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Structural properties of carbon composites doped with boron

The article considers morphology, chemical and phase composition of composite boro-carbon coatings, re-
ceived by ion-plasma synthesis, depending on the boron content. Specimens of carbon coating doped with bo-
ron were obtained in vacuum unit by combined method coupled with co-deposition of carbon layer from
pulse carbon plasma and its doping with boron atom flow. The obtained specimens of composite CC had em-
bedded boron atoms with various concentration (Ng), namely, 2.3 at.% were contained in @-Cg;5:B,3, in
a-Cr93:B174 — 17.4 at.%, in a-Cs33:By3, — 43.2 at.%. Carbon structures and carbon' clusters graphitization
were examined by X-ray photoelectron spectroscopy and Raman spectroscopy. Aiming at chemical interac-
tion between carbon and boron in CC establishment we conducted mathematical processing of XPS for ener-
gy states Cls, Bls, Ols of carbon, boron and oxygen atoms. XPS Cls was presented as peaks superposition
with centers located at 284.5; 285.5; 283.5 and 288 eV and consequently responsible for Csp®, Csp®, C—B and
C-O carbon atom interaction. With the growth of Ny in boron-doped. carbon coating a grain structure is
formed, its size and grain orientation regarding the surface of the substrate increase, resulting in a decrease in
the coating layer surface roughness.

Keywords: composite carbon coatings, boron droping, atomic force microscopy, X-ray photoele tron spec-
troscopy, Raman spectroscopy, clusters, boron carbide.

Introduction

Boron doping is considered to be an effective technological method of improving operational metal re-
sources and their alloys [1]. Boron being the second solid element and having metal matrix in the volume as
a separate phase, solid solution or chemical compound, deforms crystalline lattice and causes solid phase
formation in materials that significantly increase their mechanical properties, thermal and wear resistance
[2]. Boron on contact with carbon can form chemically stable boron carbide B,C, which is resistant at tem-
perature up to 2450 °C. These.characteristics of boron determine high prospectivity of its use as a doping
element in forming compositional.carbon-contained coatings [3]. On [4] it is indicated, that phase and struc-
tural characteristics of such coatings are significantly defined by conditions and regimes of their formation
by means of ion-plasma synthesis. In implementing of carbon layers’ deposition methods from pulse cathode
plasma, intensive thermal excitation processes are carried out, ionized particles streams having sufficiently
high reaction activity are formed. At the same time carbon layers are condensed in the form of heterophase
coatings containing carbon atoms in the state of sp3, sp2 and even spl-hybridized bonds. Such features of
carbon coating (CC), deposition suggest that when they are doped with boron in the process of ion plasma
synthesis' it.is possible to form a wide range of different phases in the layer structure, including based on
chemical compounds. Composite materials with clusters from compounds on the basis of doping substance
can have the same structure as nanocomposites based on polymer matrix [5].

The article considers structural properties of composite boron-carbon coatings obtained by ion-plasma
synthesis based on their boron content.

Samples and research methods

Specimens of CC doped with boron were obtained in vacuum unit by combined method coupled with
co-deposition of carbon layer from pulse carbon plasma and its doping with boron atom flow. Target evapo-
ration from boron was conducted by pulsed radiation from solid-state YAG:Nd’" laser at wavelength
1,064 nm in the frequency range of (f;) 5 to50 Hz. Boron atoms flow with pulse length 150 ps and frequency
fi =5, 30 and 50 Hz was deposited on CC surface together with carbon plasma flow from vacuum-arc
evaporator with pulse length 150 ps and frequency fc = 10 Hz.
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The elemental composition of the obtained a-C:B CC was regulated through changing of laser radiation
pulse frequency f; and was determined by X-ray photoelectron spectroscopy (XPS). X-ray photoelectron
spectra of obtained carbon coatings were shot using PHI Quanta type, Japan.

The obtained specimens of composite CC had embedded boron atoms with various concentration (Ng),
namely, 2.3 at.% were contained in a-Cy; 5:B; 3, in a-C193:B174 — 17.4 at.%, in a-Cs; 3:B43, — 43.2 at.%.

Carbon coating thickness was defined by means of transversal specimen chip with the help of scanning
electron microscope (SEM) of Hitachi S-4800 type. A comparative analysis was carried out on CC speci-
mens with the same effective thickness 363+16 nm. Surface morphology of composite carbon coatings
a-C:B was investigated with the help of atomic-force microscope (AFM) of Solver Pro and NT-MDT (Rus-
sia) types in topography and phase contrast measuring mode. The scanning field was 10x10 pm?* at probe
speed of 1.0 pm/s. High heterogeneous projections on the surface were monitored using the methods [6].

The microstructure of composite CC was studied by Raman spectroscopy at radiation excitation at
wavelength 532 nm with power flow 20 mW using Senterra, Bruker.

The chemical composition and types of molecular bonds between carbon and boron atoms. in the com-
posite CC were determined by X-ray photoelectron spectroscopy using a PHI quantera’2 XPS device. XPS
spectra were excited by Al (Ka) cathode emission with the energy of 1486.6 eV at a voltage of 15 kW. The
capacity of exciting radiation power was 25 W. The spectrum was collected in the area of interaction of the
probing radiation with the surface of a spot CC specimen with a diameter of 100 um. Bonds energy in XPS
spectra was calibrated through Cls (284.6 eV). It should be noted that since the atomic sensitivity coefficient
for boron (0.088) is significantly lower than for carbon C (0.205), the intensity of the B1s peak in XPS spec-
trum is significantly lower than that of the Cls peak.

Experimental results and their discussion

On Figure 1 SEM-images of CC specimen chip doped with boron are represented. It is seen that the
structure of CC doped with boron differs from the structure of one-component a-C coating (Fig. 1, a). In the
volume a-C:B of CC the formation of grain structure occurs, what is more, grain size depends on boron con-
centration Ny and increases with its growth: at a_concentration ~ 2.3 at. % the structure becomes fine-
grained, with its further growth Np achieves ~ 43:2 at. % with grain formation in 3-3.5 times larger with
marked orientation towards substrate surface [7]. There are no defects like pores or cracks on the surface and
in the volume of deposited composite CC, as‘well as there are no substrate layers. The latter shows high ad-
hesion of CC to silicon substrate.

Figure 1. SEM-images of chip a-C (a) and a-Cs; 3:B43, (b) of CC

On Figure 2 dependancy diagram of N¢ content of carbon component (curve 1) and average size of
grain (R,) in CC doped with boron is shown. The composition of elements of CC specimens, deposited to-
gether from pulse carbon plasma and boron atom flow doped with boron concentration 2.3 at.%, 17.4 at.%
and 43.2 at.% with dopant boron atom flow frequency fi increase changes essentially. Oxygen in CC struc-
ture is within the limits 2.4...6.5 at. % and in bound state with carbon mainly.

It can be seen that Ny increase in the coating leads to higher defectiveness of the composite CC and the
formation of larger surface heterogeneities. Grain structure increase of boron-doped CC is caused by high
activity of agglomeration processes with formation of boron in initial one-component carbon material. Grain
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size increase R, in boron-carbon coating with higher boron content Nj is consistent with diamond-like films
morphology data [8].
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Figure 2. Dependancy diagram of carbon component N¢ content (1) and grain R, average size (2)
in CC structure on Np concentration of dopant boron atoms.

It should be noted that geometric parameters of CC structural state, surface roughness (R,,) and grain
R, average size of the layer structure depend on conditions and modes of the coating process. Thus, one-
component a-C of CC, deposited from pulse flows, are characterized by low values R, that can be ex-
plained by small sizes and clusters close packing Csp® [9].

On Figure 3 typical Raman spectra a-C (@) and a-Cs; 3:B4; (b) of CC are presented. Raman spectra (RS)
envelope shape of all CC is peculiar to amorphous CC, containing carbon atoms both in sp”and sp’ bond hy-
bridization state.
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Figure 3. Raman-spectra a-C (a) and a-Cs;3:By; () of CC

Figure 3 shows that RS of boron-carbon CC have broad asymmetric peak in the range 1000 to
2000 cm 'y that according to [10] contains information about sp® hybridized carbon bonds, order degree and
relative size of carbon clusters Csp® and Csp’. Raman spectrum can be represented in superposition of peaks
(G-peak and:D-peak) by Gaussian function. Herewith theoretical curve, being the result of spectrum simula-
tion, s well consistent to basic experimental data that testifies the certainty of RS mathematical processing.

With N growth in CC changes of RS relative to intensity ratio of D- and G-peaks occur (Fig. 3, Ta-
ble 1), that are determined not only by changes of Csp® and Csp’ clusters quantity and size in accordance
with [11], but also by metal content in the layer, its chemical activity. There is molecular bonds process be-
tween carbon and boron that leads to changes of carbon clusters degree of order.

It was found that at Ng=2.3 at. % in carbon coating D- and G-peaks intensity ratio insignificantly
changes in comparison with RS parameters of one-component carbon coating. It indicates little impact of
small Nj on the ordering degree and relative distribution of Csp?/Csp’ carbon phases in the coating.

With Np growth in CC D-peak intensity increase occurs, as well as G-peak centreshift towards lower
values of wave numbers. Essential changes of RS shape and Ip/Ig ratio increase (Table 1) for carbon coatings
a-C highly doped with boron (Fig. 3, b) (Ng = 43.2 at. %) happen.
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Table 1
Parameters of the Raman spectra of carbon coatings doped with boron
Position of Width of
0, o o

Type of CC fL, Hz Nc, at.% NB; at.% No, at.% ID/IG G-peak, Cm.l G-peak, Cm_l

a-C - 97.6 - 2.4 0.58 1573.5 157.2
a-Co12:By3 5 91.2 2.3 6.5 0.62 1571.3 168.7
a-Cq93:B74 33 79.3 17.4 3.3 0.73 1552.3 189.9
a-Cs33:Ba3n 50 533 43.2 3.5 1.25 1556.2 155.7

In accordance with [12] CC received from pulse flows of carbon plasma are characterized by high me-
chanical properties under the condition (Ip/Ig) < 1 and for CC a-C carbon atom concentration with sp® hy-
bridized bonds increases with Ip/Ig ratio reduction. According to Table 1 with Ny growth up to 17.4 at. %
some Ip/I; ratio increase is observed in the coating, that indicates the reduction of carbon atom concentration
with sp’ hybridized bonds.

Together with the increase of Ip/lg ratio G-peak shifting toward lower wave numbers in comparison
with peak's position for CC a-C takes place. According to [13] such change corresponds to.the decrease of
carbon matrix ordering degree and is defined by carbon atom concentration degree with sp’ hybridized
bonds. Based on data from Table 1 we can conclude that the shifting of G-peak position and insignificant
value increase of Ip/Ig ratio, typical of CC a-C with Ng =2.3 at. % and 17.4 at. %, are caused by the concen-
tration growth of CC Csp’. In [12] it is shown that the increase in carbon atoms number in sp’ hybridized
bonds is probably connected with C—B bonds formation in CC, while boron interacts mainly with carbon
atoms with sp’ hybridization. It leads to the growth of structural heterogeneity that causes the ordering de-
gree decrease of carbon clusters Csp” and shows in RS of CCas G-peak broadening. At high Ny value the
density reduction of sp’ bonds occurs in CC.

X-ray photoelectron spectroscopy (XPS) analysis for CC a-C and a-C:B presented on Figure 4 shows
that except boron there is also oxygen in the surface layer in the bond state with carbon (C—O) and boron
(B—0O). These bonds are formed at the stage of CC. deposition as a result of interaction of carbon and boron
components with oxygen in the operating environment of the vacuum chamber, as well as at its depressuriza-
tion. Since the contribution of oxygen C—O and B—O — bonds to the integrated intensity was insignificant in
relation to the total basic peaks area, their impact on CC structure and properties was not studied.
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Figure 4. XPS a-C (a) and a-C:By,3, (b) CC

Aiming at chemical interaction between carbon and boron in CC establishment we conducted mathe-
matical processing of XPS for energy states Cls, Bls, Ols of carbon, boron and oxygen atoms. XPS Cls
was presented as peaks superposition with centers located at 284.5; 285.5; 283.5 and 288 eV and consequent-
ly responsible for Csp”, Csp’, C—B and C—O carbon atom interaction [14].

X-ray photoelectronic spectrum B1s can be considered as the peaks superposition characteristic of B-O,
B-C and B-B interactions and located at energies 190.7, 189.4 and 190 eV correspondently.
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There are peaks typical of O—C, O—O and O-B bonds in X-ray photoelectronic spectrum of oxygen
Ols. As a result of statistical data processing of Cls XPE-spectrum it was found that integrated area share
for C—O bonds does not exceed 5 %.

XPS for boron doped CC ambiguously depend on Ny value in CC. At low boron Nj (2.3 at. %) B-C
carbone bonds are mainly formed. With further Ny growth B-B bonds increase in the structure of composite
CC occurs. However, at high Ny value (43.2 at. %) we observe carbon matrix restructuring with dominant
Csp” and carbide phases content in CC volume. There is some C-sp’-peak shiftcenter (up to ~ 0.3 eV) to-
wards higher energies as well as the reduction of this peak half-width at Ny increase in CC. It can be con-
nected with the presence of more than one heterophase forming the structure in CC [15], as well as the de-
velopment of competing forming processes in the coating layer of carbide compounds and boron oxide.

With Ng growth we observe the reduction of Csp® carbon atom bonds and considerable inerease of
B-C-bonds, characteristic of boron carbide in the coating. It can be assumed that Csp® reduction of carbon
clusters is caused by their replacement for boron carbide. It corresponds to the results of CC RS analysis
where graphitization of carbon structure and orientation increase of carbon Csp*-clusters due to-boron bonds
with carbon atoms in sp’ hybridization state are observed. Such phase changes in CC with different Ny val-
ues allow for their high mechanical properties preservation.

Conclusion

The structural properties of composite boron-carbon coatings obtained by [ion-plasma synthesis are
largely determined by the boron content in them. At a low concentration of NB:(2.3 at.%) Boron, bonds with
carbon of the B—C type are predominantly formed. With the growth of Ny in boron-doped carbon coating a
grain structure is formed, its size and grain orientation regarding the surface of the substrate increase, result-
ing in a decrease in the coating layer surface roughness. An increase in the grain size of the structure of bo-
ron-doped UPs is caused by the high activity of agglomeration processes with the formation of boron-
containing microvolumes in the original one-component carbon material. With the subsequent growth of NB,
there is an increase in the B-B bonds in the structure of the composite UP. Also, the increase of Ng in carbon
coating structure leads to the reduction of carbon phase-content with sp> hybridized bonds and is replaced by
boron carbide clusters. It is confirmed by graphitization of carbon structure and increase of carbon Csp” clus-
ters due to chemical boron and carbon atoms interaction in the state with sp’ hybridized bonds. At a high NB
value (43.2 at.%), The structure of the carbon matrix is restructured with a predominant content of Csp” and
carbide phases in the volume.

The study was supported by the. Chinese Ministry of Science and Technology (projects
No.2016YFEQ0111800, for 2016-2019),.as well as in the framework of the execution of the task 3.4.23 SPSI
«Physical materials science, new materials and technologies» (Republic of Belarus) and by the Ministry of
Science and Higher Educationof Russian Federation (project No. 0706—2020-0022).
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BopMeH JiernpJieHreH KoMipTeKTi KOMIO3UIUSIBIK MAaTEPHATIAPAbIH
KYPBUIBIM/BIK KacHeTTepi

Maxkanana GOpAbIH KypaMblHa OaifTaHBICTHI HOH-IDIA3MAalbIK CHHTE3 HOTIDKECIHJE aNbIHFAaH 0Op-KeMipTek
KOMITO3HIMSUIAPBIHBIH  MOP(OJIOTHACE, . XUMUSUIBIK  XKoHE  (DasaymblK Kypambl KapacThIpsUFaH. bopmen
Oaitmanran kemipTek xaObHBHBIH (KXK) yariiepi BakyyMIbIK KOHABIPFBIAA UMITYJIBCTI KOMIpTETi IUTa3Ma-
CBHIHAH KOMipTeri KaOaTHIHBIH TYCYIMEH JKoHE OOp aTOMIaphl arbIMBIHBIH TYTAaCybIMEH ajbIHFaH. AJIBIHFAH
xomnozuumsblk KK ynrinepinfie opTypili KOHUEHTpalusackl Gap Oop aromuapsl, aran aiitkanza 2,3 %
6omnmsl, omap a-Coy,:By3, a-Cro3:Bygy — 17,4 at.%, a-Cs;3:Baz, — 43,2 a1.%. KemipTexTi KypblnsiMaap
JKOHE KOMIPTEK KiacTepliepiHiH rpaduTU3anmsachl peHTreHaik GoroanekTporp! crekrpockonus (XPS) xoue
paman crekTpockonusicbiven 3eprrenmi. KK kypy kesinge kemiprek meH OOpABIH XUMHSUIBIK ©3apa
opekerrecyi MakcarsiHaa Cls; Bls, Ols arommapbiHEIH KeMipTeri, 60p *oHe OTTeri SHepreTUKAIBIK KYinepi
ymin XPS wmartemarnkansk ' eHzxey okyprizimmi. XPS Cls 284,5-me opHamackaH OpTalbIKTapsl Oap
MIBIHJIAPIBIH CYIEPIO3HITUSICH PEeTiHAe YCHIHBULIBE; 285,5; 283,5 xone 288 3B, nemek, Cspz, Csp3, C-B xone
C-O xeMipTeK aTOMIApHIHBIH ©3apa opeKeTTecyiHe >kayam Oepemi. Np ocyiMeH OopMeH KanTajFaH
KOMIpTeKTi >KaOBIHIbLIA TYHIPIIKTI KYpBUIBIM Taiifa 0oJajpl, OHBIH MOJIIEepi MEH acTHIKTHIH CyOCTpar
OeTkeliHiH yJFaloblHa Kapai OaraapiaHybl KabaTTacy KaOaThIHBIH OCTTIK Kemip-OyIbIphIHBIH TOMEHICYiHE
oKenesl.

Kinm  co30ep: KOMIO3ULMSUIBIK KOMipTeri >KaObIHbI, OOp TAMIIBICHIHBIH Maiifa OOJybl, aTOMABIK KYII
MUKPOCKOMHUSACHI, PEHTTeHIK (OTOAIEKTPOH/IbI CHEKTPOCKOIIHS, paMaH CIIEKTPOCKOMUSICHI, KiacTepiep, 6op
KapOuIi.

J.I'. IInnunuos, A.C. Pynenkos, A.B. Poraues, 1[3s1 Csio0 XyH,
E.A. Kynew, A.Il. Cypxuxos, A.Il. Jlyunukos, O.A. @ponosa

CprKTyprle CBOMCTBA YIJIaepoaAHbIX KOMIIO3UITUOHHBIX MaTCPUAJIOB,
JJErMpOBaHHbIX 60pOM

B crarbe paccMoTpeHbl MOPQOIIOrHs, XUMUYECKHI U (a30BbIi COCTaB KOMIIO3UIIMOHHBIX GOPOYIIepOJHBIX
TIOKPBITHH, TTOy4€HHBIX HOHHO-IUIA3MEHHBIM CHHTE30M, B 3aBUCHMOCTHU OT cofiepKaHus 6opa. OOGpasipl yr-
nepoxHoro nokpsrtus (YII), nernposanHoro 60poM, OBUIH IMOIyYEHEl B BaKyyMHOH yCTaHOBKE KOMOMHHUPO-
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BaHHBIM CIIOCOOOM B COYETAHHU C OCAKACHHEM YTIIIEPOAHOTO CIOSI U3 UMITYJIbCHOM YIIepOJHOH IIa3Mbl U
€ro JIETMPOBaHHEM IOTOKOM aToMoB Oopa. IlomydeHnbie 06pa3upl kommo3uuoHHbIX YII comepxxanu BHe-
JpEeHHBIE aTOMbI 6opa ¢ pasnudyHoi KoHueHTparwmeil (Ng), a umenno 2,3 at.% coxepxanuck B a-Coy5:B; 3,
B a-Cy93:B174 — 17,4 a1.%, B a-Cs; 3:B43, — 43,2 a1.%. CTpyKTypbl yriaepoaa u rpagurusanys yriepoaHbix
KJIacTepoB OBUIN MCCIIEJOBaHBI METOJJAMH PEHTTEHOBCKOI (poTO3meKTpOoHHON criekTpockonuu (XPS) u pama-
HOBCKOH crekTpockond. C IeNbl0 XHMHIECKOTO B3aNMOJIEHCTBUS MEX/y YIJIEpoJIoM U GOpoM Ipu co3ia-
Hun YII Obi1a mpoBeneHa MaTemarudeckas oopaborka XPS s sHeprerndeckux cocrosauii Cls, Bls, Ols
aTOMOB yriiepoaa, 6opa u kuciopoaa. XPS Cls Obuta npencTaBieHa Kak CyNepHO3UINS ITMKOB C LIEHTPAMH,
pacnionoxxeHHsIMH B 284,5; 285,5; 283,5 u 288 3B, u, cienoBaresbHO, OHU SBISJINCH OTBETCTBEHHBIMH 32
B3aMMOIeiicTRIE aToMOB yriepoaa Csp”, Csp®, C—B n C-0. C poctoM Ng B YIIepOIHOM MOKPBITHIL, JTETHPO-
BaHHOM 00poM, oOpasyeTcst 3epHHCTast CTPYKTYpa, YBEIMUIUBAIOTCS €€ PasMep U OPUEHTALUSI 3€PEH OTHOCH-
TEIIBHO ITOBEPXHOCTH MOMIOXKKH, YTO IIPUBOJUT K YMEHBIICHUIO IIEPOXOBATOCTH IIOBEPXHOCTH CJIOS ITOKPHI-
THSL.

Knrouegvie c106a: KOMIO3UTHBIC YIIIEPOIHBIC MOKPBITHS, KalieoOpa3oBaHue 6opa, aTOMHO-CHIIOBast MUKPO-
CKOIUsI, PEHTTCHOBCKasi (POTOAIEKTPOHHAS CIIEKTPOCKONHs, KOMOWHALIMOHHAS CIIEKTPOCKOIIHSI, KIacTephbl,
kap6uz 6opa.
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