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The y—~ perturbed angular correlation technique is a very powerful
tool for the investigation of dopant incorporation and damage recovery after
implantation in semiconductors. The basic principles of the technique will be
introduced followed by a discussion of its strengths and limitations. Examples
of its application will be given, ranging from cavities in silicon, effects of
uniaxial stress on acceptor—donor pairs in silicon to damage recovery in
nitride semiconductors like GaN.

PACS numbers: 61.72.Vv, 61.72.Tt, 81.40.Ef, 76.80.+y

1. Introduction

Materials properties can be modified in a wide range by introducing defects
in a controlled fashion. This is a well-known technique which has been employed
from the times when man first used metallic tools up to today, when defects,
e.g. dopants in semiconductors, are essential for the ubiquitous integrated circuits
which play an essential role in our civilisation.

Defect is a general term describing any deviation from the perfect structure
in crystalline materials. The most simple defects (so-called point defects) can either
be vacant lattice sites (vacancies), regular lattice atoms displaced from regular sites
(interstitials) or in compound crystals atoms on the site of the other constituent
(antisites). Further, impurities incorporated on substitutional or interstitial sites
are generally regarded as point defects.

Often defects influence the properties of the base material very effectively.
Therefore, any method to study these defects must be sensitive enough to detect
and investigate defects at concentration levels ranging from a few percent down to
about 1079 ¢cm~2 volume concentration in semiconductors.

(585)
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Hyperfine interaction techniques have successfully contributed to our knowl-
edge of materials properties [1] and the nature and behaviour of defects in met-
als [2] and semiconductors [3]. Due to its short-sightedness the various techniques
measuring the hyperfine interaction are particularly sensitive to the immediate
vicinity of the probe atom and thus in many cases a microscopic picture of the
probe-defect complex can be deduced.

Among the various methods capable of measuring the influence of the hy-
perfine interaction on the atomic nucleus only the perturbed angular correlation
(PAC) method, which employs radioactive probe atoms, will be treated here.
The reason is that classical methods like nuclear magnetic resonance, nuclear
quadrupole resonance or measurements of the nuclear specific heat are only appli-
cable if the nuclei under study are quite abundant in the sample under study and
are therefore less useful for the study of highly diluted dopants and defects.

2. Hyperfine interaction

Historically the term hyperfine interaction was used to describe the inter-
action of the atomic nucleus with the electrons of its own shell [4]. Nowadays,
however, the term is generally used to describe the interaction between the atomic
nucleus and the electromagnetic field built up by the atomic electrons, the elec-
trons and atoms of the crystal and/or external sources. The basic theory of the
hyperfine interaction is well developed and excellent and complete presentations
are available in the literature [5, 6]. Therefore, only a brief introduction to the
basic ideas and notation will be given here.

Generally, the Hamiltonian describing the hyperfine interaction consists of a
magnetic and an electric part

H=Hy,, + H,. (1)
The first part

Hmag = _g/'LNH' I (2)

describes the magnetic interaction of a nucleus of spin I and nuclear magnetic
Landé factor g with a magnetic field H (un — nuclear magneton). Since in most
semiconductors no internal magnetic field is present, the interaction with external
magnetic fields 1s used only to clear up ambiguities about the quadrupole interac-
tion caused by a defect.

The second part, He, is due to the electrostatic potential energy of a nucleus
of finite dimensions in the field of the surrounding charges. Under the assumption
that the nuclear radius is small compared to the distance to the field generating
charges, the potential can be expanded in a multipole series about the centre of
the nucleus. In the resulting series the first term represents simply the Coulomb
energy of a point charge 7 (7 — atomic number of the nucleus) in the field. Since
it is independent of the m quantum number of the sublevels, i.e., the orientation
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of the nucleus, it causes only a general energy shift of all sublevels and is of no
relevance to the further considerations. The second term, the dipole term, vanishes,
since, due to parity conservation, nuclei have no observable electric dipole moment.
The first non-vanishing term is therefore the quadrupole term Hg, which can be
expressed as the inner product of two second rank Cartesian tensors

H,= Hg = Zsz Vij- (3)
3]

The nuclear quadrupole moment operator ¢);; is defined by the integral over the
nuclear charge density Ay (r)

Qij = /PN(T)(3X2'XJ — r2éi;)dr (4)
or can be written in terms of the nuclear spin operators as
e@ 3
i = ————— | (L + L) — 6 1(1+ 1),

where @) is the quantity conventionally referred to as the “nuclear quadrupole
moment”. () is measured in barn [lbarn = 107 2%cm?] and values of a few tenths
of a barn in nearly spherical nuclei to several barns in highly deformed nuclei are
found. A recent tabulation of quadrupole moments is given by Raghavan [7].

The electric field gradient (EFQG) tensor Vj; is defined as the second spatial
derivative of a classical electrostatic potential V' evaluated at the nuclear site

o0?v

Vij - 6%’81‘]" (6)
Vi; 1s a symmetric second rank tensor. Further, if electrons with a spherically
symmetric charge distribution, i.e., electrons in s and pi/2 states, which produce
no field gradient at the nuclear site are excluded, it can be derived from the
Laplace equation AV = 0 that V;; is traceless. Such a second rank tensor can
always be diagonalized by a coordinate transformation to a principal axis system.
Conventionally, the principal axes are chosen such that V., > V,y, > Vi, and
Vi; can be described completely by the so-called principal component V;, and the
asymmetry parameter n

_ Ver = Vyy

R (7)

Regarding the effect of the symmetry of the environment on V;;, one first
notes that in the event of cubic point symmetry about the nuclear site, all three
coordinate directions z, y, and z are equivalent. In this case the traceless property
of V;; then requires all components of V;; to be zero and no interaction can be
observed. In the case of axial symmetry the # and y directions are equivalent and
thus, according to Eq. (7), the asymmetry parameter 7 will become 0. Should the
point symmetry be rhombic or lower V., will differ from V4 and # assumes values
between 0 and 1.
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V., is usually given in units of V/cm?. Experimental values for V., are in
the range of 10'7 V/em? in metals [1] and can reach values around 10'® V/em? in
compounds [8].

The interaction energy between the nuclear quadrupole moment and the
electric field gradient is given by the Hamilton operator

__eQVi
T 4121 - 1)

with the angular momentum operators I., I, and I,.

n
Hy, 32— I(I+1)+ 5(Ig +12) (8)

In order to obtain the energy eigenvalues of Hg generally a numerical diag-
onalization is necessary. Only in the special case of an axially symmetric electric
field gradient ( = 0) the Hamiltonian becomes diagonal in a representation with
the principal axis z as the axis of quantization. The energy eigenvalue of a nuclear
state with spin [ and z component m is then given by

6QV22
By =—— T oI(I+1
Tei-1) B~ 10+ 1] (9
and the splitting between two sublevels m and m’ becomes
eQV,
J 2 _m?. 1
41(21—1)3|m m’”| (10)

From Eq. (9) it becomes clear that unlike the case of magnetic interaction
the quadrupole interaction splitting of a nuclear level depends on its spin I and
that the + and — m states remain degenerate.

For a nuclear state with I = 5/2 Eq. (10) yields the following transition fre-
quencies between the m substates which are conventionally expressed as multiples
of the so-called fundamental quadrupole frequency

_ 6QV22
YOS I — O (11)

wi = bwg, was = 12wq, and w3z = 18wq. In order to make comparisons easier in
the literature often the quadrupole interaction frequency is given

_wodlRI—1) _ eQVi
vg = 5 =7 (12)

3. Perturbed angular correlation

The perturbed angular correlation (PAC) method is based on the fact that
the probability of photon emission from an excited nuclear state depends on the
angle between the emission direction and the nuclear spin I. Since normally the
spins of an ensemble of nuclei show no preferred direction, the emission of v-rays
from a radioactive sample will normally be isotropic. However, this isotropy can be
destroyed for nuclei emitting successively two ~-rays in their decay. By placing a
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detector for the first photon 71 in an arbitrary direction one will preferably detect
71 from nuclei whose spins are oriented in that direction. The emission probability
of 75 from each of those nuclei will then be anisotropic with respect to the emission
direction of its 1, 1.e. the m substates of the intermediate state with respect to
the quantization axis defined by this direction will be populated unequally.

However, this anisotropy will only stay constant as long as the unequal popu-
lation of the intermediate substates is preserved during the time the nucleus exists
in the intermediate state.

A hyperfine interaction of the nucleus in the intermediate state with ex-
tranuclear fields, like an electric quadrupole interaction (QI), as described above,
induces periodic changes of the m substate population, unless V. is collinear with
the quantization axis defined by the emission of 7. Since this effect causes a per-
turbation of the original angular correlation the method has been named perturbed
angular correlation method.

The changes are equivalent to a precession of the associated radiation pattern
about the z-axis and lead to a time dependent modulation of the coincidence count
rate

Nmax

N(t) = exp(—At) Z sp (1, i) cos (en(n)rot) (13)

n=0

with ny .y being determined by the spins of the nuclear levels and multipolarities of
the radiative transitions involved in the y—+ cascade. The leading factor describes
the exponentially decreasing probability to register v- after the intermediate state
with decay constant A has been populated by ;. Since A usually is accurately
known this exponential factor can be eliminated and only the time dependent
variation of the anisotropy due to the nuclear precession is analyzed. As indicated
in Eq. (13), the frequency factors ¢, depend only on the asymmetry of the EFG
and can be calculated for all values of 5. Therefore, the ¢, derived from a Fourier
analysis of the observed interaction pattern N(¢) allow an accurate determination
of the asymmetry parameter 5 of the EFG. The coefficients s, (7, «;) also depend
on the orientation of the principal axis system of the EFG (described by the Euler
angles «;) relative to the z axis defined by the emission of v;. PAC measurements
in oriented single crystals can therefore be used to determine the orientation of
the EFGs principal axis system relative to the crystallographic directions of the
lattice.

The presently available PAC measuring equipment has reached a consider-
able degree of sophistication and efficiency. Typical set-ups consist of four fixed
scintillation detectors or two detectors, with a third one being moved in regular
time intervals between a 90° and 180° position relative to a fixed one. A survey
of the specific advantages and disadvantages of different set-ups has been given by
Arends et al. [9].

As scintillators now usually BaFs scintillators are employed [10]. Tts scintil-
lation light consists of two components one in the UV region with an extremely
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TABLE

The most common PAC probe nuclei and their relevant properties. If not indicated
otherwise, the data are taken from Ref. [7].

Probe | Parent | Half-life Level | Half-life Quadru- E(v1)/E(y2) Aso
of parent | energy | of level pole [keV]
12 [keV] | t1/2 [ns] | moment [b]

8¢ Ty 47 a 68 156 +0.21 78/68 +0.04
Se | ""Br 57 h 24 9.3 £0.79 [45] 752/248 —0.45
®Te | *°Mo 66 h 181 3.6 unknown 740/181 +0.10
°* Ru | *°Rh 15d 89 21 +0.22 527/89 -0.22
100RK | 199Pd 3.6d 75 214 +0.08 84/75 +0.16
Higd | MAg 7.54d 245 85 +0.83 96/245 -0.13
Higd | HM=Cd | 48 min 245 85 +0.83 150/245 +0.16
Hiod | HMn 2.8d 245 85 +0.83 171/245 ~0.18
Mo | MPcd 53 h 828 6 +0.61 35/492 +0.21
Wiy | 17cd 2.4h 660 59 +0.60 89/354 -0.36
HEgy | M8mGL | 60 min | 2365 370 +0.26 543/1072 | +0.13
Hegy | Hemgp 5h 2321 22 +0.16 254/1091 +0.11
1297 | 128mTe | 69 min 28 17 ~0.68 460/28 -0.05
138305 | 1*°Ba 10.7 a 81 6 -0.2 356/81 ~0.04
1400e | 107, 40.3 h 2083 3.4 +0.39 329/487 -0.13
12yh | 1™ Lu 6.7d 1172 7.8 +2.87 91/1094 +0.38
18Ty | 181Hf | 4244 482 10.8 +2.36 133/482 -0.29
18TRe | BTW 24 h 206 563 +3.04 479/72 -0.13
9T g | 1Tmg 24 h 134 7 +0.49 165(e™)/134 | 40.22
204pp | 204mpy | 67 min | 1274 270 +0.44 912/375 +0.22
204pp | 2044 11.2 h 1274 270 +0.44 984/375 -0.05

short rise- and decay-time and a much slower one in the 360 nm region. If the
UV component is used for the derivation of the time signal the obtainable time
resolutions are in the range of 0.1-1 ns FWHM. At the same time by integrating
the slow component an energy resolution of 10% can be achieved. If necessary it
can even be improved by cooling the crystals moderately [11]. Additionally, BaF»
1s not hygroscopic and can be machined into any form which makes the design of
new, even more efficient PAC set-ups much easier [12, 13].

The radioactive probe nuclei necessary for a PAC experiment are either com-
mercially available or can be produced by reactor or cyclotron irradiation, so that
no detailed description of the production methods i1s necessary. A survey of the
most common PAC probe nuclei and their relevant properties is given in the Table.

A much larger problem is usually the introduction of the probe nuclei into
the material under investigation. Classical alloying or diffusion is only possible in
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a comparatively small number of cases, since a limited solubility, largely differing
melting points, reactions of the small number of probe atoms with impurities in
or above the melt cause numerous problems.

For this reason, the ion implantation technique, especially in semiconductors,
has made an invaluable contribution to the development of the PAC method as a
tool for materials research. Today suitable procedures have been developed to pro-
duce ion beams of the common radioactive probes with sufficient efficiency [14, 15]
and naturally they can be implanted into any host material. Typical implanta-
tion energies range from 60 to 350 keV which ensures in most of the probe-host
combinations that the implanted probes are buried in the bulk of the host material.

The absolute number of probe nuclei necessary for a PAC experiment is very
low (10! atoms in the case of 111In) so that for example in alloyed samples the
purity of the material 1s practically left unchanged. However, since in implanted
samples the probe nuclei are concentrated in a relatively thin layer, locally the
concentration can reach values of the order of 1 at.%.

Finally, 1t should be mentioned that the final site of the implanted probe
atom 1is generally determined by the elemental properties of the parent isotope,
as one would intuitively expect. Therefore, in the case of defect investigations,
one has always to keep in mind that not only the lattice site of the probe atom
is selected by the elemental properties of the probe atom but also the trapping
behaviour towards defects as well as the formation probability and stability of
defect complexes is usually governed by the parent atoms.

Unfortunately, the ion implantation technique used in the sample preparation
invariably leads to the production of damage in the sample. During the stopping
process of the implanted heavy ions a large number of defects are created. Most
of them recombine immediately in the collision cascade. However, a few percent
survive and are located near the stopping site of the implanted atom. Therefore,
this damage 1s usually called correlated damage. By varying the temperature at
which the implantation takes place it is possible to control the type of defects
retained in the sample, since all defects which are mobile during implantation
will anneal immediately. Moreover, in order to investigate a specific defect, other
methods of defect production like quenching (vacancies), electron irradiation (point
defects), irradiation with light (p, a;) or heavy ions can be used. Since in this
case the distribution of defects in the sample is not correlated to the previously
implanted PAC probe atoms, it is called uncorrelated damage.

Implantation or diffusion of impurity atoms can be used to dope the sample
with controlled amounts of impurities. On the other hand, the uncontrolled intake
of impurities (usually gases from the residual gas atmosphere or other elements
from support structures during heat treatments in vacuum) presents a major prob-
lem for the investigation of semiconductors.

After a sample has been doped with the PAC probes and the desired defects,
the probability of finding a defect so close to a probe atom that it can produce a
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sizable QI is usually negligibly low. The fraction of probe atoms decorated with the
defect under study can be increased if there is an attractive interaction between
the probe and the defect. This attraction can be caused by elastic, electronic or
chemical effects. For example, the elastic strain produced by an oversized probe in
a lattice can at least partially be removed by trapping a vacancy on a next-nearest
neighbour site and is therefore energetically favourable. Similarly a valence differ-
ence can lead to an attractive interaction. If the lattice temperature is increased
then to a value where the defects become mobile, they start to diffuse through
the lattice and are trapped at the probe atoms. At some higher annealing tem-
perature, eventually the binding energy of the probe-defect complex is exceeded
and 1t dissociates, thus reducing again the fraction of decorated probe atoms. This
trapping and detrapping of defects is usually studied by performing an isochronous
annealing treatment of the sample, i.e. it is heated from the measuring tempera-
ture T (typically 4.2 or 293 K) to an elevated annealing temperature 7" for a fixed
time (typically 10 min) and then again a PAC measurement is performed at 7. By
recording the fraction of decorated probe atoms versus the annealing temperature
T, one can derive the temperatures where the defect becomes mobile and where
the probe atom-defect complex breaks up again.

4. Cavities in silicon

With the increasing integration of implanted electronic circuits it has be-
come more and more important to protect the active device regions from metal
impurities. This can be achieved by introducing regions in the crystal which trap
detrimental metal impurities before they can interact with dopants, for instance,
during annealing steps necessary to remove implantation induced damage. Some-
times the backside of implanted wafers 1s used to this end, however, the neces-
sary preparation steps do not integrate well into the normal production cycle.
Therefore, the fact that the internal surfaces of cavities produced by high dose
He implantation in silicon act as sinks for transition metal contaminants has at-
tracted much attention [16, 17]. The formation of such He-induced cavities has
been extensively studied with transmission electron microscopy (TEM) [17] and
the gettering of metals with Rutherford backscattering spectroscopy (RBS) [16].
The PAC method is an ideal tool to get further information about the structure
of these cavities and the gettering mechanism at very low levels of contaminants.

For this study overlapping profiles of He and radioactive ''In were im-
planted in undoped (100) FZ-silicon wafers. Helium was implanted with 10 keV,
leading to a mean range of 120 nm and a width (FWHM) of 110 nm. To investigate
the influence of the He-concentration doses of 0.6, 2, and 6 x 10'¢ ions/cm? were
implanted leading to peak local concentrations of 3.6, 12 or 36 x 1029 He/cm3, re-
spectively. 111Tn(*11Cd) was implanted with 160 keV (mean range: 80 nm, FWHM:
50 nm). Typically doses of 0.2—2 x 1013 ions/ecm? corresponding to peak local con-
centrations of 0.32—3.2 x 1018 In/cm? were reached.
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PAC spectra were taken during an isochronous annealing programme be-
tween 500°C and 1100°C carried out in a graphite strip rapid thermal annealing
(RTA) set-up under flowing nitrogen [18]. It yielded the following results: directly
after the In implantation and after annealing at 500°C a fraction fiyr of *'In probes
show a QIF, which is known to be caused by an In-vacancy-complex [19] (Fig. 1).
At 600°C this complex dissolves and the corresponding In-probes are left in undis-
turbed substitutional sites (fg). However, a fraction fc of about 30% of the In
probes exhibits a second unique QIF of 1/8 = 411(5) MHz (n = 0.25(3)) which can
be associated with cavities already present at the end of the implantation process.
From 600°C on fo grows continuously at the expense of the substitutional fraction
fs and the width of the frequency distribution around v decreases. Raineri et al.
[17] found that after annealing at 800°C the process of cavity formation is essen-
tially finished. The continuing increase in fo therefore seems to indicate that at
higher temperatures migrating cavities sweep up more and more previously sub-
stitutional In probes and collect them on their inner surfaces. The largest fraction
of the "1In probes exhibiting 1/8 was found if the cavities are grown after the In
has been implanted and annealed.

fraction [%]1

40

5
e \

0 200 400 600 800 1000

Annealing temperature [°C]
Fig. 1. TFractions of "'In probe atoms subjected to different electric field gradients as
observed during an isochronal annealing programme, fv — In-vacancy complex, fs —

In in undisturbed substitutional sites, fo — In in cavities.

Reversing the order of cavity formation and '*'In implantation leads only to
a smaller fraction of In probes showing the characteristic QIF although, through
the overlapping implantation profiles, 111In comes to rest in the same region where
the cavities were formed.

Further, the influence of experimental parameters like the He dose, the im-
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plantation and annealing sequence and the orientation of the Si crystal relative
to the detectors was studied [20]. All results support the assumption that the In
probe atoms are situated in the inner walls of the cavities. Notably, the observed
frequency 1/8 is quite similar but not equal to vg = 380(5) MHz ( = 0.23(3)) a
QIF measured for 111In on free Si(100)sx1 surfaces [21]. However, in this case the
QIF has been attributed to the formation of rows of In dimers on the Si surface.

In metals similar cavities are bounded by well-defined crystal surfaces and
the In probes correspondingly showed the expected EFG orientation [22]. For Si
Raineri et al. [17] found (100) and (111) planes as bounding surfaces of the cav-
ities. However, for "1In in the cavities the PAC spectra showed only very weak
differences for different orientations. This behaviour is probably due to the rela-
tively large number of possible orientations of the inner surfaces and is a subject
to further investigations.

In conclusion, this example describing the interaction of '1In with He in-
duced cavities in Si opens various possibilities to study the formation process of
cavities as well as their effectiveness as a getter for metals, since it can be expected
that an incorporation of metals into the cavities would change the QIF experienced
by the In probe. Thus, an indirect study of the trapping process would become
possible or, by means of a transition metal probe like 1°°Pd(1°°Rh), for instance,
the fate of impurities trapped in the cavities could be studied directly.

5. Acceptor—donor pairs in Si under uniaxial stress

In silicon, the interaction between donor atoms like P, As and Sb and In ac-
ceptors has been studied by Wichert and Swanson [23]. They used *'In and could
identify nearest neighbour pairs of In-P;, In-As;, and In-Sb; atoms characterized
by their unique quadrupole interaction frequencies vg = 179(1) MHz, 229(1) MHz,
and 271(1) MHz, respectively. In an effort to verify the structural models and the
measured electric field gradient theoretical calculations were carried out based on
the multiple scattering Korringa-Kohn-Rostoker (KKR) Green’s function method
[24] and, taking into account lattice relaxations around the complex, yielded val-
ues in good agreement with the experimental data. In view of these results it is
interesting to study the behaviour of these complexes under mechanical uniaxial
stress, i.e. to change the lattice constant in one major crystal direction.

Previously, PAC studies have shown that it is possible to produce quasi-
-homogeneous uniaxial stress at the site of probe nuclei near the surface by bending
thin wafers of Si or Ge [25, 26]. The measurements indicated that at 11*In probes on
substitutional sites in well-annealed Si sample tension induced QIF up to 38.5 MHz
can be induced by uniaxial tensile stress of 2.3 kbar along the (110) crystal axis.

Samples were prepared, 20 mm long and 7 mm wide, from a 100 gm thick
undoped Si wafer with (110) surface orientation. The long edge of the samples
was cut along a (110) crystal axis, allowing for the possibility to exert stress in
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the surface layer along this axis by bending the sample. The bending radius could
be adjusted by pressing the thin Si slab between the two heads of a micrometer
screw. The maximum attainable relative change in lattice constant AL/L at the
surface was calculated to be as large as ~ 1073,

First, the samples were implanted with '!!In as an acceptor (£ = 160 keV,
D =10'2+10' In/cm?). Subsequently, the samples were annealed in an evacuated
RTA set-up [18] at a temperature of 1173 K for 600 s. This led to a full recov-
ery of the radiation damage and the PAC spectra showed that all the implanted
probe nuclei occupied substitutional lattice sites in the substrate lattice (Fig. 2).
Applying an uniaxial stress of 1.8(1) kbar along the (110) crystal axis produced
a tension induced frequency of 20(1) MHz (Fig. 2), in good agreement with the
literature [26].

-R(t 1
¢ )0.15 L 1.8kbar

-0.10
0

L L L
100 200 300 400

Fig. 2. PAC spectra from donor undoped sample showing the change of the anisotropy
as the result of applied stress along {110} crystal axis. The solid lines are theoretical fits.

Subsequently a donor impurity like phosphor (F = 60 keV, D = 2 x
10** P/cm?) was implanted to the same depth as the In probes and the sam-
ple annealed again at a temperature where a maximum fraction of acceptor—donor
pairs are formed [23]. This occurs around 973 K for P doped samples. For a bet-
ter recovery of the radiation damage of the samples, PAC measurements were
only taken after a second annealing at 1173 K for 600 s. The theoretical fit to
the measured PAC data yielded for 25% of the In probes the expected QIF of
vg = 179(1) MHz, corresponding to the formation of an In-P; complex in Si.

Then the sample was bent, applying uniaxial stress in steps up to values of
1.8 kbar. Surprisingly, this produces no measurable effect on the QIF assigned to
the In-P; complex (Fig. 3). But also the QIF at the undisturbed substitutional
site of the probe nuclei, which accounts for the larger fraction of probes in the
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Fig. 3. PACspectra for different values of applied uniaxial stress along the {110} crystal
axis (as indicated in the frames) for P doped samples. Measurements were taken with

the {110} crystal axis perpendicular to the detector plane.

sample, remains unchanged. Since the relative error of the QIF derived from a
fit to the data is below 0.2%, it can be deduced from the r=3 dependence of the
EFG that the relative lattice positions in the In-P; complex change by less than
7x 1074

This unexpected result clearly indicates a different nature of the P im-
planted region as compared to the undoped samples. Under normal conditions
a well-annealed sample would respond to the applied stress by producing a mea-
surable QIF, which will vary with stress. Given the high sensitivity of the EFG to
variations of the configuration of the complex, as estimated above, the shifts in
the position of the lattice atoms surrounding the In probes must be negligible.

Therefore, we conclude that the implanted region has lost its elastic proper-
ties due to the P implantation. The best fit to the data from a P doped, unstressed
sample yielded 15% of the probes in a non perfect cubic environment, experiencing
nonunique EFGs due to lattice imperfections. This might be taken as an indica-
tion of the existence of a heterogeneous lattice structure in the region under study.
Since usually dislocation and twinning effects are invoked to explain the inelastic
behaviour of solids, this could indicate that the observed absence of stress in the
implanted region is due to the presence of a large density of these extended defects.
The argument is supported in the case of P implanted Si by TEM investigations
of Prussin et al. [27] where, after annealing at 1173 K for 30 min, a high density
of dislocation loops is observed.
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It is interesting to note that in similar PAC investigations with As as a donor
the uniaxial stress also produced no change of the QIF attributed to the In—As;
pair. But there the In on undisturbed lattice sites showed the expected tension
induced frequency. It is possible that the larger difference in the covalent radii
between P and Si enhances the growth of dislocations loops during annealing.
This effect is smaller in the case of As donors [28, 29] since its covalent radius is
similar to that of Si. Therefore, we conclude that the observed absence of stress in
the implanted region is due to inelastic deformation taking place due to the dense
network of dislocation loops.

6. Implantation in nitrides

The group IIT — nitrides AIN, GaN, and InN are attractive materials for
optoelectronic devices and especially GaN-based laser and light-emitting diodes
are already commercialised on a large scale. However, presently available devices
generally are produced by doping during growth [30] and not by ion implantation
like most modern electronic devices. In order to couple such devices into integrated
circuits, doping by ion implantation would be highly desirable. Besides the devices
mentioned above, Er doped materials are of great interest for photonic applications
such as solid state lasers, optical amplifiers, lasers storage devices and displays.
The Er3t intra — 4f emission at 1.54 pm corresponds to the standard wavelength
used in telecommunication. Up to now Er doping of silicon has been intensively
studied, but unfortunately the luminescence efficiency is strongly quenched at room
temperature. In wide band gap semiconductors like GaN this quenching is much
less pronounced [31] and thus it is hoped that Er doping by implantation might
open the way to fully integrated optical circuits. Therefore, a profound knowledge
of the annealing process, necessary to remove the implantation induced lattice
damage and activate the implanted dopants, is essential. Only a few studies exist
addressing this problem [32-34] where mainly electrical properties of the dopants
were measured. Here we employ the PAC technique, using the probe 3'Hf(131Ta),
since its elemental properties are similar to rare earths like Er and it is assumed
that it will give information also relevant to these interesting implants.

The GaN samples used were grown by metal organic chemical vapour de-
position (MOCVD) at 1040°C on e-plane sapphire substrates. The layers were
nominally undoped (n ~ 5 x 10'% cm~3) and were ~3 um thick. The analysis
by X-ray diffraction and transmission electron microscopy showed them to be
typical of current state-of-the-art heteroepitaxial material, with a rocking curve
full-width-half-maximum (FWHM) of ~ 280 arc.sec and defect densities of
~ 10° em~? at the surface.

The samples were cut to 5 x 5mm? pieces and without further treatment
implanted at room temperature at the Bonn isotope separator with STHf. It was
produced by thermal neutron capture from the stable isotope 39Hf.* The implan-

*The support of the GKSS-Forschungszentrum Geesthacht GmbH, Max-Planck-Strafle,
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tation energy was 160 keV and typical doses reached 103 at./cm? mainly due to
the line of stable 13°Hf which, due to the limited resolution of the isotope sepa-
rator, overlaps the mass 181 line to a very small extent. A TRIM [35] calculation
yielded a range of 314 A and a typical concentration of ~ 4 x 108 Hf/cm=3,
Subsequently an isochronal annealing program was carried out in order to
study the lattice damage recovery. The annealing steps were performed in a rapid
thermal annealing apparatus [18] between graphite strips under a nitrogen atmo-
sphere at ambient pressure. Additionally a second unimplanted piece of GaN was
placed on the sample as a proximity cap to protect the surface. Typical holding
times were 120 s and maximum temperatures of 1373 K were reached. Prior to the
start of the programme and after each annealing step a PAC spectrum was taken.

a) as implanted

A ©) annealed at 1373K

t[ns]

Fig. 4. PACspectra observed for "*' Hfin GaN after annealing at different temperatures

as indicated in the frames.

After the implantation, prior to any annealing, a damped oscillation was
observed in the PAC spectra (Fig. 4a). This indicates that at the end of the
collision cascade a small fraction fs of the implanted probe atoms stops on well-
-defined lattice sites. Least squares fits [36] to the data yield values for fg of
36% with a large frequency distribution of § = 20(1)%. The remaining fraction
of the implanted 31 Hf probes (64%) is situated in a lattice environment strongly

21502 Geesthacht, is gratefully acknowledged.
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disturbed by the implantation induced damage. They cause the sharp drop of the
anisotropy in the first few nanoseconds in Fig. 4a and are characterised by a broad
distribution of quadrupole interaction frequencies around 1000 MHz.
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Fig. 5. (a) Fractions of implanted '®* Hf in GaN subjected to the electric field gradient
at the substitutional Ga site (m) and in the vicinity of a defect (full triangle) as observed
during an isochronal annealing programme; (b) width 6 of the corresponding quadrupole

interaction frequencies.

Then, annealing causes an interesting development. First, up to a tempera-
ture of T4 = 673 K, the damping parameter & drops from 21% to 11% without a
strong change in fg (see Fig. 5). Subsequently é continues to decrease, although
more slowly, whereas the fraction of probes on regular lattice sites starts to grow
steadily until at T4 = 1373 K typically values of fs = 70% to 80% are reached
(Fig. 5). After the annealing step at 1373 K a quadrupole interaction constant of
vg1 = 338(2) MHz (61 = 3%, 1 = 0) was derived.

The orientation of the corresponding EFG was checked by taking not only
spectra with the sample’s é-axis oriented in different directions relative to the
detectors. The results are in perfect agreement with the assumption that V., the
principal component of the EFG, is oriented parallel to the é-axis of the wurtzite
structure.

Since GaN crystallises in the hexagonal wurtzite structure an axially sym-
metric EFG with its principal component oriented along the c-axis is expected
at a regular lattice site. The observation of a unique EFG with this orientation
indicates that the corresponding fraction fs of probe nuclei occupies regular sites.
Due to the large difference in the covalent radii of Hf (r¢ = 1.44 A) and N
(r¢ =0.75 A) the incorporation of Hf on N sites 1s very improbable and the incor-
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poration on Ga sites (r¢ = 1.26 A) is more likely. This was confirmed by recent
RBS measurements, which show that implanted Hf fully replaces Ga in GaN [37].

Dividing the measured QIF by the quadrupole moment @ = 2.36 b [38]
of the 5/2 intermediate state of the y—v cascade in ®Ta and the Sternheimer
antishielding factor (1 — 7., ) = 62 [39] of the Taion the lattice EFG at the Ga site
can be calculated to be V3 = 0.96 x 10*¢ V/cm?. This agrees well with the value
of V3t = 0.65 x 10'® V/cm? derived in the same way from NMR measurements
for Ga in GaN [40], further confirming the complete substitutionality of the Hf
probe.

At low annealing temperatures a second quadrupole interaction frequency
vg2 = 1378(9) MHz with an asymmetry parameter 1, = 0.63(2) is necessary to
describe the spectra. A fraction of fp = 25% of the probe atoms is subjected to the
corresponding EFG (Fig. 4a). Immediately after implantation this EFG is highly
non-unique resulting in large frequency distribution parameter 62 = 23%, but 6,
drops parallel to 8 (Fig. 5b) and after annealing at 773 K the frequency is clearly
visible in the PAC spectrum (Fig. 4b). The fraction fp reaches a maximum of 28%
at 573 K and disappears after annealing above 1000 K (Fig. ba). The large value
of vgs is characteristic for a deviation from the regular lattice structure in the
nearest neighbourhood of the probe atoms. The low value of é; implies that this
deviation has a regular structure, i.e. does not correspond to an amorphous envi-
ronment. Similar situations have been observed in other semiconductors and are
indicative of a unique defect trapped at the probe atom [41]. Since no diffusion in
the Gasublattice is expected in GaN below 1273 K [42], and the defect—probe atom
complex breaks up below 1000 K, we suggest that a nitrogen vacancy, trapped at
the slightly oversized Hf probes, causes the corresponding quadrupole interaction.
Estimates for a nearest neighbour vacancy in the point charge model [43] yield a
magnitude of the observed EFG which is in good agreement with the experimen-
tal value. However, it seriously underestimates the lattice EFG at the Ga site and
therefore cannot explain the large asymmetry parameter 7.

Summarising, the PAC data lead to the following picture of the annealing
process. For a fraction corresponding to the initial fg after the implantation no
defect remains in the immediate vicinity of the probe atom. In this way, the lat-
tice EFG 1s only slightly disturbed by more distant defects leading to the observed
frequency distribution. Annealing leads to a partial recovery of these defects, thus
narrowing é;. Due to the larger mobility of nitrogen — nitrogen loss has been
observed well below 1273 K [42] — these are most probably defects of the nitrogen
sublattice. For the remaining fraction, defects in the nearest neighbourhood seri-
ously disturb the lattice EFG. It takes temperatures well above 1000 K, where also
diffusion in the Ga sublattice sets in, to restore the surrounding lattice leading to
a unique EFG at over 80% of the Hf probe sites. A small fraction of probes traps
a nitrogen vacancy at a nearest neighbour site. The corresponding quadrupole in-
teraction frequency also narrows until at 1000 K complete de-trapping occurs and
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the substitutional fraction is increased. Assuming first order exponential kinetics

and de-trapping of the vacancy in a one step dissociation process, a binding energy

Fpg =

[1]
[2]

(3]

[4]
[5]
[6]

[7]

[15]

[16]
[17]

[18]

[19]

3 eV can be estimated. Here a Debye temperature of 586 K was used [44].
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