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Editor’s Note

This RCA Review constitutes the second of a two-issue accumula-
tion of RCA technical research reports on Semiconductor Materials
and Processes. The papers are written by specialists in their fields
and are intended primarily for other optoelectronic and microelec-
tronic experts.

While Part 1 (March 1983) is mainly concerned with fabrication
technology and devices, this issue concentrates on the preparation
and properties of materials. Together, the two publications provide
some indication of the depth and breadth of the subjects and disci-
plines studied by RCA scientists.

For the convenience of the reader, the table of contents from Part
1, the March 1983 RCA Review, is reprinted below:

Semiconductor Materials and Processes

Part 1—Fabrication Technology

Contents

3 Introduction
N. Goldsmith and H. Kressel

5 Optical Scanner for Dust and Defect Detection
E. F. Steigmeier and H. Auderset

19 Rapid Characterization of Polysilicon Films by Means of a
UV Reflectometer

G. Harbeke, E. Meier, J. R. Sandercock, M. Tgetgel, M. T. Duffy and R. A. Soltis

30 The Growth and Characterization of Epitaxial Solar Cells on Re-Solidified
Metallurgical Grade Silicon
R. V. D'Aiello, P. H. Robinson, and E. A. Miller

48 Electron Flood Technique to Neutralize Beam Charging During lon
Implantation
C. P. Wu, F. Kolondra, and R. Hesser

64 Crystal Growth of Mode-Stabilized Semiconductor Diode Lasers
by Liquid-Phase Epitaxy
D. Botez and J. C. Connolly

101 Ohmic Contacts for Laser Diodes
I. Ladany and D. P. Marinelli
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Epitaxial Reactor Systems:
Characteristics, Operation, and
Epitaxy Costs

G. W. Cullen, J. F. Corboy, and R. Metz|
RCA Laboratories, Princeton, NJ 08540

Abstract—In this paper we discuss the design and operating charac-
teristics of various homoepitaxial reactor systems now being
employed in the semiconductor industry. The parameters
available for control of the deposit characteristics, specifically
as related to the reactor configurations, are outlined. The cur-
rent technology of slip control through rf-heated susceptor
design is reviewed. The very significant advantages associated
with reduced-pressure epitaxial growth are presented.” The
throughputs and costs involved in each reactor are analyzed.
Finally, we make some predictions concerning the future trends
of development in epitaxial reactor technology.

1. Introduction

There has been a recent focus on improving the capabilities of ep-
itaxial reactor systems to meet the needs of the various IC device
structures fabricated in homoepitaxial silicon. As the spacings of
the circuit elements are decreased, crystallographic defects have
more impact on device performance and processing yields. Thinner
deposits and relatively abrupt dopant profiles are required to ac-
commodate the decrease in the device element spacings. At the same
time, cost and throughput have become more important issues in
response to the more competitive semiconductor market place. These
factors have led to a re-evaluation of epitaxial reactor performance,
redesign of systems, and optimization of reactor operation.

* In this paper we deal only with silicon deposition from SiCl, and the halosilanes.
We do not include references to the growing body of literature on reduced-pressure
epitaxial growth from silane.
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A number of reviews have been written in which discussions on
reactor systems and operating characteristics are included. The most
recent and complete is by Pogge.! Much of the discussion of reactor
operation for heteroepitaxial silicon? is also applicable to homo-
epitaxial silicon reactor systems. The purpose of this review is to
update the characteristics of the various reactor systems available
today and to discuss in some detail the interaction between reactor
characteristics and the manipulation of deposition variables that
influence the capabiltiy to achieve the desired properties in homo-
epitaxial silicon. The cost of homoepitaxial deposition in the various
reactors has also been analyzed since this is such an important
factor in today’s commercial environment. Recent developments are
overviewed, and current and future trends are discussed.

2. Reactor Configurations

The currently employed reactor configurations are summarized in
Table 1. The essential features of these various reactor designs are
the geometry of the susceptor, the nature of the gas flow, and the
method of heating the substrate. The gas flow patterns are shown
schematically in Fig. 1.

2.1 Horizontal Reactor

The horizontal reactor is the most simple of the reactor types. For
many years this was the most commonly employed configuration.
In the United States it has generally been replaced because of the
relatively low wafer capacity and the problem of downstream con-
tamination of deposits when more than three or four wafers are
aligned in the direction of the gas stream. Because of its simplicity,
this reactor is used for basic studies in the U.S., and is still employed
in commercial operations in Europe. The barrel geometry (described
in the next section) has found favor over the horizontal configura-
tion because it can accommodate more substrates per run without
the need to align more than four wafers in a single row in the
direction of the gas stream.

In the horizontal reactor, the gas flow is straightforward, entering
the tube in one end and flowing symmetrically across the susceptor
face. The nature of the flow in these two reactor types can be ana-
lyzed by established fluid flow relationships. This has been dis-
cussed in detail by Eversteijn,> Berkman,* and Ban.5 Eversteijn
applied the concept of a boundary layer to develop relationships
that describe quantitatively the depletion of the nutrient gas. While

188 RCA Review * Vol. 44 « June 1983




EPITAXIAL REACTOR SYSTEMS

('S’ N) dug juawade[dsip [31aeg
‘sjeliaiey patddy sdure] 189y ssed auQ [311eg pareal jueipey
syu(] pIdonpoid
asnoy-uf vOH JaquIeyd apisino juawade|dsip
‘(pue[19z31mMG) BSIUIL], [10o J1 ssed auQ [o4reg [CRR L @A
(uedep) resnyoy|
‘sTN) AUl Jaquieyd apisut ayeoued paj[e2
‘quowdinby Axendyg {109 J1 Suyenoanay uayo ‘as1( [Bd1IBA
(SpuelIaYIdN pue ‘S ) Jaquieyd apisino juawade[dsip qe|s
WSV [100 J1 ssed auQ padidejajjered [eruozZLIOH
Jaampenuey indup j8ay Mol 58D |».50E8O 3INIBOUIWON
Jo poyia|y 103daosng 10083y UOWWO))

suoteandyuo) 10aeay—I Aqe],

RCA Review * Vol. 44 « June 1983 189




‘000000

000000
00000

Fig. 1—A schematic presentation of the rf heated horizontal, barrel, and
vertical reactor systems. Gas flow patterns are indicated.

there has been recent disagreement on the physical reality of the
boundary layer, these relationships are nonetheless still useful in
calculating the angle of tilt of the susceptor needed to provide uni-
form deposition of silicon in the direction of the gas stream. Refine-
ments of fluid-flow calculations have been offered by the more re-
cent investigators to more accurately explain experimental data.

2.2 The RF-Heated Barrel Reactor

In the original configuration of the rf-heated barrel reactor, the
substrates were positioned in recesses on the outer surface of a cyl-
inder with vertical walls and the reactant ambient was contained
within an opaque quartz cylinder.%7 With this geometry, the deposit
uniformity within a vertical row of wafers was controlled by “ad-
justing total gas flow and gas part location.”” Within RCA, this type
of reactor was optimized for the preparation of relatively thick de-
posits for power device applications.? For this application, a certain
degree of slip in the homoepitaxial silicon is acceptable. In the RCA
configuration, the deposit uniformity in the vertical direction is con-
trolled by angling the susceptor face to decrease the annular area
with distance down the susceptor. Also, a thin transparent quartz
reactant gas envelope is employed. This reactor has been in contin-
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uous operation for a number of years within RCA. Reactors designed
using these basic concepts are now commercially available (Preti
Engineering, San Giuliano, Italy and Timesa Microelectronics s.a.,
Biasca, Switzerland).

In the barrel reactor with the angled faces on the susceptor, the
nutrient gases are introduced axially and flow symmetrically across
the faces of the susceptor. The flow across any one face of the barrel
susceptor is essentially the same as in the horizontal reactor, and
therefore the nature of the gas flow can be analyzed according to
the fluid-flow relationship mentioned earlier.

2.3 The Radiant-Heated Barrel Reactor

The radiant-heated barrel reactor has been employed in applica-
tions where the device performance is strongly influenced by crys-
talline perfection. With the use of heat input through radiation, slip
in the substrate/deposit composite has been minimized (this is dis-
cussed later). The Applied Materials, Inc. radiant-heated reactors
differ from rf-heated reactors not only in the method of heat transfer,
but also with respect to the method of introducing the gases and
the flow pattern in the annulus between the susceptor and the bell
jar. The gases are introduced through two opposing jets located at
the circumference of the upper section of the reactor. This is shown
schematically in Fig. 2. As the gases meet, a complex unsymmet-
rical flow results in which much of the nutrient is channeled from
top to bottom on one side of the reactor. As a result, the silicon
deposition rate continually changes as the substrates are rotated
through this channel of nutrient gases. The impact of this flow pat-
tern is discussed in another paper in this issue.®

2.4 The Vertical Reactor

The vertical reactor geometry has received wide acceptance because
it is relatively simple to operate and maintain. Until recently it has
been difficult to control slip in this reactor, and a good deal of effort
has been directed toward correcting this situation. This is discussed
later. This configuration has been called the vertical reactor be-
cause the gas is introduced normal to the horizontal susceptor sur-
face. It is also commonly referred to as the “pancake” reactor be-
cause of the geometry of the susceptor.

The flow pattern in the vertical reactor is complex. The gases are
introduced from an inlet that protrudes through the center of the
susceptor, impinge on the hemispherical upper portion of the bell
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Fig. 2—A schematic cutaway of the AMC-7900 reactor. The gas flow pat-
tern is indicated.

jar, and swirl down the sides of the bell jar and across the substrates.
The gases may recirculate over the substrates many times before
they exit through the annulus between the susceptor and the bell jar.

2.5 Susceptor Rotation

In the barrel and the vertical reactor types, the susceptor is rotated
to compensate for asymmetries in the shape of the gas passage that
result from nonsymmetrical quartz parts and lack of coincidence
between the axis of rotation of the susceptor and the axis of the bell
jar. In the case of the radiant-heated reactor, the susceptor is rotated
both to compensate for the unintentional asymmetries of the ap-
paratus and to achieve the desired deposit uniformities in the en-
vironment of the gas flow asymmetries imposed by opposing jet
inlets.

3. Elements of Control in Epitaxial Reactors

The key deposit characteristics to be controlled in the epitaxial
growth of silicon for device applications are:

® thickness uniformity

® resistivity uniformity
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® dopant profile
® crystalline quality
® pattern integrity (shift and distortion).

Reactor variables available for control of the deposit character-
istics are;
® method of the delivery of the nutrient gases to the substrate sur-

face, i.e., the gas flow pattern
e control of the input of heat into the substrates; rf coil, heat lamp,

and susceptor design
® deposition pressure.

An additional control parameter is the chemical nature of the
nutrient gas. In general, however, the considerations involving the
chemical nature of the nutrient gas are not specific to the reactor
design. Since the emphasis in this discussion is on reactor design
and optimization, we do not include a discussion of the choice of
nutrient gases.

In efforts to achieve the desired deposit characteristics, the major
control elements are set by the selection of reactor geometry, source
gas, temperature, and rate. The deposition process is then “fine-
tuned” within the limits possible with the particular reactor design.
Many approaches are possible, but in general the control elements
manipulated to achieve the desired deposit characteristics are as
described in the following sections.

3.1 Thickness Uniformity

A source gas/deposition-temperature regime is chosen in which the
deposition rate is not a strong function of the deposition tempera-
ture. Under these circumstances, small temperature variations on
the susceptor surface are tolerable, and trimming of the tempera-
ture can be used to control other characteristics (see below). The
thickness is then dominated by the manner in which the nutrient
is delivered to the substrate surface. In the most simple horizontal
reactor, the primary control elements are the angle of the susceptor
in the quartz envelope and the flow rates of the various gases. The
susceptor angle can be calculated according to known fluid-flow re-
lationships discussed earlier. Using the concept of the boundary
layer, the angle of the susceptor is adjusted in such a way that the
cross-sectional area of the gas passage decreases in the direction of
the gas flow. The depletion of the nutrient is balanced by a decrease
in the boundary layer across which the nutrient species must flow
to reach the substrate.

The equivalent control element in the barrel type reactors is the
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angle between the susceptor face and the vertical bell-jar wall. As
already mentioned, the nature of the gas flow in the horizontal
reactor and a single face of the barrel reactor is essentially equiv-
alent with respect to the fluid-flow dynamics. In the Applied Ma-
terials, Inc. radiant-heated reactors, an additional control param-
eter is added since the gas flow from the two opposing injection jets
is not symmetrical. In this case the thickness uniformity is also a
strong function of the orientation of the gas jets.

In the vertical reactors the deposit uniformity is a function of the
distance between the hemispherical surface of the bell jar, the sus-
ceptor surface, and the gas inlet opening. Various gas inlet mech-
anisms have been used in the past. For instance, in one configura-
tion the gas inlet was made up of two bell-shaped openings con-
nected to the ends of a rotating T-shaped gas inlet. Such schemes
have not proven, however, to be necessary. Sufficient control is
achieved by a simple adjustment of the height of the inlet opening
above the susceptor surface, and the initial choice of the bell-jar
height and the back pressure of the gas exhaust. Thickness control
is very good in this reactor. This may be in part due to the recir-
culating nature of the gas flow pattern.

3.2 Resistivity Uniformity

Even under the conditions that the overall deposition rate is not a
strong function of the deposition temperature, the ratio of the rate
of reduction (or pyrolysis) of the silicon bearing species to the dopant
bearing species is sufficiently dependent on the deposition temper-
ature to serve as a viable control element. Therefore the fine-tuning
of the resistivity uniformity is carried out by adjusting the temper-
ature profile across the susceptor in the direction of the gas flow.
In the rf-heated reactors this control is achieved mainly by the overall
position of the coil in relation to the susceptor and the coil design.
In the rf-heated barrel geometries, the dominant control feature is
the distance between the coil windings, while in the vertical reactor
the dominant control is the distance between the susceptor and the
various sections of the spiral coil attached to an insulating plate
positioned below the susceptor.

In the radiant-heated reactor, the heat lamps are divided into
three separate sections. The temperature of the two end sections
may be independently offset in relation to the central controlled
zone. By adjustment of the offsets, the top-to-bottom temperature
profile can be adjusted.
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3.3 Dopant Profile

Some of the approaches employed to achieve abrupt dopant profiles
over heavily doped substrate areas are not specific to the reactor
design. These include, for instance, sealing the backside of the sub-
strate and the use of capping layers. Other approaches are influ-
enced by the reactor design. A key reason for the shift in emphasis
from the simple horizontal configuration to the barrel design was
to accommodate as many substrates as possible without positioning
many substrates in a single row along the direction of the gas flow.
The problem of the transfer of material from an upstream to a down-
stream wafer clearly increases with the number of wafers in a single
row. The barrel reactor essentially is made up of a series of short
horizontal reactors wrapped around the circumference of the barrel.
In this configuration each vertical row can be short as compared to
the horizontal reactor. In the horizontal reactor special effort, such
as very high total gas flows, must be employed to avoid the transfer
of chemical species from the upstream to the downstream deposits.

Under normal operating conditions, it is reasonable to assume
that the cross-contamination between substrates on the susceptor
surface would be more of a problem in the gas recirculating (ver-
tical) type of reactor than in the gas displacement (horizontal and
barrel) reactor systems. In the gas displacement type reactors, chem-
ical species unintentionally introduced into the deposition environ-
ment are more readily expelled from the system than in the recir-
culating reactor. Related to this is the ease of flushing of the reactor
space. Where abrupt dopant profiles are required, it is accepted
practice to incorporate a flushing step in the deposition sequence to
purge the reactor of unintentionally added gas constituents.

Such flushing is more difficult in the vertical reactor, both be-
cause of the recirculating feature and the relatively large gas space
within the reactor. It appears, however, that compensation can be
made for these effects by the appropriate design of deposition se-
quence. This is not, however, documented in the literature. It is
unlikely that the necessity to employ such procedures, such as more
extensive flushing, will significantly impact on epi costs.

The use of reduced pressure is proving to be an important param-
eter in dopant profile control in silicon deposited from halide-bearing
gases.1%-17 Significantly more abrupt dopant profiles can be achieved
at reduced deposition pressures. The ease of use of reduced pressures
is a function of the reactor configuration. Reduced pressures are
readily achieved in the barrel geometry: the cylindrical geometry
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can readily withstand the pressure difference, and the gas volume
is relatively small. It is unfortunate that in the radiant-heated
reactor, wall deposits on the inner surface of the bell jar increase
with decreasing pressure. This constitutes a real disadvantage since
reduced pressure operation requires additional reactor mainte-
nance. The magnitude of this effect has not been documented in the
literature. Success has been achieved in suppressing bell-jar de-
posits in the newest reactor systems.

In the rf-heated barrel reactor, the reduction of the deposition
pressure is limited by the formation of a gas plasma. In the vertical
reactor, the deposition gas is not surrounded by the rf coil and is
separated from the coil by the susceptor. With the appropriate pre-
cautions in the design of the coil standoff insulators, reduced pres-
sure operation is feasible in the vertical reactor.!® Development ac-
tivities are now in progress on reduced-pressure deposition in the
vertical reactors, but results have not been reported in the litera-
ture to date.

An additional issue which is not as yet defined in the literature
is the impact of reduced pressure on the vertical temperature gra-
dient as a function of the method of heating the substrate. In the
radiant-heated barrel configuration, reduced pressure does not sig-
nificantly impact the radiation transfer of energy into the substrate.
In the other reactors the gas environment is a factor in the transfer
of the thermal energy from the susceptor surface to the substrate,
and very significant increases in the thermal gradient normal to
the substrate surface have been observed as the deposition pressure
is reduced.!® This may have a significant impact on slip control. It
is possible that the recessed susceptor designs now being developed
for the control of slip in the rf-heated reactor systems may also
minimize the impact of reduced-pressure operation on the vertical
thermal gradient. It may also prove to be necessary to employ sus-
ceptor recesses specifically designed for reduced pressure operation.

Reduced-pressure deposition is not possible in the conventional
horizontal reactors. The quartz envelope, with a rectanglular cross
section, would collapse under the pressure differential. The slab
geometry susceptor can be enclosed within a cylindrical envelope,
but this has the disadvantages that the rf coil is further removed
from the load and the gas flow pattern over the substrate is consid-
erably perturbed.

3.4 Crystalline Quality

A number of the important variables that impact the crystalline
quality of the homoepitaxial deposits are not specific to the reactor
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configuration. The most important of these is the condition of the
substrate surface, both with respect to crystalline perfection as it
enters the reactor and the in-situ removal of the natural oxide from
the surface. The key reactor-related parameter is control of thermal
gradients across the substrate, both in the direction normal to the
surface and in the plane of the surface. The main motivation for
the use of the relatively complex radiant-heated configuration has
been that, since the silicon is heated by radiation, the thermal gra-
dient normal to the substrate surface is essentially zero. The epi-
taxial silicon deposited in a radiant-heated reactor is therefore very
nearly slip free. When slip is present, it is observed primarily at
the top edges of the wafers on the top row and bottom edges of the
wafers on the bottom row where the wafers are placed over a 12-
inch vertical distance. This slip is clearly associated with thermal
gradients in the plane of the susceptor face at the ends of the sus-
ceptor.

In the rf-heated reactors the substrate receives the thermal en-
ergy through radiation from the susceptor, through contact with the
susceptor, and through convection in the gas layer between the sub-
strate and the susceptor. As the result of the latter forms of heat
transfer, a thermal gradient is imposed across the thickness of the
silicon. This results in the generation of slip in the substrate, which
is propagated into the deposit. Recent advances in susceptor design,
which to a large extent compensate for this effect, are discussed in
a separate section.

In all reactor types care must be taken to locate the substrates
far enough away from the edges of the susceptors to avoid thermal
gradients in the plane of the substrates that result from heat loss
from the edges of the susceptor. In an effort to achieve as large a
wafer load as possible, the wafer recesses are often located too close
to the substrate edge.

3.5 Pattern Integrity

The control of pattern integrity relates to reactor design to the ex-
tent that reduced pressures can be employed and to the extent that
the reactor can be operated at relatively high deposition tempera-
tures without significantly increasing the time consumed in main-
tenance. Pattern distortion in (100) silicon decreases with in-
creasing deposition temperature and decreasing growth rate.13-15.20
It is not unusual to operate reactors in excess of 1200°C to control
pattern distortion. In the radiant-heated reactor, this may result in
increased maintenance due to bell-jar wall deposits. Operation of
the reactor at these elevated temperatures is, however, common
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practice when both pattern integrity and crystallinity are charac-
teristics of concern.

Pattern distortion decreases with decreasing deposition pres-
sure.!1-16 At reduced pressures, the deposition temperature can be
decreased to advantage. Unfortunately, the bell-jar wall deposits
also increase with decreasing deposition pressure. Therefore an op-
timum balance must be made between achieving acceptable pattern
distortion and minimizing the wall deposits. There are other very
real advantages, however, in the use of relatively low deposition
temperatures. The key factor is the suppression of the solid-state
diffusion of dopants, which becomes more important as device spac-
ings are decreased. Also, as thermal gradients are decreased with
decreasing deposition temperatures, slip and warpage are de-
creased. The deterioration of reactor components also decreases with
decreasing deposition temperatures. We anticipate that, for these
reasons, reduced pressure will be employed more commonly in the
future.

4. Susceptor Design

We discussed susceptor design as it relates to the manipulation of
gas flow across the susceptor surface in an effort to maximize de-
posit thickness uniformity. A good deal of discussion may be found
in the literature on this topic. Susceptor design has also been em-
ployed over the years in an effort to suppress the introduction of
stress into the substrate wafer. Unfortunately most of this effort
has been proprietary and has not found its way into the literature.
Recently McD. Robinson and co-workers?!22 reported on the effec-
tiveness of a specific susceptor design in the suppression of slip.
This work has resulted in more open discussion among investigators
in the field on the topic of susceptor design. This area of develop-
ment is particularly relevant at this time because of the emphasis
on the control of crystalline perfection to meet the increasingly de-
manding requirements for IC device applications.

It has been recognized in the past?3-26 that crystallographic de-
fects are generated in a silicon wafer heated by a flat rf-heated
susceptor at temperatures used in epitaxial growth. The sequence
of events that leads to slip formation is as follows:
® The wafer lies on a flat surface. Ideally a perfectly flat wafer on

a flat susceptor would be in direct contact over the entire area of

the wafer; in reality this is not the case, and one can assume only

local direct contact, with a gas gap between the wafer and sus-
ceptor over much of the area. Unless the wafer is badly distorted,
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however, this is not the primary factor that leads to slip gener-
ation.
® The wafer is heated by conduction through direct contact with
the susceptor, contact with the gas layer, and radiation.

® The front surface of the wafer is cooled through radiation into
the relatively cool gas; this causes an axial (normal to the surface)
thermal gradient in the wafer. The axial gradient is not the direct
source of slip generation.26

® The axial gradient causes the wafer to curve, with the outer edges
lifting from the hot susceptor surface and protruding into the
cooler gas. This results in the introduction of radial (in the plane
of the substrate) thermal gradients; as the edge lifts further from
the susceptor surface, the effect is enhanced. Estimates have been
made of the temperature of the edge based on the fluid flow in
the gas?6 and radiation into the edge.?*

® As a result of the thermal gradients, compressive stress is set up
as the outer cooler rim of the wafer shrinks in relation to the
hotter center. As the critical stress value is exceeded, the stress
is relieved by slip both at the outer edges and at the center?s of
the wafer.

The generation of slip by the sequence described above is not a
function of the thickness of the wafer?42?5 and is essentially inde-
pendent of the formation of the epitaxial deposit.26 It is also not a
strong function of the rate of heating or cooling of the wafer.26

The generation of thermally induced slip is a function of the ini-
tial crystallographic quality of the wafer. Damage at the wafer edges
is an important source of the introduction of slip. It is also known
that oxygen intentionally introduced into the substrate for the pur-
pose of internal gettering may significantly reduce the strength of
the wafer. This will be an important consideration with the more
common use of internal gettering in the future. To date, there has
been no report in the literature of the relationship between oxygen
content and slip generation during the epitaxial process.

In this discussion we have dealt only with defects introduced into
the silicon through thermal effects. Crystalline defects can also re-
sult from lattice spacing differences when the dopant concentration
and/or type in the substrate and the epitaxial layer is different. The
relative contribution of these two factors has been discussed by
Blanc.?’

Various means have been proposed to minimize the formation of
the radial thermal gradients as the wafer sits on the hot susceptor
at epitaxial deposition temperatures. The simplest approach is to
elevate the wafer by small protrusions from the susceptor surface.
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It is reported that this is effective for 2-inch-diameter wafers but
not for larger substrates.?® Another approach has been to selectively
thin the susceptor (by forming a recess in the back) to produce
thermal gradients on the surface of the susceptor that leads to
heating of the outer edge of the wafer to a temperature higher than
the central portion.?? It is reported that this is effective for 3-inch
wafers in a horizontal epitaxial reactor. Such an approach would be
specific to a particular susceptor/coil configuration. Other simple
approaches have been to place the wafer in a flat-bottom recess in
the susceptor so that the walls of the recess serve as a heat source
radiating into the edge of the wafer.

McD. Robinson and associates have demonstrated?!-?2 that if the
wafer is placed in a recess which is a section of a sphere, there exists
an optimum recess depth for which slip is reduced to zero (under
the conditions employed by these investigators). The depth of the
recess has been correlated with the thermal gradients across the
surface of the wafer. While it has been found that the thermal gra-
dients can effectively be reduced to zero, it has also been observed
(as previously reported?®) that minimum slip is achieved when the
wafer edges are intentionally held at a temperature higher than
the center of the wafer. This work was carried out in a horizontal
reactor. We, and other investigators, have attempted to apply this
technology to the vertical reactor. While success has been achieved
in suppressing the slip, we have not been able to achieve slip-free
substrates at the higher (>1200°C) deposition temperatures.

Variations of the spherical recess have been investigated. These
include a ledge with a spherical recess (as shown in Fig. 3), a ledge
with a flat bottom recess,and a ledge with a recess curved at the
outer edges but flat at the bottom.!®

There is disagreement among investigators working with re-
cessed susceptors on how the recesses lead to the suppression of slip.
One view is that heat conduction is shifted mainly from contact (on
a flat surface) to radiation and gas conduction (over recesses).3° The
other view is that the wafer conforms to the recess, thus increasing
thermal input, particularly at the edges. Considering the conduc-
tion model, it is difficult to explain why the slip suppression is such
a strong function of the depth of the recess. With the contact model,
it is difficult to explain how each silicon wafer will be stressed to
exactly the shape of the recess (at least at the edges). A general
problem in dealing both conceptually and quantitatively with either
of these models is that the curvature of the wafer at the deposition
temperature will be a function of silicon materials variables as well
as susceptor dimensions. It seems likely that the lack of reproduc-
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SILICON SUBSTRATE

/
4 g Z
SUSCEPTOR

Fig. 3—A schematic cross section of a double-recess rf heated susceptor
(not to scale).

ibility evident in this technology can be attributed to the fact that
the differences in distortion of the various types of silicon are greater
than the critical control dimensions of the susceptor shape. Thus,
to make slip control through susceptor shaping a viable technology,
it is necessary to develop methods wherein the effect is less a func-
tion of small dimensional changes.

To date, recessed susceptor technology has mainly been focused
on the vertical reactor configuration. Efforts are now being made
to apply this to the rf-heated barrel susceptor geometry. One can
anticipate that if the recesses are operative through the radiation
model, the technology already developed for the rf-heated pancake
susceptors of the vertical reactors will be directly applicable to the
barrel susceptors. If, however, the recesses are operative through
conformance between the wafer and the recess, the current recess
technology may not be directly applicable to the barrel configura-
tion. No reports have been made to date of the suppression of slip
through the use of recesses on the rf-heated barrel susceptors. This
will certainly be a key issue in the future use of rf-heated barrel
reactors.

Another factor of concern in the recessed susceptor technology is
the impact of reduced pressure on slip control. As the pressure of
the deposition environment is reduced, the thermal conductivity of
the gas is lowered, and gas convection in the recess between the
substrate and the susceptor will be altered. We have previously
pointed out that relatively large differences between the tempera-
ture of the substrate and the susceptor have been observed at re-
duced pressures.!? The configuration of the susceptors shaped for
slip suppression may prove to be a function of deposition pressure.
The ease of slip control at reduced pressure with the shaped rf-
heated susceptors will be an important consideration in the choice
of the radiation or rf-heated reactor configurations.
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5. Reduced-Pressure Epitaxial Growth

We have referred earlier (Sec. 3.3) to the use of reduced pressure as
an additional epitaxial growth control element. At reduced pres-
sures, gas diffusion rates are increased and convection currents are
suppressed. Enhanced control of autodoping, pattern shift, and
thickness and resistivity uniformity have been reported in reduced-
pressure epitaxial growth from SiCl, or the chlorosilanes.!!-16 In
thin epitaxial deposits (1-3 pum) for a number of applications the
key issue is dopant profile control. In the thicker epitaxial deposits
(~15 pm) for bipolar applications, a key issue is control of pattern
integrity. In both cases the deposit characteristics are considerably
enhanced by deposition at reduced pressure and relatively low de-
position temperatures.

To put the proper focus on this important control element, ex-
amples of the impact of reduced pressure growth are shown in Figs.
4 and 5. Secondary ion mass spectrometry (SIMS) dopant profiles
and micrographs of the alignment patterns are shown for deposits
prepared at 760 and 100 Torr. Depositions represented in Fig. 4
were carried out from SiCly and in Fig. 5 from SiH;Cl,. The im-
provement in deposit characteristics is evident.

SiCly is typically used as the source gas at deposition tempera-
tures =1150°C. At deposition temperatures above ~1190°C, the pat-
tern integrity of (100) epitaxial silicon is acceptable, but for other
reasons (for instance, lateral autodoping, slip, and reactor mainte-
nance) the higher temperatures are undesirable. The use of reduced
pressures in the temperature range between 1150 and 1190°C pro-
vides the needed control of the pattern integrity and at the same
time inhibits the increase in the dopant transition width, which
otherwise occurs with decreasing deposition temperatures. At lower
extremes of the temperatures (1080-1100°C, with SiH,Cly), the pat-
tern distortion is acceptable for deposits less than 10 um thick.
Since the distortion shifts from negative to positive with decreasing
pressure, if desired, the change in the outside edge dimensions of
the patterns in the epi can be held to zero with the appropriate
choice of pressure. At these lower temperatures, however, the more
advantageous use of reduced pressure is in the control of the vertical
dopant transition width. At 100 Torr, the transition width is not a
strong function of temperature between 1080 and 1190°C. At at-
mospheric pressure, the transition width increases with decreasing
deposition temperature.3! An additional advantage in the use of
reduced pressure is that, even when the deposition is to be carried
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out at atmospheric pressure, the deposit characteristics can be made
less sensitive to a number of operating variables by outgassing the
components at reduced pressure prior to deposition.

In the past the reduced-pressure epitaxial growth technology has
been impeded by an unwillingness on the part of the users to face
increased maintenance related to pumps, back-streaming, etc. These
problems can be minimized with relatively straightforward proce-
dures using available technology. The reduced-pressure capability
has been commercially available in radiant-heated reactors for a
number of years, and operation well below 100 Torr is possible.
Reduced-pressure facilities have now been made available in the
vertical geometry for operation at pressures =150 Torr.!8 In the
vertical geometry the coil is in the reduced pressure environment,
and gas plasma formation may be a limitation. It is anticipated that
further development in the coil design will result in the capability
to operate this reactor at lower pressures. In the rf-heated barrel
configuration, the coil surrounds, but is not within, the deposition
ambient. In this case the limitation is the formation of a gas plasma.
It is reported that plasma development does not appear to be a
problem to pressures less than 10 Torr at 220 kHz.33 The avail-
ability of low-pressure facilitation in this geometry has been an-
nounced. The limiting factors in reduced-pressure operation may
prove to be increased bell-jar coating in the radiant-heated reactors
and increased thermal gradients in the substrate in the vertical
reactor geometry.

6. Throughput and Costs

The separate but related issues of throughput and epitaxial deposit
costs are discussed in this section. These are important consider-
ations in today’s competitive environment. Throughput is an im-
portant component of costs but is treated separately here because
throughput indicates the number of reactors needed, with associated
space, manpower, etc. The throughput and cost analysis of the AMC-
7900 and the Gemini I reactors are based on experience. The cor-
responding inputs for analysis of the Gemini II are based on infor-
mation from Epitaxial Equipment, Inc. personnel. In this section
we do not include the horizontal reactor in the analysis since we
have no experience in the operation of this reactor on a routine basis
and because we do not consider it to be a viable apparatus for our
needs. The wafer loading of the Timesa rf-heated barrel is the same
as the radiant-heated barrel. Some difference in the throughput
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would be anticipated because of the differences in time dedicated to
maintenance of the two reactors.

6.1 Throughput

An example of the accounting of time consumed by an epi run is
shown in Table 2. Throughputs of the various reactors are given in
Table 3. Included in this table are values for epitaxial deposits on
4-inch substrates with deposit thicknesses of 3 and 15 um and growth
rates of 0.5 and 1.0 pm/min. An uptime value of 90% was used for
the more simple vertical reactors, and both 75 and 90% uptimes
were used for the radiant-heated reactor. In making a decision on
which reactor to introduce into a new production facility, the 75%
uptime represents a “worst-case” situation for maintaining one or
two reactors in a production environment. Experience in other or-
ganizations has shown that unscheduled downtime can be consid-
erably reduced when sufficient reactors are in place in a facility to

Table 2—Typical Run Sequence for the Deposition of a 7-um-Thick Film (Atmo-
spheric Pressure/SiCl4/1190°C/0.5 pm/min)

Auto
Time Program
Process Step (min) Step
Unload and Load* 3.0
High N; Purge 3.0 1
High H; Purge 2.0 2
Normal H; Purge 1.0 3
Heat to 850°C and Stabilize 7.0 4
(Power clamped for soft start)
Heat to 1190°C and Stabilize 7.0 5
(Ramp = 70°C/min)
Purge HCI to Vent 1.0 6
Etch 2.0 7
Post Etch Purge 2.0 8
SiCl, to Vent 1.0 9
Deposition #1 0.2 10
Postdeposition #1 Purge 5.0 11
SiCl, and Dopant to Vent 1.0 12
Deposition #2 (Based on 7.0 pm and 0.5 pm/min) 14.0 13
Postdeposition #2 Purge 2.0 14
Reduce Temperature to 850°C and Stabilize 7.0 15
(Ramp = 70°C/min)
Heaters Off and Cool in H, 3.0 16
Cool in N, 3.0 17
Unload and Load* 3.0

Total Run Time = 67.2 min.

* In new 7810 reactors, the system is evacuated and backfilled once at start of run
and twice at end of run. This takes approximately 4 min total. Therefore, total run
time is reduced by approximately 2 min
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warrant dedicated maintenance personnel. Under these circum-
stances uptime in excess of 90% can be realized. We operate a ra-
diant-heated reactor in a laboratory environment with well over
90% uptime.

As one might anticipate, throughputs are dominated by the wafers/
run values. There is a large effect in operating the AMC-7900 in
the “extended” configuration. For 4-inch wafers, the capacity (wafers/
run) of the Gemini I is less than half of the AMC-7900, but the loads
of the Gemini IT and AMC-7800 AX are similar (22 and 24 wafers,
respectively).

6.2 Cost

The cost of producing an epitaxial silicon film varies with the thick-
ness of the film, the number and size of substrate wafers, and the
capital, operating, and maintenance costs of the reactor used. A cost
analysis program, the Interactive Financial Planning System (IFPS),
a product of Execucom Systems Corporation, is available through
the RCA Computer Services Network. Through the use of a com-
mand language, this software allows the generation of a model of a
process and the entry of data files representing various implemen-
tations of the model. Reports may be generated to show selected
outputs of the model, and properties may be changed interactively
(by using WHAT IF, IMPACT, SENSITIVITY, etc. statements) to
show the effects of process variations on costs and throughput.

The cost model “REACTOR” was constructed to allow the eval-
uation of epitaxial deposition systems. The systems were evaluated
both for IC (<15 pm) and power device (to 100 um) wafers. Of the
150 variables in the model, 100 are input parameters. These include
the times, utilities, and consumable items per run; capital, floor
space, and inventory requirements; maintenance and etching times
and costs; operator, shift, and efficiency parameters; and wafers per
run for each size. The program then calculates the desired results,
including throughput, total variable and capital costs per wafer,
per run, and per year and also provides depreciated or after-tax costs
if desired.

Reports may be generated to display any desired subset of the
output (and input) variables, with labeling and in any format. Bar
charts or probability distribution histograms are also available. In
addition, the model may be modified or the input data altered by
use of WHAT IF and other command statements. These interactive
changes are reflected in subsequent output during the run, but need
not be made permanent unless desired.
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The data items included in this computer model are listed in Table
4. The percent of the total run cost for each variable cost item is
shown in Table 5. The cost analysis is for the deposition of a 7-pm-
thick film on a 100-mm substrate in the AMC-7800 AX reactor. It
is interesting to note that the two largest cost items are power and
labor. In this analysis it is assumed that one operator is responsible
for one machine, which is clearly not the usual case in a production
environment. This is, however, the simplest assumption for com-
parative cost estimates. With this format, the reader can readily
adjust the costs for a specific case.

The variable costs involved in depositing 7-, 40-, and 100-p.m-
thick epi in the AMC-7900, Gemini I, and Gemini II systems are
summarized in Table 6. To facilitate comparison of the costs, the
values have been normalized, taking as unity the cost of deposition
of a 7-um deposit in the AMC-7900 AX, assuming 90% uptime. It
can be seen that the variable costs are the lowest in the Gemini II
reactor. For the deposition of 7-pm-thick deposits (on 100-mm sub-

Table 4—Data Items for Cost Analysis

Process Parameters Floor Space and Cost

Run Times Reactor
Deposition Thickness Pump
Etch Frequency Generator

Power and Chemical Input Heat Exchanger
Nitrogen Transformer
Hydrogen Replaceable Components Life and Cost
Deposition Gases IR Lamps
HCl RF Coil
Dopant Gases Bell Jar
Power Susceptor

Power and Chemical Costs Other Quartzware
Nitrogen Inventory and Maintenance
Hydrogen Pump Oil Cost
Deposition Gases Filter Cost
HCl O-Ring Cost

Dopant Gases

Quartzware Cleaning Interval

Power Pump Maintenance Interval
Equipment Cost Maintenance Time Cost

Reactor Scheduled Maintenance Time

Options Uptime and Work Hours

Pump Operator Efficiency

Generator Machine Uptime

Heat Exchanger Hours/Shift

Transformer Shifts/Day

Installation Days/Week

On Shelf Inventory

Operator Cost Per Hour
Throughput vs Wafer Size
3-Inch Wafers Per Run
100-mm Wafers Per Run
125-mm Wafers Per Run
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Table 5—The Percent of the Total Run Cost of Each Variable Cost Item Associated
With a Typical AMC-7900 Deposition Run

Item Cost (%)
Labor 23.44
Replaceable Components
Bell Jar 1.69
Radiometer Sheath 2.51
Purge Baftle 1.56
Quartz Hanger 0.78
Cover Ring 0.44
Susceptor 11.15
IR Lamps 6.28
Utilities and Gases
Power 24.46
H, 7
N, 0.09
SiCl, 5.65
HCI 0.02
Dopant 1.04
Etching 431
Maintenance
Labor 3.58
O Rings 2.34
Pump Oil 0.66
Total Per Run 100
Wafer 100 Per Run 24
Total Per Wafer 4.17
Conditions
* 7-um-thick deposit + SiCly source gas
* 100-mm substrate * 90% machine uptime
* 0.5-um/min deposition rate * One operator per machine

+ Atmospheric pressure deposition

strates), the variable costs in the AMC-7900 AX are ~5% more than
in the Gemini II. Deposition in the Gemini I reactor system is con-
siderably more expensive than in either the Gemini II or the AMC-
7900 AX reactors. The price differentials increase with increasing
deposit thickness.

7. Experimental Reactor Systems

In the early part of this paper we described the configurations and
operating characteristics of commercially available reactor systems.
In this section we briefly discuss configurations that have been con-
sidered for further development and experimental systems not com-
mercially available.
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Table 6—A Summary of Relative Epitaxial Deposition Costs in the Gemini and AMC-
7800 Reactor Systems

Normalized Variable
Cost on 100-mm Substrate*

Deposit 75% 90%
Reactor Thickness (um) Uptime Uptime

Gemini | 7 1.60

(Double 40 3.68

Chamber) 100 7.54

Gemini Il 7 0.85

(Double 40 1.98

Chamber) 100 4.09
AMC-7800 AX 7 1.07 1

40 2.49 2.36

100 5.12 493

* With reference to 7-pm-thick epi in the AMC-9800 reactor, 90% uptime. Deposition
conditions: SiCly, 760 Torr, 1 wm/min.

From the standpoint of both throughput and thermal conditions,
it would be clearly desirable to develop the capability to deposit
epitaxial silicon in the hot-walled reactor configuration now com-
monly being employed for the low-pressure chemical vapor deposi-
tion (LPCVD) of non-single-crystal silicon, oxides, and nitrides. The
fundamental problem here has been, and continues to be, the
suppression of homogeneous gas phase reactions at temperatures
now required for epitaxial growth. To achieve deposits of the re-
quired homogeneity in this configuration, it will be necessary to
carry out the depositions at well under 900°C where reactions at
the substrate surface, rather than homogeneous gas-phase reac-
tions, dominate. Another key issue here is the removal of the oxide
from the wafer surface at the low deposition temperatures. To date,
it has been necessary to sacrifice crystalline quality in silicon de-
posited from any source at temperatures less than 900°C in other
than ultra-high vacuum systems. Deposition rates at the lower tem-
peratures are also a problem, and therefore the development of this
technology is directed toward device configurations that can be built
in very thin silicon deposits.

Large loads are accommodated in modest reactor volumes in the
rotary-disc cold-walled epitaxial reactor.34 In this configuration, the
silicon wafers are positioned on both sides of individual susceptors.
The disc susceptors are then stacked axially and heated by rf. The
gas is introduced through a distributor tube that directs the nu-
trient gases into the openings between the wafer surfaces. The ro-
tary disc configuration is attractive from the standpoint of
throughput. It could be a very economical approach and, therefore,
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has been analyzed in detail for solar-cell applications. A key concern
has been the ability to control the uniformity of the deposit with
the substrates relatively closely spaced. Good control has been
achieved, however, through manipulation of the gas inlets. The cur-
rent problem with this reactor is the suppression of the thermal
gradients in the plane of the substrates. As we have discussed pre-
viously, the radial thermal gradients are the origin of slip in the
substrates.

An approach that avoids challenge of fundamentals is the contin-
uous reactor in which wafers flow in and out of gas locks. This is
feasible in the situation where thin films are desired, as is the case
for MOS transistor applications. This approach can be used with
either rf or radiant heating, with a good deal of flexibility in sus-
ceptor design and wafer positioning. It also offers a key advantage
in that cassette-to-cassette loading and unloading can be readily
facilitated. While there are no fundamental limitations here, we
feel that a good deal of innovative engineering will be required to
make this a commonly employed reactor configuration.

8. Summary

The focus in current reactor technology is on the choice between the
radiant-heated barrel and the rf-heated vertical configurations. Of
the capabilities available, for any one specific device application,
one may face a limiting factor that dominates this choice. Until
recently it has been necessary to select the radiant-heated config-
uration if slip in the epitaxial deposit significantly impacts device
performance and processing yield in the application of concern. The
outstanding feature of the radiant-heated reactor has been the very
good control of slip. Now good progress is being made in slip control
in the rf-heated vertical reactors through susceptor design. The
amount of slip has been dramatically decreased, but it has proven
to be difficult to achieve, at least at the higher deposition temper-
atures (=1200°C), the complete reduction of slip in the vertical reac-
tors that have been reported in the rf heated horizontal reactor
configuration.2?

The difficulty of achieving reproducibility with the current ap-
proach to the susceptor recess design can be attributed to the com-
bination of two factors: small changes in the recess dimensions have
significant impact on slip control, and the shape of a curved (dished)
substrate, at the deposition temperature, is a function of both the
susceptor design and substrate variables. Clearly the critical di-
mension in the use of recesses in the susceptor is the distance from
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the bottom of the wafer to the bottom of the recess. As the shape of
the stressed substrate changes with material properties, this di-
mension will change. This must be considered in the susceptor de-
sign. An important materials variable is the oxygen content as re-
lated to internal gettering. As the spacings of IC components are
decreased, the use of internally gettered substrates is becoming more
common in the industry. Internal gettering provides an additional
degree of control over the impact of impurities (unintentionally in-
troduced during processing) on the crystalline structure of the sil-
icon (see, for instance, a recent review32), The degree to which stresses
are developed and tolerated in the crystal during the thermal cy-
cling through thermal gradients involved in epitaxial growth is a
strong function of the internally gettered process. Development of
slip control in the vertical reactor is being carried out both by the
manufacturers of the equipment and by the users. More specifically,
development is being carried out by users who are intimately fa-
miliar with the internal gettering technology.

Now efforts are in progress to apply the recessed susceptor tech-
nology to slip control in the rf-heated barrel reactors. It is possible
that the designs already developed are directly applicable to the
barrel geometry, but this is still to be established.

Development of the reduced-pressure epitaxial growth technology
is also being carried out by both the manufacturers of the equipment
and the users. To date there has been less emphasis on reduced-
pressure operation than on slip control. The impact of reduced-pres-
sure operation has been more clearly demonstrated in the radiant-
heated reactor than in the rf-heated vertical reactor, again based
on nonproprietary information available as of the writing of this
paper.

The deposition pressure may prove to be a variable in the suppres-
sion of slip through susceptor design in the rf-heated reactors. As
the processes of the transfer of thermal energy from the susceptor
to substrate change with decreasing pressure, it may be necessary
to alter the susceptor design. On the other hand, at reduced depo-
sition pressures it is not necessary to employ high deposition tem-
peratures to control the pattern distortion. Slip control is consid-
erably easier at the reduced deposition temperatures.

Aside from the factors discussed above, which directly impact the
quality of the epitaxial deposits, the key issues are ease of main-
tenance, throughput, and cost. From an operator’s point of view, the
radiant-heated barrel and vertical reactors are very similar. From
a maintenance point of view, the radiant-heated reactor is consid-
erably more complex than the vertical geometry. Many of the hard-
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ware-related maintenance problems that originally plagued the ra-
diant-heated reactor have been solved. The remaining feature to be
improved is suppression of the coating on the inner surfaces of the
bell jar. The buildup of this coating during deposition is the domi-
nant factor in determining the number of epitaxial runs that can
be made prior to removal of the bell jar for cleaning. Due to the
more efficient loading on a barrel as compared to a pancake-shaped
susceptor, deposits produced in the AMC-7900 have been signifi-
cantly less expensive than in the Gemini I. Now that the load of
the Gemini II has been made similar to the barrel, the cost differ-
ences have decreased to less than 10%, with the Gemini II being the
less expensive reactor to operate. Under these circumstances cost
will be a secondary factor as compared to the other issues discussed
above.

9. A Look at the Future

We anticipate that the emphasis will continue on crystalline per-
fection for applications in closely spaced integrated circuits. With
the exception of specialized non-IC applications, it will not be fea-
sible to make compromises in crystalline perfection for ease of reactor
operation, to maximize throughput, or to operate at low tempera-
tures.

The next “generation” of epitaxial reactors will be improved ver-
sions of the radiant- and rf-heated barrel and the rf-heated vertical
reactor systems. There is real room for improvement in all of these
systems. In the near future more will be gained from making these
systems simpler and more reliable than from focusing on reactors
that can be facilitated with automatic wafer handling.

Related to the above issue, it is essential that the trend toward
increasing system complexity cease. Significant effort is now, and
will continue to be, put on simplifying both gas manipulation and
automated control systems.

The advantages associated with reduced-pressure epitaxial growth
will be more appreciated, and reduced-pressure epitaxy will be more
commonly employed. Lower deposition temperatures will be used in
conjunction with reduced pressures. Through optimization of the
pumping systems, maintenance related to reduced pressure epitaxy
will not be a major consideration in the future. To be commonly
accepted in the industry, the equipment must have a well-working
reduced-pressure capability.

With the “customizing” of silicon for specific device applications
and the more common use of internally gettered silicon, it will be

214 RCA Review ¢ Vol. 44 « June 1983




EPITAXIAL REACTOR SYSTEMS

more necessary to take into consideration materials variables in the
development of epitaxial growth processes. Particularly with regard
to the control of crystallinity, the processes employed may prove to
be strongly dependent on the silicon properties.

Emphasis will be put on epitaxial systems that can be automated
as applications involving epitaxial deposits continue to expand, as,
for instance, into MOS technology. Other priorities (as mentioned
above) will, however, come before automated handling.

There will be a continuing trend toward the use of lower deposi-
tion temperatures to control slip and dopant diffusion in the solid.
In applications where it is necessary, pattern distortion and gas
phase autodoping (more of a problem at the lower temperatures)
will be controlled by other means. In the next generation of reactor
systems we anticipate that the emphasis will be placed on deposi-
tion temperatures above ~1000°C. Deposition temperatures signif-
icantly below ~1000°C will require further development in epitaxy
technology, and will have greater impact only after procedures have
been put in place to reduce the device processing temperature to
well under 1000°C.
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On a Relationship Between Substrate
Perfection and Stacking Faults in
Homoepitaxial Silicon

A. Dreeben and A. Schujko
RCA Laboratories, Princeton, NJ 08540

Abstract—Imperfections and defects in silicon substrates used for homo-
epitaxial devices can be sources for the nucleation of stacking
faults at the epi layer-substrate interface. These faults can be
electrically active and degrade device performance. In addition
to dislocations and impurity atoms, damaged layers on the sub-
strate are also possible sources. Such damage can arise from
the mechanical polishing processes for preparing the substrate
and from ion implantation. lon implantation is now used rou-
tinely for the formation of buried layers in several types of sil-
icon bipolar device wafers. An evaluation of residual substrate
damage resulting from ion implantation and its effect on epi-
taxial layers has been made.

Chemical etching has been used to reveal the damage in pat-
terned device wafers prior to epitaxy. Using Nomarski micros-
copy, we have compared these samples with similarly etched
epitaxial layers on companion wafers. Stacking faults in the epi
layers have been correlated with etch pit formation in the buried
layer pockets. The results show that residual damage and
stacking fault formation are related.

1. Introduction

Imperfections, defects, and impurity atoms in silicon substrates used
for devices fabricated in homoepitaxial silicon can be sources for the
nucleation of stacking faults (SF) in epitaxial layers. These faults
are believed to be widespread in silicon crystals and devices!* and
consist of two types—epitaxial and oxygen induced. More will be said
about these later. As with other defects, these faults can be electri-
cally active and degrade device performance.?3 In addition to grown-
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in crystallographic defects, damaged layers on the substrate are also
possible sources for stacking faults. Such damage can arise from the
mechanical polishing processes used to prepare the substrate for
device fabrication!* and from ion implantation methods.56 The latter
method is now used routinely at the RCA facility at Findlay, Ohio,
for the formation of Sb and As doped buried layers in several types
of bipolar device wafers.

Ion implantation produces uniform, selectively doped regions in
the silicon substrate. The implantation, however, is but one step in
the formation of the patterned substrate. Other processes involve
thermal oxidation to provide a masking layer and photolithography
to define the regions to be etched and implanted. The buried layer
is subjected to a high-temperature drive-in, and the wafer is an-
nealed to eliminate damage from the implantation process, thereby
reducing defect density and promoting the incorporation of the im-
planted dopant atoms at electrically active lattice sites.2

The importance of the annealing procedures and the variables
involved have been pointed out by several authors. For example, S.
Prussin® describes the effectiveness of a two-step annealing process
in reducing ion-implant damage, and V. C. Kannan and D. D. Casey’
also report that for implanted As, a two-step annealing procedure
is more effective than a single-step process in reducing defect den-
sities.

It was mentioned earlier that two classes of stacking faults are
found—epitaxial and oxygen induced. Epitaxial SF nucleate at the
epilayer-substrate interface and propagate into the epitaxial layers.
Their formation depends on substrate surface and crystallographic
quality, the presence of impurities, and the epitaxial deposition con-
ditions.2 The formation of oxygen-induced SF, as the name implies,
occurs during oxidation steps. Prussin® reports that defects from
surface damage interact with oxygen to generate SF. The influence
of other process variables, including oxidation temperatures and
cooling rates, has been discussed by Rohatgi and Rai-Choudhury.?
McD. Robinson et al.® have reported the effects of buried-layer drive-
in temperatures and crystal misorientation on oxygen SF formation.
(For other details, see Refs. 2 and 10.)

The experimental results reported here provide a qualitative de-
scription of etch pit patterns in pre-epitaxial, ion-implanted Sb and
As buried-layer device wafers and corresponding stacking faults in
epitaxial layers deposited under several different conditions on such
wafers.

This study was carried out at a time when we were observing
problems in the control of defects in the epitaxial silicon prepared
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at the RCA Laboratories for exploratory applications in the bipolar
technology. The objective was to identify the source of the defects,
particularly with respect to substrate conditions or epitaxial growth
conditions. While the problem was specific rather than general in
nature, we feel that the results are of interest and generally appli-
cable in epitaxial silicon technology. The study is useful in that a
source of epitaxial defects is identified that can be alleviated with
the appropriate control.

2. Experimental

The three-inch substrates used for the devices were (100) oriented,
4-11 Q cm, boron-doped to 10!5-10!¢ atoms/cm® from several sup-
pliers. Randomly selected samples from several lots of the starting
substrates were Wright-etched!! and examined for defects. Most
surfaces had no etch features, but occasionally a few stacking faults
and dislocations were observed.

Wafer processing, up to the deposition of epitaxial layers, was
performed by personnel at the RCA facility at Findlay. These steps
included oxidation, device patterning, Sb or As ion implantation,
and subsequent drive-in and annealing. The annealing procedure
required 22 hours in several different atmospheres using carefully
ramped temperature schedules.

3. Epitaxial Deposition

Epitaxial layers were deposited in an Applied Materials, Radiant
Heated Barrel (RHB) reactor, Model AMC 7900.* Deposition con-
ditions, epilayer thicknesses and ion-implant data are given in Table
1. Representative wafers were selected for examination from the
several epitaxial runs, each of which included about twenty wafers.

Several pre-epitaxial device wafers from each lot of about twenty
were retained for comparison with the epi runs. All or most of the
epitaxial wafers were examined for as-grown characteristics, de-
fects, blemishes, etc., using a Nikon Optiphot microscope with No-
marski interference contrast optics. One or two representative ep-
itaxial samples were retained while the rest were processed for de-
vices. One half of each selected wafer was then Wright-etched!! and
examined for defects by Nomarski microscopy.

* The epitaxial growth was carried out by J. F. Corboy and R. Pagliaro, Jr. at RCA
Laboratories.
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Table 1—Wafer and Epitaxial Processing Data

Implant Dose/cm? Epi Layer
Type at 80 keV Epi Process Thickness (um)
As As — 4 x 1015 X:Y 3.5
A Sb - 1.5 x 10% X:Y 7
B Sb - 2.3 x 101 X:Y 14
C Sb - 4.8 x 101 X:Y 14
X = SiCly760 Torr/1190°C
= SiCly100 Torr/1150°C

4. Experimental Results

Table 1 shows the different substrates that were examined, one with
As implanted and three with different dose levels of Sbh-implanted
buried layers (BL). Each of them received epitaxial layers of appro-
priate thickness using a high-temperature (HT) and a low-temper-
ature (LT) deposition process. The various substrates and processes
have similarities and differences that are described below.

5. As-Implanted Buried Layers

The As-implanted buried layers illustrate a recurring similarity
shared by all of the implanted samples. Figs. 1(a) and (b) show the
center and edge, respectively, of a Wright-etched, pre-epitaxial wafer.
Etch pits can be seen in the BL of Fig. 1(b), edge, but not in Fig.
1(a), center. Figs. 1(c), (d), and (e) show Wright-etched corre-
sponding sections of a high-temperature epitaxial layer on a com-
panion wafer. It is clearly evident that the chemical etch did not
reveal any stacking faults in the center region [Fig. 1(c)] consistent
with the absence of etch pits in the pre-epitaxial sample [Fig. 1(b)].

On the other hand, Figs. 1(d) and (e) show stacking faults in the
epi over the buried layer of the edge region, corresponding to the
etch pits in the pre-epitaxial wafer [Fig. 1(b)].

Low-temperature epitaxial layers were also deposited on the same
type of wafers, and again, etch pits are found in edge regions of the
pre-epitaxial BL [Fig. 2(b)] and corresponding SF are seen in the
companion epi layer, Fig. 2(d). The lower density of etch pits in this
pre-epitaxial sample is a variation that occurs among different
wafers.

The absence of pre-epi pits and epi SF over the BL in the center
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Fig. 1—Wright-etched, As-implanted wafer. Pre-epi—Center (a), edge (b).
Epi X—Center (c), edge (d) and (e).

regions is consistent with reports by Katz and Hill'?2 and Marcus et
al.13 that nucleation sites for SF are suppressed in BL regions in-
cluding As implants.? Rozgonyi et al.!? also report that a BL fab-
ricated by ion-implantation did not nucleate epi SF.

The difference between edge regions, where epi SF are found, and
center regions, where they are absent, is the recurring similarity
between these and Sb-implanted wafers described below.

6. Sb-Implanted Buried Layers

Wafers implanted with Sb were investigated for three implant doses,
for high-temperature deposition at atmospheric pressure, and for
low-temperature deposition at reduced pressure, as shown in Table
1. They each have similarities and differences, some of which are
summarized in Table 2. These and other noteworthy observations
are discussed below.
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d L= 2

Fig. 2—Wright-etched, As-implanted wafer. Pre-epi—Center (a), edge (b).
Epi Y—Edge (c).

7. Type A

The type A wafers received an Sb-implant dose of 1.5 x 10!5 atoms/
cm? in the BL regions. Note that the center regions of the pre-epi
wafers [Figs. 3(a) and 4(a)] have very few etch pits, while the edges
[Figs. 3(b) and 4(b)] have a high density of pits confined to the BL
region. Further, the pre-epi wafer from the lot receiving the LT epi
has an appreciably higher etch pit density [Fig. 4(b)].

The center regions [Figs. 3(c) and 4(c)] of wafers from both epi
processes have lower SF densities than the edges [Figs. 3(d) and
4(d)]. In Fig. 3(d) it is seen that the SF predominate in the BL
regions, but that there are some in non-implanted regions where it
is possible that contaminating atoms also nucleated SF. It has been
reported by Rozgonyi et al.,!3 for example, that stacking faults, re-
lated to the presence of S-pits, can occur in non-BL regions and at
the same time be almost absent in BL. Contrary to this, it is note-
worthy that in the present case, the higher SF density corresponds
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Table 2—Defect Characteristics of Sb-Implanted Wafers

STACKING FAULTS

Sb-Implant
Dose
Type Sample (atoms/cm?) Center Fig. Edge Fig.
A Preepi 1.5 x 105 A few etch pits 3a Moderate number  3b
only in some BL. of etch pits in
almost all BL.
Epi-X Low SF density 3c High SF density 3d
mostly in BL. in BL, some in
non-implanted
regions.
A Preepi 1.5 x 10 A few etch pits 4a High etch pit 4b
only in some density in all
BL. BL.
Epi-Y Very low SF 4c Low SF density 4d
density mostly in BL.
in BL.
B  Pre-epi 2.3 x 105 Low etch pit 5a Moderate number  5b
density in BL. of etch pits in
large BL. High
density in some
small BL.
Epi-X Occasional SF in 5c Low gll': density 5d
g in BL.
B  Pre-epi 2.3 x 10!5 Very low etch pit 6a Low to moderate 6b
density in etch pit
larger BL. density in larger
Moderate etch pit BL. High
density only in etch pit
some smaller density in most
BL. smaller BL.
Epi-Y Occasional SF in 6c Low SF density 6d
BL. in BL.
C Pre-epi 4.8 x 1015 Very low etch pit 7a Moderate etch pit  7b
density in most deljlsity in most
: BL.
Epi-X Almost no 7¢c  Low SF density 7d
defects. in many BL.
C Preepi 4.8 x 10!® Very low etch pit 8a Moderate etch pit  8b
density in most density in most
. BL.
Epi-Y Low SF density 8c High SF density 8d

in BL.

in BL.

= SiCly760 Torr/1190°C
Y = SiCl¢/100 Torr/1150°C

to the formation of etch pits in the BL of companion, pre-epi wafers.
Reasons for this will be discussed later.

Another interesting observation is that the SF in the low-tem-
perature epi [Fig. 4(d)] are confined to the BL and have a lower
density than in the HT (Figure 3(d)]. On the other hand, the etch
pit densities of the pre-epi BL [Figs. 4(b) and 3(b)] are just the
reverse. The normal variation among wafers may account for this,
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Fig. 3—Wright-etched, Sb-implanted, type A wafer. Pre-epi—Center (a),
edge (b). Epi X—Center (c), edge (d).

but if Fig. 4(b) is representative of the wafers in the lot, then this
result is preliminary evidence that the LT epi conditions suppressed
the epi SF formation in this sample with the lowest Sb-implant dose.

8. Type B

With this intermediate Sb-implant dose (2.5 x 10! atoms/cm?),
both of the pre-epi and both of the epi wafers are similar. Pre-epi
center regions, as shown in Figs. 5(a) and 6(a), have very low etch
pit densities in the BL, and there are only a negligible number of
SF in the corresponding epi regions [Figs. 5(c) and 6(c)]. The larger
BL in the edge regions of the pre-epi wafer, seen in Figs. 5(b) and
6(b), have a moderate etch pit density, and the corresponding epi
edge regions [Figs. 5(d) and 6(d)] both have a low SF density con-
fined to the BL.

The intermediate Sb-implant dose did not produce more SF than
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Fig. 4—Wright-etched, Sb-implanted, type A wafer. Pre-epi—Center (a),
edge (b). Epi Y—Center (c), edge (d).

the lower dose, but the pre-epi etch pit pattern is different in that
smaller BL regions were especially affected. Note, for example, the
higher pit densities in Fig. 5(b). They did not, however, nucleate a
correspondingly high epi SF density. This will be referred to again
later.

There is no apparent effect of epi deposition conditions (HT vs.
LT) on the SF formation, and again, SF are found in the BL contrary
to the previous report.13

9. Type C

In the type C substrates, the BL regions were implanted to a level
of 4.8 x 10° atoms/cm2. Both pre-epi wafers are similar with very
low etch pit densities in most BL of the center regions [Figs. 7(a)
and 8(a)], and moderate densities at the edges [Figs. 7(b) and 8(b)].
The HT epi wafer has a somewhat lower SF density than the LT
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Fig. 5—Wright-etched, Sb-implanted, type B wafer. Pre-epi—Center (a),
edge (b). Epi X—Center (c), edge (d).

[Figs. 7(c) and 8(d)], but this set of wafers does not establish either
the epi process or the density of BL nucleation sites as the cause.

The higher SF densities at the edges are confined to the BL, sug-
gesting that they result from the nucleation sites and not from spu-
rious contamination. Recall that contamination accounted for some
of the epi SF in the sample shown in Fig. 3. Excluding that sample,
then, the present Type C, with the highest Sb-implant dose, has a
higher SF density than Type B with the intermediate dose. This
suggests a dependence of defect density on implant dose.

10. Discussion

Differences between edge and center regions of wafers can occur for
several reasons. Others have reported, for example, that edge
rounding causes anomalies and that the handling of wafers at the
edge can introduce contaminants that nucleate stacking faults.!4
This can affect a region extending inward about 3 mm from the
edge. In the present case, however, the affected regions may extend
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L= Y R

Fig. 6—Wright-etched, Sb-implanted, type B wafer. Pre-epi—Center (a),
edge (b). Epi Y—Center (c), edge (d).

for about 12 mm, and we believe, therefore, that the primary cause
is related to the ion implants.

Most of the epi SF nucleate in the BL at sites that can be revealed
by etch pits. These sites are more numerous at the edges and ac-
count for the higher SF density there. The nucleating sites result
from residual ion-implant damage in the BL.5¢ The excessive edge
damage that survives the annealing process can occur from a tem-
perature difference between the centers and edges during the im-
plant process.!® It has been pointed out, for example, that the sub-
strate temperature during implantation affects lattice disorder and
diffusion of defects.!6 Further, the quality of epi layers over As im-
plants was found to be sensitive to implant temperatures as well as
to the dose.!”

As mentioned earlier, Rozgonyi et al.!? reported that their ion-
implanted buried layers did not nucleate stacking faults. With dif-
fused BL, SF only appeared in non-diffused regions and were attrib-
uted to S-pits. These authors also observed that only a small per-
centage of defects acted as nuclei for epi SF, and they speculated
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Fig. 7—Wright-etched, Sb-implanted, type C wafer. Pre-epi—Center (a),
edge (b). Epi X—Center (c), edge (d).

that a colony of defects might be required to nucleate a stacking
fault.

In our case, etch pits were identified in the BL of four different
types of wafers. The pits varied in size and density, and in some
cases, their formation also depended upon the dimensions of the BL
regions. These observations show that the defects revealed by the
etch patterns are related to the implantation and annealing process.
The possibility of such a relationship, even after annealing, was
pointed out by Tokuyama et al.1® In the present wafers the residual
defects from the implantation provide the necessary number of nu-
cleation sites for the formation of the observed epi SF over the BL
cells, thereby accounting for the difference from the previous report.

11. Conclusions

The experimental results of this investigation have shown that:
® There can be residual damage in the buried layers of As or Sb
implanted and annealed Si wafers.
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Fig. 8—Wright-etched, Sb-implanted, type C wafer. Pre-epi—Center (a),
edge (b). Epi Y—Center (c), edge (d).

® The damage is greater near the edges of the wafers, probably

resulting from an edge-to-center temperature difference during
implantation.

The results from wafers with different levels of implant doses
suggest that the amount of residual damage is related to the dose
level.

The damage provides sufficient nucleation sites for the formation
of epi stacking faults in epitaxial deposits over the buried layers.
The density of stacking faults is higher at the edges corre-
sponding to the region with greater damage.

There is preliminary evidence that the formation of SF is par-
tially suppressed by epi deposition with SiCl, at 100 Torr and
1150°C.

The conclusions are strongly supported by the repetitive observa-
tions relating chemical etch pit patterns in pre-epi buried layers to
epi SF among four different types of wafers.
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An Investigation of the Factors that
Influence the Deposit/Etch Balance in
a Radiant-Heated Silicon

Epitaxial Reactor

J. F. Corboy and R. Pagliaro, Jr.
RCA Laboratories, Princeton, NJ

Abstract—As the physical dimensions of integrated circuits become smaller
and the thickness of the active device regions decreases, epi-
taxial films of a more perfect crystalline quality are required.
High-quality epitaxial deposits can be prepared in the com-
mercially available radiant-heated reactor (Applied Materials
AMC-7900). Using the radiant-heated configuration, the thermal
gradients normal to the substrate can be minimized. Mainte-
nance in this reactor must be carefully programmed to avoid
accumulation of deposits on the reactor bell jar which would
attenuate the radiant energy. Despite the drawbacks associated
with this approach, this reactor is widely used in the semicon-
ductor industry where deposits with good crystalline perfection
are required. Little is to be found in the literature, however, on
the impact of the variables of total gas flow, location of the
substrate on the susceptor, and susceptor rotation on the local
deposition/etch rates and uniformity of the deposit resistivity.
To develop an understanding of these factors, the reactor was
operated in an experimental mode with no susceptor rotation.
The results of this study and the implications with respect to
operation of the reactor in the normal rotating-susceptor mode
are discussed.

1. Introduction

As the physical dimensions of integrated circuits become smaller
and the thickness of the active device regions becomes thinner, ep-
itaxial films of a more perfect crystalline quality are required. The
radiantly heated epitaxial reactor is capable of supplying high-
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quality epitaxial deposits with some sacrifice due to time expended
on maintenance. In support of our product divisions, this reactor
has been installed and is being characterized in a laboratory envi-
ronment.

The main thrust of the study reported here is to define the nature
of the epitaxial deposits under the condition of no susceptor rotation.
One may legitimately ask why this is of interest, under the circum-
stances that susceptor rotation is required to achieve the desired
deposit uniformities. There are, however, a number of reasons why
the zero rotation behavior is of interest. The introduction of the
nutrient gases in this reactor is very unsymmetrical. The inlet jet
geometry results in the formation of a vertical channel of nutrient
gas through which the substrates are rotated. As a result, steady-
state deposition is never achieved; the deposition rate is continually
changing in an oscillatory fashion as the substrates move in and
out of the gas channel. We wish to know the limits of the conditions
under which the deposit is formed, and assess the impact on deposit
properties. Another consequence of the channeling is non-uniform
wall deposits. The formation of wall deposits is the central issue in
the relatively heavy maintenance that this reactor requires. Thus,
a knowledge of the zero-susceptor-rotation conditions is required as
a base for optimization of the thermal configuration, rotation rate,
gas inlet geometry, and suppression of wall deposits.

The reactor used for this work is the Applied Materials model
AMC-7900. The physical configuration of the susceptor, bell jar,
lamp modules, etc. is shown in Fig. 1.! A schematic cross-sectional
view of the same configuration, but with more detail, is shown in
Fig. 2.1 In Fig. 3 a block diagram of the gas flow scheme and elec-
trical interconnections is shown.

2. Assembly Description (Refer to Figs. 1, 2, and 3)

A quartz bell jar is rigidly mounted and is surrounded by five air/
water cooled modules of fourteen lamps per module. A silicon car-
bide coated graphite susceptor, suspended by a quartz hanger that
is attached to a steel liftable seal plate, is positioned in the center
of the bell jar. Substrate wafers are placed in circular recesses in
each face of the susceptor and the susceptor is rotated. A water and
nitrogen cooled temperature sensor is inserted through an opening
in the steel seal plate down through the quartz hanger and posi-
tioned in the center of the susceptor. The temperature sensor has
three photodiodes, one for each temperature zone. A seal plate purge
gas of approximately 90 liters/min (when H; is flowing) flows con-

232 RCA Review ¢ Vol. 44 « June 1983



DEPOSIT/ETCH BALANCE

LEFT SIDE RIGHT SIDE
GAS INPUT BELL GAS INPUT
NOZZLE JAR NOZ

SUSCEPTORS

QUARTZ
LAMPS

INFRARED
SENSORS

COOLING
WATER
COILS

Fig. 1—AMC-7900 cut-away view of epi reaction chamber.
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Fig. 2—AMC-7900 schematic view of cross section of the epi reaction
chamber.
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Fig. 3.—Flow diagram of the plumbing and electrical configuration of the
AMC-7900 epitaxial reactor.

tinuously inside the seal plate. Approximately one quarter of the
flow goes down through the quartz hanger, inside the susceptor,
and out through a small hole centered in the bottom plate of the
susceptor. The rest flows between the susceptor and the bell jar
walls. This flow is not the Hy main flow. The Hy main flow is in-
troduced into the reactor via the inject nozzles and flows between
the bell jar walls and the susceptor. The vacuum pump, pump oil
filter, and pump oil mist separator are mounted in separate cabi-
netry and remotely located. A separate control console that can be
operated in a manual or automatic mode controls all system func-
tions and is also remote from the reactor cabinet. The main gas
inject nozzles are located approximately 60° to each side of the back
center of the reactor (~120° apart). They face toward each other,
and their flows are opposing. The flow down the length of the sus-
ceptor is not symmetrical, and in fact, significant channeling occurs.
This method of introducing reaction gases into an epi reactor is not
traditional and required investigation.

To more easily evaluate the variables that affect the epi param-
eters of growth rate, etch rate, thickness, and resistivity uniformity,
we established a master identification code that described substrate
positions on the susceptor and data location points on the substrate;
this code is used in describing the results of these experiments (Fig.
4). A computer program? was written so that the data could easily
be reduced to a manageable format.
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Fig. 4—Master identification code that describes the position of a sub-
strate on the susceptor and the position that the data point was
taken on the wafer.

3. Thickness and Resistivity Variations as a Function of
Substrate Position with No Susceptor Rotation at Reduced
Pressure (100 Torr)

To establish the flow conditions that exist in the reactor it was
necessary to conduct experiments where the susceptor was com-
pletely loaded with substrates and not rotated during etching or
deposition.

3.1 Experimental Conditions

A 15Y4-inch-long 10-faced solid susceptor that holds three 3-inch-
diameter wafers per face was used. It was fully loaded for each
experiment with thirty (111) antimony doped (3 x 10!8 atoms/cm3)
substrates. The main H; flow was set to 160 liters/min, the tem-
perature to 1100°C, and the reactor pressure to 100 Torr. SiH;Cl,
and diborane were introduced at a controlled rate. The location of
the susceptor faces was accurately determined with respect to the
nozzle positions. The gas inject nozzles were set to a horizontal po-
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sition of 8.5 (+) and a vertical position of 5 (+) (Figs. 2 and 3).
Each wafer was then measured at five points for thickness using
an infrared spectrometer (Nicolet) and for resistivity using a four-
point probe.

3.2 Experimental Results

3.2.1 Thickness

The variation in epi thickness as a function of the wafer position in
the reactor is shown in Fig. 5. These values represent a thickness
measurement in the center of each wafer. The maximum in the
thickness variation is a factor of 2.5. The thickness is from 6.5 to
9.2 pm on the wafers positioned on susceptor faces farthest removed
from the inlet nozzles (to the front of the reactor). The thickness is
from 14.0 to 16.0 um on the susceptor faces that are nearest the gas
inlet nozzles (at the back of the reactor). The thickness band drawn
between 10.4 and 11.6 pum represents the thickness uniformity that
is obtained over all data point positions using these growth condi-
tions with susceptor rotation. There are three distinct top to bottom
thickness regions as a function of the position in the bell jar (Fig.
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Fig. 5—Epi thickness variation (center of waters) from the top to the bottom
ot each susceptor face as a function of the position of the wafer
in the reactor (susceptor not rotated during epi deposition).
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6). For susceptor faces that were to the front of the reactor (1,2,3,9,
and A) the top wafer is the thinnest and the bottom wafer is the
thickest. For faces 4 and 8 the top-to-bottom variation is small, and
for faces 5, 6, and 7 the thickness variation is reversed: the top
wafer is the thickest and the bottom wafer the thinnest. It should
be pointed out that the top-to-bottom thickness variation on faces
4 and 8 (=5%) is much less than the thickness variation on the
other faces ( = 11%). The horizontal center-to-edge percent thickness
change is similar for all wafer positions (Fig. 7). The above exper-
iment was repeated with Hy flows of 82 and 190 liters/min. Similar
results were observed (Table 1).

3.2.2 Effect of Total Flow on Growth Rate With
Susceptor Rotation

The effects of total H; flow on growth rate using the experimental
conditions described above but with the susceptor rotated at 3 rpm
cw are shown in Fig. 8. Also included in this figure is the effect of
Hj main flow when the reactor was operated at 1190°C using SiCl,
at atmospheric pressure. It is evident from this data that the total
flow does not significantly affect the growth rate. The impact of the
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Fig. 6—Epi thickness variation from the top to the bottom of each wafer
on each susceptor face as a function of the position of the wafer
in the reactor (susceptor not rotated during epi deposition).
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total flow on bell jar wall deposits and thickness uniformity is an-
other issue that must be considered and will be the subject of an-
other paper.

3.2.3 Resistivity

Resistivity uniformity in this reactor from top to bottom of each
susceptor face is very susceptible to the temperature gradient. Trim-
ming of the temperature gradient is the manufacturer’s recom-
mended method to optimize resistivity uniformity. The horizontal
uniformity from the center to the edges of each wafer is not subject
to control and is essentially predetermined by the reactor and sus-
ceptor design. In order to investigate resistivity uniformity as a
function of the substrate position in the reactor and total flow, the
control temperature zone was set to 1100°C, and the top and bottom
slave temperature zones were adjusted to the same temperature. A
temperature profile as determined with a thermocouple inserted
into a face of a slab type test susceptor was used to verify that the
temperature sensor circuitry was accurately registering the tem-
perature (Fig. 9).
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The same wafers were used for the resistivity and thickness uni-
formity studies.

The resistivity values measured at the center of the wafers did
not vary by more than =13% (2.95 to 3.8 ) cm). The six faces (1, 2,
3, 8,9, and A) to the front and sides of the reactor showed the largest
variation (* 13%) while the four faces (4, 5, 6, and 7) to the
back of the reactor had the smallest variation (= 6%). The magni-
tude of the resistivity, for all faces, ordered as follows: middle > top
> bottom tier (Fig. 10). This is in contrast to the thickness variation
profile which was reversed from the front to the back of the reactor
(Fig. 5). The susceptor faces that had the least amount of silicon
deposition also had the highest resistivities. It is interesting to note
that the maximum resistivity variations occur at the same locations
in the reactor as the minimum thickness range (front of reactor)
and that the maximum resistivity points on the susceptor corre-
spond to the minimum thickness points on the susceptor. The re-
sistivity variation from top to bottom of each susceptor face, as a
function of position in the reactor, varies by +15%. Wafers on the
center tier exhibit the highest resistivity, and wafers on the top and

H2 =160 1/ min

SiHacla =0.75 | /min

DOPANT = 75¢c OF 243 ppm

B2Hg IN Hz

PRESSURE = 100 TORR

SUB = (111) 310" atoms /
cm3 Sb DOPED

£PI = BORON DOPED
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o
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Fig. 10—Epi resistivity variation (center of wafers) from the top to the
bottom of each susceptor face as a function of the position of
the wafer in the reactor (susceptor not rotated during epi de-
position).
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Fig. 11—Epi resistivity variation from the top to the bottom of each wafer
on each susceptor face as a function of the position of the wafer
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bottom tiers exhibit lower and approximately equal resistivities (Fig.
11). The center-to-edge variation across each wafer as a function of
the position in the reactor is shown in Fig. 12. The total spread is
+15% and has a distribution similar to the top to bottom profile.
The resistivity uniformity experiment was repeated with a Hy flow
of 190 liters/min. The results were similar (Table 2).

4. HCI In-Situ Etch Rate Variations as a Function of
Substrate Position With No Susceptor Rotation at
Atmospheric Pressure

In this investigation we wished to use wafers on which the thickness
could be readily determined at the five points of interest. This was
accomplished using (111) antimony doped (3 x 10'8 atoms/cm?) sil-
icon substrates with ~20 um of 1 X 10'6 atoms/cm? arsenic doped
epi. Each wafer was identified and the thickness of the epi was
measured and mapped using an IR spectrometer (Nicolet). As was
the case for the thickness and resistivity experiments, a 15'4-inch-
long ten-faced solid susceptor was loaded with thirty 3-inch-diam-
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of each wafer on each susceptor face as a function of the position
of the wafer in the reactor (susceptor not rotated during epi de-
position).

eter substrates. The temperature was 1150°C (all zones) and the
pressure was atmospheric. The Hy; main flow was 160 liters/min to
which 3.2 liters/min of HC] was added (~2%) for a 60-min etch time.
The HCI concentration of 2% by volume is a compromise concentra-
tion based in part on work done by Lang and Stavish? and our own
etching experiments. Lang and Stavish demonstrated that the sub-
strate can be selectively etched or polished depending on the etch
temperature and HCI concentration. We have studied the etch rate
as a function of the HCI concentration in the AMC-7900 reactor
(Fig. 13). An HCI concentration of 2% gives the desired uniform
etch rate with acceptable surface cosmetics. The 1150°C etch tem-
perature was chosen because it represents a temperature that is
compatible with the reactor with regard to the lifetime of lamps, O-
rings, etc. and with bipolar (buried layer) device structures. The
locations of the susceptor faces were accurately determined with
respect to the nozzle positions, and susceptor rotation was not used
during this study.

The silicon etch rate in the center of each wafer as a function of
the wafer location in the reactor is shown in Fig. 14. The amount
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Hcl IN-SITU ETCH RATES ON {111) AND (100)
SILICON SUBSTRATES (CENTER OF WAFER VALUES) AT
ATMOSPHERIC PRESSURE
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Fig. 13—Etch rate as a function of HCI concentration at atmospheric pres-
sure on (111) and (100) oriented silicon substrates.
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Fig. 14—HCI in-situ etch rate variation (center of wafers) from the top to
the bottom of each susceptor face as a function of the position
of the wafer in the reactor (susceptor not rotated during epi de-

position).
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removed varied between 1.6 pm (0.027 pm/min) and 8.3 pm (0.138
pm/min). The removal rate was highest on wafers on the susceptor
faces to the rear of the reactor (5 and 6) and lowest on the wafers
positioned to the front of the reactor (faces 1, 2, 3, 8, 9, and A). As
was the case for thickness, the wafers on susceptor faces to the front
of the reactor (1, 2, 3, 8, 9, and A) have the highest etch rate on the
bottom tier wafers, and the lowest on the top tier wafers. Faces 4
and 7 have similar values for all three wafer positions, and on faces
5 and 6, the etch rate variation is reversed with the top tier wafer
having the highest etch rate and the bottom tier the lowest. The
etch rate down the length of each susceptor face at the top, middle,
and bottom positions on the wafer on each susceptor tier is rela-
tively uniform. The two exceptions are the top tier wafers on sus-
ceptor faces 5 and 6 (Fig. 15). The center to left and right edges
have an etch rate pattern that is similar to the top-to-bottom pat-
tern (Fig. 16).

5. Discussion

It is clear from the growth-rate vs. position data that the reaction
gases are strongly channeled in the Applied Materials radiantly
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heated barrel reactor. The ratio of the growth-rate change between
the thickest epi (susceptor faces 5 and 6) and thinnest epi (susceptor
faces 1 and A) is 1.65:1 (minimum) to 2.4:1 (maximum) and occurred
on faces 180° apart. The top-to-bottom thickness variation on faces
1,2, 3,9, and A is reversed on faces 5, 6, and 7. This leads to the
conclusion that as the reaction gases flow toward the front of the
reactor, they simultaneously flow downwards, leaving a nutrient-
starved region at the top front of the reactor. Experiments con-
ducted with 82, 160, and 190 liters/min of Hy main flow gave very
similar results. Rotating the susceptor averages the growth rate
variations such that uniformities of +8% are easily obtained over
all positions on all wafers in a run. Uniformities of 5% can be
obtained when all variables are carefully optimized. The effect of
growth rate on epi defects and lateral autodoping has been discussed
by Srinivason.*® He has demonstrated that both the defect density
and autodoping are affected by growth rate. Since we have dem-
onstrated that the growth rate varies significantly with location in
the reactor, it forces one to be alert to the possibility that as the
growth rate changes over a wafer with susceptor rotation, the gen-
eration of defects and autodoping are constantly changing. The im-
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pact of these changes on the deposit characteristics is the topic of
current studies.

The resistivity uniformity did not vary by more than +15% for
all data points on all wafers under the condition of zero-susceptor
rotation. Within this variation some interesting trends were ob-
served. The maximum resistivity value occurred at the same loca-
tions in the reactor as the minimum thickness. This would be ex-
pected if the reaction gas concentration is the controlling variable.
Typically the middle tier wafer exhibits the highest resistivity and
the top and bottom tier wafers the lowest and have similar values.
This is not readily explained but must be due to a combination of
temperature and gas flow pattern. Fortunately this profile is easily
altered by changing the temperature profile. With susceptor rota-
tion and temperature profiling, resistivity uniformities of +10%
over all data points on all wafers are easily obtained, and values of
+6% are obtained when all deposition variables are carefully op-
timized. In our reactor the maximum resistivity uniformity (arsenic
doping) is obtained when the top zone is 10°C lower and the bottom
zone is 5°C lower than the center (control) zone temperature.

In-situ HCI etch rates varied by a factor of 5 (between 0.027 pm/
min and 0.138 pm/min) depending upon the wafer location in the
reactor. As was the case with growth rate, the etch rate variation
from top-to-bottom of each face is reversed from front to back of the
reactor. The top-to-bottom etch rate on any given susceptor face is
reasonably uniform (=13.5%). The exceptions to this occur on the
top and middle wafer on faces 5 and 6. When susceptor rotation is
used, the etch rate variation is within *13.5% over all data points
on all wafers. The effect that the 5x change in etch rate during
each rotation of the susceptor has on the generation of epi defects
is not predictable and is currently being investigated.

It must be pointed out that bipolar device structures fabricated
on wafers that were prepared in this reactor with HCI in-situ etching
have had equal to or higher yields than those obtained from other
type reactors. While this study is directed toward a more complete
understanding of the processes involved in radiant-heated deposi-
tion, we do not want to give the impression that the gas channeling
is a major problem in preparing material for current device struc-
tures. Good yields have been achieved in bipolar devices fabricated
in silicon deposited in the barrel reactor under the normal susceptor
rotation conditions. Further control of deposit properties, particu-
larly over heavily doped pockets, is an appropriate goal. However,
having achieved epi of adequate quality for current bipolar device
structures, the reduction of reactor maintenance is now of equal
importance.
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Comparison of Different SOI
Technologies: Assets and Liabilities

L. Jastrzebski
RCA Laboratories, Princeton, NJ 08540

Abstract—Different methods used to obtain silicon-over-insulator (SOI)
films are compared, based on the information available in the
literature. All techniques are briefly outlined and their assets
and liabilities are compared with special emphasis on appli-
cation in different present and future processing technologies.
It seems that at the present stage of development the “leader”
cannot be clearly identified, and different technologies could
tavor different SOI approaches.

1. Introduction

During the last several years a great amount of interest has been
generated in the growth of electronic-quality silicon over insulators
(SOI).! Attempts have been made over the years to synthesize di-
electrically isolated (D.I.) silicon islands to provide flexibility in the
fabrication of a variety of integrated circuits. Currently the silicon-
on-sapphire technology is being employed to provide dielectrically
isolated silicon thin films for CMOS applications in which minority
carrier lifetime is not a primary consideration. For bipolar appli-
cations, in which lifetime is a primary consideration, the currently
employed D.I. process uses a thick polysilicon “handle” to support
oxidized and patterned bulk silicon wafers during thinning to the
desired configuration.? The complexity of the D.I. process and the
high cost of sapphire wafers used for the D.I. CMOS technology has
hampered the widespread application of the presently available D.I.
technology.

A recent increase in interest in D.I. circuits, especially for appli-
cations in telecommunications, has led to renewed efforts in devel-
oping alternative schemes for the preparation of dielectrically iso-
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lated silicon. The short-term objective of these efforts is to provide
thin films of dielectrically isolated silicon with acceptable semicon-
ductor properties by methods that are more readily executed and
thus less expensive than current processes. An additional short-
term objective is to provide an increase of packing density in both
MOS and bipolar circuits. The more long-range promise of several
of the new SOI approaches is the production of vertically integrated
circuits, in which the single-crystal silicon over amorphous insu-
lator (oxide) structure can be repeated more than once in the ver-
tical direction. It has to be emphasized that for application in cur-
rent state-of-the-art LSI and VLSI circuits, the defect density in
silicon synthesized over SiO; must be low.3

In this paper the various approaches used to obtain SOI films are
compared. Special emphasis is placed on selective chemical vapor
deposition (CVD), also called ELO (Epitaxial Lateral Overgrowth)
or LESS (Local Epitaxial Seeding of Silicon); these CVD approaches
have been the focal point of work on SOI carried out at RCA La-
boratories.

Each technique is briefly described, and its assets and liabilities
are discussed with special emphasis on the near-future applications
for production of improved conventional ICs and the potential for
making vertically integrated circuits in the distant future.

2. Description of Different Techniques

So far the following techniques have been used to obtain SOI films:
deep-oxygen implantation (SIMOX), oxidation of porous silicon
(FIPOS), channeled ion implantation followed by solid state re-
growth, graphoepitaxy utilizing CVD or melting, seeded or un-
seeded recrystallization of melted silicon, and ELO/LESS.

The SIMOX technique is schematically presented in Fig. 1. The
oxide is formed under the surface of silicon by a high-dose (=1018
atoms cm ~2) deep-oxygen implantation followed by annealing.*
Usually 120-keV energy of ion implantation is used. Higher ener-
gies spread the implant into a large volume of silicon (larger stan-
dard deviation); therefore, an increase of the implantation dose is
required to form the oxide layer. Lower energy implant allows one
to decrease the implant dose, but unfortunately this puts the oxide
layer too close to the surface. Therefore, 120 keV seems to be a
reasonable compromise. After annealing, crystallographic quality
of the surface layer of silicon (about 0.1 to 0.2 pm thick) is good and
very often is used as a seed for growth of an additional few-micron-
thick homoepitaxial films. The SIMOX process can be repeated, and
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Fig. 1—Schematic representation of SIMOX, (a) oxygen implantation, (b)
distribution of oxygen in silicon, and (c) formation of SiO, layer
after annealing.

the second oxide film can be formed in the homoepitaxial film. A
sandwich of a few SOI films made by SIMOX process has been dem-
onstrated.’ To obtain good crystallographic quality SOI films, the
wafer temperature during ion implantation should be kept above
200°C.° This technique gives excellent quality silicon films over
SiOg and has been successfully used for the fabrication of latch-up
free 1K CMOS memory circuits® and other simpler circuits. The
practical drawback of this technique is the high dose of oxygen
implant required, which for present implanters takes about 10* to
103 seconds per wafer.” Future optimization of the oxygen-implan-
tation process and application of high-current implanters could pos-
sibly reduce this time, although it is not clear if power dissipation
during the ion-implantation process will become an insurmountable
obstacle in reducing the time of implantation.

SIMOX is a method by which an oxide is formed under a silicon
surface. Because an SOI film is synthesized by forming an oxide
under silicon, it is difficult to imagine a processing scheme in which
one transistor can be made on the top of the other by this method.
Therefore, it is the author’s belief that this technique cannot be
used for fabrication of vertically integrated circuits.

The process used to form SOI films by oxidation of a porous silicon
is shown schematically in Fig. 2. First, layers of various resistivities
are formed by conventional processing (diffusions, ion implanta-
tions, or epitaxial growth). Subsequently, the silicon is electrochem-
ically etched® to form porous silicon. Only the p* layer is etched
when n is not attacked by solution. The oxidation rates of porous
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Fig. 2—Schematic representation of FIPOS process, (a) structure used for
electrochemical etching (etch rate of n and p regions is ditferent),
(b) formation of porous silicon, and (c) oxidation of porous silicon
forms SiO,.

silicon and monocrystalline silicon differ by an order of magnitude;?
therefore, during oxidation, oxide is formed underneath silicon is-
lands. The structures have to be carefully designed to prevent dis-
location generation in the silicon islands by stress from the oxide
layers. After the process optimization, defect-free silicon islands 50
pm wide, a few millimeters long, and about 4 pm thick were ob-
tained.8 This material has been used for fabrication of LSI circuits:
16-bit microprocessor.® The practical drawback of this approach is
the electrochemical etching necessary for porous silicon formation,
a procedure not compatible with other IC fabrication steps. Because
oxide is formed under silicon, it is difficult to imagine a processing
scheme in which one transistor can be made on the top of the other
by this technique. Therefore, as in the case of SIMOX, this tech-
nique cannot be used for fabrication of vertically integrated circuits.

During partial amorphization by ion implantation and solid-state
regrowth, the process starts with deposition of polycrystalline sil-
icon over SiO; (Fig. 3). Then the film is implanted with silicon. A
channeled silicon ion beam amorphousizes most of the polysilicon
layer leaving intact grains with major crystallographic axes that
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Fig. 3—Schematic representation of partial amorphization by silicon im-
plantation and solid-state regrowth, (a) implantation with a chan-
neled silicon beam, (b) grains with crystallographic orientation
aligned along the beam direction do not become amorphousized
by implantation, and (c) crystalline grains are used as seeds during
subsequent solid-state regrowth.

are aligned along the channeling direction. These grains are used
as seeds for solid-state regrowth, which takes place during a sub-
sequent heat treatment. So far, it has been demonstrated that the
size of polysilicon grains can be increased by this technique!? al-
though monocrystalline films or polycrystalline films with a grain
size large enough for device application have not been obtained yet
by this method. It is not clear if a channeled ion implantation will
leave intact grains of only one orientation, a necessary condition
for obtaining a monocrystalline film during solid-state regrowth.
Graphoepitaxy relies on inducing a crystallographic structure in
a silicon film deposited on an amorphous substrate by providing a
pattern relief structure in the substrate. The film can be formed by
CVD deposition or by recrystallization from the melt. The pattern
relief structure reduces the activation potential for nucleation and
forces orientation of the silicon islands (formed in the initial stage
of growth) in a desired direction.!! Theoretically, graphoepitaxy has
the greatest potential for SOI film fabrication. Unfortunately, prac-
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tical problems with grid preparation and preservation of a grid
during the solidification process have so far hampered development
of this method. Also, there are still some problems with a detailed
understanding of mechanisms involved in orientation of the islands
(for an excellent review, see ref. 11). To the best of the author’s
knowledge, to date SOI films of sufficient quality for device fabri-
cation have not been achieved by CVD graphoepitaxy. It should be
pointed out that graphoepitaxy in combination with strip heater
recrystallization has been successful in improving SOI film quality.
A pattern of parallel strips put on the top of a recrystallizing SOI
film has been used to pin the location of the grain boundaries present
in the SOI films (for a detailed review and discussion, see ref. 11).
Good devices have been made in these films. Unfortunately, in this
case, graphoepitaxy also has all liabilities of strip heater recrystal-
lization (discussed below).

Seeded or unseeded recrystallization of melted silicon can be di-
vided into: (1) formation of SOI films during recrystallization from a
melted zone which is scanned across a wafer, an equivalent of a
traveling zone method, and (2) pulse melting of the polysilicon films
on the wafer surface and recrystallization of the melted region after
termination of a heat pulse. Different heat sources, a laser and an
electron beam, high-intensity lamps, or a graphite strip heater, can
be used for the formation of the melted zone. Each of these tech-
niques is briefly described and its assets and liabilities compared.

The approach of recrystallization from the scanned melted zone
is shown schematically in Fig. 4. The recrystallizing SOI film is
sandwiched between dielectric layers and heated uniformly to tem-
perature T,, which can be between room temperature and 1200°C.
Subsequently the melted zone is formed, in part or across the whole
wafer, and moved across the wafer. Directional solidification can be
spontaneous or can be induced by monocrystalline seeds which are
initially in contact with the melted silicon. The major disadvantage
of this technique is the high temperature (~1400°C) to which the
substrate surface region (beneath the recrystallizing SOI film) is
heated during recrystallization. Unless special precautions are taken
to reduce this temperature and minimize the length of time during
which material is exposed to this temperature, circuits already
present in the substrate can be destroyed. Therefore, this technique
would not be suitable for making three-dimensional circuits. In ad-
dition, large horizontal temperature gradients exist in the wafer
heated locally to the melting point of silicon. The mechanical
strength of silicon (upper yield point) decreases drastically with
increasing temperature.!?2 Hence, in the part of the silicon heated
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Fig. 4—Schematic representation of recrystallization from the scanned
melted zone, temperature distribution in the SOl layers in the hor-
izontal direction.

close to the melting point, stress introduced by these gradients will
exceed the critical stress required for dislocation generation, and
the wafer will become deformed plastically. Problems with slip and
warpage of these wafers’-13 during subsequent processing could ad-
versely affect yield of IC circuits manufactured on these wafers.
This problem is especially apparent for graphite strip heater re-
crystallization, after which warpage of 3-inch-diameter silicon wafers
exceeds 25 pm!3 (measured with vacuum on).

During strip heater recrystallization a wafer is heated to 1000 to
1200°C, and the melted zone is formed across the entire wafer by a
graphite strip heater placed a few millimeters above the wafer. A
major advantage of this approach is the high speed of recrystalli-
zation; a 3-inch-diameter wafer can be recrystallized in a few sec-
onds. Because the distance between the SOI film and the strip heater
can change during the recrystallization process, e.g., due to a flat-
ness deviation, there is a serious problem with a precise control of
the amount of power dissipated to the SOI film. To have a comfort-
able margin for error, higher than minimum power required to melt
SOI film is usually used, which leads to a higher temperature in
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the melted zone and aggrevation of the previously discussed prob-
lems. Also, problems with carbon contamination can arise during
strip heater recrystallization, although this can be overcome by
sealing the graphite with protective layers.!® Due to direct absorp-
tion of the light or electron beam by the recrystallizing layer, con-
trol of the power dissipated into the recrystallizing SOI film is more
precise during laser, lamp, or electron-beam annealing than during
strip heater recrystallization. Therefore, for these techniques the
substrate surface under the oxide can be heated to lower tempera-
tures and for shorter periods of time than during strip heater re-
crystallization. It is possible to optimize conditions to the point that
the temperature/time of the substrate surface will be low/short
enough to preserve devices present under the SOI film. Therefore
laser, lamp, or electron-beam annealing could possibly be used for
fabrication of vertically integrated circuits. As in the case of strip
heater, the recrystallized films contain a high density of crystal-
lographic defects introduced by the large temperature gradients.!3
At the present time it is impossible to predict the extent to which
these defects would affect the performance of high-density circuits
made on SOI films. Strip heater, laser, or electron-beam recrystal-
lized SOI films have been produced of sufficient quality to make n-
and p-channel MOS transistors.!4

Because the laser spot size is small (10 to 100 pm in diameter)
the time required to recrystallize a 3-inch-diameter wafer with a
laser is prohibitively long (~102 sec). An increase of the laser power
and spot size is not a good solution. Power distribution in the laser
beam is Gaussian; therefore, an increase of the beam size for the
same average power density will result in a hotter center of the spot
and higher temperature of the center of the melted area. This tem-
perature can be high enough to cause significant melting of the
wafer underneath the SOI film.!3 The recrystallization speed can
be significantly increased if large area beams of incoherent light or
electron beam would be used. The average power distribution in
these beams is more uniform.

In the case of large area beams, the shape of the recrystallizing
interface is extremely important. If crystallization starts at the center
of the interface and proceeds to the edges, the density of the crys-
tallographic defects is substantially reduced. So far, on a small scale,
the recrystallizing interface has been successfully shaped by opti-
cally shaping the spot geometry or by providing a pattern on the
surface that, by local variations in optical or thermal properties,
gives the required heat flow pattern from the recrystallizing re-
gion.!3 To the author’s knowledge none of these techniques has pro-
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vided device-quality SOI films recrystallized with high throughput,
but they have good potential for future applications.

During pulse-lamp recrystallization the entire surface of the wafer
is melted by a light pulse (Fig. 5). After the termination of the pulse,
slight horizontal temperature gradients develop due to more rapid
heat flow through the silicon (seed regions where melt is in contact
with silicon wafers) than through the SiOy mask. Then the silicon
film starts to recrystallize around the seed regions, subsequently
overgrowing the oxide. Due to surface tension and the volume dif-
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Fig. 5—Schematic representation of the pulse lamp recrystallization, (a)
SOl film is melted by light pulse, (b) vertical temperature gradients
in SOI film during light pulse (steady-state conditions), (c) hori-
zontal temperature distribution during light pulse (steady state),
(d) SOl film recrystallizes after pulse termination, and (e) and (f)
horizontal and vertical temperature gradients.
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ferences between melted and solid silicon, the surface of the recrys-
tallized films is disturbed where the two solidification fronts, seeded
on opposite sides of an oxide island, meet.!® Because of the small
temperature gradients present during the solidification, potential
SOI films with low defect density and without warpage or slip of
the substrates could be grown.!® Unfortunately, as in the case of
the strip heater recrystallization, the surface temperature of the
substrate will be close to the melting point for ~1 sec; hence, this
method will not be suitable for fabrication of vertically integrated
circuits.

Another approach to obtain SOI films is the CVD Epitaxial Lat-
eral Overgrowth (ELO) method, shown schematically in Fig. 6.17:18
The silicon layer grown by CVD is seeded in the openings in a SiO,
mask. If no nucleation of silicon on the SiO, surface takes place,
the silicon grows vertically to the mask level and then laterally
over the SiO; mask as it continues vertical growth. Growth can be
stopped at any time, giving silicon islands defined in the oxide win-
dows or partially formed over SiO,, or it can be continued until the
growth fronts seeded from different windows meet, forming a con-
tinuous film of silicon. This approach uses the mature and well-
developed silicon CVD technology (equipment and procedures). The
growth process can be completed in a few minutes with growth rates
on the order of 1 pm/min at 1000°C.!% The possibility exists to re-

a)

Si

b)

Y B B 4

c)
Fig. 6—Schematic representation of CVD Epitaxial Lateral Overgrowth
(ELO). (a), (b), and (c) represent different stages of overgrowth.
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duce the deposition temperature to significantly less than 1000°C.
Relatively low temperatures and short deposition times should pre-
vent any significant movement of junctions already present in the
substrate. Then this technique can be classified as low-temperature
processing and could be used for making three-dimensional inte-
grated circuits.

Mask coverage is controlled by the ratio between a horizontal and
a vertical growth rate. This ratio has been reported as high as 40:1.20
To date good quality ELO films have been grown with the ratio of
1 to 2:1.17:18 The growth and surface morphology of ELO films is a
strong function of the growth conditions. Under the optimized con-
ditions (100) oriented ELO films covering 20-pm-wide SiO; islands
with smooth, mirror-like surfaces have been grown.!®

To carry out growth of good-quality ELO films, it is essential to
suppress silicon nucleation over the SiO; while homoepitaxial growth
takes place (selective deposition). Historically it has been shown
that by introducing HCI to the gas stream, the homogeneous nu-
cleation over the oxide can be suppressed and selective growth can
be carried out. Unfortunately, even if HCIl concentration is large
enough to suppress the homogeneous nucleation, a low density (10—
102 cm~2) of nuclei still can be found on the oxide suface. It is
believed that they are formed around such defects on the oxide sur-
face as pin-holes, contamination, and topological defects. For appli-
cation of ELO films in VLSI or LSI circuits, this defect density is
unacceptably high.

The growth/etch procedure has been proposed!® to eliminate the
nuclei. This procedure is based on the observation that formation
of polysilicon nuclei on an oxide surface requires a certain amount
of time: time for deposition of silicon atoms over SiO; and time for
condensation of the deposited silicon atoms into the polysilicon nu-
clei.20 If growth could be carried out for a period shorter than this
critical time, stopped, and followed by an HCI etch, the silicon atoms
deposited on SiO; would be removed prior to formation of polysilicon
nuclei with a minimal etch of homoepitaxial silicon. After comple-
tion of the etch cycle the SiO; surface is free of the silicon atoms
and the next growth cycle starts on the clean SiO, surface. The
length of the growth/etch cycle is a complex function of: (1) gas
composition, type of gases and their concentration, (2) pressure, (3)
growth temperature, and (4) the type of reactor, and usually has to
be established on an experimental basis.!”

Under the conditions of suppressed nucleation, the ELO films
with low densities (10% to 10* cm~2) of dislocations and stacking
faults have been routinely obtained.?! It seems that under the op-
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timized growth conditions ELO films are grown defect-free and that
dislocations and stacking faults are introduced into the films during
cooling, following the growth process, due to stress caused by a
difference in the thermal expansion coefficients between oxide and
silicon. The defect structure is sensitive to the orientation of the
stress risers, e.g., edges of the oxide islands in relationship to the
slip planes in silicon. For (100} substrates the [010] orientation (or
equivalent) of oxide islands was found to give the lowest defect
density.?! The good electronic characteristics of the ELO films are
the result of this low defect density. The minority carrier lifetime
and the majority carrier mobility in ELO films are practically the
same as the values obtained in homoepitaxial layers grown under
the similar conditions.?? The characteristics of devices such as p-n
junctions, MOS, and bipolar transistors made in ELO layers were
comparable to characteristics of devices made in homoepitaxial
layers.22

The major disadvantage of the ELO technique is the low ratio of
horizontal to vertical growth rates, which imposes serious limita-
tions on the width of the oxide islands that can be covered by an
ELO film of a given thickness. It is the author’s belief that a better
understanding of the growth mechanisms should allow us to sig-
nificantly increase this ratio without compromising the ELO film
quality.

3. Application of SOI

In most instances SOI films are being considered as a straightfor-
ward replacement of SOS (silicon-on-sapphire), and a significant
reduction of material cost should result. This application requires
a thin (0.5 pm) SOI film over the large area of oxide grown without
additional geometrical constraints such as openings in the SiO; mask
for seeding. The most suitable techniques are strip-heater recrys-
tallization or deep-oxygen implantation. SOI films grown by ELO
at the present stage of development are not suitable for use as a
simple replacement for SOS. For ELO films with low defect density,
the ratio between horizontal and vertical growth rate is low (close
to 1.5), and, therefore, ELO cannot currently be used to form a thin
0.5-pm film covering large areas (=50 pm) of insulators. If the
horizontal-to-vertical growth rate ratio could be increased to 50:1,
ELO films could be considered as a replacement of SOS. However,
it is not clear if this is achievable in the future although in the
initial stage of growth, a ratio as high as 40:1 has been obtained.20
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It must be demonstrated that this ratio could be maintained during
the growth of low-defect-density films covering large areas of SiO,.

So far the main development effort in SOI has been the use of
SOI films to improve conventional circuit performance in improving
the circuit structure. A major concern has been the elimination of
latch-up in CMOS circuits. This has been achieved by forming SOI
films on parts of a wafer in regions where one type of transistor (n
or p MOS) was fabricated. In this case 1- to 3-um-thick SOI films
were used. Because a SOI film is required only on parts of a wafer,
the best fabrication method is FIPOS.

Another approach to improve conventional CMOS circuit perfor-
mance by modifying its structure is shown in Fig. 7. This structure
can be obtained by growing a thick oxide, cutting holes in the oxide
with plasma etching, and refilling the holes with selective epitaxy
performed using the ELO procedure.23?* Although this approach
does not give a total isolation between n and p type devices, a “bird
beak” does not exist in the fabricated structures, and a thicker field
oxide can be used. Since this type of transistor can be made smaller
than conventional transistors, higher packing density and speed
and lower power dissipation can be achieved than in the conven-
tional configuration. The same approach and the similar benefits
could be achieved using the ELO technique to make bipolar tran-

ELO/CMOS

GATE
FIELD OXIDE POLYGATE

Fig. 7—Schematic comparison of field oxide isolation used by conven-
tional MOS process and process based on ELO. Notice absence
of “bird beak’ in ELO process and better packing density.
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sistors.25 In the ELO bipolar circuits p-n-p and n-p-n transistors can
be made symmetrically (same area of emitter and collector junc-
tions) and, therefore, circuit performance could be improved by the
ability to operate these transistors with upward as well as down-
ward current flows.

Another area of SOI application will be the simplification of
present processes which should result in yield improvement and cost
reduction, e.g., dielectrically isolated bipolar processes. For dielec-
trically isolated bipolar circuits about 5- to 10-um-thick SOI films
should be used. ELO and FIPOS can easily provide desired ge-
ometries, while all other SOI methods have to be followed by an
additional homoepitaxial growth of silicon to obtain the required
thickness of epitaxial layers. Obviously new planarization tech-
niques of the etched surfaces have to be developed before SOI films
will be able to significantly simplify the D.I. process for bipolar
transistors. An example of simplification of the presently used D.I.
bipolar process by using SOI films is shown schematically in Fig.
8. In the conventional process silicon islands are formed by etching
a silicon wafer. The wafer is oxidized and subsequently a thick (=250
pum) polysilicon layer is grown on the front surface of the wafer to
be used later as a handle. The wafer is then lapped from the back
until the Si islands are insulated from each other. The lapping op-
eration is a low yield step, and the lapped wafers are severely warped

ELO CONVENTIONAL
GROWTH OF SO! OXIDATION + ETCHING
PROCESSING OXIDATION + THICK POLY

- S
R
PLASMA ETCH + OXIDATION LAPPING + POLISHING
7777 I
# LA ; A
PLANARIZATION PROCESSING

+ METALLIZATION

Fig. 8—Schematic comparison of processing steps in D.I. bipolar process:
conventional and based on ELO.
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by stress from the polysilicon film. This warpage significantly re-
duces the yield of the circuits made subsequently in the D.I. islands.
In the ELO process for bipolar dielectric isolation an ELO film is
grown over an oxide and transistors are fabricated in the ELO film.
Then the ELO film is plasma etched and oxidized to define D.I.
islands. Subsequently, the etched grooves are filled with polysilicon
or glass to planarize the surface for metallization. Then the metal
is evaporated, patterned, and sintered. Lapping operations or thick
polysilicon layers are not necessary in this process, which should
reduce the cost of the process and processing time and also improve
the yield of D.I. bipolar circuits made on these wafers.

Another potential area of application for SOI films is three-di-
mensional circuits (vertically integrated). Since at the present stage
it is impossible to predict which approach to three-dimensional in-
tegration will be used in the future, it is difficult to predict which
SOI technology will be used. The layout of three-dimensional cir-
cuits will be a major factor affecting the choice of SOI technology
used for their fabrication.

It is the author’s belief that to achieve a major benefit from three-
dimensional SOI cireuits, the circuit components, e.g., decoders, in-
vertors, and memory cells, should be built vertically with the cur-
rent flowing in the MOS transistors in the vertical direction. An
example of a vertical MOS transistor, which could be a building
block of such circuits, is shown schematically in Fig. 9. The vertical
transistor channel length is controlled by the thickness of the poly-
silicon gate, which could be easily controlled in the submicron
range; therefore, devices with submicron channel length could be
made using the conventional, e.g., 2 or 3 um, design rules for circuit
layout and photolithography. This approach to three-dimensional

7777, sio: TERT POLYSILICON
2 METAL T ELO

n+
SUBSTRATE
4

Fig. 9—Schematic diagram of vertical MOS transistors that could be made
by the ELO process.
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integration should lead to an increase in packing density and a
decrease in the length of connections. Therefore, it should reduce
power dissipation and increase circuit speed. The ELO process seems
to be only one SOI method that could be used conveniently for fab-
rication of the vertical transistors in three-dimensional circuits.
However, it has to be emphasized that different approaches to ver-
tically integrated circuits, e.g., conventional MOS transistors (with
gate current flowing in the plane that is parallel to the substrate)
made in SOI layers formed one on top of the other, could favor other
SOI technologies for three-dimensional circuits, e.g., laser recrys-
tallization.

4. Discussion and Summary

The discussion of the SOI technologies presented above clearly shows

that none of them has a clear advantage over the others and that

their assets and liabilities should always be evaluated in a context

of specific applications. In the author’s opinion four criteria are im-

portant for any application and should be used as a base for general

comparison; although emphasis on each of them can change signif-
icantly with the specific requirement of a given application.

(1) Conventional processing—Are the equipment and procedures
presently used by the IC industry sufficient for a given SOI
technology or should new equipment and processing procedures
be developed? Capital investment and time required for devel-
opment of new equipment or processing for production of SOI
wafers by a given method can make implementation of this
approach noneconomical.

(2) Time—The amount of time required to prepare SOI films on 50
four-inch-diameter wafers is an important consideration. Is this
time similar to that required by other processing steps, or is it
prohibitively long? This could significantly affect the cost of
processed wafers.

(3) Defect density—Do SOI films contain high defect densities? This
could provide a significant limitation in achieving high yield in
high-density ICs.

(4) Stage of development—This is divided into four phases:

(a) Maturity—real circuits made, e.g., 1K CMOS 16-bit micro-
processor, using a given method.

(b) Childhood—arrays of individual transistors made with good
characteristics.

(¢) Infancy—method developed to the stage that it provides
monocrystalline SOI films. No data on electric properties of
SOI films available.
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(d) Early infancy—concept of obtaining a monocrystalline SOI
film by a given method has not been demonstrated yet.
The stage of development could be one of the most important
factors influencing future allocation of resources to be invested in
the development of SOI technologies.
Because of the importance of using SOI films in the future for
vertical integration, an additional criteria should also be included:
(5) Three-dimensional circuits—The possibility of using a given ap-
proach for vertical ICs must be considered. Is the temperature/
time during formation of the SOI film low/short enough to pre-
vent any significant movement of junctions already present in
the wafer? Circuit layout is not taken into consideration.
All these criteria for the different SOI technologies are compared

in Table 1.

As has been emphasized before, the answer to the question: Which
technology is the most promising? is not clear and has to be asked

Table 1—Comparison of Different SOI Technologies*

Method Assets Liabilities
SIMPOX A) Conventional processing A) No 3d
B) Low defect density B) Time of implantation
C) Development stage—ma-
turity
Porous Silicon A) Low defect density A) No 3d
B) Development stage—ma- B) Nonconventional pro-

Ion Implantation
and Solid State
Regrowth**

Graphoepitaxy
(CVD)y***

ELO

Recrystallization from Melt

Pulse (Lamp)
Melting

Strip Heater

Laser
Electron Beam

Lamp

pPoYyIdy duoz Suijoaed],

A)
B)

A

-~

A)
B)
C)
D)
E)

A)
B)

A)
B)

A)
B)
A)
B)
A)
B)

turity
Conventional processing
3d possible

3d possible

Conventional processing
Low defect density

3d possible

Time short

State of development—
childhood

Time short
Low defect density

Time short

Stage of development—
childhood

3d possible

Stage of development
3d possible

Time short

3d possible

Time short

A

-~

A

pasd

A)

A)
B)
(&)

A)
B)

A)
B)
A)

A)

cessing

Stage of development—
early infancy (can be
achieved?)

Stage of development—
early infancy (can be
achieved?)

Ratio between hori-
zontal and vertical
growth rates (over-
growth)

No 3d

Surface morphology
Stage of development—
infancy

No 3d

Defect density high

Defect density high
Time long
Defect density high

Defect density high
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Table 1—Continued

Technology
Method Most Suitable For Cannot Be Used For
SIMPOX CMOS Vertical integration
Porous Silicon A) CMOS A) Vertical integration
B) Bipolar B) Replacement of SOS
Ion Implantation
and Solid State
Regrowth**
Graphoepitaxy
(CVD)***
ELO A) CMOS A) Replacement of SOS
B) Vertical Integration
C) Bipolar
Recrystallization from Melt
Pulse (Lamp) A) Bipolar A) Vertical integration (?)
Melting ) B) Replacement of SOS
Strip Heater E A) CMOS A) Vertical integration
= B) Replacement for SOS
Laser *® A) CMOS
N B) Replacement for SOS
Electron Beam | 3 A) CMOS
= B) Replacement for SOS
Lamp 2'5_ A) CMOS
8 B) Replacement for SOS

* Criteria considered to be neither assets nor liabilities for a given technology are
not included.
**In the case of technologies that are not sufficiently developed, comments on
possible circuit applications are not made.
*** Only CVD graphoepitaxy is discussed here. Liquid graphoepitaxy has all prob-
lems of recrystallization from melt.

in the context of future applications. For vertically integrated cir-
cuits of the future, the most promising approach seems to be lamp/
laser scanned recrystallization or ELO.

For application in already present circuits, e.g., for latch-up elim-
ination, the most promising seems to be oxidation of porous silicon
although, for custom circuits, when performance considerations out-
weigh cost considerations, SIMOX looks very attractive.

The ELO technique seems to have the advantages of conventional
processing, time (high throughput), low defect density, the possi-
bility of three-dimensional structures, and a reasonable stage of
development. The only one significant limitation is the overgrowth
ratio, which imposes serious geometrical restraints and excludes, at
present, the ELO technique from being used to fabricate films which
can replace SOS. If this application is excluded from consideration,
the ELO technique seems to be a good choice from the various SOI
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technologies for the D.I. bipolar process, the formation of three-
dimensional structures, or applications to improve conventional
CMOS circuit performance.
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Double-Barrel 11l-V Compound Vapor-
Phase Epitaxy Systems

G. H. Olsen and T. J. Zamerowski
RCA Laboratories, Princeton, NJ 08540

Abstract—A unique system for the growth of Ill-V compound multilayer
structures—without interruption of crystal growth—is de-
scribed. This system has generated large improvements in the
synthesis ot long-wavelength optoelectronic devices. A com-
plete 1.3-um laser structure can be grown in 30 minutes and
more than 15 such structures can be grown in a single day.
Single layers as thin as 60 A have been measured. 1.3-pm
InGaAsP cw lasers with lasing threshold currents as low as 45
mA and 1.0-1.7-um InGaAs photodetectors with leakage cur-
rents below 10 nA and quantum efficiencies near 80% have
been synthesized with the system.

1. Introduction

Vapor-phase epitaxy (VPE) is a crystal growth process whereby gases
are used to deposit a solid semiconductor compound or alloy onto a
crystalline substrate. Epitaxy is the phenomenon whereby the de-
posited solid adopts the crystalline structure of the substrate upon
which it is deposited (as opposed to being amorphous or polycrys-
talline). In the VPE process, the solid alloy composition is deter-
mined by the gas composition which can be linearly controlled by
electronic mass-flow controllers. Thus, indium, gallium and arsenic
vapors can be used to form In Ga, _;As alloys, while the addition of
phosphorus-bearing vapors would produce In,Ga,_,As,P,_, alloys.
The substrate ideally has a similar crystal structure and atomic
spacing in order to minimize the formation of growth defects such
as misfit dislocations and stacking faults.

Many of the key developments in the vapor-phase epitaxy (VPE)
of III-V compounds have occurred at RCA Laboratories. Tietjen and
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Amick! in 1966 demonstrated the hydride VPE process for GaAsP
alloy deposition. Since then, much development has occurred, re-
sulting in the successful fabrication of room-temperature cw lasers
at 0.7, 0.85, 1.06, 1.25, 1.30, 1.55, and 1.65 pm, together with LEDs
at 1.06, 0.13 and 1.55 pm and photodetectors for the 1.0-1.7 wm
spectral region. Commercial products made with the VPE process
include GaAs photocathodes, 1.06- and 1.3-um lasers and LEDs, and
1.0-1.7 pm photodetectors. Red, yellow, and green LEDs made from
VPE GaAsP and GaP have been available commercially for over a
decade. The purpose of the present paper is to describe one of the
latest advances in the VPE technique, the double-barrel reactor.

The advantages of VPE growth over other crystal growth
techniques? for III-V compounds (e.g., liquid phase epitaxy (LPE),
molecular beam epitaxy (MBE), and metalorganic chemical vapor
deposition (MOCVD)) include:

1. Easy control of alloy composition.

2. Ability to “compositionally-grade” alloy composition.
3. Growth of smooth crystal surfaces.

4. Scale-up potential for mass-production.

2. Vapor-Phase Epitaxy: Hydride versus Chloride

The two most popular methods for the VPE growth of III-V com-
pounds have been the so-called “chloride” method, whereby a group
V chloride (e.g., AsCl,) is passed over the metal to form a metal
chloride (e.g., GaCl), and the so-called “hydride” technique, in which
the group V element is introduced as a hydride (e.g., AsH;) and the
metal chloride is formed by passing HCl over the metal. Strictly
speaking, the term “halide” should be used rather than “chloride”,
since I and Br have also been used as transport agents. The main
advantage of the chloride system is that it has produced very low
(<1 x 10'* cm~2) undoped background impurity concentrations® in
GaAs. Its main disadvantage is that gaseous AsCl; is introduced by
heating a liquid and, therefore, its concentration will vary expo-
nentially with temperature. The hydride system, on the other hand,
has the advantage that all input reactants to the system are gaseous
and can be carefully controlled in a linear manner. Thus, crystal
compositions can be more carefully controlled with the hydride sys-
tem, and this is the major reason for its use, especially with opto-
electronic devices.

Although there are numerous previous reports of the growth of
GaAs with arsenic vapor and gallium chloride, the first report on
the growth of a high-quality III-V compound via the hydride tech-
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nique must be traced to Tietjen and Amick! at RCA Laboratories,
who synthesized GaAsP using HCI, Ga, AsH;, and PH;. Although
an earlier patent exists on the growth of I1I-V compounds, whereby
the use of hydrides of arsenic and phosphorous are suggested, no
actual claims or examples of the use of arsine and phosphine are
mentioned. After the growth of GaAsP had been accomplished, the
technique was quickly adapted to the growth of other III-V com-
pounds and device structures as well. The techniques described here
are an outgrowth of the original studies of hydride vapor phase
epitaxy of III-V compounds by many RCA workers, including
Richman* and Enstrom et al.?

3. Single-Barrel VPE Reactor Design

The RCA single-barrel VPE growth system®? is shown schemati-
cally in Fig. 1. The reactor tube (~25-mm internal diameter) is
made of quartz except for areas that are not heated to high tem-
peratures, which are made of Pyrex. Heat is provided by the use of
“clamshell” resistance furnaces which surround the tube. Photo-
graphs of the quartz growth tube and of the complete system are
shown in Figs. 2 and 3. The furnaces are left on at all times (except
for disassembly or cleaning) and hydrogen flows through the tube
constantly. Deposition is initiated by passing HCI gas over the in-
dium and/or gallium metal (which is held at 850—-900°C) in order to
form metal chlorides. The area of indium metal held in quartz boats
is considerably larger (~100 cm?2) than that of gallium metal (~25
cm?). Arsine and/or phosphine (10% in H,) are brought in through
a separate tube and then mixed with the metal chlorides in a mixing
zone. P-type doping is accomplished by heating a zinc bucket in a
hydrogen atmosphere in order to obtain elemental zinc vapor which
is then transported by H,. N-type doping is accomplished by adding
about 100 ppm H,S gas to the group V line. All input reactant flows

p" Ny HC1+Hy
4
A:N 3

-— AsHy
_In SOURCE ' E — Phy
WARH SUBSTRATE EXHAUST | EXHAUST 0 Lo— #
— J'_._st
i In
FORECHANGER |\| PRENEAT [omsmou TR | SOUE | SRE |

T-20°C T-700C | lo'rOEOC T7-850°C | T-850°C | T-850°C

HCYs "2
SU BSTRATE
ENTRY VALVE

Fig. 1—Sketch of single-barrel VPE growth system.
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Fig. 2—Quartz tube used in single-barrel VPE system.

are controlled by electronic mass-flow controllers. Growth is initi-
ated by inserting a polished substrate on a rotatable sample holder
with a quartz spring that is attached to the end of the quartz rod
and inserted into the forechamber, which is then flushed out with
hydrogen while the input gas flows are being equilibrated. The sub-
strate is sealed off from the growth chamber by a large Pyrex stop-
cock (substrate entry valve). After the forechamber is flushed out
(~15 min at 2000 cm®min of H,), the stopcock is opened and the
quartz rod (which is supported by a close-tolerance ‘truebore’ gas
bearing) is pushed in so that the substrate is moved to the preheat
zone. This zone has an atmosphere of arsine and/or phosphine, cor-
responding to the substrate group V constituent, in order to mini-
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mize decomposition effects. The substrate is heated to a temperature
near the growth temperature and then inserted into the growth zone
where deposition takes place. The substrate is rotated (~10 rpm)
during growth in order to smooth out any nonuniformities in tem-
perature or gas flow. The temperature over the substrate is constant
to within =0.1°C. Thickness uniformities of = 5% and compositional
uniformities of £0.1 mol% have been measured with In,;Ga,sP
grown on GaAs. Growth is ended by withdrawing the substrate to
the forechamber (before altering any of the flows) where it cools to
room temperature in a hydrogen ambient. If the substrate is to be
removed, the stopcock must first be closed. However, if subsequent
layers are to be grown, the substrate is held in the forechamber
while the reactant flows are changed and equilibrated (typically 15-
30 min). The above process is then repeated. If compositional grad-
ing is desired, the control voltage to the appropriate mass-flow con-
troller can be varied either abruptly (in discrete steps) or smoothly
in a continuous fashion.

4. Limitations Imposed by the Preheat Process

One drawback of the single-barrel VPE process described in the
previous section is in the preheat cycle. Here, substrate wafers are
heated up to 650-700°C prior to growth without deposition or etch-
ing taking place. This temperature range equals or exceeds the con-
gruent evaporation temperature® for most III-V compounds, and some
preferential evaporation of the group V element is bound to take
place. InP is particularly susceptible to this phenomenon, since its
decomposition temperature is only around 400°C. Fig. 4 shows an
extreme example of what can happen to an InP surface when it is
heated to 670°C for 1 hour in hydrogen. Many pits and free indium
globules are evident on the surface. This damage can be reduced by
preheating the substrate in the appropriate group V hydride (i.e.,
AsH; or PHjy). Fig. 5 shows how the surface morphology of InP can
be improved by using a PH; atmosphere during the preheat.

In addition to the surface morphology of a preheated layer, which
is obviously degraded by the preheat decomposition, the microstruc-
ture of the material also suffers. A high density of defect loops has
been observed? via transmission electron microscopy near the active
regions of InGaP/GaAsP lasers, as shown in Fig. 6. This sample was
lattice-matched throughout, as is evidenced by the lack of misfit
dislocations at any interface. However, no group V gas was flowing
during the preheat of any of the layers. This figure (together with
other related ones not shown) leads to the conclusion that the de-
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Fig. 4—Optical photograph of a (100) InP surface heated in H, at 670°C
for 1 hour.

fects are dislocation loops on (111) planes with a vacancy character.
The loops were formed by the coalescence of vacancies produced by
interfacial decomposition due to preferential evaporation of phos-
phorus during the preheat of the n-(In,Ga)P layer prior to growth
of the n-Ga(As,P) active region. Note that the substrate (In,Ga)P
interface in Fig. 6 exhibits no decomposition, because Ga(As,P) has
a higher dissociation temperature than (In,Ga)P. However, this
interface probably also contains a significant excess point-defect
density, as would any III-V compound surface that is heated above
600°C for any length of time. A rough estimate shows that the ratio
of loop volume (assuming them to be one atom thick) to active region
volume in Fig. 6 is ~10-4. Thus, a very high point-defect concen-
tration could easily develop in the active region, and subsequently
serve as a source for degradation processes. The dislocation loops
can be eliminated by using high flows of the group V carrier-gas
and lower temperatures during preheat. However, an excess point-
defect concentration may always be present to some extent, and
should be viewed as a potential failure mechanism in any III-V
compound light-emitting device prepared at elevated temperatures.

Fig. 6 also shows a cross-sectional TEM micrograph from an
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50 um

Fig. 5—Optical photographs of InP surfaces which show the effect of
increased PH, flow upon surface morphology after heating to 650°C
for 3 min (bottom photograph has highest PH, flow).

InGaAs/InGaP 1.06 pm laser that was preheated with high flows
of the appropriate group V gas during preheat. The lack of inter-
facial defects is to be noted and testifies to the beneficial effect of
using group V gases during preheat. Fig. 6 also demonstrates that
planar and continuous laser cavities as thin as 900 A can be pre-
pared by the hydride technique. Cavities as thin as 400 A have in
fact been grown.
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InGaAs

L GaAsP
10004
1_ InGoP

InGaP J
[

Fig. 6—Cross-sectional (011) transmission electron microscope (TEM) mi-
crographs of InGaAs and GaAsP grown on InGaP. The sample on
the right was not preheated in PH, and contains dislocation loops
that have vacancy character (courtesy of M. S. Abrahams and C. J.
Buiocchi).

5. The “Double-Barrel’’ VPE Reactor

The “double-barrel” VPE reactor® has been designed at RCA and
is shown in Figs. 7-9. A similar system has been described by Wa-
tanabe.! The concept involves the use of two conventional VPE
systems placed in parallel and feeding into a single-growth cham-
ber. With this construction, different gases ean be run through each
tube, so that double-heterostructure lasers (e.g., InP/InGaAsP/InP/
InGaAsP) can be prepared by simply switching the substrate from
one tube to the other. This removes the need for preheat cycles,
which may limit device performance since they can introduce in-
terfacial defects. It is important to note here that crystal growth is
not interrupted during the switchover from one layer to another.

A photograph of the quartz tube is shown in Fig. 7. A heat pipe
surrounds the deposition zone (in order to maintain a uniform growth
temperature) and obscures its view. A frontal photograph of this
zone may be seen in Fig. 9. Here, the two separate circular-flow

Fig. 7—Photograph of quartz tube used in the RCA “‘double-barrel”” VPE
reactor.
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Fig. 8—Sketch of the “‘double-barrel” VPE growth tube.

tubes can be seen, along with the flat quartz plate that separates
them and leads into the single-barrel growth zone. A sketch of the
growth zone is shown in Fig. 8. The substrate can either be held
just in front of each tube, or inserted into the tube if any mixing
problems occur. Conversely, by holding the substrate at the end of
the quartz plate and rotating it, extremely thin multilayers can be
grown. It is estimated that by rotating the substrate at 200-300
rpm under normal VPE growth conditions, single atomic layers of
each material could be deposited. This offers the unique possibility
of preparing structures that exhibit quantum size effects.!! For ex-
ample, the solution of Schroedinger’s equation for an electron in an

Fig. 9—Frontal photograph of the quartz tube shown in Fig. 8.
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ideal one-dimensional infinite potential well predicts that the al-
lowed energies vary as

E = h¥2m (nw/L)?

where L is the width of the well in the electron mass and # is
Planck’s constant. For conventional layer thick nesses (>1000 A),L
is very large, and a continuum of energy states results. However,
for very thin layers, discrete energy levels can be observed whose
energies vary with thickness. Thus, the band structure (and the
emission properties) of very thin layers may be tuned merely by
adjusting the layer thickness. Details of the band structure (such
as effective mass and dispersion relations), as well as the tuning of
the laser emission wavelength with thickness, can be explored with
such structures.!! For example, a 1500 A layer would have energy
level separations of only ~0.02 meV, whereas a 200 A layer would
have levels separated by ~1 meV. Behavior of this type has been
reported with AlGaAs structures grown by organometallic VPE.!2
Many “superlattice-type” structures have been grown via molecular
beam epitaxy.! Blakeslee!* has grown GaAsP superlattice struc-
tures via the hydride VPE method by pulsing the PH; gas. Fig. 10
shows a stained, angle-lapped (1°) section of a multiple InGaAs/InP

Fig. 10—SEM micrograph of a stained 1° angle-lapped section of a mul-
tilayer InsGasAs/InP heterostructure grown in the double-barrel
reactor. Smallest layer thickness is =60 A (courtesy of B. J. Sea-
bury).
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Table 1—Six Consecutive Double-Barrel CW Laser Growths*

Wafer Substrate Alam) L. (mA)
5788 (100) 1.277 110
5789 (100) 1.304 130
5790 (100) 1.266 150
5792 (100) 1.314 125
5795 (311) 1.252 120
5805 (311) 1.230 140

* 12-um oxide-defined stripe contact.

multilayered structure. A minimum thickness of ~60 A is to be
noted.

Although exciting fundamental studies of this nature may be per-
formed with structures prepared in the new reactor, its main prac-
tical advantage is a saving in growth time and materials, as well
as the possible attainment of highly superior interfacial properties.
Growth of a typical laser structure presently takes about 2 hours
and involves four preheat cycles, including one at each of the two
cavity interfaces. InP is particularly susceptible to decomposition
effects at elevated temperatures. With the new system, the total
growth time is reduced to 30 min, and all preheat cycles are elim-
inated (except for the original one, which is positioned 5-10 mm
below the laser cavity). The reduced growth time would enable 15
or more laser wafers to be grown in a single day. The information
given in Table 1 demonstrates the viability of the double barrel
reactor. Six consecutive 1.3 um InGaAsP/InP cw laser wafers were
grown, yielding thousands of usable chips. The elimination of the
preheat cycles is expected to yield cleaner interfaces, which should
provide lasers with lower threshold current densities, higher effi-
ciencies, and better reliability. Advantages of the double-barrel re-
actor are highlighted in Table 2.

Table 2—Advantages of Double-Barrel VPE Reactor

Cleaner Interfaces: Crystal growth is not interrupted when growing multiple
(heteroepitaxial) layers.

Rapid Device Growth: A complete four-layer InGaAsP/InP/InGaAsP/InP 1.3 um cw
laser structure can be grown in about 30 minutes. Fifteen or more wafers of
this type could be grown in one day.

Very-thin Layer Growth: Multiple layers, each as thin as 60 A have already been
grown, thus allowing “"quantum-well” type structures to be fabricated. By
rotating a substrate at ~250 rpm in front of the two barrels, layers on the order
of 10 A might be grown.

Cheaper: A factor six savings in material (gases, metals, etc.) costs results from the
reduced growth time for devices.
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6. Other Multibarrel VPE Reactors

A dual-growth-chamber GaAs VPE reactor was proposed by Wa-
tanabe et al.!® in 1977 to produce abrupt changes in doping profile.
This system was upgraded into a GalnAsP dual-growth-chamber
reactor by Mizutani et al.!5 Other types of multibarrel reactors were
independently conceived to grow (Ga,In)(As,P) by Olsen and
Zamerowski® (the “double-barrel” reactor) and by Beuchet et al.'¢
(the four-barrel “multichamber” reactor). The three types of reac-
tors are shown in Figs. 8, 11 and 12.

The dual-growth-chamber reactor of Mizutani'® (Fig. 11) consists
of one horizontal chamber to grow InP and another parallel chamber
to grow alloys of (Ga,In)(As,P). The substrate is supported by a rod
mounted on a flexible rubber bellows so that transfer between
chambers is accomplished by withdrawing and shifting the rod.
Transfer can be effected within 2 s and heterointerface transition
widths less than 50—60 A are claimed. Although (in its present form)
gallium-bearing alloys can only be grown in one of the chambers,
and no provisions have been made for p-type doping, high-quality
1.3-um cw lasers have been synthesized in the system (Cd was dif-
fused-in after growth for p-contact).

The “multichamber” reactor of Beuchet et al.'® (Fig. 12) consists
of four parallel tubes, each with a specific function. The system has
been automated so that interchamber transfer can be effected
within 1 s. The purpose of each chamber is as follows:

First: preheat and substrate etch
Second: growth of n-InP

Third: growth of n-GalnAs
Fourth: growth of p-InP

Ha /HC

- Hap/ HCY
RUBBER BELLOWS

£H21A3H3/PH3 :
<+—1In

=

<«+—Go
i
« so—1In "
800°C 850°C 660-700°C|
Ha /HCY

t—HZIPH3/HZS EXHAUST

Fig. 11—Sketch of "'dual-growth chamber’ VPE reactor of Mizutani et al.'®
(courtesy of T. Mizutani).
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Fig. 12—Sketch of “multichamber” VPE reactor of Beuchet et al.'¢ (cour-
tesy of G. Beuchet).

Metallic zinc is used for p-type doping while H,S is the n-type
dopant. Other variants of the above procedures are possible.

7. Device Results

The viability of the double-barrel VPE reactor has been proven by
the impressive list of device results achieved to date. These include
routine synthesis of 1.3-um InGaAsP LEDs, cw lasers and 1.0-1.7-
pm InGaAs photodetectors. Table 1 contains device results from six
consecutively grown double-barrel VPE lasers. The wavelength was
intentionally varied by changing the input vapor flows. All devices
lased in the cw mode at room-temperature and the yield of good
chips from each wafer was on the order of 50%. Thus, thousands of
1.3-pm cw laser chips were synthesized in the time span of less than
one day. (Note that good results were also obtained using InP sub-
strates whose surface orientation was (311), rather than the con-
ventional (100). Superior growth properties,!” as well as device prop-
erties,!® have been observed with (311) and (511) InP substrates.
Reasons for these improvements are discussed in Refs. [17] and [18]).
Nonplanar 1.3-pm laser structures!® have also been grown in the
double-barrel reactor. These structures tend to have lower lasing
threshold currents and offer better control of the optical beam due
to lateral confinement by variation of the refractive index caused
by thickness variations. Fig. 13 shows a power-current curve and
an SEM photo from a stained cleavage edge of a VPE 1.3-um non-
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1.3um VPE InGoAsP/ InP
NON-PLANAR LASER
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Fig. 13—Power-current curve and SEM stained cleavage photograph of a

“non-planar” 1.3-mm cw laser grown in the double-barrel reac-
tor.

planar device grown in the double-barrel VPE reactor over etched
mesas in InP substrates. CW lasing thresholds as low as 45 mA
have been observed with some structures, while cw power outputs
in excess of 120 mW have been observed with others. Over 8 wafers
(12 x 18 mm) of this type have been grown that gave cw lasing
performance. Some single-mode behavior has also been noted.

High quality 1.0-1.7 um InGaAs photodetectors? have also been
synthesized in the double-barrel reactor. Fig. 14 shows a sketch and
photo of the structure. Typical values are shown in Table 3.

8. Conclusions

The success of the double-barrel VPE reactor has demonstrated once
again that basic materials research can lead directly to improve-
ments in technology and in commercial devices. Basic materials
characterization on inferior device structures uncovered crystal de-
fects that were caused by the crystal growth process. Attempts to
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Fig. 14—Sketch and photograph of an RCA VPE 1.0-1.7 um PIN detector.

eliminate these defects led to the design, construction, and success-
ful demonstration of the double-barrel VPE reactor.

This system can grow I1I-V compound layers as thin as 60 A. A
complete 1.3-pm cw laser structure can be grown in 30 minutes and
more than 15 such structures could be grown in a single day. High

Table 3—Typical Detectar Characteristics (—10 V, 22°C)

Leakage Current 10-30 nA

Breakdown Voltage 65-75V

Quantum Efficiency 60— 80%

Capacitance 1 pF

Pulse Rise Time <0.3 ns

Max. Operating Temperature >180°C

Noise Equivalent Power (NEP) <1 pW/Hz'"?

Reliability stable leakage at 60°C for

15,000 hours
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performance 1.3-pm lasers and 1.0-1.7-um photodetectors have been
synthesized with the double barrel system.
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Abstract—In this application-oriented study we have investigated in-situ

phosphorus doped LPCVD polysilicon fiims deposited in the
temperature range from 560°C to 640°C and compared the re-
sults with those previously obtained on undoped fiims. X-ray
diffraction, TEM, SEM, Raman and elastic light scattering, op-
tical absorption and reflection, and other techniques were used
to obtain information on the grain size, structure, structural
perfection, strain, refractive index, surface roughness, and
electrical conductivity. We found that to obtain phosphorus
doped films of highest quality, deposition in the amorphous
form, i.e., at temperatures not exceeding 570°C, is necessary.
Of slightly lower quality, but acceptable for less critical appli-
cations are films deposited at 580°C < T, < 620°C. Layers de-
posited at T, > 620°C are considered to be of poor quality.

1. Introduction

The use of high quality polycrystalline silicon layers as gate ma-
terial, load resistors in memory cells, interconnects and other ap-
plications in IC device technology is of rapidly growing importance.

* Present address: Klinikum, University of Freiburg, FRG
t Present address: Fachbereich Physik, University of Essen, FRG
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Low pressure chemical vapor deposition (LPCVD) is the standard
preparation method for polysilicon films in IC manufacturing. It
has been reported in the literature that amorphous films are un-
desirable because of uncontrolled crystallization in post-deposition
annealing. We have recently shown, however, that undoped poly-
silicon films deposited in the amorphous phase and subsequently
crystallized have the high quality in terms of structural perfection
and surface roughness that is required for critical applications.!2 In
this paper we present results of similar studies on in-situ phospho-
rus-doped polysilicon films with the aim of providing application
oriented recommendations. Using the same characterization meth-
ods as were employed for undoped films, we again conclude that
deposition in the amorphous phase and subsequent crystallization
provide stable films of superior quality.

2. Deposition Conditions

The film depositions were done in a conventional hot wall LPCVD
reactor equipped with a 1-m? min-! Alcatel double-stage rotary pump.
The deposition pressure was kept constant by regulating the pump
cross-section with a butterfly valve controlled from a pressure feed-
back circuit. The deposition temperature was measured inside the
deposition tube during the film growth. All depositions were done
on two-inch-diameter substrates placed perpendicular to the tube
axis and spaced Y4 inch apart. A deposition tube with an inner di-
ameter of 124 mm was used. Sapphire substrates were chosen for
measuring the film thickness, and (100) oriented silicon substrates
covered with 300-nm thermally grown SiO, were chosen for mea-
suring the physical properties. Phosphorus doped films with a thick-
ness of 0.5 wm were deposited from concentrated monosilane with
the addition of 1 vol % PH, diluted in N,. The addition of PH; results
in a reduction of the growth rate and in film thickness increasing
from the wafer center towards the periphery. The growth experi-
ments were done at deposition temperatures Ty = 560, 570, 580,
600, 620, and 640°C. Other deposition parameters were a pressure
of 500 mT, SiH, = 300 ¢m® min-!, and a dopant gas flow ratio of
PH,/SiH, = 8 x 10-4.

These process conditions are a compromise between the growth
rate, the radial thickness uniformity, and the electrical conductivity
of the films. The film thickness was measured with a Dektak surface
profile monitor, as described previously! for undoped material. The
growth rate as a function of the deposition temperature is shown in
Fig. 1. The derived apparent activation energy of 44.6 kcal/Mol is
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Fig. 1—Growth rate as a function of deposition temperature T, for in-situ
phosphorus-doped films. Deposition conditions: PHy/SiH, = 8 x
10-¢, SiH, = 300 cm® min-', deposition pressure 500 mT, substrate
spacing 1/4 inch.

slightly larger than the 3240 kcal/Mol which we reported for un-
doped material.!

The radial film-thickness variation was measured with the opti-
cal thickness monitor described by Sandercock.? The refractive in-
dex required for this method was obtained from correlation with the
Dektak surface profile monitor thickness readings. The radial film-
thickness variation of doped films as a function of deposition tem-
perature is shown in Fig. 2. For comparison we have included the

RADIAL THICKNESS
VARIATION (%)
SUBSTRATE TEMP
Ty 560 /
sg0 | 118

16
114
{2
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8
16
Te

2

24 20 16 0O 4 8 12 1B 20 24

RADIAL DISTANCE FROM CENTER (mm)

Fig. 2—Radal film thickness variation for in-situ phosphorus-doped films
as a function of deposition temperature T,. Deposition conditions:
PH,SiH, = 8 x 10-¢4, SiH, = 300 cm? min-', system pressure 500
mT, substrate spacing 1/4 inch. The — - —-— curve shows the
variation with a SiH, flow rate of 100 cm3 min-'. The --- curve is
for undoped, T4 = 560°C.
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curve for undoped films deposited at 560°C which shows that the
nonuniformity with the addition of phosphorus is considerably larger.
The improvement of the thickness uniformity with increasing SiH,
flow rate can be seen by comparing the curve for 100 cm?® min-!
SiH, deposited at 560°C with the curve for the normally used 300
cm?® min-! SiH,. Higher flow rates up to 500 cm?® min-! might im-
prove the thickness uniformity even further but would require a
larger pump (e.g., a Roots blower) to handle the gas load.

3. Thermal Annealing

The Si/Si0, substrate wafers were cleaved after film deposition into
four equal parts prior to thermal recrystallization and characteri-
zation. One part was kept in the as-grown state, while the others
were annealed at T, = 900, 950, and 1000°C for 30 min, respec-
tively. It is important that such annealing treatments be done in a
slightly oxidizing atmosphere with N, + 0.5 vol % O, in order to
prevent the outdiffusion of the phosphorus. The thin SiQO, films
formed during these annealing treatments (<400 A) were not re-
moved prior to the characterization except for resistivity measure-
ments.

4. X-Ray Diffraction and Transmission
Electron Microscopy (TEM)

X-ray diffraction was used to examine the degree of crystallinity,
crystallite size and texture (preferred orientation) of the as-grown
and annealed layers (T, = 900, 950, and 1000°C). The three most
intense reflections from the {111}, {220} and {311} planes were re-
corded for each layer. The crystallite sizes D;, were determined
from the width of the hkl lines by using the Scherrer formula; tex-
ture and degree of crystallinity were determined from the relative
line intensities.!

TEM techniques (bright field, dark field, and selected area dif-
fraction) were used to determine at various depths of the polysilicon
layers the average crystallite size S, the crystallite size distribution,
and the degree of crystallinity. These investigations were performed!
for as-grown layers and for those annealed at 1000°C.

The results of the X-ray diffraction and TEM measurements for
phosphorus doped layers, shown in Figs. 3 through 8, are summa-
rized in Table 1. Some of the results are very similar to those ob-
served for undoped layers.!? For example, as-grown layers deposited
at 560° or 570°C are X-ray amorphous (no X-ray line intensity),
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Fig. 3—Solid curve shows crystalline volume fraction V,/V of phosphorus
doped LPCVD silicon layers versus reciprocal deposition temper-
ature, given by 1/kT,. Undoped layers (dashed curve) are shown
for comparison.

although some crystallites are observed by TEM. Layers deposited
at 580°C are mixed amorphous/crystalline, and layers deposited at
600°C or higher appear to be fully crystalline. Note, however, that
the crystalline volume fraction V/V is somewhat higher for phos-
phorus-doped layers deposited at low temperatures (T; < 580°C)
than for the corresponding undoped layers (Fig. 3), i.e., in-situ phos-
phorus doping seems to slightly enhance crystallization (compare
also results from Raman scattering). In terms of grain orientation
only a weak texture is observed for deposition temperatures up to
T; = 620°C ({311) for T, = 580°C, (111) for T, = 600°C, and (111)
or (311) for T, = 620°C), while a pronounced (311) texture is ob-
served for layers deposited at 640°C (Table 1). This is in contrast to
undoped layers deposited at 620°C for which a pronounced (110)
texture was observed. The grain sizes D, for phosphorus doped
layers range between 200 and 1000 A as compared to 100 and 770
A for undoped layers. The grain size distribution for a layer depos-
ited at 600°C is shown in Fig. 4.

Again, as in the case of undoped layers, all annealed layers are
polycrystalline and their texture depends only slightly on the an-
nealing temperatures. Furthermore, annealing favours the (111)
texture for low temperature layers (T, < 600°C). Layers deposited
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Fig. 4—Grain size distribution for a phosphorus-doped LPCVD silicon layer

deposited at T, = 600°C, as-grown and annealed at T, = 1000°C
(X = surface S, O = interface ).

in the polycrystalline form mainly preserve their preferred orien-
tation, as expected, since the original deposition imposes some con-
straints on further grain growth: 600°C layers have a (111) texture,
620°C layers an equal number of (111) and (311) oriented grains,
and 640°C layers exhibit a pronounced (311) texture.

In contrast to undoped layers, however, annealing increases the
average grain size and changes the grain size distribution of all
layers considerably (see Figs. 4 and 5). No correlation between the
texture and the largest grain dimension could be found from the
measurements. Average grain sizes as large as 3000A are mea-
sured, with X-ray techniques, as well as by TEM (Figs. 4, 5, 6, and
7). Although grain sizes determined by X-ray line broadening can
easily be off by a factor of two for values larger than about 1000 A,
we found a surprisingly good agreement between D (X-ray) and S
(TEM)? measurements for large grain sizes (Table 1 and Fig. 8).
Only phosphorus doped layers deposited at 620°C exhibit average
TEM grain sizes S twice as large as the corresponding average X-
ray grain sizes D. This observed difference probably occurs because
relatively many more grains smaller than S are found for the doped
620°C layers than for all other doped layers.

As in the case of undoped layers, we conclude from X-ray and
TEM investigations that crystallization of amorphous or mixed
amorphous/crystalline films does not lead to unreproducible struc-
tures; on the contrary, such films can be thermally converted into
reproducible, stable polycrystalline films. For VLSI the large grain
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Fig. 5—(a) Bright field, (b) dark field, and (c) selected-area diffraction
micrographs taken at the surface for a phosphorus-doped LPCVD
silicon layer deposited at 560°C and annealed at 7, = 1000°C.
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Fig. 6—X-ray grain size D,,, as a function of deposition and annealing
temperature for phosphorus-doped LPCVD silicon layers.
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Fig. 7—Average crystallite size S for phosphorus-doped LPCVD silicon
layers as-grown {O = interface, A = surface) and annealed at
1000°C (O = interface, V = surface) as a function of deposition
temperature T,. Undoped layers (dashed lines) are shown for com-
parison.

294 RCA Review ¢ Vol. 44 - June 1983




LPCVD POLYCRYSTALLINE SILICON

3000} ® /1
S(A)
° (]
2000 o _ _ -
S=D
1000F o 8
o)
2 1 1 L
00 1000 2000 3000
D (A)

Fig. 8—Average grain size S evaluated from TEM versus average grain
size D evaluated from X-ray diffraction. The data include the fol-
lowing samples: 0 undoped as-grown, O undoped annealed, B
phosphorus-doped as-grown, and ® phosphorus-doped an-
nealed.

size of the annealed doped layers might seem to be problematic.
However, since the surface roughness of these films (T; < 600°C) is
small (see Sec. 7), this fact will probably not be a serious problem.

Baudrant and Sacilotti* have also reported on in-situ phosphorus-
doped LPCVD films deposited at =623°C. These authors used gas
flow rates and, hence, deposition rates different from ours, however,
and one cannot compare the respective film properties.

5. Light Scattering
5.1 Raman Scattering

The benefits of Raman scattering for the characterization of LPCVD
polycrystalline silicon films, as grown or annealed, are based on the
following points:!2

® The degree of crystallization (amorphous, crystalline or mixed)
can be judged in a few minutes by inspecting the Raman spec-
trum. A sharp peak at 522 ecm-! indicates a fully crystalline,
a broad line at 483 cm~! a fully amorphous layer, and a superpo-
sition of the two indicates mixed crystallization.

e The crystalline perfection of the films after annealing, apart from
elastic scattering (see Sec. 5.2), can be read from the value of the
peak intensity of the Raman line above background.

® The amount of lattice distortion and internal strain remaining
in the films after annealing is apparent from a Raman line shape
analysis. Material of low distortion and strain will exhibit a line
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Table 1—Grain Size and Texture of Phosphorus Doped Layers by X-Ray Diffraction
and TEM Measurements

X-ray TEM
T, D D, Dzw D, Texture §
°C) (A) (A (A) (A) (A)
As grown
560 - X-ray amorphous —_ ) 140
570 — X-ray amorphous — ; ?ggg : :88
] 600
580 670 960 610 430 (311) : oo
600 580 835 460 450 (111) ! ggg
620 420 480 470 310 (311) (111) ! 50
640 280 220 400 220 (311) —
Annealed at 1000°C
g 2800
560 2650 3060 3050 1850 (111) ! P4
i 2260
570 2430 2330 2450 2530 (111) ! Sao0
i 2300
580 2250 2840 2060 1850 (111) ; P
600 1960 2440 1690 1760 (111) ! gggg
620 910 980 760 1000 (111) (311) ; ;ggg
640 940 950 1300 580 stron —

(311

D,y = grain size evaluated from the X-ray diffraction line (hkl) according to the
Scherrer formula (see text)

average grain size evaluated from X-ray diffraction

average grain size evaluated from TEM measurements

measured at the interface

measured at the surface

» ~ DI

shape resembling bulk single-crystal material. Strong and ex-
tended tails of the Raman line in annealed films, on the other
hand, indicate that the material is highly distorted or strained
and is undesirable for critical applications.

The standard Raman scattering technique® has been employed
with 100 mW of 5145 A laser light focused onto a spot 50 pm X 2
mm on the film. This power density is below the threshold for ther-
mal crystallization, as we have verified. The light penetration depth
into the films amounts to the reciprocal absorption coefficient to be
discussed below.

The results for undoped polysilicon films, which are presented
elsewhere,!2 can be summarized as follows. The as-grown low-tem-
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perature-group films (T; < 580°C) are found to be fully Raman
amorphous, while some films in the high-temperature group (T, =
600°C) are observed to be fully crystalline. After annealing (T, =
900 to 1000°C), the low-temperature group exhibits a line shape
close to single-crystal material. The high-temperature group, how-
ever, shows strong line shape tails which, when integrated, exceed
bulk silicon by as much as 26%. This material, T, = 600°C, was
considered to be internally distorted and highly strained and un-
suitable for device applications.

The corresponding results for in-situ phosphorus-doped polysili-
con are shown in Figs. 9, 10 and 11. Fig. 9 shows the peak Raman
line intensity. Any intensity above the amorphous value of 25 counts/
sec is due to crystalline contributions. Compared to undoped ma-
terial, the transition region from amorphous to crystalline is found
to occur at 20 degrees lower temperature. A deposition at 580°C of
phosphorus-doped films results in mixed amorphous/crystalline lay-
ers (as observed by Raman scattering); for T, = 600°C, layers are
fully crystalline. After annealing at 900 to 1000°C, all layers are
crystalline with a deposition-temperature dependence of intensity
(see upper part of Fig. 9) that differs somewhat from undoped. This
may be related to the fact that the texture variation with T, for
doped layers (see Table 1) has also changed from that for undoped
polysilicon.

To learn about the amount of strain and lattice distortion left in
the layers after annealing at 900 to 1000°C (a factor that is very
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g
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g
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0 2. -
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Fig. 9—Raman peak intensity for as-grown and 900 to 1000°C annealed
phosphorus-doped polysilicon layers versus deposition tempera-
ture: O = amorphous, X, O = crystalline, ® = mixed.
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NORMALIZED RAMAN INTENSITY

570 cm 470

Fig. 10—Raman line intensity versus wavenumber of annealed (900-1000°C)
low-temperature deposited (T, = 570°C) phosphorus-doped poly-
silicon layer compared to single-crystal bulk silicon (dotted area).
Note that the linewidth shown is to be taken as a relative measure
due to the averaging process. The inset shows silicon phonon
dispersion curves.

important for device applications), we again analysed the Raman
lineshapes. Fig. 10 shows the results for layers deposited at T; =
570°C in comparison to bulk single-crystal silicon, the phonon dis-
persion curves of which are given in the inset. The effect of strain
and distortions is given by the tails on both sides of the line,
mostly on the low-frequency (low-wavenumber) side. It represents
an increase in area of 8.4%, which is very close to what had been
found for the undoped low-temperature group. The high-tempera-
ture phosphorus-doped group shows a value of 12.5%, which is con-
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Fig. 11—Raman linewidth of annealed layers (900-1000°C) of phosphorus-
doped polysilicon versus deposition temperature, and compari-
son with undopead polysilicon layers.
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siderably smaller than found for undoped films (25.7%). This is seen
more easily in Fig. 11, which presents the full linewidth at 1/10th
maximum height (given by the arrow in Fig. 10) versus deposition
temperature. Interpreted in the same manner as before,! we find
that after annealing the phosphorus-doped polysilicon exhibits
slightly more strain than undoped polysilicon; however, strain does
not show much dependence on deposition temperature. The phos-
phorus doping seems to have partly prevented the poor crystalli-
zation previously observed for the layers deposited at Ty = 600°C.

5.2 Elastic Scattering

The technique of elastic light scattering can be used to determine
the structural perfection of polysilicon layers.!2 In addition to in-
trinsic elastic scattering due to temperature or entropy fluctuations,
extrinsic elastic scattering is produced by all kinds of structural
imperfections of the bulk, e.g., mosaic misorientation, twinning,
strain, grain boundaries, stacking faults, and dislocations (in gen-
eral, all effects resulting in changes in refractive index), as well as
by local defects. For the present case of rather smooth surfaces, we
have found that the above volume effects dominate over scattering
from surface roughness. As an example of the power of this tech-
nique for structural perfection analysis, we refer to work on SOS
wafers where we have shown$’ that elastic light scattering is strongly
correlated with UV reflectivity, which had previously been shown
to be correlated® with the twinning density and the device yield.

Elastic light scattering measurements on polysilicon layers were
performed by two methods. In the first, the spectrometer method,
the same arrangement, power, and spot size were used as given above
for Raman scattering except for an additional 10¢ to 108 attenuation
filter inserted in front of the photomultiplier. The scattered elastic
intensity is then recorded for the various wafers. In the second
method, which uses the laser scanner in the quality control mode,5’
laser light falls onto the spinning wafer while being translated. The
scattered elastic light originating from the bulk (i.e., not from dust
or individual defects) is used as a measure of the crystalline per-
fection. Both methods were found to correlate extremely well.?

The results for undoped polysilicon films, which are presented
elsewhere,!2 show that the best structural perfection (i.e., lowest
elastic light scattering) is observed for Raman amorphous films (T,
=< 580°C) and the worst (i.e., very much higher elastic intensity) for
fully crystalline films grown at T, = 620°C. The annealing proce-
dure leaves the structural perfection unchanged.
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Fig. 12—Elastic light scattering peak intensity for as-grown (left) and an-
nealed (right) phosphorus-doped polysilicon layers versus dep-
osition temperature: O = amorphous, X = crystalline, ® = mixed.
The dashed curve is for undoped films.

The results for the phosphorus doped films discussed here are
shown in Fig. 12 for as-grown and annealed material. These results
were obtained with the spectrometer method and are compared with
undoped layers. The gross features are quite similar. Again the low-
temperature group T, < 570°C is of much better perfection than the
high-temperature group (T, = 620°C). The sharp increase in scat-
tering intensity (i.e., decrease in perfection) occurs for doped ma-
terial at a 20°C higher deposition temperature. Second, there is a
slight increase in scattering (decrease in perfection) observed at
580°C, showing that 580 = T, < 620°C provides material of inter-
mediate structural quality. The structural perfection is unchanged
with annealing, as for undoped material.

Fig. 13 shows the correlation of these elastic scattering results
with those for Raman scattering for as-grown phosphorus doped
films. It is seen that the data correlate quite well in the sense that
low-temperature amorphous grown films are of high structural per-
fection, while high-temperature crystalline films are of rather poor
structural perfection. Even the small step from 570 to 580°C can be
recognized.

The results of the scanner method in the quality control mode are
in full agreement with these findings; they will be published else-
where in detail.” Since it allows rapid characterization of the films
in terms of quality, this method is in fact most useful for production
environments. Undoped polysilicon, as-grown or annealed, would
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Fig. 13—Correlation between Raman and elastic intensity for as-grown
phosphorus-doped polysilicon layers: O = amorphous, ® =
mixed, X = crystalline.

be acceptable for blossom “Threshold I” values of =570 units; they
are unacceptable for <300 units. The corresponding figures for
phosphorus doped polysilicon are highly acceptable for =450 units,
of medium quality for >300 units, and unacceptable below 300 units.

The elastic light scattering data thus lead to the result that the
structurally most perfect phosphorus-doped polysilicon should be
deposited at T, not exceeding 570°C. This should be considered for
applications where extreme perfection is required. The next depo-
sition temperature range, 580 < T, < 620°C, provides material of
reasonable structural perfection that may be sufficient for many
applications. The structural perfection of films deposited at Ty =
640°C is considered to be poor (see also the next section on optical
absorption).

6. Optical Absorption and Refractive Index
6.1 Optical Absorption

To judge the light penetration depth for film characterization with
Raman and elastic light scattering, we have measured the optical
absorption at the two wavelengths involved in these measurements
(5145 A and 4416 A). For this, we have grown polysilicon layers on
quartz glass substrates concurrently with the layers grown on sil-
icon/silicon oxide substrates. The absorption coefficient was then
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determined from combined transmission and reflection measure-
ments.

The results for undoped polysilicon are presented elsewhere.! It
was found, in good agreement with light scattering, that the ab-
sorption coefficient of annealed films is close to bulk silicon for the
low-temperature group (T, < 580°C), while it is considerably higher
for the high-temperature group (T, = 600°C). The latter is believed
to predominately originate from the large distorted volume por-
tions, discussed in the previous section. These distorted regions of
structural imperfection in the high-temperature group films give
rise to a sizeable amount of internal scattering which results in a
reduced transmission and an increased effective absorption coeffi-
cient.

For phosphorus doped polysilicon, the corresponding data of the
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Fig. 14—Absorption coefficient of in-situ phosphorus-doped polysilicon
versus deposition temperature, as-grown and annealed (900-
1000°C), at 5145 A (i.e., for Raman scattering) and at 4416 A (i.e.,
for the scanner method).
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present work are shown in Fig. 14 for wavelengths of 5145 A (cor-
responding to Raman scattering and the spectrometer method of
elastic scattering) and of 4416 A (corresponding to the laser scan-
ner). The light penetration depth can easily be read from this figure
as the inverse absorption coefficient. It is seen in Fig. 14 that the
annealed films at both wavelengths behave differently from un-
doped layers in the sense that the absorption coefficient is bulk-
silicon-like over the whole range from T, = 560°C to 606°C, con-
firming that over this whole range the films are at least of medium
acceptability. The very good quality of the films for T; < 570°C as
compared to 580 < T'; < 600°C does not show up, in contrast to what
had been seen in elastic scattering (Fig. 12). For T; = 620°C, how-
ever, a sharp increase in absorption occurs indicating inferior film
quality, which is in accordance with the findings of the structural
perfection studies.

6.2 Refractive Index

The refractive index is of importance for routine thickness mea-
surements using the optical thickness monitor described by San-
dercock.? The effective refractive index was measured on as-grown
films as a function of the film deposition temperature by relating
the optical thickness ¢,, for n = 1 (as measured with the optical
monitor) to the thickness reading with the Dektak surface profilo-
meter l4, according to n.g = t,/t,y. The results, given in Fig. 15,
show three distinct regions: n = 3.9 for amorphous material de-
posited at Ty < 580°C; a transition region for T; = 580 to 600°C,
where the material is deposited with a mixed amorphous/crystalline

»
[}
T
1

o

EFFECTIVE REFRACTIVE INDEX ngfs

Fig. 15—Effective refractive index n,, as a function of deposition temper-
ature T, for as-grown films.
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structure; and n,; = 3.5 for T, = 600°C for crystalline material. It
is obvious that the large change in refractive index can also be used
to get rapid information on whether the deposited material is amor-
phous or polycrystalline.

7. Surface Roughness

It has been shown by various authors that “bumps” and asperities
on the initial polysilicon surface texture are determining factors for
the poly-oxide interface and dielectric strength of the oxide. The
surface roughness of polysilicon films and their characterization are
therefore of particular importance for subsequent processing. There
is a vast amount of literature on the measurement of surface rough-
ness by mechanical, optical, and other techniques.

For very smooth surfaces, which are desired for the application
to high-density ICs, optical techniques are preferable because of
higher sensitivity and accuracy combined with their nondestructive
and contactless nature. The total intensity and angular dependence
of light scattered from surfaces with microirregularities whose
heights are much smaller than the wavelength of the incident light
and whose lateral dimensions are comparable to or greater than a
wavelength can be explained by diffraction theory.!!

Another optical technique makes use of the coupling of light to
surface plasmons at a metal or metal-covered surface. A surface
plasmon is a quantized collective oscillation of the electrons. It can
also be viewed as a polarization wave propagating along the surface
and carrying an electric field that is part longitudinal and part
transverse. Surface plasmons cannot be excited by light on ideally
smooth surfaces, but surface roughness provides the mechanism to
conserve momentum tangential to the surface. This coupling causes
dissipation of electromagnetic energy resulting in a loss of reflected
light in the spectral region of the surface plasmon frequency. Many
authors!? have used silver films as metal layer covering the surface
under study, since the surface plasmon frequency corresponds to a
very convenient wavelength region of A = 3500 A. Equally impor-
tant is the evidence that the evaporated silver film conforms to the
contours of the original surface with an accuracy of a few A, and
further, adds no structure of its own.!* The photon—surface-plas-
mon coupling is, in contrast to light scattering, strongest for lateral
dimensions smaller than the wavelength of incident light.!! The low
spatial wavelength cut-off is of the order of the Fermi wave vector,
i.e., a few A, but in practice it is also influenced by the continuity,
height distribution, and slope distribution of the surface.
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Fig. 16—Reflection of undoped silvered polysilicon films versus wave-
length. The solid line is for T, = 560°C; the dashed line is for T,
= 620°C, 7, = 950°C.
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We have evaporated a silver layer of 700 to 1000 A thickness onto
the surface of as-grown and annealed silicon films and then mea-
sured the reflectance. To illustrate the results, we show in Fig. 16
the reflectance spectra of two undoped silvered films in the wave-
length range from 0.2 to 0.5 um. Common to both curves is the long-
wavelength part and the lower part of the steep volume plasma edge
of A = 0.32 um. The solid line represents an as-grown film deposited
at T, = 560°C. It shows only a small indention at the surface plas-
mon wavelength A = 0.35 um. The dashed line is from an undoped
film grown at T; = 620°C and annealed at T, = 950°C. We observe
a dramatic loss of reflection, AR, due to stronger surface plasmon
excitation which, in turn, is caused by much higher surface rough-
ness in comparison to the low-T film. On the basis of this spectral
dependence, it sufficed to determine the surface roughness on all
films by a reflection measurement only at A = 0.35 pm after silver
evaporation. The reflection loss was normalized to the reflection
value of a reference sample that is freshly silvered in each evapo-
ration run together with the batch of unknown samples. As rough-
ness standards we used a “superpolished” SiC mirror! (courtesy of
W. J. Choyke, Westinghouse Research Laboratories, Pittsburgh,
Penna.) with a root-mean-square surface roughness o,,, = 5 to 8
A, determined from total laser scattering intensity, and polished
quartz plates with o,,, = 8 to 10 A. The root-mean-square surface
roughness o, in the following denoted as o, is defined by o2 = (z?)
where z is the surface height relative to the mean surface level at
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2 = 0. The o values of our films were obtained by using the cali-
bration curve between AR and o established by Cunningham and
Braundmeier!® who used the interferometric method of observation
of fringes of equal chromatic order (FECO) to determine o.

Fig. 17 shows the ¢ values of in-situ phosphorus-doped films (points
and solid line) compared to undoped films? (dashed line) versus de-
position temperature T,. There is no difference between as-grown
and annealed films outside of a small local variation of 1 to 2 A.
We see that o values less than 15 A can be reliably achieved only
at deposition temperatures T, < 580°C, as was the case for undoped
films. These films are amorphous or mixed as-deposited, but the
important point for critical device applications is that the smooth
surface is preserved in the annealing process. In contrast to the
undoped films, however, o values smaller than 25 A are still ob-
tained up to Ty = 620°C, and the sharp transition to very rough
films with o values in excess of 70 A occurs at T; = 625°C. There
seems to exist a correlation between excessive surface roughness
and the occurrence of a strong texture. Undoped films had a very
rough surface for T; = 620°C where a strong (110) texture and
columnar growth!é were observed. In-situ phosphorus doped films
grown at T; = 640°C again have a high roughness and a strong
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Fig. 17—Root-mean-square surface roughness o of in-situ phosphorus-
doped polysilicon films (as grown and annealed at 900—1000°C)
versus deposition temperature; X = amorphous, O = mixed, O
= crystalline. The dashed curve illustrates data obtained on un-
doped films.
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texture, this time of the (311) type. At this moment we do not want
to overemphasize this correlation for the simple reason that we have
not grown films at higher temperatures in either case.

As in the undoped films the surface roughness is not changed by
the annealing process. This is surprising, particularly for the su-
persmooth, initially amorphous films that crystallize during an-
nealing. It is even more surprising for the phosphorus-doped films,
since the grain growth is strongly enhanced by the presence of phos-
phorus. The average grain size for Ty < 570°C after annealing is
2000 to 3000 A (see Table 1), which is a factor of 3 to 4 higher than
for undoped films.2 There is even an appreciable number of grains
of a size around 5000 A, i.e., of the order of the film thickness; and
the surface roughness is still no more than o = 15 A. Since the
peak-to-valley roughness is only a few times the value of o, it
amounts to just about 1% of the largest grain sizes. This surprising
result can only be understood by crystallization phenomena near
the surface such that the nucleation and growth of the crystallites
are accommodated within the initially smooth contour.

The photon—surface-plasmon technique yields one number char-
acterizing the vertical roughness; it does not give numerical infor-
mation on the lateral structure. For this reason it is necessary to
complement it by another technique, such as electron microscopy,
to characterize the lateral structure. As for undoped films,! surface
replica of the polysilicon films have been shadowed by oblique evap-
oration of platinum of 10 to 20 A thickness. TEM micrographs of
the shadowed replica show typical lateral dimensions of 100 to 300
A for T, < 580°C, 300 to 1000 A for 600°C < T, < 620°C, and peak-
to-valley roughnesses that are in good agreement with the optically
determined values. (The technique has not been applied to films for
T, > 620°C.) A direct visual impression can also be gained from
high-resolution SEM micrographs. Fig. 18 shows micrographs of the
sample surface after the 1000°C anneal. It can be seen that the
lateral dimension of the T; = 560°C film is typically about 200 A.
The T, = 625°C film has a far rougher appearance with lateral
dimensions of 1000 to 2000 A size. It seems fair to expect a smoother
poly-oxide interface if an oxide is grown from the initially amor-
phous low-T, material.

Rapid characterization of the surface roughness is possible by
means of the UV Reflectometer, which had originally been devel-
oped to measure the near-surface crystallinity of silicon on sap-
phire.2 The UV characterization of polysilicon is described in a sep-
arate article in a previous issue.!’
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Fig. 18—SEMs of the surface of in-situ phosphorus-doped polysilicon films
annealed at T, = 1000 after deposition at (a) T4, = 625°C, crys-
talline and (b) T, = 560°C, amorphous.

8. Electrical Conductivity

The electrical conductivity at room temperature for the as-grown
phosphorus doped films was measured with an evaporated-alumi-
num gap structure, as shown in the insert of Fig. 19. The thermally
crystallized material, because of the high conductivity, could be
measured directly with a 4-point probe. The films were given a
buffered HF treatment prior to these measurements in order to re-
move existing surface oxides. The conductivity as a function of
growth and annealing temperatures is shown in Fig. 19. With re-
spect to the growth temperature, there are three distinct regions: a
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Fig. 19—Room-temperature electrical conductivity for in-situ phosphorus-
doped films. T, is the deposition temperature (°C), T, is the an-
nealing temperature (°C), and the deposition conditions are as
follows: PHySiH, = 8 x 10-¢ SiH, = 300 cm?® min-!, system
pressure 500 mT, substrate spacing '/« inch.

low-temperature region with T'; < 570°C, where the material is fully
amorphous (X-ray & Raman) with a low conductivity around 10-2
(Q ¢cm)-!; a transition region for Ty = 580°C, where the material
has a mixed amorphous/crystalline structure with a conductivity
between 10-! and 102 (2 ecm)-!; and a region for T; = 600°C, where
the material is fully crystalline with a corresponding high conduc-
tivity between 102 and 103 (Q2 em)-!. Of interest for practical appli-
cations is the highest achievable conductivity for annealed mate-
rial. Annealing treatments in N, + 0.5 vol % O, in the range of
900-1000°C results in a conductivity 8 = 1-1.25 x 10% (Q c¢m)-!.
The corresponding sheet resistivity for a 0.5-pum thick film is 16—
20 (/0. The conductivity decreases slightly as the growth temper-
ature is increased above 600°C.

9. Conclusions

The growth conditions and physical properties of both as-grown and
annealed in-situ phosphorus doped films are summarized in Tables
2 and 3 and can be compared with the corresponding conditions and
properties for undoped films in Tables 4 and 5. The conclusions
drawn from this detailed investigation are roughly similar to what
has been given for updoped polysilicon!? in the sense that the de-
position in the amorphous phase provides the best properties of the
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Table 2—Properties of Phosphorus-Doped As-Grown Films: SiH, = 300 cm¥min,
PHySiH, = 8 x 10-¢, p = 500 mT, substrate spacing = Y« inch

Properties T < 570°C 580 < T, € 620°C T, > 620°C
Growth rate 25-32 A/min 40-75 A/min 143 A/min
Effective refractive

index 3.93 3.85-3.5 35
Typical radial

thickness uniformity 7-10% 14-18% >20%
Structure amorphous mixed amorphous/ polycrystalline

crystalline

Average grain size — 700-5000 A 300-900 A

Preferred grain

orientation — (311), (111) (311)
Surface roughness (rms) <15 A <20 A >70 A
Electrical conductivity 1072 (2 em)™! 107! = 7 x 1072 (Q em)! 3 x 10% ({2 cm)™!
Laser scanner

Threshold 1

(0 dB, 4416 A) =450 units 300 to 450 units <300 units

material, and these properties (low strain, low surface roughness,
good structural perfection, etc.) are unchanged upon annealing (un-
der conditions comparable to actual processing). There are more
subtle effects, however, for in-situ phosphorus doped polysilicon. (1)
The transition temperature from amorphous to crystalline deposi-
tion temperature is reduced to about 580°C. (2) For very stringent
requirements a deposition at 560 to 570°C in the amorphous form
is recommended. (3) For many applications, however, the temper-
ature range of 580 = T, < 620°C might yield material properties

Table 3—Properties of Phosphorus-Doped Annealed Films (900—1000°C)

Properties T, < 570°C 580 < T, =< 620°C T, = 620°C
Structure Polycrystalline Polycrystalline Polycrystalline
Average grain size 2700 2, 2250 'X 1000-2000 A
Preferred grain

orientation (111) (111) (111) (311)
for 620°
strong (311)
for 640°
Structural perfection high medium low
Strain medium medium medium
Surface roughness
(rms) <15 A <25 A >70 A

Electrical conductiv-

ity (average value) 1.2 x 10° (Q em)™' 1.4 x 10° (2 em)™' 9.5 x 10? (2 em)™!
Thermal activation

energy not measured
Laser scanner

Threshold 1

(0 dB, 4416 A) =450 units 300 to 450 units <300 units
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Table 4—Growth Conditions and Properties of Undoped As-Grown Films

T =< 580°C T = 600°C
Properties (low-T deposition) (high-T deposition)
Growth conditions 200 ¢cm®¥min 50 cm?min
350 mT 120 mT
Substrate spacing Substrate spacing
% inch % inch
Growth rate 30 to 60 A/min 50 to 150 A/min
Effective refractive index 3.95 3.5-3.6
Typical radial thickness
uniformity <6% <6%
Structure amorphous polycrystalline
Average grain size — 160 to 320 A
Preferred grain orientation none for 560, 570°C {311) for 600°C
weak (311) for 580°C (110) for 620°C
Surface roughness (rms) <15 A 52 to 60 A (620°C)
Electrical conductivity 1 x 1078 (2 cm)™! 35x107-1x10¢
(£ cm)™!
Laser scanner Threshold I
(0 dB, 4416 A) 2570 units <350 units (620°C)

of lesser but sufficient quality. (4) Finally, deposition temperatures
T, > 620°C result in poor material (high strain and low perfection)
and should be avoided.

The growth rate increases with increasing temperature and is
higher than 30 A/min at T; = 570°C, where films of the highest
quality are still formed. The rate can be doubled in the upper part
of the temperature range, which yields medium quality films. Far
higher rates can be achieved at T, > 620°C, but only at the cost of
lower structural and surface perfection. It has further been shown
that sheet resistivities of 16 to 20 /0 can be achieved by in-situ
phosphorus doping and in the high-quality low-T, films.

Table 5—Properties of Undoped Annealed Films (900—1000°C)

T, < 580°C T4 = 600°C
Properties (low-T deposition) (high-T deposition)
Structure Polycrystalline Polycrystalline
Average grain size 700 to 920 A 240 to 400 A
Preferred grain orientation (111) (311) for 600°C
(110) for 620°C
Structural perfection high low
Strain low high
Surface roughness (rms) <15A 52 to 60 A (620°C)
Electrical conductivity
(average value) 1 x 10-% (2 cm)! 1.3 x 1078 (£ cm)™!
Thermal activation energy 0.5 to 0.58 eV ill-defined
Laser scanner Threshold I
(0 dB, 4416 A) =570 units <350 units (620°C)
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Abstract—The texture and surface smoothness of polycrystalline silicon
layers are important characteristics in the application of these
layers as gates, interconnects, and load resistors in high-den-
sity circuits. In this work, amorphous and polycrystalline silicon
layers were evaluated with respect to structural, topographical,
and electrical properties before and after diffusion doping and
ion implantation. Films prepared in the polycrystalline state by
LPCVD frequently have a columnar growth structure which is
associated with a rough surface. Diffusion-doping with phos-
phorus promotes grain growth and increases surface rough-
ness. By contrast, films prepared in the amorphous state retain
their initial smooth surfaces even after diffusion-doping with
phosphorus and subsequent annealing. Amorphous films that
are ion-implanted with phosphorus and annealed retain their
initial smoothness but reveal inhomogeneity in grain structure
from the tops of the films to the bottoms of the films depending
upon the depth of the implant.

1. Introduction
Polycrystalline silicon layers fulfill many important applications in

microelectronics, such as gates, interconnects, and load resistors.
The morphology and surface topography of these layers can strongly
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influence device performance especially in thin-film layered struc-
tures with fine device geometries. Surface asperities on layers pre-
pared by conventional means may lead to a lowering of the dielectric
field strength and enhanced tunneling currents in interfacing di-
electrics.! Structural properties, as influenced by deposition and
processing parameters, can have an appreciable effect on the elec-
trical properties of the layers for a given level of dopant.? In this
paper we discuss some of the structural, topographical, and elec-
trical properties of polycrystalline and amorphous silicon layers both
before and after ion implantation or diffusion-doping with phos-
phorus.

2. Experimental

The silicon films evaluated in this work were prepared by LPCVD
and were selected from several different reactors. The deposition
temperature ranged from about 560°C to about 620°C, and the sub-
strates employed were thermally oxidized silicon (3-inch-diameter)
wafers. Film thickness was usually 5000 A. Some films were dif-
fusion-doped with phesphorus by standard means using POCl;, and
some samples, which had been prepared in the amorphous state at
560°C, were ion-implanted with phosphorus, 3!P*, at 80 keV with
an implant dose ranging from 5 x 10!'to 5 x 10'%cm?. Implanted
films were provided with a thin SiO; cap (~350 A of SiO, grown in
steam + HCI at 800”C) and subsequently annealed at 950°C in Nj
for about 50 min.

The texture of the films was examined by x-ray analysis and by
cross-sectional TEM. Surface roughness evaluations were made by
UV reflectometry.? Resistivity measurements were made on the
various films using a conventional four-point probe in the case of
low-resistivity films and by a six-point probe? in the case of high-
resistivity films. Sheet resistance measurements were made by pro-
viding strip contacts on the surfaces of the films and estimating the
sheet resistance from the current-voltage curves.

3. Results and Discussion
3.1 UV Reflectance Measurements

An important consideration in these experiments was the surface
smoothness of the silicon films both before and after processing. Fig.
1 shows reflectance values obtained on a set of samples deposited
in the 560 to 622°C temperature range. As described in Ref. 3, the
reflectance terms, ARggo and AR 4q, represent the difference in re-
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Fig. 1—UV reflectance values, ARy and ARyg, Obtained on a set of silicon
films deposited in the 560 to 622°C temperature range.

flectance between a single-crystal silicon reference reflector and the
silicon film being evaluated at the wavelengths indicated, namely,
280 and 400 nm. The term AR g is used for assessing surface rough-
ness on polysilicon films, while the term AR 4 is preferred for eval-
uating films with amorphous character. A negative value is ob-
tained for AR,y in the case of amorphous films, since their reflec-
tance is higher than that of single-crystal silicon at this wavelength.

It can be seen from Fig. 1 that the values of ARjgy and AR g
remain almost constant for films deposited in the temperature range
from 560°C to about 580°C (corresponding to amorphous silicon
films). At deposition temperatures above 580°C, the reflectance terms
increase quite rapidly, indicating increasing surface roughness as
the deposited films become polycrystalline in character. These re-
sults demonstrate the difficulty in controlling film surface rough-
ness at conventional growth temperatures of about 620°C, especially
since a gradient in the furnace-temperature profile is sometimes
introduced to facilitate film-thickness uniformity throughout the
furnace. Thus, not all films may be deposited at the same temper-
ature in a given deposition run. In addition, diffusion doping of
polycrystalline silicon films may increase surface roughness still
further. Values of ARgg obtained on undoped and diffusion-doped
films from each of two different LPCVD reactors are presented in
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Table 1—Reflectance Values, ARgg0, for Undoped and Diffusion-Doped Polysilicon

Films.
Reactor 1 Reactor 2
Wafer No. As-Deposited POCl, (950°C) As-Deposited POCI, (950°C)
1 393 966 230 738
2 392 970 230 741
3 390 966 231 738
4 391 961 229 737
5 391 961 227 739
6 390 963 226 746
7 389 963 227 739
8 389 963 225 740
9 388 960 226 743
10 388 961 224 741
11 389 963 225 737
12 389 960 224 737
13 390 962 224 741
14 388 961 224 742
15 389 963 224 744
16 388 966 225 741
17 388 963 225 742
18 387 963 225 744
19 388 962 225 741
20 387 960 224 745
21 387 960 222 748
22 388 958 223 750
23 387 850 223 730
24 388 960 222 744
25 — 960 224 748

Table 1. It can be seen that a pronounced increase in the value of
AR gy occurs after phosphorus doping. While part of this increase
may be due to a change in the optical constants of polysilicon with
doping,? it is likely that most of the change results from increased
surface roughness due to grain growth.

It has been demonstrated that, when undoped and in-situ doped
amorphous silicon films are crystallized, relatively smooth surfaces
are obtained.5® Similar results were obtained in this work when
silicon films, initially prepared in the amorphous state at 560°C,
were diffusion-doped with phosphorus and annealed at 950°C for 1
hour. Representative reflectance values are given in Fig. 2 for these
films together with reflectance values determined for some of the
undoped samples from Fig. 1 after annealing at 950°C for 1 hour in
N,. Comparably smooth films are obtained for diffusion-doped and
undoped amorphous silicon films after crystallization.

Table 2 is a list of reflectance values obtained on a set of samples
that were initially prepared in the amorphous state at 560°C and
subsequently implanted with phosphorous and annealed at 950°C.
Again it is apparent that smooth films are obtained at all implant
doses.
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Fig. 2—UV reflectance values, ARy, obtained on silicon films: @ after
annealing at 950°C in N, for 1 hour, O after diffusion-doping and
annealing.

3.2 X-Ray and TEM Analysis

The texture of some films was examined by x-ray and TEM analysis
to determine grain size and structure and any relationship to sur-
face roughness as determined by UV reflectance. A set of four sample
pairs consisting of as-deposited and annealed films were examined
by x-ray analysis for differences in crystallite structure. The sample
pairs were selected from films initially deposited in the 560 to 622°C
temperature range. The results are given in Table 3.

Crystalline sizes were calculated directly from the Scherrer equa-

Table 2—Reflectance Values Obtained on Silicon Films (Ty = 560°C) Before and
After Implantation and Annealing.

Reflectance Values

After Implantation

As-Deposited and Annealing Implant Dose/cm?
Sample No. AR AR (00 ARy AR 400 (31P+, 80 keV)
1 214 -70 46 19 5 x 101
2 217 -67 77 59 5 x 1012
3 212 —64 56 26 5 x 103
4 215 - 64 36 23 5 x 10!
5 212 - 64 57 52 5 x 108
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Table 3—X-Ray Data Obtained on As-Deposited and Annealed Silicon Films.

Deposition
Sample No. Temperature (°C)  Annealed Dy, (A) Doy (A) | .,

2A 622 No 90 >705 9.57
2B 622 Yes 140 >1030 9.71
3B 600 No 80 230 0.22
3A 600 Yes 315 370 0.17
4A 580 No  Amorphous —

4B 580 Yes 325 315 0.13
5A 570 No  Amorphous —

5B 570 Yes 315 315 0.18

tion assuming that the line broadening observed was due to small-
crystallite-size effects only. Calculated crystallite sizes thus repre-
sent minimum possible values. Of the samples evaluated, the sample
pair deposited at 622°C was the most unique. Both the annealed
and unannealed specimens exhibited a large degree of (220) texture
and a unique crystallite structure. These samples seemed to have
two types of crystalline domains—a randomly oriented polycrystal-
line matrix with a crystallite size of ~100 A containing highly ori-
ented (220) domains with a much larger crystallite size. In this case,
only the crystallite size of the poly-matrix (~100 A) is reasonably
certain. The size of the larger (220) domains may be much larger
than the calculated value of 705 or 1030 A. If necessary, a more
accurate value for the larger (220) domains can be obtained by the
more laborious procedure of peak deconvolution followed by the ap-
plication of integral breadths to differentiate between the broad-
ening influence of crystal size and of microstrain. Annealing at 950°C
for 1 hour in N; seems to have little or no effect on films deposited
at 622°C. At this deposition temperature, annealed samples retain
their original large degree of (220) texture with perhaps a slight
increase of crystallite size of both domain types. The remaining
sample pairs initially deposited in the 570 to 600°C temperature
range appear to be random in orientation after annealing. As-de-
posited films at 570 and 580°C appear amorphous whereas their
annealed counterparts are crystalline having a random texture with
a calculated crystallite size of ~300 A.

Because of the pronounced (220) texture of the films deposited at
622°C, the ratio of diffracted intensities, Io9¢/I111, was used as an
index for characterizing film texture. Values of this ratio are given
in Table 3 for as-deposited and annealed films. It can be seen that
the value of this ratio is small for films deposited at low tempera-
tures and subsequently crystallized by annealing. Fig. 3 is a plot of
the UV reflectance term ARggy versus the I35/I1;; ratio for samples
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Fig. 3—UV reflectance values, ARy, versus the x-ray intensity ratio /xzo/
I111. The films were annealed at 950°C in Nz for 1 hour.

obtained from several different sources. It is clear that surface
roughness is strongly related to the (110) content of the films. The
lowest values of AR.g, are obtained at the lowest I20//11) ratios,
which correspond to films deposited in the amorphous or mixed
amorphous-polycrystalline state and subsequently crystallized by
annealing. This is clearly observed in the cross-sectional TEM mi-
crographs of Fig. 4 which show annealed films, initially deposited
at 600°C and 622°C. The columnar (110) structure of the film de-
posited at 622°C is evident. Annealing had no apparent effect on
this film, whereas the film deposited at 600°C was initially of mixed
amorphous-polycrystalline structure and was completely crystal-
lized upon annealing.

The texture of silicon films as related to deposition temperature
and annealing has been described in detail in the literature.”® The
purpose of this discussion is to indicate the quantitative correlation
between UV reflectance and film texture, and to emphasize the
critical dependence of surface roughness on deposition temperature
in the region conventionally used for the preparation of polycrys-
talline silicon films. A further complication is that furnace-temper-
ature profiles may be skewed to obtain film thickness uniformity
throughout the system. In addition, actual deposition temperatures
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Fig. 4—Cross-sectional TEM micrographs of (a) a silicon film deposited
at 622°C and (b) a silicon film deposited at 600°C. Both films were
annealed at 950°C in N, for 1 hour.

may not be known accurately because of the difficulty in making
such measurements at reduced pressures. By contrast, low-temper-
ature deposition results in relatively smooth films even after dif-
fusion-doping or ion-implantation and annealing. It has also been
reported that improved grain structure results from the crystalli-
zation of amorphous films.?

3.3 Electrical Properties

The sheet resistance of diffusion-doped silicon films prepared by
conventional means ranged from about 15 to 30 /0. The sheet
resistance of films prepared in the amorphous state and subse-
quently diffusion-doped ranged from about 12 to 20 /CJ. The doping
schedules were similar in all cases. It may be concluded that the
sheet resistance of diffusion-doped films, which were initially amor-
phous, is as low or lower than that of films prepared at conventional
growth temperatures.

The sheet resistance of silicon films deposited in the amorphous
state at 560°C and subsequently implanted and annealed (as de-
scribed previously) is plotted versus implant dose in Fig. 5. The
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Fig. 5—Sheet resistance versus *'P* implant dose for silicon films initially
deposited at 560°C. The films were provided with a SiO, cap and
annealed at 950°C in N, for 1 hour. The implant energy was 80 keV.

initial increase in resistance with increasing implant dosage may
be explained on the basis of carrier trapping in states at the grain
boundaries, thus depleting a portion of each grain and generating
potential barriers that impede carrier transport.® The steep part of
the curve in Fig. 5 is similar to that obtained for films prepared in
the polycrystalline state, except that a relatively high concentration
of dopant is required before the sheet resistance begins to abruptly
change from high values to lower values. This is indicative of small
grain size.!°

The ion-implanted samples were subsequently examined by cross-
sectional TEM. The results indicate that at (*!P*) implant doses of
5 x 10 or greater, relatively large-grain polysilicon (~1500-2000
A) is produced in the implanted surface region to a depth of about
1500 A after annealing. The texture of the silicon below this region
is apparently unaffected by the implant process and develops a fine-
grained (~150-200 A) structure. TEM micrographs (both bright-
field and darkfield) corresponding to an implant dose of 5 x 10'%/
cm? are shown in Fig. 6.

The reason for the growth of relatively large crystallites in the
implanted region is not clear, especially if the films were truly
amorphous at the time of implantation. Implantation with suitably
channeled silicon ions and subsequent annealing have been used
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Fig. 6—TEM cross-sectional micrographs (top is brightfield and bottom,
darkfield) of an ion-implanted and annealed film. Implant dose:
3P+, 80 keV, 5 x 10'5/cm?.

for increasing grain size in polycrystalline silicon films.!! Silicon
ion implantation followed by solid-state regrowth has also been used
for improving the crystallinity of heteroepitaxial silicon on sap-
phire.!2 These effects may have some influence in the case of amor-
phous silicon films implanted with phosphorus if fine polysilicon
grains were distributed throughout the material. However, the
dosage at which we have observed the onset of enhanced grain growth
is lower by about a factor of four than that employed in the refer-
enced work above. The influence of phosphorus in promoting grain
growth!3 may be the dominant factor favoring increased grain size
in the implanted region. Little or no effect of implant dose was
detected in the upper surface region in the case of implant doses
ranging from & x 10! to 5 x 10'%/cm?2. A fine-grain structure char-
acteristic of undoped films resulted when these films were annealed.
TEM micrographs corresponding to an implant dose of 5 x 10!3 are
shown in Fig. 7.

The fine-grain structure of the implanted films may account for
the relatively high sheet resistance observed for implant doses of 5
X 10’3 and higher. The resistivity of the films that received doses
of 5 x 101 and 5 x 10'5/cm? would probably be lower if the entire
film thickness had the larger grain structure characteristic of the
top 1500-A surface region. It is likely that these films had a gradient
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Fig. 7—TEM cross-sectional micrographs (top is brightfield and bottom,
darkfield) of an ion-implanted and annealed film. Implant dose:
31p+, 80 keV, 5 x 10'%cm?

in conductivity from the surface regions to the bottoms of the films.
The rapid decrease in sheet resistance at doses above 5 x 10'3/cm?
may also be related to development of large surface grains in the
implanted region. Higher energy implants would help in providing
more homogeneous grain structure throughout the depth of the films.

Electrical conductivity measurements were made on ohmic con-
tacts to films implanted with 3!P+ at 80 keV and a dose of 5 x 10'%
cm?. A room-temperature sheet resistance of about 2 x 10 /0 was
obtained, and the temperature dependence of electrical conductivity
indicated an activation energy of between 0.57 and 0.62 eV. This is
in good agreement with a value of 0.63 eV obtained on device re-
sistors at an implant dose of 10!3/cm? under the same implant con-
ditions.!*

4. Summary and Conclusions

The dependence of surface roughness of polysilicon films on growth
and processing parameters can be conveniently monitored by UV
reflectance measurements. Surface roughness increases rapidly with
deposition temperature above 600°C. At conventional growth tem-
peratures of about 620°C, a columnar growth structure character-
istic of preferentially oriented (110) material may cause enhanced
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surface roughness. This structure is much reduced in films initially
prepared in the amorphous or mixed amorphous/polycrystalline state
at lower temperatures and subsequently crystallized by annealing.
Consequently, these latter films have much smoother surfaces.

Diffusion-doping with phosphorus increases the surface rough-
ness of polysilicon films deposited at 620°C but causes little change
in the surface roughness of films initially deposited in the amor-
phous state at 560°C. Amorphous films that are ion-implanted with
phosphorus and annealed retain their initial smoothness but exhibit
relatively large grain size in the implanted regions of the films for
implant doses of 5 X 10'%cm? or greater. Beneath the implanted
regions, a smaller grain size, similar to that observed for annealed
but undoped films, is obtained. Small grain size is also obtained
throughout the film thickness for implant doses below 5 x 1014/cm?.

The sheet resistance of diffusion-doped silicon films, initially pre-
pared in the amorphous state, is as low or lower than that of films
initially prepared in the polycrystalline state at 620°C. The sheet
resistance of phosphorus-implanted and annealed amorphous sil-
icon films is less well defined because of the dependence of the grain
structure on the implant dose and depth of the implant. Further
work is needed to obtain lower sheet resistance values at the higher
implant doses. It is expected, however, that this can be accomplished
by increasing the depth of the implant.
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Silicon-Wafer Process

Evaluation Using Minority-Carrier
Diffusion-Length Measurement
by the SPV Method

A. M. Goodman, L. A. Goodman, and H. F. Gossenberger
RCA Laboratories, Princeton, NJ 08540

Abstract—Measurement of the minority-carrier diffusion length L by the
constant-magnitude steady-state surface photovoltage (SPV)
method has become an important tool within RCA for evalu-
ating the effect (on L) of silicon device fabrication steps. We
present first a simplified description of the method and the
practical information required for implementing this measure-
ment technique. Substrate selection, sample preparation, data
evaluation, and the limitations of the method are discussed in
detail. Next, we describe the use of the SPV technique to mon-
itor the unintentional introduction of heavy metal impurities at
five different steps during wafer processing. The causes of wafer
contamination are: (1) inadequate wafer cleaning, (2) handling
wafers with stainless-steel tweezers, (3) frictional contact be-
tween wafers and metallic components in the end stations of
ion implanters, (4) a malfunctioning boron-doping source, and
(5) impurities introduced during epitaxial layer growth. The
beneficial effect of adding 1-1-1 trichloroethane (TCA) to a fur-
nace ambient is assessed by using the SPV technique and also
by counting the number of crystalline defects delineated with

Wright etch.

1. Introduction

In the fabrication of bipolar semiconductor devices, one of the most
important material parameters is the minority-carrier lifetime 7 (or
an equivalent parameter, the minority-carrier diffusion length L =
VDr, where D is the diffusion coefficient of the minority carriers).
The constant-magnitude steady-state surface photovoltage (SPV)
method! is in principle an excellent technique for determining L
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because: (1) the method is nondestructive, (2) sample preparation
is minimal, i.e., no contacts or junctions or high-temperature pro-
cessing steps are required, and (3) the method is based on steady-
state transport and is relatively immune to the slow trapping and
de-trapping difficulties that affect lifetime measurements made by
the photoconductive decay and other transient methods. It has been
established as a standard test method of the ASTM.? Nevertheless,
it does not seem to have received extensive use throughout the sil-
icon device industry. For example, at the Symposium on Lifetime
Factors in Silicon (February 1979, San Diego, CA), the SPV method
was the method of choice in only one of nineteen papers presented.?
It appeared that this lack of use of the method, despite its advan-
tages, was due to technical difficulties in implementation rather
than to a fundamental problem with the method itself. In subse-
quent work, these difficulties were addressed and virtually elimi-
nated by the development of an improved measurement system.*5
This system is now used on a routine basis within RCA for mea-
surements of L by the SPV method.

In this paper, the SPV method is used as a tool for evaluating the
effect of device fabrication steps on the minority-carrier diffusion
length of silicon wafers. To facilitate discussion of some of the mea-
surement details, we present in Sec. 2 a simplified description of
the SPV method. In Sec. 3, we describe the details of the sample
preparation and data evaluation, and discuss the limitations of the
method. In Sec. 4, we present specific examples in which the SPV
method is used to monitor the creation of contamination-related
recombination centers in silicon wafers.

2. Simplified Description of Method

The wafer under test (sample) is assumed to be in the form of a
homogeneous semiconductor slab of thickness W, as shown in Fig.
1(a). One surface of the sample is uniformly illuminated by chopped
monochromatic light of photon energy Av slightly larger than the
bandgap Eg of the semiconductor, while the opposite surface is kept
in the dark. Electron-hole pairs are produced by the absorbed pho-
tons; some of these pairs diffuse to the illuminated surface where
they are separated by the electric field of the surface space-charge
region whose thickness is w, thereby producing a surface photovolt-
age AV. A portion of AV is capacitively coupled to a transparent
conducting electrode adjacent to the illuminated face; this signal is
then amplified and rectified to provide a quasi-dc analog output that
is proportional to AV. The value of AV is a function of the excess
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Fig. 1—(a) Sample geometry (inset). (b) Plot of relative photon flux vs
reciprocal optical absorption coefficient.

minority-carrier density Ap at the edge of the surface space-charge
region. This density, Ap(0), is in turn dependent upon the incident
light flux I,, the optical absorption coefficient a, the optical reflec-
tance at the illuminated surface p, the recombination velocity at
the illuminated surface s, and the diffusion length L. For the sample
geometry shown in Fig. 1(a), a steady-state solution of the one-
dimensional diffusion equation is®

L(-p) oL i
DIL~s 1+al’

Ap(0) =

under the following simplifying assumptions:

aW>>1, [2a]
aw << 1, [2b]
W>>1L, [2¢]
w<<lL, [2d]
Ap << n,. (2e]

n, is the majority carrier density. We return later to a discussion of
these assumptions and their importance.

A series of different optical wavelength ¢\) values is selected to
provide different values of a. At each wavelength, I, is adjusted to
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produce the same value (a constant magnitude) of AV. It follows
then, that Ap(0) in Eq. [1] is a constant. If p is essentially constant
over the wavelength region of interest, Eq. [1] may be written

I,=CIl1 + ()71, (3]

where C is a constant. If I, is plotted against « ! for each constant-
magnitude AV point, the result is a linear graph whose extrapolated
intercept on the negative a~! axis is L. This is illustrated in
Fig. 1(b).

3. Implementation of the Measurement
3.1 Substrate Selection

Since diffusion length values as large as 250 um were expected for
properly processed wafers, 750-um-thick, float-zone (FZ), (100)-ori-
ented n-type wafers with a resistivity of 5-15 {}cm were used in
most of the experiments. The wafer thickness was chosen to satisfy
the assumption (Eq. [2¢]) that the sample thickness be much great-
er than the diffusion length. This point is discussed further in
Sec. 3.4.2.

In the as-received condition, the measured values of L were at
least 250 nm. The wafers were polished on one side and chemically
etched on the other side. Wafers with both sides chemically etched
could be used with the qualification that the etching be deep enough
to remove any surface work damage produced by the wafer-slicing
process. Since the SPV technique is sensitive to surface damage,’
residual work damage can produce erroneous values of the mea-
sured diffusion length. Float-zone wafers were used instead of Czo-
chralski (CZ) wafers to eliminate the complications that might be
caused by oxygen (in different states of precipitation) that is nor-
mally present in CZ silicon at a concentration in the mid 107 to
low 1018 atom/cm3. In as-grown float-zone material the oxygen con-
centration is typically less than 1016 atoms/cm3. The minority-car-
rier diffusion length is not affected significantly by the presence of
oxygen at such a low concentration.

3.2 Sample Preparation for SPV Measurements

N-type samples in this study were prepared by cleaning the wafers
in standard Si-cleaning etches (SC-1 and SC-2),% removing any re-
sidual SiO; layers in buffered HF, and treating the wafer surface
in an aqueous solution of KMnOQy. For p-type samples, the KMnO,
treatment step would be omitted.
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The purpose of the sample-surface preparation was to provide a
large, stable surface barrier; this would, in turn, allow the devel-
opment of a large, stable surface photovoltage during the measure-
ment. Most of our samples are characterized at an SPV level (at the
Si surface) of about 5 to 10 mV. In some cases when the diffusion
length is very short (<5 um), it is necessary to work at lower SPV
levels (~1 mV). Noise level and observed drift during the measure-
ment procedure are typically <1%. A more complete account of the
surface treatment details and the studies that led to the procedure
described above will be published at a later date.

3.3 Data Evaluation

It is evident that the data points in Fig. 1(b) do indeed lie on a
straight line, and this type of measurement result is normally ob-
served. Occasionally, however, curvature is observed, and some of
the possible reasons for this are discussed below.

Some quantification of the curvature of an I, vs a~! plot may be
obtained by the following procedure: (1) Fit the data with a “best”
straight-line plot which minimizes the sum of the squares of the
differences between the I, data points and the “best” straight line,
and (2) determine the correlation coefficient r for that fit.® Under
certain conditions, r will be a measure of the curvature of the I, vs
a~1 data plot.

For a perfect fit, r will have the value 1; this will be true if and
only if every data point lies directly on the “best” straight line.
Values of r less than 1 may occur for either (or both) of two reasons:
(1) random fluctuations (noise) in the data, and (2) nonlinearity in
the functional relationship between I, and a ~!. The first reason will
be present to some degree in any real measurement system, pref-
erably at some small, relatively constant, level. The second reason
may be present if one or more of the assumptions employed in the
derivation of Eq. [1] are invalid.* A crude measure of (2) may be
obtained by considering the extent to which the actual r falls below
the minimum value of r expected as a result of (1).

Most calculator and computer programs for linear curve fitting
(linear regression analysis) give r2 (rather than r) as an output. For
convenience, then, r2 will be used as the parameter of correlation
in further discussion.

* The second reason may also be present if a nonrandom error is built into the
measurement system. This possibility was effectively eliminated by showing that
the presence of the nonlinearity was both rare and sample-dependent.
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It has been found experimentally that r2 values between 0.99 and
1.00 are generally obtained from I, vs a~! plots, and 0.99 has been
set as a minimum value of r2 for which our data are considered
reliable. This cutoff value is somewhat arbitrary. Some data plots
with 72 = 0.98 appear to have only random scatter of the data points
about the “best” straight line; others show small but clearly per-
ceptible curvature. Most data plots with r* < 0.98, however, show
obvious curvature. It should be noted in passing that the cutoff
value for r2 is (and should be) system dependent. A noisy system
would, for example, require a lower cutoff value of r2 because of the
larger random fluctuations in the I, vs a~! data.

3.4 Limitations of the Method

The limitations of the method fall naturally into two categories: (1)
sensitivity (noise) limitation, and (2) fundamental limitations due
to the assumptions stated in Egs. {2a] through [2e].

3.4.1. Sensitivity Limitation

A sample with a given value of L will have, for a specific measure-
ment system, a maximum limit on the value of SPV that it can
produce over the wavelength range required for the measurement
procedure described in Sec. 2. When L becomes so small that the
system noise becomes comparable with the SPV, the value of r2 for
the I, vs a~! plot will decrease to some unacceptable level.

We have not yet reached the minimum value of L that it is pos-
sible to measure, based on the sensitivity limitation. Gold-doped
silicon samples typically have measured diffusion-length values in
the 1- to 2-um range; however, values below 1 pm have been found,
the lowest being 0.2 um. It is important to note that despite a di-
minished SPV signal, the noise level was still sufficiently low that
r2 for this data plot was 0.999+, as indicated in Fig. 2(a). Also
shown here, for contrast, (curve b of Fig. 2) is the SPV data for a
sample with a large diffusion length (=200 pm).

An additional indication of how small a diffusion-length value
may be measured is found in the work of Moore.!® Using an SPV
measurement system that was specifically designed for his appli-
cation, he is able to reliably determine L values in hydrogenated
amorphous silicon (a-Si:H) as small as 0.02 pm.
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Fig. 2—Plots of relative photon flux vs reciprocal optical absorption coef-
ficient illustrating two results of high-temperature furnace treat-

ment: (a) wafer processed in a gold-contaminated furnace tube
and (b) wafer processed in a clean furnace tube.

3.4.2 Fundamental Limitations Based on Egs. [2a] Through [2e]

It is useful to examine the assumptions [2a] through [2e] that were
used to derive Eq. [1]. Although a rigorous mathematical treatment
is beyond the intended scope of this paper, some useful insights can
be developed from a semi-quantitative consideration of the assump-
tions and the extent to which they are valid.

aW >>1 [2a]

This condition assures that all of the light entering the sample is
absorbed before it reaches the rear (unilluminated) surface; the av-
erage penetration depth of the light in this case is « ~!. If this con-
dition is not maintained, the I, vs a~! plot may become nonlinear.
As a practical matter, detectable nonlinearity may occur for 3 <
aW < 4; aW = 4 is sufficient to assure a linear plot.
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aw << 1 [2b]

This condition assures that a negligible amount of light is ab-
sorbed in the space-charge region. It is not usually a difficult con-
dition to meet. For example, the doping in our test-sample wafers
is typically 10/cm? and w <2.5 pm. The lowest value of a~lused
in the measurement is usually 14.3 pm; thus, aw <0.18. If it were
desirable to use less penetrating light for the measurement, more
heavily doped test-sample wafers could be used.

W>>1L [2c]

This is the most troublesome condition to meet because it requires
very thick test-sample wafers to measure large diffusion lengths.
Examination of an exact solution of the diffusion equation (not re-
quiring W >> L)!! shows that (1) W > 4L is sufficient to give very
accurate results, and (2) 2L < W < 4L gives results whose accuracy
is dependent upon the surface recombination velocity at the unil-
luminated surface. For W = 2L, the inaccuracy of the apparent
(measured) diffusion length Ly is ~10%. As a practical matter we
assume that if Ly < W/3 the value is accurate, but if Ly > W/3 the
numerical value is suspect and we can say only that L = Wi3.

w<<L [2d]

The value of L, determined by the SPV method is actually a
collection length; i.e., it is the distance into the sample from the
illuminated surface that defines a region from which optically gen-
erated carriers are collected. This collection length is equal to L if
w is small enough to be neglected; i.e., if the carriers generated in
the space-charge region (whose thickness is w) can be neglected. If
w is not small relative to L, then Ly > L.

In crystalline silicon, non-negligible w is not usually a problem
for the following reasons: (1) for processing studies, L values in the
range of greatest interest (L > 30 pm) are much larger than w in
the test sample wafers (w < 2.5 pm), and (2) if it were desired to
study L values in degraded silicon (e.g., L = 1-2 pm in Au-doped
material), one could use test-sample wafers with greater donor or
acceptor doping to obtain much lower values of w.

It is interesting to note that in a-Si:H, the situation is very dif-
ferent; w is often much larger than L. A theoretical treatment of
the relationship between L4, L, and w has been given for this case
by Moore.!2 One approach that can be used to reduce w is to flood
the sample with unchopped light, thereby collapsing the space-charge
layer.
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Although it would be possible, in principle, to violate this condi-
tion if one were to use very lightly doped, very-long-lifetime silicon
and intense light, the experimental arrangement of our measure-
ments assured that the condition was always valid.

In summary, of the restrictive conditions imposed by Egs. [2a]
through [2e], only that due to Eq. [2c] is significant; the limitation
imposed by it can be stated as follows: To accurately determine a
diffusion length L, cne requires a sample whose thickness W is at
least 3L.

4. Sources of Wafer and Furnace Contamination

Diffusion length values between 0.5 and 300 um were measured on
wafers that had been processed at high temperature (=1000°C). In
numerous cases, the source(s) of contamination were identified ei-
ther by using the SPV method alone or, more commonly, by utilizing
the SPV data along with other evidence. In the rest of this paper,
several of these experiments utilizing the SPV method are dis-
cussed.

4.1 Inadequate Wafer Cleaning

As indicated in Sec. 1, the sample preparation required for a SPV
diffusion-length measurement is minimal; no metal contact, p-n
Jjunction, or thermal oxide with a specified thickness is necessary.
Consequently, it is relatively easy to process the same wafer through
several high-temperature operations while measuring the diffusion
length after each high-temperature step. In this manner, the same
wafer can be used to evaluate the effect cf sequential processing
steps on the diffusion length.

However, a word of warning is appropriate. After a SPV meas-
urement on a wafer but prior to inserting it back into the process
sequence, the wafer should be properly cleaned in order to remove
any metallic contamination from the wafer’s surfaces; in particular,
the manganese-containing layer formed during the surface-treat-
ment procedure must be removed. A few times prior to an additional
high-temperature operation, we unintentionally omitted thorough
cleaning of surface-treated wafers. The diffusion-length values ob-
tained from SPV measurements on these wafers after the additional
high-temperature step were very small, varying between 1 and 10
pm. With suitable wafer cleaning, such as the standard SC-1 and
SC-2 procedure, residual metallic impurities were always ade-
quately removed from the wafers’ surfaces; so consequently, the
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diffusion-length values measured after subsequent high-tempera-
ture steps were not affected by the prior KMnOy surface treatment.

In normal processing, wafers do not come into contact with a
source of heavy metal contamination as great as the KMnO, sur-
face treatment. However, wafers can be contaminated by weaker
sources of heavy metal impurities when the wafers are either im-
properly handled or inadequately cleaned before high-temperature
processing. Two of these possible sources of heavy metal contami-
nation are discussed next.

4.2 Stainless Steel Tweezers

There are several reports in the literature!3:14 that metallic contam-
ination can be introduced into silicon wafers by gripping or slightly
scratching wafers with stainless-steel tweezers. We performed a
series of experiments in which the SPV technique was used to meas-
ure the lateral extent and the electrical effect of contamination
produced in wafers by handling them in specific places on the wafers
with stainless-steel tweezers just prior to putting the wafers into a
high-temperature furnace. During the standard furnace cycle the
wafers were annealed at 1200°C for 2 hours in a gas mixture con-
taining N2 and a few percent of Os.

After the SPV measurements, the wafers were immersed in Wright
etch!® to delineate the presence of crystalline defects. The wafer
photograph in Fig. 3(a) presents typical results for the wafers con-
tacted by metal tweezers. In the photograph, the density of crystal-
line defects, in the form of light-scattering haze, is highest close to
the three positions where the wafer was held with the stainless-
steel tweezer. The defect density drops noticeably with increasing
distance from the regions directly contacted by the tweezer. The
lateral extent of the contamination-induced defects from the tweezer
marks is not surprising, since the primary constituents of stainless
steel are Fe, Cr, and Ni, which are all fast diffusers in Si.!3.14

Included with the photograph in Fig. 3 is a crude wafer map of
SPV values for the diffusion length at specific positions on the wafer.
The diffusion length is clearly smaller at the three positions close
to where the wafer was handled with the tweezer and becomes larger
with increasing distance from the contacted spots. Furthermore, the
negative effect of tweezers is even more noticeable when the data
shown in Fig. 3(b) is compared with diffusion-length values mea-
sured on uncontaminated wafers that were annealed at 1200°C si-
multaneously with the contaminated wafers. The clean wafers usu-
ally had diffusion-length values exceeding 200 pm. The approxi-
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Fig. 3—(a) Photograph of Wright-etched wafer that was held in three po-
sitions by a stainless-steel tweezer prior to being inserted into a
furnace set at 1200°C. The light-scattering haze produced by small
etch pits is most intense next to the positions where the wafer
was contaminated by the tweezer. (b) Crude map of the SPV values
for the wafer shown in (a).

mate 2.5:1 variation in minority-carrier diffusion length across the
wafer corresponds to a 6:1 ratio in recombination lifetime and a 1:6
ratio in the number of recombination centers, since LxV1 and
Tx1/N.

The light-scattering haze in Fig. 3 is composed of defects of two
sizes that are visible at high magnification: small, roundish defects
having a diameter ¢f 1 um or less, and somewhat larger defects that
are about 3 um long by 2 um wide. The small, round defects appear
to be classic S-pits, which are small stacking faults or precipitates
containing heavy-metal impurities.!* The S-pit density is about 1—
2 x 10%cm? in the keavy haze region, and is about 10%cm? in the
center of the wafer. The microscopic structure of the 3-um X 2-um
defects is not known at the present time.

4.3 Loading Stations in lon Implanters

In the previous section, data was presented showing the detrimental
effect on the minority-carrier diffusion length that results from han-
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dling silicon wafers wtih stainless-steel tweezers prior to a high-
temperature anneal. A similar effect has also been observed with
wafers that were contaminated when they slid across metallic parts
during the loading and unloading operations in certain commercial
ion implanters. Figure 4 contains typical SPV and Wright-etch data
for wafers that were annealed at 1200°C for 2 hours either in dry
O; or with a small amount of 1-1-1 trichloroethane (TCA) added to
the dry O, ambient. The wafers that went through the implanter
were not implanted with any ions but were only transported in the
loading apparatus; hence, the contamination was not introduced
into the wafers by the ion beam. Furthermore, the contaminated
wafers were not cleaned prior to being transferred into the furnace
boat with clean teflon tweezers.

ANNEAL W/0 TCA ANNEAL WITH TCA
L>40-50um Lx90~-100 um
DEFECT DENSITY= -5x10%cm® DEFECT DENSITY=¢ 102G kem?

100 pm

Fig. 4——Photographs and data showing that the addition of TCA to a fur-
nace anneal reduces the defect density and increases the diffu-
sion length. Bright spots in lower set of photographs are etch pits
associated with crystalline defects that are caused by heavy metal
contamination.
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The contaminated wafers that were annealed in the dry Oy am-
bient have average L values of 40 to 50 um. As shown in the low-
and high-magnification photographs of the wafer after Wright
etching, a fairly high density of small crystalline defects (probably
S-pits) is associated with the low L values. The presence of a small
amount of HCI (formed by the oxidation of TCA in the furnace tube)
in the dry Oz ambient decreased the average number of crystalline
defects by one to two orders of magnitude and raised the average
diffusion-length values by a factor of about two.

4.4 Contaminated Boron-Doping Source

One of the doping sources that is commonly used for emitters in
pnp structures and bases in npn structures is borosilicate glass (BSG)
that is deposited on the silicon surface by chemical vapor deposition
at atmospheric pressure and at a temperature of 350 to 400°C.16
Subsequent to the deposition of the BSG on the surface of the wafers,
boron diffusion into the wafers is carried out in a high-temperature
furnace. In one device-fabrication facility where this doping tech-
nique was used for many years, sporadic problems with poor mi-
nority-carrier lifetime were encountered.

In an attempt to identify the cause(s) of the lifetime variations,
wafers (some coated with BSG and some uncoated) were cycled
through a standard emitter diffusion cycle. The average diffusion-
length value for the six BSG-coated wafers was approximately 32
pm, while the average value for the six uncoated wafers was 36
pm. Both of these values were much lower than diffusion-length
values of 150 to 250 um that are normally obtained from clean
wafers processed in clean furnaces. These results demonstrated that
the short minority-carrier lifetimes and high leakage currents that
were being observed on transistors were being caused either by
contaminated BSG or by dirty boron-diffusion furnaces contami-
nated by some means other than the BSG. Since the BSG-coated
wafers had slightly lower L values than the uncoated wafers, we
theorized that contaminated BSG was the most likely cause of the
poor minority-carrier lifetime. This hypothesis was verified when:
(1) a leaking gas line was discovered on the CVD equipment used
to deposit the BSG!7 and (2) device performance returned to its
expected level after the CVD apparatus was fixed.

The atmospheric systems used to deposit BSG need not be signif-
icant sources of heavy metal contamination. Diffusion-length values
in the range of 60 to 100 um have been measured for wafers coated
with BSG from atmospheric reactors other than the malfunctioning
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one cited above. These larger values of L are sufficient for most
silicon devices today, even for power devices with diffusion depths
up to 30 pm.

One comment on the procedure for measuring the diffusion lengths
of boron-diffused wafers is appropriate here. To eliminate the ex-
perimental inaccuracies in the SPV measurement produced by the
boron-doped surface region, the measurements were performed ei-
ther by illuminating each wafer’s front surface after the boron-doped
layer had been etched away or by illuminating the wafer’s back
surface. The same diffusion-length values were measured with ei-
ther approach.

4.5 Epitaxial Layer Growth

So far, we have presented several examples demonstrating that the
SPV technique can be successfully used to evaluate the electrical
effect of heavy metal impurities introduced into wafers by four dif-
ferent operations associated with wafer processing. In this section,
we demonstrate how SPV measurements can be used to assess the
amount of heavy metal contamination that enters wafers during
the growth of epitaxial layers.

In many cases, the epitaxial layer thickness can be less than 15
pum, Unless the expitaxial layer is strongly contaminated by heavy
metal impurities, the actual diffusion length of the epitaxial layer
will be significantly larger than the thickness of the epitaxial layer.
Phillips!® presented a detailed analysis in which he was able to
extract the diffusion length in the epitaxial layer from the measured
diffusion length. However, in the most common range of interest
where the epitaxial layer thickness is much less than or about the
same as the measured diffusion length, the extracted value of the
diffusion length in the epitaxial layer is a very sensitive function
of the recombination parameters in the region close to the epitaxial
layer-substrate interface. The recombination parameters are often
not known to the accuracy needed to obtain accurate values of the
diffusion length in the epitaxial layer.

In our method, there is no need to directly measure the diffusion
length in the epitaxial layer. The silicon layer is deposited on the
same type of float-zone substrate previously described. The impor-
tant assumption is made that the contaminating species are distrib-
uted throughout the thickness of the epitaxial layer and the float-
zone substrate in a relatively uniform fashion. This assumption should
be a fairly good one since: (1) float-zone substrates have no inherent
gettering mechanism built into them as do Czochralski substrates

RCA Review * Vol. 44 « June 1983 339



and (2) at the temperatures (1100-1200°C) normally used for epi-
taxial deposition, the heavy metal impurities have sufficiently high
diffusion coefficients that the atoms can readily distribute them-
selves throughout the thickness of an entire float-zone substrate.
Presuming the validity of the assumption, the diffusion-length value
obtained using our approach is a fairly accurate measure of the
contamination level introduced into the epitaxial layer during the
growth process.

The presence of either a p-n or n*-n junction of sufficient barrier
height at the epitaxial layer-substrate interface could lead to er-
roneous diffusion-length values. This source of error can be removed
by etching off the epitaxial layer before making the diffusion-length
measurements.

SPV measurements were performed on numerous float-zone sub-
strates with deposited epitaxial layers. The validity of the assump-
tion about the uniformity of impurity distribution was repeatedly
proven by the measurement of equal diffusion-length values on the
front and back surfaces of a wafer. The diffusion length values varied
from as low as 2 pm up to 150 pm, depending upon the reactor in
which each layer was grown. The lowest values were measured on
wafers whose epitaxial layers had been deposited on float-zone sub-
strates that had not been properly cleaned (see Sec. 4.1). The SPV
data has allowed us to determine which reactors are producing ep-
itaxial layers with the largest amount of heavy metal contamina-
tion in the layers. However, with the exception of the poorly cleaned
substrates, insufficient work has been done to pinpoint the exact
cause(s) of the contamination-level variations between reactors.

5. Concluding Remarks

In the first portion of this paper, a simplified description of the
constant-magnitude SPV method is presented along with short dis-
cussions on the limitations of the technique and the sample prep-
aration needed to obtain reproducible results. The analysis dem-
onstrates that the minority-carrier diffusion-length measurements
are valid from values on the order of 1 pm to an upper limit that
is approximately equal to one-third the thickness of the test wafer.

Five case studies that demonstrate the versatility of the method
were presented. Four of these examples describe wafer contamina-
tion caused by inadequate cleaning, improper wafer handling, or an
impure doping source. In the last example, a new method is outlined
for assessing the level of contamination introduced during epitaxial
layer growth.
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Design Guidelines for Power
Switching Transistors

Ramon U. Martinelli
RCA Laboratories, Princeton, N.J. 08540

Ray Ford
RCA Solid State Division, Mountaintop, Pa. 18707

Abstract—A set of silicon npn power transistors has been studied to de-
termine the dependence of current-handling capability and
switching speed upon the open-base, collector-emitter break-
down voltage, BV¢g. Current-handling capability is character-
ized by the gain-current product, /,. Switching speed is char-
acterized by the critical current for base widening, /... Each of
these parameters scales with emitter area. Each parameter also
decreases with increasing BVcgo as a power law: /,, x (BV¢go) 6
and I, = (BVce)-27. These relationships aid in choosing the
appropriate chip size for a specified gain-current product,
switching speed and breakdown voltage.

1. Introduction

Designing a power transistor generally involves the development
of a family of similar devices, each member possessing a different
range of operating characteristics. To cover a wide spectrum of cur-
rent-handling and voltage-blocking capabilities, changes are made
in emitter area and in collector thickness and resistivity, respec-
tively. We have systematically studied the effects of such changes
upon the devices’ operating characteristics, and we have determined
some guidelines to aid the designer in choosing the proper chip size
for a specified maximum current and breakdown voltage. We also
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show how the switching speeds are related to this choice. Our work
depends heavily upon previous contributions in this field.!-

First, we discuss the physical structure of the transistors. Next,
three parameters that characterize the devices’ performance are de-
fined and related to commonly acquired electrical data. From these
data, we show how the three parameters are related to a set of
performance specifications.

2. Physical Structure

All the transistors used in this study were double-diffused, epitax-
ial-collector, npn power transistors mounted in TO-3 packages. The
p-type boron bases and n-type phosphorus emitters were diffused
into the n-type collector region through standard processing simi-
lar to that used for RCA’s 2N6678 Switchmax transistor. The re-
sulting peak dc current gains, hgz, ranged from 25 to 60, with most
units having a gain of about 40.

Figs. 1 and 2 show typical impurity concentration profiles for a
device. These profiles are derived from two-point spreading resis-
tance data. Fig. 1 shows the emitter-base region. The emitter-base
junction is 6 pm deep; the base-collector junction is 10.3 pm deep;

BASE COLLECTOR

EMITTER
B (P} (n°)

(ne)

IMPURITY CONCENTRATION (cm™3)

10' -
0" -
- [Xi(eb) [-Xj(cb)
1012 11 1 | |
0 S 10 15 20 25

DISTANCE FROM SURFACE, X, um

Fig. 1—Emitter-base impurity concentration profile derived from two-point
spreading resistance.
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Fig. 2—Base-collector impurity concentration profile showing the epitax-
ial collector, buffer layer, and substrate region.

and the base width is obviously 4.3 pm. All devices had emitter-
base profiles similar to that shown in Fig. 1. Variations in process-
ing resulted in small variations in base widths and peak gain
values.

A typical base-collector profile is shown in Fig. 2. The collector
has three distinct parts. The region adjacent to the base-collector
junction is the most lightly doped and supports the largest percent-
age of the reverse-biased collector-base voltage. Hence, this region
essentially determines the breakdown voltage. To alter the break-
down voltage, the thickness and resistivity of the lightly doped col-
lector region were changed. The resistivity and thickness of the col-
lector regions in the devices with the highest breakdown voltages
were 100 Q-cm and 40 pm, respectively. Those of devices with the
lowest breakdown voltages were 10 Q-cm and 8 um, respectively.
The region adjacent to the n* substrate is a more heavily doped
buffer layer. The buffer layer significantly extends the devices im-
munity to second breakdown, but does not support much reverse-
bias voltage.

Three different interdigitated emitter patterns were used, each
having a different emitter area, periphery, and chip size. Table 1
gives the pertinent data for each pattern. These data are also shown
normalized to that of the smallest pattern, E,. Note that emitter
area, A, scales with chip size, but emitter periphery, P, does not.
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Table 1—Dimensions of Three Interdigitated Emitter Patterns and Values of these
Dimensions Normalized to Pattern E,

Emitter Emitter Area Emitter Periphery Chip Size

Pattern A(cm?) AlA, P(cm) P/P, C(cm?) Cc/C,
E, 0.065 1.0 8.13 1.0 0.21 1.0
E, 0.100 1.56 11.4 1.4 0.32 1.56
E, 0.134 2.1 14.7 1.8 0.42 2.1

3. Characteristic Parameters

A switching transistor must block a given voltage; it must carry a
given current while in hard saturation [V¢g(Sat)}; and it must switch
between these states as quickly as possible in a nondestructive way.
As a measure of blocking voltage capability, we choose BV g0, the
open-base, collector-to-emitter breakdown voltage. BVcgo involves
the transistor gain, but most of the transistors tested had peak dc
gains (hg) near 40. In cases where a device’s peak gain was other
than 40, we found that BVcgg scaled as (hgg)¥4. All BVgo data were
then scaled to a peak gain of 40.

To characterize the transistors’ ability to carry current, we use
the gain-current product, I,,. To characterize their switching speed,
we use the critical current for the onset of base widening, I,,.. The
determination of these parameter values and their relation to more
commonly used characteristics are illustrated in Fig. 3.

3.1 Gain-Current Product, /n,

From a plot of hg versus I, for constant and relatively low values
of Vg, one extrapolates the 6 db/octave roll-off of hg with increas-
ing I. to the point where hgz = 1.0. The collector current associated
with this point is defined as I,,. This gain-current product describes
the gain properties of the unit as it approaches hard saturation. It
is a reliable measure of the current-handling capability of the de-
vice. The larger I,,, the more current a device can handle. Note,
however, that I, is meaningless for relatively low collector currents
where the dc gain is constant, or where the high-current gain ap-
proaches unity and rolls off faster than 6 db/octave with increasing
1.7

I, = 600 A in Fig. 3 and at V¢ = 3 V, for example, the device
has a gain of 12 at I, = 50 A. BV¢go is 160 V. With a forced gain
of 5 or less at I. = 50 A, the unit is driven into hard saturation. If
the power dissipation [Vg(Sat) x I, watts] is not destructively high,
this unit can handle I. = 50 A in the on-state. Should a forced
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Fig. 3—Gain and gain-bandwidth dependence on collector current. The
circled numbers indicate the log-log slopes for each set of data.

gain higher than 5 in the on-state be required, the device may be
constrained to carry a lower current; for it will not be driven into
hard saturation.

3.2 Critical Current for Onset of Base Widening, /.,

The critical current for base widening is reached in the following
way. Current flowing through the lightly doped collector causes an
ohmic voltage drop. At the operating point where this ohmic voltage
drop in the collector equals the applied collector-base voltage, Vp
= Vee — Vg, the collector-base junction is no longer reverse biased.
The collector current at this point is the critical current for base
widening, I.,. At collector currents slightly larger than I, the col-
lector-base junction is forward-biased and holes flow into the lightly
doped collector region from the base, increasing their spatial extent.
This extention is electrically equivalent to widening the base re-
gion. A widened base implies a lower limiting frequency response,
as measured, for example, by the gain-bandwidth product, fr. fr is
proportional to the inverse square of the effective base width.

I, can be determined from a plot of fr versus I, with V¢ held
constant (see Fig. 3). At low collector current, fr is constant. When
I. > I, fr decreases as I,~2, as seen in Fig. 3. It has been shown that
fr should decrease as I,-2 for collector currents greater than I,,.89
Essentially, the effective electrical base width increases as I., and
since f7 is inversely proportional to the square of the base width, f;
xJI-2forl >1I,.

The data of the type shown in Fig. 3 were taken with the devices
turned on; that is, a positive base-current pulse entered the base
input terminal. This situation contrasts to the case where the device
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is being turned off, and base current is extracted from the base input
terminal. In the case of turn-off, the internal charge and current
distributions are different from those distributions during turn-on.
The frequency response may have a different distribution as a func-
tion of I, and V. Nonetheless, a device that is slow to turn on is
likely to be slow turning off; so that the general switching-speed
characteristics of a transistor can be inferred from its speed during
turn-on.

4. Scaling Laws

41 1,

Fig. 4 shows the dependence of I,, on BV¢go for devices with the
three emitter areas given in Table 1. Each data point represents
the average value of measurements from ten or more devices. The
three emitter areas used are in the ratios 1.0:1.56:2.1. The numbers
in parentheses next to each curve in Fig. 4 are the measured ratios
of I, at a given value of BV¢go: 1.0:1.6:2.5. This result suggests that
for a given BV, I,, scales with emitter area, and not as emitter
periphery, since the emitter peripheries scale as 1.0:1.4:1.8 (see
Table 1). A straight-line fit to the data indicates that I,, decreases
as (BVcgo)~!5. Fig. 5 shows the data of Fig. 4 normalized to the

3

10
_ N\
5 A
3 g
L .e, 15
5 + &
2 A Ey
g N

102 = ’\\
-
> s \(25)
& Vee® 3V % 06)
4 \
O (1.0)
z
L4
(L

10 L

10 102 10%

BREAKDOWN VOLTAGE, BVcgg (V)

Fig. 4—The empirical relationship between gain-current product and
breakdown voltage for devices with three different emitter areas.
The slope of the lines is —1.5. Shown in parentheses next to each
curve is the empirical scaling factor for each different emitter area.
area.
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line fitis —1.6.

largest emitter area A,. (Additional data have been added to Fig.
5). The straight-line fit gives a log-log slope of — 1.6, which is in
reasonable agreement with the curves in Fig. 4. Assuming that a 1
cm? (394 X 394 mil®) chip is the largest chip to be put into a TO-3
transistor header, we have indicated the expected I,,-BV g line for
this maximum chip size in Fig. 5. These results show that a tran-
sistor’s current handling power decreases rapidly with blocking
voltage.

The data of Figs. 4 and 5 permit the selection of an emitter area
and, hence, chip size for a particular device. Assume one wishes to
have a BVcgo = 450 V and adc gainof 10 atI. = 3 A and Vi =
3V (i.e,, I, = 30 A). From either Fig. 4 or Fig. 5, one finds that
the emitter area should be 0.56 A,, and since chip size scales as
emitter area (see Table 1), the new device can be made on a roughly
0.19 x 0.19 cm (75 x 75 mil) chip.

Figs. 4 and 5 show the behavior of I,, with V¢ held constant at 3
V. Often, high-current gain is specified at other values of V. Fig.
6 shows the dependence of I,, upon V. These data are taken with
devices having BVcgo = 510 V and they are normalized to the larg-
est emitter area, A,. Over the V¢ values of 1 to 5 V, I, varies by
about a factor of two. The data of Fig. 6 give the adjustment required
in the curves of Figs. 4 and 5 when V¢ changes from 3 V to a value
between 1 and 5 V.
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42 I,

Fig. 7 shows the dependence of I, on BV¢go. I, * (BVgo)~27. I, also
scales with emitter area, but it decreases more rapidly with BV¢go

than does I,,.

If, for a given breakdown voltage, the collector region impurity
profile is altered to minimize the collector region resistance, one
finds that the collector resistance is proportional to the breakdown

shown.
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Fig. 7—The empirical relationship between the critical current for base-
widening and breakdown voltage. The log-log slope (—2.7) is
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voltage raised to the 2.6 power.!? In the present model, I, is in-
versely proportional to the collector resistance. Therefore, we expect
I, to be proportional to (BV¢gg) =28 if the collector resistance has
been appropriately minimized. Our experimentally derived expo-
nent of —2.7 shows that we have achieved this nearly optimal con-
dition. More importantly, our results agree well with the calculation
relating, albeit indirectly, I, with BV ¢go.

Fig. 7 illustrates that the limiting frequency response or speed of
a transistor switch decreases very quickly with increasing BV cgo.
One may compensate for this loss in speed at higher breakdown
voltages by increasing the emitter area. Increasing the emitter area,
however, overcompensates for the loss in current-handling capabil-
ity with increasing BV g, since I,, decreases only as (BV¢go) 1€ (see
Figs. 4 and 5).

The onset of base-widening results from the forward biasing of
the collector-base junction. As stated above, when the resistive volt-
age drop of the collector current passing through the lightly doped
collector region equals the applied collector-base voltage, no applied
reverse voltage exists across the collector-base junction. This con-
dition defines the critical current, I.,. One expects, therefore, that
I, will be linearly related to the applied collector-base voltage
through the collector conductance.

Fig. 8 shows the variation of I, with V¢ for a device with BV¢go
= 330 V. Also shown is the collector conductance as computed from

'
,"\EFFECTS OF CURRENT

CRITICAL BASE-WIDENING CURRENT, Io(A)
o
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4 —
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COLLECTOR-BASE VOLTAGE, Vg(V)

Fig. 8—The variation of the critical current for the onset of base-widening,
I, with collector-base voltage, Vs The collector conductance of
1.650 is shown as the solid line. The effects of base current crowd-
ing are shown by the dashed line.
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the two-point spreading resistance data for the collector resistivity
profile; the collector conductance is 1.65U. The emitter area is A,.
At values of I., less than about 3 A, there is a nearly linear rela-
tionship between I, and V¢g. Beyond I, = 5 A, I, values fall below
the line given by the collector conductance, and they become in-
creasingly sublinear with increasing V¢g. This tendency is in part
the consequence of current crowding in the base beneath the em-
itter,!! which geometrically decreases the collector conductance. The
dashed line shows the calculated effect of current crowding beneath
an emitter finger (see Appendix).

Fig. 9 shows the data of Fig. 8 plotted as a function of the collec-
tor-emitter voltage Vz. The empirical, straight-line fit indicates an
effective collector conductance of 1.15U. The data of Fig. 9 allow
the designer to adjust the I, versus BVgo data of Fig. 7 should a
specification on I, be given for values of Vg other than 5 V.

In terms of switching parameters, the importance of I, is readily
visualized. When switching along a resistive load line, R, the rise
time, storage time, and fall time characterize the speed with which
a transistor moves between the off-state (I, = 0, V¢g = V) and the
on-state [I, = V. /R, Vcz = Vcg(Sat)]. The rise time, ¢, is the time
it takes for I, to rise from ten percent to ninety percent of its max-
imum value. After a reverse base-current pulse has been applied to
turn the unit off, the storage time, ¢,, is the time required for the
current to drop to ninety percent of its maximum value. The fall
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Fig. 9—The variation of the critical current for base-widening with collec-
tor-emitter voltage, V.. These data are those of Fig. 8. The solid
line gives the effective collector conductance of 1.15U.
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time, ¢, is the time it takes the current to drop from ninety percent
to ten percent of its maximum value.

For a fixed value of V¢ these times increase rapidly with increas-
ing current, once the collector current exceeds I,,. This is shown
in Fig. 10, where ¢,, ¢,, and ¢, are plotted versus I, at Vo = 3 V, and
V.. = 200 V. The device used in these measurements had an emitter
area A, and BVg, = 340 V. R, was adjusted to obtain I, at Vo =
3 V. Also shown are hz; and f; as a function of I, (Vg = 3 V). Once
I, is reached at I, = 3 A, all switching times increase very rapidly.
Notice that kg does not drop off rapidly at I, = I.,.

5. Discussion and Conclusion

The results stated above are for a particular class of transistors,
and the ranges of BV¢go, I.- and I,, over which data were taken are
limited. Extrapolation far beyond the limits of the variables dis-
cussed for devices in this class should be undertaken cautiously.
Close to these limits, the guidelines provided above are accurate
and helpful.

All curves of I,, versus BV g, are presented at a constant value
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Fig. 10—Switching times for a device switching a resistive load as a func-
tion of collector current at constant collector-emitter voltage. Gain
and gain-bandwidth characteristics are also shown.
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of Vg, irrespective of the devices’ BV¢go value. Since one expects a
higher saturation voltage in a device with a higher BV¢go, one might
wish to use a higher constant value of V¢ for devices with higher
values of BVcgo. The rationale to do so is that if a device handles a
larger amount of power, it can dissipate a larger amount of power
in saturation. This notion has merit. The effect of such a procedure
is to have I,, fall off less rapidly with BV g,

For a given device structure, improvements in I,, result from in-
creased emitter efficiency!? and collector-base reverse-recovery
time.!3 The results stated above would be similar for an improved
device; but for a given set of current and voltage specifications, a
smaller chip size could be used.

There are other important design parameters for power transis-
tors. The list includes energy-handling capability, in both the for-
ward and the reverse switching modes, and input and output re-
actances. Although attention was paid to these parameters in the
fabrication of the sets of transistors used in this study, they were
not studied as a part of the work reported.

In summary, we have found that both I,, and I, scale with emitter
area and, hence, chip size. I,, scales as (BV¢go) ¢ and I, scales as
(BVcgo)~27. These relationships are reliable guides in the design of
power transistor switches.
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Appendix

The geometrical increase in collector resistance arising from cur-
rent crowding can be approximated in the following way. Fig. 11
shows schematically the vertical cross section of half an emitter
finger of width Wg/2. The collector resistivity is assumed to be uni-
form; the collector width is designated W.. The lower ohmic contact
spans the entire half finger. The breadth of the upper ohmic contact
depends on the degree of current crowding in the base beneath the
emitter.!! When the base current beneath the emitter causes sig-
nificant voltage drops, current injection from the emitter into the
collector occurs over a distance X,. X, is given by the approximate
formula!?
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Fig. 11—Schematic cross section of half an emitter finger. Current crowding
limits injection to an area X, wide.

X = 2kTPhrg
? qRSBIc ’

k is the Boltzmann constant, T is the absolute temperature, P is
the emitter periphery, q is the electronic charge, and R is the sheet
resistance of the base beneath the emitter. When X, = W;/2, the
collector resistance is minimal and injection occurs over the entire
emitter finger. When X, < W;/2, collector current is restricted, and
the resistance increases.

An approximate formula for the increased collector resistance in

ohms is!
W, (Wg — 2X,
£ in cos[—E——o)l]} . (2]
TI‘Wc 2WE
R, is the uncrowded, minimal collector resistance. Egs. [1] and [2]
were used to generate the dashed-line curve in Fig. 8, giving a good

description of the effects of current crowding on I,, and, hence, on
the switching speed of a transistor.

X, < Wg/2. [1]

R, = Rco[l =
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Patents Issued to RCA Inventors—First Quarter 1983

January

J. R. Archer Deflection Yoke Incorporating a Permeable Corrector (4,369,418)

G. R. Brlggs Vehicle Multiplex System (4,370,561)

G. N. Butterwick Evaporator Support Assembly for a Photomultiplier Tube (4,370,585)
M. G. Caracappa Signal Correiation Means Employing Charged-Coupled Device
Type Shift Registers (4,370,726)

D. J. Carison and W. L. Lehmann Phase Locked Loop Tuning System Including a
Prescaler Conditioned to Oscillate at an Out-of-Band Frequency (4,368,540)

J. W. Chamberlain and A. M. Goldschmidt Vertical Sync Independent Digital Skew
Servo (4,368,492)

C. F. Coleman VideoDisc Player Having Record Retaining Mechanism (4,370,738)
A. T. Crowley Phase Comparator System (4,370,653)

N. V. Desai, R. F. Poll, and B. L. Goydish Method for Removing Carbon Particles
From a Molded Article (4,369,307)

F‘i‘. N(‘S Evar;s Muitiplexing Arrangement for a Plurality of Voltage Controlled Filters
(4,368,541

R. W. Fitts Image Intensifier Tube Having an Internal Alkali Baffle (4,370,586)

J. D. Fletcher Switch Actuating Apparatus for VideoDisc Player (4,368,370)

B. Halon and J. L. Vossen, Jr. Removal of Plasma Etching Residues (4,370,195)
J. R. Harford Video Signal Recovery System (4,367,491)

D. D. Holmes Television Ghost Detection and Cancellation System Controlled Over
Several Lines of a Vertical Retrace Interval (4,367,489)

P. G. Huggett and K. Frick Development of Germanium Selenide Photoresist
(4,368,099)

R. H. Hughes and B. G. Marks Color Picture Tube Having an Improved Inline Elec-
tron Gun With an Expanded Focus Lens (4,370,592)

G. Kaganowicz Method for Mechanically Preparing Stylus Lapping Discs (4,369,604)
W. R. Kelly and E. J. Alvero System and Method for Intermittently Moving a Picture
Tube Panel on a Lighthouse (4,370,036)

P. Kuznetzoff Resistive Lens Structure for Electron Gun (4,370,594)

F. C. Liu Video Signal Defect Replacement Circuitry (4,368,483)

M. E. Malchow AM Stereo Receiver (4,370,520)

A. Miller Array Positioning System With Out-of-Focus Solar Cells (4,367,403)

A. N. Prabhu and K. W. Hang Crossover Dielectric Inks Used in Forming a Multilayer
Electrical Circuit (4,369,220)

A. N. Prabhu and K. W. Hang Crossover Dielectric Inks (4,369,254)

D. Léé’"é'g?) Switching DC-to-DC Converter Supplying Uninterrupted Qutput Current
(4,369,4

L. R. Rockett, Jr. Quantizing Circuits Using a Charge Coupled Device With a Feed-
back Channel (4,369,378)

M. D. Ross and J. K. Clemens Color Subcarrier Regenerator for Slow Down Pro-
cessor (4,370,672)

A. Schwarzmann Space-Loaded Coaxial Coupler (4,369,415)

R. W. Shisler Television Deflection Yoke (4,368,445)

S. Siegel Method for Cleaving an Optical Fiber (4,368,064)

D. J. Snyder and F. A. Bozarth Anti-Latch Circuit for Power Output Devices Using
Inductive Loads (4,367,509)

R. H. Sweigart and M. E. Doersom In-Line Electron Gun and Method for Moditying
the Same (4,370,593)

R. P. Thompson Preform Method of Synthesizing a Phosphor (4,370,287)

J. H. Thorn and R. E. Jennings System for Handling a Volatile and Flammable
Liquid (4,368,636)

J. Tults Arrangement for Both Channel Swapping and Favorite Channel Features
(4,367,559)

J. L. Vossen, Jr. and B. Halon Anisotropic Etching of Aluminum (4,370,196)

C. C. Wang, H. L. Pinch, and R. F. Bates Spinel VideoDisc Playback Stylus (4,370,739)
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February

K. B. Barnes Expandable FIFO System (4,374,428)

M. A. Blumenteld Method of Fabricating Buried Contacts (4,373,254)

R. L. Camisa Monolithic Integrated Circuit (4,374,394)

K. K. Chang Thin Kinescope and Electron Beam Reflector Therefor (4,374,343)

A. T. Crowley Digital Frequency and Phase Lock Loop (4,374,438)

L. A. Goodman Method for Manufacturing a Vertical, Grooved MOSFET (4,374,455)
g

. Gorog and M. J. Lurie Multibandwidth Optical Playback Apparatus With Elon-
ated Read Spot (4 375,096)

D. T. Hatin VideoDisc Stylus Cartridge With Protective Member (4,374,434)

D. D. Holmes Television Ghost Detector System (4,371,266)

D. D. Holmes Television Ghost Cancellation System With Ghost Carrier Phase Com-
pensation (4,374,400)

J. E. Keigler Solar Array Spacecraft Reflector (4,371,135)

E. O. Kelzer Method and Apparatus for Testing Styli (4,375,095)

K. C. Kelleher and T. J. Christopher Apparatus for Advancing a VideoDisc Pickup
Transducer Beyond a Disc Record Defect (4,375,094)

M. B. Knight Dual-Mode Control Signal Generating Apparatus (4,371,793)

W. G. McGuftin Position Sensor for VideoDisc (4,371,959)

W. R. Miller Method of Assembling a CRT Using a Coded Subassembly or Part
(4,374,451)

W.F. R;lchen Monolithic Integrated Circuit Interconnection and Fabrication Method
(4,374,392)

G. D. Rose Capacitive Information System (4,371,961)

R. L. Shanley, 2nd and L. A. Harwood Stabilized Video Signal Control Loop
(4,371,896)

B. W. Siryj Thermal Processor (4,371,246)

T. D. Smith Calculator Type Keyboard Including Printed Circuit Board Contacts and
Method of Forming (4,375,017)

D. L. Staebler Method of Restoring Degraded Solar Cells (4,371,738)

T. Takahashi Method for Preparing Divalent-Europium-Activated Calcium Sulfide
Phosphors (4,374,037)

J. L. Vossen, Jr. Plasma Etching Technique (4,372,806)

J. L. Vossen, Jr. and B. Halon Plasma Etching of Aluminum (4,372,807)

T. D. Yost Chrominance Signal Processor (4,371,891)

March

J. E. Andrus and K. W. Hang Apparatus for Electrophoretic Deposition (4,376,031)

S. S. Brokl Receiver for Jam-Resistant TV Signal (4,378,570)

(64. N7.632u‘:t6¢;rwlck Shielded Focusing Electrode Assembly for a Photomultiplier Tube
376,

F. Caprari Xenon Flash Lamp Shield (4,378,583)

T. J. Christopher and G. N. Mehrotra Signal Expander (4,377,788)

P. Datta, N. A. Arroyo, and R. N. Friel Conductive Molding Composition (4,378,310)

R. A. Dischert, J. J. Williams, Jr., and G. A. Reitmeier TDM Scheme for Digital Video

Processing (4,376,948)

R. A. Dischert and R. E. Flory Transmission System With Sequential Time-Com-

pressed Baseband Color (4,376,957)

T. L. Glock Shielded Beam Guide Structure for a Flat Panel Display Device and

Method of Making Same (4,376,258)

2!. Grgzsz. W. H. Barkow, and J. W. Mirsch Self-Converging Television Display System

4,376,924)

B. Halon Plasma Etching of Aluminum (4,375,385)

J. R. Harford Gain-Controlled Amplifier System (4,378,528)

R. H. Hedel Stone Sorting Apparatus and Method (4,375,854)

M. V. Hoover Operational Amplifier Employing Complementary Field-Effect Tran-

sistors (4,377,789)

K. C. Kelleher VideoDisc Player Having Timebase Correction and Constant Angular

Velocity Turntable (4,376,956)

S. C. Keller and L. C. Ruth Non-Loading Digital Voltmeter (4,375,616)

8181'6'3”“ Recovery of Normally lllegible, Magnetically Recorded Information

RCA Review « Vol. 44 « June 1983 357



P. J. Kunz Limp-Stream Method for Selectively Etching Integral Cathode Substrate

and Support (4,376,009)

M. J. Lurie Quasi-Zoom Lens for Optical Focus Sensor (4,376,303)

D. ;N Luz Duty-Cycle Controlled Inverter Power Supply for a Television Receiver

(4,377,776)

w.aFl. Miller Method of CRT Manufacture Using Machine Readable Coded Markings

(4,377,890)

S. V. Naimpally Signal Separation Networks (4,376,953)

E. S. Poliniak and P. Datta Processing of Video Discs (4,376,087)

A. N. Prabhu and K. W. Hang Conductor Inks (4,376,725)

A. N. Prabhu and K. W. Hang Overglaze Inks (4,377,642)

G. A. Reitmeler and F. J. Marlowe Self-Enabling Dropout Corrector (4,376,289)

G. A. Reitmeler Two Dimensional Adaptive Dropout Compensator and Chroma In-

verter (4,376,955)

G. A. Reitmeler Adaptive Error Concealment (4,377,820)

M. D. Ross Slow Down Processor for VideoDisc Mastering Having Color Phase

Error Detector/Corrector (4,376,954)

J. P. Russell System for Compensating for Intensity Variations and Beam Landing

Errors in Flat Panel Display Devices (4,376,260)

A. 3s7¢:hw:;arzmann High Power, Low Frequency, Electronically Adjustable Attenuator

(4,378,536)

F. N. Sechi Microwave Power Circuit With an Active Device Mounted on a Heat

Dissipating Substrate (4,376,287)

a. :bssnanley, 2nd and R. P. Parker Signal Gain Control With DC Compensation
,376,288)

R. W. Shisler and W. H. Barkow Television Deflection Yoke Having a Toroidally-

Wound Deflection Coil (4,376,273)

J. O. Sinniger and A. D. Robbi Digital Timing System for Spark Advance (4,375,209)

(84:?7 Steven and L. R. Aldridge Apparatus and Method for Cleaning Recorded Discs
,375,992)

A. Troiano Noise Responsive Automatic Peaking Control Apparatus (4,376,952)

G'é" Whlt;ey System for Securing Component Leads to Printed Circuit Boards

(4,377,026

R. Williams Metal Electrode for Amorphous Silicon Solar Cells (4,378,460)

D';:" Willis Television Receiver Ferroresonant Power Supply Disabling Circuit

(4,377,775)
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product he was instrumental in developing was a 15-A, 450-V switching
power transistor. In 1977 he received an RCA Laboratories Achievement
Award for this work. Dr. Martinelli continues to work in such power-tran-
sistor areas as minority-carrier lifetime measurement and control, deep-
level trap spectroscopy, and second breakdown in power transistors.

Dr. Martinelli is a member of the American Physical Society.

Joseph T. McGinn received his BS in Physics (with
honors) in 1969 from Lowell Technological Institute,
Lowell, MA, his MS in 1978 from the Mechanics and
Materials Science Department of Rutgers University,
and his PhD in 1981 from the same department.

Dr. McGinn joined RCA Laboratories as a Member
of Technical Staff in 1969 and has been part of the
Materials Characterization Research Group. His work
has been principally in the area of characterization of ‘ ‘
electronic materials through the use of transmission
electron microscopy and x-ray studies. He is currently actively engaged
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in the study of deposition kinetics of LPCVD silicon at low temperatures
and the growth of single crystalline films over amorphous insulators.

The areas in which Dr. McGinn has done extensive work leading to
publication include: the initial growth of silicon in Al,O,; laser annealing
of hydrogenated amorphous silicon; the role of buffered layers in the
degradation of LEDs and solid-state lasers; the effect of oxygen doping
on the structure of polysilicon films; the morphology of slope evaporated
SiO, films for liquid-crystal displays; the fault structure of fine gold par-
ticles in a silica matrix; the theory of annealing twin formation; and the
defect structure and theory of fault formation of single-crystal silicon films
grown over amorphous films.

Robert Metzl attended the University of Virginia as a
National Merit Scholar and graduated from Johns Hop-
kins University, Baltimore, MD, with a degree in Elec-
trical Engineering. He also received credits in grad-
uate Ceramics courses at Rutgers University. He com-
pleted courses in computer programing, interfacing,
and design while at RCA Laboratories, as well as
courses in technical writing and quality assurance
analysis taught by previous employers.

Mr. Metzl joined RCA in 1972 as a Crystal Growth
Specialist. In 1979, he was appointed an Associate Member of Technical
Staff. He is currently associated with the Process and Applied Materials
Research Laboratory and is engaged in fabricating integrated circuits for
research in dielectric isolated circuit structures and in designing and im-
plementing data acquisition and analysis systems and control systems for
epitaxial growth of silicon films. Other projects include the use of micro-
computers for data analysis of optical measurements and for local training
in digital-data acquisition and analysis.

Mr. Metzl spent eight years designing and implementing research and
production systems for sapphire-ribbon growth and fabrication for SOS,
including crystal-growth furnace and associated controls, and the growth
and fabrication process. He has also designed and implemented computer
systems for the crystal-growth cycle.

Mr. Metzl's previous experience includes the development of crystal
pullers and growth of refractory oxide crystals for laser and other optical
uses at Allied Chemical Corp., quality planning, control, and analysis at
Westinghouse, design testing and optimization of automotive electronics
at Bendix, and technical direction of the University of Virginia Radio Tele-
vision Center.

Mr. Metzl is a member of the American Association for Crystal Growth
and the Metal Science Club of New York.

Gregory H. Olsen received the BS Physics in 1966 and
BSEE and MS Physics (magna cum laude) in 1968
from Fairleigh Dickinson University, where he was a
Teaching Fellow in the physics department. He at-
tended the University of Virginia from 1968 to 1971
and received a PhD in Materials Science.

Upon graduation, Dr. Olsen spent 18 months at the
University of Port Elizabeth, South Africa, as a visiting .
scientist. While there, he continued his research on a. i
interfacial effects in metals. He developed a technique e !
for growing dislocation-free iron whiskers and completed an extensive
electron-microscope investigation of the epitaxial growth of iron on silver
platelets.
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In September 1972, Dr. Olsen joined RCA Laboratories as a Member of
Technical Staff, where he has been involved with the vapor-phase crystal
growth and characterization of 1ll-V compounds for electro-optical appli-
cations. His fundamental studies on crystal defects have brought about
marked improvements in photoemissive devices, lasers, LEDs, and ava-
lanche photodiodes. This work has led to the commercial introduction of
1.3-um InGaAsP LEDs, lasers, and photodetectors for optical communi-
cations. He has delivered numerous invited lectures on his research at
international conferences, and has negotiated and directed many military
and government research contracts.

Dr. Olsen has also studied growth defects in epitaxial silicon and has
developed growth techniques for various hexaboride materials for appli-
cation as thermionic emitters. He received RCA Outstanding Achievement
Awards for his research in 1978 and 1980, and in 1980 was appointed a
Research Leader in the Optoelectronics Group.

Dr. Oisen is active in many technical societies including the Electronic
Materials Committee, the American Physical Society, and the Electro-
chemical Society. He is vice-president of the NJ Crystal Growth Associa-
tion, Publicity Chairman for the 1982 IEEE IEDM Meeting and Program
Co-Chairman for the 1984 American Association for Crystal Growth Con-
ference. He was also the first recipient of the Young Author Award of the
American Association for Crystal Growth in 1981.

Robert H. Pagliaro, Jr. joined RCA Laboratories,
Princeton, NJ, in 1979 as a Research Technician in
the Materials Synthesis Research Group, after com-
pleting three years at Indiana University of Pennsyl-
vania as a Natural Science major prior to his employ-
ment. He was promoted to Technical Associate and
Senior Technical Associate in 1981 and 1983, respec-
tively. In 1983, he received a BA in Natural Sciences/
Physics Concentration from Thomas Edison State
College.

His work has involved the CVD technique for developing processes,
processing and characterizing silicon homoepitaxial films for devices such
as impatt and varactor diodes and other multilayered silicon structures.
He also has been involved in qualitative and quantitative performance
analysis of: rf-heated barrel, IR-heated barrel, and rf-heated horizontal
epitaxial reactors. The characterization of silicon heteroepitaxial films (sil-
icon on sapphire) was part of his task in 1979 and 1980.

Anton Schujko joined RCA Laboratories in 1962 as a
Research Technician after three years of laboratory
experience, including epoxy laminate development at
FMC Corporation. At RCA Laboratories he partici-
pated in the synthesis of fluorescent organic com-
pounds, the formulation of magnetic coatings for
computer discs and tapes, and in cadmium selenide
vidicon research. More recently, he contributed to-
ward improvements in the growth of shaped single- : ‘
crystal sapphire, filaments by a laser technique, and - '
ribbons by edge-defined, film-fed growth. Currently, he is a Senior Tech-
nical Associate involved in the characterization of silicon substrates and
epitaxial layers.
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Joseph M. Shaw received the BS degree in Physics
from Seton Hall University in 1963. He has done grad-
uate work in Metallurgy at the University of Pennsyl-
vania.

After his discharge from the U.S. Navy in 1955, he
was employed by E. I. du Pont de Nemours & Co., Inc.,
in Newark, New Jersey, as a member of the Physical
Chemistry Laboratory of the Pigments Department.
There he was concerned with the physical character-
ization of organic pigments and later with the devel-
opment of flake pigments produced by the chemical vapor deposition of
metals and oxide films.

In 1964 he joined the Process Research and Development Laboratory
of RCA Laboratories, working on the application of vapor deposition tech-
niques in the metallization of semiconductor materials. In 1970 he joined
the Process and Applied Materials Research Laboratory and engaged in
research and techniques relating to the vapor growth of insulators and
oxides on MOS devices. He is presently a member of the Integrated Circuit
Process Research Group. Mr. Shaw has received two RCA Laboratories
Team Achievement Awards.

Ronald T. Smith joined RCA Laboratories as a Re-
search Technician in 1963 after receiving a BS in
Physics from Moravian College of Bethlehem, PA. He
has studied as a part-time graduate student in the De-
partment of Materials Science of the University of
Pennsylvania completing three courses and the basis
for a Masters Thesis. The Masters Thesis work has
involved the solving of the crystal structure of YWO,CI.

He is presently a member of the Materials Charac-
terization Group specializing in single-crystal x-ray
diffraction studies. This area includes Laue, Weissenberg, pole-tigure, and
diffractometry techniques as well as computer-related data reduction pro-
gramming. He has recently concentrated on the means for the character-
ization and qualitative comparison of thin films,

Richard A. Soltis is a Technical Associate at RCA’s
David Sarnoff Research Center, Princeton, NJ, and is
a member of the Materials Synthesis Research Group
within the Materials and Processing Research Labo-
ratory. He joined RCA in 1960 working on the elec-
trical characterization of Il-V compounds, the char-
acterization of photochromics, the chemical vapor de-
position of thin film dielectrics and heteroepitaxial
growth of IlI-V and II-VlI compounds. He is currently
involved in the characterization of polysilicon films
and plasma etching of dielectrics.

Edgar F. Steigmeier received the Physics Diploma in
1955 and the PhD in Physics in 1960 from the Swiss
Federal Institute of Technology (ETH) in Zurich. From
1960 to 1962, he worked for Brown Boveri Corpora-
tion, Baden, Switzerland, on heat conductivity and
thermoelectricity. In 1962 he joined the Materials Re-
search Laboratory of RCA Laboratories, Princeton, :
where he worked on basic properties and applications 5.

of thermoelectric materials such as Ge-Si alloys and k’, s Q A
-V alloys, which has led to high efficiency materials o
for power generation. In 1964 he transferred to Laboratories RCA Ltd.,
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Zurich. There he worked on problems of heat transport, on optical prop-
erties of magnetic semiconductors, and materials involving soft lattice
vibrations and phase transitions. Later work was concerned with light
scattering of layer structures and of inorganic and organic conductors.
At present he is involved in materials characterization (by means of elastic,
Raman scattering and optical scanner) of VideoDisc, Polysilicon and
Storage Disc materials. In 1969 Dr. Steigmeier received an RCA Labora-
tories Achievement Award for his contributions to the study of materials
by means of Raman effect, and in 1979 a second one for the invention of
a laser scanner for dust and defect detection. During the academic year
1973/74, Dr. Steigmeier was a guest lecturer on Solid State Physics at the
University of Fribourg, Switzerland. He is a member of the Zurich, Swiss,
European, and American Physical Societies.

Alois E. Widmer received a BS degree in Electrical
Engineering from the HTL Engineering School in Zu-
rich, Switzerland in 1957. Until 1960 he was employed
with Brown Boveri in Baden, Switzerland, where he
was in charge of the manufacturing of high-power
germanium and silicon diodes. In 1960 he joined the
development laboratory of the RCA Semiconductor
Division in Somerville, NJ, where he was involved in
the field of various GaAs devices such as high tem-
perature and varactor diodes. In 1962 he took up a
position at the North American/Rockwell Science Center in Thousand Oaks,
CA, where he worked on ion implantation methods for silicon device ap-
plications. He returned to Switzerland in 1965 and has been with Labo-
ratories RCA Ltd., Zurich, since then. He has worked on various semicon-
ductor material and device aspects, such as double heterojunction (GaAl)
P structures for electro-optic modulation of light, and more recently on
the growth aspects and characterization of polysilicon and silicide films
tor device applications.

Thomas J. Zamerowski received the BS and MS de-
grees in Chemistry from St. Joseph's College in Phil-
adelphia, PA, in 1962 and 1964, respectively. His Mas-
ter's thesis involved the synthesis of purine derivatives
as potential antimetabolites under N.I.H. assistance.
Until 1969, he attended Temple University under a
teaching fellowship and worked on bandgaps and
crystal field splittings of mixed transition metal ox-
ides.

In 1970, he joined RCA Laboratories and has since
been engaged in the vapor-phase growth of lll-V compounds and their
ternary and quaternary alloys for optoelectronic devices such as photo-
cathodes, lasers, and LEDs. His most recent work has been connected
with the growth of InGaAsP alloys for use as lasers, LEDs and photode-
tectors at 1.3 um.
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