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Highly n-doped silicon: Deactivating defects of donors
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We report insight into the deactivation mechanisms of group V donors in heavily doped silicon. Based on
our ab initio calculations, we suggest a three step model for the donor deactivation. In higypg Si grown
at low temperatures, in the absence of excess native point defects, the intrinsic lign#eems to rise in part
by means ofdonor deactivating distortionsef the silicon lattice in the proximity of two or more donor atoms
that share close sites. Also, donor dimers play an important part in the deactivation at high doping concentra-
tions. While the dimers constitute a stable or metastable inactive donor configuration, the lattice distortions
lower the donor levels gradually below the impurity band in degenerate silicon. On the other hand, we find that,
in general, none of the earlier proposed deactivating donor pair defects is stable at any position of the Fermi
level. The lattice distortions may be viewed as a precursor to Frenkel pair generation and donor-vacancy
clustering processstep 3 that account for deactivation at elevated temperature and longer annealing times.
Ultimately, and most prominently in the case of the large Sb atoms, precipitation of the donor atoms may set
in as the last step of the deactivation process chain.
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[. INTRODUCTION that the primary deactivating defects in highly Sb-doped Si
grown at low temperatures contain only two Sbh atdfvs.
Future generations of silicon-based integrated circuit techThey attributed the 30% inactive Sb in their 9.35
nology require carrier concentrations in excess of the respec< 10°° cmi™3 doped sample to a new class of donor-pair de-
tive equilibrium dopant concentrations. In order to activatefects DR2)V-I.
the highly doped samples after ion-implantation, laser an- In this work, we studied various donor pair defects and
nealing seems to be the means of chdi¢tdowever, such donor-vacancy clusters in order to establish their respective
supersaturated samples with active doping concentratiorimportance in the deactivation mechanisms at low tempera-
well above the solid solubility limit deactivate upon subse-ture and in the absence of excess vacancies. We will focus on
quent thermal processirfg? In the Si case with the group V  Sb, although the same effects with very similar energetics
donors P, As, and Sb, this deactivation has been ascribdthve been evaluated for As and P. In the presence of two or
mainly to the formation of large dopant precipitai@spe- more donor atoms, minimal distortions of adjacent Si atoms
cially in the case of Sp or small defect clusters comprising are likely to form. They can deactivate both dopants and
only a few dopants and native point defetts. have small formation energigkess than 0.3 e)/ while con-
Experiments as well as theoretical studies have showiributing to a relatively large increase in vibrational entropy.
donor-vacancyD,V) clusters to be the most probable can-In addition, at donor concentrations on the order of
didates for the deactivation of the group V donbts’At 107! cmi'3, approximately 7% of randomly distributed donors
elevated temperaturgs=600 °C), the high diffusivities of form inactive donor pairs located on neighboring lattice sites
point defects and dopants in heavily doped silicon make thigdimerg. Both the donor deactivating distortions® for
clustering process very fast, resulting in deactivation of ashory and the dimers are therefore likely to become an im-
large dopant fraction within the initial seconds of high tem-portant contribution to the deactivation mechanism in highly
perature annealin~2° n-type Si samples with no excess point defects. Earlier pro-
Interestingly enough, there exists an intrinsic limit to theposed donor pair defecté?3on the other hand, are found to
carrier concentratiom, even in samples prepared by low- have too high formation energies to be relevant at room tem-
temperature molecular beam epita@iyl-MBE), where the perature.
formation of clusters and precipitates is essentially ruled out
because the diffusion of both dopants and native point de-
fects is highly improbablé!~23 Consequently, there must ex-
ist yet another mechanism in highfydoped crystalline sili-
con that prevents the donors from contributing electrons to Our simulations were performed with the DRd@ensity
the conduction band, leading to a saturatiomgfiboven,  functional theory code vasp (Vienna ab initio simulation
~6Xx10?° cm. High-resolution x-ray diffraction(HR-  packagg(Refs. 24 and 2Bwith a supercell of 216 atoms. All
XRD) dat&! reveal that the inactive Sb dopants form struc-calculations were carried out in the generalized gradient ap-
tures that reside on substitutional sites during low-proximation(GGA) to the exchange-correlation energy func-
temperature anneals of samples with>6Xx 10?0 cmi 3, tional and with projector augmented wave
Moreover, Voyleset al,, through annular dark-field scanning pseudopotentia A plane-wave-basis set with an energy
transmission electron microscopg&DF-STEM), have found  cutoff of 18 Ry was used and a Monkhorst’ set was

IIl. COMPUTATIONAL SETUP: SIMULATION
OF A DEGENERATE SEMICONDUCTOR
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applied for thek-point sampling. The kinetic energy cutoff
for the plane waves was 255 eV. The silicon lattice param-
eter which minimizes the total energy was determined to be
5.46 A. Energy barriers for the Frenkel pair generation were
calculated using the nudged elastic band method. In this
setup, impurities and their mirror images in neighboring su-
percells are separated by 16 A. Two dopant atoms per super-
cell correspond to a donor concentration of 4.80%° cm ™3,
which means that the semiconductor is already degenerate.
The impurity states oghallow donors, extending over ap-
proximately 20 A, overlap with donor states of dopants in
neighboring supercells. Accordingly, we obtain energy dis-
persions for the impurity level wave functions of approxi-
mately 0.2 eV or less, and the resulting impurity band over-
laps with the conduction band for some points. The
energies of the two donor electrons in the supercell lie ap-
proximately 0.17 eV above the conduction band minimum,
in fair agreement with the experimentally measured elevated
Fermi level in samples of this donor concentration. In the
supercell calculation, a donor level energy is determined by
the energy difference of the supercell containgngnds—1
electrons, respectively. The resulting net charge of the super-
cell is then compensated by a constant background charge of
opposite sigrit (b)
Impurity St"?‘tes with energies depper in the band gap haye FIG. 1. (Color online Localization of the two donor states of a
a correspondingly smaller extension and a defect potentialcong neighbor donor paiNN?) for (a) the active substitutional
with a large short range part, hence the overlap with mirroionfiguration andb) for the &° defect. The figure shows a small
images is minimal. In the degenerate semiconductor, th@art of the supercell in thé100) direction. Large, black spheres
Fermi level lies within the impurity-conduction band. For represent the Sb atoms, small dark spheres are Si host atoms. The
very heavy doping, the density of states at the band tail fallgionor states are visualized by the isosurfaces of the charge density
off almost exponentially in energy towards the band gap. Indistribution functionAp (white clouds. This distribution function
this case, a donor atom will be inactive if the distorted crys-Ap is obtained by subtracting the charge density of the supercell
tal structure in its proximity diminishes the diameter of thelacking two electrons from the DFT-charge density of the neutral
donor orbital and lowers the donor level below the impurity-supercell.

conduction band edge. The perfect crystal symmetry an%. ¢ | thei tive latti it . ¢
hence thesp® hybridization of the donor valence electron | atoms can leave their respective atlice sites moving up 1o

orbitals are disturbed, and the former donor electron occuipopgoz\r/)na:sI3f/orlm’&aactjéggpvia?é'ﬂ)é;g}';’vstgir%%tﬁxgﬁgnssw
pies a localized state. ' y

donors. It is this change in the electronic structure of the
donors that strongly favors such distortions energetically
lll. DONOR DEACTIVATING CONFIGURATIONS over any other in the doped crystal. However, our DFT cal-
culations show that® defectsdo not constitute a local en-
ergy minimumhence they are not metastable. Nevertheless,
Donors in Si that share nearest neighbor sii¢d") form  at finite temperatures, lattice vibrations will increase the time
a dimer with split impurity levels. In the case of the As in which the crystal system adopts such deactivating con-
dimer, the two donor levels lie ap,—E,=0.60 eV and figurations. For 300 K, due to the low energy configurations
Ep,—E,=0.51 eV above the valence band edge, respectivelguch distortions represent, this time fraction is already 4%.
Consequently, both donors in the dimer are inactive, and the For increasing distancedg; of the involved Si atoms
complex remains neutral in the case of heawilgoped sili-  from their substitutional lattice sites, the donor levels of both
con. The Ag as well as the Pdimer in silicon are stable, dopants are gradually lowered below the impurity band edge.
exhibiting formation energies of =70 meV and -217 meV, The reason for this behavior is illustrated by the examination
respectively?? The Sk dimer, due to the size mismatch of of the charge densities calculated with DIFig. 1): The
the large antimony atoms and the host Si atoms, is onlglight displacement of a Si atom offers vacant space close to
metastablga local energy minimumwith a formation en-  the donor atom. This geometry permits the formation of an
ergy of +117 meV. s?p®-like orbital. The energy needed for this local distortion
If the two dopants occupy lattice sites further apart, bothof the host crystal is largely dependent upon the number of
keep theirsp® valence electron coordination. Such a configu-donor atoms in the proximity and the distance between them.
ration gives rise to shallow donor levels, and therefore theGenerally, the donor atoms in& defect remain essentially
donors remain active. However, the silicon atoms in theirsubstitutional, while a vacant space in their close proximity
close proximity may change this behavior considerably: Thes formed.

A. Dimers and the principle of é° lattice defects
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In the case of the NRconfiguration with two neighboring
donors, the distortion energy is only 0.23 eV for a displace-
ment of the central silicon atom of 0.8 A. This configuration,

<110> however, doesiot constitute a local minimum in the forma-
¥ X tion energyAEg of the system(Fig. 4). Therefore, the total
~ force Fg; acting on the central Si atom is not zero. However,
Fsi undergoes a local minimum of 0.14 eV/A for th#
' configuration withAg=0.8 A. The defect exhibits a first lo-

" calized donor state with a level 87 meV below the conduc-
tion band edgeE., the level of the second impurity state
being atE,—Ep,=290 meV. Hence, in the degenerate semi-
conductor, these states are both filled with one electron, ren-
dering the distorted state electrically neutral.

For comparison, in pure silicon the same displacement
corresponds to an energy of 1.77 eV. In the caseomd

4

» neighboring Sb atom, the energy required for the displace-
ment is reduced to 0.93 elFig. 4). Thus the distortion en-
ergy in the immediate neighborhood of the Nélbnor pair is

Z only 13% of the energy required in pure silicon and 25% of
the energy required when only one donor is present. Next to
four donor atoms, thé® state even becomes a local energy

<100> minimum. Moreover, the energy needed for the central Si
atom to diffuse to the closest hexagonal interstitial site is
reduced considerably in the proximity of four donors: While
in pure Si the Frenkel pair formation energy amounts to
7.0 eVZ8in the ShSi; and AsSi, complex it is only 0.67 eV
and 1.42 eV, respectively. This fact can account for the sili-

'/ con interstitial injection observed experimentally in highly

<110> n-doped sample¥:28-2°Consequently, botid® formation and

4 A Frenkel pair generation are processes which depend, to a
large extent, on doping concentration.
M C. Other donor pairs
<110> The strong effect of a lows® formation energy can also be
. : . . 3
FIG. 2. (Color onling Donor pairs(large spheresand possible ~ Observed at a donor pair sharing third neighbor iié”).
&8 defects: Some of the energetically least expensive distortions dif€re, the two dopants are located on a six-ring, separated by

the corresponding silicon atomsmall spheresare indicated by ~tWo host atoms in either direction. Out of all the possible
arrows. The indices denote the view axis. From top to botton? NN distortion mechanisms, a migration of one single Si atom in

pair, NN pair, NN* pair, NN° pair, NN® pair. the (111) direction is the most energetically favorable. The
_ . distortion energy for this configuration with one Si atom off-
B. Donor concentration dependence of the® formation centered byA\g=0.7 A is 0.29 eV. The donor levels of both
energies Sb atoms now lie below the conduction band edge, the upper

An NN? donor pair(second nearest neighbpiges in a  one atE.—Ep,=140 meV. An energetically more costl?
{110 plane and shares one central silicon atgfig. 2). If pattern for the NN pair configuration is a distortion involv-
this Si atom is off-centered bjg=0.8 A along the(-111)  ing all four Si atoms in the six-ring. In this case, an extra
direction, both donor electron states are clearly localized. Ag-state splits off from the conduction band, such that dhe
Ag; grows, leaving more vacant space between the dongiefect can act as an electron accepfég. 5).
pair, the extension of the donor states decreases and the cor-Donors forming an NK pair are separated by one FCC
responding energy levels sink towards the valence band dattice constant and are linked by a chain of three host atoms
Si, as depicted in Fig. 3. It is important to note that the(Fig. 2. Since the coordination numbej in the diamond
formation energy of this displacementisry sensitive to the lattice is only six, such pairs are quite rafe7% at ny
total number of donors surrounding the moving Si atom =1C°* cm™3). However, thes® formation is enhanced in the
Distortion energies o#® formation energies are defined by NN* configuration, as a\g=0.7 A displacement of a Si
the difference between the total energy of the neutral supegtom next to one Sb ion deactivates both donors at a forma-
cell containingone 8% defect and the total supercell energy of tion energy of 0.26 eV.
the neutral, relaxed system with all atoms on substitutional The NN donor pair is separated by two center Si atoms in
sites. We therefore denote them with the delta sigg-  the {11G; plane. In this geometry, the energy cost foAg
=Etot,3~ Etot subst =0.7 A displacement of one Si atom is quite high41 eV},
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FIG. 3. (Color onling ° formation band structures of a second neighbor donor pair with Sb for the above indicated configurations. The
upper two large spheres in each configuration represent donor atoms, the lower three small spheres are Si atoms. From Iéf) to right,
substitutionalactive) configuration. The donor levels of the active dopants are well above the conduction band minimum, indicating the high
Fermi level of the system at a donor concentration oB4167° cmi 3. (b) 6% configuration with the central Si atom 0.8 A off-centered. The
two ionization levels are indicated on the left-hand si@#.5° configuration with the central Si atom 1.5 A off-centeréd), Frenkel pair
configuration: the center Si atom has moved to the next hexagonal interstitial site. Occupiedab@nisare black, and empty bands are
depicted in gray. The multitude of bands stems from foldover artifacts because the diameter of the Brillouin zone for the large supercell is
only 27/3a.

and the enhancement éf formation upon the presence of &° configuration which involves two of the three host atoms
the second donor is minimal. that lie between the donoré&See Fig. 2.

In general, the effect of a low® formation energy at
donor pairs decreases with increasing distance of the impu-
rities. For NN and NN’ donor pairs, the effect is almost
negligible according to our calculations. However, the8\N  Taking the distribution of donors in the crystal for a donor
donor pair is an exception, exhibiting at least one prominentoncentratiomy to be perfectly at randongwhich is a fair

D. Statistical occurrence of donor pairs

Reaction coordinate of center Si atom (]
] 05 1 1.5 2 25 3 35 4 45
efF---- | oA L T & .. 1 | T L, =
=4- 0Sb,5Si
-9~ 18b,4Si
28b,38i : i : : : : ,
5 48b,18i [........i g s s s fre s s 1. secs s s :

%‘4 ............................................................................................ =] FIG. 4. Distortion energies for one moving
; central Si atom along thél11) direction as a

§ : : / : : : : : function of distance from the substitutional lattice
:3 ......... ........... ......... , .......... , ,,,,,,,,,, ........... AAAAAAAAAA _ Site. The |ines COI’reSpond tO diStOI’tion energies
-“—"._. ' : : : : : : : ' for configurations with different numbers of
$ : : : : : : : ; ; neighboring Sb atoms, as obtained with DFT in
Bol..ooo DR— ) {ERR—— ; ......... .......... ........... .......... - the nudged elastic ban®EB) method.

Substitutional 8 Frenkel pair
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FIG. 5. (Color onling Band structures of a third neighb@N3) Sb pair configuration. Displayed is the generation of deep impurity
levels splitting off the conduction band when the atomic six-ring is distorted as depicted above. Large gray spheres represent the donor
atoms. These distortions are not the energetically most favored for tRedtfiguration, but they are effective at deactivating the donors,
introducing an additional acceptor level.

assumption for low temperature MBE-grown sampléee  concentratiomy=10* cmi 3, this fraction is already 86%.

fraction of donorsparticipating in an NN donor pair con- The expected average number of clusters with three or
figuration is given by? four donor atoms surrounding a single host atom, on the
other hand, is extremely low even at very high doping on the
k order of 16* cm3: For a random donor distribution the con-
c(ng =— —XSK 1-x% §=27 (1)  centration of I:gS|2 clusters isng=~10' cm3. This in turn
j=1 means that less than 0.5% of all donors WI|| participate in

_ _ i such configurations, and only 0.003% in an even less prob-
with x=1-ng/no, Ny being the concentration of crystal lat- aple D,Si; cluster. So unless dopants and point defects rear-
tice sites.z represents the coordination number fth  range within the crystal via diffusion, such configurations are
neighbors in the silicon lattice. In Fig. 6, tlig are plotted  negligible. This is in agreement with experimental findings
for k=1, ...,8 in the high doping regime. Fog=10?°cm™,  of \Voyles et al23 in LT-MBE samples. Under such condi-
roughly 18% of all donor atoms will be found in a donor pair tions, the primary deactivating defect has been found to con-
configuration of the eighth neighbor or closer. At a dopingtain only two donor atoms.
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FIG. 6. (Color onling Fractional concentra-
tions ¢ (ng) of dopants participating in various
donor-pair configurations according to Hé3).

At donor concentrations beyonal;=10%° cm™3,
the fraction of donors forming close pairs and
therefore the formation of dimers arf defects
become predominant.
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i 3

E. Thermodynamics of 6° defects Ne(ng, T) =~ ny| 1 -3 cng) (T |, (4)
While the donor dimers represent local energy minima, k

the ¢° lattice distortions do not. The average fractibof i

time that the vibrating crystal system containing a donor pai?’.\’helre thec, and are.deflnef(;i Ey Eqs(lgzg"”d@' respec-

finds itself in as® configuration depends both on the tem- UVely. For concentrations ohy=9.4x 10" cm™, Eq. (4)

perature and on the shape of the phase space in the proximi

ields an active donor fraction of approximately 90% at
of these distortions. In order to estimate the fraction of inac>00 K (whereby dimers account for approximately 7% of the
tive donors due ta® defects, this average fractigrof time

inactive donors and® defects for slightly more than 36
can in principle be evaluated by means of the correspondin his is considerably more than the experimentally measured
canonical partition functions,

ctivation of 70% in such samplé&in order to account for
the 30% inactive donors, the donor pair defects should have

N Py fprmation _energies of appro_ximately _0.1 eV each. Distor-

Qx(T) p Xée tions of this order may certainly deactivate one donor elec-

t(T) = —&— = “Pa-Pn X1 XN (2)  tron per pair, but possibly not both. Of course, there is in
Qo) oy f Ny g FE addition deactivation due to SV clusters in the LT-MBE

by P P XXy x € samples that can explain to some extent the lower experi-

mental degree of activation, though the contribution is rather
with 8=1/kT, where the spacial integral in the numerator issmall in the absence of excess vacancies.

only over thes® configurations. In the case of the vibrating

Si atom between an NNdonor pair, for instance, there are

four low-energy valleys pointing from the lattice site towards G. Donor-vacancy complexes Vp,

the four tetrahedral interstitial sites. The two valleys corre- | jike LT-MBE, high-temperature sample preparation

sponding to the distortions indicated in Fig.. 2 are energe;i—and dopant-ion implantation result in high vacari#y con-
cally strongly favored due to the change in the electronic.gnirations. Under such circumstances, both experiments and
structure of the adjacent donors, as explained above. For thgaretical calculations suggest that the formation Q¥ R
relatively small distortions, the expression in §B) can be  ¢jygters is the predominant deactivation mechanism for P
evaluated to a good approximation by decoupling the movy,y A5 most probably also for Sb prior to precipitatién.
ing atom from all others in the supercéfiand the expres- o calculations confirm that the strong binding energy of
sion (2) then becomes pentavalent donors with vacancied.26 eV for P-V,

1.40 eV for As-V, and 1.53 eV for ShJy as well as the

d®x ePE lowered migration barriers for vacancies in a hightgoped
t(T) = X1 3) Si crystal promotes a rapiq donor-vacgncy clystering process.
k=2 N ' The larger Sb donors obviously gain in binding energy from
f d*x e PE stress relaxation. Consequently, the formation energies of
1 D,V clusters decrease with increasing donor radius,

where the integrals over the three-dimensional subspader(P,V)=1.19 eV, E{(As,V)=0.53 eV, E{(Sh,V)=0.41 eV.
must be taken up to a reasonable energy cutoff which oS0 even though the $% formation is not exothermié® ac-
course depends on the crystal temperature. The calculatiarording to these findings the Sb-V clustering prior to precipi-
yields that, at 300 K, on average a percentagg9t5% of tation is in principle likely and quicker than that of
the NN donor pairs are inactiv&®. At 500 K, this fraction is  As or P.
already close to 11%. Again, since the defects exhibit a posi- The deactivation process upon donor-vacancy clusters is
tive formation energy, the deactivation upshcan be mini- more effective than the® formation because the vacancy
mized at low crystal temperatures, as they are stabilized exntroduces acceptor levels that can catch up to four electrons
clusively by means of the ternTAS:. This is in sharp from the adjacent donors and from the conduction bdr.
contrast to the theory put forth by Chadi and Voykgsal.  The DFT band structure calculations reveal that, in addition
who evaluated negative formation energies for the similato the localization of the fifth donor electron in a lone-pair
so-called DP defects by subtracting an additional energy foerbital, D,V complexes act as double electron acceptors and
the two localized donor electrons from the DFT total hence adopt a charge state —2 at high Fermi levels. Irrespec-
energies??? The formation energiedEg of inactive con- tive of the different binding energies, the position of these
figurations obtained by DFT total energy calculations alreadympurity levels is almost the same fog\P, As;V, and ShV.
take into account all valence electron energies. Hence, adn the other hand, while ,F and AsV agglomerates can
ing this extra term to thd Ex amounts to a double counting. only trap one extra electron from the Fermi sgag. 7),
ShyV exhibits its second acceptor level below the conduction
band edge &E.—E»,=78 meV and can therefore be charged
—2. D3V clusters of all of the three donor species are single
If the only compensating configurations were dimers ancelectron acceptors, and,® exhibit no acceptor or donor
lattice distortions, the fraction of active donors should belevels in the band gap or close to the valence or conduction
estimated for a given donor concentration and temperaturband edge. Consequently, the latter remain neutral for virtu-
by ally any position of the Fermi level. A more detailed discus-

F. Estimation of donor (de)activation
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FIG. 7. (Color onling Band structures of the {¥; complexes and ionization leveldepicted to the left of each band structurérom
left to right, () P,V, (b) As,V, (c) Sh,V. For all three donor species, the complexes act as electron acceptors, yet only in the case of Sb a
second electron from the conduction band can be trapped.

sion and characterization of these clusters and their impurityhe presence of dimers ad defects. Further measurements

states has been published elsewhére. on the fraction of active dopants as a function of the crystal
temperature in highlyn-type silicon must be performed in
IV. CONCLUSIONS order to confirm thes® theory. The compensation upon

dimers, on the other hand, is a mere statistical fact in the

Donor dimers andé®) defects which form in the proxim- gpsence of donor diffusion.
ity of two or more dopant atoms in silicon constitute an At such heavy impurity densities yet another deactivating
intrinsic limit on ng(ng), as native point defects of the crystal effect might come into play, which could possibly explain
are not involved in the deactivation process. They becomehe discrepancy of the estimated and measured active donor
therefore predominant in samples of high donor concentraconcentration. It remains to be examined to what extent the
tions, and form even at low temperatures500 K) and in  high impurity densities in silicon might raise the energy of
the absence of impurity diffusion. STEM and positron anni-extended electron wave functions as compared to localized
hilation spectroscopy measurements have shown the inactislectron orbitals. Theoretically, it is conceivable that the ex-
donors to be substitutional. This is perfectly in agreemenperimentally observed saturation of free carrier concentration
with what must be expected at deactivation upon dimers ang, aboveny=10°* cm3 is at least to some extent a manifes-
& defects. tation of a Mott transition.

Generally, the class of defects that do not involve vacan-
cies or interstitials exhibit positive formation energies, APPENDIX: STATISTICS OF THE DONOR DISTRIBUTION
though the latter depend to a large extent on the donor den- . . . .
sity itself. Therefore, only clusters with a large number of In order to determine the fraction of inactive donors due

donors at nearest or next nearest lattice sites, such as the r. ?e,f for][ndanon, It IS reqft_med tFO kno;/v th_e sta(tjlstlcal distri
D,Si;, are an exception to this rule and exhibit negative for- ution ot donor pair configurations at a given donor concen-

mation energies. However, the low energy cost of Si distoriration. If we assume the dopants to be randomly distributed

tions close to two or more donor atoms and the configura'—n the crystal, then the probability for a lattice siteccupied

tional as well as vibrational entropy they introduce enhanceg’y a donor atom to havat leastone neighboring donor atom

the formation of these defects at relatively low crystal tem—of order NN is
peratures. Ng

However, the experimentally measured saturation.ait Paok=1- (1 - _> , (A1)
ne=6x10?° cm™ in LT-MBE samples as well as the inac- Mo
tive Sb fraction of 30% in samples witmy=9.35 whereny andn, are the concentrations of donors and lattice
X 1072 cm™3 at T=300 K can only be explained in parts with sites, respectively. The term represents the coordination

245207-7



D. C. MUELLER AND W. FICHTNER PHYSICAL REVIEW B70, 245207(2004)

number for thekth neighbor in the silicon lattice, thus *
={4,12,12,6,12,24,}.. The sitei, however, only partici- Sa=x®-x>=1. (A4)
pates in an NK(or higher thark) donor pair configuration if k=1

there is no lattice site closer than Kiccupied by another The numbem,_s 4 of DsSi, and D,Si; clusters as a func-
dopant. The probability for all closer sites to be occupiedijon of donor concéntrationd is given by the binomial prob-

exclusively by host atoms is given by ability function
(1 nd)S(—l S) = 0’ ( )
=\1-— k-1 . . (A2 z
Pk no/ |Sca=i,z ifk>1 n, = (;)u — X)X (g = ng) (A5)

Therefore, the probability for a dopant atom to be part of an _
NNX donor pair(i.e., thefraction of donorsin such pair con- With a={3,4}. Even for very heavy doping ofng

figurationg is =10?* cm3 there are not more than;~10' cm™ D;Si,
clusters and even fewer ,Bi; clusters present. Hence we
= Nk _ Paok - Pok = x51— xX (A3)  can, to a good approximation, take these complexes to be
Ny ’ ' isolated from one another, and evaluate the fraction of donor

with y=1-ny/n,. Note that we have disregarded surface ef_atoms participating in such a configuration as follows:

fects in this reasoning. The, in the above definition are
hence the fractions of donors whasearest neighboring do- C ~ a-Ng _ (Zl) 1 —y)al. yametl A6
nor atomis of orderk, and obviously “ Ng “\a (=20 x - (A8)
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