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Surface segregation behavior of B, Ga, and Sb during Si MBE:
Calculations using a first-principles method
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The potential energies of B, Ga, and Sb dopant atoms in the three top layer&l@0) Siurfaces were
evaluated using density-functional calculations of the model clusters. The different behaviors of the dopants in
surface segregation during silicon molecular-beam epitaxy can be understood by considering the dopant-Si
bond energies as the driving force for segregation. The energy of the B-Si bond is greater than that of the Si-Si
bond, which precludes segregation, while the weaker Ga-Si and Sh-Si bonds favor it.
[S0163-182698)06031-1

I. INTRODUCTION factor that controls surface segregation. We also discuss the
Si lattice structures around the dopant atoms in the Si crystal.

Silicon molecular-beam epitax¢Si-MBE) has been de-
veloped to realize shallow and abrypi junctions and het-
erostructures. However, recent experiments have shown that
almost all dopant impuritiefAl,* Gal=2 and SB™), except We performed the calculations as follows. We first
B.° segregate to the surface during Si-MBE. This surfacéeeded to determine the adsorption site of each of the B, Ga,
segregation lowers the doping efficiency and smears the do@nd Sb atoms on the @00 surface. In the determination,
ing profile. we assumed the ideal (D0 (1Xx 1) surface as the surface

Surface segregation during Si-MBE growth is essentially®n Which a single dopant atom adsorbs, and we did not con-
a dynamic process in which a dopant atom jumps from sider the interaction between the adsorbed dopants, for ex-

subsurface to the surface. The behavior of the dopant can t"Ple, & dimer formation of the dopants on the surface. The
explained by the two-state modélbased on the lower po- four possible adsorption sites on 4210 surface are shown

tential energy(the lower Gibbs free enerypf the dopant in in Fig. (@). They are the bridge, hollow, antibridge, and

the surface state than in the subsurface state. The dopanf)g'mp sites. To determmg the most stable a(_jsorpt|on site, we
: : N : calculated the total energies of Si clusters with dopant atoms
jumping rate for surface segregation is determined by th

. . various heights from the surface. The structure of one of
potential barrier between the surface and subsurface states tf 9

- > SIAleS @l Si clusters used here,Bi, which corresponds to a
the dopant, and the driving force of surface segregation is thBridge site, is shown with a dopant atom in Figo)L The H

energy difference between the two states. The dopant ato@yo g are used to terminate the dangling bonds of the Si
in the surface state is adsorbed on the Si surface. In thg,ms at the boundaries of the clusters. The nearest Si-Si and
subsurface state, the dopant atom substitutes for a Si atom #}. pond lengths were fixed to be 2.35(&ken from the Si
the first surface Si layer; that is, the dopant atom is incorpogrysta) and 1.48 A(from SiH,), respectively. The size of the
rated into the first Si layer, and a Si atom is adsorbed on thg|ysters is large enough as a surface model to investigate the
surface instead. This model provides a qualitative explanaadsorption energies of a single dopant atom on ti208)
tion of surface segregation behavior for Sn on GéRsf. 7)
and Sb on SiRef. 4 in a wide temperature range without
any gquantitative information on the potential energy curve.
However, to understand the different segregation behaviors
of dopants, and to find a way to control surface segregation,
guantitative studies of the potential energy of dopants in
crystals are indispensable.

We have evaluated the potential energies of B, Ga, and Sh
atoms in S{100 surface layers using accurate density-
functional theory in the approximation of zero temperature.

Il. COMPUTATIONAL DETAILS

Accordingly, the obtained potential energy is not the Gibbs @ : Dopant
free energy, but the enthalpy, which is an important factor in Q : Si in the 1st layer . : Siin the 2nd layer
surface segregation in alloysWe considered that the en- @;sj in the 3rd layer O;Si in the 4th layer

thalpy as a function of the dopant’s location in the Si crystal
provides a sound basis for discussion of the behavior of the FIG. 1. (a) Possible adsorption sites on the1%i0) surface.(b)
dopants in surface segregation during Si-MBE as well. Base@luster model for the bridge site adsorptitthe dopant atom and
on the calculated results, we investigate which is the primargigH,,).
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TABLE |. Adsorption energies E,4 in eV) and equilibrium
heights from the surfacen(in A) of the B, Ga, and Sb atoms on the
Si(100 surface.

€= Adsorption site

1st layer

Adsorption site B Ga Sh
h Ead h Ead h Ead
~2nd layer Bridge 020 735 151 432 174 522
Hollow —-062 525 0.72 456 134 5128
Antibridge 0.58 5.07 165 319 174 3.90
3rd layer On-top 1.84 329 250 270 239 3.29

FIG. 2. Cluster mode(the dopant atom and SH;g) used to
calculate the total energies of the cluster for the adsorbed and irfirst and second largest adsorption energies for Ga and Sb are
corporated states of B, Ga, and Sb atoms on or in t208i  small, 0.24 eV for Ga and 0.06 eV for Sh. For simplicity, we
surface layers. The four locations where the dopant atom wapeglected these small differences and assumed that the
placed to calculate the adsorbed and incorporated states are i“‘Bridge site is the site that all the dopants in the adsorbed state
cated by the arrows. occupy. If we adopted different adsorption sites for different

dopants, we would have to use different Si clusters as models

surface as Tang and Freeman r_epoi‘f’emough a larger for the adsorbed and incorporated states of the dopants. This
cluster is required to study the dimer formation of the ad-yoyld cause a significant difference in the cluster-size effect
sorbed dopant atoms. _ on the potential-energy values for the different dopant atoms

In order to calculate the three incorporated states of thgng would make it difficult to straightforwardly compare
dopant into the first to third Si surface layers with the samepgse potential energies. Use of a unique adsorption site and
cluster model, we used a larger clusten8is. The struc- 5 ynjque Si cluster model for all the dopants enables us to
tures of the incorporated states were generated by the e%iiminate such a problem.
change of an adsorbed dopant atom and a Si atom in thé The calculated total energies of the clusters as functions
cluster. Figure 2 illustrates the cluster structure used hergy the |ocations of the dopant atoms—that is, the potential
Structural relaxation caused by the dopant incorporation Wagnergies for the dopant atoms—are shown in Fig. 3. The
taken into account by searching for the most stable positiong,cation of a dopant atom is denoted by the layer number of
of the nearest Si atoms around the incorporated dopant atofRe layer where the dopant atom is located. As can be seen,
using the analytical gradient methb’d. . the energies of the B-incorporated states where the B atom

We performed all the calculations in the present studysccupies one of the incorporation sites in the cluster, are
using the linear combination of Gaussian-type orbitals—ower than that of the B-adsorbed state where the B atom
model core potential—density-functional theoyCGTO-  qoccypies the adsorption site on the cluster surface. On the
MCP-DFT) program deMort*** We considered explicitly other hand, all of the energies of the incorporated states of
all electrons for the B, Ga, Sh, and"Hatoms and valence Ga and Sb are higher than those of the adsorbed states. The
electrons for the Si atortf. The core electrons of the Si atom incorporated-state energies for both Ga and Sb increase
were replaced by the model core potentfaThe exchange- monotonically as they go deeper from the adsorption site to
correlation functionals used were local ones developed byhe third Si layers. These calculated results offer a clear ex-
Vosko, Wilk, and Nusaif In our evaluation of the bond pianation for the experimental observations that B does not

energies of the B-Si, Ga-Si, Sb-Si, and Si-Si bonds, we alsgegregate to the Si surface during Si-MBE, but Ga and Sb
used a gradient-corrected exchange functional developed by,

Perdew and Warl§ and a correlation functional developed

by PerdeW® to obtain values more accurate than the local- 2 : :

density approximation and to confirm the validity of the or- ! ! é

der of the dopant-Si bond energies obtained from the local- 15[ ! | ! 1
density approximation. The respective electronic states of the < ! 4 !

- . . o 1F-—--- b———— = —— == ——
Si cluster with and without a dopant atom were a closed shell = SbA [ =
having all electrons paired and an open shell having only one So5f : [? ! .
unpaired electron. S | GaD ! :

K] OEJ [ ) 1
€ I I d)
Il. RESULTS AND DISCUSSION ~°g’-0.5 - Bc:> i , .
|
A. Energetics of the adsorbed and incorporated states Afr---- i—----Q----:— -----
| |
The obtained adsorption energies for B, Ga, and Sb on the .1_50 1' 2' :;

Si(100 surface are listed in Table I. The largest adsorption
energies are 7.35 eVthe bridge sitg for B, 4.56 eV (the
hollow sitg) for Ga, and 5.28 eVthe hollow site for Sb. The FIG. 3. Total energies of the Si cluster with dopant atoms of B,
second largest adsorption energies are 5.25th¥ hollow  Ga, and Sb in the three surface layers of th@®) surface. The
site), 4.32 eV(the bridge sitg and 5.22 eMthe bridge site  adsorbed state energy was taken as zero. The actual locations of the
for B, Ga, and Sb, respectively. The differences between thdopant atoms are shown by the arrows in Fig. 2.

location (layer number)
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TABLE II. Bond energiegin eV) of the B-Si, Ga-Si, Sb-Si, and
Si-Si single bonds and their bond lengtiis A) for the B, Ga, and
Sb atoms in the second and third layers.

Bond Bond energy Bond lengtR
Second layer Third layer
B-Si 4.32(3.79 2.01 2.08
Ga-Si 3.42(3.01 2.32 2.36 5
. nd layer
Sh-Si 3.11(2.53 2.56 2.51
Si-Si 3.73(3.30 2.36 2.36 247 A Srdlayer

4th layer

&Calculated for the bonds in 4B-SiH;, H,Ga-SiH;, H,Sb-SiH;,
and H;Si-SiH; using the local exchange-correlation potential de-
veloped by Vosko, Wilk, and Nusair. The values in the parentheses FIG. 4. Optimized structures around the dopant atonmg)ithe
were obtained from the gradient-corrected exchange-correlatiosecond layer, an¢b) the third layer of the $100) surface.
potentials developed by Perdew and Wang.

For B and Ga, the values are averages of the three bond lengtifscussion above, we would expect the potential energy of a
between the dopant and nearest-neighbor Si atoms. For Sb, th® atom to decrease as the B atom goes from the adsorption
values are averages of the four Sb-nearest-neighbor Si bongite down to the incorporation site in the second layer and the
lengths. potential energies of Ga and Sb to increase with their depth.
CAVerage of the four bond |engthS between the Si atom in the thlrd'rh|s expectation agrees well with the results in F|g 3. In
layer and the nearest-neighbor Si atoms in the optimized structurgarticular, the potential energies of the dopants in the first
of the Si,Hye cluster without a dopant atom. layer correspond well to the differences between the
dopant-Si and the Si-Si bond energies listed in Table II. We
Here, we discuss the origin of the difference in the totalcan conclude that the difference between the B-Si and Ga-Si
energies. When the dopant incorporation takes place, dissond energies is the primary cause of the completely differ-
ciation and formation of the dopant-Si and Si-Si bonds ocent behaviors of B and Ga in surface segregation.
cur. The energy balance due to the dissociation and forma- The incorporated state energy of B in the third layer is
tion of these bonds determines the stability of thehigher than in the first and second layers. This is because of
incorporated state. We can crudely account for the energy structural factor that destabilizes the dopant atom in the
balance by simply counting the number of bonds in the inthird or a deeper layer. The same factor also raises the po-
corporated and adsorbed states. A group-lll dopant atom, itential energies of Ga and Sb in the third and deeper layers.
spite of its valency, can make a fourth bond with a Si atom|n the next section, we give a detailed analysis of the struc-
but such a bond should be weaker than the other threires of the incorporated states to explain this destablization
dopant-Si bonds. The group-Ill element atom in the incorpomechanism.
rated state can only make less-than-optimum dopant-Si
bonds with the Si atoms in the Si crystal, compared with the
three optimum bonds that can be formed with Si atoms that
move freely. As a result, the group-Ill element atom in an We will analyze the structures of the incorporated states
incorporated state can be better stabilized by interaction witlef the dopants to see the cause of the stability difference
the fourth Si atom in the nearest neighbors. We assumed thhetween the incorporated states of each dopant atom in the
all the Si-Si bondgin the Si bulk and at the surfackave  different layers. For this purpose, we compare the structures
equal bond energies irrespective of the bonding types, suabf the incorporated states of the dopant atoms in the second
as in the Si bulk and as at the Si surface. As shown in Fig. 2and third layers. Though there are four dopant-Si bonds in
the incorporated dopant atoms in the first and second layetsoth the second and third layers, the potential energies of all
have three and four nearest-neighbor Si atoms, respectivelthe dopant atoms rise when moving from the second to the
As the dopant atom goes from the adsorption site to thehird layer. This energy rise must be caused by a difference
incorporation sites in the first and second layers, the numben the structures of the incorporated states. Figure 4 shows
of dopant-Si bonds increases by dffiem 2 to 3 in the first  the structures around the B, Ga, and Sb atoms in the incor-
layer and by twdfrom 2 to 4 in the second layer, while the porated states in the second and third surface layers. From
number of Si-Si bonds of the entire cluster decreases by ornféig. 4(a), it can be seen that three B-Si or Ga-Si bonds are
in the first layer and by two in the second layer. Therefore, iflocated almost on a plane that includes the three nearest-
the bond energy of the dopant-Si bond is larger than that ofieighbor Si atomstwo in the first layer and one in the third
the Si-Si bond, the incorporated states in the first and secorldyen. Consequently these three bonds among the four
layers should be more stable than in the adsorbed state. dopant-surrounding Si bonds are shorter than the remaining
In the second column of Table I, we summarized theone. The averages of the three shorter-bond lengths are 2.01
single-bond energies of the B-Si, Ga-Si, Sh-Si, and Si-SA and 2.32 A for B and Ga, respectivelgee Table . Thus
bonds. These were obtained from calculations feB+biH;,  the group-lll dopants in the second layer are almost planarly
H,Ga-SiH;, H,Sb-SiH;, and HSi-SiH;, respectively. The threefold coordinated.
bond energy of B-Si is larger than that of Si-Si, but those of The structures around the group-Ill dopant atoms in the
the Ga-Si and of Sb-Si bonds are smaller. Hence, from théird layer have a more tetrahedral nature, as shown in Fig.

B. Structures of the incorporated states
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4(b), and should have higher energies than in the seconde conclude that the driving force of surface segregation of
layer. The three shorter bonds between the group-lll dopar®, Ga, and Sb is primarily the dopant-Si bond energies, not
atom and three nearest-neighbor Si atoms are slightly longéheir atomic sizes.

than those in the second layer. As a result, the differences in We should note that the potential barrier between the sur-
the bond lengths of the four dopant-8iearest-neighbor face and subsurface states is important to understand the dy-
bonds are smaller compared with those for the dopant atonf¥amic behavior of the dopant, the dominant factor of the
in the second layer. The average of the three shortesurface segregation. However, in the present calculations the

dopant-Si bonds for each dopant in the third Si layer is |iste(parrier height has not yet been obtained, because its evalua-

in the fourth column of Table II. For B and Ga, the averaget'on would require a great deal of computer processing time.

is larger than that in the second layer, by 0.07 A for B andve obtained a higher potential energy of Sb than that of Ga,

0.04 A for Ga. These findings all imply that the structuresWhiCh means a larger driving force for the segregation of Sh

around the dopant atoms in the third layer are closer to thost(?a.n that Of.c.;a' This seems to contradict the larger Incorpo-
of the bulk Si crystal leltBloEn coeff;men%c;fﬁb thaanaclj obser\;]ed(;_rflfa prevpushSl—
o xperiment. This m ifference in
As for the Sb atom in the second layer, the structur expenme S may be due to the difference in the

%arrier heights for Sb and Ga.
around it is close to a tetrahedral coordination with four g

Sb-Si bonds of almost equal length. The average of those
bond lengths is 2.56 A. The average of the Sb-Si bond IV. SUMMARY

lengths for the Sb atom in the third layer is smaller by 0.05 A The driving force of surface segregation of B, Ga, and Sb

than tha_t in the sec_ond layer in contrast to the elongation Oéiopant atoms on a @00 surface was investigated with a
the B-Si and Ga-Si bonds that occurs when the B and Georetical approach using accurate density-functional
atoms go from the second layer to the third layer, as mengeory. The different behaviors of the dopants in surface seg-
tioned above. The averages of all the dopant-Si bond lengthggation can be understood by comparing the bond energies
in the second layer for B, Ga, and Sb are summarized in thgf the dopant-Si and Si-Si bonds. When a dopant atom goes
third column of Table II. These correspond well to the bondfrom an adsorption site on the Si surface to an incorporation
lengths obtained from sums of the atomic covalent radii ofsite in the surface Si layer, the number of dopant-Si bonds
dopant and Si atoms. The convalent radii are 0.81 A for Bincreases and the number of Si-Si bonds decreases. The in-
1.25 A for Ga, 1.41 A for Sb, and 1.17 A for Si. corporated state of the dopant atom is more stable than the

Considering these results, we conclude that the energgdsorbed state if the energy gain due to the increased number
rise for the incorporated state of a dopant atom as its deptbf dopant-Si bonds surpasses the energy loss caused by the
increases from the second to a deeper ldkéa. 3) is due to  decreased number of Si-Si bonds. Consequently, a dopant
the increased rigidity of the Si network around the dopan@tom that makes a bond with a Si atom that is stronger than
atom. Energetically most favorable structures, such as thodge Si-Si bond can make the incorporated state more stable
in the second layer shown in Fig(a}, cannot be realized in thar_l the adsorbe(_JI state and can preclude surface segregation.
a deeper layer. Only the strained structures described in Fid\ Similar conclusion has been reported for surfa;:e Segrega-
4(b) are allowed there. For the incorporated states of a dopton for alloys of the formA,B, _,C by Patricket al.” Based
ant atom in a much deepéourth or deeperlayer, we an-  ©n this consideration and the bond energies of B-Si, Ga-Si,
ticipate that the potential energy will change little from that@nd Sb-Si bonds, the differences in the calculated potential
in the third layer and that the structure around the dopan@n€rgies and.the experimental observations for B, Ga, and Sb
atom will also be similar to that in the third layer. can be explained. _ .

Note that the high level of stability of the incorporated The incorporated state of B is most stable in the second
state of B is not due to the smaller size of the B atom com/layer because of the energy balance between the stabilization
pared with a Si atom. An incorporated B atom distorts thedué to the bond formation between the B atom and the
surrounding Si lattice more than a Ga atom as shown in Figr'l_e_ar.est-nelghbc_)r Si atoms and the destabilization due to the
4 and Table II. For the incorporated state in the second layefigidity of the Si lattice around the B atom. .
the B-Si bond length of 2.01 A differs by as much as 0.34 A Although the incorporation of the B atom into the Si crys-
from the Si-Si bond length in the Si crystal, 2.36 A, calcu-tal causes a larger distortion of the surrounding Si lattice
lated for the Si atom in the third layer of the Si cluster with- than is caused by the incorporation of the Ga atom, which is
out any adsorbed dopant atom on the surface. On the oth@S0 & group-Iil element, the incorporated state of B is more
hand, the Ga-Si bond length, 2.36 A, is equal to the Si-Sptable than the adsorbed state, while the incorporated state of
bond length. The nearest-neighbor Si atoms around the @ iS less stable than the adsorbed state. This suggests that
atom are located far from their positions in the pure Si crysthe bond energy between the dopant and Si atoms is the
tal, and the Si atoms around the Ga atom remain almost &ominant factor in surface segregation and that the atomic
their original position. This greater distortion of the Si lattice Sizé of the dopant is less important in controlling the segre-
due to the B incorporation, compared to that of the Ga in-gation.
corporation, should destabilize the Si lattice more. However,
the B incorpora_tion actual_ly stabilize_:s the system by as mu_ch ACKNOWLEDGMENT
as 0.58 eV, while the Ga incorporation causes destabilization
of 0.18 eV (Fig. 3. This result implies that the atomic sizes  We thank Yoshiaki Takemura of CRL, Hitachi, Ltd. for
of the B and Ga dopants do not affect the stability of theirhis help in the optimization of the structure for the adsorbed
incorporated states, but the bond energies do. Consequenthtates of B.
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