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We investiga.t,e tlie depencleiicc of tlie Ferini surface on tlie doping period iii periodically 
,Si spilie doped G a A s ,  for a doping period i11 t,lie r m g e  100-MOA. Tlie t,lieoretica.l extrema1 
cross sect,ions of t,he Feriiii surface are obt,aiiiecl from a self-~onsist~ent calculation of the 
miiiibaiid st,ructure, whose coiiiparisoii witli thc experimental ones allows to  cstimate the 
sheet carrier distribution in tlie supcrlattice minibands, tlius providing a valuable means 
of sample cliaracteriza.tion. S h e  depeiideiice of t,lie Fernii surface upon the superlattice 
period pictures t,lie crossover from two to three clinieiisional electronic structure. We also 
find evidence that  the ma.gnetic field intluces tlie tuniielling of electrons betiveen minibands, 
provided that  tlie cgclotron energy is sufTicient,ly liigh in cornparison with the energy gap 
I~etrveen tlie miiiibands. Photoconductivity spectra are clescribed by an absorption threshold 
a t  tlie Fermi energy, wliicli is pitshecl up~vards wlieii tlie superlattice period decreases. 

I. Introduction 

Spilte doping is a. tecliiiiclue ~vhich ca.ii be usecl to ob- 

ta.in carrier confiiiemenl iii seiiiiconcluctor microstriic- 

tures. I11 Si spike doped Gu,As! a slieet of Si doiiors is 

localized ~vi th in  a. few iilonolagerc; of tlie cryst:~l. The  

electioiis, released from t,he shallon. clonors~ a.re coil- 

fined by a V-sha.ped spa.ce clmrge poteiitia.1, a 6-well. 

In a 6-superlattice, eqi.ially spacecl clopant sheef.~ are 

intSroduced in tlie cryst,all aiicl thc superposit.ion of tlie 

V-sha.ped n d s  cent,ered on cliffereiit dopant slieets re- 

siilts in a periodic 11ot.eiitia.l in one cliniension. wliich 

g iws  rise to a niiiiibaild dispersion rela.t,ioii aiicl a Ferini 

surface. By varying tlie spacing lxtween Lhe clopaiit 

slieets: tlie strength of t,lic iiil,eract,ioii betweeii adja; 

ceiit 6-wells can be t,uilecl, antl tlie sysbem ca.n be talíen 

froin a set of disc~iiiiect~ed t1i.o dimensional syst,eiiis for 

the widely spaced wells to ai1 essentially aiiisotropic 

three dimensional syst,ci-n for tlie sliort, periorl super- 

lattice. Tlie effect of coupliiig bctween adjacent wells 

when the ~uper la t~t ice  periocl is shork r  can l ~ e  

investigateci optica,l a.nd magneto-tra.nspor(, stridies of 

O-cloped G a ~ s [ l - " ] .  

7'hc elcct-ronic structurt= (iiiinibancls) for the 

6-superlattice can he calculated in tlie frame of the 

effective mass appr~x imat ion[~I ,  from which the theo- 

rctical interband emission and absorption spectra are 

obt,ained, and t,he n-miii fea.tures detected experimen- 

tally a.re well reproducecl. However, an interband op- 

tical spectrtiin requires tlie calculat~ion of the va.lence 

ba.nd struct,ure a.ncI a modelling of tlie bandgap renor- 

n~a.lization, which is inherent. t,o degenerate seniiconcluc- 

bor sysl,eiiis, aliei these are unilecessary complications if 

one is iilt~ercstecl in t,he energy spectrum for the con- 

duction electrons only. An ideal test of t21e accuracy 

of tlie t,lieoretica.l model for the  conduction band struc- 

tu ie  (miniba.nd wiclths, energy minigaps and position 

of tlie Fermi level) would be a direct comparison of 

tlie calcula.tec1 electronic niiniband structure with tlie 

experimental one, which is free from t,lie difficulties re- 

latecl to tlie valeiice band and tlie renormalization of 

tlie 11andga.p. Such a test can be provided by tlie study 

of tlie Fermi surface of the 6-superla.ttice, which is the 

object of tlie present report. 

11. Experimental 

The samples were grown on (100) GaAs undoped 

semi-iiisulating substra.tes in a Variaii GEN I1 MBE 
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systern. A rzi.io of -As4 and Cu hea.in ccluimleiit pres- 

surcs arouiid 20 n7as clioseii. Tlit: substratc tciiipera.t,ure 

was 540°C', which 1va.s det,errninctd n-itJll ai1 Ircon V - 

series pyrometer, with tlie cmissivity sct. a t  O.70. These 

growtli coiiditions eiisure a ( 2  x 4) -4s sl.a.bilizetl sur- 

face recoiistruction cluring UI3Ii: growt,li. In a11 síiiiiples, 

a hlBE undoped GaAs buffer la.yer was gronrii before 

doping. Tlie growth r a k  for RIUE was estiinat,ed t,o 1x3 

1.5 / l in / l~ . .  According t.o t.hese growt,li ra.tes: 1.lic layer 

spacing was estirnated, wl~icli mas variecl Sroni 8:30X 

down to 100A, while thc cloping leve1 per period ims 

kept const,a.n!, ai. approxima.tely 3.0 x 1 0 1 2 ~ n - L .  

The Ç1iul;nilíov-de Haas oscillat.ions were si~iicliecl a t  

a fixed t,empt:rat,ure of T = 2 K i11 riiagtiet,ic fields up t,o 

9 T. The sa.niple holcler a.lloivetl for rot,alion of t,lie smn- 

ple, and t , h  direct,ion of t,lie inagrietic íicld rclativc to 

tlie superlattice axis was est,ablislicd with an  accuracy 

I~et ter  t,lia.ii C.1'. TIie samples were illuininated wit,h a 

red LED before iileasureinent,~ were st,a.rt,etl. Ilall inea- 

sureineiit,s at. 2 I< mere perforniecl iising t,lie van der 

Pa.uw tcchnicue, anrl the avesage IIall mobility n7as ap- 

proxiiiintely 2000cin2/1fs for d1 saiiiples. Pliot,ocon- 

duci,ivity mewurciileiits n w e  perforined a i  a. sa.mple 

tempcrature 3f 2 I<. Liglil froni a tungst,eii lamp was 

dispersecl 11y ;L grat,ing i~~oiiochroiilator and conveyc:cl to 

tlic sainple by ali optical fibre 1,uiidlc. 

111. R c s u l t s  and d i scuss ion  

For a11 tili. angles (the aiigle I ~ e t n w n  t,he iiiagiietic 

field directioi- and t,lie superlrit,t,i<:e axis)! t,he iimgne- 

t,oresistance displays oscillat,ory coinpoiieiit,s, whicli are 

periotlic in iil.ierse field. 

short bincliiig lengtli: of the E1 e~ectroils[~].  When tlie 

O-ndl spa.cing is decreased, the binding leiigt,h rises, 

ancl so does t,he relative strength of the peaks related to 

t,lie grouiitl-st,at,e ininibancl occupancy; simultaneously, 

tlie witltl~s of t,he iminil~ands increase, wliile the num- 

ber of' popula.ted nliaibancls is reduced. For the 100A 

sainple, iiiost of the electrons are in the ground-state 

miiiilmid! mhich gives rise to a strong peak in the high 

Srecpency range of t.he Fourier spectrum. 

O 
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mag f i e l d  ( T )  
Figiirc 1: hiirier spectia of the experimental recordings of 
tlie inversc field Sliiibnikov-de Haas oscillations. The nomi- 
nal spacing betweeii tlie 6-wells for each curve is indicated. 
Tlic niiiiil->and corresponrling to eacli peak is indicated. 

First tlie transverse SdH spect-ra. (field appliccl p r -  
Tlie pea.ks Bi in the Fourier spectra are the extrema1 

allel to tlie growt,li direct,ioii) will be cliscusscd. Fig. 1 
cross sections Ai of the Fermi surface in a plane perpen- 

sliows t,lic iin erse field Fourier t,ransforni for sainplcs 
clicular to the field direction, in units of h/2zle. This 

witii a. supcrlat,tic.e perioti i11 tJie range 8~ii1-100A. 
Iiypothesis is exactly true in tlie sein-classical limit (at 

For Ilie 830A sample, t,he 6-wells a.1.e disconnect.cd, - .  

a high Laildau leve1 filling factor), but also remains as a aritl t,lirec pealis are det,ect,ecl, wliicli corresponcl 1.0 tlie 

occupancy of three sul>l)aiicls. The occupa.ncy of lhe very goocl approxiina.tioii in the vicinity of the quantum 

ground-state 1 ~ 1 )  lllinil,arld, n.l,icll colita,ills Il,ost of liinit for ali electron gas in a one---diinensional potential, 

the e]cctroliic cllargt?, is detected on]y as a n,ealí pea]< as ca.n bc dernonstra.t,ed by numerical ~alcula t ions[~] .  In 

in t.hc Fouriei spectruin! which is because of it.s rela- order t,o iiiterpret quant,itatively the SdH dat.a, i t  is nec- 

t,ively lower rrol~il i ty due to the st,rong localixat,ion. or essa.ry tso linow the shape of the Fermi surface, which 
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fiiitlic~i-, tlie tliirtl iiiiniband (E3) sta.rts to be popu- 

1at.ctl. \vliicli gives rise to a riew Ferrni lens-like surface 

at. tlic, iiiiriizone ctmtr:r. as for the 220A superla.tt.ice, 

íilso slionw iii Fig. 2. Conversely: i f  tlie supcrlat.tice 

lwriotl is r~tliicetl frori: 100X, electron:: are transferred 

fio111 the second f.o thr. first ininihand, ivhosc Ferrni sur- 

fricc hrconit~s ri-iorci strorigly 1nodula.tet1, and ult,imately 

ht~conles closctl. 

'I'hc clcctronic iriiniljancls dcscrihed hy an open 

Ferini surface will corit.ril,iitc. t,o the traiisvrrse SdII os- 

cilla.t.ions witli a. ' I ~ l l y '  antl a 'neck' frrquericy, (which 

I)ccotnc~ d(:gr~nei.at.e i11 t l i ~  uncoiiplcd 0-well limit.). 

wliilc: tlie iiiiiii1)anrls tlwcril~etl hy a closetl Feriiii siirface 

will h(> chara.ct,r:rizetl hy a sirigle frrqiieiicy. 

I'or an opeii (cylintler-lilíe) Fermi surface, the ex- 

t,rcyiiia.l cross sc-,ctioii in a plane perpcntliciilar to the 

fit:ltl clircctioii will jncrease when t,lie direction of tlie 

: COA iitagnetic field is t.ilt.td: and will be finite orily below a 

o crit,icíil tili angle. O,. a.hove whicli only open orbits in 

L-spaceare allo~rtxl. For a closed (lens-like) Fermi sur- 

face, t . 1 1 ~  cross-scictioii clccreases when t,he field is tilted. 

Tliesc: opposit.e t.eiitlencies can be observed in Fig. 3? 
O n / a  

wliicli sliows tlie Foiirier transfor~n of t he SdH spectra 

e j d u t  ion tis ;i f~inct.ion of the angle hetiveen the growth 
t 

dircct,ioii and t.he iiiagiiet,ic field ( O ) .  For the 170A and 
k, 

t.lie 2201-1 sa.mples, a. strong peak at. low frequencies is 

tlisplaced 1.0 t,he Irft wlien B incrcascs, whereas a weak 

peak n.t. higli frcquency moves to  tlie right. Tlie low 

Figiirc 2: Cross sc.ct.ioii of 1 1 1 ~  Frriiii siirfaw of a 
0-superlat.t,ice in a plaiic coiitaiiiiiig tt.lie gro\vt.li axis. Tlie 
clivisioiis oii tlic axes are iii iiiiits of ;i/(/ ( ( 1  is tlic siipcdat- 
t.ice periocl. iiitlicatrd for cacli st~riirt.iirc). AI1 figiircs eiiclose 
t.lic saiiie ares of moiriciiiiiiii spaec5. 

If i.he siipci4a.tt.ice pe:riotl is iiicrms(:tI. t.110 Fesini srrr- 

fa.cc for t,lie secontl ri~inilja.iitl swells iiritil i1  olleiis a.1 t,he 

center of t,lie Brillouin zonc,. t.liiis cliaiigiiig giadually 

frorri t,lie lens-like shnpc: to t.litx pt~riotlically niotliilatcd 

cglinclcr one; mhen t,lie supr:rla.t t,icc pcriocl is increasetl 

frequency peal< corresponcls to a paitially filled second 

iuiriilmiitll and tlic Iiigh frequency one is due to a. fillecl 

groui~cl-si,at,c n~inilm~icl. For the 400A structure, two 

p?aIís are det,ect.ed at. low frequencies; the lowcr fre- 

qiieiicy oiic:: wliich is rlisplaced to  the  left one thc sample 

is t,ilted, is ascribetl t,o a partially filled E3 minihand, 

a.nd t,lie oiie t,hat moves to the right. is ascribed t,o a f ~ d l  

E2 rniniba.iic1. 111 the 630ti pcriod st,ructure, the peali 

posiit.ions scale as coso, as expected for a. set of discon- 

i~cd.ed 2B syst,eii-is. The  100A structure shows a single 

1 ~ í i I i  of const.a.nt. frcqneiicy. whicli is inclicat,ive of a 3D 

elcct,ronic st.riict,ure. 



-4. R. Henripes antl S .  .VI. Shiljli 

10 3 0 5 0  70 10 30 50 70 1 0 3 0  50 70 10 30 50 70 10 30 50 70 

m a g .  f i e l d  ( T )  

Figure 3: For rier t.raiisforin oii Lhe inverse fíeld Sliiib~iikov cle Haas oscillat~ions. Tlie t,ilt aiigle t,o each curvr is obtained bg 
following t,lir spect,rurri basrliiic- t,o t l i c ~  riglit sitlc. T'lic spaciiig l>et,~vceii tlie 6-wells: correspoiitlent. t,o each set of curves, is 
intlicat erl. 
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Figurr 4: Opiii circlcs sliow t,lir frccliieiicies U , .  obt,aiiied 
froin t,he Poiir cr spect.ra ol Fig. 3.  Tlic a.rc2a ol eacli iii-clc is 
a irie?siire of t'lie relatiye iiit,ciisit); o i  tlir Foiirier pcak. Çolid 
liiiesãre t,hc F-rmi siirface cross srct.ioiis. obt.aiiierl Croiii t,lie 
riui~ierical calcii1at.ioris. 

F. I he a.iigii1a.r dcpeiitlencc of i . 1 1 ~  pealí positions de- 

tccted iii tslie :;pect.ra of Fig. 3 is sliown 1)' dots i11 Fig. 4. 

The ratlius o ' eacli dot is a nicasiirc of lhe i.elativc iii- 

served for a.11 sa.mples is t.1ia.t wlicn tlic pealc movcs lo  

I~igli(:r frcyiie icics as t.hc til( ;iiigl~ iiicrcascs. i1.s mipli- 

t,iidc fades oiit rapidly. Tliis c\ff~ct. is cliit, to an iiicrcas- 

ing cyclolron iiiass witli t l i ~  til1 ; I I I ~ I ( >  .\h tlit, s a n i p l ~  i> 

tiltctl. tlic quantization contlilioii. ~ T Q  > 1 .  whtr(' TQ 

is t,lie quaiiturn lifet,iine, is reached progressively wealter 

iil t,hc: r;i.ngc of fielcls of our cxperiments, leading to  

wea1cc:r oscillatioiis. (Jo~iversely~ for t,he electronic or- 

1)ils iii t,lic Iciis lilie scct,ions of the E r m i  surface, the 

cyclot.ion mass decreascs, and tlie a.mplitude of the SdH 

iiicreasos. 

In ilie nuriierical calcula.t~ions~ the superlattice pe- 

riod was talteii as eyual to tshe non~ ina l  value, and the 

t,otnl s l i c ~ t  carrier dei1sit.y. n,, was adjusted to obtain 

tlio bost a.gremient. bctween t,lie calculat.ecl extrema1 

cross scdions of t.he Fcriiii surface a,nd the frequencies 

(Ri) for O = O .  For t.lie sa.mples studied, we find n, t o  

be in a. range of 2.2 - 2.8 x 101Lcm-2,  which is reason- 

ably closc to tlie intendcd doping level. With the input 

priraiiit:t,ers tlius fixed! t,lie extrema1 cross sect,ions of tl-ie 

Fcriiii siirfaces were ca.lcula.t,ed for tlie whole tilt angle 

int,crval ( O  - 00"). 

Tlie ca1ciila.t8cd Ferini surface extrema1 cross section 

clepeiid(wcc oii O closely match t,lie measurecl frequen- 

cics T I i .  h o ~ v e ~ ~ e i ,  for soiilc of t,he sai-riples, described 

hy a.n open Fermi siirfa.ct:, agreement is only obtained 

l,clow t.lic: critica.1 tilt a.ngle O,. Most noticeahly, this 

is tlic casc for tl-ie E1 Ferini surfa.ce cross section of 
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.Table 1 : Est.itnated ~nagiict ic íielcl (Tesla) recluirccl for 
t,lie 1)rea.lídown of Bragg rcflect,ion of t.lic electmns in 
tlie E1, E 2  a.nd E3 miiiibantls. 

Superlat tice E 1  E2 E3 
i~eriod 

Brealídown expect,ed from ii.ic;,EF > A' 
Experimental points persist a b o w  R,. 

t,he l00:\ s~~per l a t~ t i ce  (O, - 50"). t.lie E 2  o[ t.he 220n 

one (O, - 60°), and t,lie E3 of tslic 40011 superlatticc 

(O, N 60'). Above thesc O,, wliereas no finite extrcinal 

cross-sect.ions for t,he corrcsponding Fcrrni s u r f x c  niini- 

11and exist,: tlie experin~eiit,al curve persists. 

Tlic appeara.nce of freqiiencies a.l,ovc tlie critical $11- 

gle cai1 occur as the result of magnetlic breakclown of Lhe 

Bragg reflcctions by tlic superla.t,t.icc plancs. Tlie imag- 

net,ic field st,rengt,li recpiirecl foi a.n elect.roii t.o cross a 

Bragg plane anel transits l~ct~mecii tmo niinibantls, sep- 

a r a k d  by a gap OS energy A.  is li.r~;,E~ > A< wliere 

w, is t,lie cyclotron frequency and EF is t.hc firiiii eu- 

ergy. The  calculat,ed inagnet,ic fields recluired for tlie 

breakdowi of Bragg reflec(.ion a.re sliown i11 Table 1 ,  

ahd are clearly consistent wit,li tlie hypothesis of nmg- 

netic hrcalrdowii. However? t.his is st,ill only a.n inclirect, 

evitlence of it*s occurrencc; a clirect. observa.tion (by em- 

ploying stronger magnetic fieltls tlian the oncs usecl in 

t,liis work) would be a more acciirnt,e test of t,l~is hy- 

pot,hesis and therefore of tlic acciiiacy of t,lie t,heorct,ical 

calculations. 

Slie pliotoconduct,ivity spectra. a.t '2K for tlie 170> 

220 and 400X 6-superlat.tices in the energy range near 

the G'u.As hand-edge were iiieasurccl, and a.re sliown 

in Fig. 5. Tlie spect,ra are clescril)etl by a siiioot,l~ ab- 

sorption oiiset,, wliicli bliie s1iiit.s n,lien t,lie supeilatt,ice 

period decreases; this is a coiise<lueilce of tlie iiicrcase 

of tlie R r m i  energy[". Tlie tlieoret,ica.l t,hresliold for 

absorption from t,hc 11-th hole miniband, iildicated by 

ariows in Fig. 5, was estimated by 

wlicre EG = 1.519 e V ,  V. is the  potential barrier be- 

t ~ ~ ~ e c n  tlie wells, EF is the Fermi energy measured from 

tlie 11ot,t,o111 of tlie ~ l l ,  H,lF is the hole energy a.t the 

Fcrmi wa.ve vector, and BGR --34 me\', as estimated 

for a 3D electron gas[". 

1 . 5  1 .55  1 . 6  1 .65 

e n e r g y  (eV)  
Figure 5: Photoconduct.ivity spectra of periodically spike 
tloped GaAs. Tlie spacing between tlie 6-wells is indicated 
for each curve. Theoret,ical transition thresiiolds are indi- 
cated by arrows. 

In summary, we have studied the magnetoresistance 

oscillat,ions in G'wAs 5-superlattices in tilted magnetic 

fields. These can be interpretecl in terms of the  shape of 

t,he Ferrni surface, which evolves progressively from tlie 

cylindrical sliape in t.he uncoupled 6-well limit, and ap- 

proaclies a spliere for tlie short period superlattices, and 

for a doping period below 100A the electronic structure 

is effectively three-dimensional. It is shown tha t  the OC- 

currence of magnetic breakdown of Bragg reflection is a 

proba.ble effect. in these systems, and its study can pro- 

vicle a.n iriiportant test of the  accuracy of the  theoretical 

modelling of the conduction band structure. Photocon- 
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ductivity spectra were also measured,. a.nd tlie spectra 

011l.a.iiiecl ale consist.eilt with lhe interpret,at,ion of t.he 

transport data.  il coi~-iplica.t,ion wliose iinport.arice re- 

mains to I x  iiivestigat,ed is Ilie cffcct of ilirignet,ic ílepop- 

ulation of tlie miili11aiids["I. Iii addition, n7e 11aw not, 

examinetl a. possible influeiice of tlie iilcident. light upon 

t,he self-con:jisteiit. p~ t~e i i t i a l  for elect,roiis and l i o ~ e s [ ~ ~ ]  

iil tlie iiiter])retat,ion of the opt,ical measurements. 
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