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AFTER HEAT-PULSE ANNEALING 
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ABSTRACT 

The structure of oxygen-implanted silicon (dose -7.3x1o16cm-2) has 
been studied by transmission electron microscopy (TEM). The as-implanted 
material exhibited four structurally different layers: defect-free mono
crystalline silicon, amorphous silicon, monocrystalline silicon with a high 
defect density, and the perfect crystalline substrate. After heat-pulse 
annealing for 20s at 800°C, 900°C, or 1000°C, the amorphous layer recrys
tallized resulting in polycrystalline silicon rich in oxygen. The uniform 
insulator buried layer was not formed under these specific implantation and 

'annealing conditions. 

INTRODUCTION 

Decreasing the device geometries in very large-scale integration (VLSI) 
and ultralarge-scale integration (ULSI) devices presents many challenges 
for the silicon technologist. Semiconductor-on-insulator (SOl) structures 
offer a number of advantages over standard processing in bulk silicon, thus 
making them one of the best prospective candidates for VLSI and ULSI de
vices. SOl structures formed by high-energy implantation of large doses of 
oxygen have attracted attention recently [1-3]'. These structures consist 
of a nearly damage-free Si surface layer, which can be used as a substrate 
for epitaxial growth of Si on the top of a buried silicon oxide layer~ The 
possibility of designing structures with different properties by changing 
the implantation energy, direction, dose, and dose rate makes this tech
nique attractive. For this study we concentrated on the structure of oxy
gen-implanted silicon before and after annealing, and we compared these 
results with our recent data from nitrogen implantation performed with sim
ilar implantation conditions [4,5]. 

Experimental Conditions 

The oxygen implantation was done at 120 keV with a dose rate of 
0.6A/cm2 for a total dose of 7.3x1o16cm-2. The implantation direc
tion was 7° from the <111> wafer normal to minimize channeling. No target 
heating, other than incident-beam heating was. used in the experiment. We 
estimate that the target temperature was less than 300°C. This implanta
tion resulted in a calculated maximum oxygen concentration of 3.5x1o21cm-3 
at a depth of 290 nm, the projected range, according to LSS theory [6]. 

High-resolution electron microscopy (HREM) and microanalysis were per
formed using a JEOL 200CX and Philips 400 ST (FEG) electron microscope 
fitted with a field-emission gun and Gatan electron-energy-loss spectrom
eter, respectively. Cross-section specimens were prepared for electron 
microscopy with the beam direction along <110>, <100> and <112>. The 
structure of the interface was investigated by the lattice imaging of 
(111), (200), and (220) planes of 0.31 nm, 0.27 nm, and 0.2 nm spacing, re
spectively. 



Annealing treatment was carried out i n Ar ambient i n a Heat-pulse 
apparatus consisting of a water-cooled reflective chamber con ta ining upper 
and lower banks of tungsten halogen lamps. The stationary Si wafer, 
positioned equidistant between the lamp arr ays was heated rapidly at 
100°C/sec with up to 20kW of radiant energy trapped between the 

reflectors. The temperature was measured by a thermocouple attached to the 
Si wafer on which the samples were placed. 

Results 

1. Structure of as-implanted wafers 

The as-implanted material exhibited four structurally different layers 
(Fig. 1a). Going inward from the ion-incident surface, the first layer (I) 
was defect-free monocrystalline silicon 15 nm thick (Fig. 1b). The second 
layer (II) was amorphous silicon 190 nm thick. The third layer (III) was 
crystalline Si 100 nm thick, containing many lattice defects (Fig. 1c). 
The fourth layer (IV) was the perfect crystal substrate . 

The interface between the amorphous layer and the crystalline Si layer 
with defects was quite undulated with a wave amplitude - 5 nm. Microdif
fraction and microelectron-energy-loss spectroscopy ( 10 nm incident probe 
size) showed an oxygen gradient and a difference in short-range order 
across the amorphous layer (II), with the highest oxygen content near the 
interface with the silicon crystalline layer (III). 

An example of the crystalline-defect layer is shown in Fig . 1c. Two 
types of defects were observed: faulted loops with diameter 15-20 nm on 
{111} planes mainly 200-300 nm for the incident surface , and extended 
defects on {113} planes along <110> direction 300-350 nm from the incident 
surface. These last defects appear to be at most 1 nm t hick, and their 
density is very 1 ow compared with the same kind of defects observed in 
nitrogen-implanted samples (Fig. 2) . 

(a-XBB 8511- 9667 ; b- XBB 851 1- 9668; and , c-XBB 8511- 9669) 

Fig. 1. The structure of an as-implanted sample: 
a) cross-section sample ; four different layers are present , 
b) monocrystalline Si surface (I) , 
c) interface between the amorphous layer (II) and the crystal

line layer (III); loops on {111} planes are vis i ble in the 
defected layer (III). 
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2. Structure of heat-pulse 
annealed samples (Iooo'c for 20s) 

It can be easily observed 
from convergent beam electron 
diffraction (CBED) patterns that 
recrystallization started from 
both crystalline surfaces and 
followed the orientation of the 
bounding substrate, but the re
crystallization was not uni
form. Other grains with random 
orientations were observed. The 
sizes of these grains diminished 
toward the middle of the for
merly amorphous layer. The 
qua 1 i ty of regrowth can be ob
served easily from the sharpness 
of the first-order Laue zone 
(folz) on the CBED pattern. 
Such patterns, taken near the 
former interfaces of both the 
surface monocrystalline lay
er (I) and the crystalline de
fect layer (III), shOw a "folz" 
line blurred only slightly 
(Fig. 3b) compared to the "folz" 
line from a perfect substrate 
(IV). The "folz" 1 ine is com
pletely blurred when the CBED 
patterns were taken from the 
middle of the formerly amorphous 
layer (II) (Figs. 3c and 3d). 
This blurred "folz" line sug
gests the existence of randomly 
oriented small grains and pres
ence of high defect density. 
Indeed HREM images from dif-

Fig. 2. {113} defects in a nitrogen
implanted sample. XBB 8511-9666 

ferent areas of the re grown F. 3 1 g. . CBED pattern from the recrys
tallized amorphous layer (an
nealing for 20s at 1000°C): 
a) sharp "folz" line from the 

amorphous layer confirm this 
observation. The regrown Si 
with the substrate orientation 
is followed by the imbedded 
grains of random orientation. 

The size of these grains is 
1 arger near both crystalline in
terfaces Fig. 4 (a) and smaller 
in the middle of the formerly 
amorphous layer Fig. 4 (b). 
From the spacing characteristic 
for (111) Si, one can conclude 

perfect crystalline layer, 
b) slightly diffused "folz" 
1 i ne from the regrown area 
close to the interface with 
the crystalline layer, c) and 
d) middle of the formerly 
amorphous layer- "folz" line 
hardly visible. XBB 8511-9665 

that polycrystalline silicon is formed. In the middle of the amorphous 
layer (-120 nm from the incident surface), small silicon grains (2-5 nm 
diameter) are imbedded in the amorphous material. Energy-loss spectra 
taken from the different areas of the sample show the presence of oxygen in 
the former amorphous layer (II), with a slight shift of oxygen maximum 
concentration toward the middle of the layer. The silicon L-edge and the 
oxygen K-edge after standard-power low-background stripping are shown in 
Fig. Sa and 5b. In the crystalline defective 1 ayer, the number of faulted 
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(Top-XBB 850-9564A; Lower left-XBB 850-9563A; and, Lower right-XBB 850-9565A) 

Fig. 4. Structure of the regrown amorphous ·layer; marked areas mean: 
(a) close to the interface with the crystalline layer, . 
(b) in the middle of the formerly amorphous layer. Higher mag
nification of marked areas are shown, respectivelj. 

loops on the {lll} planes is slightly increased upon annealing, and the 
{113} defects were no longer observed. 

The sample structure after heat-pulse annealing for 20 sec at soo·c is 
similar to the structure described above. The recrystallized Si grains are 
slightly smaller on the both interfaces with crystalline Si. The middle 
part of formerly amorphous layer remains amorphous after annealing, at 
soo·c. 

Discussion 

Pulse annealing, commonly used to produce solid-phase regrowth of amor
phized layers in implanted Si, resulted in the present case in regrowth of 
polysilicon rich in oxygen. Figures 3 and 4 show, that, with the present 
implantation condition and annealing treatment, no continuous insulating 
Si02 film was formed, as required for SOI technology. However, the mono
crystalline Si surface layer allows the Si layer needed for the SOI process 
to regrow. A few {ll3} defects observed in the as-implanted sample were 
not found after the annealing due either to their disappearance or to their 
low density. 
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The disappearance of the 
{113} defects was . definitely 
observed in nitrogen-implanted 
samples after heat-pulse an
nealing. They were unstable· 
under annealing at 900"C or 
more. These defects have been 
studied intensely [7-10] and 
their interpretation vary 
widely. They have been at
tributed to transition metals, 
or to carbon, or oxygen dec
oration of {113} faults, and 
they have also been interp
reted as rod-shaped impurity 
precipitates. Their high den
sity after nitrogen implanta
tion makes it reasonable to 
suppose that they may contain 
nitrogen as well as silicon. 
The low density of {113} de
fects observed in this study 
and by others may suggest that 
some nitrogen impurities are 
often present either in an ion 
implantation beam or in the Si 
target. After high dose bom
bardment the met astable { 113} 
defects can be formed. Fur
ther study is necessary to 
understand the details of 
those defects as well to de
fine the proper implantation 
and annealing condition for 
SOl devices. 
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