PHYSICAL REVIEW B

VOLUME 45, NUMBER 8

15 FEBRUARY 1992-11

Electron-paramagnetic-resonance identification of transition-metal (Cr,Fe)—-shallow-impurity
(S,Zn) pairs in GaP

J. Kreissl
Forschungsstelle fiir Kristallziichtung, Rudower Chaussee 6, D/0-1199 Berlin, Federal Republic of Germany

W. Ulrici
Paul-Drude-Institut fiir Festkorperelektronik, Hausvogteiplatz 5/7, D/O-1086 Berlin, Federal Republic of Germany

U. Rehse and W. Gehlhoff
Forschungsstelle fiir Kristallziichtung, Rudower Chaussee 6, D/0O-1199 Berlin, Federal Republic of Germany
(Received 12 July 1991)

Three Fe- or Cr-related EPR spectra are observed in liquid-encapsulated-Czochralski-grown GaP.
The spectra in n-type GaP:Fe:S and GaP:Cr:S show trigonal symmetry. Their analysis suggests that the
spectra are caused by the donor-acceptor nearest-neighbor pair defects [Fed,-Sp] and [Crd,-Sp]. In p-
type GaP:Cr:Zn the spectrum reveals a Cr center of monoclinic symmetry. This center is identified as a
[Cr&t-Zng,] pair. The concentration of the three pair defects shows that Coulomb attraction is respon-

sible for the donor-acceptor pair formation.

I. INTRODUCTION

Transition-metal (TM) defects in III-V semiconductors
have gained considerable interest during the past decade,
when most of the activities were focused on isolated TM’s
of the first-row elements (electronic configuration 3d").
The currently accepted model of these defects suggests
that the TM atoms are located on III sites (e.g., T, in
GaAs and GaP, where T denotes the transition metal)
and act as more or less deep acceptors (single or double
acceptors). However, some of them (Ti, V, Cr) have been
found acting also as deep donors.""? This different behav-
ior depends on the position of the Fermi level determined
by other dopants or residual impurities.

Comparatively less information is established about
complexes or associates of TM’s with other impurities or
intrinsic defects in as-grown material. The largest group
are the pair defects consisting of the double acceptor
Nid, and shallow donors (S, Se, or Te on V sites and Si,
Ge, or Sn on III sites). These Nid, pair defects have been
identified in GaAs and GaP by optical absorption and
photoluminescence due to the internal 2T,<«>2E transi-
tions of Nit.? In the case of GaP:Ni:S, uniaxial stress ex-
periments revealed the trigonal symmetry of the Nif,-Sp
center supporting the nearest-neighbor model of this kind
of pair. The first unequivocally identified pair defect of
trigonal symmetry was the MnZ/ -Sp, pair in GaP detected
by EPR.* A CoZ!-Te,, complex in GaAs was found by
photoluminescence, optical absorption, and EPR experi-
ments.> Much effort has been devoted to the Cr! center
of trigonal symmetry in GaAs responsible for the sharp
lines around 0.839 eV due to the °T,«>°E transitions of
Cr’* measured by photoluminescence and optical ab-
sorption (see Ref. 1 for a review). Now it is generally ac-
cepted that this center consists of Cr! associated with a
nearest-neighbor arsenic vacancy. This interpretation is
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supported by the analysis of analogous spectroscopic
features found in GaAs:Cr:Te and assigned to a
Cr!-Te,, complex.5” Centers of Cug, complexed with
interstitial defects (e.g., Li;,C;; see Refs. 8, 9, and refer-
ences therein) were detected by optically detected mag-
netic resonance (ODMR) experiments on the triplet
bound-exciton states of these centers. Complex centers of
Mn2! associated with interstitial Li having orthorhombic
symmetry were investigated in GaAs and GaP by EPR.!°

In all complexes identified so far the transition-metal
impurity acts as a deep acceptor which is associated with
a shallow donor. Contrary to this, no center was found
until now with the T, acting as a deep donor
(Tig! /Tig! level) forming a complex with a shallow ac-
ceptor. On the other hand, in silicon complexes a
transition-metal donor and a shallow acceptor are well
investigated (e.g., Ref. 11). However, it has to be noted
that in contrast to the III-V semiconductors, in silicon
the TM’s in the pairs are located on interstitial sites.

Therefore we have searched for donor-acceptor pairs in
liquid-encapsulated-Czochralski (LEC) grown GaP doped
with the transition metal Cr or Fe and codoped in each
case with the shallow donor S or with the shallow accep-
tor Zn. For GaP:Cr:S, GaP:Fe:S, and GaP:Cr:Zn we
have observed angular-dependent EPR spectra. In this
paper we will analyze these EPR spectra and attribute
them to Cr-S and Fe-S pairs of trigonal symmetry and
Cr-Zn pairs of monoclinic symmetry. With the Cr-Zn
pair a donor-acceptor pair is identified in III-V semicon-
ductors in which the T, acts as a deep donor. A prelim-
inary report on our studies of the Cr-related pairs was
presented recently.!?

II. EXPERIMENT

The oriented samples were prepared from the tail end
of LEC-grown GaP boules (diameter 40 mm, length
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about 100 mm) codoped with Cr or Fe and S or Zn in the
melt. The contents determined by spectrochemical
analysis at the tail end of GaP:Cr:S are [Cr]=1.7x 10"
cm?, and [S]=6.7X 10! cm ™3, and those of GaP:Cr:Zn
are [Cr]=3.0X10" cm™3 and [Zn]=4.8X10"7 cm 3.
The contents of the tail end samples of Fe-doped boules
are for GaP:Fe:S [Fe]=5X 10" cm™3,[S]=4X10'7 ¢cm 3
and GaP:Fe:Zn[Fe]=2X10!" cm ™ 3,[Zn]=5X10"7 ¢cm 3.
The EPR measurements were performed in the X band
using a ZWG 230 spectrometer equipped with a fixed
temperature cryostat (7 =20.4 K) and a He gas-flow cry-
ostat (Oxford ESR 900) for measurements at variable
temperature. The magnetic field was rotated in a {110}
plane of the crystal.

III. RESULTS

A. GaP:Fe:S and GaP:Cr:S

In n-type GaP samples codoped with S and Fe the
well-known EPR signal of the isolated double-acceptor
defect Fel,(A%7) is observed (linewidth AB,,=2.8
mT).!3 Here, in general, the designation for the center is
showing the oxidation state of the T, (as determined by
EPR) as well as the net charge of the impurity 4 in the
semiconductor. In addition to this intense signal, an
angular-dependent EPR spectrum with considerably
smaller intensity was measured. The spectra are shown
for the three main directions (B|[{110), {(111), and
(100)) in Fig. 1. The iron doping and the linewidth
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FIG. 1. EPR spectra of GaP:Fe:S for the three main direc-
tions. The transitions belonging to the trigonal
[Fed,(A27)-S§%( A4 )] pair are marked by arrows. The intense
signal is due to the isolated double acceptor Fed,(4%7). The
measurements were performed at T=20 K with the microwave
frequency of 9.221 GHz.
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AB,, of about 3 mT which is comparable with the
linewidth of the Fel,(A427) spectrum makes it highly
probable that this spectrum can be assigned to an iron-
related defect. The measured angular dependence [be-
sides the weakly angular-dependent signal of Fed,( 4 7))
is plotted as solid circles in Fig. 2(b). The general feature
of this angular dependence with a maximum at B||{111)
shows the behavior of a defect with trigonal symmetry.
We will prove by our analysis that we have observed a
spectrum caused by Fed,(427) with a 3d’ electronic
configuration in a strong trigonal distorted cubic crystal
field. The origin of the trigonal crystal-field distortion
should be a further lattice defect where a closed-shell
S§*(4 ™) ion substitutional on a P site is most probable.
Therefore the defect is named [Fed,(427)-S5t(4™)]
(see Sec. IV).

The ground state of Fel, is the orbital singlet *4,.
The energy levels of such a system can be described by
the spin Hamiltonian with §=3,

FH=g,upB,S,+g up(B.S, +B,S,)+D[S}—LS(S+1)].
(1

All symbols have their usual meanings. The z axis of the
coordinate system (x,y,z) coincides with the trigonal C,
symmetry axis parallel to {111). The x and y axes in (1)
are arbitrary in the plane perpendicular to z. Including
higher-order terms in (1) which requires a decision like in
the case of the Cr*-related pair discussed below, the x
and y axes are chosen parallel to [112] and [110] for z
parallel to [111]. According to the four C; directions
there are four different center positions, two of which are
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FIG. 2. Angular dependence of the fine-structure line posi-
tions of the [Fed,( 427)-S§%( A4 )] pair obtained at 9.221 GHz.
The magnetic field is rotated in a {110} plane. (a) A plot of all
possible fine-structure transitions. The parameters of the calcu-
lation are given in Table I. (b) The experimental data are plot-
ted as solid circles. Those parts of the calculated angular
dependence for which experimental data exist are shown as
solid lines.
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always magnetically equivalent under rotation around a
(110) axis as it was done in our experiments. The es-
timation of the zero-field splitting parameter D for the
(111) direction shows that the trigonal zero-field split-
ting and the Zeeman splitting are very similar in the
magnetic-field range where the EPR transitions occur (in-
termediate case). Since for arbitrary directions perturba-
tion theory cannot be used for the solution of the energy
matrix of the spin Hamiltonian (1) in a truly intermediate
case, we have applied the method of direct diagonaliza-
tion of the S=3 energy matrix. Using a computer pro-
cedure for the calculation of line positions and intensities
via the calculation of eigenvalues and eigenfunctions for
the Hamiltonian (1), a good agreement between the mea-
sured and calculated line positions and intensities could
be obtained for the angular dependence of all observed
fine-structure transitions. The results of the theoretical
calculations are shown in Fig. 2. In Fig. 2(a) all possible
EPR transitions are included as solid lines. In Fig. 2(b)
the calculated curves for which experimental data exist
are included as solid lines in order to show the good
agreement between theory and experiment. The parame-
ters g, g, and D resulting from the best fit of the experi-
mental points are given in Table I.

In Fig. 3 the energy-level structure of the 4, ground-
state multiplet is plotted as a function of the magnetic
field for the magnetic field oriented (a) parallel and (b)
perpendicular to the trigonal C,; axis. The calculation
was done assuming a negative sign of D. The sign of the
zero-field parameter D determines the sequence of the en-
ergy levels at zero magnetic field, but does not influence
the EPR line positions in this case. The sign can be
determined from a comparison of the EPR intensities
with the theoretical transition probabilities, including the
effect of Boltzmann population of the energy levels for
different temperatures. The temperature dependence of
the intensities of the transitions at B=177 and 466 mT
for B||{110) led us conclude that D is negative. In the
parallel case there is no mixing of states. Therefore only
“allowed” electronic spin transitions with AM =1
could be observed [these transitions are indicated by bold
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FIG. 3. Energy-level diagram for the [Fed,(427)-S§*(4 *)]
defect for the magnetic field oriented parallel (a) and perpendic-
ular (b) to the trigonal pair axis. EPR transitions at 9.221 GHz
are indicated. For an exact parallel orientation (a) only allowed
AM =11 electronic spin transitions have a transition probabili-
ty not equal to zero (bold arrows).

arrows in Fig. 3(a)]. For arbitrary directions a strong
mixture of states occurs. This can be seen in Fig. 3(b) for
the perpendicular case, where neither the high-magnetic-
field quantum numbers nor the quantum numbers defined
by the trigonal crystal field are good quantum numbers in
the magnetic-field range in which the EPR transitions
occur.

The assignment of the spectrum to a Fed,-related de-
fect is additionally supported by the observed g values

TABLE I. Data for three types of pair defects in GaP.

Zero-field
Symmetry and splitting parameters
Defect Spin axes g values (em™!)

[Feld(A27)-88%(A4 )] 3 trigonal g =2.133(5) D=—0.1705(3)
z|[{111) g =2.140(5)

[Crda(4%7)-857(4™)] = trigonal g =2.000(5) [D]=0.0091(1)
z||{111) g.=g, a,F not determined
x||{112) (see text)
yl|{110)

[Cr&t( A%)-Znki(4 7)) 3 monoclinic 8xx =8y =8z =2.000(5) D,,=—0.102(3)
z||{110) D,,=0.098(3)
x|[{110) 8xy =8x: =8, <1073 D,,=0.004(3)
y||(100) D,,=0.020(3)

D,=D,,=0
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(see Table I). The g values show the typical shift for 3d’
ions in a tetrahedral crystal field. According to the rela-
tion g=g, —8kAy,/A we get a reasonable value k=0.7
for the covalency reduction factor if we use the free-ion
spin-orbit coupling constant of Fet A,=—119 cm™!
(Ref. 14) and the *4,-*T, distance A=5080 cm ™' from
the 0%(hv) spectrum obtained by optical deep-level tran-
sient spectroscopy (DLTS).!S The concentration of the
[Fed,(A%7)-S81(A4 )] pair was estimated to be about
3% of the isolated Fed,( 427 ) center.

In the n-type GaP samples codoped with S and Cr the
well-known EPR spectrum of the isolated Crd,( 4%7) de-
fect' was measured with a large intensity (linewidth
AB,,=13 mT) as well as that of the isolated Fed,(4°7)
due to residual iron. Additionally, a weaker spectrum
was observed which is marked by arrows in Fig. 4. The
angular dependence of this spectrum is plotted as bold
circles in Fig. 5. Because of the superposition of the an-
gular dependent spectrum with the very intense one of
isolated Cr,( 427), only those transitions occurring out-
side the magnetic-field range of the isolated Crd, signal
are detectable. From the behavior of the angular depen-
dences shown in Fig. 5 with the characteristic maximum
at B||(111), it follows that the observed defect has trigo-
nal symmetry. The linewidth AB,, of the spectrum
which is of the same magnitude as AB,, of the isolated
Cr{, defect and the fact that we observe this spectrum
only in n-type GaP codoped with Cr and S suggests a pair
defect consisting of a Crg, ion with a S5, ground state
in a trigonal distorted cubic crystal field. As in the case
of the [Fel,( 4% )-S§7( 4 )] pair, an associated closed-
shell S57( 4 ) ion on a nearest-neighbor phosphorus site
should be the reason for the trigonal distortion (see Sec.
IV). The defect is called [Cr,(427)-S8T(A4™)).

The spin Hamiltonian (1) extended by the terms pro-
portional to S* (parameters a and F) can be used for the
description of the EPR spectrum within the °S;,
ground-state multiplet of a 3d> chromium ion (cf. Ref.
14). The tensor axes and the number of center positions
have already been discussed after Eq. (1) for the similar
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FIG. 4. EPR spectrum of GaP:Cr:S measured at T=20 K
with the microwave frequency of 9.01 GHz for the orientation
B||{111). The upper spectrum with a lower receiver gain (1X)
shows the dominating isolated defect, Crd,( 427), and the line
of Fed,( A7) due to residual iron. In the lower spectrum with
the higher receiver gain (64X ) the parts belonging to the trigo-
nal [Crd,(A27)-S8t(A471)] pair are marked by arrows. The
numbers 1X and 64X indicate the multiplication factor of a
normalized gain.
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FIG. 5. Angular dependence of the fine structure of the tri-
gonal [Crd,(4%7)-S§7( 4 T)] pair at 9.01 GHz. The magnetic
field is rotated in a {110} plane. The experimental data are
given for the trigonal pair by solid circles. The experimental
line positions for the isolated defects Crd,( 427 ) and Fe™(4?%")
are also included and marked by X and +, respectively. The
calculated angular dependence of the fine structure for the tri-
gonal pair is plotted as solid lines for the transitions AM =*1.
The used parameters are given in Table 1.

iron-sulfur pair defect. In the present case the energy
matrix of the spin Hamiltonian can be solved by pertur-
bation theory in the weak-crystal-field limit with a
sufficient accuracy. The allowed (AM ==1) electronic
spin transitions are plotted in Fig. 5 by solid lines. The
parameters of the best fit are given in Table I. But it
should be noted that the analysis of the few experimental
points given in Fig. 5 does not provide unique proof of
the assumed spin value of S=2. The small part of the
angular dependence which alone can be observed experi-
mentally on account of the superposition with other
stronger signals can also be fitted with other spin values.
Arguments for the pair model including Crg, with S =3
are as follows.

(i) The Fermi level E in the samples is at or above the
Crd,/Cr4l level so that most of the Crg, are in the Crd,
state.

(ii) The trigonal zero-field parameter D is expected to
be much larger for the other possible charge states Cr3}
and Cr}! which have no S-like orbital singlet ground
states. Compare the D values of the possible Cr’* com-
plex in GaP (Ref. 17) (the D value was not determined
but the spectrum could be described in the S’ =1 formal-
ism which is only valid for D >>guyB) of the Crg’-Zn
pair in Sec. IIIB as well as of the Jahn-Teller ions Cr’
in GaAs,'® CrZ in InP,"” and Cr}l in GaAs (Ref. 20)
and GaP.?!
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According to our model of the [Crd,(A427)-S§T(4 )]
pair the measured EPR lines were assigned to the spin
transitions from M =12 to M'=x3. As we were not
able to observe other transitions, it was not possible to
determine the parameters ¢ and F. But we can expect
that their contributions to the EPR line positions are
small. The value of a for the Cr* ion in the II-VI materi-
als is in the order of 5X10™* cm™'.22 In this case we
were not able to determine the sign of D via the measure-
ment of the temperature dependence of the line intensi-
ties since the spectrum is strongly saturated at tempera-
tures below 20 K. The concentration of the
[Crd,(A427)-S87(4™)] pair was estimated from the spec-
tra to be about 1% of the concentration of the isolated
Crd,(A*7) centers.

B. GaP:Cr:Zn and GaP:Fe:Zn

In the p-type GaP samples codoped with Cr and Zn the
known intense signal due to Crg( A4 %) (Ref. 23) is mea-
sured (AB,,=8.5 mT) as well as the Fel' ( A°) signal of
residual iron (see Fig. 6). The occurrence of the Crg
charge state with a >4, ground state was proved by an
EPR experiment under uniaxial stress as it was done for
Crgt in GaAs.?* In dependence on the strength of the
applied uniaxial stress a splitting into two lines could be
observed confirming the spin value S =1. The EPR spec-
tra of Crg! without and under uniaxial stress are shown
in Fig. 7. Additionally, a strongly angular-dependent
spectrum consisting of many lines is measured in the tem-
perature range between 4 and 30 K. The spectra mea-
sured for the two main directions B|[{110) and (100)
are shown in Fig. 6 where the lines of the spectrum are
marked by arrows. The measured angular dependence of
the lines is plotted as solid circles in Fig. 8(b). Obviously,
the center responsible for this spectrum has low symme-
try.

1 I

100 200

B (mT)

FIG. 6. EPR spectra of GaP:Cr:Zn measured at T=20 K
with the microwave frequency of 9.008 GHz for the two main
direction B||(110) and {100). The transitions belonging to the
monoclinic [Cr}( 4°)-Zn&!( 4 7)] pair are marked by arrows.
Besides the pair spectrum the transitions originating from the
isolated Crgt( 4 ™) and the residual Fel!( 4°) can be seen.
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FIG. 7. Influence of {110) uniaxial stress on the EPR spec-
trum of the isolated Crg, center in GaP:Cr:Zn. The splitting
into two lines under stress proves the Cr&! charge state with the
spin S =1. Background signals were subtracted.

As in the cases reported in Sec. III A, the arguments of
the chromium doping and the linewidth of the signals
suggest that we observe a chromium-related defect. The
subsequent analysis will show that the spectrum is caused
by a Crg;( A°) ion in monoclinic symmetry. A mono-
clinic distortion of a tetrahedral crystal field splits the *F
ground state of the free Cr’" ion and the lowest level is a
* 4, orbital singlet state arising from the *T’, ground state
in tetrahedral symmetry. Reasonably assuming a symme-
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FIG. 8. Angular dependence of the fine-structure line posi-
tions of GaP:Cr:Zn at 9.008 GHz. The magnetic field is rotated
in a {110} plane. (a) All calculated fine-structure transitions
for the monoclinic [Crg}( 4°)-Znii( 4 7)) pair. The parame-
ters are given in Table I. (b) The experimental data for the
monoclinic pair are given by solid circles. In order to compare
with (a), those parts of the calculated angular dependence for
which experimental data exist are indicated by solid lines. The
other observed transitions belonging to the Cr&i(A4 ™) and
Fel!( A°) isolated defects are marked by X and +, respective-

ly.
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trical g matrix, the spin Hamiltonian

FH=pp Y B;g;iS;+5,D;S; @)
b

is used for the analysis, where j,i label the components
within the chosen crystal axes z,x||{110) and y||{100).
The magnitude of the experimental splitting of the elec-
tronic spin transitions (see Fig. 8) shows that we have to
deal with an intermediate case, where the energy of the
zero-field splitting has the same order of magnitude as
the microwave energy in the X band. Therefore an
analysis for all transitions using perturbation theory is
not adequate for this system.

In order to proceed we have applied the method of
direct computer diagonalization of the spin Hamiltonian
(2) for fitting the experimental angular dependence of the
electronic spin transitions. In Fig. 8(a) the results of the
calculations are shown for all possible EPR transitions.
In Fig 8(b) the calculated curves for which experimental
data exist are included as solid lines to demonstrate the
good agreement between theory and experiment. The
best fit is achieved with the data given in Table I. The
tensor axes x,y,z (given above) were chosen in such a way
that D,, is the largest component. The nondiagonal ele-
ment D,,, disappears if one makes a transformation into
the principal axes by a rotation around the x axis. The
rotation angle was determined to be about 10°.
D=-0.158 cm ™! and E=0.045 cm ™! are the principal
values using the common substitution D=3D, and
E=1(D,,—D,,). It should be pointed out that besides
the determination of the spin value and the parameters of
the spin Hamiltonian, also the monoclinic symmetry of
the center was confirmed by the fit. In monoclinic sym-
metry the number of magnetically different center posi-
tions is reduced from 24, the maximum number of
different center positions in a cubic crystal system, to 12.
In our case the only symmetry element is a {110} mirror
plane. If the magnetic field is rotated around a (110)
axis, as it was done in our experiment, the number of
magnetically nonequivalent centers is further reduced to
7. For the two main directions B||{110) and {(100) the
energy-level structure for an S =2 ground-state multiplet
in dependence on the magnetic field has been deduced
from the calculation of the energy matrix and is plotted
in Figs. 9 and 10. The possible EPR transitions in the X
band are marked. In Figs. 9 and 10 the designation M;
with j=1 to 7 describes the seven different center posi-
tions, which degenerate for the main directions B||{110)
and (100) into four or two magnetically nonequivalent
positions of the center, respectively. The lines belonging
to the positions M, and M, are single lines, whereas all
others are double ones.

From an analysis of the line positions as described
above, it is only possible to determine the absolute value
and relative signs of the tensor elements D;;. A simul-
taneous change of the signs of D,; produces an inversion
of the sequence of the energy levels. The method to
determine the signs of D;; is to compare theoretical and
experimental line intensities at different temperatures, in-
cluding the effect of the Boltzmann population. In this
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case we have compared the high-field lines of M, and
M, for B||{110), which are separated by about 1 cm™!
(see Fig. 9). Only the signs of the parameters used in Fig.
9 and given in Table I satisfy the temperature dependence
of the intensities measured between 4 and 30 K.

The monoclinic distortion of the tetrahedral symmetry
can only be caused by an associated defect. A Zn accep-
tor placed on a nearest-neighbor Ga site is most probable
(see Sec. IV). Therefore, the center is named [Crg! (4°)-
ZnZ,(A7)]. There are two arguments ruling out an in-
terpretation of the observed spectrum as being due to
isolated Cry! in low symmetry stabilized by strains.
First, the behavior of the temperature dependence of this
spectrum is quite different from that of isolated Cry’ in
GaAs, and second, the symmetry differs from the ob-
served orthorhombic one in the case of Cry in GaAs.?
It should be noted that the spectrum investigated here is
completely different from the orthorhombic Cr’* spec-
trum found in p-type GaP:Cr.!” The concentration of the
monoclinic pairs was experimentally estimated to be
about 10% of the concentration of the isolated
Crgh(A ™) defects.

In p-type GaP:Fe:Zn samples only the EPR spectrum
due to isolated Fel!( 4°) was measured both in the dark
and under illumination of the sample with light, i.e., no

B | <110>
(a) M, | ®) M2/3
g
Z
© My5| @ Mg

-1.0r

I N TR S N |
0 200 600 1000

B (mT) ——

1
0 200 600

FIG. 9. Energy-level diagrams for the monoclinic
[Cr&t( A°)-Znkt( 4 7)] pair for B||{110). The designation M;
with j=1 to 7 describes the seven magnetically nonequivalent
monoclinic center positions for the rotation in a {110} plane.
For the (110) direction only four center positions are magneti-
cally nonequivalent. Possible EPR transitions at 9.008 GHz are
indicated by arrows.
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FIG. 10. Energy-level diagrams for the monoclinic

[Cr&t(A°)-ZnEi(A7)] pair for B||{100). The designation M;
with j=1 to 7 describes the seven magnetically nonequivalent
center positions for a rotation in a {110} plane. For the (100)
direction only two magnetically nonequivalent center positions
exist. Possible EPR transitions at 9.008 GHz are indicated by
arrows.

spectrum attributable to an Fe-related complex could be
detected.

IV. DISCUSSION

From the experimental results concerning symmetry
and temperature dependence it was concluded that the
three analyzed EPR spectra observed in the GaP samples
are caused by complexes. The general problem for EPR
investigations of TM-related defects in III-V semiconduc-
tors is the large linewidth caused by the interaction with
the nuclear spins of the lattice constituents. This
prevents the observation of a hyperfine structure also in
the EPR spectra of the three TM complexes investigated
in this paper. Therefore, unique proof of the chemical
nature of the participating elements cannot be given. It
is well known that the hyperfine interaction is the best
tool for such an identification. But the following discus-
sion will give several arguments supporting our assign-
ment of the observed spectra to the proposed models
without contradiction to the accepted results of the be-
havior of TM, shallow group-IIB acceptors, and group-
VI donors in III-V materials.

In both n-type materials, GaP:Cr:S and GaP:Fe:S, a
trigonal defect was observed. The linewidths of the trigo-
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nal defect spectra are of the same magnitude as those of
the corresponding isolated Fel, and Crg,, which are the
dominating defects in the materials. These facts suggest
that the trigonal defects contain the TM. From the angu-
lar dependence of the fine-structure lines of GaP:Fe:S it
was derived that the spectrum is caused by an Fed,(427)
center (3d7) in a cubic crystal field (4, ground state)
with a considerable trigonal distortion. The observed g
shift is characteristic for a 3d” ion. The angular depen-
dence of the observable fine-structure lines of GaP:Cr:S
was interpreted as being due to a Cr(, center (3d°) with
a %S5, ground state in a trigonally distorted cubic crystal
field as well.

In both cases the trigonal distortion suggests an associ-
ated defect on a nearest-neighbor phosphorus site. The
main arguments for an associated S ion are the high con-
tent of S in the samples (4-7X10'7 cm™3) and the ab-
sence of the trigonal spectra in GaP:Fe and GaP:Cr sam-
ples without S doping. It is known that S on a substitu-
tional phosphorus site acts as a shallow donor. The oxi-
dation state of the S ion is most probably S$*( 4 *) since
the influence on the electronic structure of the complex is
mainly to produce a trigonal crystal-field distortion. This
behavior is characteristic of a closed-shell ion. The six-
fold positive charge state based on a rather simple model
building up the predominant covalent GaP lattice from
Ga**P°" residual ions completed with eight binding
electrons. In this picture the residual ion of the S donor
has to be described as S37(4°)/S87(4 ™). The residual
ions give rise to the EPR spectra, usually. If the more
ionic description of the crystal, Ga>*P>~, is used the
same S donor states can be characterized by
S27(A4%)/S27(A™). The position of the TM-S pairs
[Fel(A*7)-S87(A™)] and [Crd,(427)-88T(A4)] in
the lattice is shown in Fig. 11. The line between the con-
stituents of the complex is oriented along a {111) direc-
tion.

In the p-type GaP:Cr:Zn samples we observed a mono-
clinic defect. As in the case of the two trigonal centers
discussed above, the Cr doping and the observed

@ Ga

FIG. 11. Structural model for the [T¢,( A27)-S§*( 4 *)] pair
center in n-type GaP with T=Fe or Cr (where T denotes the
transition metal).



4120

linewidth suggest a Cr-related defect. The isolated
charged donor state Crg;' (4 1) is the dominating defect
in the samples. The angular dependence of the fine-
structure lines of the spectrum shows the general feature
of a Crg:(A°) ion (3d*) in a monoclinic distorted cubic
crystal field with a * 4, orbital singlet as the ground state.
All the details of the observed fine structure can be un-
derstood as being due to transitions within this §=2
ground state manifold.

As a Jahn-Teller distortion can be ruled out, the ob-
served low symmetry of the Crg!( A%) containing center
must be created by an associated defect. The monoclinic
symmetry of the complex defect can be explained by the
pairing of Crg, with Zng, on a nearest-neighbor Ga site.
That Zng, is the associated defect is strongly suggested
by the high Zn concentration (5X 10'7 ¢cm™3) and by the
result that the monoclinic spectrum was not detected in
GaP:Cr material without additional Zn doping. The po-
sition of the [Cry!( 4°)-Zn%! (4 7)] pair in the GaP lat-
tice is shown in Fig. 12. The tensor axes used for the
EPR analysis and the mirror plane of the monoclinic
symmetry are included. The line between the two con-
stituents of the pair is oriented along a (110) direction.
It is evident from Fig. 12 that the particular P atom con-
necting the Cr and Zn ions is nonequivalent with the oth-
er three P atoms surrounding the Crg,. This Crg,-P-
Zng, triangle determines the {110} mirror plane.

During the pairing the charge state of the Crg, is con-
verted from the charged donor state Cr&! (4 ) (the state
of the isolated Crg, centers) to the neutral Crg’(A4°)
state within the pair. That means that the energy level of
the pair [Cr-Zn]°/~ must be located below the level of the
isolated Crd! /Cr§! and also below the Fermi level
pinned in our samples by the Zng, acceptors.

The concentrations of all three pair defects are in the
range between 1% and 10% of the concentration of the
isolated TM defects. Assuming a statistical distribution
of the TM ions and shallow defects using their measured
concentrations one would expect only a nearest-neighbor
concentration of about 0.1%.2° For the high concentra-
tion of pairs two reasons can be responsible. First, there
exists an attractive force between the constituents of the
pair stimulating the formation, and second, the distribu-
tion of the isolated defects is strongly inhomogeneous in
different macroscopic parts of the samples. The second
reason is very unlikely in LEC-grown material as it sup-
poses that the defect concentration fluctuates by several
orders of magnitude. Therefore, for the formation of the
TM shallow defect pairs a donor-acceptor pairing mecha-
nism is responsible driven by the Coulomb attraction be-
tween the constituents. In the case of the n-type GaP the
pair consists of a double negatively charged TM acceptor
(Cr™ or Fe') and a positively charged shallow donor
(Sp). On the other hand, in p-type GaP the TM (Crg,)
acts as a positively charged deep donor associated with a
negatively charged shallow acceptor (Zng,).

We failed in the attempt to observe an analogous Fe-
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FIG. 12. Structural model for the [Crg;(A4°)-Zn& (4 7)]
pair center in p-type GaP. The (110) mirror plane and the ten-
sor axes used for the EPR analysis are included.

Zn pair in p-type GaP:Fe:Zn although the doping con-
centrations are nearly the same as in GaP:Cr:Zn. The
reason might be that Feg, does not form a donor level
Fel: /Fe! within the gap of GaP [in p-conducting
GaP:Fe:Zn all isolated iron is in the Fel:(A4°) charge
state]. This result supports the Coulomb mechanism for
the donor-acceptor pair formation, which requires the ex-
istence of the charged donor state T&. (4 ) for the pair-
ing with a shallow acceptor.

V. CONCLUSIONS

The analysis of the EPR spectra of LEC-grown
GaP:Cr:S, GaP:Fe:S, and GaP:Cr:Zn has evidenced
three donor-acceptor pair centers. The
[Fed,(427)-S8T(A )] pair of trigonal symmetry is the
first identified Fe-related pair defect in as-grown III-V
semiconductors. With the [Crgh(4°)-Zn** (4 7)] pair
of monoclinic symmetry a pair defect is found for the first
time where the transition metal (Tg,) acting as a deep
donor complexed with a shallow acceptor (Zng,). To-
gether with the [Crd,(4%27)-S§7( 4 )] pair this demon-
strates the existence of donor-acceptor pairs in III-V
semiconductors with a T, acting alternatively as double
acceptor (Crd,/Cril) or as donor (Crgl/Cr&l). The
concentration of these pair defects amounts to about
1-10 % of the isolated Tg, and is, therefore, within the
same concentration range as the Nig, shallow donor
pairs found in GaAs and GaP.> This strongly suggests
that Coulomb attraction is responsible for the formation
of T, shallow impurity pairs in III-V semiconductors.
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