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n-type Si(100) films have been grown by molecular-beam epitaxy utilizing low-energy Sb ion-beam
doping. The kinetics of dopant incorporation were investigated as a function of acceleration poten-
tial ( V + =50—400 V), deposition temperature (T, =550—1050 C), and Si growth rate

(Rs;=0.05 —0.8 nms ). The Sb incorporation probability o. + using accelerated-ion doping was

up to 5 orders of magnitude higher than was obtainable with thermal Sb beams. In fact, cr + was
Sb

unity for V + ~ 300 V at T, ~ 850'C. At lower acceleration potentials, o. + was temperature and
Sb

deposition-rate dependent. However, even at V + =50 V and T, ~ 650 C, o. + was still more than
Sb S ' Sb

1 order of magnitude higher than for thermal doping. Moreover, surface-segregation-induced
profile broadening Asb, which for thermal-beam doping was ~ 80 nm per concentration decade for
T, ~ 650 C, was less than the depth resolution of the measurement, i.e., Asb ~ 12 nm per concentra-
tion decade. The experimental incorporation results, cr(V +, T„Rsi), were found to be well de-

Sb

scribed using a multisite model (including surface, bulk, and three intermediate sites) in which
dopant surface segregation, incorporation, and bulk dift'usion are accounted for by solving simul-

taneous transition-rate equations.

I. INTRODUCTION

Dopant incorporation behavior in single-layer as well
as modulation-doped films grown by Si molecular-beam
epitaxy (MBE) is of interest for both basic studies and de-
vice applications. ' The most commonly used doping
method during film growth by MBE is coevaporation
from effusion cells. However, doping by coevaporation,
while possessing the advantage of being technologically
simple, has several severe limitations. Most of the
dopants employed in Si technology, including P, As, Sb,
Al, Ga, and In, exhibit low and exponentially-
temperature-dependent incorporation probabilities o..
This not only limits maximum obtainable doping concen-
trations [C,„ for In in Si(100), for example, is
~5X10" cm 3 (Ref. 3)] but also requires extremely
good control of both the temporal and spatial dependence
of the substrate temperature during deposition. Further-
more, except at high growth temperatures, T„ for which
o. is low due to rapid dopant desorption, dopant surface
segregation during MBE growth results in steady-state
surface coverages e which can be substantial fractions of
a monolayer (ML). This, in turn, gives rise to
segregation-induced profile broadening 6 of up to several
hundred nm per concentration decade. In the case of Sb,
for examPle, Os&=1 ML and hsl, ~ 80 nm Per concentra-
tion decade have been reported. ' Such high dopant cov-
erages provide further restrictions on the maximum dop-
ing concentrations that can be obtained by coevaporation

during MBE without introducing high defect concentra-
tions which degrade electronic properties. For Sb, C „
is &10' cm

Doping techniques involving the use of accelerated
ions have been developed to provide better control over
dopant concentrations and depth distributions during Si
MBE growth. For example, it has been shown that the
incorporation probability of Sb, As, and In (Ref. 3) in Si
can be increased by recoil implantation of surface-
accumulated dopant species during growth. The ion
bombardment is provided by applying a negative poten-
tial to the substrates in order to accelerate the ionized
fraction of the electron-beam evaporated Si flux. Howev-
er, since this method relies on dopant surface accumula-
tion, significant profile broadening is still obtained unless
a "build-up —flash-off" technique is employed in order to
change the surface dopant coverage while interrupting
the growth. In addition, obtaining reasonable incor-
poration probabilities for Sb, as an example, requires Si
acceleration of —1000 V which has been shown to result
in residual lattice damage. '

A more direct approach to increase dopant incorpora-
tion probabilities is to ionize and accelerate the dopant
atoms themselves. Several groups have demonstrated or-
ders of magnitude increases in o with concomitant de-
creases in 6 for Sb,"' As, ' and In. ' However, it has
been shown that if the ion energy is too high, significant
residual lattice damage degrades the electrical quality of
as-deposited films. ' On the other hand, in a recent

10 449 1989 The American Physical Society



10 450 W.-X. NI et al. 40

study, temperature-dependent Hall and resistivity mea-
surements showed that 200 eV In+ ions are incorporated,
at concentrations up to and exceeding the equilibrium
solid-solubility limits, into substitutional lattice sites with
no evidence of residual lattice damage in MBE Si films
grown at 800'C. ' A unity incorporation probability o. +In
was obtained for In+ energies ~ 200 V and T, & 900 C.'

In this paper, we present the results of an investigation
of the incorporation of Sb ions as a function of ion ac-
celeration potential V +, film growth temperature T„
and film growth rate Rs;. The incorporation probability
of thermal Sb, o.sb, ranged from =0.4 at T, =575'C, to
10 at 700 C, to 10 at 800 C. However, increases in
o. + by up to 5 orders of magnitude were obtained using

accelerated-beam doping from an electron-impact single-
grid low-energy ion source. In fact, the incorporation
probability was unity with V + ~ 300 V and T, ~ 850'C,
and abrupt doping profiles were obtained over a wide
temperature range for V + ~200 V. At lower accel-
eration potentials, o. + was temperature dependent

for T, ~ 600 C. However, even at V + =50 V and

T, 650 C, the incorporation probability was more than
ten times higher than for thermal doping. The experi-
mental results are explained using a multisite kinetic
model (including surface, bulk, and three intermediate
sites) in which dopant surface segregation, incorporation,
and bulk difFusion are described in terms of trapping and
site exchange. Calculated incorporation probabilities and
segregation ratios were obtained by solving simultaneous
transition-rate equations.

II. EXPERIMENTAL PROCEDURE

A. Antimony ion source

The low-energy Sb ion source used in this study con-
sists of an e6'usion cell and a discharge chamber which
are similar in design to earlier ion-doping sources. ' '
The geometry of the orifice between the two chambers, as
well as the ion optics, have been modified to be suitable
for solid Sb (purity of 99.999%) in the form of crystal-
lites. Antimony ions are generated by electron-impact in
a discharge supported by Sb4 vapor, without a carrier
gas, and accelerated using a single multiaperture graphite
grid. The beam divergence angle was approximately 20 .
At source-to-substrate distances ~ 25 cm, the ion current
density was uniform to better than +15% over an area of
-5 cm . The Sb ionization e%ciency varied between 3%
and 35% depending on the discharge conditions. For
some experiments, an electrostatic mirror deflector was
installed above the source in order to obtain a beam free
of neutral Sb species.

The source was mounted in a standard 11.43-cm-diam
eA'usion-cell port in the MBE chamber. Ion current den-
sities j + measured by a translatable Faraday cup at the

sample position ranged from 10 to 10 Acm
these experiments. The ion current was controlled pri-
marily by the discharge current but was also influenced
by the eAusion-cell temperature and the acceleration po-
tential.

Since antimony evaporates primarily as Sb4 mole-
cules, ' which are partially dissociated in the ion source
discharge, the net Aux of Sb atoms incident at the sub-
strate surface cannot simply be deduced from the beam
current. In order to analyze the extracted ion-beam Aux,
charge-to-mass ratio measurements were carried out in a
separate vacuum chamber using the magnetic-field ion-
optics system shown schematically in Fig. 1. After the
antimony ions passed through a narrow slit (-0.8 mm)
above the ion gun, they were electrostatically retarded to
a kinetic energy of 12 eV and then deflected in a semicir-
cle by the magnetic field. Using a translatable ion probe,
it was found that the deflected beam was split into several
components at di6'erent distances from the slit, as shown
in Fig. 2. From the geometry of the mass-separation sys-
tem and assuming that the antimony species from the
source are singly ionized, ' the expected positions for
Sb

&
Sb'2 Sb3+ and Sb4+ ions were calculated and

found to agree well with measured peak positions. Using
the intensities under each peak, the weight factors are
0.43, 1.00 ~0.02, and 0.43 for Sb, +, Sbz+, Sb3+, and
Sb4+, respectively. These values are almost independent
of the discharge currents and extraction voltages used in
the present experiments. Hence, the ion-beam current
can be converted to an antimony dopant Aux by taking a
weighted average of 2.2 for the number of atoms per ion-
ized cluster.

B. Experimental details
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FIG. 1. Schematic drawing of the experimental arrangement
used to determine the charge-to-mass ratio of accelerated ions.

Vz is the retarding voltage.

All films studied were grown in a Vacuum Generators
V-80 Si MBE system which has been described in detail
previously. ' The system base pressure was better than
10 ' Torr after baking for 24 h at 150 C. During film
growth, the pressure in the main chamber rose to
—5X10 Torr. The Si growth rate Rs; provided by
a magnetically deflected electron-beam evaporator
was, unless otherwise noted, maintained at
-0.17 nms ' (8.5X10' cm s ') as monitored by
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profile width per decade change in dopant concentration)
is —12 nm per decade for layers grown at T, ~900 C.
The intrinsic profile broadening in ion-doped layers is ac-
tually ~ 12 nm per decade since the observed 6 values
were limited by SIMS measurements artifacts such as ion
mixing and surface roughening introduced by sputtering.
As a comparison, the measured profile broadening for
samples doped using a thermally evaporated Sb beam is
two to five times larger (b, 0=30—80 nm per decade) for
growth temperatures between 500'C and 675 'C.

The sharp profiles obtained for the ion-doped samples
indicate that the excessive dopant surface segregation and
accumulation which occurs during thermal doping is
significantly suppressed in the ion-beam doping process.
However, at higher growth temperatures, even the ion-
doped profiles begin to broaden due to bulk diffusion dur-
ing growth. For example, at T, =1050'C, the profiles be-
come very smeared out with 6sb) 180 nm. In addition to
the substrate temperature, the shape of the doping profile
also depends on the ion energy and film growth rate. For
the lowest ion acceleration potential investigated (50 V),
there is a slight increase in the profile broadening com-
pared to the 300 V data shown in Fig. 3. However, 6
is still much smaller than for thermal doping.

Complete antimony incorporation and very low dopant
surface segregation combined with an accurately con-
trolled ion-beam current provide the ability to obtain vir-
tually any desired doping profile shape. Figure 4 shows,
as an example, a modulation-doped profile with a saw-
tooth shape. This profile was achieved by decreasing
the current density of a V + =300 V beam from 6.0
X10 to 6.0X10 ' Acm (J + =4X10' —4X10

sb

cm s '). The ion current was, in this case, controlled
by regulating the discharge current. The arrow in Fig. 4
indicates the SIMS detection limit.

B. Incorporation probability of Sb ions

The incorporation probability of accelerated antimony
ions in Si(100) during MBE film growth is determined
from experimental parameters by

o- „+ CsbRs /J + ~

where the steady-state Sb doping concentration Csb is ob-
tained from SIMS data, Jsb+ is the ion-doping Aux, and

Rs; is the Si growth rate. For the growth conditions used
in these experiments, o. 0, the incorporation probability

of thermal antimony is much less than o +, as demon-

strated below. Thus, the Aux of thermal species can be
neglected.

Figure 5 shows o. „+ values, obtained from profiles

such as the one given in Fig. 3 versus film growth temper-
ature T, for ion acceleration potentials V + between 50
and 400 V. The dotted lines correspond to calculated
curves based upon the incorporation model presented in
Sec. IV. o. 0 values are also given in Fig. 5 and shown to
range from 1 to several orders of magnitude smaller than
0. +, even with the lowest acceleration potential,

V + =50 V, for T, ~650 C. Thus the neutral antimony

species emitted from the ion source have negligible effect
on measured ion incorporation probabilities in the
present experiments except at T, 575 C. o. + is essen-
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tially unity for V + ~ 300 V and growth temperatures up

to =850'C but decreases rapidly at higher temperature.
For film grown with Bsb+ + 200 V, o.

sb+ varies with T, at
all growth temperatures investigated and does not reach
unity even at T, =650 C;

The mechanism of accelerated-ion incorporation/p
during Si MBE was further probed by varying the
film growth rate R s; between 0.05 and 0.8
nm s ' [(0.25 —4) X 10' cm s '] at constant deposi-
tion temperature with V + =100—300 V. Results for

T, =900'C are summarized in Fig. 6. %'ith V + =100
V, o. „+ increased in a smooth continuous manner with

increasing Rs;. This is reminiscent of previous studies
carried out with thermal Sb in which o sb was found to be
proportional to Rs,:. However, the data in Fig. 6 show
quite di6'erent behavior with V + =200 and 300 V, for

which o iriitially increases rapidly with Rs; while a

higher growth rates the increase becomes much more
gradual. For Rs;&0. 15 nms ' (7.5X10' cm s '),
o.» was near unity with V =300 V.

The steady-state incorporated dopant concentration
Csb was also investigated as a function of the incident Sb
ion Aux, Jsb+. Typical results in which Csb varies linear-

ly with J e hown 'n Fig. 7 fo V =150 V and

T, =800'C. This implies, first of all, that the results
shown in Figs. 5 and 6 (i.e., o + versus T, and Rs;) are

independent of J + . Second, the linear relationship be-

tween Csb and J „+ indicates that the incorporation of Sb
ions during Si MBE growth follows first-order kinetics up
to at least C» =2 X 10' cm, the highest concentration
investigated.
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IV. DISCUSSIQN

A. Incorporation of Sb ions during Si MBE

Coevaporative doping using a thermal Sb dopant beam,
provided by a standard e6'usion ceH, during Si MBE re-
sults in low incorporation probabilities, cr 0, and

smeared doping profiles. The latter is caused by extensive
accumulation of Sb atoms on the Si surface at typical film
growth temperatures. This dopant accumulation layer
gives rise to continued Sb incorporation even after
shuttering ofF the dopant beam fiux during, for example, .

the growth of a subsequent buft'er layer. Moreover, loss
of dopant atoms by desorption from the surface accumu-
lation 1ayer leads to an exponential decrease in o. 0 with

increasing T, .
The present experimental results show that the use of

low-energy ion doping completely alters the kinetics of
dopant incorporation. For V + =50—400 V, the project-
ed range r of implanted Sb ions in Si and the relative
straggle hr lr are estimated from an extrapolation of
high-energy implantation data to be 0.1 —1.1 nm and
=0.3, respectively. Thus, for V + ~200 V, most of the
ions end up in bulklike lattice sites and become trapped
in the Si film unless the substrate temperature is
sufficiently high ( ~ 850'C) to allow significant diffusion
to the surface and subsequent desorption. The rate-
limiting kinetic barrier for Sb becomes the activation en-
ergy Fb for bulk di6'usion 3.65 eV, ' since the Sb desorp-
tion energy from Si(100) is only 2.40 eV. ' This interpre-
tation is supported by recent experiments on In ion-beam
adsorption-desorption rates, where temperature-
programmed desorption (TPD) spectra showed that
trapped 400 eV In ions desorbed with a higher activation
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energy than In atoms from surface adlayers. In the latter
case, a surface binding energy of 2.85 eV was found,
whereas in the former case an apparent activation energy
of 3.5 eV (-Eb) (Ref. 22) was obtained, assuming the
same frequency factor. A similar effect was also observed
for desorption of Sb atoms recoil implanted by 2-keV
Ar+ ion bombardment of Sb monolayers on Si(100).

In situ AES analyses were used in an attempt to esti-
mate steady-state Sb surface coverages 6sb during film

growth at 750'C with Vsb+
o 200 V, Jsb+ values chosen

to yield Csb ~ 10' cm, and an electrostatic mirror
deflector in front of the ion source to provide a dopant
beam free of neutral Sb species. The results showed that
Osb was smaller than the detection limit, i.e., &0.01 ML.
Hence, dopant surface accumulation was significantly
suppressed compared to esb values ( )0. 1 ML) observed
with thermal doping sources operated under conditions
yielding the same bulk Sb concentrations. As discussed
below, this can be understood based upon a model in
which the accelerated dopant species were trapped by
high-energy barriers within the lattice and retained long
enough to be embedded by subsequently deposited Si lay-
ers. The resulting decrease in Sb surface segregation
gives rise to a corresponding decrease in the dopant
desorption rate and thus an increase in the dopant incor-
poration probability. o.

sb is no longer a function of Osb
and dopant concentrations exceeding the equilibrium
solid-solubility limit, as has been observed for In+ ion
doping during Si MBE, ' are possible.

For ion acceleration potentials ~200 V, o. + is less

than unity at growth temperatures above 650'C and does
not vary with T, according to a simple exponential decay
corresponding to surface dt'. sorption as in the case of
thermal-beam doping. This suggests that at these very
low acceleration energies, dopant loss occurs by desorp-
tion from several different higher binding energies. The
Si(100)2X1 surface is relatively open and the upper bi-
layer is not atomically smooth during growth allowing
near-surface sites with different coordination to be ac-
cessed by low-energy ions. The distribution of trapping
sites is enlarged in the present experiments since the ion
beam is composed of different size Sb clusters
Sb + (x =1,2, 4) with energies per impinging atom of
(eV „~/x).

From the above discussion, the influence of Rs; on
o.sb+, especially apparent at either high T, or low Vsb+,
can be understood. For example, at high growth temper-
atures (e.g. , T, ~ 850 C for Rs; =0. 1 nm s '), the Sb bulk
diffusion rate is comparable to the Si growth rate, and
hence, for very shallow ion ranges, some dopant atoms
are able to diffuse back to the surface where they desorb
before being buried by subsequently deposited Si layers.
However, the percentage of Sb atoms returning to the
growth surface decreases as the film growth rate is in-
creased, resulting in higher o. + values. For given T,
and Rsl values' o sb+ also increases with increasing Vsb+'
since the fraction of trapped dopant atoms segregating
back to the growth surface decreases as the dopant atoms
penetrate deeper into the bulk.

Samples grown at T, =800 C with V + = 150 V were

examined by temperature-dependent Hall measurements
in conjunction with both cross-sectional and plan-view
transmission electron microscopy (XTEM and TEM). '

The samples exhibited 100% electrical activation over
the entire concentration range examined, 5 X 10' —2
X 10' cm, with carrier mobilities equal to bulk values.
XTEM and TEM examinations showed no precipitates or
other extended defects. Thus, based. upon both electrical
and TEM studies, there was no evidence of residual lat-
tice damage introduced by the antimony ion beam.

B. Kinetic model for incorporation of accelerated Sb ions

In this section, a kinetic model, based upon the results
discussed above, is proposed to quantitatively describe
accelerated low-energy ion incorporation during Si MBE
growth. The model is then used in the next section to de-
scribe the experimental data.

Following work on surface segregation and the in-
corporation of thermally evaporated Sn during GaAs
MBE growth, the present model is based on an ex-
change process for dopant atoms moving between poten-
tial wells corresponding to lattice sites in the near-surface
region. The dynamical situation involving simultaneous
Si growth and ion doping is taken into account.

As is known from observations of RHEED intensity
oscillations, Si MBE growth proceeds via quasi-two-
dimensional layer-by-layer deposition. The growth sur-
face for Si(100) forms a 90'-rotated two-domain 2X1
reconstruction which can be described using the buckled
dimer model. Figure 8(a) shows the 2X 1 reconstructed
Si(100) surface, viewed in the [011]direction with substi-
tutional Sb atoms randomly distributed in the near-
surface region. It should be noted that the actual situa-
tion is surely more complicated due to the existence of
steps, surface defects, etc. , which lead to additional sites.
However, as a first approximation, the model calculations
are based upon ideal Si(2X 1) surfaces with sites in near-
surface layers labeled as shown in Fig. 8(a). Layer 1 cor-
responds to threefold coordinated dimer atoms. Atoms
in layers 2 and 3, while exhibiting fourfold coordination,
are shifted significantly from bulk positions. Even layer
4 can, according to theoretical studies of the atomic
structure of the Si(100)2X1 reconstruction, be aff'ected

by surface strain. Starting from layer 5, the dopant
atoms are assumed to be positioned in completely bulk-
like sites.

Figure 8(b) shows a schematic potential-energy dia-
gram, used to describe the exchange processes discussed
below, in which each minimum corresponds to a succes-
sively deeper Si lattice site. The minima are separated by
a distance of approximately ao/4 along the [100] direc-
tion, where ao is the lattice constant of Si. We initially
attempted to model incorporation kinetics by assuming
that only two or three layers are different f'rom the bulk,
but found it necessary to use four layers in order to fit the
experimental data. The potential-energy barriers for pas-
sage between layers in the near-surface region are as-
sumed to be smaller than the bulk diffusion barrier. En-
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C)
C&

g = [011]
[011]

0 Sj
o Sb

2

3
4
5

dn; Idt=Jd;+J, ), —J, , )+J;+, ;

—J, +1+F;—1;—F;,;+1

dn Idt=Jd +J, —J

+F —Fm —1, m m, m+1

(2c)

(2d)

The indices i=1 2 ., . . . , m in Eqs. (2a) —(2d) indicate suc-
cessive layers from the surface and n; is the number of
dopant atoms per cm2 in atomic layer i. F h
calculations were truncated by setting J =Jng m +1,m m, m +1'
Jd„ is the dopant desorption Aux and J, is the dopant
exchange (lux (atoms cm s ') between site i and the ad-
jacent sites j=i+1. F, , +, in Eq. (2) is an additional tlux
accounting for Si growth, and Jd; in Eq. (2) is the in-
cident dopant Aux to state i.

For a first-order process, Jd„and J, can be written as

Jd„=Kd„n &

= n
&
v&exp( E& Ikz T—, ) (3a)

Depth

J =r n =n vexp.[—(F. +AH')Ik T ]
FIG. 8. (a) The reconstructed Si(100)2X 1 near-surface re-

gion, viewed in the [011]direction, with randomly distributed
Sb dopant atoms. (b) Schematic diagram representing energergy
levels of substitutional sites in the first six layers.
E (j=12.. . 6) are activation barriers while

H, (j=2, . . . , ~ ) are Gibbs enthalpies.

=n;v;exp( E, /k~ T,)—
(j=i+1, i ~1)

ergy differences between a bulk site and sites in these first
four layers are due to the enthalpy H' of dopant surface
segregation.

The model describes both thermally evaporated and
accelerated Sb doping in a coherent way. The major
difference between these techniques is the average
"penetration depth" of the dopant into the lattice. To
simplify the calculations, a one-dimensional model is used
in which near-surface exchange processes are only al-
lowed to occur between adjacent layers. From mass-
balance considerations in conjunction with the experi-
mental finding that Sb ion incorporation during Si MBE
growth is a first-order process, the transition rates of
dopant atoms in layers i are given by the following set of

rst-order time-dependent differential equations,

(j=i —1, i~2),

where K anand r, are the desorption and exchange
coefficients, respectively. E; is the energy barrier height
and v, is the vibration frequency of atoms in site i. AH
is the difFerence between enthalpies corresponding to
state i —1 and state i. Furthermore, F, ; +1 can be de-
scribed by a term corresponding to dopant atoms con-
tinuously jumping from site i to site i + 1 with a time con-
stant r(ao /4)R s;, i.e.,

F, ;+,=n; /r=4Rs;n;/ao . (4)

The sum over Jd, , the incident dopant Aux to state i, is

equal to the total measured incident dopant Aux,

dn ) /dt =Jd )
—Jd„—J) ~+J2 )

—Ft 21,2 (2a)

Jd, 2+J1,2 J2, 1 +J3 2 J2 3+F1 2 F2, 3)

(2b)
The de pth dependence of Jd; for an accelerated ion beam
can be approximated using a discrete Gaussian function,

exp[ —( [t —1 —[r /(ao/4)]] /[4r„/(ao/4)]) /2]

g exp[ —([i —1 [r l(a /4)]]/[« l(a l4—)])'I2]
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where r and Ar are the projected range and the strag-
gle, respectively.

Inserting Eqs. (3) and (4) into Eqs. (2a) and (2b) yields

dn, /dr =Jd, —(Kd„+r, 2+1!r)n, +r2, ni,
dn; /dt =Jd, +(r. . . + 1/r)n;

—(r. . .+r, , +,+1/r)n, +r, +, , n, +, ,

dn /dt =Jd +(r i +1/r)n
—(r, + 1/r)n

(7b)

(7c)

The time-dependent dopant concentration in atomic layer
I, can then be calculated by numerically integrating Eqs.
(7a) —(7c) using a four-order Runge-Kutta method ' with
the initial conditions n;(t=0)=0 for i=i, 2, . . . , m. In
computing steady-state profiles, the program stops when
the densities of dopant atoms in each of the deepest three
states are equal to within 10 ~ The steady-state incor-
poration probability can then be computed from the ex-
pression

o =n /(Jdr) . (8)

The segregation ratio r can also be straightforwardly
defined as

r =n&/n (9)

C. Comparison of model calculations
with experimental results

Model calculations were carried out for both thermal-
Sb and accelerated-Sb+ doping. Sb/Si(100) surface
desorption and bulk di8'usion activation energies were
taken from experimental results found in the literature.
Barnett et ah. have determined Ed„and v, to be 2.40
eV and 2X10' s ', respectively. For bulk diffusion, Eb
is 3.65 eV and the preexponential difFusivity factor Do
is 0.214 cm s ' (Ref. 20) for doping levels
Xsb ~ 10' cm . Do can be converted to the freque-
cy factor vb by division with (ao/4) giving
vb=1. 16X10' s . In order to reduce the number of
fitting parameters, the frequency factors for exchanges
between the sites closest to the surface (i or j=1,2, 3)
were chosen equal to v, while for exchanges involving
bulklike states (i,j ~4), the frequency factor was set
equal to vb. The projected range r and the straggle Ar
were extrapolated from high-energy implantation data.

The Sb ion beam used in these experiments is com-
posed of three primary ion species Sb„+ (x=1,2, 4),

which were accelerated to energies Esb =eV /x per
X

Sb atom. Thus, the incident ion profile cannot be de-
scribed by a single Gaussian distribution. Instead, the
weighted summation of all profiles Jd; „with energy cor-
responding to e V + /x is used, i.e.,

Jd, = g Jd;, xA,
x =1,2, 4 x =1,2, 4

xA, (10)

i =1,2, 3,4 .

Finally, the remaining four parameters, E; (i =2, 3,4)
and H', were used as fitting parameters.

The first 12 layers from the surface to the bulk were in-
cluded in the program to ensure that the calculations
converged to a steady-state condition. In order to deter-
mine the values of E, (i =2, 3, 4) and H'„, the model cal-
culations were initiated by fitting measured data for
o.sb~(Vsb~, T, ). The fitt. ing procedure was first carried
out for the thermal doping case in which the upper two
sites dominate and the others have only a small inhuence.
Since the surface desorption energy is known, only E2
and H' are needed in this case.

The energy barriers associated with the deeper sites
were determined by fitting data obtained using ions with
increasing acceleration energy. After fitting the highest-
energy data, the calculational procedure was reiterated
for a fine adjustment. The values of E, (i =2, 3, 4) and
H' obtained, together with the other parameters used
for the calculations of dopant incorporation probabilities
versus V + and T„are summarized in Table I. The
value of H' obtained agrees with that obtained by Bar-
nett and Greene in modeling Sb incorporation in
Si(111). The uncertainty in the reported parameters (E;
and H' ) is approximately +0. 1 eV. A primary source of
error is in the input parameters r and Ar .

The calculated values of o.
sb versus Vsb and T„ob-

tained by using the parameters given in Table I, are
shown as dotted curves in Fig. 5. The fitting procedure
was also carried out using fewer near-surface layers. Fig-
ure 9 shows experimental data for o. + versus 1/T, with

where A is the measured weighting factor for each con-
stituent in the Sb + beam.

The energy values E; and H for the intermediate
states (i =2, 3,4) are unknown. However, in the calcula-
tions described here, we have assumed that H decreases
exponentially towards the surface with a length scale 1.
corresponding to one atomic layer,

H,'=H' (1—exp I
—[(i —1)ao/4]/I-) ),

TABLE I. Energy and vibration frequency parameters for sites used in the model calculations.

E; (eV)"'

AH (eV)
v; (s ')

2.4

2.0X 10'

1.3
0.8
2.0X 10'

2.15
0.3
2.0X 10'

3.35
0.1

1.16x10"

3.65

1.16x 10'-'

'E2, E3, and E4 are obtained by fitting experimental data.
AH

'

values are calculated from Eq. (11),where II' = 1;2 eV is obtained by fitting experimental data.
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V + =100 V together with model calculations (best fits)
sb

based upon 1, 2, and 3 intermediate sites. As can be seen,
five sites with different energies are required to obtain a
good fit. For a lower number of sites, the calculated
curves always contain clear break points rather than a
gradual decrease in cr +( T, ).

In order to provide a further test of the model, the
same set of parameter values was also used to calculate
the rate-dependent incorporation probability for different
ion acceleration potentials at constant T, values. Excel-
lent agreement with experimental results was obtained as
shown in Fig. 6. The fact that the same parameter values
could be used to fit both o ( Vsb T, ) and o ( Vsb, R s; ) sup-
ports the validity of our model.

Finally, Fig. 10 shows calculated values of the segrega-
tion ratio r = n

&
/n versus T, and V +. For thermal Sb

doping ( V + =0) and growth temperatures above 500'C,
r first increases exponentially with T„reaches a max-
imum at T, =820 C, and then decreases exponentially at
higher temperatures. In the latter region, the dopant
diffusion rate is 1arger than the film growth rate and equi-
librium segregation is a reasonable approximation. This
implies that r decreases with a slope determined by H',
which is 1.2 eV in the present case. For T, near 820 C,

SUBSTRATE TEMPERATURE, Ts ('C)

1100 1000 900 800 700 600
I I I I I I

the diffusion rate is of the same order as the growth rate
and equilibrium segregation is no longer valid. In this
temperature range, the segregation rate begins to be ki-
netically limited. At growth temperatures less than
820 C, r increases with increasing T, even though the
adatom desorption rate is also increasing exponentially
with T, . This occurs because the segregation ratio in the
thermal-case does not depend on the desorption rate, but
it is determined by the growth rate and the exponentially
increasing segregation Aux of dopant atoms across the E2
potential barrier.

The transition temperature T* between the equilibri-
um and the kinetically limited regime is -820 C in the
present calculation, which is higher than the 720'C value
obtained previously by Barnett and Greene for
Sb/Si(111). Note that T* in both calculations is strongly
dependent on kinetic parameters such as the film growth
rate and the adatom mobility in the near-surface region.
The height of the E2 barrier, in particular, strongly
affects T'. For example, if E2 in the present case is re-
duced from 1.3 to 0.9 eV, T' decreases from 820'C to
750'C. The latter value is, however, not consistent with
our experimental incorporation data.

For accelerated-ion doping, the situation is quite
difFerent from that described above for thermal doping.
Figure 10 shows calculated r(T, ) results for Si(100) films
grown at Rs;=0. 17 nms ' and acceleration potentials
V + =25, 50, 100, 200, and 300 V. The segregation ratio

Sb+- Doped MBE Si(100)
+ 100 — Rs; = 0.17 nm s-1

Vsb+ —100 V

SUBSTRATE TEMPERATURE Ts ( C)

1100 1000 900 800 700 600
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I
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FICx. 9. Calculated Sb incorporation probabilities in Si(100)
films grown by MBE as a function of substrate temperature T,
for a growth rate As; =0.17 nms ' and a Sb ion acceleration
potential V + =100 V. The calculations were carried out in

Sb

the model discussed in Sec. IV with N=1, 2, or 3 intermediate
sites between surface and bulk sites. The solid squares are mea-
sured data.

10 2

0.7
I l

0.8 0.9 1.0

1000/Ts (K ')
1.2 1.3

FIG. 10. Calculated segregation ratio r, /r as a function of
growth temperature T, for different Sb ion acceleration poten-
tials V +.
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decreases with increasing V + as an increasing fraction
of the dopant fIux becomes trapped in sites with higher
activation energies. This would be expected, in general,
to result in higher-T* values. In fact, the calculations
show that equilibrium segregation is not achieved over
the temperature range shown in Fig. 10.

As T, is increased from the low-temperature side of the
graph in Fig. 10, r first reaches a local maximum for
accelerated-ion doping, E (x ~ 3) values are larger than
E&, and desorption is thus a more important term than
for the thermal doping case where E2 &Ei. This gives
rise to large effects at temperatures near 800'C as r de-
creases by several orders of magnitude. With further in-
creases in T, more dopant species in near-surface trap
sites move toward the surface, and r( T, ) increases again
toward thermal doping values. However, our results in-
dicate that equilibrium segregation behavior is not
achieved even at the highest growth temperatures used,
1200'C, although the V + =25 and 50 V curves do begin
to turn over at T, ~920 and 1150'C, respectively. For
V + =200 V, r is near unity over most of the growth
temperature ranges, but at higher acceleration potentials,
r « 1 at low temperatures.

From the above results, we conclude that the strong-Sb
surface-segregation effects observed during Si film growth
with thermal doping can be avoided for a wide range of
film growth temperatures through the use of an accelerat-
ed dopant beam with V + ~200 V. Preliminary calcula-
tions of dopant depth distributions using the present in-
corporation model show that abrupt dopant profiles can
be obtained with broadenings 6 + ~ 6 nm.

V. SUMMARY

Sb-doped Si films with doping concentrations between
5X10' and 2X10' cm were grown by molecular-

beam epitaxy utilizing a single-grid, low-energy Sb ion
source. A detailed study of accelerated antimony ion in-
corporation showed that the low-energy ion source is
capable of providing well-controlled doping profiles with
a high, nearly temperature-independent, incorporation
probability (a + =1) and very little dopant-segregation-

induced profile broading (b, sb
& 12 nm) over a wide range

of growth temperatures (T ~850'C, for V ~ )200 V).
An incorporation model including both kinetic and ther-
modynamic components has been proposed to explain the
results. From a comparison of experimental data and
model calculations, we conclude that the increase in o. +

is due to trapping of the implanted Sb ions in near-
surface sites resulting in strongly attenuated, kinetically
limited surface segregation during growth, lower dopant
surface accumulation, and hence less dopant loss
by desorption. To describe the temperature dependence
of incorporation for very shallow implantation
(V + (200 V), it is necessary to account for at least

three intermediate sites between the surface and bulk
sites. Activation energies associated with these inter-
mediate sites were obtained by fitting experimental incor-
poration data.
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