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Abstract: Field emission and structural characteristics of carbon nanotube fibers, polyacrylonitrile fibers, pyrolytic
graphite and micrograined dense graphite were experimentally studied before and after their operation as a field emission
cathode using registration of the current-voltage characteristics, O}i)tical microscopy, scanning electron microscopy and
Raman spectroscopy in the spectral range from 1000 to 2000 cm . The experiments showed large and small structural
rearrangements of carbon-containing cathodes and their surfaces in the process of field emission. In addition to lines of the
Raman spectra with frequency maxima in the known ranges: G (1581-1599 cm_l), D (1363-1374 cm_l) and D' (1619—

1626 cm_l), characteristic of carbon materials, a line was detected in the range 1450-1480 cm , which is observed in the
starting materials of pyrolytic graphite, carbon nanotube fibers and persists after operation, and also appears in a sample of
micro-grained dense graphite after operation as a cathode. The relative integral intensity of line D in pyrolytic graphite,
micrograined dense graphite, and carbon nanotube fibers undergoes the greatest change. In pyrolytic graphite and carbon
nanotube fibers its increase is observed, and in micrograined dense graphite its decrease is observed after operation as a
cathode. This made it possible to use the relative integral intensity of the D-line to quantify the change in the surface
properties of carbon materials as a result of field emission when using these materials as cathodes, in particular to assess
changes in crystallite sizes. Thus, the possibility of using Raman spectra to control the surface structure of carbon-
containing materials has been demonstrated, which significantly facilitates the possibility of further analysis of the
relationship between the surface structure and its emission characteristics. The prospects for improving the field emission
characteristics of carbon-containing cathodes were discussed.

Keywords: field emission; field emission cathode; field emission current; volt-ampere characteristics; optical microscopy;
raster (scanning) electron microscopy; Raman spectra; carbon-containing materials; nanostructured materials; surface
structure.

For citation: Sheshin EP, Kundikova ND, Kireev VB, Belov KN, Many Fung Dyk, Berdnikov AS, Prosekov DN.
Structural and field emission characteristics of carbon-containing cathodes. Journal of Advanced Materials and
Technologies. 2024;9(1):023-036. DOI: 10.17277/jamt.2024.01.pp.023-036

CTpyKTypHbIE U ABTO3MHUCCHOHHBbIE XaPAKTEPUCTUKH
yrJepoacoaep:Kalux KaToa0B

© E. II. Iemun®™, H. JI. Kynaukosa®, B. B. Kupees®,
K. H. Besog®, ®ynr Jpik Mans”, A. C. Bepauuxos®, JI. H. IIpocexos®

* Mockosckuii pusuro-mexnuseckuti uncmumym (HAY), Hucmumymckuii nep., 9,
Jloneonpyonwui, 141701, Poccuiickas @edepayusi;

bHHcmumym anexmpogusuxu YpO PAH, yn. Amynocena, 106, Examepunoype, 620016, Poccuiickas ®edepayus;

€ FOarcno- Ypanvckuii cocyoapcmeennuiii ynueepcumem (HUY), np. Jlenuna, 76,
Yenabunuck, 454080, Poccuiickaa @edepayus

< sheshin.ep@mipt.ru

Annoranusi: [IpoBezeHo comocraBlieHHe ABTO3MHUCCHOHHBIX U CTPYKTYPHBIX XapaKTEPUCTHUK IOBEPXHOCTEH psia
YIJIEPOJICOJCPKAIUX, B TOM YHCJIE€ U HAHOCTPYKTYPHUPOBAaHHBIX MaTEpUaIOB, MEPCIIEKTUBHBIX Uil UCIIOIb30BaHUS MPU
CO3/IaHMHU aBTOKATOJIOB CO CTAOMJIbHBIMH IMHUCCHOHHBIMHU XapaKTepucTHKamu. MccienoBanich BOJOKHA U3 YIIIEPOIHBIX
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HaHOTPYOOK (YHT-BOJIOKHO), NMONHAKPHIOHUTPHIIbHBIE BOJIOKHA, 00pa3Ibl MUPOJIIMTHYECKOTO IrpaduTa U MEIKO3EpPHUCTOTO
wiotHoro rpadura (MIII-6). CTpykTypa MOBEpXHOCTH 00pa3lOB HMCCIIENOBAJACh JI0 M HOCIE MX pabOThl B KauyecTBe
ABTOKATO/la C HCIIOJIb30BAHUEM ONTHYECKOW MHKPOCKOIWH, PACTPOBOW AIIEKTPOHHON MHKPOCKOIHMH M CHEKTPOCKOIHH
KOMOMHAIIMOHHOTO ~ paccessHus. OTH  Pe3yJIbTaThl  CONOCTABISINCH C  BOJIBTAMIEPHBIMH  XapaKTepUCTUKaMU
COOTBETCTBYIOIIMX KaTomoB. OmnTHyeckas M 3JIEKTPOHHAS MHKPOCKONHWS IOKa3adM HaIW4Me KPYMHOMAcIITaOHBIX,
a aHaimm3 cIekTpoB KoMmOmHammoHHOro paccesHus (CKP) — memkomacmTaOHBIX CTPYKTYPHBIX IIEPECTpPOeK KaTona
U [OBEPXHOCTH €r0 MarepuajoB B IPOLECcCe aBToAMHCCUH. B criekrpansaoM auanasone ot 1000 mo 2000 cm B CKP
KpOME CTaHAAPTHO HAOJIIONAEMBIX XapaKTEPHBIX AJISl YIIIEPOJICOAEPIKAIINX MAaTEPHAIOB JIHHUH € MaKCHMyMaMH 4acTOT
B mamasonax 1363...1374 cm | (muuusa D), 1581...1599 Y (muuusa G), 1619...1626 oM ! (muuus D') oOHapyxeHa
nuaus B uaTepBane 1450...1480 cM = ans muposmTHyeckoro rpadura u YHT-BonoKHA — 10 M MOCHE 3KCIUTyaTalluy,
a g1 MIIT-6 — mocie SKCIUTyaTallii STHX MaTephalia B KadecTBe aBTokatomoB. OOcyxnmensl m3meHeHus B CKP
OTHOCHUTENBHONH HWHTETPAJbHOW WHTEHCHBHOCTH JIMHMM D, KOTOpas YBEIMYUBAETCS UL THPOJIUTHYECKOro rpadura
n YHT-BomokHa m ymensmaercs mist MII-6 B mporecce WX SKCIDIyaTalldd B KadecTBE aBTOKATOJOB. BemmumHa
OTHOCHUTENIbHON WHTETPallbHOIl MHTEHCHBHOCTH JIMHMM [ HCIONB30BaHa Ui OLGHOK Pa3MEpOB KPHCTAJUINTOB M HX
W3MEHEHHH B XOJI€ aBTOAMHUCCHUH, YTO OOOCHOBBIBAET BO3MOXKHOCTH Hcroib3oBaHus CKP s KOHTpONst CTPYKTyphl
MOBEPXHOCTH YTJIEPOJCOACPKAIMX MATEpPHAIOB W aHalW3a CBSI3M CTPYKTYPHl INOBEPXHOCTH M €€ 3MHCCHOHHBIX
xapakrepucTuk. OOCYXIEeHbl MEPCHEeKTUBBI YJIYYIIEHHs aBTOOMHCCHOHHBIX XapaKTEPHCTHK YIJIEPOACOAEPIKAIINX
KaTOZOB.

KaioueBble cjioBa: aBTOAMHCCHS; aBTO3MHCCHOHHBIM KaToJ; TOK aBTO3MHCCHH; BOJIbTAMIICpHAs XapaKTEPUCTHKA;
ONTHYECKAss MUKPOCKONMS; pacTpoBas (CKaHMPYIOIIAs) 3JCKTPOHHAS MHUKPOCKONHUS; CHEKTPbl KOMOHMHAIIMOHHOTO
paccestHus; yTIepoAcoAeprKalllie MaTepualibl; HAHOCTPYKTYPUPOBAaHHBIE MaTePHAIbl; CTPYKTypa MOBEPXHOCTH.
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Structural and field emission characteristics of carbon-containing cathodes. Journal of Advanced Materials and
Technologies. 2024;9(1):023-036. DOI: 10.17277/jamt.2024.01.pp.023-036

1. Introduction emission and to identify the relationships between the
surface structure and field emission characteristics of
the corresponding carbon materials.

It is well known that along with various types of
optical and electron microscopy, Raman spectroscopy
can provide valuable information on the fine structure
of carbon materials surfaces [7-22].

It should again be emphasised that the durability
and stability parameters of field emission cathodes
directly determine the competitiveness of new
electrovacuum devices using the field emission
effect, in particular, for radiation sources in various
spectral ranges.

We have previously obtained expressions for the
efficiency of the corresponding radiation sources of
different types [2, 4, 5].

For example, for sources of visible, X-ray and
UV radiation, the following ratio for the efficiency is
valid:

The development and utilization of novel
electrovacuum devices that leverage the field
emission effect, encompassing diverse radiation
sources like UV lasers [1], IR, visible, and UV
cathodoluminescent lamps [2], as well as low-power
X-ray tubes [3] for a range of applications, such as
disinfection or the production of efficient X-ray
radiation sources for various needs, appear to be
highly pertinent. Indeed, the exploration of carbon-
based (and nanostructured) materials for field
emission cathodes is a promising area of research due
to their unique electrophysical properties and
potential applications in cathodoluminescent devices.
In particular, the efficiency of the corresponding
devices is greatly affected by the durability and
stability of the emission characteristics of a number
of carbon materials, which depend on the field
emission modes that determine the structural changes

of the emitting surface [4-6].

Since the type and parameters of nanostructures
of the electron-emitting surface of carbon materials
are crucial for their field emission characteristics,
their evolution during field emission processes
determines the dynamics of the field emission current
change when a constant accelerating voltage is
applied, and hence the stability of the operation of
field emission devices based on carbon-containing
materials. This makes it particularly relevant to study
the surface changes of such materials during field

el

Ef= =(4+B)", (1)

+
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where Ef is the value of light radiation source
efficiency equal to the ratio of useful effect (of light
or energy flow) to total costs, including installation,

P
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operation and disposal costs; A4 = ; B=
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is the sum of installation and disposal costs applied to

one moment of time; S is the light flow in lumens (for
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visible light sources) or energy in a given spectral
range (for UV or X-ray sources); 7 is the continuous
service life of the radiation source; P.; is the cost per

kWh of input energy in the absence of other operating
costs; E is the light output (for visible light sources)
or energy efficiency (for UV or X-ray sources); D is a
discount factor reflecting the operating mode of the
radiation source.

Estimates show that to ensure the
competitiveness of general-purpose field emission
light sources, a period of continuous stable operation
of the radiation source — 7" must be ensured in the
order of several tens of thousands of hours
(preferably 50,000 hours and more).

This means that special attention should be paid
to the issues of stable and long-term operation of field
emission cathodes and identification of promising
materials and modes of their operation. In particular,
for carbon-containing materials of field emission
cathodes, in the course of their operation during the
emission of electrons, the structure of their surface
and, together with it, the emission properties of the
field emission cathode are changed and constantly
renewed [2, 4-7].

This paper summarizes our results on the study
of promising carbon-containing materials for field
emission cathodes, including a comparative analysis
of their field emission and structural characteristics,
which can change during electron emission under
different modes of field emission cathode operation.

The objective of the work was to compare the
evolution of surface and field emission characteristics
during the long-term process of electron field
emission for different materials, namely to compare
the experimentally obtained field emission
characteristics of field emission cathodes and
structural characteristics of the cathode and its
surface using optical, scanning electron microscopy
and Raman spectroscopy before and after long-term
operation of the material as an field emission cathode.
In addition to the new experimental results, we also
used previously obtained results already published
in [4-7].

2. Materials and Methods

2.1. Carbon materials for the field emission
cathodes under study

In this work, as well as in [4-7], we used such
nanomaterials as CNT filaments (carbon nanotube
fibers) (FGBNU “TISNUM?”, Troitsk, Russia), with a
diameter of about 30 um, obtained by agglomeration
of nanotubes; PAN-fibers (polyacrylonitrile fibers)
(“Uglekhimvolokno”, Mytishchi, Russia), which is a

bundle of 200-300 polyacrylonitrile filaments each
with a diameter of about 6 um; and massive carbon
materials (JSC Nllgraphite, Moscow, Russia): MPG-
6 (high-strength fine-grained dense graphite) with
a density of about 1.7 g‘cm_3, and pyrolytic graphite
with a density of about 2.2 g-cmﬁ3.

2.2. Determining field emission characteristics
of cathodes

The methods of preparation of cathodes from the
investigated materials were described earlier [4—6].
The field emission characteristics were measured
according to the two-electrode scheme in a vacuum
chamber at a pressure of 10°® Torr at a distance of
1 cm between the cathode from the investigated
material and the anode, which is an electrode with a
cathodoluminophore with a diameter (6.5 cm)
significantly exceeding the dimensions of the
emitting surface of the cathode (for different
materials — cathodes with characteristic linear
dimensions of the emitting surface from 1 to 6 mm).

When a positive voltage was applied to the
anode, electrons were emitted from the cathode, and
the current-voltage characteristics (CVC) and current-
time dependencies were measured for different
carbon-containing material cathodes.

2.3. Analysis of the structural characteristics
of carbon-containing materials
for field emission cathodes

The structural characteristics of the surface of
carbon-containing field emission cathode materials
and their evolution during electron emission were
investigated using optical, scanning electron
microscopy (SEM) and Raman spectroscopy.

Optical images of the surface of carbon-
containing field emission cathode materials were
recorded using an “Olympus” microscope, which
allows obtaining digital images with magnification in
the range up to 100x times. The magnifications of 5x;
10x; 20x%; 50x and 100x times and the image sizes of
the surface areas at the corresponding magnifications
were used:

5x times — 2.8 x 2.2 mm;

10x times — 1.4 x 1.1 mm;

20x times — 700 x 550 pm;

50x times — 280 x 225 um;

100x times — 140 x 112 pm.

Electron images of the microstructure of
materials before and after their use as field emission
cathodes were obtained at an accelerating voltage of
30 kV using a JEOL JSM 7001F scanning electron
microscope in the same way as previously in [4-6].
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The image field size of the scanning electron
microscope using a focal length of 8 to 10 mm with
sufficient image sharpness could vary in the range
from 1 pm to several hundreds of um.

This study continues the work presented in [7],
using the same technique of obtaining and analysing
Raman spectra using a ZNL Integra Spectra Raman
spectrometer. Processing of the obtained Raman
spectra was carried out using the software Fityk [8],
which made it possible to extract individual lines of
the spectrum assuming that the shape of each line is
described by a Lorentz function, and to determine the
maximum frequency, width and relative integrated
intensity of each line of the spectrum in the frequency
range 1000-2000 cm . The characteristics of each
line were determined at different background levels
(at least three different levels), averaged with the
estimation of maximum deviations from the mean
values, which did not exceed 10% for all
experiments performed.

In this work, we have analysed in detail the
spectral range of Raman spectra in the frequency
range 1000-2000 cmﬁl, which corresponds to the
presence of the well-known G, D and D' lines [9, 10,
13—17] characteristic of carbon materials. It is also
known that certain changes in the graphite structure
of such materials are also reflected in the Raman
spectra at frequencies around 2700 cm’' [11].
However, no significant influence of auto-electron
emission on the Raman spectra was found for the
examined samples in this range and, therefore, it was
decided to analyse in detail the line parameters
in the Raman spectra in the frequency range
1000-2000 crn_l, where we observed changes in the
Raman spectrum as a result of using the examined
samples as auto-electron emitters.

3. Results and Discussion

3.1. Structural and field emission characteristics
of carbon-containing materials
and cathodes made from them

3.1.1. Characteristics of fine-grained dense graphite
MFG-6 and pyrolytic graphite

When recording the CVC of fine-grained dense
graphite MPG-6 (curve / in Fig. 1) and pyrolytic
graphite (curve 2 in Fig. 1), it was shown [6] that the
threshold electric field strength of field emission for
different samples of both types of materials is close
in value in the range of 3600-3800 V.em . At the
same time, already at electric field strength of about
4500 V-cm ' the value of field emission current
density per unit of the emitting surface of the cathode

for pyrolytic graphite exceeds several times the value
of field emission current density for fine-grained
dense graphite MFG-6. Examples of CVCs for
samples of field emission cathodes made of fine-
grained dense graphite MFG-6 and pyrolytic graphite
with approximately the same areas of electron-
emitting surfaces were published earlier in [6].

For microscopic inspection and registration of
Raman spectra for each of the materials several
observation points were selected. An example of the
choice of points for recording the RMS for different
samples of fine-grained dense graphite MFG-6 is
presented in Fig. 1.

For microscopic inspection and recording of
Raman spectra for each of the materials several
observation points were selected. An example of the
choice of points for recording the Raman spectra for
different samples of fine-grained dense graphite
MPG-6 is presented in Fig. 1.

It should be noted that for different registration
points for both MPG-6 and pyrolytic graphite
samples, although there are some differences in the
images (optical and electronic photographs) of the
surface, but no pronounced structural rearrangements
before and after the emission processes can be
detected, while for Raman spectra such differences
are undoubtedly observed, which may indicate some
heterogeneity of the surface of the initial materials,
and possible heterogeneity of the structures of the
surfaces of the materials after their work as
field emission cathodes. This may be caused not only
by the initial differences, but also by possible
differences (inhomogeneities) formed in the course of
structural changes of the material surface in the
process of electron field emission (differences in the
dynamics of structural changes for different parts of
the surface).

Fig. 1. Different samples of MPG-6:
on the left — sample used as an field emission cathode,
on the right — unused as an field emission cathode
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Figures 2 and 3 show photographs, and Figs. 4, 5
show Raman spectra for different surface areas for
fine-grained dense graphite MPG-6 (Figs. 2, 4) and
pyrolytic graphite (Figs. 3, 5) before use as field
emission cathodes and for samples of these materials
already used as field emission cathodes.

©

Images of the surfaces of fine-grained dense
graphite and pyrolytic graphite (Fig. 6) obtained by
scanning electron microscopy also showed no
significant differences for the different recording points
both before and after the use of these materials as field
emission cathodes. A typical view of the surfaces of
these materials is presented in Fig. 6 (see also [4—6]).

(b)

Fig. 2. Surface views at 50x magnification of different sections of MPG-6 samples before use
as an field emission cathode (@) and after use as an field emission cathode (b, ¢, d). Surface image size 280 x 225 pum

(b)

Fig. 3. Surface view at 50x magnification of different sections of pyrolytic graphite samples before use
as an field emission cathoede (a) and after use as an field emission cathode (b, ¢, d). Surface image size 280 x 225 um
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Fig. 4. Raman spectra of different sections of samples of fine-grained dense graphite MPG-6 before use as an field
emission cathode (a, b) and after use as an field emission cathode (¢, d) at points / (a, ¢) and 3 (b, d)

3.1.2. Characteristics of polyacrylonitrile fibers
and carbon nanotube filaments

The structural and current-voltage characteristics
of cathodes made of nanocarbon fibers and
polyacrylonitrile fibers and the dynamics of emission
current variation in time at different accelerating
voltages in a two-electrode circuit were investigated.
The data obtained earlier [4-6] and refined in this
work show that the threshold electric field strength of
field emission for samples from polyacrylonitrile
fibers ranges from 1600 to 1850 V-cmﬁl, and for
carbon nanotube filaments from 500 to 600 V-cm .
At the same time, for carbon nanotube cathodes the
CVC with increasing accelerating voltages, the
emission current grows much faster than for
polyacrylonitrile  fibers. Moreover, for carbon
nanotubes at a constant accelerating field strength of
about 1300-1400 V-cm ' the emission current
increases compared to the initial value by 2-2.5 times
within an hour and remains stable for several
subsequent hours. In contrast, for cathodes made of

polyacrylonitrile fibers at different accelerating
voltages above the threshold values, a drop in the
emission current over time is observed either
immediately or after some increase (in the time
interval of about an hour) and relative stabilisation
within two to three subsequent hours. Photographs of
the surfaces of the corresponding electrode materials
obtained by optical microscopy and Raman spectra of
such materials as carbon nanotubes and
polyacrylonitrile fibers before and after their
operation as field emission cathodes are presented,
respectively, in Figs. 7, 8.

The analysis of optically and SEM-recorded
images of carbon nanotube cathodes and
polyacrylonitrile fibers cathodes obtained in [4-6]
and in this work show that as a result of long-lasting
electron field emission during prolonged operation of
cathodes made of these materials there is a well-
observed structural rearrangement of the cathode as a
whole (Figs. 7, 8) and of individual fibers (Figs. 9, 10,
combined from the data of our publications [4-6]).
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Intensity, au

Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 1

.ol | 1
o | T {IT T o e |
B g 0 i s, T L e T \
I e H| ...... i j NN
[ ] |
| ! \ :
S 1 | }|| Zw |
| | ol
| | | ] E | |
| | ; ;
° e e e i
ERRRIREEL ey | B oo e MRS SRR RN TR N TR
1000 1250 1500 1750 2000 1000 1250 1500 1750 2000
Raman Shift, cm-" Raman Shift, cm-
() (b)
3 1 | ER
Zo | s g
E P
= TREEE R AT =
LY \ AN \ e
; / ?‘"WM’,.,%M’ \\‘,‘_‘(‘d“ wlﬂ';""'ﬁl‘ M\,N;mwm
o ww"d‘i i i i ! o
10003 1250 1550 750 2000 1000 1250 1500 1750 2000

Raman Shift, cm- Raman Shift, cm-?

(©) (d)

Fig. 5. Raman spectra of pyrolytic graphite samples before use as an field emission cathode (@, b) and after use

Fig. 6.

as an field emission cathode (c, d) at points / (a, ¢) and 3 (b, d)

()

Photos of cathode surfaces from arrays of fine-grained dense graphite MPG-6 (a)
and pyrolytic graphite (b) obtained by SEM
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Fig. 7. Optical microscopy (a and b) (20x magnification) of a polyacrylonitrile fibers cathode and Raman spectra (¢ and d)
of this fibers before (a and c¢) and after (b and d) its use as an field emission cathode material
(The size of the surface section is 700 x 550 pm)

The images obtained by optical microscopy and
SEM show that as a result of field emission processes
polyacrylonitrile  fibers melt, because during
prolonged operation of these fibers as field emission
cathodes at sufficiently high accelerating voltages
they are heated above the melting point, which leads
to their structural degradation and deterioration of
their field emission properties. These conclusions are
fully consistent with the above-described changes of
the field emission current in time for field emission
cathodes made of this material.

On the contrary, for the cathode based on carbon
nanotube filaments, emission properties improve with
time. This correlates well with the disordered
structure of the field emission cathode and the
destruction of carbon nanotubes during long-term
field emission of electrons from this material, since a
large number of new effective emission centers are
apparently formed during disordered structure of the
field emission cathode and destruction of carbon
nanotubes. The change in the structure and the
cathode itself and the structural rearrangement of the
individual carbon nanotube are very well observed in
the images of Figures 8 and 10, obtained by optical
and scanning electron microscopy.

3.2. Discussion of the results obtained

The efficiency of using field emission cathodes
in various electronic devices, and hence the
relationship between field emission characteristics,
operating modes and stability of field emission
cathodes, especially those made of nanostructured
carbon-containing materials, have been discussed in
numerous publications, including [2—-6, 23-30].

A comparison of the field emission
characteristics of carbon-containing materials, in
particular those studied in this work, demonstrates a
certain inconsistency. On the one hand, cathodes
made from arrays of carbon-containing materials
such as fine-grained dense graphite MPG-6 and
pyrolytic graphite have a threshold for the occurrence
of emission current (the minimum electric field
strength that ensures the occurrence of field emission
current) significantly higher than that for cathodes
made from nanostructured fibers, such like
polyacrylonitrile fibers (about a three-fold difference)
and especially for carbon nanotube filaments (about a
six-fold difference).
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Fig. 8. Optical microscopy (a and ) (10x magnification) of carbon nanotube cathode and Raman spectra (¢ and d)
for carbon nanotubes (CNT filaments) before (a and ¢), after (b and d) their use as an field emission cathode material
(The size of the surface section is 1.4 x 1.1 mm)

(b)
Fig. 9. SEM images of polyacrylonitrile fibers before (a) and after (b, ¢ — at different emission process duration)
the operation of fibers as part of the field emission cathode

(@) (b)
Fig. 10. SEM images of individual carbon nanotubes before () and after (b) the operation of these nanotubes
as part of the field emission cathode
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Table 1. Raman spectra data for samples of carbon-containing field emission cathode materials
in the range 1000-2000 cm '

Pyrographite PAN-fibers MPG-6 CNT-fibers
Peak, cm’! before after before after before after before after
work work work work work work work work
D 1364.9 1366.8 1370.1 1373.2 1366.1 1366.8 1363.6 1367.6
X 1458.1 1458.5 NA NA NA 1454.8 1476.2 1462.5
G 1581.7 1584.7 1592.6 1599.0 1583.0 1583.5 1582.1 1586.4
D’ HET 1624.4 HET HET 1616.9 1625.3 1619.8 1621.1
On the other hand, the field emission the instrumental accuracy of the Raman spectrometer

characteristics of massive cathodes made of carbon-
containing materials are much more stable in a wide
range of accelerating field strengths, although the
field emission current for carbon nanotube filaments
can be increased by an order of magnitude in a much
narrower range of accelerating electric field strengths
than even for the best of field emission cathode
massive materials — pyrolytic graphite.

It should also be noted that although higher field
emission current densities can be achieved for field
emission cathodes made of nanostructured fibers, it is
clear that at such current densities, macroscopic
disturbances in the structure of both the nanofiber
cathode itself and individual fibers occur.

For polyacrylonitrile fibers, this is melting and
degradation of their field emission properties.
For individual carbon nanotubes, these are numerous
breaks, which, within the interval of several hours of
operation of the field emission cathode, not only do
not deteriorate its initial field emission properties, but
can even improve them. This, however, does not
guarantee the stability of the field emission cathode
for tens of thousands of hours required for the effective
operation of many field emission devices [2, 3].

When analyzing the Raman spectra, which
records summary is presented in Table 1, the main
Raman scattering lines in the range 1000-2000 cm’!
were considered. The maximum frequencies of the
lines detected in the Raman spectra were obtained, as
in our work [7], by averaging over all recording
points of samples of the corresponding materials that
were not used in the operation of field cathodes (in
the table, the columns “before use”), and those used
as field cathodes (in the table there are columns “after
use”). In this work, with an increase in the number of
samples and recording points in the studied samples
in comparison with work [7], the characteristic values
of the previously obtained frequencies of the maxima
of the corresponding spectral lines were confirmed
with an accuracy of 0.5 cm_l, which corresponds to

“Integra  Spectrum”
of 1800 lines-mm .

According to the results presented in Table 1,
along with the well-known G, D, and D' lines [9, 10]
characteristic of carbon materials, the following has
been observed:

— G line with a maximum in the range 1581—
1599 cmﬁl, due to vibrations of carbon atoms in
strongly bonded hexagonal planes;

— D line with a maximum in the range 1363—
1374 cmﬁl, caused by violations of translational
symmetry in the studied materials;

— D' line with a maximum in the range 1619-
1626 cmﬁl, caused by disorder effects between
carbon layers;
in the Raman spectra of samples of such materials as
pyrographite, carbon nanotubes, and fine-grained
dense graphite MPG-6, after use in an field emission
cathode, a characteristic sPectral line in the frequency
range of 1450-1480 cm = was observed, labelled by
us in the table, as well as in [7], the X-line. In [12], a
similar line was observed in Raman spectra for
samples of polyacrylonitrile fibers (unlike our data)
and was associated with vibrations of the methylene
group.

The frequencies of the maxima of the
corresponding spectral lines and their insignificant
shifts as a result of using the materials as field
emission cathodes were briefly discussed earlier [7].

The most interesting observed effect from
Raman spectroscopy data for the studied materials is
the change in the relative integrated intensity of the D
line with respect to the G line. In [9], the relative
integrated intensity of the D line for fine-grained
graphite is related to the size of its crystallites. The
results of measuring the relative integral intensity of
the D line before and after prolonged electron
emission for all investigated samples of carbon-
containing materials tested as materials for field
emission cathodes are presented in Fig. 11.

with a diffraction grating
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Fig. 11. Relative integral intensity of the D line before and after (cathode) long-term electron emission
for all investigated samples of carbon-containing materials tested as materials for field emission cathodes

Voltampere characteristics and studies of current
evolution over time show that a rather high current
stability is observed in the range of voltages used for
pyrolytic graphite and MPG-6, which is confirmed by
relative macroscopic structural stability according to
optical and scanning electron microscopy data.
Nevertheless, the RSM data show that some small
scale structural rearrangement occurs during
operation of these materials, which is most likely
related to the change in crystallite sizes.

The sizes of the average crystallites in this
material before its operation as an field emission
cathodes — 7.9 nm, and after — 9.6 nm — were
estimated by the method proposed in [9] for fine-
grained dense graphite using the data in Fig. 11.

Thus, the analysis of the relative integral
intensity of the D line of Raman spectra of carbon
materials allowed us to quantitatively estimate not
only the average sizes of carbon crystallites in
massive samples of MPG-6, but also the evolution of
these sizes in the process of field emission.

Although the intensity of the D line in
pyrographite is much lower than in fine-grained
dense graphite MPG-6, it can be assumed that for this
material the crystallite sizes are significantly smaller.
This correlates with higher values of the field
emission current under similar conditions and with
the fact that pyrographite consists of layers of carbon
crystallites, that pyrographite consists of layers with a
thickness of about 1 um, and the characteristic size of
particles from which fine-grained dense graphite
MPG-6 is compressed is about 50 um, although, as
our estimates show, the characteristic sizes of
crystallites for these materials are much smaller.
Moreover, the increase in the relative integral

intensity of the D line as a result of prolonged
electron emission may indicate for pyrographite a
decrease in the size of emission centres during the
operation of this material as an field emission
cathode, although this question requires more detailed
elaboration and additional studies.

The question of interpreting the significant
increase in the relative integral intensity of the D line
as a result of long-term electron emission for carbon
nanotubes also remains open, since the legitimacy of
applying the concept of crystallites to nanotubes
raises some doubts. However, for fibers, structural
analysis shows significant both large-scale and small-
scale restructuring of the cathode and its surface.
Moreover, PAN fiber sintering is observed in a
number of modes, but for CNT fiber a strong
macroscopic fiber disorder accompanied by the
rupture of nanotubes and an improvement in field
emission characteristics is characteristic, at least in a
time interval of several hours.

Moreover, for each of the materials studied, it is
possible to select operating modes and design
solutions (for example, providing effective heat
removal for field emission cathodes made of
polyacrylonitrile fibers, preventing overheating and
melting of this material) allowing the use of these
materials to create effective field emission devices.

Of particular importance in this case is the study
of their field emission characteristics, the dynamics
of their changes and the associated structural
rearrangements of their surface under various
operating conditions of these materials as field
cathode materials. Without knowledge of these
characteristics, it is impossible to select appropriate
operating modes that ensure the efficient use of these
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materials in the creation of new field emission
devices and devices.

Obtaining data on the field emission and
structural characteristics of the surface of carbon-
containing materials for field emission cathodes
creates good prerequisites for optimizing the
operation of field emission cathodes created on the
basis of various carbon-containing materials, in
particular, the use of a three-electrode circuit allows
for various materials to provide the necessary field
emission current by appropriately changing the
voltage and distance between the cathode and mesh.
By changing the shape, size of the cathode area, and
the mode of excitation of the emission current, it is
possible to provide the necessary density of this
current, which allows avoiding excessive overheating
and the occurrence of unacceptable mechanical
stresses leading to destruction of the structures of the
cathode materials.

4. Conclusion

The results obtained indicate that for carbon-
containing materials, when used as field emission
cathodes, both macroscopic and microscopic
structural changes of the cathodes themselves and
their surfaces occur, depending on the type of
material and the mode of its operation. It is shown
that measuring the relative integral intensity of the D
line in Raman spectra makes it possible to evaluate
the nature of the evolution of emission electron
centers, and in some cases to estimate not only the
sizes of carbon crystallites, but also the change in
these sizes during the field emission process. It was
found that for MPG-6 samples before and after using
this material as the cathode of a field emission light
source, the average crystallite size is different, and
according to estimates, it is approximately 8 nm and
10 nm, respectively. The results obtained justify the
possibility of using optical and scanning electron
microscopy methods and methods of analyzing
Raman spectra for a detailed study of the structure of
field emission cathodes made of carbon materials and
their surfaces, including the possibility of studying
changes in their structure under different modes of
their operation as cathodes of field emission radiation
sources.
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