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We study tlie effect,s of a loiigit,udiiial-exteriial-electric field on tlie electronic properties of a 
niultiple opeii-quaiit.um-dot st,ruct.~ire. Tlie transmission coefficients between two quasi-two 
diinensional reservoirs through tlie stmcture are ca~lculatecl. This structure presents the 
forination of two cliffereiit gaps, oiie a~socia t~ed witli tlie periodicity of tlie structure imposed 
upon the 1D mode aiid tlie other associated to  the destmctive interference between tlie 1D 
ba.iicl a.nd t-he quantum-dot st.ates band. Tlie electric fielcl localizes the levels into Wannier- 
Starli states. Tlie iiiterplay between tlie 1D mode aiid tlie Starli ladder formed by the dot 
levels is discussed. 

Mesosco?ic systems 11a.ve been int,ensively studied in 

tlie recent years['I. With tlie improvement of imno-xale 

fa.brication xchniques, i t  lias been possible to  clesign a 

whole new kind of structures ba,secl 011 tlie liigh-mobility 

two-dimensjonal (2D) electron gas formed iii Ga.As- 

(Ga,Al)As lleterojunctions. The  physics beliincl these 

systems is b ised oii tlie 1atera.l confineiiient whicli binds 

the carriers in one or two additioiia.1 dirnensions besicles 

the epitaxial one. Recently, the interp1a.y bet#ween oiie- 

and zero-diiiiensioiial levels lias been considered. Par- 

ticularly, a11 open-quantuin-dot superlattice wa.s built 

and transmission gaps were observec~[~I. The existence 

of carrier confinement in open cavities is well known 

since the wcrks by Schult et vali der ~ \ i ~ a r e l [ ~ ]  and 

~eeters[" .  1J11oa et a ~ . [ ~ ]  discussecl tlie effects of a pe- 

riodic quanium-dot st,ructure superimposed on a. one- 

dimensiona.1 cha.nne1. ~ r u i n [ ~ ]  discussed the effects of 

the interplay between tlie cavity coniined states and 

the superlat tice states. More reccntly, other st,ructures 

based on tlic sanie principies liave been considered["']. 

The effects 3f a longitudinal-external-electric field, F ,  

in a single constriction and quant,um chains, have been 

studied by Castafio et .  al.[lO]. Their empliasis was on 

the nonlinees transport characteristics in these nanos- 

tructures. 

An electric field superimposed oii a periodic po- 

t,ential leads to the replacement of the band structure 

by a. ladder of spatially localized states, Wannier-Stark 

states (WSS), equally spaced in energy by e F d ,  where d 

is the periodicity of the s t r ~ ~ c t u r e [ ~ ' ] .  Their observation 

in bulk crystals has been a matter  of c o n t r ~ v e r s ~ [ ~ ~ ] .  

Witli the  a.dvent of the artificial seniiconductor struc- 

tures, it has been possible to observe these states[13] and 

recently, tliey have been observed iii one-dimensional 

semicoiiductor superlat t ices[ '4~1~. The coupling among 

WSS originated from different subbands has also been 

c o i ~ s i c l e r e d [ ~ ~ ~ ~ ] .  

In tliis work, we discuss the effects of an  exter- 

na1 electric field applied aloilg an  asymmetric-multiple- 

open-quantum-dot structure (AMOQDS) and uur main 

interest is on their electronic properties. They will 

be probed by the transmission coefficient through the 

st,ructure enclosed by two quasi-two-dimensional reser- 

voirs. Our structure is similar to the one discussed pre- 

viously by one of usL7] and the one studied by Kouwen- 

hoven et  a1.[2]. A laterally patterned GaAs/(Ga,Al)As 

lieterojunction is considered. We assume a strong con- 

finenieiit along the z-direction so that  the system is in 

the Electric Quantum Limit with respect to quantiza- 

tion of motion in this direction. The lateral confine- 

ment is sketched in Fig. 1. Two structures are stud- 

ied: One with a single quantum dot and the other with 

three quantum dots. We perform a multi-mode trans- 

niission calculation following the same method as in 



324 E. -4. M. Fagotto, P. A. Schulz and J .  A. Brum 

previous ~ o r l c [ ~ ~ ~ ~ ] .  We a.pproxinlate tlie electric fielcl 

effects by considering only t,he potjent,ial drop from one 

layer respective to  the other. Inside each layer, a Aat 

band is assumed (see Fig. 2). Our ca.lculat,ions for a 

large number of dots have sliown t.liat three dots are 

already enougli t o  reflect the ina.in superlattice efEects. 

Basically, t,he structures a.re formed 11y perioclic inden- 

tatioiis superimposed oii one side of a oiie-dimeiisioila.1 

(1D) channel. Tlie carriers are assumed to be ba.llist.ic. 

They are linked to  tlie two wide regions whicli l~eliave 

as quasi-two dimensional reservoirs. The  iiideritations 

give origin to a zero-dimensional coiiiiiiement potcntial. 

At least one zero-dimensional state is energetically be- 

low the first 1D mocle. Tlie higher dot states will then 

be resonances iil thc 1D n-iodes. 

Y 

Figure 3: MiniLand dispersion for tlie structure of Fig. 1 .  
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Figure 4: Transmission probabilities for an one-asymmetric- 
open-qnantum dot structure as a function of the incoming 
energg. L,: = 4000 Â, Lyl = Ly2 = 500 A, LI-1 = 500 A,  
Lz2 = 800 A. a) F = 0 kV/cm; b) F = 0.067 kV/cm; c) F 
= 0.134 kV/cm; d)  F = 0.2 kV/cm; e) F = 0.267 kV/cm; f )  
F = 0.334 kV/cm; g) F = 0.4 kV/cm; h) F = 0.467 kV/cm 
and i) F = 0.534 kV/cm. 

Figure 1: Top view of tlic pot,eiitial of thc asymmet,ric-opeii- Basically, the one-dot structure can be viewed as a 
quantum-dot structure. 

wide 1D band, the 1D mode, with a ground-OD state a t  

energy below the 1D band and excited OD states degen- 

erated and coupled to the 1D band. The  former gives a 

peak in the transmission, as i t  is expected in resonant 

tunneling. The later states give origin to  a situation 

typicai of Fano resonances['" with a dip a.ssociated to  

the peak due to the  localized state. In tlie transmission 

coefficients, however, wlienever the  1D mode is fully 

open for transmission, the peak associat,ed with the OD 

sta.te disa.ppears and only the dip is present.[" This is 

associa.ted with the  strong anti-resonance present in the 
0 11-12 

-1 O 1 2 transmission coefficients. 
hq/d 

'i 
nqld (i-i)n/d+ixqlti 

For the three-dots structure, in spite of the lim- 

ited i~umber  of dots, the results show aspects of a fi- 
Figure 2: Sclienie of tlie energy profiles of tlie striicture of 
Fig. 1 uiider a longitudinal electric field. nite superlattice. The  wide 1D band folds into the new 
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Brillouin zoiie, introduced by t.he periodicity. Tlie OD 

states give origin to narro\i7 ba.nds. Tlie folded bands 

are still wice in comparison to tlie bands formed by 

tlie OD stat3s. Tliese two set of bands are intrinsica,lly 

coupled. When the narrow ba.iid is degenerated with 

tlie wide band, tliey actually anti-cross. As a coiise- 

quence of the anti-crossing, a gap in tlie band structure 

is opened aiid tlie transmission falls t,o zero in tliis re- 

gion. In our case, the anti-crossing coming from tlie 

coupling is a rge r  tlian the bancl widtli of tlie narroiv 

bands. Therefore, tlie tra.nsmission does not reaches 

values abovc one. Additionally to thc t.ra.nsniission gaps 

due t,o tlie imti-crossings, we observe t,he gaps associ- 

ated to tlie periodicity imposed upon tlie 1D mocle, as 

i t  should be expected. 

Tliis is ivell illustrated in Fig. 3 )  irliere tlie iiiini- 

band dispersion is plotted. Tlie iniaginary-q pa.rt of 

the clispersion is also described. The t.wo gaps sliow 

a qua.litat,iv: difference in respect to tlie imaginary-q 

dispersion. The bands originat,ed from the folding of 

tlie 1D band are connected a t  imaginary values of q. 

The bands separated by tlie anti- crossing due to  tlie 

coupling of .,he na.rrow aiid wide bands do not connect 

a t  finite val-les of q. This is expected since the gap is 

originated fiom the anti-crossing between the localized 

and extended states. 

The traxismission probabilities, i11 tlie absence of 

electric field, are shown in Figs. 4 (a) and 0: (a) for 

tlie one and tliree dots structures. At energies below 

the first,-1D mode, we observe tlie pealts with unitary 

transmissiori associated to the ground-0D levels. At 

energies above the first- 1D mode, transmission gaps are 

superimposcd on the step quantization of tlie t,ra.nsmis- 

sion. The cliaracter of tlie ga,ps is well illi~st~rated with 

tlie wave-fuitctions. Fig. 5(a) sliows tlie wa.ve-function 

probal~ilitier~ for a one-open- quantum-dot for an energy 

a t  t81ie second transmission niaximum in the absence of 

electric field. Fig. 7(a) shows tlie ivave-function prob- 

ability for a three-open-quantum-dot structure, for an 

energy a t  tlie third peak of the first transmission band 

m a x i n i ~ ~ m ,  in the absence of the electric field. Fig. 5(a) 

shows maxima of probability of finding the electron a t  

the narrow constrictions characterizing the states as 1D 

mode-like. On the other liand, the third peak of the 

first transmission band maximum, Fig. 7(a), shows the 

ma.ximuni of tlie wave-function probability a t  the wide 

constrictio.n, i.e., a t  the quantum dots. 

Figs. 4 (a-i) shows the transmission probability for 

tlie one-dot case as a function of the electron incom- 

ing energy for severa1 values of electric field. At weak 

electric fields, we clearly observe a linear shift in energy 

of the first transmission peak. This peak is associated 

with tlie tunneling through the fundamental quantum 

dot state below the first 1D mode. The anti-resonance 

ga,p, associated to  the second dot state, shows an iden- 

tical shift, as it is expected. For the same range of elec- 

tric field, the transmission maxima fall to  values lower 

than one. This is a consequence of the break of sym- 

metry in the barriers through which the electron has to 

t ~ i i i i e l [ ~ ~ ] .  As the electric field increases, the first peak 

is suppressed since it shifted to  energy values below the 

emitter miiiinium. 

At intermediate fields, we observe the evolution of 

tlie transmission band towards a sharp peak. Origi- 

nally, this band is associated with the first 1D mode. 

Witli tlie electric field, the first 1D mode hybridizes 

with tlie dot state giving origin to  a sharp transmission. 

Again, the leve1 is an extended state and the transmis- 

sion reaches the unitary value. This is illustrated in 

Figs. (5a) and 5(b) where the wave-function probabil- 

ity for the second transmission maximum is plotted for 

zero electric field and for F=0.53 kV/cm. We clearly 

observe its evolution from a 1D mode toward a 1D-OD 

hybrid state. 

For tlie three dots structure, the electric-field effects 
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Figiire 511: lower parte1 

Figure 5: \%'ave-ftiiict,ion probabilit,ies (iipper panel: 3D 
plot,; lowr  panel: 2D project,ion) for t,he same sti.iict,ure 
as Figiire 2 for a) F=O kV/cm, E = 3.6 me\;; b) F = 0.534 
kV/cin aiitl E = 1.3 meli. 
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Figiire 6: Traiisrnission probabilities for a tliree-i~~ymmetric- 
operi-quaiitiini tlot structure as a fiiiictioii of tlie incoming 
energy. a) F = O kV/cni; b) F = 0.004 kV/cm; c) F = 0.008 

kV/cm; d)  F = 0.01 kV/crn; e) F = 0.012 kV/cm; f )  F = 
0.016 kV/cm: g )  F = 0.02 kV/cm; h)  F = 0.04 kV/cm and  

i) 1; = 0.06 kV/cm. Thc other parameters are the same as 

in Fig. 2. 

cai1 be analyzecl in t,erms of t.lie tlifferent kinds of bands. 

Thc cont,iniioiis ba.nd is replaced by a ladder of bound 

Icvels cvcnly spaced by eFcl. Tlie localization of tlie 

states gocs wit,h cFd 4, where 4 is the band width. 

As me increase tlie electric field, the narrow band break 

iininedia.t,ely into t.he Starlí ladder. The  energy differ- 

encc a.mong the levels increases linearly with the field 

a.iicl trile wave-function localizes in the dot. On the other 

Iiand, for t,li(i wide l ~ a n d s ,  a t  sizable electxic fields, the 

sta.tes renlr?.in extenclecl over a la.rge number of wells. 

Tlie description of a continuous band, or an  open 1D 

inode, is still valid. 'Lhe coupliilg of these two bands 

givcs a new 11eha.vior in the Stark laclder effects. 

Fig. (i (a-i) shows t,iie 1,hree-dots' structure trans- 

ii~ission probnl~ilit~y as a fuiiction of the electron incom- 

iiig energy for severa1 electric fields. The  first series 

of inaxirna in the tra.nsinission a.re associated to  the 

narrow lmnd formed by the confined-funda.mental-dot 

s t a k s .  Tlie second transmission band is associatecl with 

tlie 1D iuode. A f k r  tha t ,  we observe a strong reduc- 

tion in tshe tjransinission probability which is related to 

t)lie ga.p forined by tlie periodicity of the  structure. The  

next gap is due to the anti-crossing between the 1D 
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Figure 7: \Vz.ve-funct.ion probabilities (iipper panel: 3D 
plot; lomer panel: 2D project,ion) for the same structiire 
as Fig. 6 for :,) F = O kV/cm, E = 2.1 ineV, b) F = 0.06 
k\í/cm and E = 1.6 ineV. 

mode and the dot bands. This gap is strongly marked 

even for a srnall number of periods[q as a consequence 

of Lhe behavior of band dispersion a t  the  anti-crossing 

for iina.ginary values of q. 

At weak electric fields, the first band shows a sim- 

ilar behavior as the single dot case: a linear energy 

sliift is observecl accompanied by the fall of the trans- 

mission proba.bility. At higher electric fields (F > 0.02 

IíV/cni) tlie tra.smission pealís again for a single level, 

reaching tlie unitary value for the level associated to the 

first dot,. The  other levels have practically disappeared. 

Tliis is easily understood in terms of the symmetry of 

the effective barriers tlirough which the state has to  

tunnel. At very weak fields, the  degeneracy among 

the dot states is already broken, the state which local- 

izes in t,he first dot sees an  effective barrier on the left 

whicli is narrower than the effective barrier on the right. 

The  latter is formed by three iiarrow constrictions and 

tiro wiile constrictions wliile the former is just one nar- 

row const,riction. As a consequence of the asymmetry, 

t,lie transmission peak is below one[lg]. As the field in- 

creases, the right effective barrier decreases. At a pre- 

cise value of the electric field, the two effective barriers 

are equal a.nd we have a symmetric tunneling, recov- 

ering the unitary transmission. As we further increase 

the field, tlie right effective barrier becomes narrower 

than the left one and the tunneling is again through 

a.syimnetric effective barriers. The transmission peak 

f d l s  aga.in Iselow one. 

Tlie other bands have a different behavior as a con- 

sequeiice of tlie ivide band width. The  states remain de- 

localized along the whole structure for most of the fields 

considerecl bere. As a consecpence, the  one 1D rriode is 

f~illy open for transmission and i ts  value remains equal 

to one. Only a t  higher fields, as the states start  t o  lo- 

ca.lize, the transmission begins to  fall to lower values. 

This behavior gives a measure of the localization of the 

wave-funct,ion in the structure. For larger structures, 

t,lia.t is, a larger numher of periods, the transmission 

falls t.o values belorv one for lower valiies of the elec- 



t.ric field. This is espect,ctl since to havr, t.li(. 11) iiiotlr 

opei~etl iiieans fllat t , l i ~  wa.\~r-fiiii~tioli has to  I h  i l~ lo -  

calixccl along a Ií~rger iiiiimbcr of' periocls. 

-. I lic narrow baiid. 11-liicli i:, dege~i(~iatc-.tl n - i t l i  tlie 11) 

iiioclc: hrcaks iiito t,lie St,a.rlí latlclci for ver>- iwalí c l ~ -  

tric fielcls. For a rangc of val i i~s  of lhe clcciric ficld: 

irc have thc co~xistcxcr of \ I ' S  coiiplr~l t o  a 1 1) Ix~rid. 

As for t lie zero ficlcl case. tlic~ locídizrd s1ilt.c:~ oprn ai1 

an1.i-iesonanc,c gap. If t,lit: cnergy sc1)arat ioii anioiig tho 

\I'SS is sinaller tlian tlic coiiplii-ig aiiioiig t l i t ~ i i i  aiirl tlir 

extendcd statt,. tlie traiisiiiissio~i wiiiaiiis ( ~ l i i i i l  to zero 

and t,he gap incrc~asc~s sliglilly ivitli tht. c:lcctric fic,ltl. 

However. wlieii tlie energy scparatioii a.i-iioi~g tht, JVÇS 

is of t,he order of the coiipliiig. tlieii sornc t ra.iismissioii 

is possible 11et~1vcw-i tlie statcs. Tliis is mell illust.rat~ecI 

iii Figs. (i (a-i) Ily t,lic, evoli~tioii of' t.lic transiiiissioii 

wit,li t>lie elcct.ric íieltl. 'Tlic transmissioii coiirspondcni 

t,o t,iit? 1D I~anci remaiiis cqii;il to oiie c,xccl)t bi. tlie lnst 

valrre of clect,ric field consitlcretl. ;\t tlie sciincb tinic. tlie 

aiit,i-rcsoiiancc gap is always prcsciit.. iiicrea,siiig nrit.11 

tlie fielcl i ~ p  t.o valiicts foi. rrhicli tl-ir, C;t.arli laclder split,- 

ting is of the orcler of t,he coiiplirig a.nd the gap is tle- 

stroyed. Tliis happens for fieltls nrountl 0.06 kV/cm 

wliicli correspoiids to a split,t,ing of U.(i mel:. Tbis d u e  

is of tlie order of t,lie coupling as it can he ost.iinated 

froiii Fig. 4 (a)  by t.lie n~idtli a.t hiilf'liteigl~t of the aiiti- 

resoIla.net. gap. 

A direct ohservatioii of the ahove effect,s tlcpencls oii 

severa.1 additional effecls. Conduct,ailce nieasurements 

Iiave I~ecii one of the most. powerf~il cxpcriri-ieritrtl t.oo1s 

t,o prolx similar ~ f f e c t s [ l . ~ I .  However2 soiiic aspect,s re- 

main to  be cleared: cha.rg(~ effccts. sucli as Coriloinh 

bloclíade, 1iia.y Iiariiper ~ l i e i r  observa.t,iori foi t,lie stale- 

of-art of the niesoscopic systeiiis. :\iiothcr clifficiilty is 

i i i  t,lie connection ainoilg trai~ii i ission pro11d)iliiirs aiicl 

~oiicliict~aiice measureinents. part,iciilarly in the pies- 

cncc of iion1inea.r cffect,s. .A cornplctci solut,io~i of tlie 

t.raiisport problem iii t.liesc systcms is beyond t l i ~  scope 

of this work. Nevertlieless, v e  believe t,liat tlie effects 

discussed here slioiild be reflect,ed in t,lie elect3ronic prop- 
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