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Defects induced by P+-implanted in silicon 

YAN YONG,  LI QI, FENG D U A N  
Laboratory of Sofid State Microstructures and Department of Physics, Nanjing University, 
Nanjing, China 

W A N G  PEI DA 
Institute of Semiconductor, Academia Sinica, People's Republic of China 

SUN HUI L ING 
Center of Microelectronics, Academia Sinica, People's Republic of China 

Cross-section transmission electron microscopy (X-TEM) has been used to show the micro- 
structures and the defects in P+-implanted (1 00) silicon crystals. P+ implantation was done at 
room temperature with the energy of 150keV and the dose of 1 x 1015 cm -2. High resolution 
electron microscopy (HREM) image of (01 1) slice shows that there are an amorphous layer 
110 nm below the incident surface of specimen with thickness of about 100nm, and two 
imperfect layers located symmetrically on each side of the amorphous layer in which there are 
various kinds of defects. {1 1 1} stacking faults and stacking fault tetrahedra are found near the 
amorphous layer, and {31 1} defects are far away from the layer. The interfaces between the 
amorphous and the imperfect layers are rough, the substrate, however, remains perfect. 

1. In t roduct ion  
Recently, decreasing the device geometries in very 
large-scale integration and ultra large-scale integration 
devices presents many challenges for the silicon techno- 
logist, more and more interests has been shown in 
experimental [1, 2] and theoretical [3, 4] studies of 
structures of ion-implantation because of the number 
of advantages in this field. One aspect of these studies 
involves amorphization and defects induced by the 
implantation. If the electrical quality of the material is 
considered, then the spatial distribution, the density 
and the behaviour of the defects induced by ion- 
implantation are important issues [1-4]. However, the 
microstructure, especially the characterization of the 
defects, is still not clear. In this paper, the damage 
induced by P+ implantation in silicon is studied by 
HREM. The type, configuration and distribution of 
the defects at different depths, and the microstructures 
at the amorphous layer and on the interface between 
the amorphous layer and the crystalline zone are 
shown. 

2. Experimental  detai ls  
The P+ implantation was done at 150 keV with a dose 
of 1 x 10~5cm -2 at room temperature on a (100) 
silicon slice. HREM observations were performed 
with a JEM-4000EX electron microscope (400kV). 
X-TEM samples were made from strip ends corre- 
sponding approximately to the centre of 3 mm diameter 
wafer. For HREM analysis, X-TEM samples were pre- 
pared with a beam direction along (011) which is 
perpendicular to the surface of (1 0 0) silicon slice. The 
higher accelerating voltage of JEM-4000EX means 
that the HREM image can be observed in the thicker 
area of the sample, which is very helpful in the study 
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of the distribution of the different kinds of the defects 
at different depths in ion-implanted samples. 

3. Results  
Fig. 1 is a X-TEM micrograph of the implanted 
material and shows four layers with different struc- 
tures. From the ion-incident surface, the first layer (A) 
is monocrystalline silicon with thickness of about 
100 nm in which there is a large amount of different 
kinds of defects, the second (B) is the amorphous layer 
about 110 nm, the third (C) is also crystalline silicon, 
containing many defects like the layer (A) and the 
fourth (D) is the perfect crystal substrate. 

The interfaces between the amorphous and the 
imperfect crystalline layers (A-C) are extremely 
rough. High resolution X-TEM micrographs (Fig. 2) 
of the A-C interface show that the contrast observed 

Figure 1 A (0 1 i) X-TEM micrograph of as-implanted (100)  silicon 
sample at room temperature with 150keV P+ with dose of 
1 x 10XScm 2. 
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Figure 2 A cross-sectional HREM image of the interface between 
imperfect crystalline layer (C) and the amorphous layer (B). 

during axial illumination in conventional X-TEM 
truly results from the contrast differences between 
crystalline and amorphous material. It was found that 
the A-C interface was almost wave-like with an ampli- 
tude of about  10rim. The V-shaped open triangle 
consisting of (1 1 1) and (1 1 1) planes were often 
observed in the imperfect silicon layers near the A-C 
interfaces. The H R E M  image of the layer (B) shows 
that this layer is also amorphous material. Some crys- 
tallites are discernible (Fig. 3) when imaged at high 
resolution. They are randomly distributed in the layer 
and have the same crystallographic orientation as the 
silicon substrate. This shows that the amorphization 
induced by P+ ion implantation in (1 0 0) silicon slice 
is incomplete in our experiment. 

Fig. 4 is the H R E M  image of implanted silicon in 
the (0 1 1) direction, which corresponds to the different 
layers in Fig. 1. This shows that there are various 
kinds of defects in the imperfect layers (A and C), 
which are located approximately symmetrically on 
each side of the amorphous layer. According to the 
kinds of the defects, the imperfect layers, A and C, 
may be divided into two layers, { 1 1 1} stacking faults 
layer and {3 1 1} defects layer. Fig. 4a is the H R E M  
image of the first layer (A). Near the P+ incident 
surface, {3 1 1} defects can be seen, and near the A-C 

Figure 3 HREM image of the crystallites in the amorphous layer 
(~). 

interface, a lot of  { 1 1 1 } stacking faults and stacking 
fault tetrahedra are found. The distribution of the 
defects in the third layer (C) is similar to that of the 
first layer with inverted sequence of defects; the den- 
sities of { 1 1 1 } stacking faults and stacking fault tetra- 
hedra are high near the A-C interface, {3 1 1} defects 
can be found far away from the amorphous layer. 
Their densities decrease with the increase of the dis- 
tance from the A-C interface. The disordering of the 
lattice is often found in the imperfect layers. The 
crystalline substrate, however, remains perfect, as 
shown in Fig. 4b. 

A typical image of a stacking fault tetrahedron 
observed along 0 1 1 is shown in Fig. 5a. The defect is 
revealed as a V-shaped open triangle consisting of  
(1 1 1) and (T 11) planes. When looking at the micro- 
graph under grazing incidence in the (0 1 1) direction, 
that is, along the base of the open triangle, the rows of 
dots are seen to undergo a lateral shift away from the 
base of the triangle. The magnitude of the shift 
decreases with increasing distance from the base of the 
triangle and becomes zero near the top. The mismatch 
of lattice can be observed along the (1 1 1) direction. 
This image characteristic can be explained by assuming 
that the defect is a stacking fault tetrahedron consisting 

Figure 4 (a) HREM image of the layer (A), near the incident surface, {3 1 1} defects; near the A-C interface, {1 1 1} stacking faults and 
stacking fault tetrahedra. (b) HREM image of the perfect silicon substrate. 
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Figure 5 (a) A typical image of a stacking fault tetrahedron along {0 1 T}. It is revealed as a V-shaped open triangle. (b) The matrix of the 
stacking fault tetrahedron in the (0 1 1) foil. 

of  stacking faults on the four {1 1 l} planes, and with 
stair-rod dislocation having Burgers vector b = 
a/6{0 1 1), along the six (01  1) edges. Fig. 5b is the 
matrix of the stacking fault tetrahedron in the (0 1 1) 
foil. One edge is parallel to the direction of the incident 
electron beam. The two stacking fault planes on which 
the edge lies are also parallel to the incident beam. The 
V-shaped open triangles are formed by the two stacking 
fault planes. The observation and image simulation of  
the stacking fault tetrahedron in silicon had been 
given by Coene, Bender and Amelinckx [6]. The 
characteristics of our experimental image is similar to 
theirs. The nature of the defects, however, in Fig. 5a, 
either interstitial or vacancy, must be deduced by 
comparison with simulated images; this will be the 
subject of  a future study. 

The electron irradiation damage is quite large at 
400 kV [7], thus the observation of H R E M  image must 
be done as quickly as possible. Figs 6a and 6b are the 
lattice images of defects in the same area near the 
surface of the sample before and after electron beam 
irradiation, respectively. After 20rain, the {31 1} 
defects disappear and {1 1 1} stacking faults and the 
disordering are generated. It was found that the density 
o f  the defects increases with the time of irradiation. 

Other effects of electron beam irradiation is recrys- 
tallization of the amorphous layer (B). A reverse tran- 
sition from amorphous to crystalline was observed. 
Fig. 7 is an electron micrograph of the A-C interface 
after 40 min by electron beam radiation. It was noted 
that the width of the amorphous layer is only about 
45nm in the area irradiated. Solid-phase epitaxial 
regrowth of the amorphized layer can be observed by 
comparing with the area which had not been irradiated. 
The regrowth area is also imperfect and the new A-C 
interface is extremely irregular. 

4. Discussions 
The interpretation of ion-implantation experiments 
requires a knowledge not only of the incident ion 
locations within the target, but also of the partitioning 
of the incident energy into atomic (damage) processes 
and electronic (ionization) processes, as well as the 
distribution of this deposited energy within the target 
[3, 4]. The depth distribution of implantation ions is 
relatively symmetric. The energy-deposition distribu- 
tions, however, are not generally asymmetric. How- 
ever, they have an approximately symmetric distribu- 
tion near the peak of  damage [4] which is in qualitative 
agreement with our experimental results. In our 

Figure 6 (a) HREM image of the {311 } defects in imperfect crystalline layer (A) before electron beam irradiation. (b) After 20 rain, the [3 I 11 
defects disappear and the { 111 } stacking faults and the disordering are generated in the same area with Fig. 6a. 
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Figure 7 The micrograph of the A - C  interface after 40rain by 
electron beam irradiation. The width of  the amorphous  layer is 
reduced from 110 nm (A) to 45 nm (B) in the same area irradiated. 

experiment, the damage sequence is found to be {3 1 1} 
defects, { 1 1 1 } stacking faults and stacking fault tetra- 
hedra, the amorphous layer, {1 1 1} stacking faults 
and stacking fault tetrahedra, {3 1 1} defects and per- 
fect substrate. In accordance with the normalized 
damage energy distribution, it can be expected that the 
energy to produce { 1 1 1 } stacking faults and stacking 
fault tetrahedra will be higher than that producing 
{3 1 1} defects. From the positions and characteristics 
of the defects distribution at different depth, using the 
above-mentioned hypothesis, the damages induced by 
electron beam irradiation may be interpreted. The 
energy deposited in silicon is increased with increasing 
the irradiation time, thus the {3 1 1} defects near the 
incident surface induced by P+ implantation can be 
transformed to { 1 1 1 } stacking faults due to the elec- 

tron beam irradiation. At the same time, the densities 
of the {1 1 1} stacking faults and the stacking fault 
tetrahedra are also increased and further disordering 
of the lattice is produced in the area near the A-C 
interface. The electron beam irradiation also results in 
the rise of temperature of the specimen. This effect is 
similar to a thermal annealing for the amorphous 
layer (B) which results in the solid-phase epitaxial 
regrowth. 
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