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ELECTRICAL AND ELECTRON MICROSCOPY OBSERVATIONS
ON DEFECTS IN ION IMPLANTED SILICON
H. Ling
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, Ca]ifornia'
| ABSTRACT
Silicon single crystals were implanted with 100 KeV phosphorous
jons to a dose of 2 X 1016 ions/cm? at both'room-temperAture and
600°0C. They were isochronally annealed at temperaturesiranging from
4000C to 900°C. Sheet resistivity measurements of the specimens were.
taken after each anﬁea], together with éorresponding transmission
: e]éctron micregraphs. | |
The observations show that when a compiete]y amorphous 1ayef

is produced by ion implantation at roomntemperqture, epitaxial recrys-
ta1]ization onto the single crystal substrate during énnea]ing at
600°C leaves a dislocated surface containing secohdary defects. There
appear to be a significant difference in the number of defectsv
per implanted ion between room-temperature éhd 6009C imp1ants, when
annealing to 800°C and 900°C.

~ Sheet-resistivity measurement showed fhat,’above a ckitica] dose,
room temperature implantation followed by a 6000C post aﬁneal is |
substantially more effective for achieving electrical activity of
the phosphorous than is implantation at 600°C.,rBut 600°¢ implanation

followed by'800°C and 900°C post‘anneaJed is more effective than room-

temperature implantation.
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The observed annealing behavior is explained in terms of defects

that form during the recrystallization process.

a



.values for vi = 500 erg cm;

INTRODUCTION -

For heavy ions of phosphorous imp1anted into silicon at room-

- temperature zones of severely damaged material are produced in addition

to isolated point defects around the periphery of the zones. If the

damage is not-énnea]ed during the impTantation, an amorphous layer ;

is eventually formed where the individual damage zones over]ap.(lfz)

~ An aqnealing treatment is then required both to return the sample

- to crystallinity and to put the phoSphorousqatoms onto electrically

active sites (generally assumed to be substitutional positions).
It is thought that the activation energy for epitaxial recrystallization B
depends on the Radius of the amorphous region and to a very rough

approximation, the ratio of the recrystallization tempefature for ..

~an amorphous region of radius R to that for an infinite volume (e.g.

a flat interface) is given by

Tr _ g . 2YiM
T REe

where Yi is the interfacial free energy between crystalline and amorphous
Si, w is the activation volume for recrystallization (i.e. the volume

of the 5 atom agglomerations which constitute amorphous Si, and E«.

“is-the activation energy for an infinite interface. Choosing reasonable

2 22 -3

, W=2x10 and E~» =5 ev, the

. annealing temperature curve as a function of zone size can be determined.

The temperature is about 6000C where zones ofveZOOA‘have to be
recrystallized. One can avoid the formation of an amorphous layer
by holding the substrate.at higher temperature during imp]antation.(l'z)

For implantation performed at 600°C, a disordered region anneals
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indivfdually before the next ion strfkes in its vicinity, thus prevehting

formation of the confinuous amdrphous layer even for high dose implants.
The characteristics of implanted bhoephorous jons in silicon have

been investigated by Several authors using either radiohtfacer(3°4)

or ejectrica] measurements.(5'13) A]so, secondary defects in jon-

imp]antatioh sf]icon have been observed by transmission electron | NS

microscopy. However, correlations between.such defects and electrice1

properties of the ion-implanted layers are incomp1ete. Sheet resfstiVity

and electron microscope observations have been made for B* implanted

and énnea]ed silicon by Bicknell and Allen. However, Bicknell et
a];fjust investigated moderate doses which did not form continuous
amorphous ]ayers. Also, their characterization of}the loops fdrmed

on annea]ihg do nof agree with similar observations in this laboratory.

In an effort to determine the effects of recryste]lizafion accofding '
to these two different mechanisms dd‘the secondary ion‘implantation
defects, implants were perfofmed to the Same dose but at‘two different.

“temperatures, room-temperature and 600°C. Transmission electron microscopy
was used to study the detai1ed nature of secondary defects fermed
by the ion implantation and subsequent annealing. Four-point probe

(23, 24)

sheet-resistivity measurements were used to study the'electricel

property changes during the annealing. AThe annealing characteristics
of layers imp]anted into silicon at 100 KeV with dose 2 x 1016 idns/c‘m2 | . f
were measured and observed fdl]owing isochronal annea]ing to 900°C. |
Room-temperature implants remain'ahorphous below 600°C and are not v' o

useful for'most praeticai_app1icatfons. 900°C was chosen as the upper

annealing limit beyond which long-range diffusion would destroy any
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advantage of profile control offeredvby the ion implantation technique.

This thesis reports on the measurements and conclusions of the

‘study to date.



EXPERIMENTAL
N-type silicon wafers, 5 Q-cm of (111) and (100) orientations were

irradfated at both room-temperature and 6000C, with phbsphdrous ions
at 100 Kev.to a dose of 2 x 1016 jons/cm?. The dose was chosen so
as to produce a continuoqs amorphous layer in thé}room-temperature
implant. _ _ _ |

' Pieces 1/2 in. x 1/2 in. were scribed from both (100) and (111)
wafers for sheet resistivity measurements. Tﬁe sheet resiétivity speci-
mens were annealed isochronally from 600°C up to 9000C in 1006C interQa]s
for 20 minutes in a quartz tube furnace with dry nitrogen péssiﬁgv_}
through it. After annéa]ing;'the sheet-resistivity'measdrements Qere:;
perfOrméd by the'four-point probe technique. After measurement, the
pieces‘were.ultrasonica11y cut into discs of 3 mm in diameter. They
" were then chemicai]y thinned in a solution made up of two parts (3HNO§:1HF)
to one part (2.5 gm Ip in 1100 m1 CH3COOH). The thinned samples were
examined in transmission in a JEM 7A and a Philips 301 tranSmission_

electron microscope operating at 100 KeV.




) RESULTS AND DISCUSSION
A.  Electrical Properties: |
(I) Implantation at Room-Temperature:

The changes invresistivity of (111).and (100) specimens
phosphorous implanted at 100 KeV at room-temperature are
shown in Fig. 1 during an isochronal.annealing sequence.

‘There is a steady decrease iﬁ sheet resisfance, between
room-temperature .to 600°C,vas the anneal temperature increases.

(22) have shown that carrier mobility

' webbef, Thorn and Large
remains approximate]y constant in this region whilst the
number of ;arriers-increases} Thé steep fall in sheet
 resisfance between-300°§ and 600°C is due to annealing

"out of primary damage as the amokbhous layer recrysta11izes
épitaxia]]y onto the singlé cfysta] substraté. As indicated
in the figure, approximately 80 percent of the‘implanted
phosphorous atoms: were bnvactive sites following a 600°C
anneal. The remaining 20 percent did not becoméjactive
until annealing to é temperature of 900°C.

- The sheet resistivity shows a steédy decrease over the
temperature region between 600°C and 900°C, but since the
carrier mobility remains reasonably constant,(zz) it is
apparent that more carriers are becoming active. This "

(23-26) e good agreeméht

also is confirmed by early work.
between the phosphorous concentration profile after annealing
at 600°C and 800°C suggests that very little long-range

diffusion takes place durihg isochkona] annealing between
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those two temperatures and that the dbserved‘fall'in éheet :
resistance is siﬁply due to an increase in the numbef of
actfve carriers. |

Implantation at 600°C:

Implantation at 6000C and the conseqdent annealing out
of each individua]Aion track as it is formed pfevents any
build up of primary damage and thé'formation of a continuous
amorbhbus ]ayer. In this case, the sheet resistance of N
the implanted layer was initially highervfhan that which
would bé achieved in a room-temperature implanted specimen
after 600°C unanhea1ing. The sheet resistivity then fé]]
continuously with increasing anneé]ing température.above
600°C. Comparison of these two implantatfon conditions

(13)

by Shannon, Ford and Gard have shown that the profi]gs

. of electrically active phosphorous suggests that the implanta- -

tions made at_600°C where damage was being continuously
annealed out enabled more of the implanted jons to enter
channels throughout the duration of the implant and thus

form a more. pronounced tail on the depth distribution.

Calculation of the total number of carriers to be expected

for these two profiles suggests that the concentration
of active phésphorous in the 600°C implantation should
be somewhat bé]owvthat achieved for a room-temperafure
implanted specimen which has been annealed at 600°C. This
can account in part for the higher sheet resistance measured

following the 600°C anneal of a layer implanted at 600°C




as compared to a room-temperature implanted specimen.
from our results, complete e]ectricé1 activity (Max.
number of carriers) is not obsefved until annealing
to nearly 800°C; This necessity for high annealing
temperature to achieve éubstantialiy complete dctiVity
of the phosphorous is found in almost all cases(s) where
a cohtinuous_amorphods layer is not formed during implantation.
This has been attributed to the presence of electrically o

rs(17) (25)

active defect centers which compensate the

dopant behavior of the imp]anted atoms.

Electron Microscope Observation of Damage Structure:

A series of micrographs and diffraction patterns obtained

by transmission electron microscopy is shown in Figure 2-7.

(1)

Implanted at Room Témperature:,
A. At Unannealed State: |
Figure 2 is a micrograph of the edge region of a specimen
of silicon, having the (100) plane parallel to its surface.
The region A, shows very stfong amorphdus diffrac-
tion rings; in region B, the selected area diffraction
pattern‘consists of several diffuse rings as well as crystalline
spots, and in region C, thefe is only a single cryst&] diffract-

jon pattern. This cohfirms thatra buried amorphous layer

is sandwiched between a thin crysté]]ine layer at the surface

and the underlying crystal substrate.

Many small (100-200 &) dark spots are seen in bright

field micrograph (1ight spots in dark field). We believe
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these spots are in the crystalline-amorphous interface

since they are not found in specimens Where the amorphous
| layer can be dbserved alone with the crystalline material
stripped away. Also, these spots are strongly visible in

dark field only when a crystalline reflection is selected

rather than a diffuse ring arising from the'amokphous material,

'B. Annealed to 6000C-800°C:

At 6000C, recrystallization of the amorphous layer had
occurred epitaxially so that the single crystal is refofmed.
The point defects deVe]op into secondary defecte which
become visible by transmission electron micrbscopy such
as black dot defects, perfect and faulted dislocation loops,
dislocation dipoles. As seen from Figure 4 and 6 With

increasing of annealing temperatures, dislocation loop

density decreases and the average diameter of loops increases.

These loops were analyzed by tilting the'specimen in the
microscope and examining both dark and bright field images.
A1l these dislocation loops were determined to be inter-

(27,28,29§30) The streaking in the diffraction

stitital type.
~pattern could arise from thin pTate]ets or rods and could

be caused by a high concentratipn of dislocation loops

lying on planes perpendicular to the foil surface.

C. Annealed to 900°C:

Dislocation networks were generted lying approximately

parallel to the foil surface. It was confirmed by Tamura(30)

using the g.b. = o criterion that the dislocation segments
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comprising'the network were all pure edge'type lying approxi-

| mate]y,along the 211 directions. 'Burgérs vectors were

of the §v<110) type in the (111) film plane.

Implanted at 600°C:
A.fFigure 5 shows that an amorphous layer was no longer formed
during implantation; black dot defects and complex dis-

location entanglements were observed.

'B. Annealed to 800°C:

Figure 6A and 6B shows these defects grew into dislocation

loops. - Comparing these pictures 6A, 6B, 6C and 6D shows

that defect density is different. It éah be seen that
600°C implantation followed by an 800°C post anneal 20
minutes results in lower defect density. This may explain
why we get lower resistivity in 600°C fmp]antation followed

by an 800°C post annealing.
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CONCLUSION

A detailed examination of the changes in electrical conductivity ' B

"~ and secondary defects formed during post implantation annealing of
phosphorous-implanted silicon has led to the following observations

and conclusions:

(1)

kind of defects, dehsity of defects).

" near 600°C annealing temperature, the total ion dose was

the electrical activity of phbsphorous implanted silicon

The results presented show a strong correlation betwen
and its appearance in the electron microscope (e.g. the

It can be seen that 600°C imp]antation fo]]o&ed by 800°C
annealing reduces the defect density compared to rooh- |
femperature imp]ahtatioh and 800°C annealing. |

For every room-temperature'implantation report to date

in which a large increase in number of carriers was found

sufficiently high to have formed an amdrphous layer. If an
amorphous layer is not formed (hot-substrate implantations),
annealing temperatures of at least 700-750°C are required

for the number of carriers to reach its maximum value.
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FIGURE CAPTIONS

Fig. 1. (a) The sheet resistahce of phosphorous 1ayers’imp1anted

Fig. 2.

Fig. 3

Fig. 4

Fig. 5

(a).

(a)

(a)

into silicon at both room temperature and 600°C. Meas-
urements are made following each successive isochronal
annealing. - o

A bright field image of a N-type (100) silicon samp]é

16 p _ions/cm2 at room temperature.

irradiated with 2 x 10
A buried amorphous layer is sandwiched between a thin

crystalline layer at the surface and the underlying

crystal substrate. Thé region marked A shows very strong

amor phous diffraction rings and region B shows a crysta11ine-.

amorphous interface. The region C is a thick kegion
which just shows a crystalline pattern.

Shows a dark field image by placing the objective ‘aperture

at the crystal spot. Light spots are believed to be

islands ofvcrysta1 near the crystalline amorphous inter-
face. _

Shows bright field image and dark field image of a
foype (111) silicon samp]é_irradiated with 2 x 1016

p ions/cm2 at:room temperature.

A (111) orientation N-type silicon film bombarded with

2 x 1016, iOO'KeV p ions/tm2 and annealed for 20 minutes
at 6009C. Epitaxial recrystallization occurs.

(100) orientation.

Shows a bright field image of (111) ‘orientation N-type

silicon film bombarded with 2 x 108 p ions/cm? at 600°C.
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Fig. 6

Fig. 7

(b).

- (a)

(b)

(d)

(a)

(b)

(d)

17

~ An amorphous layer is no longer formed during the implan-

tation. Black dot defects and complex dislocation entangle-
ment were observed.
(100) or1entat1on

2 at

A1l specimens were 1mp1anted with 2 X 1016 p ions/cm
100 KeV and then annealed for 20 min. at 800°C.

The (111) or1entat1on 1mp1anted at 600° C

The (100) or1entat1on 1mp1anted at 600° C

The (111) orientation 1mp1anted at room-temperature.
The’(ldO) orientation implanted at room-temperature.

16 pt/cm2 at |

A1l specimens were implanted with 2 x 10
100 KeV and then annealed for 20 min. at 900°C.

The (111) oriéntation imp]anied at 600°C.

The (100) orientation implanted at 600°C.

The (100) orientation_imp]anted at room-temperature.

The (100) orientation implanted at 600°C.



18
| ACKNOWLEDGMENT

- The @gfhor wishes to express his grafitUde to Professor‘Jack
Nashburnvforrhis guidance in this research. Many helpful discussions
with other members of Washburn's group in the Materials Science
Department at Berkeley are also acknow1edgedf

~Love and encouragement from the author's fami]y.members such
as his parents (Mr. and Mrs. C. S. Ling), his brothers and, of course,
his wife, Chaoching, are highly appreéiated. Without their help,
it would have been impossible forvthe author to be able to study here
in Berkeley. | ‘. |

This work was supported by the U.S. Energy Research and Deve lopment

Administration through the Materials and Molecular Research Divi;ion |

of the Lawfence Berkeley Laboratory, Berke1ey, California.

S




19

(100)
Annealing Implanted ot Implanted ot
Temperoture  Room Temp. 600°C
%€ /0 n/0
Room Temp. 115.7 35.56
400 37.4 32.96
600 16.33 29.9
800 12.66 11.97
900 9.09 8.63

(e

Annealing Implonted of Implanted at
Temperoture Room Temp. 600°C
o n/0 a/0
Room Temp. 156.42 53.34
400 43.28 47.87
600 25.72 4668
800 13.9 13.42
900 9.96 9.10

100 KeV

Sa-cm N-type 8°off <I00D>
Beam Divergence + 2°

| | | | l

|
]
|
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Room Temp.
implanted

100 KeV

5a-cm N-type 8°off III>
Beom Divergence + 2°

l | | | | 1

400 S00 600 700 800

900°C
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