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Signal propagation in electron waveguides: Transmission-line analogies
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Signal propagation along an electron waveguide with a nearby screening metal plane is investigated. It is
mediated by one-dimensional intrasubband plasma oscillations or space-charge waves. The signals therefore
propagate much slower than the velocity of light. A transmission-line model and a characteristic impedance are
theoretically derived. Discontinuitigghanging width of an electron waveguide, junction to a bulk conductor,
and elastic electron scatterere modeled as changes in characteristic impedance and insertions of equivalent
series elements. In the limit of short waveguide sections, the two versions of the Landauer formula for
conductanc& =GyT andG=GyT/(1—T) are obtained. In the limit of many subbands, the velocity of light
is reached[S0163-1826)03540-F

I. INTRODUCTION for different kinds of junctions. It might be seen as an at-

tempt to extend the linear-response theory into the high-

Recent development in semiconductor processing hagequency regime. To simplify, the action of the electromag-
made it possible to fabricate structures with dimensions comretic forces on the electrons is analyzed with classical
parable to the electron wavelength, in particular electrormechanics. The only quantum-mechanical effect considered
waveguides. Several switches based on the one-dimensiorigldensity of states and the Pauli exclusion principle. It turns
(1D) nature of electron gases in these thin semiconductout that signals in these plasma waveguides, as they will be
wires have been suggested. Some examples of these electrédiled here, have a velocity hundreds of times slower and a
waveguide devices are Aharonov-Bohm interferometelis, ~Characteristic impedance hundreds of times higher compared
rectional coupler§, the quantum stub transistdrand the 1o the corresponding values of a TEM waveguide formed

Y-branch switchf. only by macroscopic conductors.
These devices are thought of as one possibility of ap-
proaching terahertz switching frequenciédthen cascading Il. SINGLE-MODE WAVE PROPAGATION

at high frequencies, the delay due to signal propagation has _ i )
to be considered. Since the devices are based on electron L€t us consider an electron waveguide without any scat-
waveguides, the first part of the leads from their source anée'ing under a perfectly conducting plafféig. 1). We will
drain will necessarily be formed by electron waveguides. Offestrict ourselves to the case where the wavelength of the
ten, the cross-section geometry around an electron wavélectron is much shorter than the signal wavelength, so the
guide is similar to the geometry of a microstrip transmissiong€léctron motion can be analyzed classically. Expressed in the
line: a conductor(the electron waveguideclose to a con-
ducting plane(Fig. 1). In the split gate configuratichfor
example, the conducting plane consists of the gate metal.
Although the cross section is very similar to the microstrip, e /
the propagating modes are very different. At the bulk con- : metal plane :
ductor of a microstrip the boundary condition of vanishing
longitudinal electric field at the conductor yields a TEM
mode (if all dielectrics surrounding the conductor have the
same dielectric constantpropagating close to the speed of
light.

In contrast, at an electron waveguide, although this also is Ak I(k) Ak
a conductor, the field does not vanish. This is due to the b) .
“quantum inductance” related to the inertia of the electrons. empty: filled
The phenomenon appears when the 1D density of free S‘a‘esg gta‘es :
charges is drastically reduced, as in a 1D structure. Many _‘;F ke 0 RF Kk

authors have described the resulting intrasubband plasmons,

their dispersion relations, and their interaction with light, us- g 1. () 1D plasma waveguide formed by an electron wave-
ing, for example, the random-phase approximdtiona hy- guide under an infinite conducting metal plati®.Population prob-
drodynamic theory. This article instead focuses on signal ability of the states as a function &fvector at a given time and
propagation, important in cascading of electron waveguidgoint. At T=0 K all states betweek, andk; are filled. All other
devices. It develops a transmission-line model includingstates are emptyAk, and Ak; are deviations from the equilibrium
equivalent characteristic impedances and scattering matric&ermi levelkg .
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guantum-mechanical wave vector, Newton’s equation of mo- akit+ky) 2F # IKs Ky,
tion can be written - 7—5( 157+ bE)- (11)
dk= Edt 1) Using the expressiont), (7), and(9) for deviations,(10)
Ao and(11) can be expressed in charge and current
wheret is the time,k the wave vector of the electron, and dAp ol
F is the force applied to the electron by the electromagnetic grraiaiateet (12
field. Now letk(t,z) be a function of time and a coordinate z
z along the electron waveguide. Differentiating, we obtain
al 2vgF  ,dAp 13
k. ok A Roq “Faz 13
dk:ﬁdt—’_ Edz (2)
where we have used the expressions for the Fermi velocity
Combining(1) and(2) we get and the resistance of a single-mode quantum point contact
dk F dzok F #kok 3 ke R i 130 14
AR dtez h maz ® T R (
wherefik/m is the velocity of the electron anwh is its ef- Equation(12) is the equation of continuity an@L3) is

fective mass. _ _ ~_ equivalent to the phenomenological equation of moiién
The above equation can easily be used to relate variationg he hydrodynamic approach of Mendoza and Schéich.

in charge and current in a degenerately populated 1_D Suq%owever, there the parameter correspondin@%oNas ob-
band. When the temperaturefis-OK all backward traveling  aineq py fitting the dispersion to that of the random-phase

states withk>k, and all forward traveling states with 5, 6yimation. It is interesting to note that in absence of
k<k; are filled with electrons and all other states are emptyelectromagnetic forceB=0, a signal would propagate with

as in Fig. 1. Then the charge per unit lengttand current a velocity ofu=uv according to(12) and(13), as expected.
I in the electron waveguide are Maxwell’s equations can be used to calculate the electro-
magnetic forcd-, given a cross-section geometry and charge
p=— E(kf— Kp) (4  and current distributions. If the distance to the metal plane is
™ larger than the wavelength of the plasma wave or if there is
no such plane, as in an etched and epitaxially overgrown

and electron waveguide,the force will depend heavily on the
i oq wavelength. To simplify, let us now assume that the charge
I=- >m ;(kfz—kf,). (5) and current vary slowly wittz so that this is not the case.

Then, the forceF(t,z) can be calculated locally from

The electron charge is denoteeq. Assuming small varia- Ap(t,2) andI(t,2):
tions around the Fermi levéd: as in Fig. 1,

Fe_gE.— (9V+(9AZ q &Ap+ L al 15
Aki=ki—Kg, Akp=Ky,+Kg, (6) TTARTA T " Cq 9z o5t (15
the deviations in charge is whereE, is the longitudinal component of the electric field
in the electron waveguid&. andA are the electric and mag-
Ap=p—po=— %(Akf—Akb), (7)  hetic potentialsCy andLg, defined in(15), are the capaci-

tance and inductance per unit length for the given geometry.
If we insert the expression for the force on the elect{t)

where into (13) and rearrange we get
q
=—-—=2k 8 Rp | 4l 1 Rgug)|dA
Po o F 8 I A el oUF _P. (16)
9 2ug) at C, 2 ) oz
is the equilibrium charge. The small signal current expressed _ ) o
in Ak; and Ak, is The corresponding equation for a TEM waveguide is
ike q dl_ 19Ap
|~ — == —(Aks+ Aky). (9) L =—C (17

To get a relation betweefp and| we apply(3) to k, and ~ One could say that the inductance and capacitance have been
k: . For their difference and suni3) yields modified by the reduced density of states

10 Lo—l+o b1 Roe
(10 w=bet o Ca TGt T2

a(kf—kb): ﬁ( IKs akb) 18

it m\ ez Pz
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ties are orders of magnitude lower than the velocity for the

fermi veloci . . .
ormi velocity (mis) corresponding TEM wave in a waveguide formed by bulk

107 19° 10° 1,/--07 conductorsug=c/\/e,~8.5x 10’ m/s. As seen in the figure,
2 u is, however, always larger than the Fermi velocity. Even
E for these quite low velocities, the assumption of a wave-
2108 length much longer than the distance to the metal plane is
2 valid up into the terahertz region, yielding low dispersion in
= this frequency range.
% 105 The most natural way to increase the propagation velocity
= is to decrease the dimensions of the electron waveguide. A
thinner electron waveguide yields low€y and gives larger
1042 subband separation, which allows a higher (proportional
50 to electron densityin an electron waveguide before t.he sec-
g 40 ond subband is populated. Another way to decrégses to
= 30 increase the distance to the metal plane. The velocity is,
N 5q \ however, still quite low, so to further decrease signal delays
10 %nm 5nm between cascaded electron waveguide devices one has to
couple the signal to a conventional electromagnetic wave-
107 108 109 guide. Therefore, it is crucial to study the reflection and

i -1 . . . . o
electron density (m-) transmission at discontinuities.

Before we derive the scattering matrices for three differ-
ent types of junctions we will derive the relations between a
éew important variables: current, charge, and voltage. First,
we let these quantities have exponential temporal and spatial
dependencel(“'*42 where the uppefiowen sign, as in the
following, corresponds to waves traveling in the positive
(negative z direction. The equation of continuit{l2) then

The modification ofL is related to the mass inertia of the Yields
electrons.C,y, is the electrochemical capacitantger unit
length defined as

FIG. 2. Plasma wave velocity and characteristic impedance
Z, [Egs. (22) and (27)] for an Inys54Gay 47AS electron waveguide
buried in InP as in the inset drawing. The curves are discontinue
where the electron densitproportional to Fermi velocity ) is so
high that it populates the second subbamds always larger than
ve andZ, is always larger thafRy/2 (dashed lines

|=i%Ap=iuAp. 23
1 1ldw
Chot q dp’

where u is the electrochemical potential. This is easily
shown using(8) and (14):

19 . .
(19 The electrostatic voltage can be related to the charge using

AV=Ap/Cy. For an electron waveguide, however,is a
more natural variable thayi. Let us therefore define a con-
venient “electrochemical voltage”

1du 1/d(—qV) dErdke\ 1 4%k =
T9de. dl do Tdkdol Tt 542 1 A
qdp gl dp dke dp/ Cy m 2q AW=— —Ap= =L (24)
1 R q Ciot
- 0F (20)
Cyq 27 At the last equality,(19) was used. It can be shown, in a

straightforward but mathematically lengthy way, that the en-

ergy transport i?=1AW if both the kinetic energy of the

electrons and the electromagnetic energy is included. For a
1 dv bulk conductor, where the density of states is high,
C—g=$. (2)  Awp=-—gAV so that

Solving the telegraph equatiori$6) and (12) for propaga- AWg=AVj. (25)

tion velocity, using(18) we get

\ ’ 1
u= =
L tOtCI0t

This equation is illustrated in Fig. Z4 was calculated for a \yherez, is the equivalent characteristic impedance
rectangular 1gs4Gay 47AS electron waveguide buried in InP,

assuming cosine-shaped electron wave functions. The cross- 1 1

section geometry is seen in the inset figurgwas neglected Zo= =/

since it is much smaller thaR,/2v . Note that these veloci- U Cot Crot

whereV is the electrostatic potentidte is the Fermi energy,
andCy is the electrostatiéconventiongl capacitance

These conditions makéW a suitable generalization of
AV. Dividing (24) by (23) we get

0 “ W_. 1. (26)
Lg+ﬂ I TuCy ¥

(27)
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a) When only small signals are considered 488) is divided
11illll”miilll]1I11111||111111111111111111111111111111111111111111111111111111111111111|||||nmnnnnnmmw by —q the equation twrns into
lectron waveguide A ﬁzk A
bulk conductor - AVg=— - =— F Ak;+ pQ' (30
TEM waveguide plasma waveguide aq am Cg
Energy Ak; can be express_ed in current and charge u(s]_mgnd(g).
Inserting the resulting expression (80), we obtain
s Nl
K AVp=0y | Rove Ly 31
) X s let| T3 g, | Are (31
Kz
2D or 3D electrons 1D electrons The parenthesis is €f,; according tq18), and using24) we
get
pa: Zq RO
Ry
2 which is the boundary conditiof24) expressed in current

FIG. 3. (a) Junction between a TEM waveguide formed by aan(_:lr vo(;tages. h . . fi h
bulk conductor on the left-hand side and a 1D plasma waveguide 0 efrlv_e t_e scattering matrix, we |rst. assume that a
formed by an electron waveguide on the right-hand sidein the ~ WaveAVg impinges from the TEM waveguide on the left-

end of the bulk conductor an electrochemical potentiglis as- hand side onto the electron waveguideYy is reflected

sumed. This level goverrl in the first part of the electron wave- back, andAWj, is transmitted. Using the boundary condi-

guide. (c) The junction can be modeled by two transmission linestions (32) and (29) together with(26) with Z,=Zg for the

with different characteristic impedances and an inserted series reFEM waveguide and,=Zq for the electron waveguide re-

sistance ofRy/2. membering(25), one obtains the first two elements of the
scattering matrix for the junctior§;; andS;5. In the same

Note that this definition coincides with the conventional oneway, assuming the incident wavalg coming from the

for bulk waveguides since the@,=Cy andL,=Lgy. Zpis  plasma waveguide, one obtains the other two elements. The

low for high Fermi velocities and wide electron waveguides,whole matrix becomes

as can be seen in Fig. 2.

ZQ+ Ro/Z_ ZB ZZB
IIl. SCATTERING MATRIX FOR JUNCTION _ ZgtZqo+Ro/2 Zg+Zq+Ro/2
Seo= , (33
BETWEEN A TEM WAVEGUIDE 274 ZgtRo/2—Zq
AND A SINGLE-MODE PLASMA WAVEGUIDE Zg+Zo+Rol2 Zg+Zot Rol2

To model the interface between a TEM waveguide and gelating incident and outgoing waves
plasma waveguide, we assume that the end of the bulk con-
ductor constitutes an electron reservoir with an electrochemi- AVg AVE
cal potentialug that governsk;, the wave vector of the AWS ) BRl awr |
fastest electron injected into the electron wavegusie Fig. Q Q
3). This is the situation if the electrons thermalize in the bulkThis is the same scattering matrix as in the junction between
conductor much before they have traveled one TEM wavetwo conventional transmission lines with characteristic im-
length in this conductor. This is likely since this wavelengthpedancesZg and Zg with an inserted series resistance of
is long due to the high velocity there. We also assume thaR,/2~6.5 k) as in Fig. 3. Note that in the limit of long
the junction is adiabatic from an electron-wave point ofwavelengths or short waveguide sections, this model yields
view, i.e., the transmission coefficient of the electron injec-the expectetf total dc resistance d®, of an electron wave-
tion is unity. These are the same assumptions as are gengjuide without scattering, as measured between the two res-
ally used to derive conductance quantizatibinally, we  ervoirs. The dissipation associated with the resistance is in
assume that the junction is sudden in comparison with theccordance with the assumption of an electrochemical poten-
plasma wavelength. Thus the first boundary condition is  tial ug. The existence ofig implies that electrons from the

electron waveguide are thermalized in the bulk conductor.

(34)

£2K2 If we want to use ordinary waveguides for signaling be-

f PQ 4 . Lo,

ﬂszm_q C—+V0 , (28)  tween our electron waveguide devices, it is important to
g match the impedances to maximize transmission at the junc-

) o ) tions. It is probably very difficult to transform the low im-
whereV is the potential in the electron waveguide when thepegance of the TEM waveguidg/pically 50 Q) to the high
charge therqu'is zero. The second boundary condition is Zq (around 20 K as in Fig. 3, but if this can be done the
current continuity transmission to and from the plasma waveguide should be

good, especially iZo>R/2 so that there is little dissipation.
lg=lg. (29 If impedance matching is not possible it will be necessary to
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a | T [V A, po(2)+Ap(2)
) ﬂll@@@lll@lmw&m@um I tLlner e-waveguide F= q( E—I— 7) =(q E( Vo(2)+ —Cg(z) )

_—

7
point 1 point 2 4

al
+qL4(2) e (39
b) Z 2

The equilibrium of the electrochemical potential

FIG. 4. (a) Junction between two 1D plasma waveguides formed 22
by electron waveguides with different width&) The junction can wo=—0| Vo+ Po + F (39)
be modeled by a transmission-line equivalent consisting of two sec- Cg 2m

tions with different characteristic impedances. has to be constant along the electron waveguide. This can be

used in(38) to eliminateV, andp,. The resulting expression
make the electron waveguide sections much shorter than ther the force is inserted int¢l1) and we get
plasma wavelength and the ordinary conductors much

shorter than the wavelength there. Then reflections cancel dki+ky) 210 Ap ﬁzkﬁ al

and all components can be thought of as lumped. For ex- . #hloz qC_g om | TAlet
tremely high frequencies this is not possible either. Then,

cascading will be impossible since less than 1% of the power h kK¢ Ky

is transmitted to a plasma waveguide,Zg=50 (). The m fE“‘*JE : (40)

“optimum” is achieved when the plasma waveguide has a ) .
characteristic impedance arouRg/2. This is the case when Using (9), (14), and(18) we can write this as

>2/(Rove).
G 2lRare) LT Be e e e e
tot ot - 9z Cg(Z) 4qm( f F b F) .
IV. SCATTERING MATRIX FOR JUNCTIONS BETWEEN (41)
DIFFERENT SINGLE-MODE PLASMA WAVEGUIDES

Integrating this from point 1 to point 2 and applyit®, (7),

Another type of discontinuity is between two sections ofand(18) we get
plasma waveguides with different geometries causing differ- 3 2 A A
ences invg and Cy and therefore also iy, and Z,. See _ _f L. ldz= P2 2P1 42)

Fig. 4. To calculate the scattering matrix for this case we ot b

assume that the transition region is much shorter than the ) o ) i

length, so that there are no electron reflections. The firs¢al voltages, so if the left-hand side can be shown to be

boundary Condition is current Continuity Sma”, (36) is verified. Tak|ng the absolute value W) ata
specific frequency, we get

[,=1,. (35 JZ AW(z) | fZ AW(z)
[AW,— AW, |< lthm(z) 702 dz = e dz
Since the electrons are not scattered, it is also natural to 200
assume the electrochemical potential to be continuous, :‘ J ﬁAW(Z)dZ , (43)
1
AW, =AW, . (36)  Where(26) and (27) have been used. Equati¢43) implies

that (36) is a good approximation as long as the transition

» . region is much shorter than the plasma wavelength, and for
These boundary conditions are analogous to those of a jungnjs case the scattering matrig?) is verified.

tion between two waveguide sections in transmission-line
theory, where the current and voltage are continuous. See

. o . . . V. SCATTERING MATRIX FOR PLASMA WAVE
Fig. 4. These conditions yield a scattering matrix

AT ELECTRON REFLECTION SITE IN A
SINGLE-MODE PLASMA WAVEGUIDE

Z;=Zy 27y A third kind of discontinuity is depicted in Fig. 5. It oc-
Z,+7Z, Z,+2Z, curs in a plasma waveguide where there is some kind of
Sqq= 27, Z,-Z, | 37 imperfection, reflecting the electrons with a probabiRy.

In the reflection and transmission the electrons conserve their
energy, i.e., the electrons impinging on the imperfection
from electron waveguide 1, having wave vectors lo<k;,

The validity of (36) must, however, be examined. Assuming are reflected with a probabilitR, into left going states

a constant effective mass, but allowingzalependence for —Kk;;<k<<0. In transmissions, however, the momentum is
the voltage in the absence of electrongz) and forCy(2) not conserved since there is a difference in electrostatic po-
andLy(2), (15) is modified tential caused by charge differences. Instead, the electrons

Z,+2, Z,+7Z,
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q
Apy=-— ;[(1_ Re) AKi— ReAKpy — Akps ]

imperfection causing electron reflection

:—%[(1—Re)Akf2_(l+Re)Akb2] (48

f(k) \f(k)
P for the two sides of the discontinuity respectively. Us{a§)
b) Re[ T N - and (46), we can eliminate\k;, and Ak, from (48). If we
.| <1+ LT |° now subtract(47) from the resulting equation and simplify
- il A R
" Kbt ket ke ko knz " ke -kbs k we get
A Ap,= 20° (A Apq)
0 Z - Z p2 pP1 7Cqurh p2—Aaps
FI‘?E q
T, +2Re— (Akqy + Akyy). (49
Here we can solve foAp,—Ap; and simplify using(14)
a9 2 Za Za 28 and (18):
TR R R |
R, e
2 Aot, 2

Apy;—Ap1=CioRoRevE — (Akf1+Akb1) (50)

FIG. 5. (a) 1D plasma waveguide formed by an electron wave- ] o
guide with imperfection causing an electron reflectith).Popula- ~ 1he current through the discontinuity can be expressed as
tion probability of the states as a functionlofrector on both sides q
of the junction. The forward traveling states on the left-hand side __ 1 . .
havek<k;. These electrons are reflected into backward traveling B WUF[(l Re) Aoy~ ReAk + Akia]
statesk> —Kk;, with a probabilityR,. The other part of the popu- q
lation probability of the backward traveling states is formed by _ 4 .
transmission from the right-hand side. The corresponding diagram B Ur(1=Re)(AktytAkps) (5D
on the right-hand side can be drawn after analogous contemplations.
(c) The imperfection can be modeled by a transmission line with anodifying (9) bearing Fig. 5 in mind. Combinings0) and
inserted series resistance ®,R./T,. (d) Transmissionine (51) we get
equivalent of the electron waveguide with imperfection between

R
bulk conductors. Ap,—Ap,= —Ctotﬁ Ryl . (52
e

are transmitted with a probabiliffe=1— R into states with |t \ve divide this byC, and use(24), we get
k<k:,, wherek;, can be determined by energy conservation ot ’

AWZ_AW]_:_Rsl, (53)
21,2 21,2
L kfz_qﬂ:ﬁ kfl_qﬂ (44y  Wwhere
2m Cy 2m Cqy
Re Re
Using small signal analysi&) and (7), assuming that the Re=71= R. 75 Ro= T, —Ry. (54

steady states are the same on both sides we get
Now we have put the boundary condition in a convenient

form. Together with current continuity as i(85) this is
(45) equivalent to the boundary condition at an inserted series
resistance in a transmission liigee Fig. 5. This yields a
scattering matrix

q Ap,—Ap;

Akfz_Akfl:+ﬁ_l}|: Cg

and similarly for electrons from electron waveguide 2

R, 27,
q Ap,—Ap;
Ay = Ay == 3 — . (46) S 2ZotRs 220+ Rs 55
VF 9 27, Rs '
The charge for the electron distribution in Fig. 5 can be 2Z4tRs 2Zo+Rs
written in analogy with(7): It is interesting to note thaR, is the same resistance as

derived for a four-probe measuremérglating potential and
current within the electron waveguid® If we now put the
electron waveguide with electron scatterer between two bulk
conductors and combine its transmission-line model with our
_ . model for the two junctions to TEM waveguidésee Fig. 3,

=~ LA+ Re) Ak~ (1= Re) Akuy ], @0 e may gain some insight into hoR is related to the

q
Ap1=——{Akjy—[(1~Re) Ak~ Rk ]}
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resistance in a two-probe measurement. Since the three re-

sistances are in series, the total resistance is 4 RHS
Rtot:% +Rst % = i, (56) 2 u|w | \Us LHS
e 0 \ I '\

which coincides with what we measure in a two-probe
measurement -2

One practical implication of the derived scattering matrix
is that plasma waveguides used to communicate between dif- -4 \
ferent devices should have higl, (low C4 andvg) in com- Vi Vo Vs Us

parison withR,, because then the plasma wave propagates
well even where there is elastic scattering in the electron FIG. 6. Left- and right-hand sides of E3) for three popu-
waveguide. This model should also be useful in designindated subbands with Fermi velocities, v,, andvs. The intersec-
guantum interference devices for high frequencies. A shortions give the velocitiesu, u,, andus) for the plasma modes.
Aharonov-Bohm interferometer could, for example, be mod-ug is the propagation velocity for a bulk conductor. The velocity
eled as an elastic scatter&g, should then be low so that the scale is logarithmic.

interferometer efficiently can impede an incoming plasma
wave even if the electron reflection is not complete.

R,C u?
2_ 2\ 0~9, _[.4_
(u Um)vaIm (1 —ué)Ean. (62)

VI- MULTIMODE WAVE PROPAGATION The right-hand side is independent of the indexso the

If there is more than one populated subband but no scaturrents in two subbandsandm are related by
tering between the subband&?) and(13) are still valid for

2 2
each separate subband: U um
h=——7—Im (62)
u ] Um
IApm Nm : L .
=——, (57) This means that the direction of the current in a subband
ot 9z depends on whether the subband Fermi velocity is higher or
lower thanu. If (62) is inserted into the right-hand side of
dl 2v dA 61), we get
—r=—_" mn_vﬁqﬂa (58 (61 g
at Roq n Jz 2
up 2 Un 63
wherepp,,l v are the charge, current, and Fermi velocity ué—u2 B RoCg“n ul—us’ 63

of subbandn and . _ .
from which equation we can get the velocitiesof the

q aAp, AL, propagating modes. The equation is illustrated in Fig. 6. We
—— (59)  see that there is one solution farbetween each subband
Fermi velocityv,, and that there is one solution with a higher
velocity than all the Fermi velocities. When more subbands
are added, the right-hand side(68) increases for higli so

Fon= +
™ Cpn 02 Atmn =5

is the force on the electrons in subbamdcaused by charge
and current in subband, which may depend on the indices .
since the wave functions have different extensions. Thest‘-.hadt th fas;[)est sollutloudN mO\ées _tor\]NahrdJ‘é' '_I;jhenu>vhN
equations are useful to analyze the propagation in conductof'dvn can be neglected on the right-hand side(@8). The
of intermediate widths, which could, for example, form a VeloCity of the fastest mode is then given by

transition between a bulk conductor and a single-mode elec-
ST ! - o ) 1 1 1
tron waveguide in junctions similar to the one in Fig. 3. This —~—t ) (64)
i iti i i i uc u 2
kind of transition region could possibly help matching the B 2 v
impedance. The scattering matrix of such a junction is, how- RoCy“n n

ever, beyond the scope of this article. Here we will only look _
at the signal propagation in these waveguides and show thit€re we see that for a bulk conducterith very many sub-

for very many subband@s in a bulk conductprwe obtain  °and$, u~ug as expected. To reach a velocity of
the velocity of light. u=0.%g, however, quite many subbands are needed. For a

If the wave is periodic as (=82 and we make the sim- conductor with equal width and thickness at a distance from
plification thatF ,, Cpn=Cgy, andLy,=L, are the same the metal plane six times the thickness of the conductor, we

for all combinations of indices, we can combif&r)—(59 98t Cq~=200 pF/m if the dielectric is InP. Then we need a
into sum of subband Fermi velocities of

> v,~5x10° m/s. (65)
n

( (1)2 2 ) Rocg

c02
U va|m:(1——zcgl_g)2 l,.  (60)

B n
This means that roughly £0LD subbands in a semiconduc-

Using u=w/B andug=1//CyL 4 we get tor with vz~ 10° m/s are needed to reach this velocity. For a



54 SIGNAL PROPAGATION IN ELECTRON WAVEGUIDES: ... 11491

gold wire wherevp=1.4x10° m/s, about 1® modes are scatterers. These reflections are shown to be unexpectedly
needed, which is achieved when the cross-section area @nall when the equivalent characteristic impedance of the
A~10 ' m?2. This is a very small cross section, which ex- plasma waveguide is high. This could reduce the ability to
plains why ordinary transmission-line theory can be usedwitch high-frequency signals in an electron waveguide de-

even in metal wires of rather small dimensions. vice. It would also be interesting to calculate the effects of
nonlinearities neglected if13) and the dispersion present at
V1. DISCUSSION higher frequencies to see what happens to short and intense

] ] pulses. Is there a space-charge soliton? Another direction of
Using a simple approach where the electrons are accelegrevelopment for this work is to calculate scattering for
ated by the electromagnetic field they collectively cause, Weyasma waves in general multiports. This would further help

have calculated the small signal propagation velocity in eleci the design of high-frequency electron waveguide devices.
tron waveguides and found that it is very low compared to

the velocity of light. Transmission-line equivalents have

begn given to_ visualize Fhe sca‘gterlng for the plasma waves at ACKNOWLEDGMENTS

various junctions. One interesting consequence is the strong

reflections at junctions between bulk conductors and electron The author thanks Olle Nilsson, Thomas Palm, Lars
waveguides. Another result concerns reflections at elasti€hylen, and Eilert Berglind for helpful discussions.
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