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The effect of dose and energy on postannealing defect formation for high energy
(mega-electron-volt phosphorus implanted silicon has been studied using etch pit studies and
transmission electron microscofyEM). Previous work has shown that after annealing there is a
strong dependence of dislocation density threading to the surface on the implanted phosphorus dose
and energy. A superlinear increase in threading dislocation deERp) with implant energy
between 180 and 1500 keV is observed for a dose>o1@*cm 2. In addition as a function of ion
fluence, there is a maximum in the threading dislocation density at a dose d*tcm™2 followed

by a rapid decrease in TDD. Both the superlinear increase in TDD with increasing energy and the
rapid decrease with increasing dose have been further investigated by TEM. A TEM study of these
higher doses revealed formation of a strong bimodal loop distribution with small loops averaging
<1000 A and large loops averaging aroungith in size. Over the dose range ok1.0*cm 2 to

5x 10" cm ™2, the superlinear decrease in TDD fromx 10° cm™2 to <1 x 10% cm™ 2 coincides with

the superlinear increase in small dislocation loops from below1@®cm 2 to above 1
x10'%m™2. It is suggested that the homogeneous nucleation theory can explain many of the
results. However, the chemical presence of phosphorus appears to also play an important role in the
formation of the small dislocation loops and possibly threading dislocations20@1. American
Institute of Physics.[DOI: 10.1063/1.1351865

I. INTRODUCTION article is to show how competing extended defect formation

mechanisms interact to affect threading dislocation forma-
High energy ion implantation processes are becomingion.

increasingly important in the manufacture of silicon based

semiconductor devices. The manufacturing processes include EXPERIMENT

formation of buried collectors in complementary metal—

oxide—semiconductors with bipolatBiCMOS) devices

proximity gettering centers,and profiled tubs or well$.

However, severe lattice defects can be generated in the r

gion near the projected rangeRg) of the implanted

impurities? Etch pit densities, plan-view and cross-sectional . . . . .
P P P the material. The implants were carried out inuif-thick

transmission electron microscoyEM) studies of the sili- lightly doped (1x 101¢m™3) p-type epitaxial silicon grown

con substrate have shown the existence of defects that origcl)—n (100 p* silicon. Phosphorus implant energies were var-
nate at the projected range of the implant and extend all the P i b P 9

way to the surface of the silicon substraté These extended ted from 180 to 5000 keV, at various doses, ranging from

. . S . 1x 10 to 5x10"cm 2 After implantation the samples
defects, which are .known as threading dlSIOCB_thOFFS&’p- were annealed at 800 °C for 90 min followed by a 550 °C
pear to be responsible for high leakage currents’ifhp and

| f i finall ° | for 10 mi
p*/n junction diodes fabricated above high energy boronannea or 60 min and finally a 950 °C anneal for 10 min, to

d ohosph ol d lav@&Theref tund emulate some of the thermal cycles of an advanced CMOS
and phosphorus implanted layersrherefore, a fundamen- ., .ocacs Etch pit samples were produced using a Schimmel

tal understaqding of the physif:al phgnom_ena that' cont'ribut tch consisting of a 2:14 9% HF:1 M Cg®olution. An etch
to the formation of threading dislocations is essential prior 9f 20 s was used.

incorporating high energy ion implantation into the fabrica- 14 axamine the projected range defects both plan-view
tion of silicon based semiconductor devices. The goal of this, 4 ¢ross-sectional TEM were done on the samples after
annealing. The plan-view samples were prethinfetien
dElectronic mail: rxtp20@email.sps.mot.com necessary using chemical mechanical touch polishing

Extended defect formation was studied for a range of
doses and high energynega-electron-voltimplant condi-
éipns followed by a low temperature anneal. Etch pit densi-
ties, plan-view and cross-sectional TEM were used to char-
acterize the type, depth, and concentration of dislocations in

0021-8979/2001/89(8)/4326/6/$18.00 4326 © 2001 American Institute of Physics

Downloaded 25 Mar 2011 to 128.227.207.19. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 89, No. 8, 15 April 2001 Jasper et al. 4327

10" ——r—rrvrrry ——r o
E [—a— Phesphorus 180kev ]
[ | —W—Phosphorus 1000keV ]
| | —¥—Phosphorus 1500keV ]
o —»— Phosphorus 3000keV
‘s 10° |- | —®— Phosphorus 4000keV m
s E | —6— Phosphorus 5000keV E
%’ F ]
n -
§ 10°
' ]
Eﬁ
E 10* E
= L unimplanted / -~
wafer
1000 . i1 eaaaal L L :-uunlM L el 1 1119 ‘5
10% 10" 10 10

Implant Dose (cm '2)

FIG. 1. Results of etch pits density counts of the threading dislocation
density for varying doses and energies of mega-electron-volt phosphorus
implanted samples after annealing. A peak threading dislocation density is
shown to be at a dose of approximately 10 cm 2,

(CMP) with a silica slurry, to position the peak of the pro-
jected range damage approximately 3000—4000 A below the
surface. A high-resolution TEM operating at 200 kV was © @
used to StUdy the prOJect_ed rar_]ge d_efeCt_S In P'a” VIeW_' Iv“T:IG. 2. Plan-view TEM micrographs of phosphorus implanted samples at
crographs were taken using bright fiedgho imaging condi-  varying doses at 1500 keV and annealed) Phosphorus dose 5
tions. These conditions allow one to observe defects as deept0*cm™2, (b) phosphorus dose 3210*cm™2, (c) phosphorus dose 2
as 5000-10000 A deep. TEM of unimplanted control*10"“cm™, (d) and phosphorus dose>&l0'cm 2 The micrographs

samples show that the CMP process does not introduce arﬁ?o"" the evolution of dislocations at various doses for a constant energy.
ote the large increase in small dislocation loops with increasing dose.
observable defects.

Ill. RESULTS

Figure 1 depicts the results from etch pit studies of theTEM studies was done. Four different implant enerdi30
surface threading dislocation dens{fyDD) for varying en- keV, 1.5, 2.5, and 5 Me) and four different doses (5
ergies of phosphorus implants. The background threading 10, 1x 10, 2x10% and 5<10“cm 2) were chosen
dislocation density of & 10° cm~2 was obtained by etching for this TEM study. Figure 2 shows the TEM results of the
an unimplanted sample wafer. Two distinct effects are seeft500 keV phosphorus implant at four different doses after
from the figure. First, there exists the effect of implant doseannealing. Because of the use of a CMP process to thin the
For implant energies greater than 1500 keV, the surfaceamples, the defects shown are those at the projected range
threading dislocation density increases from near backef the implant. These micrographs are indicative of the evo-
ground density levels{5x 10°cm ?) for an implant dose lution of defects for most of the high energy implants stud-
of 1x10%cm 2 to a maximum of~2x10°cm 2 for an  ied. The density of defects can be quantified by taking mi-
implant dose of K10¥cm 2 For implant doses greater crographs of several different regions and counting each
than 1x10*cm 2 the TDD levels start decreasing. There- image after printing. It is clear there is a rapid increase in the
fore, the TDD level appears to saturate~a®x 10°cm 2 for  density of the defects upon annealing. Figure 3 shows a
an implant dose of X 10"*cm 2. The second effect is the graph of the total dislocation loop density determined from
effect of energy. The trend in TDD levels discussed earlier iSTEM versus the implant dose. Cross-sectional TEM con-
seen only for implant energies greater than 1500 keV. For alfirmed the defects were in a band around the projected range
the energies from 1500 to 5000 keV studied, the trends weref the implants. For the implants at various energy levels
remarkably similar with a near identical TDD saturation (180, 1500, 2500, and 5000 kgWthe total defect density
level of 2x10°cm 2 achieved at an implant dose of 1 increases from~1x10"cm ? to ~1x10"%m 2 From
X 10" cm™2. However, for implant energies less than 1500Figs. 1 and 3, we can see that beyond an implant dose of 1
keV no such clear trends are visible. In fact, for an implantx 10"cm™2 there is an increase in the total defect density
energy of 180 keV the TDD level seems to remain nearconcentration, but there is a decrease in the TDD concentra-
constant and below>t 10* cm ™2, tion. This implies that the surface threading dislocations may

To understand the decrease in TDD levels for phosbe evolving into another form of dislocation loop that does
phorus implant doses greater thaw 10cm 2, a series of not thread to the surface.
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FIG. 3. The total defect density dependence on dose is shown. Beyond g 5. sjze distribution of the 1500 keV phosphorus implanted samples as

42 ; i : ; . , .
dose of 1x10**cm™? there is a superlinear increase in the total concentra-a function of implant dose after annealing. Note the formation of a bimodal
tion of defects from~1x10" cm 2 to ~1x10%cm™2 distribution with increasing dose.

TEM micrographs were analyzed at different doses and bimodal loop distribution. This can be seen in Fig. 5 for the
energies to extract the average diameter of these dislocatidtb00 keV phosphorus implanted samples as a function of
loops. Figure 4 is a plot of the average diameter of the disdose. At low dosesthe solid symbolsthe only defects ob-
location loops at various energy levéls30, 1500, 2500, and served by TEM are the large loops. However, with increas-
5000 keV) for implant doses greater thark1l0'¥cm™2. This  ing dose a high density of very small dislocation loops
plot shows a superlinear decrease in the average loop diarferms. In order to further analyze the effect of energy and
eter with an increasing implant dose. These results wouldose on this bimodal distribution, the dislocation loops have
support the hypothesis that the surface threading dislocatiorizeen grouped into two different sizes, large 1o6p4500 A)
are evolving into smaller dislocation loops for implant dosesand small loop$<1500 A). The classification of large loops
greater than X 10" cm 2, as being greater than 1500 A and small loops being less than

The size distribution behaves in a very unexpected fashi1500 A is arbitrary. However, there is a clear bimodal dis-
ion. With increasing dose rather than getting a simple detribution in defect sizes and in general the small loops are on
crease in the average diameter, the system actually developserage about 500 A in diameter and the large loops are on

average around a micron in length.
Figure 6 shows the density of large dislocation loops
10° —— Ty R — (>1500 A) as a function of the phosphorus implant dose for
different implant energies. For an implant energy of 180
Eig‘g’g"%’g keV, the density of large loops is1x 10°cm 2, which is at
—®—5000 keV the TEM detection limit. However, for the other implant en-
ergies studied, the large dislocation loop density increases
from 5x 10° cm™2 for an implant dose of £10"%cm™2to a
maximum value of~7x 10" cm 2 at an implant dose of 2
X 10" cm™2. For implant doses greater thark20"cm ™2
the large dislocation loop density remains nearly constant at
a value of~7x 10" cm 2. These results show that there is a
weaker dependence on dose for the formation of large dislo-
cation loops and there is even a possible decrease in their
density for higher doses.

Figure 7 shows a graph of the density of small disloca-
tion loops (<1500 A) as a function of the phosphorus im-
plant dose. For doses 1x 10" cm™? the density of small
dislocation loops is below the detection limit. However, the
Implant Dose (cm™) small dislocation loop density increases at least two to three

orders of magnitude when the implant dose is simply

FIG. 4. The average diameter of the dislocation loops at various energ 4 4 -2 -
levels (180, 1500, 2500, and 5000 kgVor implant doses greater than 1 HOUbled from 2¢10™ to 2 10**cm2 An additional one to

x 10" cm™2. This plot shows a linear decrease in the average loop diametejFWP orders of magnitude increase is Obzserved when the dose
with an increase in the implanted dose. is increased from X 10* to 5x 10" cm 2. Thus, there is a
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1 e L on implant conditions. Chengt al® proposed a simple

10" P
S pervrrrrwen ] model for the decrease in threading dislocation with increas-
00 L |20 kev ] ing dose above %10™cm 2 They proposed that as the
- E [ S000key E dose increases the average size of the defect decreases and
g . ] thus the threading dislocations no longer reach the surface.
» 10 3 3 The primary source of interstitials for their model is the con-
E F ; tribution from the implanted dose(so-called “plus”
3 O10°F € facton.’® This model, which is in effect homogeneous nucle-
2 : ~— . ] ation theory!! offers the simplest approach to understanding
g 0 L = J the loop nucleation kinetics. It has been shown that excess
r TEM Detection Limit interstitials in silicon will precipitate into extended defects
gﬂ o ] called {311 defects!? It has also been shown that these
10°¢ {311 defects can transform into dislocation lodpsThe
i ; shape of the large dislocation loops and their size are both
10° b s L L consistent with the threading dislocations forming from the
0 1x10" 2x1d® 3x1d" 4x10" sx10" 6x1d transformation (presumably unfaulting of isolated large
Phosphorus Dose (cm™) {311 defects>®14

Figure 3 shows that there is a clear superlinear increase

FIG. 6. Plan-view TEM results of the large=1500 A) dislocation loop . . . .
density in phosphorus implanted samples after annealing as a function AP defect dens!ty with dose and th_at the ave'?age size of the
implant dose for various implant energies. The large defects show som@efects does indeed decrease with increasing dose as ob-

increase followed by a slight decrease in density with increasing dose.  served in Fig. 4. Thus, this model on the surface works for
these results. One complicating factor is the observation in
] ) ] ] ] ] Fig. 1, where the defect density behavior as a function of
Sl,.lperlhl’leal’ increase in thg density of small dislocation loopgjyqe is very similar for implant energies between 1500 and
with increasing dose. Figure 1 showed that the surfacgngg kev. If the simple model is used then the plus concen-
threading d|s|ocat|or2 de[125|ty reaches a maximum for an iMga4ion for these various energies is the same so one would
plant dose of X 10'*cm* and then shojv;/)?? a_szuperlmear expect the higher energy implants to have fewer threading
dec(r)aase_lzn density for doses betweenID™cm “and 5 yigiocations simply because they are deeper. These results
x10"cm = This suggests there could be correlation besp, . that the increase in defect depth with increasing im-
tween the formation of small dislocation loops and the de'plant energy must be off-set by the increase in defect size.

crease in threading dislocations. This in turn means that there are fewer defects at higher
energies which is possibly seen in Fig. 7. Therefore, either
IV. DISCUSSION the average size is larger or there are more interstitials avail-

In order to explain the results observed in Figs. 17 it icable to make the defects larger and thus reach the surface.

important to examine what theories have been previouslf/lore interstitials could form because of Frenkel pair separa-

proposed to explain the correlation of threading dislocation 10

Frenkel pair separation is a well documented source of
excess interstitial for higher energy implants into Si. It has
L been shown that for mega-electron-volt implants the separa-

F [Se—180 kev ] tion can lead to an excess vacancy population near the sur-
ol [t ey 1 face and a higher interstitial population around the projected
107 | | A S000keV range of the implant>=" Thus, the observation that there is

] a very weak energy dependence suggests a second source of
E interstitials above the simple plus one concentration may
] contribute. Additional low temperature experiments would
4 need to be done to quantify the trapped interstitials in the
] {311} defects before this could be verified.

Another complication from the simple model arises be-
cause of bimodal loop distribution that is observed in Fig. 5.
This arises because of the saturation in large loops shown in
Fig. 6 and the rapid increase in small loops in Fig. 7 with
; ] increasing dose. This bimodal distribution suggests a more
Pl L L complicated mechanism than simple homogeneous nucle-
0 1x10 2x10° 3x10 4x10 5x10 6x10 ation is involved. One possibility is that there are two mecha-
nisms for loop formation. It has been sho\that transfor-
mation of {311} defects into dislocation loops, presumably
FIG. 7. Plan-view TEM results of the sma#<1500 A dislocation 100p 1,01 unfaulting, can account for a significant fraction of
density in phosphorus implanted samples after annealing as a function o b . ’ . .

J:e dislocation loops that form upon annealing. However, it

implant dose for various implant energies. Note the superlinear increase i : 19 - ]
defect density with increasing dose. was also pointed otft'®that many of the dislocation loops

Small Loop Defect Density (cm )
=
T

TEM Detection Limit 7

Phosphorus Dose (cm *)
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10" —— T Ty electron-volt St implants for comparison it cannot be con-
clusively stated that the phosphorus is affecting the loop dis-
tribution, however, the correlation in Fig. 8 suggests this
mechanism may be significant. Further experiments with Si
implants are in progress.

T T
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V. CONCLUSION

A | In conclusion, for high energy phosphorus implants there
appears to be a direct correlation between the decrease in
threading dislocation density with increasing dose and the
4 increase in dislocation density at the projected range. The
results show a weak energy dependence above a certain en-
ergy threshold. TEM studies reveal the formation of a bimo-
10‘*1 — "1'019 — "1020 dal dislocation loop distribution of small and large loops.
These large loops start to appear at an implant dose of 5
Peak Phosphorus Concentration (cm ) x 10 cm 2 and increase in density from>x610°cm 2 to a
FIG. 8. The dependence of the dislocation loop concentration on the peaEaleu_m of 6x 197 cm ? at a dose of X 10"cm™2. With
phosphorus concentration for all of the samples examined in this study. ThedIther increases in the dose the density of large loops de-
strong correlation is consistent with phosphorus having a chemical speciesrease gradually to 810°cm? at a dose of 5
effect on loop nucleation. X 10" cm™2. The small loops are below TEM detection lim-
its until a dose of X 10**cm™2 when they appear at a den-
_ _ . _ sity of ~5x10° cm 2. With increasing the dose the small
form prior to the observation of visible transformation from loop density exhibits a superlinear increase in density to 1
{311} defects. Thus, it is possible that the bimodal distribu-y 1019cm=2'for a dose of 5 104cm 2. The superlinear in-
tion observed arises because at low doses the mechaniffuase in the formation of small dislocation loops coincides
involving transformation of{311 defects to loops domi- i the superlinear decrease in threading dislocation den-
nates, whereas at higher doses a “direct” formation of l00ps;jry |t is suggested that understanding the energy, dose, and
without involving {311 defects dominates at some submi- 50, sjze distribution dependence of the threading disloca-
croscopic clustgr regime. It is |mp033|.bl'e at this tlme to ruleggng requires understanding the sources of interstitials and
out this alternative pathway because it is not possible to obg,o loop nucleation kinetics. The presence of phosphorus

serve this possible submicroscopic transformation. 4y play a significant role in the formation of dislocation
A second possibility to explain the bimodal loop distri- loops and thus threading dislocations.

bution is that the concentration of phosphorus is affecting the
loop formation process. Keyet al. ha; shpwn using phos- ACKNOWLEDGMENTS
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