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ABSTRACT

A pessively mode-locked multi-atmosphere CO2 laser was
used to produce sub-nanosecond pulses, After up-conversion
of the 10.6 um radiation in g proustite crystal detection
was done with g streak camera-optical multichannel analyser
combination Pulses shorter than 100 psec (FWHM) were

recorded,
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1 - INTRODUCTION

The work done by Drs. A.J. Alcock and A. Walker (N.R.C., Ottawa)
has been carried out on two aspects: the production of subnanosecond
rulses from a mode-locked high pressure CO2 laser and the detection
of these pulses using frequency up-conversion techniques.

This report will describe:

In Chapter II, the experimental set up built by Alcock and
Walker followed by a short summary of the first results obtained.

In Chapter III, the further improvements made to the system

-

and the results obtained since the author joined the group.



CHAPTER II

DESCRIPTION OF THE APPARATUS

2.1 INTRODUCTION

An over simplified schematic of the experimental set up is shown
on Figure 1. The high intensity 10.6 um CO» output and the smoothed
and stretched pulses from a Nd:Yag laser are incident on a proustite
crystal. Phase matching results in the production of sum-frequency
radiation at 0.96 um. A detection system comprising an optical multi-

channel analyser (OMA) coupled ifito a streak camera is described.

2.2 0, LASER

The high pressure CO, laser has been described in the literature
(Reference : 1.) 2, 3...). It consists of a pressure chamber
containing a pair of stainless steel electrodes 26 cm long and 0.7
cm apart. On each side, two rows of 13 tungsten rod electrodes
1 to 2 mm apart from each other provide a preionizing discharge.
Clock diagram of the discharge circuit is shown on Figure 2. The
main discharge comes fvom a 5-stage marx bank. The preionizer is
energized by a single 0.05 uF capacitor. Preionizer electrodes are
coupled to this capacitor through 250 pF capacitors which control
the sequenced discharges. Relevant figures concerning the specifica-
tions and operation of the laser are given in Table I.

The laser is mode locked using a 2 mm thick slab of 1l£cm

P -type Ge placed at Brewster's angle and a 2 mm thick p -type Ge



etalon. The characteristics of the etalon are listed in Table II.

b

t should be noticed that the etalon limits the band width of the

output since the bandwidth of the pressure broadened CO, rotational

line was estimated to be 3.5 GH,/atm (Reference 3 )

2.3 Nd:Yag LASER

The Nd:Yag laser is used in two ways: Q-switched with intensity
limiters for interaction together with the 10.6 um radiation in the .
proustite, and mode locked for calibration of the streak camera.
Figure 3 shows the set up in each case.

For mode locked operation, the configuration is that described
by Clobes & Brienza (Ref. ) who observed 20 psec pulses. The dye
was Kodak 9740 at a concentration of 3.5% (volumetric) in chlorobenzene.
The dye cell was 2.5 mm thick and placed at Brewster's angle near the
output mirror. For preliminary check the output was detected with a
fast Si PIN photodiode feeding a Tektronix 519 oscilloscope having a
1 @GHz bandwidth.

For Q-switched operation, two 2 mm thick slabs of Ga As, placed
at Brewster's angle, were used to limit the pulse intensity and smooth
it (see Reference ! 7 3 8 )12 ). The Q switch was a l-meter
concave mirror rotating at 400 cps. A typical pulse photographed with

the 519 scope is shown on Figure 4. Typical intensity is 400 W/cm?,

2.4 UP-CONVERSION PROCESS

a) INTRODUCTION AND THEORY.



) i i hieved in a proustite crystal.
The frequency up-conversion is ac P V

The theory of frequency interaction in birefringent materials has

been reviewed by Midwinter & Warner ( 9 ) and Armstrong et al
( L ). The conditions for phase matching are:

Vi = ViV,

— -] " ~

kg = k1 + ko - Ak

where @ k must be nul. Subscript 1 and 2 refers to the CO2
10.6 um radiation and to the Nd:Yag 1.06 um radiation. Subscript

3 applies to the up-converted .96 um. Phase matching is type II

in a negative uniaxial crystal and intensity in the .96 um radiation

is given by

I3 (d) = wy Ip sin? fmd
Wo 1

Where d is the distance traveled in the crystal and I, the 1.06 um

intensity before entering the crystal.

-la

=

- (em* (107)}"‘ A& non, oy, )
¢

4 eff {13

with d eff = do, cos? em  (esu )

0

velocity of light in cm/sec
n refractive index
A linear relation is approached when rd

A

is small:



= 9 2 2 -
I3 = 5.67 x 10 d d eff Il 12

It should be noticed that the above equations are valid in

the case where 11.77 IQ.

2.5 GSTREAK CAMERA/OMA DETECTION SYSTEM.

Although the fast photodiode described in section 2.3 is
sensitive to the .96 um light, it exhibits, together with the Teck-
tronix 519, a bandwidth of only { GHZ. Furthermore, as reported by
Alcock and Walker (Reference 2 ) a tailing effect due to
the photodiode decreases the capabilities of this detection system.
It was replaced by an image converter streak camera having a S-1
photocathode. The operation of this streak camera was described by
fchelev et g1 (Reference 10 11 ) and a similar instrument was
described by Bradley et al (Reference b ). Table TII gives
the characteristics and performance of the commercial model used.
Special attention is given to the resolution which is limited by:

i) The spatial resolution (line pairs/mm)

The equivalent line resolution limit is

T = —=

' Afts

where y 1s the streak velocity (mm/sec). The static spatial

resolution can be found by viewing a conventional target with the



camera used as an image converter (no ramp voltage applied).

However many phenomena limits the dynamic spatial resolution,

mainly space charge effects and over loading of the photocathode.

To keep a spatial resolution of at least 10 lp/mm the maximum

current density was estimated to be O.lA/cm2 (Schelev, Reference
11 ).

il) The total transit time spread T 5 which results from the

energy distribution of the electrons leaving the photocathode.

If we suppose that the electrons leave the cathode with a velocity

and since

-+ 2
vy tav/,
2Ele
¢
VO‘ b m
where Ve mean velocity of electrons at the anode
E electric field
1 length of the tube

m electronic mass

Then in a final approximation v, can be neglected and

T,s at, -8t
/a
- /2m [ SAE) ]
ik "]
AT A t_ i transit time of electrons having initial velocities
& -

VO‘ Av/2 and vO - L\v/2

N E energy spread of electrons at the photocathode
For 1 um this is approximately 0.3 eV. This value,
compared to E1 = 15 kV, justifies the assumption

done above



T

& 15 psec.
? P

The instrumental resolution inst is then

Tiee = [ T,’ + 'C: ] 7a

The pecording device is an optical multichannel analyser (OMA)
which is coupled to the streak camera phosphor by a lens. The input
stage of the OMA is an electrostatic image intensifier having a $-20
photocathode. The photoelectrons are directly focused onto an Si
detector, having 500 elements, each of which being effectively
0.0025 ecm x 0.5 em in size and spaced by 25 um from each other.
This means that the OMA resolves 10 lp/mm on the phosphor of the
streak camera. The readout from the Si detector array is digitized
and stored in a 1000 word memorv. The dynamical range of the system
can be tentatively evaluated. For the streak camera, the lower current

density limit is theoretically set by the minimum recordable level of

light from the back phosphor, and is given by

2
d1 2 A 2 (MKS)
s YT K Weg

sensitivity of the film or recording device
magnification factor of the entire system
electron charge

phosphor conversion factor

temporal resolution

Ad—< & R

overall light gain from the deflection stage to the film



W mean photon energy emitted by the phosphor
o3 P phosp
With {3: 0.4, 7’: 400 (P. 11 phosphor), K = 0.01,

T = 40 psec and &t ¢ 30 photons/ 2

30 msec - 1.25 x 1079 cm
(Electronical noise level of an OMA single detector element accumu-
lated over one read-out sweep) then the minimum current density must
be

n

Jmin * 0.85 x 10 A/Cm2

The dynamical range of the camera is then 31 db. However the
81 detector array tends to saturate at a light level much lower than

that allowed by the image converter tube.

2.6 [LXPERIMENTAL RESULTS WITH 4 ns/cm STREAK VELOCITY

Three sets of measurements were taken with this experimental
arrangement (Reference Je

i) The dynamical time resolution of the streak camera/OMA
system was found to be 200 psec after observation of 10 psec pulses
from a Nd:Glass laser.

ii) The system was used to verify the smoothness of the micro-
second long Nd:Yag pulses used for frequency up-conversion.
Modulation is less than 25% of peak intensity and there is no
subnanosecond fluctuations.

iii) The up-converted CO2 pulses appeared to be shorter than

the resolution limit of the system.



CHAPTER ILI

LOW LIGHT LEVEL, FAST SWEEP MEASUREMENTS
3.1 MEASUREMENTS WITH 1 NS/CM STREAK VELOCITY

A 5 nsec ramp generator was built and connected to the deflection
plates of the image converter tube. Tests were carried out using the
Nd:Yag laser in a mode-locked configuration. A 250 psec optical
delay provided mean for calibration. Pulses 50 psec long could be
observed. However, the dynamic range was substantially reduced due
to the higher minimum light intensity required at the photocathode.

The intensity limited Nd:Yag (in Q-switch configuration) output
was verified. The results previously obtained were confirmed: less
than 25% intensity modulation having a period of at least 2 nsec.

CO2 pulses less than 100 psec were observed at a signal-to-noise

ratio of 2. Better and more reproducible results could be expected

by increasing the sensitivity of the system.

3.2 LOW LIGHT LEVEL DETECTION

The detection assembly was modified by the insertion of a
magnetically focused image intensifier between the streak camera and
the OMA lead. Figure 5 shows the new arrangement. The image inten-
sifier resolution is approximately 4 lp/mm. By magnifying in a ratio
of 1.6:1 the image from the phosphor of the streak camera the effective
resolution was brought up to 6.4 lp/mm which corresponds to 15 psec

temporal resolution with 1 ns/cm streak velocity.

9
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The dynamic temporal resolution was verified with the mode-
locked Nd:Yag laser and pulses 40 psec long were observed. Addi-
tional measurements were carried cut with no deflection veoltage
applied, the photoelectrons being simply focused onto the phosphor.

An equivalent temporal resolution of 35 psec was found. It can be
concluded that 40 psec pulses can be resolved by the system. The
image intensifier was operated to give 1000:1 intensification.
However the additional coupling lens collects only 1.5% of the light
from the streak camera phosphor. In the worst case the signal-to-
noise ratio should have increased by a factor of 10.

Figure 6 shows the display ®f the recorded streak for an inten-
sity limited Nd:Yag pulse. A short period structure is present and
is likely to be seen on the up-converted pulses since the 1.06 um
light acts as the "signal" in the up-conversion process.

At this stage the optical resonator of the C02 laser was slightly
modified by using a 1.5 mm thick p-type Ge etalon instead of a 2 mm
thick etalon.. .As indicated in Tablé II, the bandwidth of the new etalon
is 16.5 GHZ. Figure 7 shows a typical display of a 100 psec CO2
pulse. The twin, due to a 300 psec optical delay, allows a precise

calibration. Pulses as short as 80 psec are observed.



CONCLUSION

A confirmation of these results came freom the observation
of the output from the COE laser operated in 2 gsin switched
mode and with a flat 36% reflector instead of the stalon.

Seme 40 psec spikeg were observed which verifies that the
time reselution of the detection system is still better than
40 psec, Tt also shows that generation of 50 psec pulses i§

possible,

il
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TABLE 1

13

CHARACTERISTICS OF THE HIGH PRESSURE CO_, LASER

MAXITMUM PRESSURE

GAS MIXTURE

DIMENSION OF THE

DISCHARGE CAVITY
OPTIMUM PUMP ENERGY

GAIN/CM AT 10 4 um, R16 LINE,
200 J/1-atm
AT 12 Atm

AT 15 Atm

OPTICAL RESONATOR
LENGTH

REFLECTORS

2

15 Atm
C()2 104
N2 104
He 80%

0.7cmx0.7cm*2bcm

300 J/l-atm

3.5%
5%

1.5 m
10 m RADIUS GOLD MIRROR
1.9 OR 2 mm THICK p-TYPE

Ge ETALON



TABLE" "IX

CHARACTERISTICS OF p-TYPE Ge ETALONS

THICKNESS

RESTISTIVITY

SMALL SIGNAL
TRANSMISSIVITY

REFLECTIVITY

LARGE SIGNAL
TRANSMISSIVITY

REFLECTIVITY

REFLECTION BANDWIDTH

0.5 -cm

7F
L5%

22%
78%

12 .3 GHz

1.9 mm

0.5 -cm

10%
50%

22%
78%

16.5 GHz

14



TABLE TIII

CHARACTERISTICS OF THE IMAGE CONVERTER TUBE

ACCELERATING VOLTAGE
ACCELERATING LENGTH
DEFLECTING VOLTAGE
PHOTOCATHODE
PHOSPHOR

STREAK VELOCITY N

COMMERCIAL STREAK UNIT

MODIFIED UNIT

RESOLUTION

NO DEFLECTING VOLTAGE

1 nsec/cm STREAK

DYNAMIC RANGE

15 KV

15 CM

L nsec/cm

1 nsec/cm

16 1p/mm
2 lp/mm

100:1

(Controled by the Detecting
Device)
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FIG k&

RECORDING OF AN INTENSITY LIMITED
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FIG

DISPLAY OF AN INTENSITY LIMITED

Nd:Yag PULSE (SCALE: 200 peec/div.)
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ABSTRACT

A thin film evaporator capable of producing high purity thin
films (Nb, V) for backscattering studies has been constructed and
tested. Evaporation is accomplished using a 3 KW electron beam at a

9 Torr. Vanadium films were

background pressure of approximately 10~
characterized using several standard methods. The films were found to
be continuous and relatively flat. The microscopic structure could be
consistently reproduced despite large variations in deposition para-

meters.
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CHAPTER I
INTRODUCTION

The construction of the thin film evaporator described in‘this
report is part of a larger system constructed to study the interaction
of fast particles with solids. The experiment employs backscattering
techniques using keV energy protons incident on thin films (100 R to 1
pm) of Vanadium or Niobium. The experimental system consists of a
proton source, an evaporator, a target chamber, and a scattered particle
detection device (see Fig. 1).

Extremely pure samples are needed for the target. In order to
have clean and oxide free samples, it is necessary to prepare the tar-
gets in situ under ultra high vacuum conditions. The desired character-
istics of the evaporator are:

(i) operation at high vacuum,

(ii) - the capability of producing high quality films, and

(iii) reproducibility of the films.

The design of the evaporator is presented in Chapter II. Chap-

ter III contains a brief review of the thin film theory and the results

from the characterization of the films are given in Chapter IV.



CHAPTER II
SYSTEM DESIGN

2.1 Design

In order to meet the spatial specifications, a planar configura-
tion has been adopted. The general lay-out of the system is shown in
Fig. 2. A photograph is given in Fig. 3. It consists of stainless
steel evaporation and target chambers interconnected by a 4-1/2" flange.
The interconnection also acts as an aperture for the vapour beam. The
pumping units are a 50 1/s and a 100 1/s ion pumps and a titanium
sublimation pump. A planar T-shape design was adopted to differentially
pump the target chamber during evaporation. This configuration provides
economy of space along the evaporation axis (vertical) and the ion source

axis (horizontal).

2.2 Pumping Capacity and Operation

To start the system, an oil free sorption pump is used. The
pressure can be brought down to 2-5 microns with this pumping stage.
The roughing pump is then isolated from the system by a metal valve
which is also used as air inlet when venting the system. At a pressure
less than 5 microns, all high vacuum pumps can be started. The ion

pumps can reduce the pressure to 2 x 1072

Torr. Sublimation pumping
reduces this another order of magnitude.

The sublimation puﬁp acts as a booster at high vacuum. For
the idea]lcase, the pumping speed of a surface covered with titanium

2



can be calculated from:

AR.8: .8

& = 1 ap ‘ (])
p A. Si + Cap

where A is the area of a specific deposition surface, Si is the specific
pumping speed per square inch of titanium deposition surface. . For

pure N2 and a surface temperature of 20°C, Si is 30 1/sec - sq. in. At
-195°C, Si is 65'J/sec - sq. in. C__ is the conductance of a circular

ap
inlet with aperture diameter D. This is defined as

2

; :
c. =75 L. /7T (2)
ap 4 Yogg

where T is the absolute temperature of the gas. It has been noticed
that some titanium deposition occurred on part of the target chamber.
Adding contribution from various surfaces, a N2 pumping speed is calcu-

Tated to be

(Sp)tot = 2210 1/sec

2.3 The Active Region

The main parts of the system are the evaporation and the target
chamberé. Referring to Fig. 4, a 1ist of the uses of the parts which
are all 1-1/2" internal diameter flanges is presented below:

Evaporation Chamber:

A': Cooling Tine for the electron gun evaporator.

B', C': Electrical feed throughs for the electron gun.



D': Window.

E': Blank. Will eventually receive a mechanical feed-
through that will activate a shutter.

Target Chamber:

A": Temporary fixed sample holder. Projected sample
holder will be rotable about the x-axis.

B", C": Blank. Will eventually be connected to the detection

system and to an ion gauge.
D": Blank. Will be the entry port from the proton source.
E": Cooling Tine and electrical feed-through for the
thickness monitor sensor head.
F'": Blank.
G": Valve and roughing pump.

Figure 5 shows the lay-out of the instruments inside the system.
Internal structures of pumps are not shown.

Figure 6 is a close-up of the evaporator surrounded by its metal
vapour shield (with one side removed). The filament F, acting as the
cathode, is at a voltage of - 4000 volts. The potential drop across
it is 0 to 6 volts for a current of 0 to 25 amperes. This produces an
emission current of 0 to .75 amperes; 99% of emitted electrons hit . the
material pellet.

The use of the shield (detailed in Fig. 7) is to prevent break-
ing down between the high voltage leads L] or L2 and any other part of
the chamber. The causes of breakdown are:

(i) high pressure (10'6 Torr) evaporant gas,



(ii) drops of melted vapor expelled from the pellet, and
(iii) small flakes of material released from the walls of the
evaporation chamber.
For these last two causes, additional protective "flaps" have been
added.

The thickness of the film is measured using a quartz crystal
oscillator. The assembly consists of the internal oscillator head and
a digital monitoring unit which is completely automatic. Thickness
is computed directly from the frequency shift of the oscillator and
the density input, and is given to a digital accuracy of 1, 10 or 100 K
according to the scale used. This amount is an average over the crystal
area (1 cmz) and contains an error due to the microscopic structure of

the film. Hence the term "quartz oscillator thickness" is used.



CHAPTER III

SUBSTRATE PREPARATION

3.1 Selection of the Substrate

The central requirement of the substrate is that it does not
introduce effects which could prevent the formation of thin, high purity,
uniform films.

The desired substrate properties are:

(i) a flat surface,

(ii) no strong structural features to prevent formation of

epitaxial growth, and
(iii) easy handling with regard to examination of films with an
electron microscope on other standard diagnostic techniques.

The selected material was soda-lime glass in the form of
commercially available imicroscope slides (75 mm x 25 mm x 1 mm). The

chemical composition is:

72.68% SiO2
12.95% Ca0
13.17% NaO

3.2 Substrate Preparation

The slides did not require extra polishing due to the high
quality of their surfaces finish. However, extremely good cleaning
was needed. The two contaminants which must be eliminated are large
dust particles and a layer of orgénic compounds such as oil, greases,

6



etc. This second one is by far the more 1mpoftant since this layer of
grease, no matter how thin it may be, ruins the quality of the surface.

The efficiency of a cleaning method can be estimated by various
means as listed below.

(i) The coefficient of friction (uS or uk) increases with the de-
gree of cleanliness. This is estimated using a standard glass surface or
a piece of cloth.

(ii) When a drop of water is put on a surface, the surface tension

can be overcome by hydrogen bonds between the water molecules and the
ions embedded in the glass surface. As a result, the drop internal cdn-
tact angle is very small (see Fig. 9).

(iii) Breath figures are a consequence of the previous method, on
a macroscopic scale. When the contact angle is high, water vapour ié
deposited on a cold surface as droplets so that a breath figure is
visible. When the contact angle is low, water forms a uniform, invisible
layer. Methods for cleaning glass that were available here can be sub-
divided into three classes.

(a) Flame cleaning The surface is exposed to a very hot flame.

This forms a fresh surface by melting a thin layer of glass on the side
opposite to the one exposed to the flame. This method did not give satis-
factory results in the present experiment due to the very low thickness

of the slides.

(b) Ultrasonic agitation This method is good for removing large
particles. The slides being cleaned are kept in a bath of organic solvent

while agitated so that chemical action is present as well. Table I gives



results from Putner.(]s) Two different u]trasbhic sources were used.
The solvent was iso-propyl alcohol. The glass slides were cleaned for
a period of five minutes. For the actual case, a 50 K Hz source was used
with a bath of hot ethyl alcohol for approximately ten minutes. Too long
exposures to ultrasonic agitation will reduce edges into a glass powder
which is difficult to remove.

(c) Chemicals Three kinds of reagents can be used.

(i) Hot acids (or cold hydrofluoric acid). These acids work
by etching the glass surface. They tend to produce irregular surfaces
since the grease layer protects the glass. This method was used only to
clean the glassware in which the slides were cleaned. The acid mixture
was:

20% H,S0,

30%  HNO,

50% H0 (hot)
Obviously, extremely clean glassware is absolutely essential to obtain
good results.

(i1) Detergents. This is the best method for starting a

cleaning procedure. The most common industrial detergent is alkylsulphate:

ONa

In the Titerature, experimental results are given for these reagents:

"Dreft" : AlkyTsulphate
"Teepol 514" : Alkylsulphate and Alkyaryl Sulphonate
“Suma" : contains Alkylsulphate, an organic chlorine

compound and Na2504



"Lissapol N" : nonionic, polyethylene glycol active
agent
Boiling solutions of "Alconox", similar to Teepol, were used here.

(ii1) Organic solvents. The organic solvents are the only re-
agents that attack contaminants such as o0il or grease. They can be used
in varijous ways such as baths, on cotton wool or in vapour degreasing
apparatus. The evaporator used for the present experiments is shown in
Fig. 10. It uses ethyl alcohol wiich condenses on the slides, dissolves
the contaminants and drips back into the bath. The cooling coil prevents
excessive loss. The slides could be kept five minutes in the evaporator
before they became too hot to condensate any solvent. This method is
used as the very last step in the cleaning procedure.

Taken from Ho]]and(]z) Putner(]g) and Frayfg) Table II gives
efficiency of various solvents and cleaning procedures. Note that Fray
estimates the cleanliness by the ease with which a titanium point scratches
the surface. The weight applied on the point is given. Some other clean-
ing method such as vacuum'melting and ion bombardment are also given but
will not be discussed here.

The complete cleaning procedure used for the present experimehts
is as follows:

(i) cleaning with cotton wool and acetone,

(i1) boiling for 20 minutes in a solution of Alkonox

detergent,

(i1i) rinsing 20 minutes in boiling demineralized water,

(iv) cleaning 20 minutes in gently boiling ethyl alcohol,
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(v) cleaning 10 minutes in the ultrasonic agitator (slides
are in a hot alcohol bath in the agitator), and finally,
(vi) cleaning 5 minutes in alcohol evaporator.
The slides are then allowed to cool and then put back in the evaporator.
This is done many times. Immediately after this procedure, the best

slide is selected and placed under high vacuum.



CHAPTER 1V
THIN FILM THEORY

4.1 Introduction

The processes by which a film comes into being have been described
in many books and review articles. (See reference 8, 11, 16, 17). The
theoretical models are fully developed iﬁ the above references. A good
bibliography for the subject can be found in both Chopra ) and Holland{1")
especially concerning original papers.

Many successive processes are responsible for the formation of a
film. But in all of these, a thermodynamical equi Tibrium is invloved
between the vapour phase and a "film phase". The latter is really a two-

dimensional vapour phase on the surface of the film.

4.2 Nucleation and Growth

Consider an individual atom hitting the surface of the substrate
fvhich can be visualized as a Tattice of spring connected masses). The
atom loses its velocity component normal to the surface and becomes an
"adatom" loosely bound to the surface by bipolar and quadripolar forces.
"Nuclei" form when atoms collide and stay bounded into clusters. These
clusters grow in size.

For simplicity, it can be assumed that each individual nucleation
center grows into a single crystal.

The next step is the growth of these nucleation centers, at this

stage called "islands". Initially the process is a simple continuation

11
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of the initiating growth of the centers. But a stage is soon reached by
large islands where they pick up atoms from three sources:
(i) adatoms impinged on surface of substrate between islands,
(ii) coalescence with smaller islands (it has been noticed
(reference 3) that small isiands migrate), and
(iii) vapour-solid phase transition on the surface of the
islands.
This continues until the large islands scinter together to form a contin-
uous film. The thickness at which this event occurs is called the critical
thickness. Subsequently, the film grows by vapour-solid phase transition
only. |
For a very good illustration of the complete sequence of processes

involved, see references 4, 8, 11.

4.3 Structure

The interesting aspects of the structure of films are
(a) the grain size,

(b) the surface roughness,

(c) the density and other bulk parameters; and

(d) the lattice constant and atomic structure.

(a) The grain size The assumption done earlier stating that

each individual nucleation center is a monocrystal can be extended. Since
the small islands seem to show a certain mobility, the resulting island
after sintering of two (a small and a large island) could be monocrystalline.

Thus during coalescence, the smaller nucleus could be rotated to suitably
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fit the lattice structure of the larger. The ‘subject is still very much
debated. However, Fig. 11 shows a compilation done from a series of micro-
graphs, by Basset et a1.,(4) of a gold on rocksalt film. Migration of
small islands is conclusive from the drastic drop in number and the non
linear increase in size at thickness where the film is not continuous.

Some very qualitative graphics were given by Chopra for metals
(see Fig. 12). If one follows his descriptions through his voluminous
work, it can be understood that Tow T (temperature of substrate) means
80°K and high Ts is the melting point of material under study. Low
deposition rate is 1 &/sec while the opposite is 20 R/sec. Thickness
usually ranges from 50 K to 5000 K in the experiments done by him or
cited. Grain size is usually within 40 to 4000 R.

(b) Surface Roughness At low temperature the surface mobility

of adatoms is small and hence we approach the conditions of a perfect
random deposition. The standard deviation from the average film thick-
ness is then:

At = /T (3)

The use of a non-crystalline substrate enhances thé random deposi-
tion process by restricting the occurence of epitaxial growth.

From the random deposition case smoother films can be obtained
according to specific conditions. These are a high substrate temperature
(reference 1) as mentioned, a low deposition rate and a high vapour temp-
erature (reference 15). Magnitudes of temperatures are determined with
respect to the melting point of the metal (Vanadium - 1890°C). Al1 these

conditions create a thermodynamical system with a Tong relaxation time so
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that adatoms can distribute evenly over the surface. For the acthal
experiment, the substrate was at room temperature (low) but the evapora-
tion temperature was in excess of 3500°C. The deposition rate was varied
but ranged up to approximately 10 R/sec (which is Tow).

(c) Density and other bulk parameters Density is a crude gauge

for many microscopic properties of the film. These properties are:

(i) Lattice constant. This will be discussed in more detail
in section d.

(ii1) Porosity. This is related to the extent to which the film
becomes continuous after the islands interconnect. Thickness dependence
of density is shown in Fig. 13. The reader may also refer to micrographs
in a book by Holland (11 - Plate 11). Pictures in succession for a fast
and a slowly deposited Ag on glass films show the existence of "channels"
(holes in between interconnected islands) long after reaching the critical
thickness tc. It should be noticed that tc is smaller for the higher
deposition rates. Table IV gives a description of these micrographé.
Chopra and Rand]ett(7) gave opposite results, at least for lTow deposition
rates (see Fig. 14).

Resistivity monitoring experiments have been performed by many
researchers. In these experiments, the resistivity was continuously
measured while depositing a metal film. Typical results from Chopra(5’6’7)
are given in Fig. 15. When the thickness of the film reaches the critical
point, the resistivity drops by several orders of magnitude. Thereafter,
the continuous film has a’fesistivity which is well above the value for

bulk material. This is due to:
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First, the low thickness which is less than the mean free path

of electrons. We can express the resistivity as

o film = —— (4)
ne’1
eff
with
o
lett = T¥ /sy > 1) (5)
or
Toge = 3/4 T2t (/M) (y << 1) (6)
where

P - resistivity
n : density of free electrons
e : electronic charge
m : electronic mass
v : average velocity of electrons on the Fermi surface
]eff : effective mean free path
y = t/1 : thickness of film over bulk material mean free path
p : probability of electron elastic scattering of the surfaces
of the film
Full development of the theory can be found in reference 2, 16.
Secondly, the porosity of the film will increase the resistivity
by the obvious increase in boundary terminations of electron free flight.
In addition, porous films will conduct electric current through various
tunnelling processes and will exhibit a characteristic non-ohmic behaviour.

Some of these processes and their predicted high electric field e
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(in the order of 103 V/cm) dependancies are:

- thermionic or Schottky emission

3/2 /—— ]

1/p « exple (7)

k: Boltzman constant
T: absolute temperature .

- quantum mechanical tunneling

1/p = exp[-Sonstanty (8)

- activated tunneling

e e

1/p o expl g (B2 + rec)] (9)

£ : dielectric constant
€ : average size of islands
In all cases Tow field behaviour is ohmic.

(d) The lattice constant and structure Vanadium has a bcc

structure and has a lattice constant By ¥ 3.028 A. Departures from this
value are not expected as minute variations in lattice parameter have been
observed only in very thin films (where the ratio area over volume is
large) and for specific lattice directions.

However, large scale variations could be found due to the causes
listed below.

(i) Large impurity contents could exist on the film. Most

Tikely these impurities could be gases remaining in the system or metal

vapours such as Ti (from the sublimation pump) or Fe, Ni, etc., accidentally
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evaporated from the electron-gun casing. It is known that gases in
concentration exceeding one percent will produce amorphous films. The
effect of metals is much more complex since alloys are formed. How-
ever, metals with different lattice systems will produce amorphous struc-
ture.

(ii1) Deposition parameters such as substrate temperature and
deposition rate could have an effect. In the actual experiments, the
glass slides were kept at room temperature. So no effect could be
expected since temperature needs to be less than 80°K to produce amor-
phous film (see reference 8). Deposition rate was the only variable
parameter. For vanadium high deposition rates may produce fcc structure
and ultimately amorphous structure (see reference 7).

(iii) Formation of oxides could be preset on the surfaces. It
was expected that an oxide Tlayer would grow on the surface of the air
exposed fi]ms and eventually interfere with the electron diffraction
tests carried on the films. However, means of detecting and getting rid
of this effect will be presented in the next chapter. The most serious
difficulty from the oxide layer formation was that the vanadium film
could be completely oxidized after a certain length of time. This cannot
occur if the ratio of the molar volume of oxide to the molar volume of
the metal is more than one i.e., the oxide layers entirely recover the
metal film and after reaching a certain thickness, shields the metal from
further oxidization. For the various vanadium oxides the ratios are:

) 0, - 1.51

2

Vo0, 1.82

v 0, £s 12
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It is of interest to notice that the brocesses of formation of an
oxide film are the same as those previously explained for a metal film
except that the oxygen becomes chemically bound to the metal (see refer-

ence 19).



CHAPTER V
CHARACTERIZATION OF THIN VANADIUM FILMS

5.1 Introduction

Following from the topics presented in the preceding chapter,
several methods of characterization were used on samples with a wide
range of deposition parameters. Some aspects of the deposition process
were standardized such as |

(i) the geometry of the evaporator,

(i1) the "backing vacuum" (i.e., the pressure at which evapora-
was initiated) was always between 4 and 8 x 10'8 Torr, with pure N2 gas
filling the system before pumping down,

(i11) the nature and cleaning process of the substrate, and

(iv) the substrate was kept at room tempearture at all times
and the films were not annealed. Actually, only two conditions could be
varied: the thickness and the deposition rate. Figure 16 shows the
values of these parameters for all the films deposited for this work. The
dashed Tine indicates the low thickness high rate 1imit of the evaporator.
It can be noted that, according to the results from various workers (see
Chapter III), the range of thé deposition rate is too small to allow
observation of variations in the properties of the films.

The techniques used for probing the films were:

(i) optical and electron microscopy,

(ii) electron diffraction,

(iii) electron microprobe,

19
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(iv) characteristic X-rays,
(v) electrical resistivity measurements, and

(vi) ellipsometry.

5.2A Electron Microscopy

(a) Introduction

Most of the characterization work has been done with electron
microscopes. The specific purposes were:
(i) to determine the quality of the glass surface on the point
of view of roughness,
(i1) to estimate the uniformity of the films and correlate with
observations under the optical microscope,
(i11) to determine the grain size, and
(iv) to explore the lattice structure.
For the Tast two points, corre]ations with evaporating conditions were
closely examined. |

(b) Scanning electron microscope

With this technique samples are usually coated with a thin gold
reflecting film to reveal the structures of the surfaces. This technique
is ideal to study glass surfaces covered with vanadium films. In order
to prevent re-evaporation by the e -beam, the magnification was limited
to 3000 X. At this magnification, the surface structure of the film
cannot be seen. However, electrons accumulate on non conducting surfaces
revealing as white spots the discontinuities and the pores in the film.

Figure 17 shows a stereo view of the surface at 2000 X magnification of
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a typical thin film. Dust and holes in the film are identified as well
as-a pit in the glass (upper right). Magnifications up to 2500 X with a
resolution of less than 0.5 ﬁm indicated a very smooth glass surface.

Very few scratches were seen and they were all less than 1 um wide. Ho]es'
in the film were more frequent. They were probably due to metal deposi-
tion on dust particles left on the glass slide after the cleaning proce- -
dure.

For economic reasons, as well as simple convenience, correlation
between optical and scanning electron microscope observations were attempted.
Except for an easier identification of holes in the films, the attempts
were unsuccessful due to the very low depth of field of the optical micro-
scope compared with the electron microscope.

(c) Transmission electron micrographs

The next two topics concern the use of the transmission electron
microscope to obtain micrographs and diffractographs. For those cases,
the samples had to be prepared in a special way. That is, the films had
to be peeled off of the substraie and placed on a mesh to permit the
electron beam to penetrate through the sample. In order to accomplish
this, a very thin Tayer of hard wax was melted on the glass slides. After
deposition, small pieces of the film could be floated away when dipped
in acetone. It was expected that this method would lead to Tocally good
films over an area having the size of the field of view of the mfcroscope.

Some typical micrographs are shown on Fig. 18. They should be
compared to series of photographs by Basset et al., (reference 3, page 35)

and Chopra (reference 8, pages 164-166) where the growth of metal films
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" is shown at various stages. The size of graiﬁs is less thén 100 R. For
the thinner film (t = 335 R) it ranges from 200 to 500 A and for the
thicker film (t = 1592 R) from 700 to 1000 R. In this last case, there
seems to be a second layer of crystallites, that account for the thick-
ness. The grains are interconnected and it 1s possible that many neigh-
bour grains have a common orientation of their lattice since few sharp
boundaries are seen. Low magnification micrographs_show‘the uniformity
of the film. Darker areas on Plate 209 are wax spots.

(d) Transmission electron diffraction

Electron diffraction patterns of areas examined by electron micro-
graphy are produced in Fig. 18. An estimate of the size of the grains
can be done by inspection using a number of guide rules:
(i) hazy halos as rings indicate an amorphous structure,
(ii) clean continuous rings are typical from polycrystalline
samples with a grain size of approximately 100 R,

(i) spotty or grainy rings are due to crystallites approach-
ing the size of the electron beam diameter, perhaps 1/100 to 1/10 of it,
and

(iv) if the pattern is a systematié array of spoté, the electron
beam hits only one crystal.
In the actual case, the selector aperture which determines the size of
the beam was 50 um in diameter. From the diffractographs it is clearly
seen that case (iii) is applicable. The grain size can be estimated to
range between 5,000 K to S'ﬁm. The lattice structure can also be identi-

fied and the lattice parameter can be calculated. Consider a sample being
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irradicted by a collimated electron beam. The scattered beam is collected
on a photographic plate at a distance L.

The Bragg's law relation is

nx = 2d sine
with
R
_)\—z'nf (10)

and where the symbols have their usual meaning.

The spacing between plane of atoms in a particular direction h k 1

is
a
dpq = - (11)
/hz + k2 + 12 ;
Finally the scaling of the rings due to the configuration of the
camera is
R
_ _hkl
Al =1
or
L
d = e (12)

which is another form for Bragg's law.
th] : radius of the ring produced by the set of planes h k 1.
This subscript implicitly includes n.
L : distance from the sample to the photographic plate. L
is known as the camera constant (see refefence 10, page

174).
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Combining equations (11) and (12)

=8

Rk a, 'h°+ K+ 12 (13)

The procedure is then to plot the values of the square root (from Table
IV) versus the radius of the corresponding ring (see Fig. 19). The
camera constant can be found using the same procedure with a sample of

gold, where

(ao)Au = 4.0786 A

The result was

(ao)V = 3.40 A

(e) Reflection election diffraction

In this case, samples with vanadium films deposited on glass cou]dv
be used. The electron beam incident on the film is at a grazing angle
penetrates only to a depth of a few hundred angstroms into the film. The
films used weré more than 1000 R thick to prevent reflection off of the
substrate. Figure 18, plate 260, shows a typical diffractogram. Thev
information contained in these are the same as in the case of transmission
diffraction.

The effective size of the electron beam on the film is approximately
300 ym which explains the continuous rings. The lattice parameter was

calculated: 3.65 R and 3.90 K.
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A probable error of more than 10% was present in the measurement
of the radii of the rings for both methods. A microdensimeter ought to
be used for these measurements. However, the exact value of the lattice
parameter has no significance in itself if the samples are pure (no alloy).

In all cases, a bcc structure was observed.

5.3 Optical Microscopy

Initially it was thought that fresh fi]hs could be examined under
the optical microscope before long exposures to air cause contamination.
Howéver, some difficulties were encountered. The§e are listed below:

(i) Low depth of field cause certain difficulties. Actually
this could be advantageously used to explore the depth and position
observable features onto or below the film. However, it was very diffi-
cult to focus precisely on the film.

(ii) Poor resolution inherent to visible Tight is another problem.
At useful magnification for film exploration (approximately 1000 X) and
for the size of the objects to be observed (1 um for irregularities in
the glass or the film) the resolution was so poor that very few features
could be positively identified. On the other hand, some methods could
help such as:

(i) Observations can be correlated with the scanning electron
microscope. As explained earlier, this attempt was almost unsuccessful
except for a better discrimination between dust particles and holes in the
film. Furthermore, the fact that the glass surface was found to be

extremely uniform; therefore, virtually eliminating the possible explanation
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of pits in glass in the identification of doubtious features.

(ii) One can correlate observations using three types of
illumination: through the film, reflection, and grazing incidence. In
the first case, the metal film (which is partially transmitting due to
its low thickness) produces a dark field. Holes in the film appeared
white and most other features black. By reflection, the film was bright,
holes in the film were black. Other features were either sparkling (dust
particles loosely bound to the film) or black. The third type of illumina-
tion puts into evidence irregularities out of the plane of the film.

The microscope used was a Zeiss Teltraphot II having a resolving
power of .15 um. Among its various features, the illumination could be
changed instantaneously without disturbing the sample.

The observations can be summarized. The size of the holes range
from a fraction of um up to 10 um. ATl were resolvable so that they were
larger than appfoximate]y .1 um. They usually tend to cluster in groups
of five or less, each hole being separated by hundreds of atoms from the
other. The.clusters were separated by distances of a few millimeters.
This pattern was the same for dust collected on the surface of the film.
It is Tikely that the holes originated from dust particles that were not
removed by the cleaning process. |

Other interesting features were spots of organic material (grease,
0il, etc.) left after cleaning and imprisoned under the film. These

appeared when the cleaning procedure was carried out too quickly.
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5.4 Electron Microprobe

This technique was used to produce a film profile. The experi-
mental arrangement is schematically illustrated in Fig. 20. An electron
beam having an energy of 40 keV is incident on the sample. It excites
the Tower levels of atoms. The X-radiation is then collected by a pro-
portional counter and analysed. One K Tine from the silicon atoms in
the substrate is then selected and its intensity is monitored as the
sample is transversely scanned. The attenuation is a function of the

thickness of the vanadium film, that is:

*

= -ut
IcoHected - Io € (14)

where I0 is intensity of the radiation emitted in the direction of the
detector by the excited region in the substrate and u is the mass absorb-
tion coefficient. Using Fig. 21 which is plotted with data from reference

14, it is found that

u= 1750 cm2/gr

for vanadium at 7.11 A (Silicon K Tine). t* is the mass equivalent thick-
ness.
The Togarithm of the number of counts is directly proportional to

the thickness:

In(1/1,) = - upt (15)

with
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Figure 22 shows a continuous plot of the intensity with a
resolution of .25 um. A digital output gave the number of counts from
the proportional detector integrated over 10 seconds while the scan rate
was 2.5 um/sec. Figure 23 is a bar diagram showing the distribution of
the Togarithm of the number of counts. It exhibits a roughly normal
distribution curve with a half width equivalent to a variation of 45 K
in thickness. The crystaT quartz thickness of the sample was 1723 R so
that the measured fluctuation in thickness corresponds to the predicted

t law for cold substrate films (see Chapter IV).

5.5 Characteristic X-rays

This method was used to detect impurity metals in_the films. The
sample used was relatively thick (1500 K) such that small traces of
impurities could be detected. It should be noted that this film was
deposited while testing was still being undertaken of the electron-gun.
It is the worst possible case.

The sample was bombarded by x-rays from a tungsten target. These
x-rays excite the Tow level electrons to produce the characteristic
spectra of the elements. Intensity measurements can give relative
quantities. Since a calibrated sample was not prepared, the exact
impurity content remains unknown. Table V gives the estimated results.
The first column Tists the possible elements. The tests were carried
out on the film itself, on a bare glass slide and with no sample at all.
It was found that the soda Time glass contained non negligible amounts of

Fe and other impurities. A possible source of Fe, Ni and Mn in the film



29

was material from the electron-gun casing whiéh could be'evaporated by
the misaligned beam. The small difference in counting rates (which
appeared persistent]y in all tests) could be due to an estimated film
impurity content of less than 100 ppm. More likely this difference can
be accounted for by different impurity concentrations in the two glass
slides. Titanium was suspected due to the use of a titanium sublimation
pump. Although no further tests were tried, it is expected that later
films, produced with a carefully adjusted evaporator, contain negligible

amounts of impurity metal atoms.

5.6 Resistivity

Resistivity measurements were attempted on the film after long
exposure to air. These measurements were very incomplete since they
lack time continuity (cf. measurements done by Chopra and presented in
Chapter III) and high fields necessary to detect non linear porosity
| effects.

The instrument used was a four-point microprobe with a low current
source. The procedure used is the standard voltage (V) vs current (I)
graphs for I ranging from 1 to 9 uA. The resistivity is given by

_ -8 AV
p=4.5310" 57 t | (16)

(see reference 21, page 42) where t is the thickness of the film in A
units, Fig. 24 is a typical V-I plot showing various slopes corresponding

to different positions of the probe on the film. These variations in
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resistance can probably be accounted for by vériations in thickness.

The non-zero intercept at the ordinate is due to a misadjustment
of the voltmeter. Figure 25 shows the general results for five samples.
Horizontal error bars gives the thickness range necessary to explain the
variations in resistance assuming a constant resistivity. Vertical
error bars show the range of resistivities using the crystal quartz
thicknesses in calculations. Since the two voltage point-probes were
approximately 1 mm apart, the maximum electric field was 0.5 Volt/cm
whereas 103 Volt/cm would have been necessary to detect non-linearities
due to porosity (see Chapter III). However, the low resistivity, close
to the bulk vanadium resistivity, is an indication of the continuity of
the fi]m; Furthermore, some films show uniformity as no (or only minute)

variations in resistivity were found.

5.7 Ellipsometry

Two types of ellipsometric measurements (or reflection interf<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>