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The structure of metal films deposited from fluxes of energetic and thermalized
sputtered atoms has been studied in detail. The growth surface temperature Tsurf develop-
ing during the condensation of sputtered atoms has been measured by two independent
techniques.Variations in the film structure from fine-grained in the interface region to
coarse-grained in the upper part of the film correlate with variations in the Tsurf . The
Tsurf being equal to the substrate temperature at the beginning of the deposition steeply
increases and remains several times higher than the substrate temperature during the
process. We explain this effect by formation of a liquid-like layerwith low thermal
conductivity that forms on the growth surface during deposition. Due to this layer we
assert that the film grows by a "gas—liquid—solid” rather than a "gas—solid” mechanism
independently on the deposition method.

HccnemoBaHa CTPYKTypa METANINYECKUX ILIEHOK, OCAKIEeHHBIX U3 IIOTOKOB 9HEPreTHUuec-
KHX ¥ TePMaJN30BAHHBIX PACIILIJIEHHBIX ATOMOB. [[ByMs HE3aBHCHUMBLIMU METOJaMU H3Mepe-
HA TeMIepaTypa IIOBEPXHOCTU POCTa Tsurf’ BOBHHMKAIOIIASA B IIPOIeCCe KOHIEHCAIUN ATOMOB.
smenenus CTPYKTYPbI OT AMCIIEPCHON B IIPUIOIJI0KEUYHOM 00JaCTH A0 KPYIIHO3EPHUCTON B
BEPXHHUX YAaCTAX IIJIEHKH KOPPEJIMPYIOT C M3MEHEHHSIMU Tsurf B IIpoOIlecce PoCTa IIJIeHKH.
Tsurf’ Oyzyuum B HadaJe IIpolecca PaBHOU Temmeparype mommoxkum Tg, ObICTPO pacTer u,
NOCTUTHYB ONIPEJeJIeHHON BeJIMYMHEI, OCTAETCS B HECKOJBKO pas Gonbine Tg HA MPOTAMEHUN
Bcero mporecca. 9ToT 9PHeKT 00bscCHEeH 00pa3oBaHMEM HA I[IOBEPXHOCTH POCTA B IIPOIiEcce
GOPMUPOBAHUSA MJIEHKH KUIKOIOJOOHOIO CJIOA C HHU3KOIM TeIIonpoBomHOCThbI0. CyrrecTBoBa-
HHUE TAKOrO CJIOA II03BOJSAET YTBEPIKIATb, YTO ILIEHKA PACTET II0 MEXaHM3My  Hap—>KHJ-

KOCTb—>KPUCTAJI , & He Nap—>KPUCTAJJ , He3aBUCHUMO OT METOJA OCAKICeHU.
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Films deposited by plasma-based methods
grow from fluxes of particles with increased
kinetic energy. Contemporary growth theo-
ries developed for such films mainly focus
on collision-induced effects produced by en-
ergetic species on the growth surface. At
the same time, most of the energy losses by
such species during condensation are real-
ized as heat [1]. Therefore one can expect
that the realeasing heat increases surface
(growth) temperature Tsurf and thus might
considerably affect the film structure.
Whereas the development of high T, no-
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ticeably exceeding substrate temperature Tg
during film deposition [2-5] has been re-
ported, there are no works exploring the
correlation between the film structure and
the Ty, In this paper, we present the re-
sults of investigation of the structure of
chromium films deposited by magnetron
sputtering from fluxes of energetic and
thermalized atoms along with the results of
measurements of the T, developed during
condensation of sputtered atoms. Strong
correlation between the film structure
changes along thickness and variations in
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the T, ; during deposition is revealed. A
model explaining this effect is presented.

The experimental details of the film
deposition by magnetron sputtering tech-
nique are presented elsewhere [56]. The mag-
netron was equipped with 4 mm thick Cr,
Ti, Cu or Mo (99.99) target of 50 mm in
diameter bonded with Ag paste to the cooled
Cu backing plate. The background argon
pressure was p, = (1-8)-10"3 Pa whereas the
operating pressures were pa, = 0.2 and 5 Pa
(low and high pressure conditions, respec-
tively). The high pressure conditions pro-
vided the film deposition from fully ther-
malized atoms while the films grown at low
pressure were deposited from high-energy
atomic fluxes. The flux of sputtered atoms
(deposition rate) was regulated by variation
of the discharge current.

The T, was measured by two inde-
pendent methods. In the first method the
Tg,,s was measured by means of VARIOS-
CAN High Resolution Thermography Sys-
tem (JENOPTIC Laser, Optic System GmbH)
with post processing of thermograms re-
corded during deposition using the IRBIS
Professional software. Temperature meas-
urements within the range from —-40 to
+1200°C with the accuracy *1 % of the
full-scale value were carried out by compar-
ing the radiation intensity of the heated
object and reference source mounted inside
the IR camera. A ZnSe window, transparent
in IR region (6—20 pum), served as a view-
port for the IR camera. Silicon plates pre-
coated with 1500 nm thick Cr, Ti or Cu
coatings were used as substrates. The coat-
ings were prepared to be sure that the emit-
tance € of the depositing film is equal to the
€ of the substrate that substantially in-
creased the accuracy of the surface tempera-
ture determination. The substrates were
tightly attached to the cooling substrate
holder that provided the substrate tempera-
ture Tg to be in the range of 18-20°C dur-
ing the whole process. The chromel-alumel
thermocouple fixed to the substrate was
used to measure the Tg.

Another method for the T, . measure-
ments was developed for the first time and
is based on the following consideration. The
temperature of a sample subjected to any
type of energetic irradiation increases.
When it is yet so low that the heat irradia-
tion is negligible, the influx of energy g;,
to the sample is g;,, = m-c-S1.AT/At.
When the temperature reaches maximum at a
given ¢, the heat outflux ¢, = 20 - &(T¢* -
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To% irradiated from the sample becomes
equal to the g;,, provided that the heat does
not leak away by any other mechanism, i.e.,
q;n = 4, The values in the Eqs are as fol-
lows: AT/At is a temporal temperature de-
pendence taken from a linear part of the
heating curve, m - mass, c¢ - specific heat, S -
surface area of the sample,(sigma) - Stefan-
Boltzmann constant, TS - temperature of the
sample at an equilibrium state, and TO tem-
perature in the chamber.If by any reason
the outfluxes from the plate’s sides are not
equal the temperature of the side with lower
outflux will be lower than that of the other
side. In this vcase ¢ =¢, 1+ qso=
o & [(Ty* = ToY) + (Ty* — ToY)], where g,y
is the total heat flux irradiated from the
plate, q,;, gq,» are the outfluxes and T,
Ty — the temperatures of the plate sides,
respectively. To satisfy the latter equation
emissivity € must be equal for both sides
what can be achieved by pre-coating of the
plate with the respective material. Measuring
the temperature T, by the thermocouple
fixed to the plate, and calculating the influx
q;, we find the other plate’s side temperature
T,.

1Based on this reasoning the measure-
ments of the Ty, . during deposition of Cr,
Cu, Ti and Mo films were performed. To
establish the relationship between T, and
q;, the films were deposited with various
deposition rates (g;,’s) onto free-hanging
polished copper plates pre-coated with the
respective metal. To prevent heat losses due
to thermal conductivity the plate was sus-
pended on a thin chromel-alumel thermocou-
ple used for the temperature measurements
with the tip fixed to the plate. To compare
the effects of atomic condensation and con-
ventional IR radiation the pre-coated plates
were subjected to IR irradiation from the in-
candescent lamp with variable (0—1000 W)
power in the chamber filled with Ar at the
same pressure. The procedure of measurements
and calculations was similar to that used for
the film deposition.

The structure of the samples prepared
for cross-sectional investigations was stud-
ied using selected-area electron diffraction
(SAED) and high-resolution transmission
electron microscopy (HRTEM). For this pur-
pose, a high-resolution (0.2 nm by point,
300 kV accelerating voltage) JEOL-3010
electron microscope was utilized. Special
measures were taken to increase the accu-
racy of the lattice parameter measured from
the SAED data [8]. The analysis of the film
composition using an energy dispersive X-ray
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spectrometer (energy resolution 138 eV,
spatial resolution 10 nm) attached to the
S3500H scanning electron microscope con-
firmed that the films did not contain any
impurities other than 1.3-1.5 wt.% of carb-
on.

Detailed analysis of SAED patterns and
micrographs taken from different parts of
the film deposited from thermalized atoms
shows that the film is crystallized in low-tem-
perature (LT) Cr phase [6], uniform along
thickness, and consists of ~90 nm-diameter
narrow columns which in turn are formed
of 30-50 nm crystallites (Fig. 1). To the
contrary, the film deposited from high-en-
ergy atomic flux (g;, = 0.12 W/cm?) on a
non-heated substrate is crystallized in ordi-
nary high-temperature (HT) Cr phase and is
non-uniform along thickness [7], as shown
in Fig. 2. The lower part of the film, which
spans less than 0.1 of the total film thick-
ness, consists of small round-shaped crystal-
lites of about 6-8 nm (Fig. 2b) while the
average crystallite size in the upper part of
this film is about 30-40 nm with crystal-
lites elongated and preferentially oriented
along the columns (Fig. 2a). At the same
time, the film deposited at 500°C is almost
uniform along the thickness with the aver-
age crystallite size of ~20—30 and 30—-40 nm
in the lower (Fig. 3b) and upper (Fig. 3a)
parts, respectively. The crystallites in the
upper part are elongated and preferentially
oriented along the columns whereas those in
the lower part are more equiaxed and dis-
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Fig. 1. Cross-sectional view of Cr film depos-
ited at high-pressure conditions. Inserted
SAED patterns where taken from the low,
middle and top parts of the film. The film
thickness is ~5000 nm.

tributed more chaotically. An important
feature of the 500°C film is that its lattice
constant is equal to that of the upper part

Fig. 2. Cross-sectional views and SAED patterns of (a) the upper, and (b) the lower parts of Cr film
deposited on a non-heated Si substrate at low-pressure conditions (g;, = 0.12 W/cm?). The dashed
lines show the approximate boundaries of the crystallites. The total film thickness is ~1500 nm.
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Fig. 3. Cross-sectional views and SAED patterns of (a) the upper, and (b) the lower parts of Cr film
deposited on Si substrate (T = 500°C) at low-pressure conditions (g;, = 0.12 W/cm?2). The dashed
lines show the approximate boundaries of the crystallites. The total film thickness is ~1500 nm.
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Fig. 4. Measurements by the IR-camera. Time dependences of the Tsurf and Ty obtained during deposi-
tion of Cr on Si: (a) on cooling, I — q;= 0.07, 2 - 0.07 , 3 -0.12, 4 — 0.12, 5 — 0.20, 6 — 0.20 W/cm?,
(b) non-cooling substrates, as functions of the I — ¢;, = 0.07, 2 - 0.12, 3 — 0.20 W/cm?. The substrate
temperature during deposition on cooling substrate did not exceed ~293 K during measurements.

of the film deposited under the same condi-
tions onto a non-heated substrate [7].

The time dependences of the T, and Tg
measured by the IR-camera during Cr depo-
sition at various flux densities (deposition
rates) are presented in Fig. 4. It is seen that
the T,,; is proportional to the atomic flux
density, sharply grows as the condensation
is started, does not change under steady-
state conditions, and steeply decays after
switching the flux off. At the same time,
the T'g either changed in the same manner
as the T, for the non-cooling substrate
remaining several times lower than the
Ty, (Fig. 4a), or did not change (for the
cooling substrate the Tg<~20°C for all ex-
periments, Fig. 4b). Similar to these results
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were obtained by the calorimetric method.
Temperature-time dependences T(t) presented
in Fig. 5 were recorded during deposition of
Ti films at various deposition rates.

The formation of the LT Cr phase in the
film deposited from thermalized atoms indi-
cates that the growth temperature during
deposition was <400°C [8]. To the contrary,
the film deposited from non-thermalized
atoms on a non-heated substrate was crys-
tallized in the ordinary HT Cr phase. Since
the only factor defining formation of the
HT Cr phase is the temperature, it is rea-
sonable to assume that the growth tempera-
ture developed during deposition of the film
from non-thermalized atoms was >400°C, at
which the formation of the LT phase is im-
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Fig. 5. Calorimetric measurements. Time de-
pendences of the Tsurf obtained during depo-
sition of Ti on double-side Ti-coated Cu plate,
as a function of the g¢;,. The numbers over
the plots represent the measured Ty and cal-
culated Tsurf’ respectively.
1-T=3865T, T, =542 T, ¢;,= 0.08 W/cm?;
2-T=3835T,T,, =489 T, ¢,= 0.20 W/cm?%
2
2

3-T=266T,T,, =357T, q,=0.42 W/cm

surf

’

4-T=196T, T 217 T, g,,= 0.57 W/cm2.

surf =
possible. This assumption is supported by
the fact that the lattice parameter of the
upper part of the latter film coincides with
that of the film deposited at 500°C.
Changes occurring in the microstructure
of the film deposited from non-thermalized
atoms correlate with the behavior of the time
dependence of the T, (¢;, = 0.12 W/cm?).
Actually, the part of the film formed at the
beginning of the deposition (the part adjacent
to the substrate) consists of small erystallites
with a defect crystal structure (Fig. 2b) when
the T, is small and close to the Tg
(Fig. 4a). The upper part of this film is
formed of crystallites with larger size and
improved structure (Fig. 1a), which is in ac-
cordance with the high Tgurf developed at
the end of the deposition. At the same time,
the Tg was ~150°C during growth of this
film (Fig. 4a). These observations show that
the real growth temperature is the tempera-
ture developing on the surface rather than
the substrate temperature. The only physi-
cal reason for the large temperature differ-
ence between the surface and the substrate,
i.e., the development of a large temperature
gradient across the growing film, is its low
thermal conductivity &, which is inversely
related to the thermal resistance, R = 1/k.
To reveal the reason for the low thermal
conductivity (or high thermal resistance) of
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the growing film, let us consider its physi-
cal (not crystal) structure. During the
growth the film consists of three fractions:
(i) a thin superficial layer, which forms on
the growth surface due to condensation of
sputtered atoms and consists of mobile ada-
toms, (ii) a solid film beneath it, and (iii)
an interface between the solid film and the
substrate. The thermal resistance of such a
system is a sum of the resistances of its
constituents. The combined thermal resis-
tance of the metal film and the interface,
provided that the film intimately adheres to
the substrate, is of the order of that of bulk
metals, i.e., of the order of thousandths of
mKW~1., Therefore the main contribution to
the thermal resistance of the growing film
is the superficial layer existing during
atomic condensation. Taking values of the
surface and substrate temperatures, T,
and Tg, from the experiment and calculat-
ing the energy flux to the condensation sur-
face, q;,, as in [9], we estimate the thermal
conductivity of this layer, balancing g;,
with the heat flux irradiated from the
growth surface g¢,,; (calculated from the
Stephen-Boltzmann law), and the energy
losses ¢q;. due to the thermal conductivity of
the layer: q;, = ¢,,q + 9s- Following the ap-
proach developed in [9], q;. is expressed as
Qe =k S - (Tgypr — Tg)/t.  Assuming a
layer thickness on the order of ¢~ 1077 m,
which is the average thickness at which the
surface temperature saturates, we obtain £,
~1077" Wm™K™l., Comparing this value
with that of the bulk chromium we obtain
R/ Rpuin ~ 1079. This shows that the thermal
conductivity of the layer existing during
the condensation is, indeed, negligibly small
compared to the bulk metals and becomes
close to it after switching the atomic flux off.

Estimation of the thermal conductivity
of this layer based on the model developed
in [10] shows fairly good agreement be-
tween the k;/kp,;;, value calculated above.
Thus the surface temperature measured by
means of the IR-camera during deposition is
a temperature of a thin superficial "hot”
layer that consists of mobile adatoms and
possesses extremely low thermal conductiv-
ity. Such a low thermal conductivity is con-
ditioned by the very limited energy ex-
change between adatoms in the layer and
the solidified film beneath. This "hot"” layer
represents a substance separating the vapor
phase from the solid and can be viewed as a
hot liquid-like layer.

From the reasoning above it follows that
the layer will form on the growth surface at
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any deposition conditions. However since its
existence can be fixed only by measuring of
its temperature, T, .., which depends solely
on the flux of energy delivered to the
growth surface, g;,, for deposition methods
with low g¢;,’s the layer will be negligibly
small. The latter fact could be a reason why
the earlier attempts to measure the T, for
evaporation methods where failed [11].
Based on the results and discussion
above we assume that the film deposited
from atoms with relatively large kinetic en-
ergy grows: (i) under gradual elevation of
the surface temperature, T, (ii) initial
stages of the growth occur at temperature
close to the substrate temperature, Tg,
while the further growth occurs at T,,.~>Tg
depending on the flux of energy delivered
to the growing surface; (iii) the changes in
the Ty, cause the formation of non-uni-
form film structure; (iv) the film grows by
"vapor—liquid—solid” rather than
"vapor—solid” mechanism, where the liquid
phase is represented by a superficial liquid-

like layer which temperature is considerably
higher than the substrate temperature.
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B3aeMo03B’A30K MiK CTPYKTYpPOIO ILIiBOK
1 TeMnmepaTrypom, o0 pO3BHBAETHCH
Ha TMOBEPXHi pocTy

J.P.Ilazinan, I.B.Binoycoe*, r.0.Ceonap

HocaigKeHo CTPYKTYPY METaJeBUX ILIIBOK, OCAMKE€HHUX 3 IIOTOKIB eHepreTUYHUX i Tep-
MaJIi30BaHMX POSIIOPOIIeHUX aToMiB. [[BomMa HesajleKHMMU METOJaMU BUMIPAHO TeMIIEPaTY-
Py mOoBepxHi pocTty Tsurf’ sSIKa BUHHKAE y IIPOIleci KougeHcalril aromiB. SMiHM CTPYKTypH Bif
nucrnepcHoi B obsacrti mixg migkaagkoioo g0 rpy06os3epHHCTOl y BePXHIX UYaCTHMHAX ILIIBKU
KOPeJrITh i3 3MiHaMu Tsurf y mporeci pocry maiBku. Ha mouaTKy mpoiiecy Tsurf IOpPiBHIOE
remneparypi migknaanku Tg, ame MBHAKO 3pocTae i, MOCATHYBIIW IEBHOI BeIWYWHM, 3AJH-
maeTbeA y AeKinbKa pasiB Oimbmie T'g BIPOMOBM BChboro mpouecy. Ileidl edeKT mOACHEHO
YTBOPEHHSAM Ha IIOBEPXHi 3pocTaHHA y Ipoleci (popMyBaHHS ILIIBKM PigKomoaiOHOro mapy 3
HHU3BKOIO TEeILIONPOBigHicTIO. IcHYBaHHS TAKOro IIapy mLO3BOJISIE CTBEPIKYyBaTH, IO ILJIiBKa
pocTe 3a MexaHIi3MOM ' Iapa—>piAuHA—>KPHUCTAJI , 4 He  Hapa—>KPHCTAJI , HE3aJeXXHO Bisx
MEeTONY OCAIKEeHH.
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