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The paper presents an experimental study of the low-threshold field electron emission from thin 
films of metals (Mo, W, Zr, Ni and Ti) deposited on silicon substrates by magnetron sputtering. Several 
samples of such films having effective thickness in the range 6 – 10 nm were capable of room-temper-
ature electron emission in electric field with macroscopic intensity as low as a few kV/mm. Optimized 
thermofield treatment procedure further improved their emission properties reducing the threshold 
field by several times. AFM study revealed a correlation between film’s emission properties and their 
surface topography. At the same time, no equally pronounced correlation of the emissivity with other 
characteristics of coatings (including the sort of the metal and the silicon substrate conductivity type) 
was detected. Results of the study witness in favor of two-temperature (or hot-electron) emission mech-
anism for the investigated coatings.
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НИЗКОПОРОГОВАЯ ПОЛЕВАЯ ЭМИССИЯ ЭЛЕКТРОНОВ  
ТОНКИМИ ПЛЕНКАМИ МЕТАЛЛОВ

И.С. Бизяев, П.Г. Габдуллин, Н.М. Гнучев, А.В. Архипов

Санкт-Петербургский политехнический университет Петра Великого, 
Санкт-Петербург, Российская Федерация

В работе экспериментально исследованы эмиссионные свойства тонких пленок нескольких 
металлов (Mo, Ni, W, Ti и Zr), нанесенных на кремниевые подложки методом магнетронного 
распыления. При эффективной толщине 6 – 10 нм, многие образцы пленок показали способ-
ность эмитировать электроны при комнатной температуре в поле с макроскопической напря-
женностью порядка единиц В/мкм. Оптимизированная процедура термополевой обработки 
позволяла дополнительно активировать их эмиссионные свойства, снижая эмиссионный по-
рог в несколько раз. Была выявлена корреляция эмиссионных свойств пленок с топографией 
их поверхности, определяемой методом атомно-силовой микроскопии (АСМ). При этом выра-
женной корреляции эмиссионной способности с прочими характеристиками покрытий (в том 
числе с видом металла и типом проводимости подложки) обнаружено не было. Полученные 
экспериментальные результаты свидетельствуют в пользу двухтемпературной («горячеэлек-
тронной») модели эмиссионного механизма для изученных покрытий.

Ключевые слова: полевая эмиссия, тонкая пленка, атомно-силовая микроскопия, эмиссия  
горячих электронов
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Introduction

One of the attractive applications of nanos-
tructured materials is their use as a part of cold 
(non-heated) cathodes of electronic devices. 
Currently, in practice, most often are used either 
metal (or silicon) tips or carbon nanotubes and 
similar fibers [1 – 5]. However, many research-
ers believe that cold emitters of electrons that do 
not have sharp points – with a relatively smooth 
emitter boundary [3 – 9] – are also promising, 
even though no practically competitive systems of 
this type have been proposed so far.

In one of the experimental types of cold cath-
odes studied since the 1960s [10 – 13], a nanos-
tructured metal (or carbon) film on a dielectric 
substrate was used as the main element. The film 
is actually a set of microscopic metal (or carbon) 
islands. The current in the film between the elec-
trodes deposited on top of it flows as a result of 
the tunneling transfer of electrons through the 
gaps separating the islands. In this case, electro-
luminescence and electron emission into the vac-
uum are observed. The mechanism of such emis-
sion has not been definitively determined, but, 
according to the most popular model [13 – 15], it 
includes the following processes:

hot electrons are emitted,
the electronic subsystem of the islands is heat-

ed by the current injected into them,
high electron temperature is maintained as 

a result of violation of the energy exchange be-
tween the electrons and the lattice, the last effect 
being characteristic of nanoscale objects.

The validity of this model was confirmed by 
the observation of emission while using non-cur-
rent methods of pumping electron energy into 
islands – in particular, under the influence of in-
frared (IR) radiation [13, 16].

Another type of experimental samples possess-
ing cold emittion was studied in [17 – 19]. It was 
shown that carbon “nano-island” films on sili-
con substrates are able to emit electrons at room 
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temperature in sufficiently weak electrostatic 
fields (the macroscopic field intensity was about 
1 V/m) and without any additional effects, such 
as surface current excitation. At the same time, 
there were neither areas with low work function, 
nor high-aspect elements of topography (points, 
fibers, etc.) on the surface.

To describe the emissivity of such films, we 
proposed a model [20, 21], which is largely sim-
ilar to the hot electron model described above. 
The assumption of slow relaxation of hot carriers 
in nanostructures is also used in this model, but 
it is assumed that this slowness is a result of the 
peculiarities of the electronic structure of sp2-hy-
bridized carbon [22, 23].

The primary goal of this paper was to test ex-
perimentally the validity of the latter assumption. 
It was necessary to determine whether the cold 
electron emission in macroscopic electric field 
strength of about 1 V/m (without other external 
influences, such as the flow of surface current or 
IR irradiation) is possible only for carbon island 
films, or it will also be observed in case of metal 
films of similar structures.

Experimental

The samples of metal films were deposited on 
naturally oxidized substrates of doped silicon by 
magnetron sputtering using a HEX unit manu-
factured by Mantis Deposit (Great Britain). The 
substrates were pre-cleaned by ultrasonic treat-
ment in an acetone solution. Then they were in-
stalled on the slide table of the growth chamber 
and subjected to additional thermal cleaning at a 
temperature of about 150 °C and residual gases 
pressure of 10–3 Pa. Before spraying the coating, 
the magnetron target was also cleaned: the sub-
strates were covered with a special screen during 
the first five minutes of the sprayer operation. The 
capabilities of the installation made it possible to 
conduct the metal deposition process at a residual 
gas pressure of about 10–4 Pa, to regulate the dep-
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osition rate (from 0.13 to 1.0 Å/s) and the tem-
perature of the substrates (from room tempera-
ture to 250 °C). The effective ("nominal") coating 
thickness was monitored by quartz microweights.

The emission properties of the samples were 
tested in an experimental apparatus assembled 
on the basis of a ТСН-2 vacuum installation at a 
residual gas pressure of about 10–7 Pa. The device 
contained six identical sections and allowed par-
allel testing of the corresponding number of sam-
ples. Each of them was fixed on a separate object 
table equipped with a direct-glow heater, thanks 
to which the temperature of the sample could be 
adjusted in the range from the room temperature 
to 600 °C. The electric field was created in a pla-
nar gap of 0.6 mm wide between the sample and 
the end face of a cylindrical anode with a diam-
eter of 6 mm.

After installing a batch of samples in the de-
vice and pre-pumping it, they were decontami-
nated by heating up to 150 °C. Further, the pro-
cedure of thermal field activation of the emission 
properties of coatings, developed earlier in the 
course of experiments with nanocarbon emitters, 
could be carried out [24]. For metal films, the 
parameters of the procedure were optimized by 
the selection method.

When measuring the emission characteristics, 
a slowly varying voltage was applied between the 
sample and the anode, up to a maximum value of 
4.5 kV from a controlled high-voltage source. The 
time intervals of its rise and fall (linear in time) 
were 35 s, which corresponds to a frequency of  
14 mHz. The voltage U(t) and the emission cur-
rent I(t) were recorded by a digital oscilloscope 
and used to obtain the emission characteristics 
I(U).

The samples of the coatings that passed the 
emission tests were studied using an atomic force 
microscope (AFM) of NanoDST Pacific Na-
notechnology (USA) in so-called semi-contact 
(CloseContact) mode. This made it possible to 
determine the "true" topography of the surface 
with absolute values of the normal coordinate in 
the course of operational measurements under 
non-vacuum conditions, with minimal influence 
of the adsorbed layers of atmospheric gases and 
water on the measurement results. However, to 

remove an excessively dense layer of volatile sub-
stances, some samples were heated in air up to 
a temperature above 100 °C for 2 hours before 
performing AFM measurements. In addition to 
AFM, in some cases, a MIAIA3 Tescan scanning 
electron microscope (SEM) (Czech Republic) 
with the possibility of EMF analysis of the surface 
elemental composition was used.

The choice of the set of experimental methods 
used in the described primary experiments made 
it possible to conduct rapid testing of a large 
number of samples that differed in the material 
of metal coatings, their thickness, the parameters 
of the deposition processes and the type of sub-
strate.

Experimental results

Emission properties of the samples and the 
possibility of their activation.

Experiments with the samples of metal coat-
ings on silicon substrates confirmed the abil-
ity of some of these samples to emit electrons 
in an electric field with a macroscopic strength 
E (defined as the ratio of the applied voltage to 
the width of the field gap) of the order of units  
V/µm. The measured emission characteristics 
(Fig. 1) were usually exponential in the "straight" 
I(U) coordinates and were well approximated by 
the linear dependence in the Fowler-Nordheim 
coordinates

ln(I/U2) = f (1/U),

This is considered to be a confirmation of the 
field (tunnel) nature of the emission mechanism.

As for the previously studied nanocarbon ma-
terials [24], the emissivity of metal films could be 
activated by applying the following thermal-field 
treatment procedure.

An electric field of low intensity (about  
1 V/m) was applied to the sample, and the sam-
ple was heated at a rate of about 5 °C/min until 
an emission current of 100 nA appeared; or, in 
the absence of a field, until the temperature of 
600 °C was reached (the point at which the ther-
mal emission current appeared).

For many coatings, the auto-emission cur-
rent appeared and began to increase over time 
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Fig.1. Emission characteristics of Mo (a) and Zr (b) film samples with an effective thickness of 6 nm.  
The insets show the same dependencies in Fowler – Nordheim coordinates

a)

b)

at a temperature of about 300 °C. After reaching 
the current value of 100 nA, the field strength was 
being gradually reduced, the current being kept 
at the specified value; at the same time the heat-
ing of the sample stopped, and, as the result, the 
sample slowly cooled to room temperature, while 
the value of the emission current at 100 nA level 
was still maintained (for this purpose, the voltage 
applied to the field gap was specially selected).

Due to the application of the described proce-
dure to the samples with the best emission prop-
erties, the voltage level required to get the current 
of a given value was reduced several times. At-
tempts to simplify the procedure, for example, to 
activate the sample without applying an electric 
field, but only by temperature action, or to turn 
off the field during the cooling of the activated 
samples, were unsuccessful. Their result was in-
variably the loss of the emissivity of the studied 
structures.

The table summarizes the results of experi-
ments on the influence of various parameters of 
thin metal films on their emissivity. The following 
sections of the article are devoted to a more com-
plete description of them.

The emissivity of the samples (the best of the 
corresponding series) is characterized in the table 
by two values. One of them is the threshold value 
of the macroscopic field strength Eth, which was 
determined by the moment of the appearance of 
a current equal to about 100 nA. The other is the 
maximum value of the current Imax, which could 
be taken from the sample area located opposite 
the anode (its diameter was 6 mm).

Comparison of the emission properties of thin 
films of different metals. To determine the effect 
of the coating material on emission, samples of 
films of five different metals were made: molybde-
num, zirconium, nickel, tungsten and titanium, 
having the same nominal thickness dnom (given in 
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Table
The main parameters of the studied films and their emission properties

Experiment
No.

Material Deposition
rate,
Å/s

Eth,
V/µm

Imax,
mkAOf the coating

(dnom, nm) of the substrate

1

Mo (6)

KDB 10

0.2 3.0 2.2
Zr (6) 0.5 4.3 8.0
Ni (6) 1.0 5.0 2.6
W (6) 1.0 not determined
Ti (6) 0.2 no emission

2
Mo (6) Si + 200 nm

of oxide 1.0 no emission
Mo (8)

3

Mo (4)
KDB 10

0.2

4.8 0.05
Mo (6) 3.0 2.20
Mo (4)

KEF 7.5
4.0 0.15

Mo (6) 6.4 0.03

4

Mo (2)

KDB 10

0.2
no emission

Mo (4) not determined
Mo (6) 3.0 2.2
Mo (8)

1.0
3.2 12

Mo (10) 4.0 25
Mo (20) no emission

5
Mo (6) № 1

KDB 10
0.13 3.2 4.16

Mo (6) № 2
1.0

4.2 23.70
Mo (6) № 3* 3.6 1.53

D e s i g n a t i o n s: dnom – nominal thickness of the metal film; KDB – boron-doped, hole-conducting silicon; 
KEF – phosphorus-doped silicon with electronic conductivity. Figures 7.5 or 10 mean the resistivity of the sub-
strate, expressed in ohms per centimeter; Eth – the threshold electric field strength (determined by the moment 
of appearance of the current, equal to about 100 nA), Imax – the maximum emission current obtained.
N o t e s. The substrate temperature was 100 °C; the only exception was sample No. 3* in experiment 5, for 
which it was equal to 150°C.

the table in parentheses, in nm). A summary of 
the results of the comparison is also presented in 
the table.

The best emissivity was shown by the sam-
ples of molybdenum coatings (see Fig. 1,a). As 
a result, most of the experiments in this work 
were carried out with molybdenum films. Al-
most all the samples of Mo coatings with a nom-
inal thickness in the range of 6 – 10 nm could 
emit electrons at a field strength of less than  
10 V/µm. Figure 2,a shows a typical AFM im-
age of a Mo coating with an effective thickness of  

6 nm. From its appearance, it can be concluded 
that the coating is heterogeneous, while the av-
erage lateral size of the elevated areas ("islands") 
is close to 20 nm at their height of 1 – 2 nm. The 
density of the islands is about 500 µm–2.

The zirconium films were characterized by 
similar surface topography. In a typical AFM im-
age (Fig. 2,b), grains with an average transverse 
size of about 30 nm and a height of up to 2 nm  
are distinguishable; their distribution density is 
about 400 per µm2. The emissivity of such films 
was noticeable even before the thermal field ac-
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Fig. 2. AFM images of the surface of samples of metal coatings
made of Mo (a), Zr (b), Ni (c), W (d) with an effective thickness of 6 nm

tivation procedure, and after the activation it was 
further improved (see Fig. 1,b and the table).

In terms of topography, the nickel film was 
markedly different from the metal films described 
above. The inhomogeneities present in the AFM 
images had a significantly larger vertical size and 
elongated shape. The length of the observed "el-
evations" for a typical case (see Fig. 2,c) reaches  
60 – 100 nm at a height of up to 5 – 8 nm, and 
these elevations, as far as can be judged from the 
images, are assembled in a common network. 
Nickel films differed from those of molybdenum 
and zirconium in terms of their emission prop-
erties, and for the worse. After activation, they 
showed some emissivity, but the field emission 
current was extremely unstable. Upon reaching 
the value of 2 – 4 µA, the current irreversibly fell 
almost to zero; probably, a small number of emis-
sion centers on the surface were destroyed.

A typical AFM image of the surface of a tung-
sten film (Fig. 2,d) is similar in structure to imag-
es of molybdenum and zirconium. However, the 
topographical features here are somewhat larg-
er: their transverse size is on average 80 nm, and 
their maximal height is about 3 nm. The emis-
sivity of the tungsten films was worse than that 

of the metals considered earlier. When heated to 
500 °C during the activation process, an emission 
current of 100 nA could be obtained at a voltage 
of 3.5 kV (at an emission gap of 0.6 mm). Ho- 
wever, after cooling the sample, the threshold 
voltage values were above 4 kV, which made it 
technically impossible to register the emission 
dependences.

When analyzing the above experimental data, 
it should be taken into account that AFM imag-
es do not allow us to unambiguously determine 
whether the observed inhomogeneities of the 
topography are isolated islands of metal. The re-
sults of SEM-EMF mapping carried out for sev-
eral samples indicate that metal coatings with a 
nominal thickness of 6 nm (or more) in the areas 
that were not damaged during the emission test-
ing by the action of electric discharges (they were 
located outside the actively emitting areas), were 
solid. Consequently, in many cases, the obtained 
AFM images revealed only a local inhomogeneity 
of the film thickness, but not their separation into 
isolated islands, which could be expected due to 
the available data for carbon coatings with simi-
lar emission properties [17 – 19]. Nevertheless, 
the comparison of the emissivity of metal coat-
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Fig. 3. AFM images of dendritic structures on the surfaces of two samples of coatings: Ti deposited on a  
Si plate without oxidation (a), and Mo deposited on a Si plate with a thick layer (about 200 nm) of oxide (b)

ings with the parameters of their AFM images re-
vealed a significant correlation (confirmed by the 
results presented in the following sections): the 
best emissivity was possessed by the samples with 
the smallest scale of topographic surface hetero-
geneity.

The results of the experiment with titanium 
films deserve a separate discussion. They were 
distinguished by a complete lack of emissivity; 
the thermal field activation procedure also did 
not give the desired result. The image of the sur-
face of one of the standard-made films of this 
metal is shown in Fig. 3,a. Here, the metal forms 
isolated islands of large size (in comparison with 
the grains of other coated films shown in Fig. 2), 
up to approximately 1 µm. The islands have a 
characteristic appearance of dendritic structures 
that "grow" from a central protrusion of consid-
erable (tens of nanometers) height. There are no 
nanometer-sized islands here – this fact has been 
specially verified.

This morphology of the titanium film is un-
usual, since this metal is characterized in prin-
ciple by high adhesion to silicon and its dioxide, 
which, in particular, allows the use of titanium 
layers as buffers when depositing films of other 
metals (see, for example, [25]). At the same time, 
it is known that the structure of titanium films 
significantly depends on the method and condi-
tions of their applying [26]. The growth of den-
drite-like ("fractal") clusters similar in shape and 
size to those found in our samples of titanium 
films (see Fig. 3), was observed and was theoret-
ically described, for example, in [27]. To imple-

ment the mechanism of dendrite formation pro-
posed there, it is required for the thin surface lay-
er of the substrate to be non-conductive (usually 
the role of this layer is performed by the oxide), 
and for the deposited material to come in charged 
state. In this case, the field of accumulated sur-
face charge prevents the deposition of new mate-
rial in all areas, except for the vicinity of defects 
in the non-conducting layer, which defects allow 
the charge to "drain" into the volume of the sub-
strate. This is just the place where the growth of 
the coating begins, spreading over the surface as a 
collection of dendritic structures that are electri-
cally connected to the substrate through defects 
in the oxide layer.

For the conditions of applying titanium coat-
ing in this work, both criteria for the feasibility of 
the scenario described above could be met:

the natural oxide layer was preserved on the 
silicon substrates used;

when implementing the magnetron sputtering 
method, a significant part of the material comes 
to the substrate in the charged state [28].

The question of what particular features of the 
substrates, targets, or sputtering mode we used 
led to the formation of a titanium coating in the 
form of a set of dendrite-like islands requires fur-
ther study. From the standpoint of the main goal 
of this study, the most important conclusion is 
that the titanium coating consisting of large den-
drite clusters is not capable of low-threshold cold 
electron emission.

To test the assumption about the effect of 
the surface electric charging on the morphology 
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of the resulting films, a special experiment was 
performed (see experiment No. 2 in the table). 
The molybdenum films were deposited on silicon 
substrates with their own conductivity and on ar-
tificially oxidized surface. In the second case, the 
thickness of the oxide layer was 200 nm, which 
allowed us to expect an increase in the effects as-
sociated with surface charging, compared with 
the case of naturally oxidized substrates. Indeed, 
some areas of such coatings differed significantly 
in morphology from Mo films on silicon with a 
natural oxide layer (see Fig. 2,a) and were sim-
ilar to Ti coatings (see Fig. 3,a): dendritic struc-
tures were formed on the surface, and they were 
"tied" to linear and point defects (see Fig. 3,b). 
Such samples showed no emissivity either before 
or during the thermal field activation procedure. 
In addition to the morphological features of the 
coatings, the absence of emission activity can al-
so be attributed to the difficult transport of car-
riers to the emission centers through the thick 
oxide layer.

Dependence of the emission properties  
of coatings on the type  

of conductivity of the substrate

The nature of hot electron mechanism of 
emission suggests the possibility of a significant 
influence of the substrate properties on the emis-
sivity. To assess experimentally the degree and 
nature of this effect, two molybdenum films with 
different values of effective thickness were grown 
on naturally oxidized substrates of p-type silicon 
of the KDB 10 brand and n-type silicon of the 

KEF 7.5 brand. Here Russian abbreviation KDB 
means boron-doped, hole-conducting silicon; 
KEF stands for “phosphorus-doped silicon with 
electronic conductivity”; figures mean the resis-
tivity of the substrate, expressed in ohms per cen-
timeter.

Summary data on the emissivity of such sam-
ples are given in the table (experiment No. 3). In 
general, we can note a slightly higher emissivi-
ty of films grown on substrates with hole con-
ductivity. In addition, the samples of n-silicon 
substrates lost their emission properties after a 
short time (14 days) after the activation proce-
dure. The best parameters were obtained from a 
sample of Mo-coating on a KDB 10 substrate, 
which had an effective layer thickness of 6 nm. It 
was characterized not only by a high emissivity, 
but also by the “correct” response to the thermal 
field activation procedure. Due to these prop-
erties, it is the substrates with hole conductivity 
that were used in most of the experiments in this 
work.

At the same time, the observed difference in 
the emissivity of the samples of different sub-
strates could be determined not by the type of 
their conductivity itself, but by the morphology 
of the films created. AFM images of the surface 
of molybdenum coated samples with the same ef-
fective thickness of 6 nm on the substrates of dif-
ferent types are shown in Fig. 4. The differences 
in the topography of the films are quite noticea-
ble: the coating grains on the p-Si substrate have 
smaller lateral dimensions (30 – 50 nm). The 
structure of the films having a surface with such 

Fig. 4. AFM images of the surface of Mo films on KDB 10 (a) and KEF 7.5 (b) substrates.  
The effective thickness of the films is 6 nm
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a topography was, in our conclusion, optimal in 
terms of their emissivity.

Dependence of the emission properties  
on the coating thickness

To clarify the relationship between the emis-
sion properties of coatings and their thickness, 
samples of molybdenum films with a nominal 
thickness of 2 to 20 nm were made on KDB 10 
substrates. The summary of their best emission 
parameters is presented in the table (experiment 
No. 4).

For coatings with the thicknesses dnom of 2 
and 4 nm, stable low-threshold emission could 
not be obtained. In contrast, coatings with nom-
inal thickness of 6 nm showed low switching 
thresholds and stable emission current. Howev-
er, the maximum values of the obtained current 
for them were small, and this may indicate a 
small number of activated emission centers. The 
8 nm films were characterized by slightly high-
er threshold values of the electric field, but the 
maximum values of the Imax increased by more 
than 5 times, compared to the 6 nm films. Films 
with a nominal thickness of 10 nm had an even 
higher turning on threshold, but the maximum 

values of the obtained currents for them turned 
out to be the record for this type of structure 
studied by us. The sample with dnom = 20 nm 
had no emission properties at all; the procedure 
for its thermal field activation also did not bring 
the required results.

AFM images of the surface of Mo coatings of 
different thicknesses on substrates of the same 
type (KDB 10) are shown in Fig. 4,a and Fig. 5 
(for the coating thickness of 6 nm). The pattern 
of regular changes in the surface topography of 
samples with an increase in the amount of de-
posited material is also illustrated by the graph in 
Fig. 6, which shows the dependence on the ef-
fective thickness of coatings for the "normalized 
roughness" of images calculated using the Gwyd-
dion package.

In Fig. 5, a, which represents the coating of 
the smallest thickness (2 nm), only a few prom-
inent features (grains) are found on the area of  
1 µm2 with a characteristic transverse size of up 
to 30 – 50 nm and the height of up to 1 – 2 nm. 
Approximately these are the dimensions of the 
islands, which, in accordance with the emission 
models used in the works [13 – 15, 20, 21], were 
associated with low-threshold field emission 

Fig. 5. AFM images of the surface topography of Mo films with different effective thicknesses, nm:  
2 (a), 8 (b), 10 (c); d – "phase" image of the surface area (c).  

The films are grown on a KDB 10 substrate
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Fig. 6. Dependences of the root-mean-square parameter of the surface roughness  
of Mo films (according to AFM images) on the values of their effective thickness.  

Calculated using the Gwyddion package

centers. On the surfaces of dnom = 6 nm and 8 nm  
(see Fig. 4,a, and 5,b, respectively) grains of the 
same size are present in much larger quantities, 
which may determine the high emissivity of such 
films. At the same time, AFM images of the  
10 nm film (see the topography of the sample 
surface in Fig. 5,c and the corresponding "phase" 
distribution in Fig. 5,d) show a coating com-
posed of contiguous domains of slightly larger 
transverse size and height. However, the grains 
of the size that we have defined as "optimal" are 
also present here. The smaller number of them 
can be responsible for the higher field emission 
threshold in such coatings, while the greater sta-
bility and endurance of the emission can be de-
termined just by the presence of slightly larger 
islands. With further increase in the thickness of 
the Mo coating (sample 20 nm), the crystallites 
apparently formed a stable multilayer structure, 
and the film lost its emissivity.

Dependence of the emission properties  
on the parameters of the film deposition process

The experimental results described above in-
dicate that the emission properties of coatings are 
related to their morphology. It is known that the 
morphology of coatings can change with varying 
conditions of their deposition. That is why in the 
course of this work, the coatings were compared, 

which differed only in the features of the tech-
nology of their growing. For comparison, Mo 
films with dnom = 6 nm grown on silicon sub-
strates with hole conductivity were selected. The 
parameters of the manufacturing process of three 
such samples are given in the table (experiment 
No. 5). The topography of the surface of the ob-
tained films is shown in the SEM images (Fig. 7).

On the surface of the sample No. 1 (see  
Fig. 7,a), formed at a temperature of 100 °C and 
the lowest growth rate (0.13 Å/s), grains with 
a typical transverse size of 20 nm were pres-
ent. Their density can be estimated as approxi-
mately 500 µm–2. In the image of sample No. 2  
(Fig. 7,b), formed at the same temperature, but at 
a higher deposition rate, the grains have a larger 
average size: 30 – 40 nm; their number per unit 
area was approximately 300 µm–2. Sample No. 3  
(Fig. 7,c) was formed at an elevated substrate 
temperature (150 °C) and high film growth rate  
(1 Å/s). The average grain size here was the 
smallest one (about 15 – 20 nm) with a wide size 
distribution. The grain concentration was ap-
proximately 700 µm–2.

Thus, it is obvious that there is a difference in 
the morphology of the coatings, and the grain va-
riety, presumably associated with low-threshold 
emission centers, was present on the surface in all 
cases.
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In accordance with this, all three samples had 
the ability to emit electrons at low voltage with a 
noticeable quantitative difference in the emission 
parameters (see experiment No. 5 in the table). 
The correlation of the surface topography of the 
samples with their emissivity corresponded to the 
trends noted earlier.

The sample No. 1 with the smallest spatial 
scale of heterogeneity was characterized by the 
lowest emission threshold.

The threshold field for sample No. 2, with the 
largest grains, was the highest, but the maximum 
value of the sampled current Imax was also the 
highest (the current-voltage characteristic of the 
emission is shown in Fig. 1,a).

Sample No. 3 demonstrated the lowest value 
of the permissible emission current and interme-
diate values of the threshold field.

Discussion of the results and conclusions

The main result of the presented work can be 
considered as the fact of detection of low-voltage 
electron emission by thin metal films formed on 
oxidized silicon.

Then, the correlation of the film's emissivity 
with its morphology (as far as it can be estimated 
through AFM data) is established. At the same 
time, the influence of other factors, namely, the 
type of metal and the type of conductivity of the 
substrate, was weaker.

In the experiments carried out, the effec-
tiveness of thermopole activation of auto-emis-
sivity was confirmed for the case of metal coat-

Fig. 7. SEM images (secondary electron detector) for samples No.1 (a), No.2 (b) and No.3 (c) 
made under different conditions (see experiment No. 5 in the table and description in the text)

ings deposited on the semiconductor substrate. 
Just the same procedure was proposed earlier 
for carbon films [24]. This activation is large-
ly analogous to the "electroforming" procedure 
required (according to the review [13] and the 
works mentioned there) to observe the emission 
of electrons from metal films when surface cur-
rent flows through them. The physical content of 
this process is presumably metal atom migration, 
leading to the formation of isolated islands up to  
100 nm in size, separated by gaps, on which,  
when a lateral potential difference appears, the 
electric field is concentrated. When electric 
current flows, the charge carriers cross the gaps 
between the islands by tunneling, which creates 
favorable conditions for the formation of popu-
lation of hot electrons that can be emitted into 
vacuum. The effect is enhanced by the suppres-
sion of the electron-phonon interaction in na-
noscale islands [13 – 15, 20, 21]. At the initial 
stages of the proposed thermal field activation 
procedure, the increased temperature accelerates 
the surface migration of atoms and promotes the 
formation of islands. It is known from the lit-
erature that thin solid metal films deposited on 
dielectric substrates at low temperature acquire  
an island structure as a result of heating to  
300 – 600 °C [29]. In the presented experiments, 
to initiate the process of activating the emission 
properties of most coatings, they needed to be 
heated to a temperature from the same range. Af-
ter the appearance of the emission current, the 
formation of the optimal coating structure can 
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