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Time-differential perturbed angular distribution measurements on the 197-keV isomeric state in
19F 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 vg1=27.5 (3) MHz and vg2=33.0 (4) MHz, while
in GaAs only a single interaction was observed, with v¢=27.7 (5) MHz. In all cases the asymmetry
parameter 7 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 vg; and vg. are tentatively
ascribed to antibonding and bond-centered sites, respectively. In the antibonding configuration the
fluorine 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 vq 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-differential per-
turbed angular correlations or distributions (TDPAD) of
~ 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.? 1% 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 1°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 pug/cm? layer of
CaF;. 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

0163-1829/95/52(20)/14646(6)/$06.00 52

the isomeric state (J"=5/2%, T;,,=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 ~ 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 v rays to give the experimental ratio

_ W(0°,t) — W(90°,¢)
E(t) = 0.5W(0°,t) + W (90°,t)’

where W (6,t) are the counts at angle 0 following back-
ground subtraction and normalization using the yield of
the isotropic y-ray line at 110 keV from '°F.

III. ANALYSIS

The R(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 3.
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;1 is sufficient to determine the
quadrupole frequency vg=eQV,,/h and asymmetry pa-
rameter n=(V,; — V,y)/V,. for each interaction.'® For
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FIG. 1. (a) R(t) data for '°F implantation in Ge. The
solid lines are fits to the data using the two interactions vq:
and vg2. (b) The Fourier power transform of the R(t) data
for '°F implantation in Ge.

the Ge data fits to R(t) were generated using as initial
estimates the values of wo=37vg/10 and 7 derived from
the Fourier spectra, with perturbation factor!41%

GMN. N; N
k11k22 Z Sklllc,; exp[— 2 (QPWOU)Z]
p=0
X exp[—%(gpwoét)z] cos(gpwot), 1)

where o0 and & are Gaussian widths accounting for
the finite resolving time and spread in the efg inter-
action, respectively, and the intraband frequencies are
wp(n)=gp(n)wo. For the case of GaAs, where v;; was
heavily suppressed [see Fig. 3(b)], the value of 1 was de-
termined solely from the fit. In this instance, in order to
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FIG. 2. The R(t) spectrum for '°F implantation in GaAs.
The solid line is a fit to the data.
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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.

ensure that a global minimum would be found for x?
the parameter space, a Monte Carlo procedure was em-
ployed in the fitting routine to generate random starting
values for 7. The fits are shown as solid lines on the R(t)
spectra.

For comparison with theoretical calculations of the efg,
the quantities of interest derived from the fits were |V,.|,
the principal component of the efg, and the asymmetry
parameter, 7.

IV. THE EFG CALCULATIONS

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
formalisms were employed to calculate V,, and 7 for the
19F probe in specific configurations, with dangling bonds
terminated by H atoms.!” The atomic basis sets used
were STO-3G*, 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 =0, as indicated by
the experimental results (see Table I).
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TABLE I. Results of the fit to R(t) for '°F implantation in Ge.
Fraction (%) Frequency (MHz) n 5§ (%)
58(3) vo1 = 27.5(3) 0.09(8) 6(1)
42(2) Va2 = 33.0(4) 0.00(8) 0(1)

V. RESULTS AND DISCUSSION

A. Implantation of °F in Ge

Table I summarizes the results of the fit to R(t) for
9F implantation in Ge. Two static quadrupole interac-
tions with 7 equal to or close to zero were observed with
frequencies vg1=27.5(3) MHz and vg2=33.0(4) MHz, in
good agreement with the values of 27.3(4) and 33.4(4)
MHz reported by Bonde Nielsen et al.'' However, for the
case of the 33-MHz interaction these authors refer the
symmetry to a major principal axis with high index, or
associate it possibly with a polycrystalline region of low
symmetry. Taking @=0.072(4) b as the quadrupole mo-
ment for the 197-keV level of 1°F,2° frequencies vg; and
vz correspond to field gradients |V,,| = 1.58(9) x 1022
V/m? and 1.90(11)x10%2 V/m?, respectively. The con-
tributions from each interaction are shown in Fig. 1(a).

Following the good agreement obtained with experi-
ment for recent cluster model calculations at °F in sili-
con, and based on the strong similarity of the data from
Si and Ge structures,'1:21:22 the efg calculations were per-
formed for F situated at sites along (111) directions in
the Ge lattice. Figures 4 and 5 illustrate the cluster con-
figurations for 1°F at a bond-centered (BC) and an an-
tibonding (AB) site, respectively, while Fig. 6 shows a
schematic representation of the sites in the {110} plane of
the diamond lattice structure. All the calculations were
made for clusters with neutral charge. The results of the
calculations for both BC and AB sites are shown in Ta-
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FIG. 4. The bond-centered cluster of FGegH;s. The '°F
atom is situated at the bond-centered site of Ge*-Ge* atoms
in the (111) direction. Only heavy atoms are shown in the
figure.

ble II, together with the charge gr on the fluorine atom
obtained from the Mulliken charge distribution.

Dangling bonds on the peripheral Ge atoms of Fig. 4
were completed with H atoms, resulting in a 27-atom
cluster, FGegH;g3. With F centrally located between two
Ge atoms, the bond length d was allowed to vary until
the total energy was minimized, resulting in an expansion
from the lattice value of 2.4465-3.4305 A.

In the antibonding case the cluster considered was
FGeioHis, with the fluorine atom situated along the
(111) antibonding direction at a distance A from a germa-
nium atom. The length A was treated as a free parameter
in the energy minimization, resulting in a best fit value
for A of 1.8796 A.

As can be seen from Table II, both HF and DFT
formalisms generate |V,,| values that are systemati-
cally higher than those obtained from experiment. It
may be unrealistic to expect closer agreement with
the measured values since only the minimal basis set
STO-3G is available for fourth period elements in G-92.
While the DFT values of |[VAB|=1.996x10%?2 V/m? and
|VEC|=2.638x10%2 V/m? are closer to the experimental
results, both formalisms show a systematic trend, pre-
dicting |V,.| to be lower at the antibonding site. Re-
ferring to the DFT predictions, the calculations indicate
that the efg at the antibonding site is of the order of 20%
lower than that at the bond-center position, reflecting the
same trend in the experimental data. Given the compa-
rable difference in the measured values for vg; and vga2,
and following the results of similar calculations for 1°F in
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FIG. 5. The antibonding cluster of FGe;oH;s. The °F
atom is situated along the (111) antibonding direction at a
distance A=1.8796 A from a Ge atom. Only heavy atoms are
shown in the figure.
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Results of unrestricted Hartree-Fock (UHF), restricted Hartree-Fock (RHF), and

density functional theory (DFT) calculations using STO-3G* basis functions at bond-centered
(Fig. 4) and antibonding (Fig. 5) sites in Ge. For all cases n=0. The charge gr on the fluorine
atom obtained from the Mulliken process is given in units of e.

Site Cluster Method qF V.. (10*2 V/m?)
Bond-centered FGegHis UHF -0.114 — 2.832
DFT + 0.019 - 2.638
Antibonding FGei10Hi1s RHF - 0.204 - 2.650
DFT + 0.010 - 1.996
UHF - 0.204 - 2.727
This experiment : vq1 = 27.5(3) MHz; |V2z| = 1.58(9)

vg2 = 33.0(4) MHz;

|V..| = 1.90(11)

silicon with higher level basis sets,?! it is therefore tempt-
ing to ascribe the 33.0-MHz and 27.5-MHz interactions
to the bond-centered and antibonding sites, respectively.
However, it is clear that more refined calculations are
needed before such a conclusion can be definite.

In a comprehensive treatment of HF theory, Sahoo et
al.?® have considered such (111) sites in Ge for muo-
nium at vacancy-associated and bond-centered locations.
Similar impurity sites for fluorine have been postulated
in silicon,??2724 as well as for other impurities such as
hydrogen,?® deuterium,?® and boron.?”

B. Implantation of °F in GaAs

Figure 2, which shows the R(t) spectrum obtained for
9F implantation in GaAs, indicates a small quadrupole
signal superimposed upon an exponential background,
the latter possibly a result of randomly fluctuating time-
dependent interactions.!® The single quadrupole interac-
tion, evident in the Fourier power transform of Fig. 3(b),
is better featured in Fig. 3(a), where the exponential sig-
nal has been subtracted. The quadrupole interaction fre-

antibond

direction\

FIG. 6. Schematic representation of the sites in the {110}
plane of the diamond lattice structure. Letters AB, BC, and
IB indicate the antibonding, bond-centered, and intrabond
sites, respectively.

quency was found to be axially symmetric (n=0) with
vo=27.7(5) MHz, corresponding to |V,,|=1.59(9)x 102
V/m?.

Since !°F situated at antibonding sites with respect to
Ga or As atoms would be expected to produce two dis-
tinct quadrupole interactions, we consider only the in-
trabond site (IB) shown in the FGasAs;H.g cluster of
Fig. 7, where dangling bonds have been saturated with
H atoms. In this case the lowest energy of the system was
obtained when the Ga-As bond length was increased from
its lattice value of 2.4465 A to 2.7713 A, with the fluorine
slightly displaced towards the Ga atom (z=1.3656 A in
Fig. 7).

The results of the calculations and corresponding Mul-
liken charge gr are shown in Table III. They indicate
a marked difference in the predictions of the HF and
DFT methods, with the latter showing closer agreement
with experiment. The DFT calculation, yielding V,, =

P
/;
.,
’,

<11
direction

FIG. 7.
The '°F atom is slightly displaced towards the Ga atom. The
distances of Ga*-F and F-As* are 1.3656 and 1.4057 A, re-
spectively.

The intrabond site in the cluster FGasAssH;s.
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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 FGasAssH;g (Fig. 7 with d=2.771 A and 2=1.366 A).
The charge gr on the fluorine atom obtained from the Mul-
liken process is given in units of e.

Method qr V.. (1072 V/m?) n

ROHF - 0.236 — 4.449 0

DFT - 0.019 - 1.612 0
This experiment: |Vaz| = 1.59(9) 0.00(7)

vg = 27.7(5) MHz

—1.61x10%2 V/m?, or vg=28.0 MHz, and n=0, compares
favorably with the measured values of vg=27.7(5) MHz
and 7=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
10712 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 °F(p,p’)1°F* 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 =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
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produced by the incident proton beam or from elastic
recoils of °F nuclei.

VI. CONCLUSIONS

TDPAD measurements of quadrupole interactions in-
volving the 197-keV isomeric state of 1°F confirm the
presence of two quadrupole frequencies 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 ¥=28.0 MHz and =0, in good agreement with
the measured efg corresponding to an axially symmetric
interaction with quadrupole frequency vg=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 vg;=27.5(3) MHz and vg2=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.
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