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EPR investigation of manganese clusters in silicon
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Manganese centers were investigated in silicon specimens with initial doping concentrations between 1.5
X 10" P cm 2 and 6x 10" B cm3. All known Mn centers could be observed but the cluster JMim; was
missing in highly-boron-doped material, indicating that this center is negatively charged. A new center of
trigonal symmetry was observed for an initial doping of 60*° B cm™2 and identified as a Mg?* cluster.
The EPR signal of this center is strongly light sensitive in contrast to the other known Mn clusters.

. INTRODUCTION concentrations from 1810 P cm 3 to 6x10'° B cm 3.
The base material was floating zone silicon. Samples with

Manganese forms a large variety of different defects indimensions & 3x10 mn? were cut from[111]-oriented
silicon and is an important representative of the transitionyisks with the long axis in f110] direction. Manganese was
metals in general. Up to the present, the isolated interstitiadhemically deposited on the surface from a manganese chlo-
manganese defects M, Mn;*, Mn", and M~ and the rige solution. The samples were annealed for 1-2 h at
substitutional Mg" and Mn"" (Refs. 1 and Pas well as  1260°C in a vertical furnace under an atmosphere of high-
some complexes with other impurity atotend two differ-  purity He and quenched in water with a layer of oil on top.
ent Mn cluster§™® have been observed. , A Bruker spectrometer, series ER200D, operating in the

Ludwig, Woodbury, and CarlsénNere_the first to report  x_hand (9.41 GHa2, was used for the EPR measurements.
on the occurence of the Nncluster, which was described The gpecimens were mounted with their long axis perpen-
It?ter n mrc:re detail by Kreissl and %ehl??ﬂ[)ﬁerer)cesf nJicular to the magnetic field, which could be turned around
peter he o groups concering he efecive spof 6o sweep out the entrts10 lane. The measurements e
Vollmer,? who demonstrated quite clearly by a comparison ?tfrf]'%% il:lt n dljptfrs;on, thetmagnenc fleldtrv]vasb r'rlllodulat'ectj
between experimental and simulated spectra$¥a6 is the W 5% Z, and the temperature was near the bolling pomn
only reasonable choice. So far, however, it was not possibl8f liquid helium.
to decide whether the cluster is centered around a lattice
atom or an empty interstitial site.

In their pubIFi)cgtion Kreissl, Gehlhoff, and Vollmer also lll. RESULTS AND THEIR INTERPRETATION
report on another manganese cluster with trigonal symmetry. A. The Mn;3Mn, cluster
From their analysis they conclude that this cluster consists of . . . :
four atoms forming a distorted tetrahedr@ntriangular pyra- Ir(?medlatel_y after quenching, the EPR signals of isolated
mid). The triangular base consists of three equivalent neutrdy!n;” and Mn— were observed in all specimens. On anneal-
interstitial atoms while the fourth atom is ionized. According ing at room temperature the signal intensities of isolated in-
to Beeler, Anderson, and Schefflea neutral manganese terstitial impurities decreased simultaneously with the forma-
atom in a cubic environment is in 4T, state for both the tion of the clusters. After storing the specimens at room
substitutional and the interstitial site. The local field at antemperature for a few weeks, MMn, clusters could be
atom in a cluster is of lower than cubic symmetry, so thatdetected in specimens with initial doping concentrations be-
orbital moments are quench&dConsequently, an effective tween 1.5¢ 10 P cni 3 and 7x 10% B cm™2 but not for 6
spin S=3/2 is assigned to each of the three equivalent atoms 105 B cm 3.

and the fourth atom must have an effective spinl to From these two observations we draw the following con-
yield the observed total spii=11/2 (strong ferromagnetic ¢|ysions.
exchange coupling of the spins is expegtethe d shell of (1) The clusters are formed by migrating interstitial impu-

neutral Mn is occupied by seven electrons in the interstitialities because only for these the mobility at room tempera-
and by three electrons in the substitutional position, respegye s sufficiently high. Therefore, since a kick-out mecha-
tively. Therefore, to obtai$=1, the ionized atom should be nism would be energetically unfavorable, the clusters are
negative in an interstitital and positive in a substitutional , st likely composed entirely of interstitials.

position, respgctively: Although the authors prefer a cluster (2) The charge of the ionized atom in the cluster is nega-
model of four interstitial atoms they cannot exclude the postjye ie. the correct characterization of the cluster is
sibility of a substitutional position on the basis of their mea—Mn_'soMn_’—

I I

surements. Since, as explained in the Introduction, the interstitial ion

must be negative and the substitutional ion positive to yield
the total spin of the cluster, the two stateme(is and (2)

To resolve this question, we have investigated in thesupport each other. The question where the negative charge
present work a wide range of specimens with initial dopingcomes from in the originallyp-type specimens still remains

Il. EXPERIMENT
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FIG. 1. EPR spectrum of the Nyi ™ cluster with the magnetic

+ . .
field in the[100] direction. FIG. 2. EPR spectrum of the I\(Lﬁ cluster with the magnetic

field in the[111] direction.

open. One possibility is that another unidentified donor im- . : ; ;
purity which is not EPR-active is present in the sample. PreyvhICh shows a maximum separation of the different groups

T . : in the[111] direction, we conclude that the new center has
liminary deep-level transient spectroscof@LTS) experi- mg onal symmetry
ments on the same specimens show indeed a manganes A further clue concerning its structure is given by the

correlated donor level near midgap. hyperfine structure of the different groups some of which are
well resolved as seen in Fig. 2. The most intensive (@=ar

B. New centers in highly boron-doped material 0.7 T) is plotted again on a more extended scale in Fig. 5. As

the direction of the magnetic field is presumed to be parallel

. . 5 73 . _ . . .
melgiz:?e;al Sgﬁg'rmeunemth?nﬁ 121h:3 r?rzongit?:tisgr:\/gﬁslgate o the center axis we do not expect that the structure is in-
y q 9, 9 luenced by forbidden transitions.

MniO defects, a rather weak signal from Fe impurities, an The group consists of 16 equidistant hyperfine lines
also the spectrum of the cubic manganese cluster,Mn whose intensities closely match the pattern

From photo-EPR measurements that were carried out later,
we infer that the sample also contained MnB pairs. As the
Mn concentration in the sample is higher than the shallow
doping concentration, all boron atoms have been absorbed in
pairs. In the dark, these pairs are in a neutral state in whic
they are not EPR-active. This was in fact intended and wa
the reason for our choice of the highest boron concentratior 50000
For higher concentrations our spectra would be masked by
large number of lines from positively charged MhRen- 40000 |
ters.

In addition to these well-known defects we observed the
spectra of a so far unknown center. Like the MMn,~ £
cluster, this new center formed at room temperature in the
course of few weeks from the isolated interstitials. Figures 15
2, and 3 show the EPR spectra when the magnetic field iz
applied in the direction$100], [111], and[011], respec- 10000
tively. The whole range of angles betwelgl00] and[ 011]
was scanned with a step size of 5° and in the vicinity of the 0
[111] direction, which is most suitable for fitting theoretical
model parameters, with an even smaller step size. 10000 |

Obviously the new spectrum consists of hyperfine group:
for which the hyperfine splitting is small compared with the 20000 . .
fine-structure splitting. The positiorsenters of gravity of 0 01 02
the fine structure groups are plotted in Fig(single sym-
bols) versus angle. From the measured spectra represented in FIG. 3. EPR spectrum of the Ny¥ ™ cluster with the magnetic
Figs. 1-3 and from the total angular dependence of Fig. 4field in the[110] direction.
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FIG. 5. Hyperfine structure of [d11] center withB in the[111]
direction.

The indicesy, y, z refer to a coordinate system whose
axis is parallel to the symmetry axis of the centerBlfs
applied in thg 111] direction it is parallel taz for one of the
four possible center orientations. In the following we call
this the[ 111] center. Its eigenvalues are given by

0 10 20 30 46 . 50 60 70 80 90
orientation relative to [100] E( M ) — IL'LBgHB M + D[ M 2_ %S(S‘i‘ l)]
FIG. 4. Calculated angular dependence of the,gl?/rn cluster (a—F)
using Eq.(1) together with the experimental valugsngle point. — {35M 4-[30S(S+1)—25]
Full lines are used for centers which di, broken lines for centers 180

which are nof|B if B lies in the[111] direction. X M2+ 3S2(S+1)2— 6S(S+ 1, @
This indicates that three Mn atomgauclear spin of each
atom|=5/2 and NI+1 lines for N atomsg in equivalent
positions are involved in the center and it is straightforwardin this case the separation of the fine structure lines turns out
to assume a triangular arrangement in one of the f&éad}  to be at a maximum compared with other angles between the
planes. The hyperfine constants determined from the mearagnetic field and the center orientation. EquatiZnwas
sured spectra at different angles between the magnetic fieltherefore used for a fit of the well-separated lifiesnters of
and the symmetry axis are gravity of the groups of hyperfine lingfn Fig. 2 to obtain
the parameters of the Hamiltonian:

M=-S5,—-S+1,... S+1S

|A|=(20.7£0.2) x10"* cm™*,

S=11/2,
|A, |=(30.0+3.00x10 4 cm™ L.
Having thus established the axial symmetry of the new cen- 9)=2.016=0.002,
ter and omitting for the moment the hyperfine interaction, we g, =2.00=0.02
can now describe the EPR spectrum according to Muller oo
et al® by the following Hamiltonian: |D|=0.0420+0.0001 cm*
H=1e0|B:S, 11801 (BiSHBYS)) |a—F|=0.00030-0.00005 cm?,
2 o .
+D[SL-1S(S+1)]+ %a[sz,(§;+§i)]+ sgriD/(a—F)] is negative.
1 No good fit could be obtained with a value $ifferent
+—— (F—a){355*—[30S(S+1)— 252 from 11/2. Figure 6 shows the energy Igvels calculated with
180( a){358, ~[308( )= 2515 these parameters from E(R) as a function ofB. Allowed

transitions of 9.41 GHz are indicated by vertical bars.
_ 2 2
6S(S+1)+2S°(S+1)%, @) The levels and allowed transitions forl|[R11] of the

where[ AB]. =AB+BA. other three center orientationgl11], [111], and[111],
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FIG. 6. Energy level diagram of tHe11] center of a Mp?* FIG. 8. Part of the spectrum of the M center.

cluster forB| [111]. Allowed transitions for 9.41 GHz are repre-

sented by vertical bars. center are given by continuous lines, and those of the other

centers by dashed lines. Not all the EPR lines that are pre-
dicted theoretically for all center orientations can actually be

are plotted in Fig. 7. All three are equivalent. One mightobserved. Some are obscured by the stron&Mrignal, and
expect at first sight that, because of this threefold degen

eracy, resonance lines of the other orientations should havegzi'][thers cannot be resolved because of low intensity, superpo-
> X ; N ion of different hyperfine groups, etc. But all observed
far higher intensity than those of th&11] center in Fig. 2. b group

H it t t that it it babiliti hi hIines fit the theoretical prediction with the accuracy to which
owever, It tums out that most transition probabIlities WiCh, o positions can be determined experimentally.

were calculated together with the energy levels are much The spinS=11/2 can be explained by assuming that two

lower. Furthermore, the energies of the levels involved in th%f the three Mn have lost one electron and carry a positive
transitions are higher, so that their occupatiord & where charge. The spin of I\/|P| is S=3/2, the spin of a Mit is

the measurements were done is appreciably lower than f°§:2 because thd shell is more than half filled

the [111] center(compare Figs. 6 and)7The results of a .
numerical diagonalization of Eq1l) with these parameters We therefore conclude that the new spectrum is due o a

2+ ; :
are included in Fig. 4. The fine structure lines of fHd 1] Mn;"" center, where the_Mriorm an equnatgral triangle. A
strong exchange interaction couples the spins to a total value

S=11/2.
In the spectra there are several groups of lines that do not
belong to the new center and were consequently not included

3

4 in Fig. 4. These ard€l) the strong group at 33050 mT,
which belongs to the Mg° cluster,(2) a Mn° signal near
. 210 mT,(3) the group around 480 mT in Figs. 1 and(2)

the group around 840 mT in Fig. 25) the weak extended
group in Fig. 3 which is visible between 540 and 600 mT.
0 Groups(3)—(5) were eliminated because these signals disap-
peared after 6 months, while the intensity of all other lines
remained unchanged within the experimental accuracy. Fur-
thermore, their intensity under illumination changes in a dif-
ferent way. Of these centers the group at 840 mT is the only
4 one which does not overlap with other line groups and there-
fore allows for a more detailed analysis. In Fig. 8 the group
is shown in higher resolution. It can be described as two
overlapping fine structure lines that are each split into 11
hyperfine lines due to the nuclear spin of the manganese
. ‘ ‘ ‘ , atoms(see above In addition, each hyperfine line shows a
0 02 04 magneﬁc"figl . (Tesla)“ 1 12 small splitting into four lines. This second hyperfine splitting
is characteristic of boron which has the two isotogeB

FIG. 7. Energy level diagram of the three other orientations of(abundance 81.2%, nuclear sgis3/2) and °B (18.8%

the Mn,2* cluster forB| [111]. =3).9 Therefore we tentatively associate these lines with a

energy (cm-1)
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3400 dent photons for the hyperfine group of Fig. 5. The following
interpretation of these results is straightforward:

In the dark the Fermi level coincides with the level of the
8350 1 Mn,,>* —Mn,,* transition. Above a photon energy of 0.55
eV, electrons from this partly occupied level are excited to
the conduction band and the concentration of,Jfh in-
creases. For photon energies higher than 0.6 eV a transition
between the valence band and the center leads to an increase
of Mn;;™ which is not EPR-active and to a decrease of the
Mn;;** signal. The sum of the onset energies of these tran-
sitions equals the gap energy which is expected if the two
transitions are correlated in the described manner.

At energies higher than 0.69 eV a transition from the
valence band to an unoccupied level of another, yet un-
known, center takes place, creating holes that are captured by
the Mn,;" centers, which leads again to an increase of

Mn;;%* signal intensity.
5100 e Besides the Mp® and Mn,° cluster(the latter is not in-
08 0408 08 O wn ' " volved in the optical transitionshe annealed sample con-
tains also other centers that are manifest by several so far

FIG. 9. Variation of the signal intensity of the MA™ cluster  ynidentified EPR peaks which appear after the annealing
with the photon energy of incident light. process. It is also possible that additional clusters which are

not EPR active are present. Since we cannot find an EPR-

signal of isolated Mnpcenters which are released by the de-
Mn,B center(Fig. 8). Unfortunately we could not prepare cay of the Mn-B centers and since the signal intensities of
this center separately and a more de_talled investigation of it§1n;32* and Mn,° are only slightly increased, it must be
angular dependence was not possible due to overlap witBoncluded that new centers besides the ones that we were
other spectra. able to identify are formed. Unfortunately this lends some

residual uncertainty to our interpretation of the levelEat

IV. PHOTO-EPR —0.55 eV which may not be directly associated with the

transition Mn,*? to Mn;;* but with a transition from an
|unidentified center to the conduction band from which the
Slectron is captured by the M3* center.

3300

3250

signal (arb. units)

3200

3150

The determination of the level of the new triangular clus-
ter in the gap is complicated by the presence of other cente
from which it could not be fully isolated. As mentioned be-
fore, MnB pairs have to be taken into account in samples
prepared at room temperature. No EPR lines of the MnB V. SUMMARY
centet® could be detected without incident light. Therefore
the level of the Mp,?* cluster must lie above the known
MnB*” level at E—0.57 eV!! Under illumination the

MnB* |inesz+appear, parallel to the dgcrease of the intensity, -+ the center which was previously observed by EPR is
of the Mn;™" lines. Therefore we believe that electrons arejeyatively charged. A new EPR spectrum could be observed
excited from the MnB pair to the conduction band and are which is identified as a M@2+ cluster. This center has most

captured by Mp*" centers which are transformed to likely a +/2+ level at Ec—0.55 eV. Another so far un-

Mnj5 " known center could be tentatively identified as J8n

After annealing at 180 °C both the MB center and the
MnB pairs disappear while the Ng¥™ and Mn,° are still
present. Measuring again the photo-EPR in such an annealed
sample we obtained the results in Fig. 9 which shows the The authors thank Wacker Chemitronic for providing the
dependence of the signal intensity on the energy of the incisilicon material.

We have extented the EPR investigations of; Miusters
to p-doped material. No signals of NyMn; can be seen in
p-type samples with more thanx710'* B cm™ 2 indicating
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