plexes during annealing in the presence of a strong disor-
der of the lattice created by fon implantation.
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Formation, annealing, and interaction of defects in ion-implant

layers of natural diamond
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Fiz. Tekh. Poluprovodn. 16, 404411 (March 1982)

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. NTRODUCTION

Ion 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 diamond 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 know 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 fon implantation has been used to
prepare semliconducting layers of diamond,! the charac-
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teristic features of the formation of defects in the
of lon implantation in dlamond have not been Invessl
much, particularly in respect o the nature of spec’
fects. The main attention has been coneentrated o'
electrical activity of the implanted impurity's and i
have been made of the influence of defects on the ru:
scopic properties of ion-implanted layers.' Relai::;
little in formation can be gained by the application:T%
ESR method to ion-implanted layers of diamond. It
been found that the implantation temperature Infli:s
the signal associated with dangling bonds or with#: !
"amorphous phase," and anisotropic ESR centers b
been observed (but only after the implantation at rhif
high temperatures) some of which are likely to bkt
cancles.d® We Investigated defects in ion-implanﬁjli,g
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nof dizmond with the aid of luminescence which is an
futive "microscopic® method for determining the nature
‘bl centers in solids.

BPERIMENTS

Qur samples were prepared from natural type Ila
mlais ("nitrogen-free™ erystals, l.e., those containing
iwrthan 10'3 cm~? of nitrogen atoms) as well as type Ia
mstals (with nitrogen concentrations in the range = 10
127, Implantation of ions of energy 30-350 keV In doses
F-10 em %, required to obtain a specified distribution
{te impurity with depth, was carried out using a heavy-
miecelerator made by High Voltage Engineering Europa.
e of the measurements were carried out on samples
miiated with electrons of energies 2.2 MeV and 10 keV
utthreshold defect formation®). The samples were an-
mhkiina graphite container evacuated to 107° torr and
mperatures of 150-1400°C were applied for 2 h, Cath-
whminescence was excited by a beam of 2-10 keV elec-
wos (the electron current was = 5 uA) and its spectra
¢ investigated in the range 300-900 nm when a sample
s kept at & temperature of 80°K.

LRESULTS AND DISCUSSION

Figure 1a shows the cathodoluminescence spectra of
wllaand a erystals before implantation. These spec-
nvere dominated by a wide structure-free band (called
¥4 band) with 2 maximum at 400 and 430 nm and a width
{04and 0.7 eV for the type Ila and [a crystals, respec-
fels. This band was clearly associated with dislocations
1l erystals and with platelet nitrogen defects in Ia
wstals.”! Moreover, there were several weak narrow

o

470(TR1Z)
741(GR1)

o

STHS

. ;
(‘— S4t.d

A band e
M
i
/ w\‘w
o JW
L 1 1 1
KPR 4 700 806
A, nm
L1 Catheloluminescence spectra: a) erdginal type [a (1) and Ila (2)
mples: bedi camples subjected to bombardment with H*, C¥, and N*

i, rpectively, [n doses lower than Deg: e} samples hombarded with
ke in desos exeeeding Dep fsee Sec, 3,3,2),
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lines (389, 415, 441, 496, 503, 575 nm). The cathodolu-
minescence spectra of the original crystals were not af-
fected by annealing right up to 1400°C.

Implantation reduced the intensity of the A band and
gave rise to new bands and groups of lines consisting of a
narrow zero-phonon line and more or less intense phonon
wing. The majority of the narrow cathodoluminescence
lines were clearly associated with intracenter electron
transitions. The nature of the radiative transitions re-
sponsible for the luminescence was not investigated and
we used these characteristic lines simply for luminescence
spectral analysis of ion-implanted layers, i.e., to deter-
mine the concentrations of the various luminescence cen-
ters identified in accordance with the wavelength of the
zero-phonon line. Since the A band was associated with
nonradiation defects, whose number was not affected by
implantation (at least up to a certain dose) or annealing,
we took the ratio of the intensity of the band or line of In-
terest t0 us to the intensity of the A band and thus elim-
inated the changes in the carrier lifetimes; this allowed us
to obtain information on changes in the luminescence cen-
ters as a result of implantation and annealing (in the dis-
cussion below we shall use the term line intensities to de-
note the intensities relative to that of the A band).

3,1, Defects in Ion-Implanted Diamond
Layers (Before Annealing)

The nature of defects formed in fon-implanted layers
may generally depend on the original impurity cormposi-
tion of a sample and also on the nature of the implanted
fons. In our experiments the cathodoluminescence spec-
tra of the Ila and Ia type samples subjected to jon bom-
bardment were the same before annealing, i.e., the de-
fects created by implantation (and manifested in the cath-
odoluminescence spectra) were independent of the pres-
ence of the only controlled impurity (nitrogen). On the
other hand, there was a definite relationship between the
cathodoluminescence spectra and the nature of the im-~
planted ions. This was manifested by the difference be-
tween the results obtained for the crystals subjected to
bombardment with H* and with heavier lons. After im-
plantation of H* we found that the spectra had many nar-
row lines (389, 415, 441, 468, 470, 491, 503, 545, 555, 575,
and 741 nm), whereas after implantation of the heavier
lons the spectrum was dominated by the 741 and 470 nm
lines (Fig. 1b and 1¢). The defects associated with hydro-
gen in diamond had not been investigated thoroughly so
that some of the lines observed after the implantation of
H' and absent in the case of implantation of the heavier
fons could be due to centers containing hydrogen. How-

FIG. 2. Mhodel of a TR12 center

\{ 470 nim,

<Ho)
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ever, the reduction in the intensities of the 389, 415, 503,”
and 57¢ nm lines associated with the centers containing
nitrogen, which was observed as H* was replaced with
the heavier lons, clearly indicated a reduction in the im-
portance of the impurity —defect complexes, After fon ir-
radiation a major proportion of the defects were concen-
trated within disordered regions when the concentration
of intrinsic defects was very high and increased on in-
crease In the ion mass. The dominant role of the 741 and
470 nm lines observed after implantation of the heavy fons
reflected the Increase In the proportion of the intrinsic
defects and the saturation of the process of complex for-
matfon within disordered reglons.

It is lkmown that the 741 nm line is due to isolated va-
cancles {GR1 centers'’)., The 470 nm line was also due to
intrinsic defects as Indicated by the nature of the centers
{TR12 - Refs. 11-13), but the intensity of the 470 nm lu-
minescence was practically the same for all the investi-
gated crystals of both types after implantation of different
ions having comparable masses. Our unpublished results
enabled us to put forward some ideas on the nature of these
centers. Firstly, judging by the superlinear (quadratic or
cuble!!~13) dependence of the intensity of the 470 nm line
on the radlation dose, the center responsible for the line
consists of several elementary radiation defects. Next,
if we turn to the "compliance" of the center, i.e., to a pa-
rameter representing the response of an optical center to
uniaxlal deformation of a crystal,!) we find that in the case
of the 470 nm centers the compliance is s = 0.76 Pa~!,
which is intermediate between the values typical of vacan-
cy (s = 4-5 Pa~!) and Interstitial (s< 0.1 Pa-!) centers.
Hence, we may conclude that this center contains both va-

470(TR12)

B band c
A band

575

563 (43)

439
495 (H4)
75

J

o
2
x?ﬂ'

JGB &ﬂﬂ 50!? 68-‘3 ?00 Bﬂﬂ
A, nm
FIG. 3, Cathololuminescence spectra of type Ila (a-¢) and Ia (d} crystal?
after fon bombardment and subsequent annealing at temperatares (*C):
a) 600: b 1000; ¢, d) 1400,
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cancies and Interstitial atoms. Finally, the nature:
splitting of the zero-phonon 470 nm line by unfaxl -
pression (as found in Ref. 12 and in our study) shv.::
the center has the monoclinic~I symmetry and the -:
metry plane is (110). All these properties are et
by a model shown in Fig. 2 representing a double
pair in which interstitial atoms occupy hexagonal s
positions. It is interesting to note that this TRIE(' i
s formed by fon implantation In crystals of bothtisy
diamond, whereas In the case of electron irradiati::
formed only in the nitrogen-free crystals. It follo::i
because. of the high concentration of intrinsic defer::
disordered regions, the "quenching™ effect of nitr;=:
the type [a crystals (the mechanism of thls effeet it
yet clear) is greatly weakened.

Quenching of the luminescence associated witt
intrinsic defects was also caused by the implanted 1
gen atoms. The cathodoluminescence spectrumof ix
samples implanted with nitrogen had specific lines
and 441 nm) assoclated with the nitrogen-contalnir: :
terat41% and the intensity of the luminescence due t:
GR1 and TR12 intrinsic defects was considerably -
than in the case when other fions were implanted (Fi. |
In principle, this effect could be explained in two v
Firstly, it may be due to a specific (typlcal onlyo:
implantation of nitrogen) position of the Fermi le:: i
which the luminescence assoclated with the CR1 a7
centers (introduced at the same rate as in the casi ¢!
plantation of other ions) is not observed. Secondl,fi
feature of nitrogen may be due to the fact that the =
planted nitrogen atoms act as traps or even preciil
centers of intrinsic defects and they thus reduce -
centration of the CR1 and TR12 centers. Poth the::
planations are not very convincing primarily becaust
concentration of the implanted nitrogen atoms iz~
compared with the concentration of radiation defectsi
unannealed crystals). Moreover, in the case of th- =
mechanism the radiation defects must be mobilear
temperature, which is certainly not true of vacanci:
(GR1 centers). Therefore, the mechanism of a gt
influence of nitrogen on the formation of defectsir:n
implanted diamond layers (manifested also in anpeil,
as described below in Sec. 3.2.1) is not yet clear.

3.2, Annealing of Defects in Ion-Impl
Diamond Layers

The annealing of lon-implanted crystals altere:x
slderably the cathodoluminescence spectra indlests;

FIG, 4. Dependencesofthizr
1of cathodoluminescene]y:~
annealing temperatuce; a1
(470 nm) centers created i
atfon of 51+ (1) and B' @+
GR1 {741 nm) eccnters cred <4
plantation of O* (1) ad Wt

L, rel. units
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e

7", Deperdences of the cathodolurninescence Intensity I on the anneal-
sxmpesatvre in the case of the H3 (503 nm) centers formed by fon im-
“riton 13, frradiation with 2.2 MeV electrons (2), and {rradiation with

<M electrony (3),

wges in the concentrations of various defects. Since
i chanpes depended strongly on the presence of the
urgen impurity in the original samples, we shall con-
- separately the results applicable to the type Ila and
:imond samples,

2,1, Nitrogen-free type IIa diamond
mitals, Changesinthe cathodoluminescence spectra

wequalitatively the same for any implanted lons with the
urtion of nitrogen, The GR1 and TR12 centers werean-
wkdat = 800°C. New centers with zero-phonon lines
¢“1and 560 nm appeared at the same temperatures.
iover, wide bands with maxima at 770 nm (B band)
wi§0 nm (D band) were observed, as well as a C band
liam) and a group of narrow lines (270, 386, 302, ...
1 Onothe basis of the available data it was difficult to
« mithing definite about the nature of the centers re-
wriible for the lines and bands that appeared after an-
«#ing. Tt was worth noting an interesting feature of the
“ed, which was 1ts anticorrelation with nitrogen: all
tirystals containing nitrogen as an impurity (either
=t originally or introduced by implantation) were
vueterized by B-band intensity at least two orders of
iitude Jess than that exhibited by nitrogen-free crys-
::mder identical implantation conditions. Once again
iucountered an effect of nitrogen on the formation of
sxts in dlamonds which was not well understand.

32,2, Nitrogen-doped type Ia diamonds,

I, rel. voits

D, cm
FIG. 7. Dependences of the {ntensity I of the A band on the implantation
dose: 1, 2) implantation of N+ in the type Ia and 1la samples; 3) implant-
ation of B+ {n the type Ila samples. '

gen-free type Iz samples. The speclal property of the
type Ia diamonds appeared at high annealing temperatures
and was manlfested by the appearance of strong lumines-
cence lines (Fig. 3d) associated with the centers contain-
ing nitrogen.141® The strongest were the lines at 503 nm "
(H3 centers) and 496 nm (H4), which appeared as a result
of association of radiation defects (vacancies) with the A
and By forms of nitrogen. The ratio of the Intensities of
these lines varied strongly from sample to sample. More-
over, we observed lines at 439, 539, and 575 nm also as-
soclated with the centers containing the nitrogen atoms.
In view of the high intensity of the luminescence associ-
ated with nitrogen it was not possible to observe the lines
at 511 and 600 nm or the bands C and D typlcal of the ni-
trogen-free crystals annealed at T = 1000°C.

3.3. Interaction of Defects in Ion-Implanted
Diamond Layers

Since the Implantation of ions created defects in very
high (compared with electron irradiation) concentrations,
their interaction was very important. The cathodolumines-
cence method provided a microscopic technique for ob-
taining information on the presence of speclfic centers
with more or less known microstructure and thus collect-
{ng data on the interaction between defects, particularly
on its influence on the defect annealing processes.

3,3,1, Influence of defect environment
on the annealing of luminescence centers.
The defect environment of a luminescence center is under-
stood to be the spatial distribution of defects and impurities aro

around it, Thisdistribution depends onthe previous history of
of a sample and on the nature of the radiation which creates de-
fects, We shall see that the specific nature of the defect envi-~
ronment is manifested in the annealing characteristics of the
same centers present in unirradiated crystals or created by
different types of radiation.

T -adiation defects which appeared immediately after ion
lantation (Sec, 3,1) were annealed in the type Ia crystals at
iesmetemperature of ~ 800°C as in the cage of the nitro~

i, Shve0 ahy#0
K We shall now turn to Fig. 4 showing the annealing-in-
Ahe<01 duced changes In the intensities of the 470 and 741 nm
A FIG. 6. Dependences of the {ntensity lines associated with the TR12 and GR1 centers. Clearly,

the temperature at which the concentration of the centers
decreased strongly and the general behavior of the curves
depended on the nature of the implanted ions. In particu-
lar, it should be pointed out that an Increase in the con-
centration of the TR12 centers at T & 600°C increased
with the ion mass (in the case of the Si ions this Increase-
reached two orders of magnitude). On the other hand, the
concentration of the GR1 centers decreased in the same

'\ Tof the 389 nm line on the annealing
remperatire {n the case of unimplant-
ed samples (1) and samples implanted
with *Nfons ¢2), The {sotopic shift
of the cathodoluminescence line s
shown schematically for the fon-im-
planted samples,

nﬂ : (T O O 1 WL TR
Ll i temperature range (although not as strongly as in the case
fimaticn of the TR12 centers) and once again the effect became
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magnified on increase in the fon mass. These observa-
tions could be explained In a natural manner by the ex~
isting knowledge of this structure of the GR1 and TR12
centers and of the characteristics of defect formation as
a result of ion implantation. In fact, ion bombardment
produces disordered regions consisting of a core where
vacancies (and their complexes) predominate and a sur-
rounding "atmosphere" where interstitial atoms are the
main effects.? Therefore, vacancy and Interstitial defects
are spatially separated and the separation increases with
the mags of the implanted ions. Under these conditions
the formation of the complex vacancy —interstitial TR12
defects is relatively unlikely, A considerable increase in
the concentration of the TR12 centers on increase in the
annealing temperature can be interpreted (on the basis of
the proposed model) as evidence that at least one of the
species of the particles forming these centers (mostprob-
ably the interstitial carbon atoms) becomes mobile at
temperatures of 400-600°C, This hypothesis is in agree-
ment with our data on the changes in the structure of the
luminescence centers containing nitrogen, according to
which the activation of the motion of interstitial nitrogen
atoms 2150 occurs beginning from = 500° (Ref. 14). An-
nealing up to T & 600°C reduces the number of vacancies
(GR1) by an amount smaller than the increase in the num-
ber of TR12 centers, This is clearly due to the first
that the latter are formed as a result of assoclation of in-
terstitial atoms not only with isolated vacancies, but par-
ticularly with divacancies whose concentration in the dis-
ordered regions may be fairly high.

The influence of the defect environment on the anneal-
ing of the luminescence centers can be followed also by
comparing the annealing curves of the centers containing
nitrogen and created by a variety of methods. Figure &
shows the annealing-induced changes in the intensity of the
503 nm line associated with the H3 centers (postulated to
consist of two neighboring substituted at nitrogen atoms
and two vacancies!#") in the type Ia crystals. The results
represented by the symbols 1 were obtained for the sam-
ples subjected to fon bombardment, whereas the results
denoted by 2 and 3 were obtained for the samples irradi-
ated with electrons of energies below and above the elas-
tic displacement threshold. Clearly, in all cases the H3
centers appeared at T = 500°C but an increase in the in-
tensity of the 503 nm line was faster in the case of the
fon-implanted crystals. Moreover, the H3 centers created
by ion bombardment and suprathreshold electron irradi-
ation were not annealed up to 1400°C, whereas the same
centers Introduced by subthreshold electron irradiation
disappeared at = 1000°C. These differences were asso-
clated with the specific nature of the defect—impurity and
environment of the centers formed by subthreshold irrad-
fation. In this case the formation of defects clearly oc-
curred in some special impurity-rich parts of a erystal.!?
In particular, a transition metal atom and a donor were
assumed to be located near a luminescence center formed
in this way.

The influence of the defect environment was observed
very clearly in a study of the annealing of the 389 nm lu-
minescence centers. The nature of these centers was not
quite clear but it was known that they contained nitrogen
atoms probably in the interstitial form.!Y The 389 nm cen-
ters appeared as a result of implantation of nitrogen lons
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in diamond; they were sometimes observed in by
trations in unirradiated crystals. We found thatthe!
nm centers introduced by fon implantation were amg
at T = 1100°C, whereas the same centers in unirrg
crystals were retained only up to T & 1400°C. TheJ
ence between the 389 nm centers introduced by vasic.
methods appeared most clearly in the experiment: i
ing implantation of the !*N isotope (Fig. 6). Peforeir
plantation we observed a weak 389 nm line. Afterin
ation of !N the line Intensity was much higher and -
shifted toward shorter wavelengths by 0.2 meV {lsy
shift). This shift demonstrated that the implantation.
ated a large number of the 389 nm centers containin:
%N isotope. After annealing at 1400°C the intensity
389 nm line decreased to a value obtained earlier
irradiation and the {sotopic shift disappeared, ic. t
nm centers formed by the implantation were annels.
only those 389 nm centers remained which were pre
before implantation. Such a strong difference in ther
nealing behavior between the 389 nm centers introdo:
by implantation and those present in the unirradiatd:
tal was clearly due to the fact that in the former ms
were within disordered regions where the intrinsic
concentration was high. The influence of disorderiy
the lattice caused by lon bombardment on the mo:ifi.
of the structure of defects was observed by us als i

study of the transformation of the centers containing-
trogen and present in ion-implanted diamond layers,

3,3,2, Cathodoluminescence after.
implantation doses, Theeffectsdigcussedin®
3.3.1 were duetothe interaction of defects present inki:
centrations within disorderedregions. The volume-s:
defect concentration could still be low, Anincreasein
plantation dose was accompanied by a number of spocif:
fects associated with an increase in the average def
concentration. Firstly, beginning from a cerfain "t/
dose Dgy (which decreased on increase in the ion ms:
the intensity of the A band which was reduced by in/
ation was not restored by the subsequent annealing|:
Next, at approximately the same dose the luminesce:
lines of the individual defects (GR1, TR12, 3H) disy
peared from the cathodoluminescence spectrum rem
immediately after implantation and only the A band
mained (Fig. le). These observations indicated con:
able changes in the structure of the ion-implanted b
clearly resulting in an overlap of the disordered rep:
and beginning of the amorphization process. Thes
changes in the structure were confirmed by the siti-

FIG, 8, Dependences of the imensties 1of the cathodaliminem
and bands of the Ila type crystals (after annealing at 1400°Cynfe-
plantation dose: 1) 575 nm line, tmplantation of N 2} Tml
implantation of St+: 3) B band, implantation of B+,
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eeren nonmonotonic behavior of the dose dependences
rieintensities of the luminescence lines associated with
feoenters which appeared after the implantation of ni-
wyen and sllicon and subsequent annealing (Fig. 8).

Ealening of the dose dependences at high doses could be
epreted as & reductlon in the effectlve volume of a
wmal" érystal (where these centers could form) re-
uing from an increase in the proportion of the volume
supied by the regions which became amorphous or at

e strongly disordered.

Enhancement of the lattice disorder by large implant-
#in doses was manifested also by considerable (up to
tiime¥) broadening of the lines of the "soft" centers
stuining nitrogen. The broadening was much stronger
t that dlscovered for crystals irradiated with 2 MeV
tetrons®! (in the latter case the broadening of the lines
?1-tmeV was attributed to local stresses created in the
brice by the A form of nitrogen??). Clearly, the strong
kidening of the lines due to the centers containing ni-
mgen was due to the strong disorder of the lattice caused
ke fon implantation and retained even after annealing
£ 1400°C.

The cathodoluminescence spectrum of ion-implanted
fimond included a band which was clearly associated with
teresidual (L.e., that retained after annealing at 1400°C)
itice disorder and with the poasible formation of amor-
fins reglons, This was the band B mentioned in Sec,
i1, which was the only band of radiation origin not as-
wcisted with known impurities and retained after anneal-
mpittemperatures up to 1400°C in the case of the nitro-
pr-iree crystals bombarded with any fons apart from ni-
mgen. The annealing temperature needed for the appear-
e of the B band Increased on increase in the implanta-
trdose. The dose dependence of this band was linear
utit showed no saturation up to = 10'° em~? (Flg. 8).

+(ONCLUSIONS

We can summarize the results reported above by
yaling out that the application of cathodoluminescence
tibe study of defects in ion-implanted diamond layers
pilded new information on the properties of these de-
[i5and also on the formation and annealing of the de-
its, This information confirmed the current views on
¥ poperties of disordered regions created by lons and
biieated that the interaction between defects present in
s concentrations was an important effect.

The authors are grateful to A. V, Spitsyn and V. A,
Irzsin for the implantation of fons with the aid of the High
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Voltage Engineering Eurcpa accelerator, to N. A. Shuval-
ova for annealing the samples, and also to E. A. Konorova
and V. V. Krasnopevtsev for their valuable comments and
discussion of the results.

DThis parameter 1s Introduced by the expression s= {(Chvp sy ) - 101
Pa™, where Ship, . {s the shift of the most strongly split-off component
of the zero-phonon line from fts posifon hiy, observed for an undeformed
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