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Fluorine atoms in AlAs, GaAs, and InAs: Stable state, diffusion, and carrier passivation
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We investigated various basic properties of fluorif¢ atoms in AlAs, GaAs, and InAs by using first-
principles calculations. In these three semiconductors, we found that theharge state is the most stable in
a wide range of Fermi levels and that the F atom prefers sites surrounded by group-lll atoms. These charac-
teristics can be understood by considering that F has the largest electronegativity among the elements. We
found that the diffusion properties, such as the diffusion path and the diffusion barrier height, are similar in
these semiconductors. The estimated barrier heights are also comparable to the experimentally obtained barrier
height in Al 4dnosAS, suggesting that the diffusion properties inlAl _,As are also similar. This implies
that the experimentally observed selective F incorporation ingtnAl,As is not due to the diffusion proper-
ties. It has been thought that the F atom forms a F-Si defect complexin;AlAs, but we found that a F
atom in the—1 charge state has stability comparable to that of a F-Si defect complex in binary semiconduc-
tors, suggesting that F-Si defect complexes and isolated F atoms inltleharge state coexist in Ah; _,As.
This coexistence is consistent with the observation of the F-Si defect complex, as well as observed F doping
effects such as donor passivation and the decrease in the electron mobility. Based on the present calculations
for the binary semiconductors, some characteristic properties of F,In,AlLAs can be understood.

I. INTRODUCTION because F has the largest electronegativity among the ele-
ments. Because the amount of the decrease in the carrier
The characteristic properties of halogen atoms in bulkconcentration is in good agreement with the F
semiconductors and the near-surface region are of great intoncentratiorf;* one F atom captures one electron. Although
portance for various processes in device fabrication. ReF atoms in the—1 charge state explain both the donor pas-
cently, a very peculiar phenomenon related to fluoiRe sivation and the decrease in the mobility, experimental re-
was found in the Alin; _,As/Galn;_,As system. That is, F sults that contradict this explanation have been reported by
causes the degradation of electronic properties during theHayafuji et al.”® They claimed, based on comprehensive an-
mal processes? Due to F incorporation, the free electron nealing experiments and bias-temperature tests, that F-Si de-
concentration decreaségonor passivationand the electron fect complexes are formed in §ldngsAs.” The formation
mobility also decreasés: In contrast to the-type host, car- of F-Si complexes was also suggested from the spectrum
rier passivation has not been observed pmtype change due to Si doping in their Fourier transform infrared
Al 4dNnosAs.* Because the Aln;_,As/Galn;_,As system  spectroscopy measuremeftShe F-Si defect complex ex-
is promising for high-electron-mobility transistors, the deg-plains donor passivation but cannot explain the decrease in
radation of the electronic properties is a serious problem. the mobility, because the concentration of the ionized impu-
The most pronounced characteristic feature of the degraity decreases due to the formation of the defect complexes.
dation is high selectivity. The degradation is observed inTherefore, more detailed investigations of the stable atomic
Al,In; _,As, but not in AlAs, GaAs, and InAs or in the other configurations of F atoms in the hosts are required.
ternary semiconductors between these binary semiconduc- Many experimental studies have been carried out for the
tors. It has been confirmed that F atoms are incorporatedl,In, ,As/Ggln,_,As system because of its technological
from the surface by experiments under different annealingmportance, but theoretical studies have not been carried out.
conditioné and investigations of the effect of cap lay@rs. Although theoretical investigations of ternary semiconduc-
The importance of the surface becomes clear, but to undeters are difficult, the characteristic properties of F atoms in
stand the high selectivity it is necessary to investigate F difternary semiconductors could be deduced from those in bi-
fusion in the bulk. Diffusion of F atoms in Qih; _,As bulk  nary semiconductors. To understand the characteristics of F
was thought to be fast because of the rather large spatiah the Al In,_,As/Galn;_,As system, an understanding of
space in the interstitial region of the lattié&lowever, since the characteristics of F in AlAs, GaAs, and InAs is neces-
the diffusion properties of F atoms in other binary semicon-sary. Therefore, we have investigated various basic proper-
ductors and ternary semiconductors have not been investiies of F in these three binary semiconductors by using first-
gated, it is not clear whether the fast diffusion is a uniqueprinciples pseudopotential calculations. The next section
property of ALIn; _,As. The relation between the high selec- explains the calculation method. Section Il presents the cal-
tive nature and the diffusion properties is also not yet clearculated total energies of F at various interstitial sites and
The F atoms im-type AlIn,_,As may capture electrons compares them by taking into account the Fermi level effect.
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We considered charge states frofi to — 1 to investigate .‘
the carrier passivation. The diffusion paths and the diffusion RN L’ o
barrier heights are also estimated and discussed. We further ot .
investigated the defect complexes of F-Si and F-F to exam-
ine the donor passivation and the decrease in the electron
mobility. We will show that many features are similar in the .TAs
three semiconductors. The experimental results for

Al,In,_,As are discussed based on the presently investigated T
properties of AlAs, GaAs, and InAs. The results and remain- ®
ing problems are summarized in Sec. IV. ™

Il. CALCULATION METHOD pS o .
‘C’ BC .

We used the first-principles pseudopotential method based
on the local density functional formalism. For Ga, Al, In, As,
and Si, soft pseudopotentials with the form proposed by
Troullier and Martin were uset:*® For F, the ultrasoft
pseudopotential developed by VanderBilvas used? The O As
pseudo-wave-function was expanded by a plane-wave basis <110> direction @ Al Gaorln
set. A 32-atom supercell was used and the lattice around the ’
impurity aton(s) was optimized. We took fouk points to FIG. 1. Considered interstitial sites for F atoms. Th&0) plane
carry out thek-space integration. The kinetic-energy cutoff is shown.T,, denotes the tetrahedral interstitial sites surrounded by
was taken to be 20.25 Ry. The convergence of the differgroup-lll atoms. TheH site is the hexagonal interstitial sitB.C
ences in the total-energy between the different states wadenotes the bond-center site aA8 denotes the antibonding site.
checked by calculations using a larger kinetic-energy cutoffrhe C site is the center of the rhombus formed by three adjacent
of 36 Ry. The ambiguity in the total-energy difference lattice atoms and ong site. Since there are two kinds Ofsites,
among different states was estimated to be less than 0.2 eQ?Fz”S/:”_g ?h” th?dz?are_‘ft Eelt\?vhbor t'ﬁtt'ce_aaobm’_ége atzné is indi-

. : : ) cated. IS the mi e site between the neignboriag, an As
g?{e(;ﬂr:%a;zg_ rﬁetgﬁjjgaetreg-lgrsagilfp tdegm?c:ulzt(\jvr;gtljasle d ites. Because thil site is not on thg110 plane, its projected

o . . position on the(110) plane is shown.
optimize both the electronic structure and the atomic 110 p

<001> direction

: (013
CO“f'gura“O”l-_ _ _ IIl. RESULTS AND DISCUSSION
To determine the stable sitd a F atom in AlAs, GaAs,
and InAs, the total energies at the various interstitial sites A. Stable state
shown in Fig. 1 were calculated. In the figuiedenotes the We investigate the stable site by comparing the formation

tetrahedral interstitial site and tl@site is the center of the energies at various sites and considering their dependence on
rhombus composed of three adjacent lattice atoms and thtee Fermi level position. In determining the formation en-
nearestT site. AB denotes the antibonding site. There areergy, the separated state of the I1I-V semiconductor bulk and
two kinds of T, C, andAB sites, depending on the kinds of an isolated F atom was taken as the reference state. Figure 2
atoms at the nearest neighbor site. Hence, the nearest neigshows the formation energy as a function of the Fermi level
bor atom is indicated as a subscript. The Ill represents Alfor (a) AlAs, (b) GaAs, and(c) InAs. The Fermi level was
Ga, or In, depending on whether the lattice is AlAs, GaAs, orset to zero at the top of the valence band. The band gap was
InAs. H denotes the hexagonal interstitial site #8@ de-  normalized by the calculated band gap of each bulk.
notes the bond center sité. denotes the middle site between  In Fig. 2(@), for the neutral and-1 charge states only the
the neighborindC s andC,;, sites, but these two sites are not results for the most stable sites are shown, since it was found
on the samg110) plane. Considering th€,s site in the that the—1 charge state is the most stable in a wide Fermi
figure, the neare<t, site is not on th€110 plane shown, level range. In the-1 charge state, th®l, T, , Cas, and
but it is above(or below) it. Hence, theM site is not on the  AB,, sites have nearly the same energy and are the most
(110 plane shown, either. In the figure, its projected positionstable. The reason why these sites have low energies can be
is shown. understood by considering the electronegativity. The elec-
We considered charge states fronl to —1 to investi-  tronegativity of Al is smaller than that of As, and the F
gate the carrier passivation effect. The Fermi level effect waglectronegativity is the largest among the elements. There-
taken into account by calculating the formation enéfjo  fore, a F atom prefers the region near Al atoms. The fact that
obtain the stable atomic configurations ardunF atom, the F has the largest electronegativity can also qualitatively ex-
F atom position was fixed at each site except forBi@@site,  plain why sites near the As atom, such Bg and AB,s,
and then the positions of the surrounding atoms were optishow rather high energies. In GaABig. 2(b)] and InAs
mized. For theBC site, the F atom position was optimized [Fig. 2(c)], it was also found that the-1 charge state is the
on the(110) plane, since it was found that the idé&aC site  most stable in a wide Fermi level range. The stable sites in
is unstable and gives much higher energy than the relaxetthese two semiconductors and those in AlAs show similar
BC site. tendencies: the sites near group-lll atoms show rather low
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-2.0 T - - T energies, while the sites near As atoms show rather high
(a) AlAs:F energies. In every host, several sites, suciMad ,, Cas,
3.0 and AB,;;, show nearly the same energy and are the most
stable. This indicates that F atoms do not form strong bonds
< with the lattice atoms even in the most stable states. For F in
L 4.0 Si, a similar stable property, i.e., tha F atom in the—1
% charge state at thE site is the most stable, has been reported
& -5.0 from the first-principles calculation results.
S Because in the three binary semiconductors thé
g charge state is the most stable in a wide Fermi level range,
s 80 Tae/ ABag the —1 charge state is expected to also be the most stable in
- C. /BC Al,In; _,As. This implies thaa F atom captures an electron
aof F ¥ H in n-type AllIn,_,As, resulting in donor passivation. The
M/ Tai / Cas/ ABa present calculation results show that F always results in the
e donor passivation regardless of the host. It seems that the
-8.0 . - i
00 02 04 06 08 10 experimentally observed selectivity of Mh;_,As is due to
) , cB the incorporation and/or diffusion properties of F and not due
Fermi energy (units of Eg) to its electronic properties of F.
20— T At the top of the valence bands, the energy profits of the
(b) GaAs:F . +1 charge states to the neutral charge states are 0.70 eV for
F AlAs, 0.55 eV for GaAs, and 0.09 eV for InAs. These energy
profits are rather small and suggest that thk charge state
5 is not so stable in_ the-type ternary semiconductors com-
g posed of these binary semiconductors, although the local
2 strain and its effect on the charge state in the ternary semi-
§ conductors are not yet clear. The unstableness of-the
2 charge state could explain the experimentally observed ab-
E sof F BC sence of carrier passivation ptype Aly 4dng sAs.*
£ ABas/ Caa Although F shows features similar to AlAs, GaAs, and
H/ Tas InAs, some differences can be seen when we investigate the
-7.0F M/ Cps atomic configurations in more detail. When we consider a F
Tea/ ABga atom at theT), site, which is the most stable site in every
8.0 . . . . host, the distances between the F atom and the neighboring
00 02 04 06 08 1.0 group-lll atoms are 2.29, 2.34, and 2.45 A in AlAs, GaAs,
VB Eermienergy (units of Eg) CB and InAs, respectively. These distances are shorter by 6.5%,
2.0 : : : : 4.5%, and 6.6% in AlAs, GaAs, and InAs from the ideal
h(C) InAs:F distances. This suggests a weaker interaction of F with Ga
* than with Al or In.
g B. Diffusion
3 In the preceding section, we showed that in every host F
2 atoms are the most stable in thel charge state in a wide
5 Fermi level range. The stable sites are in the low-valence-
é electron-density region. Therefore, F atoms are expected to
5 diffuse in this region inn-type hosts. The diffusion paths
BC/Tas may basically be the same in each host and may be
70oF F /ABas —T;,—H—-Tas—H—. To estimate the diffusion paths and dif-
Cad/ M/AB, /T, fusion barrier heights, we modea F atom within th€110)
\ . . . plane. The F atom was slightly moved from tHesite to-
B0 02 04 06 08 10 ward theT,, andT g sites. Its position in th¢110) direction
VB .. ' ' B was fixed, but the position along tR@01) direction was

Fermi energy (units of Eg) optimized. The positions of the other atoms were fully opti-

FIG. 2. Formation energies as a function of Fermi level(®r mized. F!gure &f‘) shows t_he estimated diffusion paths. The
AlAs, (b) GaAs, andc) InAs. The formation energy was measured - 8tom diffuses in the region where the valence-electron den-
by taking the energy for the isolated F atom and the bulk as thélty IS Iow, as expected. _ o
reference. The Fermi level was measured by calculating the band 1he energies obtained along the estimated diffusion paths
gap of each bulk and the top of the valence band was taken as tf€ shown in Fig. @). The diffusion barrier height was es-
reference in each material. Because it was found thattheharge ~ timated as the energy difference between the maximum and
state is the most stable, for thel and O charge states only the the minimum energies during the diffusion. The estimated
energy of the most stable site is shown. barrier heights are 1.5, 1.0, and 1.3 eV for AlAs, GaAs, and
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(a) erties are expected to also be similar. This expectation is
supported by the fact that the experimentally obtained diffu-
ol A sion barrier height in A,dngsAs, 1.13 eV, is close to
those presently estimated in the binary semiconduétors.
A"S’*o"‘" ™0 as These findings strongly suggest that the selective degradation
in Al,In;_,As due to F is not determined by the diffusion
Ky in InAs properties of F.
H The dependence of the thermal diffusion of F atoms on
Tui s conductivity has been systematically investigated by using

/"/ superlattice structures comprising severaype AllnAs lay-
ers with semi-insulatingSl) AllnAs layers between therh.

e !l ol The F concentration was measured by secondary ion mass
spectroscopySIMS) after the annealing. It was found that
the F concentration is very low in the Sl layers, but that F

atoms diffuse into the deepen-type layers across the

Sl layers. This indicates that F atoms diffuse in the Sl layers
rather easily. The low concentration of F in Sl layers is due
to the unstable nature of F in those layers. This is consistent
with the present calculation results showing that thé
charge state is much more stable than the neutral charge
state.

When F diffuses from am-type layer to a Sl layer, the
Fermi level changes from its position near the bottom of the
. conduction band to a position near the middle of the band
gap. In all three semiconductors, thel charge state is still
the most stable charge state at the middle of the band gap
—A—inAlAs | [Figs. 2a)—2(c)]. Therefore a F atom may diffuse from the
~@-in GaAs n-type layer to the Sl layer keeping thel charge state. The
~®-inlnAs energy corresponding to the change in the Fermi level acts as
e a diffusion barrier. In such a case, an additional electrostatic
) A A potential is produced by the Coulomb interaction between
Tn o H Tas the F~ atoms in the Sl layer and the positively charged donor
F atom position in the <110> direction . . . K

atoms in then-type layer. The electrostatic potential disturbs

FIG. 3. (a) Estimated diffusion paths for AlAs, GaAs, and InAs the diffusion. Therefore, the sum of the Fermi level change
on the (110 plane.(b) Energy profile during the diffusion. The and the additional electrostatic potential acts as the effective
arrows show the position in tHeL10) direction of the site indicated.  diffusion barrier. Because the estimation of the additional

electronic potential is difficult, the effective diffusion barrier

InAs, respectively. For AlAs and InAs, the energy potentialheig_ht cannot be exactly estimated. However, the effective
profile shows a maximum near tfig, site, while the poten- barrier height must be equal to or smaller than the energy
tial profile for GaAs has a maximum near thesite. When ~ N€cessary to change the charge state frofh to 0. If the

the energies at th,, andH sites are comparddigs. 2a)— Coulomb interaction is strong, the Fatom will release the
2(0)], they are almost the same in GaAs, but the energy at thgaptured electron and become neutral. In such a case, the
T A Site is higher than that at the site in AlAs and InAs.  €Nergy necessary to change the charge state corresponds to

These relative energies are reflected in the energy profile, biff€ €ffective diffusion barrier. The required energy in the
the obtained energy profile seems strange. Because Al, ngarge state change can be estimated as the energy difference
and In are, respectively, in the third, fourth, and fifth rows of Petween F and F¥ at the bottom of the conduction band, and

the periodic table, GaAs is expected to show intermediatd IS néarly the same in the three semiconductorg, ev.
properties between AlAs and InAs. Several physical proper N€ diffusion barrier between tiretype layers and Sl layers

ties actually show this expected tendency. Two examples af8 addition to the unstable nature of F in Sl layers may be the
the order of the ion radius, which is AlGa>In, and the €ason why a very low F concentratfosnd a rapid decrease

order of the Ill-As bond strength, which is AlAsGaAs in the F concentraticnhave been experimentally observed.

>InAs.1® The reason why the energy profile in GaAs is dif-
ferent from those in AlAs and InAs is not clear yet. The
difference in F’s reactivity with the group-lll elements and
local lattice strain would be related to the difference in the Because F-Si defect complexes have been sugg®éted,
energy potential profiles. we investigated the formation of such complexes. We exam-
The estimated diffusion barrier heights in the three semiined the coupling ba F atom with a Si atom, assuming that
conductors do not show much difference, indicating that thex Si atom substitutes for the group-Ill atom. In the calcula-
diffusion properties of F atoms in these binary semiconductions for the F-Si defect complexes, one F atom was put near
tors are similar. Therefore, in Ah; _,As the diffusion prop- the Si atom, then the atom positions, including those of the

NO”AS uo As

<001>

<110>

1.6 T T T T T T T
(b) 1I-As:F

0.8

Energy (eV)

0.4f

0.0f

C. Coupled structure and carrier passivation
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Si and F atoms, were optimized. The F atom position was -3.0 T T T -
optimized within the(110 plane. We consider the formation (a) AlAs:F
process to be as follows

F+ Sim e F'S'

In the left-hand side of the reaction, the F and Si atoms were
assumed to be spatially separated. It was assumed that a F
atom is in the neutral charge state and occupies the most

Formation energy (eV)
> &
=) =)
N
z (=)

stable T site. We compared the total energy between the Fac™ Fas, -

left-hand and right-hand sides of the reaction, and found that ABa

the total energy decreases in every host with the formation of -1.0L 5
F-Si complexes. Here, we define the binding energy of the F-Siy

complex as the total-energy difference between the left-hand [P A T
and right-hand sides of the above reaction. The estimated 00 02 04 06 08 1.0
binding energies are 2.2, 2.5, and 1.8 eV in AlAs, GaAs, and VB Fermienergy (units of Eg) CB
InAs, respectively. Because the binding energy in GaAs is

the largest, the binding of F with Si must be strongest in 20T T T
GaAs. Such strong binding appears as the shortest distance [ (b) GaAs:F

between the F and Si atoms in GaAs. The distance is 1.73 A
in GaAs, while the distances are 2.78 and 2.80 A in AlAs
and InAs, respectively.

The present calculation results show that F and Si atoms
form stable defect complexes in the binary semiconductor
hosts, suggesting that F-Si complexes are stably formed in
the ternary semiconductors. As mentioned, the F-Si complex
in Algadngs-As has actually been suggested based on the
experimentS!’ If the F-Si defect complex is very stable and
all F atoms couple with Si atoms, the electron mobility does
not decrease due to the F incorporation, because F-Si com-
plexes are neutral and thus less effective carrier-scattering
centers. Because the F-Si complexes contradict the experi-

FBC

Formation energy (eV)

0 Qi i Bl
mental_ results, we (_:ompared the stablllty_of t_he F-Si com 00 02 04 06 08 1.0
plex with that of an isolated F atom. Considering the defect VB . . CB
complex formation process, the formation energy of F-Si can Fermi energy (units of Eg)

be estimated as the energy that is smaller than thaf diyF
the binding energy. The estimated formation energies along
with the energies of the charge states are shown in Figs. 4
for AlAs, 4(b) for GaAs, and &) for InAs. In the figures, the -4.0
formation energies of F-F defect complexes, which were de-
termined in the same manner, are also shown, and will be
discussed later. In AIA§Fig. 4(a)], the energies of the F-Si
defect complex and the Fare nearly equal at the bottom of
the conduction band. In GaAs, the energy of the defect com-
plex is lower than that of the Fby 0.41 eV, while in InAs it

is higher by 0.44 eV. These energy differences are rather ;
small considering the annealing temperature. Hence, it is ex- 7.0F : £
pected that some of the F atoms do not form defect com- F-Si, \
plexes and remain in the 1 charge state, so that both F-Si

-3.0 T . . T
(c) InAs:F

FBC'FAB In
-6.0 FTIn '_

Formation energy (eV)

defect complexes and isolated F atoms in thé charge R R EEEEE—
state exist in the host at the same time. Both the isolated F 0.0 02 04 06 08 1.0
atoms and the ionized Si donor atoms reduce the mobility, VB Fermienergy (units of Eg) CB

because they are efficient ionized scattering centers. The iso-

lated F atoms capture electrons to take the charge state, lex as a function of the Fermi level féa) AlAs, (b) GaAs, andc)

resulting in the decrease in the free-electron concentration,ns The most stable states forl. 0. and+1 charge states are
The F-Si complexes also make the free-electron concentrayown for comparison. Y

tion low, because they cannot be donors. Therefore, the

amount of the decrease in the electron concentration equadiue to the F doping: donor passivation, the decrease in the
the F concentration. This has actually been observed ielectron mobility, and the observation of F-Si complexes.
experiment$:* Therefore, the coexistence of Fand F-Si Light elements sometimes form a stable molecular struc-
complexes explains all the reported characteristic propertiegire in bulk materials. The hydrogen molecule in Si, for in-

FIG. 4. Formation energies of the F-Si complex and F-F com-



1826

AKIHITO TAGUCHI, TAKAHISA OHNO, AND TAIZO SASAKI

(a) F-F coupled structure in AlAs

PRB 62

InAs, and the AsF-In—F atoms are almost aligned. In
GaAs, the atomic configuration is quite similar to that in

Al® of oAl InAs. Although the reason for the difference in the F-F
Q. fo) atomic configurations is not clear, it may be related to the
As SN binding nature of F to the group-Ill atoms. The large modi-
PYe; 7] o fication of the atomic configuration in AlAs is consistent
F As® with the speculated strong interaction between the F atoms

and lattice atoms.

IV. SUMMARY

@ We investigated various basic properties of F in AlAs,

In F GaAs, and InAs by using first-principles calculations. We

Q. Q)'" found that the—1 charge state is the most stable in a wide

. range of Fermi levels in these semiconductors. We also
ASO,‘—’@F : o ’ found that the stability of the sites is similar in these semi-
® As conductors: the sites near the group-lll atom are rather

<001>

stable, while the sites near the As atoms have rather high
energies. The estimated diffusion paths in thé& charge

state are also similar in each host. F atoms diffuse in the
<110> low-valence-electron-density regions. The fact that F has the

FIG. 5. Optimized atomic configurations of the F-F defect com-largeSt eIeCtronega_tlylty among the Qlements may be the
plexes in(a) AlAs and (b) InAs. Open circles indicate the ideal Main factor determining these properties. The estimated dif-

lattice sites. Hatched circles denote F atoms, and the closed circlddSion barrier heights are close among the three semiconduc-
denote Al, In, and As atoms. tors and also close to that experimentally obtained for
Alg 4dngs/As. Therefore, the diffusion properties depend
stance, is well knowh? We considered the F-F defect com- little on the host. This suggests that the experimentally ob-
plex to investigate the formation of the, Fmoleculelike — served selective nature of F in Ah, _,As is not due to
structure. We put two F atoms on the sa(®&0) plane, and  diffusion.
their positions were optimized within the plane. The lattice Although the F properties in the ternary semiconductor of
around the F-F pair was fully optimized. Al,In; _,As have not yet been theoretically investigated,
When the two F atoms were put near thg site, the Some of the experimental results can be explained based on
distance between them increased during the optimizatiohe present results for binary semiconductors. The most
process, and the F-F defect complex was found to be urstable property of the-1 charge state in the binary semicon-
stable in all three semiconductors considered here. Howevedluctors strongly suggests that thel charge state is also the
when we put one F atom at ti#eB,, site and the other at the most stable in Alin, _,As. The unstable property of the neu-
BC site, the F-F defect complex became stable in every hostral charge state is consistent with the experimentally ob-
The estimated formation energies for such stable F-F defe@erved low F concentration in Sl layers. Although it was
complexes are shown in Figs(a for AlAs, 4(b) for GaAs, suggested that F atoms form F-Si defect complexes in
and 4c) for InAs. Al,In; _,As, the F-Si complex cannot explain the decrease in
In the three hosts, the F-F defect complex is more stabl@obility. The present calculation results for the binary semi-
than the two separated® Fatoms, but at the bottom of the conductors suggest that the F-Si defect complex and the iso-
conduction band the-1 charge state is much more stable lated F~ atom have a similar stability and thus may coexist
than the F-F defect complex. Therefore,nitype hosts, the in AlyIn,_,As. If this is the case, the coexistence explains
F-F defect complex is not formed, which means that the F the decrease in the mobility, as well as the donor passivation
and the F-Si defect complex are the origin of the donor pasand the observation of the F-Si pair.
sivation. At the top of the valence band, the F-F defect com- Although the electronic property degradation in
plex is more stable than thel charge state in AlAs, and is AlyIn;_,As can be explained based on the present investiga-
comparably stable in GaAs and InAs. Therefore, the F-F detions for binary semiconductors, the selective nature of the
fect complexes might be formed iptype hosts. The F-F degradation is still unclear. This is because the present cal-
defect complex could be one possible explanation for theulations show that the properties of F are very similar in the
absence of carrier passivation firtype materials. three binary semiconductors, suggesting the degradation has
The formation energies of F-F defect complexes ardittle dependence on the host. To reveal the selective nature
smaller than those of the’Fatoms by 1.07 eV in AlAs, 0.48 of the degradation, the surface effect, which determines the
eV in GaAs, and 0.18 eV in InAs. The largest energy profitincorporation of F atoms into the hosts, has to be investi-
in AlAs suggests strong interactions of F atoms with latticegated in detail.
atoms in AlAs. The optimized atomic configurations of the
F-F structures are shown in Fig. 5 for AlAs and InAs. In
AlAs, one F atom was put at tHeC site before the optimi-
zation, but it moved and situated near g site after the
optimization. In contrasta F atom remains at tH&C site in
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