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This thesis presents an experimental study of the
decomposition of ammonia on tungsten surfaces. The investi-

7 and 10—2

gations were made at ammonia pressures between 10"
torr, and at temperatures between 200 and 800°Kk by employing
thermal desorption mass spectrometry and field emission micro-
'scopy. The surface species formed during the interaction
were first isolated and the rate parameters for the formation
and desorption of these species were determined. The prop-
erties of the adlayer of these species were also studied.
Based on the rate parameters for the formation and desorption

of these species a satisfactory mechanism for the decomposi-

tion of ammonia on tungsten surfaces has been deduced.
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CHAPTER 1

INTRODUCTION

1.1 General.

The decomposition of ammonia on tungsten surfaces
has been studied for over forty years. It is generaliy
accepted that the decomposition is kinetically zero order
with respect to ammonia and that there exists a kinetic
hydrogen isotope effect, i.e. the decomposition rates of
ammonia and deutero-ammonia are different. However, no
satisfactory mechanism has yet been described to account
for these observations. In the earlier studies, due to
limitations of experimental technique, the surface processes
were inferred from the rates of disappeaiance and appear-
ance of reactants and products. The recent enormous im-
provement in experiméhtal techniques enables one to study
the reaction on well defined surfaces in ultra-high vacuum
and to study the surface_species directly.

In general, the overall mechanism of a reactiqn con=-
sists of several reaction steps; the first task of the study
is thus to separate the complex reaction into its components
and to investigate each individual step. The flash desorp-
tion technique makes this kind of study possible by investi-
gating the surface species formed under different reaction

conditions. This technique consists of following partial

1



pressure changes when the sample is heated at the end of an
adsorption period, and yields information concerning the
different binding states and the kinetics-of adsorption and
desorption. The propgrties of the species detected by the
flash desorption method can be further investigated by em—
ploying the field electron emission microscopy which enables

one to observe the surface directly and to follow rapid

changes in the adsorbed layer. The combination of these two

techniques thus offers a powerful tool for catalytic stud-
ies, and should lead to a thorough understanding of surface
reactions.

In this work, ammonia decomposition on tungsten
surfaces is studied by employing these two techniques.
Th}s is achieved by investigating the individual surface
species formed undexr widely different decomposition condi-

tions.

1.2 Current status of studies on the interaction of ammonia
with tungsten surfaces.

The first systematic study of ammonia decomposi-~

tion on tungsten surfaces was carried out by Hinshelwood

(1)

and Burke They showed that at temperatures between

900 to 1200°K the decomposition was zexro order with respect
to ammonia and that rate was not influenced by the decompo-
sition products. These results, subsequently confirmed by

(2-2)

many workers , have been interpreted as being due to



the saturation of the surface with ammohia.

on the other hand, Frankenburger and Hodlex (5)
showed that a rapid first step of the decbmposition was the
formation of a surface nitride which took place at tempera-
ture as low as 363°K and was followed by imide formation
at higher coverages with the concurrent adsorption of in-
creasing amounts of undecomposed ammonia

W, + 2NH, + W N, + 3H,

Wx + NH3 -)-WXNH + I-l2
At lower temperatures (363 to 523°K5 this nitride and imide
formation was the only step and decomposition ceased after
it was completed.

The observations of Jungers and Taylor (6) and also
of Barrer (7) made an important advance in the understanding
of this reaction. They showed the existence of a kinetic
isotope effect in the decomposition rates of ammonia and
deutero-ammonia at v 1000°K; NH, decomposed 1.6 times
‘faster than ND3. Sincelboth reactions.are zero order with
respect to ammonia and hydrogen, the difference in rate was
ascribed to the greater stability of the ND, molecule on
the surface. A difference in zero point energies of 900
cals between NH, and ND4 would account for the difference
in rates. Thus, the rate determining step was identified
as the breaking of an N-H (or N-D) bond and not the de-
sorption of nitrogen.

More recently, Tamaru(a) has



measured the rate of decomposition between 548 and 873°K.
Below 723°K, no nitrogen desorption was observed and the
surface was covered with about a monolayer of nitrogen
plus some hydrogen. For temperatures above 773°K, nitrogen
was produced in the ambient. In addition, practically no
hydrogen containing species was inferred to be present on
the surface at 873°K, which would invalidate the inter-
pretation of the zero order kinetics at higher temperatures
as‘being due to the saturated adsorption of NH3 or NH. The
rate of decomposition at 823 and 873°K was claimed to equal
the rate of nitrogen desorption at the same temperature and
coverage of nitrogen. This led Tamaru to conclude that the
decomposition was a consecutive reaction of nitride fox-
mation and nitrogen desorption and that nitrogen desorption
was the rate limiting step. In order to account for the
isotope effect, it was suggested that extent of nitriding,
and therefore the rate of desorption, differed for NH, and ND,.
In even more recent work, instead of deducing the
surface processes from the rate of disappearance and appear-
ance of reactants and products, emphasis has been on trying
to identify the adsorbed species directly using well defined
surfaces and different techniques such as field electron

emission microscopy low energy electron diffraction

(LEED) (10,11) _,4 flash desorption spectrometry (12)
In the field emission study of ammonia decomposition

on tungsten, Dawson and Hansen (9) found that ammonia



adsorption at 200°Kk produced an immobile deposit which de-
composed over the temperature interval 200-400°K to leave
2NI
This decomposition sequence, implying B-nitrogen desorption

a B-nitrogen adlayer which has a surface stoichiometry, W

rate limiting, was unacceptable since the desorption rate

is too slow (13). New surface species which were tenta-

+
2NNH3 and WZNNH2

were observed when ammonia interaction took place at higher

tively assigned stoichiometries such as W
temperatures, 500°K for example. The observed variation in
work function with temperature was taken to indicate that
the species WZNNHZ’ which gave rise to a high work function,
decompésed at temperature n 900°K, i.e. in the range of the
effective catalysis of the ammonia decomposition by tungsten.
This led them to conclude that the rate limiting step in

the overall decomposition mechanism was the decomposition

of this surface species

W, NNH

QNNH, + 2W + N,(g) + H,(g)

The decomposition of ammonia on a single~crystal

tungsten {100} plane has recently been studied at pressures

7 torr with a combination of techniques, LEED and

(10)

below 10~
flash desorption spectrometry, by Estrup and Anderson
They observed that the adsorption of ammonia at 300°K was

nondissociative and that raising the temperature to ~ 800°K
after saturation resulted in dissociation of ammonia and de-

sorption of hydrogen, leaving behind half a monolayer of

]



NHz in a C(2x2) structure (an adsorbed overlayer with double
the spacing of the substrate and a centering adatom). This
structure could be destrdyed rapidly at v 1375°K with de-
sorption of nitrogen and hydrogen. In addition, repeated
ammonia adsorption at 300°K with intermittent heating to

800°K or ammonia interaction at 800°K caused NH, surface

2
concentration to increase to Vv one monolayer. During this
process a.change from a C(2x2) toa (1xl) struépure (one
nitrogen atom per surface tungsten atom) was obsexved.

This completed NH2 adlayer decomposed at temperatures high-
er than 1100°K and gave rise to the desorption of hydrogen
and nitrogen. Similar experiments have been carried out on

the W{211l} plane by May et al. (11)

and the same conclusions
were drawn; the decomposition of NH2 surface species was the
rate limiting step. However, since both experiments were
carried out in a continuous NH3 ambient, these results have
been questioned and criticized (14).

More recently, in a flash desorption stﬁay of ammonia

(12) showed

decomposition on tungsten, Matsushita and Hansen
that repeatéd ammonia adsorption at 300°K with intermittent
heating to 870°K caused an increase in nitrogen surface con-
centration and a new surface species designated as x-nitrogen
was observed. The desorption of x~nitrogen commenced at

~ 870°K with a peak maximum at ~ 1100°k. It was also shown
‘that some of the field emission characteristics of the: spe-

(9)

cies obtained by ammonia adsorption could be reproduced



by adsorption of activated nitrogen gas alone (15).

Thus ?
it was claimed that the species observed in the field
emission experiment (9{ W,NNH,, and that observed in the

LEED study (10)

’ WNHZ, were in fact the x-nitrogen. Based .
on the agreement between the average rate of x-nitrogen
desorption measured and rates of ammonia decomposition, they
concluded that the desorption of x-nitrogen was the rate
limiting step in the decomposition of ammonia on tungsten
surfaces.

Though the interpretation of Matsushita and Hansen
appears straight-forward, it is not apparent how the isotope
effect can be explained byaassumingNz-desorption to be rate
limiting. A satisfactory mechanism should be able to ex-
plain the zero order reaction and the hydrogen isotope effect.
All these studies have thus led to conflicting opinions as
to the rate determining step in the decomposition of ammonia
on tungsten surfaces. Though recent studies were carried
out on well defined surfaces in a ultra-high vacuum system,

the proposed mechanisms are no more satisfactory than those

obtained in earlier studies.

1.3 Scope of the present work.
The kinetics and mechanism of the decomposition of

ammonia on tungsten surfaces has been deduced from a study

of the interaction of ammonia gas, at pressures between 10"7

2

and 10~ “ torr, with tungsten surfaces at temperatures between

(12)

|



200 and 800°K. The study of this interaction under such a
large range of conditions is necessary since the species
formed at high temperature, which is important for the de-
composition process, may not be formed at low temperature
and vice versa. The species formed during the interaction
were first isolated by choosing the suitable interaction
conditions and the rate parameters for the formation and
desorption of these species were determined individually,
either directly or indirectly. The properties of the ad-
layer of these species were also studied. Based on the rate
parameters for the formation and desorption of these spe-
cies a satisfactory mechanism for the decomposition of

ammonia on tungsten surfaces has been deduced.



CHAPTER 2
FLASH DESORPTION SPECTROMETRY AND

FIELD ELECTRON EMISSION MICROSCOPY

2.1 Ultra-high vacuum.

The applicability of modern techniques such as flash
desorption spectrometry and field electron emission micros-
copy in the study of the surface processes is based on the
ability to establish and maintain pressures in the ultra-
high vacuum range, namely below ZI.O_9 torr. In these methods,
a sample with a small surface area is generally used, thus
even a small amount of contaminant in the system can markedly
alter the adsorption characteristics of the sample under
study.

It can be shown from the kinetic theory that at a
pressure of 10-6 torr, it takes only one second to have the
sample surface covered with one monolayer of contaminant, if
the sticking probability is unity. Thus under this condi-
tion the experiment must be completed in a matter of one
milli-second to ensure a meaningful result. On the other
hand, if the pressure is at 10'"10 torr, clean surfaces
can be maintained for a period of several hours. The
necessity of ultra-high vacuum conditions for the study of

adsorption phenomena is therefore obvious.

Generally, a pressure in ultra-high vacuum range

9
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can be easily obtained by high temperature bake-out during

the pumping to reduce the desorption of gases from the walls
at room temperature or by immersing the entire apparatus in
liquid hydrogen or helium, -thus reducing the vapor pressures

of all gases except hydrogen and helium to values v 10-13 torr.

2.2 Flash desorption spectrometry.

Flash desorption spectrometry has been widely applied
for obtaining information about the kinetics of adsorption
and desorption. This method consists of following partial
pressure changes, when the sample is heated at the end of an
adsorption period. If the temperature-time relationship for
the sample heating is known, the pressure versus time curve,
i.e. desorption spectrum, can be analyzed to obtain infor-
mation about the number of the various binding states, the
population of the individual binding states, and the oxder

and the rate constant of the desorption process.

2.2.1 Single binding state with constant activation enerxgy.
In order to simplify the analysis of the desorption

spectra, the heating of the sample is generally achieved by

employing either a linear, slow heating (16) or a hyperbolic,

fast heating rate (17).

Whereas the former produces high-
ly resolved desorption spectra, the latter produces a uni-
form sample temperature. In this work, since high resolu-
tion is required to avoid the overlap between surface pro-

cesses and gas phase processes, a linear, slow heating rate
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has been employed extensively.

Oon heating the sample, the rate at which the number
of molecules in the gas phase changes depends on the course
of the desorption, the temperature-time relation and the
rate of removal of gases from the system by pumping, if the
desorption of gases from the walls and readsorption on the
_sample are negligible. The rate of change of the number of

molecules in the gas phase in desorption is therefore given

by
daN dn S .
ac -~ AgE ~ v N (1)

where N is the number of molecules in the gas phase, -A%%
the number of molecules released from the sample with area
A per second, S the pumping speed, and V the volume of the

system. Alternatively equation (1) can be written as

(2)

where T = V/S is a characteristic pumping time. At one
extreme of negligible pumping, 1+~, the desorption rate is
proportional to the first derivative of the number of mole-
cules in the gas phase versus time.' For the other extreme
of high pumping speed, T+0, the desorption rate becomes pro-
portional to the number of molecules in the gas phase, hence
to the pressure of the system. Under this condition, the
pressure versus time curve can therefore be used directly

as a desorption rate curve for the evaluation of kinetic
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parameters.
The rate of desorption from unit surface area can

be represented by an Arrhenius equation,

E*
G = V< ¥P (-5 ) +n (3)

where Vo is the frequency factor, n the surface coverage

in molecules cmfz,-x the order of the desorption process,

and E*

the activation energy for desorption. During de-
sorption with a linear heating rate b, i.e. T = T, + bt,

equation (3) can be written as

¥
dn _ : E b
"&'E"’xe"p["RTo+bt 1= (4)

$
If Vg and E

n, the temperature, Tm' at which the rate of désorption is

are independent of surface coverage,

a maximum can be determined. Taking the derivative of equa-

2
tion (4) with respect to t, and setting Q_% = 0, one obtains
: dt
# v +
E'_ M _ _E _
—..RT2 = 5 exp ( -—-—-RTm ) for x =1 (5)
m
* 2n_v %
E2 = g 2 exp ( - i%— ) for x = 2 (6)
RTm m

where n, is the surface coverage at T = Tm' Since for a

second order reaction n, is approximately equal to one-half

(16)

of the initial surface coverage n, ¢+ equation (6) can be



written as

- n_v %
E' _ "o0'2 . _E _
;;5 = 5 exp ( R ) for x = 2 (7)
n m

From equations (5) arnd (7), it ‘is seen that for a
first order rate process T is independent of initial sur-
.face coverage, whereas for a second order rate process Tm
depends on the coverage. Thus, the order of the desorption
process can be determined from the behaviour of the maximum
in the desorption spectrum with coverage. The activation
energy for desorption, E*, can be détermined from the vari-
ation of T with heating rate, b. After expressing T;/b of
equation (5) and (7) in terms of the remaining parameters,
and taking the derivative of 2n(T$/b) with respect to l/Tm,
one obta;ns for a first order desorption process, or a

second order process with constant initial coverage,

a R.n('l‘;:'l/b) g &
a(/T,) =

The activation energy, E*, can therefore be determined from

the slope of a plot of zn(Ti/b) versus l/Tm. The frequency

$

factor, v, can be found by substituting E° into equation

(5) or (7).

2.2.2. Single binding state with activation energy depend-
ent on coverage.

The analysis of desorption spectra described in the
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previous section is based on the assumption that E* and v

are both independent of surface coverage. In many cases,
however, a variation of E* with coverage has been observed.
For such cases, equation (3) which describes the rate of

desorption has to be replaced by

3

where 0 is the surface coverage, expressed as a fraction of
ona mwonolayer.

The dependence of E* upon 6 varies from system to
system; however, for many cases a linear dependence is a
good approximation. If one assumes E* = Ez - a0, where Ez
is the activation energy of desorption at zero coverage,
equation (9) becomes

(Ez;ae)
= v, exp |- =T °n (10)

Applying the same procedure as used in previous
"section, we have derived the following expression for the

peak maximum temperature, Tm’

2 & ¥ '
T E'-ab ET-a6 a8 )
m (] m (=] m x=-1 m
an | —}= —5—— + n - n |N —_— + X
( b RTm va m RTm

(11)

where em is the surface coverage at T = Tm' Thus, assuming
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9, is independent of T which should be satisfactory for

fixed initial coverage, one finds that,

aen(r_2/b) E:—a.e o T Rx —1
aa/ry - - R |\T, Y aeg (12)

If the last term can be neglected, Ei-aem can be obtained
directly from the plot of ln(T;/b) versus l/Tm, and the
value obtained will then correspond to the activation energy

of desorption at e=em, which is approximately equal to half
e

of the initial surface coverage. Since Eo-aem is a function

of em, hence the initial surface coverage, E:

and o can be
determined from the values of Eﬁ—aem at two different initial
surface coverages.

Furthermore, it is seen from equation (11) that re-
gardless of whether the desorption process follows first
order or second order kinetics, the maximum in the desorption
rate curve will vary with coverage, and Tm will decrease
with increasing coverage. The observation of the shift of
T with coverage thus indicates that the desorption may be
second order with constant activation energy, as noted in
previous section, or first order with an activation energy
dependent on coverage. These two cases, however, can be
distinguished by plotting log (noTi) against l/Tm, since
only the second order desorption process with constant

activation energy will yield a straight line (see equation

(7)) .
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2.2.3 Multiple binding states.

When multiple binding states are present on the sur-
face, the analysis of desorption spectra may become very
complicated. In the case where each binding state has wide-
ly different kinetic parameters from the others, the de-
sorption spectrum will consist of well resolved peaks.

Since each peak corresponds to an individual binding state,
the method described in previous section can be applied to
each peak independently for the determination of kinetic
parameters. ’

If the kinetic parameters are similar for each bind-
ing state, overlap between the desorption peaks will occur
extensively so that these peak maximum temperatures will
no longer correspond to the temperatures at which the rate
of desorption of individual binding state is a maximum. The
desorption spectrum in thié case merely reflect the sum of

the desorption rates of individual binding states, which is

E
Ei x
rate = I vy exp (- ") ° 0; (13)
i

The analysis of the desorption spectra according to equation

(13) can be achieved only by computer fitting.

2.3 Field electron emission microscopy.
Flash desorption is one of the most fruitful tech-

. niques for obtaining information about the existence of
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different binding states and the kinetics of adsorption and
desorption. However, the adsorbed layer has to be destroy-
ed in generating this information and therefore the proper-
ties and the structure of the adsorbed layer cannot be ob-
tained by this technique.

There are many techniques which yield information
about this adsorbed layer by direct observation. Among
them field electron emission microscopy is one of the most
useful techniques; it enables one to "see" the surface and

to follow rapid changeé in the adsorbed layer.

2.3.1 Field electron emission from metals.

Field electron emission, also known as cold emis~-
sion, is defined as the emission of electrons from the sur-
face under the influence of a high electrostatic field.

In the absgnce of an external field, electrons in
the metal are confronted by a large, infinitely thick po-
tential barrier, as shown in Figure 1A, line a, and escape
is possible only over the barrier. The presence of a field
at the surface, however, modifies the barrier, as shown in
Figuré,lA, line b, and electroﬁs approaching the surface
are confronted by a potential barrier of finite width. If
the barrier is sufficiently low and thin, unexcited elec-
trons can escape from the surface by tunneling through the
barrier. Based on the uncertainty principle, tunneling

will be expected to occur if the momentum uncertainty Ap
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corresponds to the barrier height ¢,ApN(2m¢)l/2 and the
uncertainty in position Ax corresponds to the barrier width
¢/Fe. The applied field strength F necessary to produce
field emission must therefore be of the order of (2m¢3)1/2/he,
where h = h/27, h is Plancks constant and m the mass of the
electron. For a clean tungsten surface for which ¢v4.5ev,
the required value of F is ~ SXlO7v/cm.

owing to the image potential which arises from the
attraction of the electron to its positive image in the sur-
face, the abrupt potential step, as shown in Figure 1A, in
fact can not be expected at the surface. A more realistic
model of the potential barrier thus includes the image po-
tential -e2/4x for an electron distant x from a metal sur-
face. The effect of this potential is to reduce the effect-
jive barrier area as shown in Figure 1B. This may be thought
of as an increase in field or a decrease in work function.

For a specific model of the emission process, where
electrons are assumed to tunnel out of a metal through the
potential barrier shown in Figure 1B, namely a potential
barrier formed by superimposing a high field on an image
potential, a relationship which gives the dependence of the
emission current I upon appiied field F and work function ¢

g (18)

has been derive This relationship, known as Fowlexr-

Nordheim equation with image correction, reads

1/2
I = 6.2x10"6. Sule) ", 2. exp (-6.8%1076/% &) (14)

a? (¢+n)
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where o is the image correction term and is a function of F
and ¢, and u is the Fermi energy. In spite of the simplicity
of the model, equation (14) has been found to satisfactorily

describe field emission from clean metals.

2.3.2 Work function of the clean surface.

The work function ¢, which is the energy difference
between Fermi level and the potential energy of the electrons
in the vacuum, includes in addition to the inner work func-
tion, i.e. the intrinsic partial free energy of "solution"
of electrons in the metal, a contribution due to the electro-
static double layer present at the surface, which is also
known as the outer work function. While the inner work
function is a function only of the internal state of the
metal, the outer work function depends on the condition of
its surface and on the external conditions and is responsible
for the crystallographic anisotropy in work function.

The surface double layer at the clean surface arises
from the fact that the electron charge density does not ter-
minate abruptly at the surface, instead, decays gradually (19).
This spill-over of electrons gives rise to a double layer
with negative end outward on closely packed planes and posi-
tive end outward on loosely packed planes. Very closely
packed planes will therefore have high work functions and

loosely packed planes low work functions (20).

2.3.3 Field electron emission microscope.

The field emission microscope is an important
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application of cold emission. A schematic diagram of the
microscope is shown in Figure 2. The microscope consists of
a point emitter and a spherical anode which is usually in
the form of a fluorescent screen. The field F at the surface

of a free sphere of radius r and potential V is
F =Vv/xr (15a)

At the surface of an actual tip the field is reduced from
this value by the presence of the emitter shank, but is

given to a very good approximation by

F = V/kr (15b)

where k ~ 5 near the apex and increases with polar angle (18).

7 volts cm—l, can be

Thus, the fields necessary, i.e. 3-7x10
obtained with voltages of the order of 3-7 kV for emitters
of 2000 g radius.

The electrons tunneling through the barrier are
accelerated towards the fluorescent screen along the lines
of force, and produce there a greatly magnified image of the
emitter as shown in Figure 3. However, since the emitter shank
not only decreases the field near the apex but also compresses
the lines of force, the magnification is given by d/cr, in-
gtead of d/r, where r is the emitter radius, d the emitter-

to-screen distance, and ¢ v 1.5 the compression factor. The
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Fig. 2. Schematic diagram of field emission
microscope.
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Fig. 3. Schematic diagram of electron trajectories
) in a field emission tube, showing mechanism
of image formation.
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resultant deformation of the image is aiially symmetric and
almost uniform over the visible portion of the emitter, so
that almost uniform magnifications of the order of 105-106
can be obtained. The resolution of the microscope is limit-
ed to 20 g by the transverse momenta of the electrons leav-
ing the emitter surface.

The emitter, because of its small size compared with
the wire grains, is generally part of a single crystal, and
its surface is made up of a variety of crystal planes. Since
the work function depends on orientation, the emission pat-
tern shows an emission anisotropy. According to the symmetry
of the patterns and angular separations of the various planes,
crystalldgraphic indices can be assigned unambiguously. The
typical emission pattern from clean tungsten emitter is shown
in Figure 4 where the dark area corresponds to crystal planes

with higher work functionmns.

2.3.4 Work function change and its measurement.

When a molecule or an atom is adsorbed on a surface,
charge redistribution occurs. A dipole moment is therefore
associated with each adsorbed molecule or atom, and the sur-
face double layer, such as that présent on a clean surface,
will arise from the adsorbed layer. If the dipole moment
n of a single adsorbed molecule or atom varies negligibly
with coverage, this adsorbed layer will contribute a texrm

A¢ to the work function, A¢ = 2nuNse, where Ns is the
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Field emission pattern of clean tungsten

Fig. 4.
indexed crystallographically.

Fig. 5. Schematic diagram indicating lens effect
of conducting humps on a tip surface.
1.f., lines of force; eq, equipotentials.
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maximum number of adsorption sites per unit area and 6 the
fraction of sites which are filled. Molecules and atoms,
which produce dipoles with their negative end outward on
adsorption, will therefore raise the work function and vice
versa.

Based on Fowler-Nordheim equation (14), the field
_emission microscope can be used for measuring the work func-
tion of a clean metal, provided that the emitter radius and
the constant k in equation (15b) are known. In the study of
adsorption and surface reaction, however, instead of the
absolute value of work function, the work function changes,
Ad, are usuall& sufficient. The emitter radius therefore
does not have to be evaluated explicitly.

Since the field F is related to the applied voltage
v and the radius r >f the emitter by equation (15b), the
Fowler-Nordheim equation can be abbreviated in.the form

I = sz exp (-B¢3/2/v) (16)

where the pre-exponential term A is a function of emitter
configuration, work function and of the emitting area, and
B = 0.688,8 being the voltage/field proportionality factor.
Provided the work function ¢ and the terms A and B
are insensitive to changes in the applied field, the slope

of the Fowler-Nordheim plot, Zn(I/Vz) against 1/V, is given
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by

a n(I1/v?)
/vy

= - Bp3/2 (17)
The change in the slope on adsorptibn thus can be used for
evaluating the value of A¢, the work function change; In
order to follow the work function change on adsorption the
current-voltage relation must therefore be determined.

Though the Fowler-Nordheim equation is based on a
simple one dimensional image potential and does not account
for the presence of discrete atoms on the surface, the appli-
cation of this equation for the determination of A on ad-
sorption does not give rise to serious errors, if the work
function changes are derived from the field dependence of the
emission current and not from its absolute value (21). For
2 reliable measurement, however, it is essential that the
applied field is not too high so that the thickness of the
barrier still exceeds a few atomic diameéers.

Furthermore, the work function determined from the
current - voltage relation of the emitter is in fact an average
quantity, since the emitter is made up of variety of crystal
planes with different worklfunctions. The emission current
measured is the suﬁ of the currents from individual crystal
Planes. If each plane is denoted by the subscript i, the
total emission I is represented by

I =3I, = V2
i

i = ViIa; exp (=334, Y% /v) (18)



27

where Ii is the current emitted by the i plane.
If the terns Bi are the same for all planes, the slope
S of the Fowler-Nordheim plot would correspond to
3/2
B §Ii¢

S = - —% (19)
ZI;

1

Since Ii depends exponentially on -¢3/2, the slope is heavily
weighted in favor of the low work function planes. Thus
only the planes of lowest work function will contribute sig-
nificantly to the average work function.

On adsorption, if the work function is raised, i.e.
emission is lowered, the planes on which adsorption occurs
will therefore not contribute to the work function measure-
ment and would gradually become invisible as adsorption pro-
ceeds. On the other hand, if adsorption lowers the work
function, the planes on which adsorption occurs will domi-
nate in work function measurement and could become the only
visible area in the emission patterns.

Emission anisotropies arise not only from work func-
tion differences but also from local variations in field.
These occur whenever the local curvature differs from that
of the main emitter. Thus, surface overgrowths and hump
formation cause not only a local field enhancement and in-
creased emission but also a higher local magnification as
shown in Figure 5. All these complicate the interpretation

of observed emission patterns and work function changes; a

fu
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knowledge about the changes in the pre-exponential term, A,

is often found necessary for a correct interpretation of the

results.



CHAPTER 3
EXPERIMENTAL METHODS

3.1 Materials.
| The tungsten used in this work was supplied by

Philips Elmet Corporation. The cleaning of the tungsten
filaments used in flash deso>rption studies was achieved by
heating at 2500°K for several hours in an oxygen atmosphere
at a pressure of 10~¢ torr, and by further heating at 3000°K
under ultra-high-vacuum conditions for a prolonged period.

The anhydrous ammonia, hydrogén, deuterium and car-
bon monoxide were obtained from the Matheson Company. In
the flash desorption experiments which were carried out be-
fore the field emission experiments, ammonia specified with
99,99% purity was further purified by vacuum distillation
between cold fingers maintained at 195° and 77°K with an
ultimate pressure of 5><10-4 torr. In preliminary field emis-—
sion experiments, however, it was found that after purifed
ammonla was introduced into the system, a clean emission pat-
tern could not be obtained even by flashing the tip to 2500°K.
A trace of impurities which was not detected by the mass spec-
trometer in flash desorption experiments was therefore pre-
sent in the ammonia purified in this manner. To obtain
ammonia with higher purity, the purification was carried out
on an ultra-high vacuum line which also incorporated a nickel
getter to trap impurities. The purified ammonia for use in

field emission experiments was collected in a Pyrex flask

29
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with a break-seal. Hydrogen and deuterium were also puri-
fied before use by diffusion through palladium, the deu-
terium was specified as 99.5% isotopic purity. Carbon mono-
xide with 99.9% purity was supplied in a Pyrex flask with a
break-seal and was used without further purification.
Nitrogen 28N2 was obtained from the Air Reduction
Company and nitrogen 3ON2, with a specified isotopic purity
of 99%, from the Isomet Corporation. Both isotopes were
supplied in Pyrex flasks with break-seals and were stored

over Ni-getters to remove possible traces of CO impurity.

3.2 Flash desorption experiments.
3.2.1 Decomposition of ammonia.
Apparatus

The ultra~-high vacuum system, shown in Figure 6,
was mounted on a vertical sheet of Marinite so that it was
possible to bake out the sytem during the pump down period.
The purpose of this bake-out procedure is to drive off the
gases adsorbed strongly on the walls and to obtain a much
lower ultimate pressure at room temperature.

The reaction vessel R, a 300ml Pyrex flask, was
connected to the quadrupole mass spectrometer M through a
large diameter (40 mm) tubing with a regular curvaturé to
ensure a high conductance path for desorbed gases. To avoid
exposure of the mass spectrometer to gas at high pressure

during dosing, it was separated from the reaction vessel by
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a one-inch metal valve Vl. The system was evacuated through
one-inch valve V, by 'a 20%/sec Ultek pDifferential Ion pump.
Purified ammonia, nitrogen and hydrogen could be introduced
from storage bulbs via half-inch metal valve V3.

The sample filament F was a 12 cm long piece of 10
mil tungsten wire, on which two 3 mil tungsten sensing leads
were spot welded. The filament temperature was controlled

(22). The resistance, and hence

using a Kelvin double-bridge
the -temperature, of the centre section of the filament was
determined by measuriné the potential drop across the sen-
sing leads for a known current.

Thevpressure of the system was measured using ioni-
zation gauge G1 or Gz. The quadrupole mass spectrometer was
an Ultek/EAI Quad 150, modified to permit variation of the
electron accelerating voltage; the ionizer was operated at
60 eV and 50 pA emission cﬁrrent. All the gauges and the mass
spectrometer were provided with low work function filaments,
to reduce the decomposition of ammonia on hot gauge filaments
to a minimum. The recording system was able to monitor the
desorption spectra of three different mass to charge ratios
simultanously. Thermal desorption spectra were obtained
using a linear slow heating rate, which was obtained by using
a motorized potentiometer as the comparison resistor in a

Kdﬁn@@h%ﬁ@e&muauemMmldmuh
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Procedure.

After the system was pumped down to % 10”3 torr, it

was isolated from mechanical pump and the ion pump was start—-
ed. Generally, it would take several hours before a pressure
of NSXl0_7 torr was reached and the bake-out process could be
started. 1In the initial stage of the bake-out, the oven tem-
perature was raised slowly so that the pressure of the system
did not exceed 5><10-'4l torr, a value which would trigger the
automatic shut-off of the ion pump. After maintaining the
system at 400°C for about 10 hours with intermittent out-
gasing of the gauges, the oven was turned off. A pressure
less than 10-9 torr was obtained after the system cooled

down to room temperature.

The introduction of ammonia into the reaction vessel
was achieved by expansion from a small volume at 40-torr
pressure. The reactant pressure was only measured in check
experiments using ionization gauge Gl (or a Millitorr gauge)
to avoid the decomposition of ammonia on hot gauge filaments.
Possible carbon monoxide contamination of the sample surface
was checked by monitoring the mass 12 ion current and found
to be negligible even after an exposure of 6 torr-sec.

Handling ammonia in an ultra-high vacuum apparatus
is exceedingly difficult as a result of the strong adsorption
of this gas by the walls of the system and the subsequent

slow desorption. Adsorption by the walls of the system makes
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it impossible to quickly adjust the pressure in the system
to a constant low value, and the subsequent slow desorption
makes reattainment of ultra-high vacuum a problem. Experi-
ments performed in a continuous ammonia atmosphere have been
reported (10,11) and criticized (14), because it is impossi-
ble to control the adsorption conditions, and also during
thermal desorption pressure peaks can arise by decomposition
of gaseous ammonia on the sample. To overcome these diffi-
culties the following four methods have been employed in
these experiments.
Method 1.

After dosing the sample with ammonia, the reaction
cell was cooled to 77°K by surrounding it with liquid nitro-
gen contained in Dewar flask D. The saturation vapour pres-

sure of ammonia at 77°K is of the order 10-11

torr so this
technique adequately prevents interaction of gaseous ammonia
with the sample during thermal desorption. This method was
always used when flash cleaning the sample filament between
experiments. Some of the consequences of this method are
illustrated in Figure 7. Curve (a) shows the thermal de-
sorption spectrum obtained with the reaction vessel at room
temperature, after hydrogen had been adsorbed for 5 minutes
at a pressure of Satlo-8 torr. Curve (b) shows the same spec-
trum obtained with the reaction vessel cooled to 77°K. The

differences caused by the increased residence time for hydro-

gen molecules on the cold glass wall are so small that

3
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Method I should be qualitatively quite adequate for mass 2
desorption spectra. The mass 14 spectra, (c), (d) and (e)
were all obtained from ammonia adsorbed at 700°K for 10
minutes at a pressure of 5><1.0"8 torr. For spectrum (c) the
reaction vessel was at 300°K and consequently interaction of
ammonia gas with the sample occurred during thermal desorp-
tion, However, cooling the reaction cell to 77°K (Method I)
to eliminate this problem produced spectrum (d) showing that
the residence time of the nitrogen on the cold glass walls

is very long on the tiﬁe scale of the experiment and Method I

is useless for nitrogen desorption spectra.

Metﬁod II.

If, after adsorption is complete and before cooling
the reaction cell to 77°K,the reaction cell is filled with
ammonia to a pressure of 0.1 torr, a nitrogen desorption
gpectrum can be observed, Figure 7(e). Apparently an ammonia
layer on the cell wall of average thickness 25 g causes a
large decrease in the residence time of nitrogen molecules
on the glass wall, The appearance of desorbed nitrogen in
the mass speétrometer is sligﬁtly delayed but certainly
Method II can be used to obtain gualitative nitrogen desorp-
tien spectfa without the complications caused by decomposi-

tion of gaseous ammonia on the filament during the flash.

Method III.

After dosing, the gas phase ammonia pressure is
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reduced to about 5x10~7

torr by condensing in trap T at 77°k
for 30 minutes and pumping. During thermal desorption the
cell is at room temperature, thus no correction is required
for delayed pressure bursts and the spectrum can be inter-
preted kinetically. However, decomposition of the gas phase
ammonia on the filament becomes appreciable above 1000°k

and the desorption spectra must be corrected for this effect.
This has been achieved by immediately repeating the experi-

ment for a 300°K adsorption under the same conditions and

preflashing to 800°K (Figure 16).

Method 1IV.

An alternative method is to pump out the reaction
vessel and then cool it to 77°K, remove the liquid nitrogen
coolant and allow the reaction vessel to warm for 20 seconds
before commencing the thermal desorption. The wall tempera-
ture is adequate to reduce the residence time of nitrogen
but not high enough to permit appreciable ammonia desorption
from the reaction vessel wall (Figure 23 and 24).

In the experiment where the state of desorbing hy-
drogen was investigated the set-up shown in Figure 6 was
rearranged so that a line of sight existed between the sample
filament and the mass spectrometer (Figure 8). The recording
system was also modified so that mass 1 and mass 2 could be
monitored simultaneously but with different sensitivities.

In this experiment a 10 times higher sensitivity was used

for mass 1 than that used for mass 2.
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tween the sample filament F and the mass spectro-
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3.2.2 Activated nitrogen adsorption.

Agparatus.

The ultra-high vacuum system shown in Figure 9
differs from that used in ammonia decomposition experi-
ments only by having the reaction vessel R and the mass
spectrometer M as close as possible. This arrangement en-
abled one to follow the instantaneous pressure change of the
system either by using mass spectrometer M or ionization
gauge Gy which was directly connected to the reaction vessel
through short tubing of large diameter. The ability to
measure instantanous pressure changes was necessary since
the overlap between multiple binding states was extensive.
Even with very slow heating rates the desorption spectra
were not resolved and a fast heating rate had to be used
to determine the kinetic parameters. Whereas the slow
linear heating rate was obtained using the Kelvin double-
bridge, fast heating rates were obtained using a constant-
current power supply. In addition to an x-y recorder, an
oscilloscope was also used for recording the fast desorp-
tion spectra. The operating conditions of the mass spectro-
meter were identical to those employed in the previous ex-
periments. The activated nitrogen was obtained by electron
bombardment of gas phasé nitrogen molecules using ionization

gauge Gl.



40

*uoriydrospe
usH0XJTU POIBATIOR JO SOTPN3IS 9Y3 IOF pasn we3sks wnnowva YHTY-vIITA °*6 *bTa.

N\/

_—

\V

v

|
MMM

|
VWVVY




41

Procedure.
The system was pumped down to a pressure less than

107°

torr in the usual manner. After flash-cleaning the
sample filament, it was held at n2000°K where no adsorption
could occur. The ionization gauge controller was adjusted to
give an emission current of 5 mA in gauge Gl for bombard-
ment and activation of gas phase nitrogen and operated at a
grid voltage of 160V. Nitrogen was introduced slowly through
_ valve V3 into reaction vessel R until the pressure reached a

steady value of 2x10"°

torr with valve Vi opened slightly.
The sample filament was then cooled to allow the adsorption
to take place. No biasing potential was applied to the
sample filament during adsorption which was always at 300°k.
After adsorption, the nitrogen gas flow was stopped, the
system was pumped down and the sample filament was flashed
at the desired heating rate.

Carbon monoxide contamination, always a possible
complication, was checked by monitoring the mass 12 ion cur-
rent and found to be negligible even afﬁer an exposure of

140 torr-sec.

3.3 Field emission experiments.

Apparatus.
The attainment and maintenance of a pressure less
than 10-9 torr in a field emission microscope is generally

achieved by immersing the entire sealed-off microscope in a

liquid hydrogen or helium cryostat. 1In this case, dosing of



42

the field emitter with gas is usually achieved by evaporating
the gas from a small cold finger. Though this method is
simple and straight-forward, it is not possible to dose the
emitter under high pressure and obtain either reproducible

or measured doses. In the study of the interaction of ammonia
with tungsten, better controlled dosing conditions are re-
quired, especially in the pressure range between 10—4 and

ZI.O-?7 torr. It is essential to be able to reproduce the dosing
conditions used in the flash desorption experiments. In
addition, a short recycling time for the system to warm up
from liquid helium temperature to room témperature is also
required.

A set-up which satisfies these requirements is shown
in Figure 10, which consists of the microscope A, a liquid
helium cold finger B and pumping system C. The microscope
was constructed from a 200 mf Pyrex flask. The inside walls
of the flask was coated with a conductive Sno2 layer which
was produced by passing a mixture of Snc14 vapour and dry
air into the flask heated at 400°c. oOn top of this Snoz
layer a phophor screen was deposited on one half of the flask

using phosphoric acid as a binder (18).

The high voltage
lead £ was connected to this conductive layer with a spring
connection. The emitter assembly e was made up of a tungs-
ten loop with the field emitter and sensing leads spot welded

(o]
to it. An emitter with a diameter less than 1000 A was
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to pressure
gauge, j 4
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Fig. 10. Ultra-high vacuum system used for field emission
studies of ammonia decomposition.
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produced by etching in 1N KOH solution a pre-etchedvs-mil
tungsten wire which had been spot welded to a 19-mil tung-
sten loop. On the centre portion of the loop two 3-mil
tungsten sensing leads were also spot welded for emitter
temperature measurement and control. The cold finger B
which served as a liquid helium bewar was designed for
trapping gas molecules desorbing from the emitter assembly
and maintaining ultra-high vacuum conditions in the micro-
scope during the experiment. To minimize helium consumption
a nickel film radiation shield was deposited on the inside
walls of the cold finger via vacuum evaporation. The nickel
f£ilm was also connected to high voltage lead £ .

Through 15 mm diameter tubing g, the microscope and
cold finger were connected to a small liquid nitrogen cold
finger h, ionization gauge i, and an MKS Baratron diaphragm
gauge j. The entire system was evacuated by a 20 £ sec-l
Ultek Differential Ion pump through one-inch metal valve V,.
Purified ammonia cdﬁld be introduced into the system from
a storage bulb via half-inch metal valve V,.

The electronic arrangement which enables one to
control the emitter temperature conveniently and to determine
the emission current-applied voltage relation rapidly is
shown in Figure 11. Voltages applied across the microscope
were supplied by a Fluke 410 B, 0-10 KV dc power supply.
Emission currents were measured with a Keithly 610 electro-

meter with its output displayed on an Analogic digital
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voltmeter. The emitter temperature was controlled using

a Kelvin double-bridge.

Procedure.

The entire system was baked out at 400°c and pumped
down to a pressure less than 10-'9 torr in the usual manner.
Before commencing any adsorption experiment, the current-
voltage relation and emission pattern of the clean emitter
were obtained as follows. A

After flash cleaning the emitter the system was iso-
lated from the ion pump by closing the valve Vl. The entire
microscope including cold finger B was immersed in liquid
nitrogen and liquid helium was continuously transferred into
cold finger B. The temperature inside the cold finger was
measured during the transfer using a resistance thermometer;
After the temperature dropped to a value close to 4°K, the
emitter was flashed to 1500°K and its emission pattern was
checked for cleanliness. The current-voltage relation was
determined rapidly by varying the high voltage across the
microscope and measuring the corresponding emission current.
The emission pattern was taken on Kodak Tri-X film using a
Pentax 35 mm £:1.9 camera. The microscope was allowed to
warm up by interrupting the helium transfer and removing
the liquid nitrogen Dewar d.

Ammonia was introduced into the microscope by open-
ing valve V2 slowly until a stable pressure of the required

magnitude, as indicated on the diaphragm pressure gauge, was
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obtained. The entire microscope was immersed in liguid ni-
trogen and the permanent gases, i.e. Hz and Nz, were pumped
out through valve Vl‘ The emitter was flashed and its emis-
sion pattern was again checked for cleanliness. A clean
pattern was always observed without flashing the emitter to
a temperature higher than 1500°K. This observation indicated
the high purity of ammonia introduced into the system,

Dosing of the clean emitter with ammonia was carried
out by remqving the liquid nitrogen Dewar d and allowing the
ammonia to evaporate from the walls with valve V1 closed.
When the ambient ammonia pressure reached a steady value,
the emitter was heated to the adsorption temperature and
maintained at this temperature for varying periods of time.
After the adsorption, the emitter was allowed to cool down
before ammonia was condensed in the small cold finger h.
This procedure of trapping ammonia in the cold finger h was
to minimize the adsorption of ammonia on the microscope
screen and its subsequent desorption by bombardment with
high energy electrons during the work function measurement.
The current-voltage relation was measured after the temper-
ature inside the cold finger B had dropped to a value close
to 4 °K and the emitter had been pre-flashed to dosing tem—
perature for 20 seconds. All currents and voltages were
measured with the emitter at 77°K and all emission patterns
were also obtained at this temperature.

Based on equation (17), the work function changes



48

on adsorption were evaluated from current-voltage relations

of clean emitter and the adlayer covered emitter.



CHAPTER 4

_ RESULTS

4.1 Interaction of ammonia with tungsten.
4.1.1 Interaction of ammonia with tungsten at
different temperatures.

After flash cleaning the sample filament and adjust-
ing the filament temperature to that required for adsorption
in ultra-high vacuunm, ammonia gas at a pressure of 10—4 torrxr
was allowed to interact with the filament for 10 minutes.
Hydrogen (mass 2) and nitrogen (mass 14) desorption spectra
.were obtained using Method I and Method II respectively;
these spectra are shown in Figure 12 and 13. In order to
obtain good resolution in the desorption spectra a slow
linear heating rate of 50 deg/sec was employed‘in all experi-
ments unless otherwisé stated. The desorption spectrum ob-
tained from the surface species formed at 200°K is charac-
terized by a low temperature hydrogen peak commencing at 285°K
with peak maximum at 450°K, and a high temperature g-nitro-

(23), commencing at 1150°K with peak maximum at

gen peak
1450°K. These observations are in godd agreement with the
corresponding field emission results obtained by Dawson and
Hansen (9).

The hydrogen desorption spectra obtained from inter-

action at higher temperatures are all characterised by a

49
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low temperature peak and a long high temperature tail which
is also observed in the spectrum obtained from interaction
at 200°K. This long high temperature tail is partly caused
by desorption from the cool ends of the sample filament since
'the temperature of the filament is non-uniform both during
adsorption and thermal desorption with a slow heating rate
of 50°K per second. It is unlikely that all of the hydrogen
tail originates in this manner since a rapid preflash to
800°K does not eliminate the tail as can be seen in the in-
set to Figure 12. A small hydrogen desorption centered
around 1000°K is apparent for ammonia doses at 500 and 700°K
but not for 300°K.

It is significant that the hydrogen desorption spec-
tra for ammonia interaction at successively higher tempera-
tu:es shown in Figure 12 extend beyond the envelope of the
spectra obtained from interactién at lower temperatures.
Also, the peak maxima are at progressively higher tempera-
tures. This increased stability of the surface phase towards
hydrogen desprption could be caused by a decreased efficiency
of hydrogen adatom recombination as the surface coverage of
nitrogen increases (Figure 13) or alternatively by an in-
creased stability of.the adsorbed NHx intermediates in the
dissociation of adsorbed ammonia. Recently it was shown that
on the W{100} crystal plane the presence of nitrogen on the
surface causes hydrogen desorption to occur at slightly lower

(24)

temperature The former alternative is therefore
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believed to be unlikely. The latter alternative can be
supported by two observations; first, the total nitrogen
and hydrogen adatom concéntration exceeds the surface tungs-
ten atom concentration and thus NH_ intermediates can be ex-
pected on the surface, aﬁd secondly, if the transition state
- for NHx dissociation involves adjacent tungsten atoms, occu-
pation of the adjacent sites by adsorbed nitrogen will re-
tard this dissociation.

The nitrogen desorption spectra shown in Figure 13
reveal a steadily increasing surface nitrogen concentration
as the temperature of interaction is increased. For inter-
action at 700°K the;e is a clearly resolved low temperature
state with a peak maximum at approximately 1000°kK.

The increase in nitrogen surface concentration, in
addition to that shown in Figure 13, has also been observed
from adsorption of ammonia on a tungsten surface at 300°K
with intermittent preflashing to 800°k. A typical desorption
spectrum is shown in Figure 14 where the amount of nitrogen
desorbed is approximately twice that of B-nitrogen and any
parallel hydrogen desorption is negligible in magnitude.
This low temperature desorption feature is designated as
éd-nitrogen.

From a comparison of desorption spectrum obtained
from §-nitrogen with that shown in Figure 13 a fundamental
question arises; that is whether the low temperature state

obtained from ammonia interaction at temperatures higher
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than 300°K can be identified with the §-state, or is, at
least in part associated with a new surface state contain-
ing hydrogen. In order to answer this question, the inter-
action of ammonia was carried out with the filament at 700°K
using Method II. In this method, the reaction cell walls
were covered with an ammonia layer to reduce the residence
time for nitrogen on the cell walls at 77°k. This method
also produced hydrogen desorption spectra different from
those already obtained using Method I. Mass 2 and mass 14
spectra for the adsorption at 700°K of ammonia at pressures

of 1074, 1073 2

and 10~ “ torr for 10 minutes are shown in
Figure 15. It can be seen that a simultaneous pressure
burst of nitrogen and hydrogen is observed, desorption com-
mencing at 700°K with peak maximum at 1000°K. These desorp-
tion features are designated as n-nitrogen and n-hydrogen.
The dashed curves in Figure 15 were obtained ffom_a 300°K

ammonia dose at 10~2

torr for 10 minutes and a preflash to
700°k. As expected, no n-nitrogen or n-hydrogen are formed
at 300°K and the absence of such features in the 300°k spec-
tra demonstrates that the n—-species are not an artefact
caused, for example, by desorption of trapped ammonia from
the reaction vessel wall. The 1400°K peak in the mass 14
spectra is doubtless B-nitrogen whereas the high témperature
shoulder in the mass 2 spectra can be attributed to desorp-

tion from the cooler ends of the filament and occurs in all

spectra. A slight contribution by interaction with gas phase
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ammonia is also possible since a line of sight exists be-
tween the warm glass of the exit tube of the reaction ves-

sel and the sample filament.

4.1.2 State of hydrogen desorbing from the n-speices.

One conclusion to be drawn from the n-hydrogen de-
sorption results is that the desorbing species is probably
atomic and not molecular hydrogen. The results shown_in
Figure 7 and 12 show that a glass wall at 77°K does not
trap molecular hydrogen whether the source be adsorbed hyd-
rogen or chemisorbed ammonia. Yet the n-hydrogen desorp-
tion observed using Method I (dotted line in Figure 15) is
much less than that observed with Method II. It is well
known (25) that atomic hydrogen is effectively trapped by
glass at 77°K so apparently a 25 g thick layer of ammonia
on the glass surface at 77°K increases the recombination
efficiency of hydrogen atoms. This observation is most
significant to an understanding of the ammonia decomposi-
tion mechanism and is further confirmed by using Method III
to obtain desorption spectra at room temperature.

Hydfogen and nitrogen‘desorption spectra obtained
using Method III are shown in Figure 16 for the same adsorp-
tion conditions as used in Figure 15. The simultaneous de-
sorption features of n-nitrogen and n-hydrogen are very
clearly resolved with peak maxima of 970 and 985°K respec-

tively. Since the peak maxima do not shift with varying
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surface coverage the n-species must desorb by first ordexr

kinetics (16).

The shaded nitrogen desorption peak corres-
ponds to B-nitrogen desorption, but the shaded hydrogen
peak is sensitive to gas phase ammonia pressure, in this
example 5 X 10"7 torr, and must be caused by decomposition
of ammonia gas on the hot sample filament. These features
appear to have been misinterpreted as new surface features
in LEED/thermal desorption studies (10,11). The n-hydrogen
peak is small in a freshly-baked system, but gradually in-
creases in size until fairly constant and reproducible de-
sorption spectra are obtained. A similar behaviour of the
hydrogen peak caused by ammonia decomposition during ther-
mal desorption has been reported (ll).

The slight delay of peak maximum in hydrogen desorp-
tion spectrum with respect to that of nitrogen as shown in
Figure 16 can be interpreted in a similar way to the differ-
ent behaviour between low temperature hydrogen and n-hydrogen
on liquid nitrogen cooled glass walls during the desorption;
n-hydrogen desorbs atomically with a relatively long resi-

. dence time on the glass walls in comparison with that of
nitrogen molecules. If this is the case a simultaneous
desorption of hydrogen and nitrogen would be observed if
the rate of desorption of n-species is slow enough so that
the long residence time of atomic hydrogen becomes negligi-
ble. To tést this speculation an experiment using a much

slower heating rate, i.e. 10.5 deg/sec instead of 50 deg/sec
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as used throughout this experiment, was carried out under the
same adsorption conditions as used in Figure 16. Results
obtained are shown in Figure 17. The delay between the hy-
drogen and nitrogen desorption peaks has indeed been reduced
from 15° to 5°.

All these observations are in good agreement with
those of Hickmott on the interaction of atomic hydrogen with

glass surfaces (25).

Atomic hydrogen is pumped by a freshly-
baked glass surface at 300°K but the surface eventually satu-
rates and will then no longer act as a trap. At 77°K the
glass acts as an even more efficient trap but again saturates.
At first sight this would suggest that eventually after many
experiments using Method I an n-hydrogen peak should be ob-
tained equal in magnitude to those obtained using Methods IIX
and IIT but such an effect was never observed. Again,
Hickmott's results explain this effect. A substantiél frac-
tion of the atomic hydrogen trapped at 77°K is reversibly
adsorbed and on warming to room temperature desorbs, crea-=
ting new trapping sites. Between experiments the reaction
vessel must be warmed to room temperature to adsorb ammonia
and so the trapping sites effective at 77°K are continually
regenerated. These observations provide strong, though
indirect, evidence that n-hydrogen desorbs atomically.

There are several ways that direct observation could
be made : First, if the speculation that n-hydrogen desorbs

atomically is correct, an experiment carried out in an
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experimental chamber with line of sight between sample fila-
ment and the mass spectrometer would provide a smaller mass

2 to mass 1 ratio than that obtained from the mass spectro-
metric cracking pattern of molecular hydrogen gas. Second,
if n-hydrogen does desorb atomically and recombine with
atomic hydrogen trapped on the walls, in a reaction chamber
where the walls are saturated with deuterium atoms n-hydrogen
would be detected predominently as HD. The following two
experiments were attempted using Method III to make these

direct observations .

Experiment I: Line of sight experiment.

This experiment was carried out in the experimental
set up shown in Figure 8. In order to increase the fraction
of desorbing‘species passing through the mass spectrometer
ionization chamber, the sample filament was mounted approxi-
mately 0.5 cm under the ppening of ionization chamber. After
flash cleaning the sample filament ammonia gas at a pressure
of 10”2 torr was allowed to interact with the filament at
- 300°K and 700°K for 10 minutes. The atomic and molecular
hydrogen desbrption spectra were obtained by monitoring the
méss 1 and mass 2 ion. currents simultaneously. Typical
desorption spectra are shown in Figure 18. The mass 2 to
mass 1 ratio was obtained by comparing the peak maximum of
these two spectra; This experiment has been repeated for
A30 times at each temperature and the probability of occur-

rence as a function of mass 2 to mass 1l ratio is shown in
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Figure 19. It is seen that for interaction at 300°K over

80% of the ratios range from 80 to 140. Since the ratio ob-
tained from the cracking pattern of molecular hydrogen gas is
Nllo, it can be concluded that hydrogen originated from the
surface species formed at 300°K desorbs in the molecular
state. For interaction at 700°K, this mass 2 to mass 1 ratio
from n-hydrogen as predicted does have a lower value; approxi-
mately 80% of these ratios range from 20 to 80. It is thus
obvious that a difference exists between these two hydrogen
desorption peaks. A simple calculation (see Appendix A) in
which it is assumed that all atoms which can enter the ioni-
zation chamber directly will be detected as mass 1 and all
atoms which collide with walls as mass 2 shows that mass 2

to mass 1 ratio will have a value of ~33. While in fair
agreement with the observed value, V56, it seems probable
that a fraction of the high temperature n-hydrogen peak de-

sorbs molecularly.

Experiment II: Walls saturated with deuterium.

To carry out this experiment the glass wall was satu-
rated with deuterium atoms by allowing the deuterium gas to
flow through the reaction vessel for several hours at a
preésure of nv2x10~6 torr, with the sample filament at ~2000°K.
After the deuterium gas flow was stopped, the system was

evacuated overnight, ammonia gas was allowed to interact with

tungsten first at 300° then at 700°K under the same conditions



65

.(A)
201 | average -
|
i : ]
'
10} E .
[}
o] :
=z i
L :
o - ; J
o '
> 1
Eg 1
) 0 ;
w ——r ———r— —
i ~ 20F (B) -
| = average
= |
| < T : .
i gg :
‘ o 1 3
l Q- '
| .
: 10' i -
]
1
\
i : 1
]
|
ol 5 e
0 40 80 120 160

spectra shown in Figure 18.
(B) at 700°K"

MASS 2 TO MASS1 RATIO
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as used in Figure 18. The desorption spectra obtained by
monitoring mass 2, 3 and 4 simultaneously are shown in
Figure 20. By comparing the peak maxima, mass 3 to mass 2
ratios for interaction at 300 and 700°k are found to be

0.08 and 0.38 respectively. Since adsorbed hydfogen desorbs
as atoms appreciably only at temperature higher than 1000°K,
this result shows unambiguously that n~hydrogen desorbs,

at least in part, atomically, though the hydrogen was not
detected predominantly as HD. The discrepancy between spe-
culated and observed values may arise from several effects;
(1) The glass wall may not be completely saturated with atomic

deuterium. Based on Hickmott's results (25)

the method em-
ployed in this experiment will generate morxe than enough atomic
deuterium for saturating the glass walls. However, since
ammonia can be adsorbed strongly on the walls, the introduction
of ammonia into the system could cause an exchange reaction

to take place between ammonia and deuterium atoms and reduce
the deuterium atom concentration on the walls. It has been
reported (26) that a random distribution of hydrogen over ND3—
molecules was observed when ND4 alone was introduced into the
system where the mass spectrometer was -operating with such low
electron energy that only the peak of the parent ion ND3+ was
observed in the spectrum. The observed randomization was in-
terpreted as the result of an exchange reaction between ND3

and hydrogen trapped in the system. (2) Isotopic scramb-

ling presumably by the hot mass spectrometer filament, the
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Fig. 20, Desorption spectra of mass 2, 3 and 4 obtained

from adsorption of ammonia at 10~2 torr for 1.0
minutes at 300 and 700°K in a reaction vessel
where the walls were saturated with deuterium
atoms.
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tungsten grid of ijonization gauge and the metal walls was
observed to occur to some extent in the system used in this
experiment. As shown in Figure 21 when hydrogen and deu-
terium were allowed to flow through the system simultaneous-
ly from separate reservoirs, mass 3, HD, peak was observed
instantaneously. Consequently, any HD resulting from recom-
bination of n-hydrogen and deuterium atoms on the walls would
give rise to mass-2 and mass-4 peaks and a reduction in the
amount of HD. (3) In addition, it seems also probable that
only a fraction of the high temparature n-hydrogen desorbs
atomically. Based on the results of these two experiments,
the fraction of hydrogen desorbing as atoms can be estimated
if these two effects, i.e. thé isotopic scrambling and the
exchange reaction between ammonia and deuterium atoms on the
walls, can be considered as negligible. It is found that in
the line of sight experiment about 48% of hydrogen origi-
nated from the n-species desorbs as hydrogen atoms whereas
the fraction of hydrogen desorbing as atoms calculated from
desorption spectra shown in Figure 20 is ~Vv16%. The large
difference between these values could therefore indicate
that the isotopic scrambling and the exchange reaction on

the walls are considerable.

4.1.3 Quantitative estimates of surface coverage.

4.1.3(a) Low temperature hydrogen, f-nitrogen and S-nitrogen
coverages.

The amount of hydrogen originating from surface
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species formed from ammonia adsorption at 300°K was deter-
mined by using the ionization gauge as a detector operating
at very low emission current in a closed system. Since the
desorption of low temperature hydrogen was completed at 800°K
as shown in Figure 12, the filament was flashed to this tem-
perature after trapping out the ammonia in the gas phase and
the instantaneous pressure burst was recorded. The coverage
of B-nitrogen and §-nitrogen which was obtained after five
repeated ammonia doses, with intermittent preflashing to
800°K, was determined in similar way by flashing the fila-
ment to 2000°K in about one second, but using the mass spec-
trometer as a detector. Hydrogen and nitrogen coverages
calculated using the geometric area of the filament are shown

in Figure 22; they are O.BXIols

15

atoms cm 2 for low tempera-

ture hydrogen, 0.48x10 atoms cm-2 for B-nitrogen and

0.84x1015 atoms cm™2

for §-nitrogen regardless of ammonia
pressure during adsorption. These observations indicate
that on polycrystalline tungsten ammonia was dissociated up-
on adsorption and about half of the hydrogen desorbed during

ammonia adsorption at 300°k.

4.1.3(b) n-hydrogen coverage.

The amount of hydrogen desorbing in the n peak
was estimated in éhe following way using Method III. A
hydrogen desorption spectrum for ammonia adsorption at 300°K
was obtained before and after each experimental run. Since

this hydrogen desorbed molecularly at a low temperature,
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gen surface coverage with increasing ammonia dos-
ing pressure. Both hydrogen and B-nitxogen werxe
obtained from ammonia adsorption at 300°K for 5
minutes at different pressures, while d-nitxogen
was obtained from 5 repeated doses of ammonia at
300°K with intermittent heating to B800°K.



72

that is much below the temperature at which the sample
filament starts to pump hydrogen (1100°K), the surface
coverage for this species could be calculated reasonably
accurately. Comparison of the area of the desorption trace
from the 700°K adsorption with the average area from the
300°k adsorptions gave the total hydrogen desorbing in the
700°k spectrum. This laborious procedure was necessary
because the efficiency of the ion pump decreased steadily
between bake-outs. The amount of hydrogen produced by de-
composition of gas phaée ammonia on the filament was ob-
tained by repeating the experiment at 300°K, with pre-
flash to 700°K, and therefore without the forﬁation of the
n-species (dashed curve in Figure 16). Subtraction gave
the values for the surface coverage of n-hydrogen shown in
row 1 of the Table I. The assumption, implicit in this
calculation, that the recombination efficiency for hydrogen
atoms is unity on the saturated walls is justified by
Hickmotts observations (25). The reactions leading to the
adsorption of atomic hydrogen on the glass wall and its re-

combination are

H(g) + (wall) - H (wall) 1
2H (wall) - H2(g) + 2 (wall) 2
H(g) + H (wall) - Hz(g) + (wall) 3

Hickmott has shown that reaction 2 is very slow and that re-

combination occurs via reaction 3. This might suggest that
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TABLE I

Surface coverage, (atoms ém—z)XIO-ls,of hydrogen and nitrogen

and hydrogen to nitrogen ratios for three different ammonia

exposures

Ammonia exposure (torr-sec.) 0.06 0.6 . 6.0

1. n-hydrogen 0.16 0.27 0.36
2. Total nitrogen . 0.81 0.95 1.08
3. n-nitrogen (a) ) 0.33 0.47 0.60
4. n-nitrogen (b) 0.29 0.50 0.66
5. n-hydrogen/total nitrogen 0.20 0.28 0.33
6. n-hydrogen/n-nitrogen (a) 0.49 0.58 0.60

7. n-hydrogen/n-nitrogen (b) 0.55 0.54 0.55
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one-half the detected hydrogen originates on the wall and
not from the filament. However, hydrogen atoms desorbing
from the filament are lost through reaction 1, reducing

the amount detected. In the present experiments we would
expect that after repeated experiments,.when the desorption
had increased to a relatively reproducible magnitude, re-
actions 1 and 3 occur to an equal extent and the amount of
hydrogen detected corresponds to that desorbing from the

filament.

4.1.3(c) n=-nitrogen coverage.

(i) This was determined by a different procedure
using the mass spectrometer as a detector in a closed sys-
tem. After adsorption and trapping out the ammonia from
the gas phase, the filament Qas flashed to 2000°K in about
one second while monitoring the mass 14 ion current. The
contribution to the mass 14 ion current from decomposition
of gaseous ammonia on the sample is negligible in these ex-
periments. Total nitrogen coverages determined in this way

are shown in row 2 of Table I. Subtracting the B-nitrogen

5 2

contribution to this surface coverage (0.48><101 atoms cm

)
gives the n-nitrogen coverage shown in row 3.

(ii) These values for n-nitrogen coverage were check-
ed by using a method similar to that used to determine the

n-hydrogen coverage. Comparing the total area of the mass

14 traces in Figure 16 with that obtained from a B-nitrogen
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covered surface gave the values shown in row 4 of Table I
for the n—-nitrogen coverage. The agreement is quite satis-

factory.

4.1.4 Pressure depen&ence of the n-formation reaction.\bv

The experiments described so far were carried out in

the pressure range 10-4 to 10_2 torr. These pressures, while

-much below those used in the classical kinetic studies, are

higher than those commonly used in ultra-high vacuum studies.
It is important to determine whether or not this reaction is
peculiar only to these relatively high pressures. The mass
2 and mass 14 spectra for the interaction of ammonia over

a wide range of pressure and total exposure with a tungsten
filament at 700°K are shown in Figure 23 and 24. Spectra

(a) to (£) show that the n—coverage increases with increas-
ing total exposure and that the n-species does indeed form
when the ammonia pressure is in the range 10"7 to 10”4 torr.
However, spectrum (g) would suggest that the n—coverage does
not vary linearly with exposure since the coverage is greater
for an exposure of 0.15 torr-sec at SXI0-7 torr (g) than
for a larger exposure, 1.2 torr-sec , at the higher pres-

3

gsure of 2x10 ~ torr (e). Furthermore, the peak maxima in

- gpectra (g) are displaced to higher temperatures than those

obtained after much shorter interaction times. Apparently,
a long interaction time promotes greater n-formation and also
increases its stability. Both these effects could arise from

an additional very slow reaction leading to the population
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Fig. 23,

~ from adsorption of ammonia. at (a) 5x107
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Hydrogen desorption spectra, obtained using Method IV,

torr,
torr-sec; (b) 2x10-6 torr, 1.2x1bf3 torr-sec;
torr, 1.2x10"2 torr-sec; (4d) 1x10~4

sec; (e) 2%x10-3 torr, 1.2 torr-sec;

3x10-4
(¢) 2x10-5
torr, 6x10~2 torr-
(€£) 1x10-2 torr,

6 torr-sec; (g) 5x10-7 torr, 1.5x10-1 torr-sec,
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of different states. As will be subsequently discussed in
section 4.3.4, nitroéen and hydrogen atoms may penetrate in-
to the surface.

The surface coverage of the n-species is not affect-
ed by maintaining the sample at 700°k and condensing
the ammonia before desorption. Thus, the n-species is not
in equilibrium with gas phase ammonia and is not weakly ad-
sorbed undissociated ammonia.
4.1.5 Hydrogen to nitrogen ratios in the formation and de-

sorption of the n-species.
Formation

As the ammonia exposure increases the ratio n-hydro-
gen/total nitrogen surface coverage increases until at 6 torr-
sec the n-hydrogen is equivalent to one-third of the total
nitrogen (row 5, Table I). Figure 25 shows in greater detail
the variation in total hydrogen (n—-hydrogen) and nitrogen
coverage with exposure and it can be seen that an exposure
of 6 torr-sec corresponds approximately to a saturated sur-
face. Both B-nitrogen (0.48x10Y> atoms cem~2) and S-nitrogen
form rapidly, while ammonia interaction to form the n-species
is much slower at 700°K. During n-formation the hydrogen and
nitrogen surface coverages increase at an equal rate, that is
incorporation of each nitrogen atom into the surface layer
also incorporates one hydrogen atom. At saturation about

O.BSX1015'atoms of both hydrogen and nitrogen are incorporated
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Fig. 25. The variation in total surface coverage of hydrogen

and nitrogen with

{0 is the fractional surface c¢

increasing ammonl

a exposure at 700°K.

overage calculated by

assuming that the surface contains 1015 tungsten atoms

per cm2)
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per cm2 of surface in the formation of the n-species from

§-nitrogen.

Desorption.

From the desorption spectra obtained from the n-
species (Figure 16) and §-nitrogen (Figure 14) it appears
that the formation of the n-species leads to the incorpora-
tion of §-nitrogen (i.e. excess nitrogen in § over B) into
a single surface species. The results in Figure 25 suggest
that this nitrogen is almost quantitatively incorporated in-
to the n-species at saturation. The n-desorption spectra are

characterized by exactly concurrent hydrogen and nitrogen
desorption (the peak maxima differ by only 5°K) and no nitro-
gen desorption feature is resolved corresponding to a consecu-
tive desorption of §-nitrogen. Consecutive desorption of
§-nitrogen can be observed when adsorption occurs at 600°K
(Figure 26). It is concluded that the n-hydrogen/n-nitrogen
ratio during desorption is in the range 0.5 to 0.6 (rows 6 and
7, Table I) where the n-nitrogen coverage is obtained by sub-
tracting the B-nitrogen coverage from the total nitrogen
coverage. The n-species contains nitrogen and hydrogen in .

the ratio of approximately 2 to 1.

Non-uniform temperature distribution effects.

During adsorption the centre portion of the sample
filament was maintained at the specified adsorption tempera-

ture of 700°K. However, towards the ends of the filament the
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temperature decreases to 300°K. The calibration experiments
were obtained for adsorption at 300°k and thus correspond to
a uniform temperature distribution. Consequently the results
calculated so far are based on the assumption that the fila-
ment surface is uniformly covered with the n-species. This
is incorrect, and corrected values for the actual surface
coverage of the n-species were obtained in the following way.
The continuous temperature distribution of the filament was
‘subdivided into discrete areas with average temperatures

300, 400, 500, 600 and 700°K using the steady-state tempera-
ture distribution given by Rowland (27). The total nitrogen
coverage [in (atoms cm—z)XIo_lsl determined at each of these
adsorption temperatures,using the same method as used in the
determination of B- and §-nitrogen coverages, were 0.48, 0.58,
0.70, 0.86 and 1.10 respectively. Based on these values and
the steady-state temperature distribution, the coverage corres-—
ponding to each temperature was calculated using the same
discontinuous model. For an exposure of 6 torr-sec the cor-

rected value for the total nitrogen coverage at saturation

was 1.5><1015 atoms cm-2 compared to an uncorrected value of
1.l><1015 atoms cmfz. Since B-nitrogen accounts for 0.5><-1015
15

atoms cm-2 the n-species must contain approximately 1.0%10
nitrogen atoms and O.SXIols hydrogen atoms per cm2 of sur-
face. The average tungsten atom density can be approximated

as 1015 atoms cm—2 and the present observations can be
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concisely represented by the following surface stoichio-
metries; B-nitrogen = WzN; §-nitrogen (+B) = WN; n-species
(+B) = W2N3H. The formation reaction at 700°K can be re-

presented as,

W+ NH,(g) ——— W N(B) + 3/2 H,(9)
W2N(B) + NHj(g) ———= 2WN(§) + 3/2 H,(qg)
2WN + NH5(g) ——— W N, H(n)+ H,(g)

and the desorption spectra of B-nitrogen, §-nitrogen and the

. n—-species can be represented by the following thermal desorp-

tion reactions

. 0.
W,N (8) 1450K | on + 1/2 N, (g)

O.
JWN (5) -L100°K W,N(B)+ 1/2 N, (g)

O
W2N3H('n) 270k WZN(B) + Nz(g) + H(g)

where the temperatureé:correspond approximately to those at
which each process occurs at a maximum rate (peak maximum).
4.1.6 Interaction of ammonia with 6-nitrogen

at different temperatures.

It was seen in Figure 14 that as the nitrogen surface
céncentration increases, less and less ammonia can further
interact with surface. Consequently at saturation, the sur-"
face no longer interacts with ammonia at 300°K. A similar
behavior was observed even at higher temperatures. In Figure

26 the interaction of ammonia at different temperatures with
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Nitrogen desorption spectra, obtained using Method
III, from adsorption of ammonia at 103 torr for 10
minutes at 500, 600 and 650°K on (a) a clean tungs-—
ten surface, (b) a S§-nitrogen adlayer (Fig. 14),
compared with (c¢) the spectrum obtained for S§-nitrxo-

_gen.,
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§-nitrogen (formed as described in Figure 14) and also with
a clean tungsten surface are compared. At 500°K the thermal
desorption spectrum for §-nitrogen is not affected by inter-

action with ammonia at 1073

torr for 10 minutes. This indi-
cates that even at 500°K the §-nitrogen covered surface is
not active towards ammonia adsorption. Ammonia interaction
with clean tungsten at this temperature produces a smaller
§-nitrogen coverage due to the presence of hydrogen in the
adsorbed layer at 500°k. At 600°K, some conversion of
§-nitrogen to n-species occurs but surprisingly more n-
species is formed by interaction with the clean tungsten
surface. At 650°K, extensive formation of the n-species
occurs and the S-nitrogen adlayer no longer retards the re-
action. From these observations it is concluded that forma-
tion of n-species requires an appreciable activation energy

and formation of a complete 8-nitrogen adlayer increases

the stability of the &§-nitrogen adlayer.

4.1.7 Kinetics of formation and desorption of the n-species.
Formation.

The rate of formation of n-species can be set to
equal the number of ammonia molecules colliding with unit
area of surface per second multiplied by the sticking pro-

bability, S. That is

rate = E x 8 (20)

21mmkT

where P is ambient ammonia pressure, m molecular weight of
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ammonia, k Boltzmanns constant, T ammonia gas temperature
and in the present example the sticking probability is tem-
perature dependent, S = So exp(-ﬁ’RT). From the temperature
dependence of the sticking probability of n-hydrogen or
n-nitrogen the activation energy for the formation of the
n-species can be evaluated. The n-nitrogen surface cover-
ages, which can be determined reasonably accurately, were
obtained using the same method as used in determining the
B-nitrogen coverage. The variation in total surface cover-
age of n-nitrogen with increasing ammonia exposure at differ-
ent temperatures is shown in Figure 27. The initial stick-
ing probabilities S evaluated from these curves were

7 7 6 6

2.6x10"7, 5.1x10”/, 1.1x10"° and 2.2x10 ° at 600, 650, 700

and 750°K respectively. From the plot of log S versus
1/T (Figure 28) the activation energy for the formation of

n-species was found to be 12 Kcal/mole and the constant

S, = 6.2x10"3. Equation 19, which describes the initial

rate of formation of n-species, can therefore be written

as

rate = 3‘1018'PNH . exp(-12,000/RT) (21)
3

with PN in torr.

Hy

Desorption

The desorption kinetics for the n-species will be
deduced directly from that of n-nitrogen. To investigate

the desorption process of n-nitrogen, ammonia gas at a
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Fig, 27.

1 |
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The variation in total surface coverage (corrected)
of nitrogen with increasing ammonia exposure at

600, 650, 700 and 750°K. (6 is the fractional surface
coverage calculated by assuming that the surface
contains 1015 tungsten atoms per cm?2)
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pressure of 10~2 torr was allowed to interact with the
filament for 10 minutes at 700°K and nitrogen desorption
spectra were obtained using Method IV and various heating
rates. The temperature, Tm' at which the desorption rate
was a maximum was obtained directly frém the desorption spec-
trum (16). From the variation of T with heating rate, b,

- the activation energy of desorption was determined by using
equation (8). The plot of Qn(Tz/b) versus 1/'1‘m as shown _
in Figure 29 gave an activation energy equal to 35 Kcal mole_l.
By substituting this activation energy into equation (5),
the frequency factor, v, was found to be 4x10’ sec L. It

_was concluded in section 4.1.2 that the n-species desorbs

by first order kinetics, the rate of desorption of n-nitro-
.gén, hence the n-species, can be represented by
rate = 4.107 exp(-35,000/RT).n . (22)
where n is the surface coverage of n-species.
'4.1.8 Attempts to form the n-species from nitrogen and
hydrogen.

In order to determine if the n-species is a mixed
hydrogen and nitrogen adlayer, the-formation of the n-
species was attempted using hydrogen and nitrogen gas rather
than ammonia. However, no .desorption features characteris-
tic of the n-—-species were observed under any of the following
conditions;

(a) adsorption of pure hydrogen or nitrogen at

pressures up to 5x10~> torr at 300, 700 and 800°K.
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(b) adsorption of mixtures of hydrogen and nitrogen
in the ratio 4 to 1 at pressures up to SXIO_3
torr at 300, 700 and 800°K.

3

(c) interaction of hydrogen at 5x10 > torr with

§-nitrogen at 700°K.

These results clearly indicate that the n-species
is not a mixed hydrogen and nitrogen adlayer, and, within
the limitétions of the present experimental conditions, the

n-species can be formed only by interaction with ammonia.

4.2 A-state of nitrogen on tungsten surfaces.

In the previous section describing the interaction
of ammonia with tungsten surfaces it was shown that competing
pathways for the decomposition reaction are possible. One
path involves the hydrogen containing n-species and the
second proceeds via the desorption of §-nitrogen. A detailed
understanding of the mechanism of ammonia decomposition re-
quires kinetic data for both paths. While the kinetic para-
meters for the formation and desorption of n-species have
been evaluated, many difficulties have been encountered in
the attempf to evaluate kinetic parameters for the desorp-
tion of S§-nitrogen. First, the é-nitrogen desorption fea-
ture overlaps considerably with that of B-nitrogen and second,
the complications arising from the difficulties of handling
the ammonia gas in an altra-high vacuum system severely re-

strict the type of experiments which can be performed. The
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latter problems have been avoided by studying the A-state

(28) which can be prepared from nitrogen gas,

of nitrogen

" has desorption features strongly resembling those of S-nitro-

gen and the same stoichiometry, WN. As will be discussed in

section 5.1, it is very probable that d-nitrogen is identi-

cal with A-nitrogen. .

4.2.1 Thermal desorption spectra obtained after adsorption
of activated nitrogen.

Electron bombardment of molecular nitrogen produces
activated nitrogen whiéh consists of atoms, ions and meta-
stable states. The thermal desorption spectra obtained from
the tungsten filament after éxposure to activated nitrogen
for periods of time varying from 2 to 30 minutes are shown
in PFigure 30, curves (a) to (e). These spectra obtained by
employing the ultra-high vacuum system shown in Figure 9
can be compared with those obtained from the adsorption of
non-activated nitrogen, the dashed curves in Figure 30, show-
ing the characteristic and well-known Bl- and Bz-states.
Several important features should be noted in the activated
adsorption spectra. First, the surface coverage is increased
greatly over that for the B-state and the excess nitrogen
desorbs at 1QWer temperatures. This excess nitrogen has
been assigned to a A?sﬁate (28) and in spectrum (e), the
total nitrogen adatom coverage is 0.86x101% atoms cm—2 or

approximately double that observed for the B-state. Second,

the desorption spectra have a very characteristic shape in



N
)}

‘1t-99s bap gT = 9 ‘5

=3®8H °S3AIND paysep oyz Lq pejeorpur exjoeds 3Yy3 psonpoad o
p-0TX9 PUe o_0TXS ’/,_o0TX9 X103 uabox3zTu pajzeaTIOR-UOU 3o uotridxospy KT

-9AT309ds9x (@) o3 (e) s9axno

‘se3nutu 0€ pue gt ‘0T ‘s ‘z z03 X

3ex but
95-1303

000€ 3®

bl SSYW

INIHYND NOI

F g0l XdRv )3

uor3zdrospe usboxjtu P93BATIO®P WOXF poautejzqo ex3oads uorjdaossp Tewxayy °o¢ *b1a
(Mo 3FUNLYYILWIL
0081 0091 * 00b| oozl 0001 008 -
0 o
2l -0
)
o
m .
»
c ~S0
m o
~
-]
m {60
X 9
nwc
™ <2l
ol :
. 45
1 2 [ 1 1 [




93

that the resolution of different binding states is extremely
poor even with a heating rate of only 18 deg sec-l. Several
minor features can be detected but it would not be unreason-
able to approximate the desorption spectrum as a single de-
sorption peak. It is impossible to assign the excess nitro-
gen over the maximum observed for the B~state as being in a

single additional desorption peak superimposed on the B-

desorption peak. The high-temperature tail of such a de-
sorption peak would certainly enhance the amount desorbing
at the peak maximum of the B-desorption peak. The presence
of a large number of binding states, or the same state on
a large number of different crystal faces, is one possi-
bility. However, curve fitting with a DuPont 310 curve re-
solver shows that each such state would be required to have
an unusually small half width. Finally, it should be noted
that the B-nitrogen peak is actually depleted somewhat as
the coverage increases. No superpositién model can account

for this observation.

4.2.2 Desorption kinetics.

The total lack of resolution in the spectra shown in
Figure 30 makes it impossible to determine the desorption
kinetics for states additional to B by an analysis of the
type described in section 2.2.1, i.e. determining the acti-
vation energy for desorption, E*, from the variation of peak
maximum temperature, Tt with heating rate, b. Consequently,

experiments were carried out in a closed system with fast
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heating of the sample filament. The desorption spectra
obtained were analyzed according to equation (13) by computer
fitting. These experiments do not suffer from additional
complications caused by the non-uniform temperature of the

filament during desorption with slow heating.

4.2.2(a) Desorption in a closed system with fast heating.

The experimental nitrogen desorption spectra obtained
in a closed system with average heating rates varying from
503 to 1080 deg se,c_l are shown in Figure 31. Fast linear
heating rates were not accessible using the linear tempera-
ture sweep generator and so a constant current heating source
was used for these experiments. A constant current source
can usually be assumed to produce an approximately hyper-
bolic heating programme, however, in the present application,
because the temperature range of desorption is so large
(1000 to 1750°K), the temperature does not vary in a hyper-
bolic fashion and in fitting the desorption curves to various
possible models the rate equations have been integrated numeri-
cally.

The desorption spectra are featureless and provide
no obvious clues as to their interpretation. In choosing
trial models, the following principles have been adopted;
first, at the low coverage limit the desorption kinetics are
assumed to equal those for the Bf-state and second, a "two-
state" model is assumed. Thus,

Desorption rate = Rate(\) + Rate(B)
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Thermal desorption traces obtained from activated nitro-
gen adsorption at 300°K for 30 minutes. Desorption was
carried out in a closed system with average heating_l
rates of (a)503+ (b)670, (c)886 and (d)1l080 deg se¢ ..
The filament temperature was 1000°K at t = 0 sec,
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The first assumption is very reasonable whereas the second
is open to question. The slow heating experiments show
little evidence for multiple "binding states" and thus it
would unnecessarily cémplicate the analysis to introduce
additional, unjustifiable, adjustable éarameters associated

with their existence, even though this might produce a better

‘fit to the data. Extensive experiments on various different

single crystal planes and a determination of the distribution
of these planes on polycrystalline filaments will be re-
quired to give a final answer to this question.

For the B contribution, Ehrlich's rate equation which
was determined from desorption measurements on polycrystal-

(29)

line filaments was used.

2 -1

Rate(B) = 1.4x10 exp[—Sl,OOO/RT]-Ng moleecules cm 2 sec

(23)
where NB is the number of nitrogen molecules cm"2 in the
B-~state. This rate law was observed to be valid up to a

4 molecules em” 2.

surface coverage of 2.5>,<lOl
Four trial models were used for the A-state; (la)
first order with constant activation energy, (1lb) first
order with activation energy varying linearly with coverage;
(2a) second order with constant activation energy, and (2b)

second order with activation energy varying linearly with

coverage,
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(1a) Rate(A) = v,_ expl-E} /RT] - N

(1b) Rate())

Vip exp[-(Eib-ae)/RT]- N,

(2a) Rate(A) = v, exp[-Ega/RT] . gi

3 . g2
Vob exP[-(Ezb-ae)/RT] Nx

(2b) Rate(A)

The various models were tested by using a CDC 6400
computer to integrate the rate equations and determining
the best fit possible by scanning all the rate parameters.
The first trials were carried out with variable fre-
quency factors, v, activation enerxgies, E*, and, where appli-
cable its variation with coverage, o, but keeping the sur-
face coverage of the B-state fixed and equal to the maximum

14 molecules cmfz.

observed.in these experiments, NB = 2,2x10
The best fit parameters and standard deviations are shown
in Table II. For the 886 deg sec T heating rate, the curve
generated by using these parameters for each model is com-
pared with the experimental curve in Figure 32. (filled
circles). Clearly the fit is unsatisfactory.

The slow heating desorption spectra shown in Figure
30 suggested that with increasing nitrogen coverage the
amount of desorption in the B-state actually decreased some-

what. It seemed reasonable therefore to allow the computer

to sweep the amount desorbing in the B-state, NB' in
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addition to the other parameters. The fit obtained, again
for the 886 deg sec”! spectrum, is also shown in Figure 32
(open circles). The fit is improved tremendously for all
models and each could be considered satisfactory in view of
the limitations of these models. The best fit parameters
and standard deviations obtained for each model are shown
in Table III. It should be noted that the best—-fit para-
meters for each model are very similar for all four heating
rates. In each case the B-coverage has to be reduced from

5 atoms —

0.44x10%5 atoms cm 2 to the vicinity of c14ax10t
in order to obtain this fit. Also included in Table III is
the analysis for model (S) which assumes the existence of
only a single species desorbing via second order kinetics
with an activation energy varying linearly with coverage.

Again, the low coverage iimit has been assumed to be the

observed kinetics for g-nitrogen desorption, i.e.

(s) Rate = 1.4x10~2 exp[-(81,000-a8)/RT]- N2
(24)
The spectra recorded in Figure 31 and analyzed in
Table III were obtained using the ionization gauge Gy to
monitor the pressure burst. An jdentical set of experi-
ments was carried out using the mass spectrometer as the
detector. Analysis of this data gave best fit parameters

as shown in Table IV corresponding extremely closely to

those.displayed in Table III. The standard deviation was

]
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larger for a heating rate of 670 deg sec-l in all experi-
ments. This can be simply understood as arising from a com=
pressed time scale on the oscilloscope trace for this heat-
ing rate, leading to a reduced precision in the data.

The first comment to be made on the data recorded
in Table III (or Table IV) is that the standard deviations
are comparable for all models and therefore no choice of
model can be made on the basis of a fit to the data. The
number of adjustable parameters, either one, three, or four,
is sufficient to ensure a satisfactory fit. It must be
stressed that thisanalysis is not presented to justify one
or other of the trial models; the important point to be made
is that, in each case, in order to achieve an acceptable fit
to the data the amount of nitrogen desorbing in the B-state
must be considerably reduced from 0.44X1015 to values vary-

15 _toms om 2. Additional, more

ing between 0.09 and 0.20x10
complex, trial models with additional adjustable parameters
may remove this requirement to reduce the B-nitrogen cover-
age. However, since the thrust of all two-state models tried
is in this direction and there is direct evidence for B-
depletion (Figure 30) it is felt that this interpretation
has considerable merit.

The success of a single-state model (s) with one
adjustable parameter, o, suggests another experimental method

for the determination of the kinetic parameters. This success

is presumably a result of the reduced contribution from the
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B-state to the desorption peak. If the contribution from
the depleted B-state at peak maximum is negl.gible, then the
analysis of desorption spectra obtained under conditions of
slow heating and fast pumping (1 + «) becomes possible.
4.2.2(b) Kinetic analysis for pumped éystem with slow
heating. '

The temperature at which the desorption rate becomes

a maximum, Tm' was determined for a constant surface cover-

15 Ltoms cm 2

age of 0.65x%10 , and heating rates varying from
8 to 97 deg sec-l. The peak maximum temperature shifts from
1170 to 1335°K.

If the activation energy for desorption is indepen-
dent of surface coverage then according to equation (8) a
plot of ln(T:/b) versus (1/Tm) should be linear with a slope
of E*/R. This plot is shown in Figure 33 and can be reason-
vably well fitted to a straight line corresponding to an
activation energy, E*} of 43 Kcal molefl. This is in good
agreement with the value obtained from computer fitting the
fast flash data to a second order constant activation energy
trial model, 2(a) (Table III). There is no agreement with
the first order constant activatioﬁ energy value of 25 Kcals
mole~ !, 1(a) (Table III). This is to be expected since the
desorption peaks shift to lower temperatures with increasing
surface coverage (equations 5, 7, Figure 30).

For a desorption with an activation enexrgy varying

linearly with surface cdverage, according to equation (12)
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the slope in Figure 33 can be interpreted as (Ez—aem)/R,
and Ez—ae - 43 Xcal mole 1l as long as the last term of this
equation makes negligible contribution to the slope. This
is consistent with trial models 1l(b) and 2(b), Table III,
and using a value of o = 10 Kcals f.nole'il it is found that
the last term of equation (12) does contribute only 3% to
.the slope.

. Thus, this analysis of the slow heating spectra,
neglegting the contribution of the g-desorption in the vicinity
of the peak maximum, yields kinetic parameters consistent
with the fitting of the fast flash data to models 1(b), 2(a),
and 2(b).

4.2.3 Isotope exchange experiments.

Isotope exchange experiments are potentially extreme-=
ly useful in discriminating between different models for de-
sorption processes. Thus experiments in which the B-state
is'occupied by one nitrogen isotope and then the adlayer is
completed using the other might be expected to produce com-
plete isotope scrambling if desorption occurred via bimole-
cular recombination of freely mobile adatoms. However, a
desorption of immobile adjacent atom pairs would yield only
Ngg on desorption (assuming that in the g-state the nitrogen
atoms occupy next nearest neighbours, {100}C(2x2) structure(3°)).

A B—le adlayer was prepared by allowing ‘the filament

30

to interact with N, gas at a pressure of 2.><].0"6 torr for 10
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minutes in a freshly baked system with all ionization gauge
and mass spectrometer filaments cold. The Ngo was then re-
placed with N§8 and electron bombardment of this gas pro-
duced additional activated adsorption as described earlier.
Simultaneous mass 28, 29 and 30 desorption spectra were ob-
tained and these are shown for ﬁwo different surface cover-
ages in Figure 34. Also recorded in this figure is the méle

fraction of Ngg

in the desorbing gas, x29, over the whole de-
sorption spectrum.

The desorption spectra for the three isotopic species
have identical shapes with constant X29. The theoretical
values for ngdetermined from the integrated magnitudes of

15

the desorption peaks are 0.49 for 0.86x107" atoms cm 2, and

5 2 adsorbed; this agrees with

0.44 for 0.57x10'> atoms cm”
the experimental observations. Thus complete statistical
mixing occurs between the B- and A-gstates, even at high sur-
face coverage, which suggests that the nitrogen is bound
atomically and that the B- and A-states do not exist on differ-
eht ciystal planes. Although the weak fine structure in the
desorption spectra indicates some account should be taken of
surface heterogeneity this cannot be the origin of the differ-
ent "binding states".

Similar experiments carried out with fast heating

also showed complete isotope mixing.
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4.2.4 The adsorption of non—-activated nitrégen.

In order to ﬁnderstand the nature of the high density
nitrogen adlayer formed by adsorption of activated nitrogen
gas, it is important to determine whether adsorption of non-
activated nitrogen gas can produce the same result. In par-
ticular, the energy of the high density adlayer relative to
that of non-activated nitrogen gas needs to be established.
Possible activation of the nitrogen gas was avoided by carry-
ing out this experiment in a freshly-baked system with all
detector filaments cold during the adsorption. The sample
filament was maintained at 300°K and exposed to nitrogen gas

at a pressure of 2x1073

torr for exposures up to 140 torr-sec.
The desorption spectra obtained are shown in Figure 35 and
are very similar to those obtained with activated nitrogen.
The sticking coefficient is extremely small, of the order

of 10—7, compared with that for the formation of B-nitrogen,

10_1. An isotope exchange experiment carried out in the same
manner as that described earlier also showed complete statis-
tical mixing between the new state and the B-state providing
further evidénce that the new ﬁtate is identical with the
A~-state formed by activated nitrogen gas adsorption.

Winters and Horne have suggested (31) that in the
A-state of nitrogen the adatoms occupy endothermic sites, i.e.

" thermodynamically unstable relative to gas phase nitrogen but

preserved by a high activation barrier to desorption. The
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only evidence for this interpretation seems to be the
inability to form the A-state from non-activated nitrogen
gas. Since this has now been observed we must conclude
that in the A-state the adatoms occupy exothermic sites.
With such long exposures as used in these experi-
ments even a minute trace of an impurity, carbon monoxide
in particular, could become a serious surface contaminant.
Monitoring the mass-12 ion current showed negligible carbon
monoxide- contribution to the desorption spectra. Another
possible complication is a catalytic role for CO in pro-
ducing the A-state. In nitrogen and carbon monoxide replace-
ment experiments on tungsten, Rigby showed (32) that as ni-
trogen replaced carbon monoxide a new nitrogen state of
lower binding energy was formed and that a total of 0.3ZXI015
atoms cm-2 of nitrogen was added beyond the 8-nitrogen cover-
age. It is possible that in the present experiments a back-

10

ground CO partial pressure of about 10~ torr could also

induce further nitrogen adsorption. However, Winters and,

Horne were not able to repeat Rigby's results (31).

The
conclusions concerning the exothermic nature of the A-state
adatom sites are not affected by such a catalytic mechanism
for the adsorption of non-activated nitrogen gas.

4.2.5 Desorption in a closed system with varying heating
rate.

The strong implication that occupation of the A-state

causes depletion of the B-state suggests a prominent role for
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_surface diffusion, or the lack of it, in determining the de-
sorption mechanism. Thus, if surface diffusion is extremely
rapid compared to the rate of desorption then once the sur-
face coverage is reduced to that of the B~-state (0.44x1015
atom cmfz) rearrangement to the lower energy g-configuration
should precede desorptioh and there should be no g-depletion.
Consequently the extent of g-depletion should be a function of
heating rate and should become zero at a slow enough heafing
rate.

In Figure 36 the desorpéion spectra for B-nitrogen
and () + B) nitrogen adlayers‘are recorded at three differ-
‘ent heating rates. Also recorded on this figure is the
difference in magnitude between these two spectra. Clearly
if no g-depletion occurred then the difference plot should
represent the A~-desorption and be featureless, and asymptotic
with the total amount in the \-state. This would appear to
be the case only for the slowest heating rate used of 18 deg
sec”l. For heating rates of 200 and 886 deg sec”! the differ-
ence plot passes through a maximum indicating B-depletion and
also suggesting that this is a function of heating rate.

In order to eliminate the hump in the difference plot,
calculation indicates that the amount of nitrogen desorbing

15 2

in the B-state must be feduced to 0.12x10 atoms cm ‘.

This calculation was carried out for the 886 deg sec-l ex-
periment using Ehrlich's rate equation (17).

. There is one obvious complication to the interpretation
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of these results and this concerns the possibility of re-
adsorption of nitrogen gas desozbed from the A-state into
the B-state, since this experiment was conducted in a closed
system. This does not affect the interpretation of the hump
in the difference plot as due to B-depiétion but the reverse,
i.e. the decrease in magnitude and ultimate elimination of
-the hump as being due to readsorption, rather than surface
rearrangement to form the B-state at its maximum average.

The magnitude of this effect can be estimated. At the tem=—
perature at which the difference curves show a maximum the
ambient pressure is about 10—6 torr and the surface coverage
is about 0.3x10>°> atoms cm— 2. Taking as the sticking co-
efficient for nitrogen at this coverage Becker and Hartman's
value of 0.008 at 1100°K,(33) the amount of nitrogen adsorbed
in one second is only about one hundredth of a monolayer.
Thus readsorption is gxpected to be negligible except in the
case of the slowest heating rate of 18 deg sec-l. The impli-
cation that B-depletion is not negligible for a heating rate
of.18 deg sec-1 is satisfying since the experiments carried
out in a pumped system using this heating rate (Figure 30)

do suggest some g-depletion. The éhange in the difference
plots for_heating rates of 200 and 886 deg sec-l does indi-
cate that the extent of B-depletion is a function of heating
rate, confirming the role of surface mobility in the desorp-—
tion mechanism. This introduces some uncertainty as to the

validity of the assumption used in the kinetic analysis for
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the slow heating rate experiments (Section 4.2.2(b) ). How-
ever, the contribution from readsorption during desorption
with pumping will be only about 1/10th of that observed in
these closed system experiments.

An additional complication associated with the slow
heating rate experiment is the non-uniform temperature of
the sample during desorption. There will be a concentration
gradient along the filament with the minimum at the centre.
There is therefore an additional driving force for diffusion
over that present with'a uniform temperature using rapid
heating. It is expected that local rearrangement would
occur more rapidly than such long range diffusion and that

this complication is much less serious than readsorption.

4.3 Field emission results.
4,3.1 Formation of S§-nitrogen.

Thermal desorption observations indicate that re-
peated ammonia adsorption at 300°K with intermittent heat-
ing to 800°K(Figure 14) and ammonia interaction at a tem-~
perature high enough to dissociate adsorbed ammonia
(Figure 13) lead to the formafion of §-nitrogen which is
not well resolved from B-nitrogen. Field emission micros-
copy can distinguish species with similar kinetic parameters
but with different surface potentials by comparing the work
function changes and emission properties. It is of interest

therefore to repeat these experiments on a field emitter tip.
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4.3.1(a) Repeated dosing at 300°K.

The work function, i.e. the average work function
unless otherwise stated, versus temperature plot obtained
for a deposit generated from repeated dosing at 300°K is
shown in Figure 37. The first work function measurement
was carried out after five successive doses of ammonia at
a pressure of 10-2 torr for 5 minutes with the emitter tip
at 300°K. Between each dose the tip was heated to 700°K
for 20 seconds to desorb the hydrogen from the surface.
The deposit generated in this manner produces a rather low
work function, 2.75 eV, suggesting the presence of undis-

(9)

sociated ammonia on the surface The observed large
work function shift is not unexpected since the ammonia
molecule has a large dipole moment. The negative sign of
this work function shift indicates that ammonia is adsorbed
with the positive end of the dipole pointing away from the
surface. Heating the deposit for 10 second intervals to
the temperature indicated causes the work function first

to increase steadily and eventually at 600°K to exceed that
of the clean emitter. Between 700 and 900°K it stays fairly
constant at a value of 4.65 eV and above 900°K it starts to
decrease and reaches a value of 4.32 eV at 1200°K, which is
a value typical for B-nitrogen covered surfaces in the en-

(23)

virons of the {100} planes A value nearly equal to

that of the clean emitter, 4.5 eV, is observed at 1500°K.
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300 500 700 300 1100 1306 1500
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Fig. 37. The variation in work function with temperature

of a tungsten emitter which had been repeatedly
dosed with ammonia at 300°K with intermittent
heating to 700°K. The emitter was held at the
temperatures indicated foxr 10 seconds.
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These observations are consistent with thermal desorption
results; the initial increase in work function between 300
and 650°K corresponds to ammonia dissociation and hydrogen
desorption, while the work function decrease at tempera-
ture above 900°K corresponds to the desorption of §-nitrogen.
The field emission patterns corresponding to this
heating sequence are shown in Figure 38. The patterns ob-
tained after each dose at 300°K and subsequent heating to
700°K are also included. The voltage recorded under each

pattern is the voltage required for 1x10"8

amps emission

current. The average work function is also recorded under
each pattern. At 300°K, the pattern observed (Figure 38.1)
is identical to that observed in earlier field emission ex-

(9)

periments The bright area, where electrons are emitting
with greatest intensity, corresponds to the surface whére

the work function is the lowest after ammonia adsorption.
Since the average work function decreases after ammonia ad-
sorption, it is certain that ammonia is adsorbed on the
planes corresponding to the bright areas of the emission
pattern. In the dark areas ammonia may also be present on
the surface, however, due to their higher clean work func-

- tion, these areas are emitting with negligible intensity
under the voltage applied. On heating the deposit to 700°%K,

adsorbed ammonia undergoes dissociation with hydrogen de-

sorption, and therefore the pattern observed (Figure 38.2)
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(1) NH, dose at 300°k (2) 700°k

2580V 3750V

(3) Second dose at 300°k (4) 700°x
2300V 3800V

(5) Third dose at 300°k

(6) 700°K
2100V 3930V

Fig. 38. Field emission patterns obtained for the repeated
adsorption of ammonia as described in Figure 37
and its subsequent decomposition.



121

oo o rond dosee at o 3dooE (1) 7_)\Jo'r:

-3 3800V
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(7)

(9)

Fourth dose at 300°K
2110V

Fifth dose at 300°k
% = 2,74 eV

4.03 eV

Figure

38

(8)

(10)

(12)

(continued)

700°k
3880V

400°k
3.73 eV

600°K
4.53 eV



122




123

(13) 650°k (14) 700°k
4.63 eV 4.66 eV

(15) 200°k (16) 1000°k
4.62 eV 4.48 eV

o
(17) 1300°k (18) 1500°K
4.30 eV 4.47 eV

Figure 38 (continued)
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corresponds to a B-nitrogen covered surface with lower work
function in the environs of the {100} planes. Upon further
dosing at 300°K and heating to 700°K, the surface nitrogen
adatom concentration increases and the pattern produced
(Figure 38.4, 38.6 and 38.8), which differs from tne B-nitrogen
pattern (Figure 38.2) by jack of emission from the {100}
planes, corresponds therefore to the §-nitrogen adlayer.

The patterns obtained upon each repeated dosing have the
same bright areas (Figure 38.3, 38.5, 38.7 and 38.9), the
large negative work function shift again indicating the pre-
sence of undissociated ammonia on the {210} and {310} planes.
It was deduced from thermal desorption observations that a
surface which is saturated with nitrbgen adatoms is not ac-
tive towards further ammonia interaction, therefore this
bright area would correspond to the surface where tungsten
atoms were available for ammonia adsorption at 300°k. 1In
the dark areas, it is not necessary that all the surfaces
are saturated with nitrogen, since the emitter tip consists
of many different crystal planes, only those planes which
have the lowest work function after ammonia adsorption will
become visible. The ammonia covered surfaces in the dark
areas may eventually become visible upon ‘heating the deposit,
if ammonia dissociation on the bright areas is completed be-
fore that on the dark areas takes place. The emitting pro-
perties of the {321} plane and the low work function ob-

served at 400°K (Figure 38.10) would therefore indicate that
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ammonia is present on this plane though it was not visible
at 300°K. The pattern changes observed between 400 and
700°k (Figure 38.10 - 38.14), which are accompanied by a
work function increase, correspond to the dissociation of
ammonia and desorption of hydrogen. At 700°K the pattern
observed (Figure 38.14) again corresponds to a §-nitrogen
covered surface in the environs of the {100} planes. Though
it is difficult to draw any conclusién about §—-formation on
other planes, it is obvious that thevspecies present on the
{111} plane (Figure 38.14) can not be B-nitrogen since for-
mation of B-nitrogen adlayer on this plane causes the work
function of this plane to increase to 4.67 eV (34); the {111}
plane would emit with a comparable intensity to the environs
of the {100} planes if B-nitrogen was present on this plane.
The complete lack of emission from this plane therefore in-
dicates that s-nitrogen is also formed on the {111} plane
and the formation of S-nitrogen raises the work function on
this plane. Upon further heating, a typical B-nitrogen
pattern is observed at 1000°K (Figure 38.16), and above
1100°K the pattern changes again correspond to the desorption

of B-nitrogen.

4.3.1(b) Ammonia interaction under low pressure at 500°K.
The work function versus temperature plot and the

field emission patterns obtained from interaction under a

pressure of 2><10"6 torr and at 500°K for an exposure of 10"5

torr-sec are shown in Figure 39 and 40 respectively. A
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Fig. 39. The variation in work function with tempera-
ture of a tungsten emitter which had been
dosed at 2x10-6 toxrr for 10-5 torr-sec at
500°K.
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comnarison of these results with those shown in Figure 37
and 38 indicates that abcve -650°K the emission patterns
and work functions observed in both cases, i.e. low pres;'
sure interaction at 500°K and repeated dosing at 300°K,
change in an identical manner, in agreement with thermal
desqrption observations: both dosing conditions produce
identical species, §-nitrogen.

The large negative work function shift observed on
formation of the deposit shown in Figure 40.2 again indi-
cates that ammonia is present on the surface. The pre- .
sence of undissociated*ammonia on the surface at tempera-
tures as high as 500°K may be unexpected, since at 200°K
interaction of ammonia witﬁ clean tungsten surfaces takes
place on all crystal planes with the possible exception of
the {110} plane and adsorbed ammonia dissociates readily
at 400°k (9). Iﬁ was concluded from thermal desorption
observations that the intermediates, NHx’ formed upon
ammonia dissociation‘become more and more stable with in-
creasing nitrogen surface concentration. Thus, the present
observation that undissociated ammonia remains on the sur-
face at 500°K is consistent with this result and appears to
be the result of the high nitrogen surface concentration,
since the interaction of ammonia with tungsten at this ﬁem—
perature is shown to produce a densély populated nitrogen
adlayer (Figure 13). The dissociation of ammonia presumably

* The adsorption of completely undissociated ammonia, NH3, is

implled by the large lowering of the work function. *However

there is no unamblguous evidence that partially dissociated
ammonia, , could not produce the same effect.
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Clean W (2) NH_, dose at 500°K

= 3.5 eV : $ = 3.57 eV

550°k (4) 600°K
4.01 eV 4.28 eV

650°k (6) 700°k
4.57 eV 4.67 eV

40. Field emission patterns obtained for the adsorp-

tion of ammonia on tungsten as described in Figure
39 and its subsequent decomposition.
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(7) 800°K (8) 900°k
4.71 ev 4.66 eV

(2) '1000°k (10) 1200°k
4.38 eV 4.26 eV

(11) 1500°k
4.48 eV

Figure 40 (continued)
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requires participation of adjacent tungsten atoms in the

transition state.

4.3.2 Ammonia interaction at 500°K under higher pressure.
Dosing the emitter tip with ammonia at ax10~% torr
for an exposure of 0.1 torr-sec at 500°K produces a differ-

ent emission pattern (Figure 41.2) from that shown in.

- Figure 40.2. The complete lack of emission from the {210}

and {311} planes would appear to indicate that these planes
are now saturated with nitrogen adatoms. For the bright
area, i.e. the {321} planes, the observed large work func-
tion decrease again indicates that undissociated ammonia is
present on this surface. Heating this deposit to 600°K
causes the work functién to increase and the {320} planes,

which have a higher clean work function than that of the

{321} planes, to emit indicating that ammonia is also pre-

sent on these planes. At 700°K the entire emitter becomes
visible and the work function increases to 4.9 eV which is
n 0.2 eV higher than that of the s§-nitrogen covered envi-
rons of the {100} planes. The species present in these
areas, i.e. the environs of the {100} planes, therefore can
not be the S§-nitrogen, otherwise an emission pattern simi-
lar to that in Figure 40.6 should be observed. It is very
likely that this species present on the surface in the en-
virons of the {100} planes is the n-séecies since thermal

desorption observations indicate that a small amount of the
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(1) Clean W (2) NH, dose at 500°k

60 = 4.5 eV ¢ = 3.81 ev

(3) 600°K (4) 700°k
4.25 eV 4.90 eV

(5) 800°k (6) 900°k
4.85 eV 4.75 eV

Fig. 41. Field emission patterns obtained for the adsorption
of ammonia on tungsten at 4x10-4 torr for an expo-
sure of 0.1 torr-sec at 500°K and its subsequent
decomposition.
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n-species can be formed at 500°K and at slightly higher
ammonia pressure (Figure 26). At 700°K desorption of hydro-
gen from the surface is complete, so on the other planes
such as the {111},{210} and {310}, &-nitrogen could be the
species present on the surface. Further heating to 800°K
causes the work function to decrease and produces an emission
pattern similar to that of §-nitrogen (Figure 40.6).

The interaction of ammonia with tungsten at 500°K
with evén higher exposure such as 1.0 torr-sec produces
similar work function changes and emission patterns (Figure
42). However, the bright ring around the {110} plane as
shown in Figure 42.2, which is not present in the emission
pattern obtained under lower exposure, indicates that more
ammonia is adsorbed on the surface around this plane.

(9)
’

Based on field emission observations it has
been concluded that the rate of ammonia decomposition is
slower on crystal planes of higher work function. Though
the present results are obtained from successive ammonia
interaction with a surface covered with dissociation inter-
mediates, they appear to add some support to this conclusion.
By comparing the emission patterns shown in Figure 40.2,
41.2 and 42.2 it can be seen that:

(1) dosing ammonia for 10~° torr-sec, the {210} and
the {311} planes both with ¢_:4.5 eV are the main emitting

area,

(2) for 0.1 torr-sec the {321} plane with ¢°:4.6 eV
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(1) Clean W (2) Nu, dose at 500°K

s = 4,5 eV $ = 3.46 eV

(3) 600°k (4) 700°k

4.10 eV 4.92 eV

(5) 800°k (6) 900°k
4.81 eV 4.75 eV

Fig. 42. Field emission patterns obtained for the adsorption
of ammonia on tungsten at 4x10~3 torr for 1 torr-
sec at 500°K and its subsequent decomposition.
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is the only emitting area and

(3) for 1.0 torr-sec in addition to the {321} plane,
the {320} plane with ¢_:5.3 eV is also visible.

All these emission patterns are associated with a
large negative work function shift with respect to the clean
values, thus, undissociated ammonia is the species which
gives rise to the observed emission. The increased stabi-
_1lity of ammonia on the surface at 500°K, as previously men-
tioned, can be attributed to the formation of a densely popu-
lated nitrogen adlayer, Sé-nitrogen. This suggests that the
dissociation of ammonia will become slower and slower as the
interaction proceeds. However, at 500°K the surface would
eventually be saturated with nitrogen and possibly a small
amount of hydrogen if ammonia dissociation proceeded with an
appreciable rate. The observed change from an emitting
(Figure 40.2) to a non -emitting (Figure 41.2) property on
the {210} and {311} planes upon increasing the exposure pro-=
bably corresponds to the formation of a nitrogen adatom
saturated surface, while the change from a non-emitting to
an emitting property on the {321} planes corresponds to the
formation of densely populated nitrogen adlayer and the sta-
bilization of adsorbed ammonia. Since the faster ammonia
dissociates, the earlier the surface will be saturated, the
present observations would appear to indicate that the rate of

dissociation would have the following order

{210}, {311} > {321} > {320}
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which is consistent with the order of increasing clean work

function.

4.3.3. Formation and desorption of n-species.
The field emission patterns obtained from the in-

4 torr with

teraction of ammonia at a pressure of 4x10
tungsten at 700°K for an exposure of 0.05 torr-sec are
‘shown in Figure 43. It can be seen that ammonia inﬁer-
action under these conditions produces a deposit (Figure
43.2) which causes the work function to increase by 0.46

eV from that of the clean emitter. 'Heéting the deposit

to 750°K causes a slight decrease in work function but

the emission pattern remains almost unchanged. Further
heating to 800°K causes a large decrease in work function
aﬁd a slight change in emission pattern (Figure 43.4) is
observed, to one which is similar to that of &-nitrogen.
Between 800 and 950°K. no further significant change either
in work function or emission pattern is observed. By com-
paring the work function and emission pattern (Figure 43.2)
with that shown in Figure 40.6 it is certain that &-nitro-
gen is not the species present on the emitting area, other-
wise a pattern and work function similar to that shown in
?igure 40.6 should be observed. It was noted from thermal
desorption observations that the n-species can be formed to
gome extent under these dosing conditions, but the n-species

is not stable and starts to desorb at temperature above 780°K.
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Clean W (2) NH3 dose at 700°K

43.

T = 4.96 eV

750°k (3) 800°k
4.89 eV 4.68 eV

850°k (6) 200°x
4.74 eV 4.68 eV

Field emission patterns obtained for ammonia inter-
action for 5x10-2 torr-sec at 700°K to form the n-
species and its subsequent decomposition.
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The observed decrease in work function and change in emis-
sion pattern at 800°K therefore parallels this observation
and one can conclude that the species present in the envi-
ron§ of the {100} planes(Figure 43.2) is the n-species. It
is difficult to draw any conclusion about the n-formation on
other planes, however, a comparison of Figure 42.4 and 43.2
appears to provide some information about n-formation on

the {111} plane. 1In Figure 42.4 where the n-species is pre-
sent in the environs of the {100} planes, the {111} planes
emit with a comparable intensity to the environs of the {100}
planes, while in Figure 43.2 these planes are almost invis-
ible. Since both deposits produce a comparable work function
shift, these different emission properties may indicate that
the n-species is also present on the {111} planes in Figure
43.2. This argument assumes that formation of the n-species
further increases the work function on this plane from that
of 8§-nitrogen covered surface. The distinction between the
enission properties of the §-nitrogen and the n-species as shown
in Figure 43.2 and Figure 40.6 is not large but detectable.
However, it becomes clearer when ammonia interaction takes
place at higher exposures. In Figure 44 the field emission
patterns obtained from ammonia interaction at 700°K under

an exposure of 0.2 torr-sec are shown. The interesting
pattern shown in Figure 44.2 is completely different from
that of §-nitrogen (Figure 40.6); in addition to the envi-

rons of the {100} planes the entire emitter with the exception
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(1) Clean W (2) NH, dose at 700°x

30 = 4.5 eV 3 = 5.01 eV

(3) 750°k (4) 800°k
5.09 eV 4.98 eV

’ (6) 200°x
4.72 eV

(5) 850°K
4,76 eV

Fig. 44. Field emission patterns obtained for ammonia in-
teraction for 0.2 torr-sec at 700°K to form the
n-species and its subsequent decomposition.
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of the low index planes, i.e. {100},{110} and {211}, becomes
visible. By comparing the work function and emission pat-
tern (Figure 44.3) with that shown in Figure 42.4 where on
the {111} plane the surface is covered with §-nitrogen, it
can be concluded that formation of the n-species also in-
creases the work function on the {111} plane from that of the
§-nitrogen covered surface. Heating the deposit causes the
work function to increase and to reach its maximum value at
750°K. This increase in work function is accompanied by
the increase in emission anisotropy as shown in Figure 44.3.
Heating to 800°K leads to a decrease of work function and a
change in emission pattern (Figure 44.4). On further neat-
ing to 850°Kk (Figure 44.5), where n-desorption is consider-
able, a pattern similar to that of §-nitrogen is observed
and a work function of 4.76 eV, corresponding to the work
function of the 8-nitrogen covered emitter, is observed.
Under an even higher exposure, l.0 torr-sec, where
the formation of the n-species is almost complete (Figure 25),
the emission pattern observed in Figure 45.2 has a ratiner uni-
form intensity. Upon heating, the work function changes with
temperature in a similar manner to that observed after an
0.2 torr-sec exposure; it increases steadily with increas-
ing temperature until *cs maximum value is reached at 800°9K.
In this temperature range, between 700 and 800°K, the emis-
sion patterns do not show significant change (Figure 45.2,

45.3 and 45.4). Further heating causes the work function to
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(1) Clean W (2) NH, dose at 700°k

09 = 4.5 eV $ = 4.98 eV

(3) 750 °k (4) 800°k
5.13 eV 5.18 eV

(5) 850°K (6) 900°x
4.87 eV 4.82 eV

Fig. 45. Field emission patterns obtained for ammonia in-
teraction for 1 torr-sec at 700°K to form the n-
species and its subsequent decomposition.
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, P (o]
{ 750 kK (4) 800°K
5.13 oV 5.18 eV

(6) 400°%K

J.82 eV

O 10eld emission patterns obtained for ammonia in=-
teraction for 1 torr-sec at 7099% to form the

crvcpen oand 1ty subseoguent decompositiorn.
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decrease and at 90Q°K a pattern similarAto that of §=-nitro-
gen around the {100} planes is again observed with slightly
higher work function than that corresponding to the value
for the S-nitrogen covered emitter (Figure 40.6). In Figure
46 the work function versus temperature plots obtaihed under
these three different exposures at 700°K are summarized.
These observations are all in good agreement with the ther-
mal desorption results. The interesting emission patterns
.(Figure 44.2 and 45.2), which are obtained only under an
exposure where n-formation is considerakle, undoubtedly re-
present the n-species. The pronouneed decrease in work
functioh and change of emission patterns are observed at
temperatures higher than 780°K where the n-desorptioﬁ starts
to.set in (Figure 16).

. From Figure 43, 44, 45 and 46 the observations ob-
tained for n-formation from ammonia interaction at 700°K
undér exposures of 0.05, 0.2 and 1.0 torr-sec can be sum-
marized: |

(l) Formation of the n-species at 700°K leads to
an increase in work function above that observed for §-
nitrogen which then remains almost unchanged upon further
increase of coverage.

(2) A maximum work function is observed upon heat-
ing the deposit obtained at 700°k and the temperature at
which this maximum is observed is higher the higher the ex-

posure.
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46, The variation in work function and
A log ‘A, A being the pre-exponential
. term of equation (16), with tempera-
ture of a tungsten emitter which had
been dosed with ammonia for 0.05 torr-
sec (curve a), 0.2 torr-sec (curve b)
and 1 torr-sec (curve c) at 700°9K.
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(3) A pattern similar to that of &-nitrogen ap-
pears upon heating the deposit to a temperature higher than
800°K. The temperature at which this pattern is observed
also varies with exposure.

These observations suggest that n-formation is a
complicated process. The observed increase in work function
in the temperature range between 700 and 800°K, where de-
composition of the n-species is negligible, would indicate
that the surface underwent some change during the heating
of the deposit obtained at 700 ©°k. It is very probable that
at a temperature where n-formation is considerable, i.e.
700°K, the surface could undergo reconstruction as a conse-
quence of n-formation, since this temperature is higher
than that required for migration of a tungsten atom over its
own substrate (35). If this is the case the observed increase
in work function upon annealing would appear to indicate that
the surface rearrangement occurred on n-formation in such a way
that the surface roughened on an atomic scale. The forma-
tion of such a surface would give rise to a work function
decrease by modifying the surface double layer (see section
2.3.2), and heating the surface in the absence of ammonia
gas between 700 and 800°K, where n-desorption is negligible,
could smooth out the surface and cause the work function to
increase as observed. A pattern similar to that shown in
Figure 45.2 has bgen obtained by bombarding a tungsten emit-

ter tip with argon ions at a temperature where argon could
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not be adsorbed and a diminution of 0.4 eV in work func-
tion was obserxved after prolonged bombardment (36).

On further heating to temperatures above 800°K
where the n-species desorbs, all the changes in emission
pattern are accompanied by a large work function decrease.
The high emission current from the {111} planes in Figure
45.5 can therefore be taken to indicate that desorr :ion of
n-species from this plane proceeds faster than that on the
environs of the {100} planes. The observation of a pattern
similar to that of §-nitrogen in the heating sequence would
suggest that n-desorption leaves behind a §-nitrogen ad-
layer in the'environs of the {100} planes, and not tne 8-
nitrogen adlayer as deduced from the thermal desorption ex-
periments.

4.3.4 Ammonia interaction at 700 and 800°K under high
exposure.

In Figure 25 it can be seen that the n-formation
curves do not saturate but n-formation is followed by an
even slower reaction. To study this reaction the emitter
tip was allowed to interact with ammonia for an exposure of
10 torr-sec at 700 and 800°K. For comparison, the experi-
ment was also carried out at 500°K. The results obtained
are shown in Figure 47, 48, 49, 50 and 51. The change in
work function and emission pattern upon heating the deposit
obtained at 500°k (F1 ure 47 and 48) are identical to that

obtained for a 1 torr-sec exposure as shown in Figure 42.

F
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Fig. 47. The variation in work function with temperature of
a tungsten emitter which had been dosed with ammonia
at 5009K for 10. torr-sec.
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Clean W (2) HN, dose at 500°k
o = 4-5 eV e = 3.26 eV

600°k (4)
3.74 eV

650°K
4.52 eV

[o]
700°%k (6) 775°x

4.99 eV 5.13 eV

Ficld ¢mission patterns obtained for ammonia in-
teraction for 10 torr-sec at 500 K and its subse-
guent decomposition.
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(7) 800°k (8) 200°k
5S.01 ev 4.66 eV

(9) 1000°k (10) 1100°k
4.58 ev 4.33 eV

(11) 1300°k (12) 1500°k
4.34 ev 4.54 eV

Figure 48 (continued)
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An emission pattern with a bright ring around the {110}
plane (Figure 48.2), hcwever, indicates that yet more am-
monia is adsorbed on the surface around this plane under
this high exposure. For the interaction at 700°K the re-
sults obtained (Figure 50) are similar to those shown in
Figure 45. However, in addition to the main pattern a few
small bright spots are observed on the edges of the {110}
and {111} planes (Figure 50.2). The surface which gives
rise to this pattern is probably unstable in the absence

of ammonia gas, since on maintaining the emitter tip at
700°K the bright spots darkened gradually and after a few
minutes only the spots which had been emitting most inten-
sely remained. During this change an increase in work func-
tion was also observed. Similar changes in work function
and emission pattern as shown in Figure 45 were observed up-
on heating the deposig to 800°K (Figure 50.2, 50.3 and 50.4),
but the work function measured at each temperature is sligh-
tly higher than that shown in Figure 45 at the corresponding
temperature indicating a-higher surface concentration of the
n-species. The observation of the bright spots strongly

' suggests that extensive surface rea¥rangement took place
during the interaction. The appearance of such an emission
pattern (Figure 50.2) would appear to be the result of the
formation of humps ¢n the surface. If this is the case the
work function measqred would not correspond to the true work

function of n-species covered surface. Since each hump has
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Fig. 49. The variation in work function and A log A, A be-

ing the pre-exponential term of equation (16), with
temperature of a tungsten emitter which had been
dosed with ammonia for 10 torr-sec at 700°K (filled
circles) and 800°K (open circles) to form the n-

species.



(1) Clean W (2) NH, dose at 700°k

30 = 4.5 eV ¢ = 4.92 ev

(3) 750%k (4) 800°k
5.35 eV 5.33 eV

°
(5) 850 K (6) 200%k

5.22 eV 4.86 eV

Fig. 50. Field emission patterns obtained for ammonia in-
teraction for 10 torr-sec at 700°K to form the n-
species and its subsequent decomposition.
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(7) 1000°k (8) 1100°k
4,49 eV 4.32 eV

(9) 1300°k (10) 1500°k
4.28 ev 4.52 eV

Figure 50 (continued)
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a smaller radius than that of emitter tip, the local field
around the hump will have higher value. If the local work

function is comparable with that of the surroundings, then
3/2 ‘ 3/2
O 2/E) e <7 /P 0

and the humps will show up as bright spots; the emission
current measured will originate mainl& from the humps. Thus,
the evaluation of the work function from a Fowler—-Nordheim
plot using the voltage/field proportionality factor, B, of
the clean emitter tip will result in a lower value than the
true work function. However, heating the surface in the
absence of ammonia gas could cause the humps to disappear
and hence the measured work function to approach the true
‘work function value. If the disappearance of the bright
spots and the increase in work function between 700 and
BOOOK/ where n-desorption is negligible, can be taken to
indicate the disappearance of the humps on the surface,

" the work function observed at 7509K, i.e. 5.35 eV, would

correspond to the work function of n-species covered sur-

face. On further heating, to a temperature higher than 800°K,

the change in work function and emission pattern parallels
that observed in Figure 45. This corresponds to the desorp-
tion of n-species; possibly the desorption of §-nitrogen,
and the desorption of B-nitrogen.

The initial deposit obtained at 800°K (Figure 51.2)
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(1) Clean W (2) NH, dose at 800°k

30 = 4.5 eV $ = 4.78 eV

(3) 800°k (4) 850°k
4.78 ev 5.03 eV

(5) 400°k (6) 950°k
4.86 eV 4.64 eV

Fig. 51. Field emission patterns obtained for ammonia in-
teraction for 10 torr-sec at 800°K to form the n-
species and its subseguent decomposition.
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(7) 1100°k (8) 1300°k
4.36 eV 4.24 ev

(9) 1500 °x

4.48 eV

Figure 51 (continued)
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produces an extraordinarily low apparent work function,

4.78 eV, a small pre-exponential term (Figure 49) and an
emission pattern consisting mainly of large bright spots
around the {110} planes. These observations again indicate
the formation of humps on the surface.' Since the humps are
the only emitting areas, the reduction in effective emitting
-area results in a small pre—exponential term. Heating the
deposit to 825°K causes the work function and pre-exponen-—
tial term to increase sharply and to reach the values cor-
responding to that observed upon heating the initial deposit
obtained at 700°K to 825°K (Figure 49). This increase both
in work function and pre-exponential term would again corres-
pond to the smoothing out of the surface. A check of the
surface coverage by the themal desorption method indicates
that £he deposit obtained under these dosing cgnditions
corresponds to three_monolayers of n-species. The observed
extensive surface rearrangement would therefore add strong
support to the possible nucleation of bulk species by pene-
tration of nitrogen and hydrogen atoms into the surface.
Upon further héating, the changes in work function and
emission pattern parallel’ those obéerved for interaction at

700°kK.



CHAPTER 5

DISCUSSION

The*'major objectives of this research are to under-
stand the mechanism of ammonia decomposition on tungsten sur-
faces and to ascertain surface configurations of different
-species forméd during the decomposition. In this section,
the relevance of the flash desorption and the field emission
results to these topics will be discussed. The experimental
results described in this study have been obtained for a
polycrystalline tungsten surface, however, it appears poss-
ible to rationalize them fairly well in terms of structures
and processes on the W{100} plane. On this plane, the sur-
face tungsten atoms are in a square array (Figure 52) wi;h
nearest neighbors separated by'3.16 g and a surface tundéten
atom density of 1.0x1015 em™2., fThe location of adsorption
sites is undetermined and sites A, B and C represent three

possibilities.

5.1 Mechanism and kinetics of ammonia decomposition.

Based on the presént observ&tions it is seen that
ammonia decomposition on tungsten surfaces is a complicated
process which involves the formation of B-nitrogen, 8-nitrogen
and the n-species and the desorption of these species. An
extensive surface rearrangement and the penetration of nitro-

gen and hydrogen atoms into the surface have also been
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Fig. 52. Tungsten atomn arrangement for a {100} .plane
) showing three possible adsorption sites.
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observed to occur during the decomposition. In Table V all
of these reactions together with their rate parameters are
summarized. Before considering the decomposition mechanism,
it is necessary to discuss the significance of the rate
equations for §-formation, s§-desorption and n-formation.
First, it was realized from Figure 14 that for 6-formation
.via reaction (2) hydrogen desorption is the only require-
ment, and since the interaction of ammonia with vacant sur-
face sites proceeds rapidly, the rate of §-formation is
directly governed by the rate of hydrogen desorption from
the surface. Since the desorption of hydrogen from such

a surface occurs in the same temperature range as the de-
sorption of hydrogen from a surface covered with hydrogen
alone, between 300 and 600°K, the activation energy for
§—-formation should be of the same order of magnitude as

-l.(37) Second,

that for hydrogen desorption; n 30 Kecal mole
the §-nitrogen adlayer has identical properties to that of

the A-nitrogen adlayer as will be discussed later. The rate
parameters for A-nitrogen ‘desorption are therefbre employed
for S-nitrogen desorption since the latter were not access-
ible from the present experiments.' Finally, the kinetic
analysis shown in Appendix B indicates that in the formation
of the n-species via reactions (2) and (3), the rate of form-

ation of n-species is equal to

dN(n) _ y_.p ___]ig__ e-kZ'PNH3't
dt 3°"NH5" k3-k,

_e-k3'PNH3't).lOls
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- where k2 and k3 are the rate constants for reactions (2)
and (3) respectively, and Py is the ammonia pressure. If
3 .
the rapid §-formation relative to n-formation, shown in

Figure 25, can be taken to indicate k2>>k3, the rate of

n-formation will be given by

-k P t-
an(n) _ 15 3"NH3®

and the initial rate of n-formation can be approximated by

an(n)_ 15
3t - K3-19 -Pimg -

The rate constant evaluated from the initial sticking pro-
bability of the n-species (equation (20)) thus corresponds

15

to k3.10 , L.e.

k3.1015 = 3.10%® exp(-12,000/RT)

and ky = 3.103 exp(-12,000/RT) sec T torr %

. The measured activation energy for the n-formation, l2Kcal
mole-l, thus corresponds to that required for reaction (3).
Though the activation energy for the n-formation is lower
than that for the §-formation, the former proceeds consider-
ably more slowly than the latter as mentioned before. This
behaviour is a result of the small pre-exponential term in
the n—-formation rate coﬁstant. This small pre-exponential
term is cqnsistent with the observation that the n-formation
is a complicated process.

The formation of the §-nitrogen adlayer, though with

an activation energy of ~30 Kecal mole-l, is thus a fast
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process with respect to the n-formation. The n-desorption

is a first order process with an activation energy of 35

Kecal mole 1

mole-l. The desorption of B-nitrogen with an activation

1

compared with that for §-desorption of 44.7 Kcal

energy of 81 Kcal mole — is too slow to be considered as a

step in the decomposition. The decomposition of ammonia

can therefore proceed via the following competing pathways:
§-desorption

O
2WN(5) 100K WN(B) + %‘-Nz(g)

or n—desorption

o]
woiam) 220K won(s) + N,(9) + H(g)

The reaction path through which decomposition proceeds will
be determined by the species present on the surface during
the decomposition. Since é-formation is fasfer than n—-form-
ation, at first sight it would appear that the surface would
always be saturated with S-nitrogen indicating decomposition
via 6-desorption. However, since §-desorption is slower than
n-desorption, there will be a gradual build-up of the n—-species
via reaction (3), if n-formation is faster than n-desorption.
The rate of n-formation depends on the ammonia pressure
whereas that for n-desorption does not; thus there will be

a transition pressure above which n-formation is faster than
n-desorption and below which n-desorption is faster than
n-formation. Thus whether S§-nitrogen or the n-species is

present on the surface during decomposition will be determined
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by the ammonia pressure.

The pressure at which the rate of n-formation is
equal to that of n-desorption can be readily estimated.
From rate equation (3), Table V, the sticking probability
for ammonia in the formation of the n-species at 1000°K is
found to be ~10~2. The rate of formation of n-species in

molecules cm-2 sec—l at this temperature and under an

ammonia pressure of Pun is therefore equal to
3

P x 10™3 = 4.9x101%xp_ . (in torr)

2 kT NH3

whereas the rate of n-desorption is found from rate equation

15 molecules a2 sec”l. Thus at

(6), Table V, to be 1.2x10
an ammonia pressure of V0.2 torr the formation and desorption
will have equal rates. Based on this it can be concluded
that at ammonia pressures >> 0.2 torr, n-formation will be
fast enough to maintain an n-species saturated surface and
the decomposition will occur via n-desorption, whereas at
ammonia pressures << 0.2 torr, the surface will always be
saturated with 8-nitrogen indicating the decomposition via
§-desorption. In the intermediate pressure range both
n-species and §-nitrogen will be present on the surface, de-
composition will occur via both §- and n-desorption. Since
n-desorption involves the breaking of an N-H bond, a hydrogen

isotope effect on the rate will be observed at ammonia pres-

sures >> 0.2 torr. The isotope effect observed by Jungers
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( 6)

and Taylor can be accounted for satisfactorily since °
their experiment was carried out in the pressure range be-
tween 3 and 15 torr. The obsexvation of an isotope effect

(7) 3

by Barrer in the pressure range between 6x10 - and

1

6x10 — torr is also consistent with the present model since in

this intermediate pressure range n-formation is significant.
However, the observation of an activation energy of 42.4 Kcal
iole- can not be accounted for by this model. Furthermore,
liegardless of whether décomposition occurs via G;desorption

or n-desorption, as long as the surface is saturated with

the intermediate, the rate of decomposition will be indepen-
dent of gas phase ammonia pressure and zero order kinetics with
respect to ammonia pressure will be obsexved.

The §-intermediate which is the surface species pre-
sent during the decomposition at low ammonia pressures is
thought to be identical to the-l-state of nitroéen obtained
-from activated nitrogen adsorption for the following reasons:
(1) nitrogen desorption from both states commences at ~830°k
and both states have the same surface stoichimetry, WN, (2)
the nitrogen in the 8- ahd 6-stétes are adéorbéd atomically

(12), the complete isotopic mixing

on thé same crystal planes
.throughout.the desorption process (Figure 34) indicates that
nitrogen in the g- aﬁd A-states is also adsorbed atomically
on the same crystal planes, (3) the formation of A-nitrogen(ls)
and §-nitrogen both raise the work function on the {100} plane.

Thus, the use of the A-nitrogen desorption parameters for
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S§-nitrogen desorption can be considered as well justified.
The desorption of A-hitrogen is an interesting process where
the surface mobility of the adatoms plays an important role
in the desorption mechanism. In the following section the

mechanism of  A\-desorption will be considered.

5.2 Desorption model for the A-state of nitrogen.

The present experiments were carried out on a poly-
crystalline tungsten filament and thus any interpretation
made is clouded by the possible effects of surface hetero-
geneity. However, since the spectra observed for nitrogen
adsorption at high coverage (Figure 30) show essentially no
structure the situation may not be hopeless; the situation
is either exceedingly complex or relatively simple. Pre-
sumably the observations refer to only one "type" of ad-
sorption site and one "mechanism" of desorption, with any
effect of heterogeneity reflected only in a continuous energy
distribution and not different modes of adsorption and dif-
ferent mechanisms for desorption. This is speculative and
its validity will be measured by the success of a simple
homogeneous model in interpreting the data. For well—-annealed
tungsten filaments, such as those used in the present experi-
ments, the predominant crystal faces are the {100} and {110}

(38) The {110} plane appears to be inert to 8-

(21)

planes.
nitrogen adsorption at room temperature and above, where-

as the {100} plane readily adsorbs Bf-nitrogen and has been
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extensively investigated by a variety of modern techniques.
' Consequently the {100} plane (Figure 52) is used as a model
for the tungsten surface.

LEED observations (30)

show that on the tungsten
{100} plane adsorption of nitrogen to saturation of the

B-state produces a C(2x2) diffraction pattern. Thus one-
half of the sites are occupied and the occupied sites are
next-nearest neighbours. The observéd saturation surface
coverage for B-nitrogen, based on the geometrical area of

5 2

the filament, is 0.44x1013 atoms cm ¢, or somewhat less

15 Ltoms cm 2 expected for half-coverage on

than the 0.5x10
the {100} plane. The difference could be attributed to

the existence of {110} planes inactive to g-nitrogen ad-
sorption. Clearly the tremendous drop in sticking probabil-
ity for molecular nitrogen on completion of the c(2x2) B-
state reflects the requirement for pairs of adjacent vacant
sites for the dissociative adsorption of a diatomic gas.
Isolated vacant sites surrounded by adatoms, while incapable
of adsorbing molecules dissociatively, can adsorb the nitro-
gen atoms produced by electron impact on the gas. This pro-
cess produces the A-state with twice the surface coverage

15 _toms cm 2.

of the B-state, 0.86x10
Thus, before commencing thermal desorption, the
model for the A-state at saturation is one in which every

site is occupied by a nitrogen atom and that all adatoms
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are identical. In the interpretation of the desorption
spectra which follows, the appearance of A- and B- "states"
is attributed entirely to the mechanism of desorption and

it is assumed that, prior to desorption, any separation into

different binding modes is invalid.

5.2.1 The immobile limit.

Consider the completely immobile limiting case, i.e.
the rate of desorption is much faster than the rate of ada-
tom migration. Desorption will occur by combination of
adjacent atom pairs and the desorption rate will be first

order in the number of adjacent atom pairs,

Rate(A) = v, exp[-n’{(e)/m-] - N, (0) (25)

where the functional dependence of Np and Ei on the frac-

tional surface coverage, 6, remains to be determined.
The dependence of Np on 6 is relatively easy to
determine since the antisymmetrically equivalent case of the

number of adjacent pairs of vacant sites in the immobile ad-

sorption of diatomics with dissociation has been treated by
J.K. Roberts. (39149)

Consider a square array of sites, such as the {100}
plane of a body centered cubic metal, in which each site has
four nearest neighbour sites. If a molecule evaporates from
a pair of adjacent sites and if all six sites which are

neighbours of this pair of sites are occupied, the number

of adjacent atom pairs, Np, is reduced by 1 + 6. For a
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surface containing N sites cm 2 and ON_ atoms cm~ 2, when

a further molecule, i.e. adjacent atom pair, evaporates then
ae = -2/NS

and, on average,
de(e) = -[1 + 6Y(6)]

where v(0) represents the average fraction which is occupied

of the six sites surrounding the desorbing pair. Thus,

anN_(8) NS .
—2 =-F 1+ 6v(0)] = 3.5 N_g(8)
dae
where g(e) = 1/7(1 + 6y (6))
0
and Np = 3.5Ng I g(e) de + 2Ng (26)

1l
since when 8 = 1, Np = ZNS.
For the antisymmetrical case Roberts had determined

g'(0) by an empirical method (39)

g*(6) = 1 - 0.6436 - 0.2502 - 0.08766%

and therefore, for the present case we can write directly that

g(e) = 1 - 0.643(1-8) - 0.25(1-08)2 - 0.0876 (1-0) "
Substitution in equation (26) and integration gives for the

variation of Np with 0,

_ a2 3 4 5 *

*Equation (27) contains small rounding errors. (see Appendix C)
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The success of this empirical relationship has been tested
using an array of 100 sites, exactly as described by Roberts,
(39,40) and counting the number of adjacent atom-pairs, Np,

as the surface is steadily depleted by desorption pairs of
adjacent atoms in a random sequence. The points in Figure

53 show the results of this procedure with the curve plotted
according to equation (27). The agreement is exceptionally
good down to a coverage of about 0.3 and deviates slightly

at lower coverage. The important'point to notice is that

the number of adjacent'pairs drops to zero at a coverage of
0.12; this is because, in the immobile limit, evaporation of
atom pairs will leave a number of isolated single atoms on

the surface. The contention of the present interpretation

of the desorption spectra for A-nitrogen is that these iso-
lated atoms will represent, in the immobile limit, the amount
desorbing as B-nitrogen by bimolecular recombination. Roberts*
empirical analysis.suggested that the number of isolated

sites remaining would be 8%, whereas an analysis based on an

array of 10,000 sites by Rossington and Borst (41)

suggests
a figure of 9.2%. In order to interpret the desorption data
in the present investigation it was found that the amount de-

sorbing as B had to be reduced from 0.44><1015

atoms

-2 X 15 -2
cm to values varying from 0.08 to 0.20x10 atoms cm
(Table III and Figure 36). This corresponds to a reduction
in the amount desorbing as 8 from 50% to between 9 and 23%.

While the agreement with the predictions of the completely
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_immobile model is reasonable, it is almost certain that
some mobility exists, particularly at coverages nuch below
'9=0.5, causing the amount of depletion to be somewhat less
than that for the immobile limit, i.e. 9%.

The second question pertains to the variation of
activation enefgy for desorption, Ei, on coverage. I1f we
equate the activation energy for desorption with the energy
of adsorption and assume a repulsive'energy of interaction
between adjacent pairs of adatoms, V, (the interaction be-

tween next-nearest neighbours being zero) then, on average,
¥ _ n¥_ R
Ek(e) = Ej [1+ 6v(8)] v

where E: represents the activation energy for desorption for

a non-adjacent pair at zero coverage OXY
* _ ¥ . \
Ek(e) = Eg 7g(9) v (28)

Again Roberts' calculations (39) suggest that a linear vari-
ation of activation energy with coverage represents a reason~
able approximation.

£,00 _ ¥
Ek(e) = Eo-ae (29)

This immobile adjacent adatom-pair desorption model

was also tested by computer fitting the experimental
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descrption data. Using Np(e) defined by equation (27) and
Ei(e) defined by equation (29) substituted in equation (25),

with E* = 81 Kcal mole-l, the best fit was determined scan-

o

ning NB' vy and a. The results are shown in Table III under
model (P). Standard deviations are comparable to those for
the other models and cannot be used to discriminate between
the models. However, the values of NB' vy and o computed
are each worth some comment. First, the amount desorbing as
B, NB' must again be severely depleted to an amount close to
that predicted by the model. Second, the pre—exponential,
Vy s has a magnitude close to that expected for an ideal first
order process without appreciable entropy of activation,

n 1013 sec-l. While low first order pre-exponentials are
not uncommon their interpretation is not obvious, so the
observation of an ideal value is of some interest. FPinally,
o is rather large, ~ 24 Kcal mole-l. A decrease in the act-
jvation energy for desorption (or heat of adsorption) with
increasing coverage can be attributed to (a) lateral intex-
actions between the adsorbed particles, i.e. short range

(39)'

dipole -dipole repulsion, (b) changes in the type of

binding, (42) (c) changes in thne work function of the sur-

face caused by chemisorption (43,44)

and (d) heterogeneity
of polycrystalline surfaces. 1t may be tempting to dismiss
the observations as a result of heterogeneity, (d) , but
this is contrary to the tenor of the present interpretation

of the experimental observations. The immobile adjacent
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adatom-pair model described here implies pairwise lateral
interactions, (a), however these are only small in magni-
tude, contributing maybe 2 Kcal mole-l. While such dipole-
dipole interactions will make a contribution to a, the model
does not exclude other contributions such as (b) or (c)-.

The LEED observation of a (1xl1) diffraction pattern for nitro-
gen at saturation and the complete isotope mixing (Figure 34)
indicate that all the nitrogen atoms are in identical bind-
ing states and therefore possibly excluding contribution (b),
however these binding states need not be identical with the
initially occupied B-states at 6=0.5. It is very probable
that as the result of lateral interaction, the binding energy
of the B-state was lowered upon populating the A-state and

at saturation all the nitrogen adatoms were identically
bonded to the surface but with lower binding energy. In
thermal desorption from this surface a fraction of the nitro-
gen adatoms would then desorb with a low activation energy

and the rest with a higher activation energy. This "induced
heterogeneity" has been speculated to be operative in hydro-
gen adsorption on tungsten single crystal planes (45'46).
Though the final possibility, (c), explains the observed
change in heat of adsorption upon increasing the surface
coverage straight-forwardly in several cases (47’48), it is
felt that the knowledge of the variation of A¢ with surface

coverage and single plane work function measurements upon

populating the A-state of nitrogen is required for estimating
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the magnitude of this contribution, (c).

It would be unreasonable to assume that an exact
demarcation exists between the immobile desorption of ad-
jacent atom-pairs and the completeiy mobile bimolecular re-
combination between the remaining isolated adatoms. More pro-
bably the degree of mobility steadily increases as the adatom
density decreases. The main claim of this immobile model
as approximating the behaviour of the "A-state" is its abi-
1ity to interpret the apparent depletion of the "p-state",
as evidenced by the desorption spectra in Figure 30, the
computer fitting of the fast desorption data, and also the de-

pendence of this depletion on heating rate (Figure 36).

5.2.2 Isotopic mixing.

Complete isotopic mixing throughout the desorption
process (Figure 34) can be most easily interpreted as result-
ing from adsorption with dissociation and complete mobility
before desorption. Total translational mobility (two-
dimensional gas behaviour) 'is in contradiction to the pro-
posed model. A solution to this conflict would be to invoke
rotational freedom of molecules formed from adjacent atom
pairs as a precursor to desoxption. Redissociation of such
ad-molecules prior to acquiring the necessary activation
energy for desorption would ljead to complete isotopic scramb-—
1ing as observed. Again while this mechanism may be appro-
priate as an interpretation of the behaviour at high

coverage, as the coverage decreases the mobility of individual

1
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adatoms will become increasingly important and contribute

to the isotopic scrambling.

5.3 Surface configurations of different adlayers.

Thermal desorétion and field emission observations
provide some information about the surface configurationé
of the adlayers and the possible changes of the substrate
"surface dﬁring adsorption. In this section the probable
surface structure of §-nitrogen adlayer and n-species will

be discussed.

5.3.1 6&-nitrogen adlayer.

Field emission results indicate that the formation
of B-nitrogen from ammonia causes the average work function
to decrease by 0.25 eV from that of clean surface, 4.5 ev.
Since the emitting area is the environs of the {100} planes
(Figure 38.2) the work function of a B-—nitrogeh covered sur-
face on the {100} plane can be considered to be equal to the
average work function measured. The presence of R-nitrogen
on this plane therefore causes a work function decrease by

0.40 eV from that of clean surface, 4.65 ev (34).

This obser-
vation is in good agreement with that measured by Delchar

and Ehrlich (21) using a macroscopic method. On this plane
the work function is known to decrease linearly with increas-
ing B-nitrogen coverage (49'50), so one would expect a fur-

ther decrease in the work function upon increasing the nitro-

gen coverage beyond the saturation coverage of B-nitrogen,
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i.e. formation of §-nitrogen. However, it is surprising tb
observe that populating the 6-state of nitrogen causes the
work function to increase to a value larger than 4.71 eV
(Figure 40.7 where ? = 4.71 eV but the {100} plane is not
emitting). This irregular behavior of work function change
with increasing coverage (Figure 54) has never been observed
and there is no unambiguous explanation for this observation.
All the possibilities which may contribute to this ob-
servation will be discussed in following section.

First, when nitrogen is adsorbed, a covalent bond
with partial ionic character is formed between the nitrogen
adatom and tungsten. Though nitrogen is more electronegative
than tungsten, an excess positive charge is associated with

nitrogen adatoms (23).

Thus, one would expect a work function
decrease upon populating the g-state of nitrogen on all crys-
tal planes. However this is not always the case; in a study
of nitrogen adsorption on tungsten (21), it was observed that
nitrogen adsorption raises the work function of the {111} plane
whereas it decreases the work function of the {100} plane.
This different behaviour of nitrogen adatoms on different
crystal planes has been explained as the result of a differ-
ent location of the nitrogen adatom with respect to the sur-
face of electroneutrality (21); on the {100} plane, due to

its densely packed surface, nitrogen adatoms can only be lo-

cated above the surface, whereas on the loosely packed {111}
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plane they can be located below the surface, as shown in
Figure 55 (a) and (b). The effect of this different nitrogen
adatom location is the formation of dipole layer with reversed
polarity, which nicely explains the observed differences in
sign of the work function change. Thus, if nitrogen ada-
toms in the 6-state would be located below the surface of
electroneutrality whereas nitrogen adatoms in the B~state
are located above the surface (Figure 55(c)), a reverse in
direction of A¢ would be observed upon populating the d-state.
However, this model appears to be unlikely since if it is im-
possible for the g-nitrogen adatoms to be located below the
surface of electroneutrality on this densely packed {100}
plane, it is difficult to understand how this can become
possible after more.and more nitrogen is adsorbed on the sur-
face. |
Second, the original model that the nitrogen adatoms
are associated with pésitive charges may not be correct and
instead the nitrogen adatoms could be associated with negative
charges and located below the surface of electroneutrality in
the B-state and above the surface after the population of the
§-state (Figure 55(d) and (e)), In fact, this is the only
possible surface configuration which could explain the ob-
served change in sign of A¢ on the {100} plane upon formation
of a comélete §-nitrogen adlayer (Figure 54). However, this
model can not account for the increase in work function on

the {111} plane upon populating the g-state of nitrogen.
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Fig. 55. Schematic diagram for possible §-nitrogen surface
configurations. The nitrogen adatoms are associa-
ted with (1) positive charges or (2) negative
charges., S.E., Surface of electroneutrality.
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Since the {111} plane is more loosely packed than the {100}
plane and therefore the nitrogen adatoms should be able to

be located under the surface of electroneutrality, a decrease
in work function upon éopulating the B-state, as was observed
on the {100} plane, should be observed.. This is contrary to
the observation that the formation of B;nitrogen adlayer
raises the work function on the {111} plane.

Third, in a study of adsorption of potassium on tungs-
ten surfaces using the field emission microscope, Schmidt and
Gomer (51) observed irregular work function changes; the work
function decreases continuously upon potassium adsorption and
reaches a minimum of 1.75 eV at a coverage of about eight-
tenths of a monolayer. 'On further increase in coverage, the
work function increases slightly and reaches a value 0.5 eV
higher than the minimum value. Bésed on a depolarization
schehe they are able to explain the observed minimum in the
work function-coverage plot. Though there is no such intex-
action between adjacent dipoles in the less densely populated
B-nitrogen adlayer (50),'it is very likely that dipole-dipole
depolarization is operating in the more densely populated
§-nitrogen adlayer. However, its magnitude can not be possibly
large enough even to account for the observed reversal in
direction of A¢d.

Finally, the closely packed nitrogen adatoms can also
give rise to a repulsive interaction which would weaken the

binding between nitrogen adatoms and tungsten. For the
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B-state of nitrogen on the W{100} plane the C(2x2) structure

(30)

is the most stable one » however, the observation of a

(1x1) structure upon formation of a §-nitrogen adlayer (10)
does not necessarily indicate that these new binding states

of §-nitrogen are identical with the initially occupied B-
states. It is probable that owing to the repulsive inter-
action changes in location of the adatoms, such as A, B and

C sites shown in Figure 52, could take place upon formation
of Sd-nitrogen adlayer. This would result in a change in the
amount of charge transfer, hence in A¢, but it is not possible
to estimate its magnitude.

Thus it seems that none of these models could explain
the observed change in Ad satisfactorily; for a further under-
standing of the S§-nitrogen adlayer single plane work function
measurements and measurement of the variation of A¢ with sur-

face coverage are required.

5.3.2 n-species.

Formation of the n-species of overall stoichiometry
W2N3H from §-nitrogen, WN, requires incorporation of a further
NH group for every pair of surface tungsten atoms; this does
not suégest any simple surface structure. For hydrogen atoms
there are two alternatives for the bonding situation; they
are bonded either to tungsten atoms or to nitrogen atoms.
The desorption of hydrogen from a tungsten surface is comple-

(9)

ted at temperature higher than 650°K. and the presence of
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nitrogen on the surface does not stabilize the hydrogenb(24).

Hydrogen thus can not stay on the surface at interactionAtem—
perature as high as 700°K.. It is not impossible, however,
that auring the interaction hydrogen atoms penetrated into

the surface and were buried under the nitrogen adlayer so that
they were hindered from evaporating from the surface. If this
is the case, desorption of nitrogen would immediately enable
the hydrogen to evaporate from the surface and give rise to
the observed simultaneous desorption of hydrogen and nitro-
gen. However, at temperature lower than 1000°K hydrogen
adatoms do not have enough energy to overcome the energy barrier
of desorption as atoms, desorption can proceed only via sur-
face recombination as molecules with second order kinetics,
which is contrary to the observed hydrogen desorption in an
atomic state by first order kinetics (section 4.1.2). The
surface structure in which hydrogen atoms are bonded to tungs=
ten atoms is thus not satisfactory.

It is noted that the n-species desorbs with a nitro-
gen to hydrogen ratio of 2 to 1 to leave a B-nitrogen sur-
face and furthermore the nitrogen desorbs simultaneously with
atomic hydrogen by first order kinetics at temperatures be-
low those required for §-nitrogen desorption. This strongly
suggests that n-nitrogen and n-hydrogen originate from the
same surface species and that a nitrogen-nitrogen bond is
formed in the n-species giving it a stoichiometry WNZH in

which alternate nitrogen atoms in the §-nitrogen structure
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are converted to the n-species. Furthermore, the over-
crowded surface with one and half nitrogen adatoms for
each tungsten atom, which appears impossible withoutthe N-N
bond formation, also suggests the possible formation of the
N-N bond. '

Such an N-N bonded species need not be oriented per-
pendicular to the surface. Using Pauling's value of 0.7 g

for the single bond covalent radius of nitrogen (52)

it can
be shown that such a structure may even allow every nitrogen
atom to be in contact with tungsten atoms. Figure 56 shows
one possibility in which alternate rows of N atoms and N-N
species are superimposed on a w{100} mesh. Such a structure
allows stronger interaction with the substrate and also satis-
factorily accounts for the saturation stoichiometry W2N3H.
It has been assumed that the H atoms are bonded to the N-N
species in this structure (e.g. N-NH) although it is not
impossible for them to exist in imide groups, NH. This latter
alternative creates the problem of understanding why oa-nitro-
gen (53) is not accessible to the N-N species, implying de-
sorption at about 400°K. The presence of an N-H bond in the
NNH species restricts the accumulation of electron density
between the nitrogen atoms and o-nitrogen may only be access-
ible after N-H bond breaking.

The field emission observations further complicate

this picture. The observed emission pattern with small bright

spots superimposed on the main pattern (Figure 50.2), the
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jrregular work function change with increasing surface cover=
age, and the small pre-exponential term in the formation of
n-species, all indicate the possible occurrence of surface
rearrangement. In the study of self-diffusion of tungsten

(35) showed that

by field ion microscopy ﬁhrlich and Hudda
surface tungsten atoms become mobile at temperature higher
than 350°K. Thus this observation adds some support for such
surface rearrangement. Furthermore the n-formation curves
shown in Figure 25 do not saturate but n-formation is follow-
ed by an even slower reaction. This reaction probably corres-=
ponds to the formation of bulk species. The formation of
interstitial tungsten "hitrides" requires an expansion of the
tungsten lattice and therefore the n-species probably forms
with rearrangement of the tungsten substrate. It is inter-—
esting that bulk "hitrides" of tungsten have only been formed
by reaction with ammonia and not nitrogen; the n-species not
only represents a surface intermediate in the decomposition
of ammonia but also in the formation of bulk compounds.

In the studies of interaction of oxygen with tungs-
ten by LEED, Tracy and Blakely (54) observed that repeated
dosing of oxygen on the {100}, {111} and {112} planes at
pressure between 10~ ana 10~% torr and 300°K with intermit-
tent heating to 750°K in vacuum for 5 sec transforms these
planes to a surface with {110} facets and final work functions
which are identical to that of the oxygen covered {110} plane.

Based on the observed emission patterns and work function
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changes, it is very likely that during the formation of n-
species the surface underwent similar changes so that the
rearranged surface would have similar surface structure on
most of the planes giving rise to the observed patterns with
uniform emission properties,

The appearance of bright-spots in the emission
pattern (Figure 50.2) is undoubtedly the result of the for-
mation of humps on the surface. Such humps have smaller radii
than that of the main emitter and since the magnification
is inversely proportional to the radius the resultant local
magﬁification will exceed that of the main emitter. The
small radius of the humps also causes local field enhance-
ment and increased emission, the humps will thus show up as
bright spots in the main pattern. The appearance of these
bright spots at the periphery of the {110}, {111} and {100}
planes may be the result of a lower binding energy of the
surface atoms at the edge than in the centre of the plane,
i.e. the energy required for the displacement of an atom is
lower at the edges. .

The observation of a pattern similar to that of §-
nitrogen (Figure 45.6) and a corresponding work function
change in the sequence of n-desorption may indicate that
the n-species desorbs to leave a §-nitrogen adlayer instead
of a B-nitrogen adlayer as deduced from the thermal desorp-
tion experiments. However, the lack of emission from the

{100} plane does not necessarily indicate the absence of the
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n-species on this plane. Without single plane work function

measurement, it is not possible to draw any definite conclu-

sion from this observation.

5.4 Interpretation of earlier experimental results based on
the present understanding of ammonia decomposition.

The mechanisms proposed in earlier studies (1-4) are
based almost entirely on the kinetic results, they are high-
ly speculative and are inadequate as a description of the
decomposition process at temperatures of catalytic interest.
However, the present observations indicate that the results
obtained by Frankenburger and Hodler (5) do indeed correctly
represent the ammonia interaction with tungsten at tempera-
tures lower than 500°K, if not at higher temperature. Ther-
mal desorption and field emission results (Figure 12 and
section 4.3.1(b)) indicate that ammonia dissociates on the
surface at temperatures higher than 285°K to produce a B-
nitrogen adlayer and as the nitrogen surface concentration
increases so will the stability of the adsorbed NHx interme-
diate. This observation is in full agreement with their ob-
servation; the formation of a surface nitride (B-nitrogen)
pre-dominates on a clean surface and imide is formed to a
lesser extent only at higher coverages with the concurrent
adsorption of increasing amounts of undissociated ammonia.
The inadequacy of their reaction scheme in interpreting the
decomposition is clearly the result of the attempt to employ

this low temperature result in explaining the decomposition
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proceeding at much higher temperature.

(9)

It has been correctly pointed out that the ob-
servation of Tamaru (8) that the réfe of nitrogen desorption is
equal to the rate of nitrogen production from ammonia decom-
position is a misinterpretation of the experimental results.
At the temperature at which the experiment was carried out
n-formation is considerable; the nitrogen desorption rate
neasured after removing the remaining ammonia and decompo-
sition products was therefore that of nitrogen produced by
n-desorption and not that of nitrogen adsorbed.from the gas
phase. Though the apparent absence of any hydrogen contain-
ing species on the surface at 873°K is not understandable,
the observation that nitrogen is produced in the émbient at
temperatures higher than 773°K can be easily explained since
n=desorption commenced at 780°K.

In more recent studies, experiments have been carried
out in ultra-~high vacuum systems and on clean sample surfaces,
so one would expect better agreement with the present obser-
vations. However, the proposed mechanisms involving desorp-~

(10,11)
2

tion of surface species such as NNHz(g), NH or x-

nitrogen (12)

as the rate limiting step obviously do not, or
at best only partly, agree with the observation that n-desorp-
tion is the rate limiting step at high reactant pressure.

The question why such different observations were obtained

though those experiments were all carried out in clean sys-

tems and low ammonia pressures thus remains to be answered.
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The interpretation of earlier field emission re-
sults by Dawson and Hansen (9) for ammonia interaction at
200°K agrees exactly with the present observations. However,
the work function versus temperature plots obtained at 300,
400, and 500°K would appear to be misinterpreted as arising
from the formation of species such as WéNN+H3 and WZNNHZ‘
Under the condition where those species were formed the
present observations indicate that only é-nitrogen could
have been formed on the surface. Moredver, the work func-
tion versus temperature plot obtained from §-nitrogen ad-
layer (curve b) is almost identical to that obtained from
W2NNH2 adlayer (curve a) as shown in Figure 57. Though the
slightly higher work function shown in curve (a) may indicate
the possible formation of the n-species, it is believed that
n-formation, if any, was negligible under the conditions
employed in that.experiment. Thus it is certain that the
species observed by them were WN.WNHx and §-nitrogen rather
than W2NNHx. The slight disagreement in temperature scale
.between these two curves appears to be the result of differ-
ent heating period; in curve (a) each work function was mea-
sured after heating the field emitter tip at the temperature
indicated for 30 seconds whereas in curve (b) the tip was
heated at the temperature indicated for only 10 seconds.
Since different heating periods will give rise to different

surface concentrations, the work function measured will not
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be the same for both cases. In Figure 58 where the surface
adlayer was obtained in both cases under the same dosing
conditions, hence they are identical before the heating
sequence was commenced, the effect of different heating
reriods on the measured work function is clearly illustra-
ted;

In the thermal desorption/LEED studies by Estrup

(10) and May et al (ll), the conclusion that

and Anderson
NH2 is the only species present on the surface during the
decomposition and desorption of this species is the rate
limiting step was drawn from thermal desorption results.

Since these experiments were carried out with a continuous
background pressure of ammonia gas and the decomposition

of ammonia on the hot sample filament during the desorption
interval was unavoidable, the reliability of these results has
been questioned (14). In the present experiments, if desorp-
tion was carried out with residual ammonia gas, in addition

to the n-hydrogen peak a higher temperature hydrogen peak

-has always been observed (Figure 16) in the same temperature
range as that observed in the thermal desorption/LEED experi-
ments, namely at 1200 - 1300°K. The peak occurs when the
pumping of hydrogen by the hot filament at temperature higher
than 1100°K exceeds the rate of hydrogen production by ammonia
decomposition. The high temperature hydrogen peak observed

in the thermal desorption/LEED experiments would therefore

appear to be spurious and the species present on the surface



(eV).

WORK FUNCTION

- : 191

1 M| |

L 1
500 600 700 800 900 1000 1100 1200
TEMPERATURE ( °K )

30 L

Fig, 58, Effect of different heating periods on the work func-
tion versus temperature plot. The emitters dosed
under the same dosing conditions were held at the
temperatures indicated for 5 seconds (open circles)
and 30 seconds (filled circles).



192

was in fact S-nitrogen and not NH2 as claimed. The elimi-
nation of their hydrogen desorption observation puts most of
their thermal desorption observations in agreement with the
present observations for §-desorption.

The thermal desorption results of Matsushita and
Hansen (12) are in good agreement with the present observa-
tions as far as &-nitrogen (their x-nitrogen) is concerned.
However, owing to the low sticking probability for ammonia in
the formation of n-species, even at 700°K, the n-formation
is too slow to be detectable at room temperature and underx

the ammonia pressure of n10"8

torr employed in their experi-
ments.

Present studies thus provide reasonable alternative
interpretations for most of the earlier studies. The kine-

tic parameters for the' n-desorption reaction, which is the

‘rate limiting step at ammonia pressure >> 0.2 torr, are also

in good agreement with those obtained in earlier studies as

shown in Table V1, where the pre-exponential term, A, has

. . - -1 s s .
the dimension of molecules cm 2 sec™. A similar comparison

has been made by Matsushita and Hansen (12).

However, sinqe
their comparison was based on §-nitrogen desorption as the
rate limiting step, the agreement is not as good as that shown

in Table V1.
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CHAPTER 6
SUMMARY
Interaction of ammonia gas, at pressures between

=7 and 10-2 torr, with tungsten surfaces, at temperatures

10
between 200 and 800°K, has been investigated by thermal
desorption mass spectrometry and field emission microscopy.
Several procedures have been adopted to overcome the prob-
lems caused by the persistence of ammonia gas in ultra-
high vacuum systems.

Ammonia adsorption at 200°K produces a deposit of
undissociated ammonia with a surface coverage of only one
half monolayer. The desorption spectrum obtained from this
deposit is characterized by a low temperature hydrogen peak
commencing at 285°K with peak maximum at 450°K, and a high
temperature B-nitrogen peak, commencing at 1150°K with peak
maximum at 1450°K. On interaction at 300°K ammonia under-
goes partial decomposition and about half of the hydrogen
produced desorbs leaving one half monolayer of nitrogen and
&l.G'hydrogen atoms per each nitrogen adatom on the surface.
The dissociation intermediates, NHx, are expected to be pre-
sent on the surface and the stability of these intermediates
increases with increasing nitrogen surface concentration.

Repeated dosing at 300°K with intermittent heating

to 800°K or interaction at temperature higher than 300°K

194
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for an exposure less than 10—4 torr-sec produces a densely

populated nitrogen adlayer designated as the é-state of
nitrogen. At saturation a complete §-nitrogen adlayer with
surface stoichiometry WN is formed and the surface no longer
interacts with ammonia at temperature lower than 500°K.
The desorption of the §-state of nitrogen occurs at a tem-
perature lower than that required for the desorption of the
B-state of nitrogen, W2N. Work function measurements and
observed emission patterns indicate that on the {100} plane
the population of §-state of nitrogen leads to an increase
of work function from that of B-nitrogen covered surface
and ultimately to a change in the direction of A¢, whereas
on the {111} plane no such change was observed.

In addition to the successive formation of the B-
and §-states of nitrogen, ammonia interaction at 500°K

under an exposure higher than 5x10™2

torr-sec produces a
small but detectable amount of a hydrogen containing species
designated as the n-species. At 700°K, the initial stick-
ing probability for the formation of this species is ~107°
and a monolayer of the n-species is formed under an expo-
sure of V1 torr-sec. During the n-formation the hydrogen
and nitrogen surface coverages increase at an equal rate
and at saturation n-species has a surface stoichiometry
W2N3H. The n-species desorbs with a nitrogen to hydrogen

ratio of 2 to 1 to leave a B-nitrogen adlayer. The desorp-—

tion spectra are characterized by exactly concurred hydrogen
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and nitrogen desorption which occur by first order kinetics
with peak maxima at 935 and 930°K, respectively. Character-
istic behavior of the n-hydrogen peak and direct observa-
tions indicate that this hydrogen desorbs as atoms. The
formation of the n-species causes the average work function to
increase by ~0. 68 eV from that of the clean surface. The
observed emission patterns, work function measurements and

the pre-exponential terms suggest that during the formation

of the n—-species the surface undergoes extensive surface re;
arrangement.

The densely populated nitrogen adlayer obtained from
ammonia interaction can alsc be generated by the adsorption
of activated nitrogen gas. The nitrogen adlayer obtained in
this manner designated as the A-state of nitrogen is thought
to be identical to the 6-state of nitrogen obtained from
ammonia adsorption based on several observations. The A-
state of nitrogen is thermodynamically stable with respect
to gas phase nitrogen. Both A- and B-states of nitrogen are
. adsorbed atomically on the same crystal planes. The kinetic
studies of A-desorption indicate that the so-called A- and
B-states actually represent different desorption mechanisms
rather than different adsorption states. The evidence for
the depletion of the B-state by population of the A-state
suggests that the A-desorption mechanism is an immobile
adjacent atom-pair desorption in contrast to the mobile

bimolecular recombination B-mechanism. The variation in
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adatom-translational mobility with adatom density plays
an important role in the desorption mechanism.

All these results indicate that ammonia decomposi-
tion on tungsten surfaces is a complicated process involv-
ing the formation of g-nitrogen (WzN), d-nitrogen (WN) and
the n—-species (W2N3H) and the desorption of these species.
Quantitative kinetic measurements of these processes indi-
cate that decomposition of ammonia ~an proceed via two com-—
peting pathways ; 6—desorption or n—desorption. The com-
parison of the rate parameters for these two processes
suggests that at ammonia pressure >>0.2 torr decomposition
will occur via n-desorption and a hydrogen isotope effect
on rate will be observed, whereas at ammonia pressure <<0.2
torr decomposition will proceed via 8-desorption.

This study provides a new understanding for the
décomposition of ammonia on tungsten surfaces and offers
more reasonable interpretations formost of the earlier ob-
servations and an explanation for the failure of the earlier

studies in providing a correct mechanism for this reaction.



CHAPTER 7
SUGGESTIONS FOR FUTURE RESEARCH

The proposed mechanism for the ammonia decomposi-
tion on tungsten surfaces indicates that at ammonia pressure
much lower than 0.2 torr decomposition will occur via §-
desorption; the hydrogen isotope effect on the rate would
thus not be observed at low ammonia pressures. The confir-
mation of this prediction will add strong support to the
proposed mechanism, and therefore it is desirable to compare
the rates of decomposition of ammonia and deutero—ammonia in
the pressure range between 10~2 and 1 torr.

The properties of the adlayeriof the S§-state of
nitrogen weré deduced only qualitatively from the average
work function measured in this work. For further under-
standing single plane work function measurements, especially
the variation in the work function with nitrogen surface
coverage, are required.

. The analysis of the desorption kinetics of the
A-state of nitrogen carried out in this work was complicated
by the presence of different crystal planes such as the {100},
{111} and {110} planes on the sample surfaces. Since these
planes are known to behave differently upon nitrogen adsorp-
tion from nitrogen gas at 300°K, it would be desirable to

carry out this experiment by employing single crystal planes

198
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for unambiguous measurements.

It is also worthwhile to study the relative ac-
tivity for the formation and the stability of the n-—adlayer
on different planes by employing single crystal planes as

sample.



APPENDICES

A. The fraction of n-hydrogen detected as mass 1l in the

line of sight experiment.

Assuming that all the n-hydrogen desorbs as atoms
and only the hydrogen which can enter the ionization chamber
of the mass spectrometer directly will be detected as mass
1, the mass 2 to mass 1 ratio of the n-hydrogen peak can

be estimated as follows.

_

D

Figure A-1l. Position of the sample filament

If the diameter of the ionization chamber opening
is equal to AB, the length of the tungsten filament equal
to CD and the distance between the ionization chamber and
the filament equal to 4, it can be seen that the angle 6

as shown in Figure A-1 is equal to

2+AC-BC
The fraction F of the n-hydrogen which desorbs from the

segment Ax and can enter the ionization chamber directly

200
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can thus be set approximately equal to

nrz
F = —5
' 4t . AC
Since r = Ac-sin%

F is equal to
F = % sin2 %

and the average fraction, F, of n-hydrogen which desorbs from
the entire filament and can enter the ionization chamber
directly is thus equal to

I F.Ax,

{ i7i

z Ax.
i i

F =

The average fraction, F, has been evaluated by divid-
ing the filament into 100 segments of equal length, aﬁd cal-
culating the F; individually. For an ionization chamber
opening with a diameter of 0.4 cm, the filament 1.2 cm in
length, and the distance between the filament and the ioni-
zation chamber as 0.5 cm, the fraction of hydrogen which can
enter the ionization chamber without colliding with the wall
is found to be 0.021, which corresponds to a mass 2 to mass 1

ratio of ~32.5.

B. Kinetic analysis of the n-formation.

In order to simplify the analysis, the n-formation is
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assumed to proceed via

k
NH,(g) + W —3% WN(§) + 3/2 H,(g)

k
NH,(g) + 2WN(8) —>W,N;H(n) + H,(g)

Since NH3 is in large excess, these reactions can be con-
sidered as two successive first order reactions. Let 96

and en be the surface coyerages of §-nitrogen and n-species
'in fractions of a monolayer respectively, the set of differen-

tial rate equations which describes these reactions is thus

d(1-05-0)

T = ’kz'PNH3°(1'36'°n) (1)
aE = *2"Pwm, (1=05=87) = k3"Pyu "% (2)
ae
—J- - [ ] [ )
gt~ k3P, % _ (3)

Integration of equation (1) gives for (1—96-en)

-k .P ot
(1-05-6,) = e 2 "NH3 (4)

Substituting this result into equation (2) gives

de : "'k .P .t
S =x .o e 2 NH3 _

T 2°Pnu k

3 "NH

P .0 . (5)
38

3

This differential equation integrates to

k -k P .t -k P .t
_[__*2 2°Pnm. % _"F3°"nm
0s —(E—:E_)'(e 3 e 3 ). (6)

3 72
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The rate of n-formation is thus given by substituting (6) into

(3), i.e.
de k ’ -k - P .t —k .P .t
n _ T2\, 2°°NH _ 3°°NH
IE - ks-PNH3-(k—3—g)(e 3 e 3 ) -

C. The origin of the small rounding errors in equation (27).
Substitution of g(8) in equation (26) and integration

gives for the variation of Np with 6,

2

Np(6) = 3.5Ns(-0.0059+0,01940 +0,7476

4

- 0.25963 + 0.08760% - 0.01756°)

This function, Np(6), satisfies the boundary conditions
(a) Np(6) = 2Ns; 6=1 and (b) Np(6) = 0; 6=0.08. The second
condition implies that the number of adjacent atom-pairs re-
duces to 0 at 6=0.08 as the surface is steadily depleted by
desorption of pairs of adjacent atoms in a random sequence.
Equation (27), which is obtained by neglecting the
small contribution of the first and.second terms in the
barcket of Np(6) function, thus no longer satisfies these
boundary conditions; as 0=1, Np(8) = 1.95Ns and as 6=0.08,
Np(8) = 0.016Ns. However, these deviations are rather small
and the agreepent between the Np versus 6 curve plotted
according to equatidn (27) and the result of an empirical
analysis shown in Figure 53 indicates that, excep£ at low

coverage, equation (27) is a very good approximation.
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