
r - X Resonant Tunneling E,ffect in AlAs/GaAs Single 
Quantum Barriers under Hydrostatic Pressure 

\,\'e preseiit ;i.n cspcrirrieiital st,udy of interva1lt:y t.ra.i-isport iii ai1 AIAslGaAs siilgle cluantuix 
barrier a t  different Iiydrost,n.tic pressnres i11 t,lie licluid 1icliuii-i tempera.ture. Coinplementary 
jt,t~dies a t  atmosplicric prcsstirc antl cliff~wiit t,eiinl)cra.t,urcs are also performed. Two regions 
~f iiegat,ive rliffereiit.i;il co~iduct,ivit,y :ire observed i11 t,lie currcn.- voltage characteristics a t  a11 
iressiire m t l  t(:inperatirrc raiigcs iisccl. Tlicy ri.i.c, al,lril~iit.etl t,o i.lie rcsonaiit tuilileling of r 
iicirlciit. electroiis tlirougli tlic X-vallc). levels i11 t,lie A l i h  Imrrier. Our experimental result,s 

;ire analyserl wit,hiii tlic: cffcclivc i i~ass  a.l~l>roxiiil;i~.ioii talíiiig int,o a.ccouiit, tlie T - X traiisfer 
;it liet,eroiiitcrfacc.s. T'lit? goocl a.grceiileiit, I~et,wcc:il expcrimeiital a.nd t,lieoret,ical results a t  
low bias clei~~oirst.rat~cis t,liat in our st,ruct,ure tlie 1' - X traiisfer is more closely related to a.n 
c:lasl.ic process iiivol\.iiig ai1 A1As X-poiiil loiigil utlinal efftxtive iilass for tiinneling electroiis. 

r-S iní.t.rvalley t.iiniieling in ;ZlAs/Ga.hs striict.iircs 

lias I~eeii a sul~jec t  of grcat iiitc:rc,st. iii Sc?iiiit:oiicliic:t.or 

~ l i ~ s i c s [ ~ - ~ ] .  Iteceiitly tlic: I' - X iiilervallcy í,iiiiiiel- 

iilg lias rilso l~cen ol~scrwd i11 Iic:terosti.uct,iircs 1~:iijecl 

o11 alt.criiritzive AlSl~/IiiAs niaí.cri;ils["]. Fòi. tlie xnaly- 

sis of t.ho I- -- X electroiiic t.rnnsfcr iii .-ilhs/Ga.As sin- 

glc q~i;iiiluii~ I~arriers (SQB) coiisitlcrctl iii t.liis work! 

~,IT.O nlaill prccess inust IK t.akc.ii iiit,o ;.~ccoiint,: (i) tuii- 

i~cliiig clcxtrons originating a t  tlict T-[~oint GaAs emit- 

t.c:r i i i  tlic (100) tlireclion cai1 tra.i-isfc:r clast.jc:illy t,o a. 

loiigit~utliiial .ll.As X-poiiit cllipsoid [lying aloiig (100) 

axis] heca.iise tlic t,rniislat,ioilal syiilinct.ry of t.lie lat,tice 

is 1)roken iil tlie growth directioii: (ii) r elec(.roiis cai1 

be t.r;iiisferrcc via iiielast,ic st:at.ttxing 1.0 a X-ellipsoid 

trans\wsc lo  tlie (100) tlircct,ioii I q  plioiions or inkr-  

filce rougliiiess. Tliese iiitervalley tuniieling process in- 

volve, rcspect,ively, either t,he AlAs X-point longitucli- 

na1 c~fwtivt? inass 1 7 1 ~ 1  = 1 . 1 n x ~ ~ l :  or t.iie AIAS X-point, 

ti.;iiisvcrse eff<lct.ive mass nixi = 0.19 mIo1 (mo i$ tlle 

frcc clcctroil mass). Thc eiicrgy of tlie elect,ronic states 

iii t,lic M i l s  wcll foriiled by tlie X-conductioil band miri- 

iiiia (Fig. 1) would tlius depencl not oiily on the r - X 

Ixmiw (AEfx)  1jl1t also oil tlie liind of AIAS X-point ef- 

fectim niass iiivolvecl. Bemuse a.t iesonances the eilergy 

o i  t,lie I' iiicitlciit electroiis coiilcides witl-i the energy of 

tlic quantum leuels iii t,he X-wcll: new f a t u r e s  related 

1.0 the i-icgative differeiitial conductivity (XDC) re,' mions 

i i i  tlic I(\?) curves a.re expected. 

r - X resonaiit buniiclii~g cffect,s in ai1 AlAslGaAs 

SQR untler liydrost,attic pressure were firstly investi- 

ga(u1 hy Olino, Meiidez aiid ~ a i - i ~ [ ~ ] .  They have ob- 

scvvecl a \\.e11 defined N D C  regioii in the I(V) curve a t  
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Figure 1: Siiigle barrier st,riict,iire scheine for tlie r (solid 
line) and X (dashed line, ior t.wo prcssiires) baiitl-edgc pro- 
files at 0.5 V. Tlie posit,ioii of t,he Fcrini leve1 in t,lic cinitt,er 
is also slioívn. 

77K. Tlieir conclusioii, supported by t,heoret,ical estima- 

tions is tlmt tlie r - X t,ra.nsfcr is priinaiily controllcd 

In this worlí, we report riqieriint:iital aiid t,lieoret,i- 

cal resultas on tlie basic proccs!: of t,lie I' - X int.ervalley 

trnnfer of electrons tui~iieliiig tlirougli i2lAs/GaAs SQB 

under hydrost,a.t,ic pressure. Otlicr ti~easurciiicilts a i  at- 

mosplieric pressure and rlifli:rent temperatiires are also 

present~cd. Tivo fea.tures a.ppeí1.r in our I(V) ciirves clue 

to  resonant t,unneliiig iiivolviirg r - X int,crvalley trans- 

fcr. Tlie behaviour of t,iic first fcatilre ;rt. low bias is very 

n d l  described 11y our ca.lculat.ions. IIowevcr, a larger 

discrepaiicy between tliciory a.nd experimcnt is observecl 

for Lhe feature a t  higlier 1)iaseu. Tliis is at,t,i.ihiit,ecl t,o 

tlie fact tliat cliargc accumiilation i11 llic S-mel1 of the 

AIAS 1ia.rricr is not t.alícn iniso nccount i11 oiir ca.lciila- 

tions. Thc  main mecha.nisiii for t.lie i'-X resonant. tun- 

ncling effect in our Ali\s/GaXs SQB does not involve an  

inclastic proccss. as reportecl i11 Rcf. 7. In our case it is 

niore closely related (.o ai1 clast,ic process nrliicli iiivolves 

a. Iicavier AlAs S-point. longit,uclinal effcxtive niass for 

tunneling electrons. Elustic processes iverc also recently 

reported for the I?-X intervalley t,unneling of electrons 

in AISb/IiiAs clouhle h r r i e r  ~ietmotructiiresI". 
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Figure 2: Experimental I(V) curves obtained with a 5 . 2  nm 
barrier at 4.2K antl for different applied pressures. 

11. R e s u l t s  and d i scuss ions  

Mensure~nents wcre inade in two sets of samples 

wit,li ai1 Alhs  layer thiclrness of 5.2 nm and 4.1 nm,  

respectively. Tlic st.ruct,rire of t.he samples c.onsisted of 

(i) a nt-GaAs (Si dopecl - 2 x 10" c n ~ - ~ )  buffer layer 

- 0.5 pm t,liiclí grown o11 (100) nt-GaAs s ~ b s t ~ r a t e s ,  (ii) 

a. 5.0 n m  thick undoped GaAs spacer layer, (iii) The  un- 

doped AIAS barrier, (iv) a 5.0 nm undoped spacer layer 

a.nd (v) a li+-GaAs (Si doped 2 x 10'' cm-" top 

corita.ct la.yer - 0 . 5 p n  thick. The ot,her growth details 

aiitl Iyt,liograpl-iy of the samples are described in Ref. 

8. 

i ' l~e  liquid clarnp cell technique is used to produce 

1iydrostat.ic pressure up to  9 kbar. Under pressure 

tlie X-ba.ncl edge moves relatively to  the i'-band edge 

a t  a rate of d ( E x  - Er)/clP = -12.07 meV/kbar in 

~a .As["] .  It is assumed tlie sa.me rs te  for the AIAS r- 
ba.rid edge relat,ively to  the AIAS r-band edge. In Fig. 

1 are shown the ca,lculated band diagram of the SQB 

stsr~ictsure for pressures of 0 aiid 8.0 kba.r and for an 

applied vo11,age of 0.5 V. 

The  measured a,nd calculateci I(V) curves are shown 

in Figs. 2 a.nd 3,  respectively, for different a,pplied pres- 

sures. The beliaviour of these curves can be understood 

qualita.t,ively. At lom voltages the major part of current 

is a.tt,ribut,ed to the direct r electron tunneling. The 
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Figure 3 :  Calciilatecl I(V) curves at tliffeieiit yressiires for 
a saiiiple witli a barrier t,liickiiess of 5.2 iiin. Tlie tlaslied 
liii<l sliow tlie coiit.ril>iitioii of t,lic I' - J' - r process t.o tlie 
t,iiiiiieIiiig ciiirciit,. 

emit,t,er Fei n i  leve1 is st,ill  belo^^ t.lie funda.mcntal level 

of t)lit> X- lx~i t l  clua.nt,iinl well in t,lic 1)arrier. Tlie X- 

component of t,lie wavc-fiiiicí.ion i11 this case! is at,t,t:n- 

uat,t>ecl inort: rapitlly tha.11 Ilic T'-coinpoiieiit. tlue t.o tlie 

Iicavicr X - p i n t  effective iiiass. I\71io~i t.he Ferrni level 

approiiclies a X-well quant um Iewl. a rapid increase 

of currciit. occurs because of I' - X resonant tunneling. 

Tlie steplilre feat.ures whicli appcíir aft.er these increases 

of ciiirent. correspond 1.0 ci.ossovcr. tlic Fernii ievel and 

t h r  X-w:ll qiiantiim levels. Il'itliin tlie pressure range 

stiiclicd oiily tn70 3 D C  regions w r e  o b s e r ~ t d  in tlie I (V)  

curves (Iiig. 2)> less tha.11 precli<:tetl by t,lieory (E'ig. 3) .  

Thc  observeci fcatures ar(. also wcalwr and \>roader t.liail 

pitdict,etl t,litrorctica,lly. 

In our calculat,ions mc iisc~l a inotlel clevelopetl hy 

~ i i i [ ~ . "  ivit.hiii t,hc effa-t.iw ~ n a s s  aproxi ix~t ion.  The 

I' - X iiit,er\a.lley t,ransfer is assiinietl t,o occiir a t  the 

intt?rfxes: iriducetl 113. an int.eractioii potential in tlie 

forin of a De1i.a-funct.ioii of st,rcnplit. cu. 'Yhe band profile 

of t,hc SQB st,r~ict,ure is obt,a.ii~ecl a.t, ;i given bias by 

solving numerically t.he I'oisson <~~ur i t . ion  iii a. Thoi11a.s- 

Ferini appro>:imatioii. Tlie cha.ige density iil t,lie X- 

well of t.hc >~ lAs  barrier is &O neglected. \V7 1.0011 

thc r - X Ix.rrier heiglit as  A s r A  = 0.35 e ~ [ ' ( ' ]  and 

iisetl an cffective mass for tlie r elect.rori in the GaAs 

layers of 0.067 na0 a t  atiilospl~eric pressure, with an 

increase of 0.8%/klsar. Other quantities involved in the  

model, assumed to be pressure independent, are the 

longit.udina1 effective m a s  of X electrons, 1.3 mo in 

GaAs a.nd 1.1 mo in AIAS, Altls r -band effective mass, 

talien as 0.103 i n " ,  CI. = 0.155 e ~ - A ,  and the AIAS r 
barrier heiglit,, 0.98 eV in our case[lO]. 

A11 incident elect,rons in the  emitter GaAs layer are 

assumed to be in the r-valley. This assumption implies 

tliat clectroiis cai1 tuilnel through the whole SQB struc- 

t,ure following three possible processes, namely r-r-I', 
l' - X - r or r - X - X. The I' - I' - r process gives rise 

to  thc usual cxponentia.l behaviour in the I(V) curves. 

Tlie co~itribut~ion of this process to  the calculated cur- 

rent is sliown in Fig. 3 by the dashed line. The dashed 

curve r a s  ohtained a t  0 kbar by turnning off the I'- X 

interaction a t  t,he interfaces (i.e., by putting a = 0) 

wliile keeping the same values to  other parameters. In 

Lhe r - X - r process, tlie crirrent starts  to  increase 

ench t,ime t.lic energy levels of the X-band quantum well 

ri.pproa,ches tlie Fermi leve1 of the GaAs emitter layer. 

i111 import,ant enhancement of the current is then ob- 

tainecl mlien t,he resonant tunneling effect through the 

?C-valley t&es place. Once the electrons are transferred 

to the X-va.lley, they will propagate through the AIAS 

1:)a.rrier witliout substantial attenuation until they are 

t,ransferrecl back to the r-valley of the GaAs collector 

líiyer. S h e  cont.ribution of the r - X - r process was 

fi)und t1o be inuch st,ro~iger t11a.n the r -X-X p r o c e ~ s [ ~ ]  

iii a.ll oiir conclitioiis of pressure and bia.s. The I'-X-X 
process Liecomes import.ant only a t  a bias voltage larger 

t.1ia.n 0.8 V at. atinospheric pressure. 

S inw ai1 increase of hydrostatic pressure shifts the 

X-profiie down relatively to  the I'-one, the energy levels 

in  the X-hand quantum well are also shifted a t  a given 

a.~lplied voltage. At zero bias, these quantized levels 

gct. closer to  tlie Ferini level of emitter when pressure 

iiicreases. resiilting i11 a smaller bias needed to  reach 

r - X resonant tunneling conditions. This explains 

wliy st,t?plike features in Figs. 2 and 3 are shifted to  
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Figure 5: Calciilated I(V) curves for different teinpei.at,iires 
at at~nosplieric pressure for a sarnple witli a harrier tliickncss 
of 4.1 iim. 

lo~vcr voltage as liydrost,atic pressurc iiicreases 

Sl ie  experimental arid tlIieoret,icril resrilt,s for tlie 

I(V) curves a t  clifferent ttempcratlriies are sliown, re- 

spectivcly, in Figs. 4 aiitl 5 for a lmriier layel* tliiclíiicss 

of 4.1 11111. The  increase of llic t~eii~pera~t~ure froin 4.2K 

t,o 120K (Fig. 4) results i11 a. progressive wealreniiig of 

tlie NDC! regions iii t,he I(V) curves! i11 a.greciilent, witli 

our tl1e0ret~ica.l results (Fig. 5). Slic mealtening of the 

NDC regioiis by increasiiig teinyera.tiire inay be proha- 

bly explained by t~l-ie t,lierinic excita.tion which increa.scs 

de nurnber of incident elect,rons t,uniielin; til-ie st,ruct,ure 

t,hrough tlie r-I'-I' clia.iinel. Sh i s  n~oultl lead to ali en- 

Iinnceiueiit of the exponential contribution to tlie I(V) 

clia.ractciistics, ivhicli inight maslc the contribut,ion of 

t,lie - X - I? process, specially a t  higher biases. 

Tlie tlieorétical curves shown in Figs. 3 a.nd 5 

were ohtained by coiisidering only an elastic process, 

wlzereby the tramfer occurs a t  the longitudinal X- 

va.lley, i.e., parallel t,o the gro~vt~li direction (100). The  

a.greeilient betrweeii tlieory and experiment: in a11 pres- 

siire and temperature ranges considered, demonst,rates 

t l ~ i ~ t , ,  in our san~ples,  tlie tunneling via I'-X-I' process 

involving tlie loiigit,udinal X-valley is tl-ie major cause 

for tlie NDC structures observed in the I(V) charac- 

leristics. Slie transfer to  tzlie transverse X-valley would 

reqriirc a smaller efFective mass mxt = 0.19 mo, leading 

to  a liigliei confineii-~ent energy in the X-band quantum 

well a.ncl, correspondingly, t o  higlier onset voltages for 

tlie NDC structures a.ppearing in tlie I(V) curves. The  

a.pplication of ari electric field further increases tliis up- 

warcl sliift, of the quailtized levels relatively to  the bot,- 

tom of the well, whicli is more noticea.ble for smaller 

eflective inasses. In acldition, our calculations using the 

X-point tra.nsverse cffective mass revea.1~ only a single 

structure i11 tlie tlieoretical I(V) curve (not shown) a t  

0.23 V a.nd a t  atmosplieric prcssure for our 5.2 nin bar- 

rier t,hicl<ness sa.mple, whereas experimentally there are 

t,wo NDC st,ruct,ures. 

In Figs. 6 aiicl 7, t,he voltage position of the first two 

steplilw fea.tiires in the log(.J) vs V curves is sliown as 

a. frinction of pressure a t  4.2K and as function of tem- 

pcmture a.t atmospheric pressure, respectively. Tlzese 

gositions were determined by the voltages a t  which 

pea.lis occur i11 tlie first derivative (d[log(J)]/dV vs V) 

for 110th experiment,al and calculated curves, respec- 

tively. For t,lie NDC structure a.ppea.ring a t  lower volt- 

age [for ptessure aiid temperaturc studics (Figs. 6 and 

7)], tlie agreernent hetween experimental a.nd theory is 

very goocl, ivhereas the secoi~d NDC structure appears 

experinientally a t  a. voltage higher tlian predicted by 

t.lieory. The  c1iscrepa.ncy bettweeil theory and experi- 

inents a.t. Iarger biases is probably due to  the clia.rge 
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Figure 6: Po::itioii of tlie first two steplike featiires in tlie 
I(V) curves, :.s a fiinctioii of preswre, for tlie 5.2 nrn bar- 
rier t,liickiiess sample. Open aiid solid dots coriesponcl to 
experimeiit,al resii1t.s (Fig. 2); Solid and dashed lines were 
obt,ained fron the theorekal resiilts (Fig. 3).  Tlie valiies 
were determi~led by finding tlie peak position in tlie first 
derivative of tlie experimental and tlieoretical log(J) vs. V 
curves. 
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Figure 7: Position of tlie first two steplike features in tlie 
I(V) curves, as a function of ternperature, for the 4.1 nm 
barrier thickness sample. Open and solid dots correspond 
to experimental results (Fig. 4); Solid ancl dasltecl lines were 
obtained from the tlieoretical results (Fig. 5 ) .  Tlie values 
were determined by the same procediire as described in the 
caption of Fig. 5 .  

accumula.tion in the AlAs S-band.  Since the X-band 

cluaiitum well is formed iii the AIAS layer, on can ex- 

pect that  t.he electrons trmsferred to  the longitudinal 

X-va.lley ha.ve a relatively long dwell time in this re- 

gion. 'i'his will give rise to  a chaige accumulation and 

coilsec~neiltly to a band bending in the well that  will 

piidli tlie qua.ntizec1 levels t20 higher energies producing 

tJie second resonailce condition a t  corresponding higher 

voltages. Furtlierii~ore, one can also attribute the fact 

tha t  tlic resonances associated with higher energy levels 

are not observed experimentally a t  the voltage positions 

predicted hy our model to  the lack of taking a proper 

a.ccount of charge accumulation in the  calculations. 

The elastic or inelastic character of the r - X inter- 

valley transfer is strongly dependent on the roughness 

degree oE the interfaces present in the samples, what 

n-iay explain the discrepancies between our observations 

and i~lterpret~ation and those of Ref. 7. 

IXI. Conclusions 

I(V) ineasuremei~ts under hydrostatic pressure a t  

4.2K ancl for different temperatures a t  atmospheric 

pressure were rnade on A1As single quantum barriers. 

For both studies the results obtained a t  low bias, con- 

cerning the contribution of r - X - r process to the 

tunneiing current, are in good agreement with our theo- 

relical predictions which consider elastic process involv- 

inp; tlie transfei of r electrons through the longitudinal 

X-valley iii the AlAs ba.rrier. T h e  discrepancy between 

our experimental and calculated results a t  higher bi- 

ascs is probably due to the charge accumulation in the 

X-ba.nc1 qua.ntuni well, not considered by our theory. 
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