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ABSTRACT

FACULTY OF APPLIED SCIENCE AND ENGINEERING

DEPARTMENT OF ELECTRONICS

Master of Philosophy

The production and doping of Low Pressure Chemical Vapour

Deposited Polysilicon for N channel MOS Integrated Circuit Technology

by Colin Malcolm Kitson Starbuck.

A low pressure chemical vapour deposition reactor has been designed,

built and characterised.

Polysilicon films have been deposited and studied, with special
™~

relevance to NMOS integrated circuit production. "
The main properties investigated have been the definition and
doping characteristics of these films, and their development for

fine geometry device fabrication.
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CHAPTER 1

INTRODUCTION

1.0 GENERAL INTRODUCTION

The use of Polysilicon (PSi) films in the fabrication of
N channel MOS structures and other semiconductor devices has

been extensively reported in the literature.

The purpose of this research work was to identify the
properties of PSi films suitable for use in the development of a
N channel MOS (NMOS) process for large-scale integration (LSI),
and to design, construct, and characterise a low pressure chemical
vapour deposition reactor for the production of polysilicon
films for NMOS use.

Available information1’2’3’4”5has a production engineering
bias, and generally refers to a particular commercial reactor

suitable for large throughput of silicon slices.
These machines are extremely expensive to buy, run, and
maintain, and thus are generally unsuitable for research and

development work.

1.1 THE USE OF POLYSILICON IN NMOS DEVICE FABRICATTON

The task of developing an NMOS process at the Southampton
University Department of Electronics began in 1979, and was

planned in three phases.

1. The establishment of a 10 um polysilicon gate process
having diffused phosphorus source and drain areas (Xj = 2 um), and
ion implanted field, enhancement and depletion threshold controls.
This process was for discrete devices and small scale integrations.

(Section 1.3).

2. The development of the above process to replace the
diffused source and drains with implanted arsenic shallow junction
(Xj = 0.7 um) source and drains, reduce gate widths to 6 ums, and
extend the technology to satisfy large scale integration requirements
(Imm x lmm chips). (Section 1.4)



3. Further development of the LSI NMOS process to improve
the packing density of the gates, and reduce the gate width to

4 yms. (Section 1.5)

1.2 ADVANTAGES AND USES OF POLYSILICON IN NMOS STRUCTURES

1. The use of polysilicon in NMMOS fabrication provides a third

+
level of interconnect (Aluminium and n  diffusion are the other two).
2. By using an etched active area well, and polysilicon gate,
totally self-aligned gate and source and drain areas may be achieved.

See NMOS process, Figure 1.1.

1.3 THE SELF-ALIGNED POLYSILICON GATE NMOS PROCESS

This process was the first developed and used in the Micro-

electronics group.

The process steps, and the layout of a simple inverter are

shown, in both section and plan in Figure 1.1.

It may be seen in Figure 1.1 that the polysilicon forming
both depletion and ehhancement transistor gates is defined undoped,
and then conveniently doped by the heavy phosphorus diffusion

forming the source and drain regioms to 1020 - 1021 cm_s.

The self-alignment of the gate oxide to the polysilicon
electrode is made by dipping out the gate oxide immediately before

this source and drain diffusion.

Thus a polysilicon film which could be accurately defined to
produce active gates was needed. Since the gate oxide is defined
by the polysilicon gate electrode itself, any variation in line

definition effectively alters the channel length of the transistor.

Therefore the structure and etching characteristics of the

PSi film must also be understood and controlled.



Figure 1.1 CONVENTIONAL NMOS PROCESS FLOW CHART
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Secondly, the doping of the PSi during the Phosphorus Source
and Drain diffusion must be effective, and the diffusion of this
dopant through the PSi film over the Polysilicon to silicon
contact areas ('buried contacts') must be complete to ensure low
contact resistance. This could be achieved during subsequent

heat treatment.

1.4 THE SHALLOW JUNCTION (X, <0.7 um) SELF ALIGNED POLYSILICON
J
GATE NMOS PROCESS

The neéd for a shallow source and drain diffusion arises from
the undesirable feature of lateral diffusion of phosphorus from
the source or drain regions to silicon under the gate oxide edges.
This lateral diffusion can be from 0.7 to 1.1 times Xj’ the junction
depth, dependent on dopant type, and increases the Miller capacitance
of the Transistor. The deep, 2 um phosphorus junctions, therefore,
limit the operating frequency of the transistor. The value of Xj
for the transistor is dependent upon the diffusion rate of the
dopant used, and the heat treatment given to the device structure

after the source and drain formation.

Most heat treatments used are necessary to drive in or
activate junctions or reflow phosphorus doped silox - essential
for integrated circuit fabrication, and so the simplest variable
to alter is the dopant diffusion rate. Arsenic is, therefore, used
instead of phosphorus, because of its lower diffusion coefficient.
Ion implantation of either phosphorus or arsenic can be used to
form source and drains, and the electrical properties of PSi films
so treated must also be understood and characterised if the PSi is

to be doped during source and drain formation.

For integrated dircuits, an electrical specification of
20 - 60 Q/sqfor PSi sheet resistance is used; this value must
be low to keep the time constant of PSi interconnects to an

acceptable figure for high frequency circuit use.



1.5 FINE GEOMETRY SELF-ALIGNED SHALLOW JUNCTION POLYSILICON GATE
NMOS PROCESS (Gate width 4 um, Xj = 0.5 um)

As packing densities in integrated circuit layouts become larger,
and the gate widths smaller, the PSi interconnects tend to become
longer and narrower, thus increasing their resistance values.

There is a need, therefore, for a lower value of Polysilicon sheet

resistance.

The narrower gates and interconnects call for an even more
stringent control of Polysilicon line width and edge quality

definition - both dimensional and line quality.

1.6 GENERAL SPECIFICATION OF THE LPCVD REACTOR

A reactor was needed which would produce polysilicon of a
thickness and quality such that a number of silicon slices could
be uniformly coated with polysilicon, and subsequently doped to
satisfy the electrical specifications necessary‘for‘integrated

, . . . %
circuit fabrication.

The reactor had to be relatively cheap (< £5k) to build,
simple to operate, be safe, and process an economical number of
slices in each run each slice having an acceptable (+ 107) PSi

thickness uniformity.

The quality of the PSi films produced had to be repeatable,
and capable of being doped by either phosphorus, arsenic or both,
by diffusion or ion implantation, to give low values of sheet

resistance (= 20 Q/sqideally).

Low pressure (= 1 torr) chemical vapour deposition reactors
have been found to produce superior film quality,to atmospheric
reactors, (thickness uniforming, step coverage, grain size,
pinhole density) !> 2, 3, 4, 5, and so an LPCVD polysilicon

reactor was designed and built as described in Chapter 2.



CHAPTER 2

THE LOW PRESSURE CHEMICAL VAPOUR DEPOSITION POLYSILICON REACTOR.

DESIGN AND CONSTRUCTION OF PROTOTYPE AND ENGINEERED VERSIONS.

2.0 DESIGN CONSIDERATIONS

The principles of low pressure CVD reactors are well known,

although only limited characterisation information is available 4 - 10

Most commercially designed reactors are intended for high throughput,
single process use, and a suitable design for research and development

work was not available at the start of this work.

An inexpensive and versatile design was therefore the first
step in the production of polysilicon films for use in the NMOS

development project.

Polysilicon is produced by the decomposition of Silane
(Siﬂé) at elevated temperatures. The reaction is described by

the following equation:

SiH - Si + 2H
b 5080 2

The quality of the polysilicon layer is improved at low reactor

pressures.4 A schematic diagram of the equipment used to control

this reaction to produce high quality polysilicon is shown in

fig. 2.1. It has the following principal parts which are described

in the following sections:

1. A reaction chamber. (work chamber)
2. A suitable gas supply

3. A suitable evacuation system

4

. A gas flow control system.



Figure 2.1 PROTOTYPE POLYSILICON REACTOR SCHEMATIC
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2.1 THE PROTOTYPE REACTOR

2.1.1 The reaction chamber

The reaction chamber had to be capable of being heated in a
highly controlled manner to set temperatures between 550°C and
6500C, and maintained within % 1°C along any part of the reaction

zone.

This chamber had also to be evacuated to low pressures, = 10

millitorr, and be leak tight.

The internal surfaces of the work chamber under the above
conditions should not contaminate the surface of the silicon
slices upon which the polysilicon was to be deposited, nor contaminate

the atmosphere of the reactor during any part of the process schedule.

The most convenient equipment available which satisfied these

requirements was a small Royce diffusion furnace.

This furnace was fitted with a cylindrical quartz diffusion tube,
of approximately 55 mm diameter, wall thickness 2mm, and used for

conventional diffusion processing.

The furnace was 915 mm long, and had a controllable hot zone of

about 200 mm.

These quartz furnace tubes are normally used at atmospheric

pressure, and so modifications to the standard design were made.

The short distance between the hot zone and the end of the
furnace itself (® 360 mm) caused considerable heating of the tube
at the furnace end, and a rather steep temperature gradient outside

the hot zone.

The prototype reactor tube was designed with a single 3mm



diameter gas feed tube at one end, and a ground surface flange to
seal the loading/exhaust plate at the other. The tube was made
1200 mm long so as to allow the sealing gasket between flange and
loading plate to remain below 200°C. - See fig. 2.1.

The stainless steel loading plate was fitted with a flexible
20 mm diameter stainless steel bellows tube for connection via
copper tubing to the evacuation system.

33

A thermistor pressure gauge was also mounted on this

flange to monitor the process pressure in the reaction chamber.

A second gauge head monitored the pump stack pressure.

2.1.2 The gas supply

Only two gases were needed for the prototype reactor,

Silane and Nitrogen.

Silane will spoﬁtaneously ignite in air if the Silane
concentration exceeds 2%28 . Small air leaks into a Silane gas
system produce Silica, which adheres to the walls of the gas pipes
and fittings, and eventually clogs regulators and blocks the gas
supply pipes. Very small quantities of air, oxygen or water vapour

are sufficient to produce this hazardous situation.

Acceptable rates of Polysilicon deposition require Silane
concentrations far higher than 27, and so all parts of the reactor
and associated gas supplies were designed to exclude, or remove,

air and water vapour before the introduction of Silane.

A cylinder of 1007 Silane was used, to be diluted with
nitrogen if desired. 1In fact, this was never aétempted, since
impurities are easily introduced by this method 15.

The silane cylinder installation (fig. 2.2) was very
carefully designed to allow safe purging of all parts of the
supply system with 60 psi Nitwvogen, and to exclude Silane from

the Nitrogen supply.
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The Matheson No. 19 regulator enabled the Silane supply to
the reactor to be controlled (usually 10 psi) to ensure constant

throughput for the flowmeter setting,

The Nitrogen purge line was used to flush Silane from the

regulator at the end of the process, and before maintenance.

The special vacuum line can be used to evacuate out
Silane from the 'dead space' between regulator and cylinder valve

when the Silane cylinder requires changing.

The whole installation was housed in a permanently
extracted cabinet (60 cfm), and the regulator bonnet valve was fed

separately via a 8mm copper tube to the outside of the building.

The laboratory is supplied by boiling off liquid Nitrogen
from a 160 litre dewar, and controlling this pressure with conventional
regulators to either 15 psi for general use, or 60 psi for purging
purposes. Thus Nitrogen was fed to both reactor and Silane

installation.

Both lines were fitted with non-return check valves to
prevent accidental contamination of the laboratory supply with

Silane.

The prototype reactor was fed with 10 psi Silane, and via an
on/off Nupro toggle valve to a 0-100 ml/min (N2 calibration)

flovmeter and 2 um filter to the reactor tube.
A Nitrogen line was connected to the gas inlet of the reactor
chamber to purge before and after deposition, and to vent the

chamber after completion of the process schedule.

2.1.3 The pumping system

The pumping system was designed a) to pump the reactor

chamber to a low pressure ( ~ 10—2 torr) to reduce the partial
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Pressures of oxygen and water vapour, and
b) to maintain the reaction chamber at the process pressure
set - controllable between 0.2 and 5 torr, and

c) to pump 1007 silane; a very condensable gas.

The pump chosen had, therefore, to be capable of operating
continuously on full Nitrogen gas ballast, since air had to be

excluded to avoid the pump clogging with Silica, or even exploding.

An Edward High Vacuum EDM20 direct drive 20 cubic metre per

hour pump was selected for this task.
A further Nitrogen dilution line was fitted to the exhaust

of the pump to ensure that the concentration of Silane fed to the

exhaust system of the laboratory did not exceed 2%. (See figure 2.1).

2.1.3.1 Pressure control

The accurate control of the process pressure set in the reaction
tube was most important. A typical specification is 0.7 torr + 0.05

torr.

The normal commercial solution of servo controlled throttle
valves in the pumping line, or variable speed series blower pumps

were rejected as too complex and too expensive.
A very simple and effective arrangement was devised.

Dry Nitrogen was bled through a fine control flowmeter
(0.3 - 60 ml/min) into the input of the vacuum pump. This method
not only controlled the pressure in the reactor, but also effectively
reduced the concentration of Silane pumped and ensured that the
pump worked in its most efficient mode - with a high throughput of

gas.

This method of pressure control is still used on the engineered
version of the reactor, and has since been incorporated in leading

commercial LPCVD equipment designs.




An exhaust expansion box fitted with glass inspection doors
and a filtration sheet was sited between the pump exhaust and the
main extract system of the laboratory. Any fire caused by equipment
or services failure occurs in this box, not in the plastic extract

system in the ceiling.

2.1.4 Process Control gas panel

The process schedule used for the prototype reactor was as

follows (refer to fig. 2.1):

1. Vent tube - open door and load four 2" diameter slices
on a flat horizontal quartz plate (the boat), and push the boat

into the centre of the hot zone of the reactor.

2. Close and seal the flanged end of the reactor tube.

Pump the system for 2 minutes.

3. Open the Nitrogen purge line to the reactor tube to

maintain a pressure in the tube of 2 torr.

4. Repeat the pump and purge cycles twice; to reach an

. ~2
ultimate pressure of = ,2 x 10 torr.

5. Bleed Silane into the tube (= 20 ml/min) and bleed
Nitrogen into the pump to maintain a process pressure in the tube
of 0.7 torr. Polysilicon was deposited at a rate of approximately

100 X/min for 40 minutes.

6. At the completion of the deposition cycle, the Silane
flow was switched from tube to vent, and the pump/purge cycle

repeated three times to purge all silane from the reaction chamber.

7. The vacuum valve was closed, Nitrogen was fed into the
tube, and the system vented to atmospheric pressure. The Nitrogen
purge was left on while the sealing plate was removed to allow
unloading of the quartz boat, to minimise the amount of water vapour

back diffusing into the tube.

The whole schedule was then repeated for the next deposition

run.

12



2.1.5 Prototype reactor performance

Polysilicon films which were subsequently processed
satisfactorily, (doping and etching properties), were produced for

several months using this prototype reactor.

However, the following problems were either immediately
evident, or became evident during operation of the reactor during
this time, necessitating some redesign and general equipment

improvements.

1. The loading and unloading of the quartz boat holding the
silicon slices was through the exhaust end of the reactor tube.
The movement of this boat along the reactor tube during loading
causes small particles (5 - 20 um) of condensed reaction by-products
to fall on the work faces of the slices. This was a particularly
serious problem since these particles acted as a partial mask
during polysilicon deposition, and even if scrubbed off, left an

imperfection in the polysilicon film.

Particles not removed tended to damage the emulsion on the

photolithography mask at the subsequent definition stage.

2. The operation of the process control system was an
entirely manual, non-interlocked process. Thus the reactor could
only be used by specially trained operators. Catastrophic
equipment malfunction, would result from either faulty operation,

or failure of a vital service such as the Nitrogen supply or extract.

3. The quality of the polysilicon film was unpredictable.
Variation in the quantity of water vapour in the Nitrogen supply
(specification < 1 ppm), back diffusion of oil vapour from the
pump, and clegging of the Silane vent and supply lines with silica

dust contributed to these quality problems.

4. The diameter of the reactor tube was too small to

accommodate 3" diameter slices, or 2" diameter slices standing



vertically in a boat to increase slice throughput.

5. The cost of the prototype quartz reactor tubes was
high, due to the requirement for one end tapered with a
fragile gas inlet, and the other end having a ground finished

sealing flange.

2.2 THE ENGINEERED REACTOR DESIGN

The engineered version of the polysilicon reactor was
evolved from the prototype, having the following features and

improvements (see fig. 2.3 and also figures 2.4 and fig. 2.9)

1. The flanged reaction tube was replaced by a simple
cylindrical tube design, 90 mm diameter, 2mm wall thickness, and
1200 mm long, held at each emd by a stainless steel flange

designed to accommodate a variety of tube diameters up to 90 mm.

These flanges had a water cooling jacket to keep the 'Q’
ring seals below 200°C. See fig. 2.5. This cooling allowed the

system to be used at 800°C if desired.

The front flange (gas inlet) had a hinged door with a hold
off catch for loading and unloading of the boats through the clean

zone of the reaction tube.

2. The manually operated toggle valves which had been used
on the prototype reactor to switch the gas lines were replaced by
24V DC stainless steel solenoid valves, operated by an interlocked
control circuit. (See fig.2.9 for details of reactor control

circuits.)

These interlocks prevent selection of incorrect valve
combinations, and render the reactor to 'safe'in event of a
service failure. This control system is capable of being driven
by a programmable controller or process sequencer, to release the

operator from the task of constantly monitoring the machine.
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Figure 2.5 LOADING AND EXHAUST FLANGE DESIGNS.
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3. The oxygen content of the Nitrogen supply to the
reactor was controlled and monitored by an activated alumina

system and Shaw hygrometer.

Smaller activated alumina filters were designed and built to
fit in all gas lines between the gas panel and the vacuum pump to

prevent back diffusion of oil vapour.

An Edward High Vacuum FL75 foreline trap was placed between
the exhaust flange of the reactor tube and the electro-pneumatic
vacuum valve, to prevent oil vapour contaminating the reaction
zone, and also to prevent reaction by products clogging the vacuum

valve.

4. The gas system was redesigned to eliminate trapped
volumes which had caused pressure surges when the Silane line was
opened to the reactor. The Silane Vent Valve 6 was fed to the
inlet of the vacuum pump, thereby evacuating the volume between

valves 5, 6 and the Silane flowmeter control needle valve.

5. Further improvements allow the Silane flowmeter and
precision needle valve to be flushed with Nitrogen to facilitate

removal and cleaning.

6. Thermistor vacuum gauges were fitted to both ends of the
reactor tube, since the Nitrogen bleed-in controlling the process
pressure had been shown to cause local high pressures which confused

the monitoring of the process.

2.3 PROCESS CONTROLS

2.3.1 Pressure

Process pressure can be controlled by the Nitrogen bleed
in the range 0.23 torr to 2 torr, within + 0.05 torr tolerance.

Pressure is monitored by the Thermistor gauge at the front, gas inlet,
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end of the reaction tube. The pressures given in this thesis are
for gauge heads calibrated for Nitrogen. The repeatability of the
pressure readings is considered to be more important than their

exact value.33 A graph of N, bleed flow vs reaction pressure is

2
shown in figure 2.6.

2.3.2 Temperature

Early results obtained from the prototype reactor indicated
that the process temperature was likely to be the most influential

parameter controlling deposition rate of polysilicon.

Five temperatures have been used for the characterisation
work reported. These are 560°C, 580°c, 600°¢C, 625°C and 650°cC.
Temperature profiles set for the experimental deposition runs
used are shown in figure 2.7. Very exact flat temperature profiles
are difficult to obtain and maintain at these relatively low
temperatures. Large volume production machines frequently use
ramped temperature processes, and temperature gradients within
the reaction zone to compensate for gas depletion along the length

of the slice load.

The furnace available for this work was not capable 6f such
precise profiles, and so 'flat' profiles have been attempted for

each temperature used.

2.3.3 Gas flow

1007 Silane has been used for all the experimental work
reported here. Early experiments on the prototype reactor showed

poor quality of film when Silane diluted with Nitrogen was used.
Some early work using reduced Silane flows (10 ml/min,
20 ml/min) showed a linear dependence of deposition rate of polysilicon

on Silane flow.

The optimum flow rate of 30-35 ml/min gives the most convenient
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deposition rate (Chapter 3). Gas flows above these figures start to
increase the process pressure. A larger vacuum pump would be needed
to investigate this parameter further, but results obtained already

indicate that in the present reactor, little is to be gained by

increasing the Silane flow further.

2.4 QUARTZ BOAT DESIGN

All results obtained in the prototype reactor were on slices
laid horizontally on a single quartz sheet 210 mm x 60 mm. Four

2 inch diameter slices could be laid along the length of this boat.

Three boats have been used in the engineered version of the
reactor, single horizontal, double horizontal, and vertical.

See figures 2.8 a,b,c.

Characterisation of the polysilicon films obtained on slices

held by these boats are detailed in Chapter 3.

2.5 Conclusions

A prototype reactor was designed and built to conform to

design principles, and to establish process parameter limits.

The engineered version of the LPCVD reactor has been designed
and built to improve upon the prototype, particularly in the areas of

film quality, ease of operation, safety and ease of maintenance.

Experimental work on both reactors has established the useable

pressures and temperatures for polysilicon film production.

The performance of this reactor, and the characterisation of

the polysilicon films produced is described in Chapter 3.
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Figure 2.9a. INTERLOCKED GAS VALVE SWITCHING CIRCUIT

See Fig.2.9¢c for key
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Figure 2.9b.

REACTOR CONTROL CIRCUIT
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Figure 2.9c¢
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KEY FOR FIGURES 2.9a & b REACTOR CONTROL CIRCUIT

(refer also to figure 2.3)

KEY FOR FIGURE 2.9a

uP - connections to microprocessor control for automatic
operation of the reactor.
SOLONOID GAS VALVES

Vi - Vacuum valve.

V2 ~ Exhaust wvalve.

V3 - HCZ or Dopant valve to reactor.

V4 - HCY or Dopant valve to vent.

V5 - SiH4 valve to reactor.

vé - SiH[+ valve to vent,

V7 - SiH4 vent line N, flush.

V8 - SiH4 flowmeter N, flush.

V9 - N, Purge to reactor.

V0O - N, bleed to pump inlet (pressure control)

INTERLOCK SWITCHES (figure 2.9b)

1

2
3
4
5
6

Extract flow (closed when exhaust operational)
N, flow (closed when N, flow operational)
Overtemperature (open for over temperature)
Loading door (closed when door is closed)
Vacuum Valve. y switch.

Over pressure (closes if pressure rises)

(interlocks 4, 5, and 6 can be switched out)

INTERLOCK RELAYS

1

B~ WwoN

RL
RL
RL
RL
RL
RL

1 (fig.2.9b) contacts G (fig.2.9b)lcloses down reactor and
2 (£ig.2.9b) contacts H (fig.2.9b) operates siren.

3 (£ig.2.9b) contacts J (fig.2.9b)

4 (fig.2.9b) contacts E,F(fig.2.9a)

5 (f£ig.2.9b) contacts C,D(fig.2.9a)

6 (fig.2.9b) contacts A,B(fig.2.9a)
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CHAPTER 3

POLYSILICON FILM CHARACTERISATION

3.0 Introduction

Results from experiments to characterise the polysilicon films
deposited in the engineered reactor, under a variety of processing

conditions, are presented in this chapter.

This characterisation work was necessary to enable
polysilicon films to be deposited under conditions such that the

films were suitable for NMOS integrated circuit fabrication.

The required properties of the polysilicon film deposited

are as follows:

1. The film must be of uniform and controllable thickness
across each slice and from slice to slice in the run, and also

from run to run. Typically 40008 + 4008.

2. The polysilicon film must be capable of being doped to
achieve the necessary low-sheet resistance value required for use

as an interconnect. Typically 20 - 60 Q/sq.
3. The film must be etchable to produce fine line width
control for active gates.

Typically < 0.5 um undercut using isotropic etching.

3.1 Process Parameters

Preliminary experiments indicated that the polysilicon

deposition rate was generally dependent upon the following parameters:

. Silane Concentration
Silane flow rate

. Pressure in the work chamber during deposition

W

. Temperature of the work chamber.



3.1.1 Silane concentration

The Silane concentration has been kept at 100% for all work
reported here. The dilution of Silane with Nitrogen in a few
early experiments showed a rapid decrease in deposition rate with

increase in Silane dilution.

No advantages could be seen then, and the experiments were

not continued.

3.1.2 Silane flow rate

Early work to optimise the Silane flow rate indicated that
a surpius of Silane in the reaction zone was desirable to ensure
film thickness uniformity. Too little Silane resulted in the
downstream deposition rate dropping sharply. Commercial equipment
invariable compensates for this effect by increasing the temperature
at the downstream end of the reaction zone. As previously mentioned,

accurate temperature ramping on this equipment was not possible.

A flat temperature profile was therefore maintained, and the
Silane flow increased until a uniform (+107) thickness was achieved
in an acceptable process time. A rate of at least 1008 /min was

desirable.

A Silane flow rate of 35 ml/min indicated on a Matheson
flowmeter type 600, calibrated for Nitrogen at 10 psi, was used
throughout these experiments and subsequently on all standard

work.

3.1.3 Reaction Pressure

It was expected that the reaction pressure would be a critical
parameter for this process. At pressures greater than 2 torr, the
polysilicon film became very grainy and non-reflective, whereas
at pressures below 0.3 torr, the films were too thin to be usable.

0
(Reaction temperature 600 C.)
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The very grainy film produced at high pressure is now thought
to be polysilicon grown at very high rates, possibly including gas

phase nucleation and subsequent precipitation.

Since the pressure in the reaction zone is controlled by
bleeding Nitrogen into the inlet of the vacuum pump, the removal
of the Silane from the reactor is limited at high set pressures,
i.e. Silane is fed into the reactor faster than the pump can
exhaust it. Thus the quantity of Silane available for decomposition

at a given temperature is increased.

It has been assumed that at the lower temperatures, the
efficiency of Silane decomposition is not high, but increases with

te mperature.

Thus it may be seen that the effect of 'pressure' cannot be

assessed independent}y from reactant flow.

A relatively narrow band of reaction pressures, 0.23 torr
to 1.0 torr, likely to provide satisfactory results, was investigated
for a fixed temperature of 60000, and fixed Silane flow (35 ml/min,

Nitrogen calibrated type 600 Matheson flowmeter).

3.1.4 Reaction Temperature

- 10
The conventional temperature range was used; 600-650°¢C

Two further temperatures, 560°C and 580°C, were included to examine

amorphous silicon growth and recrystallisation.
These latter two sets of experiments are discussed in the
section on uses of polysilicon in advanced NMOS technology,

Chapter 6.

3.2 Experimental Samples

18 experimental runs were performed: 9 using a 'double deck’

horizontal quartz susceptor, and 9 the vertical slice configuration
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(figs. 2.8b and ¢).

One 'horizontal' and one 'vertical' run was processed for
each of the nine sets of conditions shown in fig. 3.1. The deposition

time for all runs was kept constant at 40 minutes.

The'vertical' runs had 4 2" diameter slices spaced 21" apart,

held vertically with polished face to the gas flow.

The 'horizontal' runs used both layers of quartz. The lower
deck had 4 2" slices for thickness uniformity assessment. These
slices were subsequently used for doping experiments on polysilicon
films grown on both single crystal silicon and silicon dioxide.

The upper deck held silicon checks for etch rate rates, and samples
prepared for Rutherford back scattering and Transmission Electron

Micrdscope analysis.

3.3 Polysilicon Deposition Rates and film thickness uniformity

3.3.1 Results from slices held horizontal in the reactor

The thickness of the polysilicon films deposited on the four
check slices placed along the quartz boat were measured by Alpha step

techniques for each experimental run.

Fig. 3.2 shows the deposition rate of polysilicon at 600°¢
for the pressure range 0.23 torr to 1.0 torr. Fig. 3.3 shows the

deposition rate variation along the boat for each process pressure.

It can be seen that the rate of deposition increases from
1003/min at 0.23 torr to 140 £/min at 1.0 torr, and the the film
thickness uniformity across each slice and from slice to slice in the
run (fig. 3.3) is acceptable at this process temperature for the

whole pressure range investigated.

Fig. 3.4 shows the dependence of polysilicon film deposition

rate upon process temperature for a constant process pressure of 0.5 torr.
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Figure 3.la

Experimental runs to characterise the polysilicon films

Samples included for each run:-

Run A Horizontal double layer boats (fig. 2.8b)
a) Top Layer
(i) 4 Transmission electron microscophy
samples, each having bare silicon, <100>,
and Si0, areas.
(ii) 4 quarter 2" ¢ slices, oxidised, for
thickness checks.
b) Bottom layer - 4 2" ¢ slices, each defined by photo-
lithography to leave a 1" ¢ circle of Si0, at the centre;
the remaining annulus was bare <100> silicon. These
slices, after polysilicon deposition, were scribed and
cracked into quarters - each quarter then having a
different doping schedule.
See fig. 3.1b and 3.1lc for layout details.
Run B Vertical boat (fig. 2.8c)
4 oxidised 2" ¢ siices, spaced 24" apart.
Nos. Silane Flow Deposition
Run Reactor Temp. Reactor Pressure N,Calibration Time
IA, IB 600°¢c 0.5 torr 35 ml/min 40 mins.
IIA, IIB 600°C 0.23 torr 35 ml/min 40 mins.
IITA, IIIB 600°C 0.65 torr 35 ml/min 40 mins.
IV, IVB 600°C 0.8 torr 35 ml/min 40 mins.,
VA, VB 600°C 1.0 torr 35 ml/min 40 mins.
VIA, VIB 580°¢C 0.5 torr 35 ml/min 40 mins.
VIIA, VIIB 625°¢C 0.5 torr 35 ml/min 40 mins.
VIIIA, VIIIB 650°¢C 0.5 torr 35 ml/min 40 mins.
IXA, IXB 560°C 0.5 torr 35 ml/min 40 mins.
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Figure 3.1b LAYOUT OF EXPERIMENTAL SAMPLES ON QUARTZ REACTOR BOATS
FOR DEPOSITION RUNS IA, IB to IXA, IXB.

HORIZONTAL BOAT (Double deck)

LOWER DECK Samples for doping experiments

0000

TOP DECK Samples for PSi thickness measurement, etch rate, T.E.M.,
and Rutherford back scattering experiments.

TEM

Double deck horizontal bdat Vertical Slice boat

VERTICAL SLICE BOAT Samples for PSi thickness measurement and
doping experiments.

A B C D

50mm



Figure 3.lc EXPERIMENTAL SAMPLES, RUNS IA, B, to IX A, B.

Eza Silicon

[:] Silicon Dioxide

Sample for PSi thickness

EE} Polysilicon

Doped PSi/Si r ‘1

] l . .
/S /) Define sio,
v

:7 S Deposit Polysilicon

Scribe and crack
into quarters 1//

! Dope and
, _ oxidise/activate
- ] — S
L L L L /LS
PSi Thickness Vertically held
: and etch test samples PSi
T.E.M. SAMPLES samples thickness and

—2» 20mm P :: doping experiments
& NN N NN
10mm t§>//'// // ////'/,
Definﬁ $102 v : v _ A ’

7777 777 v777777

Deposit PSi N ¥

EagSuy
w777 777
Dope 1 LA }

ﬁ>
[




POLYSILICON DEPOSITION RATE X/min.

POLYSILICON DEPOSITION RATE X/min.

Figure 3.2 DEPOSITION RATE OF POLYSILICON VS
REACTOR PRESSURE

Slices on horizontal boat. T const at 6OOOC, SiH, flow
const 35ml/min.  Each point is the mean of 5 readings on
each sample.
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Figure 3.4 DEPOSITION RATE OF POLYSILICON VS REACTOR TEMPERATURE

Slices on horizontal boat. P const at 0.5 torr, SiH

flow 35m1/m1n

Each point is the mean of 5 readings on each sample. 4
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Figure 3.5 VARIATION OF DEPOSITION RATE ALONG THE HORIZONTAL BOAT

FOR VARIQUS REACTOR TEMPERATURE

Each point is the mean of 5 readings on each sample.
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The rate is linearly proportional to temperature within the
temperature range investigated, varying from 70 X/min at 560°C to

approximately 180 R /min at 650°C.

The film thickness uniformity is shown in figure 3.5. It may
be seen that the thickness uniformity is variable at 650°C.
Samples produced at 650°C were difficult to define for thickness
measurement, and so the error in deposition rate measurement is large

for this temperature.

Deposition rates for the identical process conditions on

vertically held slices were measured to be 200 R/sec.

3.3.2 Results from slices held vertically in the reactor

The four slices from each process run were defined with black
wax into a cross pattern, so as to produce a measurable film step at

the centre and all four } radius positions (see figure 3.6).

Figures 3.6 and 3.8 show the dependence of mean film thickness
with process pressure and temperature respectively, and figures 3.7
and 3.9 the film thickness uniformity dependence along the feaction

zone for pressure and temperature respectively.

It can be seen that the thickness of the polysilicon film
grown at 650°C 0.5 torr is predictably high (fig. 3.9), thus
confirming the doubtful quality of the horizontal slice thickness

measurements for the same process conditions. (fig. 3.4, 650°¢) .

3.4 Etching characteristics of polysilicon film

The etching properties of the polysilicon film are important
from NMOS IC fabrication. Line width control and quality influence

the electrical properties of the devices made.

Thicknesses (and therefore deposition rates) were measured on

film samples which had had no further treatment other than the



POLYSILICON DEPOSITION RATE X/MIN.

POLYSILICON DEPOSITION RATE X/MIN.

Figure 3.6 DEPOSITION RATE OF POLYSILICON vs REACTOR

PRESSURE. SLICES HELD VERTICALLY
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POLYSILICON DEPOSITION RATE X/MIN.

POLYSILICON DEPOSITION RATE X/MIN.

Figure 3.8 DEPOSITION RATE OF POLYSILICON vs REACTOR TEMPERATURE
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Figure 3.9 DEPOSITION RATE OF POLYSILICON ALONG THE VERTICAL
SLICE BOAT FOR FIVE REACTOR TEMPERATURES
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application of black wax and subsequent etching in a codél etch

(= BOOC) to form suitable steps for measurement.

In the NMOS process, the polysilicon is either doped, and then
oxidised, or oxidised without doping, to enable accurate photo-
lithographical definition of the polysilicon'features of the circuits

to be made.

Thus the etching characteristics of undoped, unoxidised
polysilicon are only of interest as a means of assessing the

structure of the film itself.

Figures 3.10 and 3.11 show the etch rates for polysilicon

films produced by the processes shown in figure 3.1.

The etch rate, X/sec, may be seen to be erratic. It has
been found that in practice, the etch rate i¢ dependent largely
upon the surface cleanliness of the film, and to some extent upon

the thickness of the film itself.

Black wax definition methods are not 'clean' and are thought

to contaminate the film surface, inhibiting the onset of etching.

Oxide on the polysiiicon film has been found to have the
same effect, and during the production of NMOS devices, the polysilicon
etch is preceeded by a hydroflouric acid dip-etch to remove this
oxide. Even so, the present etching method still employed is a

single slice, visual end point technique.

The temperature of the etch is a critical parameter, as is the
etch concentration and type. Early work using a 'conventionional'
polysilicon etch (Nitric acid, hydrofluoric acid, acetic acid)
gave unreliable results. (Etch times + 200%) , Hot, 60°C, 157
wt coéncentration potassium hydroxide in deionised water was introduced,
and was found to be a more reproducable and reliable process. This

is currently used in the NMOS process.



Figure 3.10 ETCH RATE OF POLYSILICON vs REACTOR PRESSURE

Measured on films grown on slices held hogizongally at 600°C
35mf/min. SiH, flow. Etch 157 KOH at 60 C +2 C.
Black wax masking used.
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Figure 3.11 ETCH RATE OF POLYSILICON vs REACTOR TEMPERATURE

Measured on films grown on slices held hogizongally at 0.5 torr
35mf/min. SiH, flow. Etch 15% KOH at 60 C *2°C.
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The results shown here are produced by this method, but the
unreliable properties of most wet polysilicon etches are generally

recognised. Plasma etching of polysilicon in CF, is now being

4
developed, and work undertaken in this area will be reported in

the future.

3.5 Film Structure

Samples were produced for the examination of the crystallite

size of the polysilicon films by Transmission Electron Microscope.

These samples were included in the series of experimental
runs performed on horizontal slices. The samples were 20 x 10 mm
pieces of <100> Silicon (Boron doped 2.5-7.5 Qcm), one half of
which was oxidised (60008 Si02). Polysilicon was then desposited
on both silicon and silicon dioxide halves of each sample during the

deposition process. See fig. 3.lc.

These TEM samples were initially used to determine the grain
(crystallite) size for 'as-deposited' polysilicon films at various
deposition temperatures, and later to assess the effects of

doping of polysilicon by phosphorus on the grain structure (Chapter
4)0

The TEM investigation was performed at the Department of

Metallurgy, at Oxford University.

Of the nine experimental runs performed on horizontal slices,
samples from five were chosen for this TEM analysis; runs IA, 6A,

7A, 8A and 94 (600°C, 580°C, 625°C, 650°C and 560°C,)

Samples were identified with polysilicon run number, and either
'S" or '0' to signify the underlying material as Silicon or Silicon

dioxide.
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3.5.1 Results of TEM examination

The Transmission electron micrograph, magnification 75K,
are shown in figures 3.12 to 3.15 for the five pairs of samples

analysed.

The results of this analysis are summarised in figures
3.16, and a comparison with work undertaken by Kamins 4

is shown.

The TEM results are also presented in tabular form in
figure 3.17, together with grain size analysis after N* doping
for each Polysilicon deposition temperature. This is described

in Section 4.6.
3.6 Conclusions

Experiments to characterise the polysilicon films grown in
the LPCVD reactor have shown that the most important process

parameter is the reaction temperature.

The deposition rate of polysilicon is linearly proportional
to this temperature within the range investigated, and has been
shown to be 7OX/min at 56OOC, increasing to 180 X/min at 65000, for

a4 constant process pressure of 0.5 torr.

The effect of the process pressure alone has been difficult
to assess, since the quantity of Silane available is directly
proportional to the pressure in the reactor. However, the
deposition rate has been seen to increase from 1008/min at 0.23
torr to 140 X/min at 1.0 torr, at a constant process temperature
of 600°C.

The surface quality of the films becomes less reflective at
the high (> 1.0 torr) process pressures; this is thought to be
caused by gas phase nucleation and precipitation onto the surface
of the slices. Surface 'roughness' has been measured on the Alpha
Step to be as high as * 1000 X, at deposition pressure 1 torr. The
shielding of horizontal slices from this precipitation has produced

smooth film surfaces (+ 100 X).
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Figure 3.16

THE GRAIN SIZE OF POLYSILICON DEPOSITED AT VARIOUS REACTOR
TEMPERATURES, FOR
FLOW OF 35mf/min.

* Kamins work, see ref. *
m —_
K. 50 This work n' doping A
PSi on SiO
45 17 + 2
' This work n doping v
i i <100>
40 b PS1 on S1 <10
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35 L on Si andSi02
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.25 1 0 A
20 ® v v
15 F A *
A0
® % % * *
.05 F *
. X
041 ! j 1 1 ] ] ] i ! ]
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Reactor Temperature ©¢

* Ref: Structure and properties of LPCVD Silicon films.
T.I. Kamins
J. Electrochem. Soc. Solid-State Science and
Technology, March 1980.
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It has been noted that only the top segment of vertically mounted

slices have this grainy appearance.

Gas phase reactions are thought to be caused by an excess
of Silane in the reaction tube. Increasing the reaction temperature
to 650°C increases the reaction rate, and consumes this excess.
Highly reflective films showing no traces of nucleation have been
produced at 650°C at 1.0 torr. These have a surface roughness of

only * 50 X.

TEM measurements have shown an increase in grain size from
o} ' o .
0.03 um at 600 C reactor temperature to 0.2 um at 650°C. This

result is compared with Kamins figures (fig. 3.17).

TEM results also confirmed that at deposition temperature of

560°C and 580°C the film was amorphous silicon.

The film thickness uniformity can be controlled within * 10%
across each slice for both horizontally and vertically positioned

slices.

For batches containing more than eight slices, the quartz
boat design has been changed to hold slices vertically, and some
temperature gradient will be necessary to retain slice to slice film

thickness uniformity.

Etching of the polysilicon by 'wet' methods is at best

unreliable, and single slice processing continues to be necessary.

An improved film thickness uniformity, say * 27 across
each slice, and from slice to slice, will be necessary for batch

etching of slices for NMOS circuit definition.

Commercially built reactors have a longer, precisely shaped
hot zone, larger reaction tube diameter, and mass flowmeter gas
controls for improved slice throughput. The reactor described in this

thesis is however, adequate for the present level of R and D processing.
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CHAPTER 4

CHARACTERISATION OF HEAVY N DOPING OF POLYSILICON FILMS

4.0 Introduction

The doping of polysilicon is essential in the NMOS process,
since the high resistivity of the deposited polysilicon film must
be reduced to a sheet resistance of 20 - 60 Q/sqto satisfy the
electrical specification for interconnects used in NMOS integrated

manufacture. 11-18

R R +
Since these interconnects can contact the n source and

20

drain regions, a heavy (> 10 cm*3) nt doping of the polysilicon is

necessary to ensure ohmic contact.

This chapter presents sheet resistance results obtained on
polysilicon films grown under the deposition conditions of temperature
and pressure described in Chapter 3, and doped by the folléwing

methods:

1. Phosphorus doping by diffusion in a 9250C furnace for

30 mins, using a POCl, source.

3

15 pte

2. Ton implantation of phosphorus; 5 x 10 m-2 at 40 KeV.

3. TIon implantation of arsenic; 5 x 1015 As+ crn_2 at 80KeV.

All samples so processed were subsequently annealed at
1050°¢C in dry oxygen for 35 mins.

The definition of this oxide by photolithography is used
to form an oxide mask to define the polysilicon features of the

circuits.

4.1 Preparation of the polysilicon samples

Sample <100> boron doped silicon slices were processed to
form areas of silicon and silicon dioxide, upon which the polysilicon

film was to be deposited.
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An accurate control between samples doped by different methods
was required, and so the sample production method shown in figure

4.1 was used.

Each silicon slice was oxidised at 1100°¢ using an 80°¢

water bubbler to form a silicon dioxide layer 60008 thick.

This oxide layer was defined into a circle of approximately
25 mm diameter at the centre of each 51 mm diameter silicon
slice. The remainder of the oxide was removed in buffered hydrofluoric

acid.

The resist was removed in fuming nitric acid. These sample
slices were dip etched in 7:1 HZO;BHF immediately before polysilicon
deposition to remove any oxide from the silicon areas. Four
slices were included in each of the experimental polysilicon
deposition runs detailed in fig. 3.1, i.e. deposition temperatures
560°c¢, SSOOC, 6OOOC, 625°C and 6SOOC, all at 0.5 torr pressure, and
at pressures of 0.23 torr, 0.5 torr, 0.65 torr, 0.8 torr and 1.0 torr,
all at 600°¢ deposition, the standard temperature used for device
fabrication at that time. The pressure of 0.23 torr is the minimum
obtainable by the vacuum pump fitted, and 1.0 torr is the maximum
pressure controllable by the N2 bleed flowmeter. The deposition

time was 40 mins for all runs.

The arrangement of these samples on the quartz boat is shown

in fig. 3.1b.

After the deposition of the polysilicon film, each slice was
identified by scribing, and the slice then cut into quarters, so
that each quadrant had an area of polysilicon on <100> silicon, and

also an area of polysilicon on 60008 Silicon dioxide.

The quadrants were sorted so that one of three quadrants
from each slice was used for each of the three doping methods

investigated.



Figure 4.1

PREPARATION OF SAMPLES FOR POLYSILICON DOPING
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4.2 The doping of polysilicon by phosphorus diffusion | 1»17516

The phosphorus diffusion method used was as follows.

The sample quadrants were arranged on a flat horizontal
quartz susceptor which was heated to 925°C in a diffusion furnace.
Quadrants from the various polysilicon runs were mixed along the

susceptor.

The diffusion tube is attached to a bubbler system containing
phosphorus oxychloride. The bubbler is maintained at 0°c. A
small flow of nitrogen (60 ml/min) passes through the bubbler and is
mixed with the main flow of nitrogen and oxygen (1000 ml/min and
20 ml/min). The phosphorus oxychloride reacts with the oxygen to
form phosphorus pentoxide which in turn reacts with the silicon
(or polysilicon) to form a phosphorus-rich glass from which the

phosphorus diffuses.

This phosphorus deposition process lasted for 30 minutes,

after which the samples were removed from the furnace.

The phosphorus glass was removed from the surface of the

polysilicoﬁ by dipping in dilute buffered hydrofluoric acid.

The sheet resistance of the polysilicon was then measured by
four point probe at five points on the PSi on Si and five points

on the PSi on 8102 areas of each quadrant.

Curves for sheet resistance plotted against polysilicon
deposition conditions for PSi on Si02 and PSi on Si are shown in

figures 4.2 a & b and 4.3 a & b.

« These doped samples were oxidised for 35 mins at 1050°¢ in
dry oxygen to simulate the oxidation used for definition of poly-
silicon (see 4.0). Sheet resistance was measured after oxide

removal in buffered hydrofluoric acid.

These results are shown in figures 4.2 ¢ & d, and 4.3 ¢ & d.



Figure 4.2
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Figure 4.3 SHEET RESISTANCE §2/sq OF POLYSILICON DEPOSITED ON SILICON

<100> FOR VARIOUS DOPING PROCESSES AND PSi DEPN.CONDITIONS.
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14,16
4.3 Doping of polysilicon by the ion implantation of phosphorus

The second quadrant from the sample slices prepared (section
4,.1) was ion implanted in a Lintott Series II machine at 40 KeV

1 -
energy with a dose of 5 x 10 > p+ ions cm 2

The implanted samples were then annealed for 35 mins at
1050°¢C in dry oxygen. The oxide layer so formed was then removed
in buffered hydrofluoric acid, and the sheet resistance of the

polysilicon film measured as for the POCl3 diffused set.

Sheet resistance readings taken are plotted in figures 4.2

& £ and 4.3 e & f for PS1 on SiOz, and PSi on <100> Si.

4.4 Doping of polysilicon by the ion implantation of Arsenic

The third quadrant from each sample slices was processed as
in Section 4.3, but a dose of 5 x 1015 Ast ions cm“2 at 80 KeV was

used instead of phosphorus ions.

Sheet resistance values after the 1050°C anneal are shown in

figures 4.2 g & h and 4.3 g & h.

4.5 Results from doping experiments

It may be seen from figure 4.2 that the sheet resistance of
PSi after ion implantation and anneal at 1050°C does not appear to
be dependent on either the polysilicon deposition temperature or

pressure.

Values of sheet resistance lie between 60 and 100 Q/sq for
Phosphorus implants and 100 and 170 Q/sqfor Arsenic. Clearly,

these figures are too high for interconnect use.

Doping of polysilicon with POCl3 at 925°C can be seen to
produce films with sheet resistance values which satisfy the
electrical specification. However, subjecting polysilicon to high
doses of phosphorus at elevated temperatures effects the structure

of the film. This is discussed here.
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4.6 Polysilicon film structure after phosphorus doping19

Transmission Electron Microscophy samples were produced as
follows. A <100> Boron doped 2.5 - 7.5 Qcm silicon slice was
processed to form an oxide 60008 thick. This oxide was then masked
over half the slice and stripped from the remainder with buffered
hydrofluoric acid. The resist was removed, and the TEM samples
cut from the slice so that each sample was 10 mm by 20 mm, and had
aﬁ area of oxide 10 mm x 10 mm and an area of <100> silicon 10 mm

x 10 mm.

These TEM samples were included with each experimental
polysilicon deposition run (fig. 3.1) TEM samples coated with
polysilicon deposited at 0.5 torr at temperatures 56OOC, to
650°C were included in the 925°C POCl3 diffusion process and
subsequent 1050°C anneal (section 4.2). The oxide grown during
the anneal was removed before TEM analysis at the Department of

Metallurgy at Oxford University.

A summary of the TEM analysis is shown in figure 3.17
where the effect of the heavy N7 doping and heat treatment on the

polysilicon grain size may be seen.

Figure 4.4 to 4.11 shown micrographs (x75k magn) of the
N* doped polysilicon. These may be directly compared with the

micrographs for the undoped films shown in figures 3.12 to 3.16.

Thus it can be seen that the Phosphorus diffusion and

oxidation process affects the polysilicon in the following ways:
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1. In general, the grain size is increased.

2. The amorphous silicon films are converted to polysilicon on

both silicon and silicon dioxide substrates.

3. The 600°C 0.5 torr polysilicon on <100> was recrystallised to

single crystal silicon.
From these results the ©Dllowing may be deduced:

1. Polysilicon on silicon substrates will recrystallise into single
crystal silicon if

a) it is of a very fine grain size, < 0.1 um and

b) it is in intimate contact with the underlying single

crystal silicon.

The 7BS sample would normally have recrystallised, but the
silicon substrate had been contaminated (208 Sioz?) during preparation.
Other workers 32 have found 625°C and 650°C polysilicon recrystallising
after deposition in reactors having a HCl pre clean facility, and

so(b) above would appear to be the more likely.

2. The regrowth of polysilicon may be advantageous in buried
contact applications, that is, the direct contact of polysilicon
~interconnects to <100> silicon. Work to reduce the polysilicon
to silicon contact resistance is continuing. A HCL pre clean

facility should be included in future equipment developments.

3. The phosphorus doping of polysilicon and the following oxidation
process before the definition of the film into the circuit features
enlarges the polysilicon crystallites, making the film less suitable

for definition of fine geometry features.
4.7 Conclusions
The doping of polysilicon films deposited at temperatures between

560°C and 650°C at 0.5 torr, and pressures between 0.23 torr and 1 torr

at 6OOOC, have been characterised for the diffusion of phosphorus from
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a POCl3 source, and for the ion implantation of both phosphorus

and arsenic.

These temperature and pressure variations have been shown
to have little effect upon the sheet resistance of the polysilicon
film deposited on Si 02, when annealed in dry oxygen for 35 minutes
at 1050°C.

TEM analysis of films deposited at a constant pressure, but
at various temperatures within the range, has shown that polysilicon
grain sizes increase in size after the phosphorus diffusion and
anneal treatment. Amorphous films have been shown to become
polycrystalline, with a grain size larger than those which were

initially fine grain (0.03 um) polysilicon.*

The heat treatment necessary to achieve the sheet resistance
required for integrated circuit use during phosphorus diffusion
doping enlarges the polysilicon grains to a size where accurate

definition of fine geometry circuit features may be difficult.
The application of these heavily doped n™ polysilicon films

for the fabrication of fine geometry shallow junction NMOS

technology is discussed in Chapter 5.

* Also found by other workers, ref 15.
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CHAPTER 5

Application of n’ doped polysilicon for NMOS device manufacture

5.0 Introduction

+ . cq s . R
The n  doping of polysilicon to reduce its sheet resistance

has been described in Chapter 4.

In the conventional process described in Chapter 1 (fig. 1.1),
the polysilicon, already defined into gates and interconnects, was
doped with phosphorus from a 925°C POCl3 diffusion system during
the formation of the n' source drain regions. A schematic of the
step by step manufacture of an NMOS transistor is shown in figure
5.1.

The shallow junction self aligned polysilicon process cannot
utilise this source and drain doping process step (Chapter 1) and so
alternative methods of independently doping the polysilicon film

have been investigated (Chapter 4).

The majority of the shallow junction process development
work has been concerned with the problem of lowering the sheet
resistance of the defined polysilicon, whilst retaining the

shallow source and drains (Xj = 0.5 pm).

The results of these investigations are also reported in

this chapter.

5.1 Doping of Polysilicon during Phosphorus diffusion of Source

and Drain regions

In the conventional process shown in fig. 5.1, the undoped
polysilicon was first heated in dry oxygen at 1050°C for 35 minutes
to grow an oxide of 7008 +50 R. This oxide was defined by conventiondl
positive resist photolithography into the various features of the
circuit. The photoresist was then removed, and the oxide mask

used to define the underlying polysilicon into the circuit patterns.



Figure 5.1
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Step by step manufacture of an NMOS transistor,

using Phosphorus diffusion of Source and Drain.
This example has a buried contact (PSi to Si)
drain, and a direct contact (Al to Si) source.
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Figure 5.1 continued
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This polysilicon 0.57 KOH wet-etching process is self

stopping on the gate oxide layer under the polysilicon.

The gate oxide (= 12008) is dipped out in buffered hydrofluoric
acid, to expose the silicon source and drain areas. This self~
aligning feature of the process also ensures that the oxide is
removed from the surface of the defined polysilicon (oxide on
polysilicon = 7008). The subsequent 30 minute phosphorus doping

process from a 925°¢ PoCl, diffusion furnace systems forms the n’

3
source and drain regions, and dopes the polysilicon interconnects
and gates. Further heat treatment during the remainder of the

+ .
NMOS process ensures correct n junction formation, and activation

of the phosphorus in the polysilicon. Figure 5.2a.

The sheet resistance of the polysilicon on silicon dioxide
has been measured by 4 point probe techniques after phosphorus
doping to be 27 to 30 Q/kq After the remainder of the process,

this figure is typically 20 Q/g, and the junction depth Xj = 1.9 um.

Thus the conventional process gave very acceptable sheet

resistance values fotr the polysilicon interconnects and gates.

5.2 Doping techniques for the shallow junction self-aligned

polysilicon gate process

The requirement for shallow junctioms, (X.j < 0.5 um)
formed by either implanted phosphorus or arsenic, necessitated the

redevelopment of the NMOS integrated circuit process.

Initially, the doping of the polysilicon gates and interconnects
during the source and drain formation, as for the 'conventional'

process, was attempted.

Figure 5.2a shows a summary of the variety of doping techniques
used, with the sheet resistance values achieved for Polysilicon on
oxide (interconnects), Polysilicon on silicon (contacts), and on

<100> 2-7 Qcm silicon (source and drains). Also given is the



Figure 5.2a

SHEET RESISTANCE 2/sq OF POLYSILICON DEPOSITED

AT 600°C, 0.5torr, ON Si0, AND <100> Si,

FOR VARIOUS DOPING SCHEDULES, COMPARED WITH
RESULTS OBTAINED ON <100> Si.
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source and drain junction depth,Xj , obtained by bevel and stain
techniques, and the n* junction depth in <100> Silicon under

polysilicon.

Clearly, doping processes which give low sheet resistance values,
(< 60 259, of Polysilicon on oxide sheet resistance after the
final heat treatment to simulate the complete NMOS IC process,
also form unacceptably deep n' source and drain junctions in <100>

silicon, (Xj >> 0.5 um).

5.3 " Comparison of PSi doping by diffused and implanted Phosphorus

Results shown in figure 5.2a for Q/sqvalues due to 900°¢
and 925% POCl3 diffusions into Polysilicon on Silicon dioxide

and on<100> silicon may be compared. 7,10

After the 900°C diffusion process, the Q/sqvalues for both
$i0, and Si samples are approximately equal, 'SiOz' 34-36 Q/sq,
'si'31-35 Q/sq After the 40' 900°C drive-in process, the value
for the 510, sample remains at 31-34 Q/sq, but the Si sample drops
to 25-32 Q/sq. For the 925°C diffusion process and the subsequent
1050°¢C drive in, the drop is more marked, 27-30 Q/sqto 19-20 Q/sq
PSi on SiOz, 23-25 Q/sqto 10-11 Q/quSi on <100> Si.

These results may be interpreted as follows. With diffused
phosphorus from a POCl3 furnace system, the phosphorus diffuses
preferentially to the grain boundaries of the polysilicon film,
and thus may be expected to diffuse through the PSi film via the

grain boundaries to the underlying sample surface.

The drop in Q/sqvalues during the folléwing drive-in process

may be caused by two effects:

1. The diffusion of phosphorus from the grain boundaries
into the PSi crystallites, increasing the conductivity of the
film; and

2. The diffusion from the PSi film into the underlying

sample material (negligible in the case of Sioz) forming a parallel
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conduction path with the PSi film.

It may be argued that for the sample results given in
figure 5.2a, the 900°C 30'diffusion was not sufficient to diffuse
phosphorus into the underlying silicon in quantities which would
reduce the sheet resistance of the silicon. Note (ref. 5.2a) that
<100> Si exposed directly to these diffusion and drive-in processes
has a sheet resistance of 16-17 Q/Sq, and a Xj of 0.74 to 0.8 um, whereas
the Xj in silicon under the polysilicon is now 0.45 to 0.5 um, thus
suggesting that diffusion from the PSi into the underlying Si has

taken place.

It may be postulated therefore, that in the case of phosphorus
doping from a POCl3 diffusion furnace at 9OOOC, the phosphorus
does not penetrate through the 40008 of polysilicon film during the
30" process, even though the diffusion rate is enhanced along the
grain boundaries, and the grains are enlarging, in this case, from

0.03um to = 0.2 um.

If this conclusion is now compared with the case for the
phosphorus ion implanted results presented in this chapter, an
explanation for the high values ( > 100 Q/sq) of sheet resistance

o) .
at low,< 1050 C, activation/anneal temperatures may be postulated.

The implanted phosphorus ions are distributed randomly in the
polysilicon structure - there is no preferential siting in the grain

boundaries.

As the implanted film is heated, the phosphorus tends to move
to the grain boundaries, but the crystallites also start to grow

in size, thus reducing the volume of grain boundaries.

The decrease in sheet resistance is therefore caused by both
the activation of the phosphorus ions in the PSi crystallites, and
also the increasing availability of the potentially active phosphorus
ions in the grain boundaries by the shrinking of these boundaries

during grain growth.
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So, a number of things happen during activation: (ref: fig.5.3
& 5.4)
+

1. P ions in the grain boundaries remain trapped in the boundary,

but start to diffuse along the boundary.

+ . . . .
2. P ions in the crystallites, sited near to a grain boundary,

diffuse to that boundary, and then behave as 1. above.

3. P+ ions in a crystallite take up an substitutional position and

increase the conductance of the crystallite.

4. The crystallites grow, reducing the grain boundaries, and
. + . . .
releasing the P ions previously trapped for absorbtion into

the lattice structure.

5.4 Comparison of doping of PSi by ion implantation of phosphorus
13,20

and arsenic

The comparison of sheet resistance values given in figure 5.2
for phosphorus doping and arsenic doping of the polysilicon film
on silicon, and the values obtained for the same processes on

polysilicon films on oxide, is of interest.

It may be seen that after the drive in/activation process, the
PSi on Si 2/sq values drop and are lower than those for PSi on SiOz,
whereas the arsenic doped films have the same sheet resistance

values even after the final heat treatment.

Thus the arsenic has not diffused significantly through the
polysilicon to the <100> silicon during this processing. The
junction depth given in figure 5.2a, Xjsi = O0.lum, is at the limit

of measurement by bevel and stain techniques.

If it is accepted, therefore, that the diffusion of either
phosphorus or arsenic is greatest along grain boundaries in polysilicon,
it may be deduced that the activation of arsenic in polysilicon is

very much more difficult than phosphorus.
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Figure 5.3 SCHEMATIC OF POLYSILICO% GRAIN DOPING BY
PHOSPHORUS DURING A 925°C POC13 PROCESS.
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Figure 5.4 SCHEMATIC OF POLYSILICON GRAIN DOPING BY
PHOSPHORUS DURING AN ION IMPLANTATION AND
SUBSEQUENT ACTIVATION PROCESS.
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5.5 Development of the shallow junction NMOS process 21

The following conclusions were arrived at:

1. The source and drain regions would be formed by arsenic ion
implantation.

2. The polysilicon film would be doped with phosphorus before
definition into circuit features by either POCl3 diffusion processés,

or by phosphorus ion implantation.

Thus the characterisation of the polysilicon was continued to
investigate the doping by POC13, and ion implantation of phosphorus
and arsenic, since the polysilicon circuit features would be

exposed to the source and drain implant.

5.6 Characterisation of the doping of polysilicon films before

definition (predoping), for shallow junction NMOS devices

This experimental work investigated four possible predope
processes, to dope the polysilicon film before definition into
circuit features. The source and drain regions would then be

doped by the ion implantation cf Arsenic.

The experiment is shown in figure 5.5a. It can be seen from
the results given for the polysilicon on silicon dioxide (interconnect)
structures produced by these four processes, and shown in figure 5.5b,
that in general, the sheet resistance values are higher than for

films doped after definition. (compare with fig. 5.2a)

Note that these latter films have been subjected to a 1050°¢

oxidation process, and consequently would have larger grain sizes.

Attempts to increase the POCl3 doping resulted in contaminated
films. The considerable difficulties encountered in controlling
this predope process are not understood. Samples produced in the
original polysilicon deposition series (Chapter 3) were used to

further characterise possible ion implantation predope techniques.
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5.7 Characterisation of ion implantation 'predope' techniques

Further characterisation of the activation of phosphorus
and arsenic implanted polysilicon films was undertaken, to assess
the effect of activation temperature and time on the sheet resistance

of the Polysilicon films.

The current standard Polysilicon deposition process, deposition
0 o
temperature 600 C + 5°C, pressure 0.5 torr z 0.1 torr, was used to

deposit 40008 for polysilicon on a further eight silicon slices,
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(<100> 2.5-7.5 Q cm boron doped), one half of each slice being oxidised

to a thickness of 1200 & <100> 2.5-7.5 Qcm (boron) silicon slices
were included with this batch for control purposes.

Half of these sample slices were given a 5 x 1015 P’ cm—2
40KeV implant, and the rest a 5 x lO15 As* Cm~2 80 KeV implant.
The implant range, Rp, is approximately the same for each set,

Rp = 0.05, 0.048 um, in single crystal silicon.

These slices were then diced into pieces about 10 mm square,
and each piece activated at a different temperature in dry

Nitrogen, together with the appropriate <100> Si control.

For each activation temperature, the sample was heated
firstly for 1 minute, removed, and its sheet resistance measured,
replaced for another 4 minutes, measured by four point probe, and
further annealed, so as to produce curves of sheet resistance
against activation (anneal) time for various activation temperatures.
These curves are shown for ion implanted Phosphorus and Arsenic

in figures 5.6 and 5.7.

Figures 5.8 and 5.9 show comparable curves for the sheet
resistance of the <100> Silicon control slice implanted with

5 x 1015 p* (:m.-2 40KeV, and 5 x 1015 As+ cm“2 80 KeV.

Samples taken from these silicon controls after activation at
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900°C, 1000°¢, 1050°C, 1100°C and 1200°C were measured by bevel
and stain techniques to determine the junction depth after 15 minutes

activation.
These results are shown in figure 5.10.

It may be concluded therefore that any process designed to
produce arsenic doped source and drain junctions of 0.8 um or less

. . . . o] .
cannot use a drive in/activation of more than 1050°C for 15 mins.

If phosphorus is to be used, the activation temperature must

remain below 900°¢C.

From the curves of Q/sqvs Activation time for various temperatures
shown, it can be seen that the sheet resistance of As+ implanted
PSi interconnects would be geater than 200 Q/sq, and for p*
implanted interconnects,> 210 Q/sq. These figures are unacceptably
high.

It has been shown that although some control of the sheet
resistance of polysilicon films can be affected by controlling
the grain size of the crystallites, a reduction from >200 %/ sq

to =20f/sq is not possible by this method alone.

It is confirmed, therefore, that the polysilicon film must
be doped before definition into interconnects and gates, either by
the diffusion of phosphorous from a POCl3 source in a furnace, or

by ion implantation.

The current NMOS IC process which uses a POCl3 predope

step is shown in figure 5.11.

5.8 o Doping of polysilicon for fine geometry (< 2 um) devices

Two further constraints on methods of doping of polysilicon

become apparent when fine line widths are to be used (¢ 2 pm).

1. The etching of polysilicon gate.defines the gate width of the
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Figure 5.11 NMOS SHALLOW JUNCTION PROCESS Xj <0.5um
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transistor. Either undercutting, which reduces the gate width, or
poor line quality definition, are undesirable. The undercutting can
either be compensated for in the design rules, or eliminated by use

of anisotropic etching techniques such as plasma etching in chlorine.

The line width control can be improved by using small grain
size polysilicon (< 0.1 um, say). larger grains increase the
uncertainty of etching characteristics of polysilicon, and although
a 107 variation in line width is acceptable for 4 um gate devices,

this figure increases to 207 for 2 um, and 407 for 1 um devices.

The effect of phosphorus doping upon the grain size of the

polysilicon was therefore of considerable interest.
5.9 CONCLUSIONS

It has been shown that the conventional method of polysilicon
doping during the phosphorus diffusion of source and drain regions
was not compatible with shallow junction device fabrication methods,
and that the separate pre-doping of the polysilicon film was

necessary.

The pre-doping technique currently used is 30 mins. phosphorus
diffusion from a POCl3 source in a 925°¢ furnace, followed by
35 mins. in dry O2 in a 1050°¢ polyoxidation furnace, to form the

7008 SiO2 layer necessary to define the underlying polysilicon.

Work to replace the POCl3 diffusion by an implanted phosphorus

process 1s reported in Chapter 6.
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CHAPTER 6

Characterisation of polysilicon for the development of a very shallow

junction (< 0.2 um), low temperature (< 100000) NMOS process

6.0 INTRODUCTION

The following features have been shown to be necessary for

shallow junction fine geometry NMOS processes.

1. Fine grain polysilicon at the polysilicon definition

stage (or polysilicon which will define accurately).

2. Low sheet resistance polysilicon (< 30 Q/q say) to

satisfy finer polysilicon line width circuit requirements.

3. Shallow source and drain junctions, < 0.2 um, preferably
= 0.1 um, implying arsenic ion implantation, and subsequent low

temperature heat treatment for short duration.

It has been shown in Chapters 3, 4 and 5 that polysilicon
films grown at a variety of deposition temperaturesand pressures may
be heavily doped with phosphorus and arsenic and defined into the

patterns required for NMOS IC fabrication.

In both the diffused phosphorus source and drain process
(conventional process), and the arsenic implanted shallow junction
process, the differences in polysilicon grain structures produced
by the deposition conditions are largely removed by the oxidation,

or the doping and oxidation processes prior to polysilicon definition.

Thus for the shallow junction implanted arsenic process the
polysilicon film is already phospHorus doped when pattern definition
takes place, and the grain size is approximately equal to the thickness

of the polysilicon film (0.2 - 0.4 um).

For fine geometry devices and circuits, it is desirable to
define the polysilicon before doping, since more accurate definition

is possible on fine grain films, (0.03 um).

The activation of ion implants must be by the shortest time

at the lowest temperature practicable to minimise the junction depth



of the source and drain regions.

6.1 Doping of as-deposited polysilicon before definition, by ion

implantation of Phosphorus

It has been shown in Chapter 5 that the phosphorus implant
dose of 5 x 1015 P+ cmm2 at 40 KeV was not sufficient to reduce
the sheet resistance of the polysilicon film to the acceptable
range of values (10-60 Q/sq)below activation temperatures of 1000°C
for times of <60 mins. This dose may be considered equivalent to

a dopant concentration of 1020 cm_3, 1

Polysilicon film grown on oxide coated silicon slices held
vertically in the reactor during deposition runs IB to IXB
(fig. 3.1) were implanted with phosphorus ions at four doses
(fig. 6.1).

These slices were defined into cross patterns to enable film
thickness measurements to be made. Black wax was used for this
definition 80 as to avoid any form of heat treatment which may

alter the structure of the polysilicon grains.

The slices were then annealed in dry Nitrogen for 15 minutes
at 9OOOC, and nine measurements of sheet resistance made on each
slice., Families of curves for sheet resistance vs
phosphorus implant dose, and vs anneal temperature are shown in

figs. 6.2.> 6,13,

An anneal time of 15 minutes was chosen, since results
presented in Chapter 5 show that a further reduction in Q/gqfor
anneal times >15, <60 mins is slight, and the shallow junction
requirements of the process limit the activation time and temperature

usable.

The annealling processes used here are sequential. A part of
slice 1A was used as a control to check the effect of this

sequential annealing technique. Results from measurements of 04q on
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FIGURE 6.1 ASSESSMENT OF ACTIVATION OF PHOSPHORUS ION
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Figures 6.2>6.7 SHEET RESISTANT (Q/sq) OF POLYSILICON DEPQSITED
ON Si0,, FOR FOUR PHOSPHORUS IMPLANT DOSES AND oA RANGE OF POLYSILICON
DEPOSITION PRESSURES. DEPN TEMP CONSTANT 600°C.
x  5x1015P*cm~? 40KeV, + 1x1010p+cm=? 40KeV ] all annealed for
A 8x10M9P*em™® 40Kev, . 2x1010p*em™  40Kev ]15' in dry N,

3 3

107 . e} 107 . (e}
Fig 6.2 900 C Anneal Fig 6.3 950°C Anneal
T ~x ]
Q/Sq_ \X\x\ Q/Sq o - X ) Co—
— O, e £, \x\\x\ 2 x““*‘)‘\-x-
1077 Tt —— == 10 - A A A
- | N =’ /“——.+*+"“‘+'-——-+-
-—.'-\____.____-_.”__,—o — e, \ . . -
10 + . 10
' 1.2.3.4.5.6.7.8.9.1.0 ' .1.2.3.4.5.6.7.8.9.1.0
103— : PSi Depn Pressure (torrEOS _ PSi Depn Pressure  (torr)
| . I ’ .
1 . F 6.5 1050°C ANNEAL
2/sq Fig 6.4 1000°C ANNEAL g, ig
21 _ ) SRR 2! .
10 X H——Xe——x- 10 X e X XX
— D A A— SO
) _+-—-———-—"'f‘--—+—-—-—'1*m+‘” -_A.________é.—-—»A—-—-é;e-—»—-%“
\.\' . . Y- I \

10 F 10 F '
""1.2.3.4.5.6.7.8.9.10 ' 1.2.3.4.56.7.8.910
103__ ) PSi Depn Pressure (torr)103r PSi Depn Pressure (torr)

Fig 6.6 1100°C ANNEAL [ Fig 6.7 1150°C ANNEAL
Q/sql $2/sql
10° ‘ 10T
—A N K3 e X
el S S SEYS e e e —
e~ i T T
10 8 * imse— 8 10 n .

A Iy e 1 B £ A 'y & v
1.2 .3 .4 .5 .6 .7 .8 .9 .1.0 1.2 .3 .4 .5 .6 .7 .8 .9 .1.0
PSi Depn Pressure (torr) PSi Depn Pressure (torr)



FIGURES 6.8+6.13 SHEET RESISTANCE (2/sq)OF POLYSILICON DEPOSITED
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this part slice 1A, annealled at 1050°¢ for 15', and then at 12000C
for 15', agree with Q/sqvalues from the rest of the slice, which
was annealed at 900°C 15', then 950°C 15", 1000°C 15' and so on, to
1200°¢.

. . o, . .
Nitride growth at 1200 C introduces some uncertainty for sheet
resistance measurements. An oxygen ambient was substituted for
: . o] .
nitrogen during the 1200 C anneal for slice 1A, but for the remainder

of the experimental series, 1150°C was the highest temperature used,

6.2 Analysis of results

6.2.1 Sheet resistance §/sq, vs polysilicon deposition pressure for

four phosphorus ion implant doses, at various activation

femperatures

The following may be observed in figures 6.2 to 6.7:

1. Q/sqvalues are high= 375 Q/sqfor 5 x 10lS P+cm“2 for films
grown at 600°¢C 0.23 torr, and annealed at 900°C. These 0/sq

values decrease sharply as deposition pressure increases to 1.0 torr.
2. As the phosphorus dose is increased, this slope decreases.

3. As the anne¢al temperature is increased, the slope decreases.

4. Qfsqvalues for heavily doped (2 x lO16 p* cm_z) films (all
deposition pressures) are low (20 - 40 Qb at 900°C anneal and

reduce to 12 - 24 Qfsqafter a 1150°C anneal.

5. The Q/sqreduction for the lower dose, 5 x 1615P+ cm-z, is
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from 350 - 390 Q/sq(0.23 torr) to 50 - 62 Q/sq, and from 125 - 183 Q/sq

(1.0 torr) to 46 - 53 Q/sq.

The range of implant for phosphorus in silicon at 40 KeV

is 0.05 um (g = 0.028 pm).'%

The grain size of polysilicon will increase with temperature

and phosphorus doping concentration (Chapter 4).
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Since phosphorus diffusion along grain boundaries is faster
than through single crystal silicon, and phosphorus tends to segregate

to the grain boundaries, 7,10,30,31, the following model is proposed.

1. The polysilicon grown at 0.23 torr has smaller grains
(0.03 um), and therefore a larger density of grain boundaries.
Thus more phosphorus will segregate into these boundaries than
for the films grown at 1.0 torr, and less will be available for

conduction.

2. Since the implantation of phosphorus produces completely
random siting of the ions, larger grains will have more potentially
active phosphorus ions in them than smaller grains, and thus any
degree of activation will be more effective in the large grain

films.

3. The phosphorus doping and heat treatment enlarge the

grains, and so as the quantity of phosphorus increases 5 x 1015 cm*2~>
8 x 1015 cm—z, etc., the polysilicon grains grow, thus further

aiding good conduction.

4. A 'threshold' of phosphorus ion concentration will exist
for a particular polysilicon film structure, above which activation

efficency will increase rapidly.

However, if the activation/anneal temperature 1is increased
sufficiently, the grain size of the film will increase, and become
comparable to the grain size in the 1.0 torr film, say; i.e. the
influence of the deposition pressure on the sheet resistance values
will reduce, and the Q/sqvalees should then he identical for all

deposited films for a given implant dose and activation temperature.

This can be seen to be the case in fig. 6.3, for doses
8 x lO15 p" cmﬁz, and 950°C activation. Further increase in
activation temperature reduces the Q/sqvalues. This explanation is
expanded(in Section 6.2.2) to explain results obtained from doped
films deposited at constant pressure (0.5 torr) but variable

deposition temperatures.
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6.2.2 Sheet resistance Q/sq, vs polysilicon deposition temperature

for four phosphorus ion implant doses; for various activation

temperatures

Figures 6.8 to 6.13 show curves of sheet resistance plotted
against polysilicon deposition temperature for constant deposition

pressure of 0.5 torr.

Unlike the curves for Q/sqvs deposition pressure at constant
temperature (figures 6.2 to 6.7), discussed in Section 6.2,1, it
can be seen that for the lower dose of 5 x 1015 P’ cm 40 KeV, there
is
a) a considerable spread in QAqat low (< 1000°C) anpeal temperatures,
and
b) the polysilicon deposition temperature of 625°C produces a
film which for the 5 x 10™° P' cu 2 40 KeV dose gives >300 Qkq

values of sheet resistance at 900°C anneal.

Deposition temperatures of 600°C and 650°C produce similar
results on these <urves.
c) The film deposited at 56OOC, 0.5 torr (amphorous silicon)
gave consistantly higher sheet resistance values than the film

grown at SBOOC, 0.5 torr.

From the results of the TEM analysis presented in Section 4.5,
it may be expected that after a 1050°¢ anneal, the phosphorus doped
film will be polysilicon, with a grain size of 0.2 um. Thus Q/sq
values should compare with those for a 6OOOC PSi film, mean grain
size 0.15um after n doping and 1050°C anneal. This may be seen
in figure 6.41. Figures 6.14 and 6.15 compare the Q/sqvs anneal
temperature for the four phosphorus ion implant process for 600°¢C
PSi and 625°C PSi.

The grain size of the films as grown are 0.03 um for 600°¢C
PSi, and 0.1 um for 625°C PSi. After POCl, deposition at 925°C, and
subsequent 1050°C anneal in dry N2, these grain sizes increase to

0.15um (600°C) and 0.25um (625°¢).
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FIGURE 6.14 SHEET RESISTANCE (Q/sq) OF POLYSILICON ON SiO,

DEPOSITED AT 600°C 0. 5torr TO 40002 THICK, FOR
ANNEAL TEMPERATURES 900° c+1150° C, 15 MINS IN

DRY N, (SEQUENTIAL REFER FIGURE 6.1)
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Figure 6 15 SHEET RESISTANCE (Q/sq) OF POLYSILICON ON SiO,
DEPOSITED AT 625°C 0. STORR TO 4000X THICK, FOR
ANNEAL TEMPERATURES 900°C +1150° C, 15 MINS.
IN DRY N, (SEQUENTIAL, REFER FIG. 6.1)
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Thus the film with the larger grains when grown shows a very
much higher Q/sq value when first annealled after implantation of

phosphorus ions.

High values of 0/sq were also obtained on the 625°C films
for other doping methods (POCIB, and implanted arsenic were compared

with 600°C and 650°C films.

These results are contrary to those expected. A possible
explanation for the high values of sheet resistance at low activation/
anneal temperatures for the lower implant doses of 5 x 1015 pt cm“2
is that the initial thickness of the conducting layer is very thin.
This conducting layer could be amorphous silicon produced by the
ion implantation. 14 This will be thinner for the lower implant

doses. The high value of sheet resistance observed for 5 x 1015

p+
em © doses in polysilicon films annealled at temperatues <1150°C is
particularly interesting. A number of points have been considered

to explain this feature.

The heavy dose of phosphorus ions is sufficient to change the
polysilicon film to amorphous silicon. Experimental results
reported by Furnkawa et al 29 state that this occurs for phosphorus
doses > 3 x lO15 ions cmuz. The polysilicon grown at 560°C is
amorphous. The film grown at 580°C is probably amorphous, whereas

those grown at 6OOOC, 625QC, and 650°C are polycrystalline.

The very fine grain structure produced at 600°¢C (0.03um) 1is
closer to the amorphous state than the larger grain structure
produced at 625°¢ (0.1 um). The large grain size deposited at
650°C may be considered to be crystallites of single crystal

material connected by relatively few grain boundaries.

In this structure, the implanted phosphorus ions may readily
diffuse in to substitional positions at low anneal temperatures,
rather than segreage in the grain boundary. Thus as the activation
proceeds, the 650°C PSi layer becomes conductive, as individual

crystallites of single crystal silicon contain more and more activated



dopant. The density of high resistance grain boundaries are few
initially, and as the crystallites grow, become even fewer. Thus

the conductivity of the film increases.
The PSi grown at 625°C has a grain size of 0.1 um.

It is suggested that this film is more stable than the

0.03 um grain size film grown at 6OOOC, and that grown at 650°¢C.

Consequently, the higher density of grain boundaries in the
600°C film has the effect of attracting the Phosphorus ions to the
adjacent boundary before they can take up a substitutional position.
Electrical activation will not then occur until the heat treatment
is sufficiently higher temperature to grown the grains, shrink
the boundary density, and thus make available dopant ions for

activation within the grains.

The very high density of grain boundaries in the 600°c PSi
film presents a structure to the Phosphorus ions that is not
unlike amorphous silicon, i.e. disordered atoms with no regular
lattice structure. The very fine grains between the disordered
boundaries will be randomly orientated. The high density of
these boundaries forms a structure which is unstable, and may readily
be regrown to large grain polysilicon when sucjected to high
temperature doping and annealing. See Chapter 4. Amorphous silicon

grown at 560°C on $i0. becomes PSi (0.2 um grains) after 925°¢

2
POCl3 doping and 1050°C anneal. Note that this grain size is

greater than the 0.15um grains resulting from the identical doping
and anneal process given to the PSi films grown at 6OOOC, 0.03 um

grain size.

Finally, the thin amorphous layer produced by the heavy ion
implantation on the surface of the polysilicon therefore grows
larger, and more conductive grains of polysilicon at lower anneal

temperatures.

The high anneal temperatures are reported to enhance the
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diffusion of the dopant from the grain boundaries into the grains,

thus further reducing the sheet resistance of the film.

6.3 Doping of as-deposited polysilicon before definition, by ion

implantation of Arsenic

The doping of undefined polysilicon by ion implantation of
arsenic offers few, 1f any, advantages. It has been shown in
Chapter 4 that the Q/g values obtained by reasonable annealling

temperatures is too high for circuit interconnect use.

6.4 Doping of polysilicon after definition, by ion implantation of

Arsenic

This process is by far the most attractive option, since it
follows the very convenient and efficient process steps of the
'conventional' phosphorus diffused source and drain process described
previously, but will have the shallow junctions with the minimal

lateral diffusion of source and drain under the gate region.

The sheet resistance of the polysilicon after definitionm,
must be lowered to < 30 QAQ » using an arsenic ion implantation
dose and subsequent anneal by a process which would also give the
low source and drain Qﬁxlrequired for low contact resistance
(<10 Q, 6 ym x 6 um window) of aluminium silicon metallisation

to the <100> Silicon.

This process would have the following steps:
1. A low temperature oxidation of undoped polysilicon to grow the
thin oxide layer necessary for the accurate definition 2 um wide
lines. Note that a high temperature process would enlarge the
polysilicon grains.
2. A high dose (= 1 x 1016 as” cm_z) to dope both polysilicon and
<100> Silicon at the same time. This arsenic ion implantation could
be either through the gate oxide covering the source and drain, and

the oxide covering the polysilicon, or at a lower energy directly

into the oxide free silicon and polysilicon.



3. A common activation/anneal process, which would a) reduce the 2/sq

of the polysilicon to 30 Q2/sq, and b) give an X. of =0.1 um in the
source and drain region. ?

4. The 'reflow' process used to flow the heavily doped phosphorus
glass which insulates the polysilicon from the metallisation layer

is 1050°C for 15 minutes in dry N This may be used as a common

5"
reflow and an activation process for the arsenic implant.

Temperatures below 1050°C do not adequately flow this glass
at present, and so unless isoplanar technology, together with a
reduction in the glass thickness can be introduced, this reflow

process may be the limiting factor of the shallow junction process.

Work to develop this process is continuing, and it is expected
that the electron beam or laser anmnealling 22-27 of ion implanted
silicon and polysilicon will be used to activate these layers to
obtain the low Q/sq values together with very shallow source and

drain junctions.

6.5 Conclusions

It has been shown that for a shallow junction NMOS process,
where the junction depth of the source and drain region is determined
by the heat treatment of the slice after arsenic ion implantation,
the n' doping of the polysilicon may be achieved by phosphorus ion
- implantation before definition of the polysilicon film into gates

and interconnects.

. (o] . . .
If a high temperature >1000 C is used to activate the arsenic
in the source and drains, this same heat treatment may be used to
activate the implanted phosphorus in the polysilicon, without

regard for the polysilicon deposition process conditions used.

However, a 1000°C activation for, say, 15 minutes, will produce

a junction depth of Xj = 0.3um (figure 5.10), and a /sq value in the
. . . + =2 .

source and drain region of 30 Q/sq if 5 x 1015 As cm = 80KeV dose is

used, Fig. 5.9
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The same heat treatment will activate the phosphorus implanted
polysilicon features of the circuit to give a sheet resistance value

between 16 and 130 Q2/sq, depending on dose (figure 6.15).

Thus it may be seen that if the fine grain structure (0.03um)
of the polysilicon produced at GOOOC, 0.5 torr, is to be utilised
to aid the definition of the fine geometry and accurate line width
control needed for high density packing of future circuit designs,
the activation of this Polysilicon film must take place after
definition.  Although a separate activation process could be
introduced before the implantation of the source and drain region,
after polysilicon definition, it is far more convenient to combine the

two activation processes,

The activation of the source and drain region will be at lower

temperatures and for shorter times to reduce the value of Xj'

Very heavy doses of phosphorus (2 x 1016 P+cm~2) would be
needed to keep the sheet resistance of the polysilicon below 50 R/ sq
at activation temperatures of 900 or 950°C (fig. 6.15) for polysilicon
grown at 6OOOC, 0.5 torr. A possible shallow junction, low
temperature, all-implanted NMOS process is therefore proposed as

shown in figure 6.16.

Finally, it must be noted, that any doping method which is
designed to dope source and drain regions simultaneously with the
polysilicon features of the circuit, will not produce a process
suitable for buried contact, polysi to silicon, contacts. The very
desirable feature of the low diffusion coefficient of arsenic,
for example, will prevent the penetration of the polysilicon film
by the diffusing arsenic ions, and the underlying silicon will

not be doped.

It may be seen, therefore, that a deeper diffusion process
will be required to produce this contact, and so and very shallow
junction process will have to include a phosphorus implantation

stage to effect this.



FIGURE 6.16 PROPOSED NMOS PROCESS FOR VERY SHALLOW JUNCTION
FINE GEOMETRY INTEGRATED CIRCUITS
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Thus the attractive all arsenic implantation process outlined
in section 6.4 could only be used without PSi/Si contacts. The
metallisation would therefore have to be AlSi, with the Silicon
content very accurately controlled to avoid dissolution pits in the

shallow junction areas.

It is therefore probable that future developments will retain
phosphorus doping of polysilicon by ion implantation before
definition as the most convenient and effective method of producing

very shallow junction, short channel NMOS devices.
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