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One of the fundamental directions in the use of ion implantation of metals is the creation of surface al-
loys of any composition. And their quantitative characteristic is the distribution of atoms of the impurity
element in depth of the surface layer of the metal substrate [1-5]. In the study of the contribution of each
component in changing the electronic structure, emission-adsorption and catalytic properties of multicom-
ponent metal alloys, the creation of particularly pure metal solid solutions, as well as the determination of
the actual concentration of alloying elements and their distribution in the surface layer of crystals are of
great value. To study the distribution profiles of the concentration of ion-implanted atoms of refractory
metals in alloys based on refractory metals, the method of layer-by-layer analysis using Auger electron
spectroscopy in conjunction with an argon ion cannon is used. In this work, on the example of implantation
of low-energy molybdenum ions into a single crystal of niobium facet (100), the features of creating surface
alloys based on refractory metals with a low concentration of the alloying element and the distribution of

the ion-implanted metal in the near-surface region of the crystal are studied [5-9].
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1. INTRODUCTION

Today, silicon films play an important role in the
development of electronics and microelectronics. The
construction of multifunctional ultra-high vacuum
installation with a solid-state ion source is described in
[2]. When using refractory metals as an ion emitter,
special attention should be paid to the presence of easi-
ly evaporable impurities in them. Even in well-purified
single crystals by zone melting, ions of impurity ele-
ments can be observed in large quantities in the initial
stage of the source operation.

2. DESCRIPTION OF OBJECTS AND
INVESTIGATION METHODS

To separate emitter ions from impurity ions, we de-
signed and manufactured an electromagnetic ion sepa-
rator. The diameter of inlet and outlet slots of the sepa-
rator was ~ 8 mm. The operation of the solid-state ion
cannon that we used is based on the electron impact
ionization of the working substance atoms. This source
makes it possible to obtain a stream of accelerated ions
of any refractory metal. One of the limitations of ob-
taining ions of refractory metals with a high density is
the creation of a sufficiently high vapor pressure of
these metals in the source ionization chamber. In this
construction of the ion cannon, we obtained an integral
ion current on the target of ~5-:10-8 A. In this case, the
vacuum in the device chamber was not worse than
~10-7Torr. The operating vacuum in the installation
chamber was (3-5)1019 Torr. The ion current was
measured with a Faraday cylinder installed in the
manipulator of the experimental setup. When using
molybdenum as an implanter, the integral ion current
was ~2:10% A. The flux of molybdenum ions in this
mode was ~ 10~ 11 jon.cm~2:s~! and the ion energy was

E,=3keV.
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We installed cathode units with niobium single
crystal facet (100) in the manipulator of the experi-
mental setup. Obtaining an atomically pure surface of
niobium single crystals by high-temperature heating is
described in [3]. Changes in the elemental composition
of the crystal surface were controlled by taking Auger
spectra, measuring the thermal emission current and
determining the operation of the crystal output. When
studying the distribution of molybdenum atoms in the
near-surface region of ion-doped niobium, we used a
molybdenum single crystal as a test object. It is due to
the possibility of comparing the Auger peaks of pure
molybdenum and the target doped with molybdenum
ions from a single crystal of niobium (100).

The study of the distribution profiles of the concen-
tration of doped molybdenum ions over the depth of
niobium was carried out as follows. After reaching a
vacuum in the device chamber of ~ 109 Torr, the ion-
doped crystal was placed against the ion-argon cannon
and using the SNA-1 puffing system argon was puffed
from a special canister to the required pressure. Fig. 1
shows the mass spectrum of the residual gas in the
device chamber after argon puffing at a pressure of
~2-10-9 Torr.

It can be seen from Fig. 1 that argon is the major
fraction in the mass spectrum. The spraying rate of the
material was calculated by the formula [1]:

0
S:0.006-Y-J+§

@)

Under the conditions of our experiment for niobi-
um: atomic mass A =41 g/mol, substance density
6= 8.4 g/lcm?, argon ion energy E =1 keV, and irradia-
tion of the target surface was produced close to nor-
mal. Under these conditions, the sputtering coefficient
of the substance Y=1 [4]. By increasing the argon
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pressure in the chamber, one can significantly increase
the current density of Art ions and reduce the etching
time of each monolayer. At current densities of Ar*
ions of ~10-6-10-7 A/cm?, the removal time of one
atomic layer varied from 1 to 7 min. We produced
spraying of the surface layer of the target in the spar-
ing mode. After removing each layer, the Auger spec-
tra were taken and processed quantitatively, the curve
of dependence of the concentration of ion-doped Mo
atoms on the depth of niobium (100) was constructed
by the points.
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Fig. 1 —Mass spectra of residual gas after argon (Pa-~210-7
Torr)

3. RESULTS AND DISCUSSION

The experiments were carried out at a dose of mo-
lybdenum ions D =310 ion-cm~2. The energy of mo-
lybdenum ions was equal to Ep, = 3 keV. In this case, a
low molybdenum Auger peak at 190 eV (transition
MsN4N3) appeared in the Auger-spectrum simultane-
ously with niobium Auger-peaks (Fig. 2). Quantitative
analysis by elemental sensitivity factor method of the
Auger spectra taken from the surface of niobium (100)
doped with molybdenum ions at a dose of
310 ion-cm ~2 showed that the concentration of mo-
lybdenum atoms in the surface layer of ion-implanted
niobium was ~ 1 at. %.
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Fig. 2 — a) Auger spectra of niobium surface (100) implanted
with molybdenum ions at D = 3104 ion-cm - 2; b) after removal
of four atomic layers
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The distribution of Mo atoms over the depth of nio-
bium (100) was studied. An ion-doped Nb (100) sample
was installed against the flange with an argon ion
cannon, and layer-by-layer etching of the crystal sur-
face with argon ions was carried out. In this case, the
current density of argon ions was 2:10-7 Acm~2. At
such a current density and ion energy E,=1 keV, one
layer of Nb and Mo atoms was removed in ~ 7 min.
Then every 7 min, i.e., after removing one layer from
the surface of the ion-implanted niobium by turning
the manipulator, the crystal was installed in the optical
center of the Auger analyzer and the Auger spectra
were taken. Fig. 2b shows the Auger spectrum taken
during etching of the surface layer of niobium when the
maximum concentration of molybdenum atoms was
reached, i.e., after removing four atomic layers from
the surface of niobium doped with molybdenum ions.
After removing ~ 10 atomic layers from the crystal
surface, the concentration of Mo atoms decreased to
~ 1 at. %. Auger spectra were processed quantitatively
and the concentration profile of the Mo distribution in
Nb was constructed. Fig. 3 shows the distribution of Mo
atoms over the depth of the near-surface region of the
niobium single crystal facet (100). It can be seen from
Fig. 3 that in the surface layer of ion-doped niobium,
the concentration of Mo atoms at a depth of 4 atomic
layers was ~ 3 at. %.

Discussing the results of implantation of molyb-
denum ions in a single crystal of niobium facet (100)
and layer-by-layer analysis, we note the following.
When the surface of the substrate metal is bombarded
with alloying metal ions, not only the atoms of the
surface layer of the matrix metal are sprayed, but also
the atoms of the implanted impurity are eliminated.
These processes impose a limit on the number of em-
bedded atoms in the surface layer of the target. This
phenomenon is due to the low concentration of molyb-
denum atoms (~ 1 at. %) during implantation with a
dose of ~ (3-5)-10™ ion-cm -2, When implanting small
doses (D < 1016 ion-cm ~ 2) of the alloying element, dilute
ion-implanted alloys with an impurity element concen-
tration of ~ 1 at. % are formed [10-15]. The depth of the
maximum content of the alloying element in the sur-
face layer of the crystal is mainly determined by the ion
energy of the impurity element [17, 18].
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Fig. 3 — Distribution of molybdenum atoms over the depth of

the near-surface region of the ion-doped niobium single crystal
facet (100)
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4. CONCLUSIONS

Thus, it can be noted that a surface alloy of niobium
with molybdenum with a thickness of ~ 3-5 atomic
layers with a concentration of molybdenum atoms of
~ (2-5) at. % was obtained by ion implantation.

Based on the results obtained, the following conclu-
sions can be made.
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OpmuuMm 13 pyHIaMEHTAIBHUX HAIPSIMIB BUKOPUCTAHHS 10HHOI IMIIIAHTAIN] MeTasIiB € (DOpMYyBAHHS I10-
BEPXHEBUX CIIABIB Oy[Ib-IKOTO CKJIAIY, a4 iX KIJbKICHA XapaKTEPUCTUKA — PO3IIOJILJI aTOMIB JOMINIKOBOTO
eJleMeHTa B INIMOWHI OBEPXHEBOTO IMapy MeraseBol migkiaanku [1-5]. [Ipn BuBYeHHI BHECKY KOKHOIO KOM-
IOHEHTA B 3MiHY eJIEKTPOHHOI CTPYKTYPH, eMICIFHO-aJcOPOIMHIX 1 KATAIITHYHUX BJIACTHBOCTEHN 0AraToKO-
MIIOHEHTHHX METAJIEBUX CILIABIB, CTBOPEHHS 0COOJIMBO UMCTUX METAJIEBUX TBEPIMWX PO3UMHIB, 4 TAKOK BU-
3HaYeHHs PaKTUIHOI KOHIIEHTPAIIl] JIETYIOUNX eJIeMeHTIB 1 IX PO3IOZily B IIOBEPXHEBOMY IIapl KPHCTAJIIB,
MAaTh BeJIMKe 3HAaYeHHs. JJ1d mocimiIsKeHHS TpoiiliB pO3IIOiTy KOHIIEHTPAITl] 10HHO-IMIIJTAHTOBAHUX aTo-
MiB TYroILIaBKMX MeTAJIB y CIUIABAX HA OCHOBI TYTOIIABKMX METAJIB BHKOPHCTAHO METOJ| IIONIAPOBOTO
aHaJII3y 3a JI0IIOMOI0I0 0Ke-eJIEKTPOHHOI CIIeKTPOCKOIIT B ITOEIHAHHI 3 aproHOBOIO 10HHOI rapMaTon. ¥ po-
00Ti Ha TPHUKJIAAl IMILIAHTAI[] HI3bKOCHEPIeTHYHHNX 10HIB MOJIIOMEeHY B MOHOKPHCTAJI Hi001I0 OrpaHIOBAHHS
(100) po3riyIsTHyTO 0COOIMBOCTI CTBOPEHHS ITOBEPXHEBUX CILJIABIB HA OCHOBI TYTOILJIABKUX METAJIIB 3 HU3BKOIO
KOHIIEHTPAIIIEI0 JIETYIOYOr0 eJIEMEHTA Ta PO3IIOIIOM 10HHO-IMIUIAHTOBAHOTO METAJIy B IIPHUIIOBEPXHEBIH 06-

nacri kpucraia [5-9].

Kmiouori ciosa: Ilosepxmusi, Emexrponna cmerrpockormiss, Hamgsucokmit Baxyym, Momokpucras, lonma

iMIIaHTAIlA.
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