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Th e ÛÀ Û per tur bed angular correlat ion techni que is a very pow erful
to ol for the investigation of dopant incorp orati on and damage reco very af ter

implantation in semiconductors . T he basic princip les of the technique w ill b e
intro duced follow ed by a discussion of its strengths and limitati ons . Examples
of its applic atio n w ill b e given , ranging from cavities in silic on, e˜ects of
uniaxi al stress on acceptor {donor pairs in silico n to damage recovery in

nitride semiconductors like GaN .

PAC S numb ers: 61.72.V v, 61.72.T t, 81.40.Ef , 76.80.+ y

1. I n t rod uct io n

Ma teri als pro perti es can be modiÙed in a wi de range by intro duci ng defects
in a contro lled fashi on. Thi s is a wel l -known techni que whi ch has been employed
from the ti mes when m an Ùrst used m etal l ic to ols up to to day, when defects,
e.g. dopants in semiconducto rs, are essential for the ubi qui to us integ rated circui ts
whi ch play an essential ro le in our civi l isati on.

D efect is a general term describi ng any devi ati on from the perfect structure
in crysta l l ine m ateri a ls. The most simpl edefects (so-called point defects) can either
be vacant latti ce sites (v acancies), regular latti ce ato ms di splaced f rom regul ar sites
(i ntersti ti als) or in compound crysta ls ato ms on the site of the other consti tuent
(anti sites). Further, impuri ti es incorp orated on substi tuti onal or intersti ti al sites
are general ly regarded as point defects.

Of ten defects inÛuence the pro perti es of the base m ateri al very ẽ ecti vel y.
Theref ore, any metho d to study these defects must be sensiti ve enough to detect
and inv estigate defects at concentra ti on levels ranging f rom a f ew percent down to
about 1 0 À 1 0 cm À 3 volum e concentra ti on in semiconducto rs.
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Hyp erÙne intera cti on techni ques have successful ly contri buted to our kno wl -
edge of m ateri als properti es [1] and the nature and behavi our of defects in m et-
als [2] and semiconducto rs [3]. D ue to i ts short- sightedness the vari ous techni ques
m easuri ng the hyp erÙne intera cti on are parti cul arl y sensiti ve to the im medi ate
vi ci ni ty of the probe ato m and thus in m any cases a microscopic pi cture of the
pro be-defect compl ex can be deduced.

Am ong the vari ous m etho ds capable of measuri ng the inÛuence of the hy-
perÙne intera cti on on the ato m ic nucl eus only the perturb ed angul ar correla ti on
(PA C) metho d, whi ch employs radioacti ve probe ato m s, wi ll be trea ted here.
The reason is tha t cl a ss ical metho ds l ike nuclear magneti c resonance, nucl ear
quadr upole resonanc e or m easurements of the nucl ear speciÙc heat are only appl i -
cable i f the nucl ei under study are qui te abunda nt in the sam ple under study and
are theref ore lessuseful for the study of highl y di luted dopants and defects.

2 . H y p er Ùn e int er act ion

Hi stori cal ly the term hyperÙne int eract ion was used to describe the inter-
acti on of the ato m ic nucl eus wi th the electrons of i ts own shell [4]. No wadays,
however, the term is general ly used to describe the intera cti on between the ato m ic
nucl eus and the electrom agneti c Ùeld bui l t up by the ato m ic electrons, the elec-
tro ns and ato ms of the crysta l and/ or externa l sources. The basic theo ry of the
hyp erÙne intera cti on is well developed and excellent and com plete presentati ons
are avai lable in the l i tera ture [5, 6]. Theref ore, onl y a bri ef intro ducti on to the
basic ideas and nota ti on wi ll be given here.

General ly, the Ham i l to nian describi ng the hyp erÙne intera cti on consists of a
m agneti c and an electri c part

H = H m ag + H el : (1)

The Ùrst part

H ma g = À g ñ N H Â I (2)

describes the m agneti c intera cti on of a nucl eus of spin I and nucl ear m agneti c
La ndÇe factor g wi th a magneti c Ùeld H (ñ N | nucl ear m agneto n). Since in most
semiconducto rs no interna l m agneti c Ùeld is present, the intera cti on wi th externa l
m agneti c Ùelds is used onl y to clear up ambi guiti es about the quadrup ole intera c-
ti on caused by a defect.

The second part, H el , is due to the electrostati c potenti al energy of a nucl eus
of Ùnite dim ensions in the Ùeld of the surro undi ng charges. Under the assumpti on
tha t the nucl ear radius is smal l compared to the distance to the Ùeld generati ng
charges, the potenti al can be expanded in a multi pole series about the centre of
the nucl eus. In the resulti ng series the Ùrst term represents sim pl y the Coulom b
energy of a point charge Z ( Z | ato m ic num ber of the nucl eus) in the Ùeld. Since
i t is independent of the m quantum num ber of the subl evels, i .e., the ori enta ti on
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of the nucl eus, i t causes only a general energy shift of al l subl evels and is of no
relevance to the further considerati ons. The second term , the dipoleterm , vani shes,
since, due to pari ty conservati on, nucl ei have no observable electri c dipole m oment.
The Ùrst non-vani shing term is theref ore the quadrup ole term H Q , whi ch can be
expressed as the inner pro duct of two second rank Cartesi an tensors

H el ¿= H Q =
X

i j

Q i j V i j : (3)

The nucl ear quadrup ole moment operato r Q i j is deÙned by the integra l over the
nucl ear charge density Â N ( r )

Q i j ² £ ( r )( 3 â â À r £ ) d r (4)

or can be wri tten in term s of the nucl ear spin operato rs as

Q =
eQ

6 I (2 I À 1 )

3

2
( I I + I I ) À £ I ( I + 1 ) ; (5)

where Q is the quanti ty conventi onal ly referred to as the \ nucl ear quadrup ole
m oment ". Q i s measured in barn [1barn = 10 2 4cm 2] and values of a f ew tenths
of a barn in nearl y spheri cal nucl ei to several barns in hi ghly deform ed nucl ei are
found. A recent tabul ati on of quadrup ole m oments is given by R aghavan [7].

The electri c Ùeld gradient (EFG ) tensor V i s deÙned as the second spati al
deri vati ve of a classical electro stati c potenti al V evaluated at the nucl ear site

V ²

@ V

@x @x
; (6)

V is a sym m etri c second rank tensor. Further, i f electrons wi th a spheri cal ly
sym m etri c charge distri buti on, i .e., electro ns in s and p states, whi ch pro duce
no Ùeld gradient at the nucl ear site are excluded, i t can be deri ved from the
La place equati on Â V = 0 tha t V i s tra celess. Such a second rank tensor can
always be di agonalized by a coordi nate tra nsform ati on to a pri nci pal axi s system .
Co nventi onal ly, the pri nci pa l axes are chosen such tha t V Ñ V Ñ V , and
V can be described com pletely by the so-called pri nci pa l com ponent V and the
asym m etry param eter ²

² ²

V À V

V
: (7)

R egardi ng the e˜ect of the sym metry of the envi ronm ent on V , one Ùrst
notes tha t in the event of cubi c point sym metry about the nucl ear site, al l three
coordi nate di recti ons x , y , and z are equiva lent. In thi s case the tra celesspro perty
of V then requi res al l com ponents of V to be zero and no intera cti on can be
observed. In the case of axi al symm etry the x and y di recti ons are equiva lent and
thus, accordi ng to Eq. (7), the asym m etry param eter ² wi l l becom e 0. Should the
point sym metry be rho mbic or lower V wi l l di ˜er from V and ² assumes values
between 0 and 1.
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V z z i s usual ly given in uni ts of V/ cm 2 . Exp erimenta l values for Vz z are in
the range of 1 0 1 7 V/ cm 2 in m etals [1] and can reach values around 1 0 1 8 V =cm 2 in
compounds [8].

The intera cti on energy between the nucl ear quadrup ole m oment and the
electri c Ùeld gradi ent is given by the Ha mi l to n operato r

H Q =
eQ V z z

4 I (2 I À 1 )

h
3 I 2

z
À I ( I + 1 ) +

²

2
( I 2

x
+ I 2

y
)

i
(8)

wi th the angul ar mom entum operato rs I ; I , and I .
In order to obta in the energy eigenvalues of H general ly a num erical di ag-

onal izati on is necessary . Onl y in the special case of an axi al ly sym metri c electri c
Ùeld gradient ( ² = 0 ) the Ha mi l to nian becom es di agonal in a representa ti on wi th
the pri nci pa l axi s z as the axi s of quanti zati on. The energy eigenvalue of a nucl ear
state wi th spin I and z com ponent m i s then given by

E =
eQ V

4 I (2 I À 1 )
3 m 2

À I ( I + 1 ) (9)

and the spl itti ng between two subl evels m and m becom es

E À E =
eQ V

4 I (2 I À 1 )
3 m 2

À m 2 : (10)

From Eq. (9) i t becom es clear tha t unl ike the case of magneti c intera cti on
the quadrup ole intera cti on spl itti ng of a nucl ear level depends on its spin I and
tha t the + and { m states rem ain degenerate.

For a nucl ear state wi th I = 5 =2 Eq. (10) yi elds the fol lowi ng tra nsiti on fre-
quenci es between the m substa tes whi ch are conv entio nally expressed as m ul tipl es
of the so-cal led f undam enta l quadrup ole frequency

! =
eQ V

4 I (2 I À 1 ) ñh
; (11)

! 1 = 6 ! ; ! 2 = 1 2 ! , and ! 3 = 1 8 ! . In order to make com parisons easier in
the li tera ture often the quadrup ole intera cti on frequency is given

¡ ²

! 4 I (2 I À 1 )

2 ¤
=

eQ V

h
: (12)

The perturb ed angul ar correl ati on (PAC) metho d is based on the fact tha t
the probabi l i ty of photo n emission from an excited nucl ear state depends on the
angle between the emission di recti on and the nucl ear spin I . Since norm al ly the
spi ns of an ensemble of nucl ei show no pref erred di recti on, the emission of Û- rays
from a radioacti ve sam ple wi l l norm al ly be isotro pi c. Ho wever, thi s isotro py can be
destro yed for nucl ei emitti ng successively two Û -rays in thei r decay. By pl acing a
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detecto r for the Ùrst photo n Û1 in an arbi tra ry di recti on one wi l l pref erabl y detect
Û1 from nucl ei who se spins are oriented in tha t di recti on. The emission probabi l i ty
of Û2 from each of tho se nucl ei wi l l then be ani sotro pi c wi th respect to the emission
di recti on of i ts Û1 , i .e. the m substates of the interm ediate state wi th respect to
the quanti zati on axi s deÙned by thi s di recti on wi l l be popul ated unequal ly.

Ho wever, thi s anisotro py wi l l only stay constant as long as the unequal popu-
lati on of the interm ediate substates is preserved duri ng the ti me the nucl eus exists
in the interm ediate state.

A hyp erÙne intera cti on of the nucl eus in the interm ediate state wi th ex-
tra nucl ear Ùelds, l ike an electri c quadrup ole intera cti on (QI), as described above,
induces periodi c changes of the m substate populati on, unl essV z z i s col l inear wi th
the quanti zati on axi s deÙned by the emission of Û1 . Since thi s e˜ect causes a per-
turba ti on of the ori gina l angul ar correlati on the m etho d has been nam ed per tur bed
angular correlati on m etho d.

The changes are equivalent to a precession of the associ ated radiati on pattern
about the z -axi s and lead to a ti m edependent modul atio n of the coinci dence count
rate

N ( t ) = exp( À Ñt )

n m a xX

n =0

s n ( ² ; ˜ i ) cos( cn ( ² ) ¡ Q t ) (13)

wi th n ma x being determ ined by the spins of the nucl ear levels and m ulti polari ti es of
the radiati ve tra nsiti ons inv olved in the Û À Û cascade. The leading factor describes
the exponenti al ly decreasing probabi l i ty to reg ister Û2 after the interm ediate state
wi th decay constant Ñ has been popul ated by Û1 . Since Ñ usual ly is accuratel y
kno wn thi s exponenti al factor can be el im inated and onl y the ti me dependent
vari ati on of the anisotro py due to the nucl ear precession is analyzed. As indi cated
in Eq. (13), the frequency factors c depend only on the asym metry of the EFG
and can be calcul ated for al l values of ² . Theref ore, the c deri ved from a Fouri er
analysis of the observed intera cti on pattern N ( t ) al low an accurate determ inati on
of the asym metry param eter ² of the EFG . The coe£ cients s ( ² ; ˜ ) also depend
on the orienta ti on of the pri nci pal axi s system of the EFG (described by the Eul er
angles ˜ ) relati ve to the z axi s deÙned by the emission of Û 1 . PA C m easurem ents
in ori ented single crysta ls can theref ore be used to determ ine the ori enta ti on of
the EFG s pri nci pal axi s system relati ve to the crysta l lographi c di recti ons of the
latti ce.

The presentl y avai lable PAC m easuri ng equipm ent has reached a consi der-
abl e degree of sophi sticati on and e£ ciency. Typi cal set-ups consi st of four Ùxed
scinti llati on detecto rs or two detecto rs, wi th a thi rd one being m oved in regular
ti m e interv als between a 9 0 and 1 8 0 positi on relati ve to a Ùxed one. A survey
of the speciÙc adv antag es and disadv anta ges of di ˜erent set-ups has been given by
Arends et al . [9].

As scinti l lato rs now usual ly BaF2 scinti l lato rs are employed [10]. Its scinti l -
lati on l ight consists of two com ponents one in the UV region wi th an extrem ely
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TABLE

The most common PA C prob e nuclei and their relev ant prop erties. I f not indicated
otherw ise, the data are taken from Ref . [7].

Prob e Parent H alf- lif e Level H alf -lif e Quadru- E ( Û 1 ) =E ( Û 2 ) A 22

of parent energy of level pole [keV ]

t 1 = 2 [keV ] t 1 = [ns] moment [b]

Sc T i 47 a 68 156 : 78/68 + 0. 04

Se Br 57 h 24 9. 3 : [45] = {0. 45

T c Mo 66 h 181 3. 6 unknow n 740/181 + 0. 10

Ru Rh 15 d 89 21 + 0.22 527/89 {0. 22

Rh Pd 3.6 d 75 214 : 84/75 + 0. 16

C d A g 7.5 d 245 85 + 0.83 96/245 {0. 13

C d C d 48 min 245 85 + 0.83 150/245 + 0. 16

C d I n 2.8 d 245 85 + 0.83 171/245 {0. 18

In Cd 53 h 828 6 : 35/492 + 0. 21

In Cd 2.4 h 660 59 : 89/354 {0. 36

Sn Sb 60 min 2365 370 : = + 0. 13

Sn Sb 5 h 2321 22 + 0.16 254/1091 + 0. 11

I Te 69 min 28 17 {0. 68 460/28 {0. 05

C s Ba 10.7 a 81 6 {0. 2 356/81 {0. 04

Ce La 40.3 h 2083 3. 4 + 0.39 329/487 {0. 13

Y b Lu 6.7 d 1172 7. 8 + 2.87 91/1094 + 0. 38

Ta H f 42.4 d 482 10.8 + 2.36 133/482 {0. 29

Re W 24 h 206 563 + 3.04 479/72 {0. 13

Hg H g 24 h 134 7 : 165(e = + 0. 22

Pb Pb 67 min 1274 270 + 0.44 912/375 + 0. 22

Pb Bi 11.2 h 1274 270 + 0.44 984/375 {0. 05

short ri se- and decay- ti m e and a much slower one in the 360 nm region. If the
UV component is used for the derivati on of the ti me signal the obta inable ti m e
resoluti ons are in the range of 0.1{ 1 ns F W HM. At the sam e ti m e by integ rati ng
the slow component an energy resoluti on of 10% can be achi eved. If necessary i t
can even be im pro ved by cool ing the crysta ls m oderatel y [11]. Addi ti onal ly, BaF
is not hyg roscopic and can be m achined into any form whi ch m akes the design of
new, even m ore e£ cient PAC set-ups much easier [12, 13].

The radioacti ve pro be nucl ei necessary for a PAC experi ment are either com -
m ercial ly avai labl e or can be produced by reacto r or cyclotro n i rradi ati on, so tha t
no deta i led descripti on of the pro ducti on metho ds is necessary. A survey of the
m ost com mon PAC pro be nucl ei and thei r relevant properti es is given in the T able.

A much larger pro blem is usually the intro ducti on of the probe nucl ei into
the materi al under inv estigatio n. Cl assical alloyi ng or di ˜usi on is onl y possibl e in
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a com parati vely smal l numb er of cases, since a l im i ted solubi l i ty , largely di ˜eri ng
m elti ng points, reacti ons of the smal l numb er of pro be ato ms wi th impuri ties in
or above the m elt cause num erous pro blems.

For thi s reason, the ion impl anta ti on techni que, especial ly in semiconducto rs,
has m ade an inv aluable contri buti on to the devel opm ent of the PAC m etho d as a
to ol for materi als research. T oday suita ble pro cedures have been developed to pro-
duce ion beam s of the com mon radioacti ve probes wi th su£ cient e£ ciency [14, 15]
and natura lly they can be implanted into any host m ateri al . Typi cal im planta -
ti on energies range from 60 to 350 keV whi ch ensures in most of the probe{host
combi nati ons tha t the im planted pro bes are buri ed in the bul k of the host m ateri a l.

The absolute numb er of probe nucl ei necessary for a PAC exp eriment is very
low (1 0 1 1 ato m s in the case of 1 1 1 In) so tha t for exam ple in al loyed sam ples the
puri ty of the m ateri al is practi cally left uncha nged. However, since in im planted
sam ples the probe nucl ei are concentra ted in a relati vely thi n layer, local ly the
concentra ti on can reach values of the order of 1 at. %.

Fi nal ly, i t shoul d be menti oned tha t the Ùnal site of the im planted probe
ato m is generally determ ined by the elementa l pro perti es of the parent isoto pe,
as one woul d intui ti vely exp ect. Theref ore, in the case of defect investigati ons,
one has always to keep in m ind tha t not onl y the latti ce site of the pro be atom
is selected by the elementa l properti es of the probe ato m but also the tra ppi ng
behavi our towards defects as wel l as the form ati on probabi l i ty and stabi l i ty of
defect compl exes is usual ly governed by the parent ato ms.

Unf ortuna tel y, the ion im planta ti on techni que used in the sam pleprepa rati on
inv ariably leads to the producti on of damage in the sam ple. D uri ng the stoppi ng
pro cess of the impla nted heavy ions a large num ber of defects are created. Mo st
of them recombi ne im mediatel y in the col lision cascade. However, a few percent
survi ve and are located near the stoppi ng site of the im planted ato m. Theref ore,
thi s dam age is usual ly cal led correlated damage. By varyi ng the tem perature at
whi ch the im plantati on takes pl ace i t is possibl e to contro l the typ e of defects
reta ined in the sam ple, since al l defects whi ch are mobi le duri ng im planta ti on
wi l l anneal imm ediately. Mo reover, in order to investi gate a speciÙc defect, other
m etho ds of defect producti on l ike quenchi ng (v acancies), electron i rra diati on (p oint
defects), i rra diati on wi th l ight (p, ˜ i ) or heavy ions can be used. Since in thi s
case the distri buti on of defects in the sam ple is not correl ated to the previ ousl y
im planted PAC probe ato ms, i t is cal led uncor related damage.

Im planta tio n or di ˜usi on of impuri t y ato ms can be used to dope the sampl e
wi th contro l led amounts of im puri ties. On the other hand, the uncontro l led inta ke
of im puri ties (usua l ly gases from the residua l gas atm osphere or other elements
from supp ort structures duri ng heat trea tm ents in vacuum ) presents a m ajor prob-
lem for the investigati on of semiconducto rs.

Af ter a sam ple has been doped wi th the PAC pro bes and the desired defects,
the probabi l i ty of Ùndi ng a defect so close to a probe ato m tha t i t can produce a
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sizabl e QI is usual ly negl igibly low. The fracti on of probe ato ms decorated wi th the
defect under study can be increased i f there is an attra cti ve intera cti on between
the probe and the defect. Thi s attra cti on can be caused by elasti c, electroni c or
chemical e˜ects. For exam ple, the elastic stra in pro duced by an oversized probe in
a latti ce can at least parti al ly be rem oved by tra ppi ng a vacancy on a next- nearest
neighbour site and is theref ore energeti cal ly favo urabl e. Simi larl y a valence di ˜er-
ence can lead to an attra cti ve intera cti on. If the latti ce tem perature is increased
then to a value where the defects becom e m obi le, they start to di ˜use thro ugh
the latti ce and are tra pped at the probe ato m s. At som e higher anneal ing tem -
perature, eventua l ly the bindi ng energy of the pro be-defect com plex is exceeded
and i t dissociates, thus reduci ng again the fracti on of decorated probe ato ms. Thi s
tra ppi ng and detra ppi ng of defects is usual ly studi ed by perform ing an isochro nous
anneal ing trea tm ent of the sam ple, i .e. it is heated f rom the measuri ng tempera-
ture T (typi cal ly 4.2 or 293 K) to an elevated anneal ing tem perature T for a Ùxed
ti m e (typi cal ly 10 min) and then again a PAC m easurement is perform ed at T . By
recordi ng the fracti on of decorated pro be ato m s versus the anneal ing tem perature
T a one can derive the tem peratures where the defect becom es mobi le and where
the probe ato m -defect compl ex breaks up again.

4. Ca vi t i es i n si l ico n

W ith the increasing integrati on of impl anted electronic ci rcui ts i t has be-
come m ore and m ore importa nt to pro tect the acti ve devi ce regions from m etal
im puri ti es. Thi s can be achi eved by intro duci ng regions in the crysta l whi ch tra p
detri menta l m etal impuri ti es before they can intera ct wi th dopants, for insta nce,
duri ng anneal ing steps necessary to rem ove impl anta tio n induced dam age. Some-
ti m es the backsi de of impl anted wafers is used to thi s end, however, the neces-
sary preparati on steps do not integrate well into the norm al producti on cycle.
Theref ore, the fact tha t the interna l surfaces of cavi ti es produced by high dose
He impl anta tio n in sil icon act as sinks for tra nsiti on metal conta m inants has at-
tra cted much attenti on [16, 17]. The form ati on of such He-induced cavi ti es has
been extensi vely studi ed wi th tra nsmission electron m icroscopy (TEM) [17] and
the getteri ng of m etals wi th Rutherf ord backscatteri ng spectroscopy (R BS) [16].
The PAC m etho d is an ideal to ol to get further inform ati on about the structure
of these cavi ti es and the getteri ng m echanism at very low levels of conta m inants.

For thi s study overl apping proÙles of He and radioacti ve 1 1 1 In were im -
pl anted in undoped (100) F Z-sil icon wafers. Helium was im planted wi th 10 keV,
leading to a m ean range of 120 nm and a wi dth (FW HM) of 110 nm . To inv estigate
the inÛuence of the He-concentra ti on doses of 0.6, 2, and 6 È 1 0 1 6 ions/ cm 2 were
im planted leadi ng to peak local concentra ti ons of 3.6, 12 or 3 6 È 1 0 2 0 He/ cm 3 , re-
spectivel y. 1 1 1 In( 1 1 1 Cd) wa s impl anted wi th 160 keV (m ean range: 80 nm , FW HM:
50 nm ). Typi cally dosesof 0.2À 2 È 1 0 1 3 ions/ cm 2 corresp ondi ng to peak local con-
centra ti ons of 0.32À 3 : 2 È 1 0 1 8 In/ cm 3 were reached.
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PAC spectra were ta ken duri ng an isochro nous anneal ing pro gramm e be-
tween 500£ C and 1100£ C carri ed out in a graphi te stri p rapi d therm al anneal ing
(R T A) set-up under Ûowi ng ni tro gen [18]. It yi elded the fol lowing resul ts: di rectl y
after the In impl anta tio n and after anneal ing at 5 0 0 £ C a fracti on f V of 1 1 1 In pro bes
show a QIF, whi ch is kno wn to be caused by an In- vacancy- com plex [19] (Fi g. 1).
At 6 0 0 £ C thi s com plex di ssolves and the corresp ondi ng In- probes are left in undi s-
turb ed substi tuti onal sites (f S ). However, a fracti on f C of about 30% of the In
pro bes exhi bi ts a second uni que QIF of ¡ C

Q = 4 1 1 (5 ) MHz ( ² = 0 : 2 5 (3 ) ) whi ch can
be associated wi th cavi ti es al ready present at the end of the impl anta tio n pro cess.
From 6 0 0 £ C on f C grows conti nuousl y at the exp enseof the substi tuti onal fracti on
f S and the wi dth of the frequency di stri buti on around ¡ Q decreases. R aineri et al .
[17] found tha t after anneal ing at 8 0 0 £ C the pro cess of cavi ty f orm atio n is essen-
ti al ly Ùnished. The conti nui ng increase in f C theref ore seems to indicate tha t at
hi gher tem peratures m igrating cavi ti es sweep up m ore and m ore previ ously sub-
sti tuti onal In pro bes and collect them on thei r inner surf aces. The largest fracti on
of the 1 1 1 In probes exhi bi ti ng ¡ C

Q
wa s found i f the cavi ti es are grown after the In

has been im pl anted and annealed.

R eversing the order of cavi ty form ati on and 1 1 1 In im planta tio n leads only to
a smal ler fracti on of In probes showi ng the characteri stic QIF al tho ugh, thro ugh
the overl appi ng im plantati on proÙles, 1 1 1 In comes to rest in the same region where
the cavi ti es were form ed.

Further, the inÛuence of experim enta l param eters like the He dose, the im -
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pl anta ti on and anneal ing sequence and the ori enta ti on of the Si crysta l relati ve
to the detecto rs wa s studi ed [20]. Al l results support the assumpti on tha t the In
pro be ato m s are situa ted in the inner wal ls of the cavi ti es. Nota bly, the observed
frequency ¡ C

Q
i s qui te sim i lar but not equal to ¡ Q = 3 8 0 (5 ) MHz ( ² = 0 : 2 3 (3 ) ) a

QIF m easured for 1 1 1 In on free Si (100) 2 È 1 surf aces [21]. Ho wever, in thi s case the
QIF has been attri buted to the form ati on of rows of In dim ers on the Si surface.

In m etals sim ilar cavi ti es are bounded by well -deÙned crysta l surfaces and
the In probes correspondi ngly showed the exp ected EFG ori entati on [22]. For Si
R aineri et al . [17] found (100) and (111) planes as boundi ng surfaces of the cav-
i ti es. However, for 1 1 1 In in the cavi ti es the PAC spectra showed onl y very weak
di ˜erences for di ˜erent orienta ti ons. Thi s behavi our is probably due to the rela-
ti vel y large numb er of possibl e orienta ti ons of the inner surfaces and is a subj ect
to further inv estigati ons.

In concl usion, thi s exam ple describing the intera cti on of 1 1 1 In wi th He in-
duced cavi ti es in Si opens vari ous possibi l i ti es to study the form atio n process of
cavi ti es as well as thei r e˜ecti veness as a getter for m etals, since i t can be expected
tha t an incorporati on of m etals into the cavi ti es woul d changethe QIF experienced
by the In probe. Thus, an indi rect study of the tra ppi ng pro cess would become
possible or, by m eans of a tra nsiti on m etal probe l ike 1 0 0 Pd( 1 0 0 R h), for insta nce,
the fate of im puri ti es tra pp ed in the cavi ti es coul d be studi ed di rectl y.

5 . Accep t or { don or p ai rs in Si u nd er u niaxi al st r ess

In sil icon, the intera cti on between donor ato ms l ike P, As and Sb and In ac-
ceptors has been studi ed by W ichert and Swanson [23]. They used 1 1 1 In and could
identi fy nearest neighbour pairs of In{ P 1 , In{ As1 , and In{ Sb1 ato m s characteri zed
by thei r unique quadrup ole intera cti on frequenci es ¡ Q = 1 7 9 (1) MHz, 229(1) MHz,
and 271(1) MHz, respecti vely. In an e˜o rt to veri fy the structura l m odels and the
m easured electri c Ùeld gradi ent theoreti cal calcul ati ons were carri ed out based on
the m ulti pl escatteri ng Ko rri nga{ Ko hn{ Rostoker (KKR ) Green' s functi on metho d
[24] and, taki ng into account latti ce relaxati ons around the com plex, yi elded val -
ues in good agreement wi th the experim ental data . In vi ew of these resul ts it is
interesti ng to study the behavi our of these compl exes under mechani cal uni axi al
stress, i.e. to change the latti ce constant in one m ajor crysta l di recti on.

Previ ousl y, PAC studi es have shown tha t it is possibl e to produce quasi-
-hom ogeneous uni axi al stress at the site of pro be nucl ei near the surface by bending
thi n wa fers of Si or Ge [25, 26]. The measurements indi cated tha t at 1 1 1 In pro bes on
substi tuti onal sites in well -annealed Si sam ple tension induced QIF up to 38.5 MHz
can be induced by uni axi al tensi le stress of 2.3 kba r along the h 1 1 0 i crysta l axi s.

Sampl es were prepared, 20 m m long and 7 m m wi de, from a 1 0 0 ñ m thi ck
undo ped Si wafer wi th h 1 1 0 i surf ace ori entati on. The long edge of the sampl es
wa s cut along a h 1 1 0 i crysta l axi s, al lowi ng for the possibi l i ty to exert stress in
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the surf ace layer a long thi s axi s by bending the sam ple. The bending radius could
be adjusted by pressing the thi n Si slab between the two heads of a m icrometer
screw. The m axi mum atta inabl e relati ve change in latti ce constant Â L= L at the
surf ace was calcul ated to be as large as ¿ 1 0 À 3 .

Fi rst, the sampl es were im planted wi th 1 1 1 In as an accepto r (E = 1 6 0 keV,
D = 1 0 1 2

Ë 1 0 1 3 In/ cm 2 ). Subsequentl y, the sampl eswere annealed in an evacuated
RT A set-up [18] at a tem perature of 1173 K for 600 s. Thi s led to a ful l recov-
ery of the radiati on dam age and the PAC spectra showed tha t al l the im planted
pro be nucl ei occupi ed substi tuti onal latti ce sites in the substra te latti ce (Fi g. 2).
Appl yi ng an uni axi al stress of 1.8(1) kba r along the h 1 1 0 i crysta l axi s pro duced
a tensi on induced frequency of 20(1) MHz (Fi g. 2), in good agreement wi th the
l i tera ture [26].

Fig. 2. PA C spectra from donor undop ed sample show ing the change of the anisotropy

as the result of applied stress along h 11 0 i crystal axis. T he solid lines are theoretical Ùts.

Subsequentl y a donor impuri t y l ike phosphor (E = 6 0 keV, D = 2 È

1 0 1 4 P/ cm 2 ) was im planted to the same depth as the In pro bes and the sam -
pl e annealed again at a temperature where a m axi mum fracti on of accepto r{ donor
pai rs are form ed [23]. Thi s occurs around 973 K for P doped sam ples. For a bet-
ter recovery of the radiati on dam age of the sampl es, PAC m easurements were
onl y ta ken af ter a second anneal ing at 1173 K for 600 s. The theo reti cal Ùt to
the measured PAC data yi elded for 25% of the In probes the expected QIF of
¡ Q = 1 7 9 (1) MHz, correspondi ng to the form atio n of an In{ P 1 compl ex in Si.

Then the sampl e was bent, appl yi ng uni axi al stress in steps up to values of
1.8 kba r. Surpri sing ly, thi s produces no measurable e˜ect on the QIF assigned to
the In{ P 1 compl ex (Fi g. 3). But also the QIF at the undi sturb ed substi tuti onal
site of the probe nucl ei, whi ch accounts for the larger fracti on of probes in the
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Fig. 3. PA C spectra for di˜erent values of applied uniaxial stress along the h 110 i crystal

axis (as indicated in the frames ) for P dop ed samples. Measurements w ere taken w ith

the h 110 i crystal axis perp endicu lar to the detector plane.

sam ple, remains uncha nged. Since the relati ve error of the QIF deri ved from a
Ùt to the data is below 0.2%, i t can be deduced from the r À 3 dependence of the
EFG tha t the relati ve latti ce positi ons in the In{ P 1 com plex change by less tha n
7 È 1 0 À 4 .

Thi s unexp ected resul t clearly indi cates a di ˜erent nature of the P im -
pl anted region as compared to the undoped sampl es. Under norm al condi ti ons
a well -annealed sampl e wo uld respond to the appl ied stress by pro duci ng a mea-
sura ble QIF, whi ch wi l l vary wi th stress. Given the high sensiti vi ty of the EFG to
vari ati ons of the conÙgurati on of the com plex, as estimated above, the shi fts in
the positi on of the latti ce atom s surro undi ng the In probes must be negl igible.

Theref ore, we concl ude tha t the im planted region has lost i ts elastic proper-
ti es due to the P impl anta tio n. The best Ùt to the data from a P doped, unstressed
sam ple yi elded 15% of the probes in a non perfect cubi c envi ronm ent, experiencing
nonuni que EFG s due to latti ce im perfections. Thi s m ight be ta ken as an indi ca-
ti on of the existence of a hetero geneous latti ce structure in the region under study .
Since usual ly dislocati on and twi nni ng e˜ects are invoked to expl ain the inelastic
behavi our of sol ids, thi s coul d indi cate tha t the observed absence of stress in the
im planted region is due to the presence of a large density of these extended defects.
The argum ent is supp orted in the case of P impl anted Si by TEM investigatio ns
of Prussi n et al . [27] where, after anneal ing at 1173 K for 30 min, a hi gh density
of dislocati on loops is observed.
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It is interesti ng to note tha t in sim i lar PAC investigati ons wi th As as a donor
the uni axi al stress also pro duced no change of the QIF attri buted to the In{ As1

pai r. But there the In on undi sturb ed latti ce sites showed the exp ected tension
induced f requency. It is possible tha t the larger di ˜erence in the covalent radi i
between P and Si enhances the growth of dislocati ons loops duri ng anneal ing.
Thi s e˜ect is smaller in the case of As donors [28, 29] since i ts covalent radius is
sim i lar to tha t of Si. Theref ore, we concl ude tha t the observed absence of stress in
the im planted region is due to inelasti c deform ati on ta ki ng pl ace due to the dense
netwo rk of dislocati on loops.

6. I m pl ant ati on in n i t r ides

The group I II | ni tri des Al N, GaN, and InN are attra cti ve materi als for
opto electro nic devi ces and especia lly GaN- based laser and light-em itti ng di odes
are al ready com mercial ised on a large scale. However, presentl y available devi ces
general ly are pro duced by doping duri ng growth [30] and not by ion im planta ti on
l ike most modern electro nic devi ces. In order to coupl e such devi ces into integrated
ci rcui ts, doping by ion impl anta tio n would be highl y desirable. Besides the devi ces
m enti oned above, Er doped materi als are of great interest for photo nic appl icati ons
such as sol id state lasers, opti cal am pl iÙers, lasers storage devi ces and displays.
The Er 3 + intra { 4 f emission at 1 : 5 4 ñ m corresp onds to the standard wa velength
used in tel ecomm uni cati on. Up to now Er dopi ng of sil icon has been intensi vely
studi ed, but unf ortuna tel y the lum inescencee£ ciency is stro ngly quenched at room
tem perature. In wi de band gap semiconducto rs l ike GaN thi s quenchi ng is much
less pro nounced [31] and thus i t is hoped tha t Er dopi ng by im planta ti on might
open the way to ful ly integ rated opti cal circui ts. Theref ore, a profound kno wl edge
of the anneal ing pro cess, necessary to rem ove the im planta ti on induced latti ce
dam age and acti vate the impl anted dopants, is essential . Onl y a few studi es exi st
addressing thi s probl em [32{ 34] where m ainly electri cal pro perti es of the dopants
were m easured. Here we employ the PAC techni que, using the probe 1 8 1 Hf( 1 8 1 T a),
since i ts elementa l properti es are sim i lar to rare earths l ike Er and i t is assumed
tha t i t wi l l give inf orm ati on also relevant to these interesti ng im pl ants.

The GaN sam ples used were grown by meta l organic chemical vapour de-
positi on (MOCVD ) at 1 0 4 0 £ C on c-plane sapphi re substra tes. The layers were
nom inal ly undoped (n ¿ 5 È 1 0 1 6 cm À 3 ) and were ¿ 3 ñ m thi ck. The analysis
by X- ray di ˜ra cti on and tra nsmission electro n m icroscopy showed them to be
typi cal of current state- of-the- art hetero epi ta xi al m ateri al , wi th a rocking curve
ful l -wi dth- hal f-maximum (FW HM) of ¿ 2 8 0 arc.sec and defect densiti es of
¿ 1 0 9 cm À 2 at the surface.

The sampl es were cut to 5 È 5mm 2 pieces and wi tho ut further trea tm ent
im planted at room tem perature at the Bonn isoto pe separato r wi th 1 8 1 Hf . It was
pro duced by therm al neutro n capture from the stable isoto pe 1 8 0 Hf.Ê The im plan-

Ê Th e su p p or t of t h e G KS S-For schun g szentr u m G eest ha cht G m b H, Ma x-Pl a nck -St r a¤e,
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ta ti on energy was 160 keV and typi cal dosesreached 1 0 1 3 at. / cm 2 mainl y due to
the l ine of stabl e 1 8 0 Hf whi ch, due to the l im ited resoluti on of the isoto pe sepa-
rato r, overl aps the mass 181 l ine to a very smal l extent. A TR IM [35] calcul ati on
yi elded a range of 314 ¡A and a typi cal concentra ti on of ¿ 4 È 1 0 1 8 Hf/ cm À 3 .

Subsequentl y an isochro nal anneal ing pro gram was carri ed out in order to
study the latti ce dam age recovery. The annealing steps were perform ed in a rapid
therm al anneal ing appa ratus [18] between graphi te stri ps under a ni tro gen atm o-
sphere at ambient pressure. Addi ti onal ly a second uni m planted pi ece of GaN was
pl aced on the sampl e as a pro xi mit y cap to protect the surf ace. Typi cal holding
ti m eswere 120 s and m axi mum temperatures of 1373 K were reached. Pri or to the
start of the pro gram m eand after each anneal ing step a PAC spectrum was ta ken.

Fig. 4. PA C spectra observed for 1 81 H f in GaN after anneali ng at di˜erent temp eratures

as indica ted in the frames.

Af ter the impl anta tio n, pri or to any anneal ing, a dam ped oscillati on was
observed in the PA C spectra (Fi g. 4a). Thi s indi cates tha t at the end of the
col lision cascade a smal l fracti on f S of the impl anted probe ato m s stops on wel l -
-deÙned latti ce sites. Least squares Ùts [36] to the data yi eld values f or f S of
36% wi th a large frequency distri buti on of £ = 2 0 (1 )% . The rem aining fracti on
of the impl anted 1 8 1 Hf probes (64%) is situa ted in a latti ce envi ronm ent strongly

2 150 2 G eesth a cht, is gr at ef u lly a ck n owl ed ged.
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di sturb ed by the implanta tio n induced damage. They cause the sharp drop of the
ani sotro py in the Ùrst few nanoseconds in Fi g. 4a and are characteri sed by a broad
di stri buti on of quadrup ole intera cti on frequenci es around 1000 MHz.

Fig. 5. (a) F ractions of implanted 181 H f in GaN subj ected to the electric Ùeld gradient

at the substitution al Ga site ( ) and in the vicinity of a defect (f ull triangle) as observed

during an isochronal annealin g programme ; (b) w idth £ of the corresp ondin g quadrup ol e

interaction frequencies.

Then, annealing causes an interesti ng developm ent. Fi rst, up to a tempera-
ture of T A = 6 7 3 K, the dam ping param eter £ drops from 21% to 11% wi tho ut a
stro ng change in f S (see Fi g. 5). Subsequentl y £ conti nues to decrease, al tho ugh
m ore slowl y, wherea s the f racti on of probes on regul ar latti ce sites starts to grow
steadi ly unti l at TA = 1 3 7 3 K typi cal ly values of f S = 7 0 % to 80% are reached
(Fi g. 5). Af ter the annealing step at 1373 K a quadrup ole intera cti on constant of
¡ Q 1 = 3 3 8 (2 ) MHz (£1 = 3 % ; ² 1 = 0 ) was derived.

The ori enta ti on of the corresp ondi ng EFG was checked by ta ki ng not onl y
spectra wi th the sam ple's ĉ-axi s ori ented in di ˜erent di recti ons rel ati ve to the
detecto rs. The results are in perfect agreement wi th the assumpti on tha t V z z , the
pri ncipa l com ponent of the EFG , is oriented para llel to the ĉ-axi s of the wurtzi te
structure.

Since GaN crysta l l ises in the hexagonal wurtzi te structure an axi a lly sym -
m etri c EFG wi th i ts pri ncipa l com ponent ori ented along the ĉ-axi s is expected
at a regular latti ce site. The observati on of a uni que EFG wi th thi s ori enta ti on
indi cates tha t the corresp ondi ng fracti on f S of probe nucl ei occupies regular sites.
D ue to the large di ˜erence in the covalent radi i of Hf ( r = 1 : 4 4 ¡A) and N
( r = 0 : 7 5 ¡A) the incorp orati on of Hf on N sites is very im probable and the incor-
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porati on on Ga sites ( r C = 1 : 2 6 ¡A) is m ore l ikel y. Thi s was conÙrm ed by recent
R BS measurements, whi ch show tha t im planted Hf f ul ly repl acesGa in GaN [37].

D ivi ding the measured QIF by the quadrup ole m oment Q = 2 :3 6 b [38]
of the 5/ 2 interm ediate state of the ÛÀ Û cascade in 1 8 1 T a and the Sternhei mer
anti shielding f actor (1 À Û1 ) = 6 2 [39] of the T a ion the latti ce EFG at the Ga site
can be calculated to be V la tt

Z Z
= 0 : 9 6 È 1 0 1 6 V/ cm 2 . Thi s agrees well wi th the value

of V la tt
Z Z = 0 : 6 5 È 1 0 1 6 V/ cm 2 deri ved in the same way from NMR m easurem ents

for Ga in GaN [40], further conÙrming the compl ete substi tuti onali ty of the Hf
pro be.

At low anneal ing tem peratures a second quadrup ole intera cti on frequency
¡ Q 2 = 1 3 7 8 (9) MHz wi th an asym metry param eter ² 2 = 0 : 6 3 (2) is necessary to
describe the spectra . A fracti on of f D = 2 5% of the pro beatom s is subj ected to the
correspondi ng EFG (Fi g. 4a). Im mediatel y after impl anta tio n thi s EFG is highl y
non-uni que resul ti ng in large frequency di stri buti on param eter £2 = 2 3%, but £2

dro ps para l lel to £ 1 (Fi g. 5b) and after anneal ing at 773 K the frequency is clearl y
vi sibl e in the PAC spectrum (Fi g. 4b). The fracti on f D reaches a m axi mum of 28%
at 573 K and disappears after anneal ing above 1000 K (Fi g. 5a). The large value
of ¡ Q 2 i s characteri sti c for a devi ati on from the regular latti ce structure in the
nearest neighbourho od of the probe ato ms. The low value of £2 im pl ies tha t thi s
devi ati on has a regul ar structure , i .e. does not corresp ond to an amorpho us envi -
ronm ent. Sim i lar situa ti ons have been observed in other semiconducto rs and are
indi cati ve of a uni que defect tra pped at the pro be ato m [41]. Since no di ˜usi on in
the Ga subl atti ce is expected in GaN below 1273 K [42], and the defect{ pro beatom
compl ex breaks up below 1000 K, we suggest tha t a ni tro gen vacancy, tra pped at
the slightl y oversi zed Hf pro bes, causes the corresp ondi ng quadrup ole intera cti on.
Esti mates for a nearest neighbour vacancy in the point charge model [43] yi eld a
m agni tude of the observed EFG whi ch is in good agreement wi th the experim en-
ta l value. Ho wever, i t seriously underesti m ates the latti ce EFG at the Ga site and
theref ore cannot expl ain the large asym metry param eter ² 2 .

Sum mari sing, the PAC data lead to the fol lowi ng picture of the anneal ing
pro cess. For a fracti on corresponding to the ini ti al f S after the implanta ti on no
defect rem ains in the im mediate vi cini ty of the probe ato m. In thi s way, the lat-
ti ce EFG is only slightl y disturb ed by m ore di stant defects leadi ng to the observed
frequency di stri buti on. Annea l ing leads to a parti al recovery of these defects, thus
narro wi ng £ 1 . D ue to the larger m obi li t y of ni tro gen | ni tro gen loss has been
observed well below 1273 K [42] | these are most probabl y defects of the ni tro gen
subl atti ce. For the rem aining fracti on, defects in the nearest neighbourho od seri-
ousl y disturb the latti ce EFG . It ta kestem peratures wel l above 1000 K, where also
di ˜usi on in the Ga subl atti ce sets in, to restore the surro undi ng latti ce leading to
a uni que EFG at over 80% of the Hf probe sites. A smal l fracti on of probes tra ps
a ni tro gen vacancy at a nearest neighbour site. The correspondi ng quadrup ole in-
tera cti on frequency also narro ws unti l at 1000 K com plete de-tra ppi ng occurs and
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the substi tuti onal fracti on is increased. Assum ing Ùrst order exp onenti al ki neti cs
and de-tra ppi ng of the vacancy in a one step dissoci ati on pro cess,a bindi ng energy
E B

¿= 3 eV can be estim ated. Here a D ebye tem perature of 586 K was used [44].
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