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Abstract

This = special - project - focused on the development of an automatic
measurement system under van der Pawn and Hall effect measurement. This system
was used to determine electrical properties of semiconductor materials. It consists of
a switching control box, a permanent magnet with a constant magnetic field of 5500
G, a current source, a voltmeter and software. In this special, the software was
developed with LabVIEW software for relying on automation switching the current
source and voltmeter to all side of the sample. It has windows for interfacing with
the user and displays resistivity, carrier type, carrier concentration and mobility after
complete of the measurement. The resistivity was measured by the four-point probe
technique under van der Pawn method. The resultant eight values of Hall voltage
were measured via the four electrodes under conditions of reverse of the directions
of magnetic field and current injected into the sample. To verify the electrical
property measurements provided by the developed system, two silicon wafers were
used: p-type B-doped Si with resistivity of 30-50 W-cm. The values of resistivity,
carrier concentration and mobility agreed well with those from American Society for
Testing and Materials.

Keywords : Hall effect, Van der Pauw Method, Discharge electron, Semiconductor
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svmaudnuungnindunlnddatuuniusunareurewuds fetradusznouves
Toifsudasy 1 evnsalsznoufmedundvauasdidnasou 11 & Sidnnseumaridinisdes
FnduszRundanufe 1s°2s°2p°3s ﬁqgﬂﬁ 1(a) MWANININTEAUNGNY 15,2p Wy 2p &
Sidnaseuegifiluvasiissiundsny 3s fBidnaseuliios 1 f dudurdwilessnnuid
I# fasanezmenvestuden 2 svnen Migvinsiuanou Siinnseurewudazesaeulildsy
dnswaveusigaonlvesdnoznounis dnfuseiundsruveudazoznonddaifinng
Watuwas maGeshusudazesnessvmilouszasudasy ethslsfinugnsvegyinaseing
szmouTiaiduas Heddunduroididnnson (electrons wave functions) asdouiy
fu Bidnesewliueyniadil halfinteger spin Hai3vseynimmaniian Fermion wiiwgnssu
Wulumuwdneainna (Pauli exclusion principle) #3nd133aunasa@aiusaloufiuy
i Fermion Ifflewmilseyniawiniu munemmmdidnnseu 2 Mlussuursiaausaous
wilouriubild ssaundinuveusazevnonifosuemu 2 1du danslugud 1(b) B9
sznavaglndfussiundenud weniiestusnn uenainililesandidansentuly wu
seav 1s aglndflaadsauinazlasudninasinussgasndvesinindsauin Tuvned
sldnmsaulsuenldsudninasinussgasudessdindeatesnduiesaingnua
4 (screening) FaeBifanseuadly fafuusenssvssninesnsudiinadesidnnsouluen
unnddianaseudsly Wusumelissdundanusedidnnsevaduiinisuenesntosni
sgAundsnuveBlannseulen
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(@) (b) (©

SUTL 2.1 wnuamuaRsTERUNG
(a) evmenvalyifNdaTy
(b) sxmorvosluisiba 2 axneveglndiu
(0) evpenveslufsuatsznavpglaiuduvowuds

7

dszuuiiesnavvedleifion 3 aznounglndiu seiundsurazseiuasien
[~ s [ [} [ = o V. a [ ¢ s [
ety 3 seAUNGIULEe TuriusnfeInuaidl 4 azasufzuenidy 4 sedundsau
' 4 a0 ° Vo ' & o 23 = -22 = ¥
g0y Liadlinuuesnoniwauineginaiu wuluwswdsiivssunm 107 84 10 eV gl
' 3 Y ) o = ' o a0
aunsousndududesqld Taidnvasdunoundiny Aauandlugun 2.1(c) PuNTRUTY
¥ ar 1 = A:l ] = i = Qs
FENINWAUNFITULTBUNI energy gap Lﬂuummwluﬂatﬁnmasuaq wWiguieulanu
YBITNTERINNSEAUNS WUVDIDE N DU AT
= ﬂd o d Q L7 1 =l
#sansanvewetuddlugaunffivsznaudpesneus I uINIS s uagadl
=l -1 -] - = Yoy, o Py [~
seileudidaniuresudevzindounniglioninavasfndlui, Vi) vesesrauiiidnwasidu

AunINsIBuTwNssezaaslasauan (lattice spacing) Tne
Vix)=V(x+a)=V(x+2a)=...

e a szgzveslaswEn
° ) < a vy o a
mifmwnaumaageunveddnaseulussuuinduaansavihldlagldaunisvseds
W3 (Schrodinger equation) udfinanugenun Seesldnisussanalasenfenuusians
¥83 Kronig-Penney (Kronig-Penney mode) #3a150113158uuUsenausiedidnnsauiiies
a o o o a @ ' [ = aa &4 o !
1 917 dauiiiunmveseznausssagulussitovlu 1 IR Sedndlnivetesnauud
u = @ < a " a 1
avdeedidnuanfuzudmaon narasvesaunsvisensesuandiifiuindidnnsouls
= ar ¥ ] L v 1 ! ] ¥ 1 1 [ 1
annsadindanulayni udeeiindanuldedrralioniutieg uiaztisesusnaniufiedas
L A-l:l 1 ! a 1 o o GJQ ! 1
nasunianaseuliamsailild drsvessziundsnuiididnaseuaunsasgldi uau
= = 1 s - Aﬁ 1 i 1
Buzau (allowed band) waziseniravasseRundsundianaseuldauisangladn way
Ao (forbidden band) #e wautasine (bandgap) %38 Te43inawdaaU (energy gap)
S ‘i hd ! a ar 1 1 ﬂ‘ I (3
aulsidaiiiosveimdnusgnitwaundinuivdesinaslsngidianmes
A = ) d o Qs 4 A I
AU (wave vector) k fiAN k =2nx/a 1o n Astardnuudy deuanslugui 2.2 asag
LY a & a - o oA v v o
INNANNUTBIBLANATOUTATY (V = 0) Ndnwuzaailos (uansnlgidudssgulag
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W151luans) anulideiilows wdsnuAnIInsunsAse1sEninedidnasausudnslua
1 s nl v o
VaIUlASIaS19Y0 MO UNEIITUTIADNAaD IR ULARIN 198 TUYI19D 9

H A A 1 H =’i‘v
W N 7/ a<k<x/a Wguh 2.2 laemsdeulivndisves k neglutniduandlugy
7123

Electron

energy., E
%\
\
\ Allowed band
\
\ Carve for
i frec electrons

A nk? Forbidden gap

\| =G

X%

(2
¢S
Pt

S
3
3

oS

55
&5

E . e lole %%
! k v | SN, Allowed band
A CAOC
1 .40 9'e%"
» f.{.. A e%s%
\ —— — — " &5
‘ ;
!l \] Forbidden gap
\
| ] i Allowed band
l i A )
II 1 \‘k\\/—,{i-._._..:..__.l.____ Forbidden gap
N SRR
| ] | B TR e N P P W
> e
-3x'a —xin - afa i} ik 5 D Wk vector

JU 2.2 mwdiiussening £k vesBilinaseumuuuusiaes
989 Kronig-Penney LaylAsIassuaauaund s nui
aoantediu (Wudszgulasnsiluaifenmdusius
TN E-k Y09BLanmsoudesy

Electron energy,

4

N
/

-nla s} /a Wave vector, k

3Ui 2.3 First Brillouin Zone



Conduction ban/_

[111]
Valence band

(a)

[100]

Heavy holes
Light holes

111

(®)

Conduction band

{100)

Valence band
Heavy holes
Light holes

SUM 2.4 Armidiniugsening Bk vasweuddluenuiduss
(a) ¥dnau (indirect bandgap)
(b) wnatdedliwlug (direct bandgap

dmsundnluruluaiemiuduiussening Bk aslinnududeunin faiegng
AruduussEndne Bk tewmdEnddneurasunaienaidlus Tugui 4 Snvnusvasuoundsny
wwduawuiianewstnamesadulusdn lesinsregvassnieesnenuarmdny
fndanelundmBumitufuiiandunin wisihihauladesuenaninedndu k finsefy
yagegavasnavinaudlidunludendusanduiioaiuen k mﬂuwmamamu
UNTLUA HAA1ITBINGIINTEVINAGENTDILIUILAUS LT ARTBLUINSE LA
3nd1 desdnendanu (energy gap;Ey) 9angUT 2.4 manaumuwﬁﬂﬁﬁm k 9899Ag9qAVDY
uauaudiugaiignveauiiinssia linseiu Genudndnuaeilin indirect bandgap
Tunnsaiudwdadn k aseiu 9e3undn direct bandgap
2.1.2 MEuwisdssnnvawda (Classification of Solids)
\lesandidnmesuluvssudesveglunaundseuiiuenseniiutaeg Tae

a v a v d4 w 5 ' ' a =
BilinmseunzgnuIslukaunduBuRuInasumgatou udiAose UFSIULAUNERUT
a

&
=

wutsaafﬂuwammuauwaqmuammaJawmaLanmauammuuauwamwsauaLanmau
wigaunaduild(uiitanndingumgiidndidnnsouimunareyfianusiumindulad
diinasousgluaaugnnszduiiiaaninmnufou) uaundanugean 2 wau 3end1 uaun
waud (valence band)uaz uautnszua (conduction band) waurniaud anaifididnaseuey
Wseieuifuvideifissaiudeaflituiusiiavesmowuds drunauihnssuasraginiouay
Maustuly Lmumniuuamﬂmamnmiauaqmawsaumanmsaummmamumquu
yosudsdadiununseuaiiididnaseungifivausdiu avannsotinialed Hail
o = o a P = ] o 2 o
Wesnniiedeuauwlwiudrly Bidnaseuivssuiissurdndusauinszua eldsu
a s X o 2 v = v @ a1
wasuilRuRsadndesnaunlwinzausandoudigludianugideingdunau
° v G oa & e = a a a
dnszuaeaiuty Bildneseumaiisvndouiinudninavesaulniininidunssua 11
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Fonveaudeiinfindaun (conductor) v3e Tane (metal) FaguT 2.5(a) vurunisi
Sifnnseuiimaindeuthenmelunoundsmudioasuilifendnintraband scattering processes

Tumandufumsiedeudrelunaundsmudsatuandululdldduoundenudy
fidianaseuussgegiiuugs (Lovinaud) anrurindieglndfigndeeglunavinizua
Bidnasoudedliundsnuetheieswiniu energy gap | E, odmmnuauanaudluds oy
nszua Ssezamnsnindeudiviliiinnseuald wauwwuﬂu%smnisLLalﬁluﬂu'aalumﬂsuua
waudn E fdrgeninGiiofisufundenuidsaiuiouaisredidnaseu , kT
gaungiivios KT ~ 1/40 eV Tuvausil E,~4 eV) inFonvosuderiinili auau (nsulaton)
Faguit 2.5() wasFenmsiedouthuvasdidinaseulunsdlilan interband transition

Electron e —
nergy = 200 0———==- .
energy Conduction
band
Valence
band

\\\\

|
i _
v () b) ()

Sequence of
fully occupied
lower energy
bands

Ut 25 umumwuamuauwamu*uawmtwa‘uummqq

(a) wasuvedlaveiifidiannsoulunauinaus
vdm Wy laneiiisiennseulsuen 1 ¢

(b) wasswvedansiisidnasouluwavinaud
unNeu wazlinsgouiuiuwauinseue
wiu laviefiiaidnnsauatuen 2 &

(C) LOUNANIUYDIRUIY

(d) WOUNSTLVBSESAITILN

lunsdifiauaudl energy gap sewitawavinauduinszuauay fauanslugy
2. S(d)ﬁ]"L‘SEJﬂ’J’la'liﬂ\%m'}u’l (semiconductor) Iﬂwﬂu.'Uasvmwamuﬂumsmmmﬂvlu
Asadaiautin udransieiing energy gap n¥19 (19U 3-4 eVioraiSendnaurufly
Tngnaluansisdannil g oagludrendanuvesuasluguniueufiuniodiningy
dmou (S uazivoiuilon (Ge) fl E, Usvana 1 eV waz 0.7 eV auddvansisiniilugy
veedsUsENOUIcadmium sulfide (CdS) § E, Yszanm 2.5 eV Tuvmeilimesdauduauaui

Al Eszanes 6 eV
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2.1.3  msilWAa (Electrical Conductivity)

dinaseuluvewdesiinsindeufiegiansiilesanuareandssuniuiou &
Liffaunulnihnisindeuiivesdidnaseussiifiameuvuguiesmnitansnszidamsaudy
lasendn (lttice) a1313e (impurities) uaz defect lundin l#liiAnnisnssingnives
sianaveudusaliliinnszualvagns

dlefimstlouawilih £, Wunndnlufienns +x idnasouusaziogldsuuse
nse Wosmnaunulngi - £, (dle e ABYIAYBIUIERUDIBIANATaY) YhlvBlannseulliia
ysmsiedeuiilasiaidslufiama - SliluudsusuvediEnaseuluuuiuny x e Py
q¢ledn

—neE_ = ivu"— (D
dt

o n fio mflwmuuwmmanmau N5 (1) me{uauﬂmanmauﬂ“
iwdouiidrennmsens uiluaauduesel@uigudy Lummnamnmauumiamtﬁa
wasnuluanmsruiulnneu (tattice vibration %38 phonon) wagasidalundn fanizae
Mvzdinnuanatiussrirtwdanunnaunuliihfunsgadendesnuannssy Sidnasey
Jafleandanei V, (constant drift velocity) 81 n, fesuiudiinnseuiina t = 0 uwaziaan

=l

a a oA o 1 a o Y
t f8idnnsoufirasunlulnestlifianisvusivay n® a2lddn

_dn)
dt

an(t) = —-n(f) (2)

a & \ o as
W8 T A8 ATASNYBINTIHUIHY

- = & o ' = e
NaRayYRIENNIS (2) fa n(t) =n.e % W8 7 W38N mean free time U39
- . e d da a4 nl\l 1 o a ] [~ a
relaxation time = A8 LaNAGENBIENAIBULARBNALUNBUMAANISTUY wazANL s Tun
Sldnnseuasiinnsaulutisnan dt fe d/T sadiu mswasuutaswedusuiugisal dt

- dj

Ao dp, = p.dt/ T v3e dnsnswasuuladlumuiy fe 5—pr/z' wagINaun1s (1)
t

gl

P _ —nek, (3)

T
v g v & & v 1 ad _ w &
W pe/n fio Aedeveslumuduredidnnseu o, AT
p,=—etkE, (@)

Anauns (@) glamnusieasvedidneseuluauulnide

—etkE,
¥ *
m e m e

A i

D

(5)
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= x o i a d
o me AD effective mass Y898LaNAIOY
fdidnaseuliruvuiuiy n ANUMUWLLYBINTEUA (current density) | Ao

?1321'

J=ne¥, =—
m

E.=cE (6)

X x
<

e o fle an il (electrical conductivity) ves¥aning

2

=ney, Q)

e

Y g, =(er/m*,) 158031 electron mobility 1JuuSinafiviventisnungass
= o a o [Y) = [~ = et [Y] LY =
lunsindeunvesdidnasevludan Jadudiuaniiemudidylunsvenautfvesansia
L) A a i 1 ¥ a a 1
#1n efiasunaunns (5) 819na1291 mobility  vesdiannsay e AnuSiBildnnsouds
aunulniviamhsuazaninsaeulsii

J=ney E (8)

X

= w o A | M o a g Y o o a v
luansisdnhwinendivsegindeuila uenandiinasauudidaiilea (hole) Snde
FRTUANLNUUYBINTEIET M ludsA et Re

J =(nep, + pep,)E, =cE, 9)
o u, #o mobility vedlea Tae g, =er/m*, \ilp m*, fig effective mass vedloa

2.1.4 @snsda (Semiconductors)
aﬁﬁqﬁfaﬁw%qw%f (Intrinsic Semiconductors)
anshwthitgvsusanatsdouay tattice defect Sunda asitsanirvdia Intrinsic
asfafaeiniazilBidnaseusy fulutouanaus uasflgumgiiguiosnduysalarhid
fidnnsousgiasluuauthnszua wlegumagiigeuddinaseulusauiniaud wdulvedluuay
tnszud idetesinedaienda Tea (hole) Wiluuavaiaud 3undn gaidnnseu-lea
(electron-hole pairs) fauansluzuil 2.6(2) Teatioindusynafiiussvindudidnaseuus
firsemunensnuniufeiiusey +e
deldaunlwiiuransisinh SlnnsoufileassadouiiiUlufiamenssiud
Tnedidnnseuszindeuiluiananseimiuauaililusaeilleaedeuiinueaunalidi ud
eannnszualwihiinandidnasoussiifianssduiunmsiadeuiivesdidnnsouseiy
nssuailnaionndadunasiuveinssuadidnnseudasnszualon fuandluzuil 2.60)
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Conduction

band Electron
Electron drift current
e O ——i
+Holedrift
Q' — —_—

Valence Hole current

band

(b)

= & w o a ..
g‘lJ‘Vl 2.6 @15NMIUNYUA Intrinsic
(a) Mmaingdidnnseu-lea
o i a
(b) mMsirdpunvaddnasaunazlsaluauulnn

Lﬁaaﬁnnﬁtﬁnmauuaxiaaﬁﬂigqmﬁ%’m%qLﬁnLLiaﬁaQnmﬂwﬁﬁij']ﬁLSnmau‘tu
waunhnseuaiulealukaviaud mdugdidinmseu Iaaﬁﬁmﬁnﬁuuavimisauqnﬂuénmq
VBNATINAUTINTT exciton UimueLﬂuaun'\ﬂmﬂunawmﬂws’h exciton 8198guil
visainaouluagadaslunnils exciton sxfiumumiRefuauiineuaeuesansiafanh
Tneanredndadlondsnuvesuaiidiandn enerey gape v8%ns

Luaqmnmanmsauuaiaa‘lua'ﬁmmuwun Intrinsic finasiiadugianonasil
Uimmtwmumuamwnu muumaLanmiau'i,ul,mumnsvuaummwmu,uu n feziilealu
wavrnaugfimuuude p Tag n = p < n e n Ao Arumiuiuee e
(Intrinsic carrier concentration)

o o

Deudd @vnmmuwmuqmwnu LLMWQZUMDJJWEJQHEE@Nﬂ?lﬁQ#ﬁﬂ 19U Fanaull
AIUNUINUUTBININE n~ 1.6 X 10'° m” Wlaisurusidnnseudasslulavedad
Aszana 10 m> fady animilnfiwesansnsfathuiia intrings FetiAndnanniledieu
fulave (og,~ 6.4 X 107 o 2 m2 gg~ 4.7 X 10~ o1 m~1)

figuvgfinsi nuutuvesgdidnaseulsavsiaasiiiletand nssaudn
(recombination) ¥83gBdnmIoY Taa’iué‘um3ﬁLﬂﬁﬁuﬁmwﬂmﬁnﬁ&ﬁnmau Teaiilosann
mmieu MInuimiuveIrdianaseu; ‘[aammumaamnmau‘luuﬂumn?ua AnNAUGuaY
Maud Lmeawawuaanm‘lusﬁmmummamwmau Fufunalnuasmssiuds diins
mawaaqm’iugﬂmmLLawsLsanmmumﬁmw radiative recombination kagfaendaanuly
sUvaliueuez3ENYUIUNSTHN nonradiative recombination

idhnnaiagdidnnsouleaiilosnmmudoute guagdnsnissuiiuie rud
ﬁamavama a¢l#d1 g = 1, = Bnp 1ile Biﬂuﬁ’]ﬁ'ﬁﬂ?ﬁuff‘Uﬂﬁh&‘U@ﬂlU’JNﬂ’)ﬁﬂ@dﬂ’)‘S
mum mamwmsmnua amsmavam'm'rﬁ'mmmumwuunuqmmu maamwnu
awu g, seflanfindu vilvillanumunuiuvesgdidnaseu T,aaawu unaleidl awumu
mamamamauama dwiduansfieiaiade intrinsic a¢dl 1, = Bn”

minamu’ﬂmiawﬁ (Extrinsic Semlconductors)

\flosanansiesniwdn intrinsic 'mnmqm\muummuﬂmaﬂmsau laaupyvinlul
ﬂﬁmlwﬁfrmmfm'saum‘mn'mmuaamﬂwuamwnmEJamu‘tummiﬂmm'l'uﬂsviﬂw"l,n
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mnﬁ’ﬂﬂmﬁuﬁﬂmuéﬁLé‘ﬂﬂ'sauiaa'lumsﬁqﬁ"sﬁfimmmﬁ'\lﬁﬁmami@umiﬁaﬁmmaan
adluansiaiiudans vuaumsiBeniinsiey (doping) mslauasylaumuiutiures
sidnaseulusavihnszuaiuamuvuudusudealusovinaudlivindiu Quansisiani
¥ia intrinsicagdianumumuuyindu) mslavamisayildruuiniueesdidnnseusinnn
visetoeninleald anshsnhwiailiSeninansiisfaeia extrinsic ansfasayiviia extrinsicl
fianunuuiuvesdifinnseusnnniilea 1Sundt a1sieiaivie ntype wazi3unansis
frhalin extrinsic AdaumuuiuvedsainnniBidnnseuin asrsiatheie p-type

nslavansisdaiflungy IV vesamunisesg ({Bidnnseurusngn 4 6) 1y
Faneusavarsi¥eainngu Vv 1ean1319519 ({8idnaseudsuengn 5 d)isuneanasd
(P) waz e131wiln (As) uazngu Il 99901519579 (HDidnnseursuengn 3 #2) wuluseu
(B) uazduiiey (In) azvilldansiaianieiin n-type Wa p-type mumddu

ileddneuignignlnudieveanass szneuvasoanedasviunuiiosnenves
Fameusuandluzuil 27() ieswnenouvesdanauiidiinasewisen 4 i Fafudedinng
imziRsIfudidnnseusaseanadatiies 4 feiniianun 5 # #18covalent band Wde
Bidnnseudn 1 MiBamilenfues mamaawaawasaamwamqa;anmaumummmn
n's.,mu*uultluuLmumns.,ua'lﬂa'mmalmuwawmmmaanuaa FafuganuuusIans
u.n*uwaw'1umwUivmuwawfammaLanmaumnmma E; agmulalnadusautinszua f
uansluzui 2.7(o) asdoriiniiunds donor (e ndidnmsautaunseia) uasidonsesu
WAKU E, T158AUNGIU donor (donor Level)

OY pO

()
I
)o@ o

] \® ®

band
Donor levels

lanized donor /

Valence
band

=l 2 v o a
JUN 2.7 anshsneia n-type
(a) DzMONYRITAABUYNUNUMEDABUVBIENSIIE
daa e H U
niiBianaseuIsuen 5 i 1y Weaesa
(b) 5¥AUNAINUYBY donor
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Conduction
band

lonized acceplor
Acceptor levels

Valence
band

(b)

g‘ ﬂ' o o =,
JUN 2.8 @13neeuTie p-type
(a) DrMEUYBITARBUYNLYUMILDLABNYBIAIIITD
d a Qs 1
nfiddnaseuacuen 3 i 1wy Tuseu
(b} SEAUNDINUYDL acceptor

L a v ¥ a & s [y @ o =
wasundesldlunseiudidnnssuainsefundsau donor ludauauinssuad
1 d L2 ol o Q.J o o U ar
A1 Ep lae Ep = Ec -Ey4 o E. ﬁawamumammuﬂvmniuu,a TnginlUsindedn E, wasau
aaamamnm'ﬂ,aw umtﬂuﬂua sathy B | Lta.,muu Bk E, Edwamwnuﬂuaaqm
é’wiﬁu mmuwamu donor mnatanmauagmu uAtilnsgn E, Sifatian (0.04 eV) ety
ml,mam'mnmum SIEnPsauUILATISE FUNEIIIY donor sggnnsrrullduauthnszua 39
LﬂumsmummuaLanmauaasu'luunumﬂiuLLaﬂuLUuUsmmmnﬂvmmuaumamaq
a19ide FedumsfisdnnuddnaseudasslutauinssuatuduuSinatusiuiuesaey
=1 L [ al ) [1 = 2/ o d‘g =
Y9199 (uiliiudwiuTealunavrnaud) Wunalvnasuiilwivesansitu TaesiSen
ddnmsouluasiainiviia ntype dwmzdneunn (majority carrier) Wagi3unlaaluansne
fhwila n-type I mzdasder (minority carrier)
o Qr ey ¥ (73 -:-i o ]
‘lumumLﬁmnuﬁwaﬂaugﬂlﬂﬂﬂ'wiuiau 2¥AANYBILUTDUILTUNUNA L RU VD
aa s P = ala & = -3 a
Faneu deuanslugun 2.8(a) wesarnlusuiididnasensueniies 3 # Jaadidnnseu
Qs = A ;’J aa a o 1
U 1/ lunsinigifeauuy covalent bond fudidnnsausis 4 vesdanay ngaumgligendn
L3 o o aa = dj A [ d‘
Augasnduysnl idnaseunnsvnendaneudnufssansainfouiiindnsnenlusouliia
= A U -3 [ A’ -3 =y 1] 1] ;
vindu covalent bond Nanysal uinisnsevinduiiagyihliifadesitdulutauinaudues
Farou UuAoiinlaaduluwauinaud vesddnoutiuies (aeldfiusuiuddnasaulunay
o -, 1 A o =
dnszua) 155enansleTiinin acceptor (Hpsniudidnnsouainuauiaud)
a v v a & o ) @ & =
wavunneIn1InssAuUanasauludiseAuNna sy acceptor fia Ex Wle E, = E,-
.2 ﬂ] =¢l o r = a 1 .2 n‘: = 5
E, Auanalugua 2.8(b) FadmsudarsuiiArussunn 0.032 eV Aedutaudgaumglisee
asidenneznenaeiudiinaseuinuaviauduasifisleaiusnuvinfusuiussnouves
arsvolukavaaud Jadumaiiudnulealuwaviaud Wunalinisulnivesasiivy
wufiu Taewsnsenlealuansisiadwie p-type wmednann (majority carrier) waziien
ddnaseuluansnsiniwin n-type I medhaties (minority carrier)
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vennansiimhezdusidlungy IV fsidnasewasuen 4 # wWu Fareuuasieed
TR zmﬁ‘aﬁaﬁﬂmmaﬂuiUwaqaﬁUivﬂaU‘lﬁé‘m 1% gallium arsenide (GaAs) Tﬂa
LLﬂaLaamﬂumm'Lunau Il ¥84915795) mmvwmswumﬂumﬂunan V 909579578 @130
mwmuumsamnmsmmuwummimmaunau -V (group NIV compound) i
'lunaui'ﬂmun GaAs,GaP,InP was AlSb (Husu

hm‘ﬂmﬂmﬂumsmmmwﬂmsﬂsmauneﬁu -V 1@y GaAs [Wuwiln n-type uae
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2.1.5. AMUNUIMUUVEINING (Carrier Concentrations)
Tunisfunuaydinszsigunsalansiia wu lalen nsuddmesvsewaduaioning
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nsnssMgussanusndIniluwaundsuivualnedensity of state function,
(E) Favenfiedrururssdanusndaeiy (szAundanuiinivsanansaegld) denilivies
wanudovioniasyiung Tne

47 3 1
Z(E) = _é;(zm*e)ﬁ E" (12)
d = o o <= L & o & s 4’ ]
e £ fowdanuiinifieuiugamaevosuaundsiu Juwuvesiltadduil wARIFUN2.10(a)

] ' | ca & 1 s [ =AY ad &
dawmnnianfunesiidianaseuegluudazanugndsnulumnduivgumgiigaduly
f13 Fermi-Dirac distribution function,F(E) Ing

F(E)= (13)
exp(E E"'" )+1

P o ) ) ca . co & ) o
W9 £ ABTEAUNAINUINGSL (Fermi energy) Unuuvasianduiluanssiagui 10(b)
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(©anunuinduyaswveluansnesaii intrinsic
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(b) Fermi Dirac function
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n= [ EnergyF(E)Z(E)dE (14)
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27
=N, G CXP(—GE};——'E") (15)
P2
Ll
_2((27rm* kT))/ (16)

Tuvhusafeniuanumunuiy p vedsaluwauiaud Aueday

p=[Valencell - F(E)dE (17)

E. <E
=N S N (18)
, €xp( T )

—2((M))/ (19)
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mnuluvesdidnaserluansieitheiln n-type Adsunvamagamgiiduaniegui 2.13

Electron 4 S
densi ¢
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2.2 auauniulinia [6]
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Wanssudlwinlvanune fediniswnasulmivesdidnaseuluainaslvuas dildnnsouas
. Y] a = - ' o
UNUBLADUVDY LEUAIN HANMIAIUNIUMNSIATaBENRTaUTY 15UF8ATT ATURIUNY
(Resistance) mnuinunmiivieilulesia (Ohm lddaydnvel W) anudumuiindungn 9
a‘dd M Y a dy 1 u’j o ] v 1 = A)
ndinseualwiilva lildiintuanigluaelnvingy fegre arm funiusng o dfed

) o o [T ') A4 o '
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3. anwdumuvesyaduda liud anudumuiiAstuiigndudavesainduioses
Weustesewitanslyl flgn dudatinszuasrlvaldrnmsreiiaudumugemudunu
'ﬂaﬁqﬂauwauﬁ]uLﬂu{l:ymmnma‘lwﬂivl,t,alwamu aﬂummumnmmmmumuum"aﬂaq
TasmsdniafigaduialiSounioiuusinaiignduda wiatantideuds sewineanslnids

4. wshunuvesansiu liun anaiuniuidefussnivfusazusiulansiiasiu

5. awiumuvesawu Welssiulilinssudlwihrananglnaldhiaviosnsds
Dulaniifiin dumusunng gefuaelifuly sidennistlestunsuualntingaiiin
nsauau waztagildlunisauauiii auau uwinsauuudldmneminssualnihes
Tnariulaileiag

2.3 van der Pauw Method [13]

M3iALUU van der lasardrenszualniiiivevvostuansieng uagvinnisia
wsasuliih Tneld38dsmaanud i 8 m'saEmmjm'imwummmamlusﬂw 14 9
audunulniiihve sBuansieeie (p)

T
1 2
v
1\ ¢s ;
(V)
()
- #
T .2 e <2y | 1 2
ol @ N2
4 3 [c ) 4] IO 3

A 7
N ~-
JUN2.14 gauuvthdudalumsiaves van der Pauwannis3akuu van der Pauw

2zl6 Ry way Ry

R =i (21)
R,=(R+R,+R,+R,)/4, (22)
Ry=(R,+R,+R,+R,)/4 (23)
R, (R, +Ry)/2 (24)

o 1 v PRI %) ° Y ' .
11a1 Anusumulieis IS AUIUMNIAIUAUNIULEY (sheet resistance)
T

R.=TR
oI ™ (25)
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wazAEnwETUUln (Resistivity)
p=Rd (26)

aglamsuluh (Condctivity)

condctivity = L 27)
P

2.4 Usngnrsalead(Hall Effect) [8]

Unngmsalgearmunamamnniiwesiagldvannwaneitu ussiulwiheead (V) A
Wuduvasmve (N), ardulszaviseead(R,) waztinvesnistilndin (N vie P) Fatavusld
nnnsiaussiuliiheead teannsaysuliuaundesivasmng(y) Usingnisaisead
annsaaldlaufmuanuguil 2.16

¥

A s d °
JUN 2.15 myingaaaniivug

aurmidwinuan B Tneteunssualwiudilusenineds 1 uas 3 uazsausedu (vo-
a+) sewineth 2 wae 4 Tnemsteunseuadounduundrinussiuludn gty deunseualnin
Wnluseninedaft 2 uas 4 wasSausssuladin (Vi-3+4) sewdnedn 1 uag 3 Jounszuadeu
funazTauseu (V3-14) Snads

Tavmwindniluau B uazyhsrduneudnaSeinussiulniia: (vo-ao), (va-2-)
, (V1-3-) uag (V3-1-)

Matausadulnifini 8 A ssvnAduussavdaoadiaasned

d(Km _V24+ + %4- “‘V42 )

R. = = (28)
He 4BI

r.‘3 (V.;:h- — V13+ +V13— _Vsl-)

R. =
L ABI

We : Ry, uaz R,, Ao Amdulsvavdeeas (cn’/C)
fy AD AMUVUIVBIRIDEN
4 Ve s 1
1 Ao nasudlnihndeulviusiating
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Vo, A0 fusssiulniniisnangafialugeil2 fsdnnssualnihaingaiis luqeitt Tae
Afimanuwimanyad

V. 8 AmssuliTTn9ngen2lugeis Fedrnszualniinaingadis lugeilt
Inefifimauuusdmanyad

Voo P8 dusaduiluiiinifaanngeiizlugeiia Ssdnnszudluihaingaiis Tugadit Toe
Tfimeuuwiminyisesn

V8 Aussiuliihiinaingefialugeii2 fedanssualniiaingail lugeits
Ingfifiraunuwivinysesn

Vo 8 Ausadilliiinifnanngenidlugeiiz fssnseudluihanngadis lqeit Tne
fIifieauuwivdnyadh

Vs, Ao Aussitllnihifaanngaiizlugedia Fedrnszudlaiihangaiis lgedit
lneiirauuuimdanadn

V5. fo dussiluihirianngaiizlugeia Sstnssualaiihainyaiis lugeiil Tae
firaunuwimdnwsaan

Vy A0 eusediilititinannqeidlugaiiz fsianssualnieingeiis luqaiit T
HfiFauNwitvdnyseen

d ! i é
dlonsuAn Ry ey Ry, fasmanade R,

R +R
Ry =220 (30)
A 1
Rt (31)
WA P4y W8T Ry, VIR Mobility
R
Hy = L (32)
o

2.5 Aeiietes

2.5.1 szuumsinaudivesansiadani Tneifnisiauuuseaduazfour  point
probes (MEASUREMENT SYSTEM WITH HALL AND A FOUR POINT PROBES FOR
CHARACTERIZATION OF SEMICONDUCTORS) [8]

wmmﬁaﬁmaﬁqmsaanwuumia%"wmasmimuquiﬂiLLnimmssuumﬁﬂ

Flusfh (AMS) FeldTumsesnuuuand miuTarud unusiusazan A Age Tne
1438 van der Pauw uag 4-point probe @unsatunmuInmIAIUTITuLazAIUAG B
1 syuumsinaudivesansieiith Tagd3mstauuuseaduaszfour point probes Using
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fw = e

msmaaammuanwmwmﬂmammmqmamwmmmimmm \iu Si,GaAs, ZnO uag
ueTandidnnseiinduasisimandu q
2.5.2 Msfinwdvdwavesteunnsesvestulunmsiaauiumuresitduurdlagliis

299 UIU 1995 W11 (Study of quantitative influence of sample defects on
measurements of resistivity of thin films using van der Pauw method) [15]
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Tneldinadianis photolithography n1ss1assfetsfidtounniowily Tae
$rneshedsamnasMasAdiayes thin Cu foll founwiasvaniiegsewinmihdudaill
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3.2 Model 7012-S 4x10 Matrix Cards
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SUT 3.5 dumdaves 7001 Switch/Control Mainframe

3.1.3 Source Meter
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3 R7 : el N = 0 <—@

31

Hall

®—> T VT : Avuali N = 0

'

> n =N+l

e

V7ma‘u=(V1+V2+V3...+Vn)/n

!

V8 : MU N = 0

True

@4—- V9,ade=(Vi+Vo4Vs.. 4V, /N

= o o
JUN 3.11 #Wa9(Flowchart)uanan1syinauyesssuy
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VOP Hall

I @——» T8 V10 : fvuali N = 0
[ oR ARG

Ra ,Rb ,Ray
Sheet resistane
Resistivity
Conductivity

iVlOlﬂa‘H:(V1+V2+V3“'+Vn)/n l

\ 4

if laivingn;False FA V1L AAualvi N = 0

o %
n491; Ture

an

ITrue

|'\/1 1LD5U=(\/1+V2+V3...+VH)/I’1

Y

—

|
E V12 Amusli N =0 |
5 |

h 4
pie
o
=
+
—

@<—_ V]. zlngﬂz(V1+V2+V3...+Vn)/n }

= o °
UM 3.12 dseni(Flowchartuansnisyauesssuy




Rhall = (t*V)/(BI)
nb = 1/ Rhall*q
Ns=nb*T
Mobility = 1/nb*g*resistivity

r

5 gNA]
N-type
P-type
u (AUAGBIN)
n (rndud)
Rhall

If lsiving;False P\

i Ny
W‘I'U'I;Tw

\
\

‘ END J

< o o
U 3.13 #a970(Flowchart)uanan sy 895Uy
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2 nvisala01

ni.com/visa

NI-VISA

National Instruments VI SA Software
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Exit all applications before running this m!alm

Disabling virus scanning applications may lmptcwe installation speed.
This program is subject to the accompanying License Agreement(s).

National Instruments Corparation is an authorized distributor of Microsoft Silverlight.
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&»‘
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=hnatw Directory - NATIONAL
Seied the pi alauon dlrechory me

';1/4

National Instruments software will be installed in & subfolder of the following. To installinto &
different folder, click the Browse button and select another.

Destination Directory
C\Program Files\National Instruments®. | [ Browse..
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0% NI-VISA 1401
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Features NATIONAL
Select the features to install wﬂm
== 7| NIVISA 1401 National Instruments VISA driver version 14.0.1.
#F- =3 =| Run Time Support V154 provides an APl for controlling VI, GFIB,
& +| Corfiguration Support Serial, Pl and other types of instruments.
& =3 =| Development Support

=3 ~| Remote Server
- ¥ =| Redl-Time Support

+
X .
4

1 NI Instrument |20 Assistant 14.0
li &3 | NI1/D Trace 14.0 - :
’ & 9 =| NI System Configuration 14.0.0 L}i’ mip Sy
{ =R Measuem-ent & Autornation Explorer 4.0 ¢pec to ot e will be installed on the local hard diive.
+ = =| NI-1588 Configuration 1.3.0

| T
Directory for IEIMI-VIMSA 14.01 =
C:\Program Files\IV| Foundation\VISA

[ Regl_qgﬁeaturglggglgu{(g,j '[ Disk. Cqsl__! l . << Back ;»}im Next>>
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U NEVISA 140175 b

- —_
T

: | L
 Pleasereadthe INSTRUMENTS’
~selected, ! } L3

V| Seaich for important messages and updates on the National Instruments products you are instaling, To
perform this search, your IP address will be collected in accordance with the National Instruments
Privacy Policy.

Mote: You will be given the opportunity to select the updates you want to install.

Privacy Policy
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e

Contacting notification server

ew notifications for the products you are INSTRUMENTS

The installer cannot connect to the notification server. Visk ni.comdinfo and erter the
Info Code "notifications' to check for new notifications for your products.

..........‘
—

[ <<Back || Nest>>

B

Cancel

d|
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S N-VISA1401

License Agreement NATIONAL
You must accept the licenses displayed below to proceed. ymmmm
N v ‘
NATIONAL INSTRUMENTS SOFTWARE LICENSE AGREEMENT |

i ;
B B

|
INSTALLATION NOTICE: THIS IS A CONTRACT. BEFORE YOU DOWNLOAD THE SOFTWARE ‘
AND/OR COMPLETE THE INSTALLATION PROCESS, CAREFULLY READ THIS AGREEMENT. |
BY DOWNLOADING THE SOFTWARE AND/OR CLICKING THE APPLICABLE BUTTON TO
COMPLETE THE INSTALLATION PROCESS, YOU CONSENT TC THE TERMS OF THIS
AGREEMENT AND YOU AGREE TO BE BOUND BY THIS AGREEMENT. IF YOU DO NOT WISH

TO BECOME A PARTY TO THIS AGREEMENT AND BE BOUND BY ALL OF ITS TERMS AND
||/CONDITIONS, CLICK THE APPROPRIATE BUTTON TO CANCEL THE INSTALLATION
||PROCESS, DO NOT INSTALL OR USE THE SOFTWARE, AND RETURN THE SOFTWARE

[ |WITHIN THIRTY (30) DAYS OF RECEIPT OF THE SOFTWARE (WITH ALL ACCOMPANYING

| IWRITTEN MATERIALS, ALONG WITH THEIR CONTAINERS) TO THE PLACE YOU OBTAINED ~

TR

The software to which this Mational Instruments license applies is NI-V IS4 14.0.1,

@' | accept the above 2 License Agreement(s).

71 | do not accept all these License Agreements.

L <cBack [ Nexts>

T e S W I A e e e © .

Cancel

o\ (o nrnn [P

a0 ), Y
Llcense&glbgm‘é NATIONAL
enses displayed below to proceed. VINSTIIUNENTS'
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numusmﬁé\ I A

. Mierosoft Stverfight 5 EULA- | Miciosolt Siveright 5 Privacy Statement|

MICROSOFT SOFTWARE LICENSE TERMS :._'..
MICROSOFT SILVERLIGHT §

These license terms are an agreement between Microsoft Corporation (or based on where you live,

|| | |one ofiits affiliates) and you. Please read them. They apply to the software named abeve, which

|i {linchudes the media onwhich youreceived it, if any. The terms also apply to any Microsoft

¢ updates (including but not imited to bug fixes, patches, updates, upgrades,
enhancements, new versions, and successors to the software, collectively called “updates™,

s supplements,

The software to which th1s third- party I|cense appﬁes is d|s{r|buted wllh NI V15414.01.

@ | accept the above 2 License Agreement(s].

) 1 do not accept all these License Agreements.
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mmary before continuing.

Adding or Changing
* NIVISA 1401
Run Time Support
Configuration Support
Development Support
Remote Server
* NI VO Trace 14.0
+ NI System Configuration 14.0.0
* NI Measurement & Automation Explorer 14.0.1
* NI-1588 Configuration 1.3.0

Click the Next button ta begin installation. Click the Back button to change the installation settings.

(Savefile..| [ wscBack, [ New>>

o — =

. LCancel ]

Overall Progress: 1% Complete

LA S VNS, Y & S

Removing backup files...

Hext >> !-E { Cancel
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LabVIEW 2015 - O

@ You must restart your computer to complete this operation

¥ you need to install hardware now, shut down the computer. ¥ you
choose to restart later, restart your computer before running any of this

[ Feast | [ Subow Restor Later

gﬂ‘ﬁ' 3.24 YJUADUNIIANAS LabVIEW

3.3 JuRoUNTMAABLIA
3.3.1 myiamedle
mMsiauwtine Az IngMsnisend lnenisdatalaemse nsdutadedle
wagALmAIee Tunsiasefleduiunsaeudivuniasiiofaiforesnaseuusiug
pwranmadeulunsin usnitefiouinamsiavesssuuiismmududusicilnd Ao ety
fumsiaseilonseli auiawainaglunasifivonsulduioll
3.3.2 M3IANEITLUUBHLULE
msinanssovisifauiduisliluntsaaunu Inssevusaludituasriinisia
\WeuruAidaldanmsinite



=
unv 4
NaN1ISNAadIazanUsona
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SETTING lvmmnuw HALLEFFECT |
.

) Mﬁ Hall Effect Measurement System And Van Der Pauw Meathod

SN
Name sourcemeter Name switching
% Gemoz26=msTR. =] % GPIB0=T:aNSTR | =]
Channel (Channel &) Sense { Wie) Channiel (Channe! B)
¥ Crannel & o 8 Wire £} Channel
Function (Source) Level Unit 3 function B (Source) Level B UN“_ B
§ Cument gt s Gl 4 Current Jo mA G|
VoltageUimit(¥)  Power Hemlt (wotts) Limit (2) o AL L L i H
g% gos #1 c0 Hos g
Function (Meter)
LY Function B (Meter)
:) urrent a \'éﬁ;z ——
step size Unit number of step
a1 A E—3h E
. van, der Pauw' 2
Thickness unit
&
¥ . =
v | [ Halefrectz

o v i ) W § ' ” 4 =
JUN 4.1 wlisinsSetting Todwiultausie Source meter Wz switching, M3ldianguuuy
msiauagteuandnildlumsta

SETTING | VAN DERPAUW | HALUEFFECT |

. J Hall Effect Measurement-Sysftem And.Vian Dep'Pauw Meathod

—

Name sourcemeter Name switching

% GPIB0:26:INSTR 7] Yormo-aansTR v

Channel (Channel A)  Sense (4 Wire) Channel (Channel B)
%} Channel A ’) 4 Wire % Channel B

_Function (Scurce) Level Unit _FunctionB (Source)  LevelB UNIT
4 Current 5 mA 4 Current Jo ma &}
Voltage Limit (V) Power it (watts) _Limit (2) Voltage Limit B3] Power it B (natts) _ Limit 8 (4)
g 495 g1 T Hos g
Function (Metes)

1} mamrs = Function B (Meter)
L £} Veitage

stepsize Unit =  umberof step

g1 ma 1
v ¥ B van der Pauw 2

Thickness unit

4700 uA =

¥ D Hall effect 2

P | " P ° o | o P ) )
JUT 4.2 wilwinsSetting Waiswimsiweuseiseuios,denguuutlumsiadunmsiauuy
wauaain, Jourringasudiu desvihnisnadu Measurementudane Ctrl R
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SETTING | VAN DER PAUW H&LLEFFECTE
"

TOTAL  MEASUREMENT lml
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! KMWL Hall Effect Me.aé';;,

Name sourcemeter

!mzﬁ-.wm =

Channel (Channel A Sense (4 Wire)

&) Chennel A v
Function (Source)  Level
4 Cument 2
Voltage Limit (V) Power mit (watts) _ Limit (A)
A '
L L
Function (Meter)
‘;Cumﬂm‘m
stop sice: Unit
Pri i 2
g1 ma s
Thickness unit
5'150 B

= A o V4 ¢ L 1 v o .
U 4.9 dievihmstaddsingmsniseaduonaummiindnud vzl pop-up

KM'I_L)‘H all Effect Me

Tivhnsesavaeudnswvinslauiy sample sulvuienlusunsuaglédl
| [l =T g el /, PR Rt i P o
nsU3usURUUIeIN T IR lilinnudanndeaULHY sample Aithanda

agl

Name sourcemster
KehmRnsia 1

Channel (Channel A} Sense (4 Viire)
Q”M?Aw Giwe
$om S\ 35

£

Voltage Limit V] Powes it Umit(e)
gmeiond No=Slih,

” 5

Function (Meter)

Cument

stepsize U s
gl ‘mA c] #_s
Thickness unit e
am T

=

= LT o o [ & 5 @ ] e a =4 2 v
EUVI 4.10 wmmqLmamm'i'mﬂ'i'mgm‘smaaaa.ﬂ'1&J'LmammmmaﬂwmwumiﬂLLm%u

@

pop-up Wsvihnsiasuirvssauuiiman(uanuedwdlliasusandu
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4.2 Han1INAag

dleanniniiinguszasdiiosadunesiio Tnauaudivesansieinddieszuunns
TANATBIIUIABINIL WagysINgn1T0lgaad 13130n13inAIve LU NILAY
Usingnissisead MeIBnasianuy Manual wae AunnsguitsImsuainan American
Society for Testing and Materials Licensed by Information Handling Service wieldlu
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fiu lunsnaasnsildtue 2 Fuldud sample 1 [B-dopedSi ,p=30-50 Q.cm] uae
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A157199 4.1 Aauvinslnieesansnidiigo st unnsiuaugs

) . Resistivity | A3MU1UN Bulk carrier
Si wafer Doping Type : _ 4
(Q.cm) (pm) concentration (em™)
Fuil 1 Boron(B) p 30-50 700 | 1.33x10"- 1.35x10"

{‘ﬁ'm: American Society for Testing and Materials Licensed

by Information Handling Services)
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M19799 4.2 wanmsindussiulninlaenisinenszualiiuuuiauneiniivessample 1

[B-doped Si, p = 30-50 Q.cm] fMERSMIIALUU Manual

V1 (V)

2(V)

V3 (V)

vi (V)

V5 (V)

V6 (V)

V7 (V)

V8 (V)

2.82E-01

4.01E-02

1.91E-01

1.13E-01

1.95E-02

1.18E-01

0.4E-04

1.72E-01

0.002

4.54E-01

1.73E-01

3.89E-01

2.44F-01

3.87E-01

2.51E-01

4.10E-01

3.10E-01

0.003

6.34E-01

3.01E-01

5.84E-01

3.75E-01

5.78E-01

S§1E-01

6.13E-01

4.47E-01

0.004

8.15E-01

4.29E-01

7.81E-01

5.06E-01

6.39E-01

5.08E-01

8.17E-01

5.83E-01

0.005

9.94E-01

55970}

9.80E-01

6.39E-01

9.64E-01

6.34E-01

1.02E-01

1.2E-01

0.006

1.17E-00

6.88E+01

1.18E-00

@7 101

1.16E-00

7.57E+01

1.24E-00

8.59E-01

0.007

1.35E-00

8.15E+01

1.39E-00

9.07E+01

1.35E+00

8.78E+01

1.45E-00

P.99E-01

0.008

1HBER
00

9.40E+
01

1.60E+
00

1.04E+

00

I855 5+
00

9.93E+
01

1.67E+0
0

1.14E-

00

1.8

usagu Tl (v)

0.002

0.004

NILE (A)

0.006

0.008

0.01

=——R1
=fi=R2

P —

=i R5
== R6

e — T

R3

R4 |

—R7

UM 4.14 Anuduiussening nssualwinuussiulwihuuuinunesnnves samplel[s-
doped Si, p =30-50 Q.cm] MIEIBNTIALUY Manual
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A5 N7 4.3 nanmsinAusiulnilaensitenszualwiuuuusngnisaleead ves
sample 1 [B-doped Si, p = 30-50 Q.cm] anwauzliiauuudvan fe3snns

IULUU Manual

T VH1 VH2 VH3 VH4

(113/v24) (124/V13) (131/v24) (142/v31)
2 -2.64E-03 0.17E-01 -1.98E-02 -2.49E-01
3 1.93E-03 2.43E-01 -3.66E-02 -3.18E-01
4 6.63E-03 2.84E-01 -5.06E-02 -3.65E-01
a =19E-02 3.27E-01 —F-55F=02 -4.09E-01
6 1.67E-02 3.64E-01 -9.13E-02 -5.02E-01
f/ 3.22E-02 3.94E-01 -1.19E-01 -5.45E-01
8 3.89E-02 4.14E-01 -1.47€-01 -5.79E-01

913197 4.4 nainnisdadwssduliihlaemsdienssualtitvuuusingnsaisead veq
sample 1 [B-doped Si , p =30-50 Q.cm] dnwuzaLMLNENTNAYTY fag
WmsTanuy Manual

e VH1 VH2 VH3 VH4

(113/v24) (124/Vv13) (131/v24) (1a2/v13)
2 -9.54E-03 7.69E-02 1-87E-02 -2.15E-01
3 -2.68E-03 2.11E-01 -2.29E-01 -2.87E-01
4 7.75E-03 2.82E-01 -2.67E-01 “359E A1
5 1.37E-02 3.38E-01 3. 166001 -4.26E-01
6 2.19E-02 3.1 TE-O1 -3.65E-01 -4.93E-01
i 3.27E-02 4.08E-01 -4.22E-0 -5.68E-01
8 4.43E-02 4.45e-01 -4.81E-01 -6.34E-01
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a1519% 4.5 waanmsiadussdulnilasnistenssualwiuuudsingniseloead  ves
sample 1 [B-doped Si ,p= 30-50 Q.cm] ludnwazawuudmdniifiasas

& s s
MIYITNTIALUYU Manual

Current VH5 VH7
VH6 (124/V13) VHS8 (142/V13)
(mA) (113/v24) (131/v24)
7 3.55E-03 1.34E-01 -2.56E-02 -7.86E-02
3 1.66E-02 1.82E-01 -397E-02 -1.52E-01
q 2.86E-01 2.29E-01 -5.88E-02 -1.88E-01
5 4.18E-02 2.65E-01 -8.25E-02 -2.36E-01
6 6.56E-01 2.91E-01 -9.47E-02 -2.94E-01
7 8.12E-02 3.17E-02 -1.32E-01 -3.84E-01
8 9.35E-02 3.31E-01 -1.61E-01 -4.31E-01
0.6
| = R1
= R2
~#=R3
= R4
£
— eie= R 5
=
= —@=—R6
=
BN R7
e |
= — R 8 |
e RG
R 10
—f=R11 |
-0.8 g R12
Aszualnin (A)

|
|

JUT 4.15 eaduifudszning nszualwihduussdulvil wuuusingnisaleesd
984 sample 1 [B-doped Si, p = 30-50 Q.cm] MEIBNMTIALUL Manual
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A5 4.6 HanMTInAusIulninleensItenszualiiuuuwiuneswiives samplel
[B-doped Si, p = 30-50 Q.cm] @2E753R Auto

LA | vIV) | v2(V) | vB(V) | vAa(V) | VB(V) | V6(V) | VT (V) | V8 (V)

0.001 |2.75E-01|2.62E-02|1.71E-02|1.15E-01|1.14 E-02| 1.65E-01 | 1.99E-02 | 1.65E-01

0.002 |4.60E-01|7.78E-01| 3.4 E-01 | 2.57E-01 | 3.54E-01 | 3.06E-01 | 4.08E-01 | 3.02E-01

0.003 |6.46E-01|3.03E-01{5.97E-01 |3.93E-01|5.25E-01 [4.41E-01 | 6.16E-01 | 4.34E-01

0.004 |8.33E-01|4.29E-01{8.03E-01|5.53E-01|6.99E-01{5.71E-01|8.21E-01|5.67E-01

0.005 | 1.02-00 | 5.55E-01|1.01E-00}6.78E-01|8.76E-01 | 6.99E-01 | 1.03E-00 | 7.03E-01

0.006 |1.02 E-00|6.78E-01{1.21E-00 |8.26E-01 | 1.06E-00{8.31E-01 | 1.24E-00|8.41E-01

0.007 | 1.40+00 | 8.04E-01|1.42E+00|9.72E-01|1.24E-00 | 9.63E-01 | 1.45E-00 |9.79E+01

0.008 |1.59E+00| 9.2E-01 1.62E+OO‘1.12E+OO 1.43E+00| 1.09E-00 |1.69E+00|1.11E+00

— —C—\/1

= \/2

bpeme \/3

va

wseauluida (V)

=0==\/6

0 0.002 0.004 0.006 0.008 0.01
nszua (A)
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984 sample 1 [B-doped Si, p = 30-50 Q.cm] A2IBUUU Auto
M519% 4.7 nannmsiamussiulaihlagnisiienszualwiuuuusngnisaisead  ves
sample 1 [B-doped Si , p= 30-50 Q.cm] Tudnwauglifiauuudivan fmeds

LUU Auto
Current VH1 VH2 VH3
(mA) (113/v24) (124/V13) (131/v24) vHa (1a2V13)
2.00 -1.14E-02 1.58E-01 -2.97E-02 -1.91E-01
3.00 -6.25E-03 2.13E-01 -4.26E-02 -2.05E-01
4.00 3.r3E-03 2.50E-01 -5.60E-02 -3.04E-01
5.00 1.16E-02 2.75E-01 -6.99E-02 -3.63E-01
6.00 2.25E-02 2.94E-01 -9.14E-02 -4.18E-01
7.00 3.28E-02 3.18E-01 -1.13E-01 -4,76E-01
8.00 4.98E-02 3.47E-01 =-1.54F-01 -5.32E-01

A5199 4.8 wainmsiaaussduliilaensdenssudlibhiuuudsingnisaisead  ves
sample 1 [B-doped Si , p= 30-50 Q.cm] ludnwueauwivaniifianady
MeIBUUY Auto

Current VH1 VH2 VH3
(mA) (113/v24) (124/NV13) (131/v24) Wiz
2.00 -5.21E-03 1.81E-01 #3.23E-02 -2.43E-01
3.00 6.53E-03 2.53E-01 -4.86E-02 -3.19E-01
4.00 1.69E-02 3.09E-01 -1.30E-02 -3.89E-01
5.00 2.60E-02 3.57E-01 =9.33E<02 -4.6E-01
6.00 3.94E-02 3.86E-01 -1.19E-01 -5.23E-01
7.00 5.21E-02 4-24£=071 -1.37E-01 -5.88E-01
8.00 7.12E-02 4.58E-01 -1.45E-01 -6.52E-01
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M13199 4.9 wanmsinaussiulninlasnsienszualniuuuusingniseleead ves

sample 1 [B-doped Si , p = 30-50 Q.cm] ludnumugauuniwindfeeas

fEISUWUU Auto

Current VH5 VH6 VHT
VHS8 (142/V13)
(mA) (131/v24) (113/v24) (124/v13)
2.00 1.24E-02 1.27E-01 -8.39E-02 -1.52E-01
3.00 3.59E-02 1.69E-01 -2.13E-01 -2.09E-01
4.00 6.03E-02 2.03E-01 -2.79E-01 -2 56E-01
5.00 8.52E-02 '2.16E-01 -3.48E-01 -309E-01
6.00 1.18E-01 2.27E-01 -4.19E-01 -3.62E-01
7.00 1.33E-02 2.41E-01 -4.88E-01 -4.35E-01
8.00 1.77E-01 2.64E-01 -5.53E-01 -5.03E-01
—4—R1
=fi—R2
=R 3
— R4
T>—’ —¥=R5
= === RE
= 0.01
= —t—R7
3@ :
% ——R8
- e RQ
)
—@—R11
0.8 =gy R12
Aszualwii (A)

JUR 4.17 anuduifudsendng nssualiihduussiulndivsawuuusingmsaleead

sample 1 [B-doped Si, p = 30-50 Q.cm] #eladesiiosyuusnlud
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A15199 4.10 1519 US g UL B UNANITATUI AU UUIANANURVa W e sa1sAeR v
sample 1 [B-doped Si , o= 30-50 Q.cm] MBIBATITIALUY Manual Lazis
WUU Auto AUATANIIU

Arfinsiu 3Buuu Manual A/UuU Auto

R, 158.41 @ 159.26 Q

R, 161.96 Q 162.62 Q

R, 160.86 Q 160.94 Q
Vi 2:81x1072V 3.96x1072V

Sheet resistance 726.02 Q 729.427 Q

Resistivity 30-50 34.13 Q.cm 34.28 Q.cm

Sheet carrier

. 5.16x10"° cm?| 6.1287x10% cm™
concentration

Majority maobility 466.42 2048.37 cm* |V s | 209.16cm”> IV -5

Bulk carrier
1.33x10" =1.35x10" | 7.3729x10" cm?| 8.7552x10" cm™

concentration
Conductivity 2.93%x107% em™ 2.92x107 em™
Type P P P

4.3 aAUsuna

INNTNAABIHANTITNAADITLARINIINATTRRR83TA5 Taluy Manual uazdSuuy
Auto TasmsfadusuimanunsatwanisdiuialdanaudRvesansiada e Sheet
resistance : R, Resistivity : p, Sheet carrier concentration : s, Majority carrier mobility
.4, , Bulk electrical resistivity : N, wag Conductivity : o lnen1siaia sample Anvils
AoudslndiAeaiu wasidedunuTouiisutiu A1an American Society for Testing and

Materials Licensed by Information Handling Service A1 Resistivity Wwag A1 Bulk carrier

concentration ﬁlﬁag‘lwﬁ’mﬁﬁ’mumm
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dyUnauazdalauauuL

5.1 agunsnaaeg

'Iu‘[ﬂ‘swuﬁmwﬁv‘hLﬁaﬁwmiwum‘si’ﬂanﬁﬁmmmiﬁaﬁaﬁwﬁ'saﬂiﬂngmﬁfﬂaaaéﬁ
annsaldsufumsiawuunueeiwndimunulaglusunsunsufiumes fegniautalae
mMsllusunsu Labview lumswaunlusunsuiildlunsia Tnelusunsuiiadetuaniiuee
ansavhmsdusaini hvusnsvhauvensiessilianszua tufinAussiuliii wies
Mevtheansvihnufarefudldau uas uanmavesmsinautimluiresian 1dun
anwiunulvii afia Auwuiuy was anweassawane TaslunisinArvesanin
Frunuliihawsedaldannisiawuuiaunesn etestunsinanimdunulndi
Aintuldnanudiuuessessiaresalni Wunsmeasaiteatwadasiiotafianuse
THaulFass Tnefifunsumsneansszuums Tavesssuuiiadstuanfunsiauuy Manual
wadlunsassaeuissuuiiaseduiinsduialfgndewuasiiiinldiusnisudiouiu
ATINSIUIN American Society for Testing and Materials Licensed by Information
Handling Services Sy Si wafer destudiiiraiBmslviihvesansiasthfiuans
fu lekanmseasadied

A1 Sheet resistance 999 sample 1 21AMSUUYU Manual MnipTesioissruy
SluiRuaseniivsauann American Society for Testing and Materials Licensed by
Information Handling Services I¢amudadiusiel 726.02 @ 729.427 0 uagrnfhindedie
AMIINDWDININAT Resistivity

A1 Resistivity 489 sample 1 3NMTIALUY Manual nnwsesdiesssuusnlusimuas
ATINSIUAIN American Society for Testing and Materials Licensed by Information
Handling Services énamugiudisil 34.13 Q.cm , 36.28 @.cm wag 30-50 Q.cm

A1 Sheet carrier concentration 489 sample 1 9IANFIAKUY Manual MnAIesile
is15zuuSnluiiuazmiivisuain American Society for Testing and Materials Licensed
by Information Handling Services litamuandudail 5.16x10° em2, 6.1287x10" cm™
warATdetioanunsnsneadennen Bulk carrier concentration

#1 Majority mobility 984 sample 1 29nA15¥ALUY Manual 91nASesdialsssuy
SrluiRuagzAninsiuan American Society for Testing and Materials Licensed by
Information Handling Services Idnanuansusisl] 248.37 ecm? /¥ -5 | 209.16 cm® IV -
wag 466.42 cm® |V -s
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A1 Bulk carrier concentration 983 sample 1 9MNN15IALUL Manual nniadesiiawsn
syuusmluiAuagAfnsIuaIn American Society for Testing and Materials Licensed by
Information Handling Services l¢namudndussl 7.37x10" cm™, 8.76x10" cm™uag
1.33x10" -1.35x10° cm™

A1 Conductivity ¥4 sample 1 31AA1SIALUY Manual 31nA3asiiawssyuusnlusia
WagAnIIU9IN American Society for Testing and Materials Licensed by Information
Handling  Services Iftamuansusiel] 2.93x102 1/0.cm ,2.92x10 1/@.cm waganil
Undefioaninsndnadeinan Resistivity

silavasansieiavestuay Si-wafer sample 1 971AN15LUU Manual MniATesile
i515zuusnluiAuasaAfivsausn American Society for Testing and Materials Licensed
by Information Handling Services tonanushsusall viladt, wiaf uasvtio

ssiiuldinnannmeassssuuiamatautinislnirvesansiefaifiisadnsiy
ausafamaautanialifivesansaeiiilaalndidesfuaifinsiuain American
Society for Testing and Materials Licensed by Information Handling Services sagulst
irFesiioreasaunsaldlunsmaassidnie uarilammeassiuinidenels

5.2 doiauBuuy

L lumsawien Sample ~ ldlunisuasasmariinisneassiesdinmudunglunis

wieNals v wzeniunuisguasdewia N ligndssniuss s ures
[ =2 LY | 1 o = 2 1 da & v w w
wuneswtzlddrAudugn aasidenlduduine Sample Afdududady
Sample lalngnss
= 1 ] @ .,':' ° o A

2. msdendaweImsInenseualinsdudunu audesineveanise Current
source Way Digital multimeter
o = o & P 4 8 o & =i ° %

3. Welimsnautunualsinissednssesivelviusegiuegluaniniiauna szvilila
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MEASUREMENT SYSTEM WITH HALL AND A FOUR POINT
PROBES FOR CHARACTERIZATION OF SEMICONDUCTORS

Rudolf Kinder *— Miroslay Mikolasek * — Daniel Donoval *
Jaroslav Kovdé — Marek Tlaczala ™

This article describes the design, construction and control program of an automatic measuring system (AMS), which
was designed for sheet resistance and sheet Hall mobility measurements. The van der Pauw technique and 4-point probe
method are used to measure sheet resistance and calculate the specific resistance. Furthermore, the software of the AMS
contains graphical subroutines for conversion of resistivity to concentration and mobility. Hall effect and electronic transport
measurements are invaluable for understanding and characterization of the physical properties of semiconductors such as Si,
GaAs, Zn0, and nanocrystal diamond as well as other electronic and magnetic materials.

Keywords: Hall system, van der Pauw, 4-point probe, Si, ZnO

1 INTRODUCTION

An important part in production of electronic compo-
nents and integrated circuits is the diagnostics of basic
material parameters. The van der Pauw method is one of
the most utilized measurement methods for evaluation of
the semiconductor material electrical properties, such as
resistivity, carrier density, and mobility [1]. Method can
be used to measure samples of arbitrary shape, although
several basic sample conditions must be satisfied to obtain
accurate measurements. Among them the most important
are good homogeneity of the sample, constant thickness
of the sample and in ideal case infinitive small point con-
tacts placed at the edges of the samples [2]. Moreover, the
quality of contact in terms of good ohmie behavior has
to be assured. The van der Pauw method is a common
method used for investigation of new prepared thin films
to determine their quality. Characterizing the mobility of
new materials is essential for semiconductor technology
innovations, so making accurate Hall effect measurements
will continue to be important [2].

Additional resistivity measurement method, the 4-
point probe, is also widely used in the semiconductor in-
dustry to monitor the production process. Electrical mea-
surements are done on test structures to provide informa-
tion on the various process steps. For example, resistivity
measurements of doped semiconductor structures provide
information about the carrier concentration and mobility
and are used as feedback for the doping diffusion process
3

This paper describes an AMS with Hall and the 4-
point-probe method. Optimum measurement conditions
for determination of mobility u are established for dif-
ferent semiconductor layers and structures. Hall effect is
invaluable to understand and characterize the physical
properties of semiconductors including materials such as:

Si, Ge, GaAs, AlGaAs, ZnO, and others. Transport mea-
surements of Hall effect and magnetoresistance are ide-
ally suited for material research, product development,
and quality control [2,45].

2 THEORY

The designed automatic measuring system can be used
to determine several material parameters: the Hall volt-
age (Vi ), carrier concentration (n ), Hall coefficient ( Ry )
and the conductivity type (n or p) are all derived from
the Hall voltage measurement. To be able to evaluate
carrier mobility () it is necessary to measure also the
resistivity of the sample (p). Due to the required contact
node arrangement shown in Fig. 1, the van der Pauw
method is the most frequently used method in the Hall
measurement systems to evaluate the sample resistivity.

Ino
A D A D
Vu
I B
B & ___ C B c
Vic

Fig. 1. Contact node arrangement for the van der Pauw and Hall
measurement

For Hall measurements a contact configuration gives
current and voltage perpendicular to each other. Resistiv-
ity measurement configurations R(a ¢/B,p) or Re,p /A,C)
are possible and can be selected for the measurement. For
ideal square symmetry samples the measured voltage at
zero magnetic field should be 0 independently of the used
current [1-4].
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For Hall effect measurements, a voltage is applied be-
tween the contacts placed at diagonally opposite corners
and the current I flowing between them is measured.
In addition, a magnetic field B is applied in the direc-
tion perpendicular to the sample and the change in Hall
voltage Vi between the contacts in opposite corners is
measured. Resistivity p, carrier density n, and mobility
p are calculated from the measured values, applied mag-
netic field B and the film thickness d of the measured
sample [2].

According to [1,4] the van der Pauw method consists
of two measurements of resistivity, Ex and Rp

Ra = (Rpa,cB + Rap,sc + Ree,ap + Roe,pa)/4,
Rp = (RcBpa + Rpc,as + Ras,pe + Rea,cp)/4.

From these two measurements and the knowledge of
the sample thickness under test d, the conductivity of
arbitrary shaped samples can be determined by the solu-
tion of the following equation

q(—mRa/Rs) + q(—mRp/Rs) = 1. (2)
To simplify the solution, it is appropriate to measure

square shaped samples, where Ry = Rp. In this case
the solution of Eq. (2) can be written as [2]

7md (Ras,cp + Rec,pa) f

p=Rgd= A 7 (3)
where
Ve Vi
Rap.cp = &) ; Rpopa = 2] 4)
Ins Ige

and f represents the correction factor, which is function
of sample symmetry. Within AMS system, Equation (2) is
solved numerically using PC software, so correction factor
f has only an informative value. From the Hall voltage
measurements it is possible to determine Hall coefficient
using equation

Vud
=78 (5)

and consequently carrier concentration can be determined

Ry

1

n=— 6

Bnd (6)
where g is the elementary charge. Finally, Hall coefficient
and resistivity are used to determine hall mobility

.

> (7)

7’

To provide a good accuracy of obtained parameters
it is necessary to ensure some basic conditions during
the measurement. The most crucial one is to have good
ohmic contacts. The van der Pauw theory requires in-
finitive small contacts in the corner of the sample [1].
Very important is also to ensure negligible heating of the
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sample during the measurements, sensitive current mea-
surement, and good symmetry and homogeneity of the
sample.

The 4-point probe technique is one of the most com-
mon experimental methods for measuring resistivity. This
configuration consists of four independent electrical ter-
minals where two terminals are used to apply current to
the sample, and the other two terminals measure the re-
sulting potential drop across the defined portion of the
sample [3,5]. In the technique of linear 4-point probes
all measurement tips are placed along a straight line and
separated by a constant distance. The resistivity p of a
homogeneously doped semiconductor can be then calcu-
lated as

(®)

where d is the semiconductor sample thickness, I is the
current flowing through the outer tips of the probe, V is
the voltage drop measured on the inner tips, k is the cor-
rection factor. The accuracy of calculating the parameters
by the linear 4-point probe is described elsewhere [5].

The concentration values n can be obtained from the
measured values p using the conversion graphs, so-called
Irvin curves for n- and p-type. Irvin curves express the
mutual dependence between resistivity p, mobility u and
concentration n according to the formula

p=Ryd= 4.53%.%,

1

2 g pl@)pu(z)g

(9)

For automatic calculation of p or n, the value of u is
used given by empirical formula

HPmax — Hmi
= b Bl

Mref

(10)

Here prmin and pimax are the values of minimal and max-
imal mobility; nrer is the reference concentration and o
is an exponential factor [5].

3 DESIGN OF EQUIPMENT AND
MEASUREMENT ROUTINE

The measurements and calculations were carried out
on automatic measuring system (AMS) designed at the
DSLab. s.r.o. in collaboration with Institute of Electron-
ics and Photonics, STU in Bratislava. The AMS provides
measurements of sheet resistivity Rg and Hall voltage
Vi, to evaluate specific resistivity p, carrier concentra-
tion n, Hall mobility 4 and type of semiconductor (n-
type or p-type). Two different ways were used to mea-
sure resistivity: (i) Van der Pauw set-up being the part
of the Hall measurement covering the sheet resistance in
the range from 0.1 to 10'°Q/cm? and (ii) linear 4-point
probe providing measurements in the range of specific
resistivity from 1073 to 20Qcm. A part of measuring
system is the sample board allowing measurements at

Unauthenticated
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} Computer E Computer
| |
| I !
| |
| Measuring unit I Measuring unit
|
I I l
1 |
|

: 4-point probe Van derPauw probe
e _ |

Elektromagnet X Sample board

Permanent magnet

Fig. 2. The complete automatic measuring system

room and liquid nitrogen temperature utilizing perma-
nent magnet (0.55 T) [6] or electromagnet (0.15 T). The
sample is electrically contacted through Ecopia corpora-
tion sample holder [6]. The block diagram of complete
measuring system is shown in Fig. 2.

The conversion of p to n for p- or n-type Si according
to Egs. (9) and (10) can be performed by a conversion
code. For determining R, p and n it is needed to know
following parameters: type of semiconductor, thickness
of sample or layer, correction factor value, given current
(max. 100 mA) and number of measurements. Then from
selected number of measurements the average values of
Rs, p and n are calculated (Egs. (8), (9), (10)) [5].

The value of sheet resistance required for evaluation
of Hall mobility and concentration is measured using van
der Pauw configuration. Various aspects are important to
obtain a good sensitivity and accuracy using this method.
The most critical role in the measurements play the con-
tacts created on the samples (7]. The quality of ohmic
contacts in the van der Pauw configuration is controlled
via the measurements of I-V linearity between neighbor-
ing contacts, where four leads labeled as A, B, C, and D
(Fig. 1) are connected to the four contacts on the edges of
the sample. The technology of ohmic contacts formation
differs for various semiconductor samples and is described
elsewhere [7].

The sample of good homogeneity and symmetry is re-
quired for accurate resistivity measurements. These two
sample quantities are inspected through the resistivity
measurement, Ka and Rp, carried on two sides of the
square sample. Ry divided by Rp then gives the infor-
mation on sample symmetry and should have the value
in the range of 0.9-1.

Another aspect influencing the measurement accuracy,
power dissipation during the measurements is automati-
cally controlled by software as well. Power dissipation in
designed measurement system is controlled and a warn-
ing signal is generated when a prescribed value (in mW)
is overcome.

The Hall system together with the van der Pauw re-
sistivity configuration was primary designed for high re-
sistance sample measurements. For this kind of measure-
ments, the voltage source was used to feed the sample,
so the current through sample is limited only by semi-
conductor resistivity. The current measurements are pro-
vided with currents ranging from 100 pA to 10 mA with
the highest sensitivity of 0.02 pA.

For Hall measurements a contact configuration per-
pendicular to each other is expected for current flow and
voltage measurement. For ideal samples the measured
voltage at zero magnetic field should be zero indepen-
dently of the used current. In a real sample, due to non-
perpendicular contact misalignment, the voltage offset is
measured also at zero magnetic field, which present a se-
rious problem for measurements of low Hall voltage. In
some cases, if this misalignment voltage is much higher
than the Hall voltage, this voltage can cause a big sys-
tematic error. To overcome this problem, Hall system con-
tains a hardware compensation of misalignment voltage
and gives much better results on asymmetric samples as
Hall systems without it. The compensation mode can be
switched on by software. The range of Hall voltage mea-
surements goes from 5 mV to 10 V with the highest sen-
sitivity 0.05 4V provided at the lowest voltage range.

The measuring system is fully automated. The menu
driven software of AMS insures communication with the
measuring equipment, commands its single parts, mea-
surement of the required parameters and communication
with the operating personnel. The operating personnel by
means of the driven software enters the data needed for
the measurement process and at the same time the results
of measurement form a listing on the display or a file. As
development tools, the operating systems MS Windows
and Borland C Builder 6 were used. The control graphi-
cal interface of AMS for Hall, 4-point probe and van der
Pauw measurements is shown in Fig. 3.

As can be seen on the lefs hand side of the front panel
shown in Fig. 3, main parameters to be set before mea-
surements are sample thickness, initial voltage, and num-
ber of measured points of I-V curves for contacts linear-
ity control. For resistivity and Hall measurements, it is
necessary to set the value of initial approximate current
used during the sample check and number of Hall volt-
age averaging together with Hall voltage measurement
range. In this part of the panel, it is also possible to set
optional linear 4-point probe measurements or Hall mea-
surements with included van der Pauw resistivity mea-
surements. The middle part of the control graphical in-
terface gives to user basic information about voltages and
current at particular nodes of the sample and information
about compensation voltage at zero magnetic field and
measured Hall voltage. Measured values of Hall voltage,
resistivity and parameters determined from these values
are set in the right part of the control graphical interface.

The 4-point probe measurement of resistivity is con-
trolled by separate computer. The control software allows
setting the optional linear or square 4-point probe ar-
rangement, conductivity type of the semiconductor, film
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Fig. 3. Control graphical interface of AMS for Hall, linear 4-point probe and van der Pauw measurements

thickens d, correction factor, current and number of the
measurements. The measured and evaluated values are
spreading resistance, resistance and concentration.

4 EXPERIMENTAL RESULTS

Designed AMS system allows measuring and calculat-
ing various parameters such as resistivity, Hall mobility
and doping concentration. To demonstrate applicability
and reliability of this system, we conducted various ex-
periments described in details below.

To verify the resistivity measurements provided by lin-
ear 4-point probe being part of the AMS, two wafers
were used: p-type Si(100) substrate with p = 8-12Qcm
and thickness of 300 um and n-type Si(100) substrate
with p = 2- 4Qcm and thickness of 360 pm. The val-
ues of p, n and p were measured and calculated by us-
ing AMS. For both samples, the value of & was 0.9818
(Eq. 8). For the p-type Si sample we measured values:
Ry, = 345Q, p = 10.3Qcm, n = 1.2 x 105Qcm=3,
p = 485cm?/Vs. For the n-type Si: R, = 108.6%,
p=330Qcm, n=4x10%em3, y = 472cm?/Vs. The
above-mentioned results p and n satisfy the sample tech-
nological parameters.

For the verification of p to n conversion p-type silicon
substrate with p = 10Qcm and n-type silicon substrate
with p = 1 Qcm were used. Obtained results of conversion
are for p-type Si: n = 1.29 x 10%%cm =3, p = 485cm?/Vs
and for n-type Si: n = 5.3x10%cm ™3, u = 1180 cm?/Vs.
The calculated results are identical with the results ob-
tained from Irvin curves [5].

To demonstrate the potential of Hall measurement tool
in current most attractive topics in material research,
measurements on four kinds of semiconductor samples
with different resistance were carried out:

o sample c-Si(p): High doped p-type crystalline silicon
substrate with thickness of 450 um. Silicon is still most
used material in semiconductor industry and part of
various structures and devices.

sample Zn0:Al: 1.1 pm thick aluminum doped zinc
oxide layer prepared on glass substrate. ZnO is a
unique material and has been used considerably for its
catalytic, electrical, optoelectronic and photochemical
properties.

sample GaAs:Si: Si doped GaAs epitaxial layer of
thickness 1.25 um grown by molecular beam epitaxy
on GaAs-SI (semi-insulating) substrate. GaAs based
heterostructures have the advantage for realization of
micro and optoelectronic devices.

sample Diamond: nanocrystalline diamond layer of
0.9 pm thickness deposited on 1.4 um thick SiO, in-
sulating layer on silicon substrate. To overcome the
leakage current caused by diamond layer, which dur-
ing the deposition overlaps over the thin insulating
SiO2 layer and makes connection to the silicon sub-
strate, the edges of the diamond layer were etched. Di-
amond is a robust semiconductor with a wide bandgap
of 5.48 eV, and it could potentially be used in applica-
tions that need to function in environments of extreme
heat and radiation.

sample BDiam: boron doped diamond layer of thick-
ness 0.2 ym deposited on 1.4 um thick SiOs insulating
layer on silicon substrate. The edge of the sample was
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Fig. 4. Contact linearity of measured samples: ZnO:Al, BDiam and ¢-Si(p)

Table 1. Summarized results of Hall measurements. In the table d is sample thickness, R, is sheet resistivity, p is specific resistivity,
Uy is Hall voltage, p is mobility and n is carrier concentration

d R, p Contact Un 7 n
Sample (pm)  (Q/cm?) Omegacm nonlin.% (uV) (cm?Vs™!) (cm~3)
c-Si(p) 450 0.0438 1.97x 108 =i 0.25 49.2 6.4 x 1019
ZnO:Al  0.750 4587 x 107 34x 1073 <801 79.40 10.2 8 x 1020
GaAs:Si 1.25 6.24x102 78x1072 <02 33330 35x10% 2.2x 10
Diamond 0.9  36x 107  3.3x103 <10 130 1.5 1.2 x 105
BDiam 0.2  22x103  44x10°2 <1 45 1.3 1.1 x 1020

cut in order to prevent the leakage via the silicon sub-

strate. Doped diamond can be used as a core material
of sensors, MEMS and MESFET.

In the first step of measurements, the samples were
attached to the holder and four contact labels were placed
on the corners of the sample. The quality of the ochmic
contacts to the sample was controlled via the resistance
linearity measurement between neighboring contacts. In
case of the ZnO:Al sample, which has a high conductance,
the good ohmic contact giving nonlinearity value bellow
0.5% was attained by direct placing of sample holder
gold tips on the sample. Other samples required contact
preparation. For samples with diamond layer and GaAs:Si
layers an In contacts were first spread at the corners
of the samples and than annealed in FGA (90% N, +
10%Hz) at the temperature of 400°C for 1.5 minutes.
The aluminum contacts were evaporated on the corners
of ¢-Si(p) substrate to assure ohmic contact.

As is shown in the Fig. 4, sufficient linearity of I-V
curves between neighbored contacts and thus good ohmic
contacts were achieved for all samples. The results of
resistivity and Hall measurements for selected samples
are summarized in Tab. 1. All Hall measurements were
conducted by averaging over 20 measurements to improve
the statistics. Such a high number of measurements were
provided using electromagnet.

Measurements of resistivity provide information in de-
velopment of new materials for various applications. Zinc
oxide represents attractive alternative of transparent con-
ductive oxide (TCO) for solar cell applications. Resistiv-
ity of TCO is one of the most important parameters sig-
nificantly affecting the performance of solar cells, thus
need to be controlled. The obtained resistivity of ZnQO
noticed in Tab. 1. [8] is usually achieved in case of state
of the art ZnO layers for TCO applications in solar cells.

Diamond is an attractive material for sensors, MEMS
and MESFET transistors [9,10]. Important feature for
such applications is a good conductivity of diamond layers
to achieve ohmic contact. Low resistance ohmic contact
can be achieved for layers when the current crosses a
very thin potential barrier between the metal and the
diamond. While the barrier thickness decreases upon the
increase of dopant concentration, the Hall measurements
are important to optimize the ohmic contacts [11]. Results
of resistivity and Hall measurements obtained on intrinsic
and boron doped diamond films (Tab. 1) represent the
basic steps in the process of ohmic contact optimization.

Obtained results are in good agreement with techno-
logical predictions and measurements carried out on other
Hall measurement tools [8]. The developed system proved
the potential of reliable resistivity, mobility and doping
concentration measurements on various semiconductors.

5 CONCLUSION

The classical Hall measurement system has been com-
pleted by a 4-point probe method, which employs a relay
network for measuring the sheet resistance and then cal-
culates the resistivity of semiconductor layers. The Hall
system together with the van der Pauw resistivity config-
uration was primary designed for high resistance sample
measurements. T'wo different ways were used to measure
resistivity (i) Van der Pauw set-up being the part of the
Hall and (ii) 4-point linear probe. The software of the
equipment contains graphics for converting the resistiv-
ity into concentration and mobility.

The measuring system allows measurements utilizing
permanent magnet (0.55T) or electromagnet (0.15 T)
and is suitable for determination of the influence the
disturbances on the measured mobility. Special feature
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of the equipment is generation of magnetic field, which
is realized with air-cooled magnet with fast switching
magnetic pole 0.15 T. This has the advantage to minimize
an excessive heat generation in some samples and also
exhibit lower false thermovoltages in sample contacts.
The quickly switch combination are especially advantage
for a sample with low Hall voltage (less than 50 V).

The potential of developed tool was attested by mea-
surement on various types of semiconductor samples and
structures. Potential problems inherent to the AMS have
been described and minimized as far as possible.
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The paper is devoted to the methodology of measurement of resistivity of thin films using
van der Pauw (VDP) technique — in particular to the consequences of typical “defects” that
can appear in the samples. To a certain extent, it can be actually deduced from the mea-
surement whether the defect is fatal, and the sample has to be excluded from the experi-
mental results (incorrigible defect), or whether the error can be subsequently corrected
numerically (corrigible defect). This is important especially for ultrathin films close to
the limit of their connectivity, where the consequences of these defects can be easily mis-
taken for actual anomalous behaviour. Therefore, we decided to simulate the consequences
of such defects experimentally.

Using standard photolithographic techniques and subsequent selective etching, typical
sample defects were simulated on geometrically symmetric samples of thin Cu foil: these
defects ranged from non-symmetric contacting, isolated and non-isolated cracks and holes,
to the influence of their size and position within the sample. The impact of these defects on
the sequence of values measured in one measurement cycle of the VDP method is demon-
strated, and a comparison with characteristic values of perfect samples is carried out. Then,
we summarise the manifestations and consequences of the defects and demonstrate practi-
cal possibilities of their numerical correction. The goal of this study is to show experimentally
the types of defects that can lead to electrical asymmetry of the originally symmetric sam-
ples, which of these are theoretically amenable to correction, and which cannot be corrected
in this way. It was experimentally confirmed that values measured on “simply connected”
samples are generally corrigible but in other cases (interior cracks and holes) are incorrigible.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction On studying the properties of thin and, in particular,

ultrathin layers (nano-layers) by means of the van der

The van der Pauw method makes it possible to measure
both sheet resistance (Rps) and volume resistivity (p) of
materials on planar plates or layers that are homogeneous,
isotropic and have uniform thickness. Otherwise, their
shape can be arbitrary. The measuring technique is then
applicable, if we are able to provide the sample of such a
plate, foil or layer with four distinct, theoretically point-like
ohmic (linear) contacts on its circumference. See, e.g. [1,3].

* Corresponding author. Tel.: +420 220445160; fax: +420 224310337.
E-mail address: Josef.Nahlik@vscht.cz (J. Nahlik).

0263-2241/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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Pauw method, we should always verify the validity of
these assumptions beforehand and consequently separate
the consequences of possible failure to observe the input
assumptions from the real anomalous behaviour of these
layers.

For example, the samples must be free of cracks and
holes (voids) [2], which represent inhomogeneities from
the material viewpoint, and undesirable discontinuities in
the behaviour of p(x,y) [3] from the viewpoint of the fun-
damental theory of VDP. Theoretically, the problem seems
to be clear. In reality, however, only few studies point to
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practical consequences of non-fulfilment of basic assump-
tions and document these consequences either by calcula-
tion or experiment [2,4-6].

Measurements by VDP technique are based in principle
onamethod of evaluation of voltage response on application
of a suitable constant electrical current; therefore, a very
important assumption is the point-like nature of circumfer-
ential contacts used to pass current through the sample and
to read the corresponding voltage response. On the other
hand, the consequences of non-point-like nature of actual
contacts are treated in numerous studies, in detail e.g.
[2,7,8], hence we only conclude here that a negative error
in the measurement of resistivity (the measured value is
smaller than the true one) due to contacts of finite dimen-
sions and at a finite distance from the border is smaller in
proportion to the ratio of the contact length or its distance
from the border to the total circumference of the sample.

Let us state that the realisation of a general conception
of the VDP technique, in particular its manual implementa-
tion, is a time demanding task. Therefore, the experiment-
ers try to simplify the measurements by preparing
electrically symmetric samples and evaluate the results
without the need for introducing numerical corrections
by successive approximations. This approach has a certain
additional advantage in the ability to reveal a nonstandard
behaviour of the sample from successive measurements,
find its cause, and (if theoretically possible) apply correc-
tions a posteriori, or exclude the sample from the experi-
ment. For this purpose, however, it is necessary to master
the VDP technique not only theoretically, but acquire also
a sufficient amount of practical experience. Therefore, we
decided to simulate the manifestation of typical sample
defects in resistivity measurements by the VDP technique
and demonstrate their practical consequences.

1.1. Fundamental approach in assessment of the resistivity of
materials using the VDP technigue

Based on the assumptions mentioned above, the prob-
lem of the determination of the resistivity of a material
was solved theoretically and practically by van der Pauw

(@) (b)
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(hence the abbreviation VDP) as early as in 1958 [3]. Let
us mention that the method is a destructive one, but has
the lowest measurement uncertainty [9].

Based on Ref. [3], one can state the following, In the case
of a planar plate, foil or layer from a homogeneous isotro-
pic material of uniform thickness, free from isolated holes
and cracks, the following approach can be used to deter-
mine the volume resistivity p (if the thickness h is known)
or sheet resistance Rps (if the thickness is not known):

(1) The foil, plate or layer is provided by ohmic point
contacts at its circumference and by means of those
we enable to realise gradually the connection shown
in Fig. 1a and b.

(2) In the connection according to Fig. 1a we select and
set a suitable magnitude of electric current I; [A],
and read the voltage response Uys [V] of the sample.
Then we calculate the ratio R, [Q)],

Ry = Uaz /hha. (1)

(3) We change the connection according to Fig. 1b (cyc-
lic interchange of contacts), and again set a “suit-
able” current I3 [A] (as a rule identical to or
comparable with I, according to 2), read the corre-
sponding voltage response Uq4 [V] and calculate the
ratio R, [Q2],

Ry = Uya/Izs. 2)

As a “suitable” value of the measuring current we con-
sider in general such value that gives corresponding volt-
age response measurable with the desired accuracy and
the sample heating due to passing current can be
neglected.

Van der Pauw showed [3] that in the case given above
the following equation holds

&> +exp (—n-&) =1,

exp (—:rc s R (3)

where Rps [Q] is the sheet resistance of the material. In
practice, this parameter is also referred to as Resistance

Voltmeter

Keithley
2010
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Fig. 1. Measurement of sheet resistance and volume resistivity of plates, foils and layers using van der Pauw technique.
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Per Square - hence the abbreviation Rps. For the general
case of electrically non-symmetrical samples,

R # Ry. (4)

Eq.(3)is a transcendental equation (does not have solu-
tions in a closed-form) and has to be solved numerically
using a method of successive approximations. Neverthe-
less, for electrically symmetrical samples, i.e. where it
holds that

R, =Ry =R, (5)

the solution for Rps can be found easily in a closed form
after substituting Eq. (5) into Eq. (3) and solving the expo-
nential equation.

z.exp(_ni):l, ®)
Rps

where, by taking logarithms and simple manipulations, we
get the following relation for the sheet resistance

TE B
In2
If the thickness h [m] is known, we can also easily deter-

mine the volume resistivity p [Qm| of the material, using a
the general relation

T
T~

In view of evident simplicity of evaluation of the mea-
sured values, the above-mentioned special case of electri-
cally symmetric sample is often used in practice,
whenever the character of the experiment allows prepar-
ing such a sample, In particular, this approach is suitable
for manual one-shot measurements, as each sample show-
ing surface mechanical symmetry of the tested layer and
symmetrically placed contacts is, in general, electrically
symmetric. But, we should always check the electrical
symmetry in the particular measurement, because the
appearance of asymmetry can signal mechanical damage
to the sample, which need not be visually detectable.

In a general example of a non-symmetric sample, of
course, we have to reconcile ourselves with the fact that
the resistivity must be obtained by solving Eq. (3) using a
method of successive approximations. This will be always
subject to certain error, depending on the number of
approximation cycles performed. In practice, the solution
of Eq. (3) can be sought in the form

_n Ry + Ry Ra
RPs-—E"i'“z—'f(R—b), 9

where f{Ry[Rp) = f(k) is the sought correction function obey-
ing a transcendental equation.

In2 k-1 In2 1
o (~7755) <osh (551 75) =7 a0

The value of the function f{k) can be calculated for a gi-
ven ratio k=Ry/R, by the method of successive
approximations.

The case of correction function f{R,/R;) calculated by the
method of successive approximation on a computer with
accuracy set to 0.0001% is shown in Fig. 2. Only the part

Res = R (7)

p=h-Rs=h-— R (8)
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Fig. 2. The value of VDP correction function f{k) plotted against the
measure of asymmetry k = Rq/Rs.

corresponding to R,/R, > 1 is shown. The function is sym-
metric with respect to k=1 and the case of Ry/Rp < 1 need
not be therefore shown.The value of the ratio

k = Rq/Ry, (11)

can be conveniently used to characterise the electrical
asymmetry of the sample and we will follow it carefully
in the discussion of experimental results. In view of the
fact that the origin and end of cyclic notation of contacts
is arbitrary, we will convene to evaluate the electrical
asymmetry by using the larger of the resistances R, and
Ry in the numerator of the Eq. (11) and the smaller of them
in the denominator. Eventual rise of the sample asymme-
try evaluated in this way will be thus logically accompa-
nied by the rise of the asymmetry measure k according
to Eq. (11).

As we pointed out above, it often happens in testing
thin and ultrathin layers that the sample shows significant
electrical asymmetry even if it is a priori prepared as a
symmetric one [10]. Then it is necessary to diagnose the
cause from the measured values and, in case of suspicion
that the sample defect is incorrigible in the sense of Egs.
(9) and (10) [3], repeat the preparation of sample with ut-
most care and exclude the defective sample from measure-
ments. The failure may be due to minute cracks or holes,
difficult to perceive by naked eye, incurred during manip-
ulation of the sample (cracking under mechanical defor-
mation, scratching by tweezers, etc.).

The aim of our work is to show what types of defects
lead to asymmetry, which of them can be still theoretically
corrected by calculation in the sense of Eq. (9), and those
that cannot be corrected in this way. In general, it is then
necessary to judge individually whether the error incurred
by disregarding an incorrigible sample defect can be still
acceptable or whether the sample has to be excluded from
the experiment.

For the sake of completeness, let us note that a further
remarkable property of flawless VDP samples of plates,
foils and layers is the so-called reciprocity. This property,
characterising VDP samples, even without respect to their
electrical symmetry, is generally understood as self-evi-
dent (following from the general reciprocity theorem
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[11,12]); therefore, it does not perhaps receive due atten-
tion by various authors and even its essence does not enter
general awareness.

With certain simplification, this property can be in our
concrete case characterised as follows: under the assump-
tions on the VDP samples mentioned above, it is possible to
interchange the voltage contacts with the current contacts
(see Fig. 1) without influencing the value of the ratio of
these quantities. If, for example, we switch the source of
constant current from terminals 1, 2 to terminals 3, 4
and at the same time switch the voltmeter from terminals
3, 4 to terminals 1, 2, we obtain the resistance R, [Q] as a
ratio of voltage U;; [V] to current Iz4 [A], for which it holds
that

_Un_Us _
R=14, =T, R (12)
and also, in full analogy,
b=%=g3_‘*=gb, (13)
I Iy

regardless of the fact whether the sample exhibits electri-
cal asymmetry or not. This rule follows from the general
theory of electromagnetic field applied to the theory of lin-
ear electric circuits and is known as the reciprocity theo-
rem, see e.g. [11].

In this study we are going to verify its very good validity
for relatively thick Cu layer of our samples containing sim-
ulated defects. We shall show that typical defects of VDP
samples on “sufficiently thick” layers do not lead to reci-
procity failure.

2. Experimental

To prepare the samples, we used commercially avail-
able plates for printed circuits, DURAVER-E-Cu of 1.5 mm
thickness, laminated on one side with a 35 um thick Cu foil
(Cu purity: 98.8%), provided with a photosensitive layer.
The required shapes of reference samples with simulated
defects of sample symmetry, contact symmetry, simulated
cracks, holes of various positions, etc. were then produced

Fig. 3. Adaptor for manual and automated measurements of resistivity of
materials using van der Pauw method, shown with a set of samples
featuring a simulated crack of variable length and holes of variable
positions.

by photolithography. Immediately after production, the
samples were rid of the photosensitive layer and provided
with electro-insulating varnish (protection against
corrosion).

The samples formed targeted series characterised by
specific defects of variable size and position. Subsequently,
the influence of these parameters on the symmetry and
reciprocity was evaluated, and the nature of this effect
and conclusions relevant for the practice were determined.

Measurements of the volume resistivity were carried
out in an automated lab using an in-house program de-
signed within the environment of National Instruments
LabVIEW. The program contains functions required for
accurate calculation of corrected and uncorrected value
of p, calculation of the value of correction function and rel-
ative error due to neglect of correction. The correction
function was computed using a method of successive
approximations with settable relative error of 0.0001% at
most.

vDP VDP
(a) (b)

i1 Ll l

VDP
(d)

-III J-III B

Fig. 4. Examples of mechanically and electrically symmetric reference samples used for our measurements of resistivity by the VDP technique (from the
left): a) Often recommended shape (so-called butterfly & 25/5 mm), b), ¢) mostly accepted shape (circle # 25 mm and square 18 x 18 mm contacted in the
corners), d) often not recommended shape (square 18 x 18 mm contacted in the centres of its sides). Width of all copper contact wires is 0.35 mm.
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Rotation
+75°

Rotation
+20°

Fig. 5. Example of a rotation of opposite contacts by +20° and +75° with
respect to horizontal axis.

The measuring current was supplied by programmable
current SourceMeter Keithley 2400, the voltage responses
read by a multimeter Keithley 2010, and the connections
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Fig. 6. Dependence of the measured resistivity p [Qm] on the rotation of
the pair of opposite contacts for a circular sample.

of the instruments to the sample were program-controlled
by a cross-switching array Keithley 7001 provided with
plug-in cross-switching module Keithley 7012 S.

Rapid connection of the samples to the measuring sys-
tem was realised by a special connecting adaptor using a
slot-type connector with shielded connecting wires to
minimise the influence of external interference (see Fig. 3).

Measurements and numerical evaluation of the resistiv-
ity then proceeded automatically with the following
parameters. Measuring current 200 mA, measured param-
eters: corrected and uncorrected volume resistivity p
[©Qm]; sample thickness: 35 pm; voltage limit of the sup-
ply: max. 21 V; maximum allowed error in the approxima-
tion of the correction function: 0.0001%. The parameters
were chosen so as to make possible the measurements of
resistances R, and R, with an accuracy of 100 pQ. The
technique of testing current polarity change and averaging
of the measured resistances (R, R,; Ry, R}) was used, of

course. To determine the total experimental error, each
sample was measured repeatedly (five times) and the mea-
surement uncertainty of the type B was finally obtained.

3. Results

The measurement itself proceeded as follows:

First, perfect samples of all shapes given, i.a., in the rec-
ommendation [13] were measured. There one finds the
most often used shapes of VDP samples of the following
types: butterfly, circle, square contacted in the corners
and square contacted at the centres of its sides, see
Fig. 4. All shapes have led to virtually identical results with
minimum scatter of values. Hence, the application advan-
tages and disadvantages of individual shapes, alleged
sometimes [2], were not confirmed - which is obviously
due to the quality of the Cu foil and, precise sample geom-
etry and their contacting by photolithographic technique.
Fig. 4 and next figures of samples are to-scale replicas of
photolithography masks.

Reference value of the sheet resistance (Rps) was deter-
mined beforehand for each shape according to Fig. 4 by
accurate measurements on basic sample, well complying
with theoretical assumptions.

The measured values Rps in individual cases at a tem-
perature of 24 °C was found to be:

sample(a) Rps = 5.80 £0.03 x 107'Q (14)
sample(b) Rps = 5.90 +0.03 x 1074Q (15)
sample(c) Res = 5.83 £0.03 x 107%Q (16)
sample(d) Res = 6.06+0.03 x 107%Q (17)

With respect to uncertainty of measurement it is obvi-
ous that measured values of sheet resistance of sample ser-
ies with individual geometries are not statistically the
same. It can be caused by thickness uncertainty (manufac-
turing tolerance) of copper foil eventually by uncertainty
of its purity (manufacturing tolerance of resistivity), etc.
Producer of PCBs (printed circuit boards), which were used
to prepare samples with simulated defects, sets neither
thickness uncertainty of the copper foil nor its uncertainty
of resistivity. Therefore the reference samples and the sam-
ples with defects were prepared from one set of PCBs to
minimise the effect of mentioned uncertainties and first
of all, to deal with consequences of simulated defects. Then
the mean value of resistivity can be estimated according to
(8) as a product of nominal foil thickness (35 um) and
sheet resistance.

These values were then used as a reference in the eval-
uation of the influence of simulated defects. The value of
asymmetry of these samples in the sense of (11) was found
to lie in the interval k=0.9996 + 0.0001. The resistivity
measured in the same way on the samples with intention-
ally produced defects was then evaluated with respect to
the reference resistivity established for the reference sam-
ple at the same temperature.

The consequences of the intentionally prepared defects
of sample with original geometric and electrical symmetry
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can be divided into two basic groups: the group of samples
where the consequences of simulated defects are computa-
tionally corrigible and the group where the consequences
of the defects cannot be computationally corrected. In view
of the scope of experiments, we shall limit ourselves in the
present paper only to a brief description and a representa-
tive schematic rendering of the defects. The corresponding
graphs give then a complex illustration of the conse-
quences of the defects, with each point in the graph repre-
senting one specially prepared sample with a simulated
defect of a given type, size and position. Even here, each
measurement was repeated five times in order to deter-
mine the mean value of the resistivity and the measure-
ment uncertainty of the B-type.

At first we focus on the defects that are computationally
corrigible and then we shall discuss the typical incorrigible
defects.

3.1. Corrigible defects

The first five series of samples are targeted at inaccurate
contacting of the samples. Each pair of points in the graphs
represents one real sample.

3.1.1. Rotation of the pair of opposite contacts (+5° to +85°in
steps 5°) on a circular sample

The samples are schematically shown in Fig. 5. The
dependence of the corrected and uncorrected resistivity
value on the angle of rotation shown in Fig. 6 implies that
the corrected value p is not affected by rotation of the con-
tacts and, in comparison to the reference value according
to (14), characterises the tested material very well. How-
ever, the error of the uncorrected value can be rather sig-
nificant. The result of the corrected measurements on 16
asymmetrically contacted samples gives a mean value
p=2.09 x 1072 Qm with a scatter of 1.8%. Contact rotation
has evidently a large influence on electrical symmetry of
the samples measured in this way. Uncorrected resistivity
value, hence also the positive error of the measurement,
rises steeply with the angle of rotation of contacts. This is
due to the increasing measure of electrical asymmetry.
The original symmetry is broken even at minimal contact
rotation (k=1.27 at +5°). The asymmetry of the sample
steeply rises with increasing rotation angle; the rise has
hyperbolic character, theoretically diverging beyond limits
at a value close to 90°. Unless a correction is applied to our
system, this type of faulty contacting of a circular sample is
a potential source of larger (even by an order of magni-
tude) positive errors.

3.1.2. Shift of contacts from the centre in the y-axis direction,
Ay =2-16 mm, in steps of 2 mm

This example is schematically shown in Fig. 7. The
dependence of the corrected and uncorrected resistivity
on a shift of the contacts shown in Fig. 8 implies that the
corrected value of p is not affected by the shift of the con-
tacts and, in comparison with the reference value accord-
ing to (17), characterises again the tested material very
well. The results of measurements on eight samples give
a mean value of p=2.09 x 10-*0Om with a scatter of
1.09% at most. The uncorrected value p again grows with

(d) (@)

Ay Ay
4 mm 16 mm

Fig. 7. Example of a centrosymmetric shift of a contact pair on opposite
sides of a square, by 4-16 mm.

increasing shift (see Fig. 8), but not as dramatically as in
the preceding case. On shifting the contacts from
Ay=2mm to Ay=16mm, the measure of asymmetry
changes from k=1.53 to k=11.61. Positive error of the
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Fig. 8. Dependence of corrected and uncorrected resistivity on symmetric
shift of contacts in the direction of y-axis by 2-16 mm.
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Fig. 9. Example of a shift of the square by +2 mm in the direction of y-
axis.



1974 J- Néhlik et al. / Measurement 44 (2011) 1968-1979

uncorrected value can exceed even 30%, but remains less
than an order of magnitude.

3.1.3. Off-centre shift of the square in the y-axis direction,
Ay=1-5mm

This case is sketched in Fig. 9. The dependence of cor-
rected and uncorrected resistivity on a shift of the square
shown in Fig. 10 implies that neither of the p values is af-
fected by the shift and, in comparison to the reference va-
lue (17), again correctly characterise the tested material.
The result of measurements on five samples gives a mean
value of p=2.1 x 10~® Qm with a scatter of 2.04% at most.
It is remarkable that for geometrically asymmetric samples
prepared in this way both dependences coincide very clo-
sely. This is due to the fact that these samples with appar-
ent geometric asymmetry exhibit electrical symmetry. The
proof can be easily obtained using the reciprocity theorem
Egs. (12) and (13) as well as the consequences of axial
symmetry with respect to the y-axis. The scatter of mea-
sured values is given predominantly by technological fluc-
tuations of the resistivity of the tested foil on the set of
samples exhibiting this type of contacting defect. We deal
therefore only with apparent symmetry defect in the con-
tacting of the sample.

Similar procedure was used in testing a series of sam-
ples according to Figs. 11 and 12. In agreement with expec-
tations, we verified by measurements that the electrical
symmetry is not violated by conversion of the square to a
rectangle, according to Fig. 11, nor by rotation of the
square about its centre, according to Fig. 12. ThankKs to this,
the corrected and uncorrected resistivity values are identi-
cal and true. Even a rotation of rectangles in Fig. 11 about
the intersection of its diagonals must lead and, indeed,
leads to the conclusion that the measured value is correct
even without any numerical correction.

The category of samples with computationally corrigi-
ble influence of defects encompasses also the types of
cracks in Figs. 13-16. The common characteristic property
of these defects is: the cracks are either not isolated, i.e.
reach at least one edge of the samples (Figs. 13-16) or ex-
tend over the whole length of the sample (Fig. 16) without
hindering the passage of current through the rest of the
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Fig. 10. Dependence of resistivity on the shift of the square by +1 to
+5 mm in the y-axis direction.
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Fig. 11. Example of transformation of the initial square 18 x 18 mm to a
rectangle 20 x 16 mm and 26 x 8 mm.

sample (broken corner). A sample damaged in this way still
represents a contiguous set from the viewpoint of the VDP
theory. Such defect, as a tule, results only in a loss of elec-
trical symmetry of the sample; nevertheless, for the same
reason, the corrected resistivity is in principle true. This
is of course confirmed by our measurements. The corre-
sponding measure of asymmetry is given in figure cap-
tions. The samples are electrically asymmetric, hence a
correction is required. However, the corrected value is true
because the initial assumptions are not violated.

Corrected value of the resistivity of these samples lies in
the range of p=2.10£0.03 x 1072 Qm and, despite the
asymmetry, does not significantly differ from the reference
value (15) (for example, the circular sample showed the
reference resistivity p=2.06+0.01 x 10~ Qm). In prac-
tice, various combinations of cracks can be found. Never-
theless, if the remaining part of the sample including the
four contacts represents a contiguous set free of holes
and isolated cracks not reaching to the borders, the cor-
rected value of the measured resistivity is in principle al-
ways true. The examples of samples shown in Figs. 17-
19 exhibited resistivity in the same interval as in the pre-
ceding case.

3.2. Incorrigible defects

3.2.1. Length change of a central isolated crack in the
horizontal axis 0.5 x (2-22 mm at 2 mm steps)

The samples with a simulated crack are sketched in
Fig. 20 and the corresponding graph of the dependence of
corrected and uncorrected resistivity on the crack length
is shown in Fig. 21. The growth of the crack length results
in the rise of both corrected and uncorrected measured
resistivity value, and the resulting curve can be approxi-
mated by a second-order polynomial. For a given length
of the crack, both values (corrected and uncorrected,) are
identical, but evidently wrong, as compared to (15). This
is a consequence of symmetric position of the crack. The
electric symmetry of the sample is not disturbed by the
crack; hence both values must be identical. The isolated
crack is, of course, an unallowable inhomogeneity, leading
to incorrigible measurement error. This is a consequence of
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18:18
+45 =

Fig. 12. Example of a rotation of the square by +15° and +45°.

Partial
Crack
0.5 x 6 mm
Rot. +45 °©

Fig. 13. The case of a partial crack of dimensions 0.5 x 6 mm, (slope
+45°), Measure of electrical asymmetry k=1.85.

Partial
Crack
0.5x 12 mm

Fig. 14. Horizontal partial crack close to a contact. Measure of electrical
asymmetry k= 2.63.

symmetric position of the crack. Thus, symmetric position
of the crack is an insidious defect, at which the sample ap-
pears symmetric and reciprocal (see [1]), but the measured
resistivity is erroneous and the error increases with
increasing length of the crack.

Partial
Crack
0.5x 16 mm

Fig. 15. Horizontal partial crack far from a contact. Measure of electrical
asymmetry k= 10.0.

Chipped
Corner
4.5 mm
Square
18 x18 mm

Fig. 16. Chipped corner of a square. Measure of electrical asymmetry
k=1.04.

3.2.2. Shift of isolated crack of dimensions 12 x 0.5 mm along
the y-axis by +2 to +10 mm

The scheme of a sample with a simulated shift of the
crack is shown in Fig. 22 and the corresponding graph of

Chipped
Corner

Fig. 17. Electrical asymmetry k= 1.94.
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Chipped
Corner;
Partial
Crack

Fig. 18. Electrical asymmetry k = 25.6.

dependence of the corrected and uncorrected resistivity
from the centre along y-axis is shown in Fig. 23. Obviously,
a shift of the crack disturbed neither the sample symmetry
nor its reciprocity. A nearly linear decrease of the mea-

Chipped
Corners;
Partial
Crack

|

Fig. 19. Electrical asymmetry k=23.3.

0.5x4mm

i1
(a)

VDP
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0.5x12mm

(b)

Fig. 20. Example of an isolated crack with dimensions {a) 0.5 x 4 mm and

(b) 0.5 x 12 mm,
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Fig. 21. Dependence of resistivity on crack length increasing from 2 to
22 mm.
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y=t+6mm

Fig. 22. Example of a shift of an isolated crack of dimensions 12 x 0.5 mm
- by 6 mm in the direction of y-axis.

sured value towards the true value is, however, evident
from the graph. The influence of the crack on the measure-
ment error thus decreases with the shift of the defect to-
wards the edge of the sample.
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Fig. 23. Dependence of resistivity on crack shift in the direction of y-axis
in the range of 2-10 mm at steps of 2 mm.
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Fig. 24. Examples of a central hole of diameter increasing from 2.5 to
22.5 mm.
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Fig. 25. Dependence of resistivity on hole diameter increasing from 2.5 to
22.5 mm at steps of 2.5 mm.
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Fig. 26. Example of a sample with a crack 0.5 x 22 mm, rotated by +25°.

3.2.3. Central hole of increasing diameter from 2.5 to 22.5 mm

The sample with a simulated central hole of increasing
diameter is shown in Fig. 24, and the corresponding graph
of corrected and uncorrected resistivity is shown in Fig. 25.

This defect obviously changed neither the electrical
symmetry nor the reciprocity of the sample; therefore
the corrected and uncorrected values are identical. With
increasing diameter of the hole, however, the measured
resistivity value steeply increases — hence also the positive
error of measurement. The resistivity grew from the origi-
nal, nearly correct value of 2.19 x 1078 Qm at the hole of
diameter 2.5 mm by more than an order of magnitude to
3.61 x 1077 Qm for the hole of diameter 22.5mm (see
Fig. 25).

3.2.4. Rotation of an isolated crack of dimensions 0.5 x 22 mm
about the centre, by +5° to +45°

The sample with a simulated rotated crack is sketched
in Fig. 26 and the corresponding graph of the dependence
of the corrected and uncorrected resistivity on the angle
of rotation is shown in Fig. 27. Increasing angle of rotation
results in increasing value of the asymmetry parameter
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Fig. 27. Dependence of the resistivity on rotation of the crack
0.5 x 22 mm from +5° to 45°, at 5° steps.

6x12mm

Fig. 28. Example of a defect of rectangular shape of with dimensions
12 x 6 mm.
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Fig. 29. Dependence of the resistivity on increasing height of a rectan-
gular defect.

from k = 2 to k = 10. The measured and corrected resistivity
value decreases with increasing rotation from
5.58 x 1078 Qm to 5.25 x 107 Qm. On the contrary, the
uncorrected measured value increases with increasing an-
gle of rotation, showing a polynomial (2nd order) depen-
dence on the angle, see Fig. 27. In comparison with (15),
however, all values are evidently wrong and the error ex-
ceeds 100%.

3.2.5. Rectangular hole of variable height, of dimensions
12 x (3-12) mm

An example of this defect is shown in Fig. 28. The mea-
sured resistivity value, in agreement with expectations, in-
creases with symmetrically increasing height of the
rectangular hole in the y-axis (see Fig. 29). Neither the
symmetry nor the reciprocity is disturbed (a symmetrical
defect is symmetrically placed). The values are, however,
wrong. Positive error significantly increases.

We arrived to analogous conclusions, when we shifted
the rectangle towards the edge (the symmetry was not vio-
lated and the error decreased with the shift). If we rotated
the rectangle about its centre in the range of 0-45°, the
asymmetry increases with the angle of rotation and the
same is true for the uncorrected resistivity. The corrected
resistivity drops down, but neither of the values is correct.

4. Conclusions

If a perfect geometrically symmetric sample of a layer is
provided with symmetrically placed contacts, the resistiv-
ity measurements by VDP technique show also electrical
symmetry, and the values of the measured resistivity, eval-
uated from the simplified Egs. (7) or (8) need not be com-
putationally corrected.

If the sample, even if prepared as a symmetrical one in
the sense of the preceding paragraph, shows electrical
asymmetry, the cause may follow from asymmetric con-
tacting or from a mechanical damage to the sample.

From the viewpoint of the general theory of VDP tech-
nique, asymmetric contacting of the sample is not a defect
in the true sense of the word. In general, the theory allows
for an arbitrary shape of the sample and arbitrary positions

of the (otherwise distinct) contacts. In general, however,
we must not use the simplified Egs. (7) or (8). It is neces-
sary to employ a general evaluation in the sense of Egs.
(9) and (10), i.e. to correct the values calculated according
to Egs. (7) and (8) for asymmetry.

If the mechanical damage to the sample by cracks (e.g.
chipping, cracking, scratching, etc.) is of such character
that the remaining contiguous part of the sample is con-
tacted by all four contacts, and no crack nor hole lies com-
pletely within the contacted region (the cracks are not
isolated), then the true value of the resistivity can be again
obtained by numerical correction of the measured value in
the sense of Egs. (9) and (10).

In the remaining cases of a damaged layer, the mea-
sured value of the resistivity need not be true and, in gen-
eral, the true value cannot be obtained even by numerical
correction of the measured value.

Each defect that has the character of an isolated crack or
general hole localised within the region tested by VDP
technique leads to incorrect measured resistivity value,
irrespective of the fact whether its location in the origi-
nally symmetric sample gives rise to electrical asymmetry
or not. While the error may be mitigated by correction for
asymmetry, it cannot be in principle removed.

If the defect is symmetric and symmetrically localised
within an electrically symmetric sample, it does not give
rise to electrical asymmetry, but - notwithstanding - it re-
sults in incorrect measured values. Hence, mere electrical
symmetry of a sample with (isolated) cracks and holes
does not imply correctness of the measured results.

Corrigible and incorrigible defects in the above men-
tioned sense were in no case (in agreement with reciproc-
ity theorem) the cause of non-reciprocity of the samples.
Manifest non-reciprocity was not observed in any sample
tested by us (Cu foil, 35 pm thick). All tested samples
obeyed reciprocity in the sense of Egs. (12) and (13).
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