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Electron-paramagnetic-resonance identification of a trigonal chromium-indium pair in silicon
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An EPR spectrum in silicon doped with chromium and indium is reported. The spectrum, which
shows a complicated fine and hyperfine structure could be identified as originating in a chromium-
indium pair of trigonal symmetry. The fine structure corresponds to transitions within the S,&2 ground
manifold of the trigonal distorted Cr+ ion and is rather complicated because the zero-field splitting and
the Zeeman energies are of comparable magnitudes. For the hyperfine structure, the indium quadrupole
interaction was found to play an important role. Both the fine and hyperfine structure could be success-
fully explained using a computer diagonalization of the corresponding spin Hamiltonian. The experi-
mental results are consistent with a pair model of a substitutional In with a Cr+ on a nearest interstitial
position.

I. INTRODUCTION

A great number of studies have been made on pairs be-
tween transition metals (TM's) and group-III acceptors
( A) in silicon. These defects consist of the acceptor on a
substitutional site and the TM atom on the nearest-
neighbor (NN) or next-nearest-neighbor (NNN) intersti-
tial position. Electron paramagnetic resonance (EPR)
has shown to be one of the most powerful tools for inves-
tigating these pairs. One of the advantages of this tech-
nique is that it can distinguish between different
configurations. The NN configuration has trigonal sym-
metry and the NNN configuration has orthorhombic
symmetry, and this is easily determined in an EPR exper-
iment. The first EPR investigation on the TM-acceptor
pairs was the comprehensive work of Ludwig and Wood-
bury in 1962,' where they reported EPR spectra of
several different Fe-, Mn-, and Cr-acceptor pairs.

In recent years the Fe-acceptor pairs have been studied
in detail, and it has been shown that the Fe-A1, Fe-
Csa and Fe-In (Refs. 5 —7) pairs can exist in both
the NN and NNN configurations, i.e., one of the
configurations is metastable. The Mn-acceptor pairs
have also been thoroughly investigated, ' but in these
cases only the trigonal configuration has been detected.

In the case of Cr-acceptor pairs, three of them (Cr-B,
Cr-A1, and Cr-Ga) were reported by Ludwig and Wood-
bury, ' all of them revealing trigonal symmetry, i.e., only
the NN configuration was observed. They have also been
studied in experiments using other techniques. Lemke
determined the energy level position for the Cr-B, Cr-A1,
and Cr-Ga pairs using space charge techniques, "' while
Feichtinger et al. performed combined EPR and Hall
effect measurements to determine them for the Cr-Al and
Cr-Ga pairs. ' Luminescence spectra which are attribut-
ed to the Cr-8 and Cr-Ga defects are also reported. ' '
Cr-In pairs have been observed in two different trigonal
configurations using perturbed angular correlation spec-

troscopy. ' The EPR spectra reported on Cr-acceptor
pairs are, however, not analyzed in detail and the Cr-In
pair has not been observed in EPR. There is, therefore, a
need of further investigations of these defects.

In this paper we present an EPR spectrum that we
identify as originating in a Cr-In pair. The analysis
shows that the spectrum corresponds to transitions
within the ground-state manifold of the Cr ion in a
tetrahedral crystal field distorted by the associated In
ion.

II. EXPERIMENTAL DETAILS

The samples were prepared from a Czochralski-grown
indium-doped (2 Qcm) silicon crystal. The crystal was
oriented and 2X2X 10 mm pieces were cut with the long
axis in a ( 110) direction. The pieces were scratched
with a wire of chromium and placed in evacuated am-
pules. The ampules were filled with argon gas, heat treat-
ed at 1200 C for 2 h, and rapidly quenched. In the case
of isotope doping a piece of Cr was placed next to the
silicon crystal in the ampule.

The EPR measurements were performed using a Bruk-
er ESP 300 spectrometer equipped with a helium-gas-flow
cryostat, and a ZWG ERS 230 spectrometer equipped
with a hydrogen cryostat. In both spectrometers it was
possible to illuminate the samples in situ.

III. EXPERIMENTAL RESULTS AND ANALYSIS

As a result of iron contamination, the well-known EPR
spectra of iron-indium pairs in silicon appeared after the
quench. ' ' Also present was the signal corresponding to
interstitial chromium. However, when illuminating the
sample a new EPR spectrum emerged. This spectrum is
shown in the three main directions ( ( 100), ( 111), and
(110)) in Fig. 1. In the (111) direction some of the
lines show a clear hyperfine splitting in ten liries, see Fig.
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FIG. 1. EPR spectra for the (Cr+-In ) pair for the three
main directions. The measurements were performed at T=35
K and the microwave frequency was 9.526 GHz. The part of
the spectrum which is marked is caused by the Fe-In pair.

2, proving the existence of one indium atom in the defect.
Indium consists of two isotopes, 4.3% " In and 95.7%" In, which both have nuclear spin I equal to —'. Since2.
the ratio of the nuclear g values is almost unity, and also
since the natural abundance is much greater for one of
them, only one set of ten lines is observed. Natural
chromium consists to 90.45% of isotopes with I =0 and
only to 9.55% of the isotope Cr with I =

—,', i.e., consid-
enng the relatively bad signal-to-noise ratio in our mea-
surernents no hyperfine structure is expected from a pos-
sible chromium atom in the defect. We therefore per-
formed isotope doping with Cr, which resulted in a fur-
ther splitting of each line into four components (see Fig.
2). It is thereby concluded that the defect responsible for
the spectrum is a chromium-indium pair. The argumen-
tation above is dependent on the fact that only the al-
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FIG. 2. Hyperfine structure of the electronic spin transition
M= ——' to M= ——'= —

2
at 0=0 for a sample doped with indium

and normal chromium (top) or Cr (bottom). Also shown is the
calculated hyperfine structure caused by "'In (I=—), "Cr

=3
y n

(I=
2 ), and by both of them together.

lowed hyperfine transitions (b,m =0) are of importance
and, as will be shown below, this is actually the case in
this particular direction.

The experimentally determined angular dependence of
the spin transitions is plotted as open circles in Fig. 3.

ere the hyperfine structure is not included, i.e., the line
position is representing the center of gravity of the
hyperfine structure. From the complicated pattern
shown in Fig. 3, it is no easy matter to determine the
symmetry and spin of the system. However, in analogy
with the other Cr-acceptor pairs we expect the Cr-In pair
to have spin S equal to —,

' and trigonal symmetry. '

Neglecting the hyperfine structure, the spin Harniltonian
(SH) of such a system can be written as follows:

HFs D [S 1/3S(S+1)]—[(a —F)/180][35S, —30S(S+1)S +25S, +3S (S+1 —6S S+1
+(V2/36)a [S,(S+ +S )+(S+ +S )S,],

~z =g~~paB, S,+girja(B„S +B~S~ ),
(2)

(3)

(a F), — 20a3D+
6

+-'G[™(*-')]+ ' (IMI--')
2 9

E(+M ) = —— ( IMI —-')+D (a F)—
3 2

—
2

where the s mbols have hy their usual meaning. The z axis coincides with the pair axis, and the x an
o d t R f. 10. Wh th t fi ld(B) 111

the energy eigenvalues as a function of the magnetic field Ca lin the ei env
ic e is para el with the z direction we can et an anal ti

the spin, S =—' we achieve
e rnagne ic e . a ling the eigenvalues of S, for M and inserting the value of

2

+G [+M—(+—', )]+ —(a F) GM [+M —(+——')]-2D
3 2



&110&

800—

(111&(1pp& &110&(111&

(a)

NCE IDENTIFICATION
ETIC-RESONEI.ECTRON-PA

&100&

600

.8 4QQ

200

I

0' 600
0 30, 6p

le of I.otatj.onAngle of IotatIon
9 526 GHz The mag+-In ) pair obtained at

'
t 1 data are plotted as

1' e positions of the (C -
' 'de: The experiment

nce of the fine-structu
ucture transitions.

d as solid lines.

3. Angular dependence
f all ossible fine struc u

1 data exist is plotted a

FI&
1 Left side: A plot o p

for which experiment
rotated in a [ 110] p .

1 lated angular dependencThe part of the calcu a eopen circles. e

in which M refers to the dorninant term
h d onal part of the spinivenby t e iag

I is
in the spin function g'

s litting parameter
'(1). Since the cubic sp

'

and thed with the Zeeman energy an
h (20/9)

very
r D in our case, esp i1'tting pa a et

q
proxima

'
imation the energy eigenva ues a

E (M) =D(M —'„')—
2+ 2835

)
—[(0 —F)/180](35M —475/2M +

2.0

I

(b)

1.0

ic field is in ano ether direction, t e
~ ~

h' '
o o bl

ional to a. ne wa
thispy per1 turbation theory but t is is

+g(~p~BM, (5)

4

s in Hamiltonian . n
the wave functionstion also the m

'
gixin between t e w

ood quantum num er.li ible and M is a gooand ~+—,') is neg igi e
llowed transitions, i.e.,

those transitions in
the z direction) as thg parallel wit t e z

sitionsan for i en
the

D /(0——F)] is positive. In Fig.t g o [cm, w
1 scheme is drawn an e4, the energy leve sc em

tions are indicated.

-2.0—
II I I

0200 400 600 800
Magnetic Field (mT)

I I I

200 400 600 800
Magnetic Field (mT)

dia rams for t e Cr+-In defect for the
d d' 1 (i h) o hp ( ) pmagnetic e

~ ~

gona axis.
h llo d ttation only t e a o

b bil' 1 h
ed. For e

s) have a transition pro a i
'

ws. In
rawn

'
ions are drawn as

~ ~r ositions all transitions avthe perpendicular positions a
probability larger than zero.



6128 p. EMANUELSSON et al.

Cr-" In) p»r.TAgI E I Spin Ha, milton Parameters of the (

g values

g =1.992+0.002
gq =2.003+0.004
gll

Fine-structure
parameters

(10 cm ')

D =1075+5
!D i "Crl —D (' Cr)! ~ 0. 1

a —F= 126+3
a =55+10

Hyperfine-structure
parameters

(10 cm ')

A '"= —7.2+0. 1
a'"= —3.0*0.1
r'" = —2.2+0.2

II

c'I = 10.5+0. 1

I&"
I

= 10.7+0. 1

F' 4 the zero-field and thecase since, as can be seen in ig.
'

-fi ld region where thes in the magnetic- eZeeman sphttings
der of magnitude. Wer areofthesameor er otransitions occu
t diagonalization ofa corn lete compu er

1 ofO th 1 bt th
1 tdth '

1

H '1 ' fues and eigenfunc
'

ctions of the spin ami
this the position and

dt i d W old
netic field and from t is
EPR lines were e erm

hted rotation pattern o
ne and the result is in ica e

h SH fo d o '
hFi . 3. The parameters of t e oin ig.

'
h olid arrows in Fig. 4).".f=+1 (marked wtt so i
h th 1intensities, but w enhave measurable inte
f rbidden transitions,this osition also or i en

h d hed arrows in Fig.+4 +5 (marked wtt ashM =+2, +3, 4,
c"vf is no longer a goodrved. This is because is no

f th eigenstates are mixed.q r and therefore t e eigen
field is erpen icu arWh th g t

states are extremely mixed and all possi e r

)

intensities.
g p rameters D, (a —,an

ine. If we reverse the sign, edifficult to determine.
i.e. there is no effect

EP t . Ho, b
e is turned upside down, i.e.,

on the line position
'

n of the EP spec ru
t EPR transitions astensit of the differentstudying the intensi y

rn erature, the sign can
'

h n in principle bep
our case, this was oun

t 1o
'

h d
trum was strongly saturate a

dl f (18 )
~ ~

measurement wi
f the ararneter D is posi-at 4.2 K indicate that the sign o t e para

8 and Mn-Ga (Ref. 10) pairs a
D }I b ob-in the fine-structure parameter as

t isoto es of the acceptor. We there-
52 53le with both r anp o p

hether there is an isotope s
TMA Hpto es in the

( )-
bserved andre ac ieve a

f a possible difference in

trum, we ave oinh t include additional terms in t e

II = ~'"I'"S,+a'"(I„'"S„+II"S,In

+P [(I'") —}/3I "(I'"+})]z

In (g IIn+g IIn+g IIn)gNIN x x y y (8)

I I

595 600
Magnetic Field (mT)

and Hz are described by Eqs.s. 2) and (3) and
(8) h their sual meaning.

h d. - hC"in E s. (7) and ave

i htforward procedure
is onl important w en op

From this it is a straig orw

terms reflecting e
d because their inhuenceZeeman interac tion were omitte ecau

t easur able. Re-e ver small an no me
netic field is para e wig g

ular to the trigonal axis, t eor perpendicular
nl shows the four a owe11 d transitions, andstructure on y s ' and JP ' parame erscr t rs are immediately

p rameters are inc u e
The indium hyperfirfine interaction, on t e o er

licated. When the magnetic erather comp ica e .
the ten allowed transitionswith the trigonal axis only t e ten a

II =aFs+Ilz+IIc. +a
'I "S +8 '(I, 'S„+I 'S ),IIc.= (7)

1 to ) and calculated (bottom) indiumFIG. 5. Experimental (top an ca .

n M= ——tof the electronic spin transitionhyperfine structure o t e e ec
M= ——' at 0=5'.

2



ELECTRON-PARAMAGNETIC-RESONANCE IDENTIFICATION. . . 6129

m=+1/2 I

m= -1/2
20 —m=+3/2

m= -3/2

m=+5/2

m=+7/2

m= -5/2

CO

simulated spectrum is shown below the experimental one,
and the determined indium hyperfine parameters are in-
cluded in Table I. The g&" value, however, is not fitted,
but instead we have used the value of the free atom, i.e.,
g "=1.23.

IV. DISCUSSION

20 =- 7/2

m=+9/2

-40—
m= -9/2

I

-3.0
I

I

-2.0 -1.0

Pj) (10 cm )

0.0

FICz. 6. Positions of the nuclear energy levels for the
M = —

~ state at 0=0' as a function of the quadrupole parame-
ter PII. The indicated value is consistent with the experimental
results.

occur (see Fig. 2). From the observed splitting of these
lines the 3 '" parameter is determined. However, a rota-
tion of the crystal a few degrees results in a completely
difFerent indium hyperfine pattern, with forbidden lines of
large intensity. This means that we have an extensive
mixing of the nuclear states which tells us that the quad-
rupole and/or the nuclear Zeeman interaction is of the
same order of magnitude as the "normal" hyperfine in-
teraction. In Fig. 5 the hyperfine structure for the
M= —

—,
' to M= —

—,
' transition for 0=5 is shown. Here

the structure is similar to the one at 8=0 (see Fig. 2) in
the left and right part, but in the rniddle the intensity of
the allowed transitions is decreased and new forbidden
lines are observed. The transitions in the rniddle of the
hyperfine pattern are between levels which have a small
absolute value of the nuclear quantum number m. The
fact that we observe forbidden lines in this part means
that these nuclear states are mixed but the ones with high
values of ~m~ are not. This effect is mainly caused by the
quadrupole interaction. In Fig. 6 the energy-level scheme
of the M = —

—,
' electronic state as a function of the quad-

rupole parameter P~I for 0=0' is shown. It can be seen in
the figure that if PII= —2.2&10 cm ', the m =+—,',I =+—,

' and m = —
—,
' nuclear states are very close in en-

ergy. If there are matrix elements between these states
they will mix extensively, since the mixing is proportional
to I/5 (5 is here the distance between them). At 0=0'
there are no matrix elements between them and thus no
mixing and no forbidden hyperfine lines, but only a small
rotation away from this position will introduce such ma-
trix elements, and forbidden transitions appear.

In order to completely describe the hyperfine interac-
tion we performed a computer diagonalization of the spin
Hamiltonian described by Eqs. (2), (3), and (8). Since
S =—', and I =—'„ this means diagonalizing a 60X60 ma-

trix. We made this as a function of the angle 0 and of the
magnetic field and could, as described above, calculate
the position and intensity of the EPR lines. In Fig. 5 the

From the hyperfine structure of the spectrum, it was
concluded that it originates in a chromium-indium pair.
Furthermore, the good agreement between the experi-
mental points and the calculated positions of the EPR
transitions shown in Fig. 3 is a convincing argument that
the defect has trigonal symmetry and spin —,'. The model
of the defect we propose is a nearest-neighbor Cr,. +In,
pair. The arguments for this interpretation are several.
First, the In atom is incorporated into the silicon lattice
as a substitutional impurity, while Cr is known to be an
interstitial and can move around in the crystal, even at
room temperature, until it is trapped next to an indium
atom. The attractive force between the two atoms is the
Coulomb attraction. Second, the In ion has a closed
shell and does not contribute to the spin of the defect.
Cr+, on the other hand has a S»2 configuration which
means that the spin of the defect will be —,', in agreement
with the experimentally determined value. Third, the tri-
gonal symmetry observed is consistent with the suggested
model of a Cr ion on a nearest interstitial position of a
substitutional In.

Another point which favors our interpretation of the
charge state is the fact that the Cr-In-pair spectrum is
only observed during illumination of the sample. In anal-
ogy with the other chromium-acceptor pairs, "' we ex-
pect the Cr-In pair to introduce a donor level in the for-
bidden energy gap. Since our sample is prepared from p-
type material the charge state in darkness should be (Cr-
In)+, i.e., we have to fill the level with an electron to
achieve the neutral charge state, which is in agreement
with the experimental fact that we have to illuminate the
sample in order to observe the EPR spectrum.

It is of interest to understand why the (Fe+-A ) pairs
show metastable properties while the (Mn +-A ) pairs
do not. One reason could be that the extra charge of the
Mn + ion increases the Coulomb interaction which
would favor the nearest-neighbor position. Another
reason might be the difFerent electronic configurations,
with the ground state I'3&& for Fe and S~&2 for Mn +

and the difFerent lattice relaxation produced by the
difFerent TM ions. The Cr-A pairs have the same charge
state as the Fe- 3 pairs, and the same electronic
configuration as the Mn-3 defects. The fact that only
the nearest-neighbor position is observed for all Cr-A
pairs suggests that the electronic configuration plays an
important role in the case of metastability. An argument
against this conclusion might be the previously discussed
fact that the Cr-In defect is only observed if the sample is
illuminated. This means that the defect is in the (Cr +-
In ) charge state during cooling, and if the temperature
at the EPR measurements is too low for the Cr atom to
jump to the other position, the charge state might still be
the dominant reason for the lack of metastability. It is
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interesting to mention that if we had the light on during
cooling no additional EPR spectrum could be detected
and there was no significant change in intensity in the ob-
served spectrum.

V. CONCLUSIONS

equal to —', . The proposed model is a (Cr,. +-In, ), where
the electronic properties originate in the S5&2 ground
state of the 3d configuration of the Cr+ ion. The indium
hyperfine structure is also complicated and the quadru-
pole interaction is found to be an important part of the
hyperfine interaction.

A new EPR spectrum is observed in silicon doped with
indium and chromium. From the hyperfine interactions,
the corresponding defect is identified as a Cr-In pair.
From the complicated fine structure of the spectrum, the
defect is determined to have trigonal symmetry and spin

ACKNOWLEDGMENTS

This work was supported by the Swedish National Sci-
ence Research Council and the Swedish Board for Tech-
nical Development.

G. W. Ludwig and H. H. Woodbury, in Solid Stute Physics,
edited by F. Seitz and D. Turnbull (Academic, New York,
1962), Vol. 13, p. 223.

A. Chantre and D. Bois, Phys. Rev. B 31, 7979 (1985).
J. J. van Kooten, G. A. Weller, and C. A. J. Ammerlaan, Phys.

Rev. B 30, 4564 (1984).
4W. Gehlhoff; K. Irmscher, and J. Kreissl, in New Developments

in Semiconductor Physics, edited by G. Ferenczi and F.
Beleznay, Lecture Notes in Physics Vol. 301 (Springer-
Verlag, Berlin, 1988), p. 262.

A. Chantre and L. C. Kimerling, in Materials Science Forum,
edited by H. J. von Bardeleben (Trans Tech, Aeder-
mannsdorf, 1986), Vols. 10—12, p. 387.

6P. Omling, P. Emanuelsson, W. Gehlhoff, and H. G. Grim-
meiss, Solid State Commun. 70, 807 (1989).

7W. Gehlhoff, P. Emanuelsson, P. Omling, and H. G. Grim-
meiss, Phys. Rev. B 41, 8560 (1990).

J. Kreissl and W. Gehlhoff, Phys. Status Solidi B 112, 695

(1982).
J. Kreissl, W. Gehlhoff; P. Omling, and P. Emanuelsson, Phys.

Rev. B 42, 1731 (1990).
J. Kreissl, K. Irmscher, W. Gehlhoff, P. Omling, and P.
Emanuelsson, Phys. Rev. B 44, 3678 (1991).
H. Lemke, Phys. Status Solidi A 75, K49 (1983).
H. Lemke, Phys. Status Solidi A 76, 223 (1983).
H. Feichtinger, J. Oswald, R. Czaputa, P. Vogl, and K.
Wiinstel, in Proceedings of the 13th International Conference
on Defects in Semiconductors, edited by L. C. Kimerling and
J. M. Parsey, Jr. (The Metallurgical Society of AIME, War-
rendale, PA, 1985), p. 855.

' H. Conzelmann, K. Graff, and E. R. Weber, Appl. Phys. A 30,
169 (1983).

'5H. Conzelmann, Appl. Phys. A 42, 1 (1987).
U. Reisloehner and W. Witthuhn, Mater. Sci. Forum 65-66,
281(1990).


