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Energetics and self-compensation of Li in GaAs

C. Wang
Department of Natural Science Education, National Taitung University, Taitung City, Taitung 950-02, Taiwan

Q.-M. Zhang
Department of Physics, University of Texas at Arlington, Arlington, Texas 76019-0059, USA
(Received 17 November 2003; revised manuscript received 17 March 2004; published 12 Jyly 2004

The structural and electronic properties of lithium substitutional acceptors and interstitial donors in crystal-
line GaAs are investigated using a density-functional theory-based methgqetype GaAs, Li tetrahedral
interstitial (Li},J donors have a low formation energy, which is comparable to that of the accépiggsin
n type, namely, a substitutional Li on the Ga site. The donors enhance the solubility of the acceptors and vice
versa. In thermodynamic equilibrium, the incorporation of large amounts of Li will result in severe self-
compensation. To examine the kinetics of Li, diffusion mechanisms jiland Lic are explored. L, is
highly mobile with a barrier of 0.43 eV, compared to a large barrier of 2.73 eV for relatively immo@ﬁae Li
We have also investigated complex formation and dissociation between interstitial donors and substitutional
acceptors. The mechanism of lithium self-compensation involving two diffusif}’/,_f;S tations in two stages to
neutralize a L2 anion can be resolved. A comparison with available experiments confirms our findings. The
expectation of the results is also consistent with lithium compensation in both strongly exgritygie and

n-type GaAs.
DOI: 10.1103/PhysRevB.70.035201 PACS nuni®er71.55.Eq, 66.30.Jt, 61.72y, 85.40.Ry
I. INTRODUCTION modes(LVM ) absorption bands due to five different Li com-

. - o 4 X
Lithium (Li) has been extensively used as an electricalI)Kllg(aesa':;:I\éebgel‘rlvlenée{ﬁgt'tiltsr;nedd;’;cl?qgipéi IONorrlosf ?QS re-
active chemical probe in the investigation of impurities and y b gy P

intrinsic defects in semiconductors. The interaction of extraClpltatlon of Li and the prismatic dislocation loops of the

defects with Li may significantly influence some of its char- vacancy type in Zn-doped material by transmission electron

acteristic properties such as its lattice site, diffusion constanﬁggrﬁsecnc;ﬁi% dI?r?lztfderLi'm'gtnet;s“giltscr?étsg?ségﬁ?ﬂ?j \t,\r/ge
or dopant character, etc. Such influences are of tremendo P X :

u . -
practical importance on designing materials to have specifié’jse feec(t::o:g[es Obgl__l?gga;ngeggeIe\llee\lletlr?rn;r:;rgnfzniléfrtg:_ce
desired properties essential to contemporary technolog P PX P P

once we have this understanding. Thus the main technicaOpy(DLTS) to point out that there were two electron traps

", 16 ) i
applications of Li were based on its interactions with various " addition to EL2.> Recent experiments by Gislasenal.

. _ verified the positively charged Li drifting in the electrical
defects. Li compensatep-type Gel=2 as an example, was . . LR S ;
used in the fabrication of large Gedetectors. Li also com- field, and derived the intrinsic diffusivity of Li with a migra-

; 7,18 ; ; _
pensatecp-ype Si*® In contrast fo the case of Ge or Si, of SHey O 0BT ST EOTIONS TaREe 8o 98
where Li is simply an interstitial donor, the behavior of Li in Y

. e . - 19
GaAs is strikingly different. Understanding defect configura-?ec\):/ho'fnthzgg gg;e?:ltfsfuk?;?/r; %feléln Zﬁtﬁ[ﬁi@ﬁgfﬁtﬁl&n Y(raéason-
tions in heavily doped GaAs is of interest in the modern y

electronic devices, such as Gunn oscillators and semicondu%‘-ble and i cogent hce_rtamty]; LThUSGa]:zr t?ﬁ exact self-
tor lasers. Considerable information on defect configurationéél(;n;f)ensa lon mechanism ot LI S st remains un-
may be acquired by investigating the behavior of Li diffused '
into GaAs. Li was found not only to compensate bpttand
n-type GaAs, but also to distinctly self-compensate.The

activation of both donors and acceptors are specifically re-
strained by the self-compensation of Li, which is indicative  The presentb initio calculations were performed using
of the complexity of Li defects in GaAs. the Car-ParinelldCP) molecular dynamics methodology.
Self-compensation of Li in GaAs was first detected byThe valence electrons are described by density-functional
Fuller and Wolfstirrf:” They found that after saturation with theory in the local density approximatighDA). The norm-
Li (350-1100°@, the materials were essentially compen- conserving pseudopotentials are used and also modified to
sated in generally high resistivifytype (>10 Q cm). How-  avoid a Ga “ghost” stat&: The cutoff kinetic energy for the
ever, upon heating350—-600°Q after removal of the Li plane wave basis was 14 Ry 9000 planes wavegsTests for
source, the same materials changed to low resistjvitype  pure GaAs show that these pseudopotentials very well repro-
(<0.2Q cm). Several attempts were henceforth tried in or-duce structural properties from previous theoretical and ex-
der to determine the Li defects for self-compensation inperimental resultg Calculations for defects were carried out
GaAs. Levy and Spitzer identified the localized-vibrational-in a large supercell that contains 64 atoms in the case of

Il. METHODS
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perfect crystal. Thé points in the first Brillouin zoné€BZ) number of available sites that the defect can be incorporated
for sampling the charge density of valence electrons aren, k is the Boltzmann constant, ar§ is the formation
those folded into thé point of the simple cubic supercell of entropy. Anab initio calculation of the formation entropy is
64 atoms. The reproduction of the static and dynamic propeurrently prohibitively expensive. In low temperature, or in
erties of semiconductors by tHepoint sampling at such a case entropy, contributions tend to cancel to some extent
supercell size was proven to be effect?ie faster and thor- when comparing relatively free energies, the entropic contri-
ough scheme in the CP method is used for relaxation. As thbutions are small enough to be neglecteéf Otherwise, we
ions move according to Hellmann-Feymann forces in thause a typical value of I6for all the defects, which is the
evolution of molecular dynamics, electrons follow closely result of a recent extensive calculation for vacancies and in-
according to Newtonian equations. A frictionlike force is im- terstitials in S?’ This approximation was also used in Refs.
posed to slow down the atoms moving upward on the Born22 and 28. The equation thus shows that the defect with low
Oppenheimer surface, so it leads to a fast relaxation of théormation energy will occur in high concentration. As tem-
atom system for optimization of static structures. Thisperature increases, the concentration of the defect increases.
method was very successfully exercised in describing thé&or charged defects, the inability of LDA to reproduce semi-
incorporation and diffusion of hydrogen in GaAs. conductor band gaps leads to an overestimate of their con-
The incorporation of impurity in a semiconductor dependscentrations.
on the sources of atoms involved in the process. In a ther- The migration energyor diffusion barriey is the differ-
modynamic process, the abundances of the source atoms aece between the energy of the saddle point and that of the
described by the chemical potentials. Moreover, the solubilstable configuration. For any diffusion mechanism, there is a
ity of an ionizing impurity in a semiconductor is affected by specific path for the diffusing atom to follow. The position of
the electron and hole concentrations. For example, the erthe saddle point can be only determined by considering the
ergy required to incorporate a donor impurity is reduced bysymmetry along the path. We used an “adiabatic trajectory”
the energy liberated in the ionization of the donor, i.e., by artechnique whenever a migration barrier is neetfefilong
electron falling from the donor level to the Fermi level. Thus,the specific path under consideration, the diffusing atom
in addition to the chemical potential, the formation energy ofmoves with a constant, small speéslg., thermal speed at
an ionized impurity in a semiconductor is also determined by300 K), while the remaining atoms continuously relax with a
the Fermi level. The Fermi level is not an independent pafrictionlike force in response to its motion. The excess en-
rameter, but is determined by the charge neutrality. We calergy introduced by the constant speed of the diffusing atom
culated the total energy of a supercell embedded with Li foiis then removed in the relaxation. Thus the energy contour
various configurations. The formation energy of a defeést  along the direction of the movement can be depicted.
a charge statg, denoted byx9, is then The dissociation energy of a complex is the energy re-
quired for fully separating the constituent ions and restoring
Eq(XY) =[E(GaAsX) - E(GaA9] - X nyuy + 4Er, () the electrical conductivity. One may therefore define the dis-
y sociation energy as the difference between the two reaction
whereE(GaAs XY) andE(GaAs are the total energies of the activation energies associated with that of the dissociation
supercell embedded with and without a defi€f n, is the reaction. To calculate the dissociation energy of the complex,
number of atom increased in the defect system,is the  such agX"Y*)°, based on the reaction equation
corresponding chemical potentigf=Ga, As, and L), and (XYH0 o X+ Y
Er is the energy of Fermi level. The chemical potentials for '
Ga and As must satisfy the equilibrium conditions with one has to use the following formula:
GaAsugat as= U Once one ofug, and u,s is deter- ~ _
mined, fﬁe stgichi%argsetry of the syste?r(;l is char;cterized only Eq=[E(X) + E(Y)] - {E[(XY")°] + E(GaAs},
by the other. In other words, we have assumed that the atofynere, e.g.,E(X") denotes the total energy of a 64-atom

supply is in equilibrium with distant reservairs, with Wh'yh supercell containing an isolated foreign an¥nat its stable
atoms are exchanged and whose energids=&, by defini- equilibrium site

tion, are the chemical potentials. In the following, we will
use the chemical potentials of solid Ga and Li in their equi-
librium crystal structures. By fixing the chemical potentials, [ll. RESULTS AND DISCUSSION
the formation energy becomes solely a function of the Fermi
energy. Considering the chemical potential of solid Li is in
accordance with experiments in the saturation of Li by Fuller The stable sites and charge states of Li are examined by
and Wolfstirn®’ calculating the formation energy at ten different sites with
In the dilute limit, the concentratio@(XY) of a defectXd  high symmetry. These sites include nine interstitial sites and
at thermal equilibrium temperaturg is approximately de- a Ga-substituional site. Eight of the interstitial sites, shown
termined by in Fig. 1, are located in th€l10) plane. TheM site is not in
_ the (110 plane, but located midway on the axis connecting
C(X) = gNsexp S (X)/Klexd ~ E((X/KT], 2 BC with the nearestex sites. It is informative to plot the
whereg is the degeneracy factor representing the number oformation energy of Li as a function of the Fermi enekgy
possible configurations for a defect on the same Bligés the  in order to examine the behavior of defects when the doping

A. Stable configurations and diffusions of Li in the lattice
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FIG. 1. A schematic plot of interstitial sites of high symmetry
for Li in (110 plane in the zinc-blende structure of GaAs. The
horizontal direction is in th€110 direction and the vertical direc- 4
tion in the(001) direction. The eight interstitial sites are a tetrahe-
dral site coordinated by four Ga atorfiks,) (two of which are out FIG. 2. Formation energies as a function of the Fermi energy
of the plane of the figure and are not showa tetrahedral site (Eg) for ionized Li atom in Ga-rich conditions. The solubility limit
coordinated by four As atom@Tg (two of which are out of the of Liis determined by the solid Li. For completeness, the formation
plane of the figure and are not showan antibonding site nearest energy of Ga vacancwg?;, is also included. The slopes of the
to a Ga hostABg,), an antibonding site nearest to a As h@sB,), defect formation energies characterize the charge statgs, a
a center site of the rhombus formed between three nearest Ga atorsiope of +1 indicates a +1 charge state, corresponding to a donor,
and theT s site (Cg,), a center site of the rhombus formed betweenwhile a slope of -1 indicates a —1 charge state, corresponding to an
three nearest As atoms and fhig, site (Cp¢), @ bond-centered site acceptoy. Ez=0 corresponds to the top of the valence band.

(BC) halfway between two next neighboring host atoms, and a hex-

agonal sitdHex) halfway between two next neighboring tetrahedral Lic5 acceptors. When we compare the energy of a distant
interstitial sites. (LiTg,— V)™ pair with that of L2, the latter is always
astly favored energetically by 2.37 eV. Therefore, has

he tendency to recombine into a Ga vacancy. On the con-

level changes. The incorporated Li is commonly describe
by the sign L, where the subscript lettef stands for the trary to Li, Li;za is relatively immobile. We found that gi

fgsr‘];?ﬁé%gs'g:g;ug'tz?ear::?gt:r% Szugifxgpghﬁfrﬁgt?& e rg_iffuses by the dissociative mechanism, or Frank-Turnbull
ergy of Li at the stable symmetric sites in comparison to tha{nechamsm, \Z/gh'Ch was orlglnglly suggestgd for the diffusion
of Cu in Ge?? The dissociative mechanism assumed that

of the Ga vacancy as a function of Fermi energy in Ga-rich i : ) .
conditions, in which the chemical potentials of solid Ga and®"¢€ Lka IS formed, a certain fraction of 59 becomes in-

Li are assumed. Li is a double acceptor at the Gaferstitial to form L through the reaction %;—’ Lij+Vg,
substitutional site. However, it is simply a single donor atWith @ T, as the saddle point. Thereafter, lan further

any interstitial site. We have checked all the highly symmet-swiftly diffuse away in the interstice and react wify; for

ric interstitial configurations, and the only stable sitéljg; ~ recombination there. The energy barrier of migration is the
Li at BC, Cag ABag, M, Hex andTg, all relax to rest af,, ~ Same energy in value as in the recombination process. The
respectively, whileT s, is a metastable saddle-point configu-

ration. So, in the state of single atom, Li can be incorporated 100

at the interstitialT ¢ Site as a Lj, donor inp type, and at the

Ga-substitutional site as agﬁj acceptor inn type. 0.80
As expected, L, is quite mobile. We found [iyg dif-

fuses by the interstitial mechanism along thE\g— 0.60

Hex-Tg,—Hex—T,s path. An adiabatic trajectory of energy &

for the motion of interstitial cation [iis drawn along the = 0.40

interstice in Fig. 3. As the cation Liwas moving along the

interstitial path, the energy monotonously rose to the maxi-

mum atTg, The maximum of the trajectory corresponds to 0-20

the saddle point with a migration energy barrier of only 000

0.43 eV. The small migration barrier implies that' Léan - Tas
swiftly diffuse in the interstice. It has been pointed out that
the gallium vacancyVg:, is one of the favorable native de-  FIG. 3. Total energy changes for the motion of the interstitial
fects inn type?? cation Lj along the interstice patfiys— Hex—Tg,—Hex—Txgin the

As more Lj are supplied, Ga vacancies are favorably(110) plane. The maximum of the curve, corresponding to migration
generated to recombine with the interstitial donors formingenergy, is found aTg,.

Hex Tca Hex Tas
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barrier of noticeable 2.37 eV impliesgf.j firmly stays at a 00 05 Ep(eV) Lo s
relatively high temperature. 2 : ; . . !
Therefore, whenever Li is incorporated chemically, the
interplays of substitution and interstitial are determined by
the Fermi energy. Since the law of mass action must be ap- 0f rig?
plied to equilibrium situations, it has been possible to obtain
an increase in the solubility of Li acceptors by doping with
donors and vice versa. From these results, we may speculate
that Li is not a dopant but may compensate either donors or
acceptors. The compensation between the electron and the
hole will also reduce the concentrations of the amphoterics. : .
Such amphoterics are stably formed to directly self- {Ligalige Litea)
compensate only when the concentrations of the amphoterics
are the same. Apparently, it is not the case for Li. 9
Both Li and H are among the fastest diffusing impurities
in group-1 elements in GaAs. Nevertheless Li behaves some-
what differently from H in GaAs. H has long been known as  gG_ 4. Formation energies as a function of the Fermi energy for

an all-purpose compensator; it saturates dangling bonds @yorite Li complexes in Ga-rich conditions. The solubility limit of

surfaces, vacancies, and grand boundaries, and compensatefs determined by the solid Li. The formation energy of kiand

a number of electrically active impurities, e.g., both shallowLiZ2 is also included for comparison. The lifiei} Liz2)", which

donor and acceptor in virtually all semiconductors. Not beings 0.10 eV above the lin€Lif,Lic2)", is not shownEg=0 corre-
substitutional, H shows the amphoteric character only by ocsponds to at the top of the valence band.

cupying the interstitial sites. The stable H donor i§:Hh p v o o ,
type, while the stable H acceptorl, in n type2* H._. dif- of (Litadigzlitad” In the triplet, the L}, has four As near-
fuses in the high electron density region along the€St neighbors and a & as a second-nearest neighbor, as
BC-Cg,—BC-C,—BC path with a barrier of 0.45 eV ip shown in Figs. &) and §b). The .tWO.LLFAS donors }'l\n Fig.
type, but Hg, diffuses in the low electron density region (& are farther apart than those in Fighsby 1.56 A. The
along T .~ Hex- T~ Hex-Tg, with a slightly larger barrier energy of the structure in Fig(y) is higher than that in Fig.

of 0.55 eV inn type. Both Hy. and Hr, are mostly mobile. 5(a) by about 0.06 eV, which is within our calculation un-

. certainty. In the following discussion we will only refer to
The donor Ievel_ of Las is deep at 0'7+4 e.V above the va- v, iy cture in Fig. @ as the triplet considered. The for-
lence band, while the donor level ofgH is shallow at a

mation energy ofLiZ, Li=2Li*,)0is 2.35 eV lower than that
value of 0.22 eV above the valence band. As for the stabl gy OfLitadicelitad

oo f LiTas in p type, while 1.02 eV lower than that of
acceptor states, the acceptor levels Qfland H-, are reso- (Lit,Li)™ in n type. Since the degeneracy facwindi-
nant within the valence bands.

cates that the possible configurations of thi , Li g2LiTx)°
. o . . complex is four, and pairing occurs rapidly upon cooling, the
B. Complexes between interstitial Li and substituional Li concentrations of the Li complexes are generally affected by

As can be seen by the effect of self-compensatiof, Li the exponentlal factor of the formation energy. So upon
and nga are not possibly isolated, and Li complexes must beq_u+ench|ng _ffrom__tge_ saturation temperature of the Species,
inherently formed by Lg%, LiTag OF possibly some other Li Liras and (Livadic,)” are present together with the precipi-
interstitial, e.g., L, The desirable complex would be rel- tated phase containing Li. In other words, the Li triplet com-

evantly in the structure of a congregation of Li ions bondedplex is far more energetically favorable than any other. After

. . °
for neutralization as a whole. The calculation results for thea full relaxation, each s has moved 0.14 A6.0% closer

. . : : directly toward the center of gﬁ along the principal sym-
formation energies 9f L'. complexes asa fun_c'tlon of Ferm'metry axis connecting the three Li ions, and each of the four
level are displayed in Fig. 4 in Ga-rich conditions. The re- . o

. R N As nearest neighbors has also moved closer towagd ibi
sults show that the principal acceptor(is7,lics)~ instead : :
o ' R A N the breathing mode by a distance of 0.1043%. The
of Ligs in n type, firstly. Resemblant t@Litalicy) ™ is . L . :
N . L Ga . atomic relaxation is accompanied by an energy gain of
(Litgeligy ™~ The distance between the two Li atoms in g 44 oy
(L'$Ga|-'é2a)__ is 0.36A smz_{lrler tb?n_ that 'fLGAJ-'_E%Za ~ But Figure 6 shows the corresponding valence charge density
the formation energy oflire,lic,)” is 0.10 eV higherthan - of the triplet. Nearly 0.8 more charge is depleted from
that of (Litpdigy) ™. The stability of (LigLigy)” may be  around the cation As to participate in the new Li bonds
slightly weakened by the metallike bonding between the Liwhich are the forms of Li-Li and Li—-As. The maximum
atoms. The formation energy of tiiei},Lics) " is 0.95 eV charge density in the Li-As bond is slightly larger than that
lower than that of Lg; in n type, but 0.20 eV higher than of a pure Ga-As bond. In other words, a larger mismatch
that of Lirgin p type. Thus(Lijadics)™ instead of Lg% is  between cation and anion in the valance region gives rise to
the principal acceptor, as suggested with the 0.023 eV iona slightly higher ionicity for the Li—As bond than a pure
ization level for the doublet by Fuller and AlliscA. Ga-As bond. In response to the charge transfer, thedse
Nevertheless, the remarkable, simple results in Fig. 4evel of cation As must shift to a weaker binding energy
show that the inherent Li defect is actually in the triplet form when the triplet is formed.

Formation Energy {(eV)

. . N a
(Lir,Lig,Lir,.)

7
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<001> {L} Li g U Mv =D

A1 <111>

As

FIG. 6. Contour plots of the valence charge density(if0)
plane for the triplet complexXLif LiciLitad® in Fig. 5a). An
<111> original zigzag bonding chain and some related atomic positions are

indicated for reference. The triplet is centered at the left bottom
As corner of the zigzag chain indicated.

compensation of Li. As indicated by Gislasenal., the dif-
fusion species of Li in GaAs is the interstitial lithium cation
Li;".1” The self-compensation mechanism would involve the
capture of a hole for Li first, i.e., Lirh*—Li'. The cation
(b Li; is predicted to freely diffuse in the interstice until it
recombines exothermically with a Ga vacancy producing
FIG. 5. A schematic plot 0{110-plane view of the triplet LicZ, as described by [i+ Vs — Lic3. Subsequently, the first
(LiTadicaliTad® Views along the(113, (00D, (00D, (111), and ~ capture of a 96+\ti0r]_2¢ks by the anion LE;, proceeds as
(010) directions are shown. The Li atom at the center of the systen}-iTast Lica— (Litadica)”- The second capture of a cation
is located at the Ga-substitutional site, while the other two Li atomd-iTas iN the next neighboring interstice channel by the dou-
are at the next neighborirs sites in the interstices. The distance blet anion (Litadic)™ must instantly follow as L
between the two Li atoms at the separfifg sites is 5.34 A for@)  +(LiTaligd) — (LiTalic2Litn)® to make for  self-
and 3.77 A for(b). compensation. The experimental observation by Fuller and
Wolfstirn already showed us that the introduction of two Li
Another favorable configuration of Li triplet is similar to atoms caused a loss of one electron corresponding to a
. . . . . . it im2) - it a2t \0
that in Fig. 5 except that twg, sites in the same interstice (Litadiga)™ doublet, and such &t Ligzliag)” complex
channel are considered for Li interstitials. The configurationcan be stable up to 400°C at a sufficiently high concentra-
is denoted byLi* . Li2Lite)° in which each Lf,is asso-  tion of Li (~10" cm%).%7 The formation of the triplet com-
ciated with a LEZ in a(110) plane. The two Ljg, donors are  plex could just consistently explain the distinctive self-
symmetrical with respect to gi. Originally it was a model ~compensation.
constructed for the associated Mn at the Ga-substitutional The thermal stability of théLiT,dLigaLiTa)° complex is
site and two Li interstitials in GaAs by Ref. 12 In the triplet, of consequence if it is to be used in technology applications.
Liz2 moves 0.33 A off the trigonal axis downward along the As the temperature rises to fully restore the conductivity, the
principal symmetry axis. Each 1, also moves 0.37 A triplet complexes are dissociated. The dissociation of the

(15.9% closer toward LgZ in the direction of compression. triplet, (LiTadigalitad®— (LiTadics) +LiTas requires a

Caused by the disturbance of7ki, each of the Li —As dissociation energy calculated as 0.28 eV. The dissociation
a -4 L2\ — .
bonds in the(110) plane shortens by 0.24 410.3% while ~ energy of theLir,dig,)~ doublet product will follow on the
each of the other two extends by 0.028.8%). The atomic  instant if the temperature remains high. The dissociation en-
-t 2N — . . s -2\ —
relaxation energy s totally summed up to 0.92 eV. But the®9Y Of (Liradicy)", according to the reactiorbiradic,
formation energy ofLite Lic2Lits,)0is 0.34 eV higher than —Liga*Litas iS calculated as 0.30 eV. Therefore, both
X A s+ =21+ \0 c+ A
that of (Li%,Lic2Li%,)°. (LiTadiczlitad” and (LiTpdicy)” complexes are equally
thermally dissociative. The steady increase in the hole mo-
bility with Li removal at high temperature in accordance
with the two consecutive dissociations was proved in the
The formation of the electrically inactive triplet experiment by Fuller and WolfstirhThe observation of the

(Litadicilizad® is made responsible for the self- change in the mobility further evidenced thati,Liz2)",

C. The mechanism of Li self-compensation
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not Liz2, is the principal acceptor observed. It would not be IV. SUMMARY

expected if the principal acceptor Wereggispecies. In the

: SN . We have shown that Li turns out not to be a thermally
processes of the dissociationsy\ihas to be neutralized or

: : : ) stable dopant. Being mostly positively charged, Li behaves
d|ffijse_d_20_ut of t_r;e p-type region in order to activate 55 gne of the shallowest donors. Li enters the crystal and
(Litadica)” and Lig; acceptors. The possibilities are the dif- 5pigly diffuses as Liin the interstice with a mere energy
fusion of Lirss into the substrate, to the surface, or to theparrier during saturation. fifinds itself stable at the tetrahe-
extended defects which occur in high concentration indral site coordinated by four As atoms ag Adin p type. As
GaAs?32 After the dissociations ofLitadicalitad® and  more Lit is supplied Ve, are favorably generated. The dif-
(LiTadics), Lics acceptors are left behind. The abundancefusing Li reacts therein with/e3 to produce Li2. The dif-
of Li(;za acceptors, therefore, attributes to the low resistipity fusion barrier of nga is so high that it is hardly mobile.
type after thermal annealirfy. Consequently, the capture of athki cation by a nga anion

Li was able to compensate Te, S, Se, and Si donors iproceeds to form the principéli;,Lic2)~ acceptor. Another
n-type GaAs(Refs. 8-10 and Zn, Cd, Mn, and Mg accep- capture of a L}, cation by a(Lij,Lic2)~ anion leads to
tors in p-type GaAs>*'"*3The localized-mode spectra had form a stable(Li%,LiZ2Li%,)° complex, which is energeti-
been examined and attributed to the Li-dopant pairs, €.9eally commending either ip or n type. Two stages of reac-

Li-Te (with a Te concentration of § 10'® cm™3) and Li-Zn
(with a Zn concentration of 1410 cm™3) etc. in Ref. 9.
The complexes in the structure of LT€,, and LifaZng,

pairs would be expected in each separate case. Pairing b

tween Li and the dopant would certainly cause the enhanc
ment of the solubility in equilibrium for either Te in type
or Zn in p type. Inn type the solubility of Lf, will be
reduced by Tk, However the solubility of LiZ will be en-
hanced by L}, and T€ In p type the solubility of LE2 will
be reduced by Zg, while the solubility of Li,s will be
enhanced by [, and Zrg,,,. Litacand Lig will persist in p-

andn-type GaAs, respectively, if those dopants are not over-

tion involving two Li;, cations captured by a L3 anion,

LiTast Liga— (LiTadics)” and Litast (LiTadica)”
— (LiTaLliZLiTa), are thus distinguished. The interaction
fiatween the Li-related ions is elucidated. Quenching to room

e[émperature after high temperature diffusion of Li, extra mo-

bile LitasWill willingly precipitate, leaving relatively immo-
bile excess L for bringing about the slightly-type self-
compensation.
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