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Diffraction pattern of a defect: Two-dimensional angular correlation of positron-annihilation
radiation studies of defects in semiconductors
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Electron-positron momentum spectra of defects in semiconductors contain more information about the
nature of the defects than has been recognized previously. Diffraction patterns that arise both from the nature
of the electronic states and from the geometric structure can be seen in the simulated two-dimensional angular
correlation of annihilation radiation spectra for positrons annihilating at a model vacancy in a tetrahedrally
coordinated semiconductor. These should be experimentally observable in high-resolution spectra.
[S0163-18207)02507-1

We present model calculations that show that detailed inelosely related, as in the “large lattice relaxation” class of
formation about the electronic and geometric structure of dedefects such aEL2 andDX, where changes in the charge
fects can be obtained from two-dimensional angular correlastate drive the large geometric rearrangements. A simple
tion of annihilation radiatiori2D ACAR) spectra originating model based on vacancies in tetrahedrally coordinated semi-
from positrons trapped at defects. This is because theonductors is used to show how the diffraction pattern pro-
e -e* momentum spectrum from a defect-trapped positm,ﬁuced by the electronic and geometric structure of a defect
is, basically, the diffraction pattern of the defect. Information@PP€ars in ane”-e* momentum spectrum. This pattern
about the detailed structure of defects in semiconductors i&fses from the phase correlations and occupancy of the va-
difficult to obtain and requires a variety of techniques. This/€nce states around the defect.

information is, nevertheless, extremely useful in controlling A 2D ACAR spectrum is a two-dimensional projection of

: : SR .
the properties of materials for use in semiconductor devicedhe three-dimensionad™-e” momentum densityi(p). We

This work shows that 2D ACAR is a valuable addition to theconsider a model in which the electron and positron states
available technigues are each represented by a single spherically symmetric

Positron annihilationPA) has been used extensively to Gaussian. Even though the valence orbitals in semiconduc-
Y 10 tors ares p° hybrids, this model illustrates the basic structure
Shat would appear in simulations using more complete basis

and the properties of defects in metals and semiconductor§ets_ In formulating the model, we suppose that the positron

Variable energy positron bean{¥EPB’s) allow PA tech- is trapped in a vacancy at the origin, with tleé state

niques.to be used as depth-profiling methods with gub- |@. ) ans Gaussian with decay parametey. In addition, we
resolution over depths down to seveyain below the sur-  yapresent an atomic orbital centered on each ofttheeigh-
face. At a few facilities, these beams are becoming intensgoring atoms located &; by a Gaussian with decay param-
enough for depth-sensitive 2D ACAR measurements to beter o, . If the electron states are a linear combination of
made, so that epilayer materials, interfaces, and multilayefhese Gaussian atomic orbitals,

structures can be studiéd.

Until recently, high-resolutiore™-e* momentum spec- :
troscopy using 1D and 2D ACAR techniques have been used lj) = E allle), @
only for Fermi-surface investigations in defect-free materi- '
als. Although defects have been studied extensively by PAthe momentum density is the superposition of contributions
this has been done using only the lower-resolution momenfrom each of these,
tum technique of Doppler broadening, and &Y lifetime
measurements® An interesting question is to what extent "
detailed structure of defects can be extracted from 2D ACAR n(fik)= 21‘4 n(%k), @
data, or if the uncertainty principle momentum broadening
that would result from the localization of the positron and thewhere
falloff of electron wave functions on the scale of a point
defect obscure structural information. We will show in this i _ 3 iker 2
paper that more detailed information can be extracted from ni(fk) = f dre™ ., () g;(r) 3
2D ACAR than has previously been appreciated.

By the electronic structure we mean the charge state anig the contribution of thgth electron statg;). The indi-
the nature of the occupied orbitals at the defect. The arrangaidual integrals needed are the momentum amplitudes,
ment of the neigboring atoms, including lattice relaxation
and symmetry-lowering distortions, is called the geometric _ 3 iker
structa/re. Th?al electro?ﬂc and geometric structurgs can be fk|a ’R‘)zf dre™ e (Nei(r), @)
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FIG. 1. Contours of constant momentum density)(p) for thea; andt, states. The momentumis given in multiples ofm.c for a

lattice parameter of 5.65 A.

and the contributions to the momentum density may be writds and aa,=0.26 for the 4. We used the average,

ten in terms of these as

2

n(“(ﬁk)=’2 all’f(Kl i ,Ry)| . (5)

a;jag=0.32, for the four neighboring atoms in our model.
An ideal vacancy in a semiconductor with a diamond or
zinc-blende structure has four neighbors. Its ionization levels
correspond to filling the lower-energy, states and the
higher-energy, states’ Thea, state can hold two electrons,

The simplicity of this model is now evident, since the and thet, states can hold six. In GaAs, for example, the
integral (4) can be evaluated analytically for Gaussians withneutral As vacancy lacks the five As electrons that provide a

the result

2apa

2

f(k|a,R)= -
0

312 agaz ,
exp ——-——R
apta

kR
ex m[l]

(6)

k2
X e —
ex% 4( a% + a?)

complete octet in the perfect crystal. Three electrons remain
in the a; andt, linear combinations formed from the dan-
gling bonds. Thus, tha; states are filled with two electrons,
and the remaining electron is inta state. The singly nega-
tive vacancyV ps~ has one more electron in the state.

The symmetry of these states is reflected in the momen-
tum density and hence the 2D ACAR spectrum. Figure 1
compares the surfaces of constant momentum density
n()(p) for thea, state

The spatial extent of the orbitals is reflected in the falloff of
the momentum space Gaussian in this expression. The sym-
metry of the defect electronic state gives rise to an interfer-
ence that can be seen in the cross terms in(&q.

To illustrate how this information is contained in the and thet; state
e -e* momentum density, we chose the Gaussians to mimic
roughly a positron trapped at the vacanty,™ in GaAs. In 1 (o) —|ea)— @)+ | oa)) ®)
order to choose appropriate Gaussians, we computed the pos- 2 1_g PV 1P TIvs IR,
itron density for a positron trapped at an idéaé., undis-
torted negative As vacancy using a superimposed ion potenwhereS is the overlap integral, calculated using our model
tial and a locale*-e~ correlation potential*-® The e”  with the parameters given above. The atoms .1,,4 have
density falls off more sharply in the direction of a neighbor coordinates(1,1,, (1,-1,-1), (-1,1,—-1), (-1,-1,1)
than it does in the opposite direction, with the best Gaussiatimes a/4, wherex, y, andz are along the crystal axes and
fits in these two extreme directions given bya,=0.32 and a=5.65 A for GaAs. Both constant momentum density con-
@p2p=0.19, wherea,=0.529 A is the Bohr radius. The tours are in the relatively low momentum region, with that
model used here requires spherically symmetric Gaussianfyr the a; state at 1/4 of the maximum central peak, and that
so we chose the Gaussian decay paramegap=0.22 as a for thet, state around 1/3 of its maximum.
compromise. For the electrons, we computed tlseatd The momentum space symmetries shown in Fig. 1 are
4p wave functions for a Ghatom using the local spin den- dramatically different because of the symmetti@sand (8)
sity approximation. The radial wave functions were repre-of the spatial orbitals. The total momentum density is the
sented well in the outer overlap region beyord.5a, by  superposition(2) of contributions from the occupied elec-
single Gaussians with decay parameteeg=0.38 for the tronic states. Changing orbital occupancies, i.e., charge states

1
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FIG. 2. The momentum density®)(p) in the p,=0 plane for py/mec  0-01

thea, state showing an enlarged view of the structure-ati0% of
the peak height. This structure gives the separation of neighboring FIG. 3. Anisotropy in the 2D ACAR spectrum for thig state
atoms. The momentum is given in multiples ofmcc for a lattice o :

parameter of 5.65 A The anisotropy is given as a fraction of the height of the central

peak of the 2D ACAR spectrum. The momentymis given in

. . L ) multiples ofm.c for a lattice parameter of 5.65 A.
of the defect, will alter their weightings in the total momen- P ¢ P

tum density. As levels become filled, there may be cancella- 13 )

tions analogous to those from a filled band in a solid. Wherfl-,”~ and Penget al™ for the experimental 2D ACAR spec-
there are various orientations of degenerate levels, it may biéa for positrons trapped at vacancies in GaAs. For example,
necessary to strain the sample to see clear signatures of tHee basic structure of peaks in Fig. 11 of Ref. 10 is the same

|',12

electronic state symmetries. as we obtain for that orientation, which is a projection of the
Geometric information lies in the higher momentum re-momentum density into a plane perpendicular to [th&0]
gion. This comes from the direction. The projection shown in Fig. 3 is into a plane

perpendicular tof001] instead, because that most clearly
9 shows the structure arising from the minima.

We next ask what is required for an experiment to observe
this geometric structural information in the 2D ACAR spec-
trum. Suppose that one wished to have sufficiently good sta-
tistical resolution to detect the change in this structure that
circularly symmetric, and at 1/4 of the maximum height iS%vould result from a 1% relaxatipn of the nearest neighbors

' about the vacancy. Using the simulated spectrum presented

just thek,= 0 circle on the sphere of Fig. B( state. Figure .~ " . : e .
2 shows an expanded scale in which the low intensity struch this paper, this change in the nearest-neighbor separation

ture (=1% of maximum out in the higher momentum tails produces, relative to the intensity ap=0, a

is evident. The square pattern of troughs results from the 0-2% change in the 2D ACAR spectrum around

minima caused by the interference tef8, which gives 6x10 3m.c. The core contribution, which is-10% of the
total annihilation rate, but with a momentum width that is 10

2

2
Za}“ex;{ Za [ik-Ri])

7 agt a?

interference term in Eq95) and (6). To illustrate, Fig. 2
shows ap,=0 cut through our modet™-e™ momentum
density for thea; state. The entire peak appears more or les

@ - . a?  k,a times that of the valence electrons, is negligible in compari-
n‘®0(fik,X+fikyy) ~ cos i+ 4 (10 son at this momentum. In our simulation, the magnitude of

the 2D ACAR spectrum at-6x 10 3myc is ~1% of the
and has nodes at intensity atp=0. Because of this, we suppose that a statis-
tical resolution of=5% in the channels in this momentum

2
a I‘x_"": N+ 1 - (11) region is sufficient. The probability that positrons annihi-
a02+ a® 4 2) late in a momentum channeh p)? follows the Poisson dis-

tribution, so that the counting error in each square momen-
tum bin is= 1/y/n. This means that in this momentum bin we
origin of the structure shown in Fig. 2. need a statistical resolution of 1 in 20, or a total number of

A 2D ACAR measurement gives the two components of_counts of 400. Let us assume the same hisFogram bin-size as
momentum that lie in a plane normal to the line joining thein Refs. 103 and2 11 of 402401 bins of size
two detectors. Consequently, a 2D ACAR spectrum is thd)-19%0.15(10°mcc)® over an angular range of
result of line integrals in momentum space in the direction80X 60(10 *mcc)?. This means that the total number of
joining the detectors. The structure resulting from the inter-counts in the entire spectrum needs to be about@, the
ference term(10) is most pronounced when the integration Same order of magnitude as in Refs. 10 and 11. Measure-
line passes along maxima or minima. The experimental conments of small changes in structure, such as a 1% relaxation
sequences are illustrated in Fig. 3, which shows the anisobf the atoms neighboring a vacancy, seem entirely feasible.
ropy in the simulated 2D ACAR spectrum. The dip at The structures in 2D ACAR spectra that contain this geo-
~6.3x10 3m.c comes from the troughs in Fig. 2. Anisot- metric information do have quite low intensities, and would
ropy resembling that of our modéFig. 3) can be seen inthe be clearer if the full three-dimensional momentum density
data already reported by Ambigapatéyal.1®!! Manuelet ~ were reconstructed from measurements in differently ori-

and similarly fork,. The first of these values is, for our
parameters, aky,k,~9.25/a=6.3x10"3mcc/%, and is the
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ented planes. Although this would be experimentally chalscribed here can be extended to realistic eleceonand
lenging, the wealth of information obtained would be well e states by using Gaussian basis $&tSwith no need for
worth the effort. numerical multidimensional Fourier transformation. This

The pattern shown in Fig. 2 will be recognized as a part ofshould give an efficient computer simulation procedure for
the Fourier transform of a tetrahedron. EquatitBsand(6)  the interpretation of 2D ACAR spectra. Although the calcu-
show that, in general, the”-e* momentum density is the lations presented here do not include corrections for the
Fourier transform of the neighbors, with form factors arisingmMany-body enhancement of the annihilation rate, these have
from the orbital coefficienta"’ and the nature of these or- PEEN Sho"é’g‘n to have a relatively weak momentum
bitals. Since the diffraction pattern of an object is its Fourierdependenc " at least for the electron gas.

wansform, thee -e’ momentum density for a vacancy- 4 P S0 RO AT e Gerects
trappede® is the diffraction pattern of the defect. The inter- pped p 9 P '

pretation of this diffraction pattern is not totally straightfor- 2D ACAR s a promising tool for the study of the electronic

ward, because the transform involves not just BxR.). and geometric structures of defects. Our smmléaussmn
X . model illustrates how the nature of the electronic states and
but exp{Ak-R;), where A is a scale factor as in Eq9)

containing wave-function coefficients. This means that com;[he geometry of the atoms neighboring the defect is reflected

puter simulation, with realistic electronic structure informa-"" the 2D ACAR spectra. The most important features are

tion, will be needed to interpret the data properly. that the overall shape gives the symmetry of the electronic

A better representation of the wave functions requires,[S;"J‘tt;]a(’a gggrggg)e/rgfs tlr?etu?aig;]gbhoerrs momentum tails are related

multiple Gaussians. These will smear out the structure to
some extent, because they produce different scale factors We are grateful to D. R. Harshman and K. G. Lynn for
A. We expect the structure to survive, because éie urging us to think about defect ACAR, and for helpful dis-
samples the outer regions of the atoms, and the wave funcussions. R. M. Nieminen pointed out the similarity of our
tions in theouter regions are represented quite well by the computed anisotropies to the measurements reported in Ref.
single Gaussians used here. It is possible to find a generatirid,, and A. A. Manuel kindly provided a copy of Ref. 11.
function for the Fourier transforms of higher angular mo-This work was supported in part by Brookhaven National
mentum Gaussians, so the simpeGaussian model de- Laboratory under BNL Contract No. 736928.
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