

X1>d1’2, (22)

V=eNpl'2mkp=Vy,. (20 o .
occurs, a potential distribution in the barriers is almost one

For Np=2x10" cm 2, I’=10"° cm, andkp=12/(4m),  dimensional, and we can writ&,=E,(0)(d,—Yy)/d, for
we obtainVy=50 mV. The oscillation frequency decreasesd,;>y>0 andE,=E,(0)(d,+Y)/d, for 0>y>—d,, where
with an increase in the base length and increases with af,(0) is the channel electric fieldy&0). As a result of
increase in the concentratiofi=e(Np/4mkpml’)¥2 It is integration of both sides of Eq21) from —d, to d;, we
equal to~2.6 THz for the aforementioned parameters andobtain
m=0.067m.

1 dE,(0)
lll. DISPERSION RELATIONS FOR GATED CHANNELS 5 (kp1d1+ kpala)— - —

A. General consideration Koy
=e(Np—Ny(X))+ ——(Ve1— V(X))

In this section we consider a gatadchannel. Metallic d,
gatesG, andG, are placed on both sides of the channel and
are isolated from the channel by dielectric barriers of widths " Kp2 Voo — V(X 23
d; andd, (Fig. 2). Generally speaking, gate potentialg; d, (Voo = V(X)) @3

andVg, differ from the potentiaV of the channel QR. This

means that there exist some voltagés; ,—V across the Taking into account thal= —ev(p)N; analogously to Eq.
dielectric barriers, which enhance or deplete the channel QR6), p=p(x), v(p)(dp/dx)=—eE(0)=e(dV(x)/dx), and
Due to the gate action, current—voltageV) characteristics e(p)=eV(p)=eV(x), we rewrite Eq.(23) in the form

of the gated and ungated channels differ substantially from

each other. In the bulk base and in the ungated channel a e dE,(0)

ballistic current never saturaté®r a parabolic electron dis- E("Dldl“L Kp202) Ex(0) dx

persion relation and increases witV as V. For the bulk

base, we obtaihj|=enyyeV/i2m. For the ungated channel, 13— eNgo( )( 1_2ﬂ)

we must replacej| by |J| andnp by Ny in this formula, pv(P ep )’

wherel is the sheet current density in A crh With increas-

ing V, the gated channel becomes depleted more and momehere NE=Np+ (kp1Vgi/ed) + (kpaVga/edy), and ep
because of negative differencks; ,—V. Therefore, the =2e*N{/[(kp1/d1)+ (kp2/dy)]. Since the fieldE,(0) is
electron concentration in the QR decreases, but it decreasegual to zero in both the effective cathode~(0) and the

(29
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border between the SCR and the QRsx;, we obtain
|J|p1=eNEe(p1)(1—e(p1)/en) [as a result of integration
of Eq. (24) between the limitp(0)=0 andp(x;) =p4], and

. €(p1) (1_ 8(p1))
P piv(py) en |
On the other hand, since in the QE,(0)=0, V(x)

N;=N (25

N2/N:

1-e(py)/pv(p1) —(e(p1)/ea)(2—e(p1)/p1v(P1))

Gribnikov, Vagidov, and Mitin

=V(x1)=e(p1)/e, and N=N;+N,, we obtainN=NFx(1
—2¢e(p)/ep) [from Eq. (23) with N instead ofN; on the
right-hand sidg that is

_ £(p1) . 1-e(py)/en
pv(p1) 1-2e(py)ien’

1 (26)

1-2&(py)iea

(27)

Until now, we have not specified the dispersion relationyhere @1(p1)292N1/m1, §2(0)=92N2/m2, v=v(py).
e(p1) anywhere in this section. For the parabolic dispersiorequation(29) should be solved with the boundary conditions

relation, formulag26) and(27) are simplified:

_1 1_8(p1)/8A .
Nl/N_E 1_28(p1)/8A,

1 1_38(p1)/8A

Na/N= S T etpplen”

(28)
In this case the current is saturated Ny=0; that is at
e(P1)=es=eal3.

In the symmetric two-gate case, whdp=d,=d, «p;
=kpr=kp, and Vg;=Vg=Vg, we obtain Ny=Np
+2kpVg/ed; epa=€2Npd/kp+2eVg; sq=eV
=e?Npd/3kp+2eVg/3. The saturated current density is
equal to

12
e
5)(%#@

_4 Kp
33 d

whereV7 =¢eal2e=Vg+eNpd/2xkp .

In the limiting single-gate case wheh =d, «pi= kp,
Vg1=Vg, and d,—«, we obtain Nj=Np+«pVs/ed,
ea=2e’Npd/kp+2eVs, eeVe=2e’Npd/3kp+2eVy/3.
The saturated current density is equal to

Js

J_ZKDe
S 3/3d\m

whereV3; =g a/2e=Vs+eNyd/kp.

1/2
) (V32

V'(d;)=V'(—d,)=0. The resulting dispersion equation has
the form

g2
w?(k)

91
(o(k)—kv)?

:(KDltanhilkdl‘F Kthanhilkdz)/k. (30)

For the symmetric two-gate desigd;=d,=d, kpi1=kp>
=kp), EQ.(30) is simplified to the form

J1 92 1

(w(K)—ko)2 " @%(k) _ ktanhkd’

whereg, , are the same as in E€L8). For the limiting asym-
metric singlegate desigrd{=d, xp1=kp, andd,—x), we
obtain the equation

(31)

91 n 92 _ 1 n Kp2
(0(k)—kv)2 (k) 2ktanhkd = 2xp;|k|’

(32

which directly transforms into Eq.18), if xp,=«p andd
— 00,

If values ofd are finite, we must substitute the realistic
values ofN, , into the expressions af; andg,. Recall that
N, , are now not equal to each other even for the parabolic
dispersion relation and are dependent\gfy , andV in the

QR.

B. Symmetric two-gate FET

Now we go to the dispersion equation for the two-stream

plasma oscillations in the two-gate channel structure shown

Taking into account formula$28) we can obtain Eq.

in Fig. 2. We present small nonstationary variations of con{31) for the parabolic dispersion relation in the form

centrations and other variables in the form analogous to Eq.

(w(k)—kv) "2+ @~ 2(k) + {((w(k) —kv) 2= 0~ ?(k))

(7), and obtain the Poisson equation in the barriers in the

form
1dv
ol Y
él(pl) (:312(0)
= — 4 = 2
V(m&”&mm—my+w%m’ 1,2,
(29

=2/gktanhkd, (33
where {=eV/(ep—2eV)=V/2(V] —V) and, as abovey;
=Vg+edNy/2xp, eV=¢(p,), andg=e>N/2kpm. We can
see that 8={=<1. The current saturation takes place at

=1. Equation(33) can be rewritten in a simpler form if we
introduce the new variable,

_w(k) 1
kv 2’
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FIG. 4. Two-channel design of the' nn*-ballistic FET.
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FIG. 3. The real and imaginary parts of the complex roots of (3¢). C. Asymmetric single-gate FET
Upper curve(1) Reé+ 3; lower curve(2) Imé. For the parabolic dispersion relation, E@2) can be
obtained from Eq.(33) as a result of replacement:
2/gktanhkd—(1/g)[ (1/ktantkd)+1/k|] with ¢=V/2(V}
—V) andV; =Vg+edNy/«p . Taking into account that in

l 1 this caseg/v?=1/8/d, we can reduce the so transformed
)52— 7l g_*§+ E( 1- g—*) =0, (34  equation to the form of Eq34) with replacement of* by

** = [kd(1+tanHk|d)/tanhkd. For kd<1, we have (**

where {* = {kd/tantkd. In the actual cas&d<1, we have =/ and the asymmetric FET case is reduced to the previous
{*={. Inthis case, the roots of E¢34) depend only on the case of the symmetric FET.

parameter/, and any dependence érdisappears from Eq.
(34). There exists the critical value of this parametég,
~0.767, which separates stable and unstable states of th. TWO-STREAM INSTABILITY IN PARALLEL
considered FET. The instability fdcd<1 occurs only at ~ CHANNELS

<{c, that is, forV<Vc=2{cVi/(1+2{c)=0.6V§. The
oscillation frequency rises proportionally tﬂ with in-
creasingVy . Therefore, we obtain the additional possibility

and take into account thatv?=1/47d. Then we obtain

4 1( 1
g _E 1+2§~k

Up to now, we have exploited the mechanism of the
two-stream instability based on different behavior of ballistic
" . : c?lectrons emitted by the cathode and anode. The former,
to tune this frequency in wide ranges. The dependence of, . . . - .
which are the traversing electrons, gain a sufficiently high

real and imaginary parts of complex roots of Eg4) on ¢ oo . .
for kd<1 is shown in Fig. 3. We can see for ourselves thatvelocny in the SCR, while the latter can be considered com

an oscillation frequencyfor a given value ok) depends on pletely immobile. We have assumed that ballistic electrons

¢ insignificantly. But unlike the bulk base cagec. Il A interact very weakly not only with phonons, impurities, and

oresented by the dispersion Ed3), the instability in this imperfections but also with each other. That is, we have as-

case is not convective but absolute. To show that, we rewritgumeOI that each of two above-mentioned electron groups

: . : - o moves independently. Numerous investigations of electron—
Eq. (33) with the new designationf = wd/v and x=kd electron interaction in bulk samplésee Ref. 16 and refer-

14¢  1-¢ 8¢ ences thereinand in 2D electron-gas samptés?2show that
= (33)  we can count on large times;, of intergroup interaction
only in the cases of¢1) low electron concentrations, ar@)
and find its rootsk=k(Q) for ImQ=0"—w. At Q' low voltagesV in the QR (and correspondingly small ener-
=Re()=0 , these roots are on the imaginary axis of thegies of traversing electrohsTo avoid this strong interaction,
k-plane (k=ik") and tend to the values<"==*=/2, we must spatially separate the above-mentioned two electron
+3m/2,.... With decreasing()” these roots tend ta”  groups(similar to separation of electrons in the channels and
=0 from both sides and block any possible shifts of thedonors in the barriers in modulation-doped structuréhe
integration contour, which initially coincided with the real electron—electron interaction between the carriers in parallel
axis. This behavior of the contour is known to be a criterioncurrent channels was studied in due time very intensively
of the absolute instability?° both theoreticall§?~?> and experimentally®~28 The devices
We will show in Sec. V that the above-mentioned abso-that were considered in these works are just the two-channel
lute instability leads to stratification of the electron concen-FETs (with the exception of the transport ballisticity in the
tration in the current-conducting channel with forming qua-channels The “theoretical” dependence of interchannel
siperiodic distribution along the current direction. If momentum scattering timeg, on the distancel (see Fig. 4
distanced are sufficiently small, this stratification does not is 7-51~d*4. For d~20 nm, 7~ 7,/1000, wherer,, is the
impede the development of quasiconvective instability in therelaxation time defining electron mobilities in the chanffels
stratified structure and the consequent appearance of currefthat is, there are;*=10"—1C s * for liquid helium tem-
oscillation regimes. peratures

(Q_K)2+ 02 «ktanhk
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The above-mentioned separation allows us to exploit gotentialVo=edN,/«p. Since the concentrations, , are
working regime when onlyor mainly) traversing electrons non-negative, the limits o ¢ variations are determined by
are present in the current-conducting chann@tig. 4). This  inequalities
regime is a saturation regime. The second electron stfem
nontraversing electroings suggested to take place in the ad- —edNo1/2xp<Vg<ed(3Np,+2Np,)/2«p - (37)
ditional parallel channel 2 having some potential relative toln this range, the saturation voltayg; in channel 1 varies
the QR of channel 1. We need to select this potential so thawithin the limits: 0<Vg<ed(Np;+Np,)/«xp. Instead of
the electron concentrations in the channélsand N, are g, ,, we introduce two new parametelg;l:z:gi 8g. If ef-
approximately equal to each other in the saturation regimeective masses are the same,(,=m), the value ofg is
The distance betwe,er? the channels must be much Sma"ﬂ%termined by the summary donor concentrat@fr:ez(Nl
fchan t_h_e QR Iengtr_i_ m_order to develop the two-stream +Ny)/4rm=e%(Np, + Np,)/4xpm, and &g is controlled
instability with participation of electrons of both channels. by the potentialVa: 8g=e%(N;—Ny)/4kpm=eVa/3dm

Each of the channels contains only one of the two participat- - €?(Np,+ Np/3)/4icpom. Thus Eq.(35) can be rewritten in
ing streams. A summary doping determines a summary CONe forr?wz bt b '

centration of electronbl; + N,, while the potential of chan-

nel 2 redistributes these electrons between the channels. That _, 1
is, channel 2 simultaneously plays two rolé$) the con- &3
tainer of the second electron stream, d@8gdthe controlling

1 6g 1
g2 =2
Yottt

2
=0, (38

gate_ 1 1 5g 2 kd*

The simplest dispersion equation describing the consid- ' 16|+ o\ g 8¢
ered two-channel structure can be obtained for a periodic } )
system of alternating channels 1 and 2 equally spaeed Whereé=w(k)/kv—1/2is the same as in E(B4), but now

distanced from each other This equation has the form {=d*k*v?/8g, dz* tanh=kdk. For kd<1 we obtaind*
=d, and{=kpk“dVs; /e(Np;,+Np,). Taking into account

the above-mentioned limits of varyingg;, we have: 6<¢

Iu S+ 912; 92 <k2d2. Equation(38) has very simple solutions for the spe-
(w(k)—kp)? (k) cific casedg=0 and forkd<1. For 5g=0, we obtain the
tanhkd 2 two-stream instability ifkd<1.6715. Ifk’d?<1 (that is, if
— [ 92 { Ju 912 H {<1), Eq.(39) is reduced to the form
K 0 (k) [ (0(k)—kv)?  &’(K)] ]’
(35 2+§ +l+1 1—§)—0 (39
3 Ef 273 i

where =e?Nyq 1/2kpMy, go,=e?Ny/2kpm,, Ny; and
911,12~ 11.'1"/ pMi, Go= € NalerpMy, Nug ¢ and has complex roots for all of the valuessof. As a result,
N, are concentrations of traversing and nontraversing eleg-

trons in channel 1, respectiveljt;;+N;,=N;, N, , are the we obtain

electron concentrations (¢rf) in channels 1 and 2, respec- w(K)=k\gd1—(89/9)2(\1— 8g/g+i\3/2+ 5g/g).
tively (for the QRs), m;andm, are effective masses in chan-

nels 1 and 2, and is a traversing electron velocity in chan- (40

nel 1. If we assume thaj,= in Eq. (35), we obtain the The maximal frequency occurs not fafg=0 but for
dispersion Eq(32) (but with new designations for electron §g= —1/3. This maximal frequency does not noticeably ex-
concentrations In the saturation regimeg,,=0 and g;; ceedk@.

=g, . This saturation regime occurs if a potential of the QR

in channel 1 is equal t¥g;=eNp,d/3xp+2V/3. Then we

obtain in the QR V. NUMERICAL RESULTS FOR FETS

N;=(1/3)Np; +(2/3)(kp/ed) Ve, In Secs. -1V, we have considered the dispersion equa-
tions, which describe the development of the small concen-
tration and electrical potential fluctuations in the QRs for

N,=Np,+ (2/3)Np;— (2/3) (kpled) Vg, (36)  several versions of ungated and gated ballistic devices. The
dispersion relations, obtained from these equations, allow us

whereV is the biasing potential of channel 2 relative to theto reveal unstable distributions and predict oscillatory re-
cathode(sourcg of channel 1Np, , are electron concentra- gimes. In this section we take the next step and consider
tions in channels 1 and 2, respectively, for zero voltagessome results of numerical simulations in gated ballistic base
Va=Vs=0. We assume that all of the donors supplyingchannels(that is, in FET$. These results give evidence of
electrons to the channels are ionized, and all of the electrortbe two-stream instability globalization and self-organization
supplied by these donors are found only in the consideredf oscillatory regimes in high-frequency short-circuited
channels. AVg=Vgo=(ed/ kp)(3Np>+Np1)/4 concentra- FETS. Specifically, we simulate the asymmetric single-gate
tions N; and N, are equal to each other. For the initially structures and specify drain and gate potentials relative to the
symmetric channelsNp;=Np,=Np), this symmetry can source but we exclude any load elements in both the drain—
be restored in the saturation regime only at the single biasingource and the gate—source loops. This means that the con-
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FIG. 5. JV characteristics with oscillatory sections for three short FETs with
different channel lengthga) 1=0.175um; (b) 1=0.15 um; (c) 1=0.125 3x10"}
pmm.
2x10""}
sidered oscillatory regimes are incompletely optimized. 1x10"
What is more, in some cases when the above-mentionel . . . . . .
globalization is not reached, it can be obtained by selecting ¢ 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
certain optimal reactive load. X . um
The FETs are subjects of special interest to us becaus H
the gates transform the appearing instability into the absolute (b)
form. This absolute instability does not lead directly to any 2 '
) i 6.0x107}
oscillatory regimes. But on the other hand, we have already
had some results of studying the two-stream instability in ~ 4.0x10*}
FETs®® and they undoubtedly demonstrate oscillatory re- 2 0x102]
gimes.
In Fig. 5, we demonstrate drain curredtsersus drain— 0.0
source voltage¥ for three short FET “samples” with chan- _2'0)(10.2_\/7 1
nel lengthsl=0.175, 0.15, and 0.12am. Gate lengths are _2 i :
shorter:l;=0.8=0.14, 0.12 and 0.um, respectively. The 8.0x107
channel electron gas is two-dimensional and has a high ini->h 4.0x10%
tial concentrationN=Np+ kpVg/ed, whereNp=4x 10" = B 5
cm2, Vg=30 mV, andd=16 nm. The source and drain = 2%10°|
contacts are asymmetricalis=0.06 eV, up=0.015 eV, 0.0
where ugp are the Fermi energies of electrons that entered 2
the channel from the source and the drain, respectively. The '2'0’(10.2' ‘ ’
electron effective mass is equalrio=0.067n,, wherem, is 6.0x10° 1 I
the free electron mass. Electron conductivity in the barriersis 4 gx102+
assumed to be absent. All the other details of the simulatior N 3
procedure are the same as in the previous Watkvoted to 2.0x10°T
ballistic FETs with negative-effective-mass carriers in the 0.0
channel. We see in Fig. 5 that the voltage sections of curren »
oscillations are wider for longer bases and narrower for -2:0x10°C ‘ : : . . :
shorter bases, and current oscillation amplitude is greater ir 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175

longer bases. But an oscillation frequency is higher just in

X, um

shorter bases. These results correspond completely to tl?—‘?G 6. Distributions of electron concentratidt{x) (a) and electric poten-
well-known general tendency but they cannot be predicted ifal v(x) (b) for three values of the drain-source voltage(1) V=10 mV;
the above-described picture of instability based on the ext2) V=47 mv; (3) V=64 mV;|=0.175um [sample(a) in Fig. 5].

tended QR.

Distributions of electron concentration and electric po-tion interval, the greatest one corresponds to the upper
tential in the base of the=0.175um sample are depicted in boundary, and the intermediate value corresponds to the
Fig. 6 for three values 0¥ =10, 47, and 64 mV. The small- maximal oscillation amplitude. We can make sure that the
est value corresponds to the lower boundary of the oscillaQR does really occupy a substantial part of the gated base
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FIG. 7. Quasiperiodic concentration nonmonotonicities in the FET with a r, pPs

heavily doped channel and a wide gate-channel barkige=30 mV, V

=0.25V(1); 0.27 V(2); 0.3V (3); 0.35V(4); 0.42 V (5); 0.53 V(6); 0.63 FIG. 8. Gate potential control of an oscillation frequency for the ballistic

V (7); 0.75 V(8); 1.0 V (9); 1.4 V (10); 1.75 V (11). FET with parametersi=0.35 um, |g=0.28 um, Np=2X10" cm2,
w®=0.035 eV,ut?)=0.0175 eV. Other parameters are the same as in the
samples in Fig. 5@ Vg andV vs timet; (b) J vs timet; numbers under the

section. The concentration and potential oscillations contaiff'Ve " (°) show oscillation frequency in THz.

the additional(intermediate node atxy=0.063 um along

with the boundary nodes at the source and the drain. It seems

that this intermediate node separates the gated space into the

source—gate current and the drain—gate current zones.  tjon distributions are very multivalued and determined by

Some quasiperiodic concentration nonmonotonicitiessmall inner inhomogeneitieéncluding the ones contributed

(QCNs attract our attention in the concentration distribu-py the numerical digital procedureSuch small stratification

tions in Fig. 6. They take place in stationary pictufesfore  does not impede development of the convective instability

and after oscillation regimgsand in nonstationary pictures an the oscillatory regime formation. We can see this process

(during these oscillations These QCNs are incompletely i Fig. 6. This means that the oscillatory regimes are possible
stable: their positioning and periodicity are sensitive to dif-it tha stratification is not very pronounced.

ferent details of the numerical proceduifer example, to To complete the picture, we mention that we have re-

metsh sIzes |rt1hreal and mometntu_mt_spaddsw?vfrl, W(_arcant— dpeatedly observed small concentration stratification under
230|L?ir§r?vgf 53;? g?&onﬁgnﬁg\,ﬁsuCfemgrzgny'a ;) zclijal ur numerous simulations of the two-stream instability de-
' prep P velopment in various structures, which are not described

sample (=0.2 um) with a heavy doping Np=>5x 10" : . : ”
cm2) and a wide barrier between the channel and the ga,“r:}ere. This small stratification occurs not only in gate-based

_ L - Channels but also in ungated-channel-based structures and in
(d=48 nm. The current in this sample saturates at very hig k-based diodes. A | h Il stratificati
voltages. The concentration distributions in this sample ar ulk-based diodes. AS a rule, such small stratification occurs

shown in Fig. 7. For several values #f(beginning withV either in short bases or in short contact-adjacent sections of
—0.25 V and. riéht up to 1.0 )/ stable distributions in the longer bases. The concept of absolute and convective insta-

form of wide and deep strata appear. Unlike the small stratiPility introduced for infinite medium becomes invalid in
fication in Fig. 6, this stratification has not been subjected tgn€se cases. o

the influence of the above mentioned details of the numerical A frequency of oscillations generated as a result of the
procedure. It is accompanied by stationary current oscillafWo-stream instability in the FET can be tuned in a wide
tions depending on the drain—source voltageThere ap- fange by the gate potential. In Fig. 8 we demonstrate a two-
pears thd—V characteristic with repeated negative differen-fold increase in oscillation frequency due to enhancing gate
tial conductivity sections without any marks of high- potential Vg for the sameV. This increase can be still
frequency current oscillations. We suppose that the picture ddreater in other samples.

concentration stratification shown in Fig. 7 is a result of the ~ The numerical results presented here are of model nature
development of the absolute instability mentioned in Secand aim to describe the qualitative picture of two-stream in-
[I1B. This very pronounced stratification blocks any possi- stability development in the short bases with ballistic elec-
bility of a high-frequency oscillatory regime. We also sup- tron transport. The specified simulation of possible terahertz
pose that the small stratification ripples in Fig. 6 are causedenerators requires detailed estimation of realistic ranges of
by the same absolute instability. In this case, the concentrahe base doping, length, and the voltaygsandV.
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VI. DISCUSSION AND CONCLUDING REMARKS separation of the streams into two independent channels. One
We have shown above that without fast electron-2f €se channelgor example, the channel with= 0) could
contain a hole gas. Such a two-channel structure is similar to

electron mixing in the momentum space, ballistic electronh device d bed in Ref. 27. In thi it
transport leads to a two-stream electron distribution functior"® Jevice described In Rel. 27. In this case a vollage across
he interchannel barrier enhances carrier concentrations in

in short diode and FET bases. In its turn, the two-strean{l) th ch s simult instead of the elect di
distribution function induces two-stream instability, due to a oth channels simultaneousiinstead of the electron redis-

strong interaction of plasma oscillations in each of thetrlbutlon considered in Sec. IVAs a result, the voltage con-

streams. We have considered dispersion relatioti) of trol can be much more effective in compa_lri_son with the case
small two-stream plasma oscillations for the bulk, ungateaOf channels of the same type of conductivity.

channel, gated chann@fET), and two-channel basém the

cold stream approximation The instability of stationary ACKNOWLEDGMENTS
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