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\R havc n~ensiirecl 1 . 1 1 ~  pliot.oco~irliict~ivity spect,runi for Si-doped A1,Ga.l-,As samples at  10 
X. Tlie heha.vior is cliiit,c different w1iet.ller the material lias a direct or indirect bandgap. 
'>liot~ocoiiductivit~ of Al,:Ga.i-,As wit,li a, direct banclgap is influenced by persistent photo- 
c:onductivity (PPC) wliereas indirect ba.nclgap material presents no PPC but a photocon- 
(luctivity niiniinum at, 565 rim. Transient decay of persistent photoconductivity observed for 
iiiclirect banclgap ii~aterial in tlie range 80-100 K ,  can not. be explained by a single channel 
(onduct,ion inodel ancl our proposecl nioclel predict ,~ tlie participation of an  L valley effec- 
tive niass state i11 tlie DX center t,rapping líinetics. For lower temperature, both L and 
X valley effective mass st#ates are responsible for the observed behavior, depending on the  
temperaturc ra.iigc 

I t  is well linown tliat 11-type XI,Gn~-,.As 

a localizcd state callecl a DX center. wliich 

presents 

a.pp ears 

to  11e related t,o tlie sul~s(.itutiona.l do~ io r [~ ] :  altliougli 

this iiiterprei.at,ion is &i11 a. niattcr o i  controversy[']. 

In t,his crise, tlie DX center is a state of the impu- 

rity donor~  ~ ~ l i i c h  ca.n cxist in eitlier of t , ~ o  d i ~ t i n c t ~  

latt,ice coiifig irations, eacli of wliicli has it,s o w i  spec- 

truni of bouiiS electronic st,ates. According to  tlie i i~os t  

acceptcd motlel[" tlie DX center is tlie donor itself 

mhicli traps two elect,rons a,nd becomes 10cat~ed a t  a11 

intcrstitial position. Tlie defect exliil~its negative effec- 

tive correlation energy (nega.tive U) with strong elec- 

tron phonon coupling. Tlie distorted config~rat~ion is 

stabilizccl by rapt,ure of two electrons. The D S  centcr 

has a thernial y activated capture cross section a.nd it is 

responsible fo.  tlie transport propertks below E 1150 K.  

Such a. capture cross section leads to a pr0pert.y I<nown 

as persistent photoconductivit,y (PPC), which nlaslís 

the photoconductivity spectrum a t  liquid nitrogen tem- 

perature, because when excited to the  conduction band, 

electrons will not return to the non-conductive state,  

trapped at  DX centers, very quickly. I t  would take a 

fem hundred seconds or even Iiours, depeiiding on the 

nia.gnitude of the capture barrier. Thus, any other tran- 

sitioii will not be seen. 

Pa.rt,icularly in the case of indirect bandgap 

A1,,Gal-,As, the  lowest conduction band minimum is 

tlie X valley. The  hydrogeiiic s ta te  associated with 

tlie X mlley is also deep a,nd thus, it is able t o  cap- 

ture pliotogenerated elect~rons nietastably[4~5]. There is 

no reason to believe that  there is a barrier for elec- 

tron capture by this X valley effective mass state,  since 

there is no lattice relaxation involved. Raman scatter- 

ing experiments[" 011 n-type GaAs under hydrostatic 

pressure have revealed the existence of bound phonons 

associated with electrons trapped a t  an  effective-mass 

like level. Bound phonons are only observable if asso- 

ciated with neutra1 d ~ n o r s [ ~ ] .  
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DX centers are prcsenl. ir] A1,,Gai-,As a.lIoys of 

a.ny aluminuni coii-iposition! but. tslie rticoii~l~ina.t~ioii pro- 

cesses after illumination is clriit,e cliffercnl if t . 1 ~  sample 

lias tlirect or iildirect, iorbitltlcii gap tlepcndiiig o11 t.hc 

t.emperature range. \Tc present rcsults for I,ot.li situ- 

ations and discuss t , l ~  coilt,ril~iitioii of iiilpurity doi~or  

states. 

11. Tra i l s i en t  d e c a y  of p e r s i s t e n t  pho tocond i i c -  

t i v i t y  i11 iridircct  baiidgap Al,Gal- ,zAs 

Since the ca.pt,ure cross scct,ion is t~licrma.lly a c t i  

vat-ed (follows ilrrheiiius law). Ilie clect,ron t.rapping 

by DS centers can be li-ieasured a t  cliffereni t,eiiiperac 

tures. Transient tleca,y of persistent ~~liot .ocoiicl~~ct. j \~ity 

(TDPPC)  is observed in experimeiits wlicre thc decay 

o€  conductaiice is nieasiired for sevcral t,cinpc~ra.t,~ires i11 

tlie ra.tigc SO-100 I í  a.nd has I~ecn clcscril~ccl c~sen,lierc[~]. 

Experimental data are nuiiierically siriiulat,ccl antl tlien, 

the capt,ure cross sectioii and  tlie t,rxppiiig iiieclianisms 

cai1 bc cva.luated. T D P P Ç  dat,a in clirect baiidgap AI- 

GaAs lias beeii siiii~ilat~etl[~~"] usiiig simple relat,ions to  

moclel each term of tlie conductivit,y equatioii: 

where e is tlie electronic charge! n is tlie time clependent 

free clcctxon concentia.t,ion a.iicl 11 is tlic niol~ility, whicli 

is also time dependeiit. The  Brooks-Herriiig ~iiobilit~y 

equation is used, since in tlie eniployed ra.iige of tem- 

perature a.nd free ca.rrier coiicc~iit~ration, clevia.t,ions clue 

to the field generated by collidiiig elect,roiis, wliich de- 

forms the screening c lo~d@~" '1~  a.re iiot sigilifica.nt. Tlie 

a.greeiiient. with experii-ilent,al dat,a is very good wlien n7e 

use t.he capture 1iinet.ics basetl oii Cliadi and Cliaiig's 

~nodel['I plus a pliotoinduced sliallowcr donor. 

Por indirect bandga.11 AI,,Gal-,,As, ~r l iere  x c 0.5 

(growtli calibration) : dopccl \rit.li approxiiizat,ely 5 x 1017 

Si atoms/cm3, tlie obtained T D P P C  cxpcriinenta.1 

curves lia\.e similar sliapes t.o tliose o11taiiic:cI for dil.ect, 

banclgap iiiateria.1, althougli tlic ina.gnit,ucle of coiitliic- 

ta.nce is never cornpa.ra.bIe t,o t.liein. Sucli an order of 

iiiagiiitude assures tliat t,liere is no 2DEG conduction 

since tlie conduct,a.nce in t.hc sa.i-nplc is inricli lower tlia.il 

t,lic conducta.nce a.t room ternperature! which is not 

showii in flie Fig, 2, and T D P P C  da ta  results from DX 

ceiiter capture, decreasing tlhe condiiction band pop- 

rilat.ioi1. Ali the atteinpt,s to simulate the experimen- 

tal &ta. using the siinple rnodels proposed for direct 

11andga.p A1,Gal-,As give poor results. Tn this case 

the  mobi1it.y is ol~t,a.ined assuniiiig tha t  a11 the electrons 

are excited to the S valley, wliich has the  lowest conduc- 

t,ioii bancl minimum a t  t.hk A1 coniposition. I t  appears 

pliysically non-rea.listic tliat there could be elect,rons in 

otlier valleys at SO K and x 2 0.5 ["I. However, in the 

T D P P C  cxperiiimlt t,he samplc is illuminated witli a 

st.roilg beIow bandgap light.: leacling to a. clearly non- 

eyrii1ibriu1-n sit.uation. W ~ u s :  it is possible t.hat, besides 

the X valley, there will be electrons in other valleys. 

Our choice is assume t,hat thcrc are electrons also in the 

L va.lleyl wl-iose miniiiiuni is elose to the X valley min- 

iiriiim. Tt has bceil argued by severa1 r e~ea rche r s [ '~ - '~ ]  

tha t  there is an int-erinediak state which can be a 

izxt.ast,able neutra1 state of t,he doilor impurity, asso- 

ciated with tlie doilor iii its su1,stitutional site[l21, or a t  

an i~itei.st,itial site (DXO)[~"] .  Any atternpt to fit experi- 

incnt,a.l dat.a sl-ioulcl take into account sucli an interniedi- 

atle state,  whicli is locatkd ahove the X valley miniinum 

(lhe internzedia.te state can be pictured as tlie a.ctivated 

coiizplex of the reaction : d+ + 2 e- = DX-). Thus 

it, raises a.nother possibility: if the intermediate state 

level is 1oca.f.ecl a.hove the X va.iley niinimuni, it is elose 

to  tlie L va.lley. Such a. picture allows tunneling be- 

t,weeii L vallcy and intermediate state. Our numerical 

moclel t o  simula~te TDPPC experimental da.ta based on 

tliis approach does not lead to satisfactory dat,a fitt-ing. 

It. does iiot niean that  there is no intermedia.te state in 

t.he D S  center capt,ure, however if more tham one val- 

Icy p r t i c ipa te s  i11 tlie conduct.ive state,  t o  consider an  

iiiterinediate st.a.te Iiardly irnproves tlie fit. Models us- 

iiig interniediate stat?es to  explain kinetic mechariisms 

niust consider that  transitions between deep and shal- 

lom st,at,es t.hrough an int,errnediate sta.te have compara- 

blc rates, otlierwise one of these processes will dominate 

tJic ~cco~iibiiiation ancl only i ts  rate will mat,ter in the 

ki~iet~ics moclel. 
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Our se~:ond choicc is I~asecl o11 t,lie cffectivc mass ap- 

proacli wliicli produces clcloca.lizc.tl effect.ive rriass stat,es 

pinned t,o tlie relevaiit. band m i ~ l i m u m [ ~ ] .  Depending o11 

tshe coii~position! t,he tloininant hyclrogenic tlonor Icvel 

iuay bc r-lilíe: L-like or X-lilíe[']. The X valley effec- 

tive mass cl.at,c could be ai1 inber~nediate in t.hc elcctron 

tra.pping. .iltliougli t.liis s t a k  tloiniiiates tho tra.iisport 

propcrties below GO I<: i11 Lfic range of temperat,ure 

whcre T D  'PC experiincrit.s are carriccl out,. it  woultl 

Iíeep t . 1 ~  clectroils only for a i~ctgligil~ly sllort time that. 

would not .nodify t,lie capt,we 1;inetics significantly. Tq'e 

thcn nssunic t.liat a.n I, valley cffeclive iiiass st,ate par- 

ticipates iii tlic capture. siiice ii. is rc?soi>:iiit wit.11 tlie X 

vallej., ;ind t,liiiç: tunnelii~g 11et.n.ccii S ~ d e y  antl  tsliis L 

vallcy effcct,ive mass st,a.t,e is allowetl ;i> slio\vii i i i  Fig.1. 

v v DX 
Fignrc 1: kI~>cld for t.he t.rappiiip kinet,ics by DX cciit.cr iis- 
ing doiible clianiiel coiitliict.ioii anel part.icipat,ion of tlic L 
vallcy cffectivc iiiass statr. 

-1 I 

O 200 400 
Time (s) 

Figiire 2: Fit to SDPPC experiniciit.al dat.a iising cloiible 
cliaiiiiel conc'uct,ioii model. Inset. - ~tt,ein~fiT to f i t  c1at.a us- 
íiig a siiigIc cl~aiuiel coiiduci.ion (X valley). koiri tlie u p p r  
t,o t,lie lo~ver curve - capture barrier = 0.24 eV, 0.22 eV, 0.20 
e\: respect,ivc:ly. 

Thcrcfore, our model assumes double cliaiinel coii- 

duct.ion a.nd capt,ure by t,lie mctast,ahle L valley effective 

mass stat,e! besides t,he DX center: suggesting the  pos- 

sibilit,y of tuniieling between the L valley effective mass 

st,at,e ancl t,he X valley. Equations t,o simulate electronic 

population in this model a.re : 

wliere ni is t1he electron concentration in the i valley, 

Vtii is lhe electronic tlierma.1 velocity, nox is the DX 

cent,er capture cross section: FAT is the  fraction of elec- 

t ro~ i s  t,ra.ppecl from the L valley iilto DX center and elec- 

t,roiis trapped a t  the L valley effective mass s ta te ,  mL 

is t,he neutra1 L valley effective mass state concentra- 

t,ion, a,lCES is t-he capture cross section of this state and 

C T ~ . ~  is t,he t,~miieliilg constant hetween the L valley 

effective rilass sta.te a.nd tiie X valley. Since the  illumi- 

natiori ii~t~eilsity is very strong. we consider that  a11 the 

electrons are excited and ii,(O) is an adjustable param- 

cter iil addition to  FAT and CT~. ,~ .  Tahle I shows the 

fitting parameters used in our approach. 

Table I - Fit parameters for clouble channel 

conduction model. 

--- 

Tlie paraineters values are a. good indication that  

our iuodel is quite rea.soilable. The X valley initial 

coricentrat,ion decreases with temperature (except for 

105 I<) which is expected, since the electrons will have 

Iiigher therrnal energy to  populate higher levels (L val- 

ley). The FAT slightly increases wit>h temperature (ex- 

cept. for 105 K) indicating tliat more electrons are being 

dircct.ly trapped by DX ceilters iilstead of going to  tlie L 

valley effective mass sta.te. This seems seasonable since 
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tlie efict ive inass iiietnst,a.ble t,ra.ppiiig becoiiies inorc 

important as tlie temperat,iirc is rediiced. 'h order of 

rnagnitude of C T ~ . \ .  indicat,tx a sinall t,unneling ratx of 

electroiis trapped a.t. I, d e y  eflective mass st,at,e t,o tlie 

X valley. Exainples of fit using t.liis approa.cli are slionrii 

i11 Fig. 2 for 80 K aiid 85 Ií. Tlic inset. iri Fig. 'L repre- 

seiits at tempts to fit TDI'PC experimental data using 

electroiiic population only in thc X valley aiid DX I r a p  

piiig clirect,ly froin tlie X valley. The parameters used at. 

105 Ií  (table I) i11dicat.c~ t.liat new rccombi~iat~ion pro- 

cesses iiiay be occurring for tmenipera.tures higliei. t.liail 

100 I í  and probably: emission processes slioiilrl I x  t>a.lien 

into accouiit. 

111. Photoconductivity influenced by siibstitii- 

tional donor states 

The photocoi~d~~ct.ivit.y spcct.ium nt 10 T< for a tli- 

rcct bandgap A1,,Ga.l-,7,hs saiiiplc is sl~oivn i11 Fig. 3. 

Tlie excitiiig light coines froin a tiingstrn lainl-, of a. 

Ca.ry spectrophotonieter witli coiistant 11aiidwidt.li out,- 

piit,. Tlie wavelengtli is scaiined froiri liiglier t,o lonw 

value, ai. a scaiiiiing speecl of 50 ii~n/iiiiri. Tliis is a. 

clear evidencc of tlie D S  ccnt.er preserice, since tlic plio- 

toconcluctivity increases ivhcii tlie wavelc~igtli is ahout 

t,he bandgap transition and persist ,~ in tliis coiicluct,ive 

state! because tliere is iiot eiiougli t11erina.l eilergy for 

elect,rons to overcome t . 1 ~  tliermal capture harricr. Tlie 

iiiset i11 fig. 3 conlirms t,liis beliavior since i,lic sam- 

plc is illuinina.ted wit,li a si111 Imiidgap iiloiiocliroiiia.t,ic 

light of 560 nm for 600 seconds, t,lic:ii t.lie illurnina.í.ioii 

is reinovecl and tlie resistancc beconies coiistant,. Trap- 

piiig l ~ y  the AI  state,  wliicli does ~iot .  prcisent a. Imr- 

rier foi elect,roii trappiiig, l- ia~ing a very sliort capt,ure 

time['" wa.s iiot seen in our measiirenient,s. Slie &i- 

ma.tecl ba.ndgap froiii the pIiot,ocoiitluctivitty spc:ct,rurri 

is about 1.96 eV, wliicli ineaiis an alurilinutn compo- 

sitio11 ~ ~ 0 . 3 2 ,  calcula.t,cicl considcring Ilie t.eiiipcr:it,ure 

correct,ioiis[l" ]. 

For indirect banclgap AI,7,Ga.r-,As, when tlie t,em- 

perature is lowered below 60 K!  t,he t,raiisport propcrt,ies 

are dorniiiated by tlie S \ d l e y  effective iiiass stnte[","]. 

Coiidiictivity as a. fuiiction of waveleiigtli at I0 I< is 

sliown iii Fig. 4. A striliiiig result is obtained: light 

does not liave any effcct in the conductivity, present- 

iiig tlie same va.lue as iri the da.rli ( the highest value in 

fig. 4): a,nd remaining unchanged for the whole range 

of wavelengt~lis except tlie region near 560 n m ,  where 

a iiegat.ive pliot.oconducí.ivi~y is obt~aiiied. It. suggests 

t,hat. excit,a.tion aiid reconibination processes can ot  he 

dcscribetl by the same eyiia.tions of t.he previoiis sec- 

t,ioii, siiice tliere is no PPC. Vanisliing of P P C  can be 

01)scrved i i i  t.he inset of Fig. 4 ,  where TDPPC experi- 

nienial t1a.t.a. is ol~ta.iiicd a t  50 K .  Aft,er tlie ilumination 

is reriloved: conductance decays very qiiickly. Our curve 

start,s from oiie secontl (measiirenient tlrlay) and most 

of the sigiial lias alreacly clisappeared. The decay lasts 

a fmv seconds a ~ r d  the conductance hecomes station- 

ary. Sliort peaks seen in the insert indicate orily iioise, 

since t h e  magnitude of rneasured conductance is very 

l o w ~  ahout siemens. It. is also int,eresting to  notice 

t h t ,  althoiigli the T D P P C  signal decays rapidly, it is 

st,ill positive (concli~ctance increases upon illumination), 

whcreas t,he only effect of Iight a.t 10 K is the decreas- 

iiig condiict.ivity (negative phot,oconductivity) in regiori 

near 560 nin. This beliavior raises ths  quest,ion: 1s t h r e  

a t rai~sit~ion tempera.ture? 

600 650 700 750 

Wavelength (nm) 

Figure 3: Pli~tocoiiduct~ivity spectrum for direct bandgap 
AI,C;ai-,As a t  2 10 I<. Inset - Illumination of this sample 
procceds iintil 600 seconds wit.11 a 560 iim rnonochromatic 
Iiglit,, then light is t.rirnect off and the coiid iictance remains 
coiist,ant (T = 10 K) .  

'rlie observerl bcliavior shown in Fig. 4! with a niiii- 

imum in the photoconcluctivity about 563 nm suggests 

a possibilit,y: if the handgap is estiniated according to 

the relatioiis given by 1,ee a t  al[17] and assuming that  

tlie t ,eniperat ,~~re correctioii for the L valley is tlie same 
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IV. Concliisioii 

Trailsient Iccay of pcrsisteiit 1)liol oc.c~ii(liici iviiy car- 

r i d  out for ii clirxt baiidgap .\I(;ii.\> Si\w siiiiil;ir r,x- 

pt~rimf~iital rrwIt,s to t h o s ~  o l ~ t i i i i ~ ( ~ ~ l  for  (lir(-rt l~;i i i( lg:~~) 

smip l (~s .  i11 tht: raiigt, 80-100 l i .  .\I1 :II( ,  ~ ~ t t t ~ i i i ~ i t s  to 

t l i ~ s e  data iisi!ig sirill)lv oiic, cliiiiiiit:l i 1 1 0 ( 1 ~ ~ 1 : ,  f;lil. ;ia \v(:Il 

as a iliocl~l nlil l i  ai1 ii1tc~rriictli;it r, st at  c '  loraí.c~l ;il)o\,e 

tlic ii w l k y  niiiiiiiiiiin. n-liicli ImtI 11s to prol~ost~ :I i i r 'n '  

rwoinhin:~tioi- ii~o(l(>l ~ihilig I I o I I I ~ I ~ ~  r l i a n i ~ ~ ~ l  ~ o ~ i ~ l ~ ~ c t i o i i  

aiid thc: partic patioii of i111 I. \.;ilI<.~- t+f'wtivc: iii:iss r;t;it,~. 

\\<, obtaiii go3d f i t  tisiiig ([uití' i ~ c ~ ~ ~ o i i a l ~ l ~ ~  1iar;iiii(~t~r 

\7lliic~s. 
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