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Erbium in GaAs: Coupling with native defects
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We calculated the total energy of Er point defects in GaAs and of Er defects coupled with native defects in
GaAs by theab initio pseudopotential method. The total-energy calculation indicates that various coupled
defects comprising an Er atom and native defects will be formed depending on the growth conditions and the
Fermi-level position. By investigating the valence charge distribution, it was found that an Er atom forms a
strong bond with an As atom. This chemical feature and the lattice relaxation around the coupled defect are the
main factors that stabilize the coupled states. The intra-4f -shell luminescence spectrum of Er in GaAs is
generally complicated and strongly depends on sample preparation methods and growth conditions. We pro-
pose that this tendency is due to the sample-dependent concentration of various defects that form complexes
with Er. @S0163-1829~97!01039-4#
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I. INTRODUCTION

Recently, rare-earth-~RE! doped semiconductors have r
ceived considerable attention, since RE ions emit sharp
minescence due to the RE intra-4f -shell transition. The lu-
minescence wavelength is temperature stable since the
4 f -shell is well shielded by outer 5s and 5p electrons. RE-
doped semiconductors may be useful in making optical
vices. Among the many combinations of RE elements a
semiconductors, Er-doped GaAs have been one of the m
widely studied materials. This is because the wavelength
the luminescence due to the Er intra-4f -shell transition is
about 1.54mm, which corresponds to the minimum-los
wavelength region of silica-based fiber, and because i
possible to fabricate a goodpn junction by using GaAs,
which can be used as a carrier-injection optical device. T
luminescence spectrum, however, strongly depends on
growth conditions; it shows that many kinds of Er lumine
cence centers with different atomic configurations
formed in a sample during growth.

Rutherford backscattering~RBS! has been widely used t
investigate the lattice sites of atoms. The annealing effec
Er-ion-implanted GaAs samples has been investigated
RBS ~Ref. 1! and it was reported that Er atoms move fro
interstitial sites to substitutional sites by annealing.
GaAs:Er samples grown by metalorganic chemical va
deposition~MOCVD!, the RBS measurement indicates th
Er is at an interstitial site.2 It was suggested that Er ion
coupled with carbon atoms in these samples, because
concentrations of carbon and Er are nearly the same,
because the sample showsn-type conductivity although a
high concentration of carbon is incorporated.3 In GaAs there
is only one Er luminescence center, whose atomic confi
ration has been well studied.4 This Er luminescence center
formed when oxygen is co-doped with Er into GaAs
MOCVD. The center is composed of one Er atom and t
oxygen atoms that occupy the nearest-neighbor sites of
However, the formation process and the atomic configu
tions of most Er luminescence centers in GaAs are
known.
560163-1829/97/56~15!/9477~11!/$10.00
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Only one theoretical study, by Needels, Schlu¨ter, and
Lannoo, has been reported on the stable site of RE impu
in semiconductor hosts for Er in Si.5 They calculated the
cohesive energy for Er point defects at the tetrahedral
hexagonal interstitial sites and at the substitutional site. T
concluded that the most stable case is that in which an E31

ion occupies theTd interstitial site. However, the Er intra
4 f -shell luminescence spectrum in Si is complicated a
shows many luminescence lines, indicating the presenc
many kinds of Er luminescence centers. Er seems to fo
complexes in Si like it does in GaAs.

In this paper, we discuss the stable configuration and
formation of Er centers in GaAs based on calculations of
total energies for Er-related defects in GaAs host. Sin
many kinds of Er luminescence centers are generally form
in GaAs, even in samples containing no extrinsic impurit
and in samples with rather low Er concentration, we cons
ered the coupling of Er atoms with native defects in GaA
For several point defects, we discuss the charge state ef
For the coupled defects, we do not discuss the charge s
effect in detail, since the atomic configurations are not cl
for most Er luminescence centers, making it impossible
compare the calculated results with experiments. The cha
state will become important in investigating the details of t
formation processes when the configuration becomes c
Therefore, we mainly discuss the more general features o
in GaAs. In the next section, the calculation method is brie
explained. In Sec. III, the Er point defects are discussed
defects coupled with native defects are discussed in Sec
for As-rich and Ga-rich conditions. After the total energi
are compared between the point defects and the coupled
fects, the charge states are discussed for several defec
Sec. V, the total valence charge distribution is shown in
der to discuss the bonding nature of Er.

II. CALCULATION METHOD

The total-energy calculation was carried out within t
local density-functional approach. The Wigner form of t
exchange-correlation energy andab initio norm-conserving
9477 © 1997 The American Physical Society
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9478 56AKIHITO TAGUCHI AND TAKAHISA OHNO
Kleinman-Bylander pseudopotentials were used.6,7 The
pseudo wave functions were expanded by a plane-wave b
set. The kinetic-energy cutoff was taken to be 8.41 Ry
larger value of 16 Ry for the cutoff energy was used to ch
the convergence of the total-energy difference between
ferent defects. The energy differences were less than
Ry. A 32-atom supercell was used, allowing relaxation of
first and second-nearest-neighbor atoms around a poin
fect. The conjugate-gradient technique was used to optim
both the electronic structure8 and atomic configuration.9

To carry out the calculations, theab initio pseudopotentia
for Er has to be determined. An Er atom might take tw
oxidation states: Er21 and Er31. Here, ‘‘Er21’’ means the
ground state of an isolated Er atom takes the electron c
figuration @Xe#4 f 126s2, and ‘‘Er31’ ’ means it takes@Xe#
4 f 116s25d1. The superscripts ‘‘2’’ and ‘‘3’’ in ‘‘Er21’’ and
‘‘Er 31’’ are the number of valence electrons. The Er 4f -shell
luminescence from the GaAs host is due to the Er in
4 f -shell transition of the Er31 oxidation state. In electron
spin-resonance experiments for ann-type GaAs:Er sample
signals from the Er31 state were observed,10 indicating that
an Er atom takes the 31 oxidation state even in then-type
host. Therefore, most calculations have been done for the1
oxidation state of Er. Although the Er21 state has not bee
experimentally observed in GaAs, we have checked the
bility of Er21and Er31 oxidation states in GaAs for som
defect configurations by calculating the difference in the
hesive energy between the two oxidation states. The res
will be shown later.

The Er31 intra-4f -shell luminescence spectrum is ve
sharp, since the 4f shell is well-localized near the nucleu
and shielded by outer 5s and 5p electrons. The sharp spec
trum indicates a small interaction between the 4f shell and
the host. Hence, the 4f shell was treated as the core in th
determination of the Er pseudopotential. The same treatm
on the construction of Er pseudopotential was adopted in
calculations for Er in Si.5

We checked the Er potential for the 31 oxidation state by
calculating the lattice constant and the electronic structur
ErAs. The calculated lattice constant is about 2% sma
than the value obtained experimentally.11 This accuracy is
nearly the same as that for GaAs.12 The obtained electronic
structure shows that ErAs is a semimetal, which is consis
with the experiments.13 The obtained band dispersion rel
tion is similar to that calculated by the linear muffin-tin o
bital method.14

III. Er POINT DEFECTS

Ion implantation has been widely used to dope RE io
into semiconductor hosts, since the solubility of RE in sem
conductors is very small. Annealing is usually carried o
after implantation to recover the implantation damage an
obtain RE 4f -shell luminescence. RBS experiments for E
implanted GaAs samples have been reported.1 The results
suggest that Er atoms are moved from interstitial sites
substitutional sites by annealing. Hence, we considered
following two reactions and calculated the total energies

Eri ~As!↔ErAs1Asi ~Ga! , ~1a!
sis
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Eri ~As!↔ErGa1Gai ~Ga! . ~1b!

Here, ErAs and ErGa are the Er atom at the As substitution
site and at the Ga substitutional site, respectively. Eri ~As! is an
Er atom at the interstitial site withTd symmetry. The sub-
script ‘‘As’’ denotes the kind of atoms at the neares
neighbor sites. In GaAs, there is anotherTd interstitial site
having Ga atoms as the nearest-neighboring atoms. Sinc
calculated total energy of Eri ~As!is smaller than that of Eri ~Ga!
by 0.28 eV, Eri ~As! is used in Eqs.~1a! and~1b!. For Ga and
As, Gai ~Ga! and Asi ~Ga! were used, since we have found the
are more stable than Gai ~As! and Asi ~As!. The stabilities for Ga
and As interstitials are the same as those previou
calculated.15

As mentioned in the previous section, an Er atom mig
take two oxidation states: 21 or 31. We have confirmed tha
an Er atom takes the 31 oxidation state in GaAs by calcu
lating the difference in the cohesive energy between the1
and 31 oxidation states for Eri ~As!. The cohesive energy dif
ference,DEcoh, can be defined as5

DEcoh[Ercoh
312Ercoh

215@E~Er31!psat2E~Er21!psat#

2@E~Eri ~As!
31 !2E~Eri ~As!

21 #2@E~Eratom
31 !2E~Eratom

21 !#,

where psat means pseudoatom. The last term is the en
needed to move one electron from the 4f shell to the 5d
shell in an atom. Since the correlation between 4f electrons
is strong and then this energy is a many-body problem,
calculation of this energy is difficult. Hence, we used t
experimentally measured energy of 0.89 eV to move el
trons from the 4f 126s2 multiplet to the 4f 116s25d1multiplet,
as Needels, Schlu¨ter, and Lannoo did.5 The calculatedDEcoh
is 10.40 eV, confirming that an Er atom takes the 31 oxi-
dation state in GaAs. Hence, we used the Er pseudopote
for the 31 oxidation state to calculate the reactions e
pressed by Eq.~1! and other reactions that will be present
later.

The calculated results for Eqs.~1a! and~1b! are shown in
Table I, whereDE denotes the total energy difference b
tween the left and right sides of the reactions. A negat
value means that the total energy of the right side is sma
than that of the left side. The value ofDE is positive and
large for reaction~1a!, showing that an Er atom at the As si
is unstable. On the other hand, for Eq.~1b!, theDE is nega-
tive, suggesting that Eri ~As! probably moves to the Ga lattic
site, and then the Ga atom moves to theTd interstitial site
surrounded by Ga atoms. Thus, reaction~1b! may occur
when Er-implanted GaAs samples are annealed. This is c
sistent with the experimentally observed results in RBS.1

Since the ion radius of Er is much larger than that of
and As, the stress around Er ions in GaAs must be very la

TABLE I. Total-energy difference for reactions~1a! and ~1b!.
DE represents the total-energy difference between the left and r
sides of the reactions. A negative value means that the total en
of the right side is smaller than that of the left side.

Eq. number Reaction DE ~eV!

~1a! Eri ~As!↔ErAs1Asi ~Ga! 16.61
~1b! Eri ~As!↔ErGa1Gai ~Ga! 20.26
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56 9479ERBIUM IN GaAs: COUPLING WITH NATIVE DEFECTS
The calculated results show that the nearest-neighboring
oms move significantly outward. In the substitutional ca
ErGa, the Er-As distance is about 5.9% larger than the Ga
distance. In the interstitial case, Eri ~As!, the distance betwee
the Er atom and the nearest-neighbor As atom extends
about 3.1% compared with the unrelaxed case.

IV. Er COUPLED DEFECTS WITH OTHER POINT
DEFECTS

The calculated results for Er defects suggest that the
substitutional site is stable. However, if this site were dom
nant in GaAs, it would not explain the fact that many kin
of Er luminescence centers are generally formed during
growth of GaAs:Er samples. In the previous section, it w
assumed that Er interstitials are formed by the ion implan
tion. During crystal growth, however, both substitutional a
interstitial Er will be formed and several kinds of native d
fects will also be formed. Hence, in this section, we consi
Er coupled with native defects in GaAs under As-rich a
Ga-rich conditions. Er-to-Er coupling will also be consi
ered. After that, the charge state effect on the reaction
discussed for several reactions.

A. As-rich condition

GaAs samples are usually grown under As-rich conditio
by metalorganic chemical phase epitaxy and molecular-b
epitaxy. Under As-rich conditions, native defects, such a
Ga vacancy (VGa), As interstitial (Asi), As antisite (AsGa),
and a coupled defect of an As antisite and an As vaca
($AsGa2VAs%) will be formed.15,18 Reactions between thes
four native defects and Er point defects were conside
ErGa and Eri ~As! were used as the Er point defects, beca
ErGa is more stable than ErAs, and Eri ~As! is more stable than
Eri ~Ga!, as shown in the previous section. We considered
following reactions:

VGa1Eri ~As!↔ErGa, ~2a!

Asi ~Ga!1ErGa↔$ErGa2Asi ~Ga!%, ~2b!

AsGa1Eri ~As!↔$AsGa2Eri ~Ga!%, ~2c!

$AsGa2VAs%1Eri ~As!↔ErGa. ~2d!

Eight reactions can be considered between the four k
of native defects and the two kinds of Er point defects. Ho
ever, we will only discuss some of those shown in Eq.~2!.
The coupled defects in these reactions are composed of p
defects located at the nearest-neighbor sites. Defects cou
with two atoms at the second-nearest-neighbor sites, for
ample$ErGa2AsAs2AsGa%, were not considered, since suc
defects are too large to be treated within the 32-atom su
cell. Even for the coupled defects in Eq.~2!, the lattice
around the coupled defects can not be fully relaxed. Ho
ever, to relax the nearest- and second-nearest-neighbo
atoms of the coupled defect, a larger unit cell and more
culation time are required. To avoid a huge amount of c
culation and still obtain reasonable results by using the
at-
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atom supercell, the positions of the atoms neighboring
coupled defect were determined on the basis of calculat
for each point defect.

Figure 1~a! shows a schematic atomic configuration of t
coupled defect$ErGa2Asi ~Ga!%. An Er atom is at the Ga sub
stitutional site and an As atom occupies the nearest-neigh
Td interstitial site, which is denoted byi . The atoms neigh-
boring the coupled defect are denoted bya, a8, b, andc.
For these atoms, the lattice relaxation was taken into

FIG. 1. ~a! Atomic configurations of the coupled defect of ErGa

and Asi ~Ga! . The AsTd interstitial defect is denoted byi . Thea and
a8 atoms are the atoms nearest to ErGa. a8 atoms are also the
second-nearest-neighboring atoms to Asi ~Ga!. Theb andc atoms are
the nearest- and the second-neighboring atoms to Asi ~Ga! , respec-
tively. ErGa, a, and a8 atoms are considered as one group, a
Asi ~Ga!, b andc as another group. The distanced between the two-
atom groups was changed to obtain the stable structure.~b! Atomic
configurations of the coupled defect of ErGa and GaAs. Thea andb
atoms are the nearest-neighboring atoms to ErGa and GaAs, respec-
tively. ErGa anda atoms are considered as one group, and GaAs and
b atoms as another group. By changingd, which is the distance
between the two groups, the total energy was minimized.
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9480 56AKIHITO TAGUCHI AND TAKAHISA OHNO
count, and the positions of the outer atoms were fixed at
ideal GaAs lattice sites. For thea anda8 atoms, the interac-
tions with the ErGa defect should be stronger than those w
the Asi ~Ga! defect, since thea8 atoms are closer to ErGa, than
they are to Asi ~Ga!. Hence, the positions of these atoms we
determined from the calculated results for the ErGa point de-
fect; that is, the distance between thea (a8) atom and the Er
defect was taken to be equal to the distance obtained in
ErGa point defect calculations. For theb and c atoms, the
positions obtained in the calculations for the Asi ~Ga! point
defect were used, since the interactions with the Asi ~Ga! de-
fect should be stronger than the interactions with the EGa
defect. We considered the ErGa, a, anda8 atoms to be one
group, and the Asi ~Ga!, b, andc atoms to be another group
Then, the distance between the two groups,d, was changed
so as to give the minimum total energy.

For the case in which two point defects are at the sub
tutional sites, the lattice relaxation was considered as
lows. Figure 1~b! shows an example of coupled defects EGa
and GaAs. The a andb atoms are the atoms nearest of ErGa
and GaAs, respectively. The relative positions ofa(b) atoms
and ErGa ~GaAs! were obtained from the calculated results f
the isolated ErGa (GaAs) point defect. The positions of th
atoms surrounding the coupled defect were fixed at the id
GaAs lattice sites. In this case, we considered ErGa and thea
atoms to be one group, and GaAs and theb atoms to another
group. The total energy was minimized by changing the d
tance between the two groups.

The calculated results for the As-rich condition are su
marized in Table II. The definition ofDE is the same as tha
used in Table I. For the reaction betweenVGa and Eri ~As! @Eq.
~2a!#, it is expected that an Er ion occupies the Ga site, si
VGa has dangling bonds that enlarge the total energy.
calculated result indeed shows that ErGa is more stable.

Equation~2b! considers the coupling between Er at t
Ga substitutional site and As at theTd interstitial site. The
calculated results show that the coupled state,$ErGa
2Asi ~Ga!%, is more stable than the separated state, Asi ~Ga!
1ErGa. In the calculations of each point defect, the neare
and second-nearest atoms were relaxed, while in the ca
lations of the coupled defect the lattice relaxation effect w
partially included as previously explained. Therefore, the
tal energy of the coupled defect should be smaller when
lattice is fully relaxed. The exact value of the energy red
tion due to the full lattice relaxation of the coupled defe
was not obtained, but it would be in the range of 0.4–1.4
providing the lattice relaxation effect is similar to that for th
point defect. Hence, the total-energy difference should
larger than the listed value for this reaction.

The reaction between the As antisite and the Er interst
defects is described in Eq.~2c!. The value obtained forDE is

TABLE II. Total-energy difference for reactions~2a! to ~2d! for
the As-rich condition.

Eq. number Reaction DE ~eV!

~2a! VGa1Eri ~As!↔ErGa 24.75
~2b! Asi ~Ga!1ErGa↔$ErGa2Asi ~Ga!% 20.32
~2c! AsGa1Eri ~As!↔$Eri ~Ga!2AsGa% 20.11
~2d! $AsGa2VAs%1Eri ~As!↔ErGa 25.00
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small and negative. When the lattice relaxation of t
coupled defect due to the change in distanced is not in-
cluded,DE is small and positive.19 Hence, the coupled de
fect $AsGa2Eri ~Ga!% is stabilized by the lattice relaxation.

For the reaction between$AsGa2VAs% and Eri ~As! ex-
pressed by Eq.~2d!, there is a possibility that an Er atom
occupies the As lattice site. However,$ErGa2AsAs%
([ErGa) must be more stable than$AsGa2ErAs%, since Er
tends to occupy the Ga lattice site and As is definitely sta
at the As lattice site. The total energy of$AsGa2VAs% be-
comes smaller when the lattice is fully relaxed. The amo
of the energy reduction is expected to be 0.4–1.4 eV; tha
smaller than the absolute value ofDE for the reaction de-
scribed by Eq.~2d!. Hence, ErGa is more stable, even whe
the lattice is fully relaxed.

The results for reactions~2a! and~2d! suggest that ErGa is
easily formed. When As interstitial atoms are contained
GaAs samples, they may couple with ErGa, resulting in the
formation of the coupled defect$ErGa2Asi ~Ga!%. When AsGa
is present, it couples with Eri ~As!, forming another coupled
defect. Thus, an Er atom becomes stable by coupling with
excess As atom in GaAs.

B. Ga-rich condition

For the Ga-rich condition, the following native defec
will be formed in analogy with the As-rich condition: an A
vacancy (VAs), Ga interstitial (Gai), Ga antisite (GaAs), and
a coupled defect of a Ga antisite and a Ga vacancy ($GaAs
2VGa%).

15 The reactions of these four native defects with t
Er point defects ErGa and Eri ~As! were considered for the
Ga-rich condition. Here, the reaction between ErAs and
Gai ~Ga! is also considered in Eq.~3g!, since reaction~3a!
indicates the possibility of ErAs formation. Thus, the follow-
ing seven reactions were considered:

VAs1Eri ~As!↔ErAs, ~3a!

VAs1ErGa↔$ErGa2VAs%, ~3b!

Gai ~Ga!1ErGa↔$ErGa2Gai ~Ga!%, ~3c!

GaAs1Eri ~As!↔$Eri ~As!2GaAs%, ~3d!

GaAs1ErGa↔$ErGa2GaAs%, ~3e!

$GaAs2VGa%1Eri ~As!↔$ErGa2GaAs%, ~3f!

Gai ~Ga!1ErAs↔$Eri ~As!2GaAs%. ~3g!

The calculation procedures were the same as those use
the As-rich conditions.

The results are summarized in Table III. Only one rea
tion, Eq. ~3e!, gives a positive value ofDE. Since the total
energy of the coupled defect becomes small when the la
relaxation is fully included, as we described before, the
tual value ofDE may be small and possibly negative. A
other values ofDE in the table are negative, suggesting th
the coupled states involving an Er atom and a native de
are generally more stable than the separated states.

Reaction ~3a! shows that the Er interstitial defect wi
couple with VAs , resulting in ErAs. However, ErAs may
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56 9481ERBIUM IN GaAs: COUPLING WITH NATIVE DEFECTS
couple with Gai ~Ga! @reaction~3g!#. ErGa may form coupled
defects withVAs , Gai ~Ga! , and GaAs. Hence, four kinds of
coupled defects, $ErGa2VAs%, $ErGa2Gai ~Ga!%, $Eri ~As!

2GaAs%, and $ErGa2GaAs%, may be formed under the Ga
rich condition.

C. Er-Er coupling

When the Er concentration is high, reactions between
atoms may be possible. We considered, as one example
reaction

ErGa1Eri ~As!↔$ErGa2Eri ~Ga!%. ~4!

The calculated total energy of the coupled state of$ErGa
2Eri ~Ga!% is 0.37 eV lower than that for the separated sta
suggesting that Er will form complexes when the Er conc
tration is high.

D. Charge state effect

In the above reactions, each defect is assumed to be
tral, but it is known that native defects take several cha
states depending on the Fermi-level position.15–17The Er de-
fects may also take several charge states depending o
Fermi level. Hence, the total-energy differenceDE in the
tables depends on the Fermi level. Here, we discuss
Fermi-level effect for reactions~2a! and ~3a!. In this paper,
we do not discuss the effect in details for the other reactio
which include the coupled defects. For the coupled defe
we considered the lattice relaxation effect in a limited wa
as explained in Figs. 1~a! and~b!, and the charge state affec
the lattice relaxation and the total energy. At present,
atomic structure of coupled defects comprising an Er at
and native defects are not known. Therefore, a detailed
vestigation of the charge state of such coupled defects
mains as future work.

To investigate the total-energy difference as a function
the Fermi level, which is called the reaction energy,15 the
dependence of the total energy on the Fermi level has to
known for the defects in each charge state~the formation
energy15,16!. The calculated formation energies as a funct
of the Fermi level are, respectively, shown in Figs. 2, 3, a
4, for Eri ~As! , ErGa, andVGa, which are included in the reac
tion ~2a!, VGa1Eri ~As!↔ErGa. Up to the second-neares
neighbor atoms were relaxed at each charge state. The
energy for the neutral charge state was taken as the en
reference for each point defect. The Fermi level was m
sured by the calculated band-gap energy. For Eri ~As!, the for-

TABLE III. Total-energy difference for reactions~3a! to ~3g!
for the Ga-rich condition.

Eq. number Reaction DE ~eV!

~3a! VAs1Eri ~As!↔ErAs 21.13
~3b! VAs1ErGa↔$ErGa2VAs% 20.79
~3c! Gai ~Ga!1ErGa↔$ErGa2Gai ~Ga!% 20.02
~3d! GaAs1Eri ~As!↔$Eri ~As!2GaAs% 21.88
~3e! GaAs1ErGa↔$ErGa2GaAs% 11.09
~3f! $GaAs2VGa%1Eri ~As!↔$ErGa2GaAs% 22.42
~3g! Gai ~As!1ErAs↔$Eri ~As!2GaAs% 23.70
r
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mation energy for the 21 charge state is lower than that fo
the 11 and 0 charge states at any Fermi-level positio
showing that the 21 charge state is the most stable state
any Fermi level. For ErGa, the neutral charge state is mo
stable for almost all Fermi-level positions, and ErGa acts as

FIG. 2. Formation energy of Eri ~As! . The horizontal axis is the
Fermi level measured by the calculated band gap of GaAs.
neutral charge state was taken as an energy reference. The1
charge state is most stable for any Fermi level, ‘‘0,’’ ‘‘11,’’ and
‘‘2 1’’ denote the charge state.

FIG. 3. Formation energy of ErGa as a function of the Ferm
level. The neutral charge state was taken as the energy referenc
almost all Fermi-level positions, the neutral state is most stable
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9482 56AKIHITO TAGUCHI AND TAKAHISA OHNO
both a shallow donor and a shallow acceptor. Several gro
have calculated and reported the formation energy
VGa.15–17 According to the reported results,VGa takes four
charged states from 0 to 32, while the present calculation
results suggest that only 0 and 32 charged states may appe
~Fig. 4!. However, in the previously reported calculation
unlike the present case, the lattice relaxation aroundVGa was
not taken into account. This may be the main reason for
difference between the reported results and the presen
sults.

From the charge state dependence on the Fermi leve
VGa, Eri ~As! , and ErGa, the reaction energy as a function
the Fermi level was calculated, and the results are show
Fig. 5. The numbers in the figure indicate the charge diff
ence during the reaction. For example, ‘‘11’’ means that the
total charge of the left-hand side of the reaction,VGa
1Eri ~As!, is larger by one than that of the right-hand sid
ErGa. At any Fermi level, the formation energy is negativ
showing that ErGa is more stable than the separated state
VGa and Eri ~As! . Since the calculated results~Figs. 2 and 4!
show that Eri ~As! is a donor and thatVGa is an acceptor, the
charge states are more stable than the neutral states.
result, the reaction energy increases. Hence, the forma
energy values are closer to zero than theDE value shown in
Table II.

To obtain the reaction energy of reaction~3a!, VAs
1Eri ~As!↔ErAs, the formation energies for ErAs and VAs
were calculated, and the results are shown in Figs. 6 an
For ErAs, five charge states from 21 to 22 may appear. Like
for VGa, the formation energy forVAs has been calculated b
several groups, but the results differ. Two charge states,1
and 11, were suggested by Baraff and Schlu¨ter.15 Jansen and
Sanke suggested three charge states from 11 to 12, and

FIG. 4. Formation energy ofVGa as a function of the Ferm
level.
ps
r

,

e
re-

of

in
-

,
,
f

s a
on

7.

only 11 charge state was also suggested.17 The present cal-
culations suggest three charge states from 21 to 0.

Based on the calculated formation energies forVAs ,
Eri ~As! , and ErAs, the reaction energy for reaction~3a! was

FIG. 5. Reaction energy for the reaction,VGa1Eri ~As!↔ErGa, as
a function of the Fermi level. At any Fermi level, the reactio
energy is negative, showing that ErGa is more favorable than the
separated state,VGa1Eri ~As!.

FIG. 6. Formation energy of ErAs as a function of the Ferm
level. Five charge states from 21 to 22 may appear depending o
the Fermi level.
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56 9483ERBIUM IN GaAs: COUPLING WITH NATIVE DEFECTS
calculated, and the results are shown in Fig. 8. When
Fermi level is close to the top of the valence band, the re
tion energy is positive. This means that the separated s
VAs1Eri ~As!, is more stable than ErAs, and this is contrary to
the results shown in Table III. However, as the Fermi le
approaches the bottom of the conduction band, the forma
energy decrease, and then it becomes negative, indica
ErAs is more stable than the separated state. When the F

FIG. 7. Formation energy ofVAs as a function of the Ferm
level.

FIG. 8. Reaction energy of the reaction,VAs1Eri ~As!↔ErAs, as a
function of the Fermi level. The reaction energy is positive at
top of the valence band, but it reduces as the Fermi level rises
e
c-
te,

l
n

ing
mi

level is close to the top of the valence band, the positiv
charged state is most stable for ErAs. This reduces the tota
energy and then reduces the reaction energy, by about
eV. ForVAs and EriAs , the positively charged states are al
the most stable states when the Fermi level is close to the
of the valence band. However, this nature enlarges the r
tion energy, which is opposite to the ErAs case. The reaction
energy is enlarged by about 4.2 eV, which is larger than
sum ofDE ~Table III! and the reaction energy reduction
ErAs ~2.1 eV!. As a result, the reaction energy becomes po
tive at the top of the valence band. As the Fermi level ris
the formation energy of Eri ~As! rises~Fig. 2!. This results in
the decrease in the reaction energy as the Fermi level ri

When a donor is included in the left-hand side of a re
tion, the reaction energy becomes larger than that estim
from the neutral charge state, but the reaction energy
creases as the Fermi level moves from the top of the vale
band to the bottom of the conduction band. An acceptor
cluded in the left-hand side of a reaction also enlarges
reaction energy, but the reaction energy decreases as
Fermi level rises, which is opposite to the donor case. Ba
on these features, we can predict the dependence of th
action energy on the Fermi level. We here consider the re
tions ~2b!, ~3b!, and~3c! as examples. Considering reactio
~2b!, Asi ~Ga!1ErGa↔$ErGa2Asi ~Ga!%, it was reported that
Asi ~Ga! is a donor,15–17and the present calculations show th
ErGa is neutral for almost all Fermi-level positions. Henc
the formation energy decreases as the Fermi level rises.
though the formation energies for Asi ~Ga! and $ErGa
2Asi ~Ga!% were not calculated and thus the exact values
not known, the coupled state might become stable when
Fermi level is close to the bottom of the conduction ban
sinceDE ~Table II! is negative, i.e.,20.32 eV. For reaction
~3b!, VAs1ErGa↔$ErGa2VAs%, the donor nature ofVAs is
20.43 eV, which is larger than theDE value of 20.79 eV
~Table III!. Therefore, even at the top of the valence ba
the formation energy must be negative, and it decrease
the Fermi level rises. Therefore, at any Fermi-level positi
the reaction energy must be negative, and thus the cou
state is always more stable in this reaction. For reaction~3c!,
Gai ~Ga!1ErGa↔$ErGa2Gai ~Ga!%, since theDE value is close
to zero as can be seen in Table III and Gai ~Ga! is a donor,15–17

the coupled state might be stable only when the Fermi le
is close to the bottom of the conduction band.

Since the reaction energy depends on the Fermi level,
DE values listed in the tables are not always the proper v
ues for describing the reactions. However, these values
be used as guides to estimate the dependence of the rea
energy on the Fermi level. The calculated results forDE
listed in the tables and the above discussions of the Fe
level effect suggest that many kinds of coupled defects co
prising an Er atom and native defects will be formed depe
ing on the growth condition~whether it is As-rich or Ga-
rich! and on the Fermi-level position. Therefore, even wh
the Er concentration is low, some kinds of coupled defe
will be formed, and those defects are responsible for
complicated luminescence spectra. When the Er concen
tion is high, Er-Er coupled defects will also be formed a
further coupling of Er-Er defects with native defects m
occur. The concentrations of these coupled defects wo
depend on the sample preparation method, the growth c
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FIG. 9. Total valence charge distribution fo
ErGa on the~110! plane. ‘‘Ga,’’ ‘‘As,’’ and ‘‘Er’’
represent the kinds of elements and their po
tions. Between Ga and As, high charge-dens
regions are clearly seen, indicating thesp3 hy-
bridized orbitals. Similar high charge-density re
gions are seen between Er and As.
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ditions, the host quality, and the Fermi level, resulting in t
experimentally observed sample-dependent Er intra-4f -shell
luminescence spectrum.

V. VALENCE CHARGE DISTRIBUTION

In the previous section, we showed that some coup
defects will form depending on the growth conditions a
the Fermi-level position. In this section, we discuss
mechanisms by which the coupled defects are stabilized
stable compound of Er and As is ErAs, which has t
sodium-chloride structure with the coordination number
six, which is larger than the coordination number of four f
the zinc-blende structure. Therefore, the bonding nature
tween Er and As atoms in GaAs and between these atom
ErAs is very different. This may be one reason why the
coupled defects are stable in GaAs. Another reason mus
the fact that the radius of an Er atom is much larger than
of a Ga or As atom. The incorporated Er atom thus caus
large local stress, which may be reduced by coupled de
formation. The bonding nature and the lattice relaxation
fect was examined by investigating the valence charge
tribution. The valence charge distribution was calculated
the neutral state.
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Figure 9 shows the valence charge distribution for ErGa on
a ~110! plane. Ga-As bonds can be clearly seen as the h
charge density regions between them. Between Er and A
similar high charge-density region can be clearly seen, sh
ing that Er and As form asp3-like bond. The maximum
charge density of the Er-As bond is larger than that of
Ga-As bond, and the charge density around an Er atom
lower than that of a Ga atom. These features may be
reason that the Er ion radius is larger than the Ga ion rad
When the interstitial Er atom goes into the Ga site in react
~1b!, Ga-As bonds have to be broken and then Er-As bo
are formed by changing Eri ~As! to ErGa. The Ga atom goes
into the interstitial site. The lattice stress around Gai ~Ga! must
be smaller than that around Eri ~As! , but ErGa which is in-
cluded in the right side of Eq.~1b!, also causes local stres
Thus, if only lattice relaxation is considered, it seems that
formation of ErGa is not very favorable. However, the calcu
lation shows that ErGa is more stable than Eri ~As! meaning
that Er-As bond formation reduces the total energy. T
indicates that the Er-As bond is strong.

The charge distribution when an Er ion is at theTd inter-
stitial site surrounded by As atoms at the nearest-neigh
sites is shown in Fig. 10. Charges around As atoms at
n

or
m

FIG. 10. the total valence charge distributio
for an Er atom at theTd interstitial site sur-
rounded by As atoms at the first-nearest-neighb
sites. The charge localization around the Er ato
is clearly seen.
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FIG. 11. Total valence charge distribution
for ~a! the coupled defect of$ErGa2Asi ~Ga!% and
~b! the coupled defect of$ErGa2Gai ~Ga!%. The
bond can be seen between Asi ~Ga! and ErGa. The
bond between ErGa and Gai ~Ga! is not clear. There
is a localized charge around ErGa, which is simi-
lar to that in Fig. 3.
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nearest-neighbor sites attract the Er atom, but the bond
tween Er and As seems to be weak compared with the EGa
case shown in Fig. 9. Charge localization around Eri ~As! is
clearly seen. Such charge localization is not seen in theGa
case. The valence orbitals of an Er31 ion are 6s, 6p, and 5d.
The 5d level is energetically lower than the 6p level. In
semiconductor hosts, the formation of thesp3 hybridized
orbital reduces the total energy that is seen in the ErGa case.
If Er does not form thesp3 hybridized orbital, the three
valence electrons of an Er31 ion should be distributed amon
6s, 5d, and 6p orbitals. Eri ~As! must be such a case, and th
localized charge around the Er atom must be due to the
5d orbital.

A comparison between reactions~2b! and ~3c! shows the
difference in the reaction of ErGa with As and Ga atoms a
the interstitial site. The valence charge distribution for t
$ErGa2Asi ~Ga!% coupled defect is shown in Fig. 11~a!. In this
case, the ErGa atom forms a bond with Eri ~Ga! . Since Er ions
have a larger radius than Ga ions, the lattice stress is
larged by forming the coupled defect. However, the tot
energy calculation shows that the coupled defect is m
stable. Hence, the Er-As bond is strong enough to comp
sate for the increase in the stress, resulting in a sta
e-

Er

e

n-
-
re
n-
le

coupled defect. Figure 11~b! shows the valence charge di
tribution for the$ErGa2Gai ~Ga!% coupled defect. No bond ca
be seen between the Er atom and the interstitial Ga atom,
the localized charge is seen around the Er atom. In this c
it seems that the charge transfer to the Er 5d orbital stabi-
lizes the defect.20 The amount of the total energy decrea
due to the coupled defect formation is larger in reaction~2b!
than in ~3c!. This seems to be consistent with the consid
ation that the Er-As bond is strong.

Both reactions~3d! and~3e! are reactions of GaAs with an
Er atom, but in reaction~3d! Er occupies interstitial sites
while in reaction~3d! it occupies the Ga substitutional site
The coupled defect of$GaAs2Eri ~As!% is stable, but$GaAs
2ErGa% is not stable. Figure 12~a! shows the valence charg
distribution for $GaAs2Eri ~As!%. Comparing this figure with
Fig. 10 for Eri ~As! ,one can see that the charge distributi
around Er is similar. Hence, the coupled defect may be
bilized by the relaxation of the stress around the Er at
when the nearest-neighbor atom changes from As to Ga.
ure 12~b! shows the charge distribution of$GaAs2ErGa%. The
charge distribution around the Er atom is completely diff
ent from that shown in Fig. 9 for ErGa. To form a coupled
defect, one of the Er-As bonds must be broken and cha
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FIG. 12. Total valence charge distribution fo
~a! the coupled defect$GaAs2Eri ~As!% and~b! the
coupled defect$GaAs2ErGa%. There is a localized
charge around Eri ~As!, which is similar to Fig. 3.
The bond between Eri ~As! and GaAs is not clear.
ErGa forms a bond with the neighboring As atom
but no bond with GaAs is apparent.
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localization around the Er atom must occur. Stress aro
the Er atom is reduced when the nearest-neighbor a
changes from As to Ga, but the breaking of the Er-As bo
increases the total energy. As a result, the coupled defe
not stable.

The above investigations indicate that three mechani
stabilize the coupled defects. One is lattice relaxation. T
other two have a chemical nature. They are the formation
the Er-As bond and the charge transfer to the Er 5d orbital.
This 5d orbital effect is characteristic of Er. Calculations
the total energy and investigations of the valence charge
tribution indicate that the formation of the Er-As bond a
the lattice relaxation are the main factors stabilizing
coupled defects. However, it is difficult to separate t
chemical effect and the stress relaxation effect, since b
modify the charge distribution.

In this paper, we discussed the coupling of one Er at
with one other point defect, and showed that Er tends
couple with native defects of GaAs. Complicated comple
including several Er atoms and point defects may be form
in actual GaAs:Er samples. Hence, even when a sample
cludes no impurities other than Er, various Er-relat
coupled defects could be formed, resulting in the com
d
m
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e

th

o
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in-
d
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cated Er intra-4f -shell luminescence spectrum that depen
on the growth conditions. To control Er luminescence ce
ters in GaAs, it is necessary to control coupling between
Er atom and other impurities or defects. Impurities that fo
a strong bond with Er and reduce the lattice stress will fo
stable coupled defects. The reported coupled defects o
with carbon3 or with oxygen4 may satisfy these require
ments.

VI. CONCLUSIONS

We calculated the total energies of Er point defects and
Er defects coupled with other GaAs point defects. The c
culations suggest that the coupled defects comprising
coupled with other defects are formed depending on
growth conditions and the Fermi-level position. We fou
three mechanisms that stabilize the coupled defects. On
lattice relaxation. The other two have a chemical nature:
formation of the Er-As bond, and charge transfer to the
5d orbital. Investigations of the valence charge distributi
show that the lattice relaxation and the formation of t
Er-As bond are the main factors stabilizing the coupled
fects.
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The fact that Er tends to couple with other defects is pr
ably the reason why the Er intra-4f -shell luminescence spec
trum strongly depends on the sample preparation meth
and growth conditions even when the sample contains v
small amounts of other impurities.
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