


F ~~~~~~~~~~~~~~~

j

:,
‘a

Th. vlsws and conclusions containsd In this docum•nt an thos. of th.
author and should not b. Int.rprstsd as n.c ssarlly r.pr.s.ntlng th. official
policiss, sith.r .xpr.ss.d or implIsd , of th. D.f.ns. Advanc.d Rsssarch
Proj.cts Ag.ncy or tho Unltsd Statss Oov•mmsnt. J

— I
J

j

~~~~~~~~~~J21 _ _

_ _ _ _ _



U n c l a s s i f i e d
SECUR ITY  C L A S S I F I C A T I O N  OF THIS PAGE (Hhen Dais Enie,.d)

REPORT DOCUMENTATION PAGE 1 n~:FoRE COMPLET!NC FORM
I. R EPORT NUMBER 12. GOVT ACCESSION NO ~~~ it  u i . i ~ T~ S C A T A L O G  NUMNE R

L _ _ _ _ _ _ _

-
~~ 4. TITI~E !—~~ ~ -- “- ~ 

‘YPE O F REP~~p’t & PERIqO ~~~~~~~~~~

,
‘ ~-A - ~EARcH ON ~pW~~EMPERATURE, ~IREcTEö~~~ ERGY ~ Semiannual/ echnicai. ,~ep~~ t9

~ RO~ESS INC O~~ VE~~ LARGE S~ALE I~ TEGRAtED 1 Jan~~~ ~~~~j ugh 3O Jun~~~~7
RUCTURE S ~  ,~~~ ~~~~~~~~~~~~~~~~~~~~~ NUMB R~~~~~ ’

L -~~ -.---- -— — 

c Lq~~~~-79-~~~65fJ .
7. A U T H OR(s ) \. t. Tfl~ .... • ~,nn I UME3! R(a)

~T ~~~~~~~reenvj~~~j ~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _  -A

9 PERFORMING ORGANIZATION NAM E AND AO ORE~ S ~ 
W~~RK UNIT NUMB ERS

Spire Corporation / •__
J 

—

~~~Patriots Park • ( J  .. . ) ( 
~ /Bedford, Massachusetts 01730 ‘—~~

‘ 
- .~~~~

I I. CONTROLLING OFFICE NAME AND ADDRESS / ~~~~~~~~~~~ *,-e--1 
.Advanced Research Projects Agency 

~ 
J.I j  Ju],~~~~ 79 f

1400 Wilson Boulevard \....~~~. 13. NUMBER OF PAGES

Arlington, Virginia 22209 _____________________________
$ 4. MONITORING AGENCY NAME & AO ORESS(i I dili.r. nt f r om Controlling Otlice) 15. SECURITY CLASS. Ce! this repor t )

Unclassified
j IS.. DECLASSI F ICATION/DOWNGRADING

* SCHEDULE ç
$6. DISTRIBUTION S T A T E M E N T  (of this Report)

Approved for public release ; distrib ition nlimitedr,,,.~~ - - ‘  IA .—.~~~ ~~~~~

i .
~
C”

~~~~
’ . ~ •

). - . 
5

L .  
~~fl i — - ~~‘I17. DISTRIBUTION STATEM ENT (of lh• .baltaCi entered it, Block 20, Ii different front Rep r)

$5. SUPPLEMENTARY NOTES

‘~~~~ 

U
$ 5. KEY WORDS (Contirna. on revere. sIde if n.c.ssary and Identify by block numbe r)

fl SILICON LOW TEMPERATURE CVD
VLSI TEC1fl4OLOGY EPITAXIAL FILMS
LOW TEMPERATURE PROCESSING ANNEALING ION IMPLANTATION DAMAGE
PULSE PROCESSING
PULSED ELECTRON RRAJ4 PROrRSSTNC.

JO. A BSTRAC T (ConUnu. en reverie dde Ii necessary end Identify by block numb. ,)

The goal of this research program is ~o demonstrate processing techniques which
can eliminate the need for high temperature thermal cycling of silicon wafers in

L fabricating very large scale integrated (VLSI) devices. Maintaining low
temperatures for all processing reduces plastic deformation, diffusion and
autodoping problems which would limit the application of submicron geometry

[ design rules. Pulsed electron beam surface heating of the top micron of
material is being investigated for annealing of ion—implantation damage an~N•pitaxial. regrowth of low temperature chemical—vapor—deposition (CVD)

L DD 
~~~~~~~~~~~~ ~473 OITI0N 0, s Nov Ss Is oesoLcrc Unclassified

(/ 
~_:~ [-1 / .. sr cu RiTv C L * 5 5 I r I C A T ,~~.t OF T HIS PACI ($~,pn t). s t.ni.,~ d)

_ _ _ _ _ _  — -~~. ~~ ~~~~~
— --- ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~



— ~~~~~~~~~~~~~~ 
—,-- ‘——-- .

~ 
—“-—--- — _- —, — —- — ——

\

\ polycrystalline silicon films. Initial research has denu~nstrated the
epitaxial regrowth of 0.3 micron films deposited at 800°c. Annealing
of ion—implantation damage typical of buried layer applications has also
been demonstrated. Effective uniformity of processing has been improved
to +4 percent in one (electron beam) pulse covering the surface of a
3—inch—diameter wafer. Research planned in the next 6 months will stress
lower deposition tempera tures and pulsed nonmelting techniques for
annealing implantation damage. The program is about 2 months ahead of
schedule.
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SECTiON 1
REPORT SUMMARY

I

1.1 TASK OBJECTIVES

The goal of this program is to reduce the maximum temperature used in

processing large scale silicon integrated circuits. Specifically, the program Is to
demonstrate: (1) tha t a thin silicon fil m can be deposited with impurity levels consistent
with that required for active devIces, (2) tha t this film can be changed to epitaxial
crystal structure through pulsed irradiation by electron beams, (3) tha t ion-implanted
junctions in this f ilm or the s~~strate can be annealed by pulsed technology, and (4) that
an operational device typical of very large scale integrated (VLSI) technologies can be
fabrica ted by these teetmiques.

1.2 TECHNICAL PROBLEMS

Existing technology for the fabrication of Integrated circuits uses high
temperatures (over 1000°C) for the growth of epitaxial films and annealing of
Ion-Implant damage. Plastic def ormation of the substrate and diffusion from previously
deposited layers occurs at these temperatures, but the effect is not limiting until the
device size shrinks to submicron design rules. This program is to demonstrate that
diffusion from the buried layer into thin epitaxial layers can be controlled and that
active device junctions formed by ion-implantation can be annealed without intolerable
distortion or diffusion of fine line, multiple layer geometries.

L 1.3 GENERAL METHODS

• High temperature furnace processing steps are replaced by pulsed electron beam
surface heating. Through control of bea m fluenee and particle energy this electron beam
is used to heat , or to melt , 0.1 to 3.0 mIcrons of silicon, heating the bulk of the substrate
no more than 2 to 10°C. Short period thermal gradients cause epitaxial crystal regrowth
in the heated surface material to anneal Ion-implantation damage and recrystallize
deposited films. Combined with a low temperature deposition technique to put down an
appropriate film , the techoique described can for m an epitaxial film without def ects over

- - a patterned buried layer. To anneal ion-implanted junctions for small scale active
devices, a nonmelting techoique will be developed based upon multiple pulses of a low
fluence electron beam.

1—1
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1.4 TECHNIC AL RESULTS/CONCLUSIONS

Excellent pulsed epitaxial regrowth of 0.3 micron chemical-vapor -deposition
(CVD) polycrystalli ne silicon films was demonstrated . These films were deposited at
840°C, from silane without dopant added , onto (100) and (111) 0.003 ohm-cm arsenic
doped substrates to simulate depositi on on top of a buried layer. These thin films, and
0.5 micron conventional CVD epitaxial films, show tha t autodoping during CVD has
occurred — implying that deposition temperatures must be reduced further . Samples
were irradiated with a pulsed electron bea m between 0.6 to 1.0 j/ cm2. The results are
shown in Figures 3-6 and 3—7 in Section 3. An irregular surface of polycrystalline
material was melted and changed to nearly flat , single crystal material oriented with the
substrate. The doping profile of this film shows a sharp “corner” consistent with the
solid-liquid regrowth model (see Figure 2-6). The dopant concentration in the film
decreases rapidly to the uniform deposition level. Analytical m odeling predicts
controllable doping levels.

Most work on annealing ion-implantation damage was to develop a low fluence ,
rapid rate pulsed electron beam to demonstrate solid-phase annealing. The initial set of
sam ples (see Section 4-4) shows that 100 pulses below melting thresholds will not cause
diffusion of the implanted dopant profile. Regrowth of the crystal str ucture is
incomplete and the amorphous material turned polycrystalline. Annealing with liquid
phase techniques shows that the fluence of the beam must be increased more than 50
percent to melt crystalline material compared with amorphous material . The uniformity
of processing, measured with pulsed annealing of high dose implants, is ±~ 

percent from
the standard deviation of sheet resistance measurements across a 3—inch wafer .

1.5 IMPLICATIONS FOR FUTURE STUDY

Since CVD at 840°C has shown autodoping effects, films will be deposited at
lower temperatures using Infrared heated reactors and low-pressure chemical vapor
deposition (LPCVD). Liquid phase annealing of buried layers will be studied in
conjunction with pulsed epitaxy (see Table 1-1). Solid phase annealing studies will
continue using higher fluence beams and a larger number of pulses.

1—2 
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1
TABLE 1-1. PRINCIPAL EXPERIMENTAL MATRIX

FOR JULY - SEPTEMBER 1979

Substra te Preparation LPCVD

Not implanted
Amorphous

Implant Pulse Anneal
Polycrystalline

Implant Furnace Anneal
11 

____________________________ ________________________It •1.

Note: This table shows the six types of samples which will be I -

pulsed for epitaxial regrowth of the film and analyzed
for crystal structure , implanted dopant profile,
impurities , and defec ts. Substrates are 1-ohm-cm ,
(100), 3-inch o.d. float-zone silicon.
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SECTION 2
SILICON FILM DEPOSITION

2.1 OBJECTIVE OF TASK 1

The objective of this task is to deposit on a silicon substrate a silicon film at low
temperatures of high purity and appropriate doping and structure for Task 2, pulsed
epitaxy . Additionally, high temperature , conventional , CVD epitaxial films will be
deposited for comparison. All films are to be characterized for structure, doping
profiles , and impurities or defects.

In this context, low tem perature implies that the wafer is not heated to the point
where plastic deformation or thermally induced stress will alter the geometry or relative
position of the substrate or any film on its surface.(1) Also, the tem perature must be
kept below the point where diffusion of dopants occurs for a distance equal to the
minimum line width (about 0.25 micron) or layer thickness. As a start, 800°C was used
as the maximum permissible substrate temperature.

These deposited films are to be turned into crystal silicon used for active device
structures. Therefore , the level of impurities is expected to be less than 1012/cm3.
Approprii ~e doping levels would be about 1 to 10 ohm-cm. The crystal structure before
epitaxi al regrowth is not critica l, and part of the research on Task 2 is to determine
what is the best stoichiometry for the deposited film. It was initially assumed that small
grain poly or amorphous material would be preferred.

2.2 PLASM A ION DEPOSITION

On a program funded by Electric Power Research Institute (EPRI)~
2), a facility for

plasma ion deposition was constructed at Spire Corporation for research on thin film
solar cells. No ARPA funds have or will be used in the construction of this equipment;
however , with permission , it is being made available to this program. After a period of
debugging, films for pulsed epitaxy experiments have been deposited and are now being
characterized.

2—1
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Films can be deposited in one of two ways: (I) through a plasma formed ~~~~

electron beam bombardment of a silane gas source with the plasma partially confined by
a magnetic field, or (2) through a low-density commercial ion beam source.~~ In both
cases the substrate temperature can be independently controlled and will be kept below
600°C. Some films fro m the ion source have been partially analyzed. They are 1 to 3
microns thick. No significant difference in deposition over bare silicon or over a few
thousand angstroms of oxide on silicon has been observed. A reflected electron
diff raction pattern , Figure 2-1, shows small grain polycrystailine silicon plus an
unidentified component believed to be a silicon oxide. One film was pulsed and blown off
the substrate.

Th~ experiment demonstrated that 1 to 3 micron small-grain polysilicon films can
be deposited very rapidly up to 1 micron/minu te, by this technique. The uncertain
additional component must be eliminated for good electrical properties and pulsing
characteristics (i.e., contamination can reduce adherence and cause the film to blow off

~1the substrate when melted).

2.3 LOW TEMPERATURE CYD

For Task 2, small grain randomly oriented polycrystalline (or amorphous) silicon
films are desired for analysis and comparison (after pulsing) to good quality epitaxial ;~~.

films. These films can be put down by low temperature chemical vapor deposition. The 
-~ 

-

reactor available at Spire Corporation is an Applied Mater ials AMY 800. It was designed
for epitaxial film growth , rather than poly, and has a minimum deposition temperature of
abou t 840°C and cannot operate in the low pressure mode.

Previous attempts~~ at depositing polysilicon in this reactor have shown that
noncontinuous films result from using chlorine-silicon compounds. Continuous films were
achieved at 840°C from silane in hydrogen or nitrogen carrier gas. Randomly oriented ,
small grain poly was put down in nitrogen but not without some nitride contamination.
For purity, initial CVD was restricted to SiR 4 in carrier gas with no added dopant.
These films tend to be highly aligned polycrystalline’4’~~ in the (100) orientation , which
has the preferred , or faster, growth rate.

2—2 
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Initial films were nominally 0.2 and 0.5 micron thick deposited on (111) and (100),

highly doped (0.003 ohm-cm arsenic) substrates. This was done to simulate a deposit on a
buried layer without having to implant or diffuse such a layer. Also, it provided
sufficient dopant concentrati on to use secondary ion mass spectrboseopy (SIMS) to
determine the doping profile In as-deposited poly. Finally, it provided a test of the
junction abruptness which could be achieved with pulsed epita xy.

A final variation of substrate preparation was oxide etching in the reactor. All
wafers were cleaned in HF to remove oxides just prior to insertion into and evacuation of
the reactor. It is estimated that the time in air (less than 5 minutes) is sufficient to
grow an oxide only iSA thick. In the reac tor, the normal procedure for epitaxial
deposition is to etch this thin oxide off the substrate at 1200°C using a short time
exposure to chlorine compounds (i.e., HCI etch). This is a high temperature processing

step, and it was skipped on the sample runs labeled “no etch”. Since removal of the

contaminant oxide could be important for electrical properties, although the expected
concentration in the film would be small (about 1012/cm2 of film surface), the oxide was

etched off in m ost films. Note that high temperatures before film deposition are not
considered so damaging as the same temperatures during deposition because stress and
deform ati on of the film surface can occur when cooling.

(6)
The film thickness was measured by a stylus instrument, DEKTAK , and by

cutting a shallow groove and staining. Initial CVD runs contained one wafer with a
quartz chip to provide a step for absolute thickness measurement. However, deposi ts
near the chip were not the same as on a smooth surface, and the m easurement was not
consistent with other diagnostics. To correct for this situation , CVD runs where films
were deposited without etching of the oxide were made with one extra sample, a silicon
chip having a thick (0.5 micron) oxide coating. Assuming film deposition did not vary
over thin (iSA) or thick (0.5 micron) oxides, etching the poly film on the extra sample
over the thick oxide provided a step for accurate DEKTAK measurements. Other films ,
deposited with oxide etching, could not be measured this way, since an oxide coated chip

ruined the deposition run when an etching step was included. One sample from all CVI)

runs was grooved by a diamond wheel and stained. Since the stain affects the dopant , it

provides an opti cal differ ential delineating the junction region of the undoped poly a:-
highly doped substrate. Motion or diffusion of the dopant would introduce a systematic
error towards thinner films. The films prepared , substrate combinations, and thickness
m easurements are listed in Ta~Ie 2-1.

2-4 1
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Initial visua l observation of these films distributes them into two different sets:
Those which are highly reflective and appear optically smooth through a microscope
(Figure 2-2(a)) and those which appear to be dull gray, are nonreflective , and appear
“grainy”, through a microscope at 1000X (Figure 2-2(b)). AU epitaxial films and some
poly films deposited without etching the oxide were re flective. Most poly films were
grainy or cloudy. Without the etch, also easily visible, were “decorations” near the edge
of the wafer attributed to tweezer marks. The oxide etch in the reactor is a cleaning

procedure and wafer handling without this step is critical.

At higher magnification, in a scanning electron microscope (SEM), the grainy or
cloudy surface is covered by pyramid crystallites and more random raised features, all
abou t 0.5 micron high and wide, as shown In Figure 2-3(a). . Also visible in

Figure 2-3(b)~
8
~ are flat structures of roughly hexagonal shape which suggest grain

boundaries. The SliM mlcrophotographs are from the one sample in lot 1503 which was
pulsed and analyzed most thoroughly .

Electron channeling anaiysis~~ was attempted. The key result is that the poly
films were too highly aligned in one direction, or the technique not sensitive enough, to
detect any difference between the pattern from good CVD epitaxial films and

polycrystalline films as shown in FIgure 2-4(a) and (b) To test the analysis, a series of
amorphous silicon films were prepared by evaporation at 10~~ torr. The thickness was

varied from 720 through 2500A. Electron channeling was blocked by the thinnest film.
Since the CYD poly was over 3000 A (0.3 micron) thick, this confirms that the deposit was
strongly oriented in the (100) direction.

The polyslilcon films were analyzed by reflected high energy electron

diffract ion~
7
~ (RHEED ) for crystal perfection. The technique only analyzes the surface

to a depth of approximately b OA. However, if the surface has single crystal long range

order, then the remaining part of the film must be the same. The technique can verify

complete epitaxial regrowth from the substrate, but not partial regrowth or good epitaxy
with thin surface layer damage. The electron beam used has a radius of about 25 microns
and scans an area of 3 to 4 mm on a side. This is sufficient to differentiate between
large grain poly and single crystal material. Also, from FIgure 2-3, the grain size is less
th an 0.5 micron and this should be readily distinguished.
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Typical RHEE D results are shown in Figure 2-5(a), (b), and (c) for low temperature
CVD polycrystauine deposits. Figure 2-5(a) shows a strong ring structure, implying small
grain randomly oriented polycrystalline material. This is typical of the expected results
for this kind of deposition. Figure 2-5(b) shows weak ring structure and a strong dot
pattern with weaker “echoes”. The smaller dots, near and repeating the larger , stronger
pattern, Imply twinning of nearly single crystal material. This deposit is very strongly
oriented in the (100) direc tion, and rotation about one axis of the different crystallites
has produced the twinning effect. The deposit shown in Figure 2-5(c) is characterized by
the strong Kikuchi lines characteristic of high quality single crystal material, plus weak
dot and ring patterns. Kikuchi patterns are collective effects of diffraction from large
crystals with long range order. Their presence implies epitaxial crystal growth, with
some random ordering deduced from the weaker patterns. 4

.

The doping profile of the deposited polycrystalline layer was measured by
SIMS.~

9
~. This technique cannot detect impurity concentrations below 0.01 atomic

percent (about 5x1018/cm 3 in silicon) and is accurate only above 0.1 percent. Figure 2-6
shows tha t arsenic dopan t from the substrate, abou t 3x1019/cm3, was deposited in the
polysilicon film during deposition. The dopant concentration falls off from the value at
the film-substrate interface, but does not go to zero. The residual concentration of
arsenic does not exceed 5x1018/cm3. Zero level detection of arsenic in silicon can be
seen in Figure 4-8, implying that the detected presence is real, although it is near the
detection limit of this analytical technique.

The source of the dopant is not clear. Near the film-substrate interface the

dopant profile follows the predicted diffusion profilJ10~ for the autodoping of epitaxial
CVD films. The estimated diffusion coefficient , D, is 3x10 ’5 cm 2/sec. This is derived

from Figure 2-6 by estimating the distance for the concentration to drop by 90 percent
to be 500A = 2(Dt) 1”2. The deposition time is given in Table 2—1. The value of D
corresponds to a temperature of about 950°C. Since this is higher than the measured (by
pyrometer) temperature of the substrate, it implies either an excess of diffusion along
grain boundaries or some additional doping mechanism. The steady level of arsenic
concentration near the surface of the film is not predicted by diffusion theory. Since j
dopant was not added to the gas mixture during deposition , it must have come from the

•1
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wafer . This is not likely to be out-diffusion from the wafer surface at 8400C. A high
temperature step used for cleaning prior to deposition, 1000°C for 10 m inu tes in
hydrogen alone, could have removed some arsenic from the substrates and deposited it as
a contaminant in the CVD reactor where it could be redeposited. This step was not
revealed to the experimenter until after analysis, and it should not have been performed .
Also, it appears that the production of high resistivity films (low dopant concentration) is
different from deposi ting undoped films. These processing problems are a function of the
type of reactor used, and a change is recommended.

2.4 HIGH TEMPERATURE CVD EPITAXIAL FILMS

The same reactor and gas mixture , silane in hydrogen , was used to deposit
epita xial silicon films on (111) arsenic doped substrates with a bulk resistivity of 0.003
ohm-em. The wafer backs were sealed to reduce autodoping . Thin surface oxides were
etched in HC1 prior to deposition at 1050°C. Approximately 0.5 micron of silicon was
deposited per minute. After removal fro m the reactor the films were smooth and
unblemished and contained no surface features visible by microscopy.

The depositton was made with one slide having a quartz chip on it for absolute ~ 1
thickness m easurement. However , as with the poly films the chip affected the deposit of
silicon near it , so that the “step” was not sharp. Difficulty in maintaining level surface
prevented accurate measurements with a DEKTAK , although results are given in Table
2-1. Because the dopant profile has no sharp step, other film measurement techniques
will have some error. An infrared spectrophotometer was used to measure the width of
the thickest film by reflection techniques, 2.45 microns compared to a nominal estimate
of 3.0 microns. Results of a groove and stain test are shown in Table 2-1; all values are
abou t 0.2 micron lower than the nominal thickness. All epi films were thinner than
requested but within specifications for this type of process.

The doping profile of a CVD epitaxial film is shown in Figure 2-7. It was
measured by SIMS and capacitance-voltage (C-V) analysis(hl ) . The C-V measurements
could not be extended in depth because the depleted layer broke down near the very
highly doped substrate. The C-V measurements are a more accurate determination of
the film-substrate interface than SIMS. The interface is defined as the point where the
concentration falls by 50 percent(10), or about 0.4 micron in Figure 2-7. From the
compu tations In Reference (10), and the drop of dopant concentration by a factor of 10
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(SIMS data) at a depth of 0.25 micron , the diffusi on coefficient would be approximately
l.5x10~~

2, implying a temperature of 1300 °C. From the C-V data the interface region is
narrower and the temperature implied by the data lower. This would correspond to the
actua l temperature during deposition of 1050°C.

The crystalline aspects of the epitaxial films were analyzed by electron
channeling (see Figure 2-4a) and RHEED (see Figure 2-5d). The channeling analysis is
identical to that of a strongly aligned poly film. The RHEED pattern shows only Kikuchi
lines—no spots and no rings—indicating very well ordered material.

2.5 FUTURE DEPOSITION PLANS

From the analysis per f or m ed, the polycrystalline layers deposited to date show
two undesi rable characteristics:

• The films are highly doped.

• The crystal gra i ns are well aligned to the substrate.

The doping level is unsuited for the devices we would want to demonstrate , and the
crystal structure makes it difficult to define accurately the effect of pulsed epitaxy . To
correct both problems, deposition temperatures must be lowered , which is possible but
not feasible in the epitaxial film reactors at Spire. In the next quarter , three different
deposition techniques will be tested:

1. Low temperature , infrared heated CVD reactors
2. Low pressure CVD
3. Plasma ion deposition

Samples are now in process for LPCVD films. Additionally, epitaxial films will be
deposited on lower doped substrates , with and without a buried layer , for future
compar isons.
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SECTION 3
PULSED EPITAXIAL REGROWTH

3.1 GOAL OF TASK 2

Deposition of epitaxial silicon films on single crystal substrates is easily achieved

at high substrate temperatures but cannot be achieved at low temperatures, such as are
desirable in this program. This task is to demonstrate that a chemically pure but poor

crystallographic silicon films can be melted and regrown epitaxially without disturbing
the dopant pattern in the underlying substrate. The fina l product must be suitable for

making devices.

The objectives for this task are to (1) analyze the pulsed epitaxy requirement for

VLSI technology, (2) develop and characterize a pulse electron beam(s) to meet these
requirements, (3) demonstrate pulsed epitaxial regrowth of silicon films, and (4) compare
these films to conventional CVD epitaxial structures.

3.2 ANALYSIS OF PULSED EPITAXY REQUIREMENTS

Requirements for epitaxial silicon layers vary with different technologies. As
device size shrinks, the epitaxial layer thickness will also be reduced. It now appears
that most requirements for VLSI can be met with layers 0.2 to 1.5 microns thick and,
possibly, as thick as 3.0 microns. Unif ormity requirements are approximately +10

percent for film resistivity. This is a summary of 12L, MOS, and conventional bipolar
technology. Additional data is presented in Table 3-1.

The epitaxial layer thickness and doping in an 12L device are extremely important
design parmeters and must be precisely controlled. Future requirements(12) start at
1.2 microns and scale downwards to 0.2 micron as surface geometries shrink from 1.5 to
0.5 micron line widths.

The epitaxial layer thickness is a relatively unimportant part of an MOS device.
The princ ipal minimum limit on this parameter is the thickness required to maintain the
breakdown voltage of the transistor drain. The maximum limit is determined by the
surface area allotted to diffusion isolation of devices, which must increase when the
epitaxial layer becomes thicker . For VLSI applications, short channel lengths and shallow
junction depths will be used(13), reducing the operating voltages. As a result, epitaxial
layer requirements will be between 1.0 and 3.0 microns, with doping controlled to roughly
a factor of two.

3-1
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TABLE 3-1. EPITAXIAL LAYER THICKNESS ANTICIPATED FOR VLSI

DopantMinimum Optimized Epitaxial Uniformity orTechnology Line Width Layer Thickness Sheet Resistance
________________ 

(microns) (microns)

12L 1.5 

—

~~~~~~~~~~~~ 1.2
+10%

0.5 — 

0.2

MOS 1.0 1.0, 1—3 range
+30% to 50%

Convention i.o 1.0, 1—3 rangeBipolar

— —

- 
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In conventional bipolar technologies, the epitaxial layer serves as the collector of
the individual transistor. The minimum epitaxial layer width is that necessary to support
the specified breakdown voltage. With lower voltages and heavily doped collectors this
limit is less than 1.0 micron. The maximum width is determined by device speed (which
is faster for thinner coUectors) and by the area consumed In isolation tubs. For bipolar
technology a typical design goal for the epitaxial layer width is between 1.0 and 3.0
microns.~~

3.3 ANALYSIS OF AUTODOPIN G DURING PULSED EP 1TAXY

This section covers a compu ter model of dopan t diffusion during pulsed epitaxial
regrowth of a deposi ted layer. There will be negligible diffusi on of Impurities or added
dopants in material which remains solid during the pulsed heating process. This
calculation instead estimates the amount of diffusion expected from the buried layer in
the liquid phase and shows the control required to minimize this contribution to
autodoping. The substrate, and buried layer, are not melted intentionally. But the

silicon film overlying the buried layer must be melted completely for good epitaxy , and
the allowable variati on in depth of melt (which must t hen extend into the substrate) must
be determined.

The typical time required for heating the film to the melt point is 0.1
— micro.~econd, much less than the time required to cool the layer by thermal diffusion .

The cooling time required for freezing the melt is approximately 1.0 microsecond. For
common dopants near the melt temperature , the diffusion coefficient is approximately
10_ li cm 2isec(15). The approximate diffusi on length scale in one microsecond (Dt)~

’2 is
therefore less than 1A , and justifi es the assumption of negligible diffusion in the solid
phase.

Diffusi on In liquid silicon is approxim ately 3x10~~ cm 2isec(16). In pulsed epitaxy
the liquid is cooled from the bottom by conduction and freezes first from the deepest
part. The time the silicon remains a liquid is greatest at the surface , is least at the
maximum depth , and varies roughly linearly for thin films. In the calculation performed
here the freezing interface was assumed to move at a constant velocity of
0.5 misec(17). Diffusion of an unspecified dopant is at a constant rate (assumed) in the
liquid and zero at any depth after freezing. Varying the diffusion coefficient with time
prevents solving the diffusi on equation analytically but allows for a simple,
finite-element nu m erical calculation to be performed on a computer.

3—3
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For this calculation, the silicon film is assumed to be 0.9X thick , and the melt
depth is taken as X. In Figure 3—1 the value of X is 1.0 and 3.0 microns, respectively.
The initial dopant concentration is taken as 10~

9/cm 3. The calculation shows that the
dopant concentration in the film after cooling fails by three orders of magnitude in 1.0
micron , between the maximum melt depth and the surface. For the 3.0 micron melt
depth , the total amount of dopant in the film is greater because the depth of melt into
the substrate is greater.

This is a worst case calculation. It assumes that the dopant source in the
substrate is infinite , whereas the dopant source is only a shallow diffused or
ion-implanted region near the surface of the substrate. The calculation also assumes
that the depth of melt into the substrate or buried layer is about 10 percent of the
thickness of the film. This figure can be reduced by better control of electron beam —

uniformity and average fluence.

The melt depth will vary approximately linearly with the beam fluenee. This is
shown in Figure 3-2, a computer model of melt depth versus fluence for crystalline (X-Si)
or amorphous ( -Si) silicon samples. The pulsed electron beam is assumed to have a
constant energy spectrum(18). The fl uence required to melt a small-grain polycrystailine
sample lies between these two curves. The effect of 1 micron of —Si over a crystalline f
substrate is also shown. Note that the melt depth is very sensitive to the fluenee below
0.5 micron, but varies almost linearly with electron beam fluence for thicker films (over
1 micron). Also, the calculation for a 1 micron film shows a large change in slope near
the interface. This implies that control of melt depth for the films of interest is
practical. This study will be extended using different electron beam energy spectra to
determine whether improved control of melt depth, and therefore doping, is possible.

3.4 PULSED ELECTRON BEAM DEVELOPMENT

For pulsed electron beam epitaxy a change in the beam used for annealing was
deemed necessary. The previously used electron beam (1 8) has an angle of incidence of
about 60 degrees (average) and has been optimized for peak surface dose on silicon. It is
typically used to melt between 0.2 to 0.3 micron of amorphous silicon and shows a strong
tendency to cause thermal stress damage to substrates as the fluence is raised. To melt
thick er films a more normally incident bea m is considered desirable. Maintaining the
same diode characteristics and electron energy spectrum , the sample mounting was

I
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modified to change the self-focusing characteristics of the beam. Figure 3-3 shows the
calibration of fluence versus charging voltage (or the new and old beams, Figure 3-4
shows the electron beam deposition profiles for typical pulses, and Figure 3-5 shows the
initial temperature calculations performed. Changing the angle of incidence has lowered
the surface dose for a given fluence, but will reduce thermal stress by reducing the
temperature gradient. Stress calculations will be available in the next quarter.

3.5 EXPERIMENTS

A tabulation of all pulsed epitaxial regrowth work appears in Table 3-2. Quickly
summarizing the results:

• Excellent epitaxial regrowth was observed for 0.3 micron films.

• Single crystal regrowth with some twinning was observed for 0.45 micron
films.

• Doping profiles follow theoretical predictions.

The feasibility of pulsed epitaxial regrowth of thin polycrystalline silicon films has been
demonstrated. For device quality results the doping level in the deposited film must be -:
reduced. Extensive physical characterization of these films was performed and will be
discussed next. Electrical characterization was limited to C—V measurements but will be

— 
expanded in the next quarter.

Optical characteristics of the films after pulsing were changed, especially for
initially nonreflective samples. A circular spot, corresponding to the bea m diameter ,
was changed from a dull gray to a mirror finish. Before and after pictures would very
much resemble the reflective and nonreflective films in Figures 2-2(a) and (b). Under an

— 

- 
optical microscope there was no visible change in initially reflective, smooth films. At
high power , about 50 percent greater fluenee than the required threshold values, cracks
and/or pitting of the surface became visible. Cracking is considered a thermal stress
phenomena and can be avoided by appropriately tailoring beam parameters to film
thick ness and stoichiometry. Pitting or cratering is attributed to excess beam flux in the
diode which can partially melt the refractory anode mesh. Small droplets of this
material damage the sample. This is also avoided by the appropriate choice of
parameters. No visible damage occurred at the correct choice of fluence for these thin
films.
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TABLE 3-2. LiSTING OF ALL PULSED EPITAXIAL EXPERIMENTS

- - Film Pulse Fluence -

ID No. ID No. (cal/cm2) Comments

1499 — 0.16 no visible change
— 0.20 cracked

1502 20043 0.20 no visible change
20044 0.26 visible pattern
20045 0.29 visible pattern
20046 0.34 cracked in center of pattern

1503 1905l~ 0.20 SEM, SIMS, C-V, RHEED analysis
19058 0.17 faint pattern

20050 0.20 faint pattern

20051 0.26 broke, largest piece lost
- 

20052 0.29 1.5 cm o.d. pattern, cracks in center

— 

- 20053 0.34 broke from pulse, 2.0 cm spot, cracks

- ( 1974 19562 0.18 no change

19574 0.22 good, C-V implies 1 ohm-cm film, given COTR
20057 0.20 small pattern
20058 0.25 possible junction in substrate F
20059 0.29 broke, pattern “wavy”, melted

L 20060 0.34 broke, pattern “wavy”, pitted

1971 20064 0.2 no visible pattern

20065 0. 25 no visible pattern
- 20066 0.29 no visible pattern

L 20067 0.34 arc near corner, wavy, cracks, pits

2035 20072 0.29 no visible pattern
20073 0.34 no visible pattern

*- 
- C-V analysis possible, no short at low voltage bias.
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Before and after pulsing SEM photos are shown in Figure 3_6(8). The sample is
from lot 1503, and the same sample was used for electron channeling, reflec ted
diffraction , SIMS and C-V analysis. Before pulsing, the surface of the sample is

characterized by 0.5 micron ra ised structures and polycrystalline grain boundar ies on the
flat surface. After pulsing, the raised structures have been melted and substantially
reduced to a nearly flat plane and the grain boundaries are no longer visible.

A combined transmission electron microscope/scanning electron microscope
(TEM/SEM) electron microscope with electron channeling, transmission end reflec ted
diffraction capability~

7
~ was used to characterize the crystalline structure of the

mater ial. Channeling measurements were not useful (see Figure 2-4) because they could
not distinguish between the deposited poly and epitaxial material. RHEED patterns are
shown in Figure 3-7(a) before and (b) after pulsing. Figure 3—7(a) is a duplicate of Figure
2-5(b). Comparing Figure 3-7(b) to Figure 2-5(c) and (d), the recrystallized material
shows no evidence of polycrystalline rings and has very strong Kikuchi lines simil ar to the
epitaxi al film. This is strong evidence for excellent epitaxial regrowth. RHEED patterns
of thicker poly films, before and after pulsing, are shown in Figure 3-8. A significant
change in structure is visible. However , the final pattern is characteristic of twinned
crystal, rather than the quality material seen in Figure 3-7. No evidence for
polycrystalline structure is visible in Figure 3—8(b).

The doping profiles of the pulsed films in sample 1503 were measured by SIMS and
C-V analysis (Figure 2-6). The SIMS profile is compared to a calculated prof ile in Figure
3-9 which allows for melting 300A into the substrate below the film. They are
reasonably similar. The steady doping level near the middle of the film shown by C-V
analysis is suspected of being in the initially deposited poly (Figure 2-6) All pulsed films
were m easured by C-V analysis using a mercury probe for contacts. However, most of
the sa mples had a very low breakdown voltage and could not be measured. Those samples
which could be m easured showed nearly identical results to Figu re 2-6.
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3.6 CONCLUSIONS AND FUTURE PLANS 
-

Epitaxial regrowth was demonstrated for thin films but not over 0.5 micron thick.
Since the fluence was varied over a wide range, electron beam parameters such as energy -

spectrum and fluence would have to be changed in future tests with thicker films. The 
-

experiment to test the effect of oxide or no oxide etch prior to depositing the film failed -

due to the high crystal quality of the poly. This experiment will be repeated using films
deposited at lower temperatures. Since the deposition technique was insufficient to test
doping levels at the surface of the pulsed films, it will be changed according to Table
1-1. Also, since C-V analysis and def ect measurements are limited by the very highly
doped substrate, lower doped substrates In the 1-10 ohm-cm range will be used. Diffused
or ion—implanted buried layers will be used to check for autodoping in the future.
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SECTION 4
LOW TEMPERATURE JUNCTION FORMATION

4.1 GOALS OF TASK 4

This task will study the use of ion-implantation and pulsed electron beam
annealing to form junctions of varying depths in silicon. The key goal is to maintain low
substrate temperatures and to avoid diffusion in underlying layers when annealing
damage in the surface. There are two approaches — liquid and solid phase annealing
mechanisms. Liquid phase anneal is similar to pulsed epitaxy in that the surface is
melted to a specified depth. Regrowth of the crystal structure from the meit(18) is
excellent. The implanted dopant is nearly completely substitutional although diffused in
the melt phase. Solid phase annealing is very similar to annealing in a furnace but uses
higher temperatures and a large thermal gradient to force better crystal regrowth in the
damaged region. Crystal growth rates are slower in the melt, so that more than one
pulse, on longer pulses, are required for solid phase annealing. That the technique can
work is shown by scanning electron beam experiments(19). Without melting, the dopant
will not be diffused from the original implanted profile and very fine geometry multiple
layer structures can be preserved.

4.2 DETERMIN E ANNEALING REQUIREMENTS

No matter what type of circuit technology is used for VLSI applications, it is
unlikely tha t implant parameters will exceed the range io12 to ia’6 ions/cm2 for surface
ose(12). Depth of junctions will vary greatly but will tend to be shallow as given in
Table 4-1. This table was constructed around the model bipolar integrated circuit shown
in Figure 4-1. The model was proposed to obtain “ballpark” numbers for the types of

implants and geometries we would have to consider for VLSI appli cations. it is typical of
structures in linear or digital bipolar integrated circuits such as emitter coupled logic

(ECL) types. The model is not a limit to the proposed studies.

The different types of implants shown in Figure 4-1 and Table 4-1 bracket the
capabilities required. - The buried layer is a high dose implant into the substrate. It must

be annealed prior to pulse epitaxy and the crystal structure after annealing is very

important. This is the layer of concern for dopant redistribution in pulsed epitaxy. High
dose implants f or isolat ion or for contacts to the buried layer must be diffused relatively
deep — through the entire epitaxial layer. These implants can be annealed by liquid
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phase anneali ng. The Other implants shown are shallow and cannot be annealed with
pulsed melting techniques. The un if ormity of annealing is more critical for the implants
forming the active device than for isolation. This requirement of uniformity is not yet
specified but assumed to be better than +10 percent.

4.3 DEVELOP AND CHARACTERIZE A UNIFORM BEAM 
— -

The uniformity of the pulsed electron beam can be considered on two

levels — gross macroscopic variations averaged over an area greater than 1 cm 2 — and
microscopic variations with a length scale less than 1 mm . Calorimetry can measure the
former but not the latter, fine scale variations. The measurement is the processing
un iformity on a wafer. For this purpose, 3-inch o.d., polished 1-ohm-cm silicon wafers
were implanted with arsenic at either 25 or 100 keV to a dose of 1 x 10’6/cm2. The

surface was amorphous after implantation. These samples were annealed by a single
pulse of a 3-inch o.d. electron beam. The electron energy spectrum of this beam and the
computed depth dose profile are close to those in Reference (18). The depth dose profile
is substantially different (for annealing) than the beam used for pulse epitaxy.

The results are presented in Figure 4-2. The standard deviation of the sheet
resistance after annealing is +4 percent. Some of the peak variations, which are high on
one side and low on the other, are traceable to a misalignment of the apparatus. The
random variation, typical of pulsed electron beam processing, is less than +4 percent. No
point on the sample wafer has been left unannealed and no point has been damaged. This
result is reproducible, and over 600 three-inch-diameter solar cells on a program for
JPL~

20
~ have been processed with this beam for annealing the junction implant. No

further~ experiments to Improve uniformity are planned at this time.

The wafer used to generate the data in Figure 4-2 will be used for helium ion
backscatter m easurements of junction depth. It is hoped that these measurements of
sheet resistance can be correlated with junction depth or dopant substitutionality.

4.4 SOLI D PHASE ANNEA L

The SPI_PULS ETM 600 is a small pulse line capable of producing up to 11 jou les of
output in one pulse at 100 kV charging. It Is a reduced size version of the main pulse
processor at Spire Corporation and has the advantage of greater reliability and high pulse
repetition rate. For this latter capability it was selected as the initial processor for solid
phase anneal experiments. 

I
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The pulser was connected to a 155 kV, 5 mA power supply. For insulation
purposes, it was restricted to 100 kV. The charge line was monitored and activated an
au tomated trigger at about 1 pps. Typical, reproducible diode current and voltage traces
are shown in Figure 4-3. The pulse width is much shorter, under 40 ns, than for earlier
results. The average electron energy, the energy spectrum , and the deposition profile
will be measured from this data in the next quarter. _ 

-
-

Samples for these experiments were prepared by the ion implantation of

1 - 10 ohm-cm silicon with either 10 keV phosphorus to a dose of 2.5 x 10~
5/cm 2 or

100 keY arsenic to a dose of 1 x 10’6/cm 2. Both implants are heavily damaging, leaving F
the surface amorphous. The first implant condition corresponds to Spire’s experiments on
pulse annealed solar cells and was used as a standard of comparison. The second implant
was used for diagnostics (helium ion backscattering is planned).

Chronologically, the experimen t was conducted by first trying to find a pattern of
annealing in one pulse that was suitable, then reducing the fluence and testing for
multiple pulse annealing. In this test, the easily visible change in color when amorphous r

-1 material is changed to crystalline silicon was used as the principal diagnostic. In all tests
on the larger SPI_PULSETM 5000, this color change was associated with good annealing,
by liquid phase regrowth, of the ion-implantation damage In one pulse. As it turned out,
the change in color could occur with a change from amorphous to polycrystalline

L 

material. This was not suspected until the first samples were analyzed by RHEED.

After developing a beam with a reproducible signature, five samples were
• processed with 1, 3, 10, 30, end 100 shots each. The visible pattern grew radially with an

increasi ng number of pulses. The pattern after one shot was very small or not visible at
all. The sample with 100 pulses was quartered and one slice analyzed by SIMS (see

r FIgure 4-4) and another by RHEED (see Figure 4-5). Note that the combined
m easurement could be accomplished by helium Ion oackscattering alone. These

• measurements show no redistribution of the dopant profile before and after

• pulsing — implying that the material was not melted. They also show that the
amorphous, implanted surface was turned to polycrystalline silicon without epitaxy
observed at the surface . Incomplete epitaxial regrowth may have occurred but was not
observed by these di~~nostic techniques.
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Future plans are to extend the analysis so as to it~eaiure—incomplete epitaxial
regrowth of these samples, and to determine the rate of regrowth. Since melting ~~~~~~~
observed, the fluence of the beam could be increased for faster regrowth per pulse,
and/or the number of pulses increased to complete the annealing.

4.5 LIQUID PHASE ANNEALIN G

To identify the areas where more development of this technique is necessary, a
preliminary comparison test was perf ormed much ahead of the planned program
schedule. The electron beam, characterized by Reference (18), was used to anneal io12,
iofl , io 14

, and 1015/em2 implants of 25 keV arsenic ions into (100) p-type (boron doped)
wafers. A matrix of the experiment and results is shown in Table 4-2. A sample of each
of the four different implant doses was annealed in a furnace (at 550°C for 1 hours, then
850°C for 1 hour) and pulsed at four different fluences, with the same pulse width and
slightly varying electron energy spectra.

The results were not surprising. Samples with nearly amorphous surfaces, from
high-dose implants, were readily annealed whereas the other samples showed less
activation of the implanted dopant. This contrast is caused by the reduced fluence
required to melt an amorphous layer of silicon, which contains greater free energy than
crystalline silicon and shows an exothermic reaction upon recrystauization(21). Future
tests with liquid phase annealing will examine the effect of higher fluence on low dose
implants.
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TABLE 4-2. LIQUID PHASE ANNEAL:
PRELIMINARY RES U LTS

-~~ (Sheet Resistance Values in Q/D are listed in the matrix as a function of pulsed
bea m fluence and implant dose.)

Fluence 0.17 0.19 0.22 0.26 Furnace

io l2 39.3 31.7 12.2 28.7 11.9

io 13 113 62.4 120 141 38.8
10~~ 27.5 23.7 25.2 26.0 16.8

10 19.6 — 13.7 15.6 14.8

Notes: Furnace Anneal: 2 hr 
~ 
550°C, 1 hr @ 850°C

Implant: 25 keV As75

Substrate: 1-2 ohm-em (100)

Damage: All samples at 0.26 cal/cm2

Normal Fluence: 0.22 cal/cm 2

I ~L4

t-~ _ _
L.. - - 

-— - -•
~~~~~

• ~~~~ --~~~~• .  • • • ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ______



____

CONCLUSIONS - FUTURE RESEARCH

This section will outline the specific experiments now in progress or planned for
the next 6 months to continue work on Task 1, 2, and 3. Experiments for film deposition
and pulsed epitaxy will be discussed together.

5.1 PULSED EPITAXY

Pulsed epitaxy of deposited films was demonstrated. Good control of the doping

and autodoping of low temperature deposited and recrystallized films was not
demonstrat ed. Most of the effort in Task 1 and Task 2 will be directed to this problem.

The firs t experiment is outlined in Table 1-1. Three-inch o.d. wafers (FZ, (100),
1-ohm-em, boron doped) will be used as substrates. Eigh t will be implanted with a
hi gh-dose of arsenic to si m ulate a buried layer. Half of the implanted wafers will be - 

-

annealed in a furn ace and half will be pulsed electron beam annealed by liquid phase
epitaxy . A film of small grain polysilicon or amorphous silicon will be deposited by
LPCVD on all of these substrates plus four nonimplanted wafers. This will give six types
of samples to be used for pulsed epitaxy . Two additional wafers , implant ed and
unimplanted without films , will be saved for comparison. After pulsing, all in tact films
will be analyz ed by SEM , R II EED , and C-V analysts. Further interesting samples will be
sclccte~ for analysis by x-ray diffraction , SIMS or Auger electron spectroseopy (AES), -:

and deep—level transien t speetroscopy (DLTS). Additional experiments will deposit a film
by LPCVI) on highly doped (0.003-oh m-cm ), (ill) substrates. Also, an Infrared reactor
will be tested for lower temperature deposition. The object here is to determine what
processing parameters doped the poly film In the first series of experiments.

As a compar ison to LPCVD , and because it shows higher deposition rates and

potentially greater capability, plasma Ion deposition will be tested. Initial samples will

use silicon substrates with half the surface oxidized (0.1 - 0.5 mIcron thick) and deposit a
fil m over half the total surface. This will allow characterization of the deposit with and
without oxide layers. Pulsed epitaxy over the unoxidized region will be tried . Additional
substrates will be etched in the deposition chamber to remove all oxide on the substrate
before depositing a film for testing pulse epitax ial rcgrowth . Films be analyzed by SliM ,
RH liED, and C-V analysis.
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For thicker films, two experiments wil l be considered on a ti m e available basis.
One will use multiple layer pulsed epi techniques to show arbitrary thickness capability.
The second will use thicker films fro m the plasma ion deposition experiment. The rate of
deposi tion of fi ne grain or amorphous films by LPCVD is too slow for thick (over 1.0
micron) deposits. Possibly sputtered films will be used. H

5.2 PULSE ANNEALING

Experiments will continue in two directions. The solid phase annealing experiment
will be shifted to a different pulse generator for better control of the bea m fluenee and
other processing variables, such as vacuum chamber pressure. Samples with low dose
implants, about 1013/cm 2, will be used as well as high dose Implants which makes the
surface amorphous. Liquid phase annealing experiments will use higher fluences and test
the annealing of other ion implants , especially boron. An experiment with multiple
pulses in liquid phase annealing is being considered to determine the maximum depth of
diffusion attainable this way.

5.3 ANALYSIS

Additional analytical techniques will be used to characterize samples in the
future. The most urgent need is for a rapid survey technique to examine samples fro m

• the solid phase anneal experiment. Previously, C-V analysis usi ng a mercury probe
contact was tried , but it failed due to the polycrystalline material. Capacitance-voltage
analysis can still be used with success indicating good material but failure indicating
little. Optical observations are not reliable. A point probe m easurement of photovoltaic

• response will be set up. This can qualitatively characterize annealed samples. Further ,
bu t li m ited , analysis by SIMS, RHEED , and helium Ion backscattering are essential.

The next most useful technique to be used in the future is DLTS or transient
capacitance spectroscopy, which can detect defec ts in crystalline material as a function
of depth. It will be used to determine the electrical quality of pulsed epitaxy material
short of making a series of devices. Additiona l analysis for Impurities such as carbon and
oxygen will also be undertaken during the next 6 months.
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SECTION 6
SCHEDULE

The progra m schedule, as outlined in the optional program implementation plan, is
shown In Figure 6-1. Work to date Is about 2 months ahead of schedule. This has
resulted in substantially more information available for this technical report than
originally planned. It has also resulted in increased expenditures, as shown in FIgure 6-2.
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