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Electron paramagnetic resonance and photoluminescence study of Er-impurity complexes in Si
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Electron paramagnetic resonan@&PR and photoluminescend®Ll) spectroscopy have been used to ex-
amine the structure and optical properties of erbium-impurity complexes formed in float-zone Si by multiple-
energy implants at 77 K of Er together with either O or F. After implantationgar2thick amorphous layer
was formed containing an almost uniform concentration of Ef{&ar)and O (3x 10'%cnt or 1% cn?) or
F (10%cnr). Samples were annealed in nitrogen at 450 °C for 30 (tnégatmentd), treatmentA+620 °C for
3 h(treatmenB), treatmenB+900 °C for 30 HtreatmentC) or treatmenB+900 °C for 30 min(treatmenD).
Samples coimplanted to havex3 0 O/cn? and subject to treatmer® show a broad line anisotropic EPR
spectrum. These samples have the most intense low-temperature PL spectrum containing several sharp peaks
attributed to E¥" in sites with predominantly cubi€4 symmetry. Increasing the O concentration t3%em®
produces sharp line EPR spectra the strongest of which are attributed to tedbters having monoclinic
C,, and trigonal symmetry. The principal values and tilt angle for the monoclinic centers gre=0.80,
g,=5.45, g5=12.60, 7=57.3°, g,=0.69, andg, =3.24 for the trigonal centers. The low-temperature PL
spectrum from this sample showed additional sharp lines but the total intensity is reduced when compared to
the sample with %X 10'°O/cn?. For the sample containing 400/cnt at least four distinct centers are ob-
served by EPR after treatmeBtbut after treatmend no EPR spectrum is observed. The PL spectra are also
observed to change depending on the specific anneal treatment but even after trBatBrenefated PL is still
observed. Samples containing?1&/cn? and annealed with either treatmeBior C produced an EPR spec-
trum attributed to E¥'in a site of monoclinicC,, symmetry withg,=1.36, g,=9.65, g;=7.91, andr
=79.1°.Tentative models for the structures of Er-impurity complexes are presented and the relationship be-
tween the EPR-active and PL-active centers is discu$S€d.63-182809)04503-§

[. INTRODUCTION over this temperature range the PL intensity decreased by
over three orders of magnitude. However, in the presence of
Semiconductors doped with rare-earth ions are the subjesuitable concentrations of impurities such as O or F it has
of a considerable amount of research due to their applicabeen shown that the PL intensity decreased only by a factor
tions in optoelectronick:!® The 4f electrons are shielded of 30° This has led to the observation of room-temperature
from the full effects of the host crystal field and this resultsEL from Er-doped Sp-n diodes codoped with O or ¥ In
in the intra4f shell optical transitions being both sharp andaddition to reducing the quenching of the PL, the presence of
nearly independent of the host material. Furthermore, due tthe impurities can increase the net solubility of Er in Si. The
the close proximity of thelf electrons to the nucleus, these solid solubility® of Er in Si is low (~2x10*%cm?) and to
electrons experience a strong spin-orbit interaction. Erbiunincrease it nonequilibrium techniques such as molecular-
doped silicon has attracted particular attention because tHseam epitaxy;'® chemical vapor depositiolt, or ion
41 13210 #1155 transition in EF"occurs at the technologically implantatiofi"'? must be employed. At concentrations above
important wavelength of 1.54m. This wavelength matches the solubility limit, precipitation of Er into Er silicide will
the minimum in the absorption of light in silica-based optical occur. Coimplantation with either O or F has been shown to
fibers and is thus important in optical fiber communication.help in suppressing precipitation and Er concentrations as
When Er ions are incorporated into Si, this transition can bénigh as of 1x 10'%cm® have been incorporated in a good-
excited both opticallfand electrically’ Indeed, Er doping of ~quality Si single crystal by ion implantatid® These ben-
Si is one of the most successful ways in obtaining light emiseficial effects have been attributed to modifications in the
sion from this semiconductdr thus circumventing the in- local environment of the Er atom through the formation of
trinsic inability of Si to provide efficient light emission. One Er-impurity complexes?~18|t is therefore of great interest to
of the principal problems in the development of Er-doped Sidetermine the structure of these complexes. Some informa-
has been the strong quenching behavior of both the photoldion has already been obtained from extended x-ray-
minescence(PL) and electroluminescencéEL) on going  absorption fine-structurd EXAFS) measurements, which
from 77 K to room temperaturé? It had been observed that showed that Er is surrounded by a cage of 4—6 O atGrifs.
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Electron paramagnetic resonani&#R) is one of the most TABLE I. Sample labels, implanted impurity concentrations and
powerful experimental techniques used to examine defectgnnealing treatments for the samples investigated. Treatmént-
and complexes in semiconductdfsFurthermore, EPR is nealed at 450 °C for 30 min. TreatmeBt Annealed at 450 °C for
able to distinguish between the two common Er valence30 mint+620°C for 3 h. Treatmen€: Annealed at 450 °C for 30
states, Et* and EF*. Erf*has 124f electrons and is thus a min+620 °C for 3 h+900 °C for 30 s. TreatmerD: Annealed at
non-Kramers ion whereas Er, having an odd number of 450 °C for 30 min-620°C for 3 h+900 °C for 30 min.
electrons, is a Kramers idi.To date there has only been

one report of a weak EPR signal from Er-doped Czochral- Sample . . Annealing
ski (CZ) grown Si but this was only observed with above- label Impurity concentrations treatment
band-gap illumination. It was concluded that this EPR signal gr1 1x 10 Er/en?

was due to an ionized state of a defect with & 2harge o1 1% 10%° Erfen?+ 3% 10%° O/cn?

ground state; no Er-related photoluminescence was observed oo 1% 10 Er/enm+ 1% 10° O/cn?

from this defect. Recently, we have reported a preliminary 53 1x 10* Erfemi+ 1 X 102° O/cn?
EPR study on Er-doped Si and indeed we have shown the 4, 1% 10 Er/end+ 1x 10° O/cn?
presence of B centers in St? In this paper we present the 5 1% 10 Erfert+ 1x 107° O/en?
first detailed EPR study of Er complexes in Si implanted F1 1% 101 Er/en+ 1x 102 Efend
with Er together with either O or F. We show that the nature 1 1% 108 Erfend+ 1% 102 Elen?
of the coimplanted ions as well as their concentrations and
the postimplantation anneal treatments all affect the structure

and/or the concentration of the Er complexes. The relationgina|ly to examine the effects of different coimplanted im-
ship between the EPR-active centers and the optically activgyrity atoms, two samples were coimplanted with F at 77 K.
centers is examined using high-resolution PL measurement$ne same ion energies and doses were used for F coimplan-
tation as were used in the coimplantation of sample O2 and
this resulted in an nearly constant 10:1 F:Er concentration
ratio in most of the implanted region. To examine the effects
Samples ofn-type FZ (100 wafers (resistivity ~220  of different annealing conditions, one sample, labeled F1,
Q) cm) were implanted with Er ions at 77 K using a 1.7-MV was subjected to thermal treatmdgt(450 °C for 30 min
tandem accelerator and a sputter ion source with an Er oxide 620 °C for 3 ). The second sample, F2, was subjected to
cathode. All the samples investigated were implanted with EtreatmentC (450 °C for 30 min+620 °C for 3 h+900 °C for
to a total fluence of X 10"%cn? with energies in the range 30 9. Table | summarizes the impurity content and annealing
0.5-5 MeV to give an approximately uniform concentrationconditions of the samples examined.
of 1x 10Er/cn? over most of the implanted region. One  EPR measurements were performed in a modified Bruker
sample(Erl) was only implanted with Er. The other samples EPR spectrometer with 100 kHz field modulation using a
were coimplanted with O or F at different energies in theTE;q, rectangular cavity. The microwave frequency was ap-
range 0.15-0.5 MeV to give approximately uniform impurity proximately 9.23 GHz and the samples were cooled to he-
concentrations in the region where Er resides. One samplaim temperatures using an Oxford Instruments flow cry-
(O1) has an O concentration of approximately 30'%cm®  ostat. The sample temperature was approximately 10 K and
in the region between 0.3 and 1m below the surface care was taken not to saturate the EPR spectra with micro-
resulting in a nearly constant 3:1 O:Er concentration ratio inrvave power. Each of the samples were cleaved such that a
most of the implanted region as measured by secondary idl00] direction was parallel to the vertical sample rotation
mass spectrometr{SIMS). A third sample(O2) was im-  axis. This allowed the orientational dependence of the EPR
planted with O in order to have an almost constant O conspectrum in theg110) plane to be measured. PL measure-
centration of X 10?%cm® and a 10:1 O:Er concentration ra- ments were performed using the 488-nm line of afi faser
tio in most of the implanted region. After implantation a with a pump power of 200 mW. The pump beam was fo-
continuous amorphous layer extends from the surface to aused to a 1-mm-diam spot on the sample and mechanically
depth of over 2.Qum as measured by transmission electronchopped at a frequency of 55 Hz. The PL signal was col-
microscopy(TEM). Each sample was annealed at 450 °C forlected by two lenses, analyzed with a monochromator and
30 min to smooth the amorphous-crystalline interface andletected with a North Coast liquid-nitrogen-cooled Ge detec-
most were then subsequently annealed¥d at 620°C in  tor. Spectra were recorded using a lock-in amplifier with the
order to induce the solid phase epitaxi@8PB recrystalliza- chopper frequency as a reference. Low-temperature measure-
tion of the amorphous layer. Finally thermal annealing undements were performed by using a closed-cycle liquid-He
flowing N, for 30 s or 30 min at 900 °C was performed on cooler system with the samples kept in vacuum.
some of the samples.

OWOmX>»0O00

Il. EXPERIMENT

To examine the effects of different post-implantation Ill. EXPERIMENTAL RESULTS
treatments, three samples, in addition to O2, each with 1 _
X 109Er/cm? and 1x 107°0/cn? were annealed under dif- A. Effects of oxygen codoping on the EPR spectra

ferent conditions. Sample O3 was just annealed at 450 °C for of Er-doped Si

30 min(treatmentd), and sample O4 was annealed at 450°C  The low-temperature EPR spectrum from sample (@it

for 30 min followed by 620 °C for 3 litreatmenB). Sample shown revealed only a broad isotropic resonance corre-
O5 received treatmerB but was then subject to a high- sponding to aj value of 10.5. The peak-to-peak linewidth of
temperature annealing at 900 °C for 30 nftreatmentD).  this line was 23 mT and the line shape of this broad reso-
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| | | | FIG. 3. Angular dependence of the observed resonafoyen
0.03 0.10 0.15 0.20 circles from center OEr-1 in sample 02 (fEr/cn?
Magnetic field (Tesla) +107°0/cn?+ 450 °C for 30 min-620 °C for 3 h+900 °C for 30
s) as the magnetic field is rotated in a plane near(##) plane.
FIG. 1. Low-temperature EPR spectra from sample 01Due to the slight misorientation of the sample, the magnetic field is
(10" Er/c+ 3% 10°O/cn+450 °C for 30 min-620°C for 3  Not exactly in thg110) plane of the sample and this produces more
h+900 °C for 30 $ at different orientations of the magnetic field in lines than would be expected fGr, symmetry. The fitsolid lines
the (110) plane. The angle indicated is that between the magneticis obtained from the principaj values and tilt angle given in the
field direction and001]. text.

nance did not change in a significant way as the magnetic H=ugB-g-S (1)

field was rotated in th€110) plane of the sample. The EPR . L o

spectrum of sample O1, shown in Fig. 1, reveals the presenciith S=3 and ag tensor exhibitingC,, monoclinic symme-

of two broad resonances which merge together as the madfy- The principalg values areg; =0.80,9,=5.45, andgs

netic field was rotated in thé110) plane through 60° from =12.60. The 2-axis lies in €10 direction and both the 1-
the [001] direction. No significant change in the spectrumand 3-axes lie in the plane perpendicular to it with the 1-axis
occurred between 60° and 90°. In contrast to samples Ertilted away by an angle from the[001] direction as shown
and O1, sample O2 has an EPR spectrum containing severi#l Fig. 4. For center OEr-1 the angleis 57.3°. These pa-
sharp lines, as shown in Fig. 2, when the magnetic field i§ameters were obtained by fitting the angular dependence of
nearly parallel tg001]. Three distinct groupings of lines are the spectrum as the magnetic field was rotated approximately
evident: a series of sharp low-field lines in the range 0—0.18Vith the (110) plane. The analysis shows that the rotation
T (lines 1-3, a broader line at approximately 0.25(fihe 4) axis was not quite coincident with tHd10 direction with

and a single sharp isotropic lifeot shown with a g value the result that the closest approach of the field direction to
of 2.004 57; the later is observed in all of the samples examthe [001] and [110] directions was 1.4° and 3.2°, respec-
ined and we believe that this line originates from the underlively. The rotation angle is the angle through which the field
lying Si substrate. Lines 13 arise from centérsre labeled is rotated and is defined to be zero at the closest approach to
OEr-]_) whose orientational dependence could be fitted, aghe[OOl] direction. It is this S|Ight misalignment that leads to

shown in Fig. 3, to the effective spin Hamiltonian the splitting of lines 2 and 3 in Fig. 2 and the expected
[001]
Téﬂ 1-axis
2
3 4
= [110]
o203 i
[110]
| I | | I I 2-axis

0.05 0.10 0.15 0.20 0.25 0.30
Magnetic field (Tesla)

3-axis

FIG. 2. Low-temperature EPR spectra from sample O2 FIG. 4. The principal axes system for monoclifig, symme-
(10" Er/fen?+ 10X 107° O/cnP+ 450 °C for 30 min-620°C for 3 try. The 1-axis is tilted away from €01) direction by an angle.
h+900 °C for 30 $ for the magnetic field nearly parallel to the Both the 1- and 3-axes lie in th@10) plane and the 2-axis lies
[001] direction. The microwave frequency was 9.23 GHz. perpendicular to this plane.
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FIG. 5. Angular dependence of the observed low-field reso- FIG. 6. Low-temperature EPR spectra from sample O4
nances(open circles and fit for center OEr-2 in sample 02 (10*Er/cn+107°O/cnt+450 °C for 30 min-620 °C for 3 h for
(10" Er/cn?+107P°O/cnB+450°C for 30 min-620°C for 3  the magnetic field parallel to thi®01] direction. The microwave
h-++900 °C for 30 $. The same misorientation parameters as used iffrequency was 9.23 GHz. For convenience the lines associated with
center OEr-1 are used in the analysis of center OEr-2. the centers OEr-1 OEr-3, OEr-4, and OEr-2for this orientation

are indicated on the spectrum.
presence of 12 lines in the angular dependence of the spec-

trum shown in Fig. 3 rather than the seven that would bejiscussion we suggest are associated withi Eenters, were
expected foIC,, symmetry if the magnetic field was exactly we able to detect the hyperfine lines associated with the 23%

in the (110) plane>® abundant Ef isotope withl = £.2°
Line 4 in Fig. 2 has a peak-to-peak linewidth of 7.7 mT

but splits into several lines as the field direction is rotated
away from[001]. Figure 5 shows the angular dependence of
these_lines as the magnetic field is rotated in approximately
the (110) plane (the misorientation is the same as that de- The samples labeled 02, O3, 04, and O5 have the same
scribed above As the rotation angle was increased, the in-impurity concentrations (£8Er/cnt+ 10°°O/cn?) but have
tensities of these lines diminished sharply and it was nobeen subjected to different thermal annealing treatments. The
possible to follow the lines beyond a rotation angle of aboutesults for sample O2 are given in the previous section. From
45°. Using the available data it was possible to fit them bysample O3 and sample O5 no Er-related EPR was observed,
using the same monoclinic Hamiltonian as in Ef). The  whereas from sample O4 many lines were observed most of
principal g values obtained from the fitting agg=0.45,g,  which are associated with £r complexes. Figure 6 shows
=3.46, andy;=3.22. The tilt angleris 55.9° and this center the EPR spectrum from sample O4 obtained for the magnetic
is labeled OEr-2. Sincg,~g; and 7 is close to 54.74° the field parallel to thg001] direction. No misorientation of the
center exhibits near trigonal symmetry. The fact that the linesample in the magnetic field occurred in this case. Upon
positions were only obtained for a limited angular range lim-rotation of the magnetic field in th€l10) plane a compli-

its the reliability of the fit and the subsequeamntalues ob- cated orientational dependence was observed. The angular
tained for it. However, as presented in Sec. Il B, we observalependence of many of these lines could only be accounted
a more intense signal in another sam@@&), for which no  for by assuming the presence of four different centers. Two
misorientation occurred, which we believe is due to the samef these centers OEr-land OEr-3 exhibit monoclinic sym-
center and for which the full angular dependence was obmetry and the other two, OEr-and OEr-4 exhibit trigonal
tained to allow a more accurate determination of gheal-  symmetry. Table Il lists the principg value and tilt angles
ues. For none of the spectra, which for reasons given in thebtained from the fits to the angular dependence for each

B. Effects of different annealing treatments on the EPR
spectra of the O codoped samples

TABLE Il. Principal g values for the different centers observed in samples O2, O4, and F1.

Average
Sample Center o1 Js O3 g valué® Tilt angle
02 OEr-1 0.80 5.45 12.60 6.28 57.30°
04 OEr-1 0.80 5.45 12.55 6.27 56.90°
04 OEr-3 1.09 5.05 12.78 6.31 48.30°
04 OEr-4 2.00 6.23 6.23 4.82 54.74°
02 OEr-2 0.45 3.46 3.22 2.38 55.90°
04 OEr-2 0.69 3.24 3.24 2.39 54.74°

F1 FEr-1 1.36 9.65 7.91 6.31 79.10°
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FIG. 7. Angular dependence of the observed low-field reso- FIG. 8. Angular dependence of the observed low-field reso-
nances(open circleg and fit (continuous ling for monoclinic cen-  nances(open circley and fit (continuous ling for trigonal centers:
ters:(a) center OEr-1 and(b) center OEr-3 observed from sample (a) center OEr-4 andb) center OEr-2 observed from sample 04
04 (10°Er/en?+ 107°O/cn+ 450 °C for 30 min-620 °C for 3h. (10 Er/cn+ 102° O/cn+ 450 °C for 30 minr620 °C for 3 h.

The same temperature is approximately 10 K and the microwavehe same temperature is approximately 10 K and the microwave
frequency is 9.23 GHz. frequency is 9.23 GHz.

center. Figure & and {b) show the fits obtained to the K. The PL spectrum from sample O1 reveals the presence of
angular dependence for the monoclinic centers and k&. 8 four dominant lines at wavelengths of 1.5376, 1.5559,
and 8b) the fits to the data for the trigonal centers. Tihe 1.5748, and 1.599um. The strongest of these lines is at
values and tilt angle obtained from the fit to the data in Fig.1.5376 um and has a half-width at half-height of 9.2 ¢t
7(a) are the same, within the fitting error, as those obtained’he PL spectrum of sample O2 also contains these lines as
for center OEr-1. Consequently we believe that this centenvell as extra lines. The half-width at half-height of the peak
labeled OEr-1is the same as center OEr-1 found in sampleat 1.5376um from sample O2 is 11.9 cm. The tempera-
02. Furthermore since thg values and tilt angle obtained ture dependence of the PL intensity from the two samples
from the fit to the data shown in Fig(i® are similar to those has also been studiédiWhilst the intensity of the 1.53Zm
obtained for center OEr-2, we believe that this center, her@eak in sample O1 at 15 K is approximately a factor of 3
labeled OEr-2, is the same as_center OEr-2. Since the fullstronger compared to that of sample O2, at RT the corre-
angular dependence within thi&10) plane was obtained for sponding signal is the same in the two samples. As can be
OEr-2 it is likely that its parameters, given in Table Il, are seen from Fig. 9 the PL intensity of sample O2 is larger than
more reliable than for OEr-2. that found from sample O4. Although both samples have the
A number of other unlabelled weaker lines, particularly same impurity concentrations, sample O2 received an addi-
around 160-170 mT, are seen in Fig. 6. It was not possibléonal high-temperature anneal of 900 °C for 3Qtreatment
to perform a detailed angular dependence measurement @).
these lines as their intensity diminished upon rotation and
these lines are subsequently masked by more intense lines
the positions of which are changing as the orientation of the
sample changes in the magnetic field; consequently we have Figure 1@a) shows the low temperature~10 K) EPR
not attempted to determine the princigievalues of the cen- spectrum of sample F1 (3Er/cn?+ 107°F/en?, thermal
ters associated with them. treatmentB) with the magnetic field parallel to thgl10]
direction. Three lines are observed and peak-to-peak line-
widths of the most intense lines are 1.2 riifie 2) and 1.45
mT (line 3); the spectrum was unobservable above 17 K. The
Figure 9 shows the high-resolutidr-10 A) photolumi-  orientational dependence of the spectrum could be fitted, Fig.
nescence spectra from samples O1, 02, and O4 taken at 18(b), to a single spirk monoclinic C,,, center, labeled

D. EPR and PL measurements of F coimplanted samples

C. Photoluminescence spectra of O-doped samples
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FIG. 9. Low-temperature photoluminescence spectra from 0 20 40 60 80
sample O1 (1B Ericni+3x 10°°0/cr?+450°C for 30 min Rotation angle (degrees)
+620°C for 3 h900°C for 30 § sample O2 (1¥Er/cnt
+10°0/cni+ 450 °C for 30 min-620 °C for 3 h+900 °C for 30 FIG. 10. (a) Low-temperature EPR spen_:trum from sample F1
S) Sample 04 (1{'? Er/CfTF-i— 10200/0rn'3+ 450°C for 30 min (1019 Er/CtT?-i— 1020 F/Cn’F"‘ 450 OC fOI’ 30 mlﬁl-620 OC f0r 3 h
+,620 °C for 3 h. The pump power was 200 mW with the magnetic field parallel to tHe.10] direction. (b) Angular

dependence of the observed resonariopen circleg from sample
F1 (10°Er/cnt+ 10%° Flcnt+ 450 °C for 30 min-620 °C for 3 b
and fit (solid lineg attributed to a single Br center with Cyj,
symmetry. This center is labeled FEr-1.

FEr-1, with principleg valuesg,;=1.36,9,=9.65, andg,
=7.91 and a tilt angle of 79.1°. The fourth EPR line ex-
pected forC,,, symmetry for the magnetic field parallel to

the[110] direction is beyond the magnetic-field range inves-oqt the 16-fold degenerate free ion ground-state energy
tigated. To investigate the thermal stability of the centerigq| is gplit into a number of Stark levels. The number and

FEr-1 sample F1 was annealed under flowing Ar for 15 miny, e of 5 jplevels can be obtained from group theory and are
the intervals successively at 800, 840, and 870 °C. After eaci an by the irreducible representation of the symmetry

anneal the sample was cooled to 10 K and the spectrunfq s into which thel representation decompogesThe
recorded for the magnetic field parallel to {i4.0] direction. 15

: ; . . decomposition ofl=3?, in T4 symmetry, can be shown to
After annealing at 800 and 840 °C the intensities of lines 2

and 3 had both fallen to 65% and 40%, respectively, of their

initial values. No EPR signal from center FEr-1 was detected DI=152= +T',+3T. 2)
after annealing at 870 °C. We also recorded the EPR spectra

of another sample F2, which was codoped in the same wayhe I's andI'; are two-dimensional representations of the
as F1 but which had received a 30 s anneal at 900 °C iflouble cubic group and theg is the four-dimensional rep-
addition to the anneals at 450 °C and 620(t@atmentC). resentation. Which of these five energy levels, corresponding
This sample gave the same spectrum as F1 but reduced i@ the different irreducible representations, lies lowest can be
intensity by about a factor of 2. That the spectrum was Seeﬁa|CU|at6d in terms of the crystal-field Hamiltonian having a
at all despite the final anneal temperature exceeding 870 °definite total angular momentut)

is undoubtedly due to the fact that the anneal at 900 °C was 0 4 0 4

only for 30 s. The PL spectrum from sample F2 has been H=B4(0,4+504) +Bg(0g—210¢), ()]
reportgd p.reviousiﬁ? and show§ Fhat Er-related Iumin(_as- where O are the equivalent crystal-field operators ex-
cence is still observable though it is weaker and has a differ- essed as components d23 The coefficientsB, and

. : r
gnzt Spﬁge’;r]tgigtg‘: tﬁc;;rgsgi?fré?;nngt l(;JTianﬁlscgggsefrércigiﬁidetermine the scale of the crystal-field splitting. In order
is p;resent P y to solve the Hamiltonian in Eq3) Lea, Leask, and Wdif

defined two parametessand W such that
IV. DISCUSSION B4F(4)=Wx, and BgF(6)=W(1—|x|), (4)

Er* with eleven 4 electrons has a spin-orbit ground statewhereW is an energy scale factor ae{4) andF(6) are
of J=%3and is separated from the first excited sthtg,, by ~ numerical factors chosen to keep the fourth- and sixth-order
~6500 cm Y. When the Er atom is incorporated into the Si matrix elements in the same numerical range; fbr
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This approach is only valid if the lower symmetry crystal
field is small when compared to cubic crystal fiétd This
analysis is also only valid where tlgevalue in cubic sym-
metry is independent of the strength of the crystal field,
which in this case is for th&'g or I'; states. This approach
has been used successfully in the interpretation of rare-earth
EPR spectrd®~2 Small difference$<0.04 betweeng, and

0.y are usually explained in terms of interactions with
higher-lying energy levels or the effects of covaleRtyf

the difference between the value gf and g, is large
(>0.1) 28 the assumption that the low symmetry components
of the crystal field are small compared to when the cubic
crystal field breaks down.
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A. Effects of different O concentrations

on EPR and PL spectra

]

-300 . : . It is apparent from Figs. 1 and 2 that in order to observe
-1 0.5 0 0.5 1 sharp EPR lines for an Er concentration ofBr/cn? it is
X necessary to have in excess of 30'°0O/cn?. At O concen-
FIG. 11. Crystal-field energy splitting far= " in a cubic crys- trations at or below this value, only broad_ resonances are
tal field in T4 symmetry withW=0.8635 cm. x is the crystal-field observed. In the case of sample Efdo implanted O

mixing parameter as defined by E@l). The dashed line corre- preseny, th.e single bf‘?a,d iSOthPi‘? resonance may be due to
sponds tax=0.35. the formation of Er silicide precipitates. Large clusters of Er

silicide are known to form if the Er concentration exceeds

=15/2,F(4)=60, andF(6)=138602* x is the crystal-field 10'*%cm® (the approximately solubility limit of Er in $i
mixing term and is expressed in terms of the ratidBgfto ~ Although broad resonances are also observed in sample O1
Bg and runs from—1 to +1. The eigenvectors of the Hamil- (3x 10°0O/cn?),the observed anisotropy of the resonances
tonian are a combination of the fourth- and sixth-orderindicates that the environment around the Er atom has
crystal-field potentials. The eigenvalues can be related to thehanged due to the inclusion of O. Whilst no sharp EPR lines
crystal-field energy levels deduced from the observed Plare observed from this sample it is possible to fit the four
spectrum by the scale parametét Negative values ok  observed PL lines to an &t center having predominantly
correspond to tetrahedral coordination, whereas positive vakubic symmetry using the crystal-field Hamiltonian given in
ues ofx occur for octahedral coordination. The crystal-field Eq. (3). The best fit to the experimental data was obtained for
energy level diagram for Bf is shown in Fig. 11. With x=0.3544 and=0.8635cm® with an rms error in the fit of
labeling appropriate td4 symmetry, thel'; representation less than 1.7 cmt. The position of the fifth energy level
lies lowest for —1<x<—0.46, thel's representation for consistent with cubic symmetry is predicted to be 372.8
—0.46<x<0.58, and thd"g representation fox>0.58. The cm ! above the ground state. A transition from the lowest
I'e andI'; representations can be regarded as doublets anp=13/2 energy level to this fifth energy level would appear
application of the Zeeman magnetic field lifts the Kramersas a PL line centered at 1.6310n. This wavelength lies in
degeneracy and EPR can occur between the two time rex region where the sensitivity of the Ge detector is very low
versed states. Since the Zeeman splitting is small compareghd therefore cannot be detected in the present experiment. A
to the differences between the crystal-field energy levels, thpositive sign ofx indicates that Er is incorporated inTa
Zeeman interaction can be regarded as a perturbation to theterstitial site with four nearest neighbors and six next-
crystal-field eigenstates. Using the crystal-field eigenstatesearest neighbors lying close by. It is interesting to note that
given elsewher@ the g values associated with transitions the value ofx and W obtained in our analysis are almost
within the ' andT'; states in cubic symmetry are 6.80 and identical to those obtained by Przybylinsk&al® in their
6.00, respectively. Paramagnetic resonance can also be oftudy of Er-implanted Si and is consistent with the energy
served from d’g quartet. However, the Hamiltonian associ- level calculation that found the tetrahedral interstitial site to
ated with al'g state in cubic symmetrgor the two zero-field be the most stable for Er to occupy in ZiThese calcula-
split levels derived from d'g state if the symmetry is less tions were performed for Er incorporated into pure silicon
than cubi¢ contains in addition to those terms found in Eq. with no extra impurity present. Furthermore Wagtlal3°
(1), third-order spin terms of the for|ﬁ3, wherei =x,y,z.25 have recently experimentally demonstrated, by the emission
These third-order terms are significant when the spin-orbithanneling technique, that Er is in a tetrahedral interstitial
interaction is strong and the absence of these terms ifilEq. site in float zone Si. A value of=0.35 would imply that the
indicates that the centers do not involvg symmetry. crystal-field ground state had g representation and a single

If the overall crystal field has less than cubic symmetry,sharp isotropic EPR spectrum withgavalue of 6.8 would be
the principal components of tltgtensor can be related to the predicted. As mentioned previously no sharp EPR line is
g value predicted for cubic symmetry, by?®~28 observed from sample O1 and therefore such cubi¢ Een-
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magnitudes of these principgl values similar to those ob-

(a) served for center OEr-1 but also the averaggealue as de-
fined by Eq.(6) is 6.28, identical to that obtained for center
OEr-1. We thus suggest that center OEfahd OEr-} con-

—— sists of an Et" ion surrounded by six O atoms in a configu-

ration similar to the monoclinic center found in,Bx. The
averageg value of the dominant trigonal center OET-&
2.39 and since it is well removed from the averapealue
predicted for al'g or I'; state, the center OEr-Zould not
result from either one of these states. It has further been
@ Eratom ® O atom shown that this center could not arise from a trigonally split
I'g state or from an excited statéFurthermore, the fact that
FIG. 12. The arrangement of the O atoms in the local structurehis averagey value is sufficiently different from the average
around Er in E§O; giving rise to(a) monoclinic symmetry andb) g value of the trigonal center observed iQ%:Ers+(6.2D
trigonal symmetry.l Both structures are similar to the cubic ﬂuoritesuggests that center OEf-and OEr-2 is very different
structur.e.but withz of the. O. atoms removed. In the case of the from the trigonal center found in ,05:Er. However, we
monoclinic genters Fhe missing O atom_s gre taken from a face d'believe that this center is another well-defined Er-O com-
agsn;l Z_nd in tklle trigonal center the missing atoms are taken fro'BIex. The remaining centers are also well defined Er-O
a body diagonal. and/or Er-O-Si complexes though the exact nature of the
ters cannot be the predominantly EPR active centers. Howeenters is unclear.
ever, we can conclude from the anisotropy of the observed Unlike the EPR spectra, the PL spectrum from sample O2
EPR spectrum of sample O1 that the EPR active céter given in Fig. 9 is similar to the PL spectrum from sample
present haghave some definite orientation and the fact O1l. The four PL lines observed in sample Ol are also
that it is only seen after coimplantation with presentin sample O2 though reduced in intensity. In addition
3x 10" O/cnPstrongly suggests that the cerigerinvolves — other PL lines, not associated with the cubic center are also
oxygen. The broadness of the lines suggests that the assoéiserved. From this we conclude that the optically active
atedg values have a range of values that may arise from gubic EF* center is also present in sample O2 but that the
range of different local environments due to the presence dflominant centers responsible for the PL and EPR signals are
different Er-O-Si and/or Er-O complexes. different.
At the higher O concentrations of cm? in samples 02
and O4 the dramatic appearance of a much narrower line .
EPR spectrum implies that much more well-defined EPR B. Effects of different anneal treatments
centers have formed. Despite the absence of any hyperfine on the O codoped samples
lines as a positive signature of Er, the high degree of anisot- We now consider the results for samples 02, 03, 04, and
ropy is indicative of a paramagnetic center where the orbitab5, which have the same impurity concentrations
angular momentum is not appreciably quenched, such as @0 Er/cn? and 16°0O/cnt) but have been subjected to dif-
rare earth ion. Furthermore the similarity of the princigal ferent postimplantation anneal treatments. After implantation
values for centers OEr-1, OEf;land OEr-3 to those the first 2um of Si are amorphous and this region is sepa-
reported® ?® for other EF* centers strongly suggest that rated by the amorphous-crystallina-¢) interface from the
these centers are Er-related centers. In addition the idea thahderlying crystalline substrate. Recrystallization of the
the centers, and also centers OEr-2, OEréhd OEr-4, in-  amorphous region will occur once the annealing temperature
volve ER*, rather than the non-Kramers ion’Ery is further  exceeds the crystallization temperature in (Si550 °Q.12
confirmed by the fact that they were fitted by the spin Hamil-Sample O3 only received thermal treatméntind the ab-
tonian in Eq.(1), which is only appropriate for the Kramers sence of an EPR signal can be explained in terms of little or
Er* ion.t’ For three reasons we are therefore confident thato SPE regrowth occurring in this sample. EXAFS measure-
centers observed here directly involve®*Er The fact that ments on this sample have shown that the six nearest neigh-
sharp line EPR spectra are only observed in the presence ofars of Er are all Si and that the local environment is ErSi
high concentration of O indicates that well-defined'E©  like.'® At a temperature of 620 °C efficient SPE regrowth is
complexes are being formed. Since the avergglue for  occurring and annealing for 3(treatmen) is sufficient for
center OEr-1 is 6.28 and is sufficiently removed from ¢he the a-c Si interface to traverse the implanted region. In the
value predicted for cubic symmetry for tHg or I'; state, absence of O, Polmaet all? have shown that recrystalliza-
the crystal field around the Er atom may have a strong lowtion produces a redistribution of Er atoms through the migra-
symmetry component. Such a low-symmetry crystal field canion of the Er ahead of tha-c interface. This will ultimately
be found in the rare-earth oxides.,©g occurs in two forms lead to the formation of clusters of Er and Si atoms and to
each with E¥* surrounded by six O atoms: a monocliig  the formation of Er silicide precipitates. We suggest that this
center and a trigonaC;; center as shown in Figs. (@ and  explains the broad resonance observed from sample Erl.
12(b).31*2 EPR measurements of Erin Y,0;, which pos- However, when O is coimplanted this redistribution of the Er
sesses the same local crystal structure a®©freveals the atoms is inhibited. We have already seen that for low O
presence of Ef in both the monoclinic and trigonal sitdS.  concentrations (%10'%cn), Er-Si-O complexes form
In the case of the monoclinic site the princigabalues are  while at high O concentrations (3%cm?®) Er-Si-O or Er-O
g,=12.3149,=1.645, andg,=4.892. Not only are the complexes are likely to form. Recent EXAFS measurements
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made on these samples have also indicated that a strong iaecur; however, to our knowledge, no EPR measurements
teraction between Er and O occurs leading to the formatiomave been performed on either material. We believe that Er-F
of an O-rich first shelt® The EXAFS measurements made complexes are also formed but the exact structure has yet to
on sample O4 reveal that after the regrowth process the firdte determined. Coimplantation with F should have the added
coordination shell around Er is composed of B Si and  benefit of being able to examine the hyperfine structure from
4.4+0.6 O atoms. This gives scope for a variety of Er-Si-Othe 100% abundant'fisotope ( =1/2); however, if Er is in

and Er-O complexes and may explain our observation of tha structure similar to one of the erbium fluorides then the
large number of EPR centers observed in sample O4. ThEr-F distance is approximately 0.33 rifhThe interaction
high temperature anneal at 900 °C for 3&ample O2helps  between Er and F may then be treated in a similar manner to
to reduce the spread of different types of Er-O complexeshe coupling between two point dipol&sThe magnetic field
with the result that the intensities of centers OEr-1 andproduced by the nuclear magnetic moment of the F atoms
OEr-2 are larger in sample O2 than in sample O4. Furtheris®
more centers OEr-3 and OEr-4, which are easily detected in
sample O4, are undetectable from sample O2. Indeed the
EXAFS measurements made on sample O2 were best fitted B=—— (6)
by assuming the presence of an average of£8.5 O atoms,

at an average bond length of 0.227 nm similar to the bond . : a8 L
lengths observed in BD;. However, the absence of any Wh?re“_gN”NlandgN s 5.256." The magnetic f'e.ld ex-
EPR signal from a sampléD5) that has been annealed at perienced by the Er atom, taken to be at the Er-F distance of

900 °C for 30 min indicates that the Er-O complexes ob-O'S;?O nrr]g'e:js bonl); 32’4-[]',[ Tlt-jheli]St'cea\fe; egotnrle ItEr:eatt(())trgl We;gn
served in EPR are not thermally stable for such an anne%u u y say eignt | : S spacing

. etween the outermost F hyperfine lines would only be 296
treatment. Comparing the PL spectra from samplest(@2t- . ) . g
mentC) and O4(treatmentB) shown in Fig. 9 reveals that #T. Since the peak-to-peak width of lines 2 and 3 in Fig. 10

the additional anneal of 900 °C for 30 s slightly increases théS 1.20 andll.4f5 mT, rgspgctlvely, Itis npt _unreaspnable that
PL intensity though other lines from other optically active ho F hyperfme Interaction Is revea!ed. It. IS Interesting to note
centers are also present. This demonstrates the importancet f”‘;g;g';'je;?? cz?jse oflc0|mplantat|ﬁn de'.th 3,I§ognplant:|itlon
the post implantation annealing conditions in determining th he PL cnt leads fon y t%.one W%i‘_de Ined Er- co:np ex.
number and type of Er-O complexes. We believe that the e PL spectrum from this sampledoes not reveal any
principle function of the O atoms is to increase the effective>narP lines and therefore may be unrelated to the FEr-1 cen-
solid solubility of Er in crystalline Si by forming Er-O com-
plexes and that the optically active and EPR active centers

may be different. V. CONCLUSIONS

Electron paramagnetic resonance spectroscopy has re-
vealed the presence of several Er-impurity complexes, the

The principalg values obtained for center FEr-1 are given type and number of which have been shown to depend on the
in Table 1. Comparing the two sets of principglvalues for  nature and concentration of the implanted impurity and on
center FEr-1 and OEr-1 a number of similarities are apparthe annealing conditions. For an Er concentration of
ent. First, both angular dependencies of the spectra can H&'%cnr, the observed EPR spectra depend critically on the
fitted to a single monoclinic spia center. Furthermore, the O concentration. In the absence of O, Er is surrounded by a
average of the tensor, which can be used as a measure otage of Si atoms and for low O concentrations this cage
the strength of the low-symmetry crystal field, is 6.31, simi-consists of a mixture of O and Si atoms. At high O concen-
lar to that found in OEr-1. Since this value is significantly trations the cage is dominated by O atoms and the two domi-
removed from that calculated for a system with predomi-nant centers have monoclinic symmetry and trigonal symme-
nantly cubic symmetry, it would indicate that the low- try. No EF" in cubic sites was detected by EPR. The EPR
symmetry crystal field around the Er atom may be strongactive and PL active centers have been shown to be different
Since a strong low-symmetry crystal field was observed tand we believe that the principal function of the impurity
occur in O implanted Si:Er and attributed to the formation ofatoms is to prevent precipitation by forming Er-O or Er-F
low-symmetry oxide complexes, a similar explanation maycomplexes, which leads to an increase in the effective solid
be used in the case of F implantation. An examination of thesolubility of Er in crystalline Si.
rare-earth fluorides indicates that two possible forms exist:
an eight-coordinated complex with a structure similar to; YF ACKNOWLEDGMENTS
in the form of a distorted tricapped trigonal pri¥hand an
11-coordinated distorted tricapped trigonal prism having the The work in Catania has been supported in part by the EU
same structure as the mineral tysoriftdinder the growth Project SCOOP and by “Progetto Finalizzato” MADESS I
conditions for sample F1, only the ¥Btructure is likely to  of CNR.

C. Effects of codoping with F
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