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Time-differential perturbed angular distribution measurements on the 197-keV isomeric state in
F were performed using the F(p, p') F* reaction to implant F' into hosts of Ge and GaAs. In

Ge two quadrupole frequencies were detected, with vga ——27.5 (3) MHz and viz ——33.0 (4) MHz, while
in. GaAs only a single interaction was observed, with vq=27. 7 (5) MHz. In all cases the asymmetry
parameter q was close to or equal to zero. The results were compared with Hartree-Fock (HF) and
density functional theory (DFT) calculations. In the case of germanium vga and viz are tentatively
ascribed to antibonding and bond-centered sites, respectively. In the antibonding configuration the
8uorine is situated at 1.88 A. along a (111) direction from a germanium atom. For F at the bond-
centered site the Ge-Ge bond length was found to increase by about 1 A from its normal lattice value.
In gallium arsenide the single frequency vg is consistent with calculations for F at an intrabond site
with the fluorine situated at 1.37 A from the Ga and 2.40 A. from the As atom. In all cases the DFT
predictions are in. better agreement with experiment than those of HF.

I. INTRODUCTION

In recent years the study of semiconductor materials
using nuclear techniques has witnessed a rapid growth.
In particular, the techniques of time-di8'erential per-
turbed angular correlations or distributions (TDPAD) of
p rays have been extensively employed.

The improvement of device characteristics obtained by
the addition of fluorine in the semiconductor fabrication
process has stimulated many investigations into the role
played by fluorine in device operation. Nevertheless,
detailed information regarding the residence sites of F
in semiconductors is still lacking. In this paper we re-
port the results of TDPAD investigations following the
implantation of F in germanium and gallium arsenide.
In a previous study of F in Ge, Bonde Nielsen et
al. emphasized the need for quantitative calculations in
order to establish the nature of the sites occupied by flu-
orine. We have performed such calculations here, using
both Hartree-Fock (HF) and density functional theory
(DFT) formalisms. To our knowledge, no quadrupole in-
teraction studies have previously been reported for F
implantation in GaAs using the TDPAD technique.

II. EXPERIMENTAL DETAILS

The 7-MeV Van de Graaff at IRMM was operated in
pulsed mode to provide 2.02-MeV incident protons with
a beam burst width of 2 ns and repetition period of 1600
ns. The proton beam was directed to impinge on targets
of 0.5-mm-thick crystalline wafers of (111) germanium
and gallium arsenide coated with a 30 pg/cm layer of
CaF2. The samples were oriented so that the (111) axis
perpendicular to the sample surface lay in the detector
plane at 45 to the incident beam. Recoiling F nuclei in

the isomeric state (J =5/2+, Tqy2
——88.5 ns) at 197-keV

excitation energy were produced via the F(p, p')~ F*
reaction and implanted into the samples with preferential
alignment perpendicular to the beam direction. During
the isomeric state lifetime the quadrupole moment Q of
the nucleus interacts with the local electric field gradient
(efg), giving rise to a perturbed angular distribution for
the deexcitation 197-keV p rays.

Details of the apparatus and TDPAD measurements
have been reported previously. Detectors at 0 and 90
to the beam direction recorded the delayed time spectra
of the p rays to give the experimental ratio

W(0, t) —W(90, t)
0.5W(0, t) + W(90', t) '

where W(0, t) are the counts at angle 0 following back-
ground subtraction and normalization using the yield of
the isotropic p-ray line at 110 keV from F.

III. ANALYSIS

The B(t) data and associated Fourier power trans-
forms for both Ge and GaAs samples are shown in
Figs. 1—3. In the analysis of the data possible static
quadrupole interactions were identified from the frequen-
cies v;& observed in the Fourier spectra, where j des-
ignates one of the three components of interaction i.
Owing to exponential damping of the Fourier ampli-
tudes arising from the finite widths in the time resolu-
tion and efg interaction [see Eq. (1) below], the highest
frequency component v,.3 is not always observable. Nev-
ertheless the ratio v, 2/v;j is sufficient to determine the
quadrupole frequency gv=eQ V/ ahnd asymmetry pa-
rameter rl=(V —V»)/V, for each interaction. For
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FIG. 3. (a) The R(t) data of Fig. 2 with the exponential
background subtracted. (b) The Fourier power transform of
the R(t) data for F implantation in GaAs.
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FIG. 2. The R~~t~zsspectrum for F implantation in GaAs.19

The solid line is a fit to the data.

&2;~",'(t) = ):~~",'~",„' exp( ——,'(g~~o~)'1
p=o

x exp[ —-(gp~pbt) ] cos(g„~ot), (I)
where cr and b are Gaussian widths accounting for
the finite resolving time and spread in the efg inter-
action, respectively, and the intraband frequencies are
cuz(iI)=g„(q)wo. For the case of GaAs, where vi2 was
heavily suppressed [see Fig. 3(b)], the value of g was de-
termined solely from the fit. In this instance, in order to

ensure that a global minimum would be found for y in
the parameter space, a Monte Carlo procedur
p oye in the fitting routine to generate random starting
values for rj. The fits are shown as solid lines on the B(t)
spectra.

For comparison with theoretical calculations of the efg,
the quantities of interest derived from the fit V
th e principal component of the efg, and the asymmetry
parameter, g.

IV. THE EFG CALCUI ATIONS

A cluster model was used to calculate the efg at the
site of F in host matrices of Ge and GaAs. Using the
GAUSSIAN 92 (G-92) computer code, both HF and DFT

~9F robe i
formalisms were employed to calculate V a d f he, an g ort e

F probe in specific configurations, with dangling bonds

were STO-3G'— G, i.e. , Slater-type orbitals approximated
by a sum of three Gaussians, where the asterisk indicates
that d functions have been added to the heavy atoms.

The DFT calculations incorporated the local-spin-
density exchange functional of Becke which includes
corrections involving the gradient of the density, together
with the correlation functional of Lee, Yang, and Parr,
which contains both local and nonlocal terms.

Since the calculations were extremely lengthy and
costly in terms of CPU time, we restricted them to con-
figurations for which G-92 predicted g=0 ' d ated by
the experimental results (see Table I).
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) f F implantation in Ge.TABLLE I Results of the 6ttoRt or

Fraction ('%%uo)

68(3)
42(2)

Frequency (MHz)

voi ——27.5(3)
vga = 33.0(4)

0.09(8)
0.00(8)

b ('%%uo)

6(1)
O(1)
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TABLE III. Results of restricted open-shell Hartree-Fock
(ROHF) and density functional theory (DFT) calculations
using STO-3G* basis functions at an intrabond site in the
cluster FGa4As4Hqs (Fig. 7 with d=2. 771 A. and x=1.366 A).
The charge qF on the Huorine atom obtained from the Mul-
liken process is given in units of e.

Method

ROHF
DFT

—0.236
—0.019

V„(10 V/m )
—4.449
—1.612

This experiment: ~V*.
~

= 159(9)
vo = 27.7(5) MHz

0.00(7)

—1.61x 102 V/m, or vg ——28.0 MHz, and q=o, compares
favorably with the measured values of van=27. 7(5) MHz
and q=0.00(7).

In measurements involving TDPAD, the question of
radiation damage must be addressed. It is known that
the excited recoil nuclei typically slow down in less than
10 s in a sphere with a high defect concentration,
and that local annealing can occur within 1 ns or less
by migration and recombination. Because of the high
sensitivity of the measurements to the presence of lo-
cal defects, radiation damage should be observable as a
broadening in the quadrupole signal. In our measure-
ments signal widths were typically less than 5%, which
would appear to indicate minimal damage at the probe
sites.

Dynamical considerations of the ~sF(p, p')~sF* reac-
tion support this contention. For the p — F system the
Coulomb barrier is 2.94 MeV, with closest distance of ap-
proach for a 2 MeV-proton of about 6.47 fm, more than
twice the nuclear radius (3.2 fm) of F. Moreover, when
angular momentum transfer in the reaction is considered,
an l=2 partial plane wave, for example, implies a clas-
sical impact parameter of about 7.8 fm. Consequently,
Coulomb excitation is expected to play an important role,
and at such high impact parameters, the scattered pro-
tons impart small recoil energies of a few keV or less to
the recoiling F* nuclei. At such low recoil energies, ra-
diation damage at probe sites would be expected to be
small, and well removed from sites of maximum damage

produced by the incident proton beam or &om elastic
recoils of F nuclei.

VI. CONCLUSIONS

TDPAD measurements of quadrupole interactions in-
volving the 197-keV isomeric state of F confirm the
presence of two quadrupole &equencies in Ge and indi-
cate only a single frequency in GaAs. The axial symme-
try of the interactions points to possible residence sites
for F along (111)bonding and antibonding directions.

In the case of GaAs, DFT calculations at an intrabond
site give vg ——28.0 MHz and g=0, in good agreement with
the measured efg corresponding to an axially symmetric
interaction with quadrupole frequency van=27. 7(5) MHz.
From energy considerations the F atom is predicted to
be at distances of 1.37 and 1.41 A from the Ga and As
atoms, respectively.

For the Ge host poorer agreement with theory is ob-
tained. The DFT calculations, however, yield efg values
closer to experiment than the HF results. Based on the
strong similarity with F sites in Si, and on the systematic
trend of both DFT and HF predictions, it is suggested
that the frequencies vgq ——27.5(3) MHz and F2——33.0(4)
MHz correspond to F at an antibonding site 1.88 A from a
Ge atom and to a bond-centered site, respectively. More
calculations with higher level basis sets are required, how-
ever, before a definite assignment can be made. With the
rapid expansion in computing power and the ability to
achieve complete hybridization of all electronic orbitals,
the feasibility of realistic efg calculations in many elec-
tron system looks highly promising.

ACKNOWLEDGMENTS

Useful discussions with Dr. J. W. Bichard are greatly
appreciated. To P. Rietveld we express our thanks for
performing the sample evaporations. We are also ex-
tremely grateful for the support and assistance of Van
de Graaff head Dr. A. Crametz and accelerator opera-
tors P. Falque, 3. Leonard, and W. Schubert. One of us

(P.W.M.) is indebted to IRMM for support throughout
an enjoyable sabbatical visit. Another (D.S.) is grate-
ful for support provided by the Government of Indonesia
and for the hospitality of IRMM.

Permanent address: Department of Physics, The University
of British Columbia, 6224 Agricultural Road, Vancouver,
British Columbia, Canada V6T 1Z1.
Proceedings of Symposium F of the European Materials Re-
search Society, Nuclear Methods in Semiconductor Physics,
Strasbourg [Nucl. Instrum. Methods Phys. Res. Sect. B B3,
1 (1992)].
Y. Byoung-gon, N. Konuma, and E. Arai, J. Appl. Phys.
'70, 2408 (1991).
Y. Nishioka, K. Ohyu, Y. Ohji, N. Natsuaki, K. Mukai, and
T. P. Ma, IREE Electron Device Lett. EDL-10, 141 (1S8S).
P. J. Wright and K. C. Saraswat, IEEE Trans. Electron

Devices ED-36, 879 (1989).
Y. Nishioka, K. Ohyu, Y. Ohji, N. Natsuaki, and T. P. Ma,
J. Appl. Phys. BB, 3909 (1989).
P. J. Wright, N. Kasai, S. Inoue, and K. C. Saraswat, IEEE
Electron Device Lett. EDL-10, 347 (1989).
Y. Nishioka, K. Ohyu, Y. Ohji. , M. Kato, E. F. da Silva, Jr. ,
and T.P. Ma, IEEE Trans. Nucl. Sci. NS-36, 2116 (1989).
K. P. MacWilliams, L. F. Halle, and T. C. Zietlow, IEEE
Electron Device Lett. EDL-ll, 3 (1990).
K. Ohyu, T. Itoga, Y. Nishioka, and N. Natsuaki, Jpn. J.
Appl. Phys. 28, 1041 (1989).
B. Yu, N. Konuma, and E. Arai, J. Appl. Phys. 7'0, 2408



52 QUADRUPOLE INTERACTIONS OF 19F IMPLANTED IN. . . 14 651

(1991).
K. Bonde Nielsen, T. Lauritsen, G. Weyer, H. K. Schou, and
P. T. Nielsen, in Proceedings of the 6th International Con-
ference on Hyperfine Interactions, Groningen, 1983 [Hyper-
fine Interact. 15/16, 491 (1983)].
P. W. Martin, D. Surono, F -J. Hambsch, H. Postma, and
P. Rietveld, Hyperfine Interact. 77, 315 (1993).
T. Butz, Hyperfine Interact. 52, 189 (1989).
P. W. Martin, J. W. Bichard, and C. Budtz-J)rgensen, J.
Chem. Phys. 98, 6092 (1990).
S. Connell, K. Bharuth-Ram, H. Appel, J. P. F. Sellschop,
and M. Stemmet, Hyperfine Interact. 86, 185 (1987).
M. J. Frisch, G. W. Trucks, M. Head-Gordon, P. M. W.
Gill, M. W. Wong, J. B. Foresman, B. G. Johnson, H. B.
Schlegel, M. A. Robb, E. S. Replogle, R. Gomperts, J. L.
Andres, K. Raghavachari, J. S. Binkley, C. Gonzales, R. L.
Martin, D. J. Fox, D. J. Defrees, J. Baker, J. J. P. Stewart,
and J. A. Pople, t aussian 92, Revision C (Gaussian Inc. ,
Pittsburgh, PA, 1992).
J. Sauer, Chem. Rev. 89, 199 (1989).
A. D. Becke, J. Chem. Phys. 98, 5648 (1993).

C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785
(1988).
K. C. Mishra, K. J. DufF, and T. P. Das, Phys. Rev. B 25,
3389 (1982).
D. Surono, F-J. Hambsch, and P. W. Martin, Hyperfine
Interact. 9B, 23 (1995).
S. B. Sulaiman, N. Sahoo, K. C. Mishra, T. P. Das, and
K. Bonde Nielsen, in Proceedings of the VIII International
Conference on Hyperfine Interactions, Prague, 1989, edited
by M. Finger, B.Sediak, and K. Zaweta [Hyperfine Interact.
60, 861 (1990)].
N. Sahoo, S. B. Sulairnan, K. C. Mishra, and T. P. Das,
Phys. Rev. B 39, 13389 (1989).
W. S. Verwoerd, Nucl. Instrum. Methods B $5, 509 (1988).
V. A. Singh, C. Weigel, J. W. Corbett, and L. M. Roth,
Phys. Status Solidi 81, 637 (1977).
S. T. Picraux and F.L. Vook, Phys. Rev. B 18, 2066 (1978).
G. D. Watkins, Phys. Rev. B 12, 5824 (1975).
W. Kreische, H. -U. Maar, H. Niedric, K. Reuter, and K.
Roth, Hyperfine Interact. 4, 732 (1978).


