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Abstract

Apparatus for scattering by keV ions, at grazing incidence angles, from

atomically clean surfaces, was'_designed and assembled. An’ ultra-high

vacuum chamber was equipped with a sample maﬁipu]atorﬂgoniometeﬁ and a
- rotating platform for mounting detectors, such as channeltrons. A

combination bakeout oven/UHV chamber and differential pumping section

support table was designed, constructed and tested. At the National.

Resear&h Council, measurements to determine a cleaning procedure for
Si{100) were perfor;;;. Ozonated samples were prepared and then, under
ultra=high vacuum coﬁditions. heated by .electron bombardment and checked
with AES and LEED. This information was used to define a cleaning
procedure. for Si(100) in the new ultra-high vacuum chamber, which does not
yét haverdiagnostic-surfate probes. A single baking overnight can achieve

pressures of 10-10  Torr: cleaning silicon successfully without

checking with LEED or AES is possible.

(1]
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Surface Scattering Using keV Ions

~

¢

1.0.Introdﬁction
_ "3

There is a history of ion- surface collisions. The first pubTicatiogs
on ion scattering as a tool for surfaze composition date back to 1959 (1).
The availability of commercial wultrahigh vacuum equipment, allowing
atomically clean surface conditions, sparked renewed interest in ion-
surface collisions and in surfaces (2).

Ultrahigh vacuum (UHV) is defined as pressure less than 1072 torr
{(3). The necessity of ultra- high vacuum for sfudies of well-defined
surfaces follows from the kinetic theory of gases which predicts a
monclayer of molecules can be adsorbed in about 1 secoﬁd at a pressure of‘
1076 torr (4). |

One technique increasingly applied since the 7T§7Q{§7ﬁ}9ﬁuigrf§c§
composition and  interaction 1n;éstigations has  been  Rutherford
backscattering (5,6). However, at Tow engrgieé (E‘ .15keV)
neutralization effects became pr6b1ematic (e.g. with. an electrostatic
energy analyzer).  Scattering yields appeared to result from both -
neutra1iz;tion and beam attenuation inside the target (7).

Rutherford backscattering has also been ;ombined with shadowing and
blocking technigues to determine spec{Fic target surface structures, such
as in MEIS (Medium Energy Ion Scattering) (8.9). Low energy techniques
such as ;CISS (impact collision ion scattering spectroscopy) detect the

ions backscattered along their dncident trajectories (often at grazing

-f-



incidence), so ‘that blocking is negligjb1e (10). Even .so, the detection
of neutral  atoms, :fn. addition to scattered ions, was recommended for
improved-depermination of surface reconstruction ;nd relaxation (11). )

Ion- thin foil -interactions were set up to measure charge state
fractions (12,13), and attributed to inner shell vacancy production apd
surface neutralization. "Measurements- for backscattered ions aéréed
closely with r;su1ts fdr particles tfﬁversing thin foils (13).

Recently H. Winter et al. have béén using grazing inciaence a;ZHES to
investigate polarized light emitted from surfaces..’THis observation was
ﬁorre]atgd with the occurrence "of ion neugra]izétjon‘ at the specular

reflection angle (14), which occurred in differeht proportion than for

ion- tilted foil iinteraction. It was described in terms of a two-step

process: R

(1) the‘jncoming ion is first polarized in the field of the sur?ﬁﬁe.
and
(i1) Tevel e*citation or electron transfer occurs.

The pFesent apparatus‘ is being set up to look at ijon-surface
interactions at grazing incidence by detection of the forward scattered
particles: Initially, charge state fractions at the specular reflection
éng]e will be measured. This will comp]ement‘tﬁe laboratory's .function of
sﬁudying ion-single atom collisions. Parameters to be studied can include
‘element to element variations and surface effect variations involving work
function and absorbate coverage which affect ien yields.

This thesis will give a description. of the construction of {new)

apparatuc for icon-surface collisions under ultrahigh vacuum conditions.

4—-2-



The UHV system design was partia]}y based on éhe apparatus that was in
successful operation at the AECL Chalk River Nuclear. Laboratories (15).
The design considerations and option selections y{11 b 1scusse&;
including ion beam requirements, vacuum rquiﬁements" and vacuum
interfacing with an exiSiing 10-6 torr- beam line, and the effect of

the system's constraints on the initialization of thé~—experimental

program. L - .
L

The design, implementation and testing of a bakeout oven, capable of
encTosing the entire UHV apparatus section, is reporied. Baking results

in accelerated desorption” of water vapour and other gases from all

internal surfaces, necessary for the achievement of ultrahigh vacuum

—

——

conditions.

Measurements to delineate a method for sample preparation (without
measuring its condition) will be described and analyzed.- The
investigation of the UV ozone surface cleaning method, for Si(100), was
performed' at the National Research Council. The removal of the
contaminants (oxygen and hydrogen) was ﬁonitored using LEED (Low Energy
Electron fofraction) and AES (Auger Electron Spectro§topy). Silicon was
chosén as a target material primarily -because of 1its easy cleaning

abilities.



2.0 Proposed Physical Measurements

2.1 Grazing Angle Incidence

High energy ion scattering, at grazing angle incidenqe. is a surface
effect.- A strong peak in the intensity of the scattered particles, JEEL;
ions and neutralized atoms, at the specular reflection angle, was measured
by H. Winter et al. (14): for grazing incidence ions, from a clean flat
polycrystalline surface. The strong peak is a surface effect, since the
directional properties of the. solid determine the alignment of the
scattered ion or atom. Any directional properties of a polycrystalline
metal are lost, a few atomic layers into the bulk. As well, on reducing
the angle of incidence., the upper Timit of the range of scattering angles,
due to blocking effects, decreases, such that the reflected beam contracts
to directions around specular (16).

Grazing incidence is a surface technique which depends on the
alignment of the surface and depends on surface roughness, Optical
radiation from keV ions scattered at a monocrystalline §uﬁ?ace, at grazing
incidence, shows a strong dependence on su;féce crigia11ography and the
cleanness of the surface (17). The angular distribution due to violent

collisions are reduced for ions specularly reflected from an absolutely

R

clean and flat surface (14).
For atomic collisions in the keV range the force of interaction

between two colliding particles is almost wholly repulsive and usually

believed to be of the screened Coulomb type (16). For fast ions,

——
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interpretations are in terms of a two-step process:
(i)- collisional excitation in the close vicinity of the surface, and
(ii) resonant electron transfer from (to) the non-localized states in
the conduction (valence) band to (from) the ion. .

* The first step is attributed to the total énergy E of the incoming ions,

in the second step, the normal component  of E (with respect to the’

surface) is responsible for both short-range Auger --neutralization and

-de-excitation, and long-range resonance -ionization and -neutralization
{14). There 1is evidence supporting a model -of the formation of the
excited state way above the surface layer (18).

The scattering model is quite similar to the theories in jon- single
atom collisions. Level degeneracies which are important in the level
crossi theories of don- atom scattering probably account for the
e'lemer&o-— element variations. Level degeneracies depend on the

critical internuclear distance for a given pair of atoms and the effective

range over which e]eétron promotion takes place. The relative position of .

the Fermi-level, with respect to the binding energy of the level of the
atom, 1is the crucial parameter (T4) determining the direction of the

resonant electron transfer.

-5
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2.2 Scattering Geometry

It is the intent of this experimental program to investigate ion
neutra]izatioﬁ at grazing angle incidence. At first, the preferred
detector location will encompass a range of angles surrounding the
specular reflection -angle. The task, at grazing incidence, for small
angles of detection, will be in separating the\ reflected beam from the
background, produced by those ions missing the target. This condition
will occur for collimated ions, whenever the target size, as "seen" by the
incident beam, is reduced smaller éhan the beam width, by sample rotation
towards smaller angles of incidence. For 109 incident ions, H.

~—Akazawa et al. (19) were able to arrange a microchannel plate so that the
incident .beam hit the Jlower edge and reflected ions between 09 and
240 could be detected. |

Unlike surface lattice structure determination techniques, a random
surface orientation., rather than a channeling direction, 1is preferred.
Channe]iﬁg has been described as when ions, travelling along an aligned

- direction, are seen to make a gentle oscillatory motion around the centre
of the crystal channels without coming closé to the surrounding atomic
strings, and thus able to travel microns deep inte the crystal (9).
Channeling occurs if the incident ions start close to the channel axis and
if they have an angle less than the critical angle with the channel axis.
An ion can escape from the channel if the energy in the transverse motion
is larger than the channel "barrier energy. However, at high particle

energies the probabi1i£y oflchannelling is negligible (20).



Another surface focussing effect affecting yields is surface
"semi-channeling". Semi-channels are only present when the atomic rows of
the second layer are situated between the atomic rows of the first layer,
This occurs, for example, when the incidence plane is chosen parallel to
one of the” <110> directions lying in the (100) face of an fec crystal,

contributing to the total reflected yield (16).

——————




2.3 lon Beam Requirements

T+ is known the velocity of {he incident ions affect the transition
probability for an electron transfer. The- relevant parameter governing
the jon—- surface interacton is the perpendicular velocity of the ion with
respect <o the surface, as opposed to the motion parallel to the surface
(21.25). The parallel velocity component seems to place an 1m%ortant role
more- for low energy incident ions. J.N.M van Wunnik et al. (23) measured
a maximum for the negatively charged fraction of incident H' ons
(ahgie 80°) on cesiated tungsten (work function -2.15eV) for decreasing
parallel velocities., beginning at Z2keV.

As well, the ion dose must be kept low enough so damage to the sample
is  minimized. Gragér and Varelas (17), for 70 - 200keV He* ions
1nc1dent.at graz%ﬁé angle on monocrystailine (110) Nife, kept the ion beam
dose below 4 X 1013 ions/cml. In the present case, assuming an
absolute maximum beam current of 1076A for a 1mm beam diemeter, the
dose would not exceed 8 X 1014 1ons/cﬁz/s at normal incidence.

The present ion beam is capable of producing ions from app?Umeate+y}“““ﬁh
10keV <o a maximum of 150keV. The faciiity is able to produce both
positive and negative ions o% various elements. As yet. there has been no
investigation of charge transfer between incident negative ions and
surfaces.

Coliimation of the ion beam 1is important for grazing angle
experirents. A 1.3mm beam width at the target will produce a2 sbot s1ze of

25mm on the sample for an angle of incidence of 3°.



2.4 Vacuum Requirements

Meaningful experiments are best acc0mp1isﬂed on surfaces in a
chemically pure and monocrystalline state. For example, the amount of
coverage on a surface effects changes to the work-function of a surface
(23,24). Clean surfaces are best maintained by minimizing adsorption onto
the surface via an ultrahigh vacuum environment. Even s¢, measurements
are often done as a function of surface cleanliness (17).

An ultrahigh vacuum environment s also beneficial for efficient

target cleaning. Extra outgassing from the target is expected when it is

* sputtered with ions .or heated.
At a background pressure of 2 X 1010 mbar (1.5 X 10-10 torr),

assuming a sticking coefficient of unity, 0.1 m..aolayers are adsorbed 15

min. after cleaning (17). Actual sticking probabilities are much Tower’

than urity for various- materia1s.. It has been estimated the initial
sticking probability for 0 molecules on clean Si(110) s 6 X
10-3, and on $i(100) is 3 X 10-2 (25). - '



2.5 Vacuum Interfacing

2.5.1 Pumping Requirements

The problem of connecting a. "dirty" 106 torr accelerator to an
ultrahigh vacuum system has been successfully tackled by.previcus workers
(1.2,15). They included one or more intermediate chambers between the two
extreme vacuum regions to act as a vacuum buffer. The resulting sections
were kept separate by small apertures or narrow pipes; each section was
kept evacuated by its own pumps. .

The decision had been made that the apertﬁres separating the vacuum
sections would double as slits fo; the ion-optical system. It was felt
one Jifferen;ia] pumping section would suffice.

.;Regiogns  of° 5 X .10‘11- t;rr. “10-9  torr and 1076 torr,
separated by lmm slits, were planned. The pumping requirements‘for each
region were calculated as follows. -

The number of molecules which cross a surface, per square meter, per
second, is equivalent to the number of co]jisions against a wall, such
that .

ny /m/fs =1/4nvw
n is the molecular density (here, the total number of molecules per
m3) and 6 is the mean ve1ocity’ (26). The  number of molecules
crossing a slit of area A 1is therefore nyA. Here ¥ is the mean
velocity of air at room temperature = 460 m/s.

The molecular density at a pressure Po (torr) is

— 0 -



n= NA X Po

22.4 760 ‘
- where Nj = 6.02 X 1023 4s Avogadro's number, 760 torr is. the
standard pressure, and 22.4 1 is the volume of 1 _mo1 at standard
temperature and pressure. At 100 torr, n s 3.5 X 1013 molecules
per litre,
The flow rate through an aperture of area A is
nx = 1 Na P_o_ vA
4 22.4 760
moTecules/s. The molecular crossing rate, from the 10-6 torr to
the 1079 iorr region, through the first 1ﬁm slit, is therefore 3.2 X
'1012.mo1ecu1és per second. This is a‘vo1ume flow rate, as measured in
terms of P,, the pressure on the high pressure side of the aperture.
Hence B |
So = VavA
where the quantity S,. in units of“JQIPme/time. is defined as
the conductance., and is independent of Py. This becomes
So.=-11.5_Td2. litres/g
4
for an aperture of diameter d centimetres. .
The gas, that flows into the lower pressure region P1 from the
region *P,, expands proportionally such that the volume flow rate in
P1 is
S1=1/4 9 AP,
p

For a Tlmm diameter aperture the conductance S, = 0.09 /s

For the same- aperture, the conductance Sq, into the region P1 =

10-9 torr, from Py = 10-6 torr, is 90 1/s. since the




pressure P1 is 1000 times 1less _thén Po- Similarly, for a second

Imm aperture, the conductance into the 5 X 10-11 torr region, from the
10-2 torr region, is 1.8 1/s. - :

The pressure in the intermediate region may be higher than 10-9

" torr due to the high Qas load from the 108 torr region, and

g

- consequently’ there may be a slightly higher gas load on the UHV region.

It is worth considering, if the intermediate region had only a vacuum

- corresponding to 10-8 torr, then the required pumping speed is
increased to 18 1/q.

Assuming the emission of particles passing through both slits is

- uniform in &1l directions, a fraction of the particles from the 100

farr region will cross into the 5 X 101! torr region. This would be

the s&lid angle fraction of the 3.2 X 1012 particlés per second

leaking into the 1079 <+arp region, at the second slit. The solid

angle of the second slit at the first depends on the length between the

two slits. Hence

ng = A/L2 X 3.2 X 1012

2 steradian
where nf is the solid angle fraction, A the area of the second slit,
and L the distance between the two slits. n¢ is negligible compared
to the leak rate of 3.2 X 109 partfc1es per second, for L > 0.4m. For
s]{ts separated by Tm, nf is 4.0 X 105 par;ic1es per second.

Other factors also contribute to %gé total leak rate. These include
the outgassing of the vacuum envelope and the eguipment therein, as wei{
as the temporary presence of the dion beam. Ffor a beam current of
10-11A, there are 10-11 / 1.6 X 1019 = ¢ x 107 ionsy,
entering into the UHV region, requiring an additional 0.021/¢ of
pumping. A stainless steel enve1ope.? Baléd at 4009C for 12h, will
outgas at 10-12 Torr litres s~1 em? (2.3).

-
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2.5.2 UHV Pumps

N

A description of pumps able to evacuate apparatus to the UHV range has

been compiled by Hobson &3): diffusion pumps, ion pﬁmps. getter pumps,
turbomolecular pumps and cryopumps. Advantages and disadvantages of these
pumps, pertaining to the design of the present experiment, will be briefly
discussed.

Ion pumps provide 1007 clean pumping. However, ion pumps have limits
to the total gas which they can pump. It'is necessary to bake the don
pump regularly in order to avoid noble gas 1nstabi1i£y i;e. when the pump
gives off already pumped noble gases. A standard system of 5 ion pumps on
; UHV chamber gives 2 pumping speed of 200 1/s (Varian Vaclon literature).
Getter and cryopumps also have limits to the total gas which they can
pump.

Both oil-diffusion and turbomolecular pumps have a high throughput andr
require only a short pumping down time. They are capable of removing
significant amounts of gas from the system indefinitely. However,
turbomoiecular pumps suffer from mechanical vibration, and must .be
isolated so as not to disturb any experimental alignments. With diffusion
pumps, 1iqﬁid nitrogen cold traps are required. There may be hydrocarbon
or other contaminant backstreaming. |

An Edwards E04 diffusion pump and VG CCT100 liquid nitrogen cold trap
were already available in the laboratory. A combined pumping speed of 300
i/s made this a reasonable choice for the differential vacuum region. A
diffusion pump/cold trap combination was also chosen for the UHV region.

Also inciuded was a titanium sublimation pump to getter the outstanding

contaminants prior to each experiment.



2.6 .Dis;ussion of Options Possible

A standard stainless steel chamber, with an inside diameter of 293mm,
delimited the UHV region. The centre of the chamber, at the. focus of all
the ports, was reserved for the targét location. Two options were
originaliy proposed for the scattered particle analysis. One option
utilized the laboratory's high resolution '"YVQ- electrostatic analyzer,
The second option employed a low resolution charge separator. B

An electrostatic aﬁaiyzer (E.S.A.) is an ©N€rOY/ papge filter.
An E.S.A. at & particular voltage setting can accept only ions of the same
E/q. Neutrals are not detected. Electrostatic - analyzérs have
been used in conjunction with the time-of-flight (T.0.F.) 'technique
(7,27,28). Ia this techﬁique. the incoming ion beam 1is controliled by a
pulse generating system, A time- to- pulse height converter measures the
scattered 1on§' flight time through the E.S.A., such that the ions with
different ratios m/q can be separated. .For the present experiment, T.0.F.
‘would identify which ions were, in fact, the reflected ones.

The possibility of an ion'beam pulsing system_had been examined. Two
deflecting plates with sufficient voitage could be oscillated on and off. -
30ns resclution of a nm]tichan;el pulse height analyzer was reQu%red to
distinguish adjacent masses, where |

AT = Flight Timepz - Flight Timep,
for mp = mp - 1 a.mu. This criterion affected the Tlength,

separation and voltage requirements of the deflecting plates. The time

resolution criterion also affected the minimum flight path 1length,

dmin = AT VZE/m .



The size of the sample chamber was a severe restriction. The
laboratory's E.S.A, did nof fit inside the sample chamber, thus it was not
possible to do energy analysis of the scattered ions inside the chamber,
Mounting the E.S.A. outside the chamber would have required differentially .
pumping the entrance slit to the analyzer. It would have alsc have
restricted the detecting apparatus to the range of angles allowed by its
fixed port location. -

Therefore it was decided to:do charge fraction measurements, For a
detection system to be mounted within the chamber, it had to be located at
least 40mm from the sample and also lie within the chamber's 146mm radius.
(The 40mm constraint was necessary to allow sufficient space for sample
manipulation.) A low resolution charge separator could be designed to fitq
within this Jlength constraint. The big advantage of mounting the
detectors within the chamber was the ilarge range of angles avaiiab]e for
study, without port restrictions. A rotating platform on which to mount
the detectors was consequently designed and constructed (Section 3.5)

The charge separator, as conceived, was to consist of 3 channeltron
electron multipliers, located side-by-side, with their apertures along an
arc, behind one set of deflecting plates. The potential between the
plates would cause positive ions to be deflected towards the negative
plate and one of the three channeltrons; neutrals would not be deflected
and would collide with the central channeltron; negative ions would be
def]ected towards the positive plate and the third channeltron. A -
schematic description of the planned detection system is given in Fjgure

2.2. Similar charge separators have been used previously, in the

&
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laboratory's gas target studies.

A set of antiscattering slits would be required in order to reduce the
incidence of stray dions onto the detectors. _ Two ]ocaﬁ%ons' had been
discussed: 1. opposite the sample face. and 2. 1in the path of the ion
 beam preceding the sample. For the second option, the antiscattering
minimum slit width w would be equivalent to the diameter of a cone, formed
by the créssing of the paths most Hivergent. of two ions, passing through
the two slits of dﬁqﬁ?ﬁrs dy and dp (Figure 2.3), such that

' w = (d] + d2) x + d
L
where L is the distance between tﬁe slits, and x thé distance from

dz to the antiscattering slits.
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3.0 Experimental

3.1 Accelerator and Beam Line

The apparatus for the present experiment comprises three beam line
-sections, each section to be operated at separate baseline pressures:

I. lon Acceleration and Mass Separation Section, at 10‘6,tprr

II. Differential Pumping Chamber, at 10-9 torr
II1. Target Chamber, at ultrahigh vacuum,

A diagram of the beam line 1s’given in Figure 3.1. The beam Tine
sections Il and III are both constructed of UHV- compatible apparatus:
both sections are necessary in order to -achieve ultrahigh vacuum in the
vicinity of the sample. Two slits of O.5mm diameter 1 m apart have been
designed to divide I. from II. and II. from III. They will also act—as—
collimation slits for the ion beam.

lons for this experiment are produced by a 150 keV accelerator
supplied by a Danfysik 911A ion source. 'fﬁ?;-{s a hollow cathoae. hot
filament arc source specially designed to operate with a wide range:-of
vapour pressure materials. It 1is therefore able to produée beams of a
wide range of elements, from 5 to 150 keV. In previous experiments, Mg,
Na, Li and [ ions were produced (29). Current is on the prder of 10-8
A and up to 108 A for some ions. For the prégéﬁt‘ application,
hydrogen ions are proposed; 1;hs' with small mass such as hydrogen or

nelium would inflict less damage on the sample.

Mass separation is accomplished with a 309 deflection magnet. The
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beam is to be aligned for fine adjustments with two steering magnets,

one on e;ther'side of %Be—maééégéparating magﬁég;—uTge steéférs p;ﬁﬂaéém;;'
weak, uniform field over a 20ecm length of the beam, which deflects the
beam slightly (but has negligible effect on its focussing properties).

Precise collimation will be accomplished with the two 0.5 mm slits 1 m
2part, and an antiscattering slit another 75 mm further downstream, just
inside the sample chamber. The 0.5mm slits have been designed to be

electrically isolated from the stainless steel beam line (Figure 3.2).

This will allow the measurement, with a picoammeter, of the current

produced by the ion beam striking the slits.
3.2 1. Ion Acceleration and Mass Separation Section

Vacuum was maintained in the first beam line section by a single
diffusion pump. Therdiffusion pump was placed between the accelerator and
a gate valve. The rotary pump backing this pump was shared with four
diffusion pumps in continuous operation on another accelerator system.
The gate valve could be used to isolate the beam line from the accelerator
so the beam line was not exposed to air when maintenance of the ion source
was required. A second gate valve was included to divide the first beam
line section‘from the differential pumping chamber.

Vacuum seals in this section Qere'made using a conventional—0-ring

system. An ionization gauge was used to measure pressure.
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3.3 Beam Line Sections Il and III: The UHV Apparatus

The target chamber residual pressure is expected to be less than
10-10 torr, although this wil) 'rise when the don beam is introduced.
7o achieve this pressure, both the target chamber and the differential
pumping chamber were of bakeable stainless steel construction. Most of
the seals consisted of a copper gasket compressed between two stainiess
steel flanges, The flanges were evenly tightened together with bolts,
equally spaced around the flanges' perimeter. Raised knife edges on the .
flanges' sealing surfaces bit into each gasket, deforming the copper to
fill available gaps. Most gaskets were tightened only enough to prevent
vacuum leaks, so they could be reused two or three times in the fuﬁdre
(see Section 3.4). o ”

The sample chamber was a standard 305mm diameter cylinder, 508 mm
high, with multiple ports. Two of the pdrts were ﬁ}rex windows of 150mm
and 100mm diameter. At the time of vacuum testing, the sample chamber was
equipped with a nude ionization gauge and a tiianium sublimation pump (TI
pumpj. Pumping was accomplished via a diffusion pump and liquid ni:rogen
cold trap combination, of 600 1/s pumping speed. The TI pump will be
reserved to achieve the best possible vacuum prior to starting each
experiment. Also to be included, in éhe sample chamber, was the sample
manipulator/goniometer and the rotating platform for wmounting the
detectors (Figure 3.3; Section 3.5).

The entrance port was connected to the differential pumping section

via a straight-through all-metal valve in line with a flexible bellows, of
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38mm inner diameter. The second 0.5mm slit will be mounted on a "zero
length" double-sided flange, inserted between the entrance port and the
all-metal valve. A modification to this flange has been investigated to
accommodate a 25mm diameter pipe extending TSmﬁ into the sample chamber,
for the mounting of anti-scattering slits.

The large volume of the differential chamber was defined by a long
straight flianged pipe and four-way cross, both of 150mm inside diéﬁétér.
for a combined Tength of 733mm. This section was pumped by its own
diffus%on pump/ cold trap combination (pumping speed 300 1/s), attached to
one side of the 4-way cross, with a second ionization gauge mounted
directly opposite. At the downstream end, an adjustable support made
horizontal and vertical alignment movements possible, using two separate

J— -“'Tﬁ?ﬁ?ng'scré;; of 1/2 inch and 1/4 inch diameter. At the upstream end it
was supported by the cold trap, mounted on a movable platform, with tapped
ho]gs for four vertical 11/2 inch screws in the corners for height
adjustment., In this way the first 0.5mm slit, marking the entrance to the
differential pumping chamber, can be adjusted relative to the second O.5mm
sTit.

Both diffusion pumps for the UHV apparatus were backed by the same
mechanical roughing pump. The rouéhing system was designed to allow the
differential pumping chamber and the sample chamber to be pumped down
independently. A right-angle all-metal valve connected the sample chamber
directly to the backing -line, to ease initial pumpdown. In line with the
all-metal valve, an up-to-air valve was included. Each pumping route: 1.

from the large diffusion pump, 2. from the small diffusion pump, and 3.



directly from the target chamber, could be isolated from the other two
routes via three in-1%ne butyl valves. Thermocouple gauges were -used to
monitor the pressure in these sections. A bakeable foreline trap, filled
with a molecular sieve material, was located next to the mechanical pump.
Four flexible bellows were included: three to separate each of the three
pumping routes from the UHV apparatus, a2 fourth was included to isg]ate
the vibrations produced by the mechanical pump from the roughing system

(Figure 3.4).




3.4 Vacuum Production

1

3.4.1 Laboratory Preparation

A few cautious laboratory preparations for the UHV apparatus Qere
made, go as to ensure a long-life trouble-free operation of the UHV
system. A cjean room environment also facilitates sample handling and
preparation. E;posed concrete in the vicinity of stored UHV components
and the UHV apparatus was either painted or covered over, to reduce the
hazard to UHV sealing surfaces by concrete dust. This included the
concrete bDlocks used to faise the beam 1line and the UHV apparatus.,

Sealing raw concrete was recommended by other workers with UHV equipment

(30).

In addition, most UHV systems backed by a roughing pump either vent

—_ T e

————

the pump exhaust ouzside ;r employ an oil misf filter. Simple oil mist
traps were installed on those roughing pumps in the laboratory, which &?ﬁ
not already have a suitable trap. These traps wére designed to use
standard automobile air filters. Although not the best sclution, they
were an improvement to no oil filters at all.

As wé]1. polyethylene gloves and bags were used to handle and protect
flange sealing surfaces from skin oils and dust, etc. Isopropyl a]cohoy
was used to clean tools coming into contact with UHV components, e.g.
tweezers, feeler gauge, etc. The zinc coated (galvanized) storage shelves

were also painted.
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3.4.2 Roughing Line

\; - There were problems with worn spring retaining rings, which did not
st;§ fitted upon opening and closing the in-line valves, New retaining
rings were unavailable; this type of in-line valve is no longer
manufactured. Su‘pports along the roughing line were included to keep the
roughing line stationary while turning the valves.

A satisfactory backing line vacuum < 10~2 torr was achieved after
an extensive initial bake of the molecular sieve material.

A vacuum test rig was used -to calibrate the thermocouple gauge

heads.

3.4.3 Differential Pumping Section

For vacuum testing, the beam line entrance flange on the 4-way cross

= was blanked off. On the UHV chamber sidu.a. the 70mm bellows was blanked
off. Leak testing was performed employing a helium leak detector,
sensitive to 1010 std ce/s (1 std. cc/s = 0.76 torr-litre/s). No
leaks were detected in the UHV apparatus at 3 X 10~7 torr, soon after
the diffusion pump was turned on. Pumping over a few days achieved a
pressure of 9.5 X .1079 torr, after gauge degas. After baking overnight
at 205°C, liquid nitrogen was added to the cold trap. The temperature

f was measured with a thermocouple wire attached to a flange bolt. The

vacuum improved to 7.4 X 10-10 torr.
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3.4.4 UHV Chamber

The start—up vacuum procedure was as follows:
1) The rotary pump was turned on to rough the system.
2) The poppet vaive to the diffusion pump was slowly cracked open. The
system was checked for leaks at 10~7 torr. As with the differential
pumping chamber, no leaks were found.
3) The chamber was baked with the diffusion pump on. The pyrex windows
were covered with aiuminum foil to prevent heat siress. o
________ 4) The chamber was cooled to below 90°C and the oven
dissassembled. .
S—
At this stage, the pressure had not improved past 107 torr. A Jleak
had escaped detection. If the baking step had been successful, then
5) LN2 would have been inserted into thé cold trap, to pump the
water out of\iﬁé:gggféﬁ?‘ -
Furtﬁer iéék testing‘led to the discovery of the lack of a copper
sealing pad in the right-angle all-metal valve. The leak had been from
the UHV chamber tg the roughing line, not to the outside, and hence had

not been initially detected. Spare sealing pads were then précured.

a
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3.4.5 Accelerator and Beam Line

The first beam line section was also helium leak tested after initial
assembly and pump down. Leaks were found along the O-ring seals covering
the unused exit ports of the 300 magnet. The scratched metal plates
pressing against the O-rings were replaced with new, qnscratched ones.

The diffusion pump 011 wasrchecked for traces of iodine, from previous
use. As well, the ionizatiop gauge head was replaced with an
uncontaminated one. The Tleast pressure then. measured was 2 X 107
torr after repeated degassings of the 1oniza€ion gauge (5 X 10-5 torr

prior to degassing).
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3.5 Scattering Geometry

3.5.1 Sample Position

The sample is to be.iocated 189mm downstream from the second slit and
60mm downstream from the antiscattering slits. The intensity in the beam
is enough so that both co]11mating/vacuum-divid1ng slits can easily be
0.5mm, rather than 1mm as originally permitted, reducing the beam to one
quarfer of i;s power. This is important for grazing incidence, in order
to keep the beam's area on the target surface to a minimum. One could
choose the slit size depending on the incident angle of the beam. The
antiscattering slits must be placed at Teast beyond the swepp radius of
the sample holder, 30mm. Wires to the sample holder must also be avoided,

increasing this 1imit somewhat.

The sample will be located at the centre of the scattering chamber, at

——

the focus of the upper chamber ports, mounted on an xyz manipulator /
B4 goniometer (Vacuum Generators HPT series), with electron beam
heating up to 1200°C. The sample can be exchanged through the top
port by removal of the goniometer, or through the -TSOmm side port.
Electron beam heating will be performed with an available power ‘supply.
As well, sample cleaning experience has been obtained yia the use of
electron beam heating (see Section 5.0). |

7 The sample holder's degrees of freedom wil1 allow the crystallographic
directions of the singler crytal target to be specifically aligned or
randomly aligned with the dincoming beam, 1in addition to choosing the

incident beam angle.



- . . 3.5.2 Rotating Platform

A rotating platform and its support were designed.- machined and
assembled, o; which to mount detectors, i.e. channeltrons arranged to
perform charge fraction measurements. The rotating platform was designed
to a]ign the detector system with the specﬁlar reflection angle and other
angles. The platform could be rotated up to 1200 in the horizontal
plane. A rotating bellows arrangement was added to allow manipulation of
the platform location from the outside, limiting the range to the larger
angles with respect to the incoming beam. A scale in degrees was marked-
on fhe platform edge to visually align the platform through the larger of
the two viewing windows. When aligning the beam, -any detectors mounted
on the rotating platform can be safely rotated away from the beam's
path. Y

The rotating platform itself consisted of a stainiess steel pie—shéped
wedge, of 500 of are. It rested on 3/8 in. stainless steel ball,
bearings along its arc, and on a single ball bearing at the centre of
rotation, coincident with the cent;e of the target chaﬁber. " The ball
bearings were kept separate by a thin curved plate with gqua11y spaéeq

holes, and rested on a support structure consisting of a number of

assembled pieces (Figure 3:5). The pieces were of thick construction sol
as to be reliable for reproducible measurements: the 5ﬁatform would tend
to settle the maximum amount each time, as well, the warping of the pieces
during baking would be minimal. In the event of necessity, the platform

and the.support can be disassembled for removal through the 153mm diameter
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upper ports. ~

The platform was prepared for placement in the UHV chamber as follows.
The platform pieces were é;mmercial19 e1ectropoT;shed (by a company that
electropolishes for a local UHV equipment manufacturer). The pieces were
then rinsed in an ultrasonic bath and then w;th deionized water. The
electrocleaning removed ‘the machine shop grease and also showed where
steel, rather than stainless steel, had been accidentally included.
Tapped hales wefe also excellently cleaned in this  manner.

Electrocleaning has been used by Holmen et al. (2). Details concerning

electrocleaning for different metals are given by A. Roth {31).
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Figure 3.4 Schematic of Roughing System .
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4.0 Bakeout Oven
4.1 Introduction

Baking, in order to remove contaminants, is a necessary part of the
UHVY achievement process. The various commercial materials used in UHV are
bakeable to 200°C, have a low outgassing rate and, when forming part
of the vacuum envelope, negligible gas permeability (32).

Standard UHV hardware is mostly built of stainless steel (often Type
304) and can be baked at 4509C. Stainless steel remains relatively
inert during exposure to the atmosphere at temperatures up to 5000C
(3). However, vacuum components such as valves, demountable seals, and
electrical and mechanical feedthroughs are often commercially made of
materials that are oély safely baked at lower temperatures.

The presént apparatus 16cJudes Viton Ofrings in the main shut-off
valves to the cold traps, requiring a maximum baking temperature not more
than 2509C (with the wvalves open). As well, the right angle
configuration jack sockets, of .the electrical feedthroughs in the
6anipu1ator flange, are specified by the manufacturer to be baked to only
2000C. At AECL im Chalk River, 1359C was considered a critical
temperature where the majority of the oxygen and hydrogen absorbed inte
the stainless steel was released and could be pumped away, to reduce
outgassing rates. The AECL group's chamber; after baking to 1500C,
achieved pressures in the 10-11 torr range (15). Hence 200°C was

reasonably chosen as the targetted upper limit for oven design.
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The UHV apparatus uses materials with different thermal properties,
e.g. the rates of expansion and conduction, and heat capacity. The rate
at which the assembly 14s heated and cooled ig critifal. For stainless
steel, rates of heating up to 2.5 degrees per mfﬁ%te are acceptable,
Problems, with a faster temperature 1ncre;;;, include uneven_heating which
produces stresses on flanges and seals. Pyrex windows are egpecially

susceptibie to this uneven baking. A bakeout oven must have the

capability of controlling the rate of temperature change.




4.2 Support Table and Oven Design

A supporting table was required on which to mount the UHV apparatus,
both the sample chamber section and the differential pumping section,
Table dimensions were chosen to fit the desired configuration of the
equipment. Table height was chosen originally to match the accelerator
beam height of 122 cm. However, the large diffusion pump would then hang
lower than the expected table height would allow; the feasibility of
putting a2 hole 1into the laboratory floor was examined. The other
alternative was to raise the beam line and the UHV equipment up on blocks;
this solution- was eventually chosen as the most convenient one.

The table was des{gned as a two-height, or ép]it-Teve], table (Fiqure
4.1). The .samp1e'-chamber and its cold trap/diffusion pump combination
were to be mounted immovably on the lower héight table section. The
differential pumping section dincluding its cold trap and diffusion pump
were mounted on movable supports on the upper height table section.
Everything mounted on the table top was to be enclosed by the bakeout
oven, able to be easily assembled and disassembled. Diffusion pumps
obviously cannot be baked; they were to be mounted beneath the coid traps
through openings in the table top.

The table frame was constructed of two-inch angle iron for mechanical
strength. The.entire table top, including the vertical section dividing
upper and lower table sections, was insulated with 1 inch thick Fiberfrax
Duraboard LD, a typé of inﬁu]ation able to withstand high temperature§ and

has good rigidity and stiffness. The insulation was clad in aluminum
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sheeting to prevent 1£s fibres, similar in messiness to asbestos, from
escaping. -

The Sakeout oven's walls were designed to be stood up'along the table
top's edges (Figure 4.2). A 1 inch width of angle iron around the table's
perimeter was left uncovered by the insulation. The oven walle were
constructed of 1 inch thick Fiberglas Intermediate Service Board, able to
withstand temperatures wup to 4509C, This 1insulation was preferred
over the Fiberfrax, because it was lighter in weight, éasier to cut idnto
shape, and inexpensive. It was rated with a thermal conductivity of 0.061
W/moC at 2509C, slightly better than the Ffiberfrax with a
conductivity rating of 0.087 W/mOC. Aluminum sheeting surrounding the
insulation gave structural support.

The finished oven consisted of an assembly of interlocking panels
which mounted on the table top perimeter. Latches held the assembly
together. Two. additional panels could be placed to divide the upper and
lower table sections, into an "upper oven" and a "lower oven". Each oven
section could be assembled _independently; each bhad its geparatg roof
panel, which could be slid into pTacé after the wall panels had been
installed. Thus the baking of each section_'could be done either
separately or togetfler. In addition, the oven was easily assehb]ed and

disassembled by a single individual.
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4.3 Oven Heaters

It was decided to use conventional oven 3000W heating elements as the
heat source for the bakeout oven. This type of heating element was easily
available. Its flat shape allowed vertical mounting on the oven wall
panels, and would hence be removed with oven disassembly. The laboratory
power required minimal modification to meet the circuit supply criteria of
220 Volts and 30 amperes.. Lower voltages would have required extensive
alteration of existing laboratory power: 115V, iSON heagers: for example,
would have required B times as many extension cords. Higher voltages were
not investigated. .

A simple calculation to estimate heat loss through the oven walls was

performed:

Thermal Conductivity(W/meC) X 2000C X Area(ml)

Thickness(m)

This estimation was 4S00W for the upper and lower ovens combined. The
parameters used are those in Section 4.2 and Figure 2. Two 3000W heating
elements per oven would hence provide sufficient heat for baking.

Since high temperatures would be encountered by oven wiring, high
temperature wiring and ceramic¢ terminal blocks were used. Number 12 wire
was used throughout (ZOdOC and 1259C rating) for the 220V, 15A
circuit. The 2009C rated wire was used hw‘&he oven's interior. Its
insulation is stable to 200°C under continuous use;  although it can bg
used above 200°9C, it must be monitored o for deterioration. The

125°C rated wire was enclosed in BX for use outside the oven.
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In the lower oven, the two Heating elements were connected in parallel,
originally to 2 simple "on-off" oven temperature controller. The
controller allowed the oven's maximum. temperature to be set
+100C. During the "on" cycle, the controller applied full
power. When the set point was reached, the power was switched off,
although the temperature would increase a further ~109C. The "off"
cycle would then allow the temperature to drop to the set point before
full power was again applied. The temperature would continue to drop
until the heating elements had warmed. The initial "on" cycle caused too
rapid heating of the system. The heating rate could only be slowed by
utilizing many temperature settings in succession, separated by small
increments, to achieve the desired temperature.

A new solution was required. The heating rate could be slowed by
Timiting the power to the elements. Limiting power to the system by
connecting the two elements in series (750W maximum), success?uT]y s1owed
the rate, but lowered the maximum temperature reached to well below
2000cC,

An adjustable power contrb] system was the next step. An inexpensive
solution employing a triac (40 amp rating) was implemented, instead of an
expensive Variac (6.6 kVA rating). A 3 inch wide ribbed aluminum heat
sink of 6 inches in length was attached to the triac, determined from the
method of (33), where the maximum power dissipation of the triac was
chosen as 65W. A dfagram of the triac controller circuit is given in

Figure 4.3.
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A diac was employed as a bilateral trigger to supply current to the
triac gate. ;The poteé%iometer setting controlled the amount of time per
hali cycle the triac was on, A lamp was connected to the input side of
the circuit so as to be on whenever the oven was on.

The triac required a choke for stable triggering. {Without a choke, the
triggering of the controller would be uncontrollable.) One can design
inductors using the approximate relation

L=)m_N2
‘ 1
where 1 is its length, A its crbss-sectiona1 area, N the number of turns,
p the permeability of the ferrite core, usually around 1Q3 H/m. A
piece of 3 inch ferrite of unspecified permeability. when wrapped 42 turns
with #14 vérnished wire, provided an inductance near 7QPH (as measured

with an inductance bridge). This was near enough to the triac

manufacturer's specification for a TOQpH RF suppressor choke.



4.4 Test Baking

4.4.1 Lower Oven Calibration

Once the wiring on the oven was completed, it was possible to test the
heating circuit before the UHV apparatus had been shipped to the
University. Although rates of heating were expected to be faster with an
empty oven, it was'hoped an equilibrium temperature could be calibrated
for each potentiometer setting. The oven tested consisted of the "lower"
oven, using the divider panels bgtween the upper and lower table sections
to form one of the four outside walls. The two heateés were connected in
parallel on the same controlier. Although the hole reserved for the beaé
Tine in the divider paneTs.was covered over, the hole in the table top
reserved for the large diffusion pump was not.

The first time the oven was turned fully on, 2150C was reached in
ten minutes. The oven roof showed some warping. After half an hour with
no power, the ‘temperature dropped to 53°C. Intermediate -potentiometer
settings were therefore required during both heating and cooling to limit
the rate of change to the maximum allowable 1509C/h. As well, 1/32"
thick aluminum sheets. 50cm X 48cm 'and 42cm X 58em, were installed to
cover the two heating elements, so as to encourage convecfion air
circﬂTation and so give a more even thermal distribution- At this point
the triac circuit was included (see Section 4.3 Oven Heaters). |

To find the potentiometer settings corresponding to the percentage of
total power available, currents were measured with the a{d of an AC

current clamp and mutimeter. The maximum current measured, at 100Z power,

e L



was 22.7A %I 0.2A ,qs. The potentiometer dial was marked at
fractions o; the total power available. Due to the hygteresis in the
triac circuit, the potentiometer dial was turned to maximum each time
before returning to the chosen setting.

A compilation of triac circuit testing and ca1jbration is given 1in
Figure 4.4, Each curve represents where a different power was app]ieﬁ to
the oven.- The temperature was recorded as a function of the time eIapséd
since the oven had been turned on. Each test was commenced once the oven
had returned to near room temperature.

An equilibrium temperature was extraPolated from each curve in Figure
4.4, The shape of 'the_ curves suggested that the temperature increase
might be simply modelled using-Ngwton's law of cooling, such that

AT = AT, (1 - et/ )

where AT was the temperature difference between the heating elements
‘and the oven's interior, and- ATO the temperature difference at time t
= 0. From the graéh. the time constants U were estimated between 30 and

40 minutes.

4.4.2 Baking Procedure

Once the UHV equipment was assembled and the pumping system made

operational, baking was perfohmedr;s part of vacuum testing (see Section
3.4).

| A record of the first two bakeouts of the differential chamber in the

"upper" oven was plotted in Figﬁfes 4.5 and 4.6. In both instances the

oven was cautiously, i.e. slowly, brought "up to temperature. An
L}

-



- -

ifon-constantin thermocouple, attached to a flange bo]t.éﬁithe apparatus,
was uged to measure the tempe}ature of the stainless §tee1. A
thermocouple thermometer was used to measure the oven air\temperatuée in
the vicinity of the flange bolt. It was endeavoréd to keép the flange-air
temperature difference under control, since thé temperature distribution
in the oven was unknown,

The first bake was used to checklfor any difficulties in the‘operation
of the oven. The oven was cooled via stops at BbZ. 20Z and 10%. 'On the
second bake, the apparatus was left to bake overnight. The power was
reduced once the flange temperature of 200°C was attained; equilibrium
was attained at 407 power. The oven was cooled via stops at 30%. 107 and
17 potentiometer power settings. |

A record of the first bakeoutlof the target chamber, -enclosed by the
"ower" oven, was plotted in Figure 4.7. The number of intermediate

" potentiometer settings was reduc from the number used with the upper

oven.
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5.0 Si(100) Surface Preparation Measurements

P
-

5.1 Sample Preparation at NRC

In collaboration with Dr. Robert A. Armstrong at the National Research
Council (NRC), the cleaning of Si{100) was undertaken. Clean silicon is
considered fairly inert (compared to some metals) and hence believed to
keep fairly clean after the removal of the oxide.

The cleaning of S$i(100) has been the focus of many investigations,
especially for achieving an atomically clean and defect-free surface for
silicon MBE (Molecular Beam Epitaxy) (34-38). Clean Si(100) has _also been
a prerequis{te for surface studies (10,39-43). The major contaminants of
2 manufactured wafer are carbon and oxygen. Annealing above 12009C is ”
often employed, as well as ion sputtering and annealing. At these
temperatures residual carbon sticking to the substrate surface s
removable. However, surface damage such as split lines and thermal pits
has pro@pted investigations into methods effective at temperatures less
than 1000°C (35,36,38) and as low as 710°C (37).

Low temperature cleaning in vacuum takes advantage of the reaction of
the silicon substrate with the surface oxide, yie]d{ng volatiie Si0. In
UV ozone cleaning, the oxide is grown in an ozone reactor oven prior to
loading the sample into the vacuum system. Until the sample is heated,
the oxide acts as a protective coating, preventing further contamination
(34,37).

At the National Research Council, samples of Si(100) were cut from a 4

=53=



inch.wafer, treated with ozone, then the oxide removed in a UHV sample
chamber equipped with both LEED (Low Energy Electron Diffractiog) and AES
(Auger Electron Spectroscopy)-_surface investigation apparatus. The
proposal was to emulate the NRC cleaning procedure at the University of

Ottawa.

5.1.71 University of Ottawa Reguirements

The priority was to obtain a'samble which could be easily cleaned 1in ;
UHV environment by fo]lowiné a standard procedure. One must have an
atomically clean sample in the UHV chamber wh;n measurements are ready to
be taken. At present, the University's samp]e'chamber is not equipped
with surface analysis equipment such as LEED or AES. Hence the sample
must be prepared without measuring its condition. In future, it is H;Béd

a HEED (High Energy Electron Diffraction) system will be added.
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5.2 Electron Methods for Surface Analysis

Two widely used surface amalysis techniques are LEED (Low Energy
“Electron Diffraction) and AES (Auger Electron Spectroscopy). Both rely on
information obtained from collisions of nearly monoenergetic and
_ well-focused elertrons with surface and near-surface atoms.

5.2.1 LEED

LEED provides information about the periodic two-dimensional 1$ttice
structure of the surface. Changes in a surface's diffraction pattern can
result from the appeérance of contaminants or from the reconstruction of a
clean surface.

Many surface structﬁres. such as Si(100), éan be described using an
abbreviated form of Wood's notation as an (n x m) structure, where n and m
are the integer ratios of the surface mesh vector lengths to those of the
bulk, such that the surface and bulk vectors are parailel. The letters p
or ¢ are often included to indicate if the surface structure is primitive
or centred. Other surface structures, involving a rotation of the surface
structure with respect to the substrate, are described using the complete
form of Wood's notation. In addition, all surface structures, inciuding

comp]ef ones, can be described using matrix notation (4,24,44).



5.2.1.1 LEED Experiment

The operation of the low energy electron diffraction system at NRC was
as follows:

The sample, secured to a manipulator system, was situated to face the
LEED electron gun and hemispherical mirror analyzer (Fig. 5.1), The
sample's height was adjusted so the electron beam would strike the centre
of the sample; the sample was rotated to optimize the clarity of the LEED
image. The electron gun was of the electrostatic type, beam voltage 0 to
3000 V, beam current up to 1yA at 100 eV, The beam diameter was specified
as <Iimm at the specimen. The LEED péttern was produced by diffracted
electrons striking the hemispherical analyzer.' The analyzer consisted of
hemispherical grids, each a chrome-pléted stainless steel mesh (100
lines/inch), with a phosphor-coated stainless steel collector. Together
the grids functioned to reject inelastic electrons. The collector was
biased.at a potential of plus several kV, to accelerate the electrons for
the display. The diffraction pattern was viewed through a window into the

sample chamber.

5.2.1.2 Interpretation of LEED Data

A LEED pattern of a chiefly periodic surface consists of an array of
distinct- spots-and—a diffuse baéiaraagd. The penetration depth at LEED
energies is estimated less than IOE: diffraction is limited to surface and

near-surface atoms. The intensity in a pattern is affected by structural



disorder, roughness, precise crystallographic orientation, thermal diffuse
scattering, etc (42,45). In general, a LEED pattern is not a sensitive
indicator of the surface perfection. It only shows regularity on the
scale of the surface régton over which the primary electron wave field is
‘éffecéive]y coherent, generally on the order of 1003 (coherence radius),
although the cross-section of the, electron beam is typically 'about
Tmmé. S1ip Tines and thermal pits, for example, could not be detected

(24,44,45),



5.2.2 Auger Electron Spectroscopy

Auger Electron Spectroscopy easily supplies information about surface
chemical composition. AES can also be u;ed for quantitative chemical
analysis (39,46). -

An Auger electron is an atomic electron receiving enough kinetic
energy to be ejected, usually from the L-shell, when another electron
falls from the same shell to fill a vacancy in the K-shell. Auger
electrons are emitted when an energetic beam of electrons (1000eV -
S000eV) strikes the atoms of a2 material, causing the relaxation of initial
core hole states. The Auger e1ec£rons will have energies appropriate fo
the atomic levels where they orig%nated. Their emission is assumed to be
isotropic. Hence energy analysis enables .identification of the materials

present (4,24,44). In this case, element identification was accoﬁblished

with the aid of published eneréy spectra, in The Handbook of Auger

Electron Spectroscopy (47).

There are different types of electron energy analysis systems, of
which the cylindrical mirr;r analyzer (CMA) is one.. A CMA of the window
filter type Qas used in the present apparatus. In this type, e1éctrons
possessing a specific kinetic energy are focused at the detector aperture
from passing between two coaxial cylinders with appropriate potentials
(Figure 5.2). :

The AES instrumentation included the electron gun control, the Auger
system control, the lockin amplifier and the electron multiplier supply.

Output was to an X-Y plotter. The Auger system contro] was set to sweep



rates of 4eV/s and 6eV/s, so that a spectrum could be obtained every ‘twol.

or three minutes.

The data was displayed as the second_ derivative of intensity

——
—— ——

-

d21/dv2, as a function of electron energy, eV. This <dsolated the
Auger electron signal from other electron Tloss mechanisms taking place

simultaneously {Figure 5.3). Peak sizes assisted in quantitative AES.




5.3 Experimental

Sample cleaning trials took place 1n 2 UHV chamber pumped by a
sorption and ion pump system (VARIAN Vaclon). The sample holder was
affixed to the front of a cylindrically hollow molybdenum block, 0.7 X 0.6
X 1.0 inches. The block housed the electron bombarder used to heat the
sample (Figure 5.42). This entire block was mounted on a z and theta
manipulator which was differentially pumped using a teflon gasket sealing
systen;. The sample could be rotated 360° in either direction around
the central axis, specifically, to face the LEED electron gun and
hemispherical analyzer, a further 909 to facé the AES electron gun,
ana another 909 to face the viewing window.

The eielctrcm bombarder consisted of a tungsten filament of 25 or 40
turns wirid_) to a 5kV 50mA power supply and a floating filament power
supply (Figure 5.5). Gold wires, chosen because of their flexibility,
were spot welded to the electron bombarder. The electron bomba-rder was
moun‘ted in a vacuum fired alumina cylinder, insulating the filamen£ and
. its surrounding shield from the molybdenum block and sample holder, The
molybdenum block and sample holder had been originally vacuum fired at

106 Torr and 10000 C.

Temperatur: measurement was by optical pyrometers: & disappearing
filament type and an infrared _detector type. In the future the
.thermocoup1e on the sample heater at the University of Ottawa can be

calibrated to these pyrometers. Background pressure and partial pressures

were monitored with a residual gas analyzer equipped with 2 Faraday cup

-b0—-



and a scanning electron multiplier (SEM). Five samples were heated.

Changing samples was accomplished by lifting the manipulator, with
sample holder, cut of the vacuum chamber. The old specimen was . removed
and a2 new prepared specimen installed. The manipulator assembly was then
replaced in the chamber, its flange bolted to the chamber flange for a new
vacuum seal,

To change samples, the chamber was first brought up to atmospheric
pressure by backfilling with Argon. After the manipulator was removed the
opening was covered with a2 blank flange. This kept the system dry so the
sample chamber did not require baking. This improved the rate at which
new samples were introduced to UHV. Two or three days were allotted
between initial pump down and sample heating trials .to improve vacuum

conditions. Details of the pumpdown and sample outgassing are reported in

Section 5.4,

g



5.3.1 Ozonated Si(100) Wafer

The proceduré used to prepare the silicon samples, prior to
“installation in the vacuum chamber, is described.

Pieces from a 4 inch diameter commercially manufactured silicon wafer
(Wacker hyper pure) were cut to fit a molybdenum mounting plate. Cutting
was initiated perpendicular to the flat (edge). For this wafer the flat
’was along the 110 direction, The method of cutting was as follows:

1. The wafer was placed on a few shee;s of stacked onion skin paper for
cushioning.
2. The location of the cut, peréendicular to the flat, was decided.
3. A jeweller's screwdriver was placed a few mﬁ from:the édge of the
flat, along the'proposed location of the cut. This kept the wafer from
flying away while cutting. -
4. The crystal was scratched with a diamond scribe: from the tip of the
screwdriver, off the edge of the flat, at right angles to the flat. This
;plit the wafer in two, 1in the direction the crysfa1. was scratched.
5. The wafer was repeatedly cut into pieces. at right angles to the flat
edges, until the desired size of crystal was obtained. Straighter cuts
were achieved .using wafer pieces of a square (rather than rectangular)
sﬁape. This was %ound to be true when obtaining a piece to fit the
mounting p1até. 0.5 in. X 0.3 1in.

A sample was then positioned on the plate with tweezers, A Tength of
tantalum or tungsten wire was used to éecure the sample in place, The

wire was wrapped around one molybdenum screw, crossed over the sample



face, wrapped around the second molybdenum screw, then crossed over the
sample face again via the third and fourth screws (Figure 5.4b). The wire
and the tweerers had been prepared for vacuum by cleaning in an ultrasonic
bath: five minutes 1in acetone, followed by five minutes in
isopropanol.

Next the sample and'sample mount were baked in the czone reactor oven
for 3000 sec. fhis has been determined to be the most optimum setting for“
achieving a sufficient (workable) oxide on the surface, although the
thickness of the oxide layer is not known. The sample was then ready for

installation in the UHV chamber.

-é3- S



5.4 Sample Measurements

Power to the electron bombarder was increased in increments so that
the power settings and qorresponding sample temperatures‘were recorded,
The infrared detector pyrometer was adjusted for a total emissivity, e, of“
0.8, for silicon. The disappearing filament ﬁyrometer had no emissivity
adjustment; 1nsteaa its temperature readings corresponded to tﬁe
brightness temperature of the object. Ideally, the expected readings of
the two pyrometers would be related by

’ W=eoTé=oT4 (48)
where W is the radiant emittance (watts/mz) of a surface that i§ not
ideally black, T its temperature and T' its brightness temperature. At
many of the temperature Jsettings, the sgwp1e was rotated 80° to face
the Auger electron gun for an AES scan to monitor the condition of the
surface. The power was reduced during scans.

Preliminary measurements were made with a S$i(100) sample already in
the UHV chamber. the only one of the samples not initially coated with
oxide. The measurements on this sample and four ozone-treated samples are
individually described in order as follows. Informatibn with ‘respect to
the level of defection of dimpurities is collected in Table 5.1 (see

Section 5.4.6 Summary of Sample Measurements).

5.4.1 Argon Bombarded Si(100) ("Zeroth" Sample)

This sample had both-a mb1ybdéﬁud backing piate, to prevent electrons

from bombarding the sample direct1y..and a molybdenum cover plate with a



circular opening‘of 0.25 inches., also made from molybdenum. This sample
had been sitting in the UHV chamber for six months without cleaning._theﬁ
was bombarded with positive Argon ions {sputtering).

AES showed the Argon had imbedded in the Silicon. Theré was also a
large amount of Carbon present (47, Figure 5.6).- LEED images of this
sample showed fuzzy spots and a2 bright background.

The Auger also showed a peak whose position depended on the electron
current of the detected electrons. Thic "spurious" peak was believed to.
be caused by electrons colliding with the detector aperture. The spurious
peak was in the Auger part of the spectrum and not at high enough energy
to be in any way associated with the electron elastic scattering peak,
(Fig. 5.3). The primary beam energy was 2.5 keV , which was well above
the Auger energies of interest (O—GOOeVS. The spurious peak was moved
from the region of interest by cHanging the focus. but could not be
entirely removed. The sample face to the Auger electron gun opening
distance was checked with a traveling microscope. This distance was 0.67
+/- 0.3 am whereas the recommended location was 0.65 mm. Therefore a
problem in focus- resulting from the sample location was eliminated as the
cause of the spurious peak. The spuricus peak was also present for all
sdbsequent sampies.

Aftér heating to 10609C, measured with the disappearing filament
pyrometer (1060°C D.f.), aimed to one side of the sample, no LEED
pattern was visibier The best Auger_ trace showed Argon imbedded in
Silicon. The ratio of carbon to silicon peak heights was 1:7. The next
day LEED showed light spots up to a beam energy of 450 volts i.e. after

14

the sample had coocled completely.



5.4.2 First Ozone Treated Sample (No. 1)

The method of fixing fhe silicon to the sample plate was modified.
First, an unused sample plate and its four molybdenum screws were vacuum
fired at 106 torr and 10000C for many hours fo outgas them
thoroughly. Then tantalum wire, in pIacé of the molybdenum cover plate,
was used to secure the sample (Section 5.3.1). This was taﬂexpose more of
the sample to surface analysis and to reduce its thermal contact with the
sample holder. Also no backing plate was inserted. In this instance,
tantalum wire was chosen because it Qas cleaner than the available
tungsten wire. Tantalum is less brittle and it was easy to bend the wire
around each of the four screws. There was a small concern that tantalum
might diffuse into silicon while heating; silicon is known to be a solvent
for various elements.

After the ozone treatment, the sampﬁe was de]ayed from immediate
placement in the vacuum chamber. The shield surrounding the eiectron
bombarder filament had come Tloose, and required spot welding to its
connecting leads. The gold wires _connected to the filament and shield
needed to be removed for access; these wires had to be replaced and spot
welded as well., It was five hours before the oxidized sample could be
placed in the UHV chamber and pumping started. Overnight the total
pressure reached ~1 X 10-9  torr; the Hp peak was ten times
greater than all other contaminant peaks.

Prior to performing sample measurements, the electron bombarder

filament, and the LEED and Auger electron guns were turned on for an hour

-
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to outgas them, With the getter pump used afterward, the pressure
improved | to 1 X 10710 ¢orp. It was decided not to bake.

Before heating, AES showed the presence of Si0z, C and 0. The
Si0p peak shape resembled that of bulk-like 5i02. as opposed to
thin-layer $i0p or the intermediate oxide (46, Figure 5.7) In *his
case only the infrared (I.R.) pyrometer was used to measure sample
temperature. |

With the electron bombarder potential fixed at 1500 volts, the filament
current was increased to 32 mA, at which time the recorded temperature was
g810eC I.R. The current was reduced and an Auger spectrum
obtained.

The sample was again heated at 1500 volts, 32 mA. This time the sample
reached gts-me1t1ng po{nt and a hole appeared in its centre. The melting
point of Silicon is 14109C. The current was reduced quickly; this
created split lines on the Silicon face. However, all the oxide had been
removed from the sample and a clear LEED image was obtained (bright, well-
defined spots, dark background). A set of photographs were taken of th?
images at increasing beam energies.

Encouraged by the knowledge the silicon could be c]eaned;‘this sampie

was removed from the vacuum chamber and another sample prepared.

-é7-



5.4.3 Second Sample (No. 2)
On this occasion, the?high voltage power supply proved to be faulty.
It was replaced with a 1000 volt power supply and a standard analog

milliammeter. Auger scans were taken at increasing temperatures. The

.
.‘\

pressure increased from‘ the 109 torr range to 3 X 108 torr
during this procedure. After heating to 11409C D.F., there was stil]
carbon  on the sample . and no  distinguishable LEED pattern.

Molybdenum bending plates affixed to théﬁmanipu1ator axis had been uged
to support the sample holder/electron bombarder. The "benders" each
consisted of two thin plates held together by.a small amount of epoxy.
The benders became suspect as a major cause of outgassing: they had been

cleaned but not vacuum fired, and the entire sample holder had become hot

during the sample heating.

5.4.4 Third Sample (No. 3)

A molybdenum backing plate was inserted between the crystal and the
mounting plate. Electrons would strike the backing piate and the si11éon
would be heated by thermal contact with the plate. It was hoped more
uniform heating of the sample would result. As well, the suspected
benders were replaced Sg‘;ééuum fired tantalum plates.

After initial pumpdown, mass spectrum peak heights showed a decrease

~of ~10 X overnight. The bombarder was next run at 5mA, 7000V, The



pressure rose to 3.2 X 109 torr. most probably due to outgassing
. hydrocarbon picked up during air exposure or deposit from the bender
failure. The bombarder was run once more, overnight; afterwards the
pressure was 1.4 X 10-9 torr.

AES showed the silicon was cleaned at 900°C D.F. (at 1000 V, 20mA:
Figure 5.8). A distinct LEED image was obtained. While heating, the
pressure was 2.6 X 10-9 torr. During surface analysis, the pressure
returned to 1.5 X 10-10 torr,

Measurements were also taken across the sampie face, to check on thg
uniforﬁity of heating and cleaning. The face's centre was aligned to
correspond to the Auger spectrum showing the most oxide removed. The
sample "edge"” was as far as the sample could be rotated without obtaining
an Auger spectrum of the molybdenum frame. Relative carbon and oxygen'
Auger peak heights are presented in Figure 5.9, for data obtained ~1.5
hours after the “clean" Auger spectrum had been acquired. The peak shapes
near 92eV were also compared against ihose for Si and $i0p presentéd
in B. Carriere et al.(46). Crudely, the oxide monolayer was complete

1.7mm from the face centre and true 5i0y appeared at 2.3mm.

\



5.4.5 Fourth Sample (No. 4)

The fourth sample was mounted with the backing plate present. It was
outgassed at 800°C D.F: for two hours the day before heating, such
that most of the oxide was removed, but carbén and oxygen peaks were.st111
present. ) Priér to outgassing, the pressure was 2 X 10-9 Torr,
afterwards iti'was 1.1 X 10770 Torr. It was heated._to_.9900C D.F.,
from 900°C D.F. on one side to a hot spot at 11009C D.F.

AES showed the sample was clean. The LEED image was the same as that

for a clean p(2X1) surface (39). In this instance an area estimated

nearly 4 mm in diameter had been cleaned.

—Fo0-
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5.4.6 Summary of Sample C1ean1ng Measurements

Inforﬁationrobtained from Auger spectra has been compiled in Table
5.1. Contaminants were generally restricted to carbon and oxygen,
although Sample 3. showed the possible presence of boron. Boron may have
been present during wafer manufacture or it may have been introduced from
clean room tools while mounting the sample. The Tevel of contaminants has
been expressed as the ratio of 1he contaminant peak height (the
peak-to-peak amplitude) to that of silicon. The backg;ound level, also
expressed in ratio form, indicates <ne precision output by the A.E.S.
system for each measurement.

Corrections were made for peak ratios where the contaminant peak had
been measured at one focus and the si]iéon peak at another focus; changing
the focus had been required in some instances az a method to evade the
spurious peak. Corrections were also made for spectra recorded in two.
scales: the scale of a few Si peaks had been increased when the C and O
peaks had become visibly small on a small scale. Errors .introduced by
these corrections are estimated less than or equal to the magnitude of the
specific background ratio. The AES output signal was assumed isotropic

and its resolution energy independent.

-




5.4.5.17 Temperature Measurement

Many temperatures were measured with both pyrometers. From these
measurements, a correlation between the two pyrometers was obtained. This.
correlation "is graphed in Figure 5.10. Temperature readings from the
infrared pyrometer (9C I.R.) are plotted against brightness
temperature readings from  the disappearing filament pyrometer (OC
D.F., "+" symbols). Disabpearing filament temperatures corrected for 0.8
emissivity are also plotted (square symbols). However, they do not agree
witbﬂ the infrared pyrometer readings. Changes to the specimen's
emissivity with removal of the oxidé were copsidered‘negligihlc: <ilicon
itself is nearly a black body.

The question arises what the actual temperatures were, AN
measurements were obtained to +/-10°C (D.F. or I.R.). The infrared
pyrometer was initially aimed more to the sample edge, where it was
cooler, Hence the corrected disappearing filament pyrometer readings are
possibly nearer to actual values at the warmest part of the sample.

The electron bombardér power reguirements for each sample are
illustrated in Figure 5.11. Each sample shows a different heating curve
of the measured brightness temperature as a fuﬁction of power. This is
m;inTy assumed to be caused by changes in thermal contact between each
specimen and the specimen's mounting hardware and the sample holder.

: . ————
Samples No. 1 and No. 2, for example, without backing plates, had large
changes in sample temperature for similar powers. The curves for No.s 3
and 4 show more -consistency, and could be used for sample specific

temperature prediction.
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5.4.7 Surface Structure from LEED

Photogfaphs of LEED patterns were taken over an energy range of 35.1eV
gl

to 316.1 eV (Sample 1), 35.3eV to 430.0 eV (Sampie 3.) and 34.4eV to
362.8eV (Sample 4.). Their distinct patterns were indicative of a clean
surface. However, at energies greater than 180eV, the baékground
intensity increased significantly. The patterns were identified as those
of the clean reconstructed Si (2 X 1) ;urface. resembling those of (39)
and (42). |

- Using-the Ewald sﬁﬂere construction (44,45, Figure 5.12), a value for

the reciprocal lattice spacing was obtained from a photograph of the LEED

_pattern of Sample 1 at 92.4eV, as follows. Spots were first identified on

the photograph via an xz coordinate system with its origin at the centre
of the outline of the hemispherical grid analyzer (the photograph was
assumed to lie on an xz plane}. These values were converted to spherical
polar coordinates (R,8.4)., R the radius of the hemisphere as
measured directly from the photograph. The spot. at the origin of the
pattern (on the photograph), caused by undiffracted electrons, was defined
at (R72,7m7/2) radians. ‘“Hence for any two spots 1) and 2)1 their
corresponding positions on an Ewald sphere construction were defined as

(r.61.41) and (r.Gg.éz).::ﬁgre r = 1/y was the

radius of the Ewald §ghere. Afor 92.4eV s 1.28ﬁ. obtained from de

Broglie's relation
N=h/p or A= (150 /E)1/2A
where £ is the energy in eV. The reciprocal lattice spacing between

spots was then easily found from



calculated reciprocal lattice spacing ratio was 1.01 +/- .05

where

X1

x2

s = (zp - 21)2 + (x2

1

]

r sin8y coséj

r sindy cosép

2]

22

X1)2

r cos8y

r cosBy

Comparing values to the known Si-Si lattice spacing of 5.43A, the

agreement.
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5.4.8 Reappearance of Contaminants

The silicon, once cleaned, did not stay that way. Agger spectra of
Sample No.s 3 and. 4 show an increase in carbon and oxygen levels with
time. Electron beam heating was used to ;emove the bui]t—up contaminants.
Data concerning the build up and removal of contaminants is given in Table
5.2.

There was a possibility of an increased rate of carbon contamination
from exposure to an electron flux (49,50). During the period sample ho. 3
was monitored and reheated, at least one of the AES, LEED and SEM electron
sources was contiruously on. -With sample No. 4 all electron sources were
off for 22.8 hrs., 24 hrs., 72 hrs., 104 hrs.., and 64 hrs.

For No. 4, the 15 W heating removed all of the oxygen and most of the
removable carbon. Further heating returned the amount of carbon'E; the
previous "clean" level. There seemed to. be no 1ong\term carbon build up
when sitting witheall electron sources off. ﬁo evidence of change to
thermal contact with the sample was .discerned. hence corresponding
temperatures for 15 W and 30 W were 700-800°C D.F. and 900-10000C
D.F.  respectively. For No. 3, contaminant removal occurred ° for

temperatures of 900 and 1030°C D.F.
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Figure 5.2 Cylindrical Mirror Analyzer
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Figure 5.3 Electron Energy Diagram
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Figure 5.5 Electron Bombarder Circuit
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Figure 5.9 Spatial Distribution of Contaminants C and O
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:; -~ Figure 5.12 Ewald Sphere Constrdctiqn
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For an angle of incidence qu. diffraction OCCursatangles'Y’

given by
/2 sin‘\]' /X sin .')lfo+ K t/a
In the present calculation, 0:
, - 0'is at (1/\ .3w2,m2),
P1 at (/A .81.81).

At LEED energies diffraction is limited to surface and near-surface
atoms, hence LEED mostly "sees" the 2-dimensional surface lattice, while
deeper layers, evidence of a 3-dimensional lattice, are not probed. The
2-dimensional reciprocal lattice is visualized when a triperiodic lattice
is extended along one of its axes. Since distances in reciprocal space
are - inversely proportional to distances in real space, the reciprocal
lattice points merge into a set of parallel rods which pass through the
Iatticgﬁggjnts of the reciprocal surface net.
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6:0 Conclusions and Recommendations

* 6.1 Conditions for Clean Si(100)
3 .

The Si(100) samples were considered to be clean'once the measured
contamjinant 1évels had dropped to C/Si = 0.017 and 0/Si = 0.007. 1In most
cases the C/Si Fg#io was better than this (i.e.. < 0.017) and the 0/Si

~ ratio indistinguishable from background.

The minihu&tconditﬁon for successful cléaning was -the combination of
900°C D.F. and 2.6 X ,10°9 Tarr. Cleaning did not take place for.
pressures highér than .8 X 10-8 Torr, even when the sample was heated ‘
to 1140°C D.F. " The 1afgest surface area’ cleanéd occurred for .
Breséures in the_]_O‘}0 Tqrr_rahge. ) ’

Each time a sa;BTe wés‘c1eaned. é clear LEED'(Z.X D) pattern;was
easily obtained. There occﬁrrea né instances of either a dirty sample and

o

a good LEED image or of a clean sample with a poor LEED imgge.

\ A number of experimental conditions faciiitated the cleaning of
samples. The replacement of the benders with vacuum fired'plates, able to
‘take high temperatures without outgassing, {mproved vacuum conditions 1in
th? pﬁzximity of the §amp1e. The presence of a backing plate maintained a
“Consistent thermal contact for reproducible sampié heating. _Extensive'
ouégassing by rurning the electron quns for many hzurs befbrehand and by
runﬁing the electron bomba?der for a few hou;s beforehand, at a

temperature not higher <than 850097—1hng£2:ed vacuum conditions as well
Y .
m,-

as removing some of the oxide.\lqﬂgintaining sample clieanliness was
\

|
\
~

[

)



%éci1ipated by sitting‘with all electron sources off; there.seemed to be
no long term carbon build-up.

A number of_exéerimenta] conditions did not seem to adversely affect
results.‘ One instance was the delay of 5 hours before loading the ozone
treated sample into the UHV chamber. Duging this time the entire "
manipulator system was also expoged to air. This point is favourable for
the successful shipment of ozone prepared samples’t? the University of
Ottawa.  Contaminant build-up was faster while the electron'sogrcép were

operating, but recleaning was__pos§1b1e for samples contaminated at 6 X

10-10 Tgrr for less than 3.hours.

5 - -~

6.2 Baking Efocedu}e
. - 1]

- ' - r o+

"~ Baking the UHV apparatus at the Unive;sity'of OFtawa has been shown to
be of prime importance:in oraer to gchievé an optimum environment for the
. preparation and ma16tainance of clean samb]es, Baking ‘o 2000C
‘overnight impro@ed-the pressure in the different%a] pumping chamber to 7.4 -
X 50']0 Torr, from 9.5 X 10-9 Torr. A similar vacuum improvement
15 expected after baking the sealed sample chamber.

To réduce diffifu]ties with high Eressures and outgassing in the
sample chamber during sample cleaning, it is récommended that the samp]é
chamber is baked at least once, befbre sample mounting. This will require
the achievement of pressures less than 10-10  Torre- followed by

backfilling the chamber with (dry) nitrogen or argon, followed by briefly

- 92—



-\ ) 8
openind the chamber and insFa111ng the prépared sample,
The triac~oven controiler circuit successfully reduced the number of
potentiometer settings needed to achieve the desired baking temperature,
A steady sta£e temperature near 2009C was obtained at the "40% power"
setting. [Experience will assist 1in optimizing the baking procedure

further. In addition, the controller circuit will allow the implemention

, - 01 ler
of computer control of the baking temperature, via a logic input to the

triac gafe. ' | Lo -

-

-

~

6.3 Surface Scattering Experiment Considerétions

The apparatus and procedure have been developed. Qhereby clean samples
of Si(100) can be prepared and maintained in an ultrahigh vacuum facility,
into which keV ions can readily be directed for jon- surface studies,

-

specifically, for surface scat£eriﬁg at grazing <ncidence.

The surface scattering experimental apparatus is capable of acgieving
UHV  experimental conditions, with baking. The baking oven ahas?
successfully survived testing and costributes to improved vacuum
conditions. The bakeout oven can.be easily managed by one person.

lWith respect to the scattering geometry, the support table supports‘p
the beam line in the correct aligqment and allows changes in alignment.

" The rotating platform will allow the changigg of detector angles.

Directions of random alignment, at grazing incidence, will be selected

_'73_




rFi

experimentally throd@h rotation of the goniometer. The area of clean
surface will limit the size of the "scattéring winddw”. One wants to
detect only scattered ions from the cleaned part of the sampie. A maximum
diameter of 4mm was cleaned, from the surface cjéaning procedure at NRC,

The m%nimum standard set for vacuum and temperature was 900°C
D.F.. (the brightness temperature as measured by the disappearing filament
pyrometer at NRC), and 2.6 X 109 Torr. It is_recommended to use._the
NRC pyrometers to ca{ibrate the electron beam heater 53 the University of
Ottawa. The 0x1dizeg sampfe can be safely transported from %the NRC ozone
reactor and 1nsta!1ed 1; the surface écattéring:samp]é chamber, ready’ for
.cleaning. Ffor -bette; -thermal distribution across ?he sample during
cleaning, it 1s recoahended @ backing plate be used between the.eieciron
bombbrdér'and tﬁe sample. Prolonged outgasging of e]ectron.sourcés pribr
té QIean1bg. sampie (at < 850°C) is "a1so lhgcpmmended. ! Sampje
cleanliness gan ?e maintained by periodic electron bombardment, as was

LY

established at NRC. . ,

- 7&’-.—
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