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The cathodoluminescence spectra of natural diamond crystals containing nitrogen impurities introduced by
ion implantation were found to include specific lines associated with complexes containing nitrogen atoms.
An analysis of these cathodoluminescence spectra, including those obtained under uniaxial deformation

conditions, was carried cut using the concept of “compliance” of the luminescence centers. The results of this
analysis and the dependences of the line intensities on the implantation dose and annealing temperature were
used to identify or determine more accurately the microstructure of some of these complexes. It was found
that a strong disorder of the lattice created by ion implantation facilitated transformation of the nitrogen-

containing complexes during annealing,
PACS numbers: 78.60.Hk, 81.40.Tv, 61.70.Tm

1. INTRODUCTION

We used the cathodoluminescence method to {nvesti-
gate diamond layers contalning implanted nitrogen atoms.
Nitrogen is a special Impurity in diamond: the amount of
nitrogen is one of the main eriteria for the classification
of natural diamond crystals. The presence of nitrogenhas
a very strong influence on many physical (Including optic-
al) properties of diamond. The absorption and lumines-
cence spectra have revealed structures many of which are
associated with either nitrogen atoms or nitrogen —defect
complexes.! In spite of the relatively large amount of
work done on this tople, the nature of some of the optically
actlve centers in diamond and the mechanism of their for-
mation are still not clear. lon implantation provides an
oppertunity for clean and quantitatively controlled intro-
duction of impurities into solids. Implantation of nitrogen
lons in diameond gives rise to specific groups of lumines-
cence lines. An analysis of the luminescence spectra car-
ried out under various experimental conditions in the study
described below allowed us %o obtain new Information on
the nature of nitrogen-containing centers and on the be-
havior of nitrogen in diamond.

2. EXPERIMENTAL PROCEDURE

Our samples were platelets of type Ila diamonds
{these are known as "nitrogen-free® crystals because the
nitrogen concentration 1s below 10'% cm ™3, as deduced from
the infrared absorption and photoconduetivity spectra), as
well as type Ia diamonds (with nitrogen concentrations in
the range = 10!* cm™). Implantation of nitrogen ions of
energies up to 350 keV in doses necessary to produce the
required impurity distribution profile took place at room
temperature. The ion source was an accelerator made
by High Voltage Engineering Europa.

The fon-implanted layers were annealed in a graphite
contalner in 107 torr vacuum where temperatures from
500 to 1400°C (in steps of 100°C) were applied for 2 h. The
cathodoluminescence excited by beam electrons of ener-
gles 2-10 keV (the beam current was =5 jA) was investi-
gated at 80°K in the spectral range 300-900 nm. The pi-
ezospectroscopic measurements were carried out using
a special device which made {t possible to bond the sam-

ple and o create uniaxial compressive or tensile o
in a thin fon-implanted layer.?

3. RESULTS AND DISCUSSION

The cathodoluminescence spectra of the origial:
ples consisted of a wide A band whose position axdsi
were different for samples of different kinds (Fig. li,
This band was assoclated with nonradiation defects.i
locations or platelet defects containing nitrogen’ia
was used as 4 reference standard, exactly as in Rel;
i.e., the intensities of the lines and bands appearing:
result of implantation and annealing were measurein
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#v the intensity of the A band and this eliminated the
iz of changes in the nonequilibrium carrler life-
4]

Tie cathadoluminescence spectra of the samples con-
ing implanted nitrogen atoms Included not only rela-

#weak lines of intrinsic GR1 and TR12 defects,! but

sspecific groups of lines (usually consisting of a nar-
rero-phonon line and a more or less intense phonon
massociated with centers which we identifled in ac-
tince with the wavelength of the zero-phonon line. The
trs we agsociated with the 389 and 441.5 nm lines ap-
rdimmediately after implantation; then, after anneal-
it T> 500°C we observed the 575 nm center. Anneal-
#T> 1000°C destroyed the 389 and 441,5 nm centers
s¢llas the intrinsic GR1 and TR12 defects) and gave
+onew 415 and 503 nm centers. Finally,atT =~

I'C we observed 439 and 539 nm lines., Since all these
s appeared in the spectra of the nitrogen-free type
wvstals only after implantation of nitrogen (we in-
tiited the influence of implantation of 23 elements},
wneluded that these centers contained nitrogen atoms.
ertmt evidence in support of the nitrogen origin of
wcenters was also the shift of all the zero-phonon
shward shorter wavelengths as a result of implanta-
o ions of the "N jsotope.

The structure of the nitrogen-containing centers can
Iriced from the dependences of the Intensities of the
wiponding lines on the implantation dose and annealing
perature, and from the piezospectroscopic measure-
4, In the latter case, in addition to the usual infor-

i on the symmetry of the centers we employed a pa-
rt-r representing the response of the optieal centers
rizsial deformation, This parameter we called "com-
1e" and defined it as s = (Ahvpay hyge) 10 Pa-l,

1z Shvpax is the shift of the most strongly split-off
‘pment of the zero-phonon line from its position hy, in
tieence of deformation and ¢ 1s the applied elastic

s, The compliance of an optleal center, representing
rhtive change in the transition energy caused by a
:stress, clearly depends on the relative deformation of
¢lectron orbitals (at least in the orientational degener-
rase) and can therefore be used to judge the value of
atter, The deformation of the orbitals, i.e., the de-
nation of the defect under the action of elastic stresses

FIG, 2, Dependences of the {ntensities
of the cathodoluminescence lines of
nitrogen-containing centers on the
implanted dose of nitrogen atoms:
1-3) results obtained for the 575 nm,
503 nm {H3), and 415 nm (N3) cen~
ters, respectively, in type [la crystals;

i o 7 4 9 results for 503 nm (H3) and 494
| e 2 nm (H4) centers, respectively, in type
5 v J  Iacrysals.
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depends on how a given defect alters the local elastic con-
stants of a crystal. It is known that a vacancy loosens the
lattice locally, i.e., it makes it softer, whereas an inter-
stitial atom Increases the elastic constants.® This means
that the defects containing vacancies are deformed by a
given stress more than the defects consisting of interstl-
tial atoms and, consequently, the compliance of the optical
centers can be higher in the former case than in the latter.
These predlctions are confirmed by an analysis of the
available experimental data. It is found that in the case

of the vacancy defects such as the 741 nm (known as CR1
and representing isolated vacancies’) and 638 nm (vacancy
plus 2 substitute and nitrogen atom®} centers, the com-
pliance s 1s 4.5 and 4.1 Pa=!, whereas in the case of the
736 nm centers containing two silicon atoms we have s <
0.1 Pa~! (Ref. 9} irrespective of the positions of these cen-
ters in the lattice (not yet determined accurately); it is
known that the 736 nm centers harden the lattice consid-
erably because the covalent radlus of Si is 1.5 times great-
er than that of C. Therefore, knowing the value of s, we
can draw qualitative conclusions on the structure of the
optical centers, i.e., on whether they consist mainly of va-
cancies or interstitial atoms. In the Intermediate cases,
i.e., for the centers consisting either of substituent atoms -
with radii differing little from the carbon atoms or those
contalning both vacancies and interstitial atoms we should
have intermediate values of the compliance s = 1 Pa~!.

We shall now congider the Individual luminescence
centers in the order of their appearance after implantation
and annealing. Our conclusions about these centers will
vary in respect of their reliability. Nevertheless, a study
of the formation and properties of these centers In fon-
implanted layers has made it possible to obtain informa-
tion on the processes of formation and changes in the de-
fect—impurity complexes in strongly disordered diamond
erystals,

3,1, Centers Associated with the 389 and
441,.5 nm Lines

As pointed out earlier, these centers appear immedi-
ately after implantation of nitrogen in nitrogen-free crys-
tals at room temperature. In the case of our lon-implanted
layers we found, in agreement with Ref. 10, that there was
no ESR signal assoclated with the substituent isolated ni-
trogen atoms. Consequently, the formation of the 389 and

c, i< 00)

FIG, 3. a) Model of a 575 nm center,

CZ 1<) h Model of a 503 nm (H3) center,?®
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441.5 nm centers involves interstitial nitrogen atoms, as
confirmed by the very low compliance (8 < 0.1) of these
centers. This makes it impossible to determine the type
of symmetry of these centers from the plezospectroscopic
measurements. Therefore, we can only postulate that the
389 and 441.5 nm centers are elther interstitial nitrogen
atoms in different configurations or they are complexes
formed from these atoms themselves or from nitrogen
and accidental impurities; both kinds of complexes are
stable in ion-implanted layers right up to = 1000°C,

3.2,

Center Associated with the 575 am
Line .

The 575 nm center appears in the nitrogen-free crys-
tals after Implantation of nitrogen and subsequent anneal-
ing at 500°C or after irradiation with electrons of ener-
gles amounting {o a few kiloelectron-volts, The lumines-
cence associated with these centers 1s of orange-red
color., The linear dependence of the Intensity of this lu-
minescence on the implantation dose (curve 1 in Flg. 2)
shows that each such center contains one nitrogen atom,
Unlaxial deformation along the {100}, {111}, and {110)
directions splits the zero-phonon line into two, two, and
three components, respectively. According to the theory
of Kaplyanskii'' and Runciman,'? such splitting corre-
sponds either to a transition between nondegenerate states
of a defect of the orthortomble-I symmetry with the
C,ll {(100) axls or to a transition between the A and T
states of a defect of the tetrahedral symmetry. Thissym-
metry is exhibited only by single atoms at regular sites
or in tetrahedral interstices. However, as pointed out
earlier, the ifon-implanted layers did not contain substi-
tuent nitrogen atoms and the tetrahedral interstitial posi-
tion in the diamond lattice was unstable (at least for the
carbon atoms themselves!®!Y), Therefore, we shall as-
sume that the 575 nm center has the orthorhombic-I sym-
metry with the C,[|{100) axis.!) The 575 nm center has a
an intermediate {(compared with vacancies and interstitial
centers) compllance (s = 1,3}. Therefore, we may con-
clude that it contains both an interstitlal atom and a va-
cancy. The presence of a vacancy is conflrmed by the
fact that the phonon structure of the spectrum is governed
by the interaction with a quasilocal vibration associated
with a vacancy (fw = 43 meV).!® These propertles of the
5756 nm center fit a model in which a nitrogen atom is lo-
cated in a {100) — split interstitial position and is bound
to the nearest vacancy along the {100} axis (Fig. 3a). The
575 nm center has the point symmetry group Cy, and is
an analog of the A center (i.e., of & complex formed by an
oxygen atom and a vacancy) in silicon,!?
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F1G, 4. Phonon structure and splitting (caused by untaxial deformation)
of zero-phonen lines of the 503 nm (H3) and 496 nm (H4) centers (con-
tnuous and dashed lUnes, respectively),
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3.3. H3 (503 nm), H4 (496 nm), and X}
(415 nm) Centers

According to the published data, the 503 nm et
(known as H3) originates from the A form of nitroga|.
two neighboring substituent atoms) and a radiation
In view of the conflict between the data on the symog:
of this center,'®!? the structure has until recenth
regarded as controversial. According to Davies," i
center has the orthorhombic-l symmetry and consist
two nitrogen atoms located at the sites of an elemet:
tetrahedron and hound o a2 vacancy at the center of t:

_ tetrahedron. According to this model, the A formofy

trogen is transformed when such centers are generit:
On the other hand, according to Sobolev,?® the H3 cant
appears as a result of the capture of two vacanciesly
A form of nitrogen and this produces the VH,V-tras
figuration with the monoclinic-I symmetry {Fig, 2.

fon implantation provides a means for & contwl
introduction of impurities Into a crystal and for oba
additional data on the structure of the resultant cersr
We find, first of all, that the quadratic dependencedl:
intensity of the 503 nm line on the nitrogen ion dosen
celved by nitrogen-free crystals {curve 2 in Fig, fi&
firms that the H3 center contains two nitrogen atms,
Moreover, bombardment of the Ia type crystals (cont
ing "blanks" of the H3 centers inside the A configent
of nitrogen in a concentration of = 10'? cm™) ale .
In a quadratic dependence of the 503 nm line on the o
ation dose (curve 4 in Fig, 2); this shows that each
center contains two radiation defects. The large ik
the compliance of the H3 center (s = 4.9 Pa"') shoxst
these defects are vacancles. This {s supported byt
teraction of the 503 nm electronic transition with que
local vibrations associated with a vacaney (he = 4p
Finally, our measuréments indicate that the symmer
the H3 center is monoclinie-1. Thus, all our data o
fully the VN,V-trans model of the H3 center propesi:
Soholev.20

It is known that whereas the H3 (503 nm) centerv
inates from the A form of nitrogen, the H4 (496 1m)&
ter appears as a result of the capture of a radiatimé
fect by the B, form of nitrogen, i.e., by a macrosei
cluster of nitrogen atoms representing two parts of f:
nearest atomic layers located in the (111) plane T
coupling of the H4 center to a macroscople clusterof:
radiation origin is confirmed by the fact that, in coolr
to the H3 centers, it is not possible to generate the i
centers by implantation of nitrogen in nitrogen-frees:
tals with the same concentrations {* 10 cm ™) afterr
nealing at such temperatures (= 1400°C) that signilix:

o
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inition of defects and changes in their structure takes
#: (see Sec. 3.5). However, the H3 and H4 centers are
miar because they have the same phonon structure of
ksectra, similar values of the compliance (s = 4.9 and
1P, respectively), very similar splitting patterns of
#xm-phonon lines under uniaxial deformation (Fig. 4),
sizem-phonon line photons differing by just = 1.5%, All
# similaritles indicate that the molecular structure of
e two kinds of center is the same (i.e., VN,V-trans)
athe difference lies in the location of the H4 centers
arthe platelet (Vy) form of nitrogen, which has a per-
utirg influence on these centers.

dccording to the data of many authors, the 415 nm
w9 center contains three subst{tuent nitrogen atoms lo-
oled fn the (111) plane. Models proposed for this center
wedifferent: in one case it is suggested that a triplet of
iegen atom s 1s hound to the nearest carbon atoms along
Billl) axis,**¥ whereas others postulate the presence
fieaney 2% Our results confirm that the 415 nm
=ter consists of three nitrogen atoms (the luminescence
blessity is 2 cuble function of the nitrogen ion dose re-
vied by nitrogen—free erystals, as demonstrated by curve
‘nHg. 2. Moreover, the fairly large compliance (s =
1iP47Y of the center shows that it contains a vacancy,
igreement with Refs. 20 and 24.

4, Centers Associated with the 439 and
iiam Lines

Both these centers appear after implantation of ni-
ket ions in nitrogen-free crystals and subsequent an-
uing at 1400°C. The 439 nm center has the monoclinic~
lrthe triponal (A — E transition) symmetry, whereas
le 539 nm center has the tetragonal symmetry. The fair-
tlge compliance of these centers (3.5 Pa~ for the 439
meenter and 3.4 Pa~! for 539 nm) indicates that they
izin vacancies, However, the available data are insuf-
imt to propose microscople models of these centers.

i can simply say that their structure is fairly complex.
If:dt, the 439 nm center 1s observed in nitrogen-free
mstals only after large implantation doses. The same
wter appears after the implantation of any ions in the
rela dlamonds after annealing at T > 1100°C and the

ate of its introduction rises strongly on Increase in the
inmass. Trradiation of dlamonds with 2.2 MeV electrons
miuces hardly any centers of this kind. It follows that

b fbrmation of the 439 nm centers requires strong dis-
itering of the lattice.

The 539 nm center contains not only nitrogen atoms
ud vicancies but also some accidental impurity or non-
niation defect because the intensity of the 539 nm line
urigs strongly from sample t0 sample.

%5, Changes In the Structure of Nitrogen-
fontaining Centers

The data on the structure of the nitrogen-containing
weters and on the conditions of their appearance allows
1 identify some features of the process of changes in
tv state of the lmplanted nitrogen atoms during the an-
witng of diamond crystals and the appearance of in-
yusiagly larger complexes consisting of these atoms
iintrinsic defects. Immediately after implantation at
nm temperature the implanted nitrogen atoms are at
itistitia] positions, as indicated by the absence of the

!5i Sov, Phys. Semicond. 18{3), March 1982

ESR signal assoclated with the substituent atom. The ap-
pearance of the 575 nm center after annealing at T > 500°C
or after electron irradiation suggests some changes inthe
implanted atoms and/or defects. Such changes may in-.
volve those occurring within the existing "blanks" of the
675 nm centers or the formation of complexes after ther-
mal diffusion or athermal migration (as a result of inter-
action with an electron beam) of nitrogen atoms in Inter-
stices. '

Beginning from T = 1000°C the concentration of the
centers containing single nitrogen atoms (389, 441, 575
nm} decreases and complexes consisting of two (H3) and
three (N3) nitrogen atoms and vacancles are formed
(Fig. 5). The available data are insufficient to draw any
conclusions about the details of the atomic changes which
accompany the formation of such centers. We can simply
say that at T = 1000°C the mobile particles in lon-Im-
planted layers are both interstitfal nitrogen atoms and va-
cancies because otherwise the formation of many-particle
complexes would require that all the components of the
complexes {for example, two vacancies and two nitrogen
atoms in the case of the H3 center) should appear after
implantation within practically the same unit cellof a
erystal, which is extremely unlikely. In general, the tem-
perature at which the formation of complexes begins can
be regarded as the activation energy of the motion of the
components of these complexes as well as the barrier im-
peding the formation of complexes. This may apply to the
appearance of the complex 439 and 539 nm centers at
T = 1400°C.

It is interesting to compare our data with the results
of other investigations reporting transformations in ni-
trogen-containing centers in diamond. Formation of dou-
ble (A form) and triple (N3) complexeg of nitrogen from
single substituent atoms in the type Ib diamond crystals
at temperatures 1700-2000°C and pressures of 55 kbar is
reported in Ref, 25. Transformation of the 638 nm cen-
ters (consisting of a single substituent nitrogen atem and
a vacancy) into the H3 centers (two nitrogen atoms In two
vacancies) in electron-irradiated diamonds of the Ib type
is described in Ref. 26. This process ocours at 1500°C
under normal pressure. In the case of lon-implanted
layers Investigated by us the transformations of the nitro-
gen-containing centers occur already at temperatures as
low as & 1000°C. Therefore, radiation treatment of crys-
tals facilitates the transformation of nitrogen-containing
complexes. In the case of lon-Implanted layers this may
be due to a strong disorder of the lattice or due to the fact
that the implanted nitrogen atoms are In interstitial
positions.

4, CONCLUSIONS

The application of ion implantation, which is a clean
and precision doping method, made it possible to obtaln
new data on the properties of nitrogen impurities which
have a very strong influence on diamond. An analysis of
the results obtained by recording the cathodoluminescence
spectra (including those recorded under uniaxial defor-
mation conditions) after implantation and annealing under
various conditions made it possible to identify or ebtain
details of the microstructure of some of the complexes
containing radiation defects and nitrogen atoms, and to
establish the features of the transformation of these com-
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plexes during annealing in the presence of a strong disor-
der of the lattice created by ion implantation.

The authors are grateful to A. V. Spitsyn and V. A,
Dravin for the implantation of lons in the High Voltage
Engineering Europa accelerator, to N. A, Shuvalova for
the annealing of the samples, and to E. V. Sobolev and
E. A. Konorova for discussing the results.

DOur data on the symmetry of the 575 nm center differ from the results of
Davies.' The origtn of this discrepancy is mot clear. A similar discrepancy
occurs between the data of the varous authors on the symmetry of the 503
nm center (see Sec, 3.9).
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Formation, annealing, and interaction of defects in ion-implants
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The cathodoluminescence method was used to determine the characteristic features of the formation and
annealing of defects in diamond subjected to ion implantation. It was found that these features could be
explained on the basis of the existing ideas on the properties of disordered regions created by ions. A specific
influence of nitrogen on the formation of defects in ion-implanted layers was discovered. It was found that the
defect environment influenced the annealing of the luminescence centers created by different types of

radiation.

PACS numbers: 78.60.Hk, 81.40.Tv, 61.70.Tm

1. INTRODUCTION

fon implantation doping is used to alter the properties
of diamond in a desired manner and, In particular, to ob-
tain layers exhibiting semiconducting properties. This
doping method is particularly important because other
methods for doping dlamond have not yet been developed
sufficiently. In principle, to realize the advantages of fon
implantation as an effective method of clean precision
doping one should lnow the implantation and annealing
conditions which ensure that the properties are governed
by the newly introduced impurities and not by the radiation
defects created as a result of implantation. One should
point out that although ion implantation has been used to
prepare semiconducting layers of diamond,' the charac-
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teristic features of the formation of defects in the o
of ion implantation in diamond have not been invedigl
much, particularly in respect to the nature of specir
fects. The main attention has been concentratedonth
electrical activity of the implanted impurity's! andsh
have been made of the influence of defects on the
scopic properties of ion-implanted layers.! Relatis
little in formation can be gained by the applicationit
ESR method to ion-implanted layers of diamond. [t}
been found that the implantation temperature influn
the signal associated with dangling bonds or with
"amorphous phase," and anisotropic ESR centerslw
been ohserved (but only after the implantation at el
high temperatures) some of which are lkely toten
cancies.%® We Investigated defects in lon-implanii
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