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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 infrahEll 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. [S0163-182607)01039-4

I. INTRODUCTION Only one theoretical study, by Needels, S¢bty and
Lannoo, has been reported on the stable site of RE impurity

Recently, rare-eartiRE) doped semiconductors have re- in semiconductor hosts for Er in &iThey calculated the
ceived considerable attention, since RE ions emit sharp lucohesive energy for Er point defects at the tetrahedral and
minescence due to the RE intré-ghell transition. The lu- hexagonal interstitial sites and at the substitutional site. They
minescence wavelength is temperature stable since the Rgoncluded that the most stable case is that in which _aﬁ Er
4f-shell is well shielded by outerssand 5p electrons. RE- 10N occupies theT interstitial site. However, the Er intra-
doped semiconductors may be useful in making optical de4f-shell luminescence spectrum in Si is complicated and
vices. Among the many combinations of RE elements anghows many luminescence lines, indicating the presence of
semiconductors, Er-doped GaAs have been one of the mo8tany kinds of Er luminescence centers. Er seems to form
widely studied materials. This is because the wavelength ofomplexes in Si like it does in GaAs. o
the luminescence due to the Er intré-ghell transition is In this paper, we discuss the stable configuration and the
about 154Mm, which Corresponds to the minimum-loss formation of Er centers in GaAs based on calculations of the
wavelength region of silica-based fiber, and because it i§0tal energies for Er-related defects in GaAs host. Since
possible to fabricate a goopn junction by using GaAs, Mmany kinds of Er luminescence centers are generally formed
which can be used as a carrier-injection optical device. Thé? GaAs, even in samples containing no extrinsic impurities
luminescence spectrum, however, strongly depends on ttnd in samples with rather low Er concentration, we consid-
growth conditions; it shows that many kinds of Er lumines-€red the coupling of Er atoms with native defects in GaAs.
cence centers with different atomic configurations areFOr several point defects, we discuss the charge state effect.
formed in a sample during growth. For the coupled defects, we do not discuss the charge state

Rutherford backscatterindRBS) has been widely used to effect in detail, since the atomic configurations are not clear
investigate the lattice sites of atoms. The annealing effect ofor most Er luminescence centers, making it impossible to
Er-ion-implanted GaAs samples has been investigated b§ompare the calculated results with experiments. The charge
RBS (Ref. 1) and it was reported that Er atoms move from state will become important in investigating the details of the
interstitial sites to substitutional sites by annealing. Information processes when the configuration becomes clear.
GaAs:Er samples grown by metalorganic chemical Vapoﬂ'herefore, we mainly discuss the more general features of Er
deposition(MOCVD), the RBS measurement indicates thatin GaAs. In the next section, the calculation method is briefly
Er is at an interstitial sité.It was suggested that Er ions €xplained. In Sec. lll, the Er point defects are discussed. Er
coupled with carbon atoms in these samples, because tilefects coupled with native defects are discussed in Sec. IV
concentrations of carbon and Er are nearly the same, arf@" As-rfich and Ga-rich conditions. After the total energies
because the sample showstype conductivity although a aré compared between the po.mt defects and the coupled de-
high concentration of carbon is incorporafeth GaAs there fects, the charge states are discussed for several defects. In
is on|y one Er luminescence Center, whose atomic Conﬁgusec. V, the total Va|enC? Chal’ge distribution is shown in or-
ration has been well studiédrhis Er luminescence center is der to discuss the bonding nature of Er.
formed when oxygen is co-doped with Er into GaAs by
MOCVD. The center is composed of one _Er atom.and two Il CALCULATION METHOD
oxygen atoms that occupy the nearest-neighbor sites of Er.
However, the formation process and the atomic configura- The total-energy calculation was carried out within the
tions of most Er luminescence centers in GaAs are notocal density-functional approach. The Wigner form of the
known. exchange-correlation energy aaf initio norm-conserving
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Kleinman-Bylander pseudopotentials were uSédThe TABLE I. Total-energy difference for reactiori@a and (1b).
pseudo wave functions were expanded by a plane-wave bashs represents the total-energy difference between the left and right
set. The kinetic-energy cutoff was taken to be 8.41 Ry. Asides of the reactions. A negative value means that the total energy
larger value of 16 Ry for the cutoff energy was used to checlef the right side is smaller than that of the left side.
the convergence of the total-energy difference between dif= :
ferent defects. The energy differences were less than 0.¢d- number Reaction AE (eV)
Ry. A 32-atom supercell was used, allowing relaxation qf the; Efias— Enas+ AS (Ga +6.61
first and second-nearest-neighbor atoms around a point d Efi ag > Efgat Ga —0.26
i . . .. i(As) Ga (Ga
fect. The conjugate-gradient technique was used to optimize
both the electronic structut@nd atomic configuratioh.
To carry out the calculz_itlons, thadd initio pseu_dopotentlal Ef a9 Efga® Gaca - (1b)
for Er has to be determined. An Er atom might take two
oxidation states: Bf and EF'. Here, “EF"” means the Here, Exs and Eg, are the Er atom at the As substitutional
ground state of an isolated Er atom takes the electron corsite and at the Ga substitutional site, respectivelyafis an
figuration [Xe]4f1%6s?, and “Er*"" means it takes[Xe] Er atom at the interstitial site witfiy symmetry. The sub-
4f1%6s25dL. The superscripts “2” and “3” in “EP*” and  script “As” denotes the kind of atoms at the nearest-
“Er3*" are the number of valence electrons. The Brghell — neighbor sites. In GaAs, there is anotligy interstitial site
luminescence from the GaAs host is due to the Er intrahaving Ga atoms as the nearest-neighboring atoms. Since the
4f-shell transition of the Bf oxidation state. In electron calculated total energy of Ekg)is smaller than that of Eg,
spin-resonance experiments for aftype GaAs:Er sample, by 0.28 eV, Ejsg is used in Egs(1a) and(1b). For Ga and
signals from the E¥" state were observéd,indicating that ~ As, Gay and Agg, Were used, since we have found they
an Er atom takes the3 oxidation state even in the-type  are more stable than Ga) and Asg). The stabilities for Ga
host. Therefore, most calculations have been done forthe 3and As interstitials are the same as those previously
oxidation state of Er. Although the EF state has not been calculated
experimentally observed in GaAs, we have checked the sta- As mentioned in the previous section, an Er atom might
bility of Er?"and EF" oxidation states in GaAs for some take two oxidation states:2or 3+. We have confirmed that
defect configurations by calculating the difference in the coan Er atom takes the+3 oxidation state in GaAs by calcu-
hesive energy between the two oxidation states. The resultating the difference in the cohesive energy between the 2
will be shown later. and 3+ oxidation states for Efg). The cohesive energy dif-
The EP" intra-4f-shell luminescence spectrum is very ference AEqq,, can be defined as
sharp, since the f4shell is well-localized near the nucleus sy N N .
and shielded by outerssand 5 electrons. The sharp spec- A Eco=Erion— Efcon=[E(EP ") psar= E(EF") psaf
trum indicates a small interaction between thfeshell and + + + +
the host. Hence, thef4shell was treated as the core in the [E(Eriag) ~ E(Erfiag] ~ [E(Erion ~ E(Ergon ],
determination of the Er pseudopotential. The same treatmenghere psat means pseudoatom. The last term is the energy
on the construction of Er pseudopotential was adopted in thaeeded to move one electron from thé ghell to the %
calculations for Er in ST. shell in an atom. Since the correlation betwednediectrons
We checked the Er potential for the-3oxidation state by is strong and then this energy is a many-body problem, the
calculating the lattice constant and the electronic structure ofalculation of this energy is difficult. Hence, we used the
ErAs. The calculated lattice constant is about 2% smalleexperimentally measured energy of 0.89 eV to move elec-
than the value obtained experimentdflyThis accuracy is  trons from the 4126s? multiplet to the 46s25d multiplet,
nearly the same as that for Ga#sThe obtained electronic as Needels, Schier, and Lannoo did.The calculated\E.,
structure shows that ErAs is a semimetal, which is consistens +0.40 eV, confirming that an Er atom takes the 8xi-
with the experiment$? The obtained band dispersion rela- dation state in GaAs. Hence, we used the Er pseudopotential
tion is similar to that calculated by the linear muffin-tin or- for the 3+ oxidation state to calculate the reactions ex-
bital method* pressed by Eq(1) and other reactions that will be presented
later.
The calculated results for Egdla) and(1b) are shown in
IIl. Er POINT DEFECTS Table 1, whereAE denotes the total energy difference be-

lon implantation has been widely used to dope RE iondween the left and right sides of the reag:tion;. A'negative
into semiconductor hosts, since the solubility of RE in semi-valué means that the total energy of the right side is smaller
conductors is very small. Annealing is usually carried outthan that of the left side. The value aft is positive and
after implantation to recover the implantation damage and téA"9€ for reactior1a), showing that an Er atom at the As site
obtain RE 4-shell luminescence. RBS experiments for Er-1S unstable. On the other hand, for Eab), the AE is nega-
implanted GaAs samples have been repottathe results  1Ve, suggesting that ks probably moves to the Ga lattice
suggest that Er atoms are moved from interstitial sites t&ite; and then the Ga atom moves to Hginterstitial site

substitutional sites by annealing. Hence, we considered thedrrounded by Ga atoms. Thus, reactidb) may occur
following two reactions and calculated the total energies; When Er-implanted GaAs samples are annealed. This is con-
sistent with the experimentally observed results in RBS.

Since the ion radius of Er is much larger than that of Ga
Efias) < ErasT ASica » (18  and As, the stress around Er ions in GaAs must be very large.
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The calculated results show that the nearest-neighboring at-
oms move significantly outward. In the substitutional case,
Erga the Er-As distance is about 5.9% larger than the Ga-As
distance. In the interstitial case,;g), the distance between
the Er atom and the nearest-neighbor As atom extends by
about 3.1% compared with the unrelaxed case.

® Er

O As

IV. Er COUPLED DEFECTS WITH OTHER POINT
DEFECTS

The calculated results for Er defects suggest that the Ga
substitutional site is stable. However, if this site were domi-
nant in GaAs, it would not explain the fact that many kinds
of Er luminescence centers are generally formed during the
growth of GaAs:Er samples. In the previous section, it was
assumed that Er interstitials are formed by the ion implanta-
tion. During crystal growth, however, both substitutional and

interstitial Er will be formed and several kinds of native de-
fects will also be formed. Hence, in this section, we consider O
Er coupled with native defects in GaAs under As-rich and , a

Ga-rich conditions. Er-to-Er coupling will also be consid-
ered. After that, the charge state effect on the reactions is
discussed for several reactions.

A. As-rich condition

GaAs samples are usually grown under As-rich conditions
by metalorganic chemical phase epitaxy and molecular-beam
epitaxy. Under As-rich conditions, native defects, such as a
Ga vacancy Vo), As interstitial (Ag), As antisite (Ag,),
and a coupled defect of an As antisite and an As vacancy
({Asga— Vash) will be formed®!® Reactions between these
four native defects and Er point defects were considered.
Erg, and Erag Were used as the Er point defects, because
Ergais more stable than Eg, and Ey,g is more stable than
Er;ca, @s shown in the previous section. We considered the
following reactions:

Veat Efiag— Elca (2a
FIG. 1. (a) Atomic configurations of the coupled defect ofEr
(2b) and As, . The AsT interstitial defect is denoted by Thea and
a’' atoms are the atoms nearest tq;fEra’ atoms are also the
second-nearest-neighboring atoms tgé#ys Theb andc atoms are

ASi (Ga) + ErGaH{ErGa_ ASi (Ga)} s

Asg,t+ Eri(AS><—>{ASGa— El’i(Ga)}, (20 the nearest- and the second-neighboring atoms tg;fA\srespec-
tively. Erg, @, anda’ atoms are considered as one group, and
{ASga— Vag} + Efi ag)— Elca (2d) As;jga, b andc as another group. The distandebetween the two-

atom groups was changed to obtain the stable struatoréitomic

. . . . configurations of the coupled defect of&zand Gas. Thea andb
Elg_ht reactions can be cons_ldered between the four kindg;;ms are the nearest-neighboring atoms {g, Bnd Ga, respec-
of native defects and the two kinds of Er point defects. HOW‘tively. Er,anda atoms are considered as one group, ang, @ad

ever, we will only discuss some of those shown in E8).  p atoms as another group. By changidgwhich is the distance
The coupled defects in these reactions are composed of poipttween the two groups, the total energy was minimized.

defects located at the nearest-neighbor sites. Defects coupled

with two atoms at the second-nearest-neighbor sites, for exatom supercell, the positions of the atoms neighboring the
ample{Erg,— Asps— Asg,t, were not considered, since such coupled defect were determined on the basis of calculations
defects are too large to be treated within the 32-atom supefer each point defect.

cell. Even for the coupled defects in E€R), the lattice Figure Xa) shows a schematic atomic configuration of the
around the coupled defects can not be fully relaxed. Howeoupled defec{Erg,— As;ca}. An Er atom is at the Ga sub-
ever, to relax the nearest- and second-nearest-neighborirsgjtutional site and an As atom occupies the nearest-neighbor
atoms of the coupled defect, a larger unit cell and more cald interstitial site, which is denoted by The atoms neigh-
culation time are required. To avoid a huge amount of calboring the coupled defect are denoteddyya’, b, andc.
culation and still obtain reasonable results by using the 32For these atoms, the lattice relaxation was taken into ac-
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TABLE II. Total-energy difference for reactiori®a) to (2d) for ~ small and negative. When the lattice relaxation of the

the As-rich condition. coupled defect due to the change in distadcés not in-

_ cluded,AE is small and positivé? Hence, the coupled de-
Eq. number Reaction AE (eV) fect {Asg,— Ef(ca)} is Stabilized by the lattice relaxation.
(2a) Vet Efiiag— Efea _4.75 For the reaction betweefAsg,—Vas} and Efpg ex-

pressed by Eq(2d), there is a possibility that an Er atom

2b As; st Er Erga— As, -0.32 ; . .
22 C; Asg:i} Eri(;?:}Erj;r A';Geaj ou1 occupies the As lattice site. Howeve{Er,~ Asas}
20 {ASes—Vac) + Efiag Efon _5.00 (=Ergy must be more stable thaf\sg,— Erag}, since Er

tends to occupy the Ga lattice site and As is definitely stable
at the As lattice site. The total energy pAsg,— Vst be-
count, and the positions of the outer atoms were fixed at theomes smaller when the lattice is fully relaxed. The amount
ideal GaAs lattice sites. For treanda’ atoms, the interac- of the energy reduction is expected to be 0.4-1.4 eV; that is,
tions with the Eg, defect should be stronger than those withsmaller than the absolute value AE for the reaction de-
the As g, defect, since tha’ atoms are closer to B4, than  scribed by Eq(2d). Hence, Eg, is more stable, even when
they are to Agg,. Hence, the positions of these atoms werethe lattice is fully relaxed.

determined from the calculated results for the Foint de- The results for reaction®@a) and(2d) suggest that Ey is
fect; that is, the distance between the(a’) atom and the Er  easily formed. When As interstitial atoms are contained in
defect was taken to be equal to the distance obtained in thBaAs samples, they may couple withgErresulting in the
Erga point defect calculations. For the and c atoms, the formation of the coupled defe¢Erg,— Asca}. When Ag;,
positions obtained in the calculations for the;Ag point  is present, it couples with Exg, forming another coupled
defect were used, since the interactions with thgcjsde-  defect. Thus, an Er atom becomes stable by coupling with an
fect should be stronger than the interactions with thg,Er excess As atom in GaAs.

defect. We considered the &y a, anda’ atoms to be one

group, and the Ags,, b, andc atoms to be another group. B. Ga-rich condition

Th he di h h . " . .
en, the distance between the two groupswas changed For the Ga-rich condition, the following native defects

SO as to give the minimum total energy. . . . . o
For the case in which two point defects are at the substi\-NIII be formed in analogy with the As-rich condition: an As

tutional sites, the lattice relaxation was considered as folyacancly gl/as)% G? |?terét|t|al (tG? Ga dant|é|te (Gay, and
lows. Figure 1b) shows an example of coupled defectgEr a coup ?5 elect of a >a antisite and a a vacar{j(‘?g@(s
and Ga.. Thea andb atoms are the atoms nearest ofEr —VGa}). The reactions of these four nat|ve.defects with the
and Gag, respectively. The relative positions afb) atoms (E;r pplrr:t defg.(;_ts EgaHand ItErEU*S) We:.e cotr:s![dered Er t:;e
and Eg, (Ga,s) were obtained from the calculated results forGa’rIC . COF ttion. 'dere,d ) eEregc ion be weer:As agn
the isolated Ef, (Ga,s) point defect. The positions of the | 3.«33) IS ar\]so cor!ts)l.lleref mf q g)_, S'n_lt_:ﬁ rear(]: |<;n(” 3
atoms surrounding the coupled defect were fixed at the idedpcicates the possibility o & o.;matlé).n. us, the follow-
GaAs lattice sites. In this case, we considereg,Bnd thea Ing seven reactions were considered:
atoms to be one group, and Gand theb atoms to another V.t Er Er 3
group. The total energy was minimized by changing the dis- AsT EliAg T A (33
tance between the two groups.

The calculated results for the As-rich condition are sum-
marized in Table II. The definition oA E is the same as that

) . G +Er, Erg,— G , 3C

used in Table I. For the reaction betweég, and Ef s [EQ. 3(eat Eloa{Eloa~ Gaeal 39
(23], it is expected that an Er ion occupies the Ga site, since Gaw+Er Er e G 3
Vs, has dangling bonds that enlarge the total energy. The B Efiag = {Eliag ~ Cahsh, (30
calculated result indeed shows thatEis more stable. Gaw.+Er Ere—G 3e

Equation(2b) considers the coupling between Er at the st Broa— {Elea Gansh, 39
Ga substitutional site and As at tfig interstitial site. The Gan.— Vol +Er Er-—G 3f
calculated results show that the coupled stafErg, {Gahs~Vod + Eliag —~{Efea— Gangt, 30
—AS;ca}, is more stable than the separated statgcAs G +Er Er s —Ganll. 3
+Erg, In the calculations of each point defect, the nearest- Aicat Elns={Eling ~ Gan} (39
and second-nearest atoms were relaxed, while in the calcdhe calculation procedures were the same as those used for
lations of the coupled defect the lattice relaxation effect waghe As-rich conditions.
partially included as previously explained. Therefore, the to- The results are summarized in Table Ill. Only one reac-
tal energy of the coupled defect should be smaller when th&on, Eq.(3¢), gives a positive value aAE. Since the total
lattice is fully relaxed. The exact value of the energy reduc-energy of the coupled defect becomes small when the lattice
tion due to the full lattice relaxation of the coupled defectrelaxation is fully included, as we described before, the ac-
was not obtained, but it would be in the range of 0.4—1.4 eViual value of AE may be small and possibly negative. All
providing the lattice relaxation effect is similar to that for the other values oAE in the table are negative, suggesting that
point defect. Hence, the total-energy difference should béhe coupled states involving an Er atom and a native defect
larger than the listed value for this reaction. are generally more stable than the separated states.

The reaction between the As antisite and the Er interstitial Reaction(3a shows that the Er interstitial defect will
defects is described in ERc). The value obtained fakE is  couple with Vg, resulting in Egs. However, Efs may

VastEfga— { Erga— VAs} ) (3b)
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TABLE lIl. Total-energy difference for reaction8a) to (3g) 1.0
for the Ga-rich condition. .

Eq. number Reaction AE (eV) - 1
(39 Vast Eliag Elag -1.13
(3b) Vst Erga—{Erga— Vas} —-0.79
(30 Gagat Efca—{Elca— Gaca} -0.02
(3d) Ganst Efi(ag{Efi(as) — Gahs} —1.88
(3¢ Gapst Erga—{Elga— Gang} +1.09
(3f) {GaAs_ VGa} +Er; (As)‘_’{ErGa_ GaAs} —2.42
(39 Ga (a9t Eras{Efi(ag— Gang} —3.70

couple with Ggg, [reaction(3g)]. Erg, may form coupled
defects withV,s, Ggy, and Gas. Hence, four kinds of
coupled defects, {Erga— Vas}, {Efca—Gaca}, {Efias)
—Gayg}, and{Erg,— Gansf, may be formed under the Ga-
rich condition.

Formation energy (eV)

C. Er-Er coupling

When the Er concentration is high, reactions between Er N S B L
atoms may be possible. We considered, as one example, the 00 02 04 06 08 1.0
reaction VB CB

Fermi level (Eg)
Ergat Efias) 2 {Elca— Efi(cal- 4
FIG. 2. Formation energy of Eks . The horizontal axis is the
The calculated total energy of the coupled statdErt;,  Fermi level measured by the calculated band gap of GaAs. The
—Erica} is 0.37 eV lower than that for the separated stateneutral charge state was taken as an energy reference. Fhe 2
suggesting that Er will form complexes when the Er concencharge state is most stable for any Fermi level, “0,” 41’ and
tration is high. “2 +" denote the charge state.

mation energy for the 2 charge state is lower than that for

the 1+ and O charge states at any Fermi-level position,
Eﬁowing that the 2 charge state is the most stable state for
%ny Fermi level. For Ey, the neutral charge state is most
I%able for almost all Fermi-level positions, and;Eacts as

D. Charge state effect

In the above reactions, each defect is assumed to be ne
tral, but it is known that native defects take several charg
states depending on the Fermi-level positiort’ The Er de-
fects may also take several charge states depending on t
Fermi level. Hence, the total-energy differena& in the
tables depends on the Fermi level. Here, we discuss this
Fermi-level effect for reaction@a) and(3a). In this paper,
we do not discuss the effect in details for the other reactions,
which include the coupled defects. For the coupled defects,
we considered the lattice relaxation effect in a limited way,
as explained in Figs.(&4) and(b), and the charge state affects
the lattice relaxation and the total energy. At present, the
atomic structure of coupled defects comprising an Er atom
and native defects are not known. Therefore, a detailed in-
vestigation of the charge state of such coupled defects re-
mains as future work.

Formation energy  (eV)

To investigate the total-energy difference as a function of -0.2 L _
the Fermi level, which is called the reaction enetgyhe ! Er ;
dependence of the total energy on the Fermi level has to be - Ga .
known for the defects in each charge stéige formation 04l 1
energy®'9. The calculated formation energies as a function T ]
of the Fermi level are, respectively, shown in Figs. 2, 3, and P I BT BV BT
4, for Efps), Elgg andVg, which are included in the reac- 00 02 04 06 0.8 1.0
tion (2a), Vgat+Efias—Elce Up to the second-nearest- VB Fermi level (Eg) CB

neighbor atoms were relaxed at each charge state. The total
energy for the neutral charge state was taken as the energy FIG. 3. Formation energy of Bt as a function of the Fermi
reference for each point defect. The Fermi level was meatevel. The neutral charge state was taken as the energy reference. At
sured by the calculated band-gap energy. Foprthe for-  almost all Fermi-level positions, the neutral state is most stable.
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00 02 04 06 08 1.0
4ol vy e e VB FermlleveI(Eg) cB

0.0 2 04 06 08 10 : ,
VB 0 ) CB FIG. 5. Reaction energy for the reactidfg,+ Efj(as« Efgs s
Fermi level (Eg) a function of the Fermi level. At any Fermi level, the reaction

energy is negative, showing that &ris more favorable than the
FIG. 4. Formation energy o¥/g, as a function of the Fermi  separated stat®/g,+ Efi(as)-

level.

2'0_' L L L ] 10 [TTTTTrrrrrrrryo o]
: 05 F VGa+Eri(AS)<—> ErGa .
1.0F - X ]
[ ] S 00 [ ]
— I ] ) [ ]
> [ 0 | g - ]
L o GLJ [
_ - \ c i 1-
s I - 2 0K ]
S -1.0 |- . o [ ]
§ I : § OF ]
S [ i o -
£ -20[ ] -2.0 ]
o [ g ]
- : Yo ] 25 ]
3.0F ] F ]
[ ] L0 Lo b 0 00 0 0 0 b 1y

both a shallow donor and a shallow acceptor. Several groug@ly 1+ charge state was also suggestedhe present cal-
have calculated and reported the formation energy foFulations suggest three charge states fromta 0.

Ve 1717 According to the reported resultys, takes four Based on the calculat.ed formation energies s,
charged states from 0 to-3 while the present calculation Efias» @nd ERs, the reaction energy for reactidBa was
results suggest that only 0 and-Zharged states may appear

(Fig. 4). However, in the previously reported calculations, R BN B B B e e
unlike the present case, the lattice relaxation arovggwas

not taken into account. This may be the main reason for the
difference between the reported results and the present re- 2
sults.

From the charge state dependence on the Fermi level of
Vsa: Efias), and Eg, the reaction energy as a function of
the Fermi level was calculated, and the results are shown in
Fig. 5. The numbers in the figure indicate the charge differ-
ence during the reaction. For example,+1 means that the
total charge of the left-hand side of the reactiofg,

+ Efj(as), IS larger by one than that of the right-hand side,
Erg, At any Fermi level, the formation energy is negative,
showing that Eg, is more stable than the separated state of
Vga and Eyg . Since the calculated resulBigs. 2 and #
show that Efag is @ donor and tha¥g, is an acceptor, the
charge states are more stable than the neutral states. As a
result, the reaction energy increases. Hence, the formation
energy values are closer to zero than A€ value shown in
Table Il.

To obtain the reaction energy of reactidBa), Vas
+ Ef(ag— Eras, the formation energies for gy and Vg
were calculated, and the results are shown in Figs. 6 and 7. 60 02 04 06 08 10
For Ery,, five charge states fronH2to 2— may appear. Like VB Fermi level (Eg) CB
for Vg,, the formation energy fov 55 has been calculated by
several groups, but the results differ. Two charge staté¢s, 2  FIG. 6. Formation energy of Er as a function of the Fermi
and 1+, were suggested by Baraff and Sdkiut® Jansen and  level. Five charge states from#2to 2— may appear depending on
Sanke suggested three charge states freamtd 1—, and the Fermi level.

2-

Formation energy (eV)

)
b
7

_3|||||||||||||||||||
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FIG. 7. Formation energy o¥ s as a function of the Fermi
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level is close to the top of the valence band, the positively
charged state is most stable for,ErThis reduces the total
energy and then reduces the reaction energy, by about 2.1
eV. ForV,s and Efas, the positively charged states are also
the most stable states when the Fermi level is close to the top
of the valence band. However, this nature enlarges the reac-
tion energy, which is opposite to the Eicase. The reaction
energy is enlarged by about 4.2 eV, which is larger than the
sum of AE (Table Ill) and the reaction energy reduction of
Eras (2.1 eV). As a result, the reaction energy becomes posi-
tive at the top of the valence band. As the Fermi level rises,
the formation energy of Ek rises(Fig. 2). This results in
the decrease in the reaction energy as the Fermi level rises.
When a donor is included in the left-hand side of a reac-
tion, the reaction energy becomes larger than that estimated
from the neutral charge state, but the reaction energy de-
creases as the Fermi level moves from the top of the valence
band to the bottom of the conduction band. An acceptor in-
cluded in the left-hand side of a reaction also enlarges the
reaction energy, but the reaction energy decreases as the
Fermi level rises, which is opposite to the donor case. Based
on these features, we can predict the dependence of the re-
action energy on the Fermi level. We here consider the reac-
tions (2b), (3b), and(3c) as examples. Considering reaction
(2b), AsigatErga—{Erfca—ASica}, it wWas reported that
As; g, is a donor’>~*"and the present calculations show that

calculated, and the results are shown in Fig. 8. When th&fg, is neutral for almost all Fermi-level positions. Hence,
Fermi level is close to the top of the valence band, the readhe formation energy decreases as the Fermi level rises. Al-
tion energy is positive. This means that the separated stat#hough the formation energies for As, and {Erg,

Vst Eli(as), is more stable than kg, and this is contrary to

—As;ca} Were not calculated and thus the exact values are

the results shown in Table Ill. However, as the Fermi levelnot known, the coupled state might become stable when the
approaches the bottom of the conduction band, the formatioRermi level is close to the bottom of the conduction band,
energy decrease, and then it becomes negative, indicatirginceAE (Table 1l) is negative, i.e.;.-0.32 eV. For reaction
Er, is more stable than the separated state. When the Ferrf8b), Vas+ Efga—{Efca— Vas}, the donor nature oW, is
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FIG. 8. Reaction energy of the reactidfpg+ Efjag < Elxs, as a

—0.43 eV, which is larger than th&E value of —0.79 eV
(Table Ill). Therefore, even at the top of the valence band,
the formation energy must be negative, and it decreases as
the Fermi level rises. Therefore, at any Fermi-level position,
the reaction energy must be negative, and thus the coupled
state is always more stable in this reaction. For reacaj
Gagat Efca—1{Elca— Gaca}, since theAE value is close

to zero as can be seen in Table Il and G4is a donort>~*’

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

Since the reaction energy depends on the Fermi level, the
AE values listed in the tables are not always the proper val-
ues for describing the reactions. However, these values can
be used as guides to estimate the dependence of the reaction
energy on the Fermi level. The calculated results Adf
listed in the tables and the above discussions of the Fermi-
level effect suggest that many kinds of coupled defects com-
prising an Er atom and native defects will be formed depend-
ing on the growth conditionwhether it is As-rich or Ga-
rich) and on the Fermi-level position. Therefore, even when
the Er concentration is low, some kinds of coupled defects
will be formed, and those defects are responsible for the
complicated luminescence spectra. When the Er concentra-
tion is high, Er-Er coupled defects will also be formed and
further coupling of Er-Er defects with native defects may

function of the Fermi level. The reaction energy is positive at theoccur. The concentrations of these coupled defects would
top of the valence band, but it reduces as the Fermi level rises. depend on the sample preparation method, the growth con-
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p FIG. 9. Total valence charge distribution for

Er

Ergzon the(110 plane. “Ga,” “As,” and “Er”
represent the kinds of elements and their posi-
tions. Between Ga and As, high charge-density
U regions are clearly seen, indicating thg® hy-
Q O bridized orbitals. Similar high charge-density re-
A < gions are seen between Er and As.

<110>

<100>

-

F

ditions, the host quality, and the Fermi level, resulting in the  Figure 9 shows the valence charge distribution fqi Bn
experimentally observed sample-dependent Er infraf#ell  a (110 plane. Ga-As bonds can be clearly seen as the high

luminescence spectrum. charge density regions between them. Between Er and As, a
similar high charge-density region can be clearly seen, show-
V. VALENCE CHARGE DISTRIBUTION ing that Er and As form ap°-like bond. The maximum

harge density of the Er-As bond is larger than that of the

In the previous section, we showed that some couple%a_As bond, and the charge density around an Er atom is
defects will form depending on the growth conditions andIOWer than that of a Ga atom. These features may be the

the Ferml-level po_smon. In this section, we dlscu_s_s the eason that the Er ion radius is larger than the Ga ion radius.
mechanisms by which the coupled defects are stabilized. hen the interstitial Er atom goes into the Ga site in reaction
table compound of Er and As is ErAs, which has the

S pou S 1S S, Wil y (1b), Ga-As bonds have to be broken and then Er-As bonds

sodium-chloride structure with the coordination number of ; h . h
six, which is larger than the coordination number of four for &€ formed by changing R to Erc, The Ga atom goes

the zinc-blende structure. Therefore, the bonding nature bd0t0 the interstitial site. The lattice stress around &amust
tween Er and As atoms in GaAs and between these atoms ¢ Smaller than that around ), but Eg, which is in-
ErAs is very different. This may be one reason Why the ErCIUded in the rlght side of qub), also causes local stress.
coupled defects are stable in GaAs. Another reason must bEWUS, if only lattice relaxation is considered, it seems that the
the fact that the radius of an Er atom is much larger than thaiormation of Eg, is not very favorable. However, the calcu-
of a Ga or As atom. The incorporated Er atom thus causes lation shows that Ey, is more stable than gy meaning
large local stress, which may be reduced by coupled defed¢hat Er-As bond formation reduces the total energy. This
formation. The bonding nature and the lattice relaxation efindicates that the Er-As bond is strong.

fect was examined by investigating the valence charge dis- The charge distribution when an Er ion is at fhginter-
tribution. The valence charge distribution was calculated foistitial site surrounded by As atoms at the nearest-neighbor
the neutral state. sites is shown in Fig. 10. Charges around As atoms at the

FIG. 10. the total valence charge distribution
for an Er atom at theT, interstitial site sur-
rounded by As atoms at the first-nearest-neighbor
sites. The charge localization around the Er atom
is clearly seen.
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for (a) the coupled defect ofErg,— Asjga} and

(b) the coupled defect ofErg,— Gaga}. The

yV

Agy O @S
bond can be seen between;Ag and Eg, The
bond between B, and Gag, is not clear. There
is a localized charge around &y which is simi-
lar to that in Fig. 3.

)

)
A @

nearest-neighbor sites attract the Er atom, but the bond beoupled defect. Figure 14) shows the valence charge dis-
tween Er and As seems to be weak compared with tlg Er tribution for the{Erg,— Ggca} coupled defect. No bond can
case shown in Fig. 9. Charge localization aroung,Eris  be seen between the Er atom and the interstitial Ga atom, and
clearly seen. Such charge localization is not seen in tig Er the localized charge is seen around the Er atom. In this case,
case. The valence orbitals of ar’Eion are &, 6p, and 5. it seems that the charge transfer to the Brdibital stabi-
The & level is energetically lower than thep6level. In lizes the defect® The amount of the total energy decrease
semiconductor hosts, the formation of te@® hybridized due to the coupled defect formation is larger in reactiin)
orbital reduces the total energy that is seen in thg,Ease. than in(3c). This seems to be consistent with the consider-
If Er does not form thesp® hybridized orbital, the three ation that the Er-As bond is strong.
valence electrons of an Erion should be distributed among ~ Both reactiong3d) and(3e) are reactions of Ga with an
6s, 5d, and @ orbitals. Efas must be such a case, and the Er atom, but in reactiorf3d) Er occupies interstitial sites,
localized charge around the Er atom must be due to the Bwhile in reaction(3d) it occupies the Ga substitutional site.
5d orbital. The coupled defect ofGays— Erj(ag) is stable, but{Gag

A comparison between reactiof@b) and(3c) shows the —Ergg is not stable. Figure 13) shows the valence charge
difference in the reaction of gg with As and Ga atoms at distribution for {Gaxs— Efj(as)}. Comparing this figure with
the interstitial site. The valence charge distribution for theFig. 10 for Ef,0ne can see that the charge distribution
{Erca—Asiga} coupled defect is shown in Fig. (@. In this  around Er is similar. Hence, the coupled defect may be sta-
case, the kg, atom forms a bond with g, . Since Erions  bilized by the relaxation of the stress around the Er atom
have a larger radius than Ga ions, the lattice stress is emhen the nearest-neighbor atom changes from As to Ga. Fig-
larged by forming the coupled defect. However, the total-ure 12b) shows the charge distribution §&a,s— Erg4t. The
energy calculation shows that the coupled defect is moreharge distribution around the Er atom is completely differ-
stable. Hence, the Er-As bond is strong enough to comperent from that shown in Fig. 9 for gg To form a coupled
sate for the increase in the stress, resulting in a stabldefect, one of the Er-As bonds must be broken and charge

[7)

<100>
NZZ
)
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[)

FIG. 12. Total valence charge distribution for
(a) the coupled defediGays— Erag} and(b) the
<110> coupled defec{Gay— Erg4. There is a localized
charge around kg, which is similar to Fig. 3.
The bond between kg and Gag is not clear.
(b) Erg, forms a bond with the neighboring As atom,
but no bond with Gg is apparent.

<100>

localization around the Er atom must occur. Stress aroundated Er intra-4-shell luminescence spectrum that depends
the Er atom is reduced when the nearest-neighbor atoran the growth conditions. To control Er luminescence cen-
changes from As to Ga, but the breaking of the Er-As bonders in GaAs, it is necessary to control coupling between an
increases the total energy. As a result, the coupled defect Er atom and other impurities or defects. Impurities that form
not stable. a strong bond with Er and reduce the lattice stress will form
The above investigations indicate that three mechanismstable coupled defects. The reported coupled defects of Er
stabilize the coupled defects. One is lattice relaxation. Thevith carbori or with oxygert may satisfy these require-
other two have a chemical nature. They are the formation ofnents.
the Er-As bond and the charge transfer to the Erosbital.
This 5d orbital effect is characteristic of Er. Calculations of
the total energy and investigations of the valence charge dis-
tribution indicate that the formation of the Er-As bond and We calculated the total energies of Er point defects and of
the lattice relaxation are the main factors stabilizing theEr defects coupled with other GaAs point defects. The cal-
coupled defects. However, it is difficult to separate theculations suggest that the coupled defects comprising Er
chemical effect and the stress relaxation effect, since bothoupled with other defects are formed depending on the
modify the charge distribution. growth conditions and the Fermi-level position. We found
In this paper, we discussed the coupling of one Er atonthree mechanisms that stabilize the coupled defects. One is
with one other point defect, and showed that Er tends tdattice relaxation. The other two have a chemical nature: the
couple with native defects of GaAs. Complicated complexegormation of the Er-As bond, and charge transfer to the Er
including several Er atoms and point defects may be forme&d orbital. Investigations of the valence charge distribution
in actual GaAs:Er samples. Hence, even when a sample irshow that the lattice relaxation and the formation of the
cludes no impurities other than Er, various Er-relatedEr-As bond are the main factors stabilizing the coupled de-
coupled defects could be formed, resulting in the complifects.

VI. CONCLUSIONS
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