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A study is presentedof the relation between microstructure and 1.54 ,um photoluminescence
(PL) in high-energy ion-implantated Er in Si as a function of implant dose, energy,
and temperature and subsequentanneal. Transmission electron microscopy (TEM) of material
implanted at 500 keV and > 100 “C and annealed at 900 “C to activate the Er PL
suggeststhe solubility of Er in Si to be z 1.3*0.4x 10” cm - 3 at 900 “C. Precipitates take
the form of platelets (probably ErSi,) z 100-300 A in diameter and z 10 A thick.
The 1.54 pm PL saturates at z-5 x 1017cm 3, before the apparent solubility limit. Layers in
which the Si is fully amorphized and subsequentlyregrown by solid phase epitaxy
during an anneal show increased Er incorporation in the crystalline Si but segregationat the
amorphous-crystalline interface. In buried amorphous layers regrown from top and
bottom, segregationleads to a line of high Er concentration near the center of the layer:
Regrowth from a single interface leads to a segregationpileup of Er at the interface until the
precipitation threshhold is reached.
The attainment of efficient light emission from Si for
fracting orientations. The strong strain contrast observed
optoelectronic integration is one of the holy grails of Si
within the loops implies that they are not dislocation loops
or regions of faulted or twinned Si. Tilting experiments
technology.’ Recently Er in Si has begun to attract considshow that these “loops” lie on [l 1l] planes. These defects
erable interest for its potential to give high-eflicfency sharp
luminescenceat 1.54 pm under optical pumping [e.g., see clearly differ from the usual ion-implantation damagein Si,
Refs. 2-71. We have now demonstrated that high-energy which can include dislocation loops, stacking fault loops,
and [3 1l] defects in high 0 concentrations. The absenceof
implantation of Er ions leads to efficient photoluminesa g-b = 0 criterion, the absorption contrast at weakly difcence (PL) and electroluminescence(EL) at low temperfracting orientations and the strong inside-outsidecontrast
atures,swith sharp PL even at room temperature.’In order
at ig are all consistent with these defects being Er-rich
to optimize the optoelectronic properties of this system it is
precipitates, the most likely phase from the Er-Si phase
essential to understand the behavior of the microstructure
diagram” being ErSi, (or ErS& _ x, sometimes designated
under various implant and annealing conditions. In this
letter we present the first data on the solubility, segregation Er3Si5).I1 These precipitates clearly adopt a platelet morphology on [l 1l] with lateral dimensions of z 100-300 A
and precipitation behavior of Er-implanted Si over most of
and a thickness normal to the plane below the ( ~30 A)
the range of interest.
resolution of weak-beamimages at large deviation paramImplants of Er + into Si( 100) wafers were carried out
eters (not shown). Figure 2 shows a high-resolution image
at temperatures ranging from room temperature to 300 “C
for ion energiesof 0.5-5.0 MeV. A variety of anneals~were along [l lo] in which one of these platelets can be seen
carried out, although for most of this study we have concentrated on the region near 900 “C which tends to maximize the PL.319Although the presenceof 0 in Czochralski
(CZ) Si has been reported to enhance the luminescence
response,7implants were carried out into both CZ and
float-zone (FZ) Si in order to establish whether 0 affects
the precipitation kinetics. The microstructure of both asimplanted and annealed material was studied using transmission electron microscopy (TEM) and Rutherford backscattering spectrometry and channeling (RBS) in order to
establish the “equilibrium” phase behavior and the role of
implantation damage.
Erbium incorporation in Si is limited by precipitation.
Figure 1 shows 1.2X 1014cm ~ ’ 500 keV Er in CZ Si( 100)
(implanted at 130 “C so that the implant dose lies below
the threshhold for amorphization) following a 900 “C anFIG. 1. Precipitation in Er-implanted Si. TEM image [(400) weak-beam
at small deviation] of cross section of sample implanted to a peak conneal. The features seen in this (400) weak-beam image
centration of 6.6X 10” cm - ’ and annealed at 900 “C for 30 min. The
near the end-of-rangeof the Er ions show contrast similar
small loop-like features lie around the peak in the Er concentration, are
to dislocation loops but are visible in all reflections, and
visible in all reflections, and show absorption contrast away from strong
appear dark in bright field images away from strongly difdiffracting conditions.
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FIG. 2. Precipitate seen edge-on: High-resolution image along (011)
showing the platelet morphology. The defect is > 400 8, in diameter and
has an apparent width of 3 Si [ll 1] planes (9.4 A). The structure within
this region differs from that outside for all defoci, and is always darker in
thick regions, The platelet appears to involve an inclusion of several
planes of a structure other than Si.

edge-on.As expected from diffraction contrast, the defect
has no well-defined fault vector in the Si matrix, and there
appear to be several planes which adopt a structure different from the Si matrix. Since the precipitates are only a
few atomic planes thick the precipitating phase is not
structurally well defined. We conclude that, at high concentrations, Er precipitates in the form of platelets a few
atoms thick which lie on the Si [l 1l] and probably resemble ErSi, in structure.
The solubility of Er in Si is clearly important in understanding the luminescence properties of this system.
Figure 3 shows the microstructure of Si implanted with
500 keV Erf to dosesof 1.7, 2.9, 5.8, 8.7, and 11.6 X 1013
- ’ at 130 “C and annealed to 900 “C for 30 min. RBS
zasurements of the range ( 1840A) and straggle (520 A)
of 500 keV Er at much higher doses show that these correspond to concentrations of 1.0, 1.65, 3.3, 4.9, and 6.6

FIG. 3. Precipitate density at different doses. 500 keV Er + implants to
concentrations (at the peak of the implanted distribution) of 1.0, 1.65,
3.3, 4.9, and 6.6x 10” cm.- 3, following a 30 min anneal at 900 “C. Planview TEM [weak-beam images in a (220) reflection]: The steep increase
in density above 1.0x lo’* cm. ’ implies that this is near the solubility
limit.
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FIG. 4. Precipitate density from Fig. 3 as a function of peak concentration: The solubility suggested by extrapolation is 1.3 *0.4x IO” cm- 3.

X 10” cm - 3 at the peak of the Er implant. These planview TEM images [ (220) weak-beam] clearly show a rapid
increasein the precipitate density beyond 1.0x lo** cm - ‘,
as is shown graphically in Fig. 4, where extrapolation assuming either a linear or quadratic concentration dependence gives an intercept of either 1.5X 10nsor 1.1X 1018
cm-‘. Annealing for longer times does not significantly
affect the microstructure observed in dark-field TEM (although the precipitates may increasein thickness). Equating this threshhold for precipitation with an equilibrium
bulk solubility limit is complicated, since the as-implanted
concentration distribution of Er is rather narrow, so that in
these plan-view images the apparent precipitate density is
an averagethrough a layer of varying Er concentration. In
addition, some redistribution of the Er profile may occur
during the 900 “C anneal. We do in fact observe a small
dependenceof the value of this threshhold on the implant
energy [implying that the onset of precipitation may depend on the width of the initial Er distribution). However,
for practical purposesthe threshhold for precipitation may
be a more useful number than the bulk equilibrium solubility. Similar experiments in FZ Si implanted at room
temperature show an onset of precipitation near the same
concentration and identical contrast at precipitates.
Comparison with PL measurements (reported in
greater detail elsewhere’) shows two very surprising features. First, the PL, after a linear increase at low concentrations, shows an initial saturation at concentrations
=5X 1017 cme3, well below the solubility limit. This
seemsto imply that higher concentrations lead to different
point defects which are less efficient in emission (possibly
as the Er concentration exceeds the oxygen). Second, at
the onset of precipitation we see an apparent further twofold increase in the PL between 2 and 4 X lOI8 cm - 3, followed by a decreaseto approximately the 5 x lOi cm - 3
level at 7 X IO” cm ‘. Either the precipitates are emitting
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FIG. 5. Er segregation in Si at a dose where the implant fully amorphized
the Si to the end of range. RBS spectrum as-implanted, and following SPE
at 900 ‘C showing Er segregation at the amorphous-crystalline interface
to form a line of high concentration. Beyond this line of high concentration, further SPE has led to highly defective Si with a xmin of >70%.
Comparison with TEM shows that SPE occurs with low defect levels up
to the threshhold for precipitation, and subsequent SPE is heavily
twinned.

light at 1.54 pm, or they alter the background defect population so as to enhancethe efficiency of dissolved Er. The
absenceof a strong PL signal from FZ Si containing precipitates (where Er in solution does not show PL) suggests
that the latter is the more plausible explanation.
While it should be noted that in many of the published
studies of Er-implanted Si amorphizing and nonamorphizing implant doses have not been clearly distinguished, the
implants used above to study the incorporation of Er are
all carried out at elevated temperature ( 130 “C), and lie
below the threshhold for amorphization at this temperature. However, we have also studied the incorporation of
Er under amorphizing (high dose) Er implants at room
temperature and MeV energies for two limiting cases.
When the dose is high enough to amorphize to the surface,
annealing leads to solid phase epitaxy (SPE) from the endof-range. RBS (Fig. 5) shows that the Er appears to segregate to form a peak. The tail in the spectra is an artifact
of the RBS technique and would correspond to an Er concentration of 3 x lo’* cm -s; this sets an upper limit on the
Er incorporation in the crystal. In TEM, we observe defect-free regions extending from the end of range (the asimplanted amorphous-crystal interface) to the approximate position of the Er peak seen in RBS; at this depth a
line of precipitates is observed, and all subsequentgrowth
is heavily defective, with stacking faults and twins extending to the surface. These results show a strong tendency of
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the Er to segregateduring SPE, in spite of the low diffusion
length we observefor Er diffusion even in amorphous Si at
these temperatures. Similar observations of Sb segregation
during SPE” have been linked to an “interfacial segregation” effect.13Segregationduring SPE would offer a simple
explanation of the migration of Er to the surface observed
in some previous studiesI (see also Ref. 6). At slightly
lower implant doses the Si is not fully amorphized to the
surface, and SPE during annealing takes place from both
top and bottom of the amorphous layer. In these samples
RBS shows a single sharp spike in the Er distribution,
while TEM shows a low density of “hairpin” dislocations
extending from top and bottom, to a single line of high Er
content (not in the form of the usual precipitates).
In conclusion, we have studied the incorporation of Er
into Si by ion implantation. The threshhold for precipitation is z 1.3j=O.4~ 10” cm - 3 at 900 “C in both CZ and
FZ Si, and precipitation takes the form of thin platelets
~300 A in diameter and z 10 A thick; these platelets are
probably similar to ErSi, in structure. In CZ Si the PL
saturates before the onset of precipitation, indicating a
change in character of the Er point defects with increasing
concentration. The onset of precipitation enhancesthe observed PL yield, but since precipitates in FZ Si do not
luminesce, this is probably linked to enhanced emission
from Er in solution. Amorphization during the implant
leads to Er segregation during SPE in the subsequentanneal: For high Er concentrations the segregating Er can
precipitate, leading to highly defective Si.
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