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111 this paper we present a review of tlie fundament,a.l aspects of Molecular Beam Epitaxy 
(MBE) applied to  111-V compound semiconductors. We start  with the basic concept of 
MBE? then we discuss the inmitu technique of RHEED a.nd it is illustrated how the RHEED 
technique can be used to study both t,he surface reconstruction and the dynamics of film 
growth tlirougli RHEED intensity oscillations. We will tlien discuss the doping correlated 
problems using silicon as tlie doping element for A1Ga.As. Finally, we disciiss the persistent 
photoconductivity (PPC) effect, which is related to  the specific defect ltnown as DX center. 
Both positive and negative P P C  are observed ancl discussecl for silicon planar-doped GaAs. 

In this paper we will review the fundamental aspects 

of Molecular Beam Epitaxy (MBE)! which is a refinecl 

forin of ultra-high vacuum (TJHV) evaporation. The 

molecular beanis are produced by evaporation or subli- 

ma.tion of sources ~on ta ined  in separatecl crucibles. We 

will use m x t l y  examples from the AlGaAs alloy system. 

We will a ' s0  discuss the i w s i t u  technique of reflect,ion 

high ener,;y electron diffra.ctio11 (RHEED) l t n o ~ ~ n  as 

a powerful technique to study surface reconstructions. 

One of t , l~e features of tlie surface reconst,ructions of 

111-V compound sen~iconduct~ors is the very wide range 

of stoichicmetry relat,ed periodicities. Our a.pproach is 

based on the concept t)liat n-~ost of t,he surfaces a.re com- 

posed of doinain structures rather than precise perioclic- 

ities. RHEXD can a.lso be used t.o study the  clynamics 

of film growth t~lirough tlie so-called intensit,y oscilla- 

tions, whi:h cai1 be used t,o measure t,he giowth iat,e 

in-situ. T le  effective incorporation of bot,ll groups I11 

and V species in InAs and InSb during growth were de- 

termined and it became clear that  the group I11 ra.t,e wa.s 

dependent on the group V species involved, even a.t. low 

temperatures. I t  is shown that  controlling t-he In/Sh 

fiux ratio provides a reliable method of growing cali- 

brated InAsSb alloy coinpositions. We will then discuss 

tlie doping correlated problems using silicon as the dop- 

ing element in AlGails alloy samples. A strict control 

of tlie tloping concentrations is basic in the full range 

of doping concentra.tions. We will s tart  discussing the 

c~nvent~ional a,nd so-called one to one correspondente 

regime, when every doping atom produces only a spe- 

cific ltind of defect which in t.urn produces predictable 

a.nd uniform material properties. In the upper limit 

t,l-ie doping element incorporates in different crystallo- 

grapliic sites giving origin to a mult~iplicity of defects. In 

this case it is usually quite difficult to predict and con- 

trol the material properties. Our approach consists first 

in studying uniformly doped bulk samples and second in 

st,udying pla.nar doping structures where diffusion and 

segregation ~i lake  the aiialysis even more complex. The 

hest lznown and studied simple defects are silicon incor- 

porat,ed on group I11 and group V element sublattices 

a.nd the DX center. The complex defects are silicon 

on one of the sublattices bounded to an intrinsic de- 

fect and finally two silicon atoms incorporated on both 

groups I11 a.nd V nea.rest neighbor sublattices. Finally, 

we discuss tlie basic concepts of the persistent photo- 

conductivit,y (PPC) effect. I t  is generally accept,ed that  

the presence of the DX center in silicon doped AlGaAs 
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alloys with an  energy leve1 below t,liç. concliictioii hanc-l 

minimum produces the posit ive PT'C cffect. t 11a.t is cliar- 

acterized by tlie increase of t.lie free-carricr concentra- 

t,ioii after illu~ninatioii a.nd hy I-iaviiig a rio~iexpo~ie~it.i:~I 

relasa.tSion hehavior a f k r  t11c illuinina.tioii is tiirnccl off. 

Both positive and iiegat,ive PI'C a.rc heiiig ohservtd o11 

silicon planar doping GaAs sainples, w1iic.h fact iii this 

case 111alies difEcult t,o tistahlish a.ny simple corit.la.tion 

between DX center ancl PPL. 

11. B a s i c  technology of molec~11t-i~ h e a i n  c p i t a x y  

Demands of progrcssively thinncir planar e p i t ~ x i a l  

st.ructurcs have ~tiiliulat~ccl rcsearcli into tlle crustal 

growtli technique kiionil a.s Xlo1rcul;ir Bcani I':pit.axy 

(MRE). Tliis is esta.blishing it.self a.s a crj,sta.l giowt,li 

techniyue wit,h grea.t pot,cntial for tlic hbrication of 
. . 

n i i c ro~ave  and opt~oelct ronic dcvicc:~ :iiiniiig fiilally the 

opt.ica1 iiitegra.ted circuit,~. This is conriectt.<l with t,he 

fact that  t,he M R E  t,ecliiiiqiici enxliles one to tailor the 

electronic propert,ies of t,he cryst,a.l t o  tlie cl~sired func- 

t,ion: what lias conducted t.o t,lic int~rotliidioii of rwm 

some until now unknown elcchoiiic and structura,l fea- 

tures. Therefore, a high nuiiiber of nowl seinicoricluctor 

structures prepared by MBI: Iiave herin producecl hav- 

ing details in t,lie growt,h diredion in tlie orcler of only 

a few laltice para.met,ers.' 

Tlie simplest way t,o clcfiiir tlic t,(~clin ique of NBE: 

is by considering it a.s a refined form of va.cuiiiii cvap- 

oration. The  conventional RIDE equipmciit uses matc- 

rials in liquicl or solid forius as soiirces to prodiice the 

inolccular heains. Va.ria.t.ioii of the ~onvent.ionaI equip- 

ment is the one using g a . ~  source ir1 cliffereiit forilis l~u t .  

in the present work we will not cliscuss such variatioiis. 

Tlie basic MBE process acliirves cpit.axin1 gronjth over 

a convenient.ly hea.t,ed single crysta.1 siibstra.te in an  111- 

tra high vacurrm (UIIV) environnlent,. Thct UHV envi- 

ronment is dema.nded t,o ina.itit.a.in t.lic unwarit.ed resid- 

ual inipurities as low a.s possible aiid to ensure tha t  

no  gas react,ion occurs before t.lie ii~olcctiles rcacli the 

suhstra.te where the epitaxial growt h is determined by 

complex kiric,tic rea.ct,ion proccsses. This G'HV envi- 

ronriient is ali atlvant.ageoiis feat.ure of MBE because 

i11 .situ surfa.rr: analyt,ical stutlics can be carried out in 

real t.ime just bcforc, dtiririg a.nd aft,er the growth, pro- 

iidiiig tlictrefore a high degree of growth control. The 

most valuahle technique for in situ invest!igat,ion dur- 

ing MRF: growth is t,he reflection high energy electron 

diffraction (HHEEI)) wliich is used a )  to determine 

wlieii native oxides l-iave been removed before growth, 

I)) to cleterniine t,he g r o d h  t,emperat.ure. c) to study 

1.11e surface reconstructions, d )  t o  determine precis~ly 

t.he gr0wt.h rate and e )  t,o study t.he growt,h dynaniics. 

A quadrupole niass spect,romet,er is useful t.o coritrol 

thc C'HV conditions hy checking if the concentrations 

of rc:sidual inipurities are low enough to  obtain good 

cpalit,y samples antf t.o rnonitor the species emerging 

froin tlie moleciilar bcam sources. A n  ion gauge placed 

i r1  the sarrtple position permits to  meastire t.he back- 

grouiicl piessure a.nd elso to  monitor the bearn fliixes. 

Tlie M R L  process is illustrat,ed scliemat,ically in Fig. 

1 t,liat shows five cells, usually referred to  as Knud- 

sen cells, wliich contain crucibles made from pyrolytic 

Roron Nit.ridc (PBN) with ttie elernents necessary to 

grow n-doped (Si) and p-doped (Re) AIGaAs. 'The tern- 

perat,iire of each cri1 is chosen t.o obtain heams wit.h dif- 

fercnt fluxes so that the desired chemical cornposition 

antl doping 1r:vel ca.n be obtaiued. 

Inclividual shutters perriiit to initiate and interrupt 

t.ac1-i Aux independently so that  abrupt changes in com- 

positioii and tlopiiig leve1 can be obtained. At temper- 

aturcs a t  wliich t,he epitaxial layer growths, in a sim- 

plified <lescript,ion, the growt,h rate is determined by 

the impinging rate of group 111 elements (AI, Ga)  since 

only t.liose group V at,orns (As) ileccssary t,o bound tlie 

group 111 orbitals a t  t~lie surface will he a.dsorbed. Be- 

cause of this, the epitaxial growth usually occurs when 

t,licre are more group V atorils than group 111 atoms: 

i.e., in tlie so-called groiip V rich conditions. Group 111 

ricli conditions are dificult to study hecause any excess 
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Figure 1: Scheinatic illustrat.ion of a sgst,ein configiirat.ion 
for growtli oF doped AlGaAs bg MBE. Silicoit fititctioiis as 
a donor imp irity (n-t,ype dopant.) and berglliiiiii fiiiictions 
as an accept,or iinpiirit,y (p-t.ype tlopant). 

of group I11 atoms tencls t,o form free metallic clusters. 

Typical growth rate range from 0.1 rrioiiolaycr per sec- 

ond (MLS) to 10 MLS so t11a.t usual st,ructures cai1 he  

niodulatecl . n  monolayers hecause t,he shiitter opera.- 

tion times are less tlian 0.1s. Pract,ical problems come 

from tlie nefd to open a.nd close tlie sliutt,er ma.ny t,iiiles 

to  produce, e.g., superla.tt.ice sa.mples and t,o ra.ise a.nd 

lower tlie teniperature of tlie cells. 7'liey mere solved 

by using a niicrocomputer t,o cont.ro1 tlie experiente. 

To obtai I the desired structure wit,li good elect,ri- 

ca.1 and optical yuality it is necessa.ry to hea.t. t,lie single 

crystal siibslxate to  t,eniperat,ure ranging frorii about 

400 to  700°C. This is achieved ~isiiig a heatcr elenieiit 

inside the gio~vt,li chamber t,l-iat can be cont,rolled cx- 

terilally to  obtaiii optimal c~iidit~ioiis for temperat.ure, 

position and rotat,ion. Usua.lly t.he single cryst.al suh- 

strate is fixei1 in a niolybdenuni block t,liat ca.n Ile cou- 

pled to the l!eater element. At tliese cluile low growtli 

teil~perat~urei;, one 11a.s a i i o i i - e q u i l i l ~ r i ~  growtli ensur- 

ing that  tlie reactioii on the substrate is st.roiigly moved 

towa.rds the ;olidification process. Because of t,he very 

low teinperatures a t  which tlie growt,h is carried out, 

the diff~ision processes in verg liiglt coiilposit~ion aiid 

doping gradirnt can l x  Iiindered and also t,he concen- 

trat,ion of high teniperature t.hermodynaii~ic defeck can 

be reduccd significantly. Another distinguishing ctiar- 

acteristics of the  MBE growt,h is tha t  it is possible to  

a,cliieve coilditions to obtain t,he so-called layer-by-layer 

grow1.h mode when t,lie growing interface, improving it- 

self slowly during growth, is atomically smooth. I t  has 

been proposed that  a step propagation growth mecha- 

nism is responsible for this effect[']. Therefore the MBE 

process permits to obt,ain the desired hyperabrupt pro- 

files, eitlier i11 coinposition and doping, a fact which has 

been tlcnionstra.ted by tlie growth of superlattice, e.g., 

of tliousaiids of alternating A1Rs and GaAs layers, each 

of them witli few monolayers. 

Most of the a.pp1ications in the near future do not 

require optical or speed capabilit,ies of A1GaAs but new 

devices tliat a.re not possible wit,h silicon are pushing 

Lhe frontier toward niaximum speed in microelectronic 

devices. Perhaps the most remarkable example of the  

desirr: to adva.iice heyond the speed limitations of sili- 

con is related to the concept of MODFET (modulation- 

doped-field-effect- transist,or). The guideline to achieve 

tlie unusua.lly high mobilit,ies has been f ~ u n d [ ~ ]  in the 

st,iicly of t.wo-diniensional-electron-gas ('LDEG) which 

cai1 he obtained, e.g., in the band discontinuity be- 

t~veen t,wo different inat,erials like in the heterojunction 

of GaiislAlGaAs. Electrons from a silicon doped Al- 

GaAs move into the undoped GaAs layer, where tlie 

almence of ionised impurities allows the electrons to 

a.chicve the higli mobilities. An undoped spacer Al- 

GaAs layer, grown bet.ween t.he undoped GaAs layer 

arid the doped AlGaAs layer, is the key factor in irri- 

proving tlie mohility for a t  least a factor of 100[~1. The 

mobilit,y dependente as a funct.ion of the spacer layer 

thicltness is shown in Fig. 2. For narrow spacers, the 

mobilit,y will be determined by the Coubomb scatte- 

ring of the positively charged parent donor ions near 

the interface wliile the  deerease in the mobi1it.y values 

for spacer tvider tha.n ahout. 800A is associated with the 

Imckground impurities in GaAs. 

Duritig the last decades considerable insight has 

bem achievetl into the surface studies both theoretically 
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Figure 2: Effect of undopcd spacer layer t,liickiiess 011 t,lie 
mobility of PDEG structures[?]. l'he inset sliows t,lie con- 
diict,ioii I~aiid struct,ure of a normal vetsioii of a IkIODF'E7'. 

inat,ioii ineclianism procluces therefore a twofold (2 x 1) 

pcriodicity ancl it is illustrated in Fig. 3 and 4. 

- ,- 
3J , io6: 
N 
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and experiinentally. M'it,l.i tlie advent of tlie Scanning 

Tunneling Microscopy (STM) t,echiiicpic, clirect fcatures 

of tlie siirfa.ce 1ia.w bceii sccn. 

Surface features arc int,rinsically importitiit. to un- 

derstsa~iid Lhe growt,li nicclia.iiisni and ult~iiiiately to tle- 

termine tlie structure p r~per t~ ies .  Herc we will oiily coii- 

sider the po1a.r (001) siirface on bot.11 GaAs a.nd InSb 

coinpounds. This surface is idcally t.eriniiiated by coin- 

plete monolayer (ML)  of eilher t,he group 111 or t,lie 

group V eleinent, a.nd in general it reconstructs itself. 

Tl!e will focus on tlie na.t,urc and origiii of t,hc surface 

recoiist,ruct,ion and  cliscuss t.lie questioii of wliy sliould 

tlie surface reco~istruct. The recoiislructio~i usua.lly oc- 

curs changiiig the icleally siinple t,crininat,cd surfa.ce of 

tlie bulk lattice syiml~etry t1o a lowcr t,wo cliii-iensional 

symmetry. Tlie form of tlie reconst,ructioii is rela.tecl t o  

surface stoicliioilletry aiid how specific is tliis relation- 

ship is the import,aiit question. SIie ideal bulk crystal 

is terininated by t,wo clisrupt.etl sps lobes per surface 

at,om, which for t,he As(S'b)-t.crlniiiaattccl surfnce a.rc iii 

the [i101 direction. To rediice tlie surface cnergy, de- 

liybriclisation occurs crea.t,ing lhe clangling horintl (sp,) 

st,at,e aiid the bridge bound (p3: - Py) sta.t.c. TIie bridge 

bound st,a.t,es produce t>he forma.t.ion of As-As(Sb-SI]) 

dimer bound with tlie arseiiic a.toms tlisplaciiig from 

tlie ideal crystallogra.pliic position[4]. This dimer for- 

/ 
/ 

,,/' 
/ "\ 

/' \\ : 

(4x3), a ( lx3) ,  ~ ( 4 x 4 ) ~  (1x3): (7x5) and (1x1). The  syiii- 

h01 (11, x 172) stands for a reconstructecl surface having 

a unit. ccll 17 x m times la.rger than the bulk unit cell 

in real spa.ce. Tlie la.tt,ice constaiit is 12 times larger 

in one of the cryst,allograpliic direction and m times in 

tlie second clirection. Tlie symbol "c" stands for a cen- 

tcrecl unit cell and "a," staiids for asymmetric, as i t  will 

be discussed lxlow. More about notation for surface 

reconstructions cai1 be s e m  in the work hy ~ood["] .  

The ~ ( 2 x 8 )  reconstruction arises from an irregular 

pha.sing of climers along the [I101 direction in adjacent 

(2x4) unit cells[". Both ~ ( 2 x 8 )  and (2x4) reconstruc- 

t>ions a.re present simultaneously so they will not be dis- 1 

tiiiguishecl in t,he present work. 

Crystallographic inodels have been formulated for 

oiily a few of the observecl reconstructions. The  group 

V rich (Lx.4) reconstruction is perhaps the best linown 

ancl i t  will be corisidered first. Surface crystallogra- 

pliy is niost, a.ppropriately monitored by RHEED since 

iii this tleclinique tlie electron beam is a t  extreme graz- 

ing iiicidence, wliereas tthe n-~olecular bcams inipingc al- 

most iiormally on t,lie substrate. The  (2x4) synimetry 

is prornptly obtained froin the RIIEED technique by 

real-time observa.tion of the diffraction patterns along 

two ortliogonal [I 101 aziinut11a.l d i re~t~ions .  In one ofthe 

a.zimutlia.1 direction tlie diffraction pattern shows one 

extra diffraction streak, tlie 1/2-fractional order streak 

rclated to tlie twofolcl periodicity, between each pair 

of nea.rest bulk streaks and i11 the ot.l-ier azimuthal di- 

rectioii it. shows tliree new extra strealcs; the 114, 214 

For the 111-V compound semiconductors there is a 

very wide ra.iige of different reconstructions. These dif- 
/' O .- - .- 

13 
/ ferent reconst,ructions cai1 be placed in order of decreas- 

Z 

105r 

- 

/' 
iiig group 111 element surface concentration. For GaAs 

/ 
a.nd IiiSb some of tliein are respectively: ~(8x2)-(4x2):  

./ 

(31 I) ,  c(4xG), ~(2x8)-(2x4) aiid ~ ( 4 x 4 )  ; ~(8x2)-(4x2) ,  
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the a(lx3) structure can be generated from tlie (2x4) 

structure by domain formation involíing tlie sequenciiig 

of the  two unit cells with 0.75 and 0.50 ML coverage. 

To the former we assigri the letter A and to t,he latt,er, 

R, to  use a convenient shortha.nd notatiori. Tlie inaiii 

clues to  understa.nc1ing tlie model are tlie asyinmetry 

a.nd tlie continuous clecrease ia F wit,li clecreasing Sb 

covera.ge. Tlie superstructure, producing tlie splitt,ing 

of the diffraction streaks, woulcl then be generatecl by 

introducing a B unit cell in every n unit cells of t,he A 

sequence, creating then a domain length whicli is (n.+ 1) 

times larger tlian the A or B unit cell. I11 Lhe most gen- 

eral case the fourfold periodicity is brolten to  generate 

ai1 asyinmetric sevenfolcl periodicity. However fivefold 

and tlireefold periodicity cai1 be formed depending on 

whether the 214-fractional order streak or botli 114- 

and 314-fractional strealís have been extiilguisliecl re- 

spectively. The  assuinption of the irregular phasiiig of 

dimers along the [I101 directions tends to extiiigriisli the 

half order streak. The formation of the supeistructurc 

can therefore be used to  explain the ~ ~ ( 1 x 3 )  reconst,ruc- 

tion. Concluding, we believe that  most of the recon- 

structioils for the  111-V systems can be expla.ined by 

domain formation using tlie (2x4) unit cell. 

IV. RHEED i n t e n s i t y  osc i l la t ions  

Reflection high energy electroil diffraction 

(RHEED) has proved to  be versa.tile in its applicat,ions 

for the in-situ investigation of MRE growtli clynam- 

ics including tlie effective incorporation rates of 130th 

cation and anion species. This was made possible by 

the introduction of the RHEED int,ensit.y oscillation 

te~hr i ique[~] ,  wliich occurs iinmediately following tlie 

start  of growth. 

Common to the  until now proposed rnodels t1o ex- 

plain tlie intensity oscillation is tliat this occurs clue to 

surface topography clianges associated witli the layer- 

by-layer growth mode! i.e., a two-dimensional growth. 

To understand better tliis concept it is necessary to es- 

tablish tlie iiature of the dynamic diffraction processes 

j I InSb Ts,= 370°C 

TIN =860°C 
TSb =465'C 

O 69ML.S-' 

Time 

Figure 6: Speciilar beam intensity trace under equivalent 
groívtli conditions for InSb and InAs. 

wha,t will not be considered in this lecture. We will con- 

sider only the RHEED intensity oscillation to  achieve 

the precise way to  measure the effective incorporation 

rat.e of elements. A typical da ta  set for the growth of 

both InAs(001) and InSb(001) layers is shown in Fig. 

6 ta.líen using tlie specular spot on the (00) diffraction 

slreak arid ivit,h aii over-pressure of group V elernent[lO]. 

S h e  steady state periocl corresponds precisely t o  the 

growt>li of a. single monolayer (ML), equivalent to  a half 

lattice parameter. For cations the effective incorpora- 

tion rate is ecluated to the  absolute grow rate, usually 

measured in ML per second (MLS-I), and it is sup- 

posed to correspond to the group 111 element flux since 

its sticking coefficient is admitted to be unity. 

Conversely, the st,iclting coefficient of the  anion is 

seldoin unity so that  a different procedure is used to  

calibrate the effective incorporation rate of group V ele- 

rnent. The most common procedure[ll] is using a known 

excess of tlie group IJI element deposited on the sub- 

s tmte  surface, with no anion flux present. T h e  excess 

is typically ali amount to grow 10MLs. Higher aniounts 

appear to be detrimental to the surface. In  the  present 

example the excess lea.ds to  the forrnation of isolated 

islands of indium. Inteiisity oscillations are then in- 

duced by opeiiing tlie shut,ter of the group V element. 

The oscilla,tions continue until all of indium excess has 

been consumed. This model is fully consistent with the 
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simple group I11 surface droplet inodel first proposed 

by Neave el. al.[ll]. In tliis model, when tlie group 111 

element is either predeposited on the substxate surface 

or supplied iii excess over tlie group V element, clusters 

are fornied o11 the surface. These clusters tlien a.ct a.s 

sources for group I11 single adatoins, which react with 

the group V inolecules to for111 the 111-V compound. 

The oscillaticn period corresponds to tlie group V el- 

ement incorporation rate, whicli is not equated to  tlie 

flux, but will be proportional to i t .  Typical results for 

tlie calibration of the antimony flux to grow InSb is 

sliown in Fig. 7. It was observed that for a. constant, 

antimony cell temperature there is a negligible effect 

of substrate tmiperature on tlie Sb4 inc~rporat~ion rate 

over tlie range of typical growth temperature. The ca.1- 

ibration of the effective incorpora.tion rate is usually 

shown in the form of Arrlienius plots. Altliougli tlie 

described pro :edure is a fa.st a.nd accurate kchnique 

for calibrating group V element incorporation rates, i t  

is important to  realize that it is not absolute, but is en- 

tircly cell-depcndent. Ali alternative condition for 013- 

serving aiitimony induced oscillat,ions is growt-11 under 

indiuin rich c c n d i t i ~ i i s [ ~ ~ ] .  

I 
Tss=37CoC 

T,, =.E! j @ T  In closed 

Sb closed In open 

I 

"='""' " 
closed closed 

- I 
Time 

Figure 7: Antimony tetramer induced oscillations observed 
after deposition of indium on InSb(001). Traces were ob- 
tained under tht same growtli conditions biit different anti- 
mony cell temptratures. 

The above Sescribed procedure to calibrate the ef- 

fective incorporatioii rate of group V element helps 

biit it is not ai1 absolute method in determine the al- 

loy composition having two different group V elements, 

i.e., R I ~ I B v C v .  In fact, the determination of the alloy 

composition using RHEED intensity oscillations can be 

complicated as illustrated, for example, in the InAsSb 

systenl[lOl. 

Conversely, since the sticking coefficient of a11 group 

I11 elernent is adrnitted to  be unity, the composition 

of ali alloy having two different group I11 elements, 

i.e., AIIrBvCv, can he directly and precisely evaluated. 

This supposition is considered to  be a very good approx- 

iniatioii, but some refinements should be considered if 

high quality structures are being prepared. We will 

illust,rate this by showing that the effective group I11 

incorporation rate depends on the group V element by 

comparing tlie results of RHEED intensity oscillations 

for tlie two compounds InSb and InAs. We have shown 

that for group I11 element-rich conditions the growth 

rate observed is due to  the group V element availabil- 

ity and for group V eleinent-rich conditions the growth 

rat,e obseived is due to  the group I11 element availabil- 

ity. Using RHEED intensity oscillations the growth 

rate of InAs and InSb can be compared to study the 

iníluence of the group V element. Fig. 6 shows typi- 

cal indiuin-induced oscillations obtained for InSb and 

In As. 

Froin tliese results it is apparent that for a constant 

indium flux the InSb growth rate is approximately 18% 

great,er than that  of InAs for group V element-rich con- 

ditions. This difference does not depend on substrate 

teniperature over the range for which oscillations are 

observecl, 250-500°C for InAs and 270-430°C for InSb, 

and appears to be independent of the magnitude of the 

anion flux. Correcting the InSb growth rate for the 

difference in the InSb lattice parameter compared to  

InAs, (6.4794/6.05S3)2, still leads to  an InSb growth 

rate that is about 4% higher than that for InAs. We 

are tlierefore able to conclude that the effective incor- 

poration of indium depends on the group V element, 
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and i11 the case of InAs less than 100% of tlle indium 

flux is incorporated under a11 gro~vbh conditions used 

suggesting that the indium sticlting coefficient nmy be 

less than unity. The same may be trile for InSb, but 

we could only measure relative values in this context. 

The result that ,  uncler group V element stable con- 

ditions, the effective incorporation rate of indium is de- 

pendent on the speciíic group V elenient is surprising. 

Even if we assume that for InSb a11 of the indium flux is 

being incorporated as InSb, we must still conclude for 

InAs that  a sinal1 fraction of the incident indiuin is not 

being iiicorporated. Tlie fact that tlie bond strengtli 

of In-Sb is l-iiglier than In-As may account for a dif- 

ference between tlie two compounds, but it does not 

explain the rejection mechanism. It appears proba.ble 

that even under group V element rich conditioils there 

inay be an accuniulatioii of free e1en1ent~a.l indium o11 

the groming surface of InAs, possibly in tlie form of a. 

moderate density of small clusters. But even this is 

not a complete explanation because the difference be- 

tween tlie total indium flux arriving a t  tlie surface and 

t1ia.t being incorporated iii InAs is too great to  be ac- 

coinniodated by surface accumulation alone. Therefore, 

desorption appears to  be the inost likely inechanisni for 

the loss of indium. 

V. Dopant incorporation 

NominaIly undoped GaAs Iayers grown by MBE us- 

ing elemental sources a.re generally found to  be p-type 

with a hole concentration ranging from 5 x l O I 4  to  

1 x 16'' c n ~ - ~ .  The ma.in residual p-type impurity in 

MBE grown samples is carbon, wliich is identified using 

pl-iotoluminescence spectra. It shomrs the presence of a 

shallow acceptor with energy of 26meV a t  low temper- 

atures. 

The incorporation of intentional a.mount. of iinpuri- 

ties is achieved by using additional cells. The choice 

of suitable p- and n-type dopants is of fundamental 

importance to  produce devices. A very great number 

of elements lias been used as doping eleinerit for III- 

V compounds, e.g., Be, Si, Ge, Sn, S, Se, Te, Cr,  Cd 

and Zii. For alloys in tlie AlGaAs system, beryllium 

seems to  be ali almost ideal p-type dopant and silicon 

is a. near idea.1 n-dopant and is widely used. Silicon has 

a unity sticlting coefficient, does not exhibit a segrega- 

tion problein and is relatively insensitive to  changes in 

growth conditions. The silicon doped layers show good 

electrical and optical properties. 

The silicon doped GaAs layers have been intensively 

investigated over a wide rage of doping concentrations. 

For standard MBE grown samples, with doping con- 

centration below about 7 x 1 0 ~ % m - ~ ,  the carrier con- 

centration is proportional to  the silicon flux, indicating 

that basically a11 silicon atoms incorporate as donors 

in tlie gallium lattice site. This is the so-called one 

to  one correspondence regime when every doping atom 

prodiices only a specific kind of defect which in turn 

produces predictable and uniforni material properties. 

Beyond tlie one to  one correspondence upper limit value 

the doping element incorporates in different crystallo- 

graphic sites giving origin to  a multiplicity of defects, 

when then it will 1)e quite difficult to  predict and con- 

trol tl-ie nmterial properties. The best known and stud- 

iecl simple defects are produced when silicon atonis in- 

corporate on gallium o i  on arsenic sublattices. The 

best known coinplex defects are produced when silicon 

atoms incorporate on one of the gallium or arsenic sub- 

lattices a.nd are bounded to  an intrinsic defect or when 

two silicon atoms incorporate on both gallium and ar- 

senic nearest neighbor sublattice sites. For alloy sam- 

ples in the AlGaAs system having an aluminum content 

higher than about 2296, another simple defect, the so- 

cdled DX-center, must also be considered. We show 

liow this multiplicity of defects can be handled stud- 

ding on heavily silicon doped MBE grown Alo,sGao.~As 

samples on another work in the present issue[12]. 

Structures with particular doping profiles can in 

principie be achieved by monitoring conveniently the 

temperature of tlie cells. This is however limited by 

tlie tiine spent to lieat up or to c001 down tlie cells. 
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An alternative way of doping material tha t  perinits 

to overcome tliis limitation fixed by thermal inertial 

condition car be obtained by using the planar clop- 

ing c o n ~ e ~ t [ ~ : ' I .  Here the dopant is deposited during 

a growth intcrruption mhen tlie s l~ut t~ers  of group 111 

element cells are closed but the sliut,ter of group V 

element cell is maintained open to ensure the surface 

stoichiometry. The  desired profile is achieved by choos- 

ing the appro;~riated dopant flux and evaporatioli time. 

Planar dopini; has receivecl inuch interest. recently as a 

niethod to ob-;ain very high electronic densities, since it 

seems tlint coinpensation mechanisms a.re reduced when 

the dopant is introduced in one plane rather tliaii ran- 

domly in the ,ullc. This is reasonable since the nuinber 

of group 111 dangling bonds in the surface is minimised 

during deposi tion of doping element, tlierefore reducing 

their number incorporated o11 the group V sublattice. 

This has indeíd proved to  be correct wlien, using a com- 

parison of Shubnikov-de Haas ineasureineiits a.nd self- 

consistent nuxerical  calculations, i t  was shown that  a 

three dimensional equivalent doping leve1 of 2 x 10'' 

cmP3 lias been acl~ieved[~*]. Anotlier advantage of this 

metliod is t h ~ t  it permits to obtain liyper abrupt dop- 

ing profile. Sh i s  is however iiot ideal because the pla- 

nar doping pr ]file shows, a t  high doping levels, the phe- 

nomenon of xgregation once the solubility limit of clop- 

ing element 0-1 group I11 sublattice sites is ac l~ ieve í l [~~] .  

Despit,e this difficulty the planar doping method cai1 be 

used to  proviile good devices. For example, tlie MOD- 

FET structur: discussed in the first section cai1 be ob- 

tained hy replacing the uniformly silicon doped AlGaAs 

layer by a silieon p1ana.r doping structure[16]. 

VI. The D:'C center, tlie persisteiit photocon- 

ductivi ty and the planar doping striictiire 

Persistent photoconductivity' (PPC)  is character- 

ized by the inxease of the  free-carrier concentration af- 

ter illuminatim and by having a nonexponential relax- 

ation beliavior after the illumination is turned off. P P C  

Figure 8: Typical experimental data of the decay of the 
photoconductivity after the illumination is turned off, as 
observed in silicon doped AlGaAs layers. 

rcniains for hours or even days after i l lurninati~n[ '~].  A 

typica.1 experimental da ta  of tlie decay of the photocon- 

ductivity for silicon doped AlGaAs is shown in Fig. 8. 

In spite of the multiple possibility of physical prob- 

lems that, can give origin to P P C ,  recently PPC is being 

considered to  be tlie fingerprint of the DX center be- 

cause i t  is generally accepted[18] tha t  i t  is responsible for 

P P C  in structures having a silicon doped AIxGal-,As 

layer witli x >_ 0.22. I t  seems now well established tha t  

the DX center is ali intrinsic feature of n-type dopants 

and not resulting from complexes related to those impu- 

rities. In this view the donor impurity is electronically 

bistable, having a (fundamental) localized deep (DX) 

state aiid a (iuetastable) extended (d) state. 

The most remarkable properties of the  DX center 

are a very large difference (Stokes shift) between its 

thermal and optical ionization energies and a barrier 

for elect,ron ca.pture resulting in an  exceedingly small 

electron ca.pt)ure cross section below about 100K [I9]. 

Although t,he mici.oscopic nature of the DX center 

is still not completely clea.r, i t  is well established that  

the DX center has a negative charge resulting from the  

"reaction" 2d0 -+ d+ + D X -  where do and d+ are the  

neutra1 and ionized liidrogenic-like shallow donor cen- 
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ters respectively. Therefore the DX center arises from 

a substitutional donor by itself and t,o cieate oiie DX 

center, one S+ must be clestroyed and vice-versa. Tliis 

has led to  suggestions that  tlie DX cenler involves a 

displaced donor with lattice rela.xation~[~".  

Tlie reason for the liigli iriterest in the P P C  effect 

and its associatioli with the DX ceilter is tlie detrimen- 

tal effect it lias on device perforinance, especially a t  low 

teinperatures. Beca.use of the trend in using planar dop- 

ing i11 device fabrication processes, studies involving tlie 

correlation between DX ceiltei, P P C  and pla.iiar doping 

structu-e assume special relevaiice. Tliere a.re, l-iowever, 

no systeniatic studies dorie involving tlie tliree plienom- 

e m .  There are only some worlís reporting tlie piesence 

of P P C  in planar doping structure but in this case itt 

seems to  be related to another physical phenomeiion, 

nainely a spatial charge separation, instea.d of t,he DX 

center. Tlie first report. of nega.tive P P C  in p1a.na.r dop- 

ing structure is presented soi~iewliere e l ~ e [ ~ ~ ] .  Nega.tive 

P P C  is characterised by a decrease of the free carrier 

concentra.tion instead of an  increase after illuinination. 

I t  wa.s suggested that  the nega.tive P P C  effect is related 

to tlie DX center. If tlien i t  t ruth,  then it will face us 

with the  basic concept of DX center iii two dimensions. 
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