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A num er ical pr ocedure based on the time -depende nt K ohn { Sham equa-
tion w ith an impro ved boundar y conditio n for the modelin g double barrier

resonant tunneling dio de is presented . T he dependence of current comp o-
nents on w ell w idths in Al GaA s/GaA s/A lGaA s structure is studied. A n os-
cillatory b ehavior w as observed as the w idth of the well is changed. Our

evaluation show s that this oscillati on cannot attribute to the w ell- know n
oscilla tion at resonance state.

PACS numb ers: 73.63.H s, 71.15.Mb, 71.10. Ca

1. I n t rod uct io n

The doubl e barri er resonant tunnel ing di ode (D BRTD ) structure s have been
extensi vel y studi ed since the pi oneering work of Tsu and Esaki [1, 2]. These struc-
tures prom ise many interesti ng devi ce appl icati ons such as in fast swi tchi ng ele-
m ents, high- frequency oscil lato rs, hi ghly sensiti ve detecto rs [3] and al low to study
pro blems, relati ng energy levels in quantum well and tunnel ing whi ch are of general
interest in condensed m atter physi cs.
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In a D BR TD the n -typ e doped semiconducti ng layers outsi de the quan-
tum -well hetero struct ure act as reservo i rs consisti ng of m any electro ns. The cou-
pl ing between the RTD and reservoi rs pro vi des di ssipati on and sustains a steady,
nonequi l ibri um current Ûow [4]. Because of the resonant tunnel ing of electrons
thro ugh RTD structures and the observati on of negati ve di ˜erenti al resistance
(ND R ) in DBR TD structure at room tem perature and resonant tunnel ing of
holes [5] i t has received special attenti on. The ori ginal picture of the RTD as a
Fabry { Perot resonato r for electrons is deÙned by Tsu and Esaki and is developed
further by Kel dish [6]. In thi s essential ly one-dim ensional appro ach, the resonant
enhancement of the tra nsmission coe£ cient occurs when the inci dent electron en-
ergy from reservo ir coinci des wi th the energy of the botto m of the subba nd in
the well . On the other hand, as Mei r and W ingreen [7] have pointed out the
ND R in RTD can be expl ained solely due to the tunnel ing of electrons from the
three- dim ensional sta tes in the reservoi r to the 2D states in the well since the
component of the electro n m omentum tra nsverse to the di recti on of tunnel ing is
conserved. Subsequentl y, the electro ns leave the well by tunnel ing thro ugh the
other barri er. The dyna m ic response of DBR TD has been studi ed by nonequi l ib-
ri um Green functi on, density functi onal theory and other metho ds by using one
aspect of tunnel ing as m entio ned before. The e˜ects of the many electro ns in reser-
vo i rs are very im porta nt. There are several models for i t. In nonequi l ibri um Green
functi on theo ry, the e˜ects of reservo i rs' electro ns is put into the system by addi ng
term s of the reservo i rs' electro ns and the intera cti on of reservoi rs' electrons wi th
the system to the Ha m il toni an of the double barri er quantum well [8 ]. Frensley,
on the other hand used the W igner di stri buti on f uncti on approach to calcul ate
the I À V characteri sti cs of an RTD [9]. In Frensl ey's appro ach, the reservoi rs were
repl aced by a constant Ûux of electrons inci dent on the devi ce from the bounda ri es.
The equi l ibri um distri buti on of these electrons wa s given by Ferm i functi on. The
sim ulati on was based on the ti m e-dependent Schr�odi nger equati on for noninter-
acti ng electrons and the im pro ved boundary condi ti ons [10] were employed.

Tsuchi ya and Sakaki [11] investigated experim enta lly the electron tra nsport
in resonant tunnel ing di odes. They showed tha t the resonant tunnel ing current
depends general ly on such parameter as barri er wi dth, barri er heights, well wi dth
and the im puri ty concentra ti on in the reservoi rs. They also showed tha t the in-
crease in well wi dth lowers the resonant level Ùrst, whi ch leads to the increase in
the e˜ecti ve barri er height for electrons. Thi s ri se of the e˜ecti ve barri er height
causesthe sharpening of the tra nsmission coe£ cient around the resonant tunnel ing
current. They showed experim enta l ly tha t the current decreased system ati cal ly as
wel l wi dth increased.

In the RTD or quantum -e˜ect devi ces, the wave nature of the current carri er
is fundam enta l to devi ce perform ance. Due to thi s, the wa ve picture appro ach is
sui tabl e for evaluati on of these devi ces. Nakano et al. in thei r paper [12] and our
previ ous paper [13] pointed out tha t the ti me-dependent density f uncti onal theory
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(TD D FT) wi th im prov ed bounda ry pro vi des a suita bl e fram ework for studyi ng
the D BR TD devi ces. The purp ose of thi s paper is to investigate the vari ati on of
wel l wi dth and thei r e˜ect on the electron tra nsport in D BR TD devi ces. Our m odel
system is a doubl e barri er resonant tunnel ing di ode consisting of a quantum well
layer of GaAs sandwi ched between Al GaAs as barri er layers. The wel l layers have
vari abl ewi dths between 0.4 nm and 20 nm . The barri er layers have constant wi dth
of 5 nm thi ckness. The conducti on-band disconti nuit y between the wel l and barri er
layers is taken to be 0.23 eV. Both sides of the hetero struct ure are atta ched to thi ck
n - typ e doped GaAs lay ers. The thi ckness of these layers is 150 nm . The conta ct
reg ion, whi ch is positi vely charged wi th ionized donor, is repl aced by a uni form
positi ve background. The doping density is 1 0 1 8 cm À 3 and is denoted by n D .

2. T h eor et i cal m odel

W e have perf orm ed real -ti m e sim ulati ons for DBR TD connected to many-
-electron reservo irs by using TD D FT [14]. In TD D FT, one connects V ( r ; t ), ex-
terna l potenti al, to the electron densi ty n ( r ; t ) and concl udes tha t the externa l
potenti al is determ ined (wi thi n an addi ti ve ti m e-dependent functi on) by n ( r ; t ).
Thi s is chi ef point of TD D FT, thus, the kno wl edge of n ( r ; t ) is su£ cient to deter-
m ine the wave functi on and pro perty of m any-el ectron system . It is assumed tha t
there exists a set of densi ty functi on, whi ch comes from a set of potenti als (i .e.
v - representabl e). In TD D FT, the ti me evoluti on of the wa ve functi ons are given by
the Kohn and Sham [15], the e˜ect of the intera cti on between parti cle and exter-
na l potenti al, parti cles wi th parti cles is reÛected in the functi onal U [ n ( r ; t ) ] tha t
depends on the density distri buti on. The ti m e-dependent Ko hn{ Sham equati on is

£

iñh
@

@t
+

ñh 2

2 m
r

2
À U [ n ( r ; t )]

¥

ê (r ; t ) = 0 : (1)

The f uncti onal U [ n ( r ; t )] consists of al l functi onal potenti al energ ies such as the
externa l potenti al , exchange potenti al , the Ha rtree potenti al and etc. In Geldart
and Rasol t [16], the Hartree potenti al is
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and the exchange correl ati on energy in local density appro xi m ati on (LD A) is
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where " xc [ n ( r )] i s the exchange energy per parti cl e for a uni form electro n gas wi th
density n (r ) . In D BR TD devi ces, the bare mass of electro n must be repl aced wi th
the e˜ecti ve mass of conducti on electrons and thi s depends on the space. The po-
tenti al functi onal U consists of the energy of the conducti on-band edge, Coulom b
potenti al arises from positi ve background charge in doped layers, the potenti al
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dro p due to an externa l electri c Ùeld, Hartree intera cti on and the exchange corre-
lati on energy per parti cle. The exchange correl ati on energy per parti cle is ta ken
from the Green functi on Mo nte Ca rlo sim ulati on results of Ceperley and Al der
as param eteri zed by Vosko et al . [17]. Assum ing tra nslati onal invaria nce para l lel
to the interf ace, the electro nic orbi ta ls are products of wa ve functi ons, ê l ( r ; t ),
para l lel and perpendicul ar to the interf ace, respecti vely. The ti me evoluti on of the
perpendicul ar wa ve is given by
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In wri ti ng Eq. (4), the Ben D ani el and D uke Ha mi l to nian [18] is used. The electron
density n (r ; t ) i s calcul ated from n ( r ; t ) =

P N

i =1
j ê i ( r ; t ) j

2 . The n (r ; t ) integrated
along interf ace surf ace, the electron densi ty functi on along x -axi s is obta ined
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where " F and " are the Fermi and the subband energy, respecti vely, N i s the num -
ber of occupied levels. Because of hom ogeneity of system along interf ace surface
the Hartree potenti al along the x -axi s is
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For smal l increm ent of ti m e(Â t ), form al ly, the soluti on of Eq. (1) can be wri tten as
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In our analysis, a ti m e-dependent self -consi stent m etho d is used and Eq. (7)
self-consistentl y wi th Eqs. (5) and (6) is solved. To execute Eq. (7), the parti al
di ˜erenti al operato r is replaced by di ˜erence representa ti on. The wa ve functi on
and the potenti al energy are expressed on a regular spati al gri d extendi ng over
both reservoi rs and RTD . W ith using Na kano et al . m etho ds, Eq. (7) tra nsform
to the set of l inear algebra ic equati ons. For boundary of system , we use the im -
pro ved bounda ry condi ti on trea tm ent. We kno w the externa l potenti al is screened
on the edge of the system whi ch is cal led the asym pto ti c region accordi ng to some
autho rs. D ue to thi s, the externa l potenti al is ta ken to be constant in tha t region.
Thus, V L ( t ) and V R ( t ) , the externa l potenti als on the left and ri ght side asym p-
to ti c region are ta ken to be 0 and V ( t ) . On these regions the wave functi ons are
scatteri ng wa ves and are

ˆ ( x ; t ) = exp

˚

À i
E t

ñh

Ç

È

(
A ei + B (x ; t ) eÀ i f or x ç x L ;

C ( x ; t ) ei ( ) f or x Ñ x R ;
(8)

where x L and x R are the utm ost points on the left and right asym pto ti c reg ions,
respect ively, k and k 0 are the wa ve vectors, the coe£ ci ent A i s the constant am -
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pl i tude of inci dent wa ves, B ( x ; t ) and C ( x ; t ) are the am pl i tude of reÛection and
tra nsmission whi ch vary wi th space and ti m e. E k i s the energy of inci dent wa ve
and is equal to
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D evice Ham i lto nian on the asym pto ti c reg ion is
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Since the space and density are homogeneous on the asympto ti c region, the inter-
acti ons between parti cles and parti cl es wi th am bient space are put to the system
by renorm al izati on of the energy by a constant term . By using Eqs. (1) and (8),
the ti m e evoluti on of wa ve functi on on the left hand side asym pto ti c reg ion wi th
inci dent at left is
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T o solve the evoluti on of the wa ve functi on at the bounda ry, the parti al di ˜erenti al
wi th respect to ti me and the space in Eq. (11) is repl aced by a di ˜erence repre-
sentati on, wi th m uch calcul ati on and rearra nging them , the fol lowing equati on is
obta ined:
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where £ x is distance between gri d points. Equati on (13) represents the unkno wn
bounda ry wave functi on at ti m e t + £t in term s of the wave functi ons at ti m e t and
the wa ve functi on on one step interi or point at the same ti me. The sam e procedure
m ust be done for the ri ght hand side or tra nsmission wa ve. The Ùnite di ˜erence
m etho d is empl oyed to solve Eq. (4) subjected to derived bounda ry condi ti on and
ini ti al condi ti on | the ground state of the m any- electron system in the absence
of externa l electri c Ùeld. The procedure outl ined so far is repeated for the ri ght
inci dent wa ves and to estim ate the characteri stic of the system , the sup erpositi on
of left and right inci dent wa ve must be ta ken into account.

3. R esul t s an d d iscu ssio ns

The R K4 [19] m etho d is used, the wa ve functi on and potenti al proÙle of the
system at the equi l ibri um are calculated.

Fi gure 1 shows the resulti ng potenti al curves for three wells. The two semi-
tri angul ar wells tha t are represented in the Ùgure are pro duced by the juncti on
between doped and undoped m ateri als of the reservoi r and the barri er. W hen the
externa l potenti al is appl ied to the system, the reservo irs shoul d form dipole layers
and the appl ied potenti al is screened inside the reservo irs. In the case of an elec-
tro n gas model, the screening must be com plete and consequentl y the potenti al
inside the doped layers should be constant.

Fig. 1. T he self-consistent calculated potential for ground state in the absence of elec-

tric Ùeld. T he Ùgure show s three p otential curves for three quantum w ells.

Fi gure 2 shows potenti al pro Ùle for three wells in nonequi l ibri um steady state
achi eved after 3000 fs. The resul t tha t is presented in the Ùgure shows the screening
e˜ect inside the doped layers in three wells. It can be seen from the Ùgure tha t the
appl ied potenti al mostly drops in the acti ve region. For calcul ati on of the curves
in Fi g. 2, we Ùrst start wi th the equi l ibri um wave functi on and potenti al proÙle
tha t is shown in Fi g. 1, and then we swi tch on a uni form electri c Ùeld and fo llow
the real ti me evoluti on of the system .
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Fig. 2. The self-consistent potential proÙle for three quantum w ells in the nonequil i b-

rium steady state. T he system is under external p otential. The steady state is achieved

af ter 3000 fs. T he low variation of p otential curve, on the edges of the system, show s

the screening e˜ect.

Fig. 3. T he calcula ted average current over w ell and barriers w idth w ith respect to

the w ell w idth and time. T he applied potential is 0.08 volt. W e rep eated this calculatio n

for the applied potentials 0.19, 0.12 volt and all results show this behavior on the well

w idth of 14 nm and 18.4 nm.

Fi gure 3 shows the ti m e and wel ls wi dth vari ati on of the current density in-
duced by an appl ied electri c Ùeld after the Ùeld is swi tched on. The current density
is calcul ated as an average over barri er and wel ls layers. Since the externa l source
thro ugh bounda ry pro vi des current carri ers and m any-electron reservo i rs are the
source of dissipati on, a steady Ûow of current can be sustained for a long ti m e.
Ho wever, in the num erical analysis the large numb er of operati on in long period of
ti m e and trunca ti on errors devi ate the calcul ated current density f rom true value.
Fi gure 3 shows tw o oscil lati ng currents at wi dths 14 nm and 18.4 nm af ter the
tra nsient dim inishm ent. W e cannot attri bute thi s oscil lati on to the wel l-known os-
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ci llati on current tha t is observed in quantum well in resonant state. The wel l -known
oscil lati on depends on the appl ied potenti al and thi s depends on the well wi dth.
W e noti fy tha t the well -known oscil lati on also appears in the Ùgure, but the large
am pl i tude of oscil lati on observed by us overwhel med i t. W e interpret the observed
oscil lati on as fol lows. W e kno w from the m agneto-oscil lati on studi es tha t the ex-
istence of space-charge bui ld up in the quantum well at resonance regime and the
theo reti cal inv estigati on [20] exhi bi ts tha t the space-charge bui ld up depends on
the current density thro ugh the system . In quantum wel l wi th one resonant level,
when the Ferm i energy level of m any- electron system in emi tter side cl ose to the
resonant level of the wel l, the current density and density of charge in the well
increases. The bui ld up of charge in the wel l rises the resonant level and then the
current decreases. Thi s is origin of the current oscil lati on in resonance regim e in
one level m odel . In our m any- electro n system , we have m any electron states below
the Fermi energy level. W hen the wi dth of well increases, the numb er of resonant
levels in the wel l increases and the resonant levels go to the down in the wel l . In
thi s approach, we have large am pl itude oscil lati ng current when the large num ber
of electron energy levels below the Fermi energy in the emi tter side coinci des wi th
the energy of the resonant levels in the well and the currents of the each level are
coherent. But in the system , the frequenci es of oscil lati ng currents of each level
are appro xi matel y equal [20]. Because of thi s, the addi ti on of these currents gives
large am pl itude current wi th a wave packet form . Thi s current is represented in
Fi g. 4. Fi gure 4 shows the current versus ti m e for three wells wi th di ˜erent wi dth.
The wel l wi dth increm ent in our analysis is 0.4 nm . The Ùgure shows the singular

Fig. 4. T he calculated average current over the w ell and barriers w idth w ith respect

to time. Part (a ) is for tw o w ells w ith 13.6 nm and 14.4 nm w idth. T he tw o curves are

overlapp ed such that cannot be distingui shed. Part (b) is for w ell with 14 nm w idths.

T he oscillati on current is such that it overw helmed the transient current. T his behavior

is rep eated along time axis. T hese Ùgures show the singulari ty b ehavior in our numerical

decision .
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Fig. 5. T he calculated average current over the w ell and barriers w idth w ith respect

to time. The w ell w idth is 5.2 nm. The applied potential is 0. 19 volt. T he oscillato ry

current on the steady state region is striking . T he applied potential is about the resonant

energy of this w ell.

behavi or of thi s oscillati ng current wi th respect to varia ti on of the well wi dth at
14 nm . The overl appi ng of curves for wel l wi dth of 13.6 nm and 14.4 nm , tha t
is represented by part (a) in Fi g. 4, is such tha t the two curves app ear as one.
Mea nwhi le, the Ùgure di splays sensibi l i ty of our observed oscillati ng current to the
wel l wi dth vari ati on. The com pari son between the oscil lati ng current in Fi g. 4 and
the oscil lati ng current in Fi g. 5 tha t represent the well -known oscil lati ng current
curve, m ake appear the di ˜erences of the oscil lati ng current observed by us and
the well -know n oscil lati ng current.

4 . Co n cl u si on

W ehave used the GaAs{ Al GaAs heterostructur e due to i ts properti es,nam ely
i ts di rect band gap and narro w energy band. The other property of GaAs | em-
pl oyed here | is i ts sim ple isotro pi c non-degenerate band extrem um . It perm i ts to
use the envel ope functi on model [21]. W e have studi ed the current characteri stic
of doubl e-barri er resonant tunnel ing di ode connected to degenerate m any- electro n
reservo i rs and the intera cti on of the system wi th the externa l ambi ent space is sim -
ul ated by usi ng the impro ved open boundary condi ti on trea tm ent. The dyna m ics
of the m any-el ectron system of the reservoi rs are expl icitl y ta ken into account by
usi ng the ti m e-dependent density functi onal theory . W e have previ ousl y used thi s
m etho d to calculate the density m atri x and the phase correlati on of carri ers in well
of 5 nm wi dth. W e showed tha t the outcom e of thi s metho d is consistent wi th the
exp erimenta l and the theo reti cal anti cipati ons. Our result anti cipates tha t RTD
wi th the wel l wi dth of about 14 nm and 18.4 nm reveal large ampl itude oscil lato ry
behavi ors tha t is di ˜erent from the observed current oscil lati on in RTD .



56 A .H. Rezvani

R ef er en ces

[1] R. T su, L. Esaki, A ppl. Phys. L ett . 22 , 562 (1973).

[2] R. T su, L. Esaki, A ppl. Ph ys. L ett . 24, 593 (1974).

[3] F. C apasso, K . Mohammed, A .Y . Cho, I EEE J. Quant um Elec tron. QE - 22, 1853
(1986).

[4] R. Landauer, IB M J. R es. Dev. 1, 223 (1957) ; 32, 303 (1988).

[5] H . Ohnishi , T . Inata, S. Muto, N . Y okoyama, A . Shibatomi , A ppl. Ph ys. Lett . 49,
1248 (1986).

[6] L. V . K eldish, Zh. Eksp. Teor. F i z. 1515 (1964) [ 1018
(1965)] .

[7] Y . Meir, N .S. Wingreen, 2512 (1992).

[8] L. Y . C hen, C .S. T ing, 3159 (1990).

[9] W. R. Frensley , 2853 (1986).

[10] R.K . Mains, G. I . H addad, 3564 (1988); 591 (1990).

[11] M. T suchiya, H . Sakaki, 14 (1986).

[12] A . N akano, P. V ashishta, R.K . K alia, 11 (1991).

[13] A .H . Rezvani, M. A . T alebian, 5 (2000).

[14] E. Runge, E. K .U . Gross, 997 (1984).

[15] W. K ohn, L. J. Sham, B864 (1964).

[16] D.J .W. Geldart, M. Rasolt, , Eds.

M. P. Das, D. N eilson, N ova Science Publ. , N ew York 1992.

[17] S.H . V osco, L. Wilk, M. N usair, 1200 (1980).

[18] W. H . Press, B. D. Flannery , S.A . Teakolky , W. T. Vetterling,
, 2nd ed. , C ambridge U niversity Press,

Cambridge 1992.

[19] T .L. Li, K .J . K ahn, 292 (1994).

[20] V .J . Goldman, D.C . Tsui, J .E. Cunningham, 1256 (1987).

[21] G. Bastard, , H alste
Press, 1988.


