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ASSTRACT T

l{etal-Eent conductor (gold conÈacts to rooderâÈely-doped n-type

gernanlurn) photodetectors wlÈh a P+N lunctfon, ¡¡hlch le lnduced by the

lnverelonlayerbeneaththeneÈalelectrode'havebeenfabrlcated.

ExperlEenÈal sÈuallee provlde evl'dence that Èhe dark current6 ln these

devlces are due Predonlnaotly to nlnorlty carrler transPort ln both

fornard aûd reverse bias. The devlces are formally equivalenÈ to con-

venttonâl gerûanluo P+N 3unctlon photodetectors (the latter prepared

wlth dlffused or lon-lmplanted Junctlonê) but avold defects due to

hlgh-teûperature fabrlcaÈlon procesaes, and do not requLre hlgh doPanÈ

concentraÈions ln Ehe eurface reglon. This unlque structure has been

found to be âdvantageous for the lnvestlgatlon of lhe reconblnatlon

nechanl.sns responslble for the nlnorlty carrier llfetlne' Ttrls þara-

meter also tûpact6 the performance of Photodetectors for flberopÈfc

comnunlca¿iona.

MeasureEents of oPen-clrculÈ voltage decay following the

appllcaÈion of both a dark fornard current pulse and a Photocurrent

pulse have been Eade ofl these lnduced Pn Junctlon devlces. Mlnollty-

cerrler llfeÈlne has b€en neâsured over a wlde teEPerature raflge r aa

well as over a r¡lde range of fnjec¡fon levèl. All of the resulÈs (dark

currenÈ pulse) are accurately explalned by the SPJI nodel with a slngle

âcceptorllke tråp level at ån energy 0.128 ! 0.008 ev belor¡ the conduc-

tlon banat edge, f.e. above the equlllbrlun Ferml level tn the n-tyPe

nåterial. The dependence of the hole capture cross sectlon on tenPera-

.ture Lê further quantitatively explalned by the theory for Coulonbfc

cepture of Rose' wtÈhout adjustable Paraneters. other dePendence6 on

lnÈenslty of lllurntnatlon and navelength have also been neaeured by



II
photo excttaglon anal Ehe resulta are qualttaÈlvely conslstent wlEh

theory wtth conPllcatlons lri lhe decay Process and nult ldimens lonâ1

eurface recomblnatlon.

The ltnitatfons of shockley-Read-Ha11 (sRH) êtatfstLcs have

been further litenttffed by atldtng the optfcal enfsslon rate through the

defect centers to the exceas carrler reconbfnatlon arlslng fron the

optlcal excltatlon. In spite of the snalLer PhoÈo-lon1zat lon cross

sectfon ae conpared !o the thernal croes sectl'onsr the lncldent lnten-

slty playÊ the EåJor role ln decldfng the apPllcablltty of the tradl-

tlonal SRIi no¿lel. thls conslderaËlon also focusee aÈteritlon on the

phoEon energy, for a threehold value ls found ln order to avold hot

elecÈron effect8 and lncrease the photo-lonlzât lon energy, teroperaturer

totâl voluEe concentratlofi of eenters and the energy locaÈ1on ln the

energy gap of the geniconducÈor.
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CIIAPTER 1

INTRODUClION

1.1 llletorical 0ur11ne

AÈ the beglûning of the lâst tlto decades of oul century ' \re

fln(l ourselves 1n a state of rapld flux ln technoLoglcal I'nnovations '

The adventure of technology te usually the resul! of fncreneatal

d.eveLopments Èhat !ûove the exlstlng state of the ert forward 1fi rela-

tlvely soa1l stePs. Msjor breakthrough6 and new ldeae offer the

preferred ¡tay of dolng thlngs and provlde a baels for quaLltaÈfvely new

proalúcts to aerve socletyrÊ teedê. Often they are the result of sclen-

Èlftc dfscoverles that open the way to Prevlously unforeseen appllca-

tfons. Followfng the aalvent of the laser tn 1960, there has not only

been astoundl.ng Progreâs fn the understanding of optlcal phenomena' but

there has also been the creåtlon of many new usefuL tools I'n a varlety

of areas. Axûong Èhe6e comPLex and mrlt tdfnens lonâl aPPllcatlons' opÈo-

electronlcê technology for connunLcaÈLons ' eepeclally flber oPtlc

coûmunlcatLons, etands out.

ConnuntcaÈlone usfng llght began â century ago; Alexander

Grahan BelL nae the flrst to aend speech over viÊlble ltght beans and

hls photophone nas capable of transnLttlng speech Lnforßatlon over

dLstances of eeveral huadred oeters. Later on, fn the nlddle of the

19th century, Èuch well-knol n scLentLsts as Janes Clark MaxweLl 
'

Mlchâel Faraday, Helnrlch llertz and G,rgltelûo Marconi' subsequently

dlscovered the aPPllcat1on6 to slgnål transoLsslon of electro!ûagnet fc

theory and developed nr¡ch of the necessary equfPnent' DesPlte lhe

allscovery of ûlcrowave comunicatlong, Èhe necesslty for hlgher fre-
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quer¡cLes approachlng Èhe optlcâl regl'on etere not serlously developed

untll Èhe laser was lnvented. slnce !hen, an lnten6e research effort

has been launched concerned nlth the dlscovery and develoPnent of nelt

laeer devlces, llght-enltÈfng dlodes, and nonlfnear oPtlcal naÈerlals'

Thls effort provlcled the bâÊfs for Èhe ne!¡ oPÈoeleetronlc Èechnology

and brought llghtnåve connunlcatlons wlthln reach'

The theoretlcal developnent of an effectlve oPtical trans-

nLselon rnetlluo anil the Predlctlon of accepÈable losses were flrst nåde

ln 1966 ty r"o.(1) The Practlcal reallzaÈion of low-loes tn gla6s

ftbers was not achLeved unttl 1970 and the record of losses at that

tLme nas zo ¿¡/tt.(2) !¡ithtn thê next eouple of years, new Productlon

echenes for flbers led to loeses of 1 dB/kn ""d b"1o*'(3) rn the sane

tlEe, Èhe achievenenÈ of semfconduclor la6er8 aleo brought \dith lÈ the

realtty of hlgh-speed, high-bandwtdth and low ettenuatLon infornatton

!ransrûlssl-on sys Èer0.s-oPt lcal ,ffber conmunlcatlons ' laboraËory te6ts

have now denonstrated the feâslbflfty of oPeraÈlng slngle-node systeEs

at daÈa rate8 1n excess of l GHz over dl'stances greaÈer than 100 !o
t4 \ (5-6)

wlthouÈ repeaters. \-' Improveúent6 1n fabrlcátiont' ' eysten

d""tgrr(7) and neasutenent technlqu""(8) n".'" allol¡ed researchers to

observe and claesffy key optlcal proPertfes such as loss nechanisns and

banclr¡f dth-controlllng Paråneters. These advancee, coupled Iffth the

ln6ta1lat.lon and tmPleneûÈation of autonated Process-control systens,

now úake tt poeslble to consistently produce hlgh Perfor!ìance
(9)

flbers. - '

The general Èrerìd ln the evolütlon of oPtlcal flber syetens

has been tovårds long wavelength oPeratlon. By oPeratlng aÈ longer

wavelengÈhe, one can take advantage of the lnherent lor¿ losses âsÊocl-
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ated wlth P"ayletgh ÉcsÈterlng ln optlcal flbers, and hlgh bând!¡ldth

whlch arlees fron 1o¡t dleperston. Ttre spectflc oPeråtlûg wavelengthÊ

for aecond-generat lon optlcal ftbers are 1.3 and 1.5 un !¡here Èhe

loeses can reach 0.2 dB/kt.(10) The posstbllfty of Producfng ultrahigh

b¿ndwidth alngle-mode ffbers hae been recognized sínce the beglnning of

optlcal flber reeearch. By oPeraÈlng the ffber at the reglon of zero-

chroDát lc-dfÊ pers lon, banahtlalths of several hundred GHZ-km are theore-

ttcatty(4) posslble an<l thls wavelength tyPfcally occurs ln the t3O0 to

1600 ¡rm wavelength reglon. The lnvestLgatlon of durable (at rooú

teûperaÈure) eenLcoflductor lagers has been successfully developed for

Èhe requirement of long-wavelengÈh comurrlcatlons.(11-12) Although the

St photodetecÈor has exlêted for a long tlme' 1tê cut-off rùavelength at

1.1 ¡rn has prohiblted thls devfce fron belng â potentlal candldate for

long wavelength comunlcaÈ1ons.

At present, the ûost promlsing naterlals for !-ong wavelength

photodectors are fron the IûGaAsP(13) alloy system' lthich fs epltaxl-

ally grown fron the con8tlÈuent eleEents of Inr Ga, As and P on bulk

InP substrates. The atonfc fractlons are varled to control the band-

gapê that range contlnuously fron 1.35 ev (InP) to 0.73 tt (ItO.53

a"0.47 O"). The InGâAsP alloy systeú f8 advantageous for three ûaln

reaaons. FirÊt, â broad sPecÈral sensltltfvlty fs obtalnable frdn the

wlde cholce of alloys. Second, the opÈlcâlly-abe orbf ng alloy nay be

grown on InP subêtraÈes of relatlvely high qualfty wfth lâttlce-natched

conposltlons for near-perfect epl¿axial growth. Thte !t111 reduce the

cryetalltne lmperfectfona that are lntroduced by Elsnatches ln epaclng

betneen atons ln Èhe ePLtaxfal layers and 1n the substrate. Ihfrd' the

InP substrates are transParent to long wavelength radlatlonr absorblng
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at navelengths belolr 0.95 un. Thls $'t11- nlnlnfze losges fron surface

reconbLnåtlon of Photo-generated carrl'era. Nevertheless, the dfsadvân-

tages of thls atloy system are lack of cos t-ef fecÈ fvenes s and repro-

ductblllty ln connercLaL productlon.

on the conÈrary' Ge Photodetectors(14-16) have long been

avallable r¡tÈh a rellable and ûature technology. In JaPan' the G€

avalanche photoaletector (APD) has undergone conelderable developnent ln

Eptte of lts ¿llsaalvantages assoclated tt-tth hlgh dark current' relatlve-

1y low quanEun efflcLency and large avalanche exceas nolse' Coomerclal

Ce devlces uÊually enploy a dlffused or lori-lnplanted p-n Junctlon

atructure; Eeta1 contact (Schottky Barrler) Ge photodetectors have a18o

been found Èo be Potentially useful. A novel Photodetector devlce

fabrlcaËed fron gold conÈacts to noderately doped n tyPe gernanfuE will

belntroduce.llnÈhtsstudyl'lthltsattractlvecharacterlstlcsfor

long-wavelength photodetectors 1n oPtlcal flber connunfcâtlon syBtens'

1.2 Reaearch oblêcÈfves

Due to lo¡t fibèr loss obtalned 1n the 1'3-1'6 Þn ¡¡avelength

reglon, long-wavelength PhotodetecÈore(14-16) have been extenslvely

studleal recently ln order to contlnue the evolutLonary LEProvement of

opÈfcal flber trananfssÍofl Eystemê. Conventlonally, the P-n junctlon

atructure has been âaloPted for reasons of fabrfcatlon ease fn åû estab-

llahetl technology. The oPtoelectronlc ProPertles of Eet al-gernanlurn

lnaluceal- Junct lon Photodetectore have been found 1n the Presênt study to

be not only comparable to P-n Junctlons (di'ffused or lon-lnplanted) but

wlth the added aalvantages of lhe abeence of hfgh lßpurtÈy (aceeptor)

cor¡centrêtions ln the eurface reglon aod the ellûlnatlon of hlgh-
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ÈeDperature fabrlcatLon processes nlth reduced defect concenÈration8.

In ad¿lltlon, the tranePorÈ mechanLsm ls donlnated by ElnorlÈy carrler

lnjectlon, r¡hlch hag been recogoÍzed to be one of the Doêt lûPortant

factors governlng devlce oPeratLon. Therefore, the PurPose of thfs

research hâs been the dêveloPnent of a Photodetector devlce wfth ninf-

nal defect fntroductlon whlch reduces dark currenta controlled by

nlnorlÈy carrier lifetfine.

Thls has been aubs!ântfared by experl-nenEaI evldence obÈalned

on gol<t (Au) contacts to rûo¿erately-doped n-type gernaofurn vhlch we

sholr exhlblÈs an excePtlon to the conventlonal pattern of thernlonlc-

emlsslon transport ln SchoÈÈky barrfers. The reeulte show that

ntnorlty carrfer transPort ls donlnant ln either forr¡ard-bfas or

reverse-blae due to the extreñe band bendtng assocfated lÙith the large

barrler hetght (> 0.60 ev). Our further lnvestlgatlons concenÈrate on

the fundamental (optoe lectronlc ) propertles of thfs devlce Ln order to

ilevelop a theoretical nodel of lnportance 1n noLse reductlon caused by

the alark saÈuratton current. Th18 has been achleved by characterlzfng

experlnentalLy the physlcal nechanLsns for recornbLnatfon of nlnorfty

carrlers ln gerúanlun. The results Êhoer Èhat quantftaÈlve agreenent

wlth sRH reconblûaÈ1on stâtistlcs for eLectrlcal excltaÈlon (dark

current) anat qualltatlve agreemenÈ for oPtfcal excltaÈfon (photo-

curren!). We then focu8 aÈtentlon on the linltations of the SRI{ nodel

whlch are usuaLly fgnored ln cofiventfonal treatrnents. These fåctors

êre together addreesed Ín vfer¡ of the ultlrûate goal-contrlbutlng toltards

.the understândlng and development of a lo¡¡-nolee, htgh-epeed long-

navelength photodetector.
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1.3 outllne of Èhe Present Study

The state-of-Èhe-arÈ 1n oPttcal flber connunlcatlon and the

hleÈorfcal developnent of long-wavelength PhotodetecEors coûprlse the

lntroductlon of thts sÈudy ln Èhe flrsl chaPËer. In order to exPerl-

EenÈålly address the oblect of thls researeh, a novel devlce nlth an

lnduced p-n Junctlon has been fabrlâted and lt8 dfstlncÈive transPorÈ

mechanLslos have been corroborated by the experiûental characterlzatlon.

Thls ilevlce ls covered fri Ehe second chapter.

A revièw of the ftûPacÈ of carrler llfetine on the Performancè

of photodetectors 1s dlscussed ln the thlrd chapter, servlng as a

brldge for the conslderaÈlon of the nêchaûlsms of Elnorlty carrier

llfeÈlúe as the key Èo the functlonlng of thfs devlce' In ChaPter 4 we

present the lnveeÈ1gâtlon of carrler Llfetine by tlto nethods: Forward

Current Lnduced Voltâge Decay (FCVD) and Photo-Induced open-Clrcult

vollagè Decay (POVD) for the lnduced junctlon devlce' The lffetlne'

lrhlch depends on the lûtensfty of the oPtlcal lllunlnallon' the for¡tard

cr¡rrent alenslty, the operatfng lravelength and Èhe temPerature has been

châracÈertzed experlnentaLly. The acknoltledged lnconslstency between

these trso nethode has been found Èo be attrlbutable to thelr dlstlnc-

ttve excltaÈ1on Èechnlques and Èhe resultaflÈ conpelxtty of the optleal

decåycurve8.TheFcvD¡ûèthod16gho$ntoprovfderellablereeults.

Further lnveeÈfgêtlons of the llnttatlons of the sRH reconblnatlon

nodel are dlecuesed ln Chapter 5. ConcluÊLons and suggestlong fron the

varlous chapÈers conplete thlô thesls.
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. CITAPTER 2

CERMANIIJM PHOTODETECTORS I,¡ITIT INDUCED PN JUNCTIONS -

PHYSICAT FABRICATION A!¡D Ð(PERIMENTAT CIIARACTERIZATION
*

An experLmenÈal lnveåÈlgatlon has been nade of optoelectronic

carrler transport processes ln Au-Ge contactar end thelr dependence on

tenperature, ¡shich eholts that these devlces behave as tlniluced' P*N

Junctlons rather than as Schottky barrlers. The dark currents are due

predoûfnanÈly to Efnorlty carrler tnjecÈfon ln forward bias, and to

generaÈlon ln the quasl-neutrål reglon ln reverse bias. The devlces

are forrnally equlvalent to gernantum P+N 3unctlon PhotodetecÈor6 nlth

dlffused or lon-fnplanted Junctfons, but require nellher hlgh tenpera-

Èure fabrLcaÈLon proceaêes nor hlgh dopant concentraÈlons 1n the sur-

face region.

Thts unLque characÈerf6tl'c provldes further fnPetus to

lnvestlgate the Poterìtial of thls devlce as a long-wavelength Photo-

detector for flberoPttc appllcatfons (ChaPter 3) due to the l-ow

âttendant values of dark currenÈ, r¡hlch reduces the nofêe of the Photo-

detector and fncreases lt6 ultfnate sensltlvlty. Furthernorer the

valldlty of the SRtÌ recomblnatlon ûode1 has been examlned by rneans of

thlÊ devlce (ChapÈer4) over a wlde range of carrLer lnjectlon level and

operâtlng teúPerature.

H.C.
*The

Trnas
1982.

contents of thls chapter have been publlshed as Y.K. Hsfeh and

Card, "Gernanlun Photodetectors ltlth Induced P-ri Junctlons"' IEEE

. on Electron Devlcea, vo1. ED-29' no. 9, pp. l4L4-L420, SePterûber
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2.L Hlstorlcal Introductlon

Gernåniun photodetectore are of LnÈere8t tn flberoptlc con-

nunlcatLon aystens operattng at long \ravèleflgths (1'3 un to 1'7 !n)'

beyond the cutoff finposed by theopttcal absorptlon edge ln aflfcon' In

thls regl.on, they êre an alternattve to Photodetectors based uPon the

quaternary alloy seûlconductore lncaAsP. In prevfous publlcatlons(1-4),

they have reporteal on the oPtoelectronLc ProPertleÊ of Eetal-gerEanlun

Schottky barrler Photodetectore usfng a varlêty of rnetals' For the

noaÈ parÈ the characterlstfce of these devfce6 conforú to the

thermlonlc enLsslon theory of SchoÈtky barriets(5)'

We have recenÈ1y discovered lhat gold (Au) contâcts to

nocleraÈely-iloped N-tyPe gerrnanlun exhlblts an e,rcèPtlon to thls pat-

têrfì. The Schottky barrler helght fs tn thls case sufflcienlly large

(> 0.6 eV) that the thernlonlc emfselon of elecÈrons provfdes a negll-

glble conÈrfbutlon Èo the Eotal current ln efther forward ol reverse

blas. Instead, the foffard-bla8 currett ls due prlnarfly to the lnjec-

tLon of holes lnto the oe!ûLconductor r and the reverse-blas current to

Èhe generatlon of holes ¡rhich are collected by the metal' Thls devlce

Èherefore behåves as a p*¡¡ lunctlon, nfth a strongLy lnverte'l (P+)

reglon which fs rlnducedr by the extreúe band bendlng a8soclâted Itlth

Èhe large barrler hefghÈ. The evldence for the PN Junctlon node of

behavlour is preÊenÈeil ln thfs Paper. A prellnlnary Èheoretlcal

analysls of these atructures has been Presented earlfer(6)' rt ls

suggested that Èhe PerfonDance of the present devLce a6 a Photodetector

may exceed thaE of a dlffuged or lon-lnplanÈed germanlun PN Junctlon ln

some caaes, due to the absence of Èhe hlgh lnPurlty (accePtof)

concentratlons ln the aurface reglon.
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2,2 Current Mechanlsms fn MèÈ¿l SeDlconductor Contåctg

Flg. 2.1 shoi¡e the ênergy band dlagrans of a rectlfylng

Eetal- aenlconductor conÈact under dark condltlons, for applled bi.as

voltages of V=OrV>O and V<O (V refers to voltage of netal

niLh respect to Êerolconductor). An N-tyPe senlconductor of moderate

doplng concentratlon 1s aeeuEed. The nechanlen corresponding to arrolt

1 ls thernlonlc enfsslon of electrons fron the seEiconducÈor

conductlon banal lnto the úetal (forward bfas, v ) 0) or fron the úetal

fnÈo the senlconductor (reverse b!.as, V < 0) Thêse currents usually

doúlnaÈethecharacterleticsofúetal-selûlconductorcontacts,inc.luding

Èhe case of most netals on g."t"rrtut( 1 
' 

2 
' 

7 ) . Mechanlsm 1 gtves

Jl " A*t2 exp(-qo/vr) [exp(v/vr) - 1] (1)

nhere Jt ta current denslty (A"r-2 ) , A* ls thê xoodl.ffed R:Lchardson

(s)
consranÈ'-" ob fs the tschottkyr barrler hetght (Flg' 1)' V the

apptled voltage and V, = kT/q.

Also shown 1n Flg. 2.L Le a conPonent of the dark cr¡rrent due

to recomblnatlon (v > O) or generatlofl (v < 0) of elecÈrons aûd

holes ln the sPace-charge reglon. (process 2)' Thls Dechanlen 1s

generally \tell approxfûaa"a ty(5)

J2
qrlw

[exp(v/2vr) - 1] (2)
T
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whlch agatn appllee for elther forward bfas (V > 0) or reverse bLas

(V < O). W ts the wldth of the space-charge reglon, and r 1s the

cerrLer llfetlne (reconbinatfon llfetlne, V ) 0, or generatlon llfe-

time, V ( 0) tn thls reglon. tl ls the lntrlnslc carrler concentra-

tlon whlch Eêy be lffltten ln the forE

tl (3)

**
r¡ith t. , \ the denslty of states effectlve oasees for the conduc-

tfon, valence bande' resPectlvely. The energy t"n 
", 

refers to the

mlnlmun (tndfrect) gaP fn seniconductors such as Seln¿nfumr and rnay be

(8)
approxlnated by'

E (r)
2

Es(o).- Êh (4)
e

z(2ß.,3 / 2; / 2,'l4rt'* exP(-Esl2kr)

for a temperature T ('K) . a and b are constants (eee Table 2-1)'

Iri general the factor 2 tn the exponent of Eqn. (2) ¡ay be

replaced by a paraoeter nZ lrlth 1 ( n, ( 2 dependent uPon the

energy distrlbuÈlon of reconbinatlon and generatlon center6 in the

(e)
space-charge region'-'r büt o2 " 2 fn no6È caaes conforns closely Ëo

prevLous atudles of this t""htrrl"t(10).

The thfrd nechanlsn tn Ftg. 2.L (process 3) arlses fron

recombtnatlon (V > 0) or generatLon (V < 0) of hole€ 1n the quasl-

neutral reglon of the seELconductor. Thle ts the doûlnant cofnPonent of

current fn lcleal p+N JunctLoris ' "nd 
ls glt e.l ty(8)
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r/2
fexp(v/vr) - 1l (s)

where un 1s the nobtllty of holes and .n l5 thetr llfetlne 1n the

quasf-neutral reglon and 
"d 

ls the doPlng concenÈtatlon (assuned

uniforn) of Èhe N-Èype seolconducÈor.

Thls co ponenÈ J3 ts always Pre6en! ln recÈlfylng netål-

seEfconducÈor contactE' but ls usually negltgtble ae conpared to Jl '

We ¡s111 argue however that ln the devlces under study t3 ls the dorû1-

nan! conponent of dark currenÈ with secondary contrlbutlone fron compo-

nenÈ J2 . Thls arlses because of the large value of 0b fn Eqn (1)

anal the relatlvely large tl assoclated nlÈh the êxûåll t, ln

gernânLurt.

The úoblllty of holes ln N tyPe gerßanluxn has been observed

dependence orl tenPerature glven by the enPlrfcal

I

7
n.

l-

\3
J ,+

P

to exhlblt a

"*p".""ion( 
11)

up
9.1 x 10 (6)

2-l-L
rùfth up expressed tn unlts of cú V s .

Uniler lllunfnatlon nlth Photons havtog energy fn excess of

Eg , phologeneratlon ln the semfcondr¡cÈor gtves rlse to an addltional-

conporent of current fn the dtrectlon of Èhe reverae current (noÈ shown

Ln Flg. 2.1). Thls conponent we Day call J4 . I.or V - 0 , ln the ab-

sence of large sertes reslstânces, the toÈ41 curren! denslÈy J = J4'

sf.nce Eqns (1) to (3) reduce Èo zero ln thls ce6e' If on the other

-tâ
T



T4

hand we exaûlne the condltlone for zero total currenÈ, Èhe voltage v =

Vo" , the oPen-circult volÈage. ftrat ls

J= (v) vJr
4

I
1=1

0forV oc

or
4

,ìr 
t'(uo") 0 (7)

Provlaleal the Photons are absorbed sufflciently close to the

semfconductor surfåce' the oPÈ1ca1 absorPtlon coefflclent eonslderably

exceeds the fnverse of the hole dlffusfon length Lp = (kTuprp/9)rl2 ,

anil the conPonent J4 represenÈfng the photocurrent l¡111 be

lnilependent of voltage. Provlded also that the currents Jl Io J3

are noÈ appreciably noitffted by the tl-lunlnatfon' the totaL current is

alnply the sun of Èhê dark current and the short-clrculË currenÈ J4 '

Thts ls sonetlEes refeËred Èo a6 the suPerpositLon theoren for photo-

d.t.ctore(12).

2.3 Devlce Fabrlcatlon and ExPerlmentâl ResuLts

The gernanlun wafers u6ed 1n lhese studles r.lere (111)

orLented l¡-type Poltshed wafers obÈalned fron C'eneraL Dlode Co', wfth

2.08 x 1015cn-3 , åê 
'letêrúfned 

frorn hlgh-doplng concentrátlon Nd

frequency caPacl tance-voltage characterls Ètcs ' The Au electrodeê

were ilepoeltetl by thermal evaPor¿tfon at a baae pressure of 10-6 torr

1n an o11 cllffusfon pumped vacuuo charnber ' ConÈact areas were 2 x

10-2cn2 and Au Èhlcknesses nere " 250Â.
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Measurenenta of current-voltagê characteristfcs were Perforn-

ed ln a l1qultl-nitrogen cooled cryostat wfth a reslstive heatlng eLe-

nenÈ r¡hlch nal.ntalned the tenperature wlthtn I 2'K over the range

100.K Èo 340"K durlng the nêasurenent. optlcal lllumlnatlon was

provlded by a GTE ELH Tungs ten-I{alogen lanp.

In Ffg. 2.2 rve show an example of the dependence of dark cur-

rent upon voltage under both forward and reverse bias condltione for

6everal vaLues of teûPerature.

In Flg. 2.3 we glve a tyPlcal exanple of Ehe curren!-voltage

cheracteristlcs on a lfnear scale for varl-ous lntensltles of oPtlcaL

illurnlnaÈ1on. flge. 2.4 and 2.5 show the dependence of currenË upon

temperature for Particular values of forward and reverse bfas volÈages'

respectively. The theoretlcal characterlstlcs in these flgures are

discussed ln the followlng sectfon. Flgs ' 2'6 and 2'7 show the

observed dependence of open-clrcult volÈage and shorÈ-elrcuit current

upon teEperature for three values of opÈlca1 lllumtnation 1nÈensity'

T1nally, ln Fig. 2.8 ts thown the dependence of shorÈ-clrcult culrent

upon open- clrcuiÈ volÈage for Èhree values of temperature' For a

glven Èenperaturer these cürves have been obtalned by varyfng the

optlcal tllumlnatlon lnteflslty.

The daÈa Presented in Flgs. 2.2 Eo 2.8 ls represenEative of

thaÈ obtalned fn a varleÈy of 61ûllar Au-N-tyPe G€ sËrucÈurea' The

characterlstlca were observed !o be 6Èable âgalnst aglng effects or

degradaÈton over the perlod of several weeks durlng which neasurenenls

nere betng taken. The errors confng fron each experinental polnt have

been neasured and the standard devlatlon found to be less than 1Z' No

accelerated llfe tests hâve yet been performed at eLevaÈed texûpera-

tures.



2.4 Dfscusslon

The results of Ftg. 2.2 trave been inÈerpreted both on the

basis of Èhe Schotlky barrler theory and p+t't junctlon Èheory' The

paraneters used in the theorettcal calculatlons are llsted ln Table

2-1. In the case of Schottky barrier theory' nqn. (1) ls assuned Èo

descrlbe the device behavLour, l.e. tl is assumed Èo be the donlnant

current. The adjüstable paraneter ln Èhe calculatlons ln thls câse l8

0b , the SchoÈrky barrler height. h'hile the experlnental reeults such

as Tig. 2.2 can be ¡ade approxlmately consistent wlth Eqn' (1) for a

slngle lemperature, the predlctions of Jt at olher tenperatures do

not agree wlth êxperlnent. The thernal acÈlvaElon energy over the

tefiperaÈure range of study predicted by Eqn. (1) 1s q(SO- V), since J,

- exp[-g($¡- v)/kt] except at exÈrernely hlgh tenperatures where the
2

T

tern enters in. ExperlEentally the activation energy 1s considerably

lârger than Èhis, as lndicâted in Table 2-2.

On the other hancl, 1n fnterPretlng results such as those of

Efg.2.2 on Èhe basls of P+N 3unetion Èheory' Eqn' (5) ls âssuned Èo

apply. That is, tfl thfs case J, 1s assuned to be the doxûlnant conpo-

nenÈ of current' Here â11 Paranelers are knor¿n with reasonable accur-

acy except for the hole llfetfme rp , which ls treated âs an âdjust-

âble paraneter. For thls lnterPretatlonr the actfvation energy fron

Eqn. (5) 1s approxfnately (E, - Cv) ' wtth the t, ln Èhe J3 -

expl-(E-- qv) I dependence arislng fron the "? term in accordance r¿lÈh
.B

Eqn. (3). Eqn. (5) ts found to be ln close agreernent with experlment

as deEonstraÈed ln the conparlson of activat{on eftergfes in Table 2-2'

The correspondence of the data wlth Ëhe FIN lunctlon theory of Eqn'

(5) 1s evldent 1n ftg. 2.4. The predfctlons of Schottky barrler
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theory, Eqn. (1), do not âgree wlth experlnenÈ, stnce the x0agnltude of

Ëhe slope 1n Flg. 2.4 te tn thle case too lon. Ihe vertlcal dlsplace-

nent ln ¡fg. 2.4 bètlteen . Èhe predlctlons for the Schottky barrier

theory and the experfioèntal reeults ls a eonsequence of deterninfrig 0b

aÈ a 10!¡ teoperature (200'K). The two curves wlll cross åt a current

nagnlËude r¡hlch ls well below those thohtn on this flgure.

Agreenent betneen the Pl-N JuncÈton theory and experÍment 1s

preserved for Èhe bla6 voltage dependence of the currenÈ and the âctl-

vâtton energy, provfded a contrLbutfon to the totaL current frorn space-

charge reconbtnatfon ls lncluded. Slnce thls comPonent J, , descrlbed

by Eqn. (2), has a weaker voltage dePendence than Jl , (exP(V/2VT) as

opposed Èo exp(v/Vr)), lts contrtbutfon under forward blas ls lûport-

ant only ât 1ow voltageê. Rhoderi'ck(5) nt" thown that the sun of

exp(v/Vr) and exp(V/2Vr) componenls can be approxiEated over an exten-

sive range of current by an exp(V/nVr) dePendence nlth I ( n ( 2 ' The

vâlue of n tlepends upon Èhê ratlo of the Pre-exPonentlal factors 1n

Eqns. (1) and (2). For a gfven fort¡ard blas voltage V ' the relatlve

lúportance of J, and J, also depends upon tenPerature sLnce the actlva-
E -oV

tlon energy for Jl ls (Eg - qv) ¡¡hereas that for .f, fs [32--.) slnce

2
JZ - nL and not n, .

Consldering the case of reverge blas, one can clearly ldentl-

fy tno ectlvaÈlon energÍes 1n Ftg. 2.5. At htgh ÈenPeratures t"- tg

whereas aÈ 1ow tenperâtures E, - E"l2 . Thls lndicsteê that J3 ls

dooLnant ln reverse bias for hlgh tenperatures (T > 250"K tn Ftg' 2'5)

and J, 1s domlnant at lower tenPeratures. The transltlon tenperature

1s not Êtrongly dependent on the applfed voltage alnce thê

(exp(v/vr)-f) an<l (exp(V/2Vr)-1) dePendencea reduce to -1 for V (( 0 '
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There w111 be a weak dependence on V because of the Èern Íã -vL/z 1n

the pre-expotential factor of Eqn. (2).(8)

Under opÈlcal lllunlnatlon a photocurrenÈ (J4) ts produced

whlch glves rlse to characterlstlcs such as those of Ftg' 2'3' The

temperature dependenee of the short-clrcul¿ current denelty of flg' 2'6

(Ir.lAJ4 with A the device area) may be understood in terms of the reduc-

tion in the energy gap with increasing temperature expressed by Eqn' (4)

and ltê attendant Lncrease ln the oPtlcal absortion coefflclênt at s1l

navelengths À . According to the Pl-N luncÈlori theory' the Photo-

currenÈ ilenÊtÈy JO glves rfse Èo an oPen-clrcult volÈage deterofned by

tr(uo")*J4-0'whereJlandJ2hâvebeenaggunedtobenegllglble

fn Eqn. (7). Substltutton of Eqn. (5) for J3 Leads Èo

voc

J¿ Na . to ,r/¿u""ii- iamü J j

kt ,-,J4 
Nd , 

tn .,t"1+ Lq '"t\-N; l qJ , q
(8)

E (T)
At sufffciently hlgh tenperatures' uo" " lil - CT wfth c a PoBlÈ1ve

quantfty whlch ls only weakly dependent upon ÈeEperature' The experL-

xûenta1 reâults of Flg 2.6 show Èhát the extrapolatlon of thls reglon to

T - O'K glvee an Lntercept of E'(O)/S , ln excellent agreenent wlth the

(8)
knor¡n value for the 0'K gap fn gernanlun'-' of o'74 e\ ' Thle provldes

aatdlttooal verfflcatlon for the treaÈEenÈ of Èhese devlces as lnduced

Ph{ Junctl.ons ' wfth currents obeylng Eqn. (5)' If the resulte of Ftg'

2.6 wete interpreted on the basls of the Schottky barrler theory' Eqn'
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(1) rather than Eqn. (5) ¡¡ould be ueed ln arrlving at the expresslon

for Vo" . In Èhls cåae the ooK tnÈercept should be equal to 0b ,

¡¡hlch le clearly not the case.

The dependence of open-clrcutt voltage upon short-clrcult

current obeerved ln Flg. 2.8 ls also conaistent wtth Eqn' (8), I,lth

I - AJ. and t ' t0-7 sec 1n agreenent wlth the value obtalne'l
ac4P

fron the ¿lark alata. The slope of !n Jscvs voc ln Ffg' 2'8 fs approxf-

nately 1.09, aone!¡haÈ gnaller thên those of îLg. 2.2. fhls lndlcates

some lnfluence of serfee reslstance effects LrL îLE' 2'2'

All of the data of ÊLge. 2.2 to 2.8 substantLate our clatn

that these Au-N type C'e structures are fn fact lnduced PfN Junctlons.

To aÈtefûpt to tnterpreE thelr behavtour ln teros of Ehe convêntfonâl

schottky barrler oodel of ther$lontc enlssfon of electrons leads Èo

several fnconsLstencfe8 nlÈh experLúent and to an underesÈLnate of the

true rschottkyr barrLer hetght. T:he rûeta1 FefÏtl eriergy úust lle consf-

derably Dore than 0.6 eV below the germanium conductlon band edge at

the surface.

It 1s expected ÈhaÈ the lnduced p+f,¡ gernani'.rn devlces of

Èhls study r¡111 exhtbtt sorûe advantåges over conventlonål dlffused or

lon-lnplanted gFN JunctlonÊ 1n gernanlum ln thelr aPPllcatlonê as

p;otodeÈector8. The absence Ln our structures of Èhe large acceptor

(p+) fopurlty concentratlons of conventLonal devlces Itlll lmprovè the

earrlerltfetlneinÈhesurfacereglonåndlrillenhancethequântuft

efflclency of Btrongly ebsorbed radfatton (À < 1'5 uo)' IÈ Eay å1so

result ln a reductLon of exceas nolse lntroduced by defect6 asBoclated

$lth the large cloplng concentratlons. llnalLy, one nay sPeculatè that

the ab8ence of large doplng concenÈratlons Eây give rtse to leee energy
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thegap narronlng because tn these lnduced

êffect6 of electro6teaf" fot."."t lorr( 
13 )

reglon.

PfN Junctlon dlodee only

wtll influence E, Ln the gf
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TABLE 2-I Paraneters used fn Iheoretfcål CalculaÈtons

NOIATION VALUES

A

A*

devÍce area

Eodlf led Rlchardeon coû6tant

conatants tn Eqn (4)
for energy gap

Etrergy gap at OoK

Planck constan!

Boltzmafifi constånt

density of ataÈee
effectfve maes of electrons

densfty of stêÈes
effectlve nass of holes

donor doplng concentration

diffuslon coefficlent for holes

noblllty for hoLes

llfetlne for hole6

2 x 10-2cm2
-n -,50 Acn -K -

4.56 x 10

210'K

O .7 412 et'l

-4

6. ó3 x 1o-34J-sec

8.62 x 1o-5 ev/'r

0.55o- = 5.0105 x ro-31xe
o

-410.37mo = 3,3707 x 10 -'KC

2. oB x 1015 cn-3

47 .238 en2 s-l at 300"K

-t -1 -1t826.68 cm 'v ^S ' at 300'r

10-7e obtatneal by fltttng

to experlmental result8 for

V > 0 (recomblnatlon
1lfetlne).

b

Es(o )

h

k

*
n

e

*
qL

h

Nd

D
P

u'p

T
P
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'LABI"E 2-2 Actlvatfon EnergÍea

t+N Theory SB TheorY These exPerlnent6

Ea, (ev)

(Ref. Ftg. 2.5)
0.67 0. 60 0. 66

na, (eV)

(nef. Ftg. 2.4)
0.64 0. 57 0.63

Eê3 (eV )
(Ref. Ftg. 2.6)

0.021

0.026
0.041

0.151 0.019

0.026

0.038
r46
091

0

0

Es(0 ) (ev)

(Ref. Fle. 2.7)

0.7 4t2 0 .60 0.7 44

0.743

o.7 42

ål

" a2'

e5

E (0) !g'

AcÈlvatfon energy calculated fron T-L/T

at reverse blas voltage -2.0V

AcÈlvatfon energy calculated fron I-1/T
at forward blas voltage 0.08V

Activatlon energy calcualted from

lsc - L/Î at three dffferent optlcal lntensltfes.
Energy gap for ooK determlned at three different
opÈlcal lntensltles from voc vs T .
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CITAPTER 3

INFLI'ENCE OF }ÍINORITY CARRIER LIFETTME ON

PERFORMANCE OF PIIOTODETECTORS

The unlque transPort mechantsn ln a Au-n tyPe Sernanlum

lnducecl-lunct fon devlce under dark condtttoris hâs been lntroduced ln

the prevlous chåpter. Thfs characterfstlc of the devlcê has also been

clted as responslble for lts Potentfal ae a long-wavelength Photo-

detecÈor, ln addltton Èo lts lnexpenslve and nondestructlve fabrlcatlon

proceases nhlch contraat r¡tth those of the quaternary conpound eemÍ-

conductor devlcea, for exanPle.

A revlew of Èhe effecË8 of the nlnorfty carrler lffetlûe on

the perforEance of exlstfng Photodetector8 nll1 be preeenÈed ln thls

chapter. Thfs wfll aerve to underllne ltê Lnportance as a long-

wavelength photoiletector tn recently developed oPtlcâl-flber connunLca-

tlon systene, and r¡l1l provtde EotfvaÈlon for Èhe fundaoental studLes

of Chapters 4 and 5.

3.1 Physlcal Background

Durlng Èhe early years of senlconductor setence, the physfcal

procesêea of charge carrler generatioa and reconbÍnaÈlofi received a

great deal of attentlon because of thelr LEPortance ln the understand-

itrg and characterlz aÈ1on of aeniconductor ßaterlals and devlcee.

Although ¡oreh of the reseârch dl'rectlon has slnce shlfted to other

areas due to Èhe lúprovement of Eåterlal quallty, the demands on devlce

perfornance and wafer quallty are stlll Lncreesing. FurtherDore '

characterleÈlc nfcrodefecte assoclated wlth a varlety of 6enlconductor
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alevfces hsve been attrlbuted to varlOue production processes assoclated

roafnly with the heatlng and doplng stePs tn fabrfcatlon' This tnherenÈ

llsltatlon has broughÈ âbout renewed efforts ln baslc rêsearch on

Eaterlal defects and lncreased atÈentlon Èo the subJect of carrler

recoDblnatlon llf etlne.

The usual definitton of carrler recoúbfnatfon llfet1ne 1e Èhe

tlne requlted for the excess (nonequtltbrfurn) chârge cârriero to decay

to a factor l/e of lts lnftfeL .,"1o"(1), after the external stlmulus ls

renoved. The physlcal defects nhfch are fnherent to devlces Provide

the EaJor paths for charge decay or reconblnatlon' wlth the excess

energy belng converted elther to Phorions or PhoÈons; Èhese are referred

to ês nonradlatfve and radlative reconblnâÈlon resPectfvely. DePêndlng

upon Èhe regl.ons (space-charge reglon or quasl-neutral region) where

the reconblnáÈlon occurs, the æasured values of carrler llfetlne ln

wlde1y-known êènfconductor deviceg varles froú 10-12 to to5 
"""'(2)

I,¡htle these ilefecËs can be reasonably conEl,olled and largely elftnlnated

by uslng rcdern procees Ëechnology' thelr effects on the electrlcal

paraneters of the devlces and thelr perfornance cannot generalLy be

neglecÈed. We focus here on the under6tandlng of the fnPact of carrLer

llfetlne on optoelectronle devlces, eepecl'ally photodetectors of the

lndueed- Junctlon tyPe, ln whlch the dark current ls due to nlnorlty

carrlere as shown ln the Prevlous chaPÈer. DLscusefon of the physlcal

Dechanlsms of carrl.er reconblnâtion and the characterLzatlon of carrler

llfettne rrtl1 be deferred untfl the next chapter.

Ig ls lrell-known that the reconbinatl'on llfetfne of the

excess charge carrlers hâs a oâJor inPact on the cherêcterlstlcs of

ûost senlconductor devLce8. Dependtng on Èhe aPPllcaÈLonsr a varlety
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of devlcea, such as 8olar cel1sr photoconductors and lnjectlon laser

dlodes have been satl€factorlly rcdelled by ernploylng the aPproPrfate

reconblnatlon statl6tlc8. It Eay be exPected that the actlve lâyer ln

these devfcea fs 1n no6t cases sufficlently lârge that the dlffuslon

length (deternlned þ ltfeÈlne) Ls of cerìtra1 lmportance, otherwlse

(for narrow acÈive reglone) surfaee or lnterface recoroblnatfon becones

donlnant. Detalls of these conslderat!.ons can be readlly found ln
/â-<\

varl.ous textbooks. \'-'l In thls chapter, we explore sone effects of

excess charge carrler llfetlne whlch are dlrectly reLated to the

behavfour of êvalanche or PIN PhoÈodetecÈors. Although a conpronlse

Dust be oade between the êpeed of responee and the galn of theêe

d.evlces, lt ls assufûed that the thlckness of thê actlve layer (regfon

of hlgh electrlcal field) ln photodetectors ls lri excées of the dtffu-

slon length, trtth r¡hlch the signlflcant effectê of (volune) carrfer

llfeÈtne are concerned. Slnce these phoÈodetectors oPeraÈe under

reverse bfâê voltages, the excess carrl'ers are created prloarlly fron

the lncldeflÈ llluElnation lntenelty aecording to the forn of thè oPtl-

cal pulsea. If lde treglect the effects on carrler ltfetlne of the hfgh

electrLc fleld and the pulses are assuned Èo be of sufflclefrt duraÈLon,

we oay dfscuss Èhe consequencee for Pèrfornance of the carrler lffe-

ttne. Thls chapter therefore revlews Ehe e:.tsting theory of reconblna-

Èlon lLfeÈlEe anct applles lhese conelderatfons to the understandlng of

Èhe behâv1our of photodetectors.

3.2 Consequênces of llfetlEe for Photodetector Performance

The oPeratlon of Photodetectors ls based on the photoelectrfc

"ff".t.(6) 
The perfornance of PhotodetecÈors r¡111 be deternlne't by the
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followlng fåctors3 (1) nolse, (2) quanturn efflclency, (3) photoreePonse

tLne, and (4) gafn. Each factor hae lts own distlr¡gu''shlng characÈer-

lsttcs rrhlch Eåy be dlrectLy or lndlrectly related to the carrLer llfe-

tlne. Based oo the geonetrical 8Èructure of avalanche and ?IN Photo-

detecÈore. I{e n6t address these factors fn turn.

3.2.1 Nolse

Senlconductor detecÈors are lfnlted by the nlnlnum radlant

power whtch they cân deÈect due Eo the presence of noLse' The nolse

rnay arlse tn the detector ltseLf' ln the radlant energy to Irhlch the

deÈecÈor responds, or 1fi the electronlc systen followlng Èhe detector'

Here, we are LnteresÈed ln the fiolse lriÈernal to the deÈector' The

renalnder of the notse sources are not treâted here¡ see Motchenbacher

an¿l Fltchan(7), van vu.t(8) for d.talls.

In addltlon Èo Èhe lhernål (Johnson) noÍse, there are three

bi.as-dependent excegs nolse æchanLsns in Eost semlconductor devlces.

These are generaÈlon-recomblnaE lon nolse, shot nolse and fllcker nolse.

Regardlng the PN lunctloris and Schottky barrler photodetecÈors, hte

focus on ehot noLse, whlch arleee fron randonness tn Èhe dlffuslon and

drlft of carrlers due Èo the reverse blas voltage. Thls ls usually Èhe

donlnant noLge gource ln these devlces. Multtpllcatlon nolse arlslng

fron lnpact fonlzaÈlon Ln âvalanche photodtodes wfll also be dlscussed

be 1ow.

(1) Shot Nolse

In general the rns shot nofse currenÈ ls glven by
(e)

r*- L(2er + aqro)nll/2 (1)
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nhere B Ls the neasurenent bêndwldth' I la dlode current' Io 18 the

reverae blae saturatloû current and q ls elecÈron charge. Under euffl-

cLent rever6e blas, I - -Io and Eqn. (1) becones

r* - (2qror)1/2 (2)

As ñentlonêd Ln a prevlous chaPÈerr the saturatfon currenÈ Io 16

related to carrLer llfêt.fn€ by

qNlw
ln the space-charge reglon (3)

or

I
o

"P

Ln the neutral reglon (4)

where Nl 16 lntrlnsic carrler concentr¡rtlon' I.{ 13 the wldth of the

depletlon reglon, q 1s electronlc charge, Nd ls the lDpurlty doPlng

concentratlon, rp 18 the nlnorlty carrLer llfetlne (for holes) and UO

ls the hole nobtlfty. (Refer to Chapter 2)

Slntlar resulte ln PN Jurrctlon dlodes which show Èhe rever6e

saturatl.on current to be carrler llfetlne-dependent can be found 1n the

paper by p"rr.(10) obvlously, the nolêe current ls fnversely ProPor-

Èlonal to (a fractlonal- power of) the carrLer llfetlne. The signal-Èo-

nolse power raÈto (sNR) ls dtrectly Proportlonal to the carrler l1fe-

tLBê. Ueually at hlgh temPerature, the thernal nofge le donlnant;

nevertheleBs, Èhe carrler 1lfêtfEe playe a role in the nolse current

êlnce lt aleo depends upon the tenPerature. Thts 1g dtscussed belo¡t'

_ ,,ltett uo)1/2
I -:-O N. Tdp
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(2) I'tult tpltcatlon Nolse

Uultlpllcatlon noLêe arlseÊ fron the Eechanlsn of lnPact

lonlzatlon ln the epaee-chårge reglon of avalanche phoÈodlodes under

the hlgh electrtc field. Uaually the trånslt Èines for the carrlers

through the avalanche reglon are ao short (typfcal!-y 10-11 sec)thatltls

reaeonable to neglect reconbfnaÈlon (carrler llfetfne typlcally 1s

-qlargèr than 10-o sec). Thue, there seens to be no dlrect effect of

carrl.er llfetlne on nlltfpllcatlon nolse regardlees of Èhe excftatlon

frequeûcy (f > 10 Mtlz ) consttlered.(11-13)

3,2.2 Quanturû EfficlencY

In photodetectors' the quantuE efflclency ls deftned as the

nunber of electron-hole pairs generated by an incident phororr,(14)

IP
. = <fr<frr (s)

nhere I fs the photogenerated current due Èo the absorptfon of fncl-
p

den! oDtlcel polrer P at a wavelength À , whlch corresponds to a Photon
p

c
energy hv " h i . Due to the reflectlvlty of the surface of Èhe photo-

detecÈor, the quantum efflclency fs belo!¡ 1002; anÈf-reflecÈlon coaÈ-

ings apprecíab1y reduce this loss of the incídent power. Therefore' the

photogererated current Ip fe the factor which deterûlnes the quantum

efftclency.

In the PIN Photodlode, under Eteady-state condltlonÊ' the

total current denêlÈy Jaoa (1.e. PhoÈogenerated current density)

through the reverse-biaseal depletfon layer t" gt.'"r, by(14)

J.oa-Jdrtfa*Jdtrr (6)
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fn whlch

ltw
Jd"tft--q/ c(x)¿x = -o /o ôo c e-o* d*

=qoo(1 - "-ow)
(7)

¡¡here G(x) 18 the electron-hole photo generatfon râte' o fs the optfcal

absorptlon coefffclent anil fs a functlon of lravelêngth' v{ ls the wldth

of the depletlon layer and Oo ls Èhe lncldenÈ photon flux denslty'

- (14)
AIso,

AP

Jartr = -q on [çg)=l,|

cL -- D

- q ao[I+a+i.-o* * c Pno(T¿) (18)

where L - /îî le the dlffuslon length for ofnorlty carrlers
P PP

(holes) through the bulk n-reglon. Dp ls the dlffuslon coefflclent for

holes and P ls Èhe equlltbrluo hole denslÈy. fhus,
no

-qW
e (e)J = o ó (1 -tot ' o' 1*cLp

) + q pno(#)
P

The quantun efflclency can be obtalned fron Eqns' (9) and (5) under the

assunpÈton of a negllglble Prro

-al,l -cW
e

D

=1--e
lio I-p ffi-D'rPP

( 10)
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For htgh quanÈum efflctency, â large Dlnority carrier llfetlûe ls

deelrable for a flxed fncident lraveletgth; honever the Elnorlty carrler

llfetlne Dakes no slgnlffcant contrlbutlon to Èhe quântr¡n efflclency as

long as aI{ )) 1. For example, for our Ge Photodetectors wlth a (300"K)

= 4 x 104cn-1 "t " ,r.u"l"ngth I = 15.5 ¡.o, Dr- 47.24 "t2"."-1 
ltfth rp

-6
= 2.5 x 10 - sec (eee Chapter 4) and cI{ = 10r î = 1' neglectlng reflec-

tton 1osse6. The same reeult can easlly apply to a Sl PIN Photodiode'

Therefore in thls câse the Elnorlty carrler ltfetlne has llttle

lnfluence on Èhe quanÈuo efftclency provlded oPtlûlzed condftLons have

been reached beteteen the translÈ tlBe ånd the dePLetlon nldth'

3.2.3 Photoresporise Tlnè

The phoÈoresPonee È1me ls deflned as the tlne spent by the

nfnorlty carrler wtthfn the actlve regfon of the Photodetector before

being collected. Thls deterElnea the bandwldth for the photodiode'

obvlously the reapofìse tfne depends on the carrier saturatlon velocfty

under hlgh reverse bfas. rt can be 
"hotn 

th"t(15-16)

frU, - o.44/t, for PIN PhoÈodlodes (11)

f3uo = o'59/tu for avalanche photodlodes (L2)

where f-- ls the 3<lB cut-off frequency (r.e. lrnl = 1//2 , FR = Fre-
'3dB

quency Response) and td = drlft tlne.

The above teTo equaÈlons were obtalned þ solvlng the trans-

port equaÈlons assuofng Èhe foLlowlng tito conalltlon"'(15) 1f) no trapP-

fng effects, (2) the translt tlne of Èhe carrlers âcroaa a Junctlon ls

nuch shorter than the b¡lk reconbfnatlon llfetine. for the laÈter

case, under an êpproPrlate reverse-blas voltage and aeauntng nodern

Èechnology ln devlce proceeslng, these condltfona are ueually eatls-

fteat. For the forner cêse' the natheEatlcs are quite conPllcâÈed' It
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ls not clear nhether the ninorlty carrler llfetfne Provldes any slgnl-

flcânt contrlbullon to Èhe PhotoresPonae tLne 1n general' The deÈalls

of these resulte ntll be Preeented for further lnvestfgatlon.

3.2.4 Galn

For broadband opÈfcal slgnal detectlon, âvalanche photodlodes

lrith a bullt-tn gatn æchanlsn are useful ln overeonLng the thernåI

nolse. Thfs gafn can be obtalned bry E¡lÈplylng the oPticelly generated

carrLere vla 1Ápact lonfzatlon. Stnce thls Procees fs randorn, addl-

tlonal nolse ts lntroiluceal and thls E¡ttlPtlcatfon notse hae been

prevlously di""o"".d.(13) A" f"" as the galn ls concerned, the ûr1tl-

pllcatfon factor M ¡¡111 be consldered as the Princlpal factor tn deter-

Elnlng the galn. Also, the nultlPllcatlon facÈor M ls dependant on the

lÉpâct lonlzation coefflclents for electrons and holes tn the hfgh-fte1d

reglon.

The nechanlsn of lnPact lonfzatl'on can be slnply regarded as

arlElng fron a chaln-reactlon due to the accelerated prloary carrlers

¡rhtch ûrltlply to create eecondary electron-hole Palrs ln the hlgh

electrlc fteld reglon. The ntrnber of lonizlng colllslone per unlt

length 1s terned the lonlzatlon coefflclent q.

Thfs coefflcient ls an averaged vlaue because of the randon

ûature of Èhe procesÊ. Basfcally, on ttd op can be neasured fron the

experlnental alaÈa and have been found to be' dependent on Èhe applled

ft"ld,(17) crystal orlentaÈlon' 
(t8) a"to"r"au""(19) ând Èhe doPlng

proftt.(20) of the depletfon reglon. The latter factor 1Ê actually

lnterrelaÈed to the electrlc fleld vta the doplng dlêÈrlbutforì. Both

a and a can be approxtoåted b,(21-23)np



c! =c exD(-A /lFl)dn nó n" (13)

c =c exp(-A /lFl)dppæP
(14)

where c i c , A, A and d 8re obtalned by fltttng to exPerLnenÈal
nænp

ilâta. They are dependent oû Èhe ÐaterLal and d 18 aPProxlÐåÈeLy unlty

for nost photod.a""to"" . 
( 15 ) F ls the electrfc fteld an<t usually ls ln

tL7
the range of 10" - 10' volt/cn. lt fs obvtous that the lonfzatlon

coefflctents r¡l1l lncreaee for Lncreaslng electrlc fleld' Regardlng

the tenp era tur e- dep enden"", G"trrt(24) has found ÈhaÈ the consÈants An

ancl À are lfnearly ProPorttonal to tenperature L'lÈh Èhe result Èhat
p

the lonlzaÈlon coefflclents decrease when the teEpefature 18 lncreased.

It has been recently reported that the thernal enlsslon (lonl-

zaÈlon) rate r¡111 be enhanced in the htgh-ffeld regfon regardLeê8 of

whether Èhe center 1s coulonbfc(Z5) o" ,r",r4,"1.(2ó) thts le called the

poole-Frankel effect and hae been used to lnterpret the detrapPlng of

trapped carrlers arlsi'tg froE tllted energy bands due to the electrlc

f felal () 104 volt/cn). For exanple, the thernal erlssLon rate for

"1""t 
rorr" 

( 27 ) l"

E -AEPFOiIei' = ei exp(- 

-kr 

)
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(15)

and

ant = q( -L* ¡1l2 (16)
ÊE o

In thts roodel the correctlon AEt dePends only on the long-range portlon
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of the center potential. q lE the electronic charge ' F le the electrlc
*

f lelat and e and e are Èhe dlelectrlc constâflta for the senÍconducÈor
o

anal the vacuun reapecÈlvely. T'he lncreaalfig enlsslon rate reducee the

net recomblnâtlon raËe ¡¡hlch lncreaees the effecÈlve llfetlne. This

posltlve effect on the carrfer llfetfne 1s opposlte to the negatlve

effects due to lncreasÍng lonlzatton coefftclents. Thus, Èheêe are

lndependent æchanisns \thich reâct tndlrectly to Ëhe electrtc fteld'

Therefore, there 1s ûo direct effect of cerrler tlfettne on the lonLza-

tlon coefficfent.
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CHÄPTER 4

MINORITY CARRIER RECOMBINATION IN GERMAI{IIJM - PTTYSICAL

MECHANISI,ÍS AND EXPERIMENTA], CHARACTERIZATION*

the lnduced- Junct lon devlce fntroduced I'n the Prevlous chaP-

Èer (Chap. 2) ts a unLque structure for the lnvestlgatfon of the recon-

blnatton oechanfsns responslble for the ElnorLty carrler llfetlne. We

have already seen that thls paraneter and fts dependence uPon tenPerå-

türe, optical lnteuslty arid waveLerigth, etc. are of fnPortanÈ 1n the

optlElzaÈfon of photodeÈeclor atructures.

In thls chapter ¡te take â fundaDentål look at the recombfna-

atlon process prlnclpally usfng an experlnental nêthod entltled

forward-current lnduced voltage decay (FCVD). Further lnfor$âtfon 1ê

potentlally avallable uslng ariother neasurenent Eêthod' Photo-lnduced

open-clrcult volÈage decay (PoVD). We dtscuss the lnfornatlon obtalned

by Èhese tno úethods, and Èhe characterizat lon of the germanl'r¡m naterl-

als and devlce8 r¡hlch results. i'te further are abLe to nake sone

academfc Ju¿geneflÈs whlch concern the valldity of existlng recornbina-

tlon nodels. Theee Judgenents are of beneflÈ to those research llorkerÊ

who ¡¡fsh to oodel photodetector devlces and gemlconductor nêterials'

4.1 Forward Current Induced Voltage Decây (FCVD) Method

4.1.1 Phyetcal Background

The orlglnal phenomenologlcal theory of Shockley trrd n""d(l)

anil of ltallr(2) wttct ls generålly referred to âs sRH atatlsÈlcs or the

SRH nodel, has found wlde appllcatlon Ln seniconductor devlce charac-

terl.zatlon. The taJorlty of Èhe exPerlnental Ìtork valldatlng thls

*Part of the contents of thls chaPter have been publfshed as Y.K. Hsleh
and H.C. Card, "Recomblnatlon ln Gernânlun: voltåge Decêy ExPerfnents
on Induced-Junc t lon Devlceg and Valldfty of SRH Mode1", Solfd-StaËe
Electronfcs, Lû press for 1984.
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nodel ts re8trlcted to a slngle ûeasurenent teEPeraÈurer or to l-o!t-

level lnJectlon condltfons' or both. Vârlous authors have ÊPecuLated

that the orlglnal assurnptlons 1n the SRH treatúent are êxPecÈed to fall

under extrene conditlons, such as hfgh-leve1 lnjectfon (see' for

exanple, Refe. 3-5).

A proven technique for unanblguouê carrLèr llfetlne neasure-

!ûeûts ls the fornard-current lnduced voltage-decay (FCVD) exPerl-
(6-8)

nent.'- -' Thls nethod requlres an fnlectlng pn lunctlon Ln order Èo

readlly establfsh Èhê dlstrlbutlon of excees nlnorlÈy carrlers Ln the

oâËerlal. The fabrfcatlon proeedures for creatLon of the pn Junctlon

nay ho!¡ever fnterfere wlth the lntrlnslc Eaterlal proPertles one Ís

atÈeDpttng to neasure, for example by lntroduclflg uÑtanted lnpurlties,

dlslocarlons, or other defects âs a conseqeunce of the elevated Pr,oces-

slrig tenperaÈures and the heâvlly-doped reglons.

I.le have fnÈroduced a gennanLum devlce ln the prevlous chêPter

for appltcatlon as a PhotodeËector ln fiberoPtlc syatens' whfch pro-

vlilee for the same nlnorf ty-carrfer lnjecÈlon ln forward blas as a pn

lunction without the teed for the doPed p-tyPe reglon. Thi.s devlce ls

referred to as an tnduced Pn junctlon; the surface reglon of

noderately-doped n-type gerEaniun ls lnverÈed to P-tyPe by the Presence

of å thln (op tlcally-tranÊparent ) layer of Au as a consequence of I'ts

large nork functlon. The elecÈËonic ând oPtlcal ProPertles of thls

devlce have been de6crLbed prevlously, alorig lùlËh a deflnltlve experi-

nental proof of the pn Junctlor¡-llke b"h".'lorlt.(9) The lnduced pn-

Jurictlon ls not a nen tdea ln photodetector Èechnology; lt was enployed
(10)

for exanple wlth PbTe and InAs E¡ch earller.'
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The purpoee of thls lnvestigaÈlon 1s to under8tånd the recolt-

bfnaÈlon nechanLens tn high-qualfty gernanlun materlal' Éuch å8 thaÈ

enployed 1n the fabrlcatl.ot of PhotodetecÈors, by FCVD roeasurenenÈs on

these devfceô. The practlcal fnportance of thls nork ls that for

lnfrsred photodetectors ln gernanLurn, the carrler llfetlne fntrlnslc to

the ûåterial nust be known as ¿ functlon of both the temPeraÈure and

the 1ljectlon level fn order to optlnlze the devfce and system deslgn'

One nåy be tnterested ln the behavlour of cooled detectors in order to

reduce detector nolse. Even ln gerr0anlum detectors not of the lnduced-

Junctlon type, the lûtrlnslc recomblnatlon Proceêaea deflne â naxLnun

carrler ltfetloe. The Eclentlfic lmportance of Èhls work 1s that the

present results Provlde a coroprehenelve exaninall'on of the valldlty of

Èhe SRIi recomblnatLon model. The wlde range of tenperature6 and lnjec-

tlon levels lûvestigåted ln the exPerlmenta' and the self-conslst ency

of the d.aÈa wLth crosÊ-secËlons suPported by quanElÈâÈ1ve theoretlcal

argufûenÈÊ, fneplres conslderable cooffdence ln the SFJI model, at least

for these germanÍun sanplee, over a wfde range of cofìdftlons'

4.L.2 Experlnentâl Deta118

The alevfces enployed 1n thls study \tere fabrlcated by the

evaporatlon at 10-6 torr of golal thtn flLns onÈo noderately-doped

n-type gern¡¡nlufû slngle-cryatal wafers. Ttre Au conÈact areas ¡rere in

the range 1-3 x 10-2 ct2 çclrcular elecÈroales) anil the Au thlcknesses

nere c 250 Â The gerroanlun wafere were (111) orlented n-type

rnaterlal, obtalned fron e'eneral Dlode CrorPoratlon, Sb-doPed, lylth a

epeclfieil dlslocatlon denstty of 3OO0 .t-2, and were 350 t 10 un 1n

thtckriess. The geroanlum gurfacee Îtere cheElcally-prepared, and Èhe

doping concentråÈlon nas Nd ' 2'08 x t015 "t-3 
t" deternlned fron hlgh-
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frequency capacltance-voltage meaeurenents. Near-1deal current-vo1Èage

behav!.our rcas obaerved. The rschottkyr barrler heights st the Au-Ge

lûÈerface ¡rere Lo excess of 0.6 eV; the gerraanfun surface reglon was

hence aÈrongly-lnver teal and Èhe conductlon ln forward blas tlas doû1n-

antly hole lnjectlon aa ln a Ptn Junctlon. I{e refer to these devlces

as lnduced- junct lon illocles; their d.c. Propertles have beea reported

antl dfscueseal lri coûefderâbIe detall "l".rrh."". 
(9)

The open-clrcut! volÈage decay, followlng the teñ0lnatloo of

an apptled (tlark) forward current densfty J, , was roonltored durfrig the

return !o equlllbrlum. Thls Èechnique ls terned the forw¿rd current-

lnduced voltage decay (FCVD) Dethod. DeÈâlls of the aPParatus have

been descrlbecl by nany åuthors' for exanple by lederhandler and

Clacoletto.(6) oor e*perlûenÈs follonecl thelr nethod closely'

APProxLnåtely 50 sanples have beer¡ fabrlcated and the

behavfour of the naJorlty of these devlces ltere very slnllar' The

resulte presented belo¡¡ ate typlcal of Èhese 50 devLces' The charac-

Èerlstfcs nere stable nlth tfne; provtded Èhe surfaces l¡ere cleaned 1n

nethanol prior to the deposition of gold no appreciable ageing effects
were observed.
4.1.3 Experlnental Result6

An exanple of the ra¡¡ data for the dePer¡dence of the open-

clrcuit voltage Vo" ot tlme for the devlcee ln thfs study ls glven ln

flg. 4.1. The Partlcular reeults of F1g. 4.1 were obtalned at a

teúperature T of 300 K. fhe experLnenÈally-obêerved decay of Èhe open-

clrcult voltage followlng the ternlnatlon of the current pulse 1s dee-

cribedrforÈ<3¡erbY

kTr (1)
9"Poc

v
o
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nlth an error of < 52. Thfe ts Predlcted by the slùPle theory for

FcvD(6-7) and leatle co the aleterminatlon of the reconblnatlon ltfetlne

for holes, t- , ln Èhe n-tyPe geroanfum.
P

The dependence of the hole llfettne on the forl ard current

denslty (or lnlectlon level) J, , whlch was applfed to esÈabllsh the

lnttlal value of Vo" , 1" shown by the daÈa polnts ln îLE. 4.2, for T =

3OO K. In Ftg. 4.3 we sholt the dependence of t upon temperaÈure for a

Particular lnjectlon level (J, = 1'2 mA "t-2¡ 
f" the forn log rp vs

:-ll thLs corresponds to a 1or¡ lnjectlon level accordlng to Flg'

4.2, ae explafned ln the next sectlon. FLnally, Fig. 4.4 lllustrates

Èhe dependence of Tp upon the exceas cârrier concentratlon8 a! the edge

of the epace-charge regLon, whlch hae been deterúlned fron neagurenentg

of r ve J- at three neaaurenent tenPeratures.
P!'

4.1.4 Dlscueslon

In Èhe lnterpretâtton of the experlBental reaults presented

above, we enploy the statl6tlcal SRII recomblnatlon nodel whlch Predlcts

a net reconbfnåtlon raÈe of(l'2)

2

(2)

where rno = (úp vth Na)-1 and ,rro = (oo vth Nr)-l ' rrlth Nt the volu¡ne

concentratlon of reconblnatlofi centers' on and or, Èhe caPÈure cross

sectfons of these cettera for holee and electrons resPectlvely, and vth

the therfûaI velocfty of free holes ¿nd electrons, aasuned to be equal'

p ârid n are the hole and electron concentratfonsr nl 1s the lntrlnsfc

carrter concentratlonr and

pn_ni
" too(n+nr) + rrro( Én1)
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E - E.. t L.tl . tl exP (-kT ,)
(3)

F -É

P1 = o1 exP(åi.j) (4)

nhere Et fs the energy level of Èhe recoBblnâËlon cenÈers and E, ls the

lntrlrslc level (near nldgap ) .

The recoroblnatlon llfetlDe for holes fs glven by

P-Po
'p U

(5)

where po te the equlllbrlun concenÈratlon of holes. In Èerns of the

exceaê concentraÈLons of holes and elecÈrons ÀP and An resPectlvelyr !'e

have thât p - po + Ap and n = no + An, where outslde the space-charge

reglon ln the senlconductor t to 'Nd ' Èhe doPfng concentraÈlon of the

û-type gernånlulr, and po = ,rr2/Nu fo" the tenperature range stu¿lÍed ln

thfs paper. Also An = Ap tn thls reglon as a consequence of space-

charge neutraltty. ( 11)

We aesune, on the basls of out observâtlonsr that å elngle

trap sÈate or recoûbLnatlon cenÈer dorolnatee Èhe reconblnation process

ln our deviceg. fhe energy Et of Èhls 8Èate ts assuf0ed to Produce the

lnequalltles

11 )tO))no)p, (6)

In other uorils Ea 1e aseumed to lle well above the equlllbriun Fertnl

level ln energy.

Conblnlng Eqo8. (2) to (6) lêads to
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rDo (!+n1) + rno (plpl)
P----_----;-

".no(, *\ * 
"rro<$l

In low-level fnjecÈlot (p (( n) thlg reduces to

(7)

(8)Tp T +(1
nt
__t\¡'Po

and for hlgh-level lnjectlon (p È n >> n1) to

r ! r + r (9)ppono

For lnter edfate fnjectton levels, the full expressfon of Eqn. (6) ts

requlred .

Urider condlttons of 1ow-leveL lnjectlon' eqn. (8) nay also be

expressed as

'p ' 'po ¡' * "*n¡LP')l

E -E E -E.
= ,oo [1 + exp(Jfj ""P(år9,)]

E--E^ N^

" rpo 11 + exP(fu-:)(\,)J (10)

nhere we have ueed the result for lo¡¡-level fnjectlon conditlonê and

assuELng conplete lonLzatfon of donors, that Ec - Efn - kT f'n(Nc/Nd) .
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Iû these expreeglons Nc is the effectlve denslty of 8ÈâÈea ln thê con-

ductlon band glven by

*2nn kT
n

h-
N - 2fc\ )3/2

= 1 .04 x ro 
19 qÅ.¡3l2 "r-:

( 11)

( 12\tor gernan:-um.'

The experloental actlvatlon energy tn Flg. 4.5 based on Eqn'

(10) and Èhe data of Ftg. 4'3 for tp v8. T , leads to the concluslon

that the recoroblnåtlon proceeds through a single traPplng level wlth an

enercv E. 'E - 0.128 t 0.008 eV. In obtalnlng thfs result' adjust-
EC

ments to the data Polnts ln Ftg.4.5 were nade to take account of the

(weak) tenperature dependencê of rpo , dlscussed beLow. Note thaÈ this

recombfnatlon 1s presuned to occur prlnarily fn Èhe quasi-neutral

reglon of the eerûlconductor. There ls an lnltlâ1 phasê after the

termfnaÈlon of the applled current pulse whtch ls very rapld on Èhe

!1me 6ca1e of these experfnents durlng whlch exceas carrlers ln Èhe

epace-charge regl.on are renoved fron Èhls reglon, both by the htgh

electrlc flelds an¿t by space-charge recorûbLnâÈtorr.(13) !¡e are not con-

cerned wlth this phase Ln the Present PaPer.

I,Íe nolr enploy the Shockley aPProxlnatlon(11'12) Èo evaluate the excess

carrler coocentratlon êt the edge of the sPace-charge reglon' We

therefore have lhat

AP-An=
L J.pt
--õ'-'p

(12)
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where Lp = {oo "O)1/2 
and !n r Dp are the dlffuelon lengÈh, dlffuelon

coefficlent, reêpecttvely. On the basl6 of Eqn. (12) one cân therefore

plot the dependence of tO uPon AP = An , and this has algo been ehown

tn Flg. 4.2. The dtffuslon coefflclenÈ oo = (kT/e)up where the 300oK

hole noblLfty has been Èaken to be 1900 .ttu-t"-t for our doplng con-

centraÈ1on, ln the calculatlon of îlg. 4.2. Since the hole llfetlne rn

ts dependent upot the lnlecÈlon level according to Eqn. (7), the corre-

spondence beÈween Ap and J, was based upon a Partlcular lnjecÈ1on

level; lhls ls lndlcated by the arrolt tn Ftg. 4.2. Sfnce tO varles by

1e6s Ëhan a factor of 2 fron Èhfs value, the nagnftudes of Ap = An 1n

Ftg. 4.2 ate accurate to a factor of aPProxixtêt e]ry y'2 , accordlng to

Eqn. (12). Conparlson fs nade wlth Eqn. (7) for Èhe value of Ea (and

hence nl ) glven above; the reeult ls the dashed lfne referred to as

theory 1n rLg. 4.2.

Fron the results of Ftg. 4.2 a¡d Eqns. (7) to (9) ¡¡e âlso deduce Èhât

r - 1.70 10.02 x 10-6s and t = 2.98 10.02 x 1O-7e at T - 3OOK.no po

The calculatl.on of Eqn. (7) wlth these paraneters at T = 125K and 200K

(Èogether nith the 300K result) are shorsn by the solfd ltnes fn Flg.

4.4, which conpare very favourably wfth the experlmental Pofnts.

I{e have a18o exanlned the ternPerture dependence of tO ln the

Iow-temperature reglon under lolt-Ievel lnjectlon condltlonê, for r¡h1ch

cåse \ (( n and "p ' 
tpo ' These resulte are shown tn Flg' 4'6' Fron

thls ffgurê, r¡e have extracted ên actlvatlon energy for the hole cap

ture cross-aecÈlon of AE - 0.029 I 0.003 eV, where we have used rpo =

-1(*, oo uan) -, and have assumed Na Èo be lndepèndent of tenperature'

'l u3- *
an<l Van to obey the relatlon # = 3/2 kI . Eere, n' 1ê Èhe effec
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tfve måsa of holee nhlch can be taken Ëo be 0.37 to i Vth " 1'2 x

lo7cn/e¿¡1-125¡.(12)

no""(14) has thoútn that for cåPture by a Coulonblc aÈtracÈlve

center, the cro6s sectlon 1e descrlbed by

o
P Gne)2 4(uÐz

(13)

Substltutlon of e = 16 for gerrnanlu!û glves thê resulÈs shown by the

data pofnts tn Fig. 4.7. These resultB nay be approxlmated, over the

range of T ln Fig. 4.7, by the flrst-order approxlnatlon

op o opo ""p(#)
(14)

¡¡here o - 9.4 x t0-14"t2 and AE = 0.023 ! O.OO1 eV. This åctlvatfon
Po

energy agrees very favourably wfÈh the value obtalned above on the

basls of the experfoental reeults of Flg. 4.6. The concenÈratlon of

reconbinatlon centera Ls obtålned fron Nt = (úo vtt .no)-l to be Na'

1.06 x 1012 cE-3 . oûe reaeon for the euccess of the stnplè treatment

of Rose ls the large value of the cross aectlon whlch lnplles capture

over a larger volune thån Èhat assocLated ¡¡tùh the partlcular olcro-

scoplc poteriÈlal of Èhe defecÈ.

0n the baels of these results r¡e conclude thai recomblnatlon

occurs prlmârfly vla Leolated PofnÈ defects thaÈ are acceptorlfke and

hence exhfblt Coulonblc capture for holes. Ifl capturlng electrons

ûhese centers r¡111 be neutral whlch accounts for the nuch smaller cross

aecÈlons for electroû capture. o' o op ("rro/"po) = 1.66 x 10-14 .t2 '
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The origln of the particular defect has not been detemined.

Wê Day speculate Èhat it Le atructural I'n naturer aa the paraneters

tdentffled above do not conform to those of known fnpurltles ln

. 115 )geñran].utD.' '

Note tha! Ln the preeent valldatlon of the SRII treatment of

recomblnatlon fn gernanlun, lte hâve noÈ aeen evldence of trâP satura-

tLon under htgh-tnJectton condltlons or other posslble lfnltstlonê to

Èhls nodel ¡¡hlch have been argued to arl.se 1n the extreûes of fnjectlon

level or tenperåture.
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4.2 Photo-Induceil OPen-Clrcult VolÈage tÞcay (PoVD) Method

4.2.L Physlcâl Eackground

Slnce 1955' the neêsurenent of excess carrler decay lnduced

by electrlcal (alark-current) or optical (Photo-currenÈ) excltatfon has

beeû !¡lalely uaèd to deterûlne the averågê recoEbfnatlon tftûe ltfthln the

quasf-neutral base reglon of a varlety of senlconductor devLces' So

far, more than nine nethods(8) to neasure the carrler llfetfne have

been cleveloped for seolconductor characterLzaÈ lon ' Each avallable

nethoal has Lts own appltcabtLtty whlch depends on the physlcal struc-

türe6 (pn-Junctlon, Schottky barrler, MOS' MIS devlces, etc') ånd

lnherent paraneters (energy gap, absorptlon aPectrun' etc') of devlces'

Most ÍEportaoÈ ' lt ls the Èheoretlcal derivatlon (fornulatlon and

aseurnptlon) nhlch itfstlngulsh Èhese nelhods lf the 1lnltaÈlons and

errors of experlneflÈal aPparatus are negllgtble. In 6o far aa accuracy

and convenlence ta concerned, there has not been sufflclent Proof that

any túro of Èhese neÈhod6 glve the eane reeults.

An lnvestlgatlon of reconblnatlon centers through the

neasurementofúlnorlÈycarrlerllfetlûelnlnduced-junctlondevlces

has been presented ln the prevlous sectlon. The Paraneters of the

reconbÍnaÈLon centera, such ae thetr volune concentration, energy level

and ¿enperature-alePendent caPture cross-6ecÈlons have been Presented

quantltaÈfvely baBed on the SRII reconbl.natlon nodel' In 1979' a con-

venlent experlmental technlque for deterûfnlng the excege carrler

ltfetlEe r¡lthtn the oeutrêl regton of P-N Junctlon 8o1ar cells llas

propoeeil by J.E. Ìtêhan et 41.(16) Thls Detho'l 1s baeed upon the ob6er-

vatlon of the decay of the open-clrcuit voltage followfng the

ÈernLnâtlon of an applleal oPtlcal slgnal and fs Ëerûed the Photo-
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Lnduced opeu-clrcult voltage ilecay (PovD) technlque' Slnce then' both

theoretfcåI and experfunental lnvesttgatlon on the appllcatlon of thfs

nethod Èo the characterlzat ton of photovoltâlc devlcee has been dls-

cussed and further ."t.td"d.(17-22) Although th!'8 Eethod hâs been

declareil to be auccêsaful ln deterDlnlng the nlnorlty carrfer llfetime

under certafn reetrlclfons, 1È has not been lrtdely accepted ae a

standard nethod for neasurlng the cârrier llfetlne for the followlng

reaaons: (1) the decay curves (open-clrcult volÈage decay) are nuch

more cornpllcated than exPecteal oû Èhe b4618 of the slople theory' L'e'

the expected ltnear decay 1s not easy to obtaln' ln conÈradlction to

the lheoretlc¿l Preillcglon; (2) external clrculÈ comPonent6 euch âÊ

parasitlc cêPacltanceg r thuntlng reststances and Lnherent response tlne

of osclllloscopee have been founil to lûterfere subslanÈtally $lth the

Deasurenenta; (3) controverslal result"(4) hto" arlsen fron devlces of

snâ1l baêe thlckness (ln cooparleon wlth Èhe dfffuslon length)'

We have applleil this POVD nethod under the no6t favourable

experlEental contlltlons to the châracterizat lon of our devLces ln order

to further Lnvestigate Èhe úlnorfty carrler reconblna!lon proces6'

Also, due to the unique characterlstlc (currenÈ transport donlnated by

úlnorlÈy carrlers) of Èhese devlces, Le exPect Èo cast addltlonal llghË

on the photo-lnduced voltage decay nethod'

After itescrlbfng the experlnental aPParatue' the exPerlnental

results ¡rill be givet 1n vlew of the Precautions dlscuesed above ' At

Èhe sane Èlûe the dfscugslon of the resultant data analysls trtlll be

ptovlded .
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4.2.2 Experirûental Set-UP

The exper!.nental aPParaËus for the POVD oeasurenentg can be

seen in Fre. 4.8(a). Unltke ¡t"h".r'"(16) cese' a flashlng llght source

with spectral content fron 400-1000 nm and pul-se duratl-on of 3 us has

been requlred to unlforúly llluolnaÈe the devlce. Thls is acconpllshed

by plaetng a monochroneter and fllter after the electronlc stroboscoPe'

The purpose of thls addltlon is to lnvestlgate the vsriation of llfe-

tfne wlth wavelength and aLso to Provtde for Èhe compensatlon of second

harDonlc effects \.,hen the longer wavelengths are employed. A typical

open-circult voltage decay after the iLlumfnaÈ1on with external

Èrlggerlng has algo been shown fn Fig. 4'8(b). The experlnental condl-

tlons are also included for reference. The deterltrlnatlon of llfetl¡ne

was rnade accordlng Èo the followlrrg "qu.tlon(23)

(1s)

A reglon of linear decay was obtalned afÈer the plateau (see Fíg'

4.8(b) ).

The sane devlce srructure as deseribed in the prevlous sec-

tion 4.1.2 has been used. In Ftg.4.9, the variêtLons of Photon flux

denslty ancl optleal absorptfon coefftctent a with wavelength Oo have

been oeasured by neans of a photoneter and an absorpÈlon spectroneÈer'

The spectruû of the xenon-gas fllled elecÈronlc stroboscope (STRoBoTAC'

fype 15384) r¡as found to be very slnllar to the Eênufacturerr s speclfi-

ca!lon. Also, the absorPtlon coeffl'clenÈs o, are close !o thoee

(24)
neasured for gernaniuÉ by f.l.C. Dashr et a1.'-' It can be seen that the

1'1 t
sane value (9.0 x 10'' phoÈons/crû'sec) of Photon flux densfty qo can be

,n = <å¡¡<#Lr
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founal at À - 633 antl 1000 nn. ftrla le convenlent because the saûe

amount of photoûs shoulal be congldered for conparlson as far as the

excegg carriere decay fs concerned. llere, of cour6e we have Èo assuEe

Èhat the quanÈuo efflclency of the devlce Ls also the såme for those

two navelengths. To suPPort thls assunPtlonr tt LB fmPortånt to note

that the creaÈlon of electron-hole palrs by radlatfon of those two

$avelengths ls conpletely reeÈricÈed to the depletlon-layer (- 0'5 -

0.6 un), as cån be seen fron the absorptlon coefflcient curves'

4.2.3 ExperlnenÈal DaÈa and Discusslons

At rooo temPeråÈure, rdth tllu¡llnaÈlon of wavelength À =

633 nn, Èhe neêsurements of ltfetlne rp vs lncldent lntenslty Ôo are

given 1û Flg. 4.11. Two grouPs of eanples heve been used for this

meaEureûent; one group was Èhe nornÂl devlce (see ChaP' 2) and the

other nas further processed by thernål annealfng (300-5q-0"C) and sub-

sequent quenchlng (-20'C). We exPect thaÈ the llfetlûe for the second

class of devlce ehoulal be reduceil due Èo lhe creatlon of further

defect8. Algor !Íe câfl observe the decreaslng ltfetine ltlth lncreaÊing

photon flux ¿lènslty for the ûornêl lnduced pn Junctlon devlce' Thts

decay 1s conslsÈent with the SRI{ reconblnatlon theory as ¡¡e have des-

crlbed 1n the prevlous sectlon (Refer to F1g. 4.2). More preclsely' lt

can be lnÈerPreteal by solvlng the orie-dloens lonal tlne-dePendent

ninorfÈy-carrter cllffualon equatfon l¡hich fs discussed ln the followfng

paragraphe .
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FIG. 4.10 schenatlc dlagran for induced p-n Junctlons

under unlforn illunlnaÈlon

Referrlng Èo F1g. 4.10' the continuity and transPort equatlon

(1-D) for the excess nlnority carrler (hole) concentratlon P(x,t) ln

the neutral reglon of an n-tyPe Ge SchotEky barrler device (wlth an

lnduced p+n junction) can be wrltten as

(P

\

L

x

2 P-P
P --l+c= AP

æ
(16)Dp

ax2
Tp

c(x, t) = So(È) c exp(-cx)(1-R) (17)

here, Dp = ls the diffuslon coefficlenÈ' Po 1s the coflcentrâtion

rmal equillbrluxtr Îp is the hole Llfetime) q ls the

absorptlon coefflcienÈ (wlth lts acconPânylng wâve length-dependence )

ånd R ls the reflectlon coefflcLent of the sanple surface. Also assun-

lng Èhe steady-state condition.

of holes
-uqP

ln the

Ge(n)



69

AP

ar 0 (18)

Under the open-cl.rcult condlÊlon' the followlng boundary conditLons

aPply
AP (19)
âr

X=0

P(x,t) =0 (20)

several authors(17)(25) h"'r" solved thls equatlon wlth these boundary

condltlons. The solutlon ls

=0

where

P(x)1,-xr-Ax'

-=:-;;Ae 
-e IF A-I '

c g (1-R) t_oD! = 
--rÏ-r-

I-I-A

XX
L ID Ip pP

(21)

(22>

(23)

L = e v5-îp pP
(24)

here, Oo ls lllunlnâtlng lntenêlty of ltght source. For convenlence,

we chooee p at x = 0. Thus

(25)

Solvlng for r fron this eqn. (25) under the assuxoptlon of 4Oo(1-R)

A=c

p
1+- l(\'

p

<< P(0 )Dp
o , we have
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,t;p
4 (26)6-p

Note that thls can âccount quaLftatlvely for the decay of ltfeÈfme wlth

fncreaslng tntenslty tn Flg. 4.11.

In Ftg. 4.12' the apeclru¡û of llfetlfie vs wavelength âÈ the

saEe opÈ1cal intenslty is glven for Èhe lwo cLasses of processed

devices. I,le rÉy exPect that the llfetlme \'ti11 lncrease llnearl-y !t1th

lncreasfng navelength À accordlng to eqn. (26) stnce c decreases with

À . Although the square root of lffetlne was derived fron the theoreË-

lcâl reLât1ons, the absorPtlon coefficlent c 1s also an lnverse

funcË1on of Èhe square root of wavelength.(26) Th""ufo." the ¿ashecl

llne nay be drawn tn Ftg. 4.12 under the âssunPtions Èha!: (1) the

reflectlon coefficlent R is not conparable ¿o absorPtlon coefflcient ln

lts dependence on wavelength; and (2) the lnltlal hole concenÈratlon aÈ

x = O, t.e. ?(0) ls also weakly wavelength-dePendent ' The former

reÊErlctlon wtll explain why Èhe llfetÍme ls conparatlvely lower than

expected in the upper regfon of wavelength. The latter assumPtlon 1s

responslble for lhe scatÈer ln Èhe values of llfetlne aÈ Èhe Lower

wavelengths. The dâmaged devLce behaves as expected fron Èhe vlewPolnt

of a htgher defect concentraElon (lower lifetfne) than the nornal

device.

The varlatlon of carrier llfetirne w1th lntenslËy over a wlde

range (1015-1018 photons/ct2 "ec¡ 
has been glven in Ftg' 4'13' Sfnllar

.results have also been found ln sl solar ""tt"'(27) 
The lifetine

begLns rletng ln the 1o!t-fnten6lty reglon and subsequently reaches a

2 P(o) /-Dp
_õ;ÏFÐ_ +
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pLateau ln Èhe reglon for r¡hfch Ehe Photogenerated cârrLers concentra-

È1oo becooee equlvålenÈ to the doPlng concentratlon l{o(2'08 x 1015

"r3).* 
tr'or further Lncreasee ln 1nÈensftyr the llfetlne decreases

rapidly ur¡tll lt reaches a flnal saturatlon value whlch fs tn = rpo +

roo " 2 lrs. Ttrts is exâcÈly nhat i¡e obtâlned ln the prevfous rûea6ure-

ments (see 4.1).

Although tÌto trapPing levels 1fl energy lrere suggested to

accouot for slnllar resultê for s1l1con lri the llteraturer(27) ne can-

not endorse lhts lnterPretatfon ln vlew of the prevfous experfúents

(eee 4.1) and Èhefr lnterPretatlon results. On the oÈher hand, the

uncertâlnty lnvolved ln the fdentiflcátlon of Èhe llnear decåy reglon

coulil provlde substantial error ln the aPPllcatton of Èhts oethod to

Itê loner level of excitaÈlon as compared Ëo FCVD and also due to

posslble reconblnation through the surface and depletlon reglon åt

these levels. Therefore, Ite would exPect the true llfetlne to be the

hfghest value ag Ise exPress by dashed llne ln F1g. 4.13. Nevertheleês'

thls alfscrepancy ls stll1 not clear and 1n fact ¡re have Pofnted out

ålready that a serfous drawback of thLs POVD EeaBureEent 16 the

coroplexlly of the decây relatlons obeerved.

As we have aeen ln the Sec. 4.1 the nea6urenent of the

lenperature-dependence of the ltfetlne ts loPortant arid leads to Èhe

deternlnatlon of physlcal ParaûêÈera of the reconbÍnaÈton centerst

Ehefr capiure croÊa-6ectlon. Fron theae neasurenenÈs whlch are shown

w0
*Thfs calculatlon ls basêd on J = q J G(x) dx = q J

OO

t, 
o,r-*r"-o*u. =

q0(1-R)(1-e-c'0'5¡' c 0(1-R), gLven s = 7 xlo4cn-l at À - 633 nn

Then ne can ftgure out the exceas carrlerÊ An = AP uslng eqn' (12)'
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fn Flg. 4.14, the tenPer¿ture-dependence of the llfetlne fs qulte

alffferent froû that observed ln the dark caee, eepeclally ln the low

Èemper¿Èure reglon. Obvlously, there are three dlsÈ1ncÈfve reglons ln

Ftg. 4.14, fn whlch the excess carrlers are presuoed to be conÈrolled

by dlfferent reconblnatlon nechanlsns. rp Êtartê to decay as the

tenperature decreases whfch ls slEllar to Èhe FCVD ca6e. Subsequently,

t increases afid eventually saturateê at the lowest terûPeraËures. This
P

d1êtlnctlve behavlour has also been observed ln antlnony-doped gerna-

nlum follor¡lng lrradiatlon and anneallng.(28)

It has been ehown by several authors(29-30) ah", ah" decay of

exceåE cårrlers excited by ê translent optical pulse should be governed

by the Èwo sLnultaneous equaÈLons

- P- cn(N: + no + n1)an - c,r(no + nr)al (27 )

- +P= cp(N; + Po + pl)aP - cp(Po + Pr)^n (28 )

rùhere 
^n 

and Àp are small changes fron the theroal equlLlbrltru concen-

ttatlons to ttd po of electrona and holee resPectively. Cn and Cp are

trap capture coefflclente for electrons and holes resPectlvely. n, and

p1 are the denslty of electrone and holes 1n the conducÈlon band and

valence band reepectlvely when the Ferml level cotncfdes energetlcally

rrlth that of the reconblriatlon cenler. W! ana Ul are the concentra-

Ètons of unoccupted and occupled centera. Also, l.¡i + Nl = Nr , the

-totâ1 concentratton of the centerB. The solutlon of theae lfnear

dlfferential equatlns can be r¡rltten ae
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An=Ap=Ae

t
TÁ"+Be

t
tB

.o = Lcntnl + po + pl) * crr{*f + no + nr)J I

tno (w"+lo+p1 )*r (*:
1

(2e)

(30)

(3i).B o-NNrr-r-
r

cp (N;+po+p 
1 

)+cr, {r,rf +"o+", )

Nr

n *o *o 'o

here

t = (C N )no nr
-1 (32 )

rPo = (cpNr) -1 (33)

(34 )

Conpared ao "8, tA 1e much thorter and 1s deflned as the adJustnent

tlne requlred before the electrons and holee begin to be captured aË

the sane "ra".(29) The flnal experLmentar decay constânt should be

gfven as rB. also, thlê tfEe constant can be reduced to the SRIi

treaÈment under certaLn stnpllfylng åpproxlnatlons.

We âgaln coneider n-Èype nåterlaL wlth a slngle reconblnaÈLon

level ln the upper half of Èhe energy gap. The followfng aPproxlmêtlons

can be made

11 ) oo )) no ) n, (35)

and

n

tt=oo
oo Pl

o
Nr
NÍ

--+NDo*û1 r (36)
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NOr
f,r

--¡- Nto*o1 t (37)

(38)

Thus, Eq. (31) r¡ill gtve

I * 1 *-!-,1'-'p 'B Cr,tl CpN" ap*" 'to'
1

õ-f-æ-?i +n-fp r n' o I'

(3e)

The last tern 1n Eqn. (38) has been neglected due to lte enall value '

Also, we can see the difference between ESn. (39) and Eqn. (8) fn the

prevfous Eectlon. Thls also expl-alns why the measured vaLue of rp by

PoVD ts hlgher than thâÈ by FCVD. A Physical lnterPretation can also

be nade by conslderlng thaÈ the exPonentlal decay of exceea carrlers

for both electrons and hoLes are equivalent ln Èhe tranalent case due

to the slnuLtårieous solutlon for both types of carrlers. Therefore,

the temperaÈure-dependence of the ltfetfne is qualltatively conslstenÈ

nfth Eqn. (39).

Ae tenperature decreages furtherr the subsequent lncrease Ln

llfetloe can also be explained qualftaÈlvely tf we aesune the preeence

of a hole retrapplûg ceriter close Èo the valence band. ftlfs suggestion

has bèen developeil ln Èhe llteraÈure'(31) nhlch can be consulted for

further detalls. we believe thaË the lfo1Èatfons dfscussed earlLer to

'the POVD Èechnique, preclude Èhe apPllcaÈlon of thls nethod to quantl-

tâtlve devlce dlagnosls.

-n-
--l--a.lr+-llcrrrl po . ro '
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CHÄPTER 5

T,IMITATIONS TO SHOCKLEY-READ-ITALL ( SRH)

GENERATION/RECOMBINATION I4ODEL

In Chapter 4 ¡¡e have shown that the SRH model was able to

accouot for the recofÂblnatlon processes in our gerEanium devlces,

followtng the lnjectlon of ûlnor1ty carrfers assoclaÈed ttlth a dark

current. The SRIi sÈatlstics nere very effèct1ve ln exPlalnfng lhese

phenomena, even under extrene conditions of tenperature and injecÈion

level.

In optoelectronfc and photovoltaic devlces, however, the

exceas carrlers are establtshed by Phot ogenerat lon, rather than lnjec-

tlon. In these cases there are additfonal complications whlch mây

arise ln the recomblnation processes. one of these eonpllcaÈlons is

that dlrect photolonlzation of Èhe traPPlrig centers can affect the

cêrrler concentrations, and energy dlstrlbutlons. fhÍs i8 nornaLly not

consldered fn those cases of photoconducÈ1ve or photovoltaic devíces

when the photon energy exceeds the energy gap so that lnterband

processes are possible. l.Ie address Ëhis Lssue Ln the present chapter

and clearly deflne the restrlctlonê on SRII statistÍcs whlch arise fron

the neglect of dlrecÈ photofonlzatfon of traps.

OÈher llEltaÈLons to SRH statlstlcs whlch are âssoclated wl'th

hot-electron and trap saturatlon effects are Eentloned brlefly below

but are not the prlnary Eubject matter of thls chaPter' as they have

been addressed to å degree by prevlous researcherg.
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5.1 HlstorlcaL lntroductlon

In the early stages of senlconductor technologyr the overall

behavtour of lnpurltles, whlch are often referred to as êhallow donors

and acceptorB, was understood quiÈe adequately ln terns of Èhe hydro-

genlc rnodel.(1) It was recognlze¿l Ëhat such an funPurlty úåy ¿lrastl-

cally nodlfy the electrLcal and optlcal ProPerÈles of the host EåÈerfal

ln a partlcular way. Ho!Íever, the recent eEergènce of soPhlsticated

semiconductor devlees has encouraged the use of new techniqu""(2-5) fn

order to fnvestlgaÈe the locallzed eleccroníc staÈes lylng energetlc-

a]-ly deep ln the forbldden gap of the host crystal. These 1úpurity

systems lrhich cannot be described by the Coulornb Potentfal rnodel are

generally known as "deep-level fmpuritles". these deep ceoters often

conÈrol nlnority cârrler lifetfne end Play a stgnificant Part fn affec-

tlng the functlonlng of a varlety of seEiconductor devlces. The

characÈerizat ton of defect centersr Èhereforer provldes a substantlal

contrfbution to lhe deveLopnent of nerr senlconductor dêvices. Arnong

these achievenents the goLd lnPurlty doping of slllcon has becone well-

known as a ¡leans to control Èhe nifìoriÈy carrler llfetlrûe and to result

in Èhe lnprovenent of swítchlflg dlotles ancl power transistãrs.

In spite of rnuch progress ln the past decade, the undersÈand-

ing of carrier generation, reconblnaÈfonr traPplng and transPort ln

semlconductors remaLns dependent uPon a better understanding of defects

in semiconductor devlces. AEong these studies, there ls a conmon foun-

datlon ¡¡hich fs based on the SRH reconbinaÈlon theory.(6-7) The

practlcal appllcatlon of thls theory and the verfficatlon of lts

valldfÈy l¡hen extended to high-level" lnjectlon for dark current condL-

ttons(8) have been dlscussed ln chapter 4.



There are, nevertheless, a nunber of llnitations to
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Ehe

strtct applfcatlon of SRH Etagistlcs to the modellfng of nonequilibrfum

phenonena Ín most semlconductor devlces. Among these conmon assunp-

Èlons 1n uslng the SRH relatlon are:

(1) Ttre trafflc of electrons and holes through the reconbinatlon

center6 ls governed by the ÈherÈ41 caPture and enlsslon râtes

whlch depend only upon the carrler concentratlons within the con-

duction and valence bands. Under optlcal excitation with phoEon

energy fn excegs of the energy gap, which estâblishes a nonequili-

brlu¡n concentråtton of elecErons and holes wlthln the bands, Èhe

dlrect photofonizatlon of the defect states (boÈh electron and

hole photoionlzåtl.on, the latter of Lthlch corresponds to the excl-

tation of valence electrons lnto Ëhe defect staÈes) are usually

neglecÈed.

<2) Under hlgh levels of excltatlon (far from the equillbrlun condi-

Èton), the capture raÈe predicted by SRH statistÍcs nsy be too

large as â consequence of saturatlon of the traps. These traps

cannot capÈure another electron during a "dead È1ne" during which

the ffrst electron relaxes tnto Èhe ground state of Lhe defect.

Thls problen has already been addressed so sorne extent theoreti-

cally'(9)

(3) The capture cross-sectLons rnay show strong dePendences uPon lhe

electrfc ffeld. One reason for thls (wh1ch has been studÍed

b.for"(10-11)¡ ts trtt nodlfleatlon by the fierd to Èhe potential

dlstrlbutlori âround the defect - a popular way of dealing wlth

thfs effect fs the so-called Poole-Frenkel nodel' There should

however be other dependences whlch result from the effects of the



fteld on the free carrlers: for exarnple, rlhen these """"r.13
becone "hot" ln the hlgh field, their energy dlstrlbutlons ln the

bands are affected - beconlng Maxwellian wlth large effecÈtve

electron teúperaÈures. Sintlarly, under oPtlcal excltåtion ltith

photon energles thaÈ are \tell fn excess of the energy gapr Èhere

wil-l- be a sÈeady-state energy distrlbuÈion for Èhe electrons and

holes in the bands whlch ls deternlned by the balance between

photoexcitatlon and scatterlng, which wf11 not resenble the

thernal dlstrlbutÍon. Thís does noÈ necessarlly requlre hlgh

optÍcal i.ntenslty, but rather a hlgh photon ènergy.

In this chapÈer we address ourgelveg to the ftrst llniÈatlon

above which we be1íeve nay be of partl.cular lnteresÈ to researchers

concerned wíËh photovoltsic and photoconductive devlces. The other

rinitatlons have been discussed elsewhere, (12-13) however the theorett-

cal ¡nodel has not been ful1-y explored due Èo Èhe absence of suffÍclent

physical evidence. l,Ie begln w1Èh Èhe basfc derivatlon of non-equllÍ-

briun thermal and optical occupation sÈatÍstLcs. Next, we r¡lLL concen-

trate on the determlnation of the threêhold phoÈon energy for \thich the

photo generated cârriers through the interband absorption will be

affected and nodified fron the conventional SRI{ theory. Flnally, we

wll-1 dlscuss the inpact of thts work on the nodelllng of sone practlcal

devlce s .

5.2 Theoretical Developnên!

Figure 5.1 shows a diagran of energy states of a senl.conductor

wlth the assunptlon of a slngle-level defect, wlth energy level Et.

w1Èhin the energy gap. Both reconbl.natfon aod emiselon rates for elec-
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trons and holes can be mltten as follows:

N, = cnnNr(l - fl)

N: = cnnlNrfl

No - ó ooN fne ontE

H = CPNfnr p tt

H: = coPrn.f! = cpPtNr(l -fT)

H: = ooofwrtn = ooofn.<r-rll

N, N

H, HJ

(1)

(2)

(3)

(4>

(5)

(6)

N9T
e

E c

-_ 
t-t-t

Hg

E V

FIG. 5.1 Energy level dlagrao ltlth defect center al Et .

Arrows shor¡ electron transltlons.
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For convenlence, each syrnbol employed wlth lts physlcal nean-

fng 1ê llsted beloIt:

N Ë Reconblnatfon rate for eIèctrons, "t-3"""-1r
H = Reconbinatlon rate for hol.", ct-3sec-lr
C = Recoûblnatton coefficienÈ for electrons, "t3"""-1n

C = Recombinatlon coefficlent for holes, 
"t3"""-1p

tlT = Thernal ernissLon rate for electronsr .t-3"""-1
e

HT
e

o
N-

e

ô
H-

e

oo

o
6n

o
o

P

Nt

Thernal enlssfon rate for holes, crn-3sec-l

optlcal ionization rate for elecÈrons, .t-3"""-1

Optfcal ionfzation rate for ho1ee, ct-3".c-1

Photon flux ¿lensfty or Lntensltyrno of Photons . .t-2a""-1

',Optical cross sectlon for elecÈronsr cm-

OpËical crosg secÈlon for holee, cn2

-1Trap concent.ration, cn "

Totâl concentratl.on of eLectrons Ín conductfon band when Ín

non-equllibrlurn conditlon, crn-3

Total concentratlon of holes in valence band when in non-equlll-

brfun condttiorr, "rl3
Concentration of eLectrons nhen the Ferúl 1evel colncldes wlth

the trap energy level, cm-3

Concentratlon of holes t¡hen the Fer¡û1 leveL cofncldes wfth the

-2trap energy level, cm "

Occupatlon fractLon for eLectrons 1n trap energy level when

steady-sÈate ts reached

t - ti - occupatfon fraction for holes fn traP energy level

Lrhen steady-state la reached

n

P

tl

P1

fnt

fl
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n
ô

Electron concentrâtlon Ln conductfon band l¡hen fn Èhernal equi-

-âllbrlun, cn'

llole concenÈratlon ln valence band when 1n thernal equlllbrlumt

-3
cfn

N = Effective denstty of states ln conducÈlon band, en

= Effective atensity of êtaÈes ln valence band, crn-3

-J

Under steady-sEate (non-equilibrlurn) conditlons, the

followíng relationship should be satfsfled:

Nr - (N: + N:) = Hr - (H: + H3) (7)

Then, substltuting Eqns. (1)-(6) lnto (7), I'e get the trap occuPatfon

probablllty

C n+n

cn(n+nl) + 4o(ol + oll + 0P(P+P1)

oÏ<u.n>

c = oT < v.ppEn

1+-nt t (8)

(e)

where

cn

( 10)

TTor, t op are the Èhermal capture cross sections for electrons and holes

re6pectlvely. ( Vat ) is the average thernal veloclty. AIso'

t1 Nc exp(- 
u"o; tt 

, ( 11)



E. - E
N' exp(- {'-J t

*
Therefore, the neÈ recomblflatlon raÈe Rn

be given by
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( 12)

for electrons (or holes) wlll

P

*
Rn

¡t -nT-noree ri - sT- ¡loree
*

Rp

cnnNr(r-rl) - Nr rl(cnnl * Ood)

cpPNr rT - Nr(r-rl)(cpr, + ood)

Nr LcncD (nP-nlr, l-< O] "l +cn-ôoo+cP-ooo)ln t,at f) It I'o t1 l

c,r(n+nr) * Oo(oþoi) + cp(P+Pl)

i{iÈh rhe deflnitlons

( 13)

( 14)

no

po

-o
n

o

P

onE

_o

(crrN.) ^ , sec

(coNr) - , sec

o-- -1dN . crnnt'
o-- -1oN . Cnpt
o-3-1d.ó .Cn AeCn'o -

o -3 -1dó.cnsecp'o -
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(1s )

(16)

(17)

( ra) (a)

*
Rn

nl - (nr+rrrono) (l

roo(p+p1)+roo ( nhl)*.rro.po (no+po )

n? - (n. *z-r nono ) {Pr+rooto ¡

r (PtP-*r Po)+r (ntn.+t no)no- I po Po I no

Aga1n, leÈ
*

so Èhat

oôo'o n

;.;JEn n

ol

*
Pl

n- +T no = n.+t ó N.ooI no r ftooEn

PO
Po

P-+r óNooI ÞO'O t Þ

tl *

+P1 T

,. oool
'1 <v >oTthÞ

* *
nP- P*

Rn

*
t1

*
Rpzlno'FPt l+r IJ pol thl

*
Pt

*-n

orovlded . .ro >> n- or r Po'noIpo
traps wfll Eåke â substantfal

!rlth and deflned as above.

(a) Stntlarly, Ln the epace-charge regLon when the reveree blas fê

applled, n and P are very sEå11 due to the depletlon effect. In that

csge, **
- tlPl

r P-{r n.nor por
>> Pl . Therefore, the photolonlzátln of

difference to the generatlon raÈe.
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Also, the net reconbfnåtlon rate accordlng to the slEple SRI{ statlstlc-

aI theory 1s

nP - nlPl
Ro (19)

rn A.MLrcea, et al.(14), a sfrntlâr expression to rf (ron.(8))

has been glven to dlecues the Deep l€vel lranslent SpecÈroscoPy (DLTS)

studles of depleted layers fn senlconductor devices. Also, several

rotho."(15-17) h".r" developed rrell-known nethods guch as Èranstent

capacttânce decay and thernally-s t lnulated relaxatlon to neasure Èhe

photofontzatfon croaa sectlon and enlseLon rate for deep level defecÈ€

and other physlcal paraûetere correspondLng Èo those of DLTS. There-

fore, Eqn. (18) can be converÈed to Eqn. (19) for certaln conditlons of

teúperature, reveree-b1ae voltage and optieal lllunlnatlon lntenslty.

Usually the laÈter condttlon can be establlshed seperalely by the Pho-

Èon flux denelty or b'y the photori energy which 1n ¡tosÈ cases lê (l)

Iarger than the band gap energy for dlf fus lon-length or effecÈlve

carrfer lffetlne neasurenentê, and (tt) less than the band gaP eûergy

for fEpurlty phot.olonlzatin (êometlnes called photo- thernal lonlzatlon)

cro6s sectLon neasure!ûents. In general, the excesg cârrlers are creaË-

ed by an lntrlnslc optlcal absorptlon Process for the former and

extrlnafc absorption proceas for the latter case (f1). The energy gap

te a functlon of the tenper.ture(1S) (rr(r) = Ec(o) 
# , where ct'

Bl âre constants lndependenÈ of temperature) 8o that the lnterband

optfcal absorptlon coefftclent c Ls also tenperaÈure-dependent, end the

¿rap conceriÈratlon Nt Ls unknown ln nost caaes. It la therefore not

cleår rrhether the aecondary contrlbutlons from elther the Èhermal
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enlsslon procesê or the trap photoemls6lon process fn gêneral can be

neglected Ln cases (i) or (1t). Therefore, the l initation on the Dlnl-

um photon energy requLred to Justlfy the neglect of dlrecÈ Photolonl-

zatLon of thê traps r¡111 be estlnatèd. ¡urthermore, thls Èhreshold

energy ls of Lntere6t fn phoÈovolta1c applfcations ln order to achleve

optl lzatlon of aolar cell desfgns. The theoretfcal derlvatlon nay be

developed as follot¡s.

Based on the assumption that the elecÈron recornbinatfon event

Ln the center 1s slnultaneous wlth the capture of a hole froE the

valence band, we can ffi1Ëe the followlng expressfons to describe the

pracÈfcal conditlons wlÈh a Èranslent tncfdent light source,

l¡ ftl' t' ¡a r!l (20)

here,
_na ta -nt

cP - ¡P
to

f:

t1

( 21)

afl
and

to*tl

(22)

Po
Þ--TT.ol

-n . -Dfl and fi are the occupled and unoccupied fractlon of theoo
reconbLnatlon centers respecÈlvely under thermal equfllbrlum condl-

tlonê, and ff and fl are Èhe corresponding quantlties under steady-

state ( non-equlllbrtun) condltfonÊ. The fl is glven fn Eqn. (8) and

fP wtll bet

-nI
o

.Dl'
o
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fPt 1- fnt
CP+Cn.*óooD n.L On

co (n+n, )+0o ( oþoo)+cn {r+r, )

T nP .

n=gr o -plT'n. Ipor

P- P- Noo
n - n^ = 4^sl t-^(r +* ) +.".(+)(+!)lo 'olno' to o

(23)

(26)

(27 )

SubêtlÈuÈlng Eqne. (8), (23), (2f) and (22) lrito Eqn. (20), we obtaln

(24)

**
rtherer rno, .no, Pl and n, have been dlscuseed earller. A1so, fron

Eqn. (18) r¡e knon thaÈ the recombLnatfon rate ls equal to the genera-

tlon raÈe a - Ooo arid that a 1ê the lnterband optlcaL absorptlon

coefflclent, thus

**
nP-n,

(2s)ôo,o rlnoL ËPt .1*"oo L
n+n1

The êlûultaneous solutLon of Eqns. (24) and (25), leêds to

,."i tî

^n

AP

If rre sssuEe thaË

n- n-
P-Po=ooolroo(l +;! I +.oo(t')

oNo
<#r

"oo<r 
* þ >tP 

sFJt
for N-type (28)
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P.
rno(l + + )To 

SRH

ênd thaÈ

tn

for P-type (2e)

(30)

An
T-;'o

P- P. Noo
tno(l *t'>Lt*(q+)l*

P- Noo

',,sRH[l 
+( {+h ) 

l* j

n- n-
rpo(l +;t ,Lt * (" þ

Nootp
c

AP
T

P óa'o

( 31)

It can be seen that the råtto of the Èrue carrfer llfeÈlne to

ÈhaÈ predlcÈed by the SHR nodel ¡r11I be close to unlty lf the second

terns lnsLde the square brackete of Eqns. (30) and (31) are ûlch less

thari 1. obvfously, thts w111 depend on the tenperature' on the energy

leveL of the trapplng cenÈera, on the energy gap of the seniconductor

and lte doplng concentrâtloû. lor úosÈ senlconductors of tntereêt for

devLcee such as photoconductors (InSb, InAs, PbS, PbTe) and eolar celLs

(Sl, Se), nê can åssune Èhat

and tl ).0 (32)

n- Noo
.psRHir .(;É ) l* I

Pl >Po

Therefore, ¡¡e eonclude that the naJor conslderatlon fs thê ratfo of the



98
extrlnslc âbsorptlon coefflcient to the lnÈerband (lntrlnsic) absorp-

tfon coefficlent a . The forner ls glven by -_ooNt tn,p = dn 
rP

(deffned

by Eqn. (14)). In the folloltlng sectÍon, r¡e dlscuss thfs râtlo and

gLve sone nunerlcal values ln order to asÊess lts lnPortance under

vsrfous condftfons.

5.3 Dlscussfon

As rse have nentioned, the dlrect photoionization of the

defect states is generally neglected ln favour of the lnterband process

1n splte of the fact thât excess carrLers are generated by thls pro-

cess, rre actuall-y lrould expect the estfriatlon of the cârrier reconbina-

Èion rate to be larger than aritlcipated on the basls of SHR nodelllng.

UnfortunaËely, 1È ls difflcult to deterrûine experlúentally how aignlfÍ-

cånÈ thls discrepancy should be. Equation (18) has shown that the

recombina!1on rate would decrease if photolonlzatlon of the trâPs ltere

incLuded ln the recomblnatlon sÈatfsÈLcs.

Conparlng Eqn. (18) \rith Eqn. (19), Èhe dlfference ls bet\rèen

**n; and rl or pi and pl whlch has been expressed i.n Eqns' (16)

and (17). Stnce aLL the paraneÈers ínvoLved are positlve, the follow-

lng fnequallty can be drawn.

*
nt

*
p1

)tl

>Pl

(33)

(34)

The naln polnt of concern ls lhe ratlo of the photofonfzatlon cross

sectLon to the therúal cross sêctlon, aince the lncldent lntensity and
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average thernal velocity ( Uan ) cân be deternlned precisely by the

experfnental apparaÈus. Although Èhe theoretlcal development of the

photolonizatfon cross sectfon and thernal cro6s sectlons of deep

lnpurlty levere have exisÈed for a long tlne'(19-21) there renålns a

substanÈia1 lâck of experimental cross secÈfons to suPPort thls early

r¡ork .

In 1965, L,r"ou"ky(22) d"u"lop"d a theory of photolonizatlon

of deep lnpurlty centers based on Èhe aseumptlon of a delta functlon

potentfål well creatfng Èhe ground states of the defect. These cross

sections can be lrrltten as

o(rro) = * t#
o

L/2 3/2
16n.2.1i (Ei) (ïur-Ef )

,J; ---õ- (3s)

where n 1s the lndex of refraction and Eufflqo 1s the effectlve

fteld ratfo(23) fo" ah" optlcal translÈ1on¡ r* t" an" effectÍve nass of

the free carrlers; c fs the speed of ltght ln vacuum; e 1s electronlc

charge¡ El ls the ionLzatlon energy for lnPurity cenÈers. A naxlnun ln

the photolonlzâÈion cross secÈ1on exlsts at lfil = 2E, ln conÈrast wlth

the hydrogenlc (coulonb potential) nodel croes sectfons whlch have a

naxlnuxo aÈ'hûr = nr(z+). Also, we observe that o({l {d) 1s fndePendent of

tenperature (any posstble dependence of E, on temPerature belng neglec-

ted). The experlnental photoionlzation croas-sectlons have been deter-

oLned to be in the range between 10-16 - Lo-24 "^2 for connon lnpurlÈtes

found 1n st .rrd c..(19) on th. other hand, the ÈherEa I cross sectlons

10 "cm'for attractivebetween 1o-12 -have been to vary

1o-20"r2centere; 10

found
-18 _ for neutral cenÈers, and less than 10

-24 Z
cn
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for repulsive centers.(25) Therefore, 1t 1s obvÍous thaÈ the raËio

diseussed above could potenÈlaIIy vary between 108 - 10-12 dependlng on

the type of centers, Èhe teEperature, and the energy level.

In the f ollor^'lng, we wlll glve some nunerical exarnples con-

cerning the effects on nínorlÈy carrier lifetine of lncluding photo-

lonlzation of the deep leve1s. FirsE, we consider Èhe N-type senl-

conductor (with energy gap s 1 eV) having the energy level of trapplng

cenÈers 1n the upper half of the energy gap. Under low-level excita-

tion, we can rnake the following assunpËions

n-)n^))P^)P.)r Po)r noluulpono (36 )

Then, Eqn. (18) can be reduced to

r-- lp+pl 1+ .-^¡.,+r,f |= r-^ln,+n^I+ r--r--(r,o+po)noL Ir po. Ir po. I no Po-

" rpo (nl+no ) (37 )

nr - nirl = (no+Àn)(?o+Àp) - (nl+rnoto){er+roopo)

= AnP^ +n^AP+An^P-. ,roP- - t n-Po-r t noPou u no I pol no po

"n-ÂP-r n-Pou por

en-ÂP-t n-ôN oou po I'o È p
( 38)



and

AP--F
R

P

p
AP

nOAP - toonlPo

tpo (t 1h6 )

AP
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tno (o6h1)

(3e)

is shown nith the paraneter
-6

_t9-
AP

sec and

t n. Po
ÂPlno - +#-

r (1 *po'
nl
n-

U

1-
rPopo ,rl,

AP

The nunerator of Eqn. (39) glves the value predicted froxû the SRH

nodel, and we observe that the denominator wlll give a value less Èhan

1. As far as tenperature varlatfon 1s concerned, both terna r,¡111 be

affecÈed. In Ftg. 5.1, the dependence of the nlnority carrler llfeÈlrûe

tPo
T uDon Lnver6e t emDe ra turep'

-1 -1fron lo'to 10 " under Ëhe assunption of rpo = 1.0 x 10

E- = E - 0.25 ev. The sRH model of ninority carrier llfetlme (f=0) ts
Tc-2

very close to the solld lfne lndicated Ín Ffg. 5.2 with Y < 10 " .

Thls dtagran fnplles thaÈ the dlrecÈ photolonlzatlon of traps wlll not

be lnportant at Lov¡ tenperatures (for l/T > 4 tn Flg. 5.2). Also ln

Flg. 5.3, !Íe can see that the crllfcal tenperature above whlch photo-

lonlzatlon ls l.ûportant depends upon Èhe energy leve1 of the defect.

These calculatfons have been oade for y = 19-4 Thls concluslon

applles alÊo the SRII nodel \r1th T=0.

In che ca8e of high-l-evel photo excltatlon, Eqn. (18) nay be

approxlnated by
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, lp+pl r+" ln+nl l=. ,-(no+Po)nor po. no Po'

!r r ó N (oo+oo)
no po'o E n p

(40)

and

nP - n1Pl AnAP (41)

t hen

f p
AP

ANAP

r r óN (oo+oo)
no po'o E'n p

^n

ÀP---ï
l(

P rnorpoooNr( o:+o;)

r o N o (1 +
PO'O r n'

o
op

o
ón (42)

It can be seen that Èhe ninority carrier lifetime will not be a con-

stan!, as .p =.po * ,rro ,(6) predicted by the SRH rnodel ín hígh-J-evel

injecÈÍon. On the other hand, the nlnority carrier llfetime depends on

the íncidenL photon energy, 1l-Lumination intensity and the excess

carrier concentratlon. Nevertheless, in sone cases, if we can arrange

that

then, we sha1l obÈain

As we have already mentloned' a threshold photon energy is

required in order to ensure that no slgnificant contributlon Eo the

An
Tno

N ooôr n'o
An
Tno

o
6p

o
drt

TTp
+

Po
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reconbÍfiaÈlon expresslon arlses froE photolonlzatfon of the defect

centers. In Eqns. (30) and (31), we have ghown Èhat thls crlterlon rnây

be wrLtten åe

oNotP
(43)

or

Nootn

Me -ÁE) 
2

E

z z r. oJ fil 
2n2cn 

{¡r ( r, 
c okr o 

) ( aE 
1 
-r o ) 

2 
( e*t - I )

(4s)

here tn = tr, is Èhe phonon ènergy, AE - t" - t., = Eg(KÉo) 1s Èhe

energy gap and R = 2rl^ wave nunber, AEo = E"(K=0) - EV(K=O) ts the

erergy dlfference bet¡¡een Èhe conductlon and valence bands K = 0¡ c fs

the Epeed of llght ln vacuum - 3.0 x 1010 cn/"ec, n Ls the refractive

fndex, 1{¡ = photon quafitun energy of fncldent rdlatlon, gco ls the nean

c=

(44)

In nordar the lnterband absorptlon coefflclenÈ should aE

leasÈ be equal to the product of the voluEe concentration of defect

centera and thelr photolonlzatfon cro6s-secÈl-ons for elÈher electrons

or holes. The evâluatlon of thls Èhre8hold energy can be derlved as

fo11o¡¡s.

An ffldfrect-energy gap senfconductor such as Sf is assuned,

and the defect considered ls a deep lnpurlty level such as go1d, a

recombinatLon certer nhlch has a well-knorrn defecÈ leve1 located at the

ntddle of the energy gap.(26) The phonon-asslsted lnterbênal abêorptfon

coefflclent for example froo srolthr(27) 
""rr' 

b" wrLÈten as

f
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free path for acoustlc phonon acatterLng ln the conductlon band at

teEperature To , f" - 1 ls thê oscfllator strength, q 1s the effectlve

nass for holes, where 4'' = 4!' .llt lf the valence ban¿t is de-

generate lrlth tno effectfve nåsses rhl ard rh2 , M ls the atonfc nass,

eo ls the pernftttvity of free apace, e ls the electronlc chârge and

the denslty of states effectlve r.ss, md = ne neglect6 the "non-

epherlcal" naÈure of Èhe nlnlna ln Èhe conductlon band.

The lnpllcatlon of Eqns. (43) or (44) are nore readlly

establlshed lf we slnplffy the Eqns. (35) and (45) by

¡t

Ar =

2 3/2Me n- f E 
^E_ncDo

* 1 It
32n e m n^'T Cn(4, kT )oecoo

.E ¿f t ,2 16n e2 'tr(:-,, ---¡--
"o 3n nC

*

and enpLoy the assunptlons

Ar .Eef f .2
A 'e' o

füo-¡E+E)2
A( ----------;---- .r - ÑtA'

1rûr(aEodur)¿ (exp(Eå)-1 )

2.2
1óx32xr >G xe (1, k T )ocoo
æ npo

øl/2<d*nr)t/2

th

Thts leads, usfng Eqn. (43) or (44), to

¡Il
e

f
c

(rru,)3

E
lf ¡¡e now let .lft¡ - AE = 'ltr¡l - E - 

^ , 
then, after soûe nânlpulaÈ1on and
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aPProxlnatlon, ¡re flnd that

here

0. 063ev

3.82 ev

1. 12 ev

0.54 ev
15 -34.3x10 cÍr

A+E
P

r*1 /2 
¡"*p tþ-r .)1/2 { aao-nr> <}l t/o< r}rl'lo

**
A e*1/2("*p( þ > - r>l/2<aEo - Es)

(46)

0.337 n- - 0.337 x 9.1 x 10 eo
-876A=76xlO crl

8.62 x 10 - x 300"X = 25.9 nev

-1 l!8.85 x10- F/cn

= 3.3 and M = 28.09

** E.
=A (, )

g

Et

E
E

rl4 43

A nuEerical exanple to cålculâte 
^ 

is of lnterest. We assr¡me an N-type

slllcon crysÈal nlth gotd as the tûpurl q,(26) our parameterg become:

-28thE
P

AE
o

E
c

El

Nt

t
co

kTo =

-o

e 
ef f./ 

eo

Substitutlng all theee values lnto Eqn. (46), ne obtaln

0 .01 ev

The fact that Á ls enâll ln relatfon to the energy gap

lnplfes thaÈ for monochroúatlc llght wiÈh photon energy well ln excess

of the energy gåp, the neglect of trap photolonlzatlon of the traps

w111 provlde 1lttle error ln the deÈernlnatforì of the reconblnatlon

llfetlne. 0n lhe oÈher hand, a conEon pracÈfcal 6ftuatlon fnvolves

llluDlnatfon of the serûfconductor nâterlal wlth broadband optlcal fllu
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nlnaÈlori. In these .caaes, aÊ for exanple ln the solar cell, the large

portfon of the opÈlcal spectrun belolr the band gap eûergy nây ín eone

caseÊ håve an apprecfable effect on the recoxûblnatlon process.
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CHAPTER 6

CONCLUSIONS

the lrivestigatlon of lnduced PN Junctlons ln C'etnânluxt nlth

t!" fundanental mechanfems and appl ications as long-wavelength

photodetectore descrtbed ln the prevlous chapters ls concluded fn thls

chapter. Further developmenta on thts devlce or related problens are

also suggeeted.

ó.1 0n Cernânlu¡û Photodetectors nfÈh Induced PN Junctlons

0n the bâsts of experlnentally-observed dependences of dark

currefit and photocurrent upon blas voltage and teEperature, we are able

to unaûbLguously conclude that gold co¡rt¡rcts Èo rûoderaÈely doped N-type

gerlûåniurû behave as lnduced Pl-N Junctlons. The dark currente are due

prlnarlly to hole Lnjectlon lnto the quasÍ-neutral reglon ln forward

blas, wlÈh a emêll addltlonal conponent due to generatlon 1n Èhe space-

charge reglon Ln reverse bfas. Thernfonlc eElêêlon of electrons over

Èhe Schottky bårrrler contrlbutes 1n â negllglble way to the device

current under both forr¡ard and reveree-blased condltlons. Ttlese devl-

ces are therefore expected to perforE as photodetecÈors for long wave-

lengÈh fLberoptic conEunlcatlon6 åt least ås well as gernanlun PN

Junctfons, and lndeed nay be euperlor as a result of the absence of

heavlly-doped diffueed or lon-fnplanÈed surface reglona.
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6.2 0n Influence of Mlnorlty Carrfer Llfetlne

The expllclt and loplfclt effects of Elnorlty carrier life-

tlEe r on the Derforúânce of photodetectora have been presented. thlsp'
lncludes the effecÈE on quanÈum efffclency, epeed of phoËoresponse and

gafn. These effects wlll be substantlal ff the approprlate condltlons

are oot net concernLng the mrlttpllcaÈlon of åb6orptlon coefflclent and

the wldth of Èhe âcttve reglon. Trade-offe exlst. bêtneen thê depletlon

wldth and the Èransft Èloe. rn doee noÈ dlrectly sffecÈ lhe lEpact

lonLzatLon coefflclent of avalanche photodlodes and for approprlâÈe PIN

photodetector geoûetrles, can be nade to dfsappear fron Èhe expreêsfons

for galn or quantum efflclency and speed of response. In thesê cases,

fts prlnary effect ls on 6hot noise through lts connectlon with the

reverse eaturatlon current.

6.3 0n Mlnorlty Carrler Reconblnatlon Ln GernanLun

The SRlt nodel has proven to be capable of accountfng Ln an

accuraÈe ûanner for both the detalled temperature dependence and the

dependence on lnJectlon leve1 of reconblnatlon Ín gernanLun, over a

wlde range of these experloenÈal varlables. Isolated nonoenergetlc

defecÈs that 1fe above the equlllbrlum Fermi level at Ec - 0.128 eV

explafn the pronounced temperature dependence of the llfêtlne, and Èhe

trap paranet.ers are also consfstent with the lnJectlon-leve1

dependence. The nagnltude and tenperature dependence of the capture

cross-sectlone for electrons and holee are further ln quantl.tâtlve

ågrêement r¡1th a theoretlcê1 treaÈment whlch ldentlfle6 the

acceptorllke nature of the centers. Theee observatlons help to lustffy
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the u8e of the SRll treâtEènt tn the quantltative Dodel-llng of gerÐånluE

induced-pn Junctlon photodetectors.

The er.perlnental resulte obtafned for the vårfåtlon of

ûlnorlty carfrer llfetfne nlth optlcal lllunlnatlon lnteûslty, lrave-

length and teEperature have been qualltatlvely lnterpreted by neans of

the one-dinenelonal dlffuslon equatlon and the tranalent recomblnaÈlon

equatLon. The latter departs substantlally froB steâdy-state reconbl-

ÉatÍon as descrlbed by the SPü Eodel. The addltfonal postulate of a

shallor¡ retrapplng cenÈer found tn PoVD to explaln the ner¡ features

observed 16 not at varLance r¡fth FCVD due to the dlfferent tlEe-scales

and excltatlon ûêÈhods. Unllke the FCVD neÈhod, Èhe PoVD technique,

r¡hlle fn prfrciple capable of provlding addltfonal quantftaÈlve fnfor-

DatLon concernlng the reconbfnatfon proceÊs, ls plagued by practlcal

lfEftaÈlons r¡hlch .we conclude wl11 provlde only qualltative Lnfortå-

tlon.

6.4 On Llûftatlons to SRII Generatlon/Recorûblnatton Model

The dlrect photolonlzatlon of defect states ha6 been lncluded

ln Èhe conventt onal recoûbfnallon Èheory. This addltlonal roechanis¡t

reduces the net reconblnatlon råÈe and enhatces the effectlve nfnorlty

carrler llfetlne. Conparleon wlth the standard SRH nodel shotts that

Èhe optlcal enfssLon rate from the defect states can only be neglected

nhen the lncldent optfcal Lntenê1ty ls sufflctently weak, the value

dependlng upon the relatLve ûågnltudes of Èhe photolonizaËfon cross-

secÈton and the thernål cross-sectLons. Slgnfflcant nodlflcatlons to

the nf.norlty carrler Ufetlne occur aÈ high tenperature. A prlnclpal

conclueLon 1s that, for photon energles even sllghtly ln excess of the
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energy gsp (t ur > E, + O.O1 ev) photogeneratlon vfa defect atates úåy
I

normally be neglected ln comparL6on wlth lnterband photogenerat lon,

even Ln lndlrect aenLconductora. For photon energles belon Eg , Èhe

recoEblnatlon expressÍons of SRll are found to be elnply replaced by

slrûllar expresslons wlth effectlve values ri and nl whfcn fncorpor-

aÈe Èhe photolonlzatlon of the trapplng centera.

6.5 SuggesÈlons for Turther Research

Our lnve8tfgaÈlon on goLd-conÈacted N-type C,erúanfurû photo-

deÈectors nlth lnduced PN Junctfon€ has provlded fts scientlffc elgnf-

fLcance and engLneerlng applleatlons ln fiber optfcål comunlcatlons.

Nevertheleês, the pfesent results 6tllL lnltlaÈe a wlde variety of

lnterestlng practLcal and theoreÈtcal probleas whlch are worihy of

further study.

FLrsÈ, most ne tal-senlconductor devlces are âssociåÈed úrfÈh

the problems of degredetlon due to oxldatatlon Ln the expoged envLron-

ment. Wlth our experlence on the fabricatlon of Schottky barrler

devfces, we found that the degradaÈlon can be reduced by lûrcrslng the

etched wafers lnto the Methonal for several days before lt is

deposlted wlth Eetal tn the hlgh vacuum chanber. We sugge6t that the

nlcroscoplc analysle of Ëhe chenlcal-reacted aurface r.riLl be Èhe key to

understanding this important factor which witl play a vital role in the

design of highly reliable photodetectors.

Secoûd, as we hâve dlscussed ln Chapter 3, the Elnority

carrjer lifetime was indicated to be of no impact on the multiplication

nolse factor under the assunptLon of excludfng the recoúbinatlon effect

froro the transport mechanlems tn both apace charge and bulk reglons.
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In splte of the conpllcatlon ln the DaÈhematlcal lntegratfon, lt is

expected that the nuEerfcal æthod cåri be ueed to develop this theoret-

lcal model.

Third, the difference of æasurlng the rûfnorlty carrler llfe-

Èfne between FCVD ând PoVD Eethod6 has b€en dlecuesed ln Chapter 4.

The dlscrepèncy 1n the chêracterlzatlon has been considered to be

caused by the fnstanÈaneous optlcal eource and Èhe conplfcated decay

mechantsns. The solution to this problem can be achieved by

the follol'lng lnvestlgâtlon; (1) Theoretlcal Model develoPnent. A

tno-dlnenslonal recoûbfnatlon equatlofi wlth conparable and different

(nonllnear) eurface recoroblnatfon veloclty can be solved exactly by

uelng quaclratfc, lsoparanetrLc ffnlte-elenent no¿le1Llng technlques'*

(2) Expertnental coflslderatlon. A deslgn of electrlcal pulêe w1Ëh a

similar time varied shape as in the optical case will be further applied to

thls devlce 1n order to conffrm the lnconslstency between Èhe ttto

nethods.

Fourth, oÈher than we have EentLoned on the lfnitatlonê Èo

the SRH staÈlstlc oodel (dlscuased ln the lntroducÈfon of Chapter 5),

there are a varlety of related problens whlch are lnherent Èo one fufì-

danûental å6sunptLon: the equfvalenÈ relatfonshfp between the capture

and enisslon rates rÍas nade under thernâl equllfbriun condftlofls. It

1Ê belleved that thfs lg derlved frorû the prlnclpLe of detalled

bâlance. In fact, 1t ¡oay noÈ contffiue to hold under non-equllfbrlum

*See J.G. Shaw and A. Wexler, RÊport TR79-4; and A. I{exler Report
TR80-4, Departnent of Electrlcal Englneerlng, Unlverelty of l,fanitoba,
l{lnnlpeg, Canada (unpubltshed).
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condLtlons but lt ls nevertheleae appued there slrice all device pheno-

Dena occur under these coûditions. An âpproach wlth quåntuû nechanfc

technlque (Tlne-dependent perturbstlon æÈhod) applted to Èhe transi-
tlon probabllttfea between Èwo energy levels nay be pursued for further

study.




