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One of peculiar features of the IBAD technology consists in that the damage level and concentration of implanted ions are
distributed nonuniformly in the depth of deposited material. The calculations, we have done earlier [1], showed that the highest
degree of nonequilibrium is realized in the first 50 nm of a coating. However, just in this thickness the nucleation and formation
of the material structure is observed. The peculiarities of chromium coating formation without assisted irradiation and under
bombarding with nitrogen ions having the energy of 30 keV were studied. The rates of chromium deposition were low, 0,05...0,1
nm/s. During the experiment the vacuum was maintained at a level of 4-10° Pa and was determined, in main, by the content of ni-
trogen molecules arriving from the discharging chamber of the ion source. The thickness within the range from 3 to 10 nm was
investigated. The results have shown that at the earliest stages of the film growth solely chromium nitride CrN is formed. Sizes
of visible nuclei are in the range from 1 to 4 nm, and their density is 1...3-10"%cm™. As the film thickness increases, the nuclei are
growing, then their coalescence occurs and a uniform coating is formed. Chromium deposition without irradiation, but at the
same nitrogen pressure, resulted in formation of chromium hep structure with the following crystallographic parameters: a =
0,315 nm; ¢ = 0,492 nm. The grain size was 3...4 nm. After reaching the coating continuity, the hcp structure was transformed

into the bee structure with the parameter a = 0,261 nm.

INTRODUCTION

Computer simulation of the process of coating for-
mation with the use of the ion-beam assisted technology
(IBAD method) has shown that the application in this
method of ion beams with the energy of several tens
keV leads to the distribution of implanted ions with
such energies and of point defects created by them in
the deposited coating are very nonuniform in depth [1].
As a consequence, the conditions, under which the coat-
ing structure nucleation occurs, will be different at the
initial stage and at the steady-state stage, although just
the peculiarities of coating formation at the first 1...10
nm determine, in many aspects, its adhesion characteris-
tics on the whole. In works, aimed to the study of initial
stages of coating formation [2-5], is shown that the ion
bombardment in the course of deposition leads to the
cardinal changing in the mechanism of film nucleation
and growth. The results obtained evidence that the ion
bombardment influences on the density of nuclei being
formed, their size, crystallographic structure of the coat-
ing and its texture.

In the above-mentioned works the ions of inert gases
- argon and neon were used as bombarding particles.
Their role in formation of the coating structure at the
initial stage consists mainly in stimulation of diffusion
processes due to the radiation effect. In the process of
production of wear resistant and hardening coating one
uses, first of all, the ions of active elements -nitrogen,
carbon, oxygen, boron. Bombardment with ions of such
a kind should influence not only on the structure of the
coating being formed, but also on its phase composition.

The goal of the present investigation consisted in the
comparative study of the peculiarities of chromium
coating formation at the initial stage (thicknesses of
1...10 nm), without ion-beam assisted irradiation and

under conditions of bombardment with nitrogen ions of
30 keV energy at a temperature 200 °C.

EXPERIMENTAL PROCEDURE

Experiments were carried out at the assembly Argo-
1 for ion beam assisted deposition [1]. Chromium was
deposited onto the NaCl substrate, which was prelimi-
nary coated with a carbon layer. The evaporation pro-
cess was controlled with he use of an electro-resistive
transducer. All the substrate area was arbitrary separated
into four parts, each of which was successively covered
with a blind at regular time intervals. The deposition
stopped after appearance of the electrical conduction at
the transducer.

Simultaneously with deposition, one part of the sub-
strate was bombarded with 30 keV nitrogen ions at the
dose production rate of 2-10' ions/cm’s. The second
part was covered against the ion beam action. The rate
of chromium deposition was maintained rather low,
0.1...0.15 nm/s. The exposition time was selected so
that each of four parts was irradiated up to doses 1.2,
2.4, 3.6, 4.8:10' ions/cm’ respectively. Before the ex-
periment, the working chamber was evacuated up to the
pressure of 510 Pa. In the course of the experiment the
vacuum in the working chamber was worsened up to
4-107 Pa at the expense of nitrogen leakage from the
discharge chamber of the ion source. The substrate tem-
perature was 200 °C.

After fulfillment of the experiment, the carbon film
together with deposited chromium was separated from
the substrate and examined in the electron microscope
JEM-100CX.
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In the process of ion beam assisted deposition at the
surface and inside of the substrate the complex physical-
mechanical phenomena occur related to the modifica-
tion of the structure and the component composition
of the substrate itself, as well as, to the coating building
up. Most part of the primary processes, occurring in this
case, is described in [6]. Taking into account low rates
of chromium deposition, being used in our investiga-

tion, and a relatively high nitrogen pressure in the work-
ing chamber is should be expected that in the process of
coating build up the most part of nitrogen molecules
will be captured by the atomic-molecular chromium
flow. In order to study the influence of the residual at-
mosphere on the chromium coating structure, a part of
the substrate in the course of the experiment was
screened from the ion beam by the fixed blind.

Table 1

The interplanar distances for chromium films as deposited without ion bombardment

HKL h=3nm, 4107 Pa h =90 nm, 410 Pa h =90 nm, 5-10* Pa
Cr hep, 10.0 0.278
Cr hep, 00.2 0,253
Cr hep, 10.1 0,237
Cr hep, 10.2 0,209
Crbee, 110 0,203 0,206
Crhep, 11.0 0,188
Cr hep, 10.3 0,162
Cr hep, 20.0 0,147
Cr bee, 200 0,140 0,144
Crhep, 11.2 0,139
Cr bec, 211 0,115 0,118
Cr bec, 220 0,096 0,101
Cr bec, 310 0,089 0,092

a b

Fig. 1. Diffraction patterns for non-assisted
chromium deposition: h = §...10 nm (a); h =90 nm (b)

Table 1 presents the interplanar distances obtained
after counting the electron diffraction patterns of the
chromium film deposited without ion beam assistance.
Analysis has shown that at the initial stage of deposition
there formed are hcp chromium structures with the pa-
rameters: a=0,325 nm, c=0,512 nm. The hcp phase re-
mains stable up to the thicknesses from 20 to 30 nm at
which the film becomes continuous. In the same table
are given the results of structure analysis of the chromi-
um coating, with the thickness exceeding 50 nm. It is

seen that the hcp structure is transformed in the bee
structure. Here also the interplanar distances of the bee
phase of chromium deposited at an initial pressure of
5-10"* Pa are given.

The electron-microscopic images and the electron-
diffraction photographs of chromium films are present-
ed in fig. la, b. The “thickness” of the first of them cor-
responds to the thickest of four covered parts of the sub-
strate (= 8...10 nm), the thickness of the second one is
90 nm. In fig. 2 given are the histograms of nuclei grain
distribution by sizes in the films deposited on each of
four areas of the substrate. It is seen, that as the film
thickness increases, the maximum position gradually
shifts towards large sizes.

The interplanar distances of the crystalline structure
being formed in the process of chromium deposition un-
der ion bombardment are given in Table 2. Analysis has
shown that the dominant phase at the initial stage of de-
position is chromium nitride CrN (Fig. 3,a). Later on,
while forming the continuous coating and increasing its
thickness, the nucleation of chromium grains was ob-
served. At thicknesses higher than 50 nm (Fig. 3,b) the
material structure looks as a mix of Cr and CrN nano-
size grains, the size of which does not exceed 10 nm.
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Fig. 2. Evolution of chromium cluster density as deposited without ion bombardment

The histograms of CrN grain distribution and the
percentage of substrate surface coverage for different
deposition times are presented in fig. 4. The material
structure at the given stage looks as a system of grain
nuclei, the distribution function of which changes with
deposition time and irradiation dose increasing. If for
the first two films a monodimensional distribution with
a rather narrow peak in the range of sizes =2...3 nm is
characteristic, then, beginning already from the third
film, the appearance of nuclei with a size of = 5...8 nm
is observed. This tendency manifests most distinctly in
the fourth film. It should be noted, that the increase of
the main grain size occurs not at the expense of peak
distribution shift towards large sizes, as it was observed
for films deposited without ion irradiation (see fig. 2),
but due to the appearance of the second peak in the area
of coarse nuclei. A number of small-sized nuclei remain
practically unchangeable. It means that we can speak
about the coalescence of fine grains into coarser ones
and about appearance of a new population of nuclei on
the free sites.

Table 2
The interplanar distances for chromium films as de-
posited with ion bombardment

HKL D puk, nm h=3 nm h=50 nm
CrN, 111 0.240 0,238 0,235
CrN, 200 0,207 0,203 -

Cr, 110 0,205 - 0,207
CnN, 112 0,163 - 0,161
CrN, 220 0,147 0,145 0,144
CrN, 311 0,126 - 0,128

Cr, 211 0,117 - 0,117
CrN 400 0,104 - 0,102

Fig. 3. Diffraction patterns for ion-assisted chromium
deposition: a—h=8...10 nm; b —h =90 nm

So, the investigation performed showed, on the one
hand, that the existence of the increased nitrogen con-
tent in the residual atmosphere, in combination with the
low chromium deposition rate, leads to the formation, at
the initial stage, of a hep structure being no characteris-
tic for the “bulk” chromium. The ion beam assisted de-
position stimulates the nucleation of a nanocrystalline
structure of chromium nitride CrN. At the initial stage,
the forming of such a structure proceeds via the process
of nucleation and coalescence.

In the scientific literature the polymorphism is often
described by researchers, which studied the formation of
thin films at the stage of their nucleation. As a rule,
there occurs the formation of crystallographic structures
packed closer than these observed in the “bulk” materi-
al. In the case of chromium one observed the formation
of a hcp structure or a complex cubic structure [7, 8].
This phenomenon was explained in work [8] where the
authors have supposed a changing of thermodynamic
equilibrium conditions in thin films.

Chromium deposition at the increased nitrogen con-
tent in the working chamber occurs under conditions of
continuous absorption of nitrogen molecules by the sub-
strate surface. And the rate of nitrogen absorption high-
er by several folds than the rate of chromium condensa-
tion. The nitrogen dissociation energy is rather high,
205,5 kcal/mol. [9], and therefore nitrogen dissociation
and formation of a chemical compound with chromium
is improbable. Its blocking on the substrate surface
seems more probable. Under such conditions, even
though the deposition occurs at increased temperature,
the surface diffusion of chromium adatoms to the grain
nuclei is hampered. Thus, the main mechanism of grain
growth will be the grain build-up at the expense of va-
por deposition. The growth at the expense of surface
diffusion will be less preferential. As a result, a mass
nucleation of grains takes place.
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Fig. 4. Evolution of chromium cluster density
as deposited with ion bombardment

If chromium is deposited under conditions of irradia-
tion with nitrogen ions, then the mechanism of nucle-
ation is appreciably changing. At the initial stage of film
deposition the most important will be the influence of
ion bombardment on desorption of gas molecules, on
sputtering of chromium atoms, on their mobility. Fur-
thermore, it should be noticed once more phenomenon
not described in work [6], namely, ion-stimulated disso-
ciation of nitrogen molecules being sputtered and a sub-
sequent repeated nitrogen sorption on the substrate, but
then in the atomic form. Just atomic nitrogen undergoes
a reaction with chromium resulting in formation of
chromium nitride CrN.

So, the mechanism of chromium coating nucleation
under bombardment with nitrogen ions can be presented
as follows. The ion beam destroys the layers of sorbed
gas molecules, including nitrogen, and creates, on the
one hand, an increased concentration of defects on the
substrate surface, and thus forms conditions for more in-
tensive nucleation of chromium grains, on the second
hand, it creates, at the expense of nitrogen molecule dis-
sociation, preconditions for sorbing nitrogen in the
atomic form, and, on the third hand, it stimulates a sur-
face diffusion of both the chromium atoms and the ni-
trogen atoms. The latter process leads to the formation
of chromium nitrides CrN.

CONCLUSIONS

The comparative investigation of initial stages of
chromium coating formation at 200 °C under condition
of the increased nitrogen content in the working cham-
ber and of assisted irradiation with 30 keV nitrogen ions
has shown that the nitrogen presence leads to changing
in the mechanism of chromium deposition and creates
preconditions for the formation of a nonequilibrium hcp
structure, which transforms into the bcc structure with
film thickness increasing. Bombardment of the chromi-
um film during deposition with nitrogen ions initiates a
sputtering of adsorbed nitrogen molecules and their dis-
sociation. During the secondary sorption of nitrogen in
the atomic state the ion irradiation stimulates surface
diffusion of both the chromium atoms and the nitrogen
atoms. The results of the action of the above-mentioned
processes is the formation of a chemical compound in
the form of CrN nuclei, their surface diffusion with sub-
sequent coalescence leading to the formation of a
nanocrystalline structure of chromium nitride CrN hav-
ing a grain size of = 3...5 nm.
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®OPMUPOBAHUE TOHKOILUIEHOYHOI'O Cr-N-KOMITIO3UTA B YCJIOBUSAAX HOHHOM BOM-
BAPJIMPOBKH U HU3KUX CKOPOCTEM OCAXKIEHUS XPOMA

A. I'yena, M. J/lumeunenxo, 0. Mapuenxo, P. Bacunenxo

IIpoBeneHo cpaBHUTENBHOE HMCCIEIOBAHNE HAYaNbHBIX CTaguil (GOpMHUPOBaHHS XPOMOBOTO MOKPHITUS B YCIOBUSIX OoMOap-
JUPOBKHM HOHAaMU a3ota ¢ sHeprueit 30 k3B n 6e3 accucTHpOoBaHHOTO 0OTyUeHUs, HO TIPH TOBBIIICHHOM COJEPKAaHHU a30Ta B pa-
6oueil kamepe. CKOPOCTH OCakAeHHs ObLIM BhIOpanbl Hebonbmumu — 0,05...0,1 am/c. Bakyym B kamepe 6bu1 Ha yposHe 4-107
Ia u ompexnensics B OCHOBHOM a30TOM, KOTOPBII HAIyCKalCs B Pa3psAHyI0 KaMepy HOHHOTO HCTOYHMKA. TOJIIMHA HCccaexye-
MBIX 00BEKTOB OblIa B mHTEpBaNe 3...10 HM. Pe3ynbpraTel nokasanw, 4To Ipu HOHHOW 60MOapIUPOBKE IPOUCXOAUT 00pa3oBaHHe
Hutpuaa xpoma CrN, HauMHAs ¢ CaMBIX PaHHHX CTaJuil pocTa IUIEHKH. PazMep BHIMMBIX 3apoJbIiell HaXOANUTCS B JIaNa3oHe
1...4 am, miotHOCTE — 3-10'2 cM™. C yBeaMUYEHHEM TOJLIMHBI IIIEHKH NPOMCXOIMT KOAJIECIIEHIMS MaTbIX 3apoblieii, 00pa3oBa-
HYe CBOOOIHBIX 30H M 3apO’K/ICHHE Ha HUX HOBOH momyssiuuu 3epeH. OcaxeHne xpoma 6e3 HOHHOTO O0JIydeHHs! PUBOAUT K
¢dopmupoBanuto ['TIY-ctpykrypsl ¢ mapamerpamu pemetku a=0,315 am u ¢=0,492 um. [Ipu 1o0CTHREHUH CIUIOLIHOCTH Y IUICHKH
npoucxoaut Tpancopmarus I'TTY-ctpykrypsl B OLIK ¢ mapamerpom a=0,261 um.

®OPMYBAHHS TOHKOIIJIIBKOBOI'O KOMITIO3UTY Cr-N B YMOBAX IOHHOI'O BOMBAPAY-
BAHHS TA HU3bKHUX IIBUJIKOCTEMA OCAKEHHS XPOMY

O. I'yzna, M. Jlumeunenxo, F0. Mapucnko, P. Bacunenxo
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IIpoBeneHo MOpiBHSUIbHE BHMBYEHHS MOYATKOBOi cTanil (OpMyBaHHS XPOMOBOTO IOKPUTTS B yMOBax OoMOapIyBaHHSI
ioHamu a3oTy 3 eHepriero 30 keB Ta 0e3 acHCTyrO4oro ONpPOMIHEHHS, ajieé NMPH MiABHIICHOMY THCKY a3oTy. LIBumkocti
ocapkeHHst Oynu migiGpani Hesenuki — 0,05...0,1 um/c. Bakyym y kamepi Oye Ha piai 4-107 I1a Ta 06yMOBJIIOBAaBCS a30TOM,
SIKMH HaITyCKaBCs B PO3PAAOBY KaMepy 10HHOTO Jpkepena. TOBIIMHA JOCHiKEHNX IIBOK — 3...10 HM. Pe3ynpraTn mokasanu, mo
npu iOHHOMY OoMmOapIyBaHHI Mae Micue CTBOpeHHs HiTpuAay xpoMmy CrN mouymHarouu 3 caMUX IOYATKOBHX cTafmiil. Po3mip
3apOJIKIB 3HAXOAWTHCA y Aiamasoni 1...4 HM, miteHicTh — 310 cM? 3i 30iNbIIECHHAM TOBIIMHH Ma€ MicCle KOAJECHEHIis
3apOJIKiB, CTBOPEHHS BUIBHUX 30H Ta 3apOKCHHS Ha HUX HOBOI MOyl 3epeH. OcamKkeHHst XpoMy 0€3 i0HHOTO OIpOMiHEHHS
npu3BoAUTh 10 (opmyBanHs [TIV-cTpykrypu xpomy 3 mapamerpamu rpatku a=0,315 vm ta ¢=0,492 um. Ilpu nosBineHHi
CIIOJIOIIHOT IUTiBKU Mae Micue Tpancdopmysanus ['TIY-ctpykrypu y OLIK 3 mapamerpom a=0,261HMm.
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