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The surface segregation of phosphorus, antimony, and boron in Si molecular-beam epitaxy is investigated
experimentally at low temperatures. Rate and temperature dependent measurements are explained by a segre-
gation model, which connects surface segregation with surface diffusion. The model is found to explain
quantitatively many available data of segregation on different semiconductor surfaces, explicitly: Si, Ge, and
GaAs.@S0163-1829~96!00320-7#

I. INTRODUCTION

In the past two decades the molecular-beam epitaxy
~MBE! growth technique has developed rapidly. The possi-
bility to obtain arbitrarily chosen doping and heterostructure
layer profiles lead to the invention of different semiconduc-
tor devices. The improvement of vacuum technology
allows for the growth over a wide temperature range
~300–900 °C!. Precise and fast change of growth rates over
several orders of magnitude~down to 331024 nm/s! is pos-
sible by electron-beam evaporation sources. Therefore, the
growth conditions can be adapted easily to the requirements
of the special structures.

The desire for sharper profiles and highly strained meta-
stable layer sequences sets the track for lowering the growth
temperatures, especially on Si~001! surfaces. Forp-type dop-
ing, elemental boron evaporated from high temperature cells
has been commonly used within the past few years. This is
due to its good incorporation properties. Forn-type doping,
however, antimony is used despite its bad incorporation
properties. At growth temperatures, high enough to obtain
good crystal quality, strong segregation occurs. This is ex-
plained, up to now, by the so-called two-state model
~TSM!.1–4

The aim of this paper is to compare various systematic
experimental results of segregation in dependence of growth
rate and temperature and to obtain a quantitative description
by a simple model. The paper is organized as follows: First,
the experimental setup for sample preparation~Sec. II A! and
sample measurement~Sec. II B! is described. The models
used up to now are discussed as far as it is necessary to
compare them with experiments~Sec. III!. In Sec. IV, our
experimental results are presented and compared with the
predictions of the models and other results. After demon-
strating the invalidity of the TSM, a different model is de-
veloped in Sec. IV C, on the basis of the experimental re-
sults. The surface diffusion model is shown to explain
basically all experimental data on group IV surfaces~Sec.
IV D !. In Sec. IV E, the consequences of this model are dis-
cussed.

II. EXPERIMENTAL TECHNIQUES

A. Sample fabrication

The samples were grown in a commercially available
SiGe MBE~Riber SIVA 32!. Si and Ge are evaporated from

electron-beam sources. Flux control is obtained via electron
ionization energy spectroscopy, allowing for active control
of fluxes down to 331024 nm/s. Sb is supplied by a con-
ventional Knudsen effusion cell. Phosphorus is coevaporated
together with Si from a sublimation source described
elsewhere.5 The Si flux of the source is calibrated byin situ
reflection high energy electron diffraction~RHEED! mea-
surements. The P evaporation is calibrated by electrochemi-
cal capacitance-voltage~eCV! measurements and secondary
ion mass spectroscopy~SIMS! and is found to be very stable
and fully electrically active during the whole lifetime of the
sublimating Si:P arch, heated by electrical current. The base
pressure of the chamber is below the detection limit of
1310212 torr. The working pressure depends on the heating
power of the electron-beam source and is typically at about
10210 torr. Most samples were grown onn1 ~10 mV cm!
Si~001! substrates to provide a good back contact for eCV
measurements. For boron-doped samples, we usedp1 sub-
strates. Some samples, which were analyzed only by SIMS
measurements of the Sb concentrations were grown onn
~1500 V cm! substrates. The measured miscut of the sub-
strates is 0.26 0.05°. This is very typical for commercially
available substrates, intentionally used here. The samples
consist of several regions, each grown at constant rate and
temperature. We consider it as advantageous to supply the
segregating species not as ad-like layer during a growth
interruption. Instead, we supply it continuously during
growth maintaining the growth conditions of interest. This is
important to secure equilibrium of the surface structure. Oth-
erwise the precise measurement of the decay length might be
influenced by transient phenomena observed experimentally6

and expected theoretically.7

B. Sample measurement

The phosphorous doped samples were measured mainly
with eCV, using a conventional setup.8 SIMS reference mea-
surements were performed to verify that the electrical carrier
density is equal to the phosphorous atom concentrations.
This is described in more detail@full electrical activity, su-
periority to Sb, successful modeling over the full temperature
range ~300–900 °C!# elsewhere.9 The Sb incorporation is
measured by SIMS.

For most growth conditions, a second sample with a con-
centration differing by a factor of 3 was measured to find
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possible deviations from the simple first-order kinetic~higher
order kinetic, limited solubility!. However, neither noticeable
deviations could be found nor significant deviations of the
exponential decay. A typical result is shown in Fig. 1. Be-
ginning at the right side, we see first then1 substrate. The
leading edge shows a small depletion, which may be due to
some residual boron doping at the interface. The boxes indi-
cate the time of dopant supply and the supplied amount. It
can be seen that due to the segregation, the incorporated
dopant concentrations increases with time. The concentration
reaches the supplied concentration asymptotically. For the
first box, grown at 490 °C, the thickness of the layer was not
enough to reach this equilibrium. After closing the dopant
shutter, the concentration decreases simply exponentially.
The length required to reduce the concentration to 1/e is
called the decay or segregation length. Oxygen with an en-
ergy of 10 keV was used for the SIMS measurements as an
etching ion beam. This results in a measured upper limit for
profile broadening of 1.5 nm for the trailing edge. This is in
good quantitative agreement with detailed studies on SIMS
broadening.10

III. MODELS

We describe now the basic features of the most common
models for surface segregation. We show their failure to ex-
plain many experimental data, which justifies the need for a
new one.

A. Adsorption-incorporation-desorption model

This first model was introduced to explain transient ef-
fects and small incorporation/sticking coefficients of atoms
observed on Si at higher temperatures11 in a phenomenologi-
cal way. In a more general form, combining12,13

dNDS

dt
5FD2(

p
KDp~NDS!

p2(
q

KIq~NDS!
q. ~1!

NDS is the surface concentration,FD the incoming~dop-
ant! flux, and theK ’s are the coefficients of the desorption
(D) and incorporation (I ) processes with the ordersp and
q. For most experimental situations only the first-order co-
efficients (p,q51! were found to be important. Observations
of higher order processes for desorption were later decom-

posed again to simple first-order kinetic from Sb on Si and
Sb on Sb terminated Si surface with a desorption energy very
similar to pure Sb~Ref. 14!. The coefficientsKDp ,KIq were
determined experimentally. At higher temperatures most of
them were found to have an Arrhenius-like temperature
dependence.11

The incorporation probabilitypinc@5KI1 /Rate (ML/s)# is
determined by the decay length of the simple exponentially
decaying concentration in the layers grown without addi-
tional supply of the segregating species. As long as simple
first-order kinetics is relevant, which means that the surface
concentration is much less than 1 ML, and that desorption,
bulk diffusion, and other processes are negligible, the rela-
tion between incorporation probabilitypinc and the decay
lengthD is simply given by

pinc5
a0
4D

, ~2!

with the thickness of 1 ML5 a0/451.358 Å for Si~001!.
Observations of nonexponential decays13 at high cover-

ages of the second atom species were interpreted with the
introduction of second-order coefficients. To our knowledge,
growth rate dependencies were never taken into account in
modeling, although appropriate measurements have been
done @e.g., for Ge on Si~Ref. 13!#. In summary the
adsorption-incorporation-desorption~AID ! model sets up the
formal frame to describe the time evolution of the surface
concentration, resulting in the depth distribution of the seg-
regant. The AID needs, as a parametrization, the incorpora-
tion coefficients, derived from microscopic models.

B. Two-state model

The often observed reversal of segregation,2,3 to lower
segregation lengths at lower temperatures, made the so-
called two-state model popular. The two-state model is a
rather intuitive approach, which describes segregation as a
two particle exchange process between the surface layer and
the next layer beneath, which can happen at any surface po-
sition ~Fig. 2!. For the low temperatures relevant, we can
neglect desorption. This model evolves from considering
volume/surface segregation through bulk diffusion for metal
alloys,1 including self-limitation, several bulk layers. The

FIG. 1. Typical eCV profile together with the growth proccess
data.

FIG. 2. Two-state model~TSM!.
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test frequency was found to be in agreement with the expec-
tation from equipartition theorem~e.g., Ref. 15!:

n test5
kBT

h
, ~3!

with T the growth temperature. A second possibility to ob-
tain a rough estimate of the test frequency is derived from
the Debye temperature~e.g., Ref. 16!:

nD5
kBQD

h
, ~4!

which gives obviously very similar numbers (QD,Si 5 635
K!. The TSM was applied to Sn segregation on GaAs,2 how-
ever, with some limitations discussed in Sec. IV D. It was
then adopted to Sb on Si.3,4 Self-limitation effects in this
model were pointed out for Ge on Si in Ref. 17. Due to the
simplicity of the model four parameters are sufficient,
namely, two activation barrier energies and two test frequen-
cies for the exchanges up and downwards. It was never tried,
to our knowledge, to determine the frequencies~on Si!. So
both frequencies are repeatedly taken as the same and fixed
at an arbitrarily taken value in the 101221013 s21 range.

The rate equations are

dc1
dt

52c1~12c2!r 121c2~12c1!r 21, ~5!

dc2
dt

5c1~12c2!r 122c2~12c1!r 21, ~6!

r 125n1expS 2
E1

kBT
D , ~7!

r 215n2expS 2
E2

kBT
D , ~8!

with the concentrationsc1 ,c2 of the segregating species in
the layers 1 and 2 as specified in Fig. 2 normalized to the
sheet density of 1 ML~56.783 1014 cm22) andDE the
difference of the activation energiesE15Ebarr and
E25Ebarr1Esegr.

In Fig. 3, the behavior of the TSM and the aperiodic
model, described later, is illustrated for the parameters
Ebarr51.76 eV, nt52 3 1011, and DE 5 1.23 eV. The
model has two asymptotic regimes: thermal equilibrium at
high temperatures and the kinetic limit at low temperatures.
In the first case, so many exchanges take place during the
growth of one monolayer, that the concentrations are simply
given by

c1
12c1

5
c2

12c2

n2
n1
expS 2

DE

kBT
D . ~9!

For small concentrations (c1 ,c2!1), the derived segregation
lengthD reduces to the well-known equilibrium equation:

Dequil5
a0
4

n2
n1
expSEsegr

kBT
D , ~10!

with a0/4 the thickness of 1 ML. From data in this region,
one can determine the segregation energy independent from

the barrier energy and the absolute test frequencies. Neglect-
ing differences of the frequencies the segregation energy can
be determined, in principle, by only one experimental point.
The experimental values on Si~001! are for Sb:Esegr5 1.2
eV;18 and for Ge:Esegr5 0.28 eV.17

In the second kinetically limited case, the hopping rate
downward is negligible and the segregation length reduces
to3

DTSM5
a0
4

3expFna04R
expS 2Ebarr

kBT
D G , ~11!

with the decay lengthD, the growth rateR, temperatureT,
the barrier energyEbarr, andn the test frequency. Fixing the
frequency, which was done arbitrarily in different publica-
tions, allows the calculation of the barrier energy from the
measured decay length@Sb: 1.78 eV ~Ref. 4!, with
n5231012 s21 or 1.8 eV, withn5331013 s21;19 Ge: 1.63
eV ~Ref. 17!#.

Later published data by Jorkeet al.20 for Sb show signifi-
cant segregation at lower temperatures remarkably deviating
from the expected dependence in the low temperature region
(, 350 °C!. Nakagawa and co-workers21,22 found also
strong segregation for both Sb and Ga on Si~001!

FIG. 3. Principal dependence of segregation lengths for the two-
state model~5 periodic stepwise! and the aperiodic model vs
growth temperature.

FIG. 4. Segregation lengths of phosphorous vs growth tempera-
ture.
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and Si~111!, even down to room temperature. The described
model is up to now widely accepted23 and attracted more
attention compared to former models11,21,24 focusing on the
order of the incorporation kinetics.

C. Aperiodic Aziz model

The models of Aziz,25,26which describe the segregation at
solid/liquid interfaces during resolidification, were adopted
to MBE by Tsao.27 The continious growth model with peri-
odic step flow takes the same physcial mechanism into ac-
count, namely, an energy difference for the dopant for bulk
and surface states and a diffusion exchange beyond an en-
ergy barrier between the two states. The resulting depen-
dence reproduces, therefore, the Jorke curves with a slight
modification at the crossover between high temperature equi-
librium and the low temperature kinetic limit.

For the aperiodic model, Tsao wrote27

pinc5

expS 2Esegr

kBT
D1~nt!21expS 1Ebarr

kBT
D

11~nt!21expS 1Ebarr

kBT
D , ~12!

with DE the energy difference between surface and bulk
state for the dopant,n is the test frequency for the diffusion
from the subsurface into the surface atomic layer,t the time
to grow 1 ML, andEbarr the activation barrier energy for the
diffusion. This model reproduces again, at high temperature,
the well-known Arrhenius-type behavior. At lower tempera-
tures, shown in Fig. 3, the resulting decay length is
D5(nt)exp(2Ebarr/kBT).

IV. RESULTS AND DISCUSSION

A. Experimental results

The decay lengths of P on Si~001! were measured for
different growth temperatures and rates. The following re-
sults are derived from measurements like the one shown in
Fig. 1. The temperature dependence of the phosphorous seg-
regation is shown in Fig. 5 over the full temperature range,
although we want to focus only on the low temperature part.
The segregation behavior at higher temperature (. 600°C!

is well understood for both P~Ref. 9! and Sb, taking the
mechanisms’ equilibrium segregation, desorption, and bulk
diffusion at very high temperatures into account. These
mechanisms were already studied extensively for other dop-
ing species.11,28,29,24

In this paper, we focus on the behavior at low tempera-
tures, which are necessary to achieve high incorporation. To
shed more light on the segregation mechanism, we per-
formed also rate dependent measurements~Fig. 6!. As can be
seen from Fig. 6, the rate dependence of the segregation
length is rather weak and can be ascribed as a simple inverse
square root dependence. To exclude first, that this behavior
may be a speciality of P on Si~001!, and second, that sim-
plicity of the observed behavior is to be due to some luckily
chosen growth parameters, we performed additional mea-
surements with Sb on Si~001! using SIMS. The temperature
dependent and rate dependent results are shown in~Figs. 4
and 7!. The results reveal a very similar dependency, how-
ever with segregation lengths approximately by a factor of
five higher. The differences of the absolute values for Sb
decay lengths compared to results of other groups may be
due to uncertainties in temperature determination, while the

FIG. 5. Segregation length of phosphorus vs growth rate.

FIG. 6. Segregation lengths of antimony vs growth temperature.

FIG. 7. Segregation lengths of antimony vs growth rate.
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activation energies, derived from the slopes, of 0.5~Ref.
21!–0.75 eV~Ref. 13! are however very similar.

B. Comparison of models and experiments

In the kinetically limited regime at low temperatures, the
segregation lengths determined experimentally show a
smooth simple exponential behavior vs 1/T. This differs
strongly from the expectations of the two-state model. For
reasonable values ofn the temperature dependence should be
much steeper. If we nevertheless try to make a least-square
fit with the TSM, to determine first the barrier energy and
then the test frequency, we obtain the completely unrealistic
valuesEbarr 5 0.10 eV andn 5 255 s21. Furthermore, the
rate dependence of the decay length has to be

]~ lnDTSM!

]~ lnR!
52 lnS 4D

a0
D!21. ~13!

In contrast, the experimental results for P on Si~001! ~Fig.
6! give

]~ lnDexp!

]~ lnR!
520.5060.10. ~14!

This result cannot be fitted within the two-state model with
any set of parameters. From these observations, we conclude
the invalidity of the two-state model for this low temperature
segregation on silicon.

The aperiodic Aziz model is much nearer to the experi-
mentally observed behavior. Nevertheless, the argument of
very low parameters for the barrier energy~0.66 eV! and the
frequence ('63107 s21) remains valid. Additionally the
rate dependence of the aperiodic Aziz model is linear, in
contrast to the experimental square root behavior. From this
we conclude that the adaption of Aziz’s model for resolidi-
fication, made by Tsao, does not help to explain the obser-
vations.

C. Surface diffusion model

We want to demonstrate now, that the experimental re-
sults can be explained consistently, taking surface diffusion
and steps into account. In this model, segregation takes place
as step hopping. The segregant is incorporated only if it is
blocked at a step place by an additional atom~see Fig. 8!.
The step density is controlled by surface diffusion. To keep
the formulas as simple as possible, the model is developed
for a simple cubic lattice. For the diamond lattice, the pre-
factor turns out to be the same.

Limited surface diffusion plays an important role at low
growth temperatures used for high incorporation. For these

growth conditions, RHEED oscillations occur,30 indicating
that growth does not proceed via step flow to steps given by
the miscut.

We define an effective surface diffusion constant,

D*5D0expS 2E1

kBT
D . ~15!

During growth, an average equilibrium step density will de-
velop with an average step size of

LS5AD* ~T!t, ~16!

with t5a0/4R the time required to grow 1 ML.R is the
growth rate. The probability that a certain lattice point is a
step position becomes

pstep5
a0
LS
. ~17!

For growth conditions, for which at least a few surface dif-
fusion events happen for every atom, before it is incorpo-
rated, an equilibrium is achieved for the segregant to sit on a
step ~with concentration cstep) and plain surface sites
(cavg), resulting in

cstep5cavgexpS 2
DE

kBT
D . ~18!

DE is the energy difference in thermal equilibrium for the
segregant sitting on the different places. The segregating spe-
cies is only incorporated, if it is at a step site when another
atom is adjoining.

pinc5
cstep
cavg

pstep5
a0

LS~T,R!
expS 2

DE

kBT
D . ~19!

This can be transformed with Eqs.~2!, ~16! to

Dkin5Ana0
3

4R
expS 2Es

kBT
D . ~20!

We can rewrite Eq.~20! by normalizing the growth rate to a
suitable valueR0 ,

Dkin5D0AR0

R
expS 2Es

kBT
D , ~21!

with D0 and Es5E1/22DE taken here as experimentally
determined values. The remainingtwo parameters are deter-
mined by experiment@for P on Si~001!: D0 5 8 mm, with
R0 fixed at 1 Å/s corresponding ton51.631014 s21 and
Es5 0.66 eV#. Both values are well within the reasonable
range. For Sb we obtain nearly the same energy~0.69 eV!,
but decay lengths about five times higher~4 cm!.

D. Comparison with other material combinations

In this section, we want to apply the segregation model to
explain data of other material combinations. This is in order
to see limitations of the model. We demonstrate that this
behavior is not specific to the examples studied here, but
rather general. In Fig. 9 we compare our data for B doping in
Si with other published data.31 The segregation lengths were

FIG. 8. Surface diffusion model~SDM!.
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found to be much smaller compared to then-dopants Sb and
P. Very similar to P is the existence of a high temperature
equilibrium segregation regime with a segregation energy of
0.43 eV. A fit of the TSM results again in a very low energy
of about 0.3 eV and a frequency of about 3000/s. The rate
dependence reproduces nicely the square root prediction of
the surface diffusion model and is in strong conflict with the
TSM. The transition to the equilibrium segregation regime
happens approximately at the temperature of the crossover to
step flow growth expected from STM pictures. However, the
fitted frequency is rather high. This may be explained by
selective hopping of the boron for different step configura-
tions. A similar behavior is observed for the segregation of P
on silicon-germanium surfaces.32

The second test is the segregation of Sb on Ge~001!. The
obtained segregation lengths of Wilhelmet al.33 reproduce
also the simple exponential behavior predicted by the SDM.
The precise determination of the frequency is however diffi-
cult, due to the special growth/measurement sequence ap-
plied there. Nevertheless the ranging above 1010 s21 is very
reasonable. Also an energy of 0.3 eV, significantly lower
than the values on Si, is consistent. Again attempts to fit the
TSM dependencies results in extremely low energies and fre-
quencies and strong differences between the observed values
and the fitting curve. Sn on Ge~001! behaves very similar.34

The third test is the segregation of Ge on Si~001!. This
was first observed by Eberlet al.35 with AES. Recently, data
were obtained by Godbeyet al. with x-ray photoemission
spectroscopy~XPS! ~Ref. 36! over the full temperature
range. The data of XPS intensities, due to the residual Ge
concentration at the surface after overgrowth of 10 nm Si,
are converted to decay lengths. The conversion procedure is
very similar to calculations applied by the authors them-
selves earlier37 and includes self-limitation. If we make a fit
to the TSM, we get rather unrealistic values of 170 s21 for
frequency and 0.1 eV for the energy. Fitting the data with the
SDM ~below 350 °C!, we achieve reasonable values of 0.66
eV and 1.5 mm. The latter can be transformed to a frequency
of 5.631012 s21.

We are coming back to the paper of Harriset al.,2 who
studied Sn segregation on GaAs, where the TSM was
adopted first to semiconductors. They state clearly that the
frequency is about 5000 s21 and the barrier energy about 0.5

eV. Therefore, the argument that these values are very low
and completely different to theoretical expectations of Debye
frequency or equipartition theorem holds again. Addition-
ally, the observed rate dependence is much closer to the pre-
diction of the SDM. Similar arguments hold for a segrega-
tion study of InxGa12xAs/GaAs~Ref. 38! ~the only one, to
our knowledge, on III/V surfaces, which allows for quantita-
tive interpretation!, and for Sb and Ga segregation on
Si~111!.22

To summarize this section, we found good agreement
with the surface diffusion model for all material combina-
tions, for which reliable data are available, and strong con-
flicts with the two-state model. Especially all rate dependent
measurements, that we know about, support strongly the dif-
fusion model. From this we conclude that this type of segre-
gation is a general property of semiconductor surfaces.

After demonstrating the predictive power of the surface
diffusion model beyond the simple and accurate description
of temperature and rate dependence of P and Sb segregation,
we consider additional consequences of the model. If we
compare the low temperature energiesES , for P, Sb, and Ge
on Si~100! in Table I, we find very similar values for these
three segregants. This might raise the question of whether
the small differences are only due to experimental differ-
ences or due to dopant induced surface changes. We have
performed a direct comparison of P and Sb, supplying both
in the same MBE machine at the same time, and measured
the incorporation with SIMS~Fig. 10!. First we see clearly,
that the phosphorous has significant lower decay lengths.
Second, we can exclude, that the difference between P and
Sb are due to Sb induced surface changes, because these

TABLE I. Segregation energies and lengths~for R50.1 nm/s!
on Si~001!.

Segregant Eequil

~eV!
Es

~eV!
D
cm

P 0.64 0.66 0.8
Sb 0.69 4
B 0.43 1.55 960
Ge 0.24 0.66 0.15

FIG. 9. Segregation lengths of boron vs growth temperature and
rate. FIG. 10. Direct comparison of P and Sb segregation on Si~001!

for different growth temperatures.
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changes should influence the P segregation in the same way.
We conclude, that it is the step-climbing part in the segrega-
tion process, which is dependent on the specific element.

E. Influence of the miscut angle

The next difference is the influence of the miscut of the
substrates makes an important difference for the different
segregation models. For the TSM, we do not expect signifi-
cant difference, as long as the percentage of step sites is
small, which may have a different two particle exchange
dynamic. For the SDM however, we would expect differ-
ences if the length of the vicinal step becomes shorter than
the length evolving from the surface diffusion dynamic. The
experimentally observed crossover points for small concen-
trations from the low temperature surface diffusion limited
segregation described in this paper to the high temperature

equilibrium segregation@P on Si~001!, 0.1 nm/s, miscut
0.2 °: 580 °C Fig. 5; B on Si~001!, 0.1 nm/s, miscut un-
known, but assumed to be small: 650 °C Fig. 9# are in good
agreement with STM observations of this transition@Si on
Si~001! 0.0027 nm/s, miscut 0.3 °,,500 °C~Ref. 39!#. This
would allow us to interpret also the high temperature equi-
librium segregation to act via surface diffusion and not via a
two particle exchange. This results in a significant reduction
of segregation on substrates with higher miscut at higher
temperatures. This is indeed what we observe, as can be seen
in Fig. 11. In this figure, the phosphorous concentration is
shown for identical growth sequences on a wafer with a high
miscut angle of 5.6 °, in comparison with a substrate nomi-
nally without miscut. For the temperatures below 500 °C,
there is no difference between the segregation behavior. For
the highest temperature~555 °C!, however, we see a clearly
increased incorporation for the miscut substrate.

V. CONCLUSION

We have measured with SIMS and eCV the low tempera-
ture segregation lengths of both P and Sb on Si~001! in de-
pendency of both growth temperature and rate. A model is
developed, which accurately describes the observed depen-
dencies. The surface diffusion model links surface segrega-
tion strongly to surface diffusion. The model is able to de-
scribe many data on segregation on semiconductors in a
better way than previous models, especially concerning rate
dependencies.
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30J.F. Nützel, P. Brichzin, and G. Abstreiter, Appl. Surf. Sci.~to be

published!.
31H. Jorke and H. Kibbel, Appl. Phys. Lett.57, 1763~1990!.
32J.F. Nützel, M. Holzmann, P. Schittenhelm, and G. Abstreiter,

Appl. Surf. Sci.~to be published!.
33J. Wilhelm, W. Wegscheider, and G. Abstreiter, Surf. Sci.267, 90

~1992!.

34W. Dondl, G. Lütjering, W. Wegscheider, J. Wilhelm, and R.
Schorer, J. Cryst. Growth127, 440 ~1993!.
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