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ABSTRACT
Ion implantation of P into (111) Si has been investigated by

cross-sectional transmission electron microscopy (XTEM) and secondary

jon mass spectrometry (SIMS). In the dose range 1x1015-2x1016 cm‘2 at

120 keV the formation and width of the amorphous (é) layers were

sensitively dependent on Wafer-temperéfure. The effect of dynamic
annealing on the crystalline (c) to amorphous transformation, and the
effect of amorphicity and roughness of the'a/c interface on the forma-
tion of microtwins have been studied. It has been observed that the P
atoms in the amorphous (a) region do not rediétribute on subsequent
annealing while the P atoms below the a/crystalline (c) interface
diffuse rapidly into the Si substrate. The carrier concentration
profiles from the annealed samples were found to follow the atomic

profiles almost exactly over the depth range extending from the



surface to where the original a/c interfaee existed. However, in the
- deeper regions, the electrical activity was found to.be dependent on
the annealing temperature used. The different behavior of atomic and
‘carrier concent}ation redistributions in the ahorphous and crystalline
regions has been explained by a model that assumes incorporation of
impurity atoms on substitutional sites by the moving a/c interface on
recrystallization. The P atoms in the deeper regions ere believed to
redistribute via an interstitial diffusion mechanism at low tempera-
tures (5750°C) and eventually occupy substitutional sites at higher

temperatures (>800°C).



INTRODUCTION

Ion implantation of B, P and As is carried out routinely in
laboratories around the world to fabricate junction devices. It has
been reported that both B and P show deep tails in as-implanted
Si.l‘s The work of Hofker2 and Blood3 clearly established that
the main mechanism of extended tail formation is channeling of a small
fraction (2-3 percent) of these ions during random 1mp1antatibn.
Since there is no suitable substitute for B as a p-type dopant in Si,
B implantation is still carried out, but into already amorphitized Si
substrates to minimize the channeling effects. A similar technique
can be applied in the case of P to reduce the channeling effect,
however, As is preferred over P because it does not show any anomalous
effects during either the implantation or subsequent anneah’ng.6
Furthermore, the atomic radii of As and Si are nearly identical.
Therefore, minimum lattice distortion takes place when As occupies
substitutional site in the Si lattice.

From the electrical activation point of view, the P implants,
especially at high doses (Zlolscm‘z) give more electrical
activity7 as compared to As.8"10 The formation of As dimers,
trimers and other complexes is thought to be responsible for the
reduced electrical activation. 1In this paper, recrystallization of
completely and partly amorphous (a) regions in high dose P implanted
(111)Si has been studied by transmission electron microscopy (TEM) and

the distribution of structural defects has been directly compared with

the P profile. The TEM studies show that microtwins nucleate when the



ajcrystalline(c) interface advances towards the surface during
subsequent Annealing, but there is an incubation period before the
nucleation occurs. Similar findings have been reported earlier for
both Si and GaAs.u’12 Remarkable differences are observed in P
redistribution in the region that was originally amorphous from that
which was originally non-amorphous [below the afc interface]._ Beam
heating and its effect on the formation of the a layer and redistri-
bution of P is also discussed. The lattice location (i.e., substi-
tutional or interstitial) of the P atoms was determined from the
electrical measurements. From these findings, it is possib]é to
expiain the effect of dynamic annealing on in situ recrystallization,
the incubation period for the growth of microtwins in (111) Si and the
anomalous redistribution and electrical behavior of P in Si.
EXPERIMENTAL

Phosphorous was implanted into B-doped (111) Si at either nominal
room temperafure or higher in the dose range 1x1015-2x1016cm'2
at 120 keV. These implantation conditions correspond to an 1ss
theoretical projected range of 15008 with a straggling of 53OA.13
The implanted samples were subseduent]y annealed in the temperature
range 750-950°C in a N, atmosphere. |

The width of the amorphous/damaged layers in the as-implanted
samples and the damage distribution in the annealed samples were
obtained from cross-sectional TEM (XTEM) specimens.14 Strong-beam

bright-field and weak-beam dark-field methods were used on plan view

specimens for defect analysis. The atomic profiles of phosphorus were



obtained by secondary ion mass spectrometry (SIMS) using a positive Cs
ion source under ultra high vacuum conditions.15 The carrier
concentration versus depth profiles were obtained by the spreading
resistance technique. |

RESULTS

a. Unannealed Samples

The doses chosen in the present experiment were such that continu- -
ous amorphous layers extending to the surface should have been created.
When the heating occurred during implantation, either the widths of
the continuous amorphous layers were_reduced (moderate heating case
S}OOfC), or the amorphdus layer could not form (severe heating case
3300°C). For example, in the case‘of‘lo15 and 1.7x106cm—2 implanta-
tions, the widths of the continuous amorphous layers were 2100R and
2570R, réspective]y (Figs. la and 3a). However, when a small amount
of heating (100°C) was allowed to occur during the implantation, the
width of the sample implanted with 1016 P*'cm‘2 instead of being
~2570R, reduced to 1850& (Fig. 2a) and a 6508 wide layer of small
defect clusters appeared immediately below the a/c interface. The
latter region would have been amorphous in the unheated samples. -When
the temperature rose to 300-400°C during 5x1015-1016 P‘"cm‘2 impianta-
tion, varying damage structures were created across the wafer and
color bands appeared at the surface. A typical series of XTEM results
from heated samples implanted at high doses is shown in Fig. 4. The
sample chosen for this study corresponded to one of the regions which

showed a color band at the surface.



The SIMS profiles of P from both room temperature and heated
implantations are shown in Figs. lc, 2c, 3b, and 5b. When no heating
occurred during implantation, the profiles showed gaussian distribu-
tions with tails extending to depths of x4Rp. The depth of the tail
increased marginally with increasing substrate temperature above RT.
Figure 6 shows the P distributions in the tail regions (2Rp-4Rp) from
various samples used in this study. The heating also resultéd in a
slight redistribution of P near the surface [0-(Rp+aRp)].

b. Annealed Samples

On subsequent heating of the 1015cm"2 sampie at 750°C, a high
density of microtwins were formed in the region L extending from the
surface to a depth of 14008 followed by a layer M of dislocation loops
and rods (not visible in the micrograph of Fig. 1b) at a mean depth of
2100 from the surface. The latter region corresponds to the original
a/c interface in this sample. Similar results have been obtained by
earlier workers in (111) 51.16'18 The individual layers were
separated using a technique described elsewhere.1 Comparison of the
XTEM results from the unannealed and annealed samples shows that the
a/c interface advanced by 7008 toward the surface before the microtwins
were nucleated. In other words, there was an incubation period during
the annealing before nucleation of the microtwins occur\red.ll’12 The
region which recrystallized during the incubation period was free of
secondary defects. The incubation period seemed to increase with the

implantation dose and was probably related to the amorphicity and

roughness of the a/c interface. For example, in the 1016cm'2



sample, where moderate heating (~100°C) occurred during implantation,
it was not until the a/c interface advanced by ~1000A toward the
surface that the microtwins were nucleated (Fig. 2b). A band of
dislocations was present be]ow the original a/c interface at a mean
depth of 23208 from the surface and the entire implanted region
contained a three dimensional dislocation network. The microtwins
near the surface are marked in Fig. 25. The samples that suffered
severe heating during implantation and showed color bands at the
surface, did not contain any twins after annealing at 837°C. Instead,
a high density of fine defect clusters, a dislocation network and two
bands of dislocation loops were present at different depths in this
sample (Fig. 5a).

The atomic profiles of P from the annealed samples showed
interesting behavior. In general, the surface region showed no
redistribution of P for either unheated or heated (during implanta-
tion) samples and the P atoms appeared to be pinned on subsequent
annealing at ~8505C while the deeper parts showed pronounced diffusion
effects. The width of the pinned P region was dependent on the dose.
For example, the 1015cm‘2 (unheated) sample annealed at 750°C .
showed pinning in the région 0-1400R (Fig.1b) while the width of the
pinned regions in the 5x1015cm"2 (heated), 1016cm-2 (moderately heated)
and 1.7x10'6cm2 (unheated) samples annealed at 837°C were 2200R, 28004
and 2600A, respectively (Figs. 5b, 2b, and 3b). The P profiles beyond
thi§ depth showed rapid diffusion to depths >0.6um. Comparison of the

widths of the pinned region in Figs. lc, 2c, 3c and 5¢ with those of



the a regions in the unannealed samples (Figs. la, 2a, 3a and 4) shows

2 sample where

that thé two match closely except for the 1015cm'
the width of the a region (Fig. la) was greater than the width of the
pinned P region (Fig. lc). At higher annealing temperature (950°C),
the difference in the redistribution behavior of P near the surface
and deeper regions was no longer evident (Fig. 7b), and both regions
showed normal diffusion effects.

DI SCUSSION

a. Unannealed Samples: Formation of a Layer and Dynamic Annealing

For low dose rate (a few uA cm‘z) implantation of Si wafers with
good thermal contact to the heat sink, an amdrphous layer is expected
to form first at 0.7Rp19 and then broaden as the dose increases. At
a certain critical dose, the amorphous layer will extend all the way
to the surface'(Fig. la). However, prolonged implantation, especially
of wafers with poor thermal contact, may cause heating of the order of
100°C even at low dose rates. In the case of high dose rate
implantation, if ﬁhe continuous a layer has already formed before
appreciable heating of the wafer occurs, the a layer will begin to
recrystallize at the only a/c interface available and the width of the
a layer will reduce on further implantation. This is the case with
the sample in Fig. 2. The continuous layer in this sample should have
been ~2570R wide as was the case with the sample of Fig. 3a. However,
due to the pdor thermal contact, wafer-heating occurred and in situ
recrystallization reduced the width of the a layer to 1850R (Fig. 2a).

For high dose rate (several hundred uAcm‘Z) implanted wafers with



poor thermal contacts, a continuous layer may never form4during the
implantation (Figs. 4b-4e). Under these conditions, either buried
amorphous layers (Figs. 4b-4d) or a buried band of small dislocation
Toops without any amorphous material may result (Fig. 4e). When
appreciable heating of the wafer begins to occur after only a buried
amorphous layer has formed (Fig. 4b), in situ recrystallization takes
place at both the upper and lower a/c interfaces.20

The implantation assisted regrowth of amorphous material will be
referred to as dynamic annealing. Details of the effects of dynamic
annealing on the crystalline to amorphous transformation are described

elsewhere.21’22

In brief, under dynamical annealing conditions,
radiation damage may cause a net reduction of the total volume of
amorphous zones in the material. This process accelerates sharply
witH increasing substrate temperature. Amorphous Si recrystallizes at
~550°C in a,furnace,23 while only a small temperature rise (~100°C)

is needed for recrystallization during implantation.

b. P Tails: Channeling and Interstitial Diffusion

The deep tails in the P distributions from the unannealed samples
(Fig. 6) have been shown to be due to channeling of a small fraction
of the P atoms during the imp1antatioﬁ.3 Most of the channeling
probably occurs at the beginning of the implantation cycle before the
surface region becomes amorphous or heavily damaged.- In all cases
studied so far in the dose range of 1015-1.7x1016cm‘2 for nominal RT
implantation, the tails (beyond 2Rp) observed had P distributions in

agreement with channeling effects. The P profiles in the depth range
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of 2Rp-4Rp from various samples are shown in Fig. 6. It seems from
Fig. 6 that at elevated temperature (>100°C implantation), the number
of P atoms increased in the deeper regions of the sample. This is
believed to be due to a combination of channeling and interstitial
diffusion. The P atoms that were steered into the open channels sub-
seauently penetrate even deeper via interstitial diffusion._ Under
these circumstances, the channeling becomes indistinguishabie from
interstitial diffusion.

C. -Annealed Samples: Incubation Period and Nucleation of Microtwins

The annealing of a continuous amorphous layer in (111) Si is known
to produce microtwins.11’16‘18 However, as can be seen from the
cross-section micrographs of Figs. 1b and 2b the depth at which the
microtwins nucleate becomes shallower with increasing dose. For
example, in the 1015¢m-2 samp]e, the twins nucleated at a depth of
1400k while in the 1016cm=2 sample, the twins nucleated at a depth
of ~900A from the surface. No twinning occurred in the samples where
severe heating occurred during the implantation (Fig. 5a). This is
believed to be related to the amorphicity and stresses at the a/c
interface. For the twins to nucleate a flat or faceted (111) a/c
interface is essential. In the present case, although the initial
specimen surface was (111), the parts of the damaged layer that were
only partially amorphous recrystallized by the growth of small
crystalline zones in all directions. The a/c interface became
continuous and faceted with 111 only when the regrowth front reached
100% amorphous material. From this model, the wider the zone of
partially amorphous material, the wider will be the zone that regrows

without formation of microtwins, thus accounting for the incubation
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period. This is consistent with all the observations on heated and
unheated (during implantation) samples.

The SIMS profiles from the annealed samples (Figs. lc, 2¢, 3¢ and
5b) show the presence of two distinct components of P redistribution,
the first one that starts at the surface and extends to a depth close
to the original a/c interface and the second one extend beyond the
interface. The former component shows no significant redistrfbution
and the P atoms appear to be pinned after annealing while theAlatter
component shows a remarkable redistribution on annealing at or below:
850°C. These results can be expléined by assuming that during the
epitaxial regrowth of a Si, every atom (P or Si)‘in the amorphous
material is placed on a substitutional site. The movement of the P
atoms in the recrystallized region will subsequently occur by the
diffusion mechanism normally operative at that temperature. Since at
annealing temperatures 5850°C, no significant diffusion is expected,
the P atoms in the recrytallized region appear to be pinned. This
hypothesis is further substantiated by the results of B1ood4 who
implanted P into already amorphicized Si. The P distribution in this
case was gaussian and there was no extended taii in the unannealed
sample. Subsequent annealing of this sample showed no redistribution.
Some redistribution of P on subsequent annealing at low temperatures
(5850°) within the epitaxially regrown volume, such as that occurred
in Figs. 1, 2, 3, and 5 may be explained by pipe diffusion since the
regrown material contains a high density of dislocation lines.

For the samples that suffered substantial heating during

implantation (Figs. 2 and 5), the correspondence between the width of
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the a region and the pinned P region may not be obvious. This is
because of recrystallization by dynamic annealing as explained above.
The width of the pinned region in this case indicates the depth to
which the a layer extended at a certain stage during the implantation
which may be deeper than the a/c interface seen after dynamic anneal-
ing has occurred and ihp]antation is completed. For example, in

Fig. 5 the width of the pinned P region is ~2200A which agrees well
with the width of the continuous a layer that did form during the
implantation before the heating occurred (Fig. 4a).

On the other hand, the P atoms below the a/c interface are randomly
distributed in interstitial spaces in damaged but essentially single
crystal material. These atoms migrate rapidly into the material by
interstitial diffusion meéhanism until they eventually occupy substi-
tutional sites. The results from the samples annealed above 750°C do
not show any significant change in the distribution of the P atoms at
depths >2Rp indicating that they have already occupied substitutional
sites. The complete substitutionality of P atoms in the samples
annealed at 837°C was confirmed by the carrier concentration measure-
ments included in Figs. 2c and 5b where the carrier concentration
profile follows the atomic profiles exactly both near the surface as

well as in the deeper regions.24 However, for the sample annealed
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ét 750°C, the carrier concentration profile follows the atomic profile
only over the depth range 0-Rp (Fig. lc). The electrical activity
falls sharply in the deeper regions (>Rp) indicating that a large
fraction of the P atoms is still in interstitial spaces. When the
same sample is heated to 950°C, the carrier concentration profile fol-
Tows the atomic profiles even in the deeper regions (Fig. 7b). The
nature and distribution of structural defects in this sample remained
the same (Fig. 7a) as in the 750°C case (Fig. 1b). These results
support the recrystallization and interstitial diffusion model
proposed above.

It appears from the existing data on B, As and our data on P
implanted Si that the interstitial diffusion component may be related
to the mass and atomic radius of the ion. Further work on the origin
of channeling of various ions during random implantation is now

underway.

CONCLUSIONS
1. Continuous a layers were formed by P implantation in the dose
range 1x1015—2x1016cm‘2. However, the width of the a layer
and sharpness of the a/c interface were sensitively dependent on
the substrate temperature.
2. During recrystallization microtwins were nucleated within only a
part of the apparently amorphous layer suggesting that the deeper

region was not 100 amorphous.
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3. A1l the atoms (Si and P) in the amorphous layer were placed on |
substitutional sites during the migration of the a/c front on
subsequent-annealing and were therefore electrically active.
4. In the deeper regions (below the a/c interface), the P atoms
initially diffuse rapidly into the bulk via interstitial dif-
fusion. At high temperatures (>750°C), the P atoms are found to
occupy substitutional sites. .
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FIGURE CAPTIONS

Fig. 1. p* > (111) Si, 1015cm‘2, 120 keV, room temperature

© Fig.

Fig.

Fig.

Fig.

implantation (a) XTEM micrograph from unannea]ed specimen
shows a continuous amorphous layer, (b) XTEM micrograph from
750°C annealed specimen shows microtwins (L) and a layer of
dislocations loops (M) (c) P profiles from specimens (a) and
(b), and carrier concentration profile from specimen (b).

Pt 5 (111) Si, 1015cnr2, 120 keV, implantation temperature
:}OO°C (a) XTEM micrograph from hnannea]ed specimen (b) XTEM
micrograph from 837°C annealed specimen (c) P profiles from
specimens (a) and (b), and carrier concentration profile from
specimen (b).

p* > (111) si, 1.7x1016cnr2, 120 keV, room temperature
implantation (a) XTEM micrograph from unannealed specimen (b)
P profiles from specimen (a) before and after annealing at
837°cC.

PT 5> (111) Si,7.5x1015cm‘2, 120 keV, implantation tem-

perature ~350°C (varied across the wafer), XTEM micrographs

-(a) through (d) showing single and multiple amorphous layers

and (e) a buried layer of small dislocation loops.

(a) An XTEM micrograph from the specimen obtained after
annealing at 850°C of one of the defect structures shown in
Fig. 6, (b) P profiles before and after the annealing of the
specimen of Fig. 7a, and carrier concentration profile from

the annealed specimen.



Fig. 6.

Fig. 7.

18

Phosphorus tail distributions in the depth range 2Rp-4Rp from

all the unannealed specimens used in this study.

“Inplantation conditions same as in Fig. 1. (a) XTEM micro-

graph from the 950°C annealed specimen. The dense band
extending from the surface contains microtwins, dislocations,
etc. (b) P and carrier concentration profiles corresponding

to the specimen of (a).
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