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Abstract

The work described in this paper is a study of the estimation of copper, silver
and gold coverages on the iridium field emitter tip surface. The study has been
carried out by using a simple field emission microscope designed especially
for the purpose of the adsorbate coverage calibration. It was equipped with an
iridium field emitter tip. On one side of the microscope was the vapor source
12.5 cm from the tip, and on the other side 16.2 cm from the source was a
quartz crystal oscillator. The crystal leads were spot welded to a two-pin
tungsten-glass press-seal. In front of the crystal, a nickel shield was mounted
in which there was a circular hole of an area of 0.0804 cm’ slightly smaller
than the surface of the crystal, to prevent shorting of the conducting ends of
the crystal which would be brought about by the condensed metal. The sens-
ing crystal inside the microscope was driven by a small circuit placed just out-
side the microscope. The driving circuit was in turn connected to another
circuit which comprised a frequency comparator unit which could read the
frequency of the quartz crystal oscillator before and after the deposition of the

A
adsorbate and gave a direct digital reading of Tf (fis the resonance fre-

quency of the crystal before the deposition of the adsorbate and Afis the dif-
ference in the frequency of the oscillator after and before the deposition of the
adsorbate on the crystal). The mass added to either side of the crystal alters its
resonant frequency. The frequency shift obtained for a certain thickness of the
deposited film depends on the density of the deposited film [1] [2].
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1. Introduction

Copper, silver and gold vapors were deposited on the tip surface in doses; every
dose was obtained by heating the source resistively for a fixed duration of time.
The number of atoms of the studied materials deposited on the tip surface is
needed to be known. This has been measured in this study using a quartz crystal
microbalance.

The microbalance operates on the principle that when a material is deposited
on the oscillating surface of a quartz crystal, its frequency changes and the
amount of the frequency shift is proportional to the mass deposited and hence to
the number of deposited atoms. The frequency shift is measured and the number
of the deposited atoms can be computed using some equations relating them to

the frequency shift.

2. Theory

The fundamental frequency of an AT cut crystal is given by [3]

1
1(q)
-4 (1)
772 [pJ
where dis the thickness of the crystal, p its density, and g the stiffness factor.

The density p can be written as

P= (2)

M
14
where M is the mass of the crystal and V the vibrating volume which can be

written as
V=A-d (3)

where A is the vibrating area of the crystal. Combining Equations (2) and (3), d

can be written as:

d= % 4)
pA
Substituting Equation (4) into Equation (1) gives
1
pA(q) 4 %
== =5 5
f ZM[pj 2M(pq) (5)
Differentiating Equation (5) with respect to M gives
df A 1
- __ 2 6
FIYREEYYE (rq) (6)
From Equations (5) and (6)
Y& -

M M M

Equation (7) shows that the change in the resonant frequency dfis propor-

tional to the increase in the mass, dA4, deposited on the crystal surface. The neg-
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ative sign implies a decrease in the frequency-
The statement dfis proportional to dA/is valid only for films which are sufficient-
ly thin compared with the thickness of the quartz crystal [1]. Thus the limitation

% <1 must be applied [4].

3. The Advantages and Disadvantages of the Quartz Crystal
Microbalance

The advantages of using this technique to estimate the adsorbate coverage on the

substrate surface outweigh the disadvantages. The advantages are:

1) The quartz crystal is bakeable at high temperature and then compatible with
ultra high vacuum processing. (We baked it to a temperature which was as
high as 425°C.)

2) The measurement is fast.

3) Itisnot limited by material.

4) Itis highly sensitive even to a very small deposit, =10~ g [1].

The disadvantages are:

1) The sticking probability of the depositing material may be different on the

quartz crystal plate from that on the substrate in use.

2) Itis heat sensitive.

4. The Experimental Arrangement

The experimental arrangement in the present study consisted, as shown in Fig-
ure 1, of a simple field emission microscope designed especially for the purpose
of the adsorbate coverage calibration. It was equipped with an iridium field
emitter tip. On one side of the microscope was the vapor source 12.5 cm from
the tip, and on the other side 16.2 cm from the source was an AT cut quartz
crystal oscillator as shown in Figure 2. The crystal leads were spot welded to a
two-pin tungsten-glass press-seal. In front of the crystal a nickel shield was
mounted in which there was a circular hole of area of 0.0804 cm?, slightly small-
er than the surface of the crystal, to prevent shorting of the conducting ends of

the crystal which would be brought about by the condensed metal.

The sensing crystal inside the microscope was driven by a small circuit placed
just outside the microscope. The driving circuit was in turn connected to anoth-
er circuit which comprised a frequency comparator unit which could read the
frequency of the quartz crystal oscillator before and after the deposition of the

A
adsorbate and gave a direct digital reading of Tf (fis the resonance frequency

of the crystal before the deposition of the adsorbate and Afis the difference in
the frequency of the oscillator after and before the deposition of the adsor-
bate on the crystal).

The mass added to either side of the crystal alters its resonant frequency. The
frequency shift obtained for a certain thickness of the deposited film depends on
the density of the deposited film [1] [2].
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[ Liquid Nitrogen

A Quartz Crystal
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The Driving Circuit
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f Source To The Source
To The Microbalance / Heating Current

Phosphor Screen
Figure 1. A schematic diagram of the experimental arrangement used

for measuring the amount of the adsorbate.

R crystal (R)
= 162cm

R tip (R)

<——— 125cm ——>

The
Adsorbate
Source
The Ir. Tip

The Quartz Crystal

Figure 2. The distances between the source and he tip and
between the source and the quartz crystal.

The vapor source to be calibrated was evaporated simultaneously on the tip
which was kept at liquid nitrogen temperature and onto the quartz crystal which
was kept at room temperature.

The source was heated while the gate in front of the source (see Figure 1) was
closed and after about one minute the gate was opened to allow the vapor to
condense on the tip surface. After three minutes the gate was closed and the de-
posit uniformly diffused over the tip surface. This was repeated until the average
work function for copper, silver and gold deposits attained their cover-

age-Independent values, &

sat *

5. Results and Discussion

The time, ¢ taken just to attain J_ for each vapor source was measured

(points A, B, and C on Figures 3-5 for copper, silver and gold respectively).
The source was then heated and the vapor was allowed to deposit on the tip
and quartz crystal continuously for the measured time, ¢ , and the resulting

A
value of —f was recorded.
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The sticking probabilities of copper, silver and gold on the quartz crystal at
room temperature and on tip at liquid nitrogen temperature were assumed to be

the same and equal to unity [5] [6] [7].
Af

In order to ensure that the measured —— contained no spurious thermal

effects it was proved necessary to allow the crystal to cool down for a period be-
tween a half of an hour and one hour.

Due to the difference in the distance of the crystal and the tip relative to the
source (Figure 2) the atomic concentration at the tip will differ from that on the
crystal, and according to the inverse square law, the atoms concentration at a
point is inversely proportional to the square of the distance of that point from
the metal source.

When R, is the distance from source-to-crystal, and R, is the distance from

source-to-tip, then

Atomic Concentration on the tip R (8)

Atomic Concentation on the crystal - R,

In our study, R, and R, were 16.2 cm, 12.5 cm respectively, therefore

2

=1.68

42

A
The obtained Tf for copper coverage at J_, was found to be 0.0000028 +

0.0000004, where the 0.0000004 is the accuracy of the outputted value.

A
Taking 7f to be only 0.0000028 and using Equation (7), the amount of

copper deposited on the crystal surface was

AM =6.44x10"gm (M, =0.023 gm)

crystal

The density of the deposited copper ( P, ) on the crystal surface was found by
dividing AM by the area of the nickel hole in front of the crystal (4 = 0.0804

cm?), thus

P - 6.44x107° gm

= 70,0804 om? =8.0074x10"gm-cm™
. cm

From Equation (8) the density of copper on the tip surface was found to be
1.3452 x 10° gm-cm ™.

The density of the deposit condensed on the side of an effectively cylindrical
shank is attenuated by a factor of 1/m on spreading over the entire emitting area

[8]. Therefore the true density of copper on the tip surface would be

1.3452x10° +1=4.282x10"7 gm-cm™>

The atomic weight of copper is 63. One gram atom of copper therefore

weights 63 gms and one gram atom contains A, atoms where A4, is Avogadro’s
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number and equal to 6.023x10* atoms per mole.
Therefore 63 gms of copper contain A, number of atoms. The density of cop-

peringms-cm”at J_ is equivalent to

23
M x4.282x107 atom-cm > =4.0938x 10" atom - cm >

A
Taking into account the +0.0000004 in 7f , the copper concentration at @,

would be =(4.1 + 0.5) x 10" atoms-cm™.
Assuming a mean surface atom density of 1 x 10" atoms-cm™ on the iridium
points, the saturation coverage of copper on iridium occurred at a coverage of 8

=4.1£0.5, where #=1 is one monolayer and defined as [9].

Mean density of copper atoms on iridium surface

Mean density of iridium atoms on the surface

Following the same procedure, the calculated saturation coverages of silver (at
) and gold occurred at &= 5.25 + 0.25 and &= 2.25 * 0.18 respectively.
Amounts of copper, silver and gold condensed on the tip at different fluxes

have been measured as fractions of the coverage taken to reach @,.

6. Coverage Criteria

Changes of the work function of metals due to the adsorption of atoms on their
surfaces depend on the charge of the adsorbed atoms with respect to that of the
substrate metal. Generally electropositive atoms adsorbed on the substrate metal
form systems with lower work function than that of the substrate [8] [10] [11] [12]
[13] [14], and electronegative atoms form systems with higher work function than
that of the substrate [5] [9] [15]-[25]. However, some adsorbates behave different-
ly on different planes of the same surface depending on the structure and electro-
negativity of the plane in question [18] [19] [23] [26] [27] [28].

In the present study copper and silver invariably decrease the average work
function when adsorbed on the iridium surface while gold either increases or
decreases the average work function depending on the spreading temperature.
Thus copper and silver behave as if positively charged when adsorbed on iridium
and this contrasts with their behavior when adsorbed on tungsten [9] [15] [19]
[21] [29]. Gold on the other hand, behaves as positively charged under some
conditions and negatively charged under others when adsorbed on iridium while
it is always negatively charged with respect to tungsten [5] [18] [29].

Other changes in the work function take place at particular concentrations of
the adsorbates, and in order to interpret these changes, an accurate knowledge of
adatom coverage is necessary. A convenient measure of coverage is the mono-

layer which is denoted by 6= 1 and defined by

Mean density of the dsorbate atoms on substrate surface

Mean density of the substrate atoms on the substrate surface
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In most cases when the adsorbates increase the work function of the substrate
when adsorbed on its surface and the work function passes through a maximum
)

[30] considers a monolayer coverage to be one at which the work function is

the coverage at that @, is considered to be at or close to &= 1. However,

maxt?

minimum.
Figures 3-5 show that the measured average coverages of copper, silver, and
gold on iridium substrate surface at @, are § = 4, 6 = 5.33, and 6 = 2.1 respec-

tively, where 8= 1 is one layer of the adsorbate on the substrate.

54

52

Ts=437K

48 4

46 +

Work Function (eV)

42 4

Copper Coverage (0)

Figure 3. Change in work function with copper coverage.
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Figure 4. Change in work function with silver coverage.
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Figure 5. Change in work function with gold coverage.
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In his measurements, [5] found the concentration of gold on tungsten at ®,,,
to be 6.7 x 10" atoms'm™, and the average concentration of surface tungsten
atoms is 5.7 x 10" atoms-m™, this gives a gold: tungsten atom ratio of 1.17, a
value to that expected for the monolayer as defined. This view is supported by
[31] using field ion microscopy. However in some cases the calculated value for
the coverage at @, isnot #=1 [9] [21].

Another criteria for = 1 is that of the coverage at which a pseudoclean emis-
sion pattern is formed [8]. Our observations for copper, silver, and gold adsorp-
tion on iridium substrate show that this criterion is not met because we observed
that at no coverage of these adsorbates did the emission patterns depart substan-
tially from that of clean iridium. The similarity between patterns produced by
adsorbed copper, silver, and gold and that formed by clean iridium suggests that
the long-range morphology of the adsorbate layers is determined the structure of
the iridium substrate. [32] developed and performed a statistical study on the
method of a coverage estimation. A coverage prediction based on FEM-DEM
(DME = Discrete Element Model, FEM = Finite Element Method) simulation
was developed and validated by [33]. The numerical coverage study based on
FEM-DEM method exhibited the same trend as the experimental data. It is
shown that the resonance frequency (f) and quality factor (Q) of the resonator
depend on the existence and the type of the monolayer [34]. [35] used a quartz
crystal microbalance to monitor the adsorption of biomolecules to the resonator
surface, the fractional coverage of the surface, & was correlated with the fre-
quency shift of the resonator, Af. The adsorbed material was ferritin, which is a
spherical protein with a diameter of =12 nm. [36] in their study investigated the
deposition of monodisperse, amine functionalized silica nanoparticles on gold
surfaces using quartz crystal microbalance (QCM) to obtain frequency and dis-
sipation changes during adsorption from the liquid phase. [37] observed positive
shifts of frequency, Af, in contrast to the negative frequency shifts typically
found in adsorption experiments. A comparison of frequencies shifts and band-
widths on different overtones reveals a coupled resonance: at low overtones, Af

is negative, whereas it is positive at high overtones [37].

7. Conclusions

Changes in the work function of the substrate due to the adsorption of the ad-
sorbate atoms take place at different concentrations of the adsorbates, and in
order to interpret these changes, an accurate knowledge of adatom coverage is
necessary. In most cases when the adsorbates increase the work function of the
substrate when adsorbed on its surface and the work function passes through a
maximum (®,,), the coverage at that ®_,,, is considered to be at or close to 8=
1. However, [30] considers a monolayer coverage to be one at which the work
function is minimum.

The microbalance operates on the principle that when a material is deposited
on the oscillating surface of a quartz crystal, its frequency changes and the

amount of the frequency shift is proportional to the mass deposited and hence to

DOI: 10.4236/wjet.2018.63033

563 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2018.63033

K. l. Hashim

the number of deposited atoms. The frequency shift is measured and the number
of the deposited atoms can be computed using some equations relating them to
the frequency shift.

In order to ensure that the measured LA contained no spurious thermal
effects, it was proved necessary to allow the crystal to cool down for a period
between a half of an hour and one hour.

The saturation coverage of copper on iridium occurred at a coverage of = 4.1
0.5, where =1 is one monolayer, while the calculated saturation coverages of sil-

ver at @, and gold occurred at 6= 5.25 £ 0.25 and 6= 2.25 + 0.18 respectively.

sat
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