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DEFECTS IN SILICON EFFECT ON DEVICE PERFORMANCE
AND RELATIONSHIP TO CRYSTAL GROWTH CONDITIONS

L. Jastrzebski

RCA Laboratories
Princeton, NJ 08540

A relationship between material defects im silicon 1in performance of
electronic devices will be described. A role which oxygen and carbon in
silicon play during defects generation process will be discussed.

Electronic properties of silicon are a strong function of the state in which
oxygen is in silicon. This wvarious states control mechanical properties of
silicon efficiency of internal gettering and formation of defects in device
active area. 1In addition to: temperature, time, ambient, cooling/heating
rates of high temperature treatments the oxygen state is a function of crystal
growth process. It is well documented that incorporation of carbon and oxygen
into silicon crystal is controlled by geometry, and rotation rates applied to
crystal and crucible during crystal growths. Also, formation of nucleation
centers for oxygen precipitation is influenced by growth process, although
there is still a controversy which parameters play a major role.

All these factors will be reviewed with the special emphasis on the area which
are still ambiguous and controversial.
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Introduction

DEFECT REDUCTION IN DEVICE ACTIVE AREA

PROBLEMS:
SOFT JUNCTIONS - LEAKAGE
LOW -LIFETIME - LEAKAGE, DIFFUSION
LENGTH DEGRADATION

DEFECTS:
CRYSTALLOGRAPHIC:
DiSLOCATIONS ( ELECTRIC ACTIVITY
- STACKING FAULTS
DECORATION
- PRECIPITATES
(HEAVY METALS)
POINT:
- GEMERATLON/RECOMBINATION
CENTERS

(HEAVY METALS)

MECHANICAL STRENGTH
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Goal

ESTABLISH RELATIONSHIP BETWEEN:

1. INTERNAL GETTERING EFFICIENCY AND CHARACTERISTICS
0F OXYGEM PRECIPITATES

2. CHARACTERISTICS OF SUPPLIED WAFERS AND DXYGEN
PRECIPITATION (FOR A GIVEM PROCESS)

INTERNAL GETTERING

NONE BACKSIDE

W il lL——‘lj',-l‘—JF

OO __
D.2. LIFETIME:

nmava.

INTERNAL EPI
10 ~ 100 msec.
denuded { = ! y =

zone

bulk oxygen

XXXXXXXXXXXXXXXX ..
precipitates

xxxxxxxxxxxxxxxx-}
XXXXXXXXXAXAXXXXX

INTERNAL GETTERING YERASUS BACKSIDE
ADVANTAGES GETTERING
1.) distance between gettering sink and active area
( x10 better—x100 efficiency)
2.) volume of gettering sink (x10 larger)
3.) Processing convenience
4.) continuity

5.) symmetric (stress)
\____
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1) Outdiffusion of oxygen from surface region.

Surface  1100°C - 1000°C
1 -4 hours

Depth

-+ 0i [ppm]

2.) Nucication step.

0 ]
600 C-850 C
8 - 24 hours

3.) Precipitate growth. . .
900 C - 1050 C
few hours

Internal Gettering (Bipolar Process)

1. EFFECT ON CIRCUIT PERFORMANCE/YIELD FOR BIPOLAR
2. MECHANISM OF INTERMAL GETTERING/EFFICIENCY

2. XVULN PRECIFITATION NiwcTICS/CHARACIERISTICS OF
AS-GROWN WAFERS
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“ACCORDING TO PUBLISHED RESULTS

INTERNAL GETTERING EFFICIENCY

- DEPTH OF DENUDED ZOHE
- AMOUMT OF PRECIPITATED OXYGEN

PRECIPITATION KINETICS —a———s=— STARTING WAFERS
CHARACTERISTICS

- INTERSTITIAL OXYGEN CONCENTRATION
- CARBON CONCENTRATION
~  COOLING RATE OF CRYSTAL ButL
NAKANISHI. ...
JAP. J. APPL. PHYS. (1980)

PROCESS TEMP. (DEG. C}

1300

1200

[Rfele]

1000

900

800

700lll!lllllllllllljjlulllllllll
O 5 10 18 20 25 30

PROCESS TIME {(HOURS)

FIG. 1 TIME VS TEMP OF 121 (SOLID LINE) AND ANALOG (DASHED LINE}
PROCESSES.

128



Efficiency of Internal Gettering

FUNCTION OF:
- UEPTH OF DENUDED ZONE .
- AMOUNT OF PRECIPITATED OXYGEN
- PRECIPITATES MORPHOLOGY
~ PRECIPITATION KINETICS

EACH PROCESS (BIPOLAR, CMOS, CCD) HAS DIFFERENT REQUIREMENTS:
- DEVICE SENSITIVITY
- TIME/TEMPERATURE

IntaSiR ] rar
- Lwut PML-! i

RELATIONSHIP OF 1.6. TO STARTING CHARACTERISTICS OF SILICON
WAFERS:

- INTERSTITIAL OXYGEN CONCENTRATION

- CARBON CONCENTRATION

~ NONINTERSTITIAL OXYGEN CONCEHTRATION
POINT DEFECTS COOLING, 7?77

1

GROWTH ——w=
VELOCITY
FLUCTUA-
TIONS?
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(heterogeneous) spontaneous
nucleation
(homogeneous)

nucleation

Kdiffusion .
distance = f {time, D(t]}

ot

Heterogeneous and homogeneous nucleation
can take place in the same time.

Contribution of each of them will
change with temperature.

Point-Defect Condensation During
Cooling of Silicon Ingot

HETEROGENEOUS
CONDENSATION

—
e o——= | OUTDIFFUSION
. —

. \4r'

._;4 X, *

SPONTANEOUS
CONDENSATION
(HOMOGENEOUS)
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Crystal Growth

1. INCORPORATION OF OXYGEN FROM S10y CRUCIBLE INTO THE SILICON
MELT '

2. INTERFACIAL PHENOMENA-~EFFECT OF GROWTH KINETICS:

- INCORPORATION OF OXYGEN INTO THE SOLID

EFFECT OF - FORMATION OF HETERQGENEQUS NUCLEATION
TEMPERATURE { CENTERS
FLUCTUAT TONS

: CORMATIGH OF PUINT DCFECTS

ABE “SEMICONDUCTOR SILICOM 1981

3. COOLING AFTER GROWTH:

- CONDENSATION OF POINT DEFECTS
-~ INITIAL STAGE OF DXYGEM PRECIPITATION
850° - 650°C TEMPERATURE RANGE '
NAKANISHI...JAP- J. APPL. PHYS. (1980).

Comparison Between Oxygen Precipitation Models

DrivinG KINETIC PRECIPITATION
Force LiMiTING STEP CeNTERS
HoMOGENEOUS CRITICAL VALUE CONDENSATION OR Hone
VALUE OF SUPER- DIFFUSION oOF
SATHURATION OXYGEN
HEVTEROGENEOYS | OXYGEN SUPER™ DIrrUSION OF IMPURITIES
SATURATION OXYGEN CLUSTERS:
(INTERSTITIAL CARBON, DONORS,
OXYGEN CONCEN- ACCEPTORS.
TRATION MINUS
OXYGEN PoINT cLUSTERS:
SOLUBILITY) SMALL VACANCY
COMPLEXES.
NONINTERSTITIAL
OXYGEN
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Depth of Denuded Zone

SAME FOR ALL SUPPLIERS

1-1 35 [uml
1-2 30
Z-1 52
3-1 28
3-2 35
4 30
5-1 30
4E'L0
X
- X
X X
Nac. ol
Niot. [ :
X |
i
?
x i
i
|
}

110 15 (psec)

S 1 s e

I NONDECORATED

Probability of Decoration (Electtl;all _active befects) as a F
otal
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Table 1.

ORIGINAL PAGE IS

OF POOR QUALITY

Parameters of As-Grown Wafers

Interstitial Oxygen {ppm) Carbon
(x) ' ' ' Von-Interstitial Oxygen Concentration
Group 20 30 40 in As Grown (ppm) {ppm)
1) = None 1-3.5
1-2 4 %1.5 1-3.5
2-1 - None None
2-2 —— None 0.3-0.6
3-1 — x2 0.6-1,0
3-2 H 3 ()
4 =t None 0.3-0.8
(****)

5-1 K None None
5-2 [ None None

(#) First number corresponds to supplier,

{a«) According to.supplier 1 group 1-2 had higher precipitation rate than 1-1.

(#++) Two subgroups:

(1) carbon less than 0.5 ppm; (2) carbon 1-2 ppm.

{*x»*) Group 5-) had 3 um backside damage, 5-2 had 10 um backside damage..

Table 11.

Efficiency of Internal Gettering; Yield Improvement (Sce Text) and the

Amount of Precipitated Oxygen During 12L and Analog Processes

Yield Loss Due to Leakage 2
Analog 1L is
[oreheat, Initial Normalized ‘to Precipitated
Interstitial % Experiment Lowest Loss Normalized to Y
Group Yes Mo Oxygen {PPMA) % Standard Observed Lowest Loss Analog 1°L
X .46 2.7 1.2 19 19
1-1-1 % 30-34 31 1.8 20 22
11-11 X 30-34 5 1.15
X 11 3.5 2 2
1-2 X 30-35 N3 6.1 22 24
21 t 22-25 11 2.0 H .
2-2 F 20-28 1.4 2.1 " B
% 1.4 2.5 1.46 5 n
31 . 22-26 34 1 i
X .83 1.6 1.22 15 | e
3-2 X 228 7 1.3 3 15 18
X 1.2 2.2 10 8
4 % 37-42 K] 1.0 1.0 23 23
5.1  t 30-33 S 1.3 § e
! I}
N2 . 0.3 1.0 Lot 1.2 15 "
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—_—1-2
—.—+ 1-2 + PREANN. INTERNALLY GETTERED,
——— 1-1 + PREANN | VARIOUS LEVELS
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3
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— NO INTERNAL GETTERING

NUMBER OF CIRCUITS
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Figure 2. Leakage Distribution for Analog Circuits Made on Standard and Internally Gettered Wéfers (1-1, 1-2)
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Figure 4. Normalized Yield Loss as a Function of Amount of Precipitated
Oxygen After Completion of the Analog Process (Wafers Without
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Figure 6. Histogram of Warpage in the Wafers from Different Groups
After Completion of Analog Process
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CIRCUIT YIELD
( ARBITRARY UNITS)
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Decoration of Crystallographic Defects by Heavy Metals.
Only two out of four defects are electrically active.
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tates Observed in "3-2" and "4" Wafers
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Figure 13.
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Si O Cu Si
Ka K La Ka

(b)

EDAX Composition Analysis Taken From Plate-like Precipitate (a)--
Notice Only Si and O- and (b) Precipitate on Stacking Fault From
Group 4 (Figure 12b)~-Notice Presence of Heavy Metals

Ni Cu
Ka Ka



DISCUSSION

WITT: Do you have to invoke heterogeneous and homogeneous nucleation to
explain the difference in behavior? 1I'm asking because it is
certainly possible to have different types of nuclei for which the
activation energy for growth differs very, very significantly.
There are many who seriously doubt your curves of homogeneous
nucleation, in principle.

JASTRZEBSKL: 1In general, I agree with you. Homogeneous nucleation will
probably never take place, but it is a question of how close are we
to homogeneous nucleations. The homogeneous type of nucleations
that I'm referring to are a certain type of precipitation process of
the oxygen. This precipitation process of oxygen has helped in a
way. You can think of it as a kind of decay time. When this time
is as high as we were ever able to see, we called this homogeneous.
Probably the baseline will change in the future. I believe we have
different types of heterogeneous centers, for it's very difficult to
measure this in any direct way.

DYER: Do you know of any way in which the internal gettering of the type that
you have been speaking of could be a benefit to a typical solar cell?

SCHWUTTKE: May I comment on this? Using internal gettering the way it is
being used for MOS processing is not a good approach for solar
cells. We are dealing with recombination lifetimes. You will kill
the cell if you precipitate, as it is done for MOS processing, to
get a denuded zone. I believe you [Jastrzebski] have chosen about
the most difficult experiment you can do to follow the kinetics of
oxygen, namely a bipolar process. You just can't use a bipolar
process to study oxygen kineties. You should get out of the
high-oxygen-concentration regime and concentrate on low oxygen.

MORRISON: How might co-doping of metallic impurities be affecting a
heterogeneous deposition process in your material, and the process
you are describing?

JASTRZEBSKI: Stacking faulis are related to the presence of metallic
impurities. Homogeneous nucleation of stacking faults isn't very
likely. Metallic impurities will act as nucleation centers and you
will have heterogeneous nucleation of stacking faults around this
metallic impurity precipitate.

RAO: You showed oxygen precipitates in two samples. 1If you have the same type
of precipitate, then you should find the defect generation around
that, which is the result of the lattice parameter mismatch of the
interface. 1If that is the case, why are you getting a decorated
stacking fault in one case and a non-decorated stacking fault in the
other, and what was the character of the two stacking faults that
you had seen, the one that was decorated and the one that was not
decorated?
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JASTRZEBSKI: You have defects around the precipitate that are punch-out
dislocation loops. T can only speculate why you have a difference.
My working hypothesis is that you have a difference when, in the
process, impurities are coming from this formation of the stacking
faults and cristobalites. I suspect that in one case we're having a
different driving force from the nucleation that is a heterogeneous
type of precipitation. Different precipitation rates will give you
different defect densities, and cause a different gettering action.
1 believe that this is the reason you are seeing a difference
between precipitate gettering by stacking faults. The clean
stacking faults usually form later in the process because of a
difference in the oxygen supersaturation in the precipitation.

WOLF: You said the problem is really the heavy metals you introduce during the
processing. That means that your final heat treatment that does the
gettering has to come after all the high-temperature processes.

JASTRZEBSKI: No. This is the dispute of internal gettering. You can have
gettering in the stages when you form the precipitates. 1In oxygen,
for example, the precipitation is taking place during processing, so
you have gettering throughout all the processing steps. For
example, with phosphorus you can only have gettering when you
introduce the phosphorus through the back of the wafer.

WOLF: You are saying that each time you go to a high temperature the heavy
metals move towards the getters. Evidently they must be moving very
fast.

JASTRZEBSKL: Not really, it depends on what kind of impurity you have. You
are talking about something between 10 and 25 um for these heavy
metals.

ELWELL: The original model of internal gettering was that the precipitate
would punch out dislocation loops which would be decorated by the
heavy metals. The efficiency of this process should depend on how
fast you precipitate. Do you believe in that as a classical model
or do you have data that would make us think that is a long way off?

JASTRZEBSKI: No, I don't. The comparison of different-morphology precipitates
has not been proven.

ELWELL: You take whatever microdefects are present in the "as grown" crystal
and, you don't do any heat treatment. 1Is that correct?

JASTRZEBSKL: We do not have any microdefects in the as--grown crystal, at least
according to the classical sense of microdefects that you find by
etching.

ELWELL: There could be 50 R precipitates.

JASTRZEBSK1: Definitely no. This is why you sometimes have oxygen in

non-interstitial states, which causes this completely different
change in the precipitation kinetics.
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SCHWUTTKE: For the record, I don't believe that we are dealing with
cristobalites. Our measurements of the denuded zone using
transmission electron microscopy indicate that we are dealing with
amorphous silicon. The dislocation loops are punched out due to the
volume strain generated by the growth of the amorphous silicon.

WITT: Do I understand it that there are two types of precipitates, one of them
with gettering capabilities and the other one not?

JASTRZEBSKI: That is correct.

WITT: 1If that is so, have you been able through, say, STEM, to identify the
gettering action or the presence of heavy metals on some and the
absence on others?

JASTRZEBSK1: Yes, we have. Using STEM we see heavy-metal precipitates on
this particular stacking fault when we normally did not see any
heavy-metal precipitates. 1In another case, when it was a very quick
precipitation rate, it was the opposite.
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