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APPLICATION OF THE AUGER PROCESS TO THE STUDY OF
GASEOUS ADSORPTION ON TUNGSTEN

Gary George Tibbetts, Ph.D.
Physics Department

University of Illinois, 1967

Apparatus is described which allows the density of gas adsorbed on

metal surfaces to be monitored by observing changes in the number of

electrons ejected from the surface by a constant-current, low-energy ion

beam. It is shown that the electron emission process (an Auger process)

is temperature independent; thus, surface coverages may be easily com-

pared at different temperatures.

Adsorption at room temperature and at the temperature of liquid

nitrogen was studied by flash filament and Auger techniques. Desorption

kinetics of Hz, CO, and Nz from polycrystalline, (ll0), and (Ill) tungsten

foils are discussed. With the exceptions discussed below, these gases

are not adsorbed with a few unique binding energies, but they are bound

to the surface with a distribution of binding energies. It is shown that

desorption at constant temperature from such a distribution of states can

be easily distinguished from desorption with a unique binding energy.

However, the determination of the order of the desorption process is

substantially more difficult. Calculations are presented which illustrate

these points.

On each of the surfaces studied, Hz desorbs with multiple state

kinetics and binding energies ranging from 0.7 to 1.8 eV.



CO is bound in a 8 state on polycrystalline W which actually

consists of a large number of states with energies varying between 2.6

and 4.2 eV. From room temperature down to liquid nitrogen tempera-

ture (77°K), CO also forms an 01state desorbing with multiple state

kinetics, and having binding energies between approximately 0. 7 and

1.2 eV. On (111) and (Ii0) tungsten, an _ state of CO with about the

same characteristics forms.

On polycrystalline tungsten, Nz adsorbs in a 8 state which con-

sists of a set of many states in a smaller energy region than the corres-

ponding adsorption for CO. Most of the gas is held between 3. 7 and 4. 3

eV. As the W is cooled below room temperature, an _ state, desorb-

ing again with multiple state kinetics and energies up to 0.9 eV,

A very similar 01 state of Nz occurs on (iii) W. Nz desorbs from a

state on the (i11) surface which exhibits a unique activation energy of

3.62 eV. Nz molecules can be adsorbed in this state to a density of i

molecule per surface tungsten atom and are desorbed with first order

kinetics and rate constant

appear s.

12
_(T) = I. 88 x I0 exp( -3.62 eV) sec.

kT

-I

CO adsorbs in a B state on the (IIi) surface initially with a unique

binding energy (3.6 eV), but, as the surface fills to its saturation

value of 1 molecule per surface W atom, adsorption into a series of

lower energy states occurs.

(110) tungsten does not adsorb nitrogen until it is cooled to



liquid nitrogen temperatures, where N z adsorbs in a state of unique

binding energy (0. 61 eV). This state desorbs with simple first order

kinetics. CO does adsorb in a _ state on the (ii0) surface; however,

the population of this state is small compared to the corresponding state

for the other surfaces.

The relative changes in secondary electron yield observed for

different types of gaseous bonding states are discussed. It is found

that the change in electron yield due to a molecule bound in an

state is always smaller than the change due to a molecule bound in a

state.

Further applications of the Auger technique and improvements

of the present apparatus are indicated.
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I. INT RODU CT ION

This experiment evolved from a three-fold purpose. Firstly,

it was a natural extension of previous work on the potential ejection

of electrons by ions. Verifying and expanding experimental data con-

cerning the role of adsorbed gas molecules in decreasing the number

of secondary electrons could, we felt, deepen knowledge of the basic

physical process.

Secondly, we hoped to gain some understanding of the binding

of gases on surfaces. Modern desorption experiments have begun to

point out the baffling complexity of this binding, so that new "flash

filament,, experiments are now as likely to produce new questions as

new answer s.

Thirdly, we hoped to introduce a new tool into surface investi-

gations which could complement information gained by other techniques.

While this method is admittedly far more difficult experimentally than,

for instance, the flash filament technique, we hoped to show that the use

of the two tools in conjunction would be a powerful experimental method.



II. KINETICS OF GASEOUS DESORPTION

A. Introduction

In this work we shall attempt to measure the kinetics of the

desorption of gas molecules from a tungsten surface.

may be bound physically, as with dipole-dipole forces,

with covalent bonds. The binding energies involved in these cases may

vary from less than .4 ev/molecules to more than 5 ev/molecule. The

adsorbed gases may be bound either as molecules, or may be dissocia-

tively adsorbed as atom s.

In the following section, the kinetic arguments for the very

simple case of gas adsorbed with a single binding energy and desorbing

with first or second order kinetics will be re_ziewed. These conditions

are those commonly assumed in the discussion of previous experiments.

In the subsequent sections, the modifications of the theory required to

treat the more general case of gases adsorbed with a spectrum of bind-

ing energies will be discussed. In Chapterlll a brief review of the more

useful experimental techniques for studying desorptionwill be presented.

These molecules

or chemically, as

B. Desorption of Simple States

Consider a warm surface initially containing a number, n(0),

molecules/cm Z The law of mass action implies that molecules ad-

sorbed at a density n(t) {molecules)
c__Z___ at any time, t, will desorb



according to the rate law,

an

- nX[_ (T),
dt (i)

where x = 1 if the molecules desorb independently (first order de-

sorption), and x = 2 if a collision between two randomly migrating

atoms is required prior to desorption (second order desorption).

By equating the chemical potentials for a two-dimensional adsorbed

gas and a three-dimensional gas, it may be argued that I

(T) = v e -E/kT , (2,)

where T is absolute temperature, k

is a vibration or collision frequency, and

for desorption.

If a method were available for measuring n(t), desorption

at a fixed temperature would obviously be an advantageous method

of studying eq. {i). The solutions of eq. (i) for first and second

order desorption at constant temperature are

n(t) = n(0) e-B I(T) t ,

and

respectively. Figure

is the Boltzmann constant, v

]E is the activation energy

(3)

n(0)

n(t) = 1 + n(0) 132(T)t ' (4)

1 shows the shapes of these curves for the

case BI(T ) = n(0)_" fB 2(T), this condition giving identical desorption
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Figure i. First order (_-) and second order (.... ) single state

desorption curves with equal desorption energies, and

B1 = n(0) B 2 = i/6 sec -l, where B1 is the first order

desorption rate constant and _2 is the second order
desorption rate constant.



rates at t = 0. For convenience we have plotted [n(0) - n{t)]/n(t) vs

time. It is apparent that the exponential first order curve approaches

the asymptotic value 1 much faster than the second order curve. To

make the distinction even clearer,

two curves is plotted in Figure 2.

curve becomes a straight line.

the logarithm of n(O__) for these

n(t)

Here the first order desorption

C. Desorption of Multiple States

What if the gases are desorbed at constant temperature T

from many states of different binding energies Ej? If 10 independent

first order states with initial density nj(0) and identical v's are

assumed, the surface density at any time t will be given by

10
- V (e-Ej/kT)t

n(t) = Z nj(O) e , (5)
j=l

with n(0) =

10

nj(O) .
j=l

When such a system is abruptly heated to a temperature high

enough to quickly desorb the low energy states, but not high enough

to desorb the high energy states,

tend toward a quasi-equilibrium

the surface coverage, n(t), will

value. Plotting log [n(O)/n(t)]vs.t

will yield a curve which tends toward a constant value as n(t) ap-

proaches quasi-equilibrium, obscuring the exponential behavior of

the desorption characteristics. This may be partially alleviated by
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plotting the quantity

n( 0____)-._n(t l___)= amount of gas desorbed in tI seconds (6)

n(t)-n(tl) (amount desorbed in tI seconds) -

(amount desorbed in t seconds)

Here tI is a time sufficiently large for quasi-equilibrium to be es-

tablished. This quantity varies from 1 to infinity as t increases

from 0 to tI. Analogously the quantity n(0)/n(t) for simple state

desorption increases from 1 to infinity as t goes from 0 to infinity.

We have performed numerical calculations of n(t) for several

distributions of adsorbed states and tI = 20 sec. Figure 3 shows

plots of eq. (6) for Ej's equally spaced from 3. 5 to 4. 5 eV. For

these calculations we have taken I_ = 1013" 0, near the experimental

2

value for CO. The first two curves are for all nj(0)'s equal, with

curve 1 corresponding to desorption at 1440°K and curve 2 corres-

ponding to desorption at 1600°K. The steeply sloping parts of these

curves at low times corresponds to the rapid desorption of the lowest

energy (and therefore most easily desorbable) states. After this

region of rapid desorption, both curves become simple exponentials.

The slopes of these curves are related to the activation energy of

the desorption taking place in this exponential region. Curve 1 only

is shown extended beyond 14 sec so that the upward bend of the curve

indicating the pole at tI = 20 sec is apparent. If tI is taken as

longer than 20 sec, the linear portion of the curve is lengthened and
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the slope decreases slightly. Qualitatively though, the form of the

curve remains unchanged. Curve 3 shows the desorption that occurs

at 1440°K. when the initial state density is

nj(O) = j nl(O ) , j=l, ----, 10.

Since there are fewer molecules in the easily emptied low energy

states, this curve does not rise so abruptly at low times. Curve 4

illustrates the desorption that occurs at 1440"K. when the initial

state density is

n. = (ll-j) j=l --- i0
J nl0 ....

Note that this curve rises more abruptly at low times than curve 3

or curve i.

Similar curves for desorption from i0 independent second

order states equally spaced in energy between 3. 5 and 4. 5 eV are

shown in Figure 4. In this case, the variation of n(t) with time is

given by

lo
n(t) = Z (6)

j=l nj(O)
1 + n(0-----_--[n(0) v']e-Ej/kTt

We have chosen v' so that
13.0

V =n(O) 1) '=10

a flat distribution of initial states.

peaked, as above, at low energies,

tribution peaked,

Curve 1 repx'esents

Curve 2. represents a distribution

and curve 3 represents a dis-

as above, at high energies. Each curve is for the

9
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temperature equal to 1440"K. and tl=20 sec. The increasing slope

of curve 3 after 12 sec. is an artifact due to the small value of t
1"

If t 1 is increased to 50 sec., the slope of curve 3 does not turn

upward until about 35 sec.; moreover, it has a very small abrupt

rise near the origin. It is clear that these curves are quite similar

in form to those observed in first order multistate desorption, even

possessing the same type of linear region.

O_

It is common to assume that
3

E is a function of the coverage ,

E(0) =E- e 0 (7)

where @ - n(t)
N '

the saturation surface coverage in molecules/cm Figurewith N

5 shows two constant temperature second order desorption curves

for E(@) going from 3. 5 eV at one monolayer to 4.5 eV for the clean

surface. Curve 1 is for T=1440*K. and curve 2 is for T=1600*K.

The desorption curves in this case are quite similar to those calcu-

lated for the uniform state distribution.

Thus, we have shown that desorption from first order multi-

ple states, second order multiple states, and a second order state

with coverage dependent energy yield very similar curves when plotted

logarithmically as above. A simple first order state will be easily

identifiable by a logarithmic plot. A simple second order state could

11
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more easily be detected by plotting [n(0)-n(t)]/n(t) vs. t (eq. 4).

Both types of simple state will be apparent in any experiment be-

cause of the consistency of n(tl) at different temperatures. The

three types of desorption kinetics we have discussed which look

similar on these charts are compared in Figure 6 for the case of

identical adsorption energy ranges and desorption temperatures.

13

D. Conclusions

We have indicated that the order of desorption from a state

with a single activation energy of desorption can be easily deter-

mined from n(t) at constant temperature. However, for multiple

state desorption or desorption from a state with coverage dependent

activation energy, the situation is substantially more complex, and

the kinetics cannot be determined simply from the "shape" of the

desorption curve at constant temperature. The failure to consider

this problem must be considered a weakness in much of the published

work on desorption.
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ture of 1600°K.



III. REVIEW OF DESORPTION STUDIES AND THE
AUGER PROCESS

15

A. Introduction

The numerous techniques which have been applied to the study

of the adsorption and desorption of gases on solid surfaces generally

fall into two classifications.

The first type of experiment involves measuring pressure

changes in a vacuum system and relating these to changes in the

amount of gas adsorbed on the surface. One can observe a pressure

decrease due to adsorption or a pressure increase due to desorption as

the surface is heated. The latter technique, called the "flash fila-

ment" method, will be described in some detail in the next section

both because it is one of the most powerful tools in desorption studies

and because our work makes extensive use of it.

The second type of experiment measures the change in some

property of the surface as gas adsorbs or desorbs. Desorption in

these experiments may also be thermally activated and the energetics

of the desorption process may be inferred from the rate of change of

the property under observation. Some of the processes used in this

type of study are low energy electron diffraction, field emission,

field ionization,

of this chapter,

the type of information gained from each experimental method.

and work function changes. In subsequent sections

these methods will be briefly discussed, indicating

The



last section of this chapter is a detailed discussion of the monitoring

process used in this work: the Auger process (the potential ejection

of electrons by ions). The emphasis of this discussion will be on the

effect of gaseous adsorption on the Auger process and the current

theory regarding this effect.

16

B. Flash Filament Method

Because of its relative experimental simplicity and the wide

variety of information it can give on gaseous binding, the flash fila-

ment method is one of the most widely used surface tools. In a

number of more comprehensive surface studies, this method is used

in conjunction with other techniques, such as low-energy electron

4 5
diffraction and work function measurements. Methods of analysis

and the limitations of flash filament experiments have been discussed

by Ehrlich 6' 7 and Redhead. 8

In a typical flash filament experiment, adsorbable gas is

leaked into the vacuum chamber at a rate F (Torr liter). Assum-
sec

ing the chamber is pumped at a constant speed S fliter' s-'_'_- }' the

equilibrium pressure Po will be

Po = F/S. (8)

heating.

The surface or "filament" to be studied is then cleaned by

After the filament cools, gas will adsorb until the surface



chemical bonds are saturated°

mass M and temperature T

kinetic theory to be

where

r -_-

The rate at which gas molecules of

bombard unit surface area is given by

Po

(2 rr MkT)I/2

k is the Boltzmann constant.

The sticking coefficient, s, is defined by

{9)

s = dn/dt

r

and the total number of gas molecules which strike the surface in

time t is the exposure, E; so that

(i0)

E = rt (molecules) .
2

cm

In this work we usually give this quantity in units of Langmuirs, L,

where

-6
L = I0 Torr sec.

For N 2 at 300°K L corresponds to 3. 83 x 1014 molecules/cm 2.

(11)

When sufficient time has elapsed for the coverage to reach

the value at which desorption is to be studied, the filament is heated

again, this time according to a specific temperature schedule. As

the temperature rises, gas molecules begin to leave the filament at

(molecules)
a rate [-dn(t)/dt] _m-_s_c " Under these conditions the pressure

p, is given by

17



°

V dp- F-pS - KA dn(t) , (12.)
dt dt

where V is the vacuum system volume, A the filament area, and

-i
K is the number of molecules per Tort liter at the gas tempera-

ture, or 3 x 10 19 at room temperature. Actually, the right hand

side should include a negative term allowing for adsorption of gas

during the heating cycle, but this can be shown to be relatively small

in most cases.

Letting P' = P - Po' equation 12 becomes

dp__/_'_ p_' = _ KA dn(t)

dt • V dt (13 )

where _- is defined as V/S. Thus,

from pressure measurements.

n(t) may be obtained directly

In particular,

the filament is increased sufficiently slowly,

if the temperature of

so that

equation 13 becomes

__ > > dp'
T dt '

-dn(t) _ V
_ p'

dt KAT (14)

In this case, the desorption spectrum (pressure vs time record) for

the desorption of widely separated sets of energy states consists of

widely separated pressure peaks. The number of atoms, n, adsorbed

in each group of states can be found from the area under the corres-

ponding maxima of the pressure curves;

18



n = "J dn(t) dt = V _ pdt. (15)
dt K_A_ T

To relate n to the binding energy of an adsorbed molecule,

knowledge of the actual kinetics of desorption is required. If, for

example, we have simple first order desorption and a linear tempera-

ture sweep

T = T + bt , (16)
o

the desorption energy may be obtained from the temperature, TD,

at which the desorption spectrum peaks 8 by differentiating eq. (1).

Thus,

E = kT D _n (TD u kTD) . (17)

b E D

Since in cases of interest the factors in the argument of the logarithm

vary only slightly compared to _.u ,
b

relation between E and T D.

this equation is nearly a linear

Therefore, with this technique, mea-

surements may be made of the amount of gas adsorbed on the surface,

the energy with which it is bound, and the probability of adsorption

of an incident molecule.

Recent advances in the art of pressure measurements have

ameliorated many of the experimental difficulties faced by earlier

investigators. With the advent of the new family of mass spectrom-

eters, it is possible to observe the behavior of each gaseous species

within the vacuum, partially insuring against errors due to gaseous

interactions. Low temperature cathodes in these spectrometers

19



decrease the likelihood of reactions with the filaments. The major

drawback to this method is that it has proved difficult to measure the

kinetics of desorbing gases with good accuracy.

20

C. Electron Diffraction

Low-energy electron diffraction (LEED) studies have provided

unique information about the configuration of gases adsorbed on single

crystal surfaces.

Electrons having low enough energy so that their wavelengths

are comparable to the lattice spacing will be diffracted before they

penetrate more than the first few surface layers. The resulting dif-

fraction patterns for clean surfaces are reasonably well understood,

since they are comparable to X-ray Laue patterns for the bulk material.

However, adsorption of some gases gives completely different patterns

which are often more difficult to interpret. The new patterns are

occasionally attributed to the rearrangement of the atoms of the sub-

9

strate, but usually they are found to correspond to the superposition

10

of a regular grid of adsorbed atoms over the substrate. This grid

may change structure several times during the adsorption process.

For instance, in the adsorption of O z on (i00) Ni, the first noticeable

spots due to O z adsorption are attributed to a superposed grid corres-

ponding to . I0 atoms per Ni surface atom. Continued adso_'ption re-

sults in rearrangements on the surface down through .25 and .50

oxygen atoms per Ni surface atom.



Though electron diffraction experiments can give detailed in-

formation in some cases, they are by no means universally applicable.

Light adatoms, such as H, have such a small electron scattering cross

i0
section that diffraction spots are sometimes not visible. Moreover,

LEED patterns cannot generally be related to a unique surface struc-

ture,

is heated,

21

leaving an element of indeterminancy in all interpretations.

By observing the change in these LEED patterns as the surface

desorption activation energies can be measured.

D. Field Emission

Field emission experiments have provided information about

adsorption on single crystal planes and diffusion across single crystal

12
surfaces.

Auniform, very small hemispherical "tip" of the metal to be

tested is required. The electric field on the rounded edge of this point

is approximately that on a sphere. If a negative potential V is applied

to a sphere of radius r within a concentric conducting sphere, the

field at the interior surface is

V
E = -- (18)

r

Therefore, E may become very large for small r. If the tip is

made small enough so that E approaches . 3 V/A °, electrons can

tunnel directly out of the conduction band and be accelerated linearly

toward a fluorescent screen. The brightness of each area of the
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screen will be indicative of the relative magnitude of the work function

of the portion of the tip from which the electrons originate. By mea-

suring the current voltage relationship of this emission, the work

function can be calculated using the Fowler-Nordheim equation.

Adsorbed gases alter the work function of the surface on which

they are bound and hence, can be detected and studied by use of the

Field Emission Microscope.

Migration is studied by depositing adsorbable gases on one side

of the tip with under good vacuum conditions. Gradually increasing the

temperature for fixed periods of time gives the activation energy for

diffusion. Heating the tip until clean surfaces entail allows measure-

ment of desorption energies.

E. Field Ionization

Thus far the field ion microscope, in spite of having a greater

resolution than the field emission microscope, has not yielded a great

deal of information about adsorption.

In the field ion microscope,

13

atoms, usually of the noble gases,

are polarized and attracted by the strong electric field near a metallic

2V

tip. When the atoms strike the positive tip, the field of _ A---_ is

great enough to strip off outer electrons, so that the ions are repelled

from the tip. As the ions strike a fluorescent screen, a pattern show-

ing on which areas of the tip the rate of ionization is highest becomes

visible. In some cases, individual surface atoms are recognizable.
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Because of the large fields required, no adsorption is possible

during the ion imaging. If the field is applied after gas has been

allowed to adsorb, the field alone will quickly break all but the

strongest chemisorption bonds. For this reason, this method can be
14

used to study Oz adsorption in some cases.

F. Other Methods

Many other methods are based on detecting work function

changes during chemisorption. These range from the photoelectric

15 5
method to the vibrating reference surface (Kelvin) method. How-

ever, the evidence they produce is indirect. This method is chiefly

useful only when coupled with other studies.

The method of isotope mixing has been useful in determining

16, 17
whether diatomic molecules are dissociated on adsorption.

Tables I and II summarize recent data on the binding of Hz,

N z, and CO on the tungsten surfaces studied in the present work.

G. Auger Review

The potential or Auger ejection of electrons by ions at metal

surfaces has been studied for some years, both theoretically and ex-

23
perimentally. Oliphant and Moon were first to suggest that the

tunneling of a metallic electron into an excited ion level, called

resonance neutralization, followed by de-excitation into the neutral

ground state, could account for the high energy secondaries observed.
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These high energy secondaries would be excited by an Auger process

(called Auger de-excitation) directly from the conduction band. This

two step process is pictured in Figure 7 for electrons l and 2.

Pertubation calculations of this effect were made by Cobas

24 25
and Lamb, and Shekhter. Shekhter was first to recognize the

possibility of the direct neutralization of the ion to the ground state by

a conduction band electron, with a second conduction band electron

receiving the excess energy (Figure 7, electrons i' and 2). This

process is called Auger neutralization.

26
Varnerin extended the theory by closely examining the

relevant energy balances. For instance, for the case of He + bom-

barding W, the system used in this work, he showed that in the region

of high transition probability the image forces acting on an incoming

He + ion are sufficient to lower the initial energy of the tungsten + He +

system below the energies of all possible resonance states. There-

fore, resonance neutralization is rendered energetically impossible,

+
and Auger neutralization is the only process by which low energy He

ions are neutralized on tungsten.

These Auger and resonance processes are surface phenomena

and are unusually sensitive to contamination. Therefore, really

consistent experimental results were not available until the develop-

ment of modern ultra-high vacuum technique. The experimental work

of Hagstrum is especially notable, as he studied the neutralization of
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noble gas atoms on W, Mo, Ta, Si, and Ge. Hagstrum

also expanded previous theory by developing phenomenological models

which incorporate the effects of the escape probability for excited

32 33
electrons, the specific shape of the conduction band, and atomic

32
level broadening. Hagstrum also first studied the effects of specific

34
adsorbed gases on Auger neutralization.

of the diatomic gases Nz, Hz, and CO on W,

Auger yield for both He + and Ne + by as much as 40_0.

is given by

He found that chemisorption

monotonically decreased

Auger yield, y ,

2.8

electrons ejected
=

incident ions (19)

The plots of yield versus coverage have a clearly detectable slope

change at the point where the surface has one monolayer of adsorbed

gas on it (Figure 8). Moreover, the maxima in the energy distribu-

tions of Auger electrons consistently shift to lower energies as gas

adsorbs (Figure 9 ).

Hagstrum considered several mechanisms which might ac-

count for these changes. He showed that the large change in yield

could not be attributed solely to the work function change upon ad-

sorption. The width of the electron distribution secondary to He + is

16 eV, far too broad to be affected so much by shifting the work func-

tion by less than 1 eV. Hagstrum also considered the possibility that

the presence of adsorbed particles on the surface would alter the Auger

yield by their effect on the atomic energy levels. He concluded that
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this could not explain the observed behavior.

Propst and Luscher 36 developed a model for the alteration in the

Auger yield change and energy distribution with surface coverage. They

assumed that some of the Auger electrons could be inelastically

scattered by surface states induced by adsorbed atoms. These surface

states were assumed to have excited levels at an energy W above the

ground state. Therefore, Auger electrons could lose a minimum amount

of energy, W, during inelastic collision with the localized states, and

no electrons which have inelastically scattered could be present in the

energy distribution between E and E -W (the 5.5 eV range in
max max

Figure 9). Assuming that the scattering cross section is not a strong

function of energy, this model requires that the covered surface energy

distribution be proportional to the clean surfaces distribution between

these two energies. Propst and Luscher found this to be true for each of

the adsorbed layers studied, and were able to approximate the complete

energy distribution for the covered surface from the clean surface

energy distribution and the fractional scattering from the high energy

tail.

Later Hagstrum 37 postulated another mechanism which at-

tributed the change in yield with adsorption to the creation of a band

of adsorbate electronic states which partially overlaps the conduction

band as in Figure 10° This band of adsorbate states would have its

highest energy states below the Fermi level of the metal. Since the
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probability of the Auger transition is proportional to the probability

that a conduction band electron can penetrate to the ion, the electron

with energy low enough to be conducted through the adsorbate will

have a much higher likelihood of undergoing an Auger (or resonance)

neutralization, Thus, the number of high energy secondaries would

De reduced° Another effect altering the energy distributions of this

model would be the relative growth of processes involving electrons

of lower energy from the surface band, Hagstrum has published no

calculations in support of this model,

In a general discussion of the uses of the study of Auger pro-

cesses, Hagstrum suggested its use as an indicator for surface

38
coverage. Using Auger yield measurements, Hagstrum 39 deter-

mined the sticking coefficient of 02 on Si and Ge. He also determined

its approximate desorption temperature by successively heating to

higher temperatures and then measuring the Auger yield at the end of

the heating period, He repeated this until the clean surface yield was

obtained,

In summation, the experimental results of Hagstrum lead us

to expect that the change in Auger yield with adsorption will be roughly

proportional to coverage. It is easy to see that the scattering theory of

Propst and Luscher will predict that this proportionality will hold if the

scattering cross section is independent of coverage. Suppose n(0) mole-

cules are initially adsorbed on the surface and lower the Auger yield by an



amount AYo If molecules are desorbed from the surface until the

coverage is reduced to n(t) and the corresponding yield change re-

duced to Ay , then, to the approximation of contant cross section,

34

n(t) _ C --__L__ , (20)
n(O) _ _' o

where C is a constant near unity. Thus, the equations derived for

different types of desorption kinetics in Chapter I would be as valid

for C Ay as they are for n(t_.__). Therefore, we would hope to be
A'yo n(O)

able to distinguish the kinetics of the desorption of individual states by

measuring change in yield with time using methods analogous to those

of Chapter I. However, as the coverage increases to the point where

the electronic orbitals of the adsorbate molecules begin to interact,

we would expect the scattering cross section to change. Thus, the

approximation indicated above is probably valid only at low coverage.

Furthermore, we would expect different adsorption states to exhibit

different scattering cross sections. In any case, it is reasonable

that over small regions of Auger yield change the approximation of

eq. 20 may be used. We shall consider this point further in the dis-

cussion of our experimental results.
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A. Motivation for this Experiment

A thermal desorption experiment designed to measure changes in

Auger yield and relate these to changes in coverage has certain distinct

advantages. Primarily, the experiment can continuously measure the

total gas coverage on a macroscopic sample in one small area of the

surface under various conditions of temperature and pressure. By care-

ful construction, the temperature gradient can be made very small across

this point so that for reasonable values of diffusion coefficients of ad-

sorbed molecules, effects due to diffusion will not be present. Since

Auger yield can vary by a factor two or so when the coverage varies

from 0 to I, the relative sensitivity of this method is quite high in many

cases. Such an experiment can yield different and complimentary infor-

mation as compared to other methods, since it is not keyed to pressure

or work function changes, but to a different type of electronic interaction.

In this experiment a different type of heating schedule can be

used. As we have already said, it would be most interesting to study

the desorption equation (i) at constant temperature. This can be ac-

complished by recording the response of the secondary electron current

to step function temperature increments. Analogous methods have not

been too successful when applied to flash filament experiments.
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B. General Description

An experiment of this type requires an ultra-high vacuum system.

In order to perform experiments lasting 500 sec on surfaces less than

5_ contaminated by the residual gases in the system, the residual gas

-9
pressure must be less than lxl0 Torr. Even under these conditions,

adsorption characteristics at very low coverage and constant temperature

cannot be accurately measured because of the time required for the tar-

get to reach temperature equilibrium.

The surface to be studied must be mounted so that its temperature

can be measured and controlled. Because of its relative ease of clean-

ing, we have chosen tungsten for our target material and heated it ohmicallyo

Simultaneously, the target must be bombarded by a beam of low

energy ions. If the total secondary electron current is Ie and the ion

current striking the target Ii, the Auger yield _' is

I
e

= _ (21)
I i

Since the target is ohmically heated during most of the experi-

ment, it will be difficult to measure I i at the target. Therefore, in

order to facilitate the measurement of _ , it will be necessary to hold

the ion current constant in the ion source itself. In this case, the

secondary electron current is proportional to the yield. We chose to

use He ions since He + has a large Auger yield on tungsten because of

its large ionization potential. Furthermore, He does not adsorb on



tungsten. Finally, the secondary electron current must be collected

and measured. A block diagram for this system is shown in Figure 11.

Each of the components of this system are described in greater detail

in the following sections.

37

C. Vacuum System

The stainless steel vacuum system shown in Figure 12 was

constructed for this experiment. The oil diffusion-pump (NRC HE-?50),

using DC-705 silicone-base pumping fluid, produces an ultimate pres-

-i0
sure of about 3x10 Torr (approximate nitrogen equivalent) in the

vacuum chamber. The liquid nitrogen trap (Granville-Phillips 6"

Cryosorb) was never allowed to warm up during the course of the ex-

periment. The water baffle was installed when it was discovered that

the pumping fluid was contaminating the target.

RCA feedthroughs were used to provide the voltages for the ion

source, grid, and secondary electron collector. A specially constructed

glass and hollow Kovar tube feedthrough was used as a thermocouple

feedthrough. Ceramic and Kovar feedthroughs made by the Alberox Corp.

were used to support and insulate the target cooling reservoirs.

D. Ion Source

A diagram of the cylindrically symmetric ion source is shown

in Figure 13. All electrodes are made of stainless steel and are
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Figure 13. Ion source schematic including lenses, target mounting

system, electron collector, and current control circuit.

The electrometer is a Keithley 410 picoammeter, and

the operational amplifier is a PhilbrickP65AU.
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mounted on four alumina rods. These rods are held by spring clamps

screwed to the ion source flange, and the electrodes are positioned by

alumina spacers telescoping over the alumina rods.

Ions are formed by electronic impact with He atoms inside the

wire-cage, ionization chamber IC, and are drawn into the focusing

systems by a small electric field applied with electrode VI. Electrodes

VI, V2, and V3 comprise, approximately, an Einzel lens which focuses

the ions onto the aperture system FA and FB, at the end of a rela-

tively low field region FD. By making the voltage on FD larger than

that on IC, the ion beam can be completely retarded out.

The purpose of the aperture FA is to screen off the nonparaxial

ions from FB so that the current striking FB will be directly propor-

tional to the current transmitted by FB. Since these electrodes are

located at the crossover point of the ion focusing system, their poten-

tials are of only secondary importance for focusing.

Ions passing through the aperture system are focused by the

co-axial cylindrical accelerating lens K-L onto the target. The image

size on the target can be determined by deflecting the beam across the

target with the split-cylinder, L, while measuring the ion current to

the target. The shape of these curves indicates that the image is about

1 mm in diameter, much smaller than the I/4" target width. This is

consistent with the fact that the co-axial cylinder lens images a 1 mm

aperture and has a calculated magnification of .75.



42

A system which has been constructed to hold the ion current

constant in spite of pressure and emission current fluctuations is also

shown in Figure 13. This system holds the ion current to FB constant

by controlling the potential of the electron focus electrode, V R. The

potential of R controls the emission current from the filament F and

the trajectories of the electrons as they enter the ionization chamber;

hence, it controls the total ion current. Aplot of this relationship is

shown in Figure 14.

When the ion source is operating in the feedback mode, say at

-9
operating point P corresponding to a current of lxl0 Aand electron

focus potential 0 V, an increase in ion current causes an increase in

the electrometer output voltage. Thus, , a larger voltage is applied tO

the negative input of the" operational arriplifie r, pushing the amplifier

out of its balanced state"andgiving a negative instead of a zero output

voltage. This negative voltage ,will drop thefocus electrode potential

from: its steady state value thereby reducing the ion current and bring-

ing the amplifier back into balance. A decrease in ion current will

produce the, convere result:

This system holds the current intercepted by FB constant. Be-

cause of the slight focusing action near this electrode, the current

transmitted by FB is not exactly proportional to the current intercepted

by FB. It is at times difficult to adjust the potentials in this region and

the amplifier gain so that good operation is insured. However, we have

been able to hold the ion current to the target to within 1% for many
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E. Grid and Collector

The grid and electron collector are mounted in a separate as-

sembly, as shown in Figure 15 and in schematic form in Figure 3. All

electrons emitted at the target with trajectories between 12 ° and 47 ° of the

target normal are collected if there are no retarding voltages. If the

electrons were emitted with a cosine distribution from the surface, 50%

would be collected, and, if as it is suspected, the distribution is even

more strongly peaked than this, an even greater fraction would be

collected.

The collector and grid were made in disk form purely for ease

of construction. This makes it, of course, impossible to measure ac-

curate energy distributions of secondary electrons because the electron

trajectories will be bent away from the grid when it is more negative

than the target. The grid and collector shield protect the collector from

all currents but those which are transmitted through the grid.

F. Target System

The target and its supporting pieces are shown in Figures 13

and 15. The target is pinned to thick tungsten supports by tungsten

pins and warp-preventing clamps so that only tungsten pieces are in

contact with it. This is important when the target is to be heated for
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Figure 15. Pictorial of the target and electron collecting system.
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a long time at high temperature, for the metallic surface atoms can be-

come quite mobile and diffusion can occur.

This assembly is in thermal contact with the cooling reservoirs

through i/4" diameter copper rods which attach to the reservoir bases.

Copper rods of the same thickness, screwed into the bottom of the at-

mosphere side of the cooling reservoirs, allow a large electrical current

to be passed through the target. The reservoirs can be filled with liquid

nitrogen without excessive thermal stresses, since the brazed ceramic

to Kovar junction is relatively far away from the cold portion of the

reservoir.

The tungsten 26% rhenium vs. tungsten 5% rhenium thermocouple

is attached to a .030" hole at the side of the target near the center. Each

wire is spot welded to a nickel "binding post" as near as possible to a

similar tungsten rhenium wire {Figure 15). These secondary wires are

then passed out of the vacuum system via the thermocouple feedthrough

to the exterior reference junction.

Currents as high as 60 A are required to heat the target to

above 2000°K. The magnetic field associated with this current would

bend the electron trajectories away from the collector so that the mea-

sured secondary current would drop by about one half. To avoid this

problem, the target is heated with half cycle alternating current.

During each 1/120 sec period that the target heating current is flowing,

the ion beam is shut off at FD, and the thermocouple electrometer input
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is shorted. Conversely, during each I/IZ0 sec period that the target

heating current is not flowing, the beam is turned on and electrometers

measure the thermocouple voltage and the Auger electron current to

the collector.

Figure 16 is a diagram of the target temperature control system.

The temperature sensing signal provided by the thermocouple is chopped

as above so that it may be measured and recorded. The chopped signal

is compared with the voltage developed across control potentiometer Pl,

and the difference signal must again be chopped. An audio transformer

provides isolation so that the target may be biased to any value. The

signal is amplified by the high gain amplifier, phase detected, and used

to trigger the silicon controlled rectifiers in a "Labac" power controller.

Finally, an autotransformer and a low voltage transformer adjust the

target voltage to the appropriate range. Power diodes in the target

circuit convert the full wave ac to half wave ac.

The potentiometer Pl may either be motor driven to provide a

linear heating cycle of the target, or it may be manually adjusted.

During manual operation of Pl, this circuit allows the target to be

heated quickly from room temperature to any preset value and then to

be held to within 10°K for as long as required. For instance, the

target may be heated from room temperature to a steady 1500°K in

1.5 sec.
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A. Temperature Calibration

Two independent temperature indicators were used in this work

for the purpose of calibrating the thermocouple. Because the thermo-

couple leads are so effective in conducting heat away from the junction,

the junction itself is cooler than the target surface. The solution to the

equation of thermal conductivity shows that the temperature of the

thermocouple junction Ttc is approximately linearly proportional to the

true surface temperature T.

Temporary installation of a glass window allowed pyrometer ob-

servation of the target surface. It was possible to verify that the

thermocouple junction was cooler than the heated target surface and to

confirm that the temperature gradient across the target was less than

5°K in 1.2 cm at high temperatures. "Pyrometer temperature", T
p'

was obtained by making the standard corrections to the actual pyrom-

eter reading to compensate for the fact that the target is not in

equilibrium with its radiation. However, since the target is nearly

surrounded by partially reflecting surfaces, this correction could be

too high. For the range of temperatures high enough to be studied by

the Micro-Optical Pyrometer, it was found that Tp = 1. 13Ttc. This

proportionality, coupled with the reasoning above, implies that the

pyrometer temperature scale should be proportional to the true

temperature scale.
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The electron thermal emission current j may be expressed in

terms of the work function cO as

j = AT e exp (-ecp) , (22)
kT e

where

and A

T e is the "emission temperature", k

a constant. If now,

the Boltzmann constant,

T = Te/d , (23)
P

2. exp -e q_
then j = Ad2Tp k(-_TT) , (24}

and d( In j/Tp 2)

P

=- ¢0/d . (25)

Since many investigators 15' 40, 41 have obtained for poly-

crystalline tungsten e _p =4. 50-4.54eV, it was felt that this value could

be assumed. Equation 25 then yielded d so that Te=.954 T . Since
P

this was in accord with our belief that Tp values were slightly too high,

we used this emission temperature scale in our work. The proportion-

alities we have derived give for the final temperature calibration:

T = T e = 1.08 Ttc (2.6)

B. Target Preparation

The polycrystalline foil target was prepared from .013 cm sheet

tungsten. A typical analysis supplied by the manufacturer (Kulite

Tungsten Co. ) indicates a tungsten purity of 99.95% minimum with
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carbon present at 30 parts per million and hydrogen at 6ppm. After

mounting holes were cut by electro-erosion, the polycrystal was electro-

polished to half its initial thickness.

Single crystal ribbons were cut by electro-erosion from cylindri-

cal single crystal tungsten ingots obtained from the Linde Company. The

manufacturer specifies the tungsten purity at 99.99+_o, with carbon at

5 ppm, and no measurable hydrogen. These ingots were oriented by using

back reflection Laue patterns. After cutting, the ribbons were electro-

polished to remove damaged crystal structure and foreign atoms sputtered
42

into the volume. We have already described this process in detail.

The (110) target was electro-polished from . 038 cm down to .010

cm. Since only one side was polished, one side of the target consists of

highly damaged area.

The(lll) target was electro-polished from a . 043 cm slab down

to . 012 cm so that the experimental face is . 021 cm from each damaged

surface. This insures that crystal structure on the bombarded face is

practically undisturbed.

All targets were I" by i/4", but the clamp edges overlap the

target edges so that the heated portion of the target is 1/2" x 1/4".

Each target is cleaned by heating for an hour or more in vacuo

to over Z200°K. After this heating period, the target may be repeatedly

flashed to high temperature with the accompanying pressure bursts being

-9
much less than lxl0 Torr.

The targets were then heated for several hours to over 2200°K
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-6
in lxl0 Torr of O z to remove surface contaminations 43 due to the out-

ward diffusion of interstitial C and to contamination by the pumping fluid.

Finally, the oxygen is removed by heating to 2200°K. In all cases we

found reasonably reproducible results after this heat treatment.

As an added check on surface cleanliness at the end of each series

of experiments, eachtarget was heated to a temperature above that used

in the initial cleaning. Repetition of some experiments showed no change

in the results for the polycrystal, and changes small enough to be at-

tributed to thermal etching for the single crystals.

C. Biasing

At elevated temperatures a metal surface will emit both electrons

from its conduction band and positive ions from impurities or adsorbed

gases. Both currents may be retarded out by biasing the target posi-

tively, the grid at the {groundl potential of the chamber walls, and the

collector more positively than the target.

Referring to Figure 9, it is clear that the fractional change in

Auger yield with monolayer coverage is greater at the high energy end

of the distribution. The experiment was begun with the target biased

at +4.5V, but it was found desirable to increase this value to 7.5V in

order to increase the sensitivity enough to study H z and N z. All of the

data presented here were taken with 96 eV He + ions striking the target

and secondary electrons with energy below 7.5 eV retarded out. The

measured yields then refer onlyto those electrons in the Auger energy
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distribution whose energies are greater than 7. 5 eV. We shall continue

to use the symbol _' for this quantity. The electron collector emf was

+8.4 V with respect to the grounded grid.

D. Operation During Experiments

Immediately after a 4 hour bakeout at 400°C, the residual gas

-9 -10
pressure drops to below ixl0 Torr, and, in another day, to 4x10

-10
Torr. However, in order to have pressure in the i0 Torr range

during the experiment, the ionization chamber must be outgassed at well

above operating temperatures for many hours. The target is then out-

gassed as above. When this outgassing procedure is completed, con-

tamination in experiments lasting several hundred seconds is very

slight. The addition of 7. 0xl0 -6 Torr of Linde He to the system to

create the ion current does not greatly degrade the vacuum. The ginde

He used specifies less than 30 ppm impurities, so the impurity pressure

-I0
should be less than 2x10 Torr, slightly less than the residual gas

pressure of the system itself. The adsorbable gas pressure is usually

-8
adjusted to around 2x10 Torr so that the adsorbed layer should be better

than 95_ pure {assuming reasonable sticking coefficients).

Flash filament measurements were generally made by the "slow

flash" method (p'/_ >> rip'/tit), so that eq. 14 holds. The temperature

control feedback system is used with a variable speed motor driving

potentiometer PI" The target is heated to 2000°K with the thermo-

couple voltage linearly proportional to the time. .A complete sweep
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usually takes about 30 sec. According to the theory presented in Chapter

Ill, the pressure and temperature data allow the number of gas molecules

bound to the target in each group of adsorption states and the correspond-

ing range of desorption energies to be calculated. V/T for the System

is calculated to be 89.7 liter/sec by observing the exponential decay time

of pressure bursts in the vacuum chamber. This measurement could be

in error by as much as 50_, although from the agreement of our mea-

surements with those made by other workers, we suspect it is much

closer than this. Errors in V/T would change our measurements of

the numbers of gas molecules bound on the surface in different states.

However, the relative magnitudes of number of adsorbed molecules

should be accurate in any case.

Auger desorption measurements are made in a manner analogous

to flash filament measurements. The surface is allowed to adsorb a

fixed amount of gas by being held at low temperature for a fixed period.

With the ion beam held at constant current, the temperature is manually

increased until the collector current begins to rise due to the onset of

desorption. Then the target temperature is held constant until the

collector current reaches a steady state, implying that the surface

coverage has reached equilibrium at that target temperature. In prac-

tice this usually takes from 5 to 30 sec and the degree of equilibration

varies greatly with the binding states under observation. This process

is continued until the surface is completely cleaned by heating to over

2000°K, at which time the target heating current is shut off and the
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next adsorption period begun.

Since the experiment is performed for convenience sake at a

constant pressure of adsorbable gas, we must verify that the desorption

endpoints observed are not the result of equilibria between adsorbing

and desorbing gas at a high coverage. If this occurred, sharp changes

in the sticking coefficient could be confused with desorption states.

Equilibrium results when

dn

dt

where p/(2 _mkT) I/2

ps
n = 0 , (27)

(2 rTmkT) I/2

is the arrival rate in molecules/cm 2 sec,

usually around 1 monolayer in 300 sec in our experiments. If there

were N molecules in a monolayer, the equilibrium fractional coverage

would then be given by,

@ = n = p s s s

N (2 TTmkT)I/2 B N 300". 3 i00 (28)

But, as s must be less than i, we see that such equilibria

are found only at very low coverage. Therefore, n must approach

a real equilibrium closely at every desorption state.

There are two effects which decrease the quality of these data.

The first is due to the operation of the ion beam control system. As

molecules of gas are desorbed into the system, some are ionized in

the ion source so that the fraction of the ion beam composed of He +

decreases. Since the Auger yield for He is much larger than for the

adsorbable gases, the collector current dips somewhat until the
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pressure burst diminishes• This effect usually amounts to less than 1_0

of the collector current and lasts only 1 sec. It could be completely

obviated by containing the ion gun and He gas in a separate pressure

chamber.

Second, at temperatures over 1600°K a spurious negative

current appears at the collector. This could be due to photoelectrons

from the grid. As this current increases uniformly and disappears as

the heating current is shut off, it cannot be mistaken for the desorption

of gas molecules.

E. Calculation of Desorption Energies

For most of the experiments, both flash filament and Auger, the

measureable kinetic quantity is desorption temperature, T D. Since

calculation of the desorption energy from 8(T) requires T D and v ,

we must estimate the pre-exponential u to calculate E from eq. 2,

E = kT D in u___ (29)

However, as this quantity occurs only in logarithmic form, small

errors will not affect the answer greatly. As in ChapterII, we shall

assume v = 1.6x1013 cycles/sec for our calculations. This implies

a quantum energy in the vibrational mode of the adsorbed molecule of

• 065 eV, a result comparable to values observed in electron scatter-

2
ing experim ents.
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F. Pressure Measurements

The Bayard-Alpert gauge, Westinghouse 5966, was not especially

calibrated for this experiment. For any gas at true pressure p, the

sensitivity S at gauge emission current iem and gauge ion current iion

is defined as

iion
s = (3o)

i xp
em

-1

Assuming the nominal calibration of i0 Tort for this gauge

for Nz, the relative sensitivities for the other gases used may be ob-

44

rained from Zewin. Thus, the sensitivities for the other gases used

-l -i -i
in this work are ii.3 mm for CO, 4.34 mm for H2, and 2.09 mm

-i

for He. Merely as a means of designating O z pressure, I0.0 mm is

taken as the sensitivity for O z.

Measurements of N z pressure are, as far as is known, free of

artifacts. However, the measurement of CO and H z pressures is more

difficult.

Two effects may be encountered in measuring H 2 pressure be-

cause of the production of atomic hydrogen by the high temperature

45
filament of the ion gauge. Firstly, atomic hydrogen may react with

the walls of the vacuum chamber releasing other gases, primarily CO,

into the working volume. This effect would certainly have been noticed

here, but it was never observed. Secondly, the pumping speed for

atomic hydrogen may be different from that for molecular hydrogen.
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This would result only in small errors in measuring the surface coverage

of H z.

Errors in measuring CO pressure are present due to dissociative

ionization of CO by electron impact on the ion gauge's grid surface.

However, since the gauge was well outgassed before experiments and was

46
operated at i0 mA emission current, this effect should be small.
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A. Introduction

In order for the Auger process to be conveniently applicable to the

study of the desorption of gases, it should have two properties:

{I) It must have no strong intrinsic temperature dependence.

(2) Change in yield, A? , must be a known single valued function

of n, the density of adsorbed molecules.

Our experiments indicate that there is no temperature variation of

the Auger yield. For the portion of Auger electrons collected with ener-

gies above 4. 5 eV or 7.5 eV, no change in yield from 100*K to 1700*K

could be detected, though we could have measured a change as small as

i%. Above this temperature, the effect attributed to the collection of

photo-electrons made measurements less precise. However, there again

appeared to be no yield dependence on temperature up to 2300=14, although

the possible error is large in this range. This property of the Auger

yield means that surface coverages at different temperatures may be

compared without any temperature correction.

B. Auger Cross Section

With respect to the second condition, we mentioned in Chapter IV

that previous experimental results would indicate that the yield decrease

per adsorbed molecule should be approximately constant. We define

the '"Auger cross section", _(n), as



_(n) =
1014molecules/cm 2 d [A y{n)]

YCL dn (31)

for a surface whose clean Auger yield CL is decreased by _

2,

because of the adsorption of n molecules/cm The quantity c_(n)

will describe this relative yield change per adsorbed molecule. Note

that a(n) is a dimensionless quantity. How will _(n) vary with n?

Figure 17 shows the normalized change in yield by due to
YCL

the adsorption of _ state CO on a polycrystalline tungsten target as a

function of the exposure of the target to CO. The normalized surface

n

coverage _-- of _ CO on the target determined by flash filament
n6L

technique from eq. 15 is also plotted vs;exposure. It can be seen that

the shapes of these two curves are similar. Figure 18 shows the

normalized yield change plotted against the normalized coverage. Be-

cause of the difficulty of measuring these two quantities under comp-

arable experimental conditions, the exact shape of this curve is really

difficult to determine. However, the derivative of this experimental

curve, also shown in Figure 18, should give a reasonable indication of

the behavior of the Auger cross section, C_(n). The significance of

this curve is that _(n) tends to decrease as the surface coverage in-

creases, and we again emphasize that this curve has not been deter-

mined with sufficient accuracy to merit detailed conclusions.

Figure 19 shows both normalized yield change and normalized

surface coverage as a function of exposure of a polycrystalline tungsten

target to H a. Figure 20 shows the normalized yield change and the

derivative of the normalized yield change plotted against coverage.

6O
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Figure 17.
Comparison of the relative change in Auger yield (dashed

curve) with the relative number of CO molecules adsorbed

on polycrystal line W (solid curve) as a function of exposure.

The solid curve is from flash filament measurements.
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Figure 18. Relative yield change from Figure 17 (solid curve) versus
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tive o[ the solid curve and is proportional to the Auger

cross section of CO.
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posure. The solid curve is obtained from flash
filament measurements.
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Since this data has accuracy similar to the CO data, we merely note the

decrease of the cross section with coverage.

One simple explanation of this proceeds from the results of the

following chapter, where we will show that there is a great multiplicity

of binding states involved in the adsorption of CO and Hz on polycrystal-

line W. We will also show that these molecules tend to desorb from the

highest energy states available to them. Thus, if the Auger cross sec-

tions of molecules bound in the high energy states were higher than the

Auger cross section of particles bound in the low energy states, a

continuous decrease in Auger cross section would be measured as the

surface adsorbs gas. In this case, the mathematical treatment of

Chapter Iwill be as valid for 5_ as for n. We need only modify it by

using in place of initial state densities, initial state densities multiplied

For instance, the form of eq. 5 will beby Auger cross sections.

modified to

bY=
10 -14 -(e-Ej/kT)tu
E n.(0)xl0 _. ? e

j=l J j CL

, (3z)

where (yj is the Auger cross section of molecules in the state nj(0).

In most cases studied here, only a small fraction of the

gases held on the surface are desorbed during one temperature in-

crement. If, in a small region of coverage n, (y(n) can be approxi-

mated as a power of n, say

m

=Dn ,

the equation of first order desorption (eq.

in terms of Ay ,

(33)

1 with x=l) will become,
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)
- (m+l)(Ay) _ (T) . (34)

dt

Thus the form of the equation is really unaltered. Therefore,

in this region the solutions to the first order .Auger desorption equation

are the same in form as in a region of constant cross section.

Both of these arguments indicate that the change in cross section

with coverage will not seriously affect the use of .Auger measurements in

determining the kinetics of desorption of gases by a first order process.

The case of second order desorption does not reduce in as simple a

manner. However, no effects solely attributable to second order de-

sorption were observed in this work.

The Auger cross sections of molecules bound in different types

of states, however, can be vastly different. To compare these, in the

next sections we will tabulate the average value of cross section for a

determined for complete coverage of N i molecules/cm 2.

the average cross section _.
1

1014 molecules

cm 2

l

YCL

given state i

In that state, will then be given by

Ni (35)

C. Gaseous Desorption

I. CO on Polycrystalline Tungsten

Flash filament studies of the adsorption of CO on polycrystal-

line W at __ 350°K are shown in Figure 21. These curves suggest

that there are three major groups of adsorbed states, one held with

small binding energy, and two more strongly bound overlapping
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Figure 21. Flash filament desorption spectra of CO adsorbed on

polycrystalline "W at 350°14



groups. If, as is believed, CO desorbs with first order kinetics and

the vibrational mode normal to the surface has 0.065 eV energy

( _ =i. 6xlO 13 sec

from eq. 17 are:

-i
), the binding energies of these states obtained

Ec_ = 1.31 eV,

E_ 1 = 3.00 eV,

and E _2 = 3.92 eV .

We have followed the custom of referring to the lowest energy state

when a gas is bound in a series of states as c_.

Referring to Figure 18 again, the equilibrium surface B cover-

age of the polycrystalline W target at 350°K is 6. 0xl0 !4 molecules/cm 2.

The sticking coefficient at low coverage is 0.46.

Figure 22 is a recording of an Auger desorption experiment

performed in the manner described in the last chapter. The tempera-

ture {dashed line) is raised until the Auger yield {solid line) begins to

change because of desorption. The temperature is then held constant

until the yield again reaches equilibrium, at which a new value of Auger

yield corresponding to a less covered surface results. Figure 23

shows a similar experiment carried out at higher initial coverage. If

there were only a small number of desorption states such as the three

proposed by Ehrlich, this would be immediately apparent in the re-

producibility of the equilibrium values of the Auger yield. However,

equilibria may be found almost at will by making the temperature incre-

ments very small. This result strongly indicates a continum of de-

sorption energies.

68



69

w
w o

r I I I I

Auger yield

Clean surface yield

Temperature

/"

t ://../

..I

0 -P'/

i
0

f I I I I I I

,_r-_-
/...e

/..s

Initial exposure to CO = 1.7 L
--5

i I I I I I I I ! I ! i
10 20 50 40 50 60

Time (Seconds)
SM- 417

I

2z £
X

v
o

17

13

E

Figure 22. Auger desorption experiment at low initial coverage for

CO adsorbed on polycrystalline W at 350°K. The

temperature scale (dashed curve) is at the right. The

Auger yield scale (solid curve) is at the left.



7O

1.0

.8

=" o

.2J
J

------/

,r /

10

I I I I I I [ I I I I I I I I l i__

Auger yield _--- 0
Clean surface yield x

Temperature f
- 21

." • .... J 13

f_

/ 9
f-

_'° Initial exposure to GO = 14 L

5
I I I I I J I [ I I I I I I

ZO 30 40 50 60 70 80 90

Time (Seconds)

Figure 7.3. Auger desorption experiment at high initial coverage for

CO adsorbed on polycrystalline W at 350°K.



71

In Figure 24 the relative yield changes at constant temperature

o
are plotted on a log scale against time for two different sets of

desorbed states. A_ o is the maximum Auger yield change during the

isothermal desorption under question. If these yield changes corres-

ponded to the emptying of pure first order states, the plots would be

straight lines having slopes equal to the desorption constants, 8 (T).

Since these curves have steeper slopes at low values of time, they cor-

respond to a distribution of desorption states. This indication of a

distribution of states is consistent with the fact that the yield changes

do not show unique endpoints.

One of the experimental desorption rate curves of Figure 24 is

compared with a calculated curve (dashed line). The calculation was

made using an approximate state distribution derived from Auger ex-

periments such as Figure 23. For this calculation, molecules bound

with energies of less than 4. Z eV are assumed to have been previously

desorbed. The desorption rate curve for the molecules left on the

surface is then calculated as in Chapter I for 1620°K (the temperature

of desorption for the experimental curve). It is seen that the agreement

is good, considering the probable error at large times in the experi-

mental curve.

21

Other experiments have confirmed that there is no C con-

tamination of a V_r target after CO desorption, indicating desorption

should be first rather than second order. All of these observations are

consistent with the picture of a quasi-continuous range of first order
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Figure 24. CO desorption rate curves for some groups of states
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state behavior. The dashed curve is a theoretical curve.
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adsorption states, with adsorption into the highest energy states first so

that the energy of the total system is always a minimum.

Because of this range of energies, analysis of the structure of

the desorption constant B (T) is not simple. In particular, plotting In

i
vs -- will not produce a straight line, because at any given temperature

T

molecules will desorb from various states with correspondingly different

rates. Hence, we have continued to assume that the _ in ecl. 29 is

13
1. 6x10 in order to calculate desorption energies from _ and T.

Figures 25, 26, and 27 compare the results obtained with flash

filament and Auger desorption experiments. In Figure 25, the Auger

current is measured while the target is heated with the temperature

schedule used in flash filament desorption. Figure 25 was made under

relatively low current conditions, so that the frequency response was

poorer than usual, but the temperature scale has been compensated for

this poor response. Under the approximation of constant Auger cross

section, the relative number of molecules left on the surface is indi-

cated during the temperature sweep by the decreasing value of Ay

For the magnitudes of pumping speed and temperature sweep rate we

are using, the flash filament equation is just ecl. 14.

Thus, assuming g (n) is constant, the Auger sweep curve can

be differentiated in order to obtain the equivalent of a flash desorp-

tion spectrum for our system. The bottom part of Figure Z5 shows

dY and can be compared with a high exposure flash filament curve of
dt

Figure 21. It can be seen that the two results are quite similar, but
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since this is not the most profitable way to do the Auger experiment, it

was not used extensively.

Figure 26 compares a flash filament spectrum and an Auger

desorption experiment performed at nearly the same coverage. The

yield changes observed between equilibria in the Auger experiment are

plotted at the temperatures at which the equilibria were reached.

Figure 27 compares the two types of experiments in the same way for

a higher coverage.

It can be seen in Figure 27 that the change in Auger yield associ-

ated with the c_ state is considerably smaller than that associated with

the B state. The Auger cross section measured for the B state at

room temperature is 0. i05. For the _ state, the smaller value of

0. 01 is measured.

When the polycrystalline target is cooled to __ 120°K, the

state is radically extended on the low energy end. The B states re-

14
main unchanged. The saturation value of _ goes from "_ 203xi0

molecule s/cm 2 14to 15xl0 molecules/cm 2, assuming the 0t cross

section does not vary. Thus, the coverage for a saturated W poly-

14 2
crystal at 12,0°K increases to 20x10 molecu!es/cm

2. CO on (if0) Tungsten

The flash filament study of Figure 28 shows that CO adsorbs on

(ll0) tungsten in a low energy 0t state, and a relatively small but

broad higher energy _ state. Assuming the usual value for _ and
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first order desorption, we find that the

that the desorption energies for the
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state peak is at 1.30 eV and

state range from 2.7 to 3.9 eV.

The _ state adsorbs quite rapidly up to 0. 8x1014 molecules/cm 2.-

The 0t state adsorbs more slowly because its desorption temperature is

rather close to the temperature of the target just after flashing. The

state saturation coverage at 350°K, 2.4xi014 molecules/cm 2, is shown

in the top curve of Figure 28. The sticking coefficient of the _ state is

_- 0. 09 at low coverage.

As the target is cooled below room temperature, the amount of

gas adsorbed in the _ state gradually increases. The picture we have

is that there is intrinsically a range of low energy _ states available for

adsorption, but that, for the target held at room temperature, only a

fraction are available for filling. It proved difficult to get accurate flash

filament data at 120°K as the pressure peaks are broadened so that exact

desorption energies could not be measured (Figure 29). That this effect

is caused by the liquid nitrogen cooled reservoir surfaces in the vacuum

system is shown by doing a flash filament desorption experiment with

the reservoirs cooled while holding the target at 350°K with the Joule

heating circuit during the adsorption period. This spectrum shows a

much smaller amount of gas desorbed from the _ state, but still ex-

hibites the same damped curve shape.

This phenomenon could be accounted for by the formation of a

pressure dependent adsorbed layer of gas on the liquid nitrogen reser-

voir surfaces. The amount of gas adsorbed on these surfaces, then,
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would tend to increase as gas was desorbed from the target. Therefore,

this CO layer would act to filter all system pressure changes. Another

experiment implying that a large adsorbed layer is being formed is the

leaking of CO into the clean system with cooled reservoirs. In this case

it takes much longer for the pressure to come to equilibrium than it does

when the reservoirs are warm.

Such a pressure dependent layer can be easily explained. The

number of molecules adsorbing per second in a state of order x with

non-zero desorption constant

dn ps

dt (2 _mkT)i/2

B (T) will be given by,

X

- n _ Ct). (36)

Hence, the equilibrium coverage will be given by,

(37)
nx = ps

o

(2 _mkT) I/2 B(T)

This quantity has strong pressure dependence for either x=l or 2. If,

during the desorption of a set of states, the pressure in the system

starts at some equilibrium value and, after the associated pressure

burst, concludes at the same equilibrium value, then the amount of

gas adsorbed on the reservoir can have neither increased nor diminished.

Thus, to the first approximation, the effect of the trap will be to smear

out the pressure burst, but not to change ._p dr. Therefore, the

number of particles adsorbed on the Vf surface may be measured in

the same manner as before.

The population in the _ state at 120=K is measured to be 17x1014
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molecules/cm 2. Since this is very much larger than the _ state, _ is

lost in the tail from the _ state, and its population cannot be measured.

Assuming the B population remains the same, the total population on

the cooled surface will then be 18xi014 molecules/cm 2.

Because the B state is present at relatively low coverages and

is well spread out, Auger measurements reveal little of interest at

room temperature. The _ state has a rather low Auger cross section,

0. 027, compared to 0. 1 for the 8 state, and we can determine little

more than that the set of _ states is relatively dense, but definitely not

a simple state.

However, as we have seen above, when the target is cooled, the

surface concentration of _ vastly increases. Auger measurements

show a range of states from 0.7 to i. 2 eV, followed by a flat group of

states to i. 6 eV (Fig. 30). The logarithmic plots of relative yield

changes (A_°--) for some of these states are very similar in form to
Ay

those for the densely packed sets of states in Chapter I. Several of

these taken from different portions of the desorption spectrum are

plotted in Figure 31.

Because of the poor quality of the flash filament data due to the

cooled surfaces, we again performed the Auger experiment with a uni-

form temperature sweep, to give the analogue of the flash filament

desorption spectrum. In these measurements the response of the

system is much better than in Figure 25. Figure 32 shows y and

d___ for the desorption of the cy state of CO from a (ii0) target cooled
dt
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from a cooled (110) tungsten surface (T _120°K).
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to 120°K. This plot of

states indicated above.

d 3'/dt shows clearly the distribution of

86

3. CO on (111) Tungsten

CO desorbs from (111) tungsten in three different energy

regions as shown by the flash filament measurements in Figure 33. A

sharply defined set of states at 3.60 eV is followed by a set of distributed

states whose maximum lies around 2.8 eV and which extends down to

2.4 eV. There is also a small c_ state present, again developing after

the target is fairly cool, which desorbs at about 1.30 eV. During ad-

sorption, as always, the high energy state fills first. At saturation,

about 2/3 of the CO is adsorbed in the highest energy states. The total

14
coverage is 6.4x10 molecules/cm 2 at this coverage, though the 0t

state is relatively small, depending on the exact target temperature.

When the target was cooled to liquid nitrogen temperatures,

the quasi-equilibrium situation observed above with the (110) surface

again prevented making accurate measurements, as the flash filament

peaks are very strongly damped. The areas under the individual peaks

of the pressure spectra could not be measured.

On the (111) face of W, the cross section of CO adsorbed in

the _ state is about 0.09, close to the value of the _ cross section

for the other faces. Desorption of the distributed

the pattern observed on the polycrystalline face.

points may be observed, and the individual 5_-----°-
A_

state follows

Many Auger end-

curves have the
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slightly convex upward behavior associated with multiple desorption

states.

In contrast to this, desorption at constant temperature of the

highest energy state revealed a unique curve shape (Figure 34). Even

from the raw data, it was obvious that the collector current approached

its asymptote far faster than a first order desorption curve. The

anomalous behavior was even more apparent when _n AY--° is plotted
ay

vs time (Figure 35). It was established in ChapterII that even for a

density of states distribution peaked at high energy, the first order de-

sorption plots are never concave downward. The effect of multiple

states can never be to distort the initial part of the curve convex down-

ward.

Since this relatively sharp state does not exhibit separate

equilibria, it seems to be a simple state. Acting under this assumption,

the desorption order is calculated to be somewhat more than +I/Z.

Figure 36 shows these desorption curves plotted as +i/2 order desorp-

tion, i.e.

If now,

then

1/z

Figure 36 plots (Afi-_-o)i/2

lines are obtained.

d--n-n = n 1/2 _ (T) (38)
dt

AY = Dn (39)

= 1 t _ (T) D I/2
(40)

2, Ayo 1/2

vs t, and shows that reasonably straight
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In searching for the reason for this behavior, one would be in-

clined to question the validity of eq. 39 before questioning eq. i. For

instance, it is conceivable from Figures 17 and 18 that, for some region

of values, the yield change could vary as,

m

_Y = An . (41)

Here we would not expect m to be too much different from unity.

However, for a first order desorption process, for all m,

_ d(Ay) = mAy B (T) , (42.)

dt

and as we have already seen in section B, the form of the first order

desorption equation remains essentially unchanged.

process, and any m.

Therefore,

-2, and

For a second order

d(AY) (AY) (I+I)

_ m (T) . (43)
dt A 1//m

in order to observe +1/2 order desorption kinetics,

K
AY -

2 _ (44)
n

which would imply that Ay would increase as n decreases, in clear

conflict with experimental data.

The 8 state of CO on (110) W is thus composed of a high

energy pure state which appears to desorb with _- 1//2 order kinetics

and a set of lower energy first order states.
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Auger experiments show that the target cooled to 120°K has the

same 8 states available for occupation as the target at room tempera-

ture. The _ state vastly increases in population on the cooled target.

Assuming that the Auger cross section for this state has the value mea-

l4
sured for the polycrystalline W, the _ state has a population of 18x10

molecules/cm 2 at 120°K. The energies of these 0_ states are very

similar to those observed on (110) W. The total surface population at

120°K will then be 24x1014 molecules/cm 2

4. N z on Polycrystalline Tungsten

Figure 37 shows a series of flash filament experiments illus-

trating the growth of the adsorbed _ state of N z on polycrystalline W.

These results indicate that there is a compact adsorption region with a

saturation coverage corresponding to 2. 7xi014 molecules/cm Z on the

surface. Assuming, for purpose of comparison only, first order de-

sorption and v = i. 6x1013 the peak desorption energy is 3.91 eV

The center curve of Figure 38 is the relative surface coverage

determined by the flash filament technique with adsorption at room

temperature, made at a pressure of about 2x10 -8 Tort of N z. The

sticking coefficient at low coverage calculated from this curve is 0.37.

For Nz, no Auger yield change curve was made under condi-

tions comparable to those for the flash filament curve above. However,

the two other curves of Figure 38 compare relative changes in Auger

yield for the surface held at different temperatures and exposed to N z.
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The top curve was made for the target held at ,-_100°K, and the bottom

curve was made by flashing the target (with empty cooling reservoirs)

-7
in ixl0 Torr of N z and continuously measuring the yield decrease

over a period of I00 sec after the flash. During this time the target

continued to cool and had a higher average temperature than for the flash

filament curve. The differences in slope of these curves represent

differences in the sticking coefficient of N z on W at the different tempera-

tures. An Auger yield change curve made at a temperature comparable

to that of the flash filament curve would lie somewhere between these two

extreme curves, and would give an Auger cross section similar to those

observed for CO and H z.

Auger experiments also show that most of the _ desorption

takes place in a small temperature region. However, just as for CO

on the polycrystal, a multiplicity of Auger endpoints is found, indicat-

ing a continuous band of states over this small range. When the indi-

vidual yield changes are plotted on the first order diagram, they show

the convex upward characteristic of closely spaced multiple states.

The average Auger cross section of the 8 state is 0. 15.

When adsorption occurs on the target held at 120°K, the

state has identical desorption energies. However, the Auger yield

change associated with 8 adsorption increases, indicating that the

14
population in the _ state increases at saturation to about 3.7xi0

molecules/cm 2 compared to 2.7xi014 at room temperature.

A new set of adsorbed states, which we shall call the 01
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states, also appear at very low energies. Although the Auger yield

change associated with the desorption of this set of states is small,

pressure bursts in the system indicate that it consists of a large number

of molecules. Auger desorption spectra show they are bound with ener-

gies of . 5-. 9 eV. If the Auger cross section is assumed to be 0. 01, the

same as that measured for a similar state of N z on (III) W, the coverage

of this phase of adsorbed N z could range to 6x1014 molecules/cm 2.

5. Nz on (110) Tungsten

To within the limit of detection of this apparatus, there is no

discernible adsorption of Nz on(ll0) W at 300°K. Figure 39 compares

-8
the desorption spectra of the target after exposure to 5.2x10 Torr of

N z for 650 sec, and after exposure for 650 sec to the background gases.

The spectrum made at high pressure has more noise than the one made

at background pressure. The maximum coverage may be calculated to

be < 10 +13 molecules/cm 2 This is in close agreement with the re-

5
This observation is confirmed by Auger measure-salts of Ehrlich.

ments.

If the target is cooled to 120°K, N z begins to adsorb in a very

low energy, very sharp state (Figure 40) which we shall call the _'

14
state. The _' state can form in layers with density higher than 7x10

molecules/cm Z with a sticking coefficient 0. ii. It possesses an Auger

cross section of 0. I0.

When the Auger current is observed during desorption (Figure
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99

8
1/)
1/)

8
15_

I I I I I I I I I I

I I I I I I I I
.77 5 5 7 9 11 13 15

Tern perature

29L

19L

9.2L

I I
17 19 21

(°K x 10 -2 )
SR -430

Figure 40. Flash filament desorption of y N z adsorbed on (ii0)

W at 120°K.



i00

Assuming

The same

41), it is seen that the Y state is simple, no matter how slowly de-

sorption proceeds. That is, no equilibria can be obtained other than

that for complete desorption, no matter how small B is for the desorp-

tion temperature selected.

When the relative yield changes are plotted against time for

several of these desorptions, straight lines result on the logarithmic

plot of Figure 42. This implies a pure first order desorption.

13
v = 1.6x10 cycles/sec, the desorption energy is 0.61 eV.

energy is calculated from the flash filament peak.

Since the desorption constant B depends on the ratio of binding

energy and T, both of which are very small in this case, a given varia-

tion in T affects B more strongly than at higher temperatures. For

this reason we were not successful in measuring B consistently as a

function of T in this simple desorption state.

Since the exponential drop of the flash filament spectrum high

energy tail has a time constant larger than "r , the vacuum system

time constant, there is obviously some damping present, although not

nearly so much as was observed with CO. This is consistent with the

fact that the freezing point of CO is 5°K higher than that of Nz, and the

vapor pressure of Nz is slightly higher than that of CO at any low tem-

perature.
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6. Nz on (iii) Tungsten

N z adsorbs on the (iii) face of W with an unusually low sticking

coefficient. At 300*K, a monolayer, instead of being completed after 6L,

requires 600L. Figure 43 shows flash filament desorption curves taken

at several initial coverages. One sharp desorption peak at 3.65 eV is the

14
only 8 state observed. It covers the surface to a density of 6.6x10

2

molecules/cm at saturation and adsorbs with a sticking coefficient of

0. 0038. Some of these charts show a small background H z desorption

state at i. 65 eV, whose Auger cross section is equal to that observed for

H z adsorbed on (iii). Also, growth of the _ state of N z can be seen at

even lower temperatures, peaking around 0.74 eV. Both of these states

are made visible by the long time required for 8 adsorption on this

face allowing the target to cool to very near ambient room temperature.

In the highest coverage spectrum, both these states have

due to the filling of the H z distributed state (see section 7merged,

below).

The Auger cross section for N z adsorbed in the

0.085, about half that for the polycrystalline target.

indicate that this _ state desorbs as a single state,

never a termination of isothermal desorption {Figure 44) except when

all _-sorbed gas has left the surface.

plotted {Figure 45) on a logarithmic AY°
Ay

state is

All experiments

since there is

line results, indicating first order desorption from a sir_ple state.

This experiment can be performed at several different

When this yield change is

plot, a very nice straight
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temperature values so that _ can be determined as a function of T.

1

When log B is plotted vs. _, (Fig. 46), it can be seen that a straight

line results. This indicates a constant value of activation energy in

this region, i.e.

= _ e -E/KT (45)

-1

Since the response of the collector electrometer is I. 65 sec ,

the electrometer response to a square current pulse will be,

I = I° (l - e -(1"65)t) . (46)

Because of this electrometer response time, the measured values of

at the high frequency end of this chart will be slightly smaller than the

true values. The values corrected for the electrometer response are

indicated. These corrected points are used with the other points to

calculate the slope and y - intercept of the least-mean-square devia-

tion straight line. From these values we obtain

and

E = 3.62 eV

12 -i
= 1.88 x i0 sec ,

values in very close agreement with what we could expect.

Auger experiments on the target cooled to 100°K reveal the

appearance of a low temperature

fractional Auger yield change to the

state similar in energy range and

state of N z on the polycrystal.

There is no indication of a sizeable simple ? state of large Auger

cross section. Figure 47 shows flash filament spectra which indicate
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that the number of molecules adsorbing into the c_ state grows to be

much greater than the number in the B state. The number of 0t

molecules grows to be at least 13xlO 14 and possibly larger.

ii0

7. H z on Polycrystalline Tungsten

Figure 48 shows flash filament desorption spectra of H z from

polycrystalline W for several initial coverages. Curves 1 and Z, at

0.3 and 0.6L, show only the filling of a broadly distributed low energy

state with peak desorption energy corresponding to about 1. 52 eV. A

sharper peak forms at higher coverage and corresponds to an energy

of 1.26 eV. Since these states fill from the high energy end, a gradual

decrease in the calorimetric heat of adsorption would be observed.

14
The amount of H z held on the surface at saturation is 3.3x10

molecules/cm 2. As we have seen, Figure 19 compares the amount of

gas held on the target at any time measured by flash filament desorp-

tion with A_¢
the Auger yield change associated with adsorp-

A_5L '

tion. The sticking coefficient measured from the inception of the flash

filament curve is 0. 23.

Analysis of Auger desorption experiments shows that the broad

desorption region is actually a set of very closely packed states. A

typical desorption rate curve shows the decreasing slope closely cor-

responding to the results we have calculated for densely packed states.

34
Hagstrum has hypothesized that H adatoms may diffuse into

the bulk at high temperatures during surface cleaning and then re-
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diffuse out to the surface as the interior cools. This would alter the

flash filament results since not all the particles adsorbed on the surface

would enter the gas phase and raise the pressure in the system.

In order to check this possibility, the following experiment was

performed several times. The target was cleaned and heated to several

different temperatures, while observing the Auger yield. Then it was

allowed to cool. No decrease in Auger current was observed but a uni-

form one, that due to readsorption. Diffusion of a significant fraction

of a monolayer of bulk H atoms onto the surface on cooling should cause

a noticeable decrease in Auger current. Therefore, it appears that H

does not diffuse from the interior of clean tungsten onto the surface in

amounts comparable to a monolayer.

As the target is cooled to 120°K, more even lower energy

states are open for occupancy, and the saturation surface coverage

14
rises to 3.7x10 , as obtained from the increase in Auger yield change

associated with desorption. These states extend down to 0.8 eV at

saturation coverage up to a high energy limit around 1.8 eV with an

average peak energy around 1.52 eV.

8. H z on (111) Tungsten

Figure 49 presents some flash filament desorption curves for

various initial coverages of H z from (111) tungsten. The lower line is

a desorption curve taken at room temperature, whereas the two upper

lines were taken for adsorption at 12,0°K°
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Again we see that, at room temperature, H z is adsorbed in a

broad band of states peaking around 1.5 eV. The cooled target allows

even lower energy states to be filled. Saturation coverages (at about

10L exposure) range from 3. 5x1014 molecules/cm 2 for the room tempera-

14 2
ture target to 4.2x10 molecules/cm for the 120°K target. At low

temperatures, another sharp desorption peak at 0.96 eV begins to appear.

The Auger cross section for H z adsorbed on this face is only

slightly less than for I-I z adsorbed on the polycrystal, allowing desorption

to be easily observed by this method. Again many equilibria may be

reached during desorption, indicating a densely parked set of states be-

tween 0.9 eV and 1.8 eV.

9. H z on (ii0) Tungsten

Figure 50 shows the desorption of various initial coverages of

H z from (110) tungsten. In general form, these desorption curves are

similar to H z desorption from the polycrystal. From the pressure peaks,

binding energies ranging from i. 60 to 1.40 eV for H z adsorbed at 300°K

may be calculated. However, on this face the sticking coefficient is

0. 015, much less than on the polycrystal. Saturation coverage is also

14 cm2.less, being about 1.3x10 molecules/ When the target is cooled

to 120°K (top line of Figure 50), the low energy states again are filled

14
so that saturation coverage on the face increases to Z. 5x10 mole-

2

cules/cm As Figure 50 shows, a well defined peak appears at 1.00

eV, and another peak appears to be forming at 0. 65 eV.
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The Auger cross section was much smaller on this face than on

polycrystalline W, dropping from 0.091 to 0. 031. Thus, in the most

favorable case, Ay is only 0. 08 of y for the clean surface. This,
CL

coupled with the lower surface coverage, made the sensitivity for the

Auger process very small. The same pattern of distributed desorption

states could be verified, but determination of desorption kinetics and

energy state densities was not feasible at these sensitivities.
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A. Introduction

Measurements have been made of quantities associated with the

adsorbed states of CO, Nz, and H z on polycrystalline, (111), and (110)

tungsten surfaces. These measurements allow us to make numerous tenta-

tive conclusions about the adsorbed state. These conclusions will be dis-

cussed in this chapter.

B. General Conclusions

5
One obvious result, confirming Ehrlich's earlier conclusion, is

that macroscopic surfaces can be prepared having consistent orientational

properties for gaseous adsorption. Figure 39 is a striking demonstration

of this. It shows that the (110) Single crystal has completely different

adsorption properties for Nz than the polycrystalline sample. H zwas

also found to have Auger cross sections differing by a factor of 3 on two

different single crystal planes, showing that the Auger properties of

adsorbed layers on different tungsten crystal faces may also vary widely.

Another result of basic importance in our work is the observa-

tion that Auger yield is independent of temperature between 100°K and

2300°K. At present, the lack of knowledge of the phonon distribution

in tungsten and the excitation depth and angular distribution of Auger

secondaries, precludes drawing basic conclusions about the nature of

the Auger process from this observation.
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Figure 51 summarizes our measurements on the adsorbed states

of gases. The height of the peak for each binding state represents the

relative saturation coverage of that state of 120°K. Note that the c_

and 7 state coverages of N 2 and CO may actually be higher than our

measurements because we usually did not attempt to get full saturation

values. Cross hatched areas represent states of multiple desorption

energies, whereas states drawn as solid lines desorb with simple kinetics.

The value of the average Auger cross section for each state is written

beside it.

C. Cross Sections

For convenience, we have used a somewhat unusual definition

of cross section. We have defined

fractional decrease of Auger electrons of energy above 7.5 eV

1014 adsorbed molecules/cm 2

This number would be close to, but slightly smaller than, the

fraction of Auger electrons scattered out of the high energy tail of the

distribution in the theory of Propst and Luscher.

Usually, one thinks of a scattering cross section as the

probability of scattering of an incident particle from one target particle

2
per cm This quantity is just 10-14 times that which we have been

2
reporting, and would give the cross section in cm .

The data of Propst and Luscher is compared in the table below with

our own results for polycrystalline W. As before, all h_ 's refer to the
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Figure 51. State density summary for adsorption of gases on tungsten

at 120°K. Simple states are represented as straight lines

with height equal to the maximum population of the state.

Multiple states are represented as areas with maxima equal

to the maximum population.
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portion of the Auger yield made up of electrons with energy larger than

7.5 eV. _ CL is the clean surface yield. A7 H2 is the change in

yield on H 2 adsorption, with the surface covered to saturation at room

temperature. AN N2 is the corresponding quantity for N 2 .

TABLE 3

A'YH2

CL

A7
N 2

CL

A7 N2

A?H 2

Propst and

Luscher This Work

.36 .30

.49 .41

1.36 1.35

Because of the completely different geometry of electron collection in

these experiments, the discrepancy in first two rows is not surprising,

Propst and Luscher collected nearly all the secondaries, whereas _ve

collected only those between 12 ° and 47 ° of the normal. A shift in the

angular distribution of secondary electrons away from the surface normal as

gas adsorbs could account for these differences. However, unless the

angular distribution changes are different with each species of adsorbed

gas, the ratio, of the yield decrease for different gases would be simi-

lar for the two geometries. This ratio is the same for the two sets of

results. Propst and Luscher have shown that these cross sections are of

a reasonable magnitude for electron-electron scattering.
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D. Adsorption Equilibrium

Flash filament experiments have not answered the fundamental

question: "Do molecules occupy an equilibrium distribution as they are

adsorbed on a surface at low temperature, or do they merely desorb

from an equilibrium distribution after rearrangement during the desorp-

tion cycle? "

Auger experiments indicate that gases do indeed occupy equilib-

rium distributions from the moment of adsorption for the range of

temperatures used here. Firstly, for CO, a gas whose sticking

21

coefficient does not vary much between 300 and 400°K, curves taken

showing the Auger yield decrease during a 100 sec. adsorption interval

at high pressure show the same AY's as those measured from de-

sorption experiments. Migration into states of higher Auger cross

section between adsorption and desorption would result in Ay mea-

sured from desorption experiments being greater than hy measured

from adsorption experiments.

Secondly, as a surface is heated above the temperature at

which adsorption has taken place, through the temperature range at

which migration is expected, an increase in A_¢ corresponding to

migration from states of low binding energy and low cross section to

states of high binding energy and high cross section would be expected.

This phenomenon was never observed.

This evidence is consistent with the hypothesis of intrinsic

surface heterogeniety only if all the adsorbed molecules are free to
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migrate to the high binding energy positions even at 100°K. The case

where the range .of binding energies is due to interactions between ad-

sorbed atoms is consistent with the above observations even if diffusion

is not possible.

i. H z

E. Adsorption of Gases

In our work H z appears to be unique in that it never forms a pure

state having a unique desorption energy. Rather, H z desorbs from a

continuous spectrum of states, beginning at low coverages with the states

of highest binding energy. When the surface is held at sufficiently high

temperatures, the lower energy binding states may be above their de-

sorption temperature, and hence unable to permanently bind gas. By

the reasoning of the last chapter, this implies that the saturation

coverage will vary with surface temperature.

Reasons for the apparent decrease in adsorption energy of H z

and other gases have long been discussed. Some investigators attribute

18,47
this decrease on polycrystalline tungsten to surface heterogeniety.

Others have attributed the decrease to the induced heterogeniety caused

48, 49
by the adsorbed particles on the surface. If this were the case,

the effect would be due to direct electronic overlap between the ad-

sorbed molecules, as longer range forces will not give a great enough

energy variation. In fact, the dipole-dipole interaction could account

for only a 4 kcal/mole decrease in the heat of adsorption on a surface
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50
covered with a monolayer of H z. As a surface begins to fill up with

adsorbed molecules, the adsorbate electronic orbitals begin to overlap.

The electronic energy states of the surface binding electron will be split,

both because of the overlapping of the wave function of the adsorbate atom

with the wave functions of the substrate and of the other adsorbed atoms.

This splitting creates a band of states corresponding to different binding

energies which gradually fills as the number of adsorbed atoms increases.

51
Temkin has proposed that the surface binding electrons form

a two dimensional electron gas. Acalculation equivalent to the three

dimensional calculation which yields the Fermi energy of a metal in the

Sommerfeld model gives for the Fermi energy of a surface gas,

where h

2
cm , and

h2n

Ef - , (47)
4_VI

is Plank's constant, n the number of adsorbed atoms per

M the electronic mass. This energy will represent the

maximum energy range of the surface electrons. For H z on W, it is

about 50% too large. It is not surprising that this approximation is

greatly in error, since the surface binding electrons can hardly be

considered to be completely free; moreover this model does not take

into account the nature of the surface at all.

Although the low magnitude and consistent range of binding

energies tend to make us compare the H z binding states with the

states of CO and Nz,

far to the. _ rather

the Auger cross section of H z is definitely simi-

than the 0_ cross section of CO and N z.
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It is interesting that, even though saturation coverage of Hz on

(110) W is only 1/3 as great as on the polycrystalline or (111) surface,

the range of desorption energies is the same. This would be the case if

intrinsic surface heterogeneity alone were responsible for the range of

desorption energies. To one performing a series of flash filament experi-

ments at higher and higher coverage, the downward movement of the flash

filament peak appears to be a shift in the desorption energy with coverage

as in eq. 7. This expression clearly cannot encompass all of the peaking

observed at the lower end of the flash filament desorption spectra.

It is more natural for one doing a desorption experiment at a

fixed temperature (as our Auger desorption experiments) to think in terms

of groups of states. This viewpoint is much more flexible and can account

for flash filament data as well as ecI. 7.

2. CO and Nz

The relations between the ¢_ and _ states of CO and N z is quite

intriguing. With the exception of the (ii0) surface, where N z does not

bond at room temperature, _ and

,- 400°K. For both N z and CO, the

states exist simultaneously below

state can form without any large

state being present. The 0t state of CO can also form with only a

small _ state present. This is shown in the case of CO adsorbed in 110,

where the a population is much larger than the _ population even at

room temperature. Thus the _ state of CO is not necessarily a second

adsorbed layer. None of our experiments at different heating rates
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indicated measurable conversion of 0t state molecules into _ state

molecules before desorption.

Figure 52a shows a model of the exterior layer of atoms of a

tungsten (111) surface. The lattice constant of body centered cubic

tungsten is 3. 16 _, the covalent radius of W is 1.37 _, and the triple

bond radius of Nis 0.55 _. Under this crude hard sphere approximation,

it can be seen that the Nz molecules can fit in "binding wells" on the (111)

surface at the rate of 1 molecule per surface tungsten atom. We would

expect a CO molecule to be about the same size as a Nz molecule. Our

experimental results were that 6.4x1014 CO molecules/cm 2 and 6. 6x1014

2
N z molecules/cm adsorb in the

tion at 300°K. There are 5.8x10

that, within a 10% error,

for CO and N z molecules.

state on the (111) surface at saturn-

14
W atoms/cm 2 on this surface, so

there is one B state per surface tungsten atom

This error of 10% is well within our previous

estimate of the error in measurements of absolute surface coverages

(Chapter V, Section D).

Figure 52b shows a mode[ of the exterior layer of atoms of a

tungsten (110) surface. The absence of a well developed B adsorption

layer may be attributed to the smooth nature of the (110) face. No bind-

ing sites comparable to those on the (111) face allow the adsorbed mole-

cules to fit "into" the surface.

As the surface is cooled, lower binding energy sites on the

(111) and (110) faces become available. These sites can bind 3 CO

molecules and 2 N z molecules per surface tungsten atom on the (111)
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,N atom

_/0 S W atom

SR-448

Figure 52a. Representation of the exterior layer of W atoms on the

(iii) surface including adsorbed N z molecules.

SR-447

Figure 52b. Representation of the exterior layer of W atoms on the

(110) surface including adsorbed N z molecules.
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face. This large population clearly militates against any model featur-

ing N z and CO molecules bound flat on the surface. The fact that the 6-

sorbed molecules inside the (iii) surface's binding wells (surrounded by

3 surface W atoms) are much more strongly bound than the 01-sorbed

molecules, is one other convincing argument that there are great

structural differences between the binding of the 0_ and _ states.

The Auger cross section for the _-sorbed species is much higher.

than for the 0t species. However, it would be oversimplifying to imply

that _ Auger cross sections should be higher than 0t merely because

the Auger electron sees a larger molecular cross section for a B-

sorbed molecule lying flat on the surface than an W-sorbed molecule

presenting its end view. Exact calculation of these cross sections could

be made only by knowing the wave functions of the binding electrons.

What is the reason for the 2 simple _ states observed on the

(iii) face? The 8 state of N z is apparently able to fill up to one mole,

cule per surface W atoms without overlapping other N z molecules to alter

the binding energy significantly. CO,

overlap after the surface is 2/3 filled.

molecules are bound with less energy.

however, begins to have non-zero

Thus, subsequently adsorbed

These molecules are the first to

be desorbed. It seems reasonable that such desorption should occur

with first order kinetics, as was observed with N z. Our measurement

of non-integral order kinetics of CO desorption from (111) tungsten are

rather difficult to accept. We would tend to attribute it immediately to

instrumental effects were we not in the same period making the



reasonable measurements of Nz desorptionkinetics. Obviously,

experimental work should be done to clarify this point.

128

further
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In summary, we have studied adsorption at room temperature and

at liquid nitrogen temperature by the flash filament and Auger techniques.

We have discussed the desorptionkinetics of Hz, CO, and N z from poly-

crystalline, {110), and (111) tungsten foils. H z is bound in the energy

range .7 to 1.8 eV on all these surfaces and desorbs with multiple state

kinetics. CO is bound in a _ state region on polycrystalline W which

actually consists of a large number of states with energies varying be-

tween Z.6 and 4.2 eV. From room temperature down to liquid nitrogen

temperature (77°K), CO also forms independently an 01 state desorbing

with multiple state kinetics, and having binding energies between approxi-

mately .7 and 1.Z eV. On (111) and (110) tungsten, an _ state with

about the same characteristics forms.

N z adsorbs on polycryst alline W in a set of many states in a

smaller energy region than CO. Most of the gas is held between 3.7

and 4.3 eV. As the W is cooled below room temperature, an 0/ state,

desorbing again with multiple state kinetics and energies up to .9 eV,

appears. A very similar 01 state of N z can bound on (iii) W. N z

desorbs from (111) tungsten with a unique activation energy of 3. 62 eV.

N z molecules can be adsorbed to a density of i molecule per surface

tungsten atom and are desorbed with first order kinetics and rate

constant.

12 -3.62 eV - 1

_(T) = 1.88 x 10 exp(. kT ) sec.
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CO adsorbs initially with a unique, slightly lower, binding energy; but

as the surface fills to its saturation value of i molecule per surface W

atom, the unique binding energy splits into a series of lower energy

multiple states.

(110) tungsten does not adsorb nitrogen until it is cooled to liquid

nitrogen temperatures when N z adsorbs in a state of unique binding energy

of . 61 eV. This state desorbs with first order kinetics. The _ state of

CO is always small on this face.

Our experimental technique, Auger desorption spectrometry,

gives promise of being useful in surface investigations. The present

apparatus is limited by vacuum conditions so that adsorption of background

gases interferes with studies made under conditions of low sticking co-

efficients. Beam stability could be improved by separating the ion source

from the main vacuum chamber. This would result in more accurate

determination of cross sections and kinetics. Probably the most effec-

tive way to improve the experiment would be to increase the frequency

response of the circuit measuring the collector current by installing an

electron multiplier within the vacuum chamber.

We felt that the power of this experimental method could best

be shown by surveying the binding of many gases on various surfaces.

Because we considered this work to be exploratory in nature, our results

are somewhat qualitative. More detailed experiments and analysis with

our present apparatus could still yield useful approximate binding state

density curves. Future work must rest on exact determination of Auger



cross sections as a function of surface coverage and on detailed

examination of the desorption rate curves.
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