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V é  use magnet.ot,unneling nieasiirerneiits to investiga.te tlie dirnensionality of tlie electron gas 
iii t,lie eiiiitter regioii of a. clouble barrier device (DBD) under bias. The electron gas in tlie 
cmitter of a DBD 1iia.y 1ia.w a. two- or ;L tlirce-diinensiond character and,  depeilding on its 
T ature: t.he selectioii riiles for tuiliieliiig predict dilfereilt. beliavior on the I(V) characteristics 
cf tlie devices. \\'e investsigat,e a series of li-type GaAs/(AlGa)As DBD with varying eniitter 
ioping profile in orcler to determine it,s infiiience c-)li tlie ernit,ter electron gas dimensionality. 
\\:e sshow t,liat t~he elect.ron ga.s 11a.s a. t,\vo-cliniei~i;ioild clia.ract,er for lightly doped emitter 
Iayers (2 x lU1%ni-9 m d  it. lias a. t.liree-diii~eiisioilal nature for a higli nominal dopiiig 
( 1  x lU1%crri-"). For intermediary tloping levels (2 x 1017 t,here is evidence for both 
a 2D a.nd a 3D elcct,ron gases clepentling on tlie applied hias. 

Rc:ceiitly 5 e r e  1ia.s hcen grea.t iiitcrest in iiingiie- 

totunrieliiig s;udies of GaAs/(ill(la)As cloiil~le barrier 

devices (DBD) due t,o t,lieir pot,ent,iril applicat,ioii a.s 

higli speed drvices a.nd also 1,cca.use tlieir elect,rica.l 

properties are controllecl hy fundamental quaiit,uin pro- 

cesses. Mag ~et,otunneling measureineiits have I~eeii 

widely used t2  investigate the cpantum properties of 

tlic einitter clect,ron gas of D I ~ D [ ' - ~ ]  m d  a.lso to  a.n- 

alyze the climensionality of tlie eiiiit,t,er stat,es! which 

is detcrminecl mainly by t,he conduct,ion ba.nd profile 

antl tlie clopirlg in t.lie coiit,act rcgion. B o ~ v e ~ e r !  in 

spite of t,lie irnporlance of t,lie na.turc? of the einit,ter 

st,at,es for tlie d iape  of the currenl-voltage cha.ra.cteris- 

tics o i  DBD niitl, coilseclueiitly. t,o clevicc perforina.iice, 

no sj.steniatic stucly lias I~een tloiie t,o det,ermiiie t-lie 

iiifluence of tl ic:  tloping profile o11 thc diriiensionality of 

Lhe eiiiitt.er cleAron gas. Iii this work wc report. mag- 

netot,iinneling ineasuremeiit,s carried ou( on a series of 

Ga.As/(AIGa)As DBD with varying doping in the  con- 

t,acts aild use the da.ta to determine the nature of the 

eniit,t,cr states. 

Iii t,he sequential pict,ure[", tunneling in an ideal 

DIBD is governecl by conservation of both energy aild 

t,r;i.nsverse rnomentuni (i.e. momentum perpendicular 

to tlie tiiniieliiig direct.ion). I t  has been demonstrated 

tliitt i11 r e d  devices scattering mechanisms such as those 

involving longitudinal optical phonons, ionized impuri- 

ties or siirface roughness, hreak the momentum con- 

servation ~onclit~ion and,  in this case, tunneling is con- 

t,rolled only hy conservation of energy[3,"l. A magnetic 

fielcl applied parallel t,o t-he tunneling direction quan- 

tizc:s t,lie emitter density of states into Landau levels 

but does not charige t.he selection rules (conservation 

of t8ra.naverse moinentuni is equivalent to  conservation 

of tlic Laiidau-leve1 index). However, the field causes 

clifferent effects on the I(V) characteristics of a DBD 

depeiiding on whether the emitter electron gas has a 

two-climensioilal(2D) or a three-dimensional(3D) char- 
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acter. 

111 a BRD with a liea,vily cloped cmitter cont,act, t,he 

electrons tunnel from degenerate 3D stat,es t,o einpty 

2D stjates iii tlie well. \Vhen a. hiaç is a.pplied t,o a 

device clmrge a.ccuinulat,cs a t  t,he eriiit,t,er barrier ancl 

the potential is moclified piodncing a ba.iid bencling in 

tl-ie accumulation regioii ~vliicli is liiglily sensit,ive t,o t,lie 

einitter doping profile. A low cloping leve1 in this re- 

gion leacls to  the format,ion of a cluasi-t,ivo-dimeiisioila.1 

bouncl state in tlie acciiiiiiila.tioi~ pot,entsia.l wlicri tlie 

device is biased and a. two-diniensional electron ga.s 

(2DEG) is formecl a.djacent to tlie emitter l~a.rrier. 

Slic struct,ures investiga.t,ed i11 t,liis \~or l i  were grown 

1)y molecular beani epitaxy (MHE) a.ncl consist.ed of the 

following layers in order of growt,h froili tlie 17.' - Si 

cloped (100) oriented Ga.As su11st.ra.te: (i) 1 piii of GaAs, 

Si doped to  n = 2 x 101%111-" (ii) 500A of G a h ,  with 

noininal doping li. = iVe; (iii) Ga.As spacer of thiclíness 

i ;  (iv) SGÃ of AlO.,LGao.l;As; (v) 120K o€ Ga.As well; 

(vi) 56A of Alo,4Ga.o.6As barrier; (vii) Ga.As spacer of 

tliiclriiess t ' ;  (viii) 500Â of GaAs, with nomina.1 doping 

71. = Mé; (ix) 1 p m  of GaAs, Si dopecl to IZ = 2 x 10" 

c ~ n - ~ .  The  well a.nd tlie barriers were uncloped, as 

were the spa,cer layers intended t,o prevent cliffusion of 

dopan t ,~  into tlie activc layers. S11c sa.mplcs were pro- 

cessed by using st,a.nda.rd photolit~hograpliic tecliniques 

into 100 pni diameter niesas, aiid ohmic coiit,a.cks were 

made by alloying Au-Ge-Ni a t  400 'C for 30 seconcls i11 

a 15:85% H2:N2 a.t~mospliere. Tlie I(V) ~iiea~surement~s 

were carrierl out  at  Iiquicl-lieliuiii teiiipera.ture using the  

pseudo-four-probe technique witli a \wia.ble D C  volt- 

age source. Depencling 011 tlie polarity of tlie appliecl 

bias, electrons can tunnel eit>her from t,he top t,o the sub- 

s t ra tc  contact or i11 the opposite clirection. As the top 

and bottoin contact layers 1ia.ve differeiit. clopiiig pro- 

files hy reversing the pola.rity of tlie applied volhge to  

the device tlie electrons will tunnel from emit,tes ivhich 

have different cliaracteristics. Tlie doping ;V, (or ;V:) 

a.nd tlie tliicknesses t (or t ' )  of tlie emit.t,er side of t7he 

devices are Iisted in table I .  

Table 1 - Effect of tlie spacer layer thickness and ernit- 
ter doping leve1 on tlie 
dimensionality of the emitter electron gas of a DBD. 

Einitter Doping Spacer-layer Electron-gas 
leve1 tliickiiess dimensionality 

Aí, ( ~ m - ~ )  t (A) 
A 2 x 10'" 25 2 D 

40.0 ~ , . , ~ r r ~ . , ~ , ~ ~ ~ ~ ~ , .  

- 4.2 K 

30.0 - 

20.0 - 

w 

U 10.0 

20.0 - 

30.0 
I 

40.0 - 
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Figure I:  Ciirrent-voltage cliaracteristics at 4.2 K of a sym- 
rnetric structuie with the emitter doped to :\Ie = 2 x 10'" 

and a 25 a ernitter spacer. The iesonant peaks are 
labeled 1-4. 

A t,ypical I(V) curve at  zero magnet,ic field is sliown 

in Fig. 1 for a device with emitter characteristic A 

(see table 1). Pour resonant peaks are clearly seen and 

are labelecl 1-4 iil the figure. The  features beyond the 

fourth peak in botli forward and reverse bias are due 

to  plionon-assisted t , u i i i~e l ing [~~~] .  This is the  only sym- 

metric structure i~lvestigat~ed and this is reflected in the 

symnietry of tlie I(V) curve in the  two bias polarities 

(posit,ive l i a s  corresponds t,o t,lie flow of electrons from 

the substrate to  the  to11 layer). A11 devices show four 

pea1;s i11 tlie current-voltage characteristics and we have 

in~est~igated  tlie emitter- electron-gas dimensionality in 

the voltage range corresponding to each peak. 

Figures 2 a,nd 3 show the conductance versus applied 

bias for structures rvitli emitter characteristics C and E, 
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Figure 2: Coiidiict,aiice vs. volt,age of a DBD with ernit,t.er 
E (see Tabl? 1) at several magnet,ic fields (BJIJ) at 4.2 I<. 
S h e  dotted ines iiidicate tlie position of the resonant peaks. 
Tlie absencc of oscillations below t.lie rrsoiiaiices is evideiice 
of a 2BEG in  the emit.ter. 

Voltage (mV) 
Figure 3: COI duct,ance vs. voltagc of a DFD witli tlie ernit& 
ter doped t,o i!, = 2x10 '~  crri-%nd a 225.4 spa.cer (see Table 
1) at several ~~arallel  niagnetic fields. The dotteci lines sliow 
t,he positions of tlie niain resonant peaks. The oscillat,ions 
seen before t'ie resoiiances indicak t,he 3D nature oi t.he 
cmit,t,cr stat.es. 

re~pect~ively, for several values of magnetic fields (B I I J) 

i11 t,lie voltage m i g e  corresponding to  the first aiid sec- 

ond resomnces. The positions of the resonant peaks are 

iiidicat-cd in tlie figure by dotted lines. The magnetic 

field procluces oscillations in the conductance d I / d V  of 

clevicc E (see Fig. 3), in t8he voltage region below the  

resonant peal<s. As the niagnetic field is increased, tlie 

os~illxt~ions move to higlier bias and become stronger 

aiid tlie spa.ciiig bet,ween t,heni increases linearly with 

field. 1Ye have not observed any oscillation in the con- 

ductance of tlie st,ructure with lower doping and larger 

s ~ a c e r  iii t,lie eniitter (Fig. 2)) in tlie presence of a. 

ina.gnet,ic field. 

These ma.gnetotunneling features can be understood 

by coiiaidering tl-ie selection rules for tunneling from a 

2D- os a 3D-elect,ron gas into the 2D-states of the well, 

in t,lie presence of a magnetic field. When a bia.s is 

applietl a.cross a DBD: electrons accuinulate in the re- 

gion adjaceiit to t,lie emitter barrier. A low doping leve1 

in t1-k region ca.n enha.nce the band bending ca.using 

spat)ia.l qua.ntization of tlie electroiis in the accumula- 

tion layer: as shown in Fig. 4(a). Tliis figure sliows 

.a sclieina.tic band diagram for a DBD biased on reso- 

naiice, i.c. when the quasi-bound sta.te in the emitter 

accuiniilation potential is a t  the saine energy as the 

well st,at,e. A qualitative representation of this situa- 

tion is illustra.tec1 in the eiiergy-transverse momentum 

space (1iagra.m shown in Fig. 4(b). At zero field the ' 

two- diineiisioiial emitter st,ates are represented in this 

spa.ce by a paraboloid filled up to  the Fermi energy and 

the  well stat,es a,re represent,ed hy ali empty paraboloid. 

At zero bia.s tlie eniitter paraboloid is below the  qua.si- 

1,ound stat,e in the well aiid resonant tunneling cannot 

occur. As t,lie bias is increased, the well paraboloid 

moves clown wards relative to tlie emitter state and the 

resonance condition is reached when both paraboloids 

coincide. Tunneling is tlieri possible because both en- 

ergy a.nd inomentum coilservation rules are fulfilled. If 

space charge buildup in the well is neglected, resonant 

tiinneliiig cari occur a t  only one value of applied bias 



kx 
Fignre 4: a) Çcliematic conditction l~and diagrani of a DHD 
iincier an appliecl bias. A 2DEG is foririetl in t,lie lo~v-dol>erl 
e~nit,fcr cont,act.. b) Energy versns t ~ l ~ a l i s ~ e r s e - ~ ~ i o ~ ~ t e l ~ t l l n l  
represent,ation of tiinneling fiam a ZDEC in tlie presencc 
of a magnetic field. Bot,li t.lie eniit,t,er antl rvell qiiasi-boriiitl 
states arc qiiantized iiito Landaii levek: sliorvn as tlisks sep- 
arated by Jhu,. Resonant tiiliiieliiig occiirs at ali appliecl 
bias siicli tliat botli emitter and ~vell paraboloids coincitle. 

and aiiy further increase in bias produces a sharp drop 

i11 the current. A magnetic field applied pa.ralle1 f,o tlie 

current direction furt,lier qunnt,izes tlie eniitter and ~vcll 

quasi-bound states iilto degenerate 1,anclau levels mliich 

are separated in energy by li.;.,, where w,  = c-B/nz" is 

the cyclotron frequency a.nd nz* is t,he elect,ron effective 

niass. The eniitter (well) st,at,es are rrpresentcd in Fig. 

4(b) by solid (da.shed) disks. In t,lie ahsence of scat- 

tering, t,he tra.nsverse momerit~iiin rnust 11e conserved, 

therefore magnetotuili~eling proceetls with conservation 

of La.iidau level iiidex, i.e. an elect,rori i11 t8he n-tli Lan- 

dau level in tlie emittcr cai1 onlg tunnel to t.he n-th 

Landau level iii the well and rcsonarit t.unneliiig occurs 

a t  only one value of bias. Thus: irlieu a 2DEG is fòrmed 

iii t,he einitter of a DBD, no oscilla.t,ions are cxpected in 

Lhe I(V) characteristics of tlie device in a B field. 

The conduction bancl di3gra.m for a structure with 

a three-dimensioiial emitter elecíron gas is illiistrated 

Figure 5: a) Condiiction band diagram of a DBD witli 
a lieavily doped eniitter contact iinder hias. The tliree- 
dirnensional emitter states are filled up t,o tlie Fer~ni en- 
eigy. b) Eiiergy versus rnomentum representation of tiin- 
iieliiiç fro~ri a 3D emitter electron-gas in a magnetic field. 
TIie eniit,t,er density of st,ates is qiiantized int,o Landau cylin- 
ders aiid tiirineling occiirs wlien a well stat,e (dashed disk) 
passes tliioiiglt tlte crnit.t.er cylin<lcr of the same index, caiis- 
ing oscillations in t,lie clirrent. 

in Fig. 5(a) at, ali applied bias corresponding to  the 

onset of resonance (well state lined up  wit,h the emit- 

ter Fermi energy E F ) .  Figure 5(b) shows an schematic 

illustration of tunneling from 311) einitter st,at,es, which 

are representecl in the energy-momenturn diagram by a 

paraholoid filled up to  tlie Fermi energy. R.esonant tiin- 

ileliiig st,a.rt.s a.t ali applied bias such that  the  bottom 

of the well curve intercepts the  higher energy emitter 

stat,es. As bias is swept,, more electrons are available 

t,o tiinnel ela.stically and the current increases until the 

well st,at,e liiles up witli the bottom of the conduction 

band in thc einitter. In the diagram this corresponds to  

tlie overlap of the emitter and well paraboloids. A fur- 

ther increase in bias makes the  current drop sha.rply. A 

mngiletic field applied parallel to tlie current quantizes 

tlie 3D-states i11 tlie emitter into Landau cylinders, as 

sliown schema.tically in Fig. 5(b). A s  the applied hias is 

increased, due to  conservation of Landau index the tun- 

neling current should increase in steps as the n-th Lan- 

dau clisk in the well intercept,~ the n-th La.ndau cylinder 

in t.he enlit'ter. By sweepirig bias, additional tunneling 
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eil-iitt,er electro~i ga.s lias a.lwa,ys a 2B iia.t,urc> iilclcpei~- Refereilces 

dent of tlie spa.cer layer tliiclmess a.nd of the applied 

bias. For intermediary dopiiig levels (- 2 x 1 017 c111-~) 

iii tlie emitt,er, a 3D elect,roii gas is prcsciit. a t  low I~ias  

and,  a t  liigher hias, a 2DEG is fororiiied iii t.lic eniit,- 

ter. Finally, for n liigli iioniinal doping in t.lie cinit,ter 

(- 2 x l ~ ' % c m - ~ ) !  3D electron gas is present intlepei~- 

dent 011 t.lie applied bias. Tlie resultas were explained i11 

terms of t.he conduction baiid bending depericleiice on 

tlie doping profile aiicl on t,lie applied bias. 

This work was part,ia.lly s ~ ~ p p o r t ~ e d  by CNPq,  

FINEP and FAPEMIG. 
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