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Defects in the near sidewall region in selective epitaxial growth of silicon have prevented its
widespread use as a viable dielectric isolation technology. The main cause of these defects has been
demonstrated to be thermal stress due to mismatch in the coefficient of thermal expansion between
silicon and silicon dioxide. This article presents the detailed electrical characterization of these
sidewall defects usingP1/N junction diodes fabricated using silicon dioxide and thermally nitrided
silicon dioxide as the field insulator. It is shown that the use of field oxide which was nitrided at
1100 °C for 60 min in ammonia gas ambient reduced the reverse saturation current density in the
diodes by a factor of 6 and also improved the forward recombination and ideality factors when
compared to standard thermal field oxide isolated diodes. The improvement of the sidewall quality
was attributed to a reduction in thermal stress due to the modification of the coefficient of thermal
expansion of nitrided silicon oxide. ©2000 American Vacuum Society.@S0734-211X~00!08802-8#
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I. BACKGROUND ÕMOTIVATION

Selective growth of silicon is finding increasing use in
variety of applications in advanced, submicron ultralar
scale integration~ULSI!. Selective epitaxial growth~SEG!,
epitaxial lateral overgrowth~ELO!, and confined lateral se
lective epitaxial growth~CLSEG! have been demonstrated
be useful for a variety of devices and three-dimensional
plications in complementary metal-oxide-semiconduct
~CMOS!, bipolar and biCMOS devices.1–4 More recently,
selective growth has been used for epitaxial base for bip
junction transistors,5–7 epitaxial channel in metal-oxide
semiconductor field effect transistors~MOSFETs!,8–10 and
device regions for advanced isolation.11 Figure 1 shows the
various selective growth techniques and how they can
applied to device fabrication. In addition, as silicon devic
are scaled down to the deep submicron regime, the cos
device processing is increasing very rapidly. As compare
conventional recessed local oxidation of silicon~LOCOS! or
shallow trench isolation~STI!, SEG of silicon provides a
simple and cost effective process for the formation of i
lated device islands.12

The bulk SEG material for these applications is of exc
lent quality but the material close to the sidewall insula
can have a high defect density. The main cause of th
defects has been demonstrated to be coefficient of the
expansion~CTE! mismatch induced by thermal stress duri
the cooldown period of the epitaxial growth.13,14 The detri-
mental effects of these defects can be circumvented if
defective sidewall region is implanted and is encompas
well within a junction. This is the case for bipolar junctio
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transistors where, for most device layouts, the extrinsic b
region intersects the sidewall of the oxide isolation region
shown in Fig. 2~a!. For the case of MOSFETs, however,
shown in Fig. 2~b!, there is always the region under the ga
that does not get implanted and increases the leakage
tween the source and drain, resulting in poor yield.

Two possible ways to reduce the thermal stress are
reduce the growth temperature or to reduce the mismatc
expansion coefficients. Introducing nitrogen into the field o
ide to change its coefficient of thermal expansion~CTE! has
been proposed as a means to reduce these sidewall defe14

It is known that CTE (SiO2),CTE(Si),CTE~Si3N4), and
hence nitridation of the field oxide should bring the therm
expansion coefficient of oxide closer to that of silicon. T
purpose of the work described in this article is to experim
tally demonstrate the reduction of the defect induced leak
currents in SEG silicon grown in nitrided field oxide
~termed NOX! when compared to SEG structures whi
were grown in thermal oxide~OX! isolated regions.P1/N
junction diodes with varying perimeter-area ratios were fa
ricated and used to characterize the sidewall defects.
ward and reverse leakage currents were measured and
to evaluate and demonstrate the improved sidewall qua
with the use of nitrided thermal oxide.

II. SEG ISOLATION AND NATURE OF DEFECTS

Figure 3 shows a scanning electron micrograph of silic
SEG grown from a 0.2-mm-wide seed hole demonstrating th
scalability of SEG to form deep submicron device islan
Device isolation using selective epitaxial growth has be
proposed earlier.11,15,16Figure 4 shows a typical device iso
lation process using selective epitaxial growth. As can
noted from the cross sections, the process is simple and
il:
6950Õ18„2…Õ695Õ5Õ$17.00 ©2000 American Vacuum Society
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696 Bashir et al. : Reduction of sidewall defect induced leakage currents 696
to implement. In addition, the process is also cost effec
when compared to shallow trench isolation.13 The only hin-
drance is the formation of these defects when the growt
done at high temperatures. A theoretical understanding a

FIG. 1. Various selective epitaxial growth processes.

FIG. 2. ~a! Top view layout of a bipolar junction transistor~BJT! device.
Note that the region near the sidewall is always implanted with the extri
base region.~b! Top view layout of the MOSFET device. The region und
the gate is not implanted with the source and drain.
J. Vac. Sci. Technol. B, Vol. 18, No. 2, Mar ÕApr 2000
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one-dimensional model have been developed which exp
that the defects are generated when the thermal stres
duced from the sidewall and corner region of the oxide
ceeds the yield strength of silicon, resulting in plas
deformation.14,17 Generally, the thermal stress due to a m
match in expansion coefficients is given by

sTh5
E

12nE25 °C

TGR
@aSi~T!2aOx~T!#dT, ~1!

whereE is the Young modulus of silicon,n is the Poisson
ratio, aSi and aOx are the thermal expansion coefficient f

ic

FIG. 3. SEG silicon grown from a 0.2-mm-wide seed hole.

FIG. 4. Process flow for the SEG isolation flow.~a! Active regions are
defined within an oxide window.~b! Selective epitaxial growth of silicon is
performed to form the active device regions. The epitaxy can overgrow
insulator regions.~c! The silicon overgrowth is polished off using chemica
mechanical polishing, a process very commonly used in the semicondu
industry. The field insulator is used as an etch stop for the polishing.
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697 Bashir et al. : Reduction of sidewall defect induced leakage currents 697
silicon and oxide, andTGR is the growth temperature. Th
thermal stress should be less than the yield strength of
con, which is a function of temperature and the strain ra
Hence, the two most obvious ways to reduce the ther
stress according to Eq.~1! are to reduce the SEG growt
temperature or to match the coefficient of thermal expans
of silicon and the insulator. Reduction in growth temperat
is useful for thin films where single wafer processing s
tems are increasingly being used. For high throughput p
cesses, thicker silicon films used for isolation, and appli
tions such as power devices, growth temperatures less
900 °C are not very practical and can result in undesira
long growth cycles. Hence, the approach of modification
the coefficient of thermal expansion was proposed.11,15Since
it is known that CTE (SiO250.631026 °C21),CTE ~Si
52.631026 °C21),CTE ~Si3N453.231026 °C21), nitri-
dation of the thermal oxide should bring the expansion co
ficient closer to silicon. This approach was used to reduce
SEG sidewall thermal stress as described below.

III. PROCESS FLOW AND DETAILS

The process used for this study began with the forma
of a 1-mm-thick field oxide, which was grown onN-type
~100! silicon wafer doped at 131015 #/cm3 using a dry/wet
oxidation at 1100 °C for 2 h. Some of the wafers were th
thermally nitrided in pure NH3 at conditions described be
low. These wafers will be referred to as NOX wafers. T
untreated wafers will be referred to as OX wafers. Seed w
dows for the SEG were reactive ion etched~RIE! into both
the OX and NOX wafers using a 200 W, 80 mT CH3
plasma etch. Any RIE damage on the seed hole surface
removed by a 5 min steam oxidation at 1000 °C. This oxid
was then removed in buffered hydrofluoric acid and the w
fers were cleaned for SEG.N-type SEG silicon was then
grown at 970 °C, 40 T using a SiH2Cl2 flow of 0.22 slm and
HCl flow of 0.66 slm in a pancake-type reactor. Hydrog
was used as the carrier gas at a flow of 60 slm and
resulting growth rates were about 0.12mm/min to result in a
total growth of about 1.2mm. Hence about 0.2mm of silicon
was overgrown. Boron was then implanted at an energy
25 keV and a dose of 131014 #/cm2 to form theP1 region
in the N-type SEG. The junctions were annealed at 1000
for 10 min, followed by contact mask, Al-1% Si metaliz
tion, and a hydrogen anneal step at 475 °C. Control dio
were also fabricated with junctions 5mm away from the
sidewall interface~referred as OX-5! to test the intrinsic ma-
terial quality. The final cross section of the diodes is sho
in Fig. 5.

FIG. 5. Final cross section for the test structures used in this study.
JVST B - Microelectronics and Nanometer Structures
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Test wafers with thermal oxide were nitrided in a pu
NH3 ambient at 1000 °C and 1100 °C for 30 and 60 min. T
nitrogen profile as a function of depth and nitridation con
tions is shown in Fig. 6. The secondary ion mass spect
copy ~SIMS! profile shown in this figure was obtained prio
to the oxide etch in the field regions. The nitrogen profi
were measured using Quad SIMS using a cesium primary
source beam~Charles Evans and Associates!. Beam current
of about 100 nA was used. Primary beams with 3 kV ene
were used to get the best depth resolution. The conversio
measured secondary ion counts to concentration was
formed by using relative sensitivity factors, which were o
tained for nitrogen using a SiON reference sample. The in
in Fig. 6 also shows the nitrogen dose as a function of
nitridation condition. At 1000 °C, increasing the time fro
30 to 60 min increased the dose by 45%. At 1100 °C,
creasing the time from 30 to 60 min increased the dose
34%. The time of nitridation appears to have a strong imp
on the nitrogen incorporation dose. An 1100 °C, 60 min
tridation was chosen since it resulted in the highest d
among the conditions attempted. There is also a slight pil
at the nitrided oxide/silicon interface, which is consiste
with literature.18

IV. EXPERIMENTAL RESULTS

The reverse and forward currents of theP1/N junction
diodes were measured to study the material and side
quality of the SEG silicon. Table I shows the dimensions

FIG. 6. Nitrogen profiles in the oxide from SIMS analysis as a function
nitridation conditions.

TABLE I. Perimeter and area of the diodes fabricated for the study.

Diode
Area

(31025 cm2)
Perimeter

(31022 cm!
P/A

~cm21!

1 7.00 3.40 486
2 4.71 2.76 586
3 4.50 2.80 622
4 3.46 2.36 683
5 3.20 2.28 713
6 2.18 1.88 861
7 1.60 1.60 1000
8 1.20 1.40 1167
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698 Bashir et al. : Reduction of sidewall defect induced leakage currents 698
the diodes used in the study with a perimeter to area r
ranging from 480 to 1100~1/cm!. The reverse and forward
characterization is described below.

A. Reverse characterization results and discussion

The total reverse leakage current can be broken int
bulk component and a perimeter component. The ratio of
total reverse leakage current and the area results in the
lowing equation:

I TR5JBR3A1JPR3P, ~2!

where I TR is the total reverse saturation current,JBR is the
bulk reverse saturation current density andJPR is the perim-
eter reverse saturation current density. A plot ofJTR

(5I TR/A) versus perimeter to area ratio can then be use
extract the perimeter reverse saturation current. Figur
shows such a plot ofJTR vs P/A ratio for the three types o
diodes as measured using a Hewlett-Packard pico-amm
In the structures described herein, the silicon overgrowth
the oxide was about 0.2mm and the junction formed wa
deeper than the overgrowth with the given implant and d
fusion conditions. Hence, the junction does intersect
sidewall of the RIE etched oxide. The depletion will main
extend downwards and intersect the sidewall of the oxide
desired, within the SEG region. The field oxide is 1mm deep
and the expected field threshold voltage will be around 5
Hence, the reverse voltage was kept low at around 0.3–0
for these reverse current measurements. It is also impo
that the diode junction depletion region does not get c
nected to the field oxide capacitor depletion in the substr
Calculations show that the depletion for the diode fabrica
herein and reverse biased at around 0.5 V is around 0.2mm.
Hence the depletion regions from the diode and the poss
depletion under the field oxide will not connect. The me
surements, thus, should reflect only the leakage from
diode depletion regions.

As clearly seen, the reverse saturation current densityJTR

for the OX diode was about a factor of 5–6 higher than
other three types indicating the higher defect density al
the oxide/silicon sidewall. Most interestingly, the value

FIG. 7. Reverse saturation current density as a function of the perimet
area ratio for theP1/N junction diodes.
J. Vac. Sci. Technol. B, Vol. 18, No. 2, Mar ÕApr 2000
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the reverse perimeter saturation current densityJRP for the
NOX diodes was 0.63310210 A/cm which was also very
close to theJRP value for the OX-5 diode of 0.55310210

A/cm. TheJRP for the OX diode~the worse case! was 2.59
310210 A/cm and about a factor of 6 higher than the OX
and NOX diode. The OX-5 control diodes exhibited ide
current–voltage characteristics and were as good asp1/n
junction diodes reported earlier in selective epitaxial grow
studies.11–13 Hence, when the junctions were 5mm away
from the sidewall or when the field insulator is nitrided, th
reverse saturation current density~both total and the perim-
eter component! were about the same. These reverse a
forward measurements clearly show the improvement
reduction in the sidewall leakage currents due to the prese
of the nitrided field oxide, thus proving the fact that th
presence of the nitrided field oxide does reduce the ther
induced defects and hence the leakage currents.

The reverse perimeter saturation current density can
be used to extract the sidewall perimeter surface genera
velocity S0 ~cm/s! according to the formula

JPR5qniWS0 , ~3!

whereq is the charge of an electron,ni is the intrinsic carrier,
W is the width of the depletion region, andS0 is the surface
generation velocity. Table II gives the values ofS0 for a
depletion width of 0.37mm as calculated using ideal ste
junction diode formulation.19 The perimeter surface genera
tion velocities for the NOX and OX-5 diodes are very clo
to each other and a factor of 4 smaller than the value for
OX diodes, indicating an improvement in the sidewall ma
rial quality with nitridation of the field oxide.

B. Forward characterization results and discussion

The current through a diode in the forward bias region
the sum of the diffusion component and a recombinat
component. The recombination current dominates at low
ward bias voltages while the diffusion current dominates
higher bias voltages. The forward characteristics of the th
types of diodes were measured for the variousP/A ratios.
Figures 8 and 9 show the current–voltage characteristics
the diodes withP/A ~1/cm! ratio of 486 and 1167, respec
tively. As can be clearly noted, the OX diodes have sign
cantly higher current than the OX-5 diodes, especially
forward voltages less than 0.6 V indicating an increased
combination in the depletion region. The region of curre
from 0.3 to 0.5 V was used to extrapolate the curve down
a value ofV50 to obtain the total forward saturation curre

to

TABLE II. Surface generation velocity (S0) at the sidewall interface and the
extrapolated saturation current density (I 0) from the forward characteristics
for the various diodes.

Diode
type

S0

~cm/s!
I 0 ~A!

P/A5486 cm21
I 0 ~A!

P/A51167 cm21

OX 2847 1e-12 3e-13
OX-5 692 9e-15 6e-15
NOX 615 2e-13 2e-13
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699 Bashir et al. : Reduction of sidewall defect induced leakage currents 699
I 0 . This value of saturation current is also an indication
the material quality, keeping in mind that it includes both t
bulk and the perimeter effects. As noted from the values
Table II, I 0 decreases by an order of magnitude for the NO
diodes when compared to the OX diodes but is still lar
than the OX-5 control diodes for the smallestP/A ratio de-
vice. Similarly, for the device with the largestP/A ratio, the
improvement inI 0 is still present but is reduced due to th
increased effect of the perimeter component. These forw
I–V results again show the same trend as the reverse ch
teristics, i.e., the NOX devices were significantly improv
when compared to the OX diodes. It should also be poin
out that the reasons for the sidewall quality improvem
could also include an impact on the viscous flow of the NO
sidewall, which would impact the stress along the sidewa

V. CONCLUSIONS

This article presented the detailed electrical character
tion of P1/N junction diodes fabricated in selective epita
ial silicon isolation structures using a nitrided field oxid

FIG. 8. Forward current–voltage characteristics of the three types~OX,
NOX, OX-5! of diodes with the smallestP/A ratio @486 ~1/cm!#.

FIG. 9. Forward current–voltage characteristics of the three types~OX,
NOX, OX-5! of diodes with the largestP/A ratio @1167 ~1/cm!#.
JVST B - Microelectronics and Nanometer Structures
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insulator. It was demonstrated that the use of field ox
which was nitrided at 1100 °C for 60 min in an ammonia g
ambient improves the sidewall material quality by minimi
ing thermal stress due to modification of the coefficient
expansion. The reverse saturation current density and the
ward recombination current significantly decreased in the
odes isolated in nitrided oxide when compared to stand
thermal field oxide isolated diodes. Using diodes with va
ous perimeter to area ratios, the perimeter sidewall satura
current density was also extracted and the values were fo
to be a factor of 4–6 lower for the nitrided oxide isolate
diodes.
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