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We develop an analytic theory based on an earlier model of the admittance of a ballistic transit time
diode terahertz oscillator with tunnel emission of electrons into a transit space. The focus of this
work is on the actual case when electrons are injected with high enough energy to move from the
start with maximalsaturategiballistic velocity (~1x 10° to 2x 10° cm/s). On the one hand, such
diodes have maximal oscillation frequencies and, on the other hand, a simple analytic theory
describes them and allows us to avoid a cumbersome numerical procedure, which characterizes the
general case. Such a description is analogous to the description of oscillatory diodes with diffusive
transport and saturated drift velocity. We have also considered a special case when a small part of
the ballistic electrons crossing the transit space scatter into a diffusive subsystem with a small drift
velocity. The appearance of such slow-drifting electrons substantially increases space charge in the
transit space and influences the staticcharacteristic but the high-frequency admittance is almost
invariable. © 2004 American Institute of Physic§DOI: 10.1063/1.1635645

I. INTRODUCTION In Refs. 8 and 9, a certain scheme for the T diode was
suggested and substantiated theoretically. The main elements
Transit time diodes with a tunnel electron emitter of this scheme are the following:
(TUNNETT-diodes:° hereafter referred to as T diodesig- (1) The T-diode is a unipolar heterostructural device
gested by Nishizawa and Watanalaed later by Aladinski  with only electrons as the current carriers.
are in principle the highest-speed transit time diodes and are (2) The undoped T space is placed between the heavily
appropriate for the terahertZHz) range oscillatory regime. doped n*-cathode andn*-anode, and then"-cathode is
Contrary to their IMPATT- and BARITT-competitorsT di-  separated from the T space by the tunnel permeéties-
odes can be completely ballistic devices since the principlgarenj barrier B, which serves as an electron emitter. Such a
of action inherent in them does not require any dissipativébarrier on the anode side is absent, so our diode is asym-
processes both in a tunnel barrier and in a transit space metrical (Fig. 1).
space. But in practice, this potential speed has not been (3) The T space lengthl is small [I1=<(0.5-0.6)
realized up to now because as usual the traditionak 10 %cm] in order to provide ballistic or quasiballistic
p"*n*tnn'-desigt%is used with a tunnel electron emitter electron transport across the T space. A comparatively small
in the form of thep™ "n*-junction, which is reverse-biased VvoltageU, across the T space in the working regiftgpical
into the regime of the so-called Zener breakdown or, in otheralues are~0.5-0.6 \j pursues the same goal. The small
words, a tunnel emission through a band gap. To obtain ¥alues of this voltage are determined by the positions of
sufficient tunnel current in this way, one needs a very strongioncentralL- and X-valleys in the conduction bandlt is
electric field, which in turn requires a voltage drop-e7—9  necessary that the electrons emitted intofhealley by the
V mainly across the-region. The latter serves as a T space.tunnel emitter stay in the samg-valley while traveling
This means that electron transport in this space is substa@cross the T-space. They should obtain a possibility of scat-
tially dissipative, and almost all of the electrons are in non-€ring to the lowest noncentral valley only at the output into
centralL- and X-valleys (in the case of GaAs, InP, InGaAs, th_e n*-anode. A short length of the T-space in cpmbination _
and other similar materials for theregion. A drift velocity ~ With moderate voltage across the T-space provides approxi-
for such a transport does not exceed® cm/s, which leads mate ballisticity of an electron transport with the veI.ocny
to oscillatory frequency limitation even in the case of very ~V=Vs~(1-2)X 10° cm/s (or even higher The velocity
short T spacegNote that the authors of Ref. 7 tried to avoid Vs S @ maximal(saturatedl velocity of I'-electrons, which
partially the above-described traditional scheme have an isotropic nonparabolic dispersion relation
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FIG. 1. Equilibrium distribution of an electric potentidl(x) in a
n*in*-structure.(a) Structure without a tunnel barrigib) Structure with a
tunnel barrier.

whereps=mVg, andmis an effective mass in the bottom of
theI'-valley.
(4) The boundary T-spaae/-anode should not reflect
electrons coming from the T-space and should also not scat-
ter them back from the"-anode. The first condition could 6 5 4 3
be met if the same material were for both the T-space and the
n*-anode. The distinction is 0n|y in the doping level: the FIG._2. Qualita_tive sketch of nonequilibrium potential distributig_ns_in thg
T-space is undoped, and thé -anode is heavily doped. Due ::on5|dered T diode stru.cture. Curvg 1 co'rrespond_s to the equilibrium pic-
] ; ure. The curve number increases with an increase in voltage across T diode.
to the use of the same material, we have no conduction banglrves 2 and 3 correspond to potential distributions with a vireéctive
discontinuities, which could induce an electron reflection.cathode inside T space. For curves 4, 5, and 6, a virtual cathode disappears
Because of the above-mentioned substantial distinction iﬁnd a depletion layer in*-cathode is replaced by an accumulation layer,
doping level. the bottoms of all the valleys in thé -anode which becomes dee_per and deeper with an incrfaase in the applie_d volta_ge.
! We can see a lowering of the effective barrier height over the Fermi level in
lie lower than the same bottoms in the T-space at the boungr+_cathode and an increase in energy of electrons entering T space:
ary T-spacei™ -anode. The difference is approximately equale®> s>
to the Fermi energy in tha™-anode,¢? . (Note, this esti-
mate relates to the working regime: for example, see curve 3
in Fig. 2 and also Fig. )3 Therefore, electrons, which have T-space: electrons do not scatter, and an energy width of the
obtained a kinetic energy neay (whereg| is a position of beam is determined by their initial temperatufein the
a bottom of one of the noncentral vall@yss a result of their n*-cathode. This temperature is assumed to be small on the
ballistic travel in an accelerating electric field across thescale of all other energies in the considered problem. In the
T-space, have the energys, + =" after their transfer to the second place, the tunnel transparency of the tunnel barrier
n*-anode and can scatter into this noncentral valley. As @&mitter ats=s(F°) is also assumed to be sufficiently low and
result of such intervalley scattering, the probability of theirrapidly decreasing with a drop in energstarting from its
return to the T-space decreases noticeably. level on the Fermi surfage This means that the above-
In this article, we continue to consider the T diode sug-mentioned electron beam in T-space is formed by electrons
gested in Refs. 8 and 9 and use the same phenomenologicaith energys:s(FC) counted from the bottom of the conduc-
scheme of description. This scheme is based on the fact thébn band in the depth of tha™-cathode. These electrons
the electrons emitted by the tunnel emitter travel across thbave comparatively little transverse momentym:=0. In
T-space in the form of a monoenergetic beam with a neareomparison with Refs. 8 and 9, we have changed the as-
zero transverse momenturp; =0. Electrons in this beam sumed design of the tunnel barrier emitter. It has been se-
are accelerated by a longitudinal electric fidi{x). The lected so that electrons can be injected inlhealley of the
latter is the sum of a large dc field and a small high-T-space with a sufficiently large initial kinetic energyx
frequency monochromatic fielgvith an angular frequency =0)=¢, and the corresponding initial longitudinal momen-
w=2f). The ballistic transport is described by classicaltum py=py wheree(py)=¢,. Since we have assumed in
mechanics equations. Reducing the transport problem to ththe I'-valley the isotropic nonparabolic dispersion relation
consideration of a monoenergetic electron be@ith the [see Eq.(1)], it is desirable that inequalitpy>ps be met
collectivized electron velocity, momentum, and engrgy  with some reserve. In this case the electron in the T-space
first based on the electron transport ballisticity in thefrom the start ak=0 (see Fig. 3 is moving with maximal
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be oU the n*-cathode. We have an inhomogeneous electron en-
’ hancement of T-space and some weak depletion in the
T boundary-adjacent layers of the"-regions. An external
o
0,

voltage applied to the structure, which is depicted in Fig.
1(b), leads to an electron current flowing from the
n*-cathode to then"-anode. This substantially changes the
(i} C B T pictures of the potential and electron concentration distribu-
‘—— —————— T tions between the " -regions. All the qualitative stages of

evolution of these potential distributions are shown in Fig. 2.
E(C) / T We can see that as a result of an increase in the applied
F /
+ i £, voltage, not only the electric field in the T-space changes
noticeably but also a potential distribution in and around the
tunnel barrier significantly varies. As a result of these
changes, a virtualeffective cathode, which is initially
placed (for very small currentsin the T-space(potential
curves 1, 2, 3 in Fig. R leaves this region. The depletion
layer initially placed in then™-cathode near the tunnel bar-
rier transforms into an accumulation layer. An effective tun-
nel barrier rising over the Fermi level position in the
n*-cathode becomes lower and lower, and its form also
changes. As a result of these potential variations, the tunnel
current increases. The main part of this tunnel current is
concentrated close to the Fermi level, as has been pointed out
above. Simultaneously, while lowering the effective tunnel
barrier, the energy of electrons emitting from this barrier to

a i i i i (
considered working regimeJ; is a voltage drop across T spadée is a thg) T-space increases. This energy 1s deS|gnatedOﬁ$

6 . . .
voltage drop across an emitter region: an accumulation layer plus the tunnélg) , andsg ) for potential curves 4, 5, and 6 in Fig. 2. It
barrier.U, is a voltage drop across a depletion layenir-anode. includes the Fermi energy in the"-cathode,s= 8,(:C) , to
which we need to add an energy depth of the accumulation

_ , layer in then™-cathode,5s(®), and a voltage drop in the
(sztura(tjezi velocity Vs, and Eq.(1) can be approximately { nnel barrier(in the energy units
reduced to

e(p)=Vs(p—ps). 2
The value oiVgpg, which can serve as an approximate mea-
sure for the necessary values f=¢(pg), is estimated as

~0.25 eV for | , ~0.16 eV for InAs, and _ P . .
-0 07Seev f(;)rrlnrsbéﬁz)lgaive have inemin(;);us?thses:ThreeWhereEB is an electrical field in the barrier, which becomes
: ' Imost homogeneous, amg; is the barrier thickness.

semiconductors as the probable materials for the T-s ac% X .
P P As it was indicated above, T-space electrons need to be

(as well as for then*-cathode and th@™-anodé¢ since in itted with sufficiently | | ; i
each of them thd.-valley bottoms are at the level of, emitied with sutliciently large values of energy exceeding
~Vgps. Such energies allow us to use the linear dispersion

~0.7eV that is much higher. To form the tunnel barrier, ! .
we need to use a wider-band-gap material. The alloyrelanon Eq.(2) instead of Eq(1). We do not calculate here a

- depth8(© of the accumulation layer, which increases with
In S)1_x(In I S)y could serve as an iso- X : ' S .
%O?B%Gifmﬁ i)lar)t(raero'SZA o.]:xoaf 2 1o Gay AS ang  anincrease in the voltage. Such a calculation is the subject of
'5 4 ’

(INAS);_(INPy 5eShy 37, could be an isomorphic partner of the special problem, taking into account the size quantization

InAs. Since the tunnel barriers are very thin, pseudomorphié)f a\r)velectrpr: gastlndt_hls Iay;]er. it the diode wh
structures can also be employed. e are interested in such voltages across the diode when

a potential distribution corresponds to potential curves 5 and
6 in Fig. 2. An example of such a distribution is presented
separately in Fig. 3. An electric field in the tunnel barrier and
In this section, we consider more thoroughly a potentiala depth of the accumulation pockét(©) are completely
structure in the T-space. Since the T-space,rthecathode determined by the value of the electric fieE(0), in the
and then*-anode are grown from the same materials and thd-space at its boundary with the tunnel barriet=(Q).
latter two are heavily doped, the Fermi level in the equilib- Therefore, the height of the effective barrier over the Fermi
rium state is placed high in the conduction band not only inlevel 6= 8,— 88(©)—&(© is also determined by the field
the n*-cathode and th@™-anode but in the very short un- E(0) such as the electric field in the barrieEg
doped T-spaceFig. 1). Such an inhomogeneous picture =E(0)x{/«®, where «{” and «{&) are static dielectric
takes place both in the absendgg. 1(a)] and in the pres- constants in the T-space and the tunnel barrier, respectively.
ence[Fig. 1(b)] of the tunnel barrier between the T-space andAs a result, a tunnel current emitted from thé-cathode to

FIG. 3. Qualitative sketch of nonequilibrium potential distribution for the

go=et+ 8e©)+eEgwg, 3

II. POTENTIAL STRUCTURE
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the T-space in the form of a beam with the energy where the primed valueg’, n’, p’, andE’ are complex
=¢go[ E(0)] is determined completely by the fiek0) functions ofx. To obtain alternating electron current density,
i =i-[E(0)]. 4) glectron concentrati.on,. electron momentum, apd electric
field, we should multiplyj’, n’, p’, andE’, respectively, by

Ill. STATIC JV-CHARACTERISTIC exp(). Since

A static JV-characteristic is determined by the following ) Herp(0)B (x)=J", (7
equations: where a total current densitl/ exp(wt) is independent of,
. we can obtain from Eqg13)—(1
j=ev(pn, ©) 481317
d d dp
\Y dp/dx=eE, 6 RS IR -1 L Y
(p)dp/dx=e (6) (de—l—lw Vgy Fietm (p)dx p
kpdE/dx=en=j/V(p), (7) 5 o
i i + m Y p)p'=——, 18
wherep=p, is an electron momentum in the bealp) Kp(@) (p)p Ko@) (18)

=de(p)/dp is electron velocityg(p) is a kinetic energyn

is an electron concentration, angy= (). As a result of ~Wherem™*(p)=d?¢(p)/dp®. In the general case of the non-

integrating Egs. (5)—(7), we can obtain the required parabolic dispersion relatiofl), Eq.(18) can be solved only

JV-characteristic in the following form: numerically? But in the specific case of the linearized rela-
tion (2), Eq. (18) is substantially simplified sincen™(p)

H pl . —
(2ej/kp)¥2 =J V(p)dp[p—potp@(j)]¥2 (8 =0 and we have

Po (Vedldx+iw)2p' =ed /kp(w). (19
wherep, is determined by the energy of the entering T-space L ,
electron(see Fig. 3 Because of this simplification, we can obtain numerous re-

sults in analytic form.

eo=¢(Po)s C) Equation(19) as well as Eq(18) should be solved with
p, is determined by the analogous equation boundary conditions

goteU=¢(p), (10) j"(0)=0sE'(0), (20)
U, is the voltage drop across the T-spdeee Fig. 3 and ~Whereos=od E(0)] is a differential tunnel transparence of
p®(j) is determined by the formula the tunnel barrier B, and

p9(j)=expE?(j)/2], (11 g0=Vsp'(0)=€eE'(0)Wej. (21)
in which E(j)=E(0) for a certain value of. [Note that The meaning of Eq(21) can be clarified from Fig. 4. Varia-
E(0)=E(j) is the converted Eq4).] tions of the fieldE(O) lead to variations of the energy,

In the general case for the dispersion relation @ythe  because this field determines both an electric figidn the
requiredJ V-characteristic can be obtained numericllBut  tunnel barrier and a depth of the accumulation lagef®
the calculation is substantially simplified if the linear disper-[see Eq(3)]. We should use in boundary conditiof0) and
sion relation Eq.(2) is valid for the total electron beam (21) E'(0)=(1/e)(Vsd/dx+iw)p’|i0o-
across the whole T-space. Then In a quasistatic tunnel barrier version, the above-
s 2 introduced new parameterss= od E(0)] and wgt can be
Ui=E()I+1%/2K0Vs. (12 calculated as a result of some treatment of the stationary
The first component on the right side of E§2) corresponds  equations. For examplerg can be found as a result of a
to the homogeneous electric field(j)=E(0) in all the simple differentiation of Eq(4)
T-space, and the second component takes into account the

space charge effect: a linear increasé&x) from the cath- os=djr/dE(0). (22

ode to the anode. Note that neithgynor eo==¢(po) partici-  But such an approach can be unrealistic for sufficiently high

pates in Eq.(12). They take part only in its criteria of frequencies. The validity of Eq22) can be directly con-

validity. nected to the tunneling itself, which is not instantaneous.
There exists a finite time of tunnelingg (see Ref. 10 as a

IV. ALTERNATING CURRENT WITH FREQUENCY review) associated with the passage of an electron under a

_ o _ _tunneling barrier. The quasistatic approach anticipaieg
The equations defining a small alternating current with<1. For a triangular barrier, the time; can be estimated by

angular frequencyw have the following form(see Ref. & the following formulal*2
j’=evn' +enm Y(p)p’, (13 rs=(2mgd) Y% eE(0), (23)
kp(w)dE'/dx=en’, (14 wheresis the height of the triangular barrier for the level of

(15  the tunnel percolatiorithat is fore=¢{")), andmg is an
electron effective mass in the barrier.niig=0.042n, is se-
iwp’+Vdp'/dx+m Y(p)p’dp/dx=eFE’, (16) lected wherem, is the free electron masé=0.2 eV and

dj’/dx+iewn’=0,
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FIG. 4. Variations of energy, as a result of an alternating electric field
E’(0) effect.

E(0)=10V/cm, then 7¢=0.3x10 '3s. This means that
the inequalityw7s<1 is not satisfied forf=8 THz (or w
=27wf~50THz), but forf<1 THz a quasistatic approach is
realistic. For a rectangular barrier with a thicknegs, a
guasiclassic approximation leads to an estimate

Ts=mp Wg/(28)"2 (249)

that is a timerg can be decreased by simultaneously thinning

and heightening the barrier.

Instead of the boundary conditiqi20), we can use an
equivalent condition

J =[og(w)+iwkp(w)]E'(0). (25)

Solving Eq.(19) with the boundary condition®1) and(25),
we obtain

!

, el
p'(X)=———

0 kp(w)

—1+|1+

w[wKD(w)Weﬁ—l—iUSx])
Vd ogtiokp(w)]

Xexp —iwx/Vg)|, (26)

s ay os

E'(x)=

exp(—i wxlvs)}
(27)

wkp(w) ostiokp(w)
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By integratingE’(x) from x=0 to x=1, we calculate an
alternating voltagel, , across the T-space and its imped-
ance

Z=U[1J =R+iX (283
with
e 12 & ><19(1—cos¢9)+ fsing (280
kp(w)Vs| §2 92+ 62 ’
X 12 1+ ¥ 9sind— 6(1—cosh) (280
= | "3t 0
kp(@)Vs| 6 ¢2 9+ 62

where 6= wl/Vg, 9=0g(w)l/Vskp(w).

If 9<6, resistancar and, consequently, conductanGe
=R/(X2+R?) are negative in the almost complete intervals
where sing<O0 (that is atw<<0<2, 3w<6<4, and so oh
But because of the inequaliy/6<1, values of the resistance
(or the conductangeare very small in comparison with the
total impedancefor the total admittancer=G+iB=(R
—iX)/(R?*+X?)]. Therefore, it is necessary to narrow the
#-windows, in whichR is negative, and increase the values
of 9. In the first of the above-mentione@twindows, the
optimal value ofé should be nea#=3=/2 where sirg=—1.
Selecting this value of), we look for such a value of}, for
which absolute value of the so-called quality facété@F)
QF=B/G=—X/R is minimal. (In accordance to Ref. 3, the
desirable QF for transit time oscillators should be negative
and not very large on the absolute valuk our case, the
approximate formula for QF is

QF= 0( 9%+ 6%)/ 9 9(1—cosb) + 6 sina].

For 6=3m/2, we have QE (37/2)(1+ &?)/¢(1— &) where
&=29/3m, and the optimal value of QF is reached at
&=v2—1 and equal to-3#/(v2—1)=-22.75. A more accu-
rate calculation can decrease the absolute value of this opti-
mal QF not very substantially. We see that parameters of the
optimal design for the selected frequensyshould be

(293
(29b

Ve/l=2w/3m=4f/3,

og(w) wkp(w)= J2-1.

Equation(29g is a standard transit time condition and
relates only to the length and material of the T space. Equa-
tion (29b) is mainly a requirement to the tunnel barrier,
which should be optimal for the selected frequency and be
matched to both the T-space and tiie-cathode. An increase
in the oscillatory frequency requires not only shortening the
T-space length with a desirable increas& gbut also simul-
taneously increasing the differential transparence of the tun-
nel barrierog(w) in the vicinity of the Fermi energy in the
n*-cathode.

Note that the obtained comparatively large absolute
value of QF(~20) is not connected specifically with the
transport ballisticity or with very high oscillatory frequen-
cies. The optimal correlation betweéhand 6, and the opti-
mal value of QF are invariants of the theory, and they are
connected only with the assumed saturation of the electron
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transport velocity in T-space. The ballisticity is necessaryonly Eg. (20) is sufficient.[Recollect that Eq(21) has been

only to legalize such high values oWg as (1-2) unclaimed even in the ballistic case: for example, in solu-

x 108 cm/s. tions (26) and (27) and in Eqs.(289), (28h), and(28¢)]. We
The maximum values of the T-space length, and the can find from Eqs(15) and(33) by taking into account Eq.

minimum oscillatory frequencies, which can be still related(20)

to the ballistic regime in T-space, are determined by the time ., . ., . .

of electron scattering out of the beam. In accordance with (0={J US(w)/[US(wHIwKD(w)]}qu_lxwlv(%)éi)

numerous calculations of scattering times with absorption o ]

and emission of polar optical phono(iO scattering in the ~ An electric fieldE'(x) is presented by Eq27) after replac-

T-valley, 7o, the latter saturates with an increase in energynd Vs With vs. We need to produce the same replacement in

in the same energy interval where electron velocity saturate$:ds: (280 and (289 to obtain component® andX.
This saturated time typically exceédst® 10 23s, and we As we see, the ballistic and diffusive cases coincide with

obtain the estimationt,,=Vsno=10"5cm. The actually €ach other in the form of the final results: the same equations

measurel free path length of hot electrons in a very pure and formulas, the similar invariants and optimal correlations
InGaAs crystal is~1.5x 10”5 cm for T=2 K. The values of (for example, the optimal value of QFBut these cases op-
Lo in GaAs measured and also collected in Refs. 17 and 18rate not only with different velocitie¥s andvs, but, as a
for electron energies 0.1-0.4 eV are in the range (1—2yesult, with different values ob, o's(w), andl.

X 10 13s,

VI. WEAK NONBALLISTICITY

V. DIFFUSIVE ELECTRON TRANSPORT IN T-SPACE . . .
In the previous section, we assumed that a tunneling

Our presentation in the previous sections has been basedectron beam transforms immediately after leaving the tun-
on the hypothesis of ballistic electron transport between thael barrier B into another electron subsystem with drift ve-
n"-cathode and the'-anode. The saturation of a ballistic locity vg, which is much smaller thaxs. Such an assump-
velocity for the nonparabolic dispersion relatigh allows  tion is not evident since this drift velocity is formed as a
us to obtain simple analytic results. Now we consider such aesult of numerous scatterings including intervalley transfers.
modification of our model when we keep an assumption oBelow we present a certain simplified model, which allows
the saturated transport velocity for electrons in an electrizis to model an inertial and nonlocal ballistic-diffusive trans-
field but reject an assumption of the ballisticity in T-space.fer. We introduce a finite time for a transfer from the bal-
Instead of a ballistic transport, we assume a diffusive eleclistic beam with a saturated velocitys to a diffusive current
tron transport with numerous collisions in the T-space. Towith a saturated drift velocitys. Such a situation can be
deduce a statidV-characteristic, we should reject E) realized if the considered ballistic-diffusive transfer occurs
completely and rewrite Ed5) in the form across an intervalleY' L-scattering.

. Assume that the tunnel barrier emits ballistic electrons

j=evp(E)n, (30 ) L . e

and their current densitj; in a stationary electric field de-
wherevp(E) is drift electron velocity, which has replaced creases in accordance with the following equation:
velocity V(p). We need also to produce the same replace- .
ment i}r/1 Eq.(7). Note that we neglect all of the possible dji/dx=—em/r, (39
gradient components in Eg30) (such as a diffusion, ther- whereris the above-mentioned time of the ballistic-diffusive
modiffusion, etc. This means that we assume absence ofransfer, anch; is the ballistic electron concentration
any sharp gradients in T-space. For an electric field in the .

j1=eVsn,. (36)

T-space with taking into account EJ%) and(30), we obtain
The ballistic-diffusive transfer leads to the increasing second

xpvp(E)dE/dx=]. 3D current with current density
If a drift velocity vp(E) is saturatedvp(E)=vg=consi, a . _
solution of Eq.(31) with the boundary conditiofd) leads to diz/dx=en /7 37
with

E(X)=E(j)+jx/kpvs (32

from where immediately dV-characteristic in the form Eq.
(12) follows with the replacement of saturated ballistic ve- Note that we assume an absence of the back diffusive-
locity Vg by saturated drift velocity s. ballistic transfer. Adding to Eqs(35)—(38) the Poisson

In the nonstationary case for a small harmonic signakquation
with a frequencyw and for the same saturated drift velocity xpdE/dx=e(ny+ny) (39)

vp(E)=vs, we should replace Eq13) by the analogous
equation and using Eq(4) and the conditiorj,(0)=0 as the bound-

L, , ary conditions, we can obtain a stafi¥-characteristic in the
I =evdh, 33 foilowing form:

protecting Egs.(14) and (15 in the invariable form, and U =E (i) +(i/ 12/24 (Ve— 1 )|

rejecting completely Eq.16). Naturally, the reduced system : (D1 (o) (Vs—ug)l7

of equations does not require the boundary condi{@h: +Vg(Vg—vg) 71—exp(—1/Vg)]}. (40

j2=evsn2. (38)
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Equation(40) transforms into Eq(12) if 7=. If =0, Eq.
(40) transforms into the same E@L2) but with the replace-
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A high-frequency admittance for a signal with a fre-
quencyw is determined by the system of equatigmgich

ment of Vg by vg. The result of such replacement can beare analogous to Eq§13)—(15)]

very substantial iVg>uvs. In particular, the leading role on
the right side of Eq(12) can transfer from the first compo-
nent (tunneling to the second onéspace charge For ex-
ample, consider the specific case when

Vers| (41)

and only a small part of ballistic electrons is able to transfer
into the diffusive subsystem during their travel across

T-space. Nevertheless, we obtain
U =E()I+(jl#12xpVe)(1+1/3vg7) (42)

and Eq.(42) is somewhat different from Eq12) if the
strong inequality 357> takes place together with E¢11).
But if

dj;=eVgny, (449
djz=evsnz, (44b)
kp(w)dE’/dx=e(n;+nj), (45
dji/dx+iwen +en/7=0, (469
djs/dx+iwen,—en/7=0, (46b

with the boundary conditionfcompare with Eqs(20) and
(29)]

j1(0)=}"(0)=0os(w)E'(0)
=J og(w)/[og(w) Tiwkp(w)]. (47)

Equationg44)—(47) lead to a formula for an alternating elec-
tric field

Ve>l/m=3usg, (43
the structure of space charge in the T-space is changed: itis g’(x)= J 1+ L@(X) ’ (48)
substantially defined by less mobile electrons with a small wkp(w) ostiwkp(w)

drift velocity.

P(x)=

where

iwT(l_Us/Vs)eXF[_(1+i(x)T)X/VsT]_(Us/Vs)qu_iwxlvs)

ia)T(l_Uslvs)_Uslvs

We can check again that E@L8) transforms into Eq(27) if
=00 and to the same E@27) with a replacemenVs— v if
7=0. As a result of the integration from 0O t@f both sides of
Eq. (48), we obtain

Z=U/1J’

= [ianp(a)]|1+1 T o)

o2+ 0k3(w)
(U5/VS) +i (,!)T(l_Us/Vs)
(v5/V)?+ w?rA(1—vg/Vg)?

V(w)|, (49

where
V(w)=Vsr(l—vg/Vy)wr(l—iwT)
X[1—exp—A—iQ)]/(1+ 0?7)+ (vH wVs)
X[1—exp —iQ")],
A=I1IVgr, Q=wl/Vg, andQ)’' =wl/vg. As in the stationary

JV-characteristic, does not affect the considered oscillatory
regime, induced by the only ballistic electron beam in T
space.

VII. CONCLUSIVE REMARKS

(1) In this article, we continue to develop a theory of
ballistic transit time diode oscillators. We have considered a
model design for a single-trangiot cascadingunipolar T
diode with a tunnel barrier electron emission. For this design,
only two semiconductor materials are used: the first is for the
n*-cathode, the*-anode, and for the undoped T-space, and
the second is for the tunnel barrier placed between
n*-cathode and the T-space. We suggest ugisga working
ballistic electron energy range in the T-sppae energy in-
terval (eg,e.) Wheregg is the starting energy of the emitted
I'-electron and: | is the bottom energy of the lowest noncen-
tral valley, to whichI'-electrons can scatter effectively. The
starting energy, should be selected so high that the elec-
tron could have the maximum saturated velocity=(1

case considered above, we pay our attention to the situation 2) X 10° cm/s while crossing the T-space. The range of this

when a nearly ballistic electron transport with a velodity
>vpg occurs and the strong inequalit#l) is met. Then, for
the frequencies starting with= wVg/I the inequality

wr>1, vs/Vsg

is satisfied with a reserve, and E¢9) reduces to Eq$283),
(28b), and (28¢. This means that a weak nonballisticity,

interval is~0.5 eV for actual semiconductors.

(2) We have developed an analytic theory of static and a
linear high-frequency conductivity of the above-described
diode. We have shown that such a theory is distinguished
practically from the analogous theory for a diffusive electron
transport with a saturated drift velocity only by the values of
incoming and resulting parameters. Since the drift velocity is

which leads to the formation of a dense background of slow10-20 times less than the saturated ballistic velocity, then
drifting electrons and has a visible effect upon a staticthe diffusive transport oscillators are the same degree slower
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