Double quantum well segments in ballistic diode bases
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We consider space charge limited ballistic electron transport in short current-conducting channels
formed by single and double quantum well segments. Independent contacts to the bottom-well and
the top-well forming the double quantum well segment is stipulated. Three different structures are
simulated: a resonant overlap structure, a resonant cover structure, and a coupler structure. It is
shown that anode currents in these structures oscillate with increasing voltage across the structure,
resulting in repeatedly N-shaped current—voltalye\() characteristics. A modulation level of the
current oscillations is close to 100%. The shape of these oscillations is substantially asymmetric
both for the overlap and the cover structures. The asymmetry is due to a very strong nonlinear space
charge modulation, and N-shaped part$-e¥/ characteristics can become Z-shaped when a strong
tunnel connection in the double quantum well segment takes place. In the coupler structure the
modulation of partial anode currents flowing out through each of two anodes, which are
independently contacted to the bottom-well and the top-well, occurs only. The space charge
increases monotonously with the voltage. Justification criteria of the classic approach used in our
calculations are discussed in detail. 1®98 American Institute of Physics.
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I. INTRODUCTION suggested in Refs. 1—-@vith further progress in shortening
of the longitudinal size of shallow ohmic contacts, front and
ack gates, and other elements of contacting, controlling, and
isolation).
Here we examine nonlinear space charge limited longi-

Lately experimental investigation of electron phenomen
in a double quantum welDQW) with independent electric
contacts to the quantum well®Ws) forming the DQW have

been developed owing to efforts of several groups. They . L k .
have suggestéd a set of different technological methods ){udlnal ballistic electron transport in a short DQWS. It is the

for independent contacting to the individual wells of thefirst consideration of the presented problem. Three different

DQW that are separated by a narrow tunnel barrier. Sucfontacting schemes with the wells forming the DQW are
independently contacted DQW structures have been appliggPhsideredFig. 1). The cathode is always contacted to the
for the experimental study of a field-induced resonant tunPottom-well and the dissimilarity between the schemes con-
neling between two parallel two-dimensional electron gase§ists of different position of the anode contacts.
(2DEGS,%*® magnetotunneling*~** compressibility of For a resonant overlap structu®OS [Fig. 1(@)] the
2DEGs and 2D hole gasé&®probing the Fermi-surfaces of anode contacts to the top-well. This design is similar to the
2DEGs by tunnelind® etc. All these and a number of other design of the structures used in Refs. 3, 4, 9, 10, 12, and 16,
works have dealt with the long DQW segmeftsl00 um)  which are manufactured for other then our goals. In a reso-
and dissipativediffusive) electron(or hole transport in the nant cover structuréRCS [Fig. 1(b)] both electrodes are
wells. contacted to the bottom-well. The DQWS is separated from
On the other hand, there exists another interesting sulihe cathode and the anode by single quantum well segments
ject dealing with double quantum waveguides. It is an elec{SQWS3. A need of the leficathode-adjacenSQWS with
tron directional couplet’-*® Usually a segment of a double a length!, will be substantiated later. The riglanode-
guantum wire is used in the coupler desigre Refs. 19 and adjacent SQWS is not obligatory but it might happen to be
20 and references thergjrbut there are several design sug- ynavoidable in the real experimental design. A linear ballis-
gestions based on DQW structufes?®A substantial differ- tic conductance of the ROS and the RCS was considered in
ence between the electron directional coupler and the Strugets 23, 26, and 27. Such a linear problem does not require
tures realized in Refs. 1-16 is that the former is a ballistiG, (axe into account a self-consistent space charge problem
device and electrons have to pass it without scattering. A ejectron acceleration due to the anode voltage, which are

pr.(t)hbl.e{jn of tge f:)rmattloT ?c ttr;]e Short qOUt’Ile (\;V're tshegmr?nltthe basic for the considered here nonlinear problem. Figure
\t’:” 'g.nepetnheens Clc')t n Z(t:es Zrchgtlvclziggelzrsot\)/ € .82 beeavr; 0 E.‘L(c) shows a coupler structure. It is a version of the electron
y using Pitg ! y ! directional coupler considered preliminarily in Ref. 28. This

scanning® At the same time we know nothing about suc-
. . . o structure has two anodes, and therefore, we have two anode
cessful experimental implementation of short ballistic DQWcurrents

ments(DQW nd we hav refer he meth
segments(DQWS9 and we have to refer to the methods A main distinctive feature of this article is a consider-

ation of the nonlinear ballistic regime with a charge limita-

d0n leave from the Institute of Semiconductor Physics, Kiev 252028'tion of the electron current. This means that a ballistic trans-
Ukraine. .

YAlso on leave from the Institute of Semiconductor Physics, Kiev 252028,pOrt pr.oble.m '_S Sc_)lve_d seIf—conS|stentIy Wlth_ a prObIem of a
Ukraine; electronic mail:zinovi@besm6.eng.wayne.edu potential distribution in the current-conducting channel and
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g ! Lo, partial currentsl; andJ,, flowing through the anodes; and

c A J;: w, A,, respectively. The partial currents vary from 0 loin

a counterphase.

For completing cumbersome numerical calculations we

b & — 2 é—»wn undertake the following simplified assumption§) The
c Ay Jg . DQW is assumed symmetrical and conditions of the tunnel
+ . . . .
¢ _| ; ; T, b resonance are satisfied precisely everywhere in the DQWS.
1 I

! (i) Charge asymmetryi.e., asymmetry induced by electron
FIG. 1. Three types of considered structures with the DQWiSshe reso-  transfer from one well to the otheis assumed to be smalll. It
nant overlap structuréb) the resonant cover structure) the coupler struc- ~ does not lead to substantial tunnel resonance detuning. Since
ture with two anodes. a stationary interwell redistribution of electrons is the corner-
stone of all the considered effects, conditions of the applica-
bility of this assumption will be discussed further in the

everywhere around itas in Refs. 29 and 30 for analogous :
YW a d proper place(iii) There are two different types of current

roblems. This regime is particularly interesting for two rea- - A
P > g P y g oscillations versus voltage. The current oscillations of the

sons. first t CcO due to the int It |t f
First of all, a momentum distribution of the ballistic nrs ype (CO-1) appear due to the interwell tunnel transfer

electrons in the DQWS differs from the Fermi-distribution, mhthe DQV\t/S WI'tIT tt_he cha;r?r::tenstlc Igntgﬂ(gzerQW.
becoming outstretched along a current direction. A transport '€ current oscillations of the second ty0-2) appear
ue to the electron wave reflections from the well deadlocks

regime is approaching a single-velocity regime, that is th .
electron beam consists of the electrons of approximately thi! e ROS and the RCS. The DQWSs in these structures are

same velocity. Therefore the patifr), which electrons pass electron wave cavities, and their modes are determined by a
during a timer=h/25¢ is also the sam@where 25e is a correlation Qf Ie_ngth and mean elt_actron wave IengtBQ\_N.
value of the symmetric—antisymmeti(8AS) splitting in the These QSC'"at'an WOU|d. manl_fest themselves S'T““'ta'
DQW, 28e=e,— €,>0, and ¢, , are energies of the two neously in the single-velocity regime of the transport in the
Iowes,t subbands in thé DQ}NFbr a weak tunnel coupling DQWS. _Bgt broadening Of. the velocity_distribution in the
we have:de<<eq ,. In this manner all the electrons entered in real ballistic beams an_d inhomogeneities of _th_e segment
the bottom-well of the DQWS transfer into the top-well at length lead to suppression of the CO-2. The similar effects
the moment = 7/2 of their movement in the DQWS passing for the case of the linear ballistic conductance were consid-

distancel (/2) from the left boundary of the segment. They ered thoroughly in Ref. 26. Taking into account the suppres-
return to the bottom-well dt= 7, passing distance(7) etc sion of the CO-2, the electrons can be considered as classical

In this sense the 2DEG under consideration reminds us of thiarncles &oow=0), which may tunnel between the QWs

1DEG because there is no transverse velocity and the pictur, esplte. all. Criterion of this approach is based on a strong
of interwell transitions in the DQWS is similar to the picture inequality:
of interwire transitions i.n the double quantum \{vire segment. 00> N pow- (1)

The number of the interwell transitions during one pass-
ing over the DQWS depends on a mean electron Ve|ocityThiS condition can be led down B\Vp> b€ and allows us to
vpow- The velocity is conditioned by the applied voltage, choose such intervals &fy and energy width of the ballistic
Vp, which accelerates the electrons. In this mankigrde-  €lectron beamu* that the CO-2(with a small voltage pe-
termines whether the electrons are reflected from the welliod) are suppressed while the COg&ith a large voltage
deadlock(in the bottom-well for the ROS and in the top-well period are displayed clearly. It should be mentioned that
for the RCS. Therefore, the ballistic current in these struc- there are no CO-2 in the coupler structure because there is no
tures oscillates repeatedly as a function of the applied voltélectron resonant cavity here and both the cathode and the

ageVp, i.e., thel—V characteristics consist of several N- anodes are assumed to be absorbing, i.e., nonreflecting.
shaped regions. The stable and repeated N-shaped and Z-shaped

Second, the electron reflection from the well deadlocks!Vp-characteristics in the ROS and the RCS can be used for
in the DQWS forces a part of electrons entered into the basgeneration and amplification of subterahertz and terahertz
from the cathode to come batthe base is a region between electric oscillations and for high-speed electron switches.
heavily doped anode and cathodin addition, an electron The structure of this article is as follows: A general con-
charge accumulates in the DQWS if it is an electron cavitysideration of the problem will be given in Sec. II. Results of
(as it takes place in the ROS and the RCBhese effects Nnumerical calculations for the ROS and the RCS are de-
lead to an increase in the space electron charge in the base%sfribed in Sec. Ill, and results for the couplers are presented
the diode and promote space charge limitation of the current Sec. IV. The discussion and summary are given in Secs. V
Therefore, a current modulation By, can be very strong and VI, respectively.
and Z-shape of thdVp-characteristics with a hysteresis can
appear, as a result.

For the coupler structure there is no substantial electrofy ENERAL CONSIDERATION
reflection if the anode contacis; and A, [Fig. 1(c)] are
assumed to be nonreflecting. So the total currdntJ, A ballistic electron distribution functior(k,x) con-
+J,, does not oscillate as a function df, in contrast to the serves along the characteristics:
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a cathode and the anode electrons. Gr@p Anode electrons
el C with e,<|e|V,, that come back to the anode after reflection
| b A atxy:
ky=+ |kx| )
0 xl H —
’ (e k) = (e k) =Fole=u—lelVp), (8
K< Xg < X< X
vy The signs =" and “ +" refer to the electrons before and

after the reflection, respectively, argis a coordinate of the
FIG. 2. Distribution of the potential energy|e|V(x) and possible electron  gnode.
paths. If the DQWS is embedded into the ballistic diode base,
we have to take into consideration additional components
of the distribution function. We introduce functions

21,2 + + .
x o f {7 (ex,ky,x) and f{*)(e ky,x) where the subscript®
2m |€fV(x)= ex=const, ) andt indicate belonging to the bottom- and top-wells:
k,= const, 3 fi5) (ex Ky, X) =i 00 F ) (€ ky), )

wherek = (ky k,) is the in-plane wave vector and the axis  with »{})(x) obeying the following conditions:
is in the current directiony(x) is the electrostatic potential (=) (£) 4 (%)
in the current-conducting channeh is the longitudinal ef- Os=wnp'<l »n'+r =1 (10)

fective mass. This means that To solve the considered nonlinear transport problem we

F(k,X) =) (e ky). (4 should determine{,)(x) andf(*)(e, k,) everywhere in the
ballistic diode base for an arbitrary potential distribution
V(X).

An interwell electron redistribution is determined by the
interference of two pairs of electron waves expanding in the

— X, Vo= ~V(x,) (Fig. 2 in the space charge limited DQWS. These pairs relate to SAS-splitting subbands with

: : . . e energiese; and e,. The pairs of waves have slightl
transport regime, or this energy is monotonous in the current, glesey €2 P ghtly

saturation regimémore details on the potential distribution _lff/ezrr(;r[]t Val-l:TeS|\?(f)6())(%|,/2f’i E;\lzh;:ge_ gﬁ‘fe?:r?c|:x\/lv ﬁlm'hk):jlezler-
can be found in Ref. 29WheneV(x) has at least one mini- €x1,2 P

mum., a ballistic problem is not determined completely and Imlnes interwell electron redistribution in the DQWS is equal

requires additional equations. The single maximum is calleé

We use designations*)(e,,k,) for k,>0 andf(7)(e,k,)
for k,<O0.

The stationary potential energyV(x)= —|e|V(x) for
the ordinary ballistic diodes has a single maximumxat

the effective cathode and we can consider four groups of (=) x o

ballistic electrongFig. 2): Group(a): Cathode electron@n- @' (€x,X)= L<t)5k(fx X"dx’, (11)
tered into the base from the cathodeith €,>|e|V,, that °

reach the anode. For these electrons we have where

k= |kl = V2m( e+ |€|V(x)/7>0,

f(+)(EX1ky):FO(E_Iu‘)1

whereFy(e—u) is a Fermi—Dirac distribution with Fermi-
energy u, €= e+ h2k2/2m Group (b): Cathode electrons andx{") are determined from the boundary conditions and
with €,<|e|V,, that come back to the cathode after reflectiondiffer for different directions of wave propagation. Equation

Sk( &y, %) = (kya| = [Kyo| )12= i V2m[ (e, +[e[V(x))]
X (12

at X : (12) is written for Se<e,. According to Refs. 23 and 28
K=+ |k phase coefficients{;) are selected in the form:
X - Xl
(6) (+) o .
f(+)(6xaky):f(_)(ex!ky):FO(E_/-L)a 0<X<Xp<Xp, vy =cod (e, x), viT=sir? ¢F)(e,,x). (13
where the signs %" and “ —" refer to the electrons before T0 determinex(*) and »{};) we use the following boundary
and after the reflection. Grouf): Anode electrons with,, ~ conditions. At the nonreflectmg{oper) boundaries we
>|e|Vy, that reach the cathode: specify the distribution functions of the electrons entering
o into the DQWS:f{})(¢&,,k,,0) andf{ )(e, ky.I), while at
= — |k,

7) the reflecting boundarieghe well deadlocl{swe use equa-
) (e, ky) =Fole—u—|e|Vp). tions:

Here u is a Fermi-energy for the anode electrons which is  {1'(e,,ky,00="f{1'(&,ky,0),

assumed to be equal to the Fermi-energy for the cathode +) o) (14)
electrons. The zero of the electron energy is the same for the  fio'(€x.Ky,D)="F; p'(ex.ky,1).
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0 I Now we turn to the ROS$Fig. 3@]. For f{") (e, k,,0)
a _ ) =f, f{7)(& ky,0)=0 we obtain
) _I L £ ey Ky, X) = FCOF E(X)+ f1sir €(x), 9
. _ = £ ey ky ,X) = FSiM? £(x)+ 1008 £(x),
., : fi ) (ex.ky,X)=TFoc08 &'(x), 20

F ey ) =fosi? €(x),
FIG. 3. The DQW segments of the structures represented in Fig. 1; cases
(@), (b), and(c) correspond tda), (b), and(c) in Fig. 1, respectively(d) is  where functiond ;= f,(e,,k,) andf,=f,(e, k,) are deter-

a case of the potential reflection at the poistx,, . mined by the boundary conditior{$4):
ft,
f].: f£+)(6X ,ky,O) = m!
The DQWSs for the structures in Figs(alk-1(c) are ! (21
presented in Figs.(8)—3(c), respectively(with a new posi- - f
tion of the origin of thex-axis). The nonreflecting boundaries fa=1fy '(ex.ky,1)= [
are furnished with tips while the reflecting deadlocks have no
tips. The transmission and reflection coefficients are equal to
At first we consider in detail the case shown in Fi¢c)3 Tt +tyf/f=2t,/(1+1,), 22)

with ") (e, ,k,,00=f(ex ky)=F and f{ ) (e, ,ky,1)=0. In
this case, we havef{ )(e, k,,x)=0 everywhere. This R=tpf,/f=t,/(1+t,)=1—T. (23)

means that f{)(e k,,00=0, x{7=0, ¢(M(e.x) . . .
= [%5K( e, x")dX' =&(x), and For the RCHFig. 3(b)] instead of Eq(20) we obtain

(-) ot a2 g
") (e, ky X)=f-cog &(x), 15 fo (e ky ) =fosin? £ (), (24)
£ (e ky X) = - SI? £(x). f{7(ex Ky X) = 2008 € (%).
We designate the coefficients of transmission to the bottomEunctionsf, in Eq. (19) andf, in Eq. (24) according to the
anode and to the top-anode tgsandt, : boundary condition$14) for the RCS are equal to
th=tp(€ex) =cog &(1), t=t(&)=sir? &1)=1—t,. ) _ I
(16) f1=1"(ex.ky,00= T’ .
These coefficients oscillate with a variation of the phase @9
&(1). In the linear directional couplers we have to vary either  f,= f§—>(ex Ky D)= —,
the tunnel coupling of the well¢i.e., §¢) or the Fermi- 1+t
energy of the _electrons enFering intg th_e DQW_S with_the T=2t,/(1+t,), R=t/(1+t,)=1—T. (26)
help of a special gate. But in a considering nonlinear situa-
tion variations of the voltag®/, and consequently the po- Figure 3d) relates to the situation when the cathode
tential distributionV(x) lead to oscillations of,, andt,. electrons are reflected from the potential barriexain the

Now we consider the coupler—structure for the reversddQWS, if 0<x,<, and to the analogous case for the anode
direction of the current. Ifff,‘)(ex,ky,l)=f1(ex,ky)zf1 electrons. Naturally there is no interwell redistribution and

and (" (e, k,,0)=f{ (&, ,k,,1)=0, we obtain

. i (ex . ky ) = 11 (64 ky X) = F (€4 k). (27)

fo (ecky X)= facos €'(x), (17 It should be mentioned that a sheet concentration ratio at

fgf)(ex,ky,x)=flsin2 £(x), the SQWS/DQWS boundaryx€0), is
where&’ (x) = &(1) — £(x). After the reflection from the top- I S A
well deadlock atk=0 we have = TS =2, (28)

b Tfp

(+) -

ft" (ecky . x) faticos’ £(x), (18) i.e., there is a concentration discontinuity at the boundary.

£ (e, Ky, X)= ft,Sin? &(x). This is because the density of states in a DQW twice exceeds

o o ~__the density of states in a single well. Under these conditions,
The coefficient of transmission in the reverse direction is, reg| pallistic equilibrium takes place.

equal toTV=t, and the coefficients of reflection into the The ratioZ atx=0 is:
bottom- and top-wells ar&{’=t?, RV =t,t,.
Due to the symmetry of the anodes we have to assume ¢=1+t; (29
(e, ky )= (ex ky 1) =1 This leads to f{")  fi0 the ROS and
=f,cod £x), f{)=fsif &x) and, as a result, we have
R =t/2, RV=t,/2 andT"N=1/2. {=1+ty, (30
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FIG. 4. The model element of the spatial periodic structure.

for the RCS. This ratio is equal to 2 under the conditions of

full transmissiont, ;=1 (no reflection). Whenty, ;=0 (full 0 vy 12
reflection we obtain{=1 and there is no sheet concentra- b
tion jump at the boundary. FIG. 5. A plot of theJVp-characteristics for the RO@) and the RCSB).

The above obtained formulas cannot be applied directly
till the self-consistent potential distributiovi(x) inside and
outside the DQWS is known. Therefore we incorporate the[hat is
DQWS block in the full self-consistent procedure of the cal-
culations. The equilibrium Fermi-distribution of the electrons | y <2m) 1/2< 56) I dx
entering from the n'-contacts specifies the functions Zf Sk(x)dx ] AN
f(*)(&,,ky ,x) for the electrons in the base. The geometry of
the diode defines the self-consistent potentigk) in a  The minimums of the current for the RCS coincide with the
current-conducting channel. In addition to the 2DEG parammaximums for the ROS and vice versa. If the voltage drop
eters(the effective masan, the SAS-energy splitting, &, across the DQWS is small, we can approximately write:
and the Fermi-energyy), the ballistic current problem is om | Se
described by parameters of the ballistic structure and the ge- V§™(s)= —
ometry of the surroundings. They are the donor concentra- el | mh(2s+1/2+1/2)
tion in the baseN, [cm?], the lengths of the cathode- A qualitative picture of theJV-characteristics is shown in
adjacent SQWS|,, the anode-adjacent SQWE, and the Fig. 5. We note that the RC®V-characteristic for high volt-
DQWS,I. Here we consider a flat capacitor with equipoten-ages,V,— =, tends asymptotically to th@V-characteristic
tial platesC(V=0) andA(V=V}) (Fig. 4 and a dielectric of the ballistic diode without the DQW% while the ROS
constantey. The plates are connected by current-conductingends to be locked. Actually this locking can be eliminated
channels which are the diode bases and which form a spatibly nonresonant tunneling and nonballistic transport at high
periodic system with a period. The base channel can be voltages.
considered as almost a solitary whar | +1,+1,, and re- Numerical results demonstrated below relate to the
sults are independent af(or depend slightly, see, for details GaAs-QWs (h=0,06T,, m, is a free electron magsThe
Ref. 29. The self-consistent problem with a one-dimensionalother parameters ard:=1,+1+1,=0.5 um, a=0.5 um,
ballistic kinetic equation and a 2D Poisson-equation isN,=5-10°+5.10%m 2, Se=1.5+2.5 meV, u=1+3
solved numerically. meV, T=4.2 K, andey=12.92. We consider model samples
with the centrally positioned DQWS and with the DQWS
IIl. RESULTS FOR RESONANT OVERLAP AND shifted t_o the anpde. The energy qf the Iongitudin_al optical
COVER STRUCTURES phonon in GaAs i% w,=36 meV. This value determlnes_ the
highest reasonable voltagéé,<#w,/|e|, when the ballis-
Before the results of our calculations are presented, wéic electron transport holds. We suppose that the ballistic
will sketch theJVp-dependences of the ROS and the RCSlength is greater than 0.am which does not contradict to
qualitatively. The current has to reach its maximum valueshe known experimental dataee, e.g., Refs. 4 and )15

2
. (33

when t;, ,=1. If there are no redistribution of the self- The calculated V-characteristics are very similar to the
consistent potentia¥(x), these conditions have a form: curves shown in Fig. 5. Unfortunately we cannot obtain a
| stable numerical solution for low voltages. An interesting
Zf ok(ey,X)dx=m(2s+1/2+1/2), s=0,1,2, .., peculiarity of the calculated curves is a hysteresis of the tran-
0

sition between the high-currefiHC) and low-current(LC)

(3D) regimes which is a result of the Z-shape of the
where “+” relates to the ROS, and +” relates to the RCS. JV-characteristic. This means that in a certain voltage range
In the single-velocity approximatior,=|e|V,,, and we there are several values of curréat least, threefor a given
have[see Eq(12)] voltageVp . The intermediate values of the current are not
obtained since our calculations are performed for the given

SK( &, ,X)= SK(X)= m—ae (32) voltagesVp, and they give only the stable HC and LC
A[2mle|V(x)]Y? solutions.
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FIG. 8. Potential distribution¥(x) in the current conducting channel for

FIG. 6. An example of the Z-shaped dependedeel(Vp) for the ROS  the same diode as in Fig. 7.
with parametersse=2.5 meV, u=3 meV,N,=5-10° cm 2, |,=1,=0.15
pum, 1=0.2 um.

the RCS and a current minimum for the R@8here the

An example of thel V-characteristic with the hysteresis current is scarcely different from zerat Vp=20 mV corre-
for the ROS is demonstrated in Fig. 6. For this structyre spond to the number=1 in Fig. 5. Both characteristics have
=1,=0.15 um, 1=0.2 um, =3 meV, e=2.5 meV,N, the last extrema a¥,~80 mV which are not shown. The
=5.10° cm~2. Distributions of the electron concentration multivalued behavior induced by a spatial charge redistribu-
N(x) (Fig. 7; here and further we shift again the origin of tion is not displayed for low numbers The hysteresis re-
coordinates to the platg, i.e., to the cathodeand potential lated to the Z-shape of the characteristic appears at
V(x) (Fig. 8 for these HC and LC branches differ signifi- Vp=7+7.5 mV for the RCS and a¥p=4.5 mV for the
cantly. The HC branch is characterized by the high electroiROS. We cannot calculate the stall®¥p-dependence at
concentration in the DQWS and a jump with doubling of theVp<4 mV.
concentration at=1,. On the other hand the LC branch has ~ The potential distribution¥(x) for the RCS in the volt-
twice as low concentration in the DQWS and has no a simiage range betweevi, andV,, (see Fig. 9 are shown in Fig.
lar jump. This variance results in the substantial differencel0. The main feature of these distributions is a presence of
between the potential distributions for these branches. In ththe second potential barrier for electrons near the SQWS/
LC regime the voltage drops mainly across the cathodeDQWS boundary. It is similar to an additional virtual cath-
adjacent SQWS, and an electric field has no peculiarity at thede, and we named it a pseudocathode. The height of the
SQWS/DQWS boundary. At the same time, the HC potentiapseudocathode increases Witj . It is clear that the ballistic
distribution is characterized by the substantially smaller elecconsideration becomes invalid for these voltages because of
tric field in the cathode-adjacent SQWS. A region with athe existence of the new potential well between the effective
large field is shifted into the DQWS, and nearly all anodecathode and the pseudocathode. Any electron trapped in this
voltage drops across the DQWS. The most distinctive detaiivell due to scattering or in a different way cannot leave it
of this distribution is a zero field region near the SQWS/ballistically. It leads to the filling of this potential well by the
DQWS junction(see Fig. 3. electrons and to the reconstructing of the distributi¢(x).

JV-characteristics of the ROS and the RCS with-0.1  Since our numerical procedure does not take into account
um, 1=0.4 um, 1,=0, u=1 meV, de=1.5 meV,Ny,=1 inelastic scattering which is necessary for the trap of elec-
-10'° cm™2 are presented in Fig. 9. A current maximum for trons in the well and the escape of electrons from the well,

1.5x10'°
0.02
RCS
. 1.0x10°F HC §
g -
- 0.01+
8
= 50a0°}
LC
ROS
0.0 L 0.00— :
0.00 0.25 0.50 oV, Vv, 20 40
X, pm VOLTAGE , mV

FIG. 7. Concentration distributiond(x) in the diode with the ROS from  FIG. 9. JVp-characteristics of the diodes with the RO and the RCSB)
Fig. 6 for the both current branchédC is a high current branch, LC is a with the same parameterk;=0.1 um, [=0.4 um, 1,=0, de=1.5 meV,
low current branchat Vp=15.5 mV. u=1meV,N,=1-10" cm 2,
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FIG. 12.JVp- andJ, ;Vp-characteristics of the diode with the coupler struc-

ture; Np,=5-10' cm™?; the other parameters are the same as in Fig. 11.

00 01 02 03 04 05

* um is in an extended region with the N-type negative differential
FIG. 10. Potential distributiong(x) in the diode with the RCS from Fig. 9 reS'StanCdN'NDR) at high VOItageS.- Of course, thls_at.jv_an-.
tage may be illusory because at high voltages ballisticity is
disappearing, and nonresonant components of the tunnel cur-
rent are rising. In addition, detuning of the tunnel resonance

the numerical solution of the self-consistent ballistic problemy, e to the recharging of the QWSs in the DQW may be too
is not adequate. Frequently under these conditions the calc;grge_

lation procedure becomes unstable.

At low voltages there exists another difficulty for the |, peo i TS FOR COUPLER-STRUCTURES
calculations dealing with the small distance between the ris-
We assume that both QWs forming the DQWS are in

ing branches for large [see Eq.(33)]. It leads to multival-
ued behavior with more than three solutions for a givign contact with the same anode pla€1,=0, Fig. 1c)]. We

Transitions between these solutions become complicated. neglected the details of the anode design in our calculations
The results presented in Figs. 6, 7, and 8 relate to theupposing that it is suitable to measure separately the anode
symmetrical structure with the equal anode- and cathodesurrentsJ; andJ,. The dependence of the total curredt,
adjacent SQWSsl{=1,), while other resultgFigs. 9 and =J;+J;, as a function ol is monotonous and quite rou-
10) correspond to the bases without the cathode-adjaceitine, while the partial current3, , oscillate in the range be-
SQWS (,=0). There are no principle advantages of onetween zero and:
structure over another. Therefore, the design of the diode can _ _
be determined in accordance with technological preferences. J1=3(Vo)ty, J2=J(Vo)te. 349
In contrast to the cathode-adjacent SQWS, the anode- The calculated results for coupler structures Wit 0.1
adjacent SQWS is set by the necessity to accelerate the elegM, | =0.4 um, u=3 meV, se=2 meV are shown in Figs.
trons up to the single-velocity regime. If the acceleration is11 and 12 for two different values of;,, N,=5-10° cm™?
insufficient, the current modulation is incompletgee Fig. and 510'%m™?, respectively. The current modulation is in-
9). complete at low voltage¥ because a single-velocity re-
From the technological point of view the RCS looks gime is not realized. The total current in the lightly doped
much simpler than the ROS, since the implementation of thétructureN,=5-10° cm~?, rises with the voltagéFig. 11,

RCS does not require back gates. The advantage of the RG®d therefore the maximum values of the currehts in-
crease too. To provide the true coupler regime when the

current is switched from one channel to the other without
changing its value, we should increase the donor concentra-
tion N, up to 5 10'° cm 2. As a result, the diode is in a
saturation regime withJ=const and the current3, , are
practically equal to each other in their maximufsg. 12.

In reality, it is very difficult to implement the coupler
structure because we have to independently contact with two

for the successive voltages frowh, to V,, .

0.03

g

Q

]
T

CURRENT , A/cm
[=]
(=)

0.00
0

10

20
VOLTAGE , mV

30

closely spaced QWs on one side of the DQWS, and the an-
odesA; , should be placed almost in the same point. Numer-

ous methods described in Refs. 1-16 and other analogous
works do not reach this goal, so hew suggestions are needed.

V. DISCUSSION

FIG. 11. JVp- and J, ;Vp-characteristics of the diode with the coupler . . .
structure; Se=2 meV, u=3 meV, 1,=0.1 um, 1=0.4 um, N,=5-10° First, we should note that the considered here design of

cm 2, the ballistic diode shown in Fig. 4 differs from the designs of
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the structures with independent contacts described in Refgs satisfied, whereA is a DQWS area, and\ is a sheet
1-16. We assume that our results do not depend critically oslectron concentratiorf ¢ém~2]). If C/A=¢e4/d, whered is
geometry of the contacts. The assumption relates especialgn effective distance between charge centers in the wells, Eq.
to the stationary characteristics considered here. Therefor€36) can be rewritten in the form

in the further discussion concerning the applicability of our
results we have in mind not only our specific desifig. 4)

but more universal designs as well. _ We obtain on the right-hand side of E&7) a concentration
Our calculationgSec. Il) show that the self-consistent _3.10 cm™2 for se=2 meV andd=10"° cm. We can

well between the effective and pseudocathode near thghey do not contradict each other

DQWS boundary. Therefore, the condition of the ballistic Since we have accepted the condition of the clasic
transport is not satisfied. A presence of the potential wellyitimode electron transport in the resonant DQWS, we are
sometimes leads to instability of the calculation scheme be&imited in the increase ofe. This additional condition is
cause electrons occasionally trapped in the well cannot leaviganecessary but convenient when the interwell tunnel current
it. As a result, they increase the spatial charge. This welpgcijjations, the CO-1(Sec. Ill), are considering only, while
occurs in the rising branches of t#&/-characteristics near the resonant quantum current oscillations, the CO-2, prove to
the current maxima at low voltages. At the same time theye syppressed. The CO-2 are determined by the eigenvalues
well is absent near the current minima, and near the highaf an electron cavity in the DQWS and are enveloped by the
voltage maxima where there are only inflection points asco-1 due to their smaller period. A condition of the suppres-

certain rudiments. This means that the high-voltage regioRjon of the CO-2 and justification of the classic approach is
and the descending branches at low voltages are reliable.

Consequently, th@V-characteristics with N-NDR having an ANSNr=N\1, (38
extremely low valley currents take place certainly. The posi-

tions of the current maxima at low voltages and especiallyWhere A=Apow IS @ mean electron wave length in the
the high-current branch of the Z-shaped sectidres, the DQWS[see Eq(1)], r=I/x>1 is a number of the resonator

. . ) . mode, andAX is a dispersion oi. The dispersion of the
boundaries of the hysteresis regipase unreliable. energye= e, is estimated by the energy width of the enterin
The situation with the potential well in front of the gye= y 9y g

DQWS reminds us of the situation with an accumulationelec’[ron beam
layer in front of a two-barrier structure of a resonant tunnel- h2
ing diode? The existence of such a layer requires us to take  Ae=
into account inelastic scattering mechanisms in order to cal-
culate correctly a self-consistent potential and electron conrpap, condition(38) transforms into the form
centration. This problem is not solved here.

Among other simplifications, the symmetry of the wells, w*>hvpow/l. (40

which is necessary for a sharp tunnel resonance has been q ith Ea€31) and (32 : |
assumed. A precision of the resonance tuning, that is thil accordance with Eq¢31) and(32) we can approximately

difference of individual quantization energies has to beVt€ Upow=IJ€/mhs’, where s'=s+1/4=1/4 and we

within SAS-splitting (i.e., ~2+3 meV). A detuning de-

creases the current modulation level substantigBuch a wr>238€ls’. (41)

decrease considered in Refs. 23 and 26 for a linear conduc-

tance of the ROS/RCBSince the top- and the bottom-wells A condition of a single—velocity regime which has to be

are different initially(see, e.g., Refs. 5, 6, and)3an addi-  satisfied together with Eq41) is

tional well symmetrization has to be provided. A back gate , ,

with a large enough area under a substrate could be conve- pr<2els'=2leVp|/s'. (42)

nient for this goal. The applied voltag&, should not in-  An insufficient satisfaction of Eq42) for low voltages and

duce a large detuning of the tunnel resonance, so we havelarge values o’ makes the current modulation level lower.
Merging all the energy inequalitid&qgs.(37), (41), and

|eVp|<8eCICy, (35  (42] we have the hierarchy

N<2e,de/e?d. (37

3 =u—|eVy=u*. (39

2 < cal % <
where C is an interwell capacityC, is a capacity of the e*Nd/2e,<de<s’ u*/2<|e[Vp<hw,. (43

DQWS and the back gate above mentioned. All these inequalities excluding E@41) have been satisfied
In addition to the resonance detuning considered abovgy our calculations. We carried out a series of additional
there exists one more detuning mechanism dealing with thealculations with large values qf (up to 6 meVf and high
tunnel electron transfer itself. This mechanism which is redonor concentration&ip to 5-10'%m~?2) to raiseu* . These
sponsible for the considering effects, can affect the transfeficreases inu and N, raise the maximum current substan-
appreciably since it impedes a full tunnel resettlement. Thigially but do not change qualitative behavior of

impediment is small if a condition JVp-dependences for high voltagd, (>15 mV). At the
same time the current oscillations for low voltages15

Ae®N<2Cése (36) mV) are resolved less clearly because the single-velocity re-
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gime is nearly washed out in agreement with the condition  We hope that the presented here results will initiate an

(42). Therefore we have presented in Sec. Ill the results fointerest of experimentalists to fabricate shorter thah*fh

smaller values ofu andNy. ballistic overlap structures, as well as to the cover structures,
A suppression of the CO-2 can also occur due to flucwhich have not implemented yet.

tuations of the DQWS lengthwith a dispersion

S=n=IIr. (44 ACKNOWLEDGMENTS
If 1=0.3 um andr =10 (it is a realistic number 51 =30 nm
is sufficient to suppress the CO-2 completely.

In the Appendix we present a set of accurate formula
for the coefficients of transmission in the model ROS an
RCS without taking into account a spatial chakge linear
approximation. These formulae show the character of the
influence of the CO-2 cIearIy. Since the CO-2 can be Ob_APPENDD(Z TRANSMISSION IN A LINEAR
tained as a result of the quasiclassical quantization of longiAPPROXIMATION
tudinal electron motion in the DQWS, they can be consid-
ered precisely in the frameworks of our procedure but with Formulas for transmission coefficients of linear homoge-
substantial variations. We have to calculate and to remembéfeous resonant overlap and cover structures are collected in
full electron phases in both QWs instead of only the phaséhis Appendix. We have for the ROS:

The authors thank N. Z. Vagidov, B. Glavin, and O.
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nowledge gratefully the support from the NSF and the
ARO.

difference&(x). It is a much more cumbersome problem. -
64K’k 2.2 2 H ; 2
= ——x1x2(x1— x2)°(kz sink;l —k; sink,l)*,
VI. CONCLUSIONS D] AD
We enumerate the main results obtained above.
(1) The resonant DQWSs embedded into the base of th¥/nere
ballistic diode(the ROS or the RCSead to multimaximum D=2 cosy{ (3 +x3)(K'K'+kik,)
and multiminimumJV-characteristicgthe CO-1 with re- B i _ 2, 2
peated falling branches and N-NDO[Rig. 5. The ROS(the X+ 2K K+ -2 cos B (xi +x2)
ballistic Eisenstein-type structyravhich is more compli- X(k'k”—klkz)—X1X2(k§+2k'k"+ kg)]—sklkzxm
cated technologically than the RCS has no principle advan- o 5 )
tages in comparison with the RG8xcepting an asymptotic = 2i sin ¢ x1(K"ky+k"Kz) + x5(K"ka+K"k1)

behavior for high voltages 'y - 201 /
(2) At low voltages these characteristics can demonstrate —xux(K KD (ke ko) ] 21 sin 25 xi (K —k k)
multivalued current behavior and Z-shaped sections. The — + y3(k'k,—k"ky)+ x1x2(k’ + k") (ky—kp)],
number of the current extrema depends on the energy width .
w* of the electron beam in the DQWS. A T,
(3) There is another type of multimaximum behavior of X12~ ~ 55 L€ ~€ V(e —en?+4(00)7,
the JV-characteristics named the CO-2. It is not discussed o .
thoroughly here. The oscillations can complicate the de¥=(kitko)l, 6=1/2(k; —k;)l is similar t0 £(1) in Sec. 11,

scribed picture if they are not suppressed. The suppressio‘?{ ande” are the ground levels of quantization in the isolated
! n
occurs for large values gi* and/or for noticeable inhomo- P0tom- and top-wellsk” andk” arex-components of wave

geneous fluctuations of the DQWS lengthA classical ap- vgctors in the bottom and top-wells outside the DQWS for a
proach developed and used above is justified in these casétYe" elr_]ergy’kl and kp arehthe samefcomhponents of the

(4) A nonresonant coupler-structure displays multiextre->/>-Splitted waves inside the DQWS for the same energy.
mum behavior for the partial currenls ,, but does not dem- Equation(A1) is simplified for sharp tuning of the tunne|
onstrate such behavior for the total curréntThe oscilla- esonance whewi=x>=1, x1x,=—1. For the energy of
tions of the partial currents corresponds to the switching of €Ctrons much greater thaie we have

the current] between the anodes; andA,. The switching ky=k,=k’ =K"=k, (A2)
can be controlled both by the voltayyg using the peculiari-

ties of theJ, ,Vp-characteristics considered above and by a _ 2sirf 5(1+cos )

potential of an additional gate varying a SAS-splittidg " 1+sirf 5+ 2sirt 8 cosy’ (A3)

and an electron concentratid as is usually done. Never- o )

theless, we have to note that technological problems of indg30th & phases which is responsible for the CO-1 and a
pendent contacts to the wells forming the DQWS for thePhasey which is responsible for the CO-2 are presented in
coupler-structure have no successful solution up at th&d-(A3) as well as in initial Eq(A1). To exclude the phase

present time. ¢ we have to average T on a period:
With increasing the electron concentratibiheffects of 1 ((n+1)m
Coulomb interactions between electrons from the different (T)= ;j T(¢)dy. (A4)
nwT

QWs can create substantial corrections in the considered so-
lutions. These effects have not been taken into account herblsing Egs.(A3) and (A4) we obtain
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T 2sirt §
(M= 1+sir 8’

as in Eq.(22) for the nonlinear case.
For the RCS we have

32(k')? ,
T= W(Xl_)Q) [(1—cos-cos )

(A5)

X (x3k5+ x3K5) — 2k1Kox1x2(COS 25— COS )

+sin - sin 25- (x3k5—x3k3)1, (AB)

where

D=2 cos B{xi[(k')2+k3]+x3[ (k)2 +Kk]]

+2x1x2[ (K')2 = kika]}
—2 cosy{xil (K')?+k3]+ X3 (k") 2+ Ki]
—2x1x2l (K")?+kiko ]}
—8x1x2(K') 2+ 4ik’ (x1— x2)[ (x1Ka+ x2K1)
Xsin 25+ (x1ko— xokq)sin 4],

and instead of Eq(A3)

~ 2co$ §(1—cos )
" 1+cod 6—2co 5 cosy

Equation(A4) gives for this case

(A7)

2cog S
(M=

C1+cog S (A8)

and it is similar to Eq(26).
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