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C:onventional and time-resolved photoluininescence measurements were conducted 011 an  In- 
<;aAs/InP quant,um-well struct,ure with six quantiim-wells, eacti grown for a different period 
of time va.rying bet,weeii 1 ancl 20 seconds. Calcula.tions of tl-ie lowest transition energy were 
czrried out a.ssuming severa1 types of interfaces witli varying compositions and thicknesses 
slowiilg tha t  tlie barrier for emission of ai1 electron is always siiialler than that  of a hole. 
7'he experimentally observed pl~otolui~~inesceilce peaks a.re within tlie small energy range 
predicted by theory. Coinhining tlien the  calculated elect.ron barriers with the  measured 
lifetimes, one was able to det,ermine t,lie ca.pture times of electrons into the quantum-wells 
using the  Principle of Detdecl  Bala.nce for capture and emission. Tlie capture times ohtained 

T h e  fast cevelopment of clevices based o11 qiiantum- 

mel1 structurt :~ 11as greatly raised the intcrest on the  

evaluation of carrier ca.pture times i11 clua.ntum-wlls 

of different rilaterials and widt#hs. I m e r s  based on 

sucli structures depend 01-1 a.n efficient carrier capture 

p r o ~ e s s [ ~ - ~ ]  vrl-iile photodetectors rely on long capture 

times in orde-* t o  efficient,ly collect tlie currend"]. 

0 1 1  tlie tl-eoretical point of view, the interest lies 

both on the approacli taken to tackle tlie capture pro- 

cess whicli is nterinediated by L 0  plionons ancl on tlie 

predictioii of capture times for different. systems. The  

classical picturc aclopted ir1 tlle lat,e 70's ancl early 80's 
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resultecl in rather fast capture times for quantum-wells 

thicker than the inean-free-path of the c a r r i e r ~ [ ~ , ~ ] .  In 

the inicl 80's a quantum-mechanical approach was intro- 

duced which predicted oscillations on the  capture times 

with quantu111-well (QW) t h i ~ k n e s s e s [ ~ ~ ~ ] .  

Experiinentally, capture times are obtained indi- 

rectly, often through the  measurement of either the 

clecay of tlie barrier photoluminescence (PL) signal or 

tlie rise o l  tlic QW PL. In the literature one can fiiid 

capture times varying from 0.1 to  20 ps depending 

on the  sample configuration and experimental tech- 

nique used[""]. In any case, frequently the theo- 

retical results do not agree with the measured data.  

However, the  oscillations in the capture times with 

QW thickness has been experimentally observed for the 
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A1,Gai-,As/GaAs systein[']. 

Iii t,liis let,tcr wc prcsent a siinple a.pproacli usiiig 

tlie Principie of Detailed Ba.Iarice betwecn ca.pture and 

einission processes to determine capt,ure tiiiies in ex- 

treiiiely t,liin quaiitum-wells of ai] IiiU 53C~a.u.,iaAs/InP 

iiiultiple-quaiiti1111-1veLI (MQi6') strricture consistiig of 

a series of cluaiitum-wells of tliiclíiiesses varyi~ig from 3 

t,o 50 11. The Det,ailed Balance rtnalysis not only clearly 

denionstra.tes tliat t>lie eniissioii of carriers oiit of a well 

or in ot,her words: t,he tra.nsfer of carriers frorii oiie well 

t o  a. iieigliboriiig one, t,al;es plxce via t,lie least. bouncl 

partiele ancl iiot via excitons, but  also provitles ca,p- 

t,ure t h e s  wliicli are in excelleiit agreeiiienl, wit.11 other 

reccnt publisliecl result,s for t,he GaAs/Al,Gal-,As 

systen1[~'1. 

TIie saniple iised ivas grorvii at O'UU°C a.nd 50 ri.1ba.r 

oii a Sn-doped InP siibst.ra.t.c usiiig 2 sc:coilcIs growtl-i in- 

terriiption o11 11ol.h iiiterfaces. First,, ali InP buírcr layer 

of 25Orim was deposited, followed by ali ~ i i0 .53G~.u.17~1s  

latticc-matclied thicl; reierence layer. Slicil, ri sc\rics of 

six Ino.53Gao,47As quantuin-wells separat,ecl by 200 i\ 

JiiP barriers was grown. Finally, a. 350 tliick InP cap 

layer was tleposit,ed. Furtlier details ahout the sa.niple 

st,ructure cai1 be fountl in Ref. 12. 

Conventioiia.l PS, wa.s pc~rroriiied bctwcen 2 antl 450 

Ií using t l x  5145 A line of Ilic Art laser. A i-iit.rogei~- 

cooled germanium pliotodiodc was iiscd willi lock-in de- 

t.cction. For tlie time-resolvecl 1'1, cxpt:riinents a piils(?d 

Ti:sappl~ire laser was used wit~h excit,atiori ~vavcleiigtli 

of 9600 *\. Tlie sig1ia.l was tletectcd hy a. Haniariia.tsii 

streak cainera.. The tcimpord resoliit,ion of tlie exper- 

iinent nras liiiiited by the 6 ps laser prrlse widtli. Tlie 

excitatioil poiver t~secl on bot,h PL exp(:i.inicnt,s was 

around 100 W/cin2. 

Fig. 1 s11o~vs a. 2K PJ, spcctriii-li o f  1 .11~  sa.inplc w!icrr: 

sc:veral PS, peaks originatirig i11 differciit. quant~uiii-wcll-; 

cai1 be observed. The as~ociat~ctl niiinber of ino:iola,yers 

(ML) is iiidicated i11 t,lie figure. Oiie ca.11 clistinguish, 

for iiistance, two PL pea.ks coiniilg frorii t.lie QW growil 

iiuniber of ML's, tlie so-ca,lled extendecl monolaycr flat- 

isla.rids. Excitoiis undcr ceriain circunstantes are al- 

lowed t.o move froni one of these islands to  another 

within tlic samc CJLV (iiit.ra-well transfer). This lype 

of migration has already been extensivcly discussed iii 

a prcvior~s pul>lica.tiou[inI. This cornzcunication wjil be 

concentrated on the emissioii out  of a QW towards a. 

neiglihoring one. 
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Figure I: Pliotoluniinescence spectra at ?K of the investi- 
galetl J I ~ O . ~ ~ G ~ ~ ~ ~ A S / T I I P  multiple-quantiini-wCi1 striicture. 
For each nominal quaiitum-mel1 grown according to lhe  
growth seqiiriicc, tlic spect,ra consists of PL crí,issiori h e s  
wliich are spiit into innitipkts. Thc sarnple struciiire and 
t.liickness of tlie yuant~ni-wcll corresponding to catli oí tlie 
Iiiminescence lines are shown in the  insert. 

Figure 2 5.': !.(me of t.lie emissioii, radjative reccmbination 
arid intcr-well tracsfer processes occuri~g in t he  investigated 
In~ . :~Ga~ .~ ;As / l i iP  m11lt.iplc-qiiai~tuni-wcl! strticture. 

Tlie tiiiriiier tlie Q l V  is tiic cioser thc c::ectro:l aiid 

tiic hoIc ciicrgy levcls are t,o thc ccr~.:ipaiiding InP bnr- 

~ k r  cacs. 'Thereforc, the energy haxier for caxiers to  

be eniitt,rd o u t  of !.he Q\V is smailer for tlie tliinner 

rrells. This description is schematically pictured in fig- 

ure 2. 

As one increases the temperature, the PL starts  t,o 

for five seconds, each oiic corresponding to  r7 different quench. The  temperature for whicli the quenching of 
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tlie PL sets 11 will be higlier tlie thiclter tlie mell. Tliese 

clia.racteristic temperatures T' cai1 be clet,ermined from 

an Arrhenius plot for eacli QW and sho~i ld  iiidirect,ly 

correspond 50 tlie emissioii ra.t,e of a particular QW. 

At T = T', one cai1 tlien say tliat the emission a.nd 

recombination rates a.rc q u a l .  Put,t,ing it iii a.not.lier 

way, a t  T = 7" 
- 1 e,, = r,,, (1) 

where e,, is t i e  einission i a t e  ancl T,,, tlie recombinatioii 

time. 

Simultaneously with the decrease of tlie PL inteil- 

sity of one QW the  PL signal o i  tlie thiclter neighboring 

QW increa.ses. This implies tliat tlie PL quencliiiig pro- 

cess is essentially clue to emission of ca.ri.iers out of tlie 

QW and their subsecluent capture iii a neighboring QW. 

Since the emission out of a QTV is evidenced by botli 

the quenchirg of tlie PL sigiial a.nd by Ilie capture of 

carriers hy a lo ther  QW, compiling t,l-iese cliaracteiistic 

temperatures with tlie activation energy for eiiiission, 

one should be able to  easily correlat,e t,he emission a.nd 

capture d e i .  Using the  Principie of Detailed Bala,ilce 

one can writc:: 

e,, = c, exP(-AE/kT) , (2) 

where c, is tlie capture ra.te. At T = T' Eq. (2) cai1 be 

rewritten as: 

of Deta.iled Balance, one should introduce a factor of 2 

on equation (3). T h e  argument to  understand this is as 

follows. Since there are two emission paths, one needs 

two emitt,ed ca.rriers for one captured carrier. In this 

m y !  

2~;: = r,,, exp(-4ElI1-T') . 

Ncxt st,ep is t o  determine the activation energy 4E. 

If one assumes tha t  tJlie carriers are transferred a5 an 

exciton, then 4 E  is the sum of the barriers for the 

electron and for the hole, C barriers. Plotting kT' as a 

function of C barriers one obtains a linear relationship: 

kT' = 0.053 C barriers. Substituting i t  in Eq. (4), 

Iii order to  verify whether the inter-well carrier 

trmsfer talies place via excitons or not one can sim- 

ply use values of r,,, from the literature to  evaluate 

rCap Using T,,, = 10 ns[14] one obtains r,,, < fs which 

is tota.lly unrealistic. This demonstrates that  the inter- 

well n-iigration occurs via free carriers. Certainly the  

first particle to move is tlie least bound one, which has 

not beeii det,ermined yet. 

Defining (, as an energy fraction of the C barriers 

one cai1 write barriers. Then, Eq. (4) becomes: one 

ca.n write < = A E / C  barriers 

r,,, = rCap exp(-4E/I1-T) . (3) 2rcap = rrec exp(-J/0.053) . (6) 

Tlie en1is:jion rahes can he determined by niea.sur- 

ing the reconibination time r,,, a t  T'. Tlie act,ivat,ion 

energy A E  c;m he calculated from the confirienient eii- 

ergies for electrons and holes. Coilsequeiitly, it should 

be possible to  extract capture tjiiues for these QW's. 

So far one lias completely neglectecl reca.ptiire. Car- 

riers emitt,ed out of a. QT5' ca,n move eitlier to~vards a 

thiniier or a thicker well. In ca.se tliey migrate in tlie 

direction of tlie thinner QW, tliey will be imn-ieadiat,ely 

reemitted, be:ause tlie teinperat,ure is higli eiiough, aiid 

recaptured by the origiiiad QW. Tl-ierefore, in order to  

take recapturr iiito accoiint and st,ill use tlie Principle 

In ca.lculat,ing J ,  using the envelope function ap- 

proacli severa1 types of interfaces were tested. In addi- 

tion t>o t,lie ideal interfa.ce, five different plausible struc- 

tura.1 perturba.tions were also checked. One of them 

was tlie introduction of lialf a monolayer of InAs on 

eacli side of the QW. Others also included different 

InAs,P1-, inonolayer configurat,ions with compositions 

varying frorn x = 0.25 t,o x = 0.75. 

One way of checking the results is t o  calculate the 

trnnsitioii energies as well and compare them with the 

measured PL peak energies. The result of this proce- 

dure is plotted in figure 3.  By this method one should 
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Figure 3: Transition energies vs. t.lie nuiiiber of monolayers 
for t,he iiivestigatetl Ino .~~C;ao ,~~As / InP  rn~ilt,iplc-tjuaiitiim- 
well structure. TIie liries are jiist a gnide for tlie eyes. SIie 
solirl ones connect calciilat,erl poiiit~s for tlie same interface 
perturbation introduced wliile t,lie dasliecl line liiiks tlie ex- 
perimental points. Tlie crosses refer to a different sa~nple 
tlescribed in tlie text. TIie sliadowd rect,aiigle ernbraces tlie 
tlieoretically obtainerl energy values except for tlie ca.se of 
tlie ideal interface. 

be able to ltnow whicli intcrface structure approaches 

the most tl-ie oize encountered i11 tl-ie sample and to  even- 

t>ually choose lhe  most acleqiiatc E 

In figure 3; the straiglit solid lines conneck the val- 

ues obtained for the same type of interface and are just 

a guide for tlie eyes. The  dashecl line coiiilect,~ the ex- 

perimental points obtained from the  2K PL spectra. 

Also incl~~cled iii the figure, represented by crosses, are 

the experimental points for anotlier sample grown un- 

der similar conclitioiis but  containing a stack of 10 QW 

grown for G secorids. Tlic QIY's contain islancls witli 2, 

3 and 4 ML's. 

Two features are striking in tliis figure. First, the 

values ca.lculated for the ideal interface are more than 

100 meV liigher than the experimenta.l data.  Second, 

the  exact interface pertiirbation introduced is not cru- 

cial since they all provide transition energies tha t  follow 

the sa.nle trend and do not differ by nmch. Also, the  

p e r t ~ r b a t ~ i o n  that  best simulates tlie sainple structure 

depends on the number of ML's. The liighlight of the  

P. L. S o m a  et  al. 

Table I. Calculated range of fraction of energy barrier 
(, for the electrons between the InP  barrier and the 
Ino s3Gao 4 7 A ~  yuantum-wells consisting of 1 to  5 mono- 
layers. 

figure is tha t  the experiinenal da ta  for both samples fall 

witliin the shadowed rectangle depicted on the figure 3 

which embraces a11 the calculated data. 

111 additioii, the calculations showed tliat the elec- 

tron is always tlie least bound particle, it,s fraction of 

the total barrier (; ranging from 0.19 to  0.33 for QW's 

lxtweeil 1 to  5 nionolayers as shown in Table I. 

The  recomination tiines were measured from 10K 

to  210K. At higher t,einperatures the PL signal was 

too weak. In tliis teinperature range the recombination 

time varied bet,ween 1 and 4 ns which is in complete 

accord wit,h recently reported values[15]. However, t o  

determine r,,,, from Eq. (S), one is only interested in 

r,,, a t  T = T'. Since T' for QW's of more than 4 niono- 

layers exceeds 210K, r,.,, was only measured for QW's 

of 1 to 4 monolayers. At T = Ti ,  r,.,, was found to  equal 

to  2.0 0.3 ns. Introducing the calculated range of E ,  
and measured values of r,,, into Eq. (8): one obtains 

ccipt,ure times varying fron-i 2 to  14ps. 

Tliese values are in excellent agreement with the 

results pul~lislied by Blom e t  al[14] where they ob- 

tairied a capture time of 20 ps for a 30 A thick 

A1,Gal-,As/GaAs Q W  and 3 ps for a 50 A thick 

QW corresponding to  the predicted capture time os- 

cillations. Their results were extracted froin the  rise 

time differences of the QW lun-iinescence after direct 

excitation into the QW and inclirect excitation into the 

Al,Gai-,As barrier. Devea.ud et  al.[lO] claimed that  

capture times ought to be shorter than 3 ps, which a t  

first sight rnay disagree with our results. However, it 
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is in fact the decay t ime of the barrier PL sigilal t11a.t 

they say 1 1 s  an upper limit of 3 ps. Those authors ex- 

tracted t,he capture time irom the decay of the barrier 

P L  signal f x  an  A1,Gai-,As/GaAs QW. The  P L  de- 

cay time refers to  the time the carriers take to  leave tlie 

barrier while the capture time determined Iiere is the 

time for the carrier to  be captured by the lowest QW 

energy leve]. 

In conclusion, capture tinies of electrons into 

Ino,53Gao,4íAs/InP QW of thicknesses varying from 3 

to 12 A have been determined to be bet,ween 2 aild 14 

ps. This e ~ a l u a t i o n  was done using the st,ra.ight for- 

ward Principie of Detailed Balance between emission 

and capture whicli only requires lmowleclge of recombi- 

nation time:; and band-offsets bet,ween tlie InP  ba.rrier 

and the Q W s .  
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