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Based on a detailed analysis of polarized Raman and luminescence measurements of a “mosaic”
diamond film, symmetry properties of a ubiquitous point defect observed in diamond films are
determined. Specifically, the defect, which gives rise to emission at 738 nm, is determined
unequivocally to be a {110)-oriented defect with the transition dipole moment of the center oriented
along the {110) symmetry axis. These results represent the first analysis of the symmetry properties
of this point defect and aid in the development of structural model of the center. © 7995 American

Institute of Physics.

I. INTRODUCTION

Semiconductor materials with band gaps ranging from
the visible to the ultraviolet, historically referred to as wide
band-gap semiconductors, have been extensively studied for
potential applications in high-temperature electronics as well
as for UV-visible emissive devices. Recent advances in the
chemical vapor deposition (CVD) growth of diamond films
at reduced temperatures and pressures have expanded the
potential of diamond for use in optical and high-temperature
electronic applications. An understanding of the optical and
electronic properties of defects in diamond films is critical
for the accurate evaluation of potential applications of CVD
diamond-based devices because of the significant effects of
small point defect concentrations on the optical and elec-
tronic properties of these films. Many of the prominent de-
fects observed in bulk diamond have been observed in as
growth and ion-implanted diamond films. In this work, the
symmetry properties of a ubiquitous infrared center in dia-
mond films with a characteristic emission peak in the range
from 1.67 to 1.684 eV (~738 nm) are discussed.

Strong narrow-line luminescence at 738 nm has been
observed from diamond films grown by a variety of tech-
niques including microwave-assisted CVD,'5 filament-
assisted CVD,®? plasma torch CVD,’ and close-cycle ther-
mal CVD.!® The physical nature of this particular center is
currently controversial. There are three known optically ac-
tive point defects previously observed in bulk diamond with
zero phonon lines which have energies in the range from
1.67 to 1.68 eV: a tetragonal defect with a zero phonon line
at 1.684 eV (736 nm),"! the neutral vacancy center (GR1) at
1.673 (741 nm),"' "' and a silicon-related defect at 1.681 eV
(737.5 nm).>'° Consequently, it is important to briefly review
previous spectroscopic studies of point-defect centers in bulk
diamond with emission features in this region, as well as
properties of the unknown center found in diamond films.

Previous work!! established that the tetragonal defect is
not seen in cathodoluminescence, anneals out at tempera-
tures above 700 K, and is not observed in luminescence at

temperatures below 80 K. Cathodoluminescence (CL) attrib- -
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utable to the 738 nm defect in diamond films, on the other
hand, has routinely been observed. 24315 Also, temperature-~
dependent luminescence measurements show luminescence
from the 738 nm center increasing in intensity as the tem-
perature is decreased from 77 to 6 K. Finally, annealing ex-
periments have shown that the 738 nm center is thermally
stable up to annealing temperatures of 1700 K.* Based on
these results, the 738 nm center is apparently not the tetrag-
onal defect observed in bulk diamond.

Several groups“’8 have postulated that the 738 nm emis-
sion originates from the strain-shifted neutral vacancy (GR1)
located at 741 nm in bulk diamond. One claim against the
738 nm line being due to the GR1 center is that the annealing
behavior of the 738 nm line is very different from that ob-
served for the GR1 center. According to Davies,'? the neutral
vacancy anneals out at 900 X in type Ia diamond, and at
1200 K in type II diamond. In 1980, Vavilov et al.'® pub-
lished results of annealing studies of homoepitaxial diamond
filmis which showed that the 738 nm emission was stable up
to annealing temperatures of 1700 K. Similarly, Ruan ez al.*
reported that the 738 nm emission is stable up to an anneal-
ing temperature of 1650 K in microwave plasma-assisted
CVD films. The annealing behavior of nitrogen-related de-
fects in diamond films is, however, different from the anneal-
ing behavior of the defects in bulk diamond. For example,
the 441 and 389 nm features both anneal out at temperatures
below 1700 X in ion-implanted bulk diamond, yet are stable
at 1700 K in diamond films.'® Because of the anomaly, as-
signment of the 738 nm center to the GR1 center may not be
ruled out based solely on the annealing behavior of the cen-
ter.

Doping studies have also been done to elucidate the ori-
gin of the 738 nm emission. Yokota et al.’ studied the effects
of nitrogen on the CL spectrum of microwave plasma CVD
diamond films grown on silicon substrates using 15% carbon
monoxide in hydrogen as the source gas, with nitrogen intro-
duced separately for doping. Luminescence at 738 nm was
found to increase with moderate amounts of nitrogen and
then decrease for higher concentrations of nitrogen. No lu-
minescence was observed at 738 nm in the absence of nitro-
gen. While these results seemed to indicate that nitrogen may
be involved in the center, Yokota nevertheless attributed the
738 nm line to a neutral vacancy center.
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On the other hand, in their interpretation of results of a
silicon ion implantation study, Vavilov er al.' attributed the
origin of the 738 nm luminescence to a defect containing two
interstitial silicon atoms. Ruan er al.* presented CL spectra
from films grown under similar conditions on different sub-
strates and found that luminescence from the 738 nm line
was much stronger in films grown on silicon than on other
substrates. In view of this, the 738 nm luminescence was
attributed by Ruan to a silicon-related defect.

Finally, in a separate experiment, Collins ez al.? im-
planted silicon into both natural and synthetic diamond
samples. All samples showed evidence of the GR1 center at
741 nm because of damage caused by ion implantation, but
in addition revealed a separate point defect at 738 nm, which
was postulated to be silicon related. Observation of lumines-
cence from both the GR1 and the 738 nm center in the same
sample weakened the earlier argument that the 738 nm lumi-
nescence was caused by a strain-shifted GR1 center. More-
over, the strength of the line was strongest in a sample which
contained significant amounts of isolated nitrogen atoms and
was too weak to be observed in a sample with negligible
nitrogen content. Based on these results, Collins attributed
the 1.681 eV line to a center involving both silicon and ni-
trogen. .

Three distinct models of the point defect responsible for
the 738 nm luminescence feature therefore remain, the neu-
tral vacancy, a center involving silicon alone (singly or as a
di-silicon center), and a center involving silicon and nitro-
gen. In view of the divergent interpretations "of available
data, additional information about the physical and electronic
structure of the center is clearly needed to develop a defini-
tive structural model of this center.

Polarized luminescence has been used with great success
in the past to establish site symmetries of prominent point
defects. In diamond itself, for example, polarized lumines-
cence measurements have previously been made on a num-
ber of defect centers, including the GR1 center a 1.673 eV,
the N-V center at 1.94 eV, the H3 center at 2.46 eV, and the
H4 center at 2.498 eV.!%"!® In the present work, polarized
luminescence measurements were performed on a “mosaic”
(quasi-single-crystal) diamond film which exhibited strong
738 nm luminescence in order to compare its emission with
predictions based on various point group symmetries. Polar-
ized Raman measurements of the mosaic diamond sample
were used to establish the orientation of the film and to es-
timate the degree of orientational disorder of individual
grains of the film. These results provide the first site symme-
try analysis of this important point defect in CVD diamond
films.

In Sec. II, a theoretical deviation of polarized Raman
and luminescence results presented in this work is given.
Experimental details are given in Sec. III. Finally, results are
presented and discussed in Sec. IV.

il. THEORY
A. Polarized Raman
In the following discussion, an analysis of nonresonant

polarized Raman scattering, where both incident and scat-
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tered photon energies are assumed to be far from any elec-
tronic resonance, is presented. Since Raman scattering is a
second order process, the intensity of the Raman scattering is
related to the second order polarizability tensor y and the
polarizations of the incident and scattered polarization vec-
tors, €; and e;,by the expressionw

Lears [ (oo xd-epan,. 0
J

The constant prefactor A includes the dependence of the
Raman scattering efficiency on the incident optical frequency
w; and the cube of the scattered optical frequency w,. [;
refers to the intensity of the incident light, polarized in the
¢; direction. The polarization dependence of the Raman in-
tensity is then determined by the square of the contraction of
the incident and scattered polarization vectors with the
second-order polarizability tensor, summed over possible Ra-
man modes (labelled with index j), and integrated over the
detection solid angle.

The symmetry properties of y are determined by the spa-
tial symmetry of the sample being probed, formally specified
by its symmetry group. In diamond, with two carbon atoms
per unit cell and. O, symmetry, the three optic modes are
Raman active and form a triply degenerate vibrational mode
with F,, symmetry at the center of the Brillouin zone. This
mode has a room-temperature shift of 1332.5+0.5 cm™" and
a measured linewidth of 1.76:£0.2 cm™'.%® Individual polar-
izability tensors for the triply degenerate F,, mode are?!

[0 0 0]
x'=l0 0 4|,
L0 4 0]
] ‘ @)
00 d 0 d 0
¥*=|0 0 0|, y3=|d 0 0
Ld | 0 0 0

In the following derivation, integration over the detec-
tion solid angle was ignored and the Raman intensity was
calculated from Eq. (1) using the polarizability tensors given
in Eq. (2). For a backscattering geometry, with incident and
scattered propagation vectors along the z direction, ¢; and
e, must lie in the xy plane, and only x° gives a nonzero
contribution to the Raman intensity. For the specific case
where the polarizations of incident and scattered light re-
mained fixed while the sample is rotated about the 7 axis, it is
convenient to transform the crystallographic axes into the
laboratory reference frame by the appropriate coordinate
transformation: x’ =RxR ™!, where R and R~ ! are standard
rotation matrices given by

cos @ sinéd O
R=| —sin@ cosd O
0 0 1

and
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cos § —sinf O
R !=|sin@ «cos6d O], 3)
0 0 1

The polarizability tensor in the laboratory reference
frame may then be expressed as

sin 2(0+8,) —cos2(8+86,) O
(x°)' =d| cos 2(6+6y) —sin2(8+6y) 0|, (4)
0 0 0

where @ is the rotation of the crystal in the xy plane and 8, is
the initial rotation between the laboratory and the crystallo-
graphic axes. The signal intensity [ is therefore proportional
to sin’[2(8 + 6)] for co-polarized incident and scattered
light and varies as cos2(# + 6,)] for the cross-polarized
case.

B. Polarized luminescence

The polarization dependence of the optical absorption
and emission of point defects is determined by the point
group of the center, which is a subgroup of the host crystal
symmetry group. Subgroups of the point group 7', associated
with points of the diamond lattice have previously been com-
piled by many authors.!*?!~2* These symmetry groups can be
classified according to crystallographic groups and diamond
point defects with five different symmetries can exist: tetrag-
onal, trigonal, rhombic, monoclinic, and triclinic. Since the
symmetry group of the center is a subgroup of the crystal,
the symmetry axes of the center correspond to definite crys-
tallographic directions. In particular, symmetry planes of the
center coincide with those of the crystal, and symmetry axes
of complex centers are directed along crystal axes of the
same of higher order. Because of the existence of a definite
orientation of the center with respect to the crystallographic
axes, point defects may be conveniently grouped according
to whether their highest symmetry axis lies along (111),
{110), or (100} directions.**

The symmetry properties of the defect determine the
nonzero transition matrix elements giving rise to optical se-
lection rules which, in turn, lead to polarization effects both
in absorption and in luminescence. To calculate the polariza-
tion properties of the luminescence from a point defect,
therefore, it is necessary to multiply the absorption probabil-
ity times the emission probability for each individual center
and then sum over equivalent sites in the lattice.

To proceed with such calculations for centers of various
possible structures, it is important to recognize that the ori-
entation of their transition moments may either lie along the
highest symmetry axis or perpendicular to it. These two pos-
sibilities are typically referred to as Z dipoles and XY dipoles
corresponding to s-p, and s-p, ,p, electronic transitions, re-
spectively, and must be considered separately in comparisons
of the polarized luminescence intensities with calculations
based on particular structural models. Once the orientation of
the transition moment for the point group of a model of
interest has been specified, its polarization pattern can be
predicted following earlier work, =822 a5 outlined below.
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It is convenient to use direction cosines in the evaluation
of the polarization properties of point defects, oriented along
[N u 7). If the direction cosines of the incident electric field
vector with respect to the symmetry axis of the point defect
are (I m n) and the direction cosines of the scattered radiation
with respect to the same symmetry axis are (I’ m' n'), the
detected intensity of the luminescence may be written'*’

I=IOE (l)\l+m,u,+nV,)z(l'A,-l-m',u,-l-n'Vl)z. (5)

Iy is a constant which depends on the intensity of the
incident light, as well as properties of the individual point
defect such as the absorption cross section and luminescence
efficiency. The first term in parentheses is proportional to the
absorption probability while the second term is proportional
to the emission probability. The sum is over equxvalent sites
in the crystal, labelled by the index i.

The luminescence intensity must be calculated for {100},
(110), and (111)-oriented point defects. There are three
equivalent sites for (100)-oriented point defects, (100},
(010}, and {001). For (110)-oriented point defects there are
six equivalent sites, namely, (110, (101), (011), (1-10), and
{01-1). Finally, for (111)-oriented point defects, there are
four equivalent sites, namely (111), (-1-11), (1-1-1), and
(-11-1).

In the following derivation, the polarization-dependent
Iuminescence intensity is calculated for two specific situa-
tions, the case in which the incident polarization is rotated
while the sample and the scattered polarization remain fixed
and the case in which the incident and scattered polarizations
remain fixed while the sample is rotated. When the incident
polarization is rotated, the intensity dependence of the signal
is calculated for a sample orientated such that the detected
polarization is fixed along a (100} crystallographic direction,
as well as along a (110) direction. Similarly, when the
sample is rotated, the intensity dependence is calculated for
both co-polarized and cross-polarized incident and scattered
radiation.

Before proceeding with this calculation, we note that a
simpler expression than that given by Eq. (5) was derived by
Elliott ez al.?> For Z dipoles this simplified relation for the
polarized emission intensity is given by the expression

2
1=10[2 22+ Z A2 1+2(2 zl,)
—52 2112 ] (6)

with a similar expression for XY dipoles

I= 10l1+2 1%+ 2 Au? [1+2(2 ”2)2

-5 21
i

In these equations, a shorthand notation was used for the
summations over various orientations. The explicit meaning
of the notation is

] . (7N
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TABLE L. Dependence of the polarized luminescence intensity as a function
of the angle B between the incident field and the crystallographic x axis.
Functional dependences of both Z- and XY-oriented dipoles are expressed
for point defects along {111, (110), and (100) crystallographic directions.
Specific cases are considered in which the analyzer is oriented along a
crystallographic (100) direction (column ) and along a crystallographic
{110) direction (column III).

Defect Luminescence intensity Luminescence intensity
orientation (100) orientation (110) orientation
(111)
z constant 1+2sin Bcos B
Xy constant 2+sin Bcos B
(110)
z 1+cos? B 3+4sin Bcos B
Xy 5+cos® 8 11+4sin Bcos B
{100y '
z cos? B constant
Xy 1+cos? B constant
> Lii={l'+mm'+nn")
i
and
2. .2 __ryv2..2 2.2.4..2,.2
Zhi,ui—()\,u,+)\v+v,u), . (®)
i

where, again, (Imn) and (I' m’' n’) are direction cosines of
the incident and scaitered light, and [\ w 7] refers to one of
the equivalent point defect orientations in the crystal.
Expressions (6) and (7) are now applied to the specific
cases discussed previously. Useful expressions for the polar-
ized luminescence intensity were obtained for the experi-
mental situation in which the incident polarization was ro-
tated, while the sample as well as the orientation of the
detected polarization remained fixed. These expressions for
defects with symmetry axes aligned along {111}, (110}, and
{100) crystallographic axes are compiled in Table.I for the
scattered polarization aligned parallel to both {100} and (110)
crystallographic directions. Note the isotropic dependence of
the luminescence intensity on the rotation of the incident
polarization for a point defect with a symmetry axis along a
{111) direction for the case where the detected polarization is

%100>
(@)

<100>

<111>

(b)

FIG. 1. Polar plots of theoretical calculations of the cross-polarized lumi-
nescence intensity as a function of sample rotation for (a) Z and (b) XY
dipoles (see Table 2). The intensity dependences of point defects with sym-
metry axes oriented along (111), (110), and (100} directions are shown.

aligned parallel to a crystallographic (100) direction. Simi-
larly, a point defect with a symmetry axis along a (100)
direction shows an isotropic dependence when the detected
polarization is fixed along a crystallographic {110} direction.

Expressions resulting from an evaluation of Eq. (6) for
the case in which the incident and scattered polarizations
remain fixed while the sample is rotated are listed in Table 2.
Polar plots ot the dependence of the cross-polarized lumines-
cence intensity on sample orientation listed in Table 2 appear
in Fig. 1. Differences due to distinct assumed orientations of
the transition moments (Z or XY dipoles) are evident in the
figures.

. EXPERIMENT

Measurements were made on a “mosaic” diamond film
obtained from Kobe Steel USA Inc; details of the highly
oriented nature of the diamond film have been previously
described.” A scanning electron microscope (SEM) image of

TABLE II. Dependence of the polarized luminescence intensity as a function of sample rotation 6, for co- and
cross-polarized light. Z- and XY-oriented dipoles are considered for point defects with symmetry axes along
{111}, (110), and {100) crystallographic directions. The detected polarization is aligned parallel to the (100)

crystallographic direction for =0°.

Defect Co-polarized Cross-polarized
orientation intensity intensity
{111) ,
Z 1 — ${cos* §+sin® 6) 1—4 sin* @ cos® 9
Xy 2~ Hcos* §+sin’ 6) 1—sin? fcos® 9
(110) .
VA . 3—(cos* +sin’ 6) 1-2 sin? §cos® 8
XY 7—(cos* 8+sin* &) 5—2sin? fcos? §
{100)
VA (cos* +sin* ) 2 sin® §cos® ¢
Xy 1+ (cos* 9+sin* 6) 1+2sin? Bcos? 9
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FIG. 2. SEM image of the “mosaic” diamond film.

the film surface, shown in Fig. 2, illustrates the oriented na-
ture of the individual diamond crystallites comprising the
polycrystalline film.

Polarized Raman measurements, made in a standard
backscattering geometry, established the absolute orientation
of the mosaic film and enabled an estimate of the degree of
rotational misorientation of individual crystallites in the film
to be made. In these experiments, 100 mW of 488 nm radia-
tion from an argon ion laser was focused onto the sample
with a 150 mm focal length lens. A small pick-off mirror in
front of the collection lens steered the light onto the sample.
Care was taken to ensure that the incident light was perpen-
dicular to the plane of the sample and that only light scat-
tered into a solid angle of 0.04 pi steradians about the back-
scattering direction reached the spectrometer. Polarizers
fixed the incident and detected polarizations while samples
were mounted on a calibrated rotation stage for rotation in
the plane perpendicular to the wave vector of the incident
light. A Spex TripleMate™ triple grating spectrometer dis-
persed the scattered radiation while an intensified diode array
coupled with a signal digitizer allowed for rapid signal aver-
aging; 500 scans were averaged for each data point.

Polarized luminescence measurements on the mosaic
diamond film were performed with the experimental setup
just described for polarized Raman measurements. In these
experiments, 20 mW of 488 nm radiation from an argon ion
laser was used to excite the sample and 30 scans were aver-
aged for each data point. A series of polarized luminescence
measurements were made where the incident polarization
was rotated while the detected polarization remained fixed
along sample {100) and (110} directions, respectively. In a
second series of experiments, the incident and detected po-
larizations remained fixed, while the sample was rotated. All
measurements were repeated a minimum of three times.

IV. RESULTS AND DISCUSSION

A polar plot of the cross-polarization Raman intensity as
a function of sample rotation is shown in Fig. 3. In this
figure, 6=0 corresponds to the incident electric field aligned
along a silicon (110) direction. As theoretically described, for
an experimental backscattering geometry where the polariza-

J. Appl. Phys., Vol. 78, No. 6, 15 September 1995

FIG. 3. Polar plot of the intensity dependence of the cross-polarized Raman

from the “mosaic” diamond film as a function of the sample rotation
6. Solid circles represent the integrated intensity of the Raman signal
whereas open circles are a guide to the eye, obtained by rotating the data

through pi. The solid line is fit to the data using Eq. (4), with 6,=47°.

B

tions of the incident and detected light are orthogonal to one
another and the sample is rotated in the plane of polarization
(the laboratory xy plane), the Raman intensity is proportional
to cos?[2(8+ )], where 4 is the experimentally measured
angle of rotation of the sample and 6, corresponds to the
rotation of the sample {100 axis with respect to the labora-
tory x axis for #=0°. A fit of the polarized Raman data
shown in Fig. 3 to this expression gave an initial rotation 6,
of 47° and established that the (100} plane of the mosaic
diamond film was registered with the (100) plane of the sili-
con substrate, with the substrate cleaved along (110) axes.
The fit to the data is shown as a solid line in the figure.

While there is almost a 10:1 ratio between the polarized
Raman intensities for sample orientations of 0° and 45°, the
nulls at 0° and 90° are incomplete, suggesting that the mo-
saic sample contains a small angular distribution of crystal-
lites. A depolarized background contribution to the polarized
Raman spectrum of 10% at the nulls is estimated to corre-
spond to a random misorientation of the crystallites of ap-
proximately £10° in the plane of the film. These results are
in good agreement with previous polarized Raman measure-
ments of similar highly oriented diamond films grown on
silicon.?5?” Based on the polarized Raman results, therefore,
the mosaic diamond is highly ordered. Consequently, the re-
sults of polarized luminescence measurements can be com-
pared directly with theoretical predictions to test proposed
physical models of the center responsible for the 738 nm -
luminescence observed from diamond films.

The photoluminescence spectrum of the mosaic diamond
sample is shown in Fig. 4. The spectrum was characterized
by a broad emission band extending from 500 to 700 nm, as
well as a sharp feature at 738 nm due to the defect center of
interest. Polar plots of the dependence of the intensity of the
738 nm emission on the incident polarization are shown in
Fig. 5. In Fig. 5(a), the dependence of the luminescence in-
tensity on the incident polarization is shown for emission
detected along a sample (100) direction. Similarly, Fig. 5(b)
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FIG. 4. Unpolarized photoluminescence spectrum of the “mogaic” diamond
film.

shows the polarized luminescence intensity recorded as a
function of the incident polarization for the detected polar-
ization fixed along a sample (110) direction. As shown in
Table I, (100)-oriented defects are not expected to show any
luminescence intensity dependence on the rotation of the in-
cident polarization for the detector polarizer aligned parallel
to a sample (110) direction. Similarly, luminescence from
(111)-oriented defects show an isotropic dependence on the
incident polarization for the detector polarizer fixed along a

o Oooom

(b)

FIG. 5. Integrated intensity of the 738 nm emission as a function of the
angle of rotation of the incident electric field. The analyzer remained fixed
along (a) a sample {100) orientation and (b) a sample {110} orientation.
Solid circles are experimental data while open circles represent the data
rotated through pi. Thirty scans were averaged for each data point.
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FIG. 6. Theoretical dependence of the polarized luminosity intensity as a
function of sample rotation for (a) the analyzer aligned parallel to a (100}
crystailographic orientation and (b) the analyzer aligned parallel to a (110)
orientation. Dependences of both Z and XY dipoles are shown.

crystallographic {100) direction. Since the 738 nm emission
showed a polarization dependence in both cases, the point
defect giving rise to the 738 nm emission must have a (110)
axis of symmetry.

A comparison of theoretical predictions for Z and XY
dipoles with experimental results provides additional infor-
mation about the symmetry of the center. Results of calcula-
tions based on the entries in Table I are plotted in Fig. 6 for
both Z and XY dipoles. A direct comparison of Figs. 5 and 6
establishes that the dipole moment of the 738 nm center is
aligned along the (110) symmetry axis (Z dipole).

Finally, a separate series of experiments was performed
to confirm these results in which the incident and detected
polarizations remained fixed while the sample was rotated in
the plane of polarization. As shown in Fig. 7, a fourfold
symmetric dependence on the sample rotation was observed,
in good agreement with theoretically predicted results for a
Z dipole oriented along a {110) symmetry axis, shown in
Fig. 1.

Concerning the physical model of the center, previous
polarized luminescence measurements established that the
neutral vacancy GR1 center maintains the tetragonal T site
symmetry of the lattice and tetragonal centers have symme-
try axes oriented along (100) crystallographic directions.'®
These results therefore eliminate the GR1 center as a candi-
date for the origin of the 738 nm luminescence.

As discussed by Kaplyanskii,?* point defects with type I
rhombic and type I monoclinic symmetry both have rota-
tional symmetry axes aligned along (110) directions: Rhom-
bic I systems with (110} rotational symmetry axes have C,

S. W. Brown and S. C. Rand
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FIG. 7. Integrated luminescence intensity of the 738 nm emission as a
function of the angle of rotation of the sample in the plane of polarization of
the light for co-polarized light. A rotation of #=0 corresponds to the electric
fields oriented along a sample (110} direction.

or o, ((110)) symmetry, with D, site symmetry and only Z
oscillators are dipole allowed. Monoclinic I systems with
(110} rotational symmetry axes have C, or 0,,({110)) sym-
metry. For these point defects, Z oscillators are allowed for
C, point group symmetry and XY oscillators for o, point
group symmetry.!'?* Based on the experimental results,
therefore, the defect giving rise to the 738 nm emission in
diamond films belongs to the point group C, or D,.

Two-atom point defects having (110) axes likely to be
encountered in CVD diamond include a di-interstitial silicon
pair, a di-interstitial silicon-nitrogen pair, and a substitutional
silicon-vacancy pair, with the silicon atom occupying the
next nearest-neighbor position. Point defects such as Si-V-Si
or more complex centers oriented along a crystallographic
(110) direction are also candidates for the impurity structure
of the 738 nm center. However, polarized luminescence mea-
surements are not by themselves adequate to distinguish be-
tween (110)-oriented defect centers with D, and C, site
symmetry. In this case, analysis of the 738 nm emission by
an electric field or uniaxial stress is required.!!"*4%8.2

In summary, a detailed analysis of polarized lumines-
cence measurements combined with polarized Raman mea-
surements of a “mosaic” diamond film determined the di-
pole orientation and symmetry of a point defect ubiquitous to
diamond films characterized by strong emission at 738 nm.
Specifically, the defect was established to be a {110)-oriented
defect with either C, or D, symmetry, with the optical tran-
sition moment aligned along the (110) axis. These results
represent the first site symmetry analysis of a point defect in
a diamond film and eliminate the neutral vacancy (GR1) as
the origin of the 738 nm emission.
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