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Direct Evidence for Tetrahedral Interstitial Er in Si
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We report on the lattice location of Er in Si using the emission channeling technique. The angular
distribution of conversion electrons emitted by the decay cHaifm (¢, = 9.25 d) — '*""Er (2.27 )
was monitored with a position-sensitive detector following room temperature implantation and annealing
up to 95C°C. Our experiments give direct evidence that Er is stable on tetrahedral interstitial sites in
float-zone Si. We also confirm that rare earth atoms strongly interact with oxygen, which finally leads
to their incorporation on low-symmetry lattice sites in Czochralski Si. [S0031-9007(97)03766-6]

PACS numbers: 61.72.Tt, 61.72.Yx

Rare earth doping of Si is known to result in the forma-single crystals experience channeling or blocking effects
tion of luminescent centers and is considered as a possibédong low-index crystal directions. This leads to an
way to manufacture Si-based optoelectronic devices [1]anisotropic particle emission yield from the crystal surface
Among the various rare earth elements, Er is of specialvhich depends in a characteristic way on the lattice sites
interest since its atomic transition at54 xwm matches occupied by the emitter atoms. While this technique as
the absorption minimum of SiQ a highly desirable fea- such is not new and, in case of rare earths, was already
ture both for signal transmission through glass fiber cablessed once for the lattice location 8°Yb in Si [10], we
and optical on-chip communication. Luminescence at thikave for the first time applied position-sensitive detection
wavelength from Er-implanted Si was already establishe@f electrons. This new approach further increases the
several years ago [2]. Meanwhile Er-based light-emittingexperimental efficiency by 1 to 2 orders of magnitude
diodes operating at room temperature have been reportethd allows a much faster, easier, and more precise
[3]. The basic understanding of Er luminescence in Sidetermination of lattice sites.
however, is far from complete. This concerns both the lat- We used the radioactive isotop&Tm (t1i2 =9.25d)
tice sites of Er and the role of codopants such as O, N, awhich decays into two excited states '6fEr with half-

F, which were found to have a beneficial influence on ludives of 1.5 ns and 2.27 s, respectively (Fig. 1). While
minescence Yyield. Photoluminescence (PL) spectroscophe 1.5 ns state emits andM conversion electrons of 48
studies have identified a number of Er-related centers witand 56 keV energy, the decay of the 2.27 s st&téEr
different crystal surroundings in Si [4]. The most intenseis accompanied by, L, and M electrons of 150, 199,
PL yield was due to two centers having cubic and axial

symmetry, respectively. While the cubic center occurred

in both float-zone (FZ) and Czochralski (CZ) Si and was 9.25d
attributed to tetrahedrdll") interstitial Er, the center with 100% EC decay 1"Tm
axial symmetry was observed only in CZ Si and ascribed Q=748.9 keV 59
to Er-O complexes. The existence of tetrahedral intersti- y
tial Er would be also in agreement with theoretical stud- 264.9
ies, which predict thal” sites are the most stable sites for 15ns f. =16 % 48.0 keV
all oxidation states of isolated Er atoms in Si [5]. Direct 257 __207.8 fu= 7%559keV
lattice location using the Rutherford backscattering (RBS) 167mEy f =19 % 150.3 keV
channeling technique only suggested substitutional [6] or f.=29 % 198.8 keV
hexagonal H) interstitial Er [7,8]. The reasons for these fu= 9% 206.0 keV
discrepancies, however, are unclear. stable 4

To study the lattice sites and damage recovery after rare 167,

ear_th _implantatior), we have Qpplied' convgrsion ele(.:t.rorhG- 1. Simplified decay scheme 6f Tm/!'7"Er (some low-
emission channeling [9] combined with position sensitive,iansity electron capture (EC) transitions are not showfy.

detection. Emission channeling makes use of the fact, 'andy,, are conversion electron intensities with reference to
that charged particles emitted from radioactive isotopes ithe decay of®’Tm.
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and 206 keV, respectively. Both types of electrons car 3,
be used for lattice location purposes, and they probe th 2
lattice sites of®’Er during different time windows follow-
ing the decay of’ Tm. 60 keV implantations of®’ Tm
into Si single crystals were done at the ISOLDE facility
[11] at CERN using a 1 mm beam spot. Four different
samples were investigate@-Si:B FZ (10 k) cm,(111)
orientation, implanted dos&8 x 103 cm™2), n-Si:P FZ
(>4 kQ cm(111),5.1 X 10"* cm™2), p-Si<B CZ (5-

14 Q cm,{100),4.4 X 103 cm~2), and n-Si:P CZ (1-

10 Q cm,(100),3.5 X 10'* cm™2). Following room tem-
perature implantation, annealing was done under vacuul
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better than10™> mbar. In order to measure the con- 1 8
version electron emission yield as a function of anglemmo e . =
towards different crystallographic directions we used & —y
30 X 30 mn? Si detector (0.5 mm thick, 5 keV FWHM
energy resolution), consisting o022 X 22 “pads” (or
pixels) of 1.3 X 1.3 mn? size, which was mounted at #;,
a distance of 285 mm from the sample. Such detectc
systems were recently developed at CERN in the conte»
of high-energy physics collider experiments [12], and we
have adapted them for use in electron emission channelin

Figures 2(a)—2(c) show the normalized emission yielc
of conversion electrons from the 2.27 s st&f¢'Er in the
p-Si FZ crystal at the end of an isochronal annealing se s(\'\\\
quence from room temperature up to 9@ 10 min, steps
of 100 K; cf. Fig. 3(a)]. Clearly visible are prominent
channe_ling.effects along axial00) and(111) and_planar FIG. 2. (a),(b),(c) Channeling patterns frofi"Er (2.27 s)
{110} directions, and less pronounced channeling effectfollowing room temperature implantation 8f Tm into p-Si FZ
along{100} and{211}. On the contrary, the axiél10)and and after finishing the annealing sequence to @0 Shown
planar{111} and{311} directions all show yields close to are normalized electron emission yields from the combined

; P e i ntensity of 150, 198, and 206 keV electrons in the vicinity
unity or below. The combination of these patterns is dlrecfOf (111}, (100, and (110) directions. (d).(e).(f) Best fits of

evidence that the majority df”"Er occupies sites close gimyjated patterns to the experimental yields, corresponding
to the tetrahedral interstitidll’) position. WhileT sites  to 86%, 95%, and 99% of emitter atoms on sites which are
are perfectly aligned wit4100), (111), {100}, {110}, and  displaced by 0.43 A from th& site.
{211} lattice directions, leading to channeling of electrons
emitted from these sites, they are interstitial with respect
to (110) atomic axes andl11} and{311} atomic planes, sion yield shows a rich fine structure, which requires us
causing yield minima along these directions [13]. Noteto take into account a fine mesh of small angular steps.
that due to the negative charge of the conversion electron&/e therefore considered a range=o3° around thg100),
this is essentially the opposite behavior to that observed fof1 10), and(111) directions in steps ahx = Ay = 0.05°,
alpha emitter atoms on tetrahedral sites [14]. Significantesulting in characteristic two-dimensional patterns of elec-
contributions from emitters on substitutior(dl) sites can  tron emission probability for each lattice site. Quantitative
be ruled out, since these would show up as channeling efaformation is then obtained comparing the fit of simulated
fects along th&110), {111}, and{311} directions. A com- patterns to the observed yields. The fit procedures used
parable argument holds for ruling out hexagot#a) sites, for this purpose are modified versions of those given in
which are located clearly off a100) atomic axes and Ref. [15] for the case of alpha emission channeling pat-
{100} atomic planes and are incompatible with the ob-terns. The size and shape of the detector pads were taken
served channeling alond00) and{100}. into account during fitting by averaging over the simu-
In order to characterize the Er lattice location more predated yield falling within the angular rang@.26° X 0.26°)
cisely, we have carried out computer simulations of emisef one pad. We considere§} T, H, bond center, anti-
sion yields for a variety of sites. The concept of electronbonding, split(100), and the so-called and C sites
emission channeling simulations is based on the dynamicf. Ref. [14]), as well ag111) and(100) displacements
cal theory of electron diffraction and described in detailbetween these sites and mixtures of several sites. Fig-
in Refs. [9,13]. Because of quantum-mechanical diffrac-ures 2(d)—2(f) show the best fit results, which were, con-
tion patterns, the angular dependence of the electron emisistently for all three axes, obtained for a displacement of
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L2 Figure 3 displays the Er fractions on néarsites
-b_)._ o 1 observed during isochronal annealing sequences for all
O e T four Si crystals. Despite the fact that th&Tm/!67Er
s _ ] probes are located in a highly defective surrounding,
I 2”257‘:’;:3 1 electron emission channeling effects were already clearly
061 5 15 st .- visible directly following room temperature implantation.
B - % L The observed channeling patterns could be fitted well by
g 04r # 'y an equivalent of 20%—-25% ne#r-emitter atoms in a
5 onl %,‘%/ "] perfect lattice and the remainder on so-called “random
§ 1l ] sites.” Random sites are lattice positions associated with
§ 0.0 |t negligible anisotropy in emission yield, i.e., sites of very
& L2  p-SiBFZ ] low crystal symmetry, or sites in heavily damaged or
“i 10— ?Z,:Z:z . amorphous surroundings. Upon annealing to €D@he
2 o8l ° . \%>/ T electron emission channeling effects increased markedly.
§ S msipEz + 1 We attribute this to the well-known solid phase epitaxial
| m 227sstate _ / ] regrowth of implanted Si in the temperature range 550—
0.6 A 2.27sstate, T, ~=T following . .
L e e MTA A onarenre 600°C [16]. As a result, the quality of the crystal lattice
04| ’ q% and 2 h at T,=T,=900°C | is restored to a large extent, and our measurements show
I o C/ 1 that subsequently more than 90%'9fEr emitter atoms
02 ¢ $’ ] are located on nedf-sites. For annealing at 80Q and
00t e above, pronounced differences between FZ Si and CZ
0 200 400 600 800 1000 Si were observed. In FZ Si [Fig. 3(a)], which typically
annealing temperature T, [°C] has a small oxygen concentration t6'>-10'¢ cm™3, a

) _ 10 min anneal at 90T even further increased the near-
FIG. 3. Isochronal annealing sequences (10 min, measur

ments atT, = 20 °C, unless indicated otherwise) for the frac-er fra(_:tlon by some percent. '2 thgsoxygen-rlcher Cz
tion of ''Er on nearf sites. Panel (a) shows data from Fz Material (typically{O] ~ 10'7-10'* cm™?), however, the
Si, panel (b) from CZ Si. Note that for both types of Si it fraction on neafF sites dropped markedly in botp-
is also discriminated betweenr and p-Si and results obtained and n-Si [Fig. 3(b)]. The channeling patterns obtained
fr_(t)ga t:}‘&?;g?f&ggg}’é?go” Aef't‘éﬁ"c%”; ?é?ii:]te(j'[ht:ay gr‘]ﬁé‘é"lfn eXfollowing 950°C annealing of CZ Si could be well fitted
Ci : : .
sequence of the-Si FZ at 900°C, the mpeasu?ing temperatu?e by assuming 25%-35% ,Of Er on n_elirsnes and _the
was raised to 606C for 19 h, and 906C for 2 h, and then rémainder on random sites. In this case, within the
lowered back to room temperature. statistical limits of our present data, we cannot exclude
that there is also a small fraction of distinct lattice sites of
low symmetry involved; however, more than 10% Hn
d = 0.43(8) A from the T site. The mean value for the sites can be ruled out.
fraction of emitter atoms on these sites derived from the fits In order to interpret our experimental results, let us first
in Fig. 2 is 93(7)%. ldeal sites did not satisfactorily de- discuss to what extent the observed lattice site¥’&r
scribe the experimental patterns, leading to a 30% increasaight be influenced by the properties of the paféfitm
in the chi square of fit. Note, however, that for such smalland its EC decay (Tm also seems to prefer interstitial sites
displacements the channeling effect can give informatiomn Si [10]). The!S’Er nucleus receives a recoil energy
only on the projected mean displacement of the emitteof 0.7 to 0.9 eV due to neutrino emission, and the ini-
atoms. This means that it is neither possible to determingal electronic configuration contains a hole in tkieshell.
the direction of displacement, e.g., whether frénto H, Both thermalization of nuclear recoil and electronic de-
T to AB, or T to Y sites, nor whether there exists only one excitation via x-ray emission could in principle result in
specific or an ensemble afvalues in the range 0-0.6 A metastable configurations or relaxation to a stable lattice
with a mean value off = 0.43 A. We consider it very site. In order to directly monitor the thermal stability of
likely that we have such a mixture of displacements, withtetrahedral Er in FZ Si, we have therefore also undertaken
e.g., the majority of Er on ided sites and some smaller channeling measurements at 600 and WOwith the
part (10%—15%) close to nearl¥y sites. We also fitted same results as in the case of°@0[cf. Fig. 3(a)]. Since
the emission channeling effects of the 48 and 56 keV eleahe diffusivity of Er in SiisD =~ 10~!° cn? s at 900°C
trons originating from the 1.5 ns state'fiEr and obtained [3], its mean diffusion lengtti6D)!/2 during the 3.27 s
the same site preference as discussed above, i.e.Thealfifetime of the'®””Er state is already around 14 A, which
with d = 0.44(10) A, with similar fractions (cf. Fig. 3). should also allow Er to relax to its own most-stable lattice
This directly shows that the majority ¢f'Er already oc- site. The neafF fraction measured after 2 h annealing of
cupies the neaf- sites within less than 1 ns after the n-Si FZ at 900°C and subsequent cooling to room tem-
167Tm decay. perature is already significantly smaller [Fig. 3(a)], but
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still much higher than in CZ Si for the 10 min anneals. We thank P. Weilhammer, A. Czermak, S.G. Jahn,
Assuming that the diffusivity of the parent Tm at 90D P. Jalocha, A. Rudge, and F. Schopper for providing
is similar to Er, one estimates mean diffusion lengths othe position-sensitive detectors, and H. Hofsass for the
190 A within 10 min and 660 A within 2 h. These val- permission to use his electron channeling simulation code
ues are comparable to the average distance between oxXymanyeeam.” J.G. M. and J.G. C. acknowledge JNICT
gen atoms (around 130 A in CZ Si and 600 A in FZ Si) (Portugal) for grants under the Praxis XXI program; A. V.
and somewhat larger than the mean distance to neiglacknowledges the postdoctoral research program of the
boring Er or Tm (37 A in the peak of the implantation Fund for Scientific Research, Flanders (FWO).

profile where the TmiEr concentration reaches a maxi-

mum of2 X 10'° cm?). The diffusivity of oxygen(D =

0.13 cn? s~ exd —2.53 eV/KT]) [17], however, is much

larger than the one of Er, and cannot be neglected. A sce-

nario which is compatible with our observations in CZ Si _ _
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