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The effect of extremely high temperatures developing on surface during the condensation of sputtered atoms
has been discovered for the first time by direct surface temperature measurements. This temperature is consid-
erably higher than the temperature of solid film beneath and proportional to the flux of atoms impinging on the
surface. Surface temperature steeply grows as the condensation starts, exists during the period of condensation
and rapidly decays after its stopping. The effect is related to the anomalously low thermal conductivity of
superficial layer that is formed by highly mobile atoms arriving on the condensation surface. This superficial
layer can be viewed as a new state of matter characterized by its anomalously low thermal conductivity.

PACS: 68.08.—p, 68.55.—a, 68.60.—p

The effect of the temperature rise of the condensa-
tion surface of films during condensation of atoms of
solids was discussing intensively in 60-s [1]. The base
of this effect is the kinetic energy of atoms impinging
on the surface and the exothermic release of the heat of
condensation due to a vapor-solid transformation. The
heat elevates the temperature of the surface (TOS) that
is expected to be considerably higher than the tempera-
ture of the solid film. Upon using thin film temperature
sensors, earlier measurements of the temperature have
shown that the effect may really exist [2, 3]. The ef-
fect has also been observed during the condensation of
evaporated metal atoms by measuring the infrared irra-
diation from the condensation surface [4]. Later on these
results were questioned [5, 6]. Recent studies of TOS us-
ing in situ spectroscopic ellipsometry have demonstrated
the existence of noticeable (about 100K) temperature
difference between the surface and the substrate dur-
ing PE CVD (Plasma-Enhanced Chemical Vapor De-
position) of silicon [7] and diamond [8] films. Taking
into account the high thermal conductivity of metal films
and its thickness, it is impossible to explain this notice-
able temperature difference using the common theory of
thermal conductivity which could hardly account for the
temperature difference as high as 0.1 K. Nonetheless, the
effect could arise due to the extremely low thermal con-
ductivity of the film surface. Therefore the detection of
the difference between temperatures of the surface and
the bulk during atomic condensation may reveal a new
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physics related to the transport of heat at the surface.
Since the temperature of surface has a strong impact on
the growth of films, this detection will also clarify the
physics of the formation of solid films from the vapor
making the study of TOS be crucial point.

In this letter we confirm our recent indirect obser-
vations of the effect of high surface temperature de-
veloped during deposition of sputtered films [9] by di-
rect in situ measurements of TOS during the condensa-
tion of chromium and copper atoms using infrared high-
resolution surface thermography system.

The schematic diagram of experimental setup is
given in Fig.1. The axes of the magnetron and IR cam-
era intersect at the center of substrate holder located
at distance 70 mm from the magnetron generating a
flux of metal atoms. ZnSe window transparent in IR
region 6—20 ym located at distance 450 mm from the
substrate holder serves as a view-port for the IR cam-
era. The magnetron is equipped with 4mm thick Cr
or Cu (99.99) target of 50 mm in diameter bonded with
Ag paste to the cooled Cu backing plate. The back-
ground pressure pg = (1 — 3) - 1073 Pa and the oper-
ating argon pressure p4, = 0.3 Pa. The flux density of
sputtered atoms was regulated by variation of the mag-
netron discharge current I;. As substrates silicon plates
(20 x 20 x 0.5mm3) pre-coated with 1500nm thick Cr
and Cu films were used. This measure was taken to be
sure that the emissivity of the depositing film is equal
to the emissivity of the substrate that substantially in-
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Fig.1. Experimental setup for in situ surface temperature
measurement

creased the accuracy of the surface temperature deter-
mination. The substrates were tightly attached to the
substrate holder cooled with a circulating coolant kept
at temperature 5-8 °C. The chromel-alumel thermocou-
ple attached to the substrate surface by a spring was
used to measure the substrate temperature T,;. The ther-
mocouple was screened by a shield to avoid the direct
incidence of sputtered atoms.

TOS was measured by means of “VARIOSCAN High
Resolution Thermography System” (JENOPTIK Laser,
Optik Systeme GmbH) with post processing of the ther-
mograms by the “IRBISO Professional” software. TOS
is determined by the measurement of infrared irradiation
8—12 pm from the surfaces heated by the flux. Temper-
ature measurements within the range of —40 + 1200°C
with the accuracy of 1% of full-scale value are made
possible by comparing the radiation intensity of the ob-
ject and the reference source mounted inside the cam-
era. To calibrate the camera, simultaneous tempera-
ture measurements of Cr and Cu films preliminary de-
posited onto Si wafers clamped to the heating holder,
by the camera and the thermocouple were performed
without deposition. The initial emissivity € of Cr and
Cu was taken from [10]. The discrepancy in camera
and thermocouple readings was in limits of +(8—10) °C
in the range 25—700°C. Using this method the tem-
perature dependence of e(T') = (0.08—0.1) for Cr and
e(T) = (0.032 £ 0.003) for Cu films in this tempera-
ture range was determined and used in further measure-
ments.

The time dependence of TOS measured by the cam-
era for various values of the flux g, of energy delivered
by chromium and copper atoms arriving at the surface
are presented in Figures 2 and 3.
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Fig.2. Time dependencies of the surface temperature Tiy.s
developed during the condensation of chromium atoms on
cooling substrate. Temperature T, is presented for differ-
ent values of flux ¢in shown in the inset

Copper, cooling substrate

1000 S
P
—~ B /A’A
P ogooF AN )
g & —— 0.06 W/cm
2 I —o— 0.14 W/em’
§ 600F —2— 035 W/em”
& L
5 400-
§ L
< 200+
=
wnn L
O_ 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
0 30 60 90 120 150 180 210 240
Time (s)

Fig.3. Time dependencies of the surface temperature Ts,,f
developed during the condensation of copper atoms on
cooling substrate. Different values of flux ¢i, are shown
in the inset

These show that the surface temperature is pro-
portional to the flux g;, delivered by sputtered atoms,
sharply grows as the condensation is started and keeps
unchangeable in steady state conditions. While the sub-
strate temperature either did not change (in case of cool-
ing substrate it kept around 15—18°C during deposi-
tion) or changed in the same manner as TOS, however,
remaining several times lower than TOS for the non-
cooling substrate as seen from Fig.4. It is also seen
from Fig.4 that T,.r steeply decays after switching the
flux gin off.
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The discharge currents and the corresponding deposition rates; the atomic and heat fluxes delivered to the substrate
during surface temperature measurements when depositing chromium and copper films

Depositing I Deposition Atomic flux f; | Heat flux Ep | D. + Ej + Ep
metal [A] | rates [nm/sec] | [atom/cm2-sec] [W/cm?] [eV/atom]
Cr 0.2 1.62 1.4-1016 0.04 20
Cr 0.4 2.64 2.2.1016 0.07 20
Cr 0.6 4.41 3.8-1016 0.12 20
Cr 1.0 7.4 6.3.1016 0.2 20
Cu 0.2 3.1 2.6-1016 0.06 17
Cu 0.4 6.2 5.3.1016 0.14 17
Cu 1.0 15.2 13.0-1016 0.35 17

Chromium, non-cooling substrate
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Fig.4. Time dependencies of both the surface temperature
and the temperature of the non-cooling substrate developed
during condensation of chromium atoms and measured at
the different values of the flux ¢in shown in the inset

The accuracy of the TOS determination in the last
case was lower because of the variation of the environ-
mental temperature used in the camera software as an
external parameter. Depending on the substrate temper-
ature, the environmental temperature is growing during
the condensation in the case of non-cooling substrate that
reduces the measurement accuracy.

Therefore when estimating the thermal conductiv-
ity, we used the surface temperature values obtained for
cooling substrates.

To realize the reasons of the extremely high TOS,
we estimated the thermal conductivity of the thin layer
appearing on the condensation surface which is formed
by mobile atoms arriving on the condensation surface.
This was made by consideration of the heat balance on
the condensation surface. The flux of energy gy, incom-
ing on the condensation surface is [11]

Gin = fd(Dc+Ek+Ep)a (1)

3 IIucema B KIAT® Tom 83 Brm.3-4 2006

where f;(atom/cm?-sec) is the flux of sputtered atoms
calculated from the deposition rate, D, and Ej; are the
heat of condensation and average kinetic energy of sput-
tered atoms, E, is the heat flux from the plasma, each
in eV/atom. These values were taken from [11]. The
atomic and heat fluxes calculated from the measured
deposition rates of chromium and copper films at the
corresponding discharge currents I; are presented in Ta-
ble.

According to Stefan-Boltzmann law, the heat flux
¢rad irradiated from the surface at temperature Tgy,r is

Grad = 0'5[(Tsurf)4 - (T0)4]a (2)

where o is the Stefan-Boltzmann constant, € is the emis-
sivity, To = 300 K is the chamber temperature. Then
the difference, ¢in — ¢rad = Gtc, is the heat losses due to
the thermal conductivity of the layer. The Fourier law
adapted for the thermal resistance Ry, of the layer reads
[12]

Tsur - Tsu str
Ry = Zsurf 7 “substr (3)
Gin — QGrad
We define
d
Ry = — 4
th le’ ( )

with d; the layer thickness, k; its thermal conductivity
and S the surface area. Taking Ty s and Tsypstr from
the experiment and ¢, calculated from Eq. (1) and
assuming the layer thickness of order of d; ~ 10" m,
the average thickness at which the surface temperature
saturates, we obtain k; ~ 1077 (Wm 'K !). Com-
paring this value with those of the bulk chromium or
copper [10], we obtain k;/kyux ~ 10~°. This shows that
the thermal conductivity of the layer existing during the
condensation is negligibly small compared to that of the
bulk metals and becomes close to it after switching the
flux g, off.

To understand the physics determining this ex-
tremely low thermal conductivity, we have to consider
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how the growing film is formed. Note that here we con-
sider the usual scheme of film deposition when a film
grows on any type of the substrate. In our experiments,
the Si substrate was preliminary pre-coated with the
corresponding (Cr for condensation of chromium atoms
etc.) metal layer. During the condensation as it is shown
in Fig.5, the film consists of three fractions: the liquid-

/Tsurface

Liquid-like hot layer

Growing film

substrate

Substrate

Fig.5. The formation of the growing film. The liquid-like
hot layer exists until the atomic condensation takes place.
This layer constantly moves keeping on the top of the grow-
ing film

like hot thin layer appearing on the surface and formed
by mobile atoms from the vapor, the solid growing film
beneath it, and the interface between the film and the
substrate. Therefore, the thermal resistance of the film
is the sum of the resistances of these constituents. The
thermal conductivity of metal films is poorly investi-
gated. Continuous metal films possess electrical resis-
tivity close to bulk metals [13]. Due to the Wiedemann-
Franz law, we expect their thermal conductivity to be
of the order of bulk metals. The thermal conductivity of
the interface is also high, provided that the metal film
intimately adhering to the substrate [14]. Thus, only the
superficial layer appearing during the atomic condensa-
tion contributes to the thermal resistance.

Let us now estimate thermal conductivity of this
layer based on the following model [9, 15]. We assume
that during atomic condensation the thin “hot layer”
consisting of mobile atoms, which deliver the flux g,
(Eq. (1)), is forming on the condensation surface. The
high mobility of atoms allows considering the layer as a
liquid-like. Obviously, the layer exists until the atomic
condensation occurs. The layer constantly moves keep-
ing on the top of growing solid film. Since atoms in the
layer are bound to each other with metallic bonds, the
layer contains both the ion and the electron subsystems.
Main part of the energy in the layer is accumulated

within the ion subsystem. Actually, atoms arriving on
the condensation surface and forming the ion subsystem
possess the kinetic energy E,. The average velocity of
ions within the layer is v; ~ v, = \/2E, /M, where M,
and v, are the mass and the velocity of arriving atoms.
The average velocity vg of electrons related to the ki-
netic energy E, within the layer vg ~ v, because they
belonged to the condensing atoms before they formed
the electron subsystem. Since m. < M, (m. is the elec-
tron mass) it is clear that the average kinetic energy of
electrons Ey < E,. Thus, the main part of the energy
delivered by gin, and stored in the layer is accumulated
by the ion subsystem but its transmission to the electron
subsystem is strongly depressed because M, > m, [16].
Note that the energy of the electron subsystem rapidly
equilibrates with the energy F. of the electrons of the
solid film due to transport properties of electrons, while
their velocity becomes ve.

The thermal conductivity k. of metals is mostly de-
termined by electrons and reads

ke = Aeceve/3, (5)

where ). is the mean free path, c. is the specific heat and
ve is the average velocity of electrons [17]. Because (i)
the energy (i.e., heat) of the layer is accumulated in the
ion subsystem and (ii) its transmission to the electrons
is strongly limited, the effective thermal conductivity of
the layer is defined by its ion subsystem. To estimate the
effective thermal conductivity k, we substitute all the pa-
rameters relating to the electrons by the corresponding
parameters of the ions. That is, to obtain k,, k. given
by Eq. (5) should be multiplied by the factor m./M, x
X Aa/Ae X Vg [Ve, where m, /M, determines the decrease
in the rate of energy transfer from ions to electrons,
Aa/Ae X Vg Ve characterizes the decrease in the thermal
conductivity due to both the decrease of the mean free
path A\, and average velocity v, of ions. Thus, we obtain
ko/ke ~ 10710 that is, the effective thermal conductiv-
ity of the layer is strongly depressed. Comparing the
thermal conductivity estimated, k,/ke ~ 10710, with
that obtained from the experiment, k;/kpyx ~ 1072, we
observe reasonable agreement between the experiment
and our estimations. The discrepancy probably comes
from the fact that the real thickness d; of the layer is
not known. On the other hand, the observed reasonable
agreement, k, ~ k;, demonstrates that the described
above mechanism accounts for the physics related to the
transport of heat at the surface. For example, it is possi-
ble that the energy of the layer is dissipated by phonon-
like mechanism. However for metals both liquid and
solid it is very low [17]. Moreover, taking into account
that d; is much smaller than the average wave-length of
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phonon, we conclude that the phonon mechanism is not
efficient. The last mechanism of the energy dissipation
is the emission of IR-radiation from the layer, just what
we register measuring the surface temperature. The ob-
served low thermal conductivity is conditioned by the
very limited energy exchange between adatoms in the
layer and solidified film beneath it. This “hot” layer
represents a substance separating the vapor phase from
the solid and can be viewed as a liquid-like layer.

In conclusion, the effect of the high temperature of
the condensation surface developing during the conden-
sation of the flux of sputtered atoms has been discovered
for the first time by means of in situ temperature mea-
surements. This temperature is determined by the flux
of the energy delivering by condensing atoms, rapidly
grows as the condensation has started, exists only during
the deposition and steeply decays as the condensation is
interrupted. The effect is explained by the extremely low
thermal conductivity of the thin layer, which is formed
by mobile atoms arriving on the condensation surface.
This layer can be viewed as a new state of matter char-
acterized by the extremely low thermal conductivity.
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