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　　Kol｛1〈aido　University，　No．　133　（1986）

Carrier　Concentration　and　Composition　Profiling

　　　　　　　　　　fer　GaAs／AIGaAs　Laser　Diodes

Takayuki　SAwADA‘　and　Arnoldo　MAJERFELD“’

　　　　　　　　　　　　（Received　June　30，　1986）

Abstract

　　　A　computer　contro11ed　automatic　carrier　concentration　profiler　is　used　to　assess

GaAs／AIGaAs　single　layers　and　multilayers　for　iaser　diodes．

　　　For　the　rellable　profiiing　of　high／low－doped　multiiayers　and　transition　regions

between　epitaxy　／semi－insuiating　substrate，　the　definition　of　electrolyte／semi－

conductor　contact　area　becomes　important，　since　the　capacitance　arising　from　excess

side　area　becomes　relatively　large．　This　undesirable　area　is　considerably　reduced　by

using　a　thick　photoresist　or　a　light－tight　wax　wlth　a　large　sealing　ring，　so　that　the

profiling　extending　for　3　orders　becomes　possible　even　for　small　etching　area　of　about

1　mm2．

　　　　A　simple　and　convenient　composition　profiling　technique　for　AlxGai－xAs　layers，

uti1izing　the　photovoltaic　effect　of　the　electrolyte／semiconductor　system　is　also

described．　The　result　is　conslstent　with　PL　measurerr｝ents．

　　　　Simultaneous　profiling　of　the　carrier　concentration　and　Ai　composition　is　success－

fully　done　against　GaAs／AiGaAs　multi！ayers．

1．　introduction

　　　　In　connection　with　the　development　and　fabrication　of　sophisticated　semiconductor

devices　such　as　GaAs／AIGaAs　double　heterostructure　（DH）　lasers’，　a　rapid　aRd　reliable

assessment　of　grown　layers　is　required　in　order　to　establish　optimum　growth　conditions．

Basic　and　most　important　parameters　of　laser　structure　are　carrier　concentrations　and　A！

composition．　Recently，　for　measuring　these　parameters，　a　computer　contro！led　automatic

carrier　concentration　depth　profiling　system　is　widely　used．　Principles　of　the　profiler　are

based　on　the　electrochemical　etching　of　the　semiconductor　surface　and　the　subsequent　C－

V　measurement　of　the　Schottky　barrier　formed　at　the　semiconductor／electrolyte　inter－

facei・2），　which　allows　continuous　profiling　of　carrier　concentration　against　depth．　How－

ever，　reliable　profi！ing　is　sometimes　difficult　owing　to　excess　capacitance　arising　from

undefined　side　area，　when　a　plastic　sealing　ring　with　small　diameter　is　used　for　the

definition　of　etching　area．　The　use　of　the　large　sealing　ring　is　one　of　methods　to　reduce

the　undesirable　capacitance，　but　the　method　needs　a　large　area　extended　over　a　few　tens
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Mm2．

　　　　In　this　report，　a　different　method　to　define　electrolyte／semiconductor　contact　area

using　a　thlck　photoresist　or　a　light－tight　wax　combined　with　the　sealing　ring　is　described．

This　metkod　considerably　reduced　excess　side　area，　and　rellable　profiling　of　high／low－

doped　multilayers　and　epitaxy／semi－insulating　substrate　transltion　regions　becomes

possible　even　for　small　defined　area　below　1　mm2，

　　　The　validity　of　determinlng　Al　composition　in　AlxGai－xAs　layers　by　simple　and

convenient　photovoltage　spectroscopy　measurement　is　also　studied　by　comparing　photo－

luminescence　data．　Finally，　the　exampie　of　simultaneous　profiling　of　the　carrier　concent－

ration　and　A｝　composition　is　glven　for　a　GaAs／AiGaAs　multilayer．

2．　Experh複enta呈’董｝echniq縫e

　　　　“Poiaron　PN　4200　Profile　Plotter”　（Bio－Rad　Lab．）　was　used　to　assess　GaAs　and

AIGaAs　layers　grown　by　MOCVD　method．　Briefly，　the　carrier　concentration　is　first

determined　by　measurlng　the　electrolyte／semiconductor　Schottky　barrier　capacitance．　ln

its　differeRtiated　form，　the　carrier　concentration　N　（Wd）　at　the　end　of　the　depietion　iayer

is　given　by　the　fo｝10w童ng　wel玉一茎mown　equa毛圭on；

　　　　　　　　　N（W・）＝，ま。。・（、δIV）・表、　　　　　（1）

where　q　is　the　electronic　charge，　E，　Es　is　the　permittivity　of　the　semiconductor，　A　is　the

coneact　area，　C　ls　the　depletion　layer　capacitance　and　V　is　the　applied　bias　voltage．　Both

the　capacitance　and　the　differential　capacitance，　dC／dV，　are　measured　by　phase　sensitive

detectors．　Then　the　profiler　enters　an　etching　cycle，　durlng　which　a　predetermined

amount　of　sample　1s　anodically　dissolved．　The　thickRess　removed，　Wr，　caR　be　obtalned

from　the　Faraday’s　low　of　electrolysis　；　that　is，

　　　　　　　　　Wr”tht　DA　fl’dt　（2）
where　M　is　the　molecular　weight，　z　is　the　number　of　traRsferred　carriers　per　moiecule

dissolved，　F　is　the　Faraday　constant，　D　is　the　densiey　and　fldt　is　the　time　integral　of　the

dissolution　current．　Thus，　the　measurement　depth　x　from　the　original　surface　is　given　by　；

x　＝Wd十Wr （3）

Since　the　contribution　of　holes　to　the　anodlc　dlssolution　is　almost　ttnlty，　n－type　sample　is

normally　illuminated　for　the　etching　in　order　to　supply　sufficient　holes．

　　　For　successful　profiling　of　the　carrier　concentration，　choice　of　the　electrolyte　appro－

priate　for　both　etching　aRd　capacitance　measurements　is　one　of　the　most　irr｝portant　factors．

　　To　flnd　a　stiitable　electrolyte，　several　kinds　of　electrolytes　such　as　Tiron　（1，　2　dihydroxy－

benzene－3，　5　disulfoRic　acid，　sodium　salt　solution），　ammoRium　tartrate　solutions，　KOH，

NaOH，　H3PO4　mixed　with　glycol　etc．　were　examined．　ln　the　experiment，　the　electrolyte／

semiconductor　contact　area　was　typically　set　to　1　mm2　and　the　anodic　dissolution　of　n－type
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samples　was　carried　out　by　the　photocurrent　within　£he　saturation　region　to　induce　a　non－

defect　revealing　etch3）．　Before　and　during　the　proMing　of　carrier　concentration，　1－V，　C－V

and　G－V　date，　as　shown　in　Fig．　1，　were　taken　to　judge　the　quality　of　the　Schottky　barrier

formed，　and　to　determine　the　correct　etching　aRd　measuring　blas　conditions．　The　bias　for

capacitance　measurement　was　set　around　the　miRimum　conductance　point　under　condition

of　negligible　dissolution　current．　Since　the　modulation　frequency　and　its　magnitude　are

also　important　parameters　for　C－V　measurement，　they　were　optimized　against　each

electrolyte．　After　profiling，　flatness　of　the　etched　surface　and　sharpness　around　the

confined　edge　region　were　measured　using　a　“Del〈tak”　moving　stylus　surface　measuring

instrument．
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Fig．1　Characteristics　of　E｝ectrolyte　／　Serniconductor

　　　　　　Schotl〈y　Diode；（a）　1－V　curve　under　dark　and

　　　　　　illuminated　conditions，　（b）　C－V，　G－V　curves．

　　　　　　　　　　　　　　　　　　　　　3．　Carrier　Cencentration　Profiling

　　　　First，　we　profiled　GaAs　and　AIGaAs　single　layers，　both　n－type　and　p－type　materia｝s，

using　a　small　plastic　sealing　ring　with　a　confining　area　of　1　mm2．　Al｝　of　the　electrolytes

examined　possessed　well　defined　Schottky　barrier　being　appropriate　for　measuring　carrier

concentration．　The　other　important　factor　£o　be　considered　for　reliable　profiling　is　the

etching　properties　of　the　elecerolyte．　Especially，　seepage　of　the　electroly£e　through　the

sealing　ring　incorporates　undesirable　excess　capacitance，　and　thus　large　errors　are　intro－

duced2｝．　The　situatioR　is　schematically　shown　in　Fig．　2　（a），　where　A，　and　A，　indicate　the

bottom　flat　surface　and　excess　side　area，　respectively．　The　corresponding　equivale就
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Fig．2 （a）　Schematic　cross　sections　of　the　electrolyte　／

semiconductor　contact　zone　using　a　plastic　sealing

ring，　and　（b）　corresponding　ac　equivalent　circuit．

circuit　is　also　shown　in　Fig．　2　（b），　where　Cs　denotes　the　capacitance　arising　from　As，　and　Ci

and　C2　denote　the　excess　capackances　from　the　circumferential　shadow　region　of　the

illumination　and　from　the　outside　of　the　sealing　ring，　respectively．　C2　is　connected　to

series　resistance，　R，　due　to　reduced　current　conduction　under　the　sealiRg　rlng．　The　profiler

can　subtract　these　excess　capacitances　by　considering　Ae　for　the　calculation　of　carrier

coRcentratioR．　This　rnethod　is　one　of　the　practical　ways，　when　the　doping　density　does　not

change　so　much　throughout　the　layer．

　　　　However，　Ae　changed　from　profiling　to　profiling　even　for　the　same　electrolytes，　and

probably　may　change　during　the　profiling．　Moreover，　contribution　of　C2　depended　on　the

measurement　frequency．　For　these　reasons，　large　Ae　should　be　avoided　eveR　for　the

profillng　of　uniform　single　layers．　The　situqtioR　becomes　more　serious　when　profiling　of

high／low－doped　multilayers　and　transition　regions　between　epitaxy　and　semi－insulating

substraee　are　concerned，　since　the　error　of　the　correction　caR　be　comparable　to　Csof　the

iow－doped　region．

　　　Fig．　3　shows　the　examp！e　of　carrier　concentration　profiles　obtained　by　using　different

electrolytes．　Carrler　concentration　was　calculated　by　subtracting　typical　Ci　十　C2　value

against　each　electrolyte．　Except　for　Se－doped　Al．Gai一．As　layers　with　high　compositional

factors，　×，　above　abottt　O．25，　most　of　profiled　curves　were　flat，　indicating　that　uniform

doping　is　achieved　throughout　the　layer．　However，　in　F1g．　3，　particular　Zn－doped　GaAs

and　Se－doped　AIGaAs　layers　with　fluctuating　doping　density　are　shown　together　with　an

uniformly　doped　normal　layer．　AII　electroiytes　examined　are　able　to　reflect　the　variation

of　carrier　density　with　depth，　that　is，　the　p－type　GaAs　layer　is　characterized　by　a　sraall　pile－

ttp　and　deficiency　of　doping　density　close　to　the　surface，　while　periodical　ripples　of　doping
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density　for　the　n－type　AIGaAs　are　seen．　However，　it　is　seen　tha£　the　calculated　doping

level　depends　on　the　electroiyte　even　after　considering　the　typical　Ci　十　C2　values．　The

deviatlon　of　carrler　concentration　some£imes　extended　over　a　few　hundred　perceRts　when

a　small　sealing　ring　was　used．　Experimentally，　the　area　correspondlng　to　C2　was　highly

dependent　on　the　electrolyte，　while　the　area　corresponding　to　Ci　was　not，　and　high　pH

solution　such　as　IN－KOH　and　buffered　3M－ammoRium　tartrate　solutioR　（pH　＝　11）　tended

to　give　a　large　fluc£uation　of　Ae　as　wel｝　as　large　Ae．

　　　　Concerning　etching　properties，　flatness　of　the　bottom　etching　surface　must　be　held，

especially　for　the　profiling　of　the　mu！tilayer　laser　structures　and　epitaxy／semi－insulating

substrate　transition　regions．0ユM・Tlron　and　3M－ammoniumねrtrate　solu£ions　buffered

by　NH，OH　（2　：　25）　were　capable　of　giving　considerably　flat　and　shiny　bottom　surface，　when

eechlng　bias　was　set　at　proper　values．　Flg．4　shows　examples　of　“Dektak”　trace　of　etched

hole　after　profMng　of　the　GaAs　layers　on　semi－insulating　substrate．　ln　the　figure，　（a）　一　（c）

indicate　the　traces　after　etchiRg　off　n－GaAs　layers　at　different　bias　conditions，　that　is，　（a）　；

etched　within　saturated　photocurrent　region　where　dark　leakage　curren£　is　negligible，　（b）　；

etched　under　a　large　reverse　biased　condition　where　dark　leakage　current　is　no　longer

negligible，　and　（c）；　etched　under　a　small　biased　condition　where　photocurrent　is　non－

saturated．　e．IM－Tiron　was　used　for　the　electrolyte．　Although　the　long　range　flatness

（AD）　seems　no£　to　depend　on　the　etching　bias，　the　short　range　flatness　（Ad）　is　coRsiderably

influenced，　i．e．　defect　sensitive　etching　takes　p！ace　bo£h　in　（b）　and　（c）．　E£ched　pits　appear－

ing　in　（b）　can　be　lnterpleted　as　the　resuit　of　enhanced　leakage　current　at　the　defects，　while

the　raised　fea£ure　ifi　（c）　seems　to　be　due　to　the　shrinkage　of　photocurrent　atthe　defeces，　as

described　in　ref　3．　While　（d）　indicates　an　example　for　a　p－type　GaAs　on　semi－insulating

substrate，　showing　that　the　confined　c1rcumference　is　etched　deeper　than　in　the　center

portion．　This　seems　to　be　attributable　to　the　non－uniforrn　current　flow　after　reaching　of

the　bot£om　surface　to　the　interface．　Note　that　the　bias　is　set　in　a　forward　direction　for　p一
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（a）

（c）

（b）

Cd）

Fig．4　‘’Dektak”　trace　of　etched　hole　after　the　profiling，

　　　　　　where　the　plastic　sealing　ring　was　used．

type　samples，　in　contrast　to　n・type　samples，　so　that．the　current　from　the　side　area　remains

flowing．　For　this　reason，10ng　range　flatness　see町ls　to　be　achieved　until　the　etched　surface

approaches　the　substrate．　It　was　found　that　both　short　range　and　long　range　flatness

　　　　　　　　　　　　りbelow±200　A　is　obtainable　under　conditions　of　appropriate　etching　bias　and　etching

current　density．

　　　Table　I　summarizes　the　profiling　results　of　Se・doped　GaAs　single　layers，　together　with

the　results　of　Hall　effect　measurements　and“Dektak”measurements．　In　the　Table，　ND／

ND，mea．　denotes　the　maximum　deviation　from　mean　donor　density　in　the　Se・doped　CaAs

layer　except　near　the　epitaxy／substrate　interface．　It　is　seen　that　the　uniformity　of　carrier

concentration　with　depth　is　quite　good　in　Se－doped　GaAs　samples．　Furthermore，　it　is

known　that　the　etched　depth　calculated　from　anodic　current　is　in　good　agreement　with

“Dektak”measured　depth．

　　　　Note　that　the　percent　side　area，　Ae，　is　typically　8－15％of　the　total　area（As十Ae）when

the　small　sealing　ring　and　O，1M－tiron　electrolyte　are　used．

Table　1．　Summary　of　Electrochemical　Profile　for　Se－doped　GaAs　Layers

Hall　Effect Microscope Electrochemical　Profiler “Dektak“Profiler

Sample ND Thickness N。　Rched　D⑳止　△N。／ Depth　△d（μm）／　Side　Area

（cm－3） （μm） （cm－3）　（μm）　Nqm，am （μm）　△D（μm）　　（％）

M43 1．22x1018 3．1 13x1018　　　2．98　　　　12G 2．7　　　　±0．03／0．1　　　　　　13

M44 2．56xlO18 3．0 2．3x1018　　　3．04　　　　1．09 ．2．9　　　　±0．03／0．05　　　　　8

M．120 7．3x1017 2．33 9．Ox1017　　　2．69　　　　1．04 2．5　　　　±0．02／0．1　　　　　　14

M133 2．93x1018 2．74 3．2x10三8　　2．56　　　　1．05 2．2　　　　＝ヒ0．35／0．1　　　　　　12

M134 5．76x10ユ8 2．24 6．Ox1018　　　2．65　　　　1．12 2．1　　　　±0．02／0．05　　　　　15
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　　　Similarly，　uniformity　of　Zn－doped　GaAs　and　AIGaAs　were　also　confirmed　by　the

profiler．　Regard圭ng　Se－doped　AIGaAs，　uniform　doping　was　co面rmed　up　to　x＝0．2．

However，　the　capacitance　dispersion　with　frequency　became　larger　with　increasing　x　for

x　＞e．2　；　besides，　profiled　doping　density　was　depleted　near　the　epitaxy／substrate　interface，

as　was　shown　in　Fig．3．　The　capacitance　dispersion　is　attributed　to　tke　deep　levels

responding　to　low　frequency，　that　is，　it　ls　well　1〈nown　that　the　doping　of　donor　impurities

into　AIGaAs　results　in　the　formation　of　DX　centers．

　　　Ie　was　found　that　the　average　free　carrier　concentration　measured　by　Hall　effect

rnethod　decreased　with　increase　in　the　Al　coinposition，　while　the　impurity　concentration

measured　by　the　profiler　was　not　strongly　depended　en　lt　within　the　uniform　region．

Experimental｝y，　the　concentration　ratio　of　the　impur1ty　te　free　carrier　was　1．3　at　x　＝　O．18，

3．7　at　x　＝＝　O．25　and　12－13　at　x　＝　O．32．

　　　The　reason　for　the　deple£ed　impurity　density　near　the　interface　is　not　known　preciseiy

at　present．　However，　the　existeRce　of　heterojunctions，　namely，　conduction　band　discont－

inui£y‘），　a　memory　effect　of　Se　dopant，　and　compensating　shallow　acceptor　seem　to　be

involved．

　　　As　mentioned　previously，　profiling　of　high／low－doped　rnultilayers　aRd　epitaxy／semi－

insulating　transition　regions　becomes　difficult，　when　a　small　sealing　ring　is　used　for　the

definition　of　electrolyte／semiconductor　contac£　area．　For　this　reason，　thicl〈　photoresist　or

Kght－tight　wax　combined　with　the　large　plastic　sealing　ring　was　normaily　used　for　accurate

profiling．　The　s2tuation　is　schematically　shown　in　Fig．5　with　the　corresponding　equi－

valent　clrcuit．　Since　the　thickness　of　photoresist　exceeded　several　pt　m　（over　several　tens

pt　m　for　llght－tight　wax）　and　the　diameter　of　the　sealing　ring　was　about　3　mm，　its　capacitance

contacted　to　the　electrolyte　was　neqligible　compared　to　the　Schottky　capacitance，　C，，

illufn｛nation

seaHng
　　ring

｛photoreslst）

　sample

etched　hole

　　　　As

｛a）

F圭9．5

窪三F11｝
　　　　　　　　　　（ヨ）

（a）　Schematic　cross　sections　of　the　electrolyte　／

semiconductor　contact　zone　using　a　thick　photo－

resist　combined　with　the　large　sealing　ring，　and　（b）

corresponding　ac　equivalent　circuit．
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within　the　lnteresting　range　of　the　carrler　coRcentration，　i．e．　down　to　lxlOi5　cm－3．　The

seepage　of　the　electrolyte　tkrough　the　sealing　ring　becomes　xxo　longer　a　problem．

Moreover，　ehe　circumference　shadow　region　previously　observed，　as　shown　in　Fig．　2（a），　is

completely　eliminated，　so　that　the　excess　capacitance　arising　from　the　non－flat　side　area　is

coRsiderably　reduced．　The　example　of　“Dektak”　trace　of　etched　hole　is　shownin　Fig．　6，

where　O．IM－tiron　was　used　as　the　electrolyte．　Note　tke　sharpness　of　the　etched　wall．　The

side　area　can　be　estimated　to　be　一3　O／e　of　the　total　area，　being　independent　of　the

electrolyte　examined，　which　is　1／5　一　／／3　compared　with　that　using　the　plastic　sealing　ring．

　　　Fig．　7　shows　the　example　of　carrier　concentration　profiles　of　a　Se－doped　GaAs　layer　on

semi－insulating　substrate，　where　the　difference　of　profiled　curves　between　two　confining

metkeds　is　demonstrated．　WheR　black　wax　is　used　for　the　definltion　of　the　contact　area，

the　profiled　carrier　concentration　usual｝y　dropped　to　2．5－3　orders　magndtude　smaller

value　than　the　uniformly　doped　region，　as　indicated　by　a　bo｝d　line，　provided　that　flat

etching　of　the　bottom　surface　is　achieved　until　epitaxy／substrate　interface．　The　result

should　be　compared　to　the　profiled　curve　obtalned　by　using　the　sea｝ing　ring　；　typically，　a

！　一　！．5　order　drop　is　observed．　ln　order　to　check　the　validity　of　the　former　profiled　curve，

me£al　Schottky　barriers　were　formed　on　chemically　etched　steps　near　the　epitaxy／sub一

Fig．6
｛t

cektak”　trace　of　etched　hole　after　the　profiling，

where　light－tight　wax　was　used　for　the　contact

definition．
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　　　＞N．．一
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　　　　　O　　　　　　　l　2　　　　　　　3　　　　　　　4
　　　　　　　　　　　　　　　　　　　Depth　〈ym）

Fig．7　Carrier　concentration　profiling　near　Se－doped

　　　　　　GaAs　／　semi－insulating　substrate　interface．
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strate　interface．　The　above　profiling　method　using　black　wax　was　also　employed　after

removal　of　thick　high－doped　layer　from　the　surface，　to　reduce　the　capacitaRce　coRtribution

from　the　excess　side　area　further．　The　results　are　shown　in　Fig．　7，　where　lines　with　open

circles　and　closed　circles　indicate　the　metal　Schottky　proflle　and　the　electrochemical

profi｝e　after　etching　off　the　thick　n“一layer，　respectively．　lt　may　be　seen　that　the　metal

Schottky　proflle　and　the　electrochemical　profile　are　reasonably　in　agreement，　and　that　the

original　curve　profiled　to　the　sample　haviBg　thiclc　n’一layer　is　close　to　those　curves　in　shape，

although　the　drop　of　the　curve　is　limited　to　about　2．5　orders．　The　shift　between　the　curves

seems　due　to　both　experimental　error　and　lateral　difference　in　the　layer　thickness．　lt

should　be　aiso　noted　that　the　carrier　concentration　profiling　held　down　to　16i‘　cmme3　range

become　possible　when　thick　n’一layer　1s　removed　and　black　wax　is　used．　lt　was　found　that

the　effect　of　series　resistance　durifig　capacitance　rr｝easurement　is　Regligible　until　carrier

concentration　approaches　the　middle　of　10’‘’　cm－3　range，　From　the　above　profilings，　it　was

found　that　the　transi£ion　width　between　Se－doped　GaAs　and　semi－insulatlng　substrate

became　narrower　wi£h　increasing　AsH3／TMG　ratio．　The　transition　width　of　O．2　ptm，　being

assessed　as　a　2　order　drop　in　carrier　conceRtration，　was　met　under　normal　growth

conditions，　that　is，　Tg　＝　72e“C　and　AsH3／TMG　一ww　20．　lt　seems　that　the　transition　layer

belongs　to　semi－insulating　substrate，　originally，　because　the　tkicl〈ness　of　the　uniformly

doped　region　was　almost　independent　of　AsH3／TMG　ratio，　as　expected，　while　the　thickness

of　the　transition　layer　strongly　depended　on　it，　under　the　condition　of　constaRt　growth　time．

　　　　An　example　of　carrier　concentration　profile　for　a　high／！owdoped　multilayer　is　shown

圭nF玉9，8．
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Fig．8　Carrier　concentration　profile　of　a　highflow－doped

　　　　　　GaAs／A｝GaAs　multilayer．
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　　　The　epitaxy　consists　of　three　layers，　that　is，　Se－doped　GaAs　（1ptm），　UD－GaAs　（1ptm）

and　UD－AIGaAs　buffer　（1ptm，　x　＝＝　O．3）　from　the　surface．　The　transition　width　between　n“一

GaAs　and　UD－GaAs　assessed　by　the　one　decade　drop　in　carrier　concentration　is　about

600　A，　as　seen　from　Fig．　8．　The　resolution　of　the　profi｝er　1s　less　than　the　above　value　of

600　A　when　Debye　Length　of　the　doped　layer　is　considered．　Similar　curves　were　obtained

for　£he　same　structures　but　with　different　AsH3／TMG　ratio，　ancl　the　transitioR　width　seems

to　be　less　dependent　on　AsH3／TMG　ratio，　in　contrast　to　the　n“一GaAs／semi－insulating

substrate　transition．　Thus，　quite　reasonable　profiles　can　be　obtained　again　for　high／low－

doped　multilayers　by　uslng　a　photoresist　or　light－tight　wax．

4．　Compositien　Profiling

　　　　The　compositional　factor，　x，　of　GaAs／AlxGai一．As　multilayers　is　also　of　great　interest

in　laser　operations．　For　convenient　and　rapid　evaluation　of　the　compositlonal　factor，　the

open－eircuit　photovoltage　spectrum　of　the　electrolyte／semiconductor　Schottky　barrier　was

measured　by　interrupting　the　profiling　of　carrier　concentration．　This　method，　which　is

based　on　the　fundamental　light　absorptioR　by　the　generation　of　electron－hoie　pairs，　was　also

reported　Wakefield　et　al．5）．　Nere，　the　validity　of　tke　method　is　examined　by　comparing

with　photoluminescence　（PL）　data．

　　　　Fig．　9　shows　the　block　diagram　of　the　constructed　photovoltage　measurement　system．

Monochromatic　light　obtained　from　a　tungsten　lamp　and　a　monochrometer　is　collirnated

and　chopped　with　a　frequency　of　12　Hz，　in　order　to　avoid　the　slow　drift　arising　from　a

relaxation　of　the　Helmholtz　layer，　then　the　light　is　guided　into　the　electrochemical　cell．

The　photovoltage　signal　from　the　sample　is　amplified　by　a　lock－in　amplifier　and　recorded

on　a　X－Y　chart．　lt　should　be　noted　that　the　dissolution　of　the　sample　is　negligible　duriRg

the　photovoltage　measurement．

　　　　Fig．　10（a）　shows　photovoltage　spectra　of　n－type　Al．Gaiww．As　single　layers　with　differeRt

Al　compositioR，　whlch　are　normarized　by　the　maximurR　photovoltage，　Vph，max．　No

correctioR　against　incident　photon　nttmbers　is　made　for　the　sake　of　rapid　evaluation　of　x　；

Besldes，　intrinslc　absorption　of　the　direct　transitions　is　proportionai　to　（hc／Z－E，）ii2．

However，　here，　the　Al　composition　in　Al．Gai一．As　layer　was　calcuiated　from　the　mid－point

energy　of　the　spectrum　near　the　band　edge　regioR，　using　the　foliowing　empirical　equation6）　：

　　　　　　　　　Eg　（AlxGai－xAs）　一　Eg　（GaAs）

　　　　　　　　　　　　　　　　　　＝L226x十〇266x2　（x〈O．37）　（4）
　　　　Fig．　10（b）　shows　the　comparison　of　Al　mole　fraction　（％Al）　determined　from　the

photovoltage　measurement　to　that　from　photolumlnescence　measuremeRt，　where　the　peak

energy　of　PL　1ntensity　was　assigned　to　the　band　gap　energy，　since　the　Rear－gap　emisslon

usually　peaks　very　close　to　the　band　gap．　lt　is　seen　that　the　correlation　between　two

methods　is　fairly　goed　withiit　the　error　of　±　a　few　O／e，　as　far　as　direct　transitions　are

concerned　（x　〈　O．37）．

　　　The　example　of　the　carrier　concentration　profile　together　with　the　corresponding　set
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of　the　photovoltage　spectra　is　shown　in　Fig．　11，　which　is　obtained　frorR　a　multilayer

structure　having　p’一AIGaAs　（i　一　2xleJ8cm－3）／uRdoped　GaAs　（10i6cmnv3　range）／n’一AIGaAs

（5xlOi7cmww3　range）／R“一GaAs　（1　一　2xlO’8cm－3）　｝ayers　on　n’一GaAs　substrate．
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Fig．ll　（a）　Carrier　concentration　profile，　and　（b）　corres－

　　　　　　ponding　set　of　the　photovoltage　spectrum．

　　　During　the　profiling　of　p一£ype　region，　the　aRodic　current　was　supplied　by　biasing　the

sample　to　a　forward　direction　in　the　dark，　while　the　dissolution　current　of　the　n－type

regions　was　supplied　by　illuminating　the　saraple　as　described　previously．　When　the　p－R

junc£ion　is　approached，　the　dissolution　current　decreases　considerably，　provided　that　the

etching　bias　is　set　at　an　appropriate　value．　Regarding　the　measurement　of　ehe　capaci－

tance，　after　the　deple£ion　layer　of　p－type　region　reaches　the　p－n　junction，　the　profiling

becomes　difficult　at　least　until　£he　etching　progresses　through　the　junction　owing　to　the

complicated　polarization　of　the　semiconductor，　which　is　seen　in　the　profiled　curve．　Then

the　measurement　conditions　were　chaRged　to　be　appropriate　for　n－type　rnaterial．　Each

layer　is　clearly　distinguishable，　although　the　carrier　concentration　in　the　n’一AIGaAs　layer

is　much　smaller　as　compared　with　expected　carrier　coRcentration　from　Hall　effect

measurement　done　on　similarly　grown　thick　n’一AIGaAs　single　layers．　The　phenomenon

seems　partly　due　to　the　iRcorporation　of　deep　traps　aBd　shallow　acceptors　in　this　region，
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and　parもiy　due　to　the　the　conduction　band　discontin競ity，　as　described　previously．　The

prof量玉ing　in癒圭s　region　was　highly　sens圭もive　to　the　etching　bias，　that　ls，毛he　etching難der

a至arge　reverse　b呈ased　condition　gave　a　larger　imp登rlty　concentration，　as　shown　by　dashed

lines，　which　implies　the　existence　of　deep　traps　comparable　or　greater　than　the　free　carrier

　　　　　　　　　のconcentration．

　　　　Regarding　the　photovoltage　spectrum，　the　letters　on　the　profiied　curve　ind圭ca£e　the

measurement　points　of　the　spectrum．　S圭益ce　they　are　different　from　etching　depth，　corres－

pond圭ng　etching　depths　are　a璽so　marked　on　the　dep出axis．　The　photovo圭毛age　durlng　the

P－type　surface　cond至tion　gave　opPosite　signs　to£he　expected　ones　from　the　Schottky

barrier，　name玉y，　the　same　polari宅y　as　for　n－type　surface．　The　reaso礁for　this　can　be

expla圭ned　by　the　compet圭tion　between　photovoltages　arls鎗g　from　the　p－type　Schottky

barrier　and　from　inner　p－n　junc£ioR，　since　a　photovoltage　with　normal　s圭gn　was　usually

observed　against痴iclくp－type　single　layers．　Except　for　p－type　region，鋤e　chaBge　of　the

spec£rum　with　etching　depth　is　clear，　as　shown　in　Fig．！！（b）．　The　Al　compos呈tion　of　n・type

AIGaAs　layer圭s　esもimated　tQ　be　O．20，　The　value　is　reasonably　in　agreemen£with　PL　daね

of　O．230btained　from　n・type　AIGaAs　sing至e璽ayers　grown　under　the　same　conditlons．

5．　Co簸c1疑s圭ons

　　　In　conclusion，　an　automatlc　carrier　concentration　depth　profiling　system　is　used　to

assess　MOCVD　grown　GaAs　aRd　AIGaAs　single　layers，　and　GaAs／AIGaAs　mu｝tilayers　for

laser　diodes．　Reliable　profiling　with　considerably　reduced　inf！uence　from　the　excess　side

area　has　been　demonstrated　through　the　use　of　a　thick　photoresist　or　a　light－tight　black

wax　with　a　large　plastic　sealing　ring．　The　area　below　1　mm2　is　sufficient　for　the　profiling，

so　that　the　method　is　highly　effective　to　reduce　material　consuraption．　With　this　confining

method，　uniformity　of　p－type　aRd　n－type　GaAs，　and　AIGaAs　layeys　was　confirmed　except

n－type　AIGaAs　layers　with　Al　compositlon，　x，　larger　than　O．2．　Furthermore，　profiling　of

high／low－doped　multilayers　and　the　transition　regions　between　epitaxy／semi－insulating

substrate　becomes　possible．　The　validity　of　deterrRining　Al　composition　in　Al．Gai一．As

layers　by　the　photovo｝tage　spectroscopy　measurement　has　been　also　studied．

　　　　The　A｝　composition　determined　from　pho£ovoltage　measurement　is　consistent　with　the

photoluminescence　result．　Finally，　the　example　of　simultaneotts　profiling　of　the　carrier

concentratioR　and　Al　composition　for　a　GaAs／AIGaAs　multilayer　was　given．
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