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Semiconductop®-p~-n-p*-n* " structures are considered asq2)-dimensional active media. Such sys-
tems may exhibit several carrier injection modes associated with different nonequilibrium plasmaffield patterns
along the cathode-to-anode direction and numerous self-organized current-density patterns in the transversal
plane. We study a peculiar field punch-throu@#T) mode by regarding the structure to be composed of two
transistor subsystems coupled by a field domain. The suggested model allows one to analyze the stability
properties of the uniform FPT mode with respect to transversal harmonic perturbations of the distributed
variables. An analysis of the dispersion relatiof(%) shows that depending on the material and design
parameters three different types of instability may occur. The first one is of Ridley type, in \WHicét
becomes positive for the lowest wave numkes0. The second case corresponds to an analog of Turing’s
instability where the uniform state is destabilized by a fluctuation with a wave nub@rand being different
from the lowest possiblé& value. Third, at certain conditions both types of instability may appear simulta-
neously, so that a new diversity of spatiotemporal patterns can be expected due to the competition between
fluctuations with different wave numbers.
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. INTRODUCTION theoretical studig§32-3%of thyristorlike systems with a spe-
cific multilayerp™-p~-n-p*-n* " structure. In Refs. 33 and
Studies of current-density instabilities in self-organizing34 we theoretically studied the nature of possible local trig-
solid-state media based on multilayered semiconductor struger mechanisms ip*-p~-n-p™-n** structures in detail.
tures are motivated by two factors. First, they are aimed at &hey were based on a double-injection process coupled with
deeper understanding of self-organized patterns, their evolu positive current feedback loop between electron and hole
tion and properties and the general concepts ofnjection currents. However, depending on the design param-
self-organizatior™ Second, such multilayered structures eters two basically different situations can occur, leading to
seem attractive for certain applications as, e.g., neuradifferent instability scenarios.
algorithm$&'” or image processing systefrisn semiconduc- If the efficiency of then* *-p* electron emitter is large
tor device technology. For such kinds of applications, theenough, local switching is possible at relatively low and
exploitation of propagating fronts, stationary or traveling moderate currents. If, additionally, the excess carrier lifetime
current-density filaments, and spatially periodic current-in the bulk is small, a plasma lay@ may evolve in thep™
density patterns are very promising. Although, e.g., currentpulk close to the p~-n junction. In this case, the
density filaments may appear in diverse semiconductor sy§*-p~-n-p*-n** structure can be considered to be com-
tems asn GaAs'® ' p Ge!® Si p-n diodes’®'’ Si  posed of two interactive subsystems: a thyristorlike active
multilayered device$®=2° or ac-driven thin-film zZnS:Mn  subsystem, th@-n-p*-n** subsystem, and a passive resis-
devices?:?? Si multilayered structures are advantageous betive layer (the p*-p~ subsysterm Based on this concept, a
cause of the well-developed silicon technology, the room{1x 2)-dimensional analytical approach was develofed.
temperature operation of the device and the variety of patAn analysis of the derived model equations showed that,
terns which have already been observed in these structuredepending on the device parameters, the stationary homoge-
While instabilities in thyristors are usually connected with aneous current-density state may be destabilized by a mecha-
pronounced negative differential resistar®DR) and can  nism of either Ridle$’ or Turing' type.
often be attributed to an instability of Ridley typéthere are If, in contrast, the injection efficiency of the electron
also indications of Turing-like patterhsin thyristorlike  emitter is sufficiently small, which occurs if the doping con-
structure&® and in Si thyristor&*~2®under certain conditions. centration of both th@™ * andp™ layers is sufficiently high,
Furthermore, interesting dynamics of switching fronts havehe space-charge region of the reversely bigséeh junc-
been predicted in gate-drivamn-p-n structures/?® while  tion can totally occupy the base, and furthermore the field
in p**-n"-p-n~-n" structures various generic types of fila- domain can expand over the main part of the low-dopéd
ment oscillation have been observed, including pendulumlikéulk of the structure. After this, the base no longer exists
filament oscillations?° and traveling®*® and spiking more as a functional element of the thyristorlike subsystem.
filaments3! Nevertheless, as shown in Ref. 33, both theoretically and by
The present paper is a continuation of experimental aneheasurements, a thyristorlike regenerative trigger mecha-
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X (a) mating the experimentally investigated structure described in
ZvLy detail in Refs. 18 and 32. The design topology in the vertical
1— direction can qualitatively be characterized by the relations
|:)+_p-_n_ptn4—¢- R Wp ,Wn<Wp—, Ng>Ng> N; , (1)
(b) wherew,-, w,, andw, denote the widths of thp~ bulk,
N pt ot then base, and the™ base, respectively, ad, , Ny, and
Ny p+\ N, their corresponding doping concentrations. The excess
N, . oa ~ carrier lifetimer inside thep™ bulk is assumed to be of the
Ng P T order of~10 us. In the doped layers, especially in thé
. [ W W base, the lifetimer; is at least one order of magnitude lower
N, 7 _';“_l |, because of the well-known heavy doping effects.
0 Jy Jedix In equilibrium there are threp-n junctions, namehd,

Je, andJ,, formed by then™ " -p*, the p*-n, andn-p~
junctions, respectively. At a small forward biés+" at the
p* emitten the junctions]; andJ, play roles of electron and

nism may appear under these conditions. In this case, t réole emitters, whilel: acts as a collector, similar to thyris-

P A . N, orlike systems described in Ref. 34.
P E r_1+p '~ structure can be d|v_|ded infp” -7-7 and For the realization of the FPT mode at larger biases the
F-pT-nT " subsystems, acting as a virtual anode and a cath;

ode transistor. respectivelv. and counled by a field dorgain doping profile is subjected to certain restrictions. The first
)  'esp Y, -oup y one concerns the doping concentrations of i€ emitter
covering the residual part of the™ bulk and the wholen

N . : .
layer® The field domain works as a collector in both and thep™ base which should be in such a relation that the

virtual transistors and the plasma lay2acts as a base in the emitter efficiencyy, of the junctionJ, is sufficiently small,

anode transistor. We refer to this type of injection mode as j b

field punch-through modé&PT mode. y1(j1) = A ap=—o0, )
In the FPT mode the total depletion of thdayer essen- J1 b+1

tially Changes_ the f“U_C“O_”S of the subsystems; th_us we .e&/'vherejl andj,,, denote the total emitter current density and
pect a drastic modification of the transversal instabilit

Ythe electron emitter current densit i

S . : . y, respectively, dnd
T e e e =iy 15 he lectron-oole by rato. Pysicaly
gnd the féct that its anodey-side boundary. Bhé boundar Eqg. (2) means that the injected electron current never ex-
) . ; Y, KR Y: ceeds the electron drift current under high injection condi-
is floating should cause a variety of peculiarities concerning:

the evolution of transversal current-density and potential® "
fluctuations y P The second restriction concerns the parameters of the in-

In this paper we therefore suagest an analvtical a roacﬂern layer. When the forward bias is increased, the space-
Paper We 1ggest ytical app charge region of the junctiodc, subsequently called the
for the instability mechanism in the family of

p*-p=-n-p*-n** structures operating in the FPT mode. h|gh-f|eld domainF,, expands into then layer toward the

The paper is organized as follows. In Sec. Il the investigate&mcnon‘]z' If'the doping concentratioNy and the widthwy
. . : - of the n layer satisfy the inequality
semiconductor structure is described and the regenerative

thyristorlike mechanism of the FPT mode is explained. An ceE

adequate (k 2)-dimensional analytical theory is developed Nqw,< 0 . &)

in Sec. lll. The stationary homogeneous states are deter- q

mined in Sec. IV, and the dispersion relations are derived irilt can be ensured that the maximum electric field remains
Sec. V. In Sec. VI several limit cases are discussed, iIIustratBeIOW the avalanche breakdown fieldE,, (~2

ing the influence of the transversal currents in the transistol 4 % \//cm in silicon) even when the anode-sidgvboundary

subsystems and the potential fluctuations in the field dom:?ugf the high-field domair, reaches the junctiod,. Hered,

on the stability properties of the whole system. Finally, typi- e, ande denote the elementary charge, the vacuum permit-

cal instability scenarios ansing in the_multllayered StruCturetivity, and the dielectric constant of the material. During this
are presented and conditions for the simultaneous appearal

of Ridlev- and Turina-tvoe instabilitv are derived nﬁﬁase the diffusion current of holes injected from fhe
y g-typ y ' bulk passing the quasineutral part of théase and the field

domainF;, causes an increase in the electron injection of the
Il. SEMICONDUCTOR STRUCTURE AND FIELD junction J;. The total current density is, however, strictly
PUNCH-THROUGH MODE limited by the large resistance of tipe bulk.

The multilayer structure under consideration is a AS the voltage increases further, the current densityy
pT-p-n-p*-n** structure with large contact aregBig.  Significantly exceed the characteristic equilibrium current
1(a)] driven by dc bias/g via a load resistoR. For simplic- ~ densityjp_ of the junctionJ;, and is therefore mainly car-
ity a stepwise doping profilg-ig. 1(b)] is assumed, approxi- ried by a field current

FIG. 1. Geometry of the sampla) and doping profile along the
(anode-to-cathodex direction (b).
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ciently low fields. Thep* emitter, theP layer, and the field
domain F=F+ F, form a functional element working as
virtual p*-P-F transistor, subsequently called the anode-side
transistorT 4 .

The interaction between the anode-side transisgoand
the cathode-side thyristdF,, the n™ *-p™-F transistor, is
manifested in the conditioh

al(j)+0(2(j,V):l, (6)

holding for stationary homogeneous states in thyristorlike
devices®®3*®Here a; and a, denote the current gains of the
transistorsTk andT,, respectivelyFig. 2(a)], andV is the
voltage drop across the whole multilayer structure. Only if at
least one of the two coefficients increases with current, a
thyristorlike regeneration process and a range of NDR in the
stationary current-density vs voltage characterigfi¢) may
appear. Such dependencies of the current gains can be pro-
FIG. 2. Nonequilibrium plasma-field stratification along the ver- vided by different nonlinear recombination mechani&ms
tical direction (&) and possible contours of small current-density which lead to emitter leakage currents depending sublinearly
fluctuations, which are periodical along the transversal direation on the injection current. In practice, the desired dependencies

(b). of a4(j) anda,(j) can be adjusted by utilizing special dis-
tributed gridlike shunts or even driving gate elements tailor-
. gDN ing the efficiency of the emitter junctioriéIn the following,
J>JDeq~K' it is supposed that suitable sublinear leakage mechanisms

exist in both transistor subsystems.
and the quasineutral part of tndayer may completely van-  The |ow-field domainZ; contributes essentially to the
ish. Herehp = e€okT/g°N is the Debye length, an de-  voltage drop across the™ bulk. It should be noted that the
notes the characteristic free carrier concentration. For smootternal n layer, when totally depleted, does not play any
junctionsN is of the order of the doping concentration at the active role for the regeneration process, in contrast to the
position x, where the donor concentration is equal to thesjtuation considered in Ref. 34. The FPT mode can even be
acceptor concentration; in the considered case we Mave realized without it(i.e., without the development of the high-
~N, . Thus atotal field punch-through of tindayer occurs, field domain7;,). Nevertheless, the existence of th&F,
when the space-charge region, i.e., the high-field dorigin  layer influences the shape of théV) characteristic, and
occupies the whole widthv,,. The punch-through threshold therefore changes the triggering characteristic quantitatively.

voltage is defined as The stability properties of the homogeneous FPT mode
may be influenced by small nonuniform current-density fluc-

quwﬁ tuations. Figure @) schematically illustrates various con-
pth:TGO- @ tours of possible current fluctuations resulting from the spe-

cific (1x2)-dimensional configuration of the structure.

For further consideration, the voltage range V., (the Obviously, the current paths may lead partly vertically across
FPT modg¢ is of main interest. The FPT mode is character-the individual layers and partly transversally along the doped
ized by a specific plasma/field stratification along the verticalayers, the metal contacts or the high-resistiity bulk in
x direction[Fig. 2(a)]. While the field domain expands as a the r direction, r=y+z These current fluctuations are in-
low-field domain; into thep™ bulk from the cathode side, separably linked with corresponding fluctuations of the car-
a plasma laye with an increased carrier concentration de-rier concentration, the electric field, and the potential and
velops inside the@ ™ bulk close to the anode sige” contact. ~ Wwith fluctuations of the boundary position between the
The width¢ of this P layer is assumed to be smaller than theplasma layefP and the field domaii.
diffusion lengthL,=(D,7)*?, and therefore satisfies the in-
equality

Ill. (1X2)-DIMENSIONAL MODEL

§<(Dh7')l/2<wp*- 5 . . . I
In this section we develop the physical description of the

As shown in Ref. 33, ify;(j1)<an [Eq.(2)], theP layer has two transistor subsystems and the field domain coupling the
a sharp boundary with the low-field domaffj. The excess two subsystems. After that the time scale hierarchy is dis-
carrier concentration itF; remains relatively small, and am- cussed and finally a self-consistentX 2)-dimensional set
bipolar drift transport predominates over diffusion at suffi-of model equations is derived.
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A. Transistor T, 2Q
It is convenient to characterize the excitation conditions Apm_f' (13
for quasineutral elements of the system by the injection . ) .
level, i.e., the ratio between the excess carrier concentratio/® conS|der two different groups of [eakage mecharjlsms.
and the doping concentration. The FPT mode is characterizeH€ réspective current densitigg, and js, depend sublin-
by a high injection level in thé® layer of the transistof,,. ~ €ary and superlinearly on the plasma chag@eThe total

The charge dynamics ifi, can be described in terms of '€@kage currengy is then given by

the well-known charge-control mod&.According to this

; o . Iik=Jsbtisp- 14
approach we consider the specific charge dendity,z,t) I=JspT s (149
=Q(r.t) per unit square of the plasma layBrin Ty, The sublinear leakage components suppress the hole in-
jection at low injection levels and may emanate from recom-
_ bination rates decreasing with the current, or from intention-
Qr.Y qL(m)p(x,t)dx, @ ally incorporated microdistributed shunts as mentioned in

Sec. Il. We will account for different mechanisms by the
where p(x) is the excess carrier concentration along thephenomenological term
width & of the virtual P base.
By assuming quasineutrality in the virtual base the local . w[ QY
dynamics of this charge for the two-dimensional transversal Jsb=Csp E »ov<l, (15)
geometry can be described by
where Cgﬁ) is a v-dependent proportionality factor. For
JQ _ _ higher current density values the dependencggfon Q
St DA QT —Hm ik (8)  becomes very weak. If, e.g., emitter shunts with a finite shunt
resistanceRg;, are used, the leakage current is limited by the
Here A, = 9%/9y?+ d%/3z% is the two-dimensional Laplace value Vi®/R,, whereVy® is the maximum voltage drop
operator,D, an effective diffusion coefficientr the excess (typically <1 V) across the shunted junction. Therefdrg,
carrier lifetime at high injection level§,, the normal com-  practically saturates at a constant value, a fact which is used
ponent(along thex direction of the electron current density for an estimation below.
at the boundary between tif layer and the low-field do- At high injection levels the injection efficiency is limited
main 7, j; the current density of electrons leaving the  due to Fletcher’s mechanisthsmooth doping effects, Au-
layer at thep™-P junction by leakage mechanisms which ger recombinatiof’ etc. These effects cause extra carrier
will be discussed below. Under high injection conditions thelosses adding to the usual recombination processes; they are
hole injection current density at this boundary consists of alescribed here by the following term showing a superlinear
drift and a diffusion current density, whereby the first one isdependence on the plasma cha@ye
determined by the electron-to-hole mobility raticand the o\
second one depends on the stored ch&gde the P layer jsp= C(s’f))(_) L ou>1 (16)

and the diffusion transit timé, 3
. 1 0 with the',u-depend.ent .prgpgrtionality fact@g’;) If only
Jgpzmjg-I— L (99  Fletcher's mechanism is limiting the injection efficiency, we

have u=2 and, in accordance with Ref. 33Cg,
5 =4D,/g\e;N , where NI and \.¢; denote the doping
(&)= f_ , (10) _concentratlon and the .effectlve dlffu5|0n length of_ elegtrons
2Dy, inthep™ layer, respectively, anB, is the electron diffusion
coefficient. The relations between the total current dengity
and the electron current density, are governed by pro-
cesses in the transistdy and the field domaidF, which are
considered in more detail in the following two subsections.

whereD,=2D,b/(b+1) is the ambipolar diffusion coeffi-

cient andD, denotes the hole diffusion coefficient.
Taking into account that the total currepyt at the P-F

junction is given byj =]+ ¢, EQ.(9) can be rewritten

B. Transistor Tk

Q=].99, (11
The transistor subsysteiy has a vertical doping profile
g=an—a(j;,jm)>0, (120  which resembles that for high-frequency transistors, and can
be described in terms of Shockley’s junction thedsge,
whereg>0 always holds because of E@). e.g., Ref. 36 The injection level in thep™ base can be

Furthermore we assume, that the electron leakage curreoharacterized by the minority excess concentratian and
densityj, at thep®-P plane is determined by the excitation is assumed to be relatively lowAn~exp@e;/KT)<N,,
level in the vicinity of this plane which in turn can be esti- where ¢, denotes the voltage drop across the junctign
mated from the maximum value of the excess plasma conAccordingly, in this case the vertical component of the cur-
centrationAp,, in the P layer: rent density is governed by diffusion of electrons injected
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into thep™ base, while the transversal current consists only
of a hole drift currenti;~—V  ¢,. HereV , =(d/dy,dl 9z)
is the two-dimensionaV operator.

The continuity equation describing the local charge dy-
namics in thep™ base can be written in the form

Jey L
Cle(‘Pl)W:UleAﬁol‘Hc_Jla 17

where C;, denotes the voltage dependent capacitance per

unit square of the junctiod; ando;=quyN, is the conduc- FIG. 3. Potential distributiorp(x’,r) illustrating the correlation
tivity of the p* base. The termgc=jcntjcp andji=jin between potential fluctuatiorip and fluctuations» of the anode-
+j1p are the vertical components of the current density aside boundary of the field domain.

the 7-p™ junction and the junctiod,, respectively, where

the indexn (p) denotes the electrofhole) component. The WhereA=%/9x*+ d°1dy*+ 5/ 9z° is the three-dimensional
electron injection current densify,, of the junctionJ; can  Laplace operator, and the electric-field strength follows from
be expressed by, =jno [€XpQei/KT)—1], which implies a
linear dependence on the excitation level. Here and below, E=-Ve. (22)
saturation current densiti€sare denoted by ,. The hole
leakage current density;, may consist of both linear and

fﬁﬂg?gagigjggépi:tg”;; ejq sub I;hgrl_"f]?ai?ngfn(ent/'Egue quasineutral. Therefore, in the low-field domainthe Pois-
. YEr-Jiin =] pol €XPUPs son equation simplifies to
—1]. The sublinear component may occur due to Sah-Noyce-

Shockley recombination or the excess current density com-

In Ref. 33 we showed that the low-field domahy has a
sharp boundary with the plasnfalayer and its main part is

q _
ponent of a tunnel curreft:* In both casegy, is of the Ap=———(p=n—N,)=0. (23
form jsup=Jspol €XPAP1)—1] with A<g/kT, and therefore, 0
Jsup™~(in)" with v, =AkT/q<1. At the boundaryx’ =w,- +w,—x=w, between the low-

_ The capacitanc€,¢(¢1) =Cg+ Cp conslijszts of the bar-  5ng high-field domains the componentE, of the electric
rier capacitanc&g~[(qe€oN,)/2(op— @1)]7“ and the dif-  fiaq satisfies the condition
fusion capacitanc€p=qj1,0, /KT, whereg,, is the built-in

potential, andﬁl=wf)/2Dn denotes the™* base transit time. Eyx —w —0=Exlx'=w +0- (24
. n n
The values ofCg andCp are considered to be of the same
order for the junctiond;. _ Since the voltage drops of the emitter junctions are rela-
Finally, the current density;, its electron component,, tively small(typically <1 V), we assume that the voltaye

and the electron injection coefficient of the cathode emit-  applied to the multilayer structure completely drops across
ter can be expressed as function of the emitter voltage the field domain, i.e.o(x'=0)=0; ¢(x'=17)=V (Fig. 3,

. . i which can be written as
J1(e1)=(jnotipo)[exXp(qe1 /KT)—1]

. Wp—+Wp 7
+iswol €Xp(Ap1) —1], (18) —f E~dx=J E (x')dx'=V. (25)
Wp=+Wp=7 0
Jin(®1) = Inol €Xp(Aes /KT) = 1], (19 The local width 7 of the low-field domain; is given by
. (Figs. 1 and 2
. J1n
71(])_ jl _yl((Pl)- (20) n(r,t)=wp7+wn—§(r,t). (26)
Because of the sublinear character jgf, as function of The injection level in the low-field domaif; is assumed

electron current density,,, the coefficienty, saturates at to be moderaten,p~N . The carrier transport in this case
SUffiCiently |arge current densities, prOVided that the low in'is supported by the ambipo|ar drift mechanism which is de-
jection condition is not violated. scribed by the following partial differential equation for the
excess concentratioms= A p:
C. Virtual collector

In the high-field part#;, of the field domain, the concen- &_n: —(v-Vn)— 1, (27)
trations of free carriers are negligibly smailp<Ngy; there- at TF
fore, Poisson’s equation is given by
bN; b+1
N v=— —J=— ——wuplan—a)-E.
Ap=— 39 21) ql(b+1)n+N; b
egg (28
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Herewv is the ambipolar drift velocitys¢ is the carrier life- p
time in the low-field domain, ang the three-dimensional Ap=———, (35
current density vector defined by 0
with p=qNy in the n base angp=0 in thep™ bulk.
i=o(j,jn)-E, (29 Neglecting the recombination term in ER7) we de-

where the local conductivity-(j,j,) is assumed to be modu- scribe the injection processes fj by

lated due to the double injection of carriers into the field an
domain: Ez—(v-Vn). (36)
o(jnsi)=an ‘TPT . } (30) In addition to thex components of the electric field be-
ap—aljn,j) tweenF;, and F [Eq. (24)], all x components of the current

with o,- =N . The ratio densities at th(_e mterr.nal boundarirg between neighbored
layers are continuous:

a(jn,nzj,-—” (31) Ix, Ix-0=lx Ixg+o- (37

At the side surfaces of the device, defined{lyy=0,L,}
and {z=0L,}, the field and diffusion current densities
should vanish; therefore, the following boundary conditions
have been chosen in all three subsystemsg,Tx, and the
virtual collectoy:

denotes the electron fraction anywhere inskléncluding its
boundaries withl'y and T, [compare Eq(12)].

When the modulation process of the carrier
concentration—described by E¢(R7)—occurs, the plasma
profile moves along the field lines with the drift velociby

For ap-type semiconductor the drift velocity is directed NV, Qly—oL : 7-0..=0, (38)
from the cathode to the anode. The drift time through the =0y e
whole widthl = 7 of the field domainFis 74,=I¢/|v|, and n-v -0 39
is assumed to be much shorter than the high-injection life- (" Viedly-ov,; z-01,=0, 39
time 7 in the p™ bulk.
P (n-Vie)ly-or,; z=01,=0- (40)
D. Final set of model equations Heren is a unit vector normal to the side surface.

From the considerations above a characteristic time-scale 't Should be noted that conditiof2S) should also be sat-
hierarchy follows isfied for any vertical cross section of the device. In the

following, global excitation of the device is considered to be

TS0>71,  TES Ty (32  controlled by a current sourdee., R— in Fig. 1):
All vglues in Eq.(32) are much Iar.ger than t_he times _for JLnyzj(y,z)dy dz=1=const, (41)
recharging the barrier and the diffusion capacitance of junc- o Jo

; ; _,e . _ €
tion J; [given by 715=riCs~10 ns andrp=ri;Cp wherel is the total current in the external circuit.

_ N . em__ H -1

=0,~1 ns, respectively, Wherelnj(djln/dq’l_) J'and The set of partial differential equationid3)—(36) together
the Maxwell relaxation time in the™ bulk (ry=e€e€q/0p- with the constraintg11)—(16), (18—(20), (25), (28)—(30)
<1 ns). and the boundary condition®4) and (37)—(41) presents a

) The most inertial subsystem _is therefore the anode trafself.consistent (X 2)-dimensional description of the multi-
sistor T, due to the slow dynamics of the plasma charge '”Iayered device under study.

the virtual P base, which is described by

Fle) IV. STATIONARY HOMOGENEOUS STATES

Q .
ot - PrAQT T e (33 Stationary plasma/field distributions, which are homoge-
neous with respect to the-z plane, are described by a re-
As the electron transit tim@, in the cathode transistdry, ~ duced set of equations for all space- and time-dependent
is much smaller than the carrier lifetimg in the p* base variablesY, and are obtained from Eq&3)—(36) by putting
under low injection conditions, the base transport coefficienvY/dt=0, dY/dy=0, anddY/dz=0. As the electric fielcE
Bn~1lcosh{/20,/7;)~1, so thatic,=a1(j1)j1=17v1j1. Be- and the current densities in the domain become strictly one
cause of the hierarchy of the time scales, Bg), we con- dimensional, the ambipolar drift equatid86) can be re-

sider Eq.(17) in the quasistatic approximation: duced to

TIWpA | ¢1=]1—jc=]1pJcp: (34) ; é’_nzo 42)
X il
where the latter equation is valid, sinBg~1. %

The electric field in the field domain is governed by thewherev, is the x component of the drift velocity. This
equation means that the excess plasma concentration is constant any-
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where in F: n=ng. Its value is defined by the ratio
in(x"=0)/j(x"=0) at the cathode-side boundary of the do-
main,

ay

nozﬁpozm HNa ,

PHYSICAL REVIEW B65 245318

dv| oV oV day oV dé

T R TR TR

and depends on the respective nonlinearities of the injection
current densities iMMx and T4, which differ qualitatively
from each other. The ratip,(j)/j, which increases mono-
tonically with j, leads directly to a modulation of the bulk

where we have used the fact that for stationary homogeneo@®nductivity inside;, resulting in a decrease in the field

states the conductivityoy of the domain 7 and the
electric field E, itself are also determined by the ratio
jn(x"=0)/j(x"=0):

oo(],ar)=ay (43

ap—ag

Eo(j,a1)= (44)

ooljian)’
For a,;~0.5-0.6 the excess concentration=Ap~N, ,
which is consistent with the assumption of moderate injec
tion.

The width of the plasma layef can be determined by
solving Eq.(33) for the stationary state using,= a,j. For
any arbitrary case wittv<<1 andu>1, the following tran-
scendental equation for the normalized variapteé/L,, can
be derived:

- H l—V_ i /1,—1_
24 —J”.) £+ %o J) —E=0, (45
Yo I
where
o) T v[211/(1-v)
JV:2 CSb D_h ’
. wl T wl211/(1— )
],LLZZ Csp D_h )
- 2a4(])
&=\ ,
Jo

andgy=0go(a1) =a,— a4 is the one-dimensional limit value
of g.

Thej(V) characteristic of the device for stationary homo-
geneous states is implicitly given by

V(j,e1)=Vg+Vg, (46)
th:thh+ EO(J 1a1)Wn ' (47)
Vr=Eo(j,a)[wp-—E&())], (48)

wherevfI andvjfh denote the voltage drops across the low-
and high-field domains, respectively, apg j(¢;) and a4
=a,(¢,) are determined by Eq$18)—(20).

The differential resistance; of the entire device follows
from Eq. (46) as

strengthE, and the voItage/fl. This causes an increase in

the ratioj,(j)/j in Ta, which in turn leads to an increase in
¢ and, consequently, to a decrease/'yﬁl. As is obvious from

the definition ofr 4 [Eq. (49)], rqy may change with the cur-
rent in different ways. In particular, branches with NDR can
occur in thej (V) characteristic. Sinclal]rh depends o, the

existence of then layer influences the boundaries of the
NDR range to a certain though small degree.

We briefly consider two limit cases allowing an explicit
analysis. For constarjt,, (which formally can be achieved
by settingr=0) andu=2, Eq.(45) can be reduced to

) . 2 | ay(e1)—jspl]
§(¢1,J(§01))=|—h\/— 114_1971-1

Yo } ’ (50

where a normalization factcer=jM:2=qN;)\eff/(b+ 1)r
for Fletcher’s leakage mechanighias been introduced, and
isb=1],=0l2=const. As fas as the approximation for Fletch-
er's term in Eq.(50) is valid for j<jg, the term~j/jg can
also be neglected for estimations.

In the case that the sublinear leakagd jpis completely
suppressed we can sg},=0 in Eq. (50) and obtain an ex-
pression which is the same derived ealier in Ref. 33. This
case has been completely studied within the framework of a
one-dimensional modéf including a numerical analysis of
the resulting (V) characteristics and the conditions for NDR
occurence.

In the opposite limit case, when the injection properties in
Ty are assumed to be linear, i.e,, = const, and the nonlin-
ear injection properties iif 5 are taken into account by the
rough approximatiorjs,=const, the implicit dependenceé
on ¢4 in Eq. (50) vanishes and we obtain

27 s
§<j)~Lh\/g—o(a1—Jj—" .

In this case the modulated conductivity of the low-field do-
main does not depend gnthus the field is simply propor-
tional toj, and thej (V) characteristic can be written explic-
itly as

(51

V(j)=Vpn=V§ —Vy

j
V§=U—O(Wn+wpf), (52
__ILn E(a_iib>
© oo Vgo! )

The differential resistance then consists of positive and nega-
tive parts,r; andr , respectively,

rg=rq+rq., (53
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with 50 Qlda dgﬁ +15, 1 5 57
=Q|- g7 -0t T8~ —— al.
L Watw, 0 d¢ dy j an—a;
o = oo Relations between the fluctuation®, dj,, éa and 57, de-
pend on the fluctuations inside the domaihand at its
Cg hode-side boundary with, and are determined in the
__ LnV2go — Jsb/] catho : Ko
rg=-— (ay—jsplj) + ———r|. following subsections.
o P 2Vl

B. Fluctuations of the current-density and potentials

It is evident from Eq(53) thatr4=<0 can be fulfilled in a in the transistor T

certain current interval withj > jg,/ 4. For higher current
densities 4 is getting positive in any case. It should be noted  Linearization of Eqs(17)—(19) with respect to perturba-
that for sufficiently high current-density values the width tions(55) yields the following relations between the electron
saturates to the valug=L,2a, /g, and, consequently, the and Fhe total cyrrent—densny at the cathode-side boundary of
voltage becomes a linear function of the current densitythe field domain:
V(j)=(Wp-—LnvV2a1/90)j/op. That means that the upper

branch with positive differential resistan@@DR) can occur

in the j (V)-characteristic even without any superlinear leak-

age mechanism iff . T agt+jdag/dj;

aC: =
1+r8mrk 1+rmrk

Sicn=2akdic, (58)

: (59

V. INHOMOGENEOUS FLUCTUATIONS
whererﬁlel(rlwpk2 can be interpreted as ledependent

In this section we analyze the stability of stationary stateSyfractive resistance of the* base, and®™=1/(dj, /de;)

which are homogeneous in thez plane, with respect to em_ : . . .
small (1x2)-dimensional fluctuations of all space depen—andrln 1/(djsn/dey) denote the differential resistance of

dent variables. We use the same approach as in Ref. 3 e junctionJ; with respect to the total current density and
linearizing all variablesr'(x,r,t) in the vicinity of a station- Its electron contribution, which depend parametricallyygn

) [see Eqs(18) and(20)].
ary stateY|g;at:

Y (X,1, 1) =Y]gart SY(X,1,1). (54) C. Fluctuations of the potential, current density and boundary
position in the field domain

The small variations5Y(x,r,t) should satisfy the same A three-dimensional description of the potential, carrier
boundary conditionfEq. (38)] as the variabler(x,r,t). This  concentration, and current-density fluctuations is rather com-

yields plex. However, in the vicinity of the stationary homogeneous
states, for which the relatior’s= —V ¢ =const andvnh=0
SY (x,r,t) = 8Y (x,k)cogkr)exp({t). (59 are valid, it can be simplified.

The ambipolar drift equation for concentration fluctua-

Here Y (x,k) is a local amplituder=y+z and the wave . - . .
0,k P =y tions in the low-field domain reduces to

numbersk, k,, andk, are subjected to the condition&
=k;+kZ, ky=mm/L,, andk,=na/L,, with mandn being 38N
integers. The condition connectikg=k, andk,, k, results -
from Eq. (23) that requires that the potential fluctuations are Jt

pr_oporﬂoEal to _Slr_lH(xx)coskyy)coskzz)ZS|nhQ<Xx)cos(<r), where the index O refers to stationary homogeneous solu-
with [k, =[k|. Within the framework of our approach, the yions The variable |o=(v,,0,0) is parallel to the axis and

full (1x2)-dimensional treatment ofY is necessary only  .,nqtant along, while its absolute value depends on the

for the _virtual colk_actor field domait¥. The local vari.ables stationary state under investigation. Using E5f), from Eq.
in the virtual transistor layers are averaged alongxtdeec- (60) we obtain

tion; thus the corresponding fluctuations are two dimen-
sional.

=—v|o-Von, (60)

d
{on=—vo—4n,
A. Fluctuations of the excess charge and current density dx

in the transistor Ty with the solution

Applying the linearization procedure Ed55) to the
h I i, yiel
charge balance it 5 yields 5n=5n(x’=0)exp(—v£x’).
. . 0
1, M| ~ o 9k 9 N S
{+-+kD,y 90 0Q=0)en— D& an 6n. (56 For sufficiently slow processethe characteristic time scale
of the fluctuation is~1/{>74,~0.1 ws) this means that the
For 6Q(#6,j¢,9), from Egs.(11) and(12) we obtain fluctuations of both the concentrati@gim and the local con-
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ductivity do in 7 are actually determined only by the cur- The x component of the f.ield fluctuation is.proportional to
rent density fluctuationsjc and jc, in Tx and do not the fluctuation of the floating boundary positiom:
depend on the&-coordinate. Kx!

The fluctuations of the electron and the total current den- SE.= — OC_OSK—X)
sity in F, again depend in different ways on both the con- g sinh(k 7o)
ductivity modulation and the three-dimensional potential de-
formations. From Eq929)—(31) we obtain

5. (70)

Equations(61) and (62) yield the fluctuations of the
component of the electron and the total current den8ity,,

Sin=90(a-j)=jo- 6at+ ay- j, (61) and dj ¢, respectively, at the boundary betwe&rand T :
8j=Eqy- 80+ 0y OE, (62) o ap—ay (—jok)
. 5JC: k S'nf‘(k ) 7, (71)
with a;=a,. ap—ac S 7o
Evaluating Eq(31) at the collector junctionx=Xx, and
using Eq.(58) and the variational derivative of E¢B0), we . af:(ah—al) (—jok)
obtain jcn=  sinkas 07 (72)
a,—af  Sinh(kao)
Sa= i((ngn_algjc): .i(a'é—al) Sic, (63) Similarly, it follows for the corresponding current density
Jo 0 fluctuations éj ., and dj, at the boundary betweef and
Ta:
5= 20 58}, = — (8l )} (64
o=—3sa(j,jn)=——(ac—a . .
9o JoJn joGo < * Je C|atb-ay (—Jok)
) ) O) ¢= ” +coshkng) Tén, (73
Equation(61) then can be rewritten as h—ag sinh(k 7o)
. o .. . k_ —i Kk
Sjn=(at—ay) -+ Sjctaz- 4, (65) Si sn= ah(ac—al)+ cosh k w
] J§n ah_alé ay I’( 770) Sinr’(kﬂo) 7.
connecting the current density fluctuatiofjg, Jjc, anddj. (74

Varying Eq.(22) we describe fluctuations of the electric

field by three-dimensional potential fluctuations insjfe Combining Eqs.(69) and (73), we can define an effective

k-dependent differential resistanclg,

SE=—Vso. (66) .
ak—al ook
Figure 3 shows how the potential fluctuatidip(x’,r) rk=| | —=—— +costtkno) |==—| , (75
’ an—ak sinf(k o)

leads to a perturbation of the floating anode-side boundary
87. The allowed fluctuations with the wave-numbek? connecting the fluctuationj ; and d¢(x’ = 7):
=kZ+kZ, satisfying the Laplace equatiof®3) with the
boundary condition$38) have the form: 1
. 0] =~ 0@(X" = 179).
50X 1.0 = Sen o ) oqkryexi ), (67 i
(X, L1)=0@pm——7; - COSKr)ex s
™ sinh(k#) The differential resistancef does not only depend on the
with the amplitude3e, . It should be noted that by the trans- sFrength of the three-dlm_en5|onal potentlal defor_matlon for a
formationx’ =w,+w,—x the x component of the electric given wave-numbek (as in the case discussed in Ref),34

field changes SigrE, = + de/dx’ [compare Eq(22)]. but a}dd:jti%natl)ly gehpends on the cor:jductivityfmod;:lation Fje—
A relation between the fluctuatiofin and ¢ for k#0 termined by both homogeneous and nonuniform fluctuations

can be derived from conditiof®5), in TK_,_Which iS reflecte(kj in the dependence réf on the
coefficientsa,, oo, andag.

Wp=+Wn The shape of the electric-field fluctuations in the field do-
V=- fw e Edx main can be illustrated by considering the differential quo-
P tient of the coordinategg and xg and assuming a uniform
0t 07 distribution along the direction, i.e..k=k:
:j E,dx’
0 dye  OEy(Xe.Ye) _(aago) (a&p> 79
=Eon0tEodn+ do(X' = 1), (68) dxg  OE.(Xg,YE) ay ax |
which leads to With x’=w,-+w,—x the solutionyg(x’) of Eq. (76) is
given by
57](r) == E_O 590()( = 7o ,r)- (69) S|n( kyE)COSN kXI!E) =C, (77)
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(@) ak—a 1
0 : 0 By(K)=ay+an| ——— ,
l( ) ag h a.h_a.lé COS"(k?])
= ; =
~ N = | go( 6)2{ 2tanhkn)}
= [ e Bo(k)=—|—] |1+ ————|>0,
il // 2(K) 2 \Ly k¢
o /1/\1 120 /;/4 12 gsp(k):ﬂjﬂ’[l—— ~0, (82
i yin Q k& coth(kn)+2
FIG. 4. Current-density lines in the field domain for fluctuations isb
with two different wavelengths\> 7, (8) and\~ 7, (0). Csp(k)= o) 1- k& coth(ky) + 2 >0, (83

whereC is an integration constant. By using Eq62) and  and the values of, 7, andQ belong to the stationary ho-

(67) we obtain the following equation determining the vectorM0geneous state under investigation as determined in Sec.
tics of stationary homogeneous states with respect to fluctua-
., tions with a wave numbek by evaluating Eqs(81)—(83).

%_ Sly(Xj.Yj) 0oddel dy (79
dxi  Sjx(X{.y;) Egdo+aoddelix’ ' VI. STABILITY ANALYSIS

The solution of this equation is A. Limit cases

As is evident from Eqgs(80) and(81), {(k) can become

ak—a, only positive if g(k) is sufficiently large. Besides the obvi-
sin(ky;) cosr(kxj’)+c—k =C. (79 ous dependence on the strength of the regeneration process
an—ac betweenT, and Tk, it is influenced by a damping mecha-

nism, caused by the transversal diffusiorTip, and a desta-
The curves defined byg(xg,C) andy;(x;,C) can be bilizing mechanism emanating from deformations of the ho-
interpreted as contour lines for different consta@tand sur- mogeneous field distribution inside the field domdin To
faces defined by Eqg77) and (79). Figure 4 shows the illuminate the influence of the different mechanisms on
current-density lines for two cases wili 7o>1 and\/7n,  {c(k) we study two special cases in more detail.
~1, where A\=2=/k. The different current-density lines
have been obtained by varyir@ in Eq. (79). When\/ %, 1. Stabilizing influence of transversal currents inand T

>1[Fig. 4a)], the current flow in the field domain is mainly  The influence of transversal currentsTig on the stability

parallel to thex direction and most of the current-density pehavior can be illustrated by ignoring the fluctuations of the
lines starting at the anode-side boundary of the field domaifie|q domain. TherB; in Eq. (81) reduces to

(x"=mng) arrive at the cathode-side boundary €0) and

enterT, ; that means the contour plot of the current-density ida-/di— a.r&™rk
; . . e JQayldj—ayry iry
lines for fluctuations with a sufficiently small wave numlier ai+an . . e
differs only slightly from that of the homogeneous flow. In go—Jjdei/dj+anryry

contrast to this, most of the current-density lines do not ente
Tk when the wavelength=27/k is of the same order ag,
[Fig. 4(b)]. In this case we can not expect that the corre-

Evaluating Eq.(81) for small wave-numberk and smally,
{s(k) depends parabolically ok

sponding curreknt-densny fluqtuat|0n is _notlceably amplified {a(k)=— D¢1k2+ {cos (84)
by Tk, and rp [Eq. (75] is approximately given by
/(2 .
nolzmeo) angol ey + jda /dj)rs"
e B ) quNava (85
D. Dispersion relation 7(go—jda;/dj)“B,(0)
Eliminating the amplitudesY from Egs.(56), (57), (63), lai . . .
and (71)—(74), we find the dispersion relatiof(k), 560:1 " (ahjdallsj()(/)()go jday/dj) ~1/. (86)
T 2
{(K)= =KD, + {6 (K) = Lsp(k) = Zsp(K), (80)  The coefficientD, can be interpreted as an effective trans-

versal diffusion coefficient of the potential of the" base
and (g is the increment of fluctuations &t-0.

Further simplification can be done when the superlinear
; (k)z{Bl(k) _1} 1 (81) electron leakage i, is due to Fletcher’s mechanism, i.e.,
G B,(k) T w=2. Using Eq.(50) we obtain

where the components are given by
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al_jsb/j 277)
1+9goilje &

Taking into account$™~(kT/q)/j and usingD,=2a;D,,
D,, can be approximated by

_ 9o(1+9oj/jr)(ast+jda; /dj)gNw,Dy,
1 27(go—jday /) (ar—jspl)(1+27/€)]
InsertingB,(0) into Eq.(86) yields

Jo(astjdey /dj)(1+goj/je) |1
(go—jdai/dj)(as—jsp/))(1+27/¢) T
For realistic parameter®, ~(3...10Dy. The sign of

{go depends on the sign of the differential resistange

For larger values ok, we haver$"/rk>1, the nominator
B;—0 and{s(k) saturates{s(k)— (—1/7). As for the tran-
sistorT,, the term

{co

{p,=—KD., D,~Dy,

is apparently the only stabilizing factor.

2. Destabilizing influence of the field domaigF

For small and large wave numbeeof the potential fluc-
tuations in the field domaitF we neglect the "potential dif-
fusion”in Tk by supposingr, =o,w,=0, i.e., by suppress-
ing transversal currents in the" base. For simplicityq, is

assumed to be constant and, as in the previous subsection,

the superlinear electron leakage iy is assumed to be
caused by Fletcher's mechanism=2). Then {g(k) is
given by

¢ (k)=£ ay(1+9ojljF) _1
¢ 7| (@1—jsp/J)[1+2 tanktkn)/(ké)] '(87)
For small values ok we have
{o(K)~+K?De+ (o, (88)
2 1+gj/j 3
S a( 9 e 7 . 89
37 (ar—jspll) &1+29/¢)
1 1+0oj/j
a1(1+9oj/je) 1l (90)

$0= 7 (@ jenl )L+ 2708)
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- - - -Ridley

...... Turing
Combined

k

FIG. 5. Schematic plot of the three characteristic cases showing
how the dispersion relatiofi(k) may become positive. The three
cases can be attributed to a Ridley-type instabilitgshed ling a
Turing-type instability(dotted ling, and the simultaneous appear-
ance of Ridley- and Turing-type of instabilitiésolid line).

1 a1(1+9ojljF)
bel0 =l T/t 2(kD)]

Equations(87)—(89) illustrate how the damping influence
of the domain is reduced and the transversal “potential dif-
fusion” in the field domain may destabilize the homogeneous
state. It is noteworthy that the potential fluctuations are am-
plified by the static value of the current gai and this kind
of amplification cannot take place under the conditions stud-
ied in Ref. 34.

—-1].

3. Hierarchy of transversal coupling mechanisms

For realistic design parameters the diffusion coefficient
D,, is of the order of 50-100 cffss, while the value oD

¢
is about~10-20 cm/s for j,=0 and may reach several
tens of cnt/s for appropriately adjusted shunts of the anode
emitter. There are two characteristic hierarchy sequences of
the diffusion coefficients:

D,,>D,>D¢ (92)

or

D, >De>D, . (92

In the first case one can expegtto decrease monoto-
nously with k, because the two leading termskz(Dq,1

+D,) are negative an®(j) is small. In the second case a
peculiar situation may occur, wher&k) decreases as
—k?D,, at small values ok, while it increases as kD at

larger k values; finally at very large values &fthe term

The parameteD ¢ can be interpreted as a transversal dif- — k2D, is larger than all other contributions arigk) be-
fusion coefficient of the potential fluctuations in the field comes negative in any case.

domain at smalk, and 1£s, is the characteristic time scale
for the dampingor undamping of transversally uniform po-
tential fluctuationsk=0. It should be noted that Eq86)

Therefore, depending on the parameter combination, we
can distinguish three characteristic ways of hggk) can
become positive with increasing currdifig. 5): (i) at small

describing the evolution of uniform fluctuations in the cath-k values, Gsk<<k,.y; (ii) only inside a certairk interval O

ode transistor(Sec. VIA 1D reduces to Eq.(90) for a;
=const.

At very large values ok the function {g(k) saturates
slowly according to

<Kmin=k=Kknax; oOr (iii) there may appear two isolated
ranges fork, where{(k)>0. The first case can be identified
with an instability of Ridley’s type and the second with an
instability of Turing’s type, while in the third case both in-
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0.5 T T T TABLE |. Parameter sets used for the calculations.
Set ipo (Alcm?) isko (Alcm?) vy v
N1 0.952<10 1 2Xx10°2 0.1 0.25
N2 1.026x10 ¢ 5x 1074 0.225 0.12

the dispersion relation for two current-density values and for
two values ofo, , respectively.
) 100 200 300 400 In Fig. 6@ the nonlinear leakage currenfg, and js,
k (1/cm) have been neglected so that the NDR is only due to the
T T T nonlinear injection properties of the cathode emitter. In this
j-1es2a0m®  (b) case, {(k) is simply given by the sum ofs(k) and
—k?D, . For a fixed current-density value the twig (k)
curves for the two differentr; values merge together for
large wave numbers, whilgs(k,o, >0)<{g(k,o, =0) for
k<250 cm!. This clearly illustrates the stabilizing influ-
ence of current spreading inside thé base ¢-, >0) for a
certaink interval. Moreover it is evident that uniform fluc-
tuations withk=0 are the most critical ones, leading to an
0 100 200 300 400 instability of Ridley’s type.
k (1/cm) In Fig. 6(b) the sublinear part of the emitter leakage cur-
rent density of the cathode transistor is set to zero,@ni

FIG. 6. (8 ¢{s(k) when the nonlinear injection properties of the assumed to be independent of the current density, so that the
cathode transistor are dominating wifg,=1.5<10"? Alcm?,  NDR is based essentially on the nonlinear injection proper-
Cl=Cc=0, andv,=0.125.(b) Sum of{5(k) andZs(k) when ties of the anode emitter. Singg,(k) is rather small in this
the nonlinear injection properties of the anode transistor are domicgse, the sum of onlys(k) and ¢s,(k) is shown in the
nating with jspp=0, »=0.125, =2, andj,=5. Both diagrams  giagram. Similar to Fig. @), current spreading in the*

o, =0W,=76.8 mS>0 correspond td,=5x 10" cm™?. base tends to stabilize fluctuations at lewalues. However,
o ) ) at larger wave numbers the destabilizing effect of potential

stabilities can occur simultaneously, which may lead to thejyctuations in the field domain comes to light, reflecting the

evolution of complex spatiotemporal patterns. dominance of a nonuniform fluctuation with a wave-number

It should be noted that the terfi, acts at relatively large < Knin<k<kn., When a stationary uniform state is
currentsj (thoughj<jg). The term{gy is only slowly in-  destabilized—similar to a Turing type of instability. Alto-
creasing with current and can be considered to be relativelyether it can be concluded that an instability of Ridley type is
small. Therefor_e, these two terms OmlFted above d_o Nofavored when the activity oT is high (at largeda; /dj),
change the main conclusions of the qualitative analysis.  hile an instability of Turing type preferrably occurs when

the activity of T, dominates. These circumstances can be
B. Numerical illustrations used for controlling the structure properties.

The j(V) characteristics may contain current density in-
tervals with NDR or may show PDR in the whole investi-
gated current density interval. In the following we consider

_ ! two examples with NDR, showing a Ridley type of instabil-
X10" cm™3, u,=480 crr?/_Vs, Mn=bup, B(SN=2.8, i1y and an analog of the Turing instability. The design param-
andDy, ,=kTp, /q; the basic design parameters are giveNgiars are specified in Table 1. In the two investigated cases
by wp,=2x10"* cm, w,=0, wp-=5x10"2 cm, N; =1  the activities of the two transistors are comparable; however,
X102 cm 3, N,=5X%10" cm 3, 7=5 us, j,=2 for the parameter set N1, contributions Bf where chosen
X101 A/em?, and w=2. The parameters of the anode to dominate slightly oveT . For the second cagparameter
contactp™ layer are:N; =10 cm 3 and\.;;=10"% cm,  set N2 the situation is the reverse.

100

(C+C)T

In calculations we use the following values for physical
constants: q=1.6x10"1° C, k=1.38<10"2% J/K, ¢,
=8.854x10 ¥ Flcm, €(Si)=11.7, T=300 K, n;=1.45

leading toj-~8.4 Alcn?. The hole mobility in thep™ base Thej(V) characteristics calculated for different parameter
of the cathode transistoly has been reduced tg,+ values ofj, are presented in Fig. 7. The tracégj,) and
=300 cnf/Vs. J+(j,) are built up by Ridley and Turing instability points,

The influence of the nonlinear injection properties of thecalculated for the correspondirj§V) characteristics. These
cathode and the anode transistor on the dispersion relatiaraces define regions whetk)=0. In Fig. 7a) the two
{(k) are demonstrated in Fig. 6. For this purpose, either theegions do not overlap, Turing’s region is situated at smaller
anode emitter leakage currgnt=jsp+jsp [Fig. 6@] or the  currents on the lower PDR branches of the
sublinear part of the cathode emitter leakage current density(V)-characteristics. In Fig. (B) the two regions overlap
isub [Fig. 6(b)], was assumed to be zero. The four curves inpartly. At the intersection point®l, gt and Mg gyt Of the
both diagrams represent the most interesting components eticesJ; and Ji the value of both dispersion relations is
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FIG. 8. Dispersion relations at the two intersection points
M ert (@ and Mg gut (b) of Fig. 7(b) for three different current

. - densities, respectively.
FIG. 7. j(V) characteristics calculated for the two parameter

sets N1(a) and N2 (b). The traceslg(j,) and J(j,) mark the o ) ) )
stability border with respect to instabilities of Ridley and Turing remains in the off state, this state itself might become un-

types. stable with respect to perturbations with small wavelengths
and cause the evolution of periodic Turing patterns. These

zero, i.e.{(kog)={(Kor)=0 at a certain critical current- Turing patterns may evolve simultaneously, but in different
density valuejog=jor and at certain values of the wave ways for the two parts in the on- and off-states, respectively.
numberskor andkyr which differ from each other. Finally two transversal domains with different types of Tur-
The dispersion relationg(k) at the two intersection ing patterns could appear, raising questions concerning their
points are shown in Figs.(8 and 8b), respectively, for mutual interaction and possible coexistence. Many other sce-
three different current densitieg (,j.,j 7). In both cases narios based on these instabilities and leading to interesting
{.(K) belonging to the critical current densify,, which  self-organized structures are conceivable.
has been determined together with the respective valje of  In this context it is interesting to note that the dispersion
from Fig. 7, is negative for all wave numbeksup to but  relation in the case of coinciding Ridley and Turing instabili-
excluding two pointk=kor=0 andk=Kkyt>0. By varying  ties looks similar to the real part of the dispersion relation
the current density around, the evolution of{(k) is quali-  near the codimension-two Turing-Hopf bifurcation studied in
tatively different in the two intersection points. At the point a semiconductor heterostructure motleln such a system
M eeT @n increase in the current density upjfocauses an complex spatiotemporal patterns consisting of mixed Turing-
increase in aroundk=0 and a decrease ifi aroundk  Hopf modes may appear, as has been shown for systems with
=kor, i-€. intensifying Ridley’s instability and stabilizing one“! and two-dimension&t contact geometries. Analogous
the device with respect to an instability of Turing type. As to these results, in our case we expect a complex behavior, in
for the right intersection poinMg,cyt, both instability the form of mixed patterns, consisting of filamentary and
types are dampedintensified as the current density in- periodical current-density distributions. However, the set of
creaseqdecreases This is reflected in the dispersion rela- model equations studied in Refs. 41 and 42 contains only
tion by the fact that two narrow bands arise wheré(k) lateral degrees of freedom. The relevant vertieédng thex
>0 which are separated bykainterval with {<0. direction processes are reflected in local kinetic functions.
When the device is operating in a state where the unifornThe instabilities in our system are essentially governed by an
state is unstable with respect to both Ridley and Turing typegteraction between the stabilizing processes in the anode
of instability, interesting spatial-temporal patterns might ap-and the cathode transistor, and the destabilizing influence of
pear due to competition processes of different evolving flucthe field domain in between. For this reason the full (1
tuations. For example, if initially perturbations with a long X 2)-dimensional description is necessary in contrast to the
wavelength are predominating, so that a large area of thmentioned semiconductor heterostructure, where local ki-
sample switches into the on state while another large areaetic functions are used to account for the vertical processes.
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Finally let us turn attention to the approximations used abf a two-transistor model where the two transistors are
the setting of the initial problem. For the current-density in-coupled by a high-field region. It turned out that depending
terval of interest for the appearance of instabilitigs, on the nonlinear injection properties of the emitter regions in
~1-10 Alcnt, the typical voltage drop across the samplethe two transistors, instabilities of Ridley or Turing type may
amounts to a few tens of volts, and is therefore distinctlydestabilize uniform current-density states. In particular, we
larger than the voltage drops across the emitter junctions dsave shown that Ridley and Turing instabilities may also
was supposed. The widthof the P layer is typically in the appear simultaneously under certain conditions. The interac-
range of£=(0.05-0.2yv,- for the investigated cases with tion and competition of the different fluctuations evolving
NDR, soé is small in comparison with the width-=» of ~ simultaneously or in a secondary bifurcation may lead to
the field domain. The transient time through the widtlis interesting types of patterns with complex or even unex-
equal tod=&%/2D,=(1—2) wus, and the drift time for the pected spatiotemporal behaviors.
field domain istq,=(0.1-0.5) us. Therefore, the condition
™ 0> 714, is fulfilled which justifies the corresponding as- ACKNOWLEDGMENTS
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