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Segregation and trapping of Er during solid-phase crystallization of amorphous Si on crystalline Si
is studied in a concentration range of$05x 10?° Er/cn?. Amorphous surface layers are prepared

on Si100 by 250 keV Er ion implantation, recrystallized at 600 °C, and then analyzed using
high-resolution Rutherford backscattering spectrometry using 2 MeV ¢te100 keV H™. The
segregation coefficielt depends strongly on Er concentration. At Er interface areal densities below
6x10" Er/cn? nearly full segregation to the surface is observed, with0.01. At higher Er
densities, segregation and trapping in the crystal are observed, kwith20. The results are
consistent with a model in which it is assumed that defects imtBenear the interface act as traps

for the Er. © 1997 American Institute of Physids$0021-897807)04601-X]

I. INTRODUCTION cess proceeds has remained unclear. We have suggested a
model in which it is assumed that defects in the amorphous
Solid phase epitaxial crystallizatid®PB of amorphous  Si near the interface can act as traps for the Er and thereby
(a-Si) on a crystalline Sic-Si) substrate proceeds in a layer- affect the partitioning of Er at tha-Si/c-Si interface. To test
by-layer fashion, with bond rearrangements presumably takthis model, we present in this paper measurements of the Er
ing place at ledges at the growing crystal face, at a singlyoncentration dependence of segregation and trapping of Er
activated (2.68 eV} rate and a typical growth velocity at in Si, in a concentration range of more than 4 orders of
600 °C of 1 nm/s. In the presence of impurities, crystalliza- magnitude(10°-~5x10%° Er/cn?), including high resolution
tion often results in segregation, the redistribution of the im-measurements of the Er segregation profile arounchBé
purity at the moving phase boundary. In general, the segrez-Si interface. The segregation coefficient depends strongly
gation is characterized by a segregation coeffidiemtefined  on Er concentration. The results are consistent with the de-
as the ratio of the impurity concentrations on either side ofect trapping model.
the interface. Previous examples of impurity segregation in
Si during SPE can be split in two different caséb: impu-
rities with very low diffusivity (B, P, As, Sh, which show no
or only very small redistribution, resulting in complete trap- Erbium was implanted into single-crystal Czochralski-
ping in the growing crystal, often at concentrations wellgrown S{100 at 90 K. Fluences of 810" 3x10 and
above the equilibrium solubility? (2) fast diffusersCu, Ag, ~ 9x10** Er'/cn? were used, at an energy of 250 keV. These
Au), with very low solubility inc-Si, which can readily es- doses resulted in full amorphization of a surface layer of
cape from the growing crystal, wittnearly no trapping*®  ~140 nm thickness, with Er profiles confined in the amor-
All experiments on these two classes of impurities have beephous layer. A second set of 250 keV implants, at fluences of
described in terms of a kinetic segregation and trapping pro7x10'?, 7x10% and 710" Er/cn? was performed in
cess, determined by the bulk diffusivities of the impurities inCzochralski-grown $100) wafers which were preamor-
a-Si and a nonequilibrium segregation coefficient. phized by a 350 keV Siimplant at 90 K(amorphous layer
Recently, we have studied the segregation and trappinthickness 350 nin The Er-doped-Si layers were recrystal-
of erbium in Si, which show a behavior completely differentlized at 600 °C in a standard vacuum tube furnace at a base
than what has so far been observed for all other impufitles. pressure of 10° mbar. Some samples were recrystallized
Er-doped silicon is an interesting optoelectronic materialusing a rapid thermal annealifRTA) furnace at 600 °C in
due to optical transitions in the internaf 4hell of EF*8 N, at 1 bar.
and in order to fully exploit the possibilities of this material, Before and after annealing, samples were analyzed using
detailed knowledge of the incorporation behavior of Er in SiRutherford backscattering spectrometRBS) using 2 MeV
is required. The equilibrium solubility of Er is-Si is un- He" at a scattering angle of 100°, using a surface barrier
known, but by analogy to the transition mefalsis esti-  detector with an energy resolution of 14 keV. Some samples
mated to be 1¥-10' cm™3. We have previously shown that were analyzed with better depth resolution using 100 keV
during SPE, Er shows both segregation and trappiqgto  H™ RBS around a scattering angle of 105°. A toroidal elec-
concentrations of 210?° Er/cn?), an intermediate behavior trostatic analyzéf was used with an energy resolution
with respect to the two cases mentioned above. However, theE/E=9x10"*. All RBS energy spectra were converted to
detailed mechanism by which this unusual segregation pradepth scales using known stopping powers. The depth reso-
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FIG. 1. Erbium concentration depth profiles derived from 2 MeV HRBS 3X,101 250 kev Er/crﬁ,_anc_j annealed ina _RTA I fgr 40 S
data. Results are shown fox@ 0", 3x10% and 9<10* 250 keV Er/cri, This anneal causes epitaxial recrystallization of nearly the whole film, with

implanted in Si100); (a) as-implanted(b) after SPE at 600 °C for 15 min. a 14 nm th_ick amorphous layer remaining at the surface. The solid lines
serve to guide the eye.

lutions were 10 nm for the high energy RBS and ranging

from 0.2 to 2 nm(depending on the deptlior the low en-

ergy RBS measurements. Concentration scales were detdfapped Er concentration just below the surface Bf18'°
mined using known scattering cross section for Er. SecondEr/cnt. For the highest fluence, the trapping starts at a depth
ary ion mass spectrometBIMS) was performed on some of 100 nm, and the trapped Er concentration increases up to
samples to detect low levels of & 6 keV O} sputter beam 1X10°° Er/cn just below the surface. Note that for the two
was used in ultrahigh vacuum. Secondary ion intensitie§lighest fluence samples, as the interface moves towards the
were converted to atomic densities using known relative sersurface, the transition from no trapping to trappiimglicated

sitivity factors!! by arrows in Fig. {b)] is quite abrupt, and occurs at a depth
at which a significant part of the Er in the original amor-
Il RESULTS phous layefsee Fig. 1a), where corresponding arrows are

also showm has been rejected from the growing crystal.

Figure 1a) shows the as-implanted Er depth profiles af-  To study the segregation process and its concentration
ter 6x10'3, 3x10' and 9<10** Er/cn? implantation at 250 dependence in more detail, high resolution RBS measure-
keV. The implantation profiles are Gaussian in shape with anents were performed on partially recrystallized samples.
full width at half-maximum of 60 nm and a peak concentra-RTA anneals were performed at 600 °C for 40 s, a time
tion ranging from 1.x10% to 1.5x10%° Er/cn?. The depth  which was chosen such that only 14 nm of the original amor-
of the amorphous-crystal interfagdetermined from the Si  phous layer remained. This surface layer is so thin that the Er
part of channeling speciras indicated by the dashed line. segregation profile around the interface can be accurately
Erbium depth profiles after annealing for 15 min at 600 °Cmeasured using RBS with 100 keV"HErbium depth pro-
are shown in Fig. (b). Channeling daténot shown indicate  files were measured for two implantation fluencex:10"
that in all three cases the amorphous layer has fully recrygno trapping, see Fig. ()] and 3x10“ Er/cn? [trapping
tallized and perfect epitaxy is achieved. No difference wadsrom 80 nm depth to the surface, see Figb)] and are
observed between Er depth profiles taken in random or charshown in Fig. 2. The position of the amorphous-crystal in-
neling geometry, indicating the Er is not on substitutionalterface was determined from the edge in the Si part of chan-
nor on tetrahedral interstitial sites. neling spectra, and is indicated as a dashed line in Fig. 2. The

The data in Fig. 1 clearly show that after SPE, Er iswidth of this edge was also determined and corresponds to
segregated towards the surface, with some fraction of the Estandard deviations of=1.1 nm ando=1.9 nm for the
being trapped in the crystal. The trapping behavior dependsigh- and low-dose sample, respectively. These values,
strongly on Er concentration: for the lowest fluence no trap-which are due to straggle and interface roughness, determine
ping is observedas far as can be detected by RBS: detectiorthe depth resolution of the Er profiles around the interface in
limit =2x 10" Er/cn?) and all Er is segregated to the surface.Fig. 2. The fact that they are different must be due to a
For the intermediate fluence no trapping is observed in theifference in interface roughness, which is either intrinsic to
region between the origina-Si/c-Si interface and a depth the different Er concentrations or due to temperature inho-
of roughly 80 nm. A gradual increase in the Er concentratiormogeneities across the sample during annealing resulting in
is observed from 80 nm depth towards the surface, with @n inhomogeneoua-Si layer thickness after SPE.
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Both spectra show an Er segregation spike at the amor-
phous side of the interface. For the lowest fluence sample no
trapping is observed in the crystal, consistent with Fig).1
Only a tail is observed in the crystal near the interface. For
the higher fluence, significant trapping in the crystal is ob-
served, also consistent with Fig(bl. Correcting the profile
for the low-fluence sampléwith a width 0=2.1 nm) for the
depth resolution at that deptter=1.9 nm, we find a de-
convoluted spike width o-=0.9 nm, and a peak concentra-
tion of 3x107° cm™ 3.

The profile for the high-fluence sample shows much
more structure than that for the low-fluence sample=3
nm thick region of roughly constant Er concentration is ob-
served at the amorphous side of the interface. All segregated
Er is confined in this narrow region, with no long range i
diffusion towards the surface. The edge around a depth of 10 B S e—
nm has a width identical to the depth resolution=1.1 nm, Interfacial Er density (10" cm™2)
a!’]d I.S therefo.re Very sharp. T.hese .data indicate that Er II§IG. 3. Trapped Er concentration as a function of Er areal density at the
diffusing relatively fast in a thin region at the amorphous ,_sjc.s; interface, derived from the data in Fig. 1. Results are shown for
side of the interface where the Er concentration is high.  6x10'%, 3x10* and 9<10" 250 keV Er/cn implants. The line serves to

From the data in Fig. 1 it is possible to determine aguide the eye.
relation between the Er density in the segregation spike at a

certain depth and the Er concentration that is trapped at that . ) .
depth. To do this, the data for the three fluences in Fig. part from a fluence scaling factor. The profile for the high-

4 . .
were each analyzed in the following way. The as-implanteoesrt] quencfe(?lelh Erg/(c;mz) SEOWShaIIShaped'deﬂt'cﬁl to the
Er profile in Fig. Xa) was first integrated from the initial other two for depths-90 nm. For shallower depths however,

amorphous-crystal interface depti40 nm to a certain 2-3 tirr_1es more tr_apping is obser_ved than would be expected
depthd(<140 nnj. The same was done for the correspond-from simple _scallng of the prqflles for the I_ower fluence_z
ing Er profile after SPE in Fig. (b). The two integrated samples. Th's enhanced trapping agrees with the trapping
values were then subtracted to yield the Er areal density ii;ii[)\ﬁdErI/rc]:n:zr;eini?s ]igf?gra df<O£0?) r?:;nllar concentration
the segregation spike at the interface after regrowth to 9: '

depth d. This procedure was performed for all depths

d=20-150 nm. As the Er concentration trapped in the crys!V. DISCUSSION

tal is also known ford=20-150 nm[Fig. 1(b)], a data set The data in Figs. 1-4 clearly indicate that the segrega-
could then be derived for the trapped Er concentration as gon coefficient is very concentration dependent. For ex-
function of Er interfacial density. This procedure was fol- ample, the data for the low-fluence sample in Fig. 2 show a

lowed for the three fluences in Fig. 1 and the three data Se@econvoluteu Er peak concentration in the segregation
are shown in Fig. 3.

The data for the highest fluence implantgx104
Er/cn?, open circles in Fig. Bshow no trapping for low
interface concentration, but above a threshold~@x 10"
Er/cn? at the interface, the trapped Er concentration abruptly
increases. The increase is roughly linear with interface con-
centration. Data for the 810 sample are also overlaid
(crossesand show the same behavior, with the same thresh-
old at 6x10* Er/cn?. Finally, data for the lowest fluence
sample, & 10" Er/cn?, are also includedclosed circles
and all lie in the left-bottom corner of the figure. Indeed, this
implanted Er fluence is equal to the threshold fluence and no
trapping was observed.

To study the low-concentration behavior in more detail,
SIMS measurements were performed on amorphous surface
layers implanted with 102, 7x10" or 7x10, Er/cnf,
recrystallized at 600 °C. Er depth profiles after SPE are I ]
shown in Fig. 4. As SIMS is a much more concentration- 10160 TR A {lcf
sensitive technique than RBS, low concentrations of Er Depth (nm)
trapped in the crystal, which were not detected in Figs. 1 an IG. 4. Erbium concentration depth profiles derived from SIMS data. Re-
2 for the low-dose samples, are now observed. The depty;is are shown for %102 7x10, and 710 250 keV Erfcrd, im-
profiles for the two lowest fluence samples are identicalplanted in preamorphized @00, recrystallized at 600 °C for 15 min.
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spike of 3x10?° Er/cnt, and a concentration trapped in the we now attribute this breakdown to the fact that at such high

crystal of only 3<10' Er/cn? (see Fig. 4 hencek=0.01.  Er concentrations, well above the equilibrium solubility, it

However, data for the high-fluence sample in Fig. 2 indicatdbecomes energetically favorable to nucleate twins which can

k=0.20. The threshold behavior in Fig. 3 indicates that thisact as traps for the excess Er. It was found that the concen-

transition from low to highk takes place at a critical spike tration at which breakdown occurs decreases with tempera-

density of 6<10" Er/cn?. The analysis of Fig. 2 shows that ture (500 °C: 2x10?° cm 3, 600 °C: 1.2<10°° cm™3, 900 °C,

this density corresponds to a segregation spike peak concex10'® cm™3).%7 This may partly be explained by the fact

tration of roughly 310%° cnr’. that at high-temperature structural relaxation reduces the de-
The discontinuous incorporation behavior can be exfect density in thea-Si network structuré?~** This then

plained if the chemical potential of Er ia-Si is a discon- causes a reduction in the density of trap sites for Er, and

tinuous function of concentration. This could be understoodherefore breakdown at lower Er concentrations.

if defects intrinsic to thea-Si network structure act as traps

for the Er. Indeed, Cu and Pd diffusion studfeSin a-Si V. CONCLUSION

with different defect q§nsities havg shovy_n thgt these defects |, conclusion, we have studied the segregation and trap-

determine the solubility of these impurities &Si. Much  ping of Er during solid-phase crystallization of amorphous Si

work has been devoted to the study of defectai8i, anda  on “crystalline Si. The segregation coefficient depends

variety of different techniques has indicated tiipossibly  songly on the Er concentration at the interface. At Er inter-

vacancy-typg defects can exist in the covaleaSi random  ace areal densities below<@ 0 Er/cr? nearly full segre-

network to a concentration of typically 0.1-1.0 at168%In gation to the surface is observed, with:0.01. At higher Er

the context of this defect-trapping model, Er would then begensities, both segregation and trapping in the crystal are

easily soluble ima-Si for Er concentrations below the defect observed, withk=0.20. The results are consistent with a

density. That then implies that for low Er concentrations inyodel in which it is assumed that defects in th&i near the

the segregation spike, the Er would nearly completely segrépterface act as traps for the Er.

gate (low k), as is observed. When the Er density in the
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