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The paper reports the results of study of composition, emission, and optical properties of polycrystalline W and Mo samples implanted
with Ba" ions and coated with submonolayer Ba atoms by applying Auger electron spectroscopy, secondary electron emission
coefficient ¢ technique, as well as the photoelectron quantum yield Y. The experimental part was carried out by using the
instrumentation and under vacuum P = 10 Pa. It is shown that during the implantation of Ba ions in the surface layers of refractory
metals, a mechanical mixture of the W + Ba and Mo-Ba types is formed. It has been established that the values of the coefficient
of secondary electron emission ¢ and the quantum yield of photoelectrons Y at the same value of the work function eg in the case
of implantation of Ba* ions are much larger than in the case of deposition of atoms. The obtained experimental results are substantiated
by theoretical calculations.
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INTRODUCTION

Over recently, refractory metals, in particular Mo, W and their alloys, have been widely used and could also be used
in the aviation and rocket building industries, i.e., in the development of new generation high-performance gas-tube
engines [1-4], thus improving the resistance to plasma beams of the first wall of thermonuclear reactors [5-6], as well as
in vacuum technologies and microwave devices [7,8].

Under the influence of ions and plasma on the material, the material is sputtered and evaporated, the structure and
phase state change, new chemical compounds are formed on the surface, etc. [9]. At the same time, it is very important
to minimize the erosion of materials both during normal functioning and transient events alike, as well as the appropriate
choice of these materials is essential [10]. On this purposes, W and Mo can be used, which are characterized by a set of
unique physical properties: low physical sputtering ratio, high melting point, high thermal conductivity, low accumulation
of tritium. After exposure to plasma irradiation, the creation of an etching relief on the surfaces of metals and alloys is
determined by tracing ionic component. Also, the nature of erosion of materials significantly depends on the operating
temperature range. The results of [ 1] show that when tungsten and molybdenum are irradiated with hydrogen plasma, the
main relief-forming mechanism happens to be surface sputtering, which is characterized by thermal etching of the surface.
In this case, the development of the relief on the tungsten surface due to different erosion rates of adjacent areas during
plasma irradiation is due to the fact that differently oriented surface crystals are characterized by different sputtering
coefficients [11]. It was found that after irradiation, a fragmented substructure is observed in the surface layer of
molybdenum.

At present, the physical and chemical properties of such structures obtained by sputtering, thermal diffusion, and
mixing of fine particles with subsequent pressing are well studied. One of the promising methods for engineering a
nanofilm structure in the surface layer of materials of various nature is the method of low-energy ion implantation in
combination with annealing [12—14]. The use of materials with surface nanosized structures in a particular area of
electronic technology is mainly determined by the composition and structure of the surface [15-18].

The present research is devoted to studying the effect of ion implantation on the composition, emission, and optical
properties of polycrystalline samples of W and Mo.

EXPERIMENTAL TECHNIQUE
Mo(111) and W(111) single-crystal wafers with a diameter of 8§ — 10 mm and a thickness of 0.8 mm were used for
experiments. lon implantation, annealing and all studies using Auger electron spectroscopy (AES), measurements of the
total secondary electron emission (SEE) coefficient ¢ and photoelectron quantum yield Y were carried out by using the
same experimental instrumentation under ultrahigh vacuum conditions (P = 10-° Pa). Ba" ions were obtained by surface
ionization of Ba atoms. The diameter of the ion beam on the sample surface was ~ 1.5...2 mm. Implantation with Ba*
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ions was carried out mainly with energy Eo = 1 keV and dose D = 6:10'® cm™ (saturation dose). The current of Ba* ions
could be increased up to ~0.3 pA. The experimental technique is described in more detail in [18].

EXPERIMENTAL RESULTS AND DISCUSSION
On Fig. 1 shows the dependences G(E,) for pure W and W implanted with Ba* ions with energy E¢=0.5 keV at a
dose of D = 6-10'® cm™ and coated with Ba atoms ~ 1 monolayer thick. On Fig. 2 for the same samples shows the
dependences of the photoelectron quantum yield Y on the photon energy in the range hv =2 — 6 eV.
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Figure 1. Dependences om(Ep) for: 1 — W(111), 2 — W(111) Figure 2. Dependences of Y'2 on hv for: 1 — pure W(111),

with surface film Ba with © = 1 monolayer, 3 — W implanted 2 - W(111) with a Ba film with a thickness of 1 monolayer,

with Ba* ions with E=0.5keV at D = 6:10!® cm™ 3-W(l11) implanted with Ba' ions with E=0.5 keV at
D =6-10' cm™

To determine the concentration and mobility of charge carriers at the base region of the structure, the authors have
applied the Hall factor technique at various temperatures. Also the authors have studied the photovolt-ampere
characteristic at various values of monochromatic illumination at (hv = E).

It can be seen from these figures that the increase in ¢ and Y of tungsten in the case of implantation of Ba* ions is
significantly greater than in the case of deposition of Ba with a thickness of 6 = 1 monolayer.

It is known that the increase in the SEE coefficient ¢ and the quantum yield of photoelectrons in the case of
deposition (at © = 1) is mainly determined by a decrease in the work function, and in the case of ion doping, both by a
decrease in e and by a change in the bulk physical properties of the emitting layer [19, 20].

The true secondary electrons (TSE) coefficient 6 can be determined by the following formula:

8= [, n(Ep,x)-f(x) - dx, M

where n(Ep, x) is the density of internal secondary electrons formed primary electrons with energy Ep at depth x;
J(x) — probabilities exit of secondary electrons from this depth x. f(x) is defined as

fG) = ¥(x) - plew), )

where y(x) is the probability that electrons from depth x will approach the surface, and p(eq) is the probability of exit of
secondary electrons approaching the metal-vacuum boundary. Thus, & depends both on the work function and on the
density of internal secondary electrons n(E,, x) formed by primary electrons in the IVE exit zone — A.

In order to evaluate the role of the surface and volume in increasing the coefficients 6, and Y of ion-doped samples,
we compared the results of measurements of Y and 6y, for W coated with a barium layer of different thicknesses and
doped with Ba" ions with different energies at D=Dy,=6-10'® cm? (Dsy, - saturation dose). For comparison, such values of
the ion energy E, and layer thickness 0 were chosen at which the work function for both samples was approximately the
same (Table 1).

Table 1. Values of om, ¥ and ep for W(111) implanted with barium ions with different energies and coated with a barium layer of
different thicknesses

Ba" — W, D =610 cm? Ba/W
Eo, keV om  |Y-10° eQ 0 Om Y- 10° eQ 004 YiYa
0.5 34 56 2.3 0.7 2.0 30 2.35 1.7 1.8
3.0 2.6 30 3.2 0.4 1.75 19 3.15 1.45 1.6
5.0 2.1 11 3.9 0.2 1.55 9 3.85 1.3 1.2

The values 0 = om corresponded to the energy Epm = 450 — 500 eV.
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It can be seen from the table that, with the same changes in e@, the values om of om and Y for doped samples are
greater than for deposited ones. A significant difference in 6 and Y between implanted and deposited samples is observed
at Eo = 1 keV, and in this case g; /a4 and Yi/Yq are ~ 1.7. The calculated value of the depth of the EVE and photoelectron
exit zone for pure W was 20 — 25 A.

In this case, the main part of the intercalated atoms is located at a depth of 0 — 20 A, which is close to the ISE exit
zone. This, as well as a strong decrease in e, explains the largest increase in 6 and Y at Eg = 0.5 — 1 keV. As the ion
energy increases, the concentration of interstitial atoms in the emitting layer decreases, which leads to a decrease in the
ratio o1/o, and Y/Y .

According to formula (1), the growth of 6 and Y in the case of doping is associated with an increase in the density
of internal secondary electrons n(Ep, x), which is proportional to the energy loss per unit path of the primary or
inelastically reflected electron:

dE/dx = n, [ &-dS(E,e). 3)

Here (E, ¢) is the differential scattering cross section with energy loss €. The value of ne increases significantly with
increasing impurity concentration in the emitting layer.

At low energies of primary electrons, a certain contribution to the number of TSEs and photoelectrons comes from
those electrons of the introduced impurity that are located at the upper energy levels. Table 2 lists the energies of the
levels of Mo, W, and Ba atoms.

Table 2. Energy levels of Mo, W, and Ba atoms

Mo Nas No3 Ni Ms My M3 M
2 35 62 227 230 392 410
Py Ny N Ns Ns N3 N2

W 4 34 37 46 259 426 492

Ba \% O3 O2 ()] Ns N4 N3
3 15 17 39 90 92 180

It can be seen that many of the barium levels are located in the band gap region of Mo, W. For example, the Ba
levels with energies of 3, 15, 17 ¢V are located between the conduction band and the first filled Mo band. The probabilities
of excitation of electrons from these levels Ba are greater than the probabilities of excitation of electrons from the filled
Mo band (in addition, the ionization of O3 and O, levels can lead to the appearance of the O,VV and O3VV Auger process).
Therefore, in the region of small E, at high impurity concentrations, these levels will make a significant contribution to
the number of TSEs, the presence of such levels also increases the inelastic reflected electrons (IRE) efficiency.

In the case of metals W and Mo, the formula [21] can also be used for calculation

§= Sfo‘”F(x)e‘% dx. “

Here F(x) is the energy loss distribution function of absorbed and inelastically reflected electrons. B is the probability
of exit of SEs approaching the surface, and € is the average energy required for the formation of one secondary or
photoelectrons, 2 is the depth of exit of the EVE. The values of A range from 10 to 30 A for most metals, and the value EE,

according to Dekker, does not depend on the energy of primary electrons and has a value of ~ 100 +~ 200. We performed
calculations for =10, 15, 20 and 30 A. The best agreement with experiment is obtained in the case of 1 =10 A: &/B = 140
for Mo and 170 for W.

Table 3 shows the calculated §¢ and experimental &g values of the TSE coefficients for Mo and W. It can be seen
from the table that agreement with experiment is good for E, > 800 eV, and for lower E,, the calculated values turn out
to be lower than the experimental ones.

The reason is that at such energies the parameter £/B begins to depend on the energy of the primary electron.

Table 3. Calculated and experimental values of true-secondary electron coefficient dm

Eo, 5B | 600 800 1000 3000 4000
éc 0.87 | 0.95 0.94 0.54 0.45
() 098 | 0.95 0.92 0.55 0.46
dc 0.7 0.78 0.84 0.56 0.46
() 091 | 0.88 0.81 0.6 0.48

Mo

\

Indeed, at low energies, the role of excitation and decay of plasmons in the formation of SE increases and the
mechanism of excitation of electrons from deep levels is "switched off", which should lead to a decrease in & - the average
energy spent on the formation of one SE. At the same time, the conditions for the release of secondary electrons also
change. The results obtained are consistent with the conclusions that, at large Eo, the SEE coefficients are determined
mainly by the energy losses of primary electrons, but not by the secondary electron release mechanism.
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CONCLUSIONS

It is shown that the increase in the coefficient of secondary electron emission and the quantum yield of W and Mo
photoelectrons after implantation of Ba" ions is mainly due to a decrease in the work function of the surface and an
increase in energy losses for the absorption of electrons in the ion-implanted layer.

It has been found that at low electron energies (E < 0.8 keV), the calculated values of the TSE coefficient are
significantly lower than the experimental ones. For Eg > 1 keV, they are in good agreement with each other.

The results obtained are employed in various branches of electronic and chemical industry, in particular, production
of pure Mo and its alloys and catalysts for processing of oil and oil products and are promising in the development of
OLED displays, optical resonators and filters, sensors, and solar cells.
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MEXAHI3M 3MIHHM EMICIi TA ONTUYHUAX BJACTUBOCTEMA W TA Mo IICJIs1 BOMBAPJTYBAHHS
HU3bKOEHEPTTHHUMHA IOHAMUA
JI.A. Tammyxamenosa?, B.E. Ymipsaxos?, FO.C. Epramos®, ®.1. Xynaiikynos®, X.€. Aoaien?

“Tawxenmcokuti Oeparcasnuti mexniunuil ynisepcumem imeni Icnama Kapimosa, Tawxenm, 100095 Pecnybnixa Y30exucman
bHayionanonuii ynisepcumem Ysbexucmany imeni Mipso-Ynyzbexa, Tawkenm, 100173 Pecny6rixa Y36exucman
Binopycvro-Y36eyvkuil midiceany3eguil iLcmumym npukiaonoi mexuiunoi keanigixayii, Tawxenm, 100071 Pecnybnixa Y36exucman
VY crarTi HaBeIeHO Pe3yNbTaTH IOCTIHKEHHS CKJIAAYy, eMIiCIHHHX 1 ONTHYHUX BIACTUBOCTEW MONIKpHUCTANIiuHUX 3pa3kiB W i Mo,
iMIUTaHTOBaHKX ioHamMu Ba™ i mokpuTHx cyOMOHOLIapOBHME aToMamMu Ba, 3a nonomororw Osxe-eJIeKTPOHHOT CIIEKTPOCKOITIT, METOLY
BTOPUHHOI eMicii G, a TakoX (hOTOETIEKTPOHHOTO KBaHTOBOTO Buxoy Y. ExcriepuMenTanbpHa YacTHHA BUKOHYBAJIACS arlapaTypHO Mif
BakyymoM P = 10 Ila. ITokazaHo, mo mij yac iMmianTauii ioHiB Ba y moBepXHEBHX INapax TYroIUIaBKUX MeTaliB (GopMyeTbes
MexaHiuHa cymimr W + Ba Ta Mo-Ba tuny. BeranosneHo, o 3HaueHHsI koedilieHTa BTOPHHHOT €IeKTPOHHOT eMiCil G Ta KBAHTOBOT'O
BHXOJY (DOTOENEKTPOHIB Y MPH OJJHAKOBOMY 3HAYCHHI pOOOTH BHXO/Iy €( Y pa3i iMmuianTaiii ionis Ba™ 3HauHO Oinblii, HiX y BUaaKy

oca/pkeHHs aroMiB. OTpUMaHi eKCIepUMEHTANIbHI Pe3yJIbTaTH 00IPYHTOBaHI TEOPETUUHUMH PO3PaXyHKaMH.
KurouoBi cnoBa: mexauiuni 368'a3ku; iowna imnaanmayis; egexmugnicmes euxudis, Odce-cnexmp, K6aHmMouil uxio, Nniasmosi
KONUBAHHs,; pieerb Pepmi





