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New type of electric oscillations in bistable resonant tunneling diodes
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We studied a resonant tunneling diode with intrinsic bistability when high and low current states

simultaneously occur in a certain voltage range. We have found a novel type of electric oscillation
in the bistable resonant tunneling diode. Under these oscillations one portion of the diode is in the
high current state while the other is in the low current state. A periodic motion of the boundary

between the high and low current regions gives rise to oscillations of the current in the external
circuit. © 1999 American Institute of Physids$S0021-897¢29)01206-2

I. INTRODUCTION over, to induce switching from the high current state to that
of the low current, the nonuniformity should behave as a
The intrinsic bistability of the resonant tunneling diodes grajn for the resonant electrons. Consequently, the switching
(RTDs9 is an extensively studied phenomenon since its ﬁrsbroduced is due to the leakage of the resonant electrons
observatiort. The physical reason of the bistability is an ac- along the quantum well layer away from the nonuniformity.
cumulation of the resonant electrons in the quantum wellas 5 result, the low current branch of the RTD current—
i.e., a charge built up between the barriers. Indeed, when “"\‘?oltage characteristic ab,<®<®. and the high current
voltage bias shifts the resonant level below the bottom of thgy anch ath . <®<d,, can become unstable with respect to
emitter conduction band, the built-up charge pushes thig,e spontaneous SW inducement.
resonant level up and can regain the resonant tunneling con- Particularly, such nonuniformities can be formed near
ditions. This gives rise to the existence of two current statesy,e edges of the heterostructure. For example, they arise due
low and high, in the diode at a given voltage bias. Undefg 5 depletion layer at the sample surface and due to a varia-
such conditions a negative differential resistance is minitjon of the quantum well and barrier layers thicknesses, etc.
mum, and the current—voltage characteristic has the bistabi|n, sych an example, we can refer to the arfiskich stated
ity of Z type. the influence of the depletion layer on the properties of the
Recently we reported that in bistable RTDs transversgTp as observed experimentally in the case of the high and
patterns can occur spontaneolsiyhese patterns are non- oy charge accumulation in the quantum well. Therefore, an
uniform distributions of the built-up charge in the quantum gqgjtional source or drain of resonant electrons can be pro-
well layer and nonuniform tunneling current. Among differ- \jiqeq by the means of additional electrodsse, for example
ent types of the patterns, mobile switching wav &@Vs  Ref. 4,
have been discovered. They correspond to a switching of the  f the voltage bias of the RTD is constant, the induce-
diode from one transversely uniform state to another. Thenent of a SW leads to the complete switching of the device.
front of a SW can be characterized by the widlhy | fact, the RTD is always coupled with an external circuit.
~UpTen. The quantitiesug, 7cy, are the Fermi velocity of  gince the switching is accompanied by a change of the cur-
electrons injected into the well and the characteristic time ofent the reaction of the circuit changes the voltage bias of
their escape from the well, respectively. The velocity of athe RTD and, consequently, the velocity of the SW. As we
SW, v, is of the order ofu: and depends on the voltage il show below, this feedback gives rise to the complex
applied to the dioded. Within the bistable voltage range dynamics of the whole system consisting of the RTD and
O <d<dy, as shown schematically in Fig(a, a critical  cjrcuit. Particularly, in such a system the SW can slow down
voltage®. exists that corresponds to the stationary kink-likegng, then, change the direction of propagation and return the
pattern. This pattern is the transient region between the higRTD to the initial uniform state. Moreover, such coupling of

and low current states. Ab;<®<®. SWs perform switch-  the RTD and resonance circuit can give rise to the oscillatory
ing from the low current state to the high current state. Atpenavior of the system.

O . <D< Py, the reverse switching is possible.
We have shown that SWs can be induced by nonunifor-
mities within the quantum well or barrier layers. To induce !l MODEL AND BASIC EQUATIONS

switching from the low current state to that of the high cur-  \ve consider the simple circuit as depicted in Fign)1lt

r_ent, the nonuniformity shou_ld provide an additional injec- .qnsists of a RTD, a resistané® and a resonance circuit
tion of electrons from the emitter to the quantum well. More-,, .+ capacitanceC and inductancd*. To be specific, we

will present results for this circuit with an unstable high cur-
dElectronic mail: nika@divl.semicond.kiev.ua rent branch atb.<® <&, with respect to the SW induce-
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FIG. 1. (a) A sketch of the current—voltage characteristic of a bistable RTD.
The load line is shown by the dashed line and stationary states of the system
are marked by81, S2, andS3. (b) The electric circuit under consideration; Ll! (b)
it consists of the resonance circuit, the RTD and the series resisRar(cg
A schematic cross-section of an RTD. The portion of the RTD of lehgth
in the high current stat@dashed areawhile the portion of length. —1 is in
the low current state. Ay=L the edge nonuniformity can induce SWs.

ment. Qualitatively the same results can be obtained for a
RTD with unstable low current branch @, <d<®d...

The cross-section of the RTD transverse to the current in
the gquantum well region is schematically presented in Fig.
1(c). We assume that the cross-section is rectangular with
dimensionsL and h, along they and z axes, respectively.
The current flows along the axis. In addition, we assume
that the SW can be induced by an additional drain for the
resonant electrons within the edge of the structurg=at..
Such a simple geometry of the device provides a one-
dimensional character of the SW, which in this case propa-
gates along thg direction. We suppose that the SW width,
Lp, is much less than the diode dimensidn, Next, we
denote the dimension of the portion of the RTD in the high
current state ak This portion is shown as the shaded region
0<y<I in Fig. 1(c), while the rest of the RTD,<y<L, is
in the low current state.

Stationary states of the system are determined by inter-
sections of the RTD current—voltage characteristic and load
line as shown in Fig. ). We assume that the load line
crosses the high current branch of the RTD current—voltage
characteristic ab| <P <P and at the low current branch at
O . <d<P,. Two possible stationary stat& andS3 cor-
respond to the uniform high and low current states, respec-
tively. The third stationary stat&2, corresponds to the kink-
like state with®=® . Obviously, the stateS1 andS3 are t t,
stable with respect to the small perturbations while the state

. . . FIG. 2. Possible types of temporal evolution of valuesnd®: (a) Induce-
S2 is unstable. However, the stal is unstable with re- ment of the switching wave results in the complete switching of the diode;

spect to the large perturbationdA®>®.—®, since such (b) inducement of the SW leads to the return of the system into the initial
perturbations lead to the appearance of a SW. uniform high current statec) the RTD returns to the high current uniform

In Fig. 2 we present the possible types of the temporaftate: and the switching wave is induced again.
evolution of the voltage biasp, and the dimension of the
high current regionl|, after the SW inducement at the mo- switching of the diode from the high to low current uniform
mentt=0. Depending on parameters of the RTD and circuitstate occurs during the time intenigl. In this case the volt-
three types of the evolution are possible. Figu(a 2orre-  age bias®, is always greater thai., and the SW does not
sponds to parameters of the system, when the complethange the direction of propagation. After the diode is
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switched, the circuit behaves as a damped oscillator,dand d2u 1 dI
approaches the valué,;. Figures 2b) and Zc) correspond +ojU= car
to the system parameters when at some tigethe voltage,
q), become; less tha®.. Next, the SW reverses its direp- U+IR+®=E. (6)
tion of motion, and the RTD returns to the uniform high
current state. Then, the circuit behaves as a damped oscill§tere, U is the voltage drop on the resonance circuit &nid
tor. If @ is always less tha., then the system is in the the voltage supply.
state,S1, as shown in Fig. ®). Alternatively, if at time t., For a cycle with a SW during the first stage, the system
the voltage® becomes greater thab,, the SW is induced of differential Eqs.(2) and(5) are of the third order. During
again, as shown in Fig.(€). Obviously, if at a timef,, the the second stage of a cycle when the RTD is entirely in the
system is returned into the state which coincideactlywith ~ high current state, this condition is described by €9.with
the initial state, the evolution is periodic. Next, we will ana- | =L and by Eqgs(5) and(6). Thus, to determine a dynamic
lyze how the temporal evolution of the system depends ogycle completely, three initial conditions are necessary. At
the parameters of the RTD and circuit. the start of a cycle, two of the three initial conditions are

We shall consider the dynamics of a RTD in the quasi_always the samd:=L (since initially the RTD is in the high
stationary approach when the instant velocity of the Sweurrent stateandU=U,=E—®,—I{"R. The latter is nec-
v(t), can be assumed to be dependent on the instant value sary to provide the conditio =®.. The third initial
the voltage bias®(t). This assumption is valid if the eigen condition is described by the valudU/dt|;_o=u’ with
frequency of the circuitwy=(L*C) "2 is much less then u’<0. Furthermore, for all future cycles the latter value has
inverse times of intrinsic processes within the RTD. Theto be determined as a function of its value on the previous
RTD intrinsic times include: the time of tunneling escape ofcycle. This reduces the study of complete dynamics of the
the resonant electrons from the quantum well and the time cfystem to theone-dimensional discrete map; = f(uy_,),
the discharge of the RTD intrinsic capacitaricEhe depen- Where the index corresponds to the number of the cycle.
dencev (®) is obtained from different approachem evalu- It can be easy shown that the system of E({3—(6)
ating the current, we shall neglect the current contributiorcontains the five dimensionless parameters. Three parameters
from the transition region between the low and high currengdescribe the dioder,=R/R, r=R//R and §.=1./L with
states because tf>Lp . I, corresponding to the value tfin the stationary kink-like

As shown in Fig. 2, all possible cycles of the dynamicsstate,S2. The fourth parameter is the quality factor of the
of the system consist of two different stages. During the firs€ircuit: Q=woRC. And the fifth parametera= B(I{"
stage, a SW propagates through the RTD, and during thelg))R/Lwo, can be considered as the diode-circuit cou-
second stage, the RTD is in the uniform high current statepling. It can be estimated as
For the first stage with SW propagation, the current through 20 (IM—10)R
the RTD is determined by the equation a~ 00

®

de2

: ™
| W0 Tsw Op—D,
1- E)I“)[d)(t)], (1)  whererg,=L/vg, is the time of the RTD switching with a
characteristic switching velocity.,. At this point it is con-
and the dimension of the high current region of the RTD, Vvenient to introduce the dimensionless value,

(0= £1 ()] +

obeys the equation 1 du -0 ®)
di T wgUg dt '
O (@)= po-a,). @ @oto Ao

Now, the evolution of the system is determined by the map:
Here ™ (®) andI()(®) denote the characteristics of high x,=P(x,_,). The theory of one-dimensional mapping can
and low current branches of the RTD in the uniform statebe found in the Ref. 6.
respectively, and fop(®) near®=®., we introduce the We have solved Egqg3)—(6) for different realistic pa-
linear expansion with respect —®_.. The accuracy of rameters of the diodes and circuits. Possible types of the
the latter approach is supported by the results of a?ticlemapping functionsP(x), are presented in Fig. 3. The pa-
where it has been found that the dependen(ek) is linear  rametersgp, ry,, r;, Q, andé. used in calculations are given
almost everywhere except at narrow regions of the voltagén Table I. The straight lineP=x, is shown by the dashed
biases close to the boundaries of the bistability region withines. According to the theory of mapping, tistationary
O~®; or P~®y,. In calculations we assumé”(®) and  points of the mapxy,, are determined by the equation,

|D(®) are linear functions o> near® =, P(Xs) =Xs. As discussed above, a stationary point corre-
1 sponds to ordinary oscillations. They are either stable or
IN(D)=1"+ R (=), (3)  unstablé® The condition of the stability at a stationary point,
h

Xst, With stable oscillations i$P’ (x| < 1.

1
0! =1y —(p—
@)=lo"+ R, (®=Pe). @ lll. MAIN TYPES OF THE SYSTEM EVOLUTION

The circuit dynamics is described by electric circuit equa-  Considering the general features of obtained depen-
tions, dences of the mapping functior®(x), then for any combi-

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



3362 J. Appl. Phys., Vol. 85, No. 6, 15 March 1999

0'3 L : E\ : L
05 xm(2>x2(2) %, 0.7 x,t"

Px

Y

1

N ! : L
03 x®@xM05 x @B @0Ty Dy O

FIG. 3. Possible types of one-dimensional m&gg) for parameters of the
system presented in Table I.

nation of the parameters, the functioRéx) exist only forx
less than specific values,. At x>Xx, the RTD always

Glavin, Kochelap, and Mitin

TABLE |. Dimensionless parameters of the system, for which one-
dimensional maps are presented in Fig. 3.

P a M r Q &
Fig. 3(@), curve 1 1.3 100 1000 20 0.9
Fig. 3(a), curve 2 1.6 100 1000 20 0.9
Fig. 3(b), curve 1 1.8 100 1000 20 0.4
Fig. 3(b), curve 2 2.5 100 1000 20 0.1
Fig. 3(c), curve 1 1.2 50 1000 8 0.9
Fig. 3(c), curve 2 1.5 50 1000 8 0.9

the stable stationary pointThe former means that the evo-
lution of the system during the second stage does not lead to
the following inducement of a SW. For the first typeRifx)

a weak perturbation of the system decays, and the system
returns toS1. This corresponds to the temporal evolution
shown in Fig. 2b). The second type of the behavior B{x)
requires conditionsP(0)=0 andP’(0)>1. This type oc-
curs at high resistances, andr;, when dissipation in the
system is practically absent during the second stage of a
cycle. In this situatiork=0 is the unstable stationary point
of the map; even for small initial values athe system does
not return to the initial state$1. Results forry, ,r;— have
been briefly reported in Ref. 7.

In this article we have dealt with the more realistic first
type of behavior oP(x). All P(x) dependences presented in
Fig. 3 just correspond to such a cdtee region of smalk is
not shown in the figune The valuesx, for which P(x) is
presented, correspond to the temporal evolution of the sys-
tem illustrated in Fig. &).

Figure 3a) depicts a system witR(x) dependences that
can demonstrate oscillatory behavior. For both curiZeéx)
and P,(x), there are two stationary points{"), x{" and
x{?), x82) | respectively. The points{™) andx{? are unstable,
becauseP (x{"?)>1. For the curveP(x) the second sta-
tionary point is stable|P;(x{")|<1. This corresponds to
regular oscillations of the system. FB(x) the second sta-
tionary point is unstableP;(x{?))|>1. However, it is easy
to see that there is a region of attraction marked by the
dashed rectangular. Once the system exists inside this region,
it never leaves it. This property holds becauBg(x?),
<x?, wherex{? corresponds to the maximum &,(x).
Thus, both case®?;(x) and P,(x) can provide oscillations
in the system. Sinc&(zz) is an unstable stationary point for
the mapping functionP,(x), a doubling of the period of
oscillations and a transition to chaotic oscillations can take
place(see Ref. & It is important to mention that to generate
such oscillations the initial value of, x;, should be greater
than the first unstable stationary poirg>x{"?; otherwise,
the system returns to the initial ste®4.

In Fig. 3(b) other P(x) dependences are presented. For
the curvePq(x) two stationary points exist, but the second
one is unstabldP; (x$")|>1. In a distinction from the curve

P, in Fig. 3a), there is the curveP;(x{)>x" without a

switches to the low current state, and no further cycles existegion of attraction. FoP(x) dependences of such a type at

as shown in Fig. @). Then, at smallx two types of the
behavior ofP(x) are possible. In the first type(x) does not
exist at smallx at all, or P(0)=0 with P’ (0)<1 (x=0 is

x;<x{), the system returns to the stag. If x,;>x{", the
situation is more complex; the system can either latch to the
oscillatory cycle similar to that of the curv@,(x) in Fig.
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3(a) or switch to the stat&3. For the curveP,(x) only one tiotemporal transverse patterns arise and are supported by
stationary pointx{?, exists. For such #(x) dependence consistent temporal evolution of electrical signals in the
the system either goes to the sted#, (for xi<x(12)) ortothe resonant circuit. Note, the considered effect is related to the

state,S3 (for x;>x{?). problem of stability of the Z-type current-voltage
In Fig. 3(c) the next two variants oP(x) dependences characteristiC.
are presented. FoP;(x) there are P;(x{")<x{¥ and In conclusion, we have demonstrated that a bistable

P.(x)<xV. For such a mapping function at>x{"), the ~ RTD coupled with a resonance circuit can exhibit interesting
system can either oscillate or can switch to the st&®e For behavior, including a new type of electrical oscillations and
P,(x) the situation is even more complex. In a distinction different types of switching modes.

from the case oP,(x) dependence presented in Figb3
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