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Erbium surface segregation is observed during growth of Er-doped Si by molecular beam epitaxy on
Si(100) at 600 °C. Once a critical Er surface areal density 8f1D'* Er/cn? is reached, enhanced

Er trapping is observed, possibly due to the formation of silicide precipitates. Er segregation on
Si(100 is fully avoided when growth is performed in an oxygen background pressure of
10~1° mbar, due to the formation of Er-O complexes. No Er segregation is observedldr)Si
which is attributed to the formation of epitaxial Sis precipitates. ©1995 American Institute of
Physics.

A number of papers have been published lately on théhe Er-doping, oxygen was introduced in the MBE chamber
optical doping of silicon with erbium. The aim is to obtain through a needle valve. The Er concentration depth profiles,
light emitting devices using the luminescence of th&'Eon  layer thickness, and Si crystal quality were measured with
at 1.5um, a standard communication wavelength. In order toRutherford backscattering spectrometfiRBS)/channeling
obtain efficient devices Er concentrations of at leastusing 2 MeV He. A backscattering angle of 100° was used to
10'%cm® are needed As the use of near-equilibrium crystal give a depth resolution better than 10 nm.
growth methods limits the rare-earth incorporation to the  Figure 1 shows RBS channeling and random spectra
maximum solid solubility, nonequilibrium techniques havefor a sample grown with an Er flux of 3.1
been used, e.g., ion implantation either directly into crystal-x 10'° atoms/cré s. The channeling minimum yield in the
line Si2~" or during molecular beam epitaxiBE).8 Incor-  as-grown layer isym,in<3%, indicating good crystal qual-
poration of Er by ion implantation induces amorphization ofity. A clear surface peak is observed for the Er signal, which
the Si crystal. During solid phase epita¥$PB of the Er-  accounts for 78% of the total amount of deposited Er. These
doped amorphous Si, segregation and trapping takes placdata show that strong surface segregation takes place during
and up to 16° Er/cn? can be incorporated in the crystalline growth. The profile shows a monotonic increase of the Er
Si.>® MBE coevaporation of Si and Er offers the opportunity bulk concentration from the substrate interface towards the
to grow in a direct way thick Er-doped layers. There are asurface up to &4 10'® Er/cn?. The profiles for the chan-
few reports on Er doping by MBE; however the kinetics neling and random configurations overlap, indicating that Er
of incorporation and its limiting factors have not been stud-is not in Si lattice positions, nor in tetrahedral interstitial
ied in detail. In this letter, it will be shown that strong Er sites.

surface segregation occurs during MBE ofl80), which is To have a further insight in the kinetics of the segrega-
avoided when introducing an oxygen background pressurion process, Fig. @) shows the Er profiles from RBS for
during growth. No segregation is observed ofl8l). the 100 nm thick film from Fig. 1, and for a thinner film

Erbium-doped epitaxial Si layers were grown in a MBE
apparatus utilizing an electron beam evaporator for Si and a
Knudsen cell for coevaporation of Er. The Si flux was Energy (MeV)
1.5x 10 atoms/crd s in all cases. The Er flux was varied 1.0 1.2 1.4 1.6 1.8
in the 3—14<10'° atoms/cri s range by regulating the ' " ' L
Knudsen cell temperature between 1030 and 1100 °C. Float v "
zone S${100) or Si(111) crystals were used as substrates. The
native oxide on the Si surface was removed by briefly heat-
ing the sample to 1100 °C in ultrahigh vacuuybase pres-
sure 3x10 ' mbay. After this treatment the surface ex-
hibited a clear X1 [Si(100)]] or 7X7 [Si(111)] reflection
high-energy electron diffraction pattern. A 20 nm thick Si
buffer layer was first grown before opening the Er Knudsen
cell to ensure good initial epitaxy. Subsequently, codeposi- © | ____ -~/
tion of Er and Si was performed, resulting in=al00 nm 0 21'30 3<')0~ > 3é0 400 450
thick Er-doped film. Typical growth pressures during depo- Channel
sition were 6x10 ' mbar, and the substrate temperature

was kept at 600 °C. In order to study the role of oxygen inFIG. 1. RBS randontsolid ling) and channelingdashed lingspectra for an
Er-doped MBE film grown on $100) at 600 °C. Er and Si fluxes were

3.1x10% and 1.5<10 atoms/cr s, respectively. The Er signal is

dpresent address: Instituto de Optica, CSIC, Serrano 121, 28006 Madrignagnified by a factor of 25. The arrows indicate the surface channels for Si
Spain. and Er.
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scribed above fits these data with the same value dfor

o 3"1 " 10'10 Er/<|:m2s ' I I [drawn line in Fig. 2b)], until a sharp increase in the bulk

- 51 —model concentration takes place at a thickness of about 35 nm. At
e this point the Er concentration suddenly increases, from
s 4 ~2x10° to 1x10°%cm?. After this maximum the Er
5 ) concentration decreases again and finally an Er peak is ob-
5 F served at the surface. Good channeling is achieved for this
5 bacaeend film (xmin=3%), indicating that the Si crystal quality is still
< ¢ 1.7 x 10" Er/om?s good. A similar behavior has been observed for other Er
2 fluxes higher than ¥ 10'° atoms/cr s. A possible expla-
5 10f ®e, nation of this incorporation instability is that erbium silicide
?é’ o’ .. o ® precipitates are formed when the Er surface areal density
8 st R 0. o® reaches a critical value. A large fraction of the segregated Er
. . % oo . is then suddenly incorporated in the crystal, and therefore the
Ll — 00g000 o

o M . . | L amount of Er at the surface decreases. Subsequently, the seg-
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regation process continues, and the Er concentration at the
Grown thickness (nm)

surface increases again. This model implies that when
thicker films are grown, or higher Er fluxes are used, an
gl_G- 2. Br Concentf?‘tiorllz a?I a funCtig;félghiCtkneslSr%m (MBE f”;n; on oscillatory change in the growth mode will be observed, re-
i(100 at 600 °C. The Er flux was atoms/cm s (a), or 1. ; ; ; i ; ;
><(1011) lem? s (b). The data of the thin sample i) are offset v;rtically to sulting in a depth modulation .Of the precipitates de.nSIty' Flg-
facilitate comparison. In this figure the horizontal scale has been converteH® ab) shows that the maximum Er concentration which
to grown thickness of the Si film. Therefore, the Er surface peaks appear &an be incorporated by MBE without precipitation at 600 °C
different thickness. The full lines are the calculated profiles according to 45 2x 10'° Er/cn®. The corresponding areal densitfrom
kinetic two-dimensional growth and segregation model. Eq. (2)] is ~2X 10 Er/crm? (a coverage of about 3026
This is the threshold areal density above which the instability
(~55 nm grown under the same conditions. The profile oftakes place. Such a high surface Er coverage is not achieved
the thin film is identical to the thick one in the first 40 nm. As for the low Er flux, in which case the incorporation remains
the growth is stopped in an earlier stage the surface peak isable. The formation of silicide precipitates has been ob-
smaller. The Er profiles of Fig.(8) can be very well de- served earlier in Er-doped films grown by MBE® How-
scribed by a kinetic two-dimensional growth and surfaceever, our data indicate that these precipitation phenomena
segregation model. This model assumes that there is a smalliring MBE have a kinetic rather than a pure thermody-
incorporation probability(e) of Er for each monolayer of namic origin®*°
growing crystal, due to the low solubility of Er in Si. The Er It is interesting to note the analogy with Er incorporation
can escape from being incorporated in the crystal via ay ion implantation and SPE at 600 °C. During SPE segre-
“step-climbing process” at the surface during growth. As- gation of the Er is also observed, the incorporation also be-
suming no desorption takes place, the Er bulk concentratioBomes unstable, though for larger concentratiofis2
Ny, as a function of the distancefrom the Si substrate in- x10?° Er/cn?), and is accompanied by the formation of
terface is then given b¥? crystal twins In the MBE case the Er which is not incorpo-
Fq rated in the crystal segregates towards a free surface,
Ny(2) = V—(l—e‘Z’A), (1)  whereas in the case of SPE the excess Er is incorporated in
g the amorphous phase and distributed in& nm thick seg-
whereF is the dopant flux, andy is the growth rate. The regation spiké,thus allowing a higher segregated Er density
parameterA=h/a is the characteristic film thickness re- before precipitation takes place.
quired to reach steady-state doping, witthe step height. At Oxygen has a large influence on the Er segregation be-
each point during growth the surface areal density of segrenavior during MBE. Figure 3 shows the Er depth profile
gated Er,Ng, is then proportional to the concentration after MBE on Sf100 in an oxygen ambient of 4
trapped in the crystal % 10~1° mbar, and the profile after MBE without oxygen at
the same Si and Er rat¢&ig. 2(a)]. The area under both
curves is the same, and evaluates to a total areal density
1.0x 10 Er/cn?. The channeling minimum yield for the
The higher the surface step or the lower the incorporatiorilm grown in an oxygen background is as good as that ob-
probability, the higher will be the density of segregated Er. Intained for the films grown without oxygeiy in<3%). From
Fig. 2(a) the calculation performed with this model is over- the profile it can be seen that after a transienb0 nm),
laid for the two samples. The data are convoluted with aduring which the Er concentration gradually increases, a final
depth resolution of 8 nm. Good agreement with the experisteady-state concentration of X%0'° /cm® is reached.
mental data is obtained in both cases for an incorporation It has been shown that oxygen can play an important role
probability of a=1.5x10%. in the optical activation of Er in Si*"'413The important
Figure Zb) shows the Er profile for a sample grown with reduction in the segregation of Er induced by oxygen during
a higher Er flux, 1.X 10" atoms/crd s. The model de- MBE growth is an additional advantage of the codoping with

h
Ne(2)=Ni(2) —. @
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Er incorporation is very different during growth on
Energy (MeV) Si(111). Figure 4 shows the RBS spectra taken in channeling
1‘,75 1'?0 1‘?5 1’?0 and random conditions for a film grown on(8L1) under the
same conditions as the film on($00) in Fig. 1. The chan-
without oxygen neling minimum _yiel_d for t_he film in thg111] dir_ectior!
shows a good epitaxial qualitymi»<3%). From the figure it
is apparent that for §i11) without oxygen there is almost no
Er segregation. The Er yield in the channeling spectrum is
29% lower than in the random spectrum. This indicates that
this fraction of Er atoms is located in ordered positions rela-
tive to the[111] direction. We attribute this strong difference
in the Er doping mode on 8il11) to the formation of epitax-
ial silicide precipitates. It is known that E3i5(0001) can be
grown epitaxially on Sil11), with a lattice mismatch of only
1.22%?®
In conclusion, we have shown that strong Er segregation
FIG. 3. Er concentration depth profile of a MBEjiIm grown or{190) at takes place during Si MBE with Er coevaporation on
600 °C, at an oxygen background pressure &f149~° mbar. The Er flux . " .
was 3.X 10 /cn? s (full circles). The Er profile of the corresponding Si(100. Once. a Cr!tlcal Er _S”rfac?, areal density O.f 2
film grown without oxygen(background pressure6x 10~ mbap is X 10" Er/cn? is achieved, an instability in the segregation/
included for referencéopen circles The dashed line is a guide for the eye. incorporation process takes place. The segregation can be
completely suppressed by the presence of oxygen during
oxygen. The fact that the dopant profile is very sensitive tg€POSition, possibly due to the formation of Er-O complexes.
oxygen contamination may explain why Er segregation ha®ufing MBE on S{111) no Er segregation is observed,
not been reported previously. The increased Er incorporatioWhich is attributed to the growth of epitaxial erbium silicide
in the presence of oxygen may have two different origins Precipitates. _ _ _
First, it may be that O influences the growth for example by e gratefully acknowledge discussions with H. A. van
decreasing the adatom mobility, or changing the energy bader Vegt. This work is part of the research program of FOM
rier to climb stepd? Second, O may react with Er at the Si @d was made possible by financial support from NWO,
surface forming complexes which can be easily incorporated> I W. and IOP Electro-Optics. R. Serna acknowledges finan-
Extended x-ray absorption fine-structure measurements ha@@#@l support from CSIC, Spain.
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