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Ahstrac

Srcloped GiaAs biyvers wens grown pelype a1 TOOC sl o-pype al $40°C by Tiquid phase epiaxy. Therma | amealing
ol Tie pelype saimples:al lenspensiuns around $80°C converied the samples 1o n-1ype. We-compane (he #-prown
el annealed mpls by omemns of photolummescens: and  lemperatune-dependent Hall amd  conducuwty
mezssumemen s Haghly dopes) somples convertsd 1o n-type through ameahng beconse highly canpensabal. Thetr Hall
msba by Sk mcnemses mre than an oeder of magmnude, Sooplés grown neype a1 58070 show up Wy Uonse e higher
mobihy than the annealsd ones. The compensation in ewch case was monstered threogh the shall of the
pholcluminseece band with excilaton intensaty, up o 2domeV per decsde of menmse o the exclaton power
dlensi ty for the hughisl compensatmon mie, £ 2001 Elseveer Saence BV, All rights reserved.

PACE TES5r

Kepnewel Gode Skdapng; Sheswitching Fhomotn g polenea

L Imiroduciion

AL hagh growth lanperatuns, Sedoped Giaks samples
erown by Hguid-phase-epaiaxy (LPE) an: n-type bul
T hly comipensated, whike ot lver growil lempersiines
they ane petype [1-4]. The aciusl dosover-lamperaline
depends on akon conentratien and cryslal orienlaon
|5]. Cialhum arsenxle prown by LPE Trons gl mel 14
pagpecied L b low o pallivm vacacies and possibly
hagh mearsene vasanaes (6. Ender these condiimms, S
sheiild predosmmantly be a shalki acceplor on As ale.
However, growth at high tewpen nes gvalendy favers
S oom Goa siles. In the presal invwsnes son, we siudy
the haphly commpersa ted regmee of oAy 55 and poien-
ml Huetuations msuhme from insulfcent snening
of joneesd mapuriies by Feee carers [7] B haghly
compentsa b semmconductens, the fred  charge moay

*“Correspanding auhar. Telo + 35LE204800; {oxn + 35
Rl

Eepmeal] ebidrems hadkicEixhi = (P Gl asan)

be rndoanly distributisd and donoe- and soceporrach
megroms mwy appear loally, Pnder normal orcunme
anced, such Nocluabicas m e local polerital ans
servennd by mebdke carrens, wlile the  serening s
s Uffceent m highly compenssesd smpls. b phote-
lumminescence (PLY miess i, ;mll.-nlial e [uatoans
mre paanafis ted by o downward lull in pheton awerey of
the near bamdgsp PL bands through loealizon of the
charge camrem, m well asa shaft of this kcalizsd PL
b i Jagher enerey wilh oeTeasme excalalion pawer
densaty. In Gads, auch loetialaats have been §Tudasd
by photelummessence m Li-compeniated manerml [§)
anel highly Ge-doped maieral 9] Hens, we nepoat on
photslimmnecene: measirenen s of potenimal e
s i Sa-dogexd GaAs, whsch has been conver led from
S -fr oW pelpe T - TV by annéding abole s cerlam
Lragisd e bempets (dne. Furtherneene, wWe alse cornelale
Ui et demsaty with the Temperature-depedent Hall
mobikiy of the majon 1y carriers and eonspame the resuls
froan annmeked sampls with damples dirsatly grown
- Iyps.
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I Smmple preparalion and experiment

We orew aboul 1pm thedk GaAs films by hqusd
phee spilacy on o séawnsulaling Cisds (104 sub-
‘glrale, Foor LPE baches were miade, Boepang other
erawth condnemns the e, he a0 nms ratie 1o The
growt selulmns was altensd Trom 0:1-2 13107 ar
ﬂLJ—E.JﬁA]H"s maak Trachon S Towo Gads saninplis
were growi al WHPC, ome vwalh Jow 54 cotcemi e
{samuple W1h, ancd another with higher 83 concenim on
{zaigple #2) The olher twoe’ LPE cimples wend orown al
B0°C, ome with koW Sa jample #3) and the other with
Tl 1 {sammple #d),

Ome piece of wach satiple #1 and #3 wen baked w
quar iy mupoles. ol $400C for 240 with & subsequend
quenching mn lejuid nitropen. The sample denvisd from
sautraplee 71 wos Tabeded %1 el smuibarly Ui oo e ved
Troan sampl #2 was bbeld #25 Table 1 swmimenne
e tesullang data Trom the sanmples: Tos ipprss g
vacancy Vi, lomunon dunne bakig, we placed a
controled anount of solxl A mie the ampoule prser 10
evacuabon. g an As pe presone dighily below
1berr al e baking lemperaiune, Deladk of the samphk
prepam i proasdune ame published chewhere [10].

The Tree carnier concentralion of e maonly carraers
el Therr Hall meobility were obtamed by Hall mesuns-
ety m the van der Pauw comfigumia. The Hall
conllacaenl Ry was caleubs ted from the skope of the Hall
virl Lgree viersms Thee mogsretes field o the mnge of (HILS T,
andd an average of four values m each poinl was 1aken
wlhere the two panrs-of coniacts were migrchanged and
the curmenl neversed. The conductvily wes messunsd by
e van ekt Manw technsque [11]. Then tie Hall msobdty
womven by uy, = Ryt whene g s e conduciviy.

Photolimmeseence nad unenwenls wens performed ol
14K using thie 532 nm Hne ol o Verdd M ¥V Taker
Trom coherent o an exela o soune. The excilaion
sy W varsed over several devaces, Trom 0] 10
1W, and the bser besm was focused on an ares of
~Tmm? For esch ot of eclialon mieisites e
area was keplconslanL The PL sumal was dletecied wa a
doublk: (L85 m Spex 1404 graming menochs gmalor wsang
o doslid i ezt

Tahk &

A Heals and disousion
L Amnealing exper iment

Besth LPE ‘scomples grown ol WHPC were pelype.
Annealimg of pelype sampls around  ao crossover-
lemaperature wsakes Tem o highly -compemated  omd
everilually neype at snll egher  lemperlutes: The
codmpensa i ralie 15 defined FaL ) Tor wiype bul
Ny /N m the came of pelype materm] [12], where & 15
the cemcentmir of Toned aceplors and ¥y that of
skl donori. Thi e can be vamed wih the
anmealing eoperaliee. Anneakng a1 3800 cmversd
samaples @1 ancl #2 1o n-type with mther smmlar deciron
conceninaien, smpk #la with o = 38 107 cor¥ amd
sample #2a with a = 1.9% 107 an~% We nole Uat m
alchimen 19 e Lype comiVemssond, Hhere 25 a symaicanl
daffeneqies in The vompensa son i of sample #2 belons
anel afller annealing, smee e nel elasiton Gomoen lra 5o
in smnple # 85 ondy about 10 of the orpmal hole
concen Lo I The léss Sedoped sample #1 (he carner
concenimbon belore and alter ammling remams the
s within a factor of e

The Ly comverssen Trom p- W e TYpe Upon amea g
oy berciansid by s el of Sihicoa don 3 et Sile
Saan 10 form sibicon on palkiim sie Sic;, o0 As smbeent
feis accondmp 1o the éqilaTxa

B+ Vi =810, + Va

A+ Voo 7= Ak,
Aslh -+ B+ Vi 7580 + As g,

i)

[Draving the resction 1o the nght by inceasmg the
mmbenl As pes pressure, @ther durmg prowth oo
through anfealing mereses the concenlmion of g,
mevordmg o Eg. (1)

2.2 Phatolumaneseence areavurenenfs
In the asgrown ample #1 with Jow S conomiraion,

the spectrim iy domunated by a el PL band peaking
arotingd 1445V for the Jowesl exialmon inlens 1y kvl

The carcher concentraton, mobiy o conductviy obinmed by Holl meansunsments af moom tenpemiune and PL peak shift with
excrinton mensdy mensured ad 1K i oassgrown and annealed smple

Low Sidoqeng level High Sdoping level

Sample Cnner conc Hhafi Ml bk Hample Clurmier com Shedi Moty
{om ™} (meYidee) [T ol [l § (e ¥ dec.) car Wi

#1 o L 107 3 L #2 po=200 10" 5 sl

#ia o L 4017 23X SEO # o L8 10T 2 210

#1 i L (01 5 i d L 0 L3 k]




e HAE Sveiasiwe er b D PR vsew 8008 300 (XN R ROE

sttl, Frin |10} Increcsmg theesoiaiion olenssy shafis
The peak podasen amind 6 meV per decade of change,
which we milerprel as a shilt camsed by msufficent
sereeming of onted jmpuriss. Anealinge gt $0°C
drammically danes the specirun. The miensiy e
cortes miveh snmer and @ weak band a1 1 3856V o fya
gy acshill of 2-5meV per decade of chang: m
HLIEHSILY.

The photoelmmedomos specirum of e s-prown
wimple #2wil high 5 concentration exlobits g booad,
Hlrong peak al LA35eV Tor an e lation level of 1,
The peak shows o mther smulbar gl with exeitabon
wmilensily a5 found an sample #1. I he sample, ihe
anneahng produces a stromg shill m the PL specirum as
dluswated in Fie. 1 A broad peak around 135V 018,
qhefls some M me per decade of changpe.

The shall ra el the two m-prown simples #3 (low 5
cimceniration b nd 74 (el Sa condeninaiion ) §s smmdar,
close o8 meV, Fig. | sommarees The dependence of the
ek poartioos of The ax as-prown and annealed comple
aal Thee. editlaison miecaly. Tabke 1 alse meluces the
observer] sluli raile of the PL bands: The localusaisoa
caused by te poienizal fuctuaisen can be deserbed a5 a
Jwernng of the plooton energy of PL tremsions by twace
e dispth of o potenial well [7]- [n w-type senmoond e
bors, 1his puh:nllﬁl well depth 15 directly proporiseoal
s the rate &, ol wih p omepheng foan pelype
sapconducior. Hens, &, & the 1ol concentranon of
chiar pod mipurine n e msienal which ane ssomed w0
have a Cowsoin detabulion Henoe, the well depth
moreEmes. with menmsng . concenimixon of charpsd
mupilniies; ¥, bul décremes With meresme ameenins
I ol frew charge carrmers. Thensdore, i the presence
of potemia] Muctustions, one expedts 1 find & shallang

PL band a1 lowes] pholoa éneress in highly compen-
sated semsionducton. with a. high omme] shallew
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Fig. 4. PL penk posstbon for differem exciiizon imensn. for
the xsamples. The shope ofeach oonve reiresen s the shifi mie
with excilation miens i

dopany. Ak, oneesgpects as1uft o higher energees with
meTsnal  exatEim oty which  mereses  the
concenimbon of pholo-exciliod carnmers: This 15 mdeed
what we abserve.

Compating the m-prown specia of canple #1 omd
M2 wesee Ut theshill e with exaation imlenaly m
Fig. 1, 15 comparable for both samples whie the peak
e o 35 Sometvhal lower in energy for sample #3
which has @ lugheér 34 concentrabion. This 15 m géneral
sgteenent With the Jugher concentmion of i
mnpinies; alliodeh the hagher conceniralaon of fnae
carters m symple #2 naduce - the ssrnespondng well
deplh.

The iype comersion from pe be nstype through
mnneahng dlusiranes a way of oblamang @ sinking range
of vompeiia ton ralios. As pnfeanl dalfisrenee belwesn
U ot somaples B evidinl upon annealing @ showd m
Fig. 1. The Jughly doped sanple #2a shows o subsianisl
dhalt; whenss the sl male of the weakly doped ample
remizn i lows. Although the deciron cmneen tratson of the
o sarmpdes alier annealing & rather smular, Uie Jarge
alaft of the PL band in sampls #2a & typical of a high
concentmlicn of compensated wonimed inapun s, The
PL shll sccompanses a reddium of the fnwe carmer
concentralion by a Geted o W dn sddasen s e ype
comversaon. Thi mess tned Hall concentaion in The as
erodvm saniple 12 cm, thenefore, be aneluded 1o neflect
the Lrue S:i,,-,._ conceiralion angd o low ClTpRE [k
o 18, Whenss The Bac, and 3., concmireiions becomn:
rsnghly smmbr upon auneabng vath & cosmpenss ixon
= 1Ky approaching ome a5 & oos s kna:,

F3 Eleatricald nreavirements

I Fig. 2, the Hall musbaies of the three sanpls wiith
ko Si-clopatg devel. are compansl. Sample #3 8 d-lype

exa
ot
pEIEEEL L R
5 e
TH #I
e T BT A RERR sl
L 5 S
u 3 . = L

il K

- & The Holl motelay of low Skdaped Gads os o funciion
of tempemiure. Sumple # 1 5 povpe Gahs, asgrown ol 700
#in & netvpe Giaods, grown af 000 ond annenled af 84000 #3
I ety 5aAs asgronm ol B400]
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Fag. 3. The Hall mobdiy of hgh S-doped GoAs-asa funcizon
of lempemiune: Sample #2 & paype Gods, aegronm af 7O O
#a & manvpe Goas, prown ot 700 ond ommeled o S4000; 84
= Cnhs asgrown at 245C ond = nedvpe helow 105K

dinel hewa Hall nsetliny of ardund 2500 an™ Vs at room
lemperra lun, whenss sample #1 grown al TOC 18
plvpe with a Hall mebilig of 110om®% 5. Aller anneak
me ol 34070, e sample grown al TOFC i converted
I ti-lype and 118 mobibhly ticreassd nearly one order
ol mapnitude, 1o 3% em Vs Al wwan lemapers i
{scmaple # 1aj.

Fig. 3 shows the Hall mobalaty data for samples groom
dind annealed @1 the same lempertures as i Fig. 2 bul
al =~ 30 wims hdgher doping level, Hers, the annealksd
sovmaple #2a had the highest Hall mobdily, $50cm®V s
Hall measunementy show that the highly doped sample
W exlhals pelype behavdor sl elevals] lemmpersiores
bt n-type behavior below 105 K. The mominum o e
morbaby curve for sample ¥ ooan arfaer doe e Uie
Flall viers Mol when po= age e, P owhens e eketrons
amel hodes allempt oy cancs (he wainbulame. of ech
other towards the Hall effect [13]. Here u, & the mobality
of eketions and g, % the mobably of hoks . Sample #3,
prown 21 B0 i n-type, whitess aample #4; grovm
al the smie lemperaiure bul with much agher S
conceniralion, & pelype above 105 K and n-lype below.
Al ths lemperarure the nunaber of ot doavors and
soveplors B oddual

Even though the mobahiy ol samipls #1 ond #2
agmrfice nly incnswes wpon anumbing, {0 o5 osull sevenal
tomes boweer Than thatl of samiple #30 Most bkely, the
number of sealennp colers s goiom by U anneal
ing. Presusis bly Uy melude Cia vocancied aned. ko some
exlent, anlsile defects.

4 Conclusion

Anneahng a3l lemperaluns clost e 3 @Ensien
temperaiiene of $80°C nsulied m dosely compensated
samiples s Verified by o shalt of kealoed PL bands waih
eacilalion filensly. The presence of poleninl fucis
s B mantdesied teoogh o shift of the PL peak
et ot " wp b 24 meeV per devmade of mensase i the
e Tatiom poer deasaty. Furthemone, the annealng of
peippe samiples converied than mie n-lype with - 14
Lames higher mohadily. We lavwe cornzlaled the obiernvs
ton of potenital Aucduabons: with a possable sie
switclung of 51 from As siles 1o O giles. Our resuhis
siromgly sugpss) thal the wype comveron from p- 1o
=Ty muay anFact becansed by such salesawd dung,
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Abstract

We re ot an o [hoscbomi nesc ence (L stache o f highly com penean ad S doped
Gans Sidoped Gats lovers wees gromn pavpe o 700 by Douid phase
epmoxy and subsequently comenied ion svpe by thiermal dn renling ad (e mpens.
turcs ghove o mamsdion emperaiure of ohou . S40°C Annenling of iemp
satues dose o the immsition temperatee resoliod in o very high degroe of
compensyon. This i versfied v o e shift of phoaclominescence hands wih
excrlmon irensiy up 40 24 meV per decade.of increase inthe exinion pomwer
chermity, Wie nti riboie the shifi do e presence of poienstiol Auwtodons whach we
eorralde with o posshls siesnviiching of 5 firom oo e do oA sres Oor reliz
stronzly sugzes tha the type comueson fom pe o noovpe & in bl comsed by
wrie s wiiching of the Si impurin:

1. Intraduction

The amphoterie mature of ‘the 81 impuority in Gahs 5 a well
khnown fact. Substiiutional group 1Y impurities in HEY
semicond uctors, such as 8n, Gee, or 8i in ChAs, may occupy

gallium sites whemre they be have as shallow donors, or arsenic

sites whend they are shallow acceptors: In paricular, Siis
known 1o behave amphotercally in Gaas [1]. For low otal
Si copcontmtions the solubility of 81 domors oocupying Ga
lattice sites (Sig,) & greater than the solubility of Si accepiors
occupying As lattice sites (Bin ). Al owery high Si con-
centrations a severe sell compersation occurs [2], When
thetotal comcentration of 8i inGads excceds 105 em ! defet
imteractions bacome more complicated and we: obsene
viariows  kinds of interstitial or - imterstitial-substitational
complexcs [3].

Ashwin et ol [4] and Spitzer of af, [56] found that a1 high
growlh tempemiures Si-deped GaAs grown by liguid- phase-
cpitaxy (LPE) is n-iype but highly compensated, while at
lower growth temperaturss it is compensated amd p-type:
The actwal erosaover point depends on temapemt ure, silicon
conceniration anderystal oncntation[ 7], At low dopig levels
thecarrier concantration tends o dse lineady with the total 5
conceniration [Sile.. Autocompensation canses problem at
high t_iap‘in_lj.; levek altho ugh cartcr concent rations as high as
1™ em " have been achicved by lonw temnperat ure growth
{0 600EC) [1].

A siteswitching ol silicon on arsemic site Sis, o form
silicon on gallium site Big, m As amhient gas may be [or-
mulated as follows:

Sip, + You = Sigy + Ve
£ A+ W, = Asy, {1
Aoy 8T 4 Vg 7 Sigy 4+ Asa

The Sig, is vsunlly comsidemed more mohile than Si,, [2]
but at high temperatures | =84000) the kinetics avor 8ion Ga

Plaica Seripey TI0V

site. By looking at Eq: (1), one would éxcept the reactioniobe
driven 1o ihe right by increasmg the ambient As{g) pressure,
therchy aiming for a kigher concemmtion of 81 on Ga siles,
Rigg, - Arsenc could also oocupy the mallium vacancies but ils
affinity for arsenic vacancies is significantly higher, Gallivm
arsemide grown by LPE from gallium melt 15 expecied 1o be
low in galliume vacaney defects and possibly high in arsenic
vacancies [R]. I GraAs is solubon grown from gallium urder
conditions where there are few gallivm vacancies, 5i is a
shallow acceptor,
The degrae of compensation i & oficn delined as [9)

NE 4N
e A i3
M

where # i the Iroe cheolron concentration 4= N§ — N3 in
m-type matenal. NE and N7 denoté the concenimtion of
tomized donors amd acceplors, respectively. Similar equation
is also wvahid fer p-type material it & is replaced by p=
Ny —NE An alermate approach is to defime the compen-
sation retieas N/ N 9] Tor n-iype bul N5/NG inthe case
ol p-type material.

By amnealing piype samples al temperatures around the
transition temperatune, they are converted 1o a highly compen-
sated stute and o n-iype samples at still igher tempemt ures.
Furthermeare, the compensation degree canbe variod with the
annealng temperature, peaking o infinily at the transition
temperature. Inoa mview article by Mewman [1] the lattioz
locations of silicon impurities m Gads are summarized.
Furthermeaore, they are related to the electrical propertics of
n-iyvpe - Bodgman, ligud-encapsulited Crochralskl {LEC),
malecular heam epitaxial {(MBE) {001) GaAs on the one
hand, and to p-iype liquid phase epitaxial and MBE {111} A
layers on the other hand, Newman focused on highly doped
m-iype meaterial and s satumtion above 5= 1o Iﬂlllrcm"'.',
depending on the type of GaAs material. In the present
imvestigation we study the highly compemsated regmic of
CraAsS1 and potential Buctuations cavsed by the reductionofl
Coulombic semening in the material.

Highly compensaied semicond potors are known wo exhibit
potential [ucturtions as a resuli of msulficient screening of
ionized impunitics by froc carners [ 18], In photal uminesos oe
{PL) measurements potential fuct sations are manifested by
a downward shilft in photon energy of the near bandgap
PL hands through localization of the charge earriers, as
well as a shilt of the localized PL bands to higher enerey
with increasing excitation power density. This shift is much
latger than that o donor-to-accepior pair {2AP) bands
with aueitation mienmsity. Furhermore, mo conlrast to

b Phvakey vl e X002
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ordinary DAP recombination, the bands shili 1o lower enenzy
al higher temperal ures.

In CiaAs such Auctvations have been stedied by photo-
limincscence in Li-com penanted material [11] and i highly
Ge-doped matenal [12]. Here we report one photol um-
nescchce measurene nts of potential Auct sations in Si-doped
Gahs, which has been converted from as-grown p-Lype 1o n-
type hy annealing above the transitiom temperatune,

2. Sample preparation

A roughly | ym thick GaAls film was grown by liquid phase
cpitaxy on a semi-insulating (51) GaAs (1)) subsirate,
The subsirate was brought into contact with liquid Ga metal
of purty 6M at TFC, saturated with As and contaimng
dissalved Ri, By lowecring the lemperature the- solution
becomes supersaturated with rospoct 1o As and the [lm
erowth nucleates at the substrate, The growth proces took
place in reducing H; ambient of purity M and in graphite
crucibles. For this study two LPE batches were made,
differing in the amount of 51 m the growth solutions. While
all other growih conditions wene kept the same the 8i/Ga
mas ralio in the growih solutions was altered [rom
131t 1o 21« 1077 (=30 10-%and 5.2-% 107 maole
Iraction, respectivelyl Aocording 1o [#] this showld corre-
spond W 8 mel hale doncentration ~3x 10Y and
~F x |Pem ), respectively, in as-grown GiaAs.

Si-doped GaAs grown by LPE s highly compensated for
growth tem peratures around 84000, 1 is n-type and sull quite
compenanted if grown at higher temperatures bin p-type if
erown at kower temperatunes. Pieces ol the two as-grown LPE
batches were baked m guart: ampouks at 84000 Tor 24 h
with a subsequent quenching in liguid nitrogen. To retard ¥,
formation durmg haking o small amount of As{s) was put
imo the ampoulk prior to evacuation, The ampoules were
closad ‘&t 1010 mh pressum. Arsenic sublimates at
61350, The amount o As in the ampo wle was controlled 1o a
miven As{g) pressure slightly bellow 1 bar at the baking
lemperatume.,

3. Experiment

The free earrier concentration was obiained by Hall measure-
ments, Using squane samples, ohmic contacts were welded on
1he Four corners with tin- or sinc-coated gold wire, tin in the
case ol n-type shmples and zine in the case of p-type samples,
The ohmic contacts were made so0 0 avoid heating while
alloyime the contacts: & typical sample sise was 3= Imm’,
The Hall coeficient Ry was estimated from the slope of the
Hall voliage vs. the magnetic feld in the range of (-0, 3 Tesla,
Tesla, and an average of Fowr valucs in each point was
cakulated whém the two phin of contacts wem mnter-
changed and the current revemed, Electron and hole comcen-
trations were caleulatsd From the Hall coclicient Ry as
= —ryfely and p= ryleRy, respectively, assuming the
Hall seattering factor kg to be isolropic, tomperat ure imde-
pendent and of uni valee {(rg=1).

Photoluminescenos measure ments were performed at 14K
using a closed-cyele He eryostat. The 332 nm line of a Yerdi
MYV laser From Coherent was wsed a5 anc excitation
sounce, The excitation miensity was varied over scveral
decides and the PL signal was detected via a douhle 0.8 m
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Spox 1404 grating monochromrator wsing: 8 cpoled G
detector, The spoctra presenled hore were motl comrected [or
the spoctral response of the instruments, Hall measuremme nts
were performed to determine the majority camier type. The
nomtinalor term in equation {23, N+ A7, & assumed 1o he
identical to the total concentration of silicon, [Si],,, at room
lemperature whikt the denommator terme is approximated
by the [fec carrier concentration observed by the Hall
TLCAsUrements,

4. Experimental results

Two GaAs samples were grown priype usder the conditions
described above; One was grown witha low Siconcentration
{Sampk #10.p=16= 10" em ? andihe other with a kigher
i comeeniration {sample #2), p=40 = 10" e ']Anmuling
converted both samples o n-type-with rather similar eloctran
conmceniration, smple Hla with #=39=x 10 em ™" and
sample. #20 with 1 =38 = 107 em ™ We note that in
addition to the typeconveraon there Ba significant difference
in the compemsation degree of sample #2 belfore and alter
annealing, sipcé the net electron concentration o sample
#2a is only abowt 14 of the arigmal hole concentration:
In the less Bi-doped sampl ##1 the camier concentrmlion
hefore and alter annealing remains the same within a factor
ol two. Table | summariazs the carricr conogitration of each
sample,

As-grown, unmtentionally doped Gafds exhibits bound
caciton {BE) spectra around 1.51eY and donor-acceplor
{DAP) pair spectta which merge with I'moe-to-bound {FBE)
around 1.4% ¢V when the donors become jomized. Inlightly Si-
doped samples 1he Si-donor o Si-acceplor pair band peaksat
L4882 c¥ at low temperatures, and the FB transition around
1.485 ¥ [13]. The band-sdge PL hands am not observed an
the inemsity scale of Fig. la), which shows the photo-
luminescenes spoctrum of 1he as-grown sample 241 with low
5i concentiration. Instead the specirum is domimited by a
broad PL hand peaking armund 1445V a1 an excitation
imengity level of (0001 W,

The laser heam was focmsed toan arca of ~1 mm'. Far
cachsenesal excitatbon intensitics the arca was kepl constant.
Inerensing the axeitation intemsity of sample 13 by two
oarders of magnit ude 1o (LW shifis the peak position aroumd
Gy per decade of change in cxcitation intensity. In Lhe
dicission ssction we mierpet this shift in terms of the
presence of potential Auctuations cased by mswficient
screening of wonized impuritics. Anpealine a1t 8RO
dramatically changes  the spectrum  as shown  in
Fig. 1{b) {sample #tla). The imensity is much weaker as

Tahble 1. Tie carvier coteeriration i oy growh and ariaobed
senmpdes ofstalved By Hedl imeasivements ond PL peslc shift
Wit excitarfon dtensliv 00 oy ghowh aid erheatled sainples
rtedenared it MK

Somplke Carrier concendmiion {on ] Sthift [meY/ decode]
#1 e Lt 4017 eV
#la =18 10" LmeV
#2 pediix b Ame¥
#x w1 E0" M meV
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Mg ). Peak shili with excraiion imensineof o PL hand measured o MK inia)
sampke faivpe afier onmealing ot 8400 for 24h:

cvidenced by the prescnce of the band-edee PL hands from
umpert urbed regions of the sample;, These PL bands only shift
imsignilicantly with excitation imtensity, the DA pairs typi-
cally shifting less than | me per decade, The main PL hand
peaking around 1.42e¥ also shows a pegligible shift with
cxcitation intemsity, thus originating from  mnperiurbed
regions of the sample. We attribate this band o delect-related
transitions induced by the annealing. Another weaker band at
1.385cY for the lowest excitation imensily shows a shilt
around $me Y por docade of change in intensily. Hence, this
hand is an evidence for the presence of potential fluct untions
after mmnealing,

Fig. Ha)shows the photol untinescenoe spectrumy of the as-
orowm sample #22 with high Si concentration. The speetrum
cxhibns a broad, strong penk at 1433V For an excitation
level of (.00 W. This peak shows a similar shift with

excilation imensity as sample & 1, abowt S me¥ perdecide of

change, In this sample the annealing produces a stmng shift
inthe PL specirum as illustrated in Fig. 2{b). A broad peak
arpund [ 35eV at 0001 W shifis some 24 me¥ per decade
ol change in excitation intensity. In addition, the specirum
shows the usudl band-edge luminssdemoe.

Plaica Seripey TI0V

s sgrown peivpe LIFE sample gromm to haove b 51 comeemnation and b the same

Figume 3 summanses the dependence of the peak positions
ol ihe as-grown and anncalked samples on the excitation
intensity. Tahle Llisis the observed shilt mie of the PL hands
in-addition 1o the carrier concentration of cach sample,

5, Macussion

In highly compensated semiconductors the fived chome may
be randomly distributed, Donor- and scoeptor-rich regions
may appear locally and, hence, positively amd nepatively
charged  domains.  Under normal circomstances swuch
Muetwations in the Jocal potential are screemed by maohike
carricrs, whik at high compensation degres the - screcning
15 imsulficient. Radiative recomhimation in ihe depleied
regions ean be described as taking place between carners con-
fined 1o spatially separated potential wells which ongimate
froma Auct vations i the ditribution o charged impurities
[T,

The localizatiom lowers the photon energy of donor-to-

accaptor pait transitons by twice the potential well depth or
hv=E, — {Ep+ Ex)— 2uird {3)

b Phvakey vl e X002
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where E, is the band gap energy, Ep the ionization energy of
the donor and E, the lonization encrey of the acceplor,
The potentinl well depth is

1 b

o =—"- N i I'.'1=——'. 4
) 41':;,,::1-,1 el T L {

where N the otal concentration of charged impuTitics in the
material and », is the screeming radivs defined as 1=
NP AEA in the case of wetype semiconductors, The
impurities ame asumed 1o have Gassian distobution.

From Eqgs {3) and {4) we soe that the well depth increases
with incréasing comcentration of charped impurities N, bt
decreases with increasing conceniration of fres charge car-
riers. From the eguations one expects 4 PL band in the
prescnce of potential Auctuations to shilt to lowest photon
cpergy imohighly compensated semiconductors which ori-
gimally had high shallow doping. Alse one expects a shilt o
higher energies with inereased excitation intensity which
imcreases the conceniration of photoescited carmiers. This &
indeed what wé ohssne.
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In the present work we emphasize the two ways o which
compensation can he oblamed in Sidoped Gads, The
obviows one 15 direct growth wnder conditions which ensum
close compensation of 8Sig, donars hy i, acocpios. We
have accomplished such doping as evidenoed by the presenos
al shifiing PL hands in the as-grown samples. Comparing the
as-grown spectra af the two samples #1 and #2 in Fig. Iwe
note that the shilt rate with excitation intensity is compamble
Tor both samp ks while the peak position & somewhat lower in
cnergy For sample #2 which has a higher 81, concenimtion,
This is ina gencral agreement with the higher concentration
af ionised impurities pocording to Eq. (1), although the higher
conceniration of Fmee earriers in sample #2 mdoucss the
cornzapondime well depth,

The type comversion from p-type 0 n-ype through
annealing ako dlustrates o way of obiaining a striking range
aof compensation degrez, A sienificant differcnoe between the
two samples is evident upon annealing as shown in Fig, 3. The
highly doped sample #2a shiows a substantial shift whereas
the shifi rate of the weakly doped sample remams low. Note
that the PL and around 1.42eY in sample ##la in Fig. Wa) is
not & shifting PL band, while the shoulder on the high energy
wing ol that hand indicates potential Auctuations . This
differenoe can again be accounted For by Eq. {3). Although the
cloctron comccnimiion of the two samplks after anmealing is
rather sinvilar, the lirge shifi of 1the PL band in sample #4228
is typleal of a strong concentration of highly compensated
iomized impuritics. The PL shift accompanics a reduction of
the I'ree earrier concentration by a Ffactor of ten inaddition 1o
the type comveraion: The measured Hall concentration in the
as-grown sample #£ 2 can therefore be conclisded to reflzct the
lowest prosaible 8iy, concentration and a low compeisation
degree i, whereas the Sig, and 5i, comsentmiions become
roughly similar upon ammcaling, with a high compeisation
degree as a consoguence. e 10 the high As{g) concentration
dunng annealing ond might expect, to some cxlent, the
Tormation of the deep donor Asg, although we assume ils
conceniration to bé negligible compared 1o the measurcd
CArTier conoeniration.

Plaica Seripey TI0V

o Conelusion

Annzaling ol temperatuns cise 10 a tENsiton temperalun:
of B40-C resulted ina very high compenmsation ratioas verified
by a large shifl of localired PL hands with excitation intensity.
The presence of potential Avctintions 1s manifested throush
ashift of the P peak position of pp 24mey per decade of
incremse in the excitation power demsity., We have correlated
the ohsrvation of potential fucteations with a possible
site-switching of 51 from Ga sites to As sites, Our mesulis
strongly sugeest 1hat the type conversion from p- o n-1ype
1o 15 m fact cawsed by such sile switching,
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Abstoaet. Diffusiviry studics oo Tain Graas, whers high concentnsasns of lithino have Isean mine
duccik it o arsioped n-ype starting matenial, e Gual diffosion of L wepolimiled due o formstion
of cotnpleras conlining i amed navive dofects. The swne detect comploscs an: oend in Li-doped
semi-insulazing stating matzrial and in p-lype Guasdn as well 2ller pasivation of the o avemn,
It pantiially Li-pezaivated Za-dopud starting material the L i foand predmninaniy in Li-Zn complexe:
wWlEh vive a refalively Jow binding encigy. Tn thes cise, the Ieaping offect 15 weuk amed 1he Tickicm
cxiubits high thifuspie. Using infrared absorpon and posiinon ifeime moasuwcmenis we. ineesti-
gty commpleaes -of Tioabone. sl ronive defeces whish e forned in the Li-ddffusion procoss. W
chiserve sienificen Vo, and Ga, conzenirations ic the samples and denwesizaie snhameed concentra-
iy ul s ntive fefeess upen hear tatmen. We showe e Li slio fois cunmpheses with these
namEve defiects an ke dilTusion lemperasires,

Intreduction

Lattin, Lk hvdrogen. exhibits & srang leodency o form complazes with siher impurites and native
defects when migrting in crystals. In such cases, the diffugion Kivetics e larvely aftected T the
binding chiergy of the coroplexes in question. & 1Y sclivinion enermy for diffosion ol Li i Cids,
sOMELinza cieed & intrinsic i the lertrs, ez (1 2], was debernined by Caller aad Welfarien [
nea e solubility Jiendt of Lide Gads, [Li]= 10" em®, This valoe is eviderily tee high e repiescat
the intrinsic dillusivioe; Ethim is foand s diffose reidily even below roon lempenture und reccat
trasitiznenls el o QHT eV dizsogiation eoengy of Livn complexes [4], defining an opper lmit
for tha intrinsie migration eoerpy of Li.

Farller amel Wonlfstien [3, 3] vvestigavad m=litusion of Li to the savasstuon it 3o Goada gt 8O0 0 amd
a subezynan] oul-ditfuzsion by heat teanmenl, Stining mueeriols were undoped n-ype Gads. S-daped
= 10 ™) anid Te coped | - 100 em™) Gads. The sachers sugzested tha Li was introduced. as
L' L paars during diffusion. Wade this stk madel has mot boo vorified by localised-viba-
tnmal-rande (LYM) ciperiments, Lewy amel Spitrer [8] reparted LY M harnds sriginafing from five dif-
ferent Li-cornplexes, o donor. an ascepton’ amd up 1o fhres peoteal comizres 1 onganally ondoped
Gasg afier Lo diffusion @ hizh tomperatuees, - ALl ol these were afrrbated fo peo or moee Li-atems
isseciabed with native defzers ol unkneawn origin,

s praper presents msls of Jow-lemperdine everse-bias and zoro-biss annealing sxperirents on
Li-cich uncloped GaAs starting marerial wi phile Visdoped poyoe Gods. Charpe density profiles
nee teedictored daring revensebeas amnealing, vielding desaciaion srelgics of defiel comnpleses,
Similar measarements diring sero-odis aomenling give infoemation b the scrivation ehergees Dur
g fieniterd ditfesion in the diffencut msterials, I ptvpe GoasFo with low L3 concentmaton, te
pairing mieraction 15 weuk encigh to allow deterrinatiom of the iotinzie diffusiie, Crmversaly, in
the Li-rich samprles we lnd that che [thivee diffusion s shongly Irap Emited: LB messumsments
irnfivaile that the. migration & geverned by pritiag ineracticas with nutive detests, Posileen anmbila
Gons eaperionsnls, perfomned i order o ddanily these Jefects, roveal signihcan Iy enhanoed v, and
a,, coneaninators bech in ns-diffuscd samplos 2nd alter beat freatment.

Fxperimental

Al startong smaterials weere growi by the Lonemd Brideman neetesl Tor elsetrica meastneancnts,
neviinally wmlaped Guds it = |8 10% 2"l Za-doped Gass (g, =4 % 10" o) were wsed.
Fouzier eransfoir infrared {I7TIRY ahsorpion imuesurements were carcied ool on sevarsl suring mate-
iy amgEn g froim heavily aedopsd p-bvpe to ominadly andeped notepe and seoni nsulaing stirting
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derng meversy boas annealing a2 10 B Raasureivents vich mmleped Guds and [Egaily Lisdane =1y CadeFn

wezits s Vil al 270 K aler rapid conling of tre summpl= mais Al Aetivalion cnumes e indicared iv 2 b

waecriali. L diffosions were riode using open-wbe diffusions a5 described  elsewharz [7]
Sehectky dindes s Tonnesd e poyse oilegdil By evaporading 1000 A ek alominiamn dots of
diaraeizr | mun on the sample sarface. Gold dois of similic dimenzions gove Schotike duvdes on n

Uy mualesial. Ohmic contacts wene imade by welding Koo or Soecoeted pold wire to the sorface ol p

il n bype samples, respectvely. Anoeoling ehperinwnts wene camiad oot o vacomn using & ool
Tharipsan veltizeration sysiem, C0V) profiles were measured osing o 1 M Booaton T2B diffoicn-
tid capneiance meter. FTIR mssurements wers perfermed using DA+ asd 1248 Bomem interfer-
umieles exuipped with 2 plobar light zoize aod molar S begm splittess The nanseiled Hehl wns
deteated watn g holemeter, Sarnples were cooled in 2 continsoas T sovosdad a0 6 5 Positeen L

timme prcasuraments were peelocmendand arnlysedd ot Helainki Toiversiy o Vechnology, ng degcsibed
in Ref, &

Reverse=lias anmeling
Reeversc-bias anneabing of Schastky disdes wos cartied cot wsing the method af Pandel and Wl
191, Samples from noomal y bodoped storing aseral which fomared n-vpe aiter L Ziffusion
sahibited high thenmal stability, andd the change densty profiles wore woclinged afler reverse=hins
arresiling al femperures wpo o 200 0 We corclicis Thay e componsasing {i seoepilor ragidey in
stable comlizurmfions, siter substituting for Gz o e seplor vompiexes of Lio . L oand e
defiocta. Lin pelype <Jadtng mderinl cominining Li. Fowever, stmificant chape franafor s ohweed
after anneating under as. | lis Bebsesnor bas been wmibaed i elecrric-field il of Li' [4].

Flgun: 1 ahnwrws chimge voncenireion profiles mzasiweed moodons | Gads 2uning masal; convees
b p-rvpe b Li-diffesion al 500050 Tor 20 howrs, The Hell ELole conzeaimation ol poom empeiative
wits T 107 emr and the Li concentation ediced from SIMS measurements of sk smples was
argund 1077 e [10], Profiles were reeonded aller successive revecse-biss conditions Tollwe by
ragd conling down fo he mRaEureDent mperacie. - Aonehog lemperiterss woee in the eange 200
435 K Afle zero-bias aenealmg ar 480 K for 20 piates bzl sonciticns wepe restoned i the
stimply, The seactivabion frequencies whnet deseribe the thenmal dissozzation ol (he passiveted noga-
Livie werires [ ine Ziven in the Achenios ple an Fig, 2, fom whizh the & sz ererry By 1 1%
LA ey e delucal. Alwy showm ae: the reicbvidicn frequercics meazaed n 12 passivie]
GnasiZn which give Ui much lewer dissociation eacigy E, = 08T =040 % riribaced 0 e dise

stahin ol Li-#n comipleses [4].
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itz Open squares are iaken from Bel. 3. Digtcd Tines
s ellesvive arfrativigs |13,

Faro-bias annealing

Tl pharge Zensivy puolile wis meoitored dor g reeo-biss annenling or diffesent em
3 shurwy the resroration ol e equiliBoum poolile sfer o stef Dl ke croated in the chicze density
prafile with prodonged revesse bins smaealing. The step disappears afles several hinos w420 K &
shorn in e lignre, The effecrive dilFusiviey of 12 is determined fron the pero-bia protiles gz
deseried o deted] elswechens [ 117, Diflnsion cofficizils ame shinwn on an Ambemie plot i big, 4,
Resulls ol the high-wemperiure diffasion caperments of Faller and % elZstin [A] e imcluded i the
figave. . The netiention ciergy For diffysicn delenmined for the Li-rich wndaaed ataning material is
120 4 044 =¥, This value agiees wilh the comaben divecintion edeney desived fronn U e reverse-
hias nnncaling, lcaing tat in this amtecal the ditfusion bebavioor s inileserdent of the rimngia
diftusavie of i and v woverned B defoct interictions. W note chat the Bigleremperagore. diFfion
dete o Fualler and Walfstim azree faisly well wilh sur measmements fr sroagly li<loped sariples.
Exact agresment is not expecled sinoe the tapping provess is pradichsd o degend on Tl sogenation
ol Li and nathve defects in the naterel.

s, bigunes

There: 3 1 Fregquently cajiessesd corosin that the srem clocteis fiekd prasent i the depletion sogivn or
A jantion slfects the dissaciation srecay coduosd from reversc-bias rresoremsents. iwsocistion
enernies deteiinivel lom ovr beverse-bis and zero-bies avnealing dats aygrer w0 witin cia, wid 10
signilicant high-fickl fowernr of die comples dissociztion enery fakes place. It should be neded,
howeever, that pacicularly fow valoes of reverse Rins, 15 20% ) wers yusd in fhis ek,

The intrinsic dilfusion eocfficient

In the s of partially passivaied Zo-doped staming materiz] an sciivition gy of BTE £ 002 e
vk deterrinied oo the diffiessvite darn of Fin 4 1 his vilue deviares From <he Cogs et dizsaiciatim
ener ey rocaswed n thee 1i-presivaeed Catesdn, indicating el Fe diffasivite is 2ot conlmlled exala-
sively B comples funsbon and disseciation. Given thiz aad using the capression for the sfteegve
diftusivite from Zundel amd Weber |12] we 2an sicalate e titrmass diffisivity D, The calvulation
yeekds (3 Iy l:.'{pl:'—fh.".i:'.": Wil B, = 0T #0002 eV, asd lustriesd vt solid dine o Fig. & [11].
Teor decails of the analysis ses Lecssor and Cislazon [11]. In fhe Li-nch rurerial @ b ciir fram Hig
A ghal the mpurisy wigration iz coarolled by he L2002V cnmplex. diszosiation ey, Using the
cffoctive dilfisivity in the storg mpeing 1, ane sheais & gaod fit o e ssperimenal data by
ASEOOLINE & conceninilion of tapping ventes arcund 2 v 10 o) In this bty e of fective
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Wavsnumber (zm } Maasursment emperahne (K)
Tig. 3. [TIE absurplan speces ol kealiaal resdes: Foi T “leitperaran: varieticn of the poeieean ferme ir
Gafes, Curst A wag imesssl in L-dirtsmed Fnedopad otindusAn Telerence sample, the sazme matenizl after 2
Cradys, bonures B in Lisdi Vs, arckped .0 mareriol. diffzion oo 20020 and Fnally afler 1 sobsequent bealing

iffosiving o= independent of Tk a8 poinced owt above ard ne informabion aboal Ui incrinsic didlusivity
i this tenperanae anpe con be cbtained from the sxperimertal data,

Madive defects in strongly doeped GaAs:iLi

e i Tocws an the pobage of the defests whieh ure coentesd by the ditfusion of hithiom ino oncboped,
n-rvpe, petyps and semni-masclatmge Gade shiming malemial. Coee Aol Fig, & shows the Li-related
LWM specirurn ol G desdn con-tbeprel with 1 al 30 0 which grecs a lichiun concentration similor to
1kt comuentratinn of e Znaccepon (p= LA 2 10" a1 Under these conditions, the ptype samples
ate hig by resistive thimegh passtvation of the Znacceptors by LI T10], The vibrutionu] moces ul 340,
S0d, 07 and AGS cort are atvibuted to nertal complexss of Li and Pa (10, 130 Az long as the 5
conccnembion excecds thit of Li, enly thess foor peaks are present Fhigher Laconcenteabion makcs
the Fear LisZn peaks pradoally happea whike five now LV poads appean. al 328, 265, 370, 584
aret 421 cns | This LY M apeclran was grovaowsty obscrved by Levy and Spitear [6] in originally un
degped Gads althoveh relative peak Inlensities vaty belwesn sinples,  Weaker peake apper o sl
Bur il b fnozesdt hepe Moke thal the 379 con priak s aloesly et o cuess AL wlile the otles
ure ahsenl  Inoeshe work (8] e 359 e peeak {leing songest in ptype staming matceiafl was
asstgrrad il eelared donorcomples. The samez five peaks wlso vppesr whier L iflusion of n-ipe
and seri-insatating staring marecics. Curve O of [z 5 shivas this specimm im o seari-inselating
startine rawrarial siier LaoilTusior o BS0 S0 O aevoued of s ielabive steagthcin o-gype stazing
malerial Lhes 365 cm o peak was anribaied 1o an accepeor eomples invelving L. The three remaining
piias wese i biated o pewtre] defeet complencs.

ey Jdaem deoing of all Ciass siarting soateriab iakes e samplcs scini-ingwlaing with a strong
La relted Lecalised selwatiosal inode apectrum scacabling curvc B, The Hall mokilicy of fres carriens
always deereascs in samplas with the appeamces of the Gve Lisrelaed localised vizratfonal toodes,
E.','jﬁm'rﬂ}'l sﬂ:'-qﬂ'ﬂnpcns.m:ing Larelated domor smal =a g ;.'|1n|[||-.::-n:- are Dt sl high hifieam
claping levels, woagreement with e LR reswls These impacities act as effoctive scartering ceatres
fior the chiaige caimas when ionised. therehy reducing the froe carricr mobiliey. Mized isorope doping
cxporimzita auggear thar all of the five above complexe:, respomsible for the Li-rlated absorption
'[lcllk'i noenree B omyvedive e or e L3 sdarms inexleliiom e naties slelz2eis of onknnwn |1ritl_'in (L]
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Tobde I {mcengrotion of Gt Wicaieteen el Cr mitiante dlefesty o olilferons times of Geds siorting
miterials wx delermined Fy pasiran andnliion meoements.

Setwgled 14 e Corrier come Viresnew cone: Megamve ion
drvsivment Jem'l} fawrty fem ) coes Lot

A. High doping level

GuAs:Zn referonce e p=lxin’ ol g 10 it deleszlable
Li: 800°C i hizhly resistio: 10 10" 7e
armezled ¥ A0 = I p-lvpe conducting 13w 1ot 6.5 x 07
Guassi e n=2% 10" < 2x 10 X !
Li: S 20 ELE DAl highly sosist 24 1ot 145107
annies e 00 = o p-lvps conduciing 143 10" RS ST
i undoped nrine semi-insularing 1.4 % 1™ 0o
La: RO - o highly resistive Lo A" Tor "
amnzabed 0T o | Pty cvlading 220 Tax Lo
F. Law duping level :

1 Gl wnuped Lome s insylating I3 ¥ 5805 Lo
2 LA 2510 acani-mnsulaling 125 |iF® S0 K |_|:,'|"':
3 Li 4oy B q0e highly resistive e 10t Lir s 1"
4 Li 300720 Faon p=ix 0" L5 10" A% 10
3 iid sna 400 °C LB T p=2x 12" 12 200 4.5% 0!

franser o ddentify the native de’ects 0 sirengly Li-doped sied beatmeed Gads we perfonial posi
e lifedirs. measurements on differcat kinels of Li-ditfuzed starting maemads., We investicated
ateobigly T daped samples fromen-type GaAs:SE pety pe CaAsZo and wndoped semi-insulating Gaas
storting matcrials an dhe coe hat. O the ather Rand. we mesuensd weakle Li doged ssinn-msulabing
slurling material. Fogwez G shevas the lemipanilure variarion of the prearon Bisime in GadsTn skl
iy, raaterial, CinsZn L-diffased ac 300 %0 and Gmadly the Jocter sarple arnesales) i As-suuraced Ga
ekt at AL The Lriter tai s ovpical of incneaved nepmive vacancy concentmatian since e aver-
age positeen laleiine is onger i he ene in as-geown smpies, However, the decnser liistime o
Ive rzmperanuies &= indscative o negative ions which ks the posiirons of temperansies lelow 150 K
corrsspondine o Minding encrey amond 50 meV. Table T aonuna-ises the nnalyvsis of the positron
Tifetirie rmessirements interpresed i teene ol o sfec containing a monovacancy and a negative fon
CONAITNG, 6 e wolirre, W sugmest that e formver 1 R Vo, areoi o an accrplor complos
irsluding a Ga vecancy and the Faner be doublz Ga,, acoeplor The Wy SRALPIH Tonplex mey
il ucle Ihe €, aceepeor, while the delect cofing uz anepasive o does oed dncluds vaeancies. From
the table we voow Tusde that Lt doping st 00 "0 sals i inerense the zoncsitsation of both W, and Gay,.
I s olvvicus, however, that the Li concenmation is it direstdy correlated 6 thar af palive defeems,
Istend the vamoval of hithiurn fromcthe Solk enhances de Lacer. This is cvidens for all three Sring
raleriils i Table TA. - Fuller aail Wollslim obsereed that all Lidoped origmally n-tepe sarrples
shiwel 2 ype conduetivity afier beal insdment which caooved the Lkien |3, 51, The unclapred
starting it zrial exchibited 108 em? = p o= 10" cn Y, swhiile the b-pype starting rratermils showed simila
vilves, which conesponds ta kigher aocepron axcemiaticn, The acozprers wore fouid 1o be madily
remnnvest from the undoped sasiples we B0 ST and supzeated 1o be Gz vacancics. Sirnitlarly, we
ol siomzly enhunced p-vpe concuctivity in gl Li-diffused ALArting ialerinls atber beat treat-veznt
ar 400 °C, with bole sonzentrtions up te 18 an In piype starfing tateizls, o panicylar, the fmal
hule concentration is et relsted foar mibed by e oeiginad shal b doping,

Matlve defects in weakly doped Gads:Li

Fhotofumincsoenee (11} bareds at 1,34 and 145 eV ame obsereed after Li difTusion of o-type Gads
bbwoen 200 and 6007 [14]. Borh bands are proacal i La-teoped sesmi-insularing staring muterials
as well bl 1he |34 el band is usoally weak, Inoan earlisr conuser ication | 15] we repoeieel shamp PL
linzs ar 1306 aned 1,510 e which apgeer i oseod-insulating GeAs stanning muerial ar low FRioen
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Todila S Tiwsemtrasizovef Vo and G, i Lisdaped sei-Insilaring Gods Suieddin onder of intensiny
sl sval eoiitoe Devien ool 3 508 et £ 500 0V refotive b orler spectial ferures in the soingsles.

Intensity of L3508 and 1.510 o¥ bownd excilon limes >

sample nurnker #1 a4 w2 ¥ xE

EE ling miznsirs o i i linniza i slrang very samig
Li vimuenualioe = | nimz by s wivg ks St RS L
i enininn ] L2 e LOM 08w L0 L2x aald 22wl A5 e 1
Gy, coneamomtion. o’ ERE [ Dranls v 0l (RIS 1L 45 11T

coping levels. . Tl lithiom Giffasmons weas madc al tnpeiatares Besesn 330 and 5560 9C for promis
of b mnginge from o few bouss fo 4 The bound caelbon Llines weee foud wr desappeear Tor hagh
L corseolrations ke samgles. PL bands will ecengies-1.34 and 145 2V have a'so beor
bzl by Yoocr al, alter head et of o0 Ly samaben b s much higher temperanire then the L
diffsions, on 850 T 1E] These aothocs asigned T PL Bl o e bwar levels ol am dntrinsic
Ny, dovble peceptor. This hess ooutmene alss mve rise to0n paic of sharp lioes-ar 1500 s
1510 Y wehdca the authors e el with the sume noceptor Jevels [LG] It was concheded in Ref
12 that the nee panrs of iousd sxeice bies wene wlentical. Flaweser, i wes poantesS ot thit e lines
appea i lithivn-diffused samplis at ovech s tosporatmes than aller anmeahing i vicoumn [16]
Alsr, the relutive siy of the BE lines 35 crenter in Li-cozed samples. Tabkle TB suimmarises t
Ul ol psitoon Hiletinee: reeisnreents Gor the semd-insulaling sarfing mtecols afver Li-diffusion s
rilerate tempenstares whilc Table H el the same sl m endler ol inereasing intensicy of the
EE liaes.

The bound-exciton line intzoeity is foond o be correled: 2 the concontration of ‘-.-'5 al!-i G, e
1|'-<Jt'rpt~mlrnl el the Li comeningion, This &s partsslicly obviovs for samples #4 and #3. Figur-: T
vurve A shioves the T -s|=:_..I||_|1| of \|.II1IEI|I\. LA [nusle froarm a0 szmi |11-iu|¢I1I'|E; sIaTI'.II:lg rl‘.k'll‘cn‘l. h'\- Li-
diffusien at 300 7 for 20 b e which ne bownd

critom lines can be debecred wl 1508 and L300 oV T T —oen

Anreiling of semple M40t 200 50 Par 2 Gours, To14K |
hoeieer, wives tse I Slreig BE s skt e | = 1313
sampls #5 o Fig 7, oove B The anccaling |
stropply inereases the concenivaticn of Vo, nod B 1,._“H||
perlicudar G, wihile e Li corkceniraiion decneises = |
g listced in Tale TI. = i

£

i
Bodel for the vacancy formation g I-"‘l,.’ |
Leronsth of Gads under Gu-rich conditions 15 koosn £ G i
I by Lhe (umoation ol wrseas: vicoocies, v, ol I o W o
I sarrpdes .||n|.'.|n|||i_.: a high concenlzabon ol "-. & I ) e
the ¥ -Ca, paisis Bhely e bo creaed by a -tmglu E [%
el iU o hop e the sente vicangy. V, - = i
Mot G, o Thevretien! calculdinrs by I il £ i i
Em e [ /] suwgeest that its formation 2eagy 1% = |, X |I |
pesitive i perype orvsals boo negacive in on-tvpe e .' 5 I A |
rysbals,  Mosenver, the hinchngr sns nl lhe i X .:-l.l 5L b
W T, PEIE 15 s in Nt coyarals Tﬁu' |'- |-.|r = a | I'* ! ey

(1%, Henee. the Ga,, antisite is capected o do L :
oute-over the Vo, In Gi-rich ambience, ar lenst whtn TR TRARTIARE LA ] T T
the Terrond I.c'n:.l iz mid-zup or higher. In p-tepe Enargy [8\)
coyslali om thie olher bancl, vremight sipec tie
Wi -Ga,, pair o beostable. Significant concanbin- Sip v RLepesaool ssieinadaing Gas staring
fomes of W, el G, vre possemn In the samples after —m.er.ﬂ i dlirfizsed ar 00 hetera s A0 il
Li diffusion au 8000 iney diffeocnt kimls of slart i B b Gt 5120 T2, DE Lines a

i rserin and sebeeqeent heat eatmsnt ot 400 B0 JE0E e nnd 15000V apjiear alter th T
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Trromn Talle 1 wee nots that La,, s livowned ool of fe starte masesials onter fiesc corufitions. This
siTorgeet G, cimeentration s found in the p-lee GedsZn staning matcnicl, which ight seem o
caniralict the abeve condderations. | lmwever, TVE rensuscmenis <20 that vun exes of 1
native deferrs we no orred ol full pasdvition of aoceplons has raker plice for Za concentssion
us bigh as T 2. Alulugh the passiveted comploics ane noe sabilc at 800 0 the materinl is semi-
msulaticg Ly oiedns of charee compensation stben the Li diffecon promotes the formation of €,
] canceitratn 5 enhanced as well, in Fact 41 always seons i foliow the {ia, comecrtiahan il
sround & dozide lower, This repe of comclatien is nob i arefas ol the analysis, sinee it is
obecrved [R] T above anzligy with Goaorich gieth cordition s broughr alwmt by the
ot that our L3 diffusion is perleemed o 8 Ga mel, teus resentkling LPE cosnlibons. Howewer, u the
e and irteoredioes diffesion wnpenicane: cmplisved, the figh fofvetion coerpy tor Ga seir
thiffusion in Gads severely Jimits the conoentrszion of G in the hulk. Instead, we pouposc the
followmg sequence of vvenis w explam cor sbesrvarions, The Pressnoe ul L the G rralt in fe
iFflsion process engies & ange conce nlestion of rpidly nugaating positively chuzped Ti” durons in
thae s btk 0 s el ke that the foemation snespy of appostlely charged pairs B Lewer than
that of isolatel vherped specics, sve ez [17] Tn view of the well known tendes of Li* 't
[ssiva e ucceprors 10 diahs we sugge that tae focmation of pssive compleses involving inwersiial
Lidusors and Vg, aceepmens s svell as Lo dinerz and Gra, - aceeplons in cocrzstically favouiable W
bsirars: t estulacs 2 sivilar enboneement of ¥ denes Tievugh iqteraction with nEUEvE itz
Ligcoepbers i e exian, sines we e Rever nlserved signa ol mepfively chassd mobile Li jons.
Hivaswzr, the pactcipation. of thie sebslinoHonal Li. acczptor in the alssve complexes is by 1o meens
cavheier, Infact we sogrest Biat conlunsboms o W i Ui and L umel perhops other defects
acoeanl for the Sive coanpleses of Li and aative delsets whiel! pive rige to the LA spestra of cnwee 11
in Fig. 5.

Anveiliog ot 4K T celeswes the Tihium from she dufect somplexcs, leaving Vo ol Ga,, m
shandare: o the laitioe, woliles) o7 a5 ocomiplen Gefect. Thess idefets are delecisd iooonr pumrlrm
MRS Sk sk enlAnced e ive ¥IeIney and megalive ion coieeninalionzs. The fact that we always
observe a much lower Vo earcanindicn than Uia,eonesnbzation way be cruged by the o VOZENCY
huainr e Whslable an the Ga acbsie, oy Seserilaed by he reaction ¥, — As_ + Vo 17 The
presenes of Li dareg heal reatment may be clomed so cnlianees e W, il G, concentiations from
b oinils of vizny, Firsl b reatment o Al 400 5T ol ol proguce e de 5

Feat eatvend a0 800 %97 updel Gaorich conditians shoanld . i anythinz, meduee the v :
uon. - Thepefose it i e prasencs af e iooised idesininl Li donors siremialy interacting witly the
tegatieely chavged W anal G, acceplons which st s heas accopionm, W point oo (hat
refereay sanipley unnewied i LS iree Ge el 80 T do et eshibi] inereased hisle comduelivily,
[ armesling of e ot inslcing stating material of Talde 1A nether prodces Phvpe
ity i &Ry sigee oF the LY sperimem in cueve H oot Figo 5 Mo 4 mples show merzazed
¥ sl crmcentiations aloeady aler the L dillusion sep alone. £ St which oy
Musrvarzs i a fractinn of the complexes avers bedng meutilised by Lidusing e ragid quesing
prdcess.

Uimilly we conpihasse (b esules fons Tazle IR thar 1 i fiosicn 22 4000500 °C alan vreales W, and
Cia, . In this case we know that annubngr alone poitha wives the obszeal hole conducsaity ner the
v eneilon Lnes atobates by Yo anal (18] n the ¥ Ciis, pilin Cn capermenis do ol conrl-
dice b pacitons being bowml indefects ol ¥ oF Ga, . A poineed out eadier: hosever, we
honet find @ likely thar e =ound ecestone bl tzete from thie e dovble aocepor [15]. We
alsn emphasize lal sacple #4 which shows hole candu i alexnly aFer the L diffosien
{]}cciurlmhlr; csed by the 1) wlse 2xhibils aredustion of bt W, ind Cra, cuncenintions.  This
SUPEeLs Uie viesw tknt theic frnomstion is cncrectcnlly less Sovouiahia in [-rvpe sanmpley,

Cam
The intimsic diffosion socllicent rarely clicietizes the miesdicn of Liin Gane dus 1o it sl
lendency oo vect with acher defests, W kave derorstrared tal i b v Li=dopee merials com-
pleses containg sevesal Li atoni ae Tormed wdich strengsly Impeck: the migeztion of i chrongh te
Cipstal. In cur sampdes o fractizn of e litkiom can be relensed frons soch comploke. aller sur-
by i dissaciation cocigy of 120 6%, he tnajority of the |4 aome being mors girongly hound,
Mee have cbiserved sinifieant ¥, and Ga,, concenlmabion in saogkes vonlaining these vamplexes sl
denmmirite £ ealvarced concentration ol tRese native defees npan hest eaiment. W sanelvde Bal Li
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tonms mmpbcxcﬁ with these naliee defec nn Ly sl .5¢;|'r|i-jm.'u]u,:i_115 amrr_ing imaterals and in T
Lpe Gats-Zo material as well afer complers passivarion of e #n icceplors,

In Li-passivared Cizassin, FEIR mresarsrnen s show thn Tithivon (s maioly paized with the 7 ticepe
tors while ar bow doping kevels there s only remamad indicefion of the association of Li willl wative
velects After oompicts peasivetion of the accoptons. hawever, cormpleses of 13 and native defocts am
Tonnzd i sdecilar wiry 2z Tiodds (or other sluoimg muterials. The paicing inreiaction betwern LE and
Ziis mch weaker then tal ooserved in Li-rich meatzdal and the odginal acceplor concenlrmizion s
casily recovenzd in ionednfl messurzmenis in il eleciie Geld of o Schottky diode. The aztivarion
enrgy for e offective diffasion cocfficiont s lower than the mesured dissoziation snecgy i this
rase, which ilustnares thit the pairing inremetion is not lmiticg the diffusion kinebes, Yalees of the
nirinsic diffisivity wers determined from the efective diffusivity io this sysbome We asdntin bl
this dala gives e rmost agcurale expresoon seailibles inothe Bersre for de tinsic. G5 usson
cozfficient of intecaticial lihiwm m Gase
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Impurity band in Hthiom-diffosed and annealed GaAs:
Condnctivity and Hall effect measurenents

H. G. Svavamson,' I T, Gudmundsson™ and H. B, Gislason'
‘science Institte, Universine of lcelend, Danhaga 3 15-107 Revijavik, fccland

*Deparment of Electrical end Computer Engineering, University of locland, Hjgrderhaga 26, 15-107 Redgevik, iceland

{Recetved 20 Barch 2003; poblished 30 Way 20030

Cinginally miype Stdoped Jads s p-fype afier Li indiffusion and comsequeni ann=aling a1 200-600F° C
Tampemntra-dependem condnctivity and Hall effect measmements carried om in the #mpemre mange 30—
300 K reveal conduction via impurity bands made np of shallow acceplos in addition 4o the valence-band
condnction Li diffnsion imo GaAs rednces the fr=e-carder concenttion which lads do elecitical resistivity as
high as 107 £} cm. A nnealing highly ez tive samples 2t f=mperamres above 200 °C significam by decreases the
oam-{zmprminre resistivity 10 0.1-1 L cm, depending on 1he annzaling fempeninre. For sumples annsaled
ai 300- 400°C we chserve o metallic-iype conduction which contribuies 10 1he conduciion even a1 mom
{mmperaime. In samples annealed ai 500-600 °C the 1=mpeminre dependence of the ms&fivily indicates 1hai
imporily condnction sets in al femperamrs below 100 Ko We discmss this condnction change in =hicn o
enhnced gallimm vacancy ( Vig,) and galliom anfisile {Sa,,) concenimtion in Li indiffnzad and annealed

samples.

DOl 10,1103/ Fhys RevB 67.2052 15

L INTRODUCTION

Droping with Ifthinim iz Lhown 1o 1educe the conceniidion
of both holez and =l=ciiohs in Cad s Lithinm has, gimihki 1o
hydicg=n, 3 t=hd=ncy 1o foim complexes with cthel impuii-
fizz and native defeclz when migiting inciystals Suggee-
fioh hz= beeh made that lithinm presivaies zhallow acceplois
in GaAs but compensates shallow donois.’ I has been dem-
ohdlalsd thatl annealing of Lidiffused GaAs al 400-500%C
ih puiz Ga ot Al almecepheie izducez the Li concentiation by
abomi v o cldeis of J:|1:t|j,l11'1.'m:|.|=.]"l Thiz cuiditfnsion of Li
pieduc=s p4ype mat=tial, 2 phenomenon that waz filst b=-
Pcrliad. by Fullei and Waliti h,5 bui the mec hanizm te=pon-
sible fo1 the conduclivily change has ned been id=niified. The
Ly pe conduclivily indicates the foumddion of Acceplols
which have eatliel beeh 12ld=d 1o gillium vacahcies*# Mot
likely Li =xizts in Gafs as a snbstitutional dovble acceplol
Lig, and 2z an inteistitial denot Li; which iz a faut diffus=st
Crie 4o mffmrnpennﬁah of Li in GaAs, on= may obiain a
high conceniimion of defects, bul yei o low fi== calti=l con-
ceniiglion. 1f the imputities ale clees snough in space, theii
wave functionz may foim a band due o \:n-ﬂ|:|p. In =uch an
imputity band the holes (ot electionsi may tiavel fiom one
defeci c=niel 1o ahothel withoul enieting the eneigy bands.
Thi= irnPnl'ii_'.- cohductioh may conilibnie significanily 1o the
total conductivity, sspecially 21 low t=mpeiduies. In gen=ial,
the conduciivity can be exp.l.md. by

i}
= e — e /LT, i1
Fal

whete wr %oy o1 ory and &) 5 &35 6. Hele |.rf;u' i the mx-
itapolai=sd value of o fo1 L/T—0. The fisd t=um on the
tighi-hand ide = pres= iz the conductioh of fi=e holein the
valshee band (o1 gy pe mateiial); and i demminades the be-
haviol = highei t=mpaimuies ) iz the band activation =n-
=iy which is obs=tved 1o deciemse with incl=asing accepiol
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PACS mmberis}: 72 2 Ee

{donot} concniiation and fo incieass with compsnzmion.”
The thitd {=im !.I'J"I:“EKP; —€3/kT) desc1ibes the hopping con-
duclion of holes as they funne=| fiom nenfial io ichized ac-
ceplots in a padially compensmed ssmiconduciol. Although
the fianzition iz cohzideisd to fake place by tunneling, an
acihvation sheigy dill exiis because of the heed 1o ovelcome
the Couloumb bauiel mocidled with the compensaing
impulities’ The z=cond aclivation en=igy €; haz been int=i-
plzied 2= the =n=igy hecezzaiy to place 3 z=cond hol= onlo 2
neniial scemplor and, thus, i inclem=s with incr=assd
mmPchmﬁ:lh.-' Thiz foim of i.l.'nf'ulﬂ:.' conduclion cnly mani-
feste itzelf with hemviet doping” Fot a z=imiconducicl doj
with =hallow i.l:nP'ul'ii'iu: the iry'Mexpi— &3 &7 conductioh
dominates the lowtempeizinie behaviol fol modsst doping
land mandziol y compenzation). The activalicn =heigy € in-
cienme Epidly a2 the compshzation £ —1 (ol z=io) whel=s
ths  ird Il:?\.E' a/iT)  incleme=s confinuouzly  with
compehzitioh, . Two major dypes of hopping mechanizm
have be=n id=ntifisd: neniei-n=ighbo h-upPing | TH}
and the vatiable-iange hopping (VRHL When the MMH
mechanizm  domindes, the conduclion & plopotficnal
fo =up(— & /AT) and the hopping {akes place betveen defecis
which ai= clows in space but not nece==atily in zheigy. Below
a c=tain ciitical t=mpeistnie the hopping plocess changes
fiom HHH 1o VRH, whete the catlisl jumps betwesh mots
l=ince debect ceni=iz which ai= clos= in sn=1gy. The VREH
haz besn shown o follow Moil's law which modifies the
tem mxp— ey AT it erccmnpl = T IT)™, whete Ty & 2
cohstant thal includes &,. Fudh=imeoie, Shklowskii and
Efice” shoved tha the powel t=im L4 in Mott's law shonld
be teplaced with 1/ when eleclion-=lection inf=iaction is
{aken inlo accouni (dn the limA of low T Al sffici=nily
high imputily conemntigtions ¥ ;. , the impulity band meiges
with-the =n=igy band and €5 and & collape= to z=ta Thiz iz
l=teiied 1o o metallie conductndty.

In the maly 1960s, =leciiic conductivily du= 4o impuiity
bands was snggested by Clive 1o =xphin the nnexpectadly
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TABLE 1 DCaia for samples afier Li indiffusion 21 3307 C and annealing

Sample Criffnmion Annsaling p[flem]  Camier[em™?]  pplfem™s] K
Ref. {Azgmown} a6l n=25% 10 4090

2002 Li 200°C/4 h 20°C -~ 17 nip-- 104 Unknown

S00b LiS00®C/dh 0%/ h 5w 107 pT %1045 17

S00c Li 2Q°C/4h  300°%CT h 022 p=da= 10" &2

300d LiS00%C/éh  400%C/7 h 036 p=35= 10" 65

00 Li 200°C/4h  430°C/T h 0035 p=16=10" 114

200f Li200°C/dh S00%C/7 h 0.1s p=3 110 133 o0&
200z Li 200°C/4h  600°C/T h 045 p=07x 10" 05 06

high conduction of Ay pe GaAs found o low =i peininie in
Hall-=ffeci ineaznisments (= 30 K A 'Ezw_-.'e:l: |A=i midmilai
te=nliz weie tepoited by Emelyanenko and co-woikeiz ' By
feating the impntity cohduction in a simila way 2= band
cahduction, th=y wele able 1o calculate the conliibution 1o
the hol= concsntiation fiom the impuiity and valehce bands.
Moi= r=o=nily, Atnzhaner er ol :PPHed thiz two-band model
fo pdype B-Febiy (Refs. L2 and L3} and p-typs Cobb;
[R=f. 141,

Hei=, we= 1=poii an the {=mp=iduie d.EFehd.-enne of th=
cohductivity in etiginally mdype Lidiffused Gats which
wa cohveided 1o L-fype by anhealing. Cul aim i 4o confilm
the piz==nce of impuiily cohduclicn in ont zamples and io
analyze the conduction mechanizm. By applying the model
of Emelyanenko er ol 1o out dat, we ai= able io distinguizh
the hde conce=nitalion in the valenc= band ficm that in the
imputity band.

L. SAKMPLE PRECARATION AND EXPERIMENT

Hetizonial Budgman-giown miype Si-doped Gals with
iootm d=mpsiriute =leclion deneity 7=2.5% 10" cm ™ and
Hall mebilily py=4000 |em®(Vz] waz diffuzed with
lithinm. The Li indiffuzion was made in opsh quait= am-
poules undet At flow with the samples immeised in Ga mel
PLepn.I.ud fiom &M Ja metal, GaAs=, and aboui O3 wifh of
99 9% Li metal. Afi=1 the diffuzion th= mJ:uPhu wele conled
i looim {=smpelsiuie in the mell

Two m=iies of nl:uPh: weles made; the fiisl one by indif-
fusing Li =4 300°C fo1 4 h and =beequenily ann=aling o
vatious f=mpeiatutes for T h. The second one wo made by
indiffusing Li ai TO0°C foo 1O h and annealing ai vaions
bl‘uPd:lhlm for 4 h. Hei=aft=l we will i=f=i 1o thes= 1uo
mije o= the 200 and 700 maii=g, mPEdi\el_-,'. Finally, th=

TABLE 1. Dat for sumples afier Li

EIJ.'I:IP'EE wels pan:hed. and eiched befors Chmic conaciz
wele made. Zinccorled gold wite woas uzed for Ohmic con-
{acts. The chimic conlaciz weie welded ditecily onio the foni
cotneis of the sqmie samples {ypical size 3 & 3 mm?) o
avoid heating the =ample= T-.-ruPeLninLedependeni Hall and
cohductivily measui=mehiz wels made on the samples. The
Hall co=fficieni By was estirmied fiom the =|ape of the cuive
showing Hall voltige veizus magnedic fisld in the 1angs
0—0.75 T The appat=ni Hall concnitmions weis caloulmed
fictn th= Hall cosfficient Ry = n=—rglefy and o
=ryfeRy, lespecitvely, assuming the Hall scati=iing facien
1o be izofiopic, t=mpeiatuie indspend=hi, and of unity value
(ry=11. The nrnFE tesiztinos 1 wim memuled :PP|_'.:'ihg
the van dei Pauw methed.

L EXPERIMENTAL RESULTS

The 4y pe stading matelial fuihs z=imi-inzulmding 2fl= 1the
Li indiffusion and latet p4ype az a t=zul of the anh=aling.
Somme fanspoll plope diss meazulsd 21 loom fempeiatole ol
smmimitized in Tables T and 1. Figuies Lia) and Lib) show
the appaient Hall concentiation of holes, py, v= LOOT for
samples Li indiffozed 21 300 and 700°C, lE:PEEﬁ‘-':'j:.. and
subzequenily ahhealsd A valious {=mpeiztuie=s. A minimum
in the hole concenilation cuive & =m=n o toughly 170 K foo
samples anfealed o 300, 400, and 430°C in Fig. 1{a) botthe
minima shifl fowaids lowet T with inci=ating annealing t=m-
peiatni=. In Fig. Lib) the minima of the cuives appemt of
woughly T= 40 K for all annealing tempeiatui=s. Such a
well-plohcuhcsd minitmim in the conduction culve isa cha-
acimliztic mign of the pi=sence= of conduction in a band
formed by shallow impuiily levels ! The skope of the cuive
foi the lowestannzaling fempeizinizsin Fig. Lia) hos siaed
o deci=aze alieady o loom t=mpeimioie, cleily indicating

indiffesion a1 700°C and annealing,

Sample Ciiffnsion Annealing plftem]  Carer[em™]  ap[em™Vs] K
Ref. lAs-grawn ) Qaal a2 50 10 4090

Tdda Li M0*CA0h xeC -~ 10* IR e (el -0

Tk Li Ma®*CAdh  203°Cd h 36 g 100 10 173 a5
T Li Ma®CiA0h 250°CH h a.m P T 1 171 0s
Toad Li Ma=CA0h 403°C4 h Q064 p~53x 19" 154 as
Tdde Li M0*CA0h 30 CH h Q.17 p=196x 107 184 a7

M5213-2
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F13. 1 Temperinre dependence of the appareni Hall concen
tation py, for GaAs Liindiffosed 21 {2} 500°C and (b} T00°C,
and annealed a1 varions fempeminnes.

imputity conduction sven at loom l=mpeiduie. Fgni=s 2a)
and 2{b} show the appat=ni Hall mobility py ve T fo
nrnPlez: Li indiffuzed o 300 and TOO=C, mped‘i\-d_\.x. and
anhealsd = valious tempeiaties. A hoticeable differ=nes is
obeved. While the mobilily iz appat=hily uhatfsct=d by the
anh=siling tempeiatuie ih Fig. 2[b) the opposile & tiue foi
Fig. liai Incimazing th= annealing fempsiatue of the 300
=iies gindually incieases the com-A=mpemmis mobiliy
{m=e algo Table I We alzo notice thal the highest anhealing
t=mpeiatie of the 300 z=iies [Fig. 2{a)] te=ults in 2 mobility
cuive almostl idenlical 1o the ohes of the TOO meiies |Fig.
b ovei the =ntil= 1El'npeln1:uu= Lang= as=d. I{ cah thei=fai=
be concluded that Li indiffuzion 21 800°C cieoies defecis
which at= not pie=eni after Li indiffusion A 700°C. Thes=
defecis m==im 1o b= Li 1=laxied since they giadually d.'imPPem
duting Li codiffusion as the annealing i=mpemiuie geis
high=t. We fuith=1 conchide that the cudiffusion iz incom-
PHE ol ann=aling {=mpeidinies below G00°C fou the 300
miimm A AL pe T %, above 100K, 4o the 6800°C anhealing
ofthe 300 sriiex givem o —— 1.2, which iz compaiable o the
—32 mtio of puie =micondnciois. Al low t=mpeiaties
whete 2 T behaviol iz =upecisd, we obseive expoh=niizl
behrvicl instead. Fou the 300 z=iies exponeniinl behavial is
m=en below T== TO K aflet ann=aling a1 630 and 5005 bui
below L0 K afiel ann=mling 300-400°C. Fou the 700 s=iie
exponential brhaviol waz szen below To= 30K foi all an-
n=aling {=mp=inies.

Figni= 3 shows the t=ciplocal empeiatnie depehd=nce of

PHY S1CAL REVIEW T 67, 205213 {2003
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FI3 2. Temperaiure dependence of the appareni Hall mobility
fapy for GaAs Li indiffnzad a1 {2} 300°C and (b} 700°C, and an
nealed a1 varions 1=mpeminres

the :Peri'ﬁr te=iztivily p fol the iwo sample s=iies: Fizg. 3ia),
Li indiffused of 300°C, and Fig. 3(b), Li indiffused =4 TOO
“C after anhealing A valious tempeintuiex. In Figo 320
samplex anhealed o 300 ahd 430°C show o slight incl=ze in
the msistivily when T dectem=s down 1o — 100 K, whei= the
culve becoumes o and ind= pendent of t=mpeiaiaie. This pla-

=3, 1= pie=enfing, z=io th=iiml :-:11»:.11ah =neigy, iz a cleal
indication of metallicAyps conduction.* The sample an-

nenled 21 4007 shows a very similat behaviot bui the line
A low Tis nod rcu:np|e‘c|_'.- hatizanial, which vealz a2 =mall
bul honz=io activalioh en=tgy. The mewtivity of this sampls
ohly changes fiom 02 1005 {1 cm betwesn 300 and 30 K. In
the =ame= {=mpsidnie =gime we obs=ve changes of ovel
thiee cideiz of maghilnd= afiei anh=aling a1 G002C and a
P|:|1=m: iz never leached: E:H:nphm ann=aled ot 500 and
G0 °C exhibil cutves with 1wo ditinet activation sheigies.
The low el 1==istivily iz obiained afiel ann=aling a1 an intel-
imedizle {=mpeiaiuie of 430 °C.

The appareni Hallcatriel concentiation doe= not teveal
the fiu= concehiiation ih the pr=s=hee of imputity -band con-
duclion. Su'nPE analy =iz’ shables 2 !.'PCI.I.'H.ICIH of the hole
cohceniiation in the impuiidy band ficm thai in the val=nce
band. The zum of hol= conc=ntisticns in the main and impu-
1ily bands iz aszuned 1o be constani. Following Bef. 12, the
Iatio of the maxima of the Hall co=ffci=ni, R'H'-“ . and th=
lowmst value of the Hall cosfficient = low {=mp=izini=
[fimezing 1=gicn, R-H-I, iz given by

M5215-3
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F13. 3. Temperatre depandence of the specific resistivity g fior
TaAs Liindiffossd at {2} 300°C and b} 700 °C, and annealed ai
warions Empemtnres

Ry, |B+1)?
—=—, (2
RH! 4
Ry {x+E5+ 1)
it = S El]
Ry, {xtE)?

whete b= g { e and x=fp, . The subsctipt= 1 and + de-
hoie= 'impulﬂ_-.' and valeno= bands, Iﬁpediw—ehl. Since the t=m-
peiatuie dependehce of & iz consideiable wealel thah that of
1, bis considei=d 1o b= a3 consiani. GI:Phicn] LEPLmeMnﬁah
of the diz=olved impntity - and valehos=-band hol= concentia-
fions iz given in Fig. 4. The activation enetgy €, of the
acceplol was calcnlled fiom the shkopes of |h|:,'..-l'_m] wTl
fictm the lineal cutve in Fig. 4. T yields £ = 17 0=V fou the
mimple indiffuzed 21 200°C and annealed A 500 °C {zample
2001 Samplesc, d, and = of the 300 === show metallic
behrvict and weis theiefole sxchided, Th cth=t samples the
f=mp=iatni= waz hevel low ehough fo obiain a distinet mini-
mmim in the By vs LOOOT culve for Eqs. (1) and {3} 10 be
izliable. The tianspoil plopeifies memnizd a1 ool f=mpsia-
fuie aie given in Tablex Land 11 fol the samples indiffuz=d o
200 and TOOC tewpectively. Fiom: the valoes of R"a [the
value of Ry as LIT— 0}, it is stiaightfoiwad 1o calcnbie the
commpehztion mio K=N NV, wheie Nyand N ale the iotal
cohcehiidlichz of doholz and ::cEPbl:. Impu:ﬁvehr. The=
ioomA=mpeiainis teiztivily o of the {wo =ample z=li=s,

PHY S1CAL REVIEW T 67, 205213 {2003}
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FI3. 4. Hole concemmation in the valence and impurity bands
for Gads Li indiffosed a1 800°C and annealed ai 500 °C.

meaznted afl=l anhealing o diffi=nt fempsatuies, & shown
in Fig. 5. After Li indiffusion 21 T00°C, but prio o anneal-
ing, the womdempsiduie =sizlivity iz on the cwder of o
- 10° [} e bt afie the 800 °C indiffuzion 1 i= ateund tec
olde 1z of maghituds highet, o 107 $1em. Fou diffmimnt an-
nezaling {=mp=izintes in the mnge 200-600°C the meistivity
fake g values betwasn p= 5% 10° and 41077 {lcm with a
mminitnum iy, fol anhzaling fempeiatules atouhd 400°C for
both smple ==tie=. The value of p g, izzimilal ol sveh low e
than the ie=istivily of the staiting rmteiial, in spite of the -
10 4y pe convelsion. The much lowel mobility of hole=than
eleciions & compenzaied foi by alcund a tenfeld inciz=me ni
of the cautiet conc= niidion. In Fig. 6 the appaie i tocim {=rm-
printuiz Hall hol= concentiation py is shown velzus the an-
nealing fempeiatute. A maximum in the appaiend conceniia-
tioh & ==en for both z=lies A =imilal t=mpeiduie, 1oughly
atound 400°C, which iz a3 similal =mpeiatuie tha mini-
mizes i in Fg. 5.

IV DISCUSSI0OM

The Li conceniiation in Gaids afi=t Li diffusion a1 200°C
meamited by mecondaly ion moes specticmcopy [SIMS) iz
tomghly 10% cm™? and has fallen da — 10" cm™? aflet an-
nealing A 400°C for 20 h¥ The =alid zclubility of Li in

q &
Coum'n
W L'
x
1 e 1
4 b
= a (=]
10 o z
[ Elx o
Vg
a 2fo K A

Ta I

FI3. 5 Specific resistivity a1 moom empertmre o for Liditfnsed
CaAs vs annealing {emperainres o1 two sample seres: Li indif-
fmmed a1 T00°C and a1 830 °C

52154
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FIG. & Appareni Hall hole coneenimtion al wom {=mpeminme
for Lidiffnsed OnAs vs annealing fempemtres for two sample
series: Li indiffosed 21 70070 and 21 S00°C

Gadx i wonghly 10'% cim™ 21 2800°C and woughly half tha
valu= = -'m':'l:.j He=nce, we= concluds thai th= iotal Li con-
cenilation in oul samples aft=t indiffuzion follows the molu-
bility l=vel. A finction of the Li sloms compensmies the do-
noiz in the m-giowh mmat=tial (25210%cm™) bul the
ez L l:ntuPeh:ﬂ.e: ol pasivales hative def=ci=, which
leaves the ma=tinl semi-insulding. Annealing oA fempeia-
tuies above 200 °C 1eleazes the lithivim ficim the defecl com-
pleses, l=aving Gy, and Vg, Pesition annihibtion expeti-
meniz 1eveal  sighificanly enhanced Vg, and Gag,
cohospiimtions in Li indiffused =amples, Puli‘irn|:|1|_'.' afi=i
he fteztment. ™ Afe Li indiffuzion A 200°C for 2 h and
mbesquent cvidiffuzion A 400°C for T h the concentiations
of the defects weie [Gay] = 330109 em™? and [Va
=T 10 cm™ ' The filst ichizstion level of the galliin
antiziis |G:Ii:] iz Aionnd 78 meV above the valenos band
and the z=cond on= IG:;:_ T iz aieund 204 me™ above the
walehes band 7 For the gallium vacancy, the flst ionization
kel (VR & 130 meV and the s=cond one (V577
~ 480 meV above the valence band ' All of these activation
=heigies = high =nough 1o be tnled onl o= being 1=sponzible
fol the theimally activaled condnctivity thal we obseive. An-
nzaling a1 mlevated f=mp=istui=s undet Ga-tich conditions i=
mipecied 4o deciens the Vi, conesntiation and inci=aze the
Vaacohe=niiatioh. Due 1o the vacant Az mfes, we cah spect
Ga atome 1o jump inle the vacancies accouding 1o Gag,
+ Vai— Vgt Gag,. The Ga vacancies cl=aied will then |
bzt pudinllyh be filled by diffusing Ga adoms fiom infewsti-
fial positions, difving the i=action 1o the Light. The pl=z=nce
of the ionized int=istitial Li~ donois iM=incting with the
negively chaiged Vig, and Gay, xcc=ploiz iz beli=ved 1o
sakilize the defect. Tl ha been zuggest=d thai duting th=
Li indiffusich the gallinm defectz aie passivated by Li;,
fotming neuiial defect mrnp|m mch az Ga ;.-T_i T and
1E=-I_i " Inthe ondiffusion these _pcrils bieak up, le|::.ihg
Vi, and Ga s, =ithel izoldsd of o= complex defect=® The
shallow mcceplol sneigy we obiain as 17 meV iz lowst than
the value of — 23 me% Lepaliﬂd by Fullet and Waltstiin® (ol
CaAs diffused by Li o high {=mpeiatuie and subssquently
anmealed) bul may neveiithelem =veal the mime defect They

PHY S1CAL REVIEW T 67, 205213 {2003}

Aittibuted this l=vel 40 2 Li™-Li%" accepiol. Howevet, ac-
colding to STMS analy=iz the 1emaining Li conc =ntiation af-
t=l ann=aling is doo low for this complex {0 be lesponsble
fat the impuifly bond. The exponential dependence of the
Hall mobiliy on T o low e mp=irules for the anneal=d
samples of the 700 z=ties [Fig. 2| bi| cleatly indicales a high
concentiation of chaiged impuiites. A simila behaviot iz
alzo z==n for the highssd ann=aling f=mpeimuie of the 300
s=ties [Fig. 2{al]. In fact, all annealed samples of the 700
z=li=s have similm mobilites a2 the on= of 1he high==1 anneal-
ing l=mpe=intnie of the 200 2. We m=igh this 1o the cuigi-
nally loveet Li indiffnz=d concenliddion of the 700 s=iies and
i1z longe=1 anne=aling time {7 h ve 4 hj. He=hee, the t=maining
Li concenitation afi=t annealing iz mmch highet four the 300
setims than for the 700 s=liex, sspecially at low anhealing
tempeicdnies. Chaiged defects, presivated by Li after indif-
fuzion, ate thus =activated a1 lowei :hhe:lihg 1.|=ru]:|=l:|1.'ul.l.-:
for the 700 gsiies than for the 300 m=ii=s. Movic eral in-
veslignsd Gads gtown ol low f=mpeisiuies with malecula
be=aim E_Fi‘l:x_'.l.ls They azmmed a2 pawsl4ype dependence of
py on T of the foum pyo T" al elevaled f=m peiainies. Ad
lowet i=mpeiatutes they msumed an exponential de pend=nee
of the foim pye expl-e/kT) coeed by hopping conduciion
of the healest-n=ighbot 1yp=. Heiz, & & the Eclizinann ooh-
stant and € the theimal acirvation enzigy of the hopping Hall
mobility. Fol oul doia the activation en=igy € & in the iange
of 10-20 =" The tesizdivity cuives in Fig: 3{ b} show non-
lineat behaviot, and the #=mpeiatuie d.l.'P:hd.E ne= oh o cou d
ned be demciibed by efthet the T4 op the 779 behavion
Thus the id=niification of fhe mechanizim invobed iz hon-
{tivial. Bazed o this, we mighl =ugde=t the th=iiml activa-
tich of the impuiily conducticn 1o be of the £ fyp= inztead of
the &3 typ= foi hopping ot =veh a miinie of thoss {wo
mechanizimes. Thiz can, howevel, nod b= fiue fo =amples
B00c—200= which kave flal Hall conceniiation culves v 1e-
ciptozal T aind nenaciivatsd conduction.

Two iype of m=tal-insulsdor tansition (MITH aie com-
mohly tecoghized: the Boit and And=izon {mnsiions. Fou
low cotmpen=ntioh the tiansitioh iz Lnowh o be of Mottty pe
and the ciitical concentiatich & given by “Fnit'-iU.H.":r.]]]
for zhallow 1'.|.11Fu tilie=e whei= @y & the Boht iadine of the
impuiily in question. Using £ =12.85 and i =043, (the
etfeciive nm= of holes), in the Bohi iadins, we obain N,
~ 5% 10"% cm ™. When the campsnzsation i stvong the BMIT
ooculs 2l e h high=t conceniation and iz t=f=ti=d 4o 2= an
Andeizoh {znsition.” We conhcluds that the critical limid NV,
ha be=n 1exched after indiffosion =i 200°C kol net afiet
indiffuzsion at TOO®C. Samples Li indiffozsd o 800°C and
anh=alsd A low {=mpeisiuies had zeo activation sneigy, 2
cleaily visible in Fig. 3lal This diongly indicates a m=tallic
iyp= of conductivity. Aflel ann=aling, the sffective impuiity
cohcshiation iz lowsisd and metallic 1yp= of conduction is
nod smen above 43070, A distinet minimum in the specific
mslivily aocompahisd with 2 mmimuom dn the appakehi
hole concentiation waz obseived ofiet ann=aling a1 1oughly
400 °C fo1 both sample ==tiex. This may be =xplained by the
t=moval of 2 Li denot fiom a neutial defect complex, which
competes with the folmation of 2 native donot o elevated
tempeizdnie. Li t=adily cuidiffuses aheady o 1ocim t=mpeta-

A5213-5
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iz bul the ci=atioh of nathe defactz =quites highel t=m-
peiatule. Since the indiffusion and annealing take place un-
det Ga-tich conditichs, i would be logical 1o atiiibui= the
defect 1o Vi,

Chenand Spitz=t'? i=potted 5i dit= swilching in ciiginally
n-i_'.:pe Si-d.cPed GaAs which had been Li indiffuged and sub-
m=quanily annealed. They conchided that the ples=hcs of Li
could conze the t1ansfer of Si fliom a Ga bitice sil= 1o an A=
bitice zite. The silicon on Az sfle iz 3 shallow acceptol with
atypical activation enstgy of woughly 30 meV ot lowel in the
e of high acceplol cohcetiiation, The fi=e-calte=l concen-
fiation in out as-glowh motetial & 235 10% em™? This
concmnitmion is fal oo low 1o acoount for the impuiity band
nhlEzz we m=uime high compenzdion in the =-giown mate-
tial and conz=quenily much highel iotal concentiation of Si.
5i mite switching could neveltheless conitibuie 1o the caliet
oohceniimlion obseived afi=t Li indiffusion and ann=aling.

V. CONCLLUSION

After Li indiffusion and snbssquent. annealing, mdype
CaAz tuths p type. The cohduciivity imachez 2 mximmin

PHYSICAL REVIEW T 67, 205213 {2003}

afi=l anhealing = empeiatule of —~ 400°C and even ex-
cemde thal of the =iaiting mat=tial. The 1=zub=z of Hall and
cohduciivily tmemmi=imenis indicale the existence of an im-
putity band in lithfum indiffus=d and annealed Cadz This
imputity band contiibutes significantly 1o the el=ctical con-
duclion even a1 toom {=mpeiuis and becoimes the dotminan
{mmpoitl mechanizin o lowel tampeimoies. The coneshiia-
fiohs of Vig, and Ga s, ale significanily =nhanced in thes=
nruplﬁ. Howevel, thess defeciz hove levelz thatl o= 1oa d.aep
1o be t=sponzible fol the conduction snhancemeani Bmed on
the {=mpeidiuie dependence of the impuiity conduction we
suggesl il 1o be of metallic iypeal the low=eiann=aling t=m-
peiatul=z (bl 430°C) for the 200 mepims bul of an ind=i-
medidls hopping natuie aftel annealing 2t highsl f=mpeia-
tutex {above 430°C). The 700 s=ii=s ze=m 1o be=long io the
Imtt=t ot all annealing tempsifuies.
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Frequency-dependent conductivity in lithium-diffused and
annealed GaAs

1.T. Gudmundsson™™*, H.G. Svavarsson®, 5. Gudjonsson®; H.P. Gislason™
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W peport om mess drements o e frequencysdependent conductivaly in IrhiumedilTosed § Li-dalTosed ) o annes ksl
G Asin the frequensy mnge W0-10°F Hz and the lemperaiure ranee 30-300 K. Ly difTeson inte GaAs neduces the e
carner conaniration and can make the nolerml semeins ubiimg,  Using admiiance speciroacopy we show that the
cond udion m senm-msulaling Li-dafTused (iads s due 1 hoppang beween boes leed ceirlers . These cenlers ane s igpesiad
b e anssoetaled with the g hum vacaney Yeg and the palbum anisite Gag.. Furthernsore, pencolyl3n 8 apparnenl in
acliffused samyples | indsca g that the materaloontams melalbe preciptaies, We supgpest dut the peraslation s due e
L precapa talion o7 formiation of Ciala elusters dorme in-daffusaon of hihiim At heeh Frequency the AC conductniy i4
propar el oo’ The valie o s decremses with merssang temperatire whach sugpeis a correlitisd barrer hoppang
s hamasm
NG Ekevier BY. ALl nghts meserved.
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Kevwewale G Tahmm AC condoe vt Canduondly mesurements Hopping conduction

1. Mot roadic tioa i givil wde Far Liin-diffision temperatures ol T

BT [3]. Annecaling of lithium-dilTwsed Gads at

The influcnce of lthivm on  the elkctrical A0-5007C in pure Ga or At atmasphers reduos

hehaviar of GuAs has been studicd extensvely in
the past, primarily by Fuller and co-workers [1,2]

Itis known that Li diffusion into GaAs rodwces
the free carrier condentration i undoped, r-1ype
amd p-lype. starting materialk [3]. B has been
suggeited that lithium passivates shallow accep-
tors in GaAs but compensates shallow donors [4].
The increnss in resistivity ds roughly 9 anders of

*Corresponcding auhar. Telo + 254L5254800; fox + 35
SAraEg1L

Eemeall wedidresns tnpeirhiss (T, Gudmmdisong

the Li conceniraton by aboutl two arders of
mi givil wde [24]. This owt-dilTusion of Li produces
p-type matenal, This phenomenon was  [irst
reporicd by Fuller and Wallstirn [1] but the
mechanism  respomsible for  the conductivity
change has not been Tully identified. Temperature
dependence ol the conductivity suggests that the
clectron 1ransporl ooz urs via bopping in a partially
filled defect band. Amnealing in the temperature
ramre A—4507C leads 1o metallic-ype conduction
that is observed even al rodm  EmpeTL T,
Annenling in the lemperature range  SO0SGEEC

HE L4306 - e from. matier 40 2008 Bleeveer 1% Al rights resened

choi- 10,6006 iy O, 068 Pk
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leads 10 mepunty condection al temperalurnes
helow i K [5] The Fequency mesponmse ol the
copductivily 15 a direct way 1o characterie
different condwction mechanism  such as band
conduction, hopping between localized centers
and pereoliion, Hopping cond setivily is known
10 exist in molocular beam cpitaxy {MBE) GaAs
grown  at low lemperaiores [TR]. Froguency-
dependent conductivity measurements have beon
applied 1o imvestigate perooliiion due to As
precipitates 1o semi-insulating GaAs [9) and in
MBE GaAs prownat low temperatures [16]. Here,
we mporton the temperatue dependenoce of the
AC conductivity in arigimally n-type GaAs thal
s heen Li-diffised and annealed al temperatunes
helow 3FC. The samplks investignted herc
remuin semi-insulating and we demorstmic that
claciron transport oocurs via hopping between
localized centers and are in some . cases die 1o
percalation:

2, Sample e paration aml @ xperiment

Horzomal Brideman grown n-iype Si-doped
CaAs with room-temperature eleciron  denmsity,
n=25% 10" em™ ‘and Hall mohility gy =
Bk ﬂn“,-"lr’:a wis dilTmed with lithivm, The Li
in-diffusion was meade at 800°C in open quariz
ampouks undear Ar fow with the samples mi-
mersed in Ga mell prepared from & N Ga metal,
CaAs, and about 3 wilh of 92.9% Li metal
After the diffusion the samples were coaled 1o
roon-temperature in the melt., One samplk was
bekad at 30T For 10 1 The samples investigated
bere are isted in Tabk 1. To make ohmic contacis
rimc-coated gold wires were weldod dircetly anto
the four comers of 1he square samples (typical s
3= 3 mmt).

Tahle |

Daia for sampdes afier L nadififiison a1 300°C and annealmg
Sample Diffusan Amnealmg
i LD Ojd b A0 mnh 148 4%
iz Lz med Cfni b H0C HEE
il LW ey b HoC 24 000 MO

pifkom) B (el

I conductivily measurcmeni was made he-
tween any two contacis on the sample by applying
van der Pauw's met bod. Admittance speciroscopy
medsurenenis were performed Giing & HP42844
impedanos analyeer: The Mmequency dependence of
the AC comductivity wias measured al several
different temperatures-in the range 363060 B -

3. Rasults aml discussion

The w-type starting meterial urns semi-insubit-
mg-after the Lidillsion, The samples used in this
atudy am listed in Table | The as-diffsed samples
have specific resistivity ol the order of 10°-
[ Chem a1 room tempersture. Anmmealing at
W C for 10h docrenscs e specific resstvity
significantly 1o 248 frem. Fig. | shows the specific
conductivity of the three different samples. The
plats ol ape versus | /T show a linear helavior in
the high-temperature tange. The variation of the
speciie condpctiivity with |/ T indicates an activa-
tion energy 48-240 ey [rom the valence band.

The measured total conductivity a0 ) can be
decomposed into two components: o DO compo-
nent-and a frequency-dependent AC component

e 1) = dTne + aacioe), il

where it is assumed that the two componeni s arise
from separate mochanisms. The DC component

10 . “
oy
1wt | =,
iy L]
B 5 "
oot | . o
£ -
16" | . s
% o sampeEl
+ sampke 2 |
1':|-II1- }* mpﬁ‘*‘!! :-
107 1w 10°
00T 1]

Feg. & Spedific conductvie for GaAsSi Lr med dfised o
A for 4 hind annealed of 0000 for S0 h (mmple S, L2
mediffused for (0 h (mmpl #2) amd Li inedifinsed for 4 b
(samnple #3) The aciivaion energies ane 4%, X7 and 40 meY
s pacdivehy.
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correaponds to band conduction. Far comenienos,
we micasure the admiittancs betwesn two ohmic
contacts on the sample. Fig, 2 shows the Frequency
dependence of the admittance [or the three
different samples. Fig, 2a) shows the admittance
al wvarous temperaiutes for GaAsSRi Li in-
diffised al B0 C amd anncalked at 385 C For

o[- L BEE AT e HEE R =g |
[ [ - " 'l e " w 1§
o .
. . & sa =2
o
o= [ ooom
o 135K
10 = @SK !
« 2K
4K
i - S
AF 1t 1

@
Irl'r
Em’.

i Freguancy [He]
Fez. X The odmiiance versus frequency ol vamoils empeni-
wunes Kor Gadssl da) 15 ondiifussd o 300 fr 4 b and
armeled at W0OC foc i0ch (h) 1L nad iffused o 8500 C for 10 h
tmample #2Fand {ob L madeffused of 805 fard b fsample 23

L1t b {mample #1). Fig. 2(b) shows the admittance
al wvarious lemperatures Tor GaAsSL LI om-
diffised at #6067 C for 10 b {sample #2), and Fig:
e ) shows the admittance at various lemperat ures
for GaAs:Si, Li indiffused a1t 86CC for 4 b
{sample #31.

The plat of loglaed el versus log e emphasizes
gemerally twi regmues; an casentially f#al respomse
at bwer froquencies and a crossnver 104 nearly
linear rise with freguemcy or dispersion, The AC
cond uctivily due 1o hopping is known 1o have the
forme [11]

Farim) = dar’ | {2:I

where 4 & aconstan dependent on lemperat ure,
d is the angular frequency of the AC signal and
the cxponent s is gencrally ks than or equal 1o
unity. Thiz rmegimee 15 attribmed o hopping
conduction and at high cnough frequency the
admittance is larger than the admittance dwe ta
band condwction. The two regimes are clartly
visible for sample #1 and hopping cond wotion sets
in at temperatures below 1K as scen in Fig,
2a). The fregquency-dependent admittance mwed-
sured in sample #3 exhibits a minimum al a ceriain
Fregueney oy, a5 seenin Fig. Aol This minimum in
admittance is an indication of pereolation. We see
a direct relationship hetwéen ew and the DO
admiliamee as 10 be expecied in the occumence of
percokition [1G].

The temperatume  dependence of the Frequency
cxponentis for the three samples isshown in Fig. 3.
The Irequency expomcni was obtained From
straight-lime fts in the dipersion régime: The
frequency cxponent decreases amoothly with
morcasing  temperatune and & ndependent of
frequency in the invesigated Teguency range,
The comelated barrier hopping (CBH) madel
desceribes charge carricr hops between siles over
the potential barrier separating thom and predicts
thai & decreases with inereasng temperature [12],
We conclisde that 1he variation of 5 with tempera-
lure sugessts Ut the AC cond wetion meochanizm
can be described by 1he CBEH model:

The Liconccntmtion in GaAs afier Li diffusion
a1 HKC measured by secondary ion mass spec-
troscopy (SIMS) & toughly 10" cm~ and has
fallen 1o =~ 10" e~ afer annealing at 40670
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for 20k [6] A fraction oF the Li atoms compen-
sates the donors in the as-grown matenal (2.5 =
1% em=') bt the exces Li aulo-compensates ar
ne vl talizes native delizets: which leaves the materi-
al semi-insulating. Annealing releases the Tithium
Irom the delect complexes, kaving Gagy, and Yy,
[6,13]. &Trer Li inediffusion at $000C for 8 h and
subsoquent oul-dilTsion at $HEVC for Th the
concentration of the deleets were [Gay,| = 33 «
18" cm™ and [¥g| = Tho 167 o~ [13]. The
measuted activation cpergy is in the range 48—
240 meY For the as-diffused and smnealed samples
discussed in this work. Anncaling at 403070
resulied in metallic-type eonduction [3]. A native
single acooptor located 68 me¥ above the valkenee
hand edge and believed to be due to the Ve, -Gaas
pair in p-type GaAs i known toexist in Ga-nch
CaAs [I4]. We sugeest that the conduction
mechanisnt is mlated to the Ygy, Gaa. or the
Weiu—Caa pair

Evidence for a perealation negime can be found
in the existenc: of 4 minimun in 1he Mequency,
reiponss of the admiltance al a given temperatune
[%.148]. W'e obscrve such minima in the as-dilsed
samples, Percolition indicates that the neaicrial
contains implating regions, of  large dimensions
compared to the eloctron dilfusion kngth, We
suggest that the percolaton isdoe 1o Li procipita-
tiom or formation of Gali clusters during in-
diffusion ol ithium. Such prcpiation is in the
forme af small clusiers fmely disributed in the

mairix: Prelimimary fransmission elacimn nicro-
soope study indicates the présemcs of Gali
precipitates in the material afer in-diffusion at
RENC [15]. These meial precipitaies acl as
Schottky barriers and induce space eharge regions
arpund them. This phenomena has boen observed
in semi-imculting low-lemperature MBE grown
GaAs [16], When these depleted megions overlap,
cleciron  tramspart becomes impossible: Percola-
tion js expocted F metallic precipitates led 1o
depleted regions around which elect ron Lransport
oocurs The percolation disappesrs with-anmecaling
and longer in-dilfision 1me.

A Comecl usion

We report on measiarements of the froguency-
dependent conductivity i lithivm-diTused and
amnealed Gafs Li diffsion ime GaAs reduces
the fres camier concentmtion and can make the
nmaterial semi-insulating, We demonstrate that the
cond sction in semi-insulating Li-dilffused Gads &
due 1o hopping between  looalized centers. We
suggested the cenlers to he associated with the
callium vacancy and the gallivm-antisite, Further-
mane, percolation is apparent  in as-difMsed
samples Indicating that the neaterial contains
metallic precipitates and buried Schottky depletion
remions. We sugeest that the percolation & due 1o
Li precipitation ar Farmation of Gali elusters
during in-dilfusion ol lithivm. At high Frequency
the AC conductivity is proportional 10 . The
value of § decreases with increasing temperature
suEgesting correlated barner bopping mechanism:
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Abstract

We study lithinm-diffused and annealed GaAs by admittanee spectroscopy in the frequency range
I - 10° He and the temperature range $ - 300 K. Li diffusion turns the Gads semi-insulating
but subsequent out-diffusion of Li incresscs the conduetivity and makes the samplea p-type. It is
demonstrated that the conduction in seni-insulating Li-diffused GaAs is doe to thermally setivated
carriersin the valenee-band percalsting sround inaulating metsllic precipitates. At high frequencies
the AC conductivity 3= proportional to o, with 2 being clese to unity velue, independent of
temperature. We suggest that the percolation may be doe to metallic precipitates formed during in-
diffusion of lithium and following eocling. After subsequent annealing the AC conductivity becomes
propartional to w® &t high frequencies with the value of & decressing with increasing temperatire.
The temperature dependeney of & suggests & correlated berrier hopping mechanism in a band of
defects. We attribute these defocts to gallium vacancies Vg, and gallinm antisites (8 ...



L INTRODUOCTION

Althoughe the effect of Lion the-electrical properties of GaAs has been investigated inten-
sively through the Lt four decades many questions atill remain o be answered regarding
che condwetion mechanism |14 It is known that Li diffusion inbo Gads reduces the free
carrier coneentration which leads vo electrical conductivity as low as 1007 T 'em ™ inun-
doped. r-type amd ptyvpe starting materials [4]. Lithivm has a strong tendency o form
complexes with other impurities and native defeels when migrating in crystals 5. An
nealing of Li-diffised Gads al 400 - 500°0 in pure Ga or Ar atmwaphiere redouces the Li
concentration by about two aeders of magnitude [1, 6. However, the most wealdy bonded
Li i removed by annealing at temperature a3 low as co 100°C [7]. The oul-diffusion of Li
atoms produces p-type material, a phenomenon Grat ceported by FPuller and Welfstien |2].
bast the mechanise responsible for the conduoctivity change has not been identified. The
reslting p-type conductivity iwdicates the formation of acceptora which have earlier been
assigned o gallivm vacarcies |6 8], Temperature dependance of the conductivity sugpests
that under certain conditions the electron transport ocours via hopping in a partially Glled
defect-band [3, 9], Aunealing in the range 300 — 400°C leads to hopping conduction which
is observed up to roon temperatute, wheress anealing in the temperature range S0 —
450°C leads to quasi-metallic conduction [3]. After annealing abowe G007C the cond uetivity
is contralled by thermally activated valence-band conduction |3,

Admittanee spectroseopy is commenly used to probe the periodie electrical current re-
sponse of devies and electron states in semiconductors when they ace stimelated by a small
alternating voltage. As such it is a direet way to diaracterize different typesof conduction
merhanism such as band-conduction, hopping between localized centers and percolation.
The measurement 8 essentially thay of electrical impedance and presents variations of a
real and imaginary component, each of which forms a frequency spectrum.. AL low eguen-
cieg the admittance congists of a purely real parl (Gonductanee) but at high Pequencies
the admittanee reduces woa purely imaginary part (Susceptance] |10 I the AC and DC
conduction s due to (completely) diferent processes then the measured total conductivity
at particular anpular frequency woand emperatuee, o (w), can be decompised into bwo
components | 1],

Tl = ong + aaalw). (1)



where opg and auo(w) are the DO and frequency-dependent (AC) conductivities, respes-
ively, Band-comduction (valenee or conduetion-band ) is characterized by a relasation time
7 which describes collisions with phonons and affects the band admittance ey, as [10]
: 1+ iwr
aulw) = o) (m) : (2)
Here, o (0) 8 the admitbanee at zeno feguency which resembles the DO conductivity. The
AC conductivity due Lo bopping is known to have the form [12)

caslw) = Aw” (3)

where 4 18 a constant and 5 8 a parameter with value between 0 and 1. In the very
high Feguency limit, ‘elecicons hop back and forth between pairs of sives for which the
pair traogition rates ace approscdmately equal to the Fequency [12]. Henee, this applies
Lo siluations similar to hopping of carriers between nentral and ionized defect centers in
a band of defects. Transport of [ree carriers (electrons in a conduetion band or holes in
a valence band) limived by small insulating regions finely disiributed in the crysial can
also be deseribed by the percolation theory but in a more macroscopical way, In such a
case the semiconductor can be considerad to be a eompesite of insulating regons around
which the carriers can move. Metallic precipitates in a semiconductor may bebave as buried
Schottky barriers with overlapping spherical depletion repions [13]. When the depletion
repions cverlap only partially the condoctivity will be affected by percolation belavior and
will likely lead to hopping-like conductivity at low temperatures [13]. Thos, admittance
spectroscopy is especially suitable for materials in which the conductivity ean be described
b carries pereolating through conducting paths in an insulating matrix [10, 14].
Admittanee spectroscopy has, in the past, been applied to stody percolation due o
As precipitales in semi-insulating GaAs [14] and in Gads grown ab low-lemperatune by
molecular beam epitaxy [10]. Furthennore, percolation, atteiboted to metallic precipitates,
has been observed in melt-prown Gads after Lisdiffusion at 800°C [15]. Here, we report on
the temperatnre dependence of the AC conductivity in originally n-type and p-type Gads
samples which were lithiwm-diTused ar B00PC and anvealed al tomperatures below 30000,
We demonstrate that electoon transport oocurs either via hopping between localized centers
or charges peroslating around macroscopic insulating regions. We show that both svatems

veapond W an albernabing current in asimilar way s will be shown inoone result.
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II. SAMPLE PREPARATION AND EXPERIMENT

Harizontal Bridgnan grown Si-doped Gads and Zo-doped Gads samples were diffused
with Li. The Si-doped starting material bad room-leinperat ure cartier concentration = =
2.5 108 emn—? and Hall mobility gy = 4000 [em? A&] while the coreesponding values for
the Zo-doped Gads were p=2 » 10" e and e — 300 [em®/ Vs, The Li diffusion was
madde at BI0°C for 4 and 8 b in open quartz ampoules under Ar Dow with the samples and
a pleee of Li 99.9% metal immersed in a 68 Ga melt. The amount of Li was adjusted to be
about 1.3 wit % of the melt. After Li-difusion the samples were cocled to room-temperature
in the melt. Pioees of the as-diffused samples were baked at 300°C and 230°C for 10 h, The
samples investigabed are listed in table L Finally, the samples were polished and etched
before ohmic contacts were made. To avoid beating the whole sample, ohimic contacts were
miade by direet welding of Zn-coated gold wires onto the four corners of the square samples
(typical gize' 3 = 3 mov) .

DC eonductivity measurenents were made between any bwo contacts on the sample by
applying van der Pauw's method. Admiltanee spectroscopy measurements weee performed
using & HP42844A impedance analyzer. The frequetcy dependence of the AC conductivity
was mesanred at several different cemiperatures in the range 30-300 K. Por convenience the
impedance analvzer was conneebed between two of the ohmic contacts in opposite corners.
Temperature-dependent Hall and conductivity measuremsents were made on the most highly
conductive sample ismmple #£4}.  The Hall coefficient Fx was estimated [rom the slope
of the Hall voltage versus magnetic feld in the range 0 - 0.5 Tesla, The apparent Hall
concentrations were calenlated fom the Hall coefficient Ry as p = ryfe By assuming the

Hall seatbtering factor to be isotropic, temperature independent and of unity value (r = 1)

1. EXPERIMENTAL RESULTS

The roen Wmperatuee transport propeclies of the four samples investizgated are sumos
rized in Table L Sample #2 08 a piece taken of sample 21 amd annealed aod sample #4 i3
similarly a piece taken of sample 23 and annealed. Both the r-type and the p-type stacting
materials turn semi-ingulaking afver the Li diffusion, A subsequent annealing of the smn

plea leaves them ptype in both cases, as manilested by Hall-measuremenis, The as-diffused



samples have specilic raistivity pre of the order of 105 Dem ab room bemperatuee but tlds
value 18 significantly rediced by the annealing. Annealing the Zn-doped sample at 230°C for
10 b devreases the resistivity to L1 Qem wherens annealing the Si-doped samples at 30070
for 10 h reduces the resigtivity w250 Qem. In Fig. 1{a) the frequency dependency of the
adini ltance is shown for sample 21 while similar graph for sample 29 is shown in Fig, 1(b)
b ilustrabe the effect of anoealing on the n-type starting material, Both fgores do in gen-
eral etnphlasize two regimes: an essentially Bat response ab lower equencies and & cross-over
Lora nearly linear rise with frequency (dispersion regime). A striking di fecenee bebween the
two samples is manifested in the admittanee minima of the as-diffused sample #1, which
disappears upen annealing The Trequeney at which the minima oecurs, w.,, increases with
inereasing Wemperatuee, A corresponding graph for the plype stacting material before and
alter annealing, sample #3 and sample 24, is shown in Figs. 2(a) and 2(b}, respectively.
There we obserw features similar to those exhibited for samples 21 and #2 except that
the digpesion regime of the annealed sample #4 (s not readied at the highest fegquency
investigated.

Fig. 3 shows the temperatuce dependence of the admittance for sample 2. AL low
remperature the conductivity is almost constant but at sufficiencly high temperature the
conductivity approaches the DO conduetivity. It is alse elearly seen that the lower the
Proquency the more the admittance resembles the DO conductivity, A steaight-line Gt bo the
high tersperatire regime | the DO conductivity) of Arrbenius plots gives activation energies
200 and 230 meV for the as-difused samples #1 and 23 and 48 and 14 el for the annealed
samples #2 and #4 respoctively, From Hall measyrements the slope of la{pT=27) vs
Tt gives a value of 35 meV for sample #£4, which was the only sample with low enogh

conductivity for temperature dependent Hall measaurements.

V. DISCUSSION

The solid solubility of Liin GaAs is roughly 10™ cm™ ab 800PC [2]. Aler Li diffusion
at B00°C the total Li concentration, measurad by secondary lon mass spectroacopy (SIMS),
is roughly 10" cm=® but decreases Lo re 10 e alter anoealing at 400°C Lor 20 b [8].
Since the samples investigated in this stwdy are Li-difused a 80090 for a prolonged period

of time the solubility level is expected to indicate the concentration of Li atoms or jons in



the wm-diffused samples, A Faction of the Li stoms 18 expected Lo compensate the original
dopant of the as-grown material {r~2:10% cm =) but the exces Li neutralives native defects
or anbo-cempensabes, which leaves the material sermi-ingulating. I has been sugpested that
lithiwm passivates shallow acceptors in Gads bul compensates shallow donors 6. SIMS
measurenents bavwe shown that afver Li in-diffusion at 800°C for 8 h and subsequent sut-
diffusion at #00°C for 7 b the concentrations of the [Gas and |Vau| defects are 3.2 « 1077
i~ and 76 =107 em =, respectively [16]. The presence of lonised interatitial Lit donors
iz believed to stabilize the gallinm-antisite and the gallinrevacancy by forming newtral oo
plexes such a8 Ga -Lit and V7 _-Lit [8]. During the out-diffusion of Li, or annealing, these
pairs break up, leavim; Gia and Voo either solated or as complex defects (8.

By locking at Figa, 1-3. we see that the DO gonductivity is a much stronges unetion of
temperature (expanential] than the AC conductivity (a power Llaw) which emphasizes that
adifferent mechanisim is at work in these two regimes. It can also be seen from Figs. 1 and
2 that the dispersion sebs in at frequency proportional o the DC eonductivity.

In p-type material, whose conductivity s governsd by conduction inoa defeet-band, a
consequence of the variation in the acceploc-aceepior separation is that sone paths, for &
hole ravelling botween two contacts, are open while others are cloged. The general motion
of & carrier in the defeci-band, in the presence of an electrie lield, is then in the nature of
a pereolation process. A a resull of the percolation current fow, only a part of the bo-
tal wolime contributes to the (low temperature ) DC conduction. Therefore the contributing
volume of the samples, and benee the eonductiviey, can be incressed dramatically with alter-
nating current [17], As the temperature ineresses and the defects are ionized, convwntional
band-conduction gradually takes over and becomes the dominating conduction mechanism
usnally well below the room emperature,. The band-conduetion 8 considersd bo be moee or
less independent of frequeney, in coutrast to conduction mechanisim such as percolation. In
A IMACTOS00pIe pnrmla'l.iﬂu syatarm the camlucl,ivit.y isu:ml;.- a funetion of the dimension of the
gystem and thus can be expresasd in terms of a scaling law o o0 w= with a universal expooent
=z [MI|. A eloser look atb the data shows thal the temperature dependence of the [egquency
exponent 18 different for the as-diffused samples and the annéalsd samples. Therelore, dif-
fecent exponents are defined for these two cases. In case of the s-diffiised samples we cefer
Lo the exponent &8 x, but affer subsequent Munmﬁng we refer to it as s The values of the
exponent r for the as-diffiused samples 21 and #£3, shown in Fig. 4, weee obtained fom



straight-line fits in the high frequency dispersion regime shown in Figs. 1(a) and 2{a), We
fourid that = had & constant value cloge to unity throughout the whole emperature regime
investigabed. However the exponent s, for the annealed sample 2. shows a wry strong

temperaliure dependence, & seenin Fig, 5.

A, Percolation

The existence of a macrostopie pereelation regime in the as-diffised samples £1 and
#3 is explored further in Fig. 6 where a linear relationship between wy, and opg (the Bat
part of the admittance) is seen, which is clear indication of & conduction by carries perco-
lating arcund macroseopic ingulating regions, It may therefore be concluded that metallic
precipitation is present after the Li diffusion at T = 800°C and subséquent guenching to
room Wmpetature, In an admittance spectroseopy atudy of low-teinperatune grown Gads,
Ehirouni et al. attributed a distinet minipum in the o{w) curve to a pereolation :egimﬂ
caised by precipitation of As in a metallic-lile islands [10]. A similar miniais is seen in
our Figs 1(a) and 2(a). We suggest that the percolation may be die to Gali precipitation
during n-diffusion of Li and subsequent cooling to tomn temperature.. Preliminary trans
misgion electron microseope study on Gads after Li-difugion at 800°C revealed a lattice
dimension of clusers which marched that of a Gali crvstal while the existence of As and
Li precipitates were ruled out [18]. A precipitation of Gali would be in the form of arall
clusters fnely discributed in the matrie which would act as Schottky barders and induce
space charpge regions around them. Such buried Schottky barders with overlapping spher-
ical depletion regions have been obgerved in semi-insulating low temperature MBE grown
Gads [13] Based on the idea of Sarvchey and Brouers [19], of hopping-assisted twoneling,
Ehirouni et ale [10] derived the Tollowing equation for the frequency-dependent admittance

in a macroscopic peroolation system;

: L4 1 4 wias
r:rI:r...':I == rJ'I:ﬂ Jm I:-i:l-

in which + has been replaced by 8, a macreeopic relaxatbion time characterirnge the electron
scattering by insulating (depleted ) regions amoumd which the electrong percolate.  When
vhese depleted regions overlap, the transport of carriers is etarded. A plot of ofw) g.f-u.-c-n

by equation (4} exhibits a minimum for the Beguency wn, whete wef — 0.856 [10]. A
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combination of the simple relation w, @ = 0.856, and the data of Fips. 1{a) and 2(a) is used
Lo probe the tempetature dependenee of 8. An Archenius plot of 8 for samples 21 and 23,
shown in Fig. 7, indicates that @ 8 an expoenential function of the inverse temperatuee. &

straiphi-line it to the data according to
8o exp | AE ke T,

gives the activation energy AE - 340 and 200 meV, for samples #1 and #3, respectively.
These values should correspond to the thermal activation energics of 200 and 230 oV
abtained fom the DO conduetivity [20, 21] for samples 21 and £3, respectively, and in fact

the energies are in qualitative agreement with each other.

B. Hopping conductivity

The values of the exponent s for sample 22, shown in Fig. 5, were obiained from a
straight-line Gt in the high frequeney dispersion regime shovwn in Fig. 1. 1L was not possible
torobtain valuesof s for the other annealed sample, 24 sinee Lhe conductivily bad a donstant
value throughout the whole fequency regime investigated, even ab the lowest empetatise
{36 K). A strong temperature dependence of s 18 observed. The value decreass with increas-
ing wemperature, from being close to unity at the lowest wemperature, which supgpgests that
the AC sonduction mechanian can be described by hopping of carriors between localized
centers in accordance with the cormelated barrier hopping (CBH) model. A polynomial fit
o the values of s Tor sample 22 (in Fig. 5) gives the value of T = 107 K at s = 0. This
indlicates: that bopping-conduction sets in below ro 110 K, which i3 in good agreement with
previons experitnents on Li-diffused and annealed Gads [9). Based oo this and the obgerved
activation energies of 1448 meV we conclude that the defeet-band in the annealed samples
is mate up of shallow acceptos 20-50 meV above the valenee-band,

The physical meaning of the activation energies 200-340 amd 200-230 meV, of the as-
diffused samples 21 and 23, i3 not elear. One interpretation would be the presence of deep
Li-related acceplors with a very small concentration (keeping in mind that the resistance
of the as-difused samples are 4-6 orders of magnitiude bigher than that of the annealed
samples). Hopping conduction is impossible in an empty or a Ll defect-band. Al native
defects and impurities in the samples are neutralized by Li doring the Li-difusion phase.



which explaing why no hopping-condiuction is observied prior W annealing, Afer annealing a
portion of the Liis reowwed, creating a partially Glled defect-band, in view of the hopping
conduciion observed. A native single acceptor located 68 meV above the valence-band edge
in p—type Gads is known to exist in Ga-rich Gads and is believed to bedue to the V-
Gias pair [22]. G.u.f'{f:: Ga'f" anl w‘g’; have energy levels 800 200 and 140 meV above
the valence band, repectively |23, 2o is a typical shallow aceeptor in GaAs with a level
ra 35 me above the walenee-band. However, a band of such defects woonld be closer o the
valencesband doe o band-broadening.

The CBH maodel describes charpe carrier hops between sites over the potential barrier
separating them [24]. For singe polaron hopping the barder height, 17, is related o the
distance betwern the hopping sites R as:

-

e=

(R =W, — (5)

meeg T
where 115, 18 the maximum barrier height (1e. al infinite site separation) and e the bulk
diglectric constane, In the case of classical hopping of carriers over a potential barrier B

gepatating wo energetically voeable sites the relaxation bime is
7= mexp( I ka1 (6]

where  is a characterisiic relaxation time (assumed to be an inverse optical phonon Toe-
quency r~+ 1071 g} |24, Based on the CBH maodel, the fequeney exponent s depends on che

Lernperalirs a8 [24]
Glgd =
T TR BT i T (7)
F;h + ﬁgrlﬂtﬂhuj
When 1, 2 kgT the frequency exponent s i3 practically independent of lrequency and

=1

mainly dependent on temperature. When obeying this law, the hopping repgme can easily
b recognized by the termperature dependence of s the value of s should decrease with
increasing wemperature, In Fig 5 equation (7) i8 Gtted wooour data using i, as the Gtting
parameter; w = 10887 and w5 = 1072 g {the dotud li.nm}. The closest fit was obtained with
W = 230 meV but the result was al its best enly in fair sgrecement with our data.

The CBH model assumes randomly distritnited defect centers, but il one msumes paiced
defecis nstead equation (7] has to be modified. A correction term of the fomn TT,, where
T, i & constant asodiated with & Lransition to a different conduction mechaniam, may be

added to equation (7). A similar modification has been done Lo chaloopenic glasses where T
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is associabed with the plass-transition Lempetature [24]). The squation can then be wrilten

as
GlpT I
— e | i8)
W + ke Infwn) * Tp
By usinig T5 = 350 K; W, = 230 meV and wr = 1077, we obtaina sessonable pood fit

Bi=d

Lo bhe data represented in Fige 5 @ shown by the solid line. The physical interpretation of
such a corroction-term in our case 18, however, vigrne and should be taken with precantion.
To summarize; deep defects located 200-340 me¥ above the valence-bamd are ereated
during diffusion of Li inte GaAs. During cooling of the as-diffused samples a metallic
precipitation oocurs. Hence the conduction mechanism in the as-diffused samples is dhar-
acterized by thennally activated boles percolating around insulating regions of the metallic
precipitates. In the annealing process a portion of the Li s removed and a partially filled
band of shallow defect-levels, whose wavelunetions overlap, is invoked. This gives rise to a
hopping-conduction medianism which dominates the conductivity below roughly 100 K.

V. CONCLUSION

We report measurements of the frequency-dependent eonductivity in lithinm diffused and
annealed Gads Li diffusion into Gads reduees the fee cartier concoutration and makes
the material semi-insulating Poditron annibilation spectroscopy shows that both gallivm
vacancies Vg, and gallinm antisive defects Gag, are Frmed durivg the in-diffusion of Li and
increase in eoncentration upon out-diffusion of Li {annealing) |216].

We demonstrate that the dominating conduction mechanism in the as-diffused samples
ia different [fom that of the annealed samples: Alver Lisdifusion, the conduction takes
place in the valence-band in which free boles, provided by thermal activation of deep-levels,
pereolate around insulating repions. The presence of percolation indicates that the material
containg metallic precipitates and buried Schotiky depletion regions. We sugeest that the
percolation may be doe to Gali, precipitating during in-diffusion of lithivm and follewing
cooling. Alwer subsequent annealing the conduction oecurs in a parctially Glled defect-band
in which electrons move by hopping between occupied and empty defeets, We atbribute
the defect-band to Gag, and Vg, defects, located 2-50meV above the valence band. A
high fequency the AC conductivity 8 proportional e @ The value of s decreases with
inereasing lemperature suggesting a CBH mechanism. A 0 oo our data, using the CBH

10



maodel, was, however, only in a qualitative agreetnent with the theory and the possibility of
e than ooe transport mechanisms operating simultanecusly should be boroe o mind,
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Teble I Data for samples after Li in-diffusion at 800°C and annealing,

Sample Diffusion  Annealing g |[Rem| E, [meV]
#1 GeAsSi LiBNPC /AL 30 2w 108 E0

22 GaAaSi Li 80RO dh 300PC/ 10k 2.5 = 10° 48
#£3 GaAsZn Li SO0PC/8h 7000/ %h 1.0« 105 230)
#4 GadaZn Li S0PC/8h 20000/ 10h 1.1 14 (45)
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Figure 1: Admittanee versus frequency at verious temperatures for GeAsSi (&) Li diffused et
BPC b (sample #1), and (k) after subsequent armealing at 300°C/ 100 (semple #32).
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Figure 2: Admittence versus frequency st various temperstures for GadsZn; (a) Li diffused at

BPC b (sample #3), and (b) after subsequent annealing st 300°C/10h {sample £4).
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Figure 3: Temperature dependence of admittance for GadsSi, Li in-diffused at S00°C far vari-
oug frequencies and annealed st 3J002C for 10 b (sernple #2). At low frequency the conductivity

comperes to conventional DE conductivity.
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Figure 4! Tempersture dependence of the frequency exponent x for the Li in-diffused samples 21
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Figure 5t Temperature dependence of the frequency exponent s for Li-diffused and annesled sample
[sample #2) . The dotted line is a fit plotted fram equation (7] with Wy, = 280 meV and wr = 10°.
The sohd line is platted from modified equation (7).

16



1’
oy
A Ty
o o
= =]
___.]EI
1T a v
-
¥ Sarmpls £1
oo o Sampls 23
107'° 1™ o® 107
onc [5]

Figure f: Variation of the frequency et admittance minimm with DO eonductivity of the as-diffused

samples #1 snd #5
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Figure 7! Temperature dependence of the relaxation time @ for the as-diffused semples #1 and £3.
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