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Abstract

Effect of bombardment of the growing film by energetic particles on its properties is know over many years
and is widely used for modification of the film properties. Despite of this there are no final answers on such ques-
tions as: what is the mechanism of compositional changes that take place for some compound filras deposited
under the ion borbardrent, how the ion bombardment influences the epitaxial growth, what mechanisras gov-
ern the growth of the film on its early stages during deposition under the ion bormbardment. The role of composi-
tion of film—forming species in formation of film structure is barely investigated or even not investigated at all.
Experimental evidence and discussion of the influence of ion borbardment and composition of film-forming
species on structure and composition of compound films are briefly considered in the review.

1. Introduction

The irradiation of the growing film by energetic
ions and fast neutral particles has been shown
to be useful for controllably altering the microstr-
ucture and some physical properties of the layers.
In a lot of investigations in which bombardment
of the growing film was used to modify film
structure the following effects were observed:
densification and increased oxidation resistance
in optical films; reduction or elimination of colu-
mnar microstructure in metallization layers; alte-
ring the average grain size, preferred orientation
and state of residual stress in the film, increased
film-to-substrate adhesion; decreased tempera-
ture of epitaxy, etc.

Despite of extensive studies of above effects

over many years, the mechanisms of influence of
ion bombardment on: early growth stages of the
film; on composition of compound films; on epi-
taxial growth, are still not completely clear. Thus,
in” during the investigation of initial growth of In
film using low-energy (E; < 300 eV) ion irradia-
tion it was established that the average island size
increased, while the island density per square
decreased rapidly with increasing of E. At the
same time in quite similar investigations it was
shown that the size of islands decreases and their
surface density increases with increasing of E?
that is just opposite to observations described in".
To the best of our knowledge such questions as:
how the ion bombardment influences the temper-
ature of epitaxial growth of the film; in what

cases and by what means the bombardment of
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growing film is able to change film composition,
also have no clear explanations.

The composition of the film-forming species
(atoms, molecules, larger clusters) is another fac~
tor that can noticeably influence the film struc-
ture. Nevertheless there are no recent reports
devoted to this problem.

In this review some mechanisms of influence of
ion bombardment and composition of film-form-
ing species -these important physical factors of
plasmous deposition process on film structure and

composition are considered.

2. Role of fast particle bombardment
in formation of film structure and

composition

2.1 Effect of ion bombardment on the initial
stages of film growth

Indium films were deposited by ion-plating
system, where the indium vapors generated by
thermal evaporation passed throw the r.f.-induc-
tor (copper coil connected to a r.f.-generator)
and condensed onto the room termperature sub-
strates. A negative controllable d.c. voltage was
applied to the substrate holder relatively the cru-
cible. The argon at a pressure of 5X107* Pa was
used as a ballast gas.

Argon and indium vapors were ionized by r.f.-
gas discharge and were accelerated toward the
substrate by the substrate voltage. Copper grids
for TEM with thin carbon films placed on them,
polished ceramic plates, NaCl single crystals (both
with and without metal film contacts) served as a
substrates. The composition and morphology of
the deposited films (4-200 nm thick) were stud-
ied using ESCA and TEM.

For the films deposited with various substrate
voltages (U= -600, -300 and 0 V) the number of
islands per unit surface (the island density) was
calculated as a function of the substrate voltage
and is plotted in Fig. 1. It is seen from this plot
that the density of islands increases and their
average size decreases with increasing of the
voltage (the energy of ions bombarding the
growing film). This tendency found for the initial
stages (4~12 nm) of film growth also holds for

thicker condensates (Fig. 2a,c).
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Fig. 1 The island density of In films as a function
of the substrate voltage. The data obtained
for two (4 and 12 nm) values of effective
film thickness.

At the same time, the films deposited in disc-
harge without accelerating voltage (U,=0 V} in
contrast with those prepared at U,= -600 V, be-
come continuous earlier than do films deposited
by conventional evaporation under the sarme con-
ditions (Fig. 2 b). All the features mentioned
above are observed over a wide range of the film
deposition rates (0.5-6 nm/s).

The obtained results may be explained on the

basis of accepted concepts. When highly energetic
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Fig. 2 Microstructure of 120 nm thickness In film deposited in different conditions:
a) film deposited in Ar without discharge (conventional evaporation) ;
b) film deposited in a discharge In Ar with U,=0 V;
¢) film deposited in a discharge In Ar with U,= -600 V.

ions bombard the condensation surface, additio-
nal nucleation centers appear, leading to a higher
density of islands. However bombardment pro-
motes also the sputtering of growing islands and
migrating indium adatoms. This process hinders
the growth of island and blocks their coalescence.
As a consequence, the films grown under the ion
bombardment were composed initially of fine
islands (compare micrographs on Figs 2 a and ¢)
and later of fine grains. The films with fine grain
structure had a 1.3-1.5 times higher resistivity
than those deposited without ion bombardment.
Another particularity of the films deposited
under the ion bombardment is a substantially
lower concentration of impurity atoms in them. A
2-3 times decrease in an oxygen content was ob-
served in films deposited at a highest (-600 V)
substrate voltage. One more easily observed ef-
fect of ion bombardment is the increase of the
temperature of condensation surface. The islands
of films deposited by conventional evaporation
frequently had a faceted form while those depos-
ited at -600 V had a round shape (Figs. 2 a and
¢), which indicates an increase in the surface

temperature, although the substrate temperature

was held constant within 5 K. Conventional de~
position of In film on the substrate heated up to
the indium melting point resulted in a decrease in
the island density and in an increase of their size.
However, the trends revealed for the films depos-~
ited under the ion bombardment at a room tem-
perature were similar to those observed for the
films deposited at elevated substrate temperature.

Comparing the results considered above with
those presented in" we can see that they are op~
posite. This effect has following reasons. Firstly,
the thermal conductivity of SisN, substrates used
inY is lower than that of carbon films placed on
copper grids in our experiments. Secondly, the ion
fraction in our experiments was not higher than
12-159%, while this value was about 3 times higher
in”. Therefore, it is reasonable to suggest that the
substrate surface temperature in the experiments
described in" was noticeably higher than that in
our experiments. Taking into account that in-
creasing of the substrate temperature results in a
decrease in the island density and consequent
increasing of their average size one can assume
that the data obtained in" mostly relate with the

effects of the temperature of the condensation
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surface. The earlier continuity of the films depos-
ited in a discharge without ion bombardment in
comparison with those depoéited in other deposi-
tion conditions relates with the form of the is-

lands of these films. The characteristic feature of

islands of such films is their planar form, while"

the islands of the films deposited in other deposi-
tion conditions have a convex shape (Figs. 2a, b,
¢). Planar islands cover the condensation surface
much better than those with convex shape. Planar
form of the islands indicates their good wetting of
the substrate surface. The reason of changing of
wettability can be the impurities in the film. In
fact, during the structure investigations of thick
(120 nm) films deposited in a discharge without

ion bombardment a pronounced line of indium

dioxide in electron diffraction pattern was revea-
led. A gas discharge activates oxygen from the
background gas that forms an indium oxide on

the surface of indium islands.

2. 2 Effect of ion bombardment on the- epita-
xial growth

In this section the epitaxial growth of GaN films
deposited by reactive ion plating onto different
types of substrates is considered. The deposition
facility was the same as in case of deposition of In
films. GaN films were deposited simultaneously
onto (0001) of 6H-SiC, (0001) and (01 12) of
sapphire, (111) of Si polished planes of correspo-
nding single crystals. A series of deppsitions with

different substrate temperatures and different

Table 1. Structure types of GaN films forming during the deposition onto different substrates and
at different temperature ranges (ion bombardment is aosent)

Ts, K

300 - 450 450 - 650

Substrate

Carbon film

Ceramic
a-Al 203
6H-SiC

(a)

650 - 850 850 ~ 1050 1050 - 1250

Not investigated

Fig. 3 Evolution of microstructure of GaN film deposited onto (0001) 6H -SiC single crystal with
increasing of the substrate temperature T.. Deposition without ion bombardment (U,= 0 V).
a) T.=530K; b) T«=680 K; ¢) T«=780 K; d) T.=980 K.
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voltages, applied to the substrate holder were car-
ried out. Nitrogen was used as a working gas.
Temperature dependence of structure perfec-
tion of GaN films deposited without ion bombard-
ment is presented in Table 1 and can be explained
by the following processes. At a low substrate
temperature the surface mobility of film-forming
species is low that facilitates the nucleation proc-
ess. In this case each occasional surface defect or
impurity along with the energy surface of crystal-
lographic plane serve as a center of nucleation.
This results in appearance of high density nuclei
with occasional crystallographic orientations that
favors the growth of fine-grained or amorphous
film. With increasing the substrate temperature
the adatom mobility increases and simultaneous
thermo-desorption of impurity atoms takes place.
In these conditions the nucleation occurs predom-
inantly at a sites corresponding to the energy sur-
face of crystallographic plane. In this region of
substrate temperature epitaxial growth of the film
is observed. Disruption of epitaxial growth at a
higher temperature (>1000-1100 K) is caused by

the accumulation of structure defects like nitro-

gen vacancies in these films. This follows from
the fact of lower nitrogen content in the films
deposited at these temperatures. The evolution of
microstructure and crystallographic structure of
GaN/BH-SIiC with the substrate temperature is
shown in Fig. 3 a-d. The epitaxial film with a sin-
gle crystal structure is formed from uniformly
oriented tree-dimensional separate monocrysta-
lline blocks of different size (Fig. 3d). The growth
of the film occurs mostly owing to accretion of
separate monocrystalline grains without their
coalescence.

Quite different growth mode is observed for the
films deposited in the same conditions but under
the ion bombardment. In this case qualitatively
new processes take place on the growth surface.
At a nucleation growth stage the ion bombard-
ment removes the impurities or other occasional
sites of nucleation on the growth surface ; in-
creases the surface mobility of adatoms. These
processes facilitate the proper nucleation, “pre-
pare” the sites for epitaxial growth and stimulate
the growth process. At a later growth stages the

ion irradiation facilitates the coalescence of is-

Fig. 4. Evolution of microstructure of GaN film deposited under the ion bombardment onto (0001) 6H
-SiC single crystal at Ts=780 K with increasing of the effective film thickness.
a) film thickness 30-50 nm, substrate voltage U,= -130 V;
b) film thickness 100 nm, substrate voltage U= -130 V.
c) film thickness 200 nm, substrate voltage U= -130 V.,
d) film thickness 200 nm, substrate voltage Us= 0 V.
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lands by transferring of portion of ion energy to
the crystallization surface and increases the sur-
face mobility of adatoms that favors the orienting
influence of the substrate. In other words, the ion
bombardment intensifies the action of the subst-
rate temperature. Due to this effect it is reason-
able to expect the lowering of the temperature of
epitaxial growth in the presence of ion bombard-
ment.

All these effects were experimentally observed
during the epitaxial growth of GaN/SiC. Charac-
ter features of these films are high density and
small dimensions of islands on the initial growth
stage, uniformity of their form and dimensions,
two-dimensional shape (Fig. 4a). Average diam-
eter of the islands is ~5-8 times larger than their
height. The growth of such film occurs mainly by
accretion of islands in a substrate plane with sub-
sequent coalescence of the islands (Fig. 4b). Such
films become continuous at a relatively low (~
100 nm) thickness and have a flat surface and low
porosity. These results show that the ion bomba-
rdment changes the mechanism of epitaxial
growth of GaN film from three-dimensional that

is intrinsic for the film growth without the ion

bombardment, to two-dimensional.

Another effect of ion bombardment is the exig-
tence of an optimal ion energy (100-130 eV) at
which the temperature of epitaxial growth of GaN
film decreases in 100-120 K (Table 2). If the ion
energy exceeds the optimal value the epitaxial
growth disrupts and film growth rate decreases
up to complete stopping of the growth. Further
increase of the ion energy promotes the sputter-
ing of the growing film and film growth rate
decreases up to complete stopping of the growth.
Optimal combination of the substrate temperature
and the ion energy provides the growth of the

film with perfect structure.

2. 3 Effect of ion bombardment on the film
composition

The effect of ion-bombardment-induced com-
positional changes was mainly observed in alloy
films* # and almost was not described for com-
pound films. Our investigations of the influence of
ion bombardment on the composition of A'BY
nitrides and indium oxide films deposited by reac-
tive ion plating and that obtained by sputtering of
(W-30Ti) alloy allow understanding the mecha-

Table 2. Substrate temperature at which transition from one structure type to another has occurred in
CGaN films, as a function of substrate voltage and substrate type.

Substrate type

S??Stratg The temperature of formation of different structure states, K
votage, L. a-ALO; 6H-SIC Si
0 460=PC , 600=TPC ; 980=SC | 460=PC ; 580=TPC ; 900=S8C | 460=PC ; 7T00=TPC ; No

-100 460=PC ; 600=TPC ;| 980=SC

280=PC , 480=TPC , 780=SC

280="PC ; 530=TPC ; No

-200 460=PC ; 600=TPC ; 980=SC

280=PC ; 460=TPC ; No

280=PC ; 530=TPC ; No

-400 460=PC ; 600=TPC , 980=SC

280=PC ; No 280=PC ; No

-600 460=PC ; 600=TPC , 980=SC

500= No condensation

500= No condensation

Notes: {460=PC ; 600=TPC ; 980=>SC) - temperatures of formation of = polycrystalline =PC), textured
polycrystalline =TPC), single crystal films. At T, <460 K films were amorphous. {No} - no changes in film
structure occurred with further increasing of substrate temperature ; )No condensation) - at these conditi~

ons the film did not grow.
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Fig. 5 Dependence of relative titanium content =
Ti/W) in the film deposited by magnetron
sputtering of W-30Ti alloy on the substrate
voltage.

nism of this effect®?,

Facility and deposition conditions of InN, In,0s,
AIN films deposited by reactive ion plating were
similar to those described above for In and GaN
films. Investigation of series of InN films deposit-
ed at different substrate voltages (0; -100; -600
V) and at different substrate temperatures (300
K, 570 K) has shown that the microstructure and
corposition of the films strongly depend on these
parameters. The films deposited without ion bom-
bardment have stoichiometric InN composition,
while the increase of the ion energy accompanied
by depletion of the film by nitrogen. The films
deposited with E; =600 V were formed of pure
indium?,

Similar to those results were obtained during
magnetron sputtering of W-30Ti alloy. On Fig. 5
the dependence of film composition on the -sub-
strate voltage is displayed. As it is seen from the
plot, relative titanium content Ti/W in the film
decreases with increasing of the ion energy®.

At the same time the composition of AIN” and

In.0s? films deposited by reactive ion plating in
conditions similar to those for deposition of InN
films, or composition of BN films obtaihed by rf.-
magnetron sputtering'® did not change with
changing of the ion energy.

The depletion of InN films in nitrogen and W-Ti
films in titanium can occur by two mechanisms:
via re-sputtering of N or Ti migrating adatoms
from the condensation surface ; via selective =
preferential) sputtering of these elements from
the bulk of the film. Special experiments have
shown that the depletion of InN films in nitrogen
and W-Ti films in titanium proceeds via re—sput—-
tering of migrating adatoms. The question arises:
why similar depletion for AIN, In,O; or BN films
deposited under the ion bombardment was not
observed?

The composition of the film forms mainly due
to chemical reaction between separate atoms on
the condensation surface. At the same time it was
shown that the depletion of the film proceeds via
re-sputtering of migrating atoms. Thus it is rea-
sonable to assume that the higher is the rate of
chemical reaction between the atoms, the lower
the probability of re-sputtering of atoms is.

Thus it is reasonable to assume that the higher
is the rate of chemical reaction between the
atoms, the lower the probability of re-sputtering
of atoms is. The rate of chemical reaction betw-
een the elements depends on their mutual chemi-

cal activity. The indicator of this is the difference

. of electronegativities =Xa_p of elements. As long

as the difference of electronegativities in a row
dXn-0=1.8, dXp-x=1.7, AXax=18, 4X,x=1.3
decreases it is reasonable that the probability of
re-sputtering of nitrogen atoms during the for-
mation of InN is higher, than that for In;Os, BN, or
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Bright - field image

b

Dark - field image

Fig. 6 Structure of (W, Ti)N films deposited by reactive magnetron sputtering of (W-30Ti) alloy at a dif-
ferent nitrogen concentrations in Ar-N, working gas.
a) nitrogen concentration 0% ; film composition (W sl is12) » grain size (50-100) nm
b) nitrogen concentration 16% | film composition © (WssTip 2) N 28+ W16 1 grain size ~ (10-20) nm
¢) nitrogen concentration 40% ; film composition @ (W, 4Tig15) Ny s grain size (20-40) nm

AIN. Just this effect was observed experimentally.

The depletion of W-Ti film in titanium under
the lon bombardment is also conditioned by the
absence of chemical bonding between the tung-
sten and titanium. Complete immiscibility of these
metals almost up to 700 K confirms this assertion.
The depletion of the film in titanium relates with

easier re-sputtering of titanium adatoms due to

substantially lower atomic mass of titanium in

comparison with that of tungsten.

3. Role of film-forming species in
formation of film structure

To the best of our knowledge the type of film-

forming species (atoms, molecules or larger clus-
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ters) was not considered in literature as a factor
that may noticeably influence on the film struc-
ture. Meanwhile as an indirect confirmation of
this effect may serve the fact that DLC-films can
be deposited only from uniform flux of carbon
atoms'".

In the investigation of film formation during
reactive magnetron sputtering of W-30Ti alloy in
Ar-N, gas mixture'? has been made an attempt to
find out the correlation between the composition
of film-forming species and the film structure.
The structure of films deposited at different ni-
trogen concentration in Ar-N, mixture is prese-
nted in Fig. 6, and the composition of species
revealed in the substrate region as a function of
the same parameter is shown on Fig. 7. The mi-
crostructure of W-Ti film deposited without ni-
trogen is dense and formed from relatively large
(50~100 nm) grains. Substantial decrease of the
grain size up to about 10 nm occurred with additi-
on of 16% N, to Ar (Fig. 6). This film consists of
two phases, /W and (W,Ti)N. Further increase
of the nitrogen concentration in working gas
results in formation of monophase (W Ti).N con-

densates with grains a little larger (~20-40 nm)

§ - ]
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Z 45 :: W+Ti
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E 15 E WN+TIN
g |
z 0 8 AT L | . J
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Mitropes conteet i1 Ar - N 2 mixturg, %

Fg. 7 Composition of fiim-forming species gener-
ated during reactive magnetron sputtering
of (W-30T1) alloy as a function of nitrogen
concentration in working gas.

than in previous case.

The described evolution of film structure with
increasing of nitrogen concentration in working
gas can be explained basing on corresponding
changes in composition of film-forming species.
In the region of nitrogen concentrations below 20
%N, the prevailing film-forming species are W
and Ti atoms, while the concentration of WN and
TiN molecules is lower. At the same time the total
concentration of WN-+TiN molecules in these
conditions is higher than the portion of N atoms
(Fig. 7). Therefore one may consider that the
main portion of nitride phase in condensate de-
posited at this nitrogen concentrations is formed
from WN and TiN molecules, but not due to the
reaction between the metal (W and Ti} atoms and
N atoms on the condensation surface. The pres-
ence of a large and stiff WN and TiN molecules on
the growth surface limits the mobility of metal
atoms that results in growing of small grains of
metal phase (Fig. 6). Let us note that the films
with such microstructure have had a maximal
microhardness. The increase of nitrogen concen-
tration in working gas over 20% is accompanied
by increasing in concentration of nitrogen atoms
and simultaneous decrease of portion of MeN
molecules on the growth surface (Fig. 7). Synt-
hesis of nitride phase in such conditions occurs
mainly by means of reaction (Me+N=MeN) be-
tween metal and nitrogen atoms on the conden-
sation surface. Some enlargement of the grains in
this film (Fig. 6) relates with the enhancement of
the temperature of condensation surface due to
its heating by heat of chemical reaction.

Thus, this example clearly shows that the com-
position of film~forming species can noticeably

affect on the film microstructure.
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4. Conclusion

A Dbrief review of experimental facts clearly
shows, that the energy and composition of species
arriving at the condensation surface can substan-
tially transform both the composition and the

structure of the film.
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