Characterization of sidewall defects in selective epitaxial growth of silicon
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The sidewall defects in high quality selective epitaxial grov8&EG of silicon were characterized.
Three different SEG diode structures were fabricated and the bulk and perimeter defects were
characterized through electrical measurements and transmission electron micrGSebpy The
structures investigated were SEG grown in a/n2 thick wet-etched field oxide, SEG grown in 1.2

pm thick reactive-ion etched field oxide, and SEG grown in a 4@ high and 0.3um wide
sidewall oxide cavity. The thin sidewall oxide cavity SEG diode showed the best ideality factors and
minimum saturation current densities for diodes intersecting the sidewall, indicating the least
thermal stress generated at the SEG/oxide sidewall interface during the cool-down period.
Cross-sectional TEM micrographs showed no defects in the bulk SEG or at the sidewall, indicating
that the thermal stress in all the processes was not high enough to cause plastic deformation,
dislocations, or stacking faults. @995 American Vacuum Society.

[. INTRODUCTION material yield strength. If this situation occurs, the internal
stress will be relieved by plastic deformation of silicrt
Some practical steps have been suggested to reduce the in-
Qernal strain introduced by the Si overgrowfiThe insulat-

ing film could be made thinner, which would reduce the in-
ternal strain. The thermal stress could also be reduced if the
&hermal coefficient of expansion of the insulator next to the
overgrowth is matched to that of silicon. However, the very
limited choices of insulator do not allow the matching of
expansion coefficients. The reduction in growth temperature
itself should reduce the stress and strain developed in the

Selective epitaxial growtfSEQ of silicon has been iden-

scale integrated/ultralarge scale integrated circ(MESI/
ULSI) which will use novel three-dimensional bipolar, metal
oxide semiconductor, bipolar-complementary metal oxid
semiconductor, and silicon-on-insulatéMOS, BICMOS,
and SOJ devices:? SEG and related selective growth tech-
nigues such as epitaxial lateral overgrowi.O) and con-
fined lateral selective epitaxial growtiCLSEG have been
used to fabricate novel three-dimensional devités(See material, at the expense of slower growth rates.

Fig. 1) The bulk SEG silicon material is of excellent quality It is the purpose of this paper to characterize the sidewall

but the material close to the sidewall insulator can have Yefects in selective epitaxial growth of silicon. By the fabri-

high defect density. Various authors have reported the Pregc,ii : S :
. 0 ion of a unique structure, it is shown that the quality of the
ence of defects along the sidew@ll’ A factor of 10-100 SEG/oxide sidewall interface can be greatly improved by

increase in leakage currents has been reported when thejurlfs'ing a thin sidewall oxide. The results are attributed to a

tions intersect the SEG sidewall. The presence of the SIdqbwer thermal stress in the thin sidewall oxide cavity SEG

wall defec.t IS gon5|dereq to be the single mogt 'mpo.rtamstructure. The material quality was electrically characterized
problem hindering the widespread use of SEG in semicon

. ! . . by fabricating diodes using selective epitaxial growth and
ductor processing because junctions and depletion reglorB%/

) ) X i ! ) emical-mechanical polishing with junctions intersecting
interseciing these sidewall defects will result in undeswable[he sidewall interface of interest. Bulk and perimeter ideality
recombination—generation currents. Hence, it is extremel¥

. . ctors and saturation current densities were extracted to
important that these defects need to be characterized ar&aaracterize the bulk and sidewall SEG material

eliminated.
It is postulated that the main cause of the SEG/ELO side-

wall defects is 'thergn;gll stres; after.t'he S!EG growth during thcﬁ_ CHARACTERIZATION TECHNIQUE
cool-down period:®'°The oxide /silicon interface is a loca-
tion of high internal strain. As a strain relief mechanism, The current through a diode in the forward bias region is
stacking faults could be generated in the silicon material. Théhe sum of a diffusion component and a recombination cur-
strain could be introduced as a result of the difference irrent. The recombination current is characterized by the ide-
thermal coefficient of expansion between the silicon overality factor #, theoretically equal to 2. The recombination
growth and the oxide. At high temperatures, the silicon yieldcurrent is dominant at low forward biased applied voltages
strength is lowered and the thermal stress could exceed thehile the diffusion current dominates at higher voltages. The
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,//( N | Igngbo ex;{q—z_r>—1 +Jpo exp{q—\k/_r —1}. 6)
§i0, <100> b p
Silicon Thus the bulk current components can be obtained from
SELECTIVE EPITAXIAL GROWTH (SEG) the slope of the least-squares fit of &P vs A/P plot.
NType Taking the data at two different voltages allows for the ex-
ELO traction of J,, and »,, which characterize the bulk current
component.
Si0, <100> IIl. DEVICE FABRICATION
Silicon

Five differentp®/n diode structures were fabricated in
this study. Two were used as a reference and the other three
Nitride Via were the SEG diodes under investigation.

Hole\

f A. Process 1
|

EPITAXIAL LATERAL OVERGROWTH(ELO)

The first reference diod@rocess 1 was a conventional
si0, <100> recessed local oxidation of silicahOCOS isolation side-
Silicon wall oxide diode inn-type, 1-50 cm, {10G substrate. A
CONFINED LATERAL SELECTIVE EPITAXIAL photoresist mask was used to etch through a nitride, pad
GROWTH (CLSEG) . - . . . .
oxide, and 0.5um of silicon using reactive ion etching
Fic. 1. Various selective silicon growth techniques. (RIE). The 0.8um LOCOS oxide was then grown, the ni-

tride and pad oxide removed, and the wafer front was im-
planted with boron to form thp* diode and the wafer back
o o was implanted with arsenic to form the back contact. The
diffusion and recombination current can be lumped togethefmnants were activated by a 1000 °C wet oxidation resulting
and the perimeter current component can be included to oky 12 um oxide on the diode. Contacts were opened and
tain the total diode current: devices were metalized with approximately 0.28n of
qV qV Al-1% Si alloy which was defined using lift-off. The wafers
exp{ —) -1 ex;{ —) —1|. (1) wereannealed at 415 °C in drylfor 20 min. The final cross
KT 7pkT
In Eq. (), Ais the diode areal, is the bulk saturation

section of the two reference diodes is shown in Fig).2
current densityin A/lcm?), 7, is the bulk ideality factorPis  B. Process 2
the perimeter of the diodel,, is the perimeter saturation
current density(in A/cm), »,, is the perimeter ideality factor,
andV is the applied voltage. Dividing the resultant equation

I :AJbO + PJpo

This diode structure also served as a reference. The fab-
rication process started witlktype, 1-5Q cm, {100 silicon
) i wafers. Boron was implanted in the entire front fof diode
by the area results in the following: formation and the back of the wafer was implanted with
qVv qVv arsenic. A photoresist mask was then used to anisotropically
ex;{ T’) -1 exr{ T’) —1} 2 etch through 2um of silicon using Freon 115 gas. The im-
b K plants were activated and contacts were formed similar to the
Thus, for a given voltage, if the measured current densityiode of process 1. The final cross section is shown in Fig.
is plotted as function of the perimeter to area ratio, a straigh®(b). Using process 2, the reactive-ion-etched sidewall can
line should be obtained with the slope given by the perimetepbe examined and can be compared with the LOCOS and
current component and the intercept given by the bulk other SEG sidewall diodes.
current component. If the measurement is performed at two
different voltages between which the ideality factor is as-C. Process 3
sumed to be constant, then two values of slopes can be ob-
tained as shown in the following:

P
+ < Jpo

J:‘]bO A

Process 3 was a diode structure with the SEG oxide side-
wall interface of interest. The fabrication process started with
qVv; n-type 1-5Q cm, {100 silicon wafers. The device structures
ex;{ m) -1}, (3)  were oriented along the.00) direction on the{100; plane to
P reduce perimeter defects and enhance the material quality.
qV, The process began by growing a L of field oxide on the
EXI{ m) -1 (4)  silicon. A positive photoresist mask was then used to wet
P etch the oxide. SEG/ELO of silicon was performed in a
The above two equations can be solved simultaneously toeduced-pressure pancake-type rf-heated epitaxial reactor. A
obtain the values o8, and n,. This technique has been 5 min hydrogen bake and 30 s HCI etch, both at 970 °C,
applied on GaAs diodes and solar cells to study the effect ofvere used prior to growth. SEG/ELO was then started from
perimeter recombinatiotf. The bulk current components can the silicon seed holes at 970 °C and 40 Torr at a growth rate
be obtained by dividing Eq1) by the perimeter to obtain  of ~0.10 um/min to result in 2.5um of growth. The growth

slope F=Jy

slope 2=Jy
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SEG P L.2um 5102 Fic. 3. Process flow of the thin oxide cavity SEG diode, process 5.
n substrate

Bottom Contact acid). The rest of the processing including the SEG was iden-
@ tical to the earlier process. The structure of process 4 is also
an ideal candidate for a facet-free isolation technology using
EG and chemical-mechanical polishitig? The final cr
Fic. 2. The two reference diode structur¢a) Recessed LOCOS isolated S G a dfChe d.CE(; .ec ha Ca. plg' S d € al cross
diode structure, process (b) RIE sidewall diode, process &;) wet-etched section of the diode is shown in Fig(d.
oxide SEG diode, process @) RIE oxide SEG diode, process 4.
E. Process 5

did result in silicon material over the field oxide. The wafer Process 5 consisted of a unique structure having only a
was chemical-mechanically polishédMP) down to the top ~ 0-3 um oxide sidewall before the SEG was performed. The
surface using the field oxide as an etch stop. All of the overmotive behind fabricating this process was to examine the
growth was removed and a planar surface was obtained. Agffect of sidewall oxide thickness before the SEG. The fab-
ter the CMP, ap* diode was formed and the fabrication fication process started witittype, 1-5() cm, {100 silicon

proceeded exactly as in processes 1 and 2. The final cro¥éfers. The device structures were oriented along(10€)
section of the diode is shown in Fig(c. direction on the{100; plane to reduce perimeter defects and

enhance the material quality. The process began by growing
an 800 A thick pad oxide followed by a 0.28m SiN,
deposition at 800 °C. A photoresist mask was used to aniso-
Process 4 was a diode structure fabricated identical to thatopically etch through the @, in a RIE using SE. The
of process 3 except that fact that the oxide was anisotropiexide was then etched using Freon 115. Following the oxide
cally RIE using CHE and Q. A dry oxidation at 1000 °C for etch, 1um of the silicon was anisotropically etched in Freon
20 min was performed to anneal the RIE damage. The resultt1l5 plasma as shown in Fig(a3. The photoresist mask was
ant oxide was etched using BHfbuffered hydroflouric then removed and the wafers were oxidized at 1050 °C to

D. Process 4
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Fic. 5. A representative current density vs perimeter to area ratio plot.

the LOCOS and indicates a lower quality sidewall. The re-
verse leakage was measured so that the depletion region
would not go into the substrate. Process 3 shows a higher
ideality factor of 1.37 for the sidewall and 1.32 for the bulk.
Fic. 4. SEM showing the final cross section of the thin oxide cavity SEG This indicates the presence of defects along and close to the
diode. SEG sidewall. The ideality factor at 0.45 V for processes 3
and 4, 1.29 and 1.23, respectively, are very close; however,
the perimeter and bulk parameters are different. The RIE
é:)erimeter values are higher than the wet-etched oxide pro-

nitride and pad oxide were then removed during which th . ; .
oxide on the substrate was reduced to Q:30. The silicon cess. This could be due to that rough oxide sidewall due to
' the RIE.

in the active areas was now exposed. The single crystal sili- _ . . .
con was etched down to the substrate level using a mixture Th_e thin O_X'de cavity SEG. dloc_j(&process bshowed the
of 47 g KOH, 127 ml HO, and 39 ml isopropanal. Next, most interesting results. The ideality factors were close to the

SEG was performed similar to the last two processes. Silico?{alues of processes 1 and 2 even though they had the selec-

did not grow out and over the thin oxide and the planariza-t've epitaxial growth sidewall interface. The low ideality fac-

tion step was not used. Following the SEG, the diode formators can be attributed to the thin sidewall o>§|de. If the defects
e generated due to thermal stress during the cool-down

tion was the same as described for the previous diodes. THE® . o
final cross section is shown in Fig(d. The thin oxide wall period after the SEG growth, then the SEG Si grown in this

is about 1.2um high and 0.3um wide as shown in the structure will experienqe thg minim'um'thermal stress due to
cross-sectional SEM in Fig. 4. SEG was grown in the regionthe presence of the thin oxide which is free to e_xpand a_nd
bounded by the thin sidewall. C(_)ntract. Also, the corner of the substrate/SEG mte_rsect_lon
will experience the least thermal stress due to the thin oxide
IV. CHARACTERIZATION RESULTS present there. _
Transmission electron microscopy was also performed on
The electrical characterization of the sidewall and bulkthe three SEG diodes, from processes 3, 4, and 5, to examine
was performed by the method described earlier. The currenhe sidewall defects on samples which were not planarized.
through the diode was measured at three different voltages @fo defects were observed in the samples close to the side-
0.425, 0.45, and 0.475 V, where the ideality factor was conwall and bulk. If the thermal stress is the main cause of the
stant. The measured current was divided by the area and t/BEG sidewall defects, then the SEG in these diodes can be
current density obtained was plotted versus Bi@& ratio.
The least-squares fit of the data was used to obtain the side-
wall parametersy, andJy,. Figure 5 shows one representa- TasLe I. Summary of results.
tive J vs P/A plot. To obtain the bulk parameters, andJyg
for the diodes|/P was plotted as a function cA/P. The
bulk parameters will include the contribution from all defects
except the ones at the sidewall interface. Twenty devices are Sample 1 2.31x10°7

—14 —11 _
measured and the average values of parameters are listed jn(LOCOS ~ 1.02 1.00 435107 1.05 4.04<10 at-2 \f7
Sample 2 2.03x10

Table I. (RIE substrate 1.10 1.15 8.0%10°% 1.05 8.2X10™ at-2V

Process 1 shows excellent bulk and sidewall parameters sample 3 2.88x10°7
indicating almost no recombination in the silicon-controlled (wet-etch oxidg 1.29 1.37 15610 ™ 132 6.7&10° at-1V
rectifier (SCR region. Process 2 diodes show an ideality ~Sample 4 ) o 4.00x10°
factor of 1.1 which could be due to the presence of RIE (F;fm‘:))l‘gjg 1.23 149 41x107 1.09 3.5%10 4"’37;11(\;7
damage along the sidewall not completely removed by theyin oxide wal) 1.15 1.21 3.7%10°2 1.08 1.9x10°° at-1V

oxidation. The sidewall ideality factor is slightly higher than

form an oxide 0.5um thick, as shown in Fig. ®). The

7 at J po Jpo Jrev
Device 0.45 7, (Alcm) 7 (Alem?) (Alcm?)
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| whereas, for process 5, the oxide exerting the force is only
y e Sl 0.3 pm wide. Thg stress applied is not large enough to cause

€ - - - — -t - - — - - » : plastic deformation in all three structures.
|

VI. CONCLUSIONS

This article presented an extensive characterization of the
sidewall defects in high quality selective epitaxial growth
(SEQ of silicon with an oxide sidewall. The unusual inter-
face of SEG with the sidewall oxide is prone to defects, the
major cause being thermal stress generated in the cool-down
period after the SEG. The experiments in this study proved
that the sidewall oxide width, determining the thermal stress,
plays a major role in determining the SEG sidewall material
quality. Diodes were fabricated and electrically characterized
to show that the thin oxide cavity SEG diodprocess b
exhibited the lowest ideality factors and saturation current
density as compared to thick oxide cavity SEG dioffeo-
cesses 3 and)4A lower growth temperature would further

Fic. 6. Schematic showing the compressive forces on the SEG sidewalleduce the thermal stress and improve the sidewall SEG ma-
during the cool-down perioda) before the SEG(b) after the SEG with the terial quality

wafer in the expanded staté;) after the cool-down periodd) the thin ’
oxide sidewall cavity wafer after the cool-down period.
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