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N-type Ci was imp anted wi~ui 200 key Cs$ with doses ranging
from 101 to 101 ions/&

’
. After nitrogen anneal MOS ca-

pacitors were formed by thermal oxidation and Al deposition.

Transmission electron microscopy was used to study the re-

sidual ion damage.~~~)igh density of vacancy clusters of

i o—.oR is observe4\In addition circular stacking faults
are found in the regi\n of the Cs profile peak . Through MOS

capacitance measureme4s a reduction of minority carrier

lifetime by a factor ok iO
s was found . This is caused by the

Cs distribution in the ~i which is stable at high tempera-

ture treatments as confi~zaed by SIMS measurements.
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6. Use advanced modern analytical characterization (J
techniques for the studies listed under (1) to (5) such

—~~as Transmission Electron Microscopy, Scanning Electron

Mi~~oscopy, X-ray Topography, Precision Lattice

Parameter Measurements and Lifetime Measurements. - 
-

7. Develop new characterization techniques as needed.

• 8. Correlate damage measurements with electrical

measurements whenever possible (relate damage profile

to junction quality) . 

viii

I. -_ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —“ -



-

~~~~~~~
—--

~~~~~~~~~~~~~~~~~~~~

-

~~~~~~~

-— 

~~~~~~~~~~~~~~~~~~~~~~~~ 

MINORITY CARRIER LIFETIME AND DEFECT STRUCTURE

0 IN SILICON AFTER CESIUM IMPLANTATION~

by

G. Sixt ,” H. Xappert2
~ and G. H. Schwuttke

International Business Machines Corporation
East Fishkill Laboratories

Hopewell Junction, New York 12533 U.S.A.

AEST ACT

It is shown that the minority carrier lifetime T in silicon can
be reduced effectively by doping with cesium. A lifetime value
of 2.2 x l0~~°seconds can be achieved by implantation of l0

13Cs~

O /cln2at 200 key and subsequent anneal in nitrogen followed by an
oxidation of 47 minutes at 1000° C. The reduction of ‘ in silicon
is caused by the cesium distribution which is stable at this
temperature. In comparison to gold the efficiency of the cesium
recombination center is about 6%. Due to its low diffusion rate
at high temperature cesium is proposed as a useful alternative
for device applications which require gold as a dopant.

•Sponsored under ARPA Contract No. 00173-76-60303
New address: 1) Institute for Applied Solid State

Physics, Freiburg
2) University Dortinund, West Germany
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MINORITY CARRIER LIFETIME AND DEFECT STRUCTURE

IN SILICON AFTER CESIUM IMPLANTATION 
- 

-

by

G. Sixt, H. Kappert and G. H. Schwuttke

INTRODUCTION

In an indirect bandgap semiconductor such as silicon , the
recombination of excess minority carriers is known to

occur through recombination centers which result from
chemical impurities and/or crystal imperfections . This
effect has practical merit for device application whenever

0 minority carrier lifetime must be limited , such as in high
speed switching devices .

Gold has the ability to provide recombination centers in
silicon and is widely used in semiconductor devices to
control the base minority carrier lifetime, and thus the
device switching speed’~.

Gold doping of semiconductor devices requires a high temp-
erature diffus~,on process. The gold is normally deposited
as a layer on c-~ne face of the wafer involved before diffu-
sion. Due to ~he high diffusion rate of gold in silicon,
this process .ng step must be the last one of all high temp-

erature steps to be performed. 
•
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In spite of the importance of lifetime control in silicon
for certain device applications, no alternative is avail- 4:’)
able for gold doping . This paper describes the use of
cesium as a dopant in silicon to achieve controlled reduc-
tion of minority carrier lifetime. Cesium has a donor
level at midgap 2) and has the advantage of being a slow
diffuser in silicon ~~~~.

In this study, first cesium is introduced into silicon
through high energy ion implantation. Thus, a controlled
amount of dopant is introduced selectively at room temper-
ature in certain wafer areas . Subsequently , ion damage in
the silicon is reduced through high temperature annealing .
Finally , the residual damage structure in silicon, the
cesium distribution in the silicon-siljcondjoxjde double

- 

- layer , the Cesium dopant concentration in silicon, and the
minority carrier lifetime changes in silicon due to Cs~
implantation are determined through transmission electron
microscopy (TEM) , secondary ion mass spectrometry (SIMS),
and MOS C-t nteasurements4) .

• EXPERIMENTAL

Sample Preparation :

Czochralski-grown n-type silicon wafers of 1.2-2 (Zcm.re-
sistivity, (100) orientation, and 2.25 inch diameter are
chemically cleaned . Selected areas of the wafers are im-
planted with cesium ions. The implanted area is a square
in the center of the wafer of about 2 .7  cm sidelength .
Samples designated A , B , and C are implanted , respective—

2
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0 ly, with 1013 , 1014 , and i0’~ cesium ions per square centime-
ter at acceleration voltages of 200 key . After implanta-
tion the wafers are chemically cleaned and annealed in

• nitrogen at 1000°C for 30 ninutes . Subsequently, the waf-
ers are oxidized in the same furnace tube . The oxide layer
is grown at 1000°C in dry oxygen for 10 minutes , in wet

• oxygen plus 2% HC1 for seven minutes , and post annealed in
nitrogen for 30 minutes at the same temperature .

After removal of the oxide layer on the backside of the
wafers MOS capacitors are formed on the implanted and on
the unimplanted patts of the wafer . Aluminum dots of 0.5-mm
diameter are evaporated on the front side and aluminum
metal contacts are made to the backside. A final sintering

step for good ohmic contact is performed in forming gas at
400°C for 30 minutes .

The thickness of the oxide layer is determined by ellip—
someter measurements .

For TEN investigations specimens of 3 mm diameter are cut
ultrasonically from the implanted and unimplanted parts of
the wafers . Aluminum dots and oxide layers are removed by
etching in hot H3P04 and HF , respectively. Subsequently ,

• the specimens are thinned to a thickness of about 10O0~ by
a standard jet-etch technique .

For SIMS measurements ,- square specimens of 9 mm x 9 mm are
cut from the implanted parts of the wafers with a diamond

saw. Only the aluminum dots located on the oxide are chem-

ically removed.

0
3
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Electrical Measurements: - -~

The minority carrier lifetime in the silicon is determined

from the transient response of the MOS capacitors ~) . To

• avoid surface-state charging effects, the MOS capacitors
are initially biased into heavy inversion. Subsequently,

a depleting negative voltage step is applied to the MOS

capacitors. The relaxation of the MOS capacitance with

time is monitored. For transient response times of 1 msec

to 1 sec an oscilloscope is used, while for times longer than

1 sec the capacitance versus time C(t) curve is plotted on

a X-t recorder. The measurement setup used and the comput-

er program for lifetime data as obtained from the C(t)

curves are described in reference4~.

High frequency capacitance—voltage curves are measured at

1 MHz . From these curves flatband voltages V~s and doping )
densities ND are determined using the computer calcula-
tions of Goetzberger 5~.

SIMS and TEM Measurements :

The apparatus used for the SIMS studies of the Si02-Si

layers is referred to as Ion—Beam Surface Mass Analyzer

(ISMA ) manufactured by Commonwealth Scientific Corpora-

tion. Primary argon ions with energies of 4.5 kV are di-

rected onto the surface of the specimens at an angle of~
incidence of 45 degrees. Sputtered secondary ions are

collected by a four-lens ion optic and analyzed in a UTI
quadrupole mass analyzer. The argon pressure in the vacu-

urn chamber is 3 x 1~ -~ torr at a residual gas pressure of
2 — 3 x  i0-~ torr.

i )
4
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0 For the TEM measurements a Philips EM 301 G and a J~E1c~L100 C

electron microscope are used, operated at a voltage of 100

JV. Both microscopes are equipped with a 60 degree double

tilt goniometer stage for tilt experiments. Established

contrast theories are used to analyze and identify residu-

al lattice defects6-’°). •

RESULTS

• The effect of cesium implantation on the electrical prop-
erties of n-type silicon is shown in Figures la and lb. —

The results are obtained on a wafer implanted with 200 kV

cesium ions to a dose of lOl3Cs+/cm2. In Figure la , the

distribution of minority carrier lifetime i in microse-

conds is plotted over the wafer area, and in Figure lb the

dopant concentration ND is plotted over theyafer area.

The implantation boundary is marked by a dotted line; the

implanted area is inside this line. It can be seen that

the minority carrier lifetime decreases from an average

value of 21 ~sec measured in the unimplanted area to a

value of 2 .2  x 10~ Msec measured in the implanted -part of

the wafer. The distribution of lifetime in the implanted

area is quite uniform, with the exception of a small stripe

along the implantation boundary where the implantation is

not uniform. The distribution of the dopant concentration

ND (Figure lb) shows an increase of the donor concentra-

• tion from 4-5x 10’3cm-3 in the unimplanted part to a maximum

concentration of 1.6 x 10’7cm-3 in the cesium implanted
area .
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Fig. 1 a Distribution of minority carrier lifetime t in
~ssec over a partially implanted silicon wafer.The cesium implanted area is within the dotted
line. Implantation: 1 x l013Cs~/cm

2 at 200 key.
Average values for the lifetime:

= 2 .2  x l0-~ Msec , 1 = 21 ~sec
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- Fig . 1 b Distribution of donor doping density N
1O’5cnr3 over a partially implanted sili’èon waf-
er. The cesium implanted area is within the
dotted line. Implantation: 1 x 1013Cs~/cm2 at

• 200 key. Average values for the donor doping
density.

N = 1 . 3 x iO’7 cm-3
if = 4 6 x 1013 cnr3
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Electrical measurements are also made on samples implanted
to a higher cesium dose than the one discussed in Figures - 

. 

-

la and lb. The data measured are summarized in Table 1.

- For the 1014Cs+/cm2 implanted sample, the MOS retention

t ime measured is limited by the apparatus to 1 msec. This
corresponds to a minority carrier lifetime of < 4 x lo-5 • !  -

Msec. The flatband voltage for the implanted capacitors as

calculated from the CV curve for this sample is shifted to

about -10 volts as compared with -0.5 volts flatband volt-

age measured for the unimplanted capacitors. The flatband

voltage observed in the -1 x 10’3Cs+/cm2 implanted MOS capa-

citors is also -0.5 volts. The donor concentration in-

creased to 3 x 1018cm-3 for the lOI4Cs+/cm2 implanted sample.

Table 1

Implantat. Mm .  carrier Donor con- Flatband 0
Sample dose lifetime centration voltage

______  
(Cs~/cm

2 (~sec) ND (cm 3) Vp5 (volt) 

0 21 4 — 5 x  1O’ ~ — 0 . 5

A 1 x io’~ 2.2 x l0-~ 1.6 x i0’~ — 0 . 5

B 1 x 1o~ <2 x lO -~ 3 x l0’~ — 10

C 1 x 1015 — — —

For samples implanted as high as lC15Cs+/cm2, electrical
measurements could not be evaluated. For such samples, —

the capacitance versus voltage curve obtained was a
straight line for voltages up to the breakdown limit of

about 100-150 volts.

( )



0 TEN micrographs obtained from cesium implanted specimens
show two different types of defects: point defect clusters
and stacking faults. Point defect clusters of 10-40k di-

ameter are observed in all cesium implanted samples inves-

- 
• 

tigated. Circular stacking faults of about 0.45 gan diame-
ter are present in samples implanted to a dose of 1014

• Cs+/cm2 and higher. The stacking faults observed are shown

in Figures 2a and 2b. As determined from bright and dark

field micrographs , the faults are extrinsic in nature and
surrounded by Frank partial dislocations with a/3 (111)

Burgers vector. This type of stacking fault is known as a

circular stacking ~fault on (111) planes and nucleates at

small strain centers in the bulk of the crystal”~. In our - 
-

case such strain centers are introduced during ion implan-
• tation. In Figures 2a and 2b the stacking faults are found

0 to be truncated at one side. The reason for this is that

during the high temperature treatment in 02 - atmosphere

both the stacking fault and the oxide thickness grow with
time. After some time the Si-Si02 interface reaches the

circular boundary of the fault area . Then further growth
of the oxide cuts off more and more of the circular stack-

ing fault. Finally it depends on the oxide thickness how

much of the stacking fault is truncated. The leftover part

of the stacking fault as seen in a two-beam TEM micrograph
• allows to reconstruct the complete circle of the fau lt

since the angle between the (111) fault plane and the (001)

surface plane is known. Thus the depth of the center of

- o
9
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U this circle in reference to the (001) surface of the TEM
sample can be calculated. For the 1O’4Cs+/cm2 and the
10’5Cs+/cm2 implanted samples the center of the faults are
at a depth ranging from 425 ± 300R below and 200 ± 300&

above the silicon surface,.respectively . (see bars in
Figure 5). The difference in the result obtained for both

samples can be explained by considering the initial depth

of the ion damage below the Si-surface and the different

oxide thickness grown during the same heat treatment on
both samples. The density of faults increases from 3.2 x

lO8cnr3 (10’4Cs+/cm2) to5 x lO8cnr3 (1015Cs+/cm2).

The origin of the small defects is investigated by high

resolution dynamic bright and dark field techniques

(Figures 3a and 3b) and out of focus series micrographs

- 
(Figures 4a and 4b). In the micrographs of Figures 3a and

3b, the sample thickness t of the wedge-like crystalline
foil increases from left to right. This can be seen by

considering the variation of stacking fault width in the

- 

- pictures (Figures 3a and 3b). These faults are the same as

shown in Figures 2a and 2b but additionally are truncated
at the other side by the jet-etch thinning from the back-
side of the sample to the surface . In this case the sample
thickness is so thin that the stacking faults intersect

• the top and bottom surface of the crystal. Taking Eg ~ isoR
for the extinction length of the (220) reflection in sili-

• con transmitted by 100 key electrons, we f ind t ~ 1 .25k on
the lef t side and t ~ I ~~~~ on the right side of Figure 3a;
while t ~ 0.25~ on- the lower left side and t ~ 0.75~ on the
upper right side of Figure 3b.

U 
.
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Fig . 5 Cesium profiles in Si02-Si double layers as
measured by SIMS, for samples implanted at 200
key with three different cesium doses . Implan-
tation before oxidation at 1000°C.
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Note that the dots visible in the micrographs show no
black—white (BW) contrast because there is no strain field

around them9~. The dot contrast is light on the lef t side
of a dark fringe and dark on the right side of such a 1- -

fringe. Therefore, the electron intensity within the dots

is always the same just as it is found for the slightly
thinner areas of the undisturbed crystal. Using structure

factor contrast arguments’J and void contras calcu~
lations~ , it follows that the defects are a vacancy type
cluster. They also can be described as vacancy rich crys-
tal areas.

The electron micrograph of Figure 4a is taken in the under-
focussed mode with a defocussed distance ~~ = - 3.65 ~itn, and —

the one in Figure 4b is taken in the overfocussed mode with

0 = + 3.65 ~~ For these two pictures the contrast in the

spot center changes from light to dark. This contrast

behavior again is in agreement with theoretical calcula-

tion for void-like areas of very small size9”°).

From such considerations it follows that the defects caus-

ing the small dots in the TEM micrographs are void-like

structures and free of surrounding strain fields .

The results of all TEM investigations are summarized in
Table 2. The size of the voids seems to increase with ces-
ium implantation dose, whereas the dose dependence of the
void density is nonlinear . Stereo micrographs show that
the voids are randomly distributed throughout the depth-

range found , for the stacking fault nucleation centers.

0
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Table 2

Stacking Faults
Implantat. Void Defects . -

Sample dose Size Density •
Depth ~ ize Density

______  
(Cs~/cm2) (pm) ( cm-2) ~jR) j~

) (cm 2)

A 1 x io’~ 10 ~s108_1010 — —
B 1 x iO’~ 10—20 ~1012 +425±300 0.45 3.2 x iO~
C 1 x iO’~ 10—40 -10” —200±300 0.45 5 x 10~

Etch pits which are observed in sample No. B (Figure 3a)
are located in the surface.

Since several authors’2”3~ found precipitation of implanted
atoms in the crystal , diffraction patterns were carefully
investigated, but no extra ref lection spots or rings were
found . This indicates that noticeable cesium precipita-
tion did not occur in our samples .

Cesium in-depth profiles of the Si02-Si double layers are
shown in Figure 5. The three profiles measured are for the
three different cesium implantation doses . The profiles
shown in Figure 5 are drawn one above the other in ~such a 

•

way that the original silicon, surface , which is shown as
the vertical dashed line, superimposes. Starting at the

original surface the oxide grows outward as well as into

the silicon crystal. For equal oxidation time and temper-
ature the oxide thickness is found to increase with im— -

16 C) H
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$ plantation dose. Oxide thickness as measured by ellipso-
inetry varies between 958 and 2647R . Both oxide interfaces
are marked by solid lines. The location of the Si02—Si
interface during profiling is detê~mined from a 30% in-
crease of the stage current which is monitored simultane-
ously during sputtering3

~. This increase in the stage cur-
rent is caused by the increase of secondary electron emis-
sion once the underlying silicon layer is reached. From
the sputter time and from the oxide thickness measured by
ellipsometry, the sputter rate of silicondioxide is deter-

mined as 54.5~/minute.

The cesium distributions for the three different implanta-

tion doses show a peak below or at the Si02-Si interface.

[ With increasing implantation dose the total cesium content
• in the Si02-Si double layer (represented by the area under

the curves ) increases . The cesium profiles of the
10’3Cs~/cm

2 and of the 10’~Cs~/cin
2 implanted samples show a

cesium peak at a depth of about 850g below the original
silicon surface . These peaks correspond to the original
implantation peaks in the silicon . For comparison thc
theoretical implantation profile for 200 kV cesium imi~lan-
tation in silicon as calculated from the LSS theory’4~ is
included within Figure 5, and is drawn as a dashed pointed
line .

• For the highest implantation dose ,used , the cesium dis-
tribution peak is located at the Si02-Si interface. Due to

the thicker oxide layer obtained for this dose, the peak
has moved deeper into the original silicon crystal.

0
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The cesium profiles obtained in the oxide layer are cross- 
, 

-

lined in Figure 5. Only little cesium is found within the
oxide for the 10’3Cs+/cm2 implanted sample. For the

10’4Cs4/cnt2 implantation dose, the Si02-Si interface par—

tially overlaps the original implantation peak. For the
highest implantation dose most of the cesium is within the
oxide.

DISCUSSION

The results presented indicate that cesium implanted into

H- silicon is quite effective in reducing minority carrier

lifetime. A reduction of lifetime by a factor of io~ is
achieved for an implant concentration of only lOI3Cs+/cm2.

In silicon excess minority carrier recombination is caused
by chemical impurities as well as by structural defects.

The cesium is introduced into the silicon through high

energy (200 key) ion implantation. As a result, consider-

able dam age is introduced into the silicon lattice. For

example, in a collision with a silicon atom a 200 key cesi-
um ion deposits sufficient energy to create complex defect

clu~ters that, anneal to vacancy clusters, dislocation

ioop~ and stacking faults. Within such defect clusters

the single defect density is likely to be higher than the
density of the chemical dopant (cesium) in the matrix. The

cluster nature is important in studies of minority carrier

lifetime. Trapped charges on defects inside a cluster

cause a variation in the electrostatic potential, and thus
can inf luence the recombination of minority carriers at
these defects . Therefore , it is not immediately obvious

18 
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C if the drastic decrease in lifetime achieved through Cs~
implantation is caused by the defects created by the im—
plantation and annealing procedure , or by the cesium im-
purity or by both. The following discussion analyzes the

contribution of defect density and dopant concentration on

the decrease of minority carrier lifetime obtained in

• 

- silicon through 200 key cesium ion implantation.

Nucleation and Annealing of Defects :

Before analyzing the contribution of defects observed

after Cs~ implantation in silicon and after high tempera-

ture annealing on lifeti’me, more details on the crystallo-

graphic structure of the defects are presented.

Three types of defects are found in Cs~ implanted silicon:

extrinsic stacking faults bounded by Frank partial dislo-

cations, voids, and dislocation loops. An evaluation of

size and density of the different defects created requires

a consideration of the thermal history of the different

samples investigated. The samples investigated were im-

planted with different Cs+ concentrations; consequently,

different amounts of lattice damage are generated. Since

the oxidation rate depends on the ion damage, equal oxida-
tion cycles lead to different oxide thicknesses for the

different samples. The consequences of this effect on the

TEM investigations can be seen , for example , by comparing
H the stacking fault images obtained for samples B and C

(Figures 2a and 2b). 
-

The stacking faults are nucleated at a depth of about 600R

with a distribution center near to the cesium profile peak

19
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(see bar in Figure 5). During oxidation they grow to their
final size of 0.45 pm diaMeter.. The shape of the stacking
faults is completely circular until they reach the Si-Si02
interface. At the interface part of the fault is cut of f
by the growing oxide film. In the case of sample B, the
stacking fault size after oxidation is larger than a semi-
circle. In the case of sample C, where the Si-Si02 inter-
face penetrates deeper into the silicon crystal , the
stacking faults are smaller in size compared to a semicir-
cle.

Nucleation and density of stacking faults is expected to
depend on the amount of damage produced through ion im-
plantation. Stacking faults are observed in the
lOI4Cs+/cm2 and higher implanted samples, whereas , in the
10’3Cs+/cmZ implanted sample,- stacking faults are absent. 

—

The formation of stacking faults is related to the forma- ,..,) —

tion of a homogeneous amorphous layer produced in the
silicon surface as a result of the ion implantation. The
critical amorphizing dose for a 200 kV cesium implantation
in silicon is not exactly known . TEM investigation of
samples as implanted reveal that a dose of 5 x 1O’3Cs+/cm2

H already i~ suff icient to obtain a complete amorphous layer
below the Si surface. Once the amorphous dose is reached
or exceeded, stacking faults are nucleated within the
damage region during annealing. At such high implantation
doses , damage production is practically saturated. This
explains the slight increase in fault density observed for
samples B and C.

20
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C The second type of defect revealed by the transmission
electron microscope are vacancy clusters of a size up to

40R diameter. The void-like nature of this type of defect
is confirmed by two independent electron microscope expe-

riments. To our knowledge this is the first time that
voids (which are well known in metals) are observed in ion
implanted and annealed silicon samples.

Usually TEM specimens are etched from the backside to the
surface. Hence, a layer of perfect crystalline silicon

overlays the region of residual damage after annealing.
In thick areas, small point defect clusters produce only
weak or no diffraction contrast. During the present in-

vestigation most of the perfect crystalline layer on top

of the damaged region was oxidized and successively re—

moved by HF. This fortunate circumstance explains why

voids are easily detected in our samples. It is reasonable
- to expect that void density increases linearly with dose.

The different thickness of the removed Si top layer in our
samples is the reason for the nonlinear increase in void
numbers with dose as observed in our experiments.

The density of voids increases with implantation dose in
samples A and B, whereas the highest implanted sample C has

- - 
a density in between. This deviation from an expected

steady increase of defect density with dose is due to the

fact that in the case of sample C only a small part of the
voids originally present in the silicon could be seen .
Stereo microqraphs show that the voids are created in the
highest damaged region of the silicon crystal. This layer

extends from its center at or just below the cesium profile 4

21
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peak 300R in either direction. As can be seen from Figure

5, the defect-layer is completely within the silicon for U
samples A and B. In the case of sample C, however, most of
this layer is converted by thermal oxidation into silicon-

dioxide. Only the deepest part of this layer is still

available for TEM investigation.

The damage induced enhanced oxidation rate also has an
impact on the visibility of the third type of defect ob-
served after cesium implantation and high temperature
treatment. Transmission electron micrographs of samples
with deeper implanted cesium distributions (350 kV) show
dislocation loops . These loops are located underneath the
silicon surface in front o’f the highly damaged region.
They are formed during the heat treatment provided that a

homogeneous amorphous silicon layer is present after im-

plantation. In sample A the amorphizing dose is not 
- U

reached, whereas in sample C the critical silicon layer is
already oxidized. Only in sample B the-dislocation loops

are visible at the silicon surface after preferential
etching of the silicon surface.

At high implantation doses (1O’4 and 1O’5Cs~/cm2) intersti-

tial clusters are formed since the outer regions of the
collision cascades overlap’5 17

~. These interstitial clus-

ters act as nucleation centers for stacking faults. The

Frank partial dislocation which bounds the extrinsic

stacking fault is well’known to act as a sink for intersti-

tials because of its strain field. Therefore, the stack-

ing faults grow during the heat treatment at the expense of

(
__
)
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0 the silicon interstitial supersaturation in the highly
damaged region. .

In the less damaged region between the silicon surface and —

the stacking fault nucleation centers, the silicon in-

terstitials lead to the formation of the circular disloca-

tion loops.

The size of the voids is somewhat dependent on implanta-

tion dose. The reasons for this are not apparent. Two

possible considerations can be mentioned. The first con— - -

sideration is that in spite of the presence of a sink for

the interstitials, the silicon interstitials recombine

partially with vacancy clusters. This would explain the
small size of only 1OR for the voids found in the

O 
10~3Cs+/cm

2 implanted sample where stacking faults do not

act as interstitial sinks. The second possibility is that

for higher irradiation doses the overlap of areas occupied

by defect- clusters, as observed by several authors’8”9~,
becomes more probable.

Defects and Minority Carrier Lifetime:

This section discusses the impact of the defects on minor-

ity carrier lifetime. The following estimate is limited

to sample A where vacancy clusters of about 1O~ diameter
are the only defects observed after cesium implantation
and successive anneal and oxidation treatment. The life-

time of holes v~ within a reversed biased depletion region

-Q -
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in an n-type semiconductor is given by equation (1)20 ):
a J

- (1) = 2 cosh (E1 - Ei/kT)
-

~~ Vth4IpNt

Here vth = (3 kT/m) ’/2 is the thermal velocity of the carri-
ers . At room temperature ~~ ~ 107 cm/sec for electrons and
holes in silicon . Op is the capture cross-section and N1
the density of the recoabination centers.

Only those centers whose energy level E1 is near the in—
trinsic Fermi level Ej contribute significantly to the
generation rate. Minority carrier lifetime t increases
exponentially when the energy level moves away from the
middle of the gap in either direction . Schulz2~ has deter-
mined deep trap levels of ion implanted impurities in
silicon by Schottky barrier capacitance voltage measure-
ments. For implantation of alkali elements in silicon two
donor levels were always observed. The upper donor level
is located between 0.25 and 0.28 eV from the conduction
band and is related to the radiation damage induced by the

• ion implantation. The lower donor level moves to a posi-
tion from 0.35 to 0.5 eV from the valence band with the
increasing mass of the implanted element taken from the
series of group 1 in the table of elements . For ce~ ium ,
the impurity related level is -located at 0.5 eV from the
valence band while the radiation damage level is located

at 0.28 cv from the conduction band. According to Table 1
the density of voids in the 1O15Cs~/cm2 sample is

1~5 .~- - - -. -.-,-‘rn, ~~.- -~~~-------~~~---- —~~~~~
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$ 10~ - 1010cm-2 . From this data a maximum concentration of
1O’~ voids per cm3 within the layer thickness of about 1OOO~
investigated is calculated. The capture cross-section is
assumed to be of the order of the size of the voids; i.e.,
1014cm2. With these data a minority carrier lifetime of 340
g~sec is calculated for the 0.28 cv donor level. This means
if this recombination center is related to the voids , a
density of 1013cm-3 has only a negligible effect on minority
carrier lifetime. Such an influence is less than the im-

pact of recombination centers which are introduced by
processing and which are also present in the unimplanted
part of the wafer. If we associate the vacancy clusters
with the 0.5 cv level , a value of 0.07 Msec for e is ca3.cu-
lated for the 0.28 eV donor level. This is more than two
orders of magnitude higher than the values measured. Even
for this case , which is very unlikely, the density of the
defects is too low to reduce the minority carrier lifetime
to a level to agree with the experimental data. From such
calculations it follows that the reduction of i af ter low
dose cesiurn implantation is strictly controlled (by at
least 96.5%) by the properties of the cesium impurity. The
vacancy clusters generated by the implantation have only a
minor effect, if any at all , on lifetime.

The effect of the cesium on the lifetime of holes in sili-

con is comparable to the effect achieved by the addition of —

gold. In n-type silicon the lifetime of holes is reduced

to a value of 2- x 10.10 sec by a gold concentration of ~~out
1017c& 20) • The cesium distribution can be approximate,d by
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a rectangular profile within the implanted layer of about
60O~ thickness. From this an average concentration of
about 1.7 x 10~Cs+/cm3 is calculated for the 1013Cs+/cm 2

implantation dose. This would mean that about 6% of the
implanted cesium is acting -as recombination center in
comparison to gold if the capture cross-sections for cesi-
uw and gold are similar.

Besides acting as recombination center , cesium also cre-
ates a donor center in silicon. From the high frequency CV
curves a donor concentration of 1 .6 x 1O’7cm-3 is calculated
for the sample implanted with 1 x iO’~ Cs+/cm

2 ~) . For the
evaluation of the doping efficiency the spatial depth of
the electrical measurement has to be taken into account.
The maximum width of the surface depletion layer W~~ can
be approximated by equation (2)21) :

U -
1/2

•~ k T £fl(ND/fll)
(2) w~ =( 

qN0

Here n1 = 1 .45 x 1O’°cm-3 is the intrinsic carrier concentra-
tion in silicon and = 11 .7 the relative dielectric con-
stant of silicon.

For a doping density of ND = 1 .6 x 1O’~~ cm 3 a maximum deple-
tion layer width of 825R is calculated according to equa- - 

-:

tion (2). This means that the cesium distribution is al-
most entirely within the depletion layer measured and
contributes to the space charge capacitance. The average

26
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cesium concentration for the 1013Cs+/cst2 implanted samples
within this layer is 1.2 x lO~ cm4.. Thus, about 13% of the
cesium implanted is in an ionized state acting as donor

center in silicon.

For the 1014Cs+/cm2 implanted sample, a donor density of
3 x 1O’8cm-3 is determined from CV measurements. According
to equation ( 2)  the maximum depletion layer width W,~~ is
21ÔR for this donor concentration. The average cesium

concentration in this layer width is about half of the

maximum cesium concentration. With a doping efficiency of

12%, a donor concentration ND of 1 x 10’~cnr3 is calculated
for the 10’4Cs~/cm2 implantation. As can be seen from Fig-

ure 5, the cesium concentration increases from the silicon
surface to W~~ by a factor of four. It is known that donor
centers contribute to the space charge capacitance accord-

ing to their concentration multiplied by a distance factor

from the silicon surface. This explains that the average

donor concentration as determined from the measured CV

curves (3 x 1O1~cnr3) is by a factor of three higher than the
value calculated from the implantation data (1 x 1O’8cm-3) .

The results for the doping densities after cesium implan-

tation are in reasonable agreement with the measurements

• of Schulz2~ and of Meyer and Mayer~~. Schulz obtained a

doping efficiency of 10% for ion implanted cesium after an

• anneal in nitrogen at 700°C. From Hall measurements Meyer

and Mayer determined the number of carriers to be 1-4% of

the implanted cesium concentration for dose. between - 

-

-U
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4 ~ lOt3cm2 to 5 x lOt4cnr2. This is somewhat lower than our
result.. From 4He backscattering measurements they also

found that less than 10% of the implanted cesium atoms lie —

within 0.1—0.12k of either tetrahedral interstitials or

substitutional lattice locations for anneal temperatures

up to 1100°C. The exact lattice site could not be speci-

fied from these measurements and the possibility of other

regular sites cannot be excluded. McCaldin, et al.23
~, 

- 

- 

‘5 H-

however, suggested that donor centers introduced into - 

-

silicon by cesium implantation correspond to interstitial

cesium ions. —

For the 1 O14Cs+/cm2 implanted sample it is expected that the
minority carrier lifetime is lower, by at least a factor of —

ten , as compared to the lOI3Cs+/cm2 implanted sample . This

• means that the lifetime should be less than 10.11 seconds. 
-

This value is below the measurement limit of 4 x 10-” sec- 0
onds of our apparatus. Therefore, it is not possible to

evaluate the effect of stacking faults on lifetime.

The SIMS measurements of Figure 5 show that in the case of
sample B a small part of the cesium distribution is already

within the oxide layer. This small amount of cesium at the

Si-Si02 interface causes a shift of flatband voltage Vps to

-10 volts. In the case of sample C, almost half of the
entire cesium at the Si—Si02 interface is within the oxide .
Therefore, it is reasonable that flatband conditions are
not reached before breakdown of the oxide. This effect

made meaningful electrical measurements on this sample _

5 

-

impossible. - 
- 

H
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$ SUMMARY 
-

It is shown that the minority carrier lifetime i’ in silicon

can be reduced effectively by doping with cesium. A life- 1 -

time value of 2.2 x 10.10 seconds can be achieved by implan-

a 
tation of 1013Cs+/cm2 at 200 key and subsequent anneal in
nitrogen followed by an oxidation of 47 minutes at 1000°C.

The reduction of i’ in silicon is caused by the cesium dis-

tribution which is stable at this temperature. In compar-

ison to gold the eff iciency of the cesium recombination
center is about 6%.

Some of ‘the cesium atoms implanted are ionized; thus,

acting as donor centers in silicon. For a cesium implanta-

tion dose of 1013Cs~/cm2 the doping efficiency is about 13%.

It increases by a factor of three for an implantation dose —

0 of lOl4Cs+/c&. This increase, however , is probably caused
by an inhomogeneous cesium distribution within the deple-

tion layer. The results of the doping efficiency of cesium

are in agreement with results obtained by Schulz (10% at

700°C) and somewhat higher than results of Meyer and Mayer

( 1—4 % ) .

TEN micrographs show residual crystal defects present in

the cesium implanted silicon even after anneal in nitrogen

• . and oxidation at 1000°C. In all implanted samples vacancy

clusters of 10—40R in size are observed. To our knowledge,

this is the first time that voids (which are well known in

metals) are detected in annealed silicon after heavy ion

implantation. The voids are created in a damaged silicon

layer of 60O~ thickness at the position of the damage peak

0
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with its center near the cesium ion profile peak. The size

of the voids increases from 10 to 40R for implantation ~_J
doses ranging from 10’~ to 10’5Cs+/cm

2. The density of voids

also increases with cesium implantation.dose. In the case

of the 1015Cs~/cm2 implanted sample, part of the damaged

H, silicon is oxidized and etched off. Therefore, the meas- •

H ured density is lower than for the 10’4Cs~/cm2 implanted

H- sample.

- :  The second type of defects observed after implantation and

high temperature treatment are extrinsic stacking faults
bopnded by Frank pa~rtial dislocations. A necessary condi-

tion for the nucleation of stacking faults is a homogene-

ous amorphous layer after implantation. The critical dose

for the formation of an amorphous zone is about
5 x 1013Cs+/cm2 for a 200 key Cesium implantation. The

H nucleation area for stacking faults is located within the

highly damaged silicon layer where the voids are formed.

The stacking faults are circular in shape and grow during

anneal and oxidation to their final size of 0 45 pm diame-

ter The stacking fault density increases only slightly

from 3.2 x lO8cm-2 to 5 x 108cm 2 for implantation doses of

iO~ and 105Cs+/cm
2, respectively. A third type of defects

are dislocation loops as revealed by etch pits at the sili-

con surface implanted with 1014Cs~/cm2 .

The effect of vacancy clusters on the lifetime of holes in

silicon is calculated . Cesium implanted silicon has two

energy levels in the forbidden gap. It is found that the

influence of the upper donor level located at 0.28 eV on

minority carrier lifetime is less than the influence of

30 
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the process introduced recombination centers. It is also

found that with the 0.5 eV energy level, which is less
likely to correlate with the radiation damage, the density
of the voids is too low to reduce minority carrier lifetime
to the values measured. -

It is concluded that the decrease in lifetime achieved
throuç’th Cs+ implantation is caused by the cesium atoms.

Thus cesium presents a useful alternative for device ap-

plications which require gold as a dopant.

ACI(NOWLEDGMENTS

The authors wish to thank C. Schneider for the sample prep-
aratipn, H. Ilker for help with the SIMS- and TEN-
investigations, and E. Gorey for the ellipsometer measure-

0 . - ments .

-S
31

~~~~~ -~~~~~~~
--- — 

~-——.----—- _• —-—— —
j
- 

~~~~~~~~



~~~~iTT~~~~~~~~~~~~~Tii~~~- T.T~~ ~~~~~~ ~~~~~~~~~~~~~~~ 
- - 

I

REFERENCES

1 . W.M. Bullis: Solid State Electronics 9, 143 (1966)

2. M. Schulz: Appl. Phys. 4, 225 (1974)

3. A. Hurrle and G. Sixt: Appi. Phys. 8, 293 (1975)

4. W.R. Fahrner and C.P. Schneider: Journ. Electr.

123 100 (1976)
5. A. Goetzberger : BSTJ 45, 1097 ( 1966)
6. pB . Hirsch, A. Howie, R.B. Nicholson, D.W. Pashley,

and N.J. Whelan: Electron Microscopy of Thin

Crystals, (Butterworths , London , 1965), p. 336
7. R. Gevers, A~ Art, and S. Amelinckx: Phys. Stat.

Sol. 3, 1563 ( 1963)

8. J. vanLanduyt, R. Gevers, and S. Amelinckx: Phys.
St.~t. Sol. 10 319 (1965)

9. M.R. Rühle: Radiation Induced Voids in Metals,

(Ed. J.W. Corbett, Albany , 1972), p. 255
10. R. Rühle and M. Wilkens: Crystal Lattice Defects 6,

129 (1975)

11 . W.K. Tice and T.C. Huang, Appi . Physics Lett. 24,
— 157 (1974)

12. D.J. Mazey , R.S. Nelson and R.S. Barnes: Phil - Nag.
17~~~1145 (1968) 

-

13. M.D. Matthews: J. Mat. Science 4, 997 (1969); Rad.

Eff. 11 , 167 (1971)

14. J F .  Gibbons , W.S.  Johnson , and S.W . Mylroie :
Projected Range Statistics, John Wiley and Sons ,
Inc. (1975) -

15. J A .  Brinkmann : J. Appi . Phys . 25 , 961 (1 953)

32

a- — — — -S-—- —~ ~~-~- — ~~~~~~~~~~~~~~~~~ 
p —a-- -~-— -- —

- - .a- ~~I ~-a---a~~~ -~~~~~~~ ~~~~~aa~~~~~~ f - a---~~~~~~~~~~~ -- ---~~a-- ~~~a-a



~~~ ‘~~ ‘5

—‘5-— - -a-- - — —‘5-— —‘5——

16. A . Seeger: Moderne Probleme der Metallphysik,

5 Springer 1965

17. W. Frank: Ion Implantation in Semiconductors and

- Other Materials (Ed. B.L. Crowder, Plenum Press,
New York , 1973), p. 3

18. J.B. Mitchell, R.A. van Xonynenburg, M.W. Guinan,

and C.J. Echner: Phil. Mag. 31 , 919 (1975)

19. F. HAussermann: Phil. Nag. 25, 537 (1972)

20. A.S.  Grove: Physics and Technology of Semicon- - I
ductors, John Wiley and Sons, Inc. (1967)

21. A. Goetzberger and S.M. Sze: Appi. Solid State

Science 1, 153 (1 969)
22.~ 0. Meyer andJ.W. Mayer: Solid State E]ectr. 13 ,

1357 (1970)

23. J.~O. McCaldin and A.E. Widmer: J. Phys. Shem.
Solids 24, 1073 (1963) -‘

0

a
33

—a- - A -  ~~~~~~~~~~~~~ - - - - - a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~





—a- ~-~w’5--.— —-~—.-—- — ~~,.. v- - ’5~~
’5 ~~Wr ‘5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ a-~~~~~~~~~~~~~~~~~~ ’ ”5 - a - . .~~~ - ~~-~~~t

-r~~~~
-- -- , — -----a-----— —_--.—-

Technical Report No. 2 - 

-

Residual Saw Damage in Silicon Wafers and

Its Influence on MOS Capacitance Relaxation

1. Introduction
— 2. Experimental

2.1 Fabrication of 1(05 Capacitors

- - 2.2. Electrical Apparatus

2.3 Data Collection

2.4 Measurements

2.4.1 K—Wafers versus V—Wafers

2.4.2 MV Treatment

2.4.3 Polishing Parameters

2.4.4 Wafer Position

2.4.5 Csochralski versus Float

Zone Crystals

3. Discussion

4. List of Refersacee

5. Figures -

L 36

—-  - a-:_ ~~~~~ -~~ 
- -



Technical Report No. 3

Chapter l

S 
Damage Profiles in Silicon Wafers

After ID Slicing

1. Introduction

H, 2. Depth of Saw Damage Mea curemen ts

L 2.1 Review of Mechanically Induced - -

Damage in Silicon Af ter Slicing

2.2 Surface Dama ge Models

3. Probl ems of Mechanical Damage Studies

4. Damage Measuremen ts
- 

4.1 Experim ental Approach

4.2 Measuremen ts of Damage

4.3 Damage Profilesc-a- 
5. Ap plication of Saw Damage Measurements

to H— and V—Silicon Wafers

- 6. Discussion j
7. Summary and Conclusions

Chapter2 8. Refer ences

Fracture Strength of Doped Single

Crystal Silicon

1. Introduction

2. Experimen tal Approach

3. Technique Development

4. Measurem ents of Fracture Strength on Seed

and Tail Sections of Silicon Crystals

5. Conc lusions
0 6. Referen ces

______ —— - -- ‘5-~~~ —- -- - -~~~~~~~ --- -  - - - ‘ 5—  -- a—- - -—



— 

Technical Report No. 4

cs~~er1 
(J

~~~~ed~~~f . f~~~ in

Damaged Silicon ~arfacss

1. Introduction

- 2. Experimental

- - 2.1 Fabrication of 110$ Capacitor.
- 

- 
2.2 Procedure for Surface Damage

Generation

3 . Results: Structural Investigations

3.1 ISS Damage in S:~.1icon Surfaces
lefore Device Processing

3.2 ISS Damage in S:.licon Surfaces
After Device Pri cessing

3.3 Surface Topogra~hy of Impact Sound
Stressed Silico:~ Surface s After
Dev ice Processing -

4 Results: Electrical Measurements

5. Summary and Conclusion I -

- 

6. References

Qiaplur2 - ‘

Gsnsrsslon-Llf,dme In Dammge~
Fm. Silicon &irfac.s 

a-

1. Introduc tion

2. Ribbon Growth

- 
3. Electrical Measurements

4. Summar y
38 

~~. 
References

L~~~~ -
~~~

-
~~~

.-- 
~~~~~~~~~~~~~ —~—— 

_ _ _  --- ‘5--- -——a- --



-a-~~~~’- ~~~~~~~~~~~~~~~~~~~~~~ -~~~
__

~~
J;.--.----a----- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~,.a~.?C~

’5
~

’ ’a -  
~~~~~~~~~~~~~~~~~~~~ 

- -
-~ a-~~~ -a

Technical Report No. 5

S

The Closed Boat: A New Approach for Semiconductor

• Bitch Processing
- 

- - - -
. 3• Introduction -

- a-.

- ~2. Experimental Procedure 
a-

.3. Results

3.1 Temperature Gradient Measurements

3.2 Crystal Perfection During Batch Processing

3.3 Wafer Warpage During Batch Processing

k. Batch Processing of Silicon Slabs

5. Discussion
- 

~~ 6. Summary - 

-
References

Ch.p*2

A New Fast Techniqu, for Large-Scsi. Measurements
of Generation Lifetime in Semiconductors

Introduction

- 
Theoretical

Experimental and Results

Stii.ary

References

- 
39 

- - ~- ~~~~~~~~~~~ 
-
~~~~~~~~~~~ - a --

~~~~~~~~~~~~ ’ 
-- a- -ia-a- a-a-a-. a-a-. -

~~~~~~~~~~~~~~~~ 
-_

~~~~~~~~~~~a--~~ a-a-~~~ a-~~~~~ 
-





‘5

Technical Report No. 7, Part I

S
chapter 1
Growth Kinetics of Stacking Faults
In Oxidized SilicOn

- 

• by K. Yang. G. H. Schwuttks, and H. Kappert

1. Introduction

2. Experimental Approach

3. Results: Experimental and Theoretical

3.1 Growth Kinetics of Stacking Faults

3.2 Oxidation Parameters

3.3 Effects of Oxide Thickness

3.’; Stacking Fault Growth Model

0 le. Discussion

5. Summary

6. Appendix : Growth Model Theory

References

Ch.pasr 2

Lifetime Control In Silicon
Throu~i ln.pact Sound Stm.sing (ISS)

by 0. H. Scliwutdcs and K. Yang

1. Introduction

- 2. The ISS Technique

3. Procedure for ISS Surface Damage Generation

Survey of ISS Damage.

0 5. Lifetime Improvement Through 
- 
ISS

41

- - - —- -- — -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— ~~~~~~~~~~~~~~~~~~~~~~ a~~~~ a-, a-~~ -~--a- a~~~~~~~ 
a-a-s ~~~~~~~ -~~~~~~~ a---a-.a-~-a--a-, -~‘~~~~~~ ‘ ‘ ‘~~~~~~ - ~~~~~~~~~ - - --~~a - , - -a-~~a-a-

r
~r~ ~~~~~~~~~~ — —-— -—-—~~---—-—-- —~~~~-~~~~~~~~~~~ -----a----- — --

TóchniCal Report No. -7, Part I (Cont ’d)

5.] Experimental

5.2 
- 

Result s - 

- 
-

5.2.1 Substrates -

- 
5.2.2 Epit axial Films on ISS’.d Substr ates

- 
5.2 .3  Epitaxi al Films on Ion-Implanted Substrates

6~ Disoussjàn - 

-

7. Su’mary -

Refer ences

- Appendi x

H

42 0

-- -- -~~~~ 
-
~~ -“ ~~~- - - - — ~~- - - ~~~~~~~~~~~ 



.r .~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ a- --~- --a--a- a-a-a-, 
- —~~ - ~~~~ ~~~~~~~~~~~~ 

—a---
~~

a-

—
_ _ _ _ _ _ _ _  - _

Technical Report No. 7, Part II

chap~~1

Damage Removal on Silicon Surfaces:
A Comparison of Polishing Techniques - 

-

by G. H. Schwuttke and A. Oats,

In troduction

Experimental

Chemical Polishing

Chem-Mech Polishing

Cupric Ion Chem-Mech Polishing of Silicon

Silicon Dioxide for .Chem-Mech PoliShing of Silicon

Experimental Procedure

Results

Damage Topography and Damage D3pth

Chemical Etching

Chem-Mech Polishing

Cupric Ion Polishing

Silicon Dioxide Polishing

Discussion -

Summary a- -

Acknowledgment

References

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -a--~- - - a - .g ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘5-~~~~~~~~~~~~~ 

-



- - - - - - rn a- an~~~a-’ac a-~~ -~~~~~~~~~~~~~~ - ,..
~~~~

a-

Technical Report No. 7, Part II (Cont’d)

~~~~~~~~~~~ 
- 3 .

Defect Profiles In Silicon After
Impact Sound Stressing

by Pt Kappet. G. H. Schwuttke, and K. Yang 
-

Introduction 
- 

-

- 

- 

- Experimental

Results 
-

1. Optical Survey of ISS Damage

2. Transmission Electron Microscopy (TEN) of
ISS Damage

2.1 Fracture Cones - General Observations

2.2 TEN of Fracture Cones - Dislocation Analysis

3. TEM Analysis of Abrasion Damage -~~~~~

3.1 Post ISS Properties of Grooves

3.2 Post Annealing Properties of Grooves —

- 

a- 3.2.1 Stacking Fault Nucleation TI~rough —

Prismatic Loops

3.2.2 Stacking Fault Nucleation Ahrough
- Microsplits -

3.2.3 TEM Observation of Stackin,~ FaultNucleation 
- 

-

4. TEN Analysis of Oxidation Induced Stacking -
Faults

4.1 Analysis of- Partial Dislocation

4.2 Analysis of Stacking Fault Nature

Discussion

Summary
Acknowledgmen t

44

_ - a - . ~~~ Ma~ —a--—
— a-~~~~


