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This work investigates the implantation induced extended defects in the retrograde p- and n-well with/without a buried layer after
postimplantation thermal annealing at 950°C in &mbient. A preferential etchant of CsCHF mixed solution was used to
delineate the defects induced by high-energy ion implantation. It is found that the extended defects elongated to the top surface of
the retrograde well with a buried layer, which was implanted with high-energy boron ion at 1500 keV to a doseldf3cm 2,

resulting in the etching pits of extended defects at a density of abSutriiC?.
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A retrograde well has been extensively utilized in the very largecm™2, 180 keV/1x 10 cm™2, 100 keV/7x 102 c¢cm2, and
spale integrate(dVLSI) circuits because of its advz;ntages of ch.ip 15 keV/6x 10'2 cm 2 to complete the simulation of implantation
size reduction, low thermal budget, process simplification, and iM-tor the construction of a retrograde p-well with a buried layer.

provements of surface topography and device perform&fte.
Many device characteristics, such as hot carrier generation, chanm-erlhe other group of wafers underwent only three lower

mobility, punchthrough voltage, junction capacitance, latchup susEN€rgy boron ion implantations of 180 keVAL _1013 cm 2,
ceptibility, and soft error immunity can be improved and/or opti- 100 keV/7x 10'* cm™?, and 15 keV/6x 10" cm? in sequence
mized by multiple-chain high-energy ion implantatiéh®. In the to simulate the construction of a retrograde p-well without the bur-
deep submicrometer regime, a retrograde well with a buried layeried layer. For the construction of a retrograde n-well, one group of
formed by a megaelectronvolt ion implantation that replaces the usevafers was also implanted with boron ions at an energy/dose of
of an epi layer has been used to obtain a latchup-free conditibh. 1500 keV/3x 10" cm 2 to simulate the buried layer implantation.

However, extended defecticluding both dislocation and dis-  This was followed by a series of three phosphorus ion implantations
o mplantaton used (o Mplement he fetropyada well wih a breaPerormed in sequence at energy/dose of 800 kew/30's o ,

2 a2 2 a2

layer. The main issue of concern about the high-energy ion implan-220 keV/5_>< .101 cm - a_nd 100 keV/1.5< 10*cm *,  and
tation in Si is the extended defects in the substrates that were forme§? 8'S€nic ion zlmplgntatlon performed at an ) energy/dose of
in the postimplantation thermal annealing prock&® The tech- ~ S0 keV/1.5x 10**cm™ to complete the simulation —of
nique most utilized to investigate the defects induced by ion implan-implantation for the construction of a retrograde n-well with
tation is cross-sectional transmission electron micros¢H{EM). a buried layer. The other group of wafers under-
However, the fabrication procedure of the TEM samples is compli-went only three lower energy phosphorus ion implanta-
cated and time consuming. Moreover, XTEM cannot detect the detions of 500 keV/1x 10 cm™2, 220 keV/5x 102 cm2, and
fects at a density below 1@m™, so that the presence of a low 100 keV/1.5x 102 cm 2, and an arsenic ion implantation of
density of defects will probably be overlooked in the XTEM obser- 50 kev/1.5% 10'2 cm™2 in sequence to simulate the construction
vation, yet such a low density of defects in the device junction uf 4 retrograde n-well without the buried layer. Table | summarizes

region may be detrimental to its performarffeln our previous the implantation conditions for th moles with a retroar well
work, we developed a simple and effective method to delineate the‘% e implantation conditions for the samples aretrograde p-we

residual defects in the high-energy ion implanted substrate after th ges!gna:eg as samp:le),;a r;atrogrgde p-wuzll V\.”th ? (lj)uned Iayzler
postimplantation thermal annealing procéss. esignated as samplg, 21 retrograde n-welldesignated as sample

In this work, we use this previously developed method to detect3): @nd a retrograde n-well with a buried layeesignated as sample
and look into the extended defects generated by the processing ¢ While Fig. 1 shows the schematic diagrams of these samples. All
the retrograde well with a buried layer. A preferential chemical etch-Samples were thermally annealed in a furnace at 950°C for 30 min in
ing solution consisting of CrQand HF acid was used for the defect an N, ambient. After the thermal annealing, each wafer was cut into
delineation. Extended defects near the substrate’s surface wengieces 1X 1cm square for defect delineation with preferential
found in the samples of a retrograde well with a buried layer afterchemical etching. Prior to the chemical etching, the samples were
the samples were thermally annealed at temperatures lower thagipped in flowing deionize¢DI) water for 5 min to remove particles

1000°C. that may adhere to the surfaces of the samples and hence disturb the
etching process. The samples were etched in a preferential etching
Experimental solution consisting of one volume part of 0.15 M Grid DI water
The substrates used for the experiments of this work &ge) ~ and two volume parts of HF49%). The etching time ranged from
oriented, p-type silicon wafers of 8 in. diam with 266-cm nomi- 10 Sto 1 min. During the etching process, the samples were properly

nal resistivity. After the initial standard wafer cleaning, one group of agditated in the etching solution to prevent gas bubbles from gather-
wafers were implanted with boron ions at 1500 keV to a dose of 3ing on the sample surfaces, which could disturb the etching results.
X 10" cm™2 to simulate the buried layer implantation. This was After the etching, the samples were dipped in flowing DI water for
followed by a series of four boron ion implantations 5 min. A scanning electron microscop&EM) was used to observe
performed in sequence at an energy/dose of 800 key//mo3 the surface morphology as well as the cross-sectional microstruc-
ture, and secondary ion mass spectromé®&MS) was used for
elemental depth profile measurement. The program of transport of
* Electrochemical Society Active Member. ions in matte(TRIM 92) was used to simulate the depth profiles of
% E-mail: wchsu.ee85g@nctu.edu.tw displaced Si induced by ion implantation.
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Table I. lon implantations for retrograde well with /without bur- 3 ‘ ;'g’.fd;‘

ied layer. 9% il BERN P
lon/Energy/Dose

Retrograde p-well, sample 1 B/180 keV/1x 10" cm™2

B/100 keV/7x 102 cm™2
B/15 keV/6 X 10'2 cm 2
Retrograde p-well with buried layer,  B/1500 keV/3x 10 cm™2
sample 2 B/800 keV/3x 10" cm™2
B/180 keV/1x 10" cm 2
B/100 keV/7x 102 cm 2
B/15 keV/6 X 10* cm 2

Retrograde n-well, sample 3 P/500 keV/1x 10" cm2
P/220 keV/5x 10* cm 2
P/100 keV/1.5x 102 cm™2
As/50 keV/1.5x 10 cm™?

Retrograde n-well with buried layer,  B/1500 keV/3x 10 cm™2

sample 4 P/800 keV/3x 10 cm™?
P/220 keV/5x 10% cm 2
P/100 keV/1.5x 10' cm 2

Etching band:I: S ey SRS S

pscepa 2p.okv X1@.0K '1.8@sm

2 —2
As/50 keV/1.5% 10* cm (©

Figure 2. SEM micrographs showin@) top view, (b) top view (magnified),
Results and Discussion fand3(oc) cross-sectional view of sample 1 etched in preferential etchant
or S.

Retrograde p-well with/without buried layerFigure 2 shows

the top view and cross-sectional view SEM micrographs for sample
1 etched in the preferential etchant for 30 s, corresponding to thgop of which to the etched substrate surface are measured to be 0.7
removal of a 0.3um thick surface layer from the Si wafer. The top and 1.4pm (Fig. 3c). It is apparent that the top etching band arose
view shows a rough surface at 40,000 times magnification and thérom the series of low energy boron ion implantations at 180, 100,
cross-sectional view reveals an etching band of aboupt3wvidth and 15 keV, while the bands at 0.7 and ju from the top surface
extending from the etched Si surface. The corresponding SEM mi-are obviously due to the 800 and 1500 keV high energy boron ion
crographs for the high energy ion implanted sample 2 etched in themplantations, respectively.
preferential etchant for 30 s, are illustrated in Fig. 3. Etching pits  Figure 4 shows the SIMS depth profile of the boron concentra-
can be seen clearly on the surface of sample 2; this is different fromtion for sample 2 after thermal annealing at 950°C for 30 min jn N
the surface of sample 1, where no etching pit is fodRid). 2a). ambient and the depth profile of displaced Si atoms introduced by
With prolonged etching using the preferential etchant, it is foundeach individual ion implantation obtained from the TRIM simula-
that the density of the etching pits is abou510° cm 2. From the  tion. The etching bands of striation resulting from the 30 s etching
cross-sectional view SEM micrograph of sample 2, it can be seerare indicated by the hatched area. It is found that the locations of the
that, in addition to the etching band extending from the Si surface,
there are two more obvious bands of striation, the distances from the
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(c) sample 3 (d) sample 4
Figure 3. SEM micrographs showin@) top view, (b) top view (magnified),
Figure 1. Schematic cross section @f) sample 1(b) sample 2(c) sample and (c) cross-sectional view of sample 2 etched in preferential etchant
3, and(d) sample 4. for 30 s.
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substrate surface after etching for 30 sec
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Figure 4. SIMS depth profile of boron concentration after thermal annealing
at 950°C for 30 min in N ambient and depth profile of displaced Si atoms
obtained from TRIM simulation for sample 2.

bands of striation coincide with the depth profile of displaced Si
atoms obtained from the TRIM simulation, indicating the direct re-
lation between the secondary defect and the implantation damagsd
The striation bands at 1.7 to 2pm, 1 to 1.6 um, and 0 to 0.am .
depth from the original Si substrate surface apparently resulted, re
spectively, from the 1500, and 800 keV, and the three lower energy,
180, 100, and 15 keV, boron ion implantations.

The criterion for extended defect formation by ion implantation
is that the displaced Si atoms generated by the ion implantatio
exceed a critical number. It has been reported that the critical num
ber of displaced Si atoms induced by boron ion implantation that
would result in extended defect formation is about
1.5 X 10'® cm2.22 For the case of sample 1, the displaced Si atoms
generated by each ion implantation all exceed the critical number
Thus, the three successive boron ion implantations generated a su (b)
ficiently large number of interstitial Si atoms, that evolved to the
extended defects during the thermal anneal, resulting in a roug
surface and an etching band of striations, as revealed by the pref
ential etching shown in Fig. 2.

For sample 2, which is a p-retrograde well with a buried layer,
there are etching pits on the surface. It was reported that the high

energy boron ion implantation, with the implantation dose in excess . .
of the threshold dose of X 10" cm™2, will induce dislocations at removal of a 0.3um thick surface layer from the Si wafer. The

th d of th ected d the dislocati il el t sample shows a very smooth surface except for the appearance of
€ end of the projeécted range, an € dislocation will € 0”9’" &vhite mounded artifacts and no obvious etching band in the cross-
along the(110 direction to the top surface region of the wafér;

7 ; ; 4 sectional view. Figure 6 shows the top view and cross-sectional
moreover, it will also induce buried defects which are composed of g P

dislocation loops beneath the substrate surtdée a result, etching \élt?:\gar?tﬁ‘gﬂr gg)lcstogErtiﬁ?nsg f&;:f;ﬂptl)ee gegaczﬁzirllg éueth%riffr;zzgagf
pits near the substrate surface and etching bands of striation can .

seen, respectively, on the surface and in the cross section of samp mple 4, whereas no etching pit is found on the surface of sample
2 after the preferential etching. The etching pit is attributed to the With prolonged etching using the preferential etchant, it is found

. . . i
dislocation which resulted from the two high-enerf@$00 and 800 tcr:gtstsrjge%mﬂz ?/ifet\t‘veseltzcgIrrlmgifrl(t)sglrsa;?r?ooufb?;rfplcem 4 'w':erc;?utr:]de WO
keV) boron ion implantations and subsequently elongated to the to I . '

surface of the Si substrate. Moreover, the three lower engrgg, Hands of striations, one extending from the etched substrate surface

L ; and the other is located 16m below the surface.
100, and 15 keVboron ion implantations, and the 800 and 1500 h .
-~ - . . . Figure 7 shows the SIMS depth profiles of B, P, and As concen-
keV high-energy implantations resulted in, respectively, the top, rations for sample 4 after thermal annealing at 950°C for 30 min in

g?cnrfﬁ]rég:r;g_ téc():t)t.om etching bands of striation after the preferentlakz ambient and the depth profile of displaced Si atoms introduced
by each individual ion implantation obtained from the TRIM simu-
Retrograde n-well with/without buried layerFigure 5 shows lation. The etching bands of striation resulting from the 30 s etching
the top view and cross-sectional view SEM micrographs for sampleare indicated by the hatched area. It is obvious that the striation band
3 etched in the preferential etchant for 30 s, corresponding to thet the surface resulted from the series of phosphorus and arsenic ion

rI]:iguro:-x 5. SEM micrographs showinga) top view and(b) cross-sectional
Cliew of sample 3 etched in preferential etchant for 30 s.
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Figure 6. SEM micrographs showin@) top view, (b) top view (magnified),
and (c) cross-sectional view of sample 4 etched in preferential etchan
for 30 s.

implantations(P/800 keV, P/220 keV, P/100 keV, and As/50 keV
while the band located at 1.9 to 2.6n from the surface is associ-
ated with the 1500 keV boron ion implantation.
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Figure 8. Etching pits distribution for samples 2 and 4.

bers of displaced Si atoms induced by phosphorug @d arsenic

t(As*) ion implantation that would result in extended defect forma-

tion are 5x 10'® and 1.8x 10" cm™?, respectively? There are
extended defects and a less clear band of striation in sample 4 ex-
tending from the etched substrate surface. Similar to the case of
sample 3, P and As" ion implantations would not induce the for-
mation of extended defects in sample 4. However, sample 4 also
received the high-energy boron ion implantation at 1500 keV to a

The fact that extended defects were not found to appear orflose of 3x 10" cm™2, which contributed to the formation of the
sample 3 is consistent with the criterion of the extended defect for-€xtended defects and the appearance of etching pits near the sub-
mation because the displaced Si atoms generated by'thadPAs" strate surface. In addi?io_n, we presume that the for_mation of the
ions implantations for the construction of a retrograde n-well lesser clear band of striation at the surface layer was induced by the
(sample 3)are well below the critical number that would result in superposition of the displaced Si atoms resulting from the entire

extended defect formation. It has been reported that the critical numSeries of high and low energies ion implantations.
Figure 8 shows the etching pit distribution for samplérétro-

grade p-well with buried laygémand sample 4retrograde n-well with
buried layer). Etching pits of comparable density were found for the
retrograde p-well and n-well with buried layer, whereas the extended
defects in the retrograde p-well extend closer to the Si surface than
those in the retrograde n-well. Similar observations were reported
regarding the megaelectronvolts boron ion implantation induced dis-
location, studied using TEM and etch pit density counts by Schim-
mel etching?®?324The Schimmel etching has a much faster etching
rate of 1.5um/min, as compared to the etching recipe used in this
study (0.6 pm/min). The etching depth can be more easily con-
trolled using the slow etching rate recipe. In this study, etching pits
with a density of about 0cm 2 were found after removal of a 0.1
pm thick surface layer from the Si substréasample 2), whereas the
reported data in the literature show that etching pits of comparable
density were found after removal of about a 0.6-@r8 thick Si
surface layer.

substrate surface after etching for 30 sec
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Conclusions

This work investigates the implantation-induced extended de-
fects for the retrograde p- and n-well with/without a buried layer
after postimplantation thermal annealing at 950°C inashbient. A
preferential etchant of CrIHF mixed solution was used to delin-
eate the defects. It is found that the high-energy ion implantation
induced dislocations at the end of the projected range elongated to
the top surface of the retrograde well with a buried layer, which was
constructed by high-energy boron ion implantation at 1500 keV to a
Figure 7. SIMS depth profiles of borofiB), phosphorusP), and arsenic ~ dose of 3 10° cm2, resulting in etch pits of extended defects at
(As) concentration after thermal annealing at 950°C for 30 min jrahbi- a density of about focm™2. The extended defects may have ad-
ent and depth profile of displaced Si atoms obtained from TRIM simulation verse effects on the integrity of gate oxide and p-n junction of
for sample 4. devices.

Boron(SIMS)

Phos.(SIMS)

—— As(SIMS)

—e=— B/1500 keV/3E13 (Displaced Si atoms)
v P/800 keV/3E13 (Displaced Si atoms)
—s— P/220 keV/5E12 (Displaced Si atoms)
—o--- P/100 keV/1.5E12 (Displaced Si atoms)
——  As/50 keV/1.5E12 (Displaced Si atoms)
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