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In this paper we discuss the structural modifications observed in a buried amorphauSipidyer
containing high oxygen concentration levelp to ~3 at. %) after being implanted at elevated
temperature with®0™ ions. For implants conducted at temperatures lower than 150 °Cy-tie

layer expands via layer by layer amorphization at the front and back amorphous—crystafine
interfaces. When performed at temperatures above 150 °C, the implants lead to the narrowing of the
burieda-Si layer through ion beam-induced epitaxial crystallization at both a—c interfaces. Cross
section transmission electron microscopy analysis of samples implanted at 400 °C revealed an array
of microtwins and a dislocation network band in the recrystallized material. In samples implanted
at 550°C, only a buried dislocation network band is observed.2004 American Institute of
Physics. [DOI: 10.1063/1.1636264

I. INTRODUCTION ing techniques, like rapid thermal annealif®TA), pulsed or
continuous laser irradiation and electron beam anne8ling.
The damage produced by ion implantation in crystallineAll these annealing methods use the heating of the material
silicon (c-Si) substrates is due to atom displacements in theo activate the SPEG process.
collision cascades. At temperatures abov&50 K, the re- A distinct annealing method is the ion beam irradiation
combination of vacancies and self-interstitials, created by thef the amorphous material. During ion beam irradiation of
collision events, is facilitated by the increasing of their mo-a-Si clusters embedded in a crystalline substrate at tempera-
bility. This in-situ process, called dynamic annealing, repairsturesT,>100 °C, two annealing processes contribute to the
part of the originally produced damage. Since the damageecrystallization of the clustersOne of them is the thermal
production and the dynamic annealing are competing prorecrystallization process of the isolated amorphous cluSters,
cesses, the final depth distribution of the damage stronglwhich can be excited either by an external heat source or by
depends on the implantation temperatufg) (* Other factors  the deposited beam power. The other annealing process is the
affecting the damage production are the ion mass, energy andn beam induced epitaxial crystallizatiofBIEC) produced
dose rate. For temperatures lower thaB00 °C, the damage by the elastic nuclear energy transferred to the atoms in the
accumulates preferentially around the maximum energyollision cascadeS.In the case of a continuous-Si layer
deposition region. Depending on the ion mass and implantetiradiated with ions at temperaturds<450 °C, the recrys-
dose, an amorphous silicom<Si) layer may develop over tallization process is activated exclusively by the deposited
there, either buried or extending up to the surface. At higheion energy, since the thermal SPEG rate of #h8i layer is
implantation temperaturesT(>200°C), the dynamic an- negligible in this temperature range. The IBIEC rate is influ-
nealing process becomes so effective that amorphization @nced by the presence of impurity atoms in 8a&i layer, in
the silicon substrate is blocked. a likewise manner to that of thermal SPEG® Hence, dop-
The a-Si layer produced by ion implantation can be re-ant atoms, like B, P and As, enhances the IBIEC 'rate
crystallized by solid phase epitaxial grotBPEQ during ~ Whereas O atoms reduces”#:*? For ion implantation at
furnace annealing at temperatures abové50°C? The temperature3;<200°C, the damage accumulation prevails
thermal SPEG process is characterized by a single activatiopver the IBIEC process, leading to the expansion of the ex-
energy of~2.7 eV3* Besides furnace annealing, SPEG hasisting a-Si region through layer by layer amorphization.
been observed using different modalities of transient anneal- The IBIEC phenomenon has been observed during ion
implantation performed at high dose rates, if the sample tem-
dpresent address: IBM Thomas J. Watson Research Center, P.O. Box Zlg?ratulrf IS a”OWPTd _to raise progresswely by the beam
10598, Yorktown Heights, New York. power.” At the beginning of the process, while the tempera-
DElectronic mail: carlos-cima@sct.rs.gov.br ture is below 200°C, a buried-Si layer may be formed.
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With further accumulation of the dose, the sample tempera- Depth (nm)
ture may surpass 200 °C. Then, the IBIEC of &&i layer 450 300 150 0
takes place, eventually leaving the material single crystalline. TS j " "
Ridgway et al1* demonstrated that the IBIEC phenomenon 3000 |&%%
can also occur during a low dose rate implant. The authors "
observed the recrystallization of an origiralSi layer in-
duced by O implantation carried out at temperatures of
200°C and 245°C.

In order to clearly observe the IBIEC phenomenon, most
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performed using an ion beam traversing a continuous or a'§

buried a-Si layer, at temperatures in the range 206°T § 1000 .
<400°C. The measured activation energies for the IBIEC £
process varies from 0.18 eV to 0.38 &{?1° @

In the present study we consider the case where three 5%
sequential O implants, realized at the same energy, were 100 150 ™ 250 o

accumulated in the samples. The first implant was performed

at an elevated temperature, to maintain the material single Channel Number

crystalline, with a dose sufficiently high to establish a peaks|g. 1. Random and aligned RBS spectra of oxygen implanted silicon
oxygen atom concentration of 3 at. % near the surface. sample (510" cm 2/600°C, followed by 4<10'° cm %RT) before
This was followed by a RT implantation aimed to create a(“Control sample”) and after an additional implantation to the dose of 5
buried a-Si layer. The third implant conducted on the X 10'® cm™2 at the temperatures of 300 °C, 400 °C, 500 °C and 550 °C.
samples employed different substrate temperatures to modify

the thickness of the origina-Si layer, either by ion beam

induced amorphization or ion beam induced recrystallizationclamps. A halogen lamp installed on the backside of the plate
The contribution of the thermal SPEG to the recrystallizationprovided a source of heat to maintain the temperature con-
process can be disregarded in these samples, since its ratestgnt while the sample was being irradiated. The temperature
negligible ina-Si layers containing high oxygen atom con- was monitored and controlled by a proportional-integral-
centrations, even for temperatures above 550°The derivative (PID) controller through a bonded thermocouple,
structure of the residual defects in the recrystallized materig@nsuring a maximum deviation af2 °C from the set-point.
and the IBIEC rate at different temperatures were investi- The samples were analyzed by Rutherford Backscatter-
gated. The results of the present study could be applied to tHeg SpectrometryRBS) employing a 900 keV He beam in
understanding of the defects formed by oxygen implantatiorihe random or aligned direction. Additionally, some selected
of silicon, when the sample temperature varies during th&amples were observed by cross section transmission elec-
implantation process. In particular, the defect structures ifiron microscopy(TEM) using a JEM 2010 microscope oper-
O" implanted silicon play a significant role in the synthesisating at 200 kV.

of silicon on insulator(SOIl) substrates prepared by the

method of separation by implanted ox MOX).
P yimp Yot IIl. RESULTS AND DISCUSSION

Il EXPERIMENTAL DETAIL Figur_e 1 presents the RBS spectra of samp_les subm_itted
to IBIEC induced by a high temperature oxygen implantation
Czochralski-grown(100) silicon wafers ofp-type con-  performed to a fixed dose of>610'® cm 2. The spectrum
ductivity, with resistivity of 8—12Q cm, were implanted corresponding to the original amorphous layer created by the
with 80" ions at a fixed energy of 185 keV. According to double implantation procedure described in the previous sec-
TRIM*® code simulation, the mean projected rangg)(and  tion is labeled as a “Control sample.” The thickness of the
standard deviationXR,;) of these implants are 375 nm and a-Si layer is approximately 300 nm. In accordance with pre-
84 nm, respectively. After cleaning, the wafers were im-vious studies®?°the near surface regiofuntil the depth of
planted at 600 °C to a dose 0#BL0*® cm™2. Subsequently, ~ 150 nm in the present casis apparently defect free after a
a nominal room temperatuf®T) implantation to the dose of high temperature implantation. In fact, this region accumu-
4x 10" cm™ 2 was performed with the purpose of creating alates a high density of vacancy clusters as a result of the ion
buried amorphous layer. A set of samples was then submitteichplantation conditions, leading to the appearance of a local-
to oxygen implantation in the temperature range ofized mechanical strain in the crystal lattice.
150-600°C, with doses varying from x210'® to 8 One can easily notice that, in the range from 300°C to
X 10 cm™2. All the implants were conducted limiting the 400 °C, the IBIEC progressed with the temperature. There is
beam current density to the range of 1z&8cm 2. In order  a small plateau in the spectrum corresponding to the 400°C
to minimize channeling effects, the sample normal was tiltedmplant, indicating the presence of a defect distribution in
by 7° in respect to the beam incidence direction and twistedhe recrystallized material. It starts at a depth~e220 nm
25° in respect to thé110 planar direction. During the im- and ends at-330 nm, followed by a-100 nm thicka- Si
plants, the samples were held on a graphite plate by metalliayer, marked by the random level of its backscattering yield.



J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 de Souza et al. 879

FIG. 2. Cross section TEM image of sample submitted to IBIEC at 400 °C
(corresponds to the spectrum labeled “400 °C” in Fig. 1 FIG. 3. Cross section TEM image of sample submitted to IBIEC at 550 °C
(corresponds to the spectrum labeled “550 °C” in Fig. 1

For implantation temperatures higher than 400 °C (500 °Gncrease of its backscattering yield towards the random level.
and 550°C), the IBIEC phenomenon is remarkably less eftmmediately below, there is a 70 nm amorphous ldgbow-
fective. ing random level backscattering countRising the third im-
Figure 2 shows the cross section TEM photomicrograpiplantation temperature to 550 °C, an abrupt interface devel-
of the sample after IBIEC at 400 °@orresponding to the ops at the depth of 250 nm, separating a defect free near
spectrum labeled “400°C” in Fig. 1 A defect structure surface layer and a highly defective ofi&0 nm thick. The
composed by four layerflabeled as |, II, lll and IV is  backscattering yield from the latter layer coincides with the
disclosed in this figure. Layer | is apparently defect free andandom level. Identical results were obtained in a sample
extends from the surface up to the depth of 220 nm. Layer limplanted at 600 °Gthe spectrum not shown
consists of an~100 nm thick single crystalline layer con- The cross section TEM micrograph from observations of
taining an array of microtwins, as evidenced by the correlaa sample corresponding to the spectrum labeled “550 °C” in
tion between the twin particles dark field images with spe-Fig. 1 is depicted in Fig. 3. In close agreement with the RBS
cific extra spots on the selected area diffraction patternslata, the implanted material presents a double layer struc-
along the(110 zone axis. These residual defects are responture. In the near surface layer, extending up to the depth of
sible for the small plateau in the corresponding aligned RBS-250 nm, no residual defects are observed in the TEM im-
spectrum in Fig. 1. Layer Ill is a 100 nm thicka-Si layer.  age. The next layer, comprising the depths from 250 to 450
Layer 1V is a~180 nm thickc-Si layer displaying a dense nm, consists of a highly damaged crystalline material and a
dislocation network and microtwins. The microtwins in lay- distribution of small SiQ precipitates. This buried defect
ers Il and IV results from the IBIEC ddi-Si material with a  band correlates with the backscattering yield at the random
high oxygen atom concentratignp to~7 at. %9. This com-  level (see the spectrum for a 550 °C implant in Fig. 1
plies with the observation, by Spineka al,'? of twinning in As was mentioned above, two different regimes of
ion beam recrystallize@-Si layers deposited on-Si sub-  IBIEC can be distinguished. At implantation temperatures of
strates, when the interface between these two materials 800 °C and 400 °C the recrystallized layer is single crystal
contaminated with oxygen atoms. silicon with a high concentration of extended defects. Con-
In a separate experiment, a silicon sample were submitinuing the IBIEC up to the dose of>810' cm 2 at tem-
ted to IBIEC at 400 °C in identical conditions of those of the perature of 400 °C we succeeded full recrystallization of the
sample analyzed in Fig. 2, except by the third oxygen doseamorphous layer. Hence, one can conclude that, for these
which was increased t0>810' cm™2. Despite the fact that temperatures, the IBIEC moving front preserves complete
the oxygen atom concentration reache8 at. % at its peak, lattice periodicity in the crystalline side of the interface,
the entirea-Si layer was recrystallized. The TEM image of without forming grain boundaries. The second range of tem-
this sample(not shown revealed a layered defect structure peratures (500°C-600°C) favors the nucleation of small
likewise the one shown in Fig. 2, however, with theSi  SiQ, precipitates in the amorphous layer, drastically increas-
layer (Layer Il in Fig. 2) replaced by a heavily damaged ing the concentration of extended defects during IBIELCa
c-Si one. level which correlates with random backscattering yield in
The aligned RBS spectrum of the sample implanted athe RBS spectruin Observing Fig. 1 for these temperatures,
500 °C(see Fig. 1differs significantly from those implanted it could be suggested that this layer is polycrystalline, but
at 300 or 400°C. A structure composed by three layers iFEM diffraction patterns show a highly defective single
observed. The first layer extends from the surface up to therystalline layer(see Fig. 3.
depth of 220 nm. Within the sensitivity of the RBS analysis,  The influence of O implant temperature on the IBIEC
no residual defects are noticed in this near surface layer. Therocess was also investigated using the dose of 2
second layer, extending from 220 to 420 nm, has preserved 10'® cm™2 for the third oxygen implantation. The tempera-
its crystalline nature, since the corresponding backscatteringire, in this case, varied from 100 to 400 °C. The implanta-
yield is below the random level. However, this layer containstion performed at 100 °C expanded theSi layer thickness
a residual defect distribution, as shown by the progressivas a consequence of a layer by layer amorphization process.
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T(°C) that for implantation temperatures lower than 150°C, the
400 300 200 . . L

100 —7—— T Y T a-Si layer expands via layer by layer amorphization of the
front and back a—c interfaces. At temperatures above 150 °C,
the implantation stimulates the epitaxial recrystallization of
the a-Si layer. The recrystallized material presents defect
structures differentiated according to the implantation tem-
perature. For implants carried out at 400°C, the IBIEC
leaves an array of microtwins, where the oxygen atom con-
, centration was in the range of 1-3 at. % and a dislocation
band for higher oxygen concentrations. At 550 °C, the re-
crystallized layer contains only a buried dislocation band and
small SiQ precipitates, distributed over the end of range of
the implanted atoms, where the oxygen atom concentration is
above 2 at. %. The rate of ion induced epitaxial growth was
measured in the temperature range of 180—400°C. A

11,4 * 1:6 1:8 2:0 2:2 straight linear relationship fitted all the data points in an
5 Arrhenius plot, from which an apparent activation energy of

1T (0" K) 0.14 eV 0.05 eV was obtained. This activation energy is

FIG. 4. Arthenius plot of the implantation induced epitaxial growth at the /OWer than the ones previously published for the IBIEC pro-
front amorphous—crystalline interface of a buried amorphous layer. The€ess. This lower value indicates lower temperature depen-
samples received the third implant with a fixed dose ®fI2'¢ cm™2, but at dence for the IBIEC process in the presence of a high oxygen

distinct temperatures. atom concentration.

Senhcheonbendn,

AXI®v(E) (10°%cm’*/eV)
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