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Energy transfer into the growing film during sputter deposition:
An investigation by calorimetric measurements
and Monte Carlo simulations
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Institut fur Experimentelle Physik, Otto-von-Guericke-Universitéagdeburg,
PF 4120, 39016 Magdeburg, Germany

Wolfgang Eckstein
Max-Planck-Institut fu Plasmaphysik, 85748 Garching, Germany

(Received 29 January 1999; accepted 30 April 2999

The power density at the substrate during sputter deposition was measured by a calorimetric
method. In combination with measurements of the atomic deposition rate, the total amount of the
energy input per incorporated atom was determined. The measured values range from 18 eV for
aluminum to about 1000 eV maximum per atom for carbon. There is, for all elements investigated,
a general trend for a linear increase of the energy per atom with increasing sputtering argon pressure
over the range from 0.2 to 7 Pa. The energy per atom decreases with increasing power of the
sputtering discharge. The application of a negative bias to the substrate reduces the total energy per
atom to the values measured at low pressure of 0.4 Pa or below. The total energy flux in the low
pressure rangé.4 Pa or lessgan be well described by contributions due to plasma irradiation, the
heat of condensation of the deposited atoms, their kinetic energy, and the kinetic energy of the
reflected argon neutrals. The latter two components&aregori calculated byrrRiM.Sp Monte Carlo
simulations. There is good agreement betweeratphgori calculated and the measured values. The
combination of experimental and theoretical data result in empirical rules for the energies of the
sputtered and reflected species, which allow an estimate of the energy input during sputter
deposition for every elemental target material in the low pressure range. In a first approximation, the
energy per incorporated atom is proportional to the ratio between target atomic mass and sputtering
yield. © 1999 American Vacuum Socief$s0734-2101(99)05405-6]

[. INTRODUCTION a pioneering work studying the total energy input into the
growing film by a calorimetric method. The results of this
Over the past 3 decades, magnetron sputteiiff§P) has  work are discussed in terms of a quantitative model. From
been established as one of the most important tools in thighe present point of view, there is a variety of open questions
film deposition technologysee for example Ref. 1). There is regarding the results in the literatur@hese concern the role
a large variety of applications of the MSP technique, as folof the discharge power and pressure on the energy flux.
example hard and protective coatings, metallic interconnect$horntori reported on a pressure-independent energy per
in microelectronics or thin film solar cells and optical and atom in the range from 0.1 to 1.3 Pa. In addition, the contri-
decorative layerS.The growth of sputtered films leading to bution of reflected argon neutrals to the energy input was not
the formation of special types of microstructure is known toinvestigated quantitatively because of the lack of experimen-
be strongly affected by the sputtering argon pres$érm  tal or theoretical data. The role of reflected argon neutrals is
recent years, new or improved thin film materials have beof special interest, as argon bombardment can influence the
come widely used. It is found that sputter deposition of some&hemical composition, crystallite size and the microscopic
of these films results in “strange” effects as, for example,properties of thin films as demonstrated for Mo by Ensirfger.
the formation or turnover of texture or a special crystal strucArgon bombardment is also essential for the deposition of
ture as observed in titanium nitridemolybdenunt, zinc ~ “zero-stress” films? The aim of the present work is the
oxide® or boron nitride® These effects are often connected toreexamination and improvement of the calorimetric measure-
the appearance of lateral inhomogeneities of other film propments performed by Thornton. The experimental results are
erties over the substrate area. It is assumed that all thegiscussed by means of transport of ions in matter—
effects result from variations in the energetic bombardmengpPuttering(TRim.sp) Monte Carlo simulations. The reader of
of the growing film. However, there is rather small knowl- the present work should be given a tool to estimate the total
edge about the energy input into the growing film during®nergy input into the growing film and the contributions of
sputter deposition as a function of the target material and théicorporated sputter atoms and reflected neutrals.

process parameters. Twenty years ago, Thofrperformed Il EXPERIMENTAL SETUP

@author to whom correspondence should be addressed; electronic mail: Eor this investigation, t_WO types of magnetron sputtering_
tilo.druesedau@physik.uni-magdeburg.de equipment were used. With the exception of carbon deposi-
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tion, dc sputtering was applied. The magnetron sources used 1200
are all manufactured by von-Ardenne Anlagentechnik. The
target to substrate distance wedgr=8 cm in every case.
Germanium and carbon films were deposited by dc or 13.56
MHz rf sputtering, respectively, in an LA 440S commercial
sputtering apparatus equipped with 125 mm diam magne-
trons (for details see the previous wdfk The other depo-
sition apparatus is computer-controlled multichamber depo-
sition equipment designed for the deposition of metal/
semiconductor multilayers, which is described in detail in
Refs. 4 and 11. Two chambers contain PPS-90UV magne-
trons with 90 mm diam targets of silicon or metall, Mo,
W) targets, respectively. With the exception of the single 0
crystalline Si targets and the glassy carbon target, all targets
used are polycrystalline.

For the films prepared, the deposition rate was determined 160
by measuring the films’ thickness and density via x-ray re-
flectometry (see Ref. 4 for experimental detailand the

Calorimetric Measurements:
Silicon, Carbon Deposition

—e—C 900 W, rf
800 | —a—Si 50 W,dg )

400

TOTAL ENERGY PER ATOM (E) [eV]

=
&

ARGON PRESSURE p [Pa]

T
Calorimetric Measurements:
Aluminum Deposition

deposition time. The x-ray measurements also gave addi- 120 | [~o—A soW i
tional information about the film propertiébesides density, oW
surface roughness, crystallite size, ettt was found? that —a AI300 W

for sputtering a variety of elemental targets in argon atmo-
sphere, the pressure-dependent atomic depositiorbratis
well described by the Keller—Simmons formdfa:

TOTAL ENERGY PER ATOM (E) [eV]
®
S

40 .
(pd)o pdst
O =Pp——|1—exp———|. 1
70 pdgr P (pd)o @
0 .
Hered, is the zero-pressure flux at the substrate and 4 pd) 0.1 1 10
is the characteristic pressure-distance prod@BEtP)which is (b) ARGON PRESSURE p [Pa]

element specifi¢? In a first approximation and neglecting ) )
iG. 1. Total energy input per atom as a function of argon pressuréjor

gas denSIty reduction effects, it can be assumed to be pr(gi_licon and carbon(b) aluminum. The data were taken at different sputter-

portional to the product of target atomic mass, the energy ohg powers, which are given in the legend. The solid lines are linear fit
sputtered atoms and their thermal mean free path in argon.curves.

The measurements of the energy input during sputter
deposition were performed applying the calorimetric method
after Thorntor!. For the single-chamber apparatus, the heat (Eq) =1t/ Pa- 2
flux was measured using a molybdenum dummy substratgne simulation of the sputter process was performed using
the size of 25>23 mnf, the mass of 667 mg and defined heatyye (rrivm.sp) Monte Carlo prograr’ The principle of the
capacity. Temperature control was performed using a 0.25,54ram s to calculate collision cascades generated by an
mm diam Ni—CrNiAl coaxial thermocouple attached with 5.40n projectile penetrating the target material. The model is
silver paste to the substrate. Measurements were performeflceqd on the binary collision approaghr more details, the
by a computer-controlled voltmeter Fluke 8842. For the mulyaader is referred to Ref. 15). For each target voltage 5
tichamber apparatus, the substrate_ heating was measured Dy sputtering events were simulated on an IBM worksta-
means of a 1545 mn?, 0.5 mm thick Al substrate. Tem- yion This calculation typically took 3 KNote that the target
perature measurements were performed by a PT 100 thefyjiage in V is assumed identical to the ion energy in eV—
moresistor, which was electrically connected by/s8 diam  geq for example Refs. 16 and)1The targets were assumed

gold wires. It was operated at a voltage of 0.2 V. By MeaNSmorphous and perpendicular incidence of the projectiles
of the self-heating of the thermoresistat a voltage of 2V), ;45 chosen.

the heat capacity of the whole probe was determined to be
0.835 J/K. Using the gradient method after Thorntdahe
heat loss due to conduction via the wires or the thermo!ll- RESULTS: CALORIMETRIC MEASUREMENTS

couple, respectively, and due to irradiation, can be deter- Figure 1l(a)shows the measured energy flux for carbon
mined. The incoming power density at the substrate duringnd silicon. With increasing argon pressure there is an in-
depositionl, is then deduced from the effective heating of crease of the total energy input per atom up to maximum
the substrate per unit area. Normalizing the power density tealues of 1030 and 540 eV for C and Si, respectively. For the
the atomic deposition rate results in the total energy input pecase of Al[Fig. 1(b)]the energy input per atom reaches a
incorporated atondE,) maximum of 152 eV. It can be seen from Figbithat the
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TaBLE |. Parameter of the linear fit curvég,)=cy+ c,p, which are shown 100 7
in Figs. 1(a}3(a), describing the functional dependence of the total energy % Calorimetric Measurements:
flux per atom deposite¢E,) on pressurg for different elements and sput- ~ Germanium Deposition
tering powers investigated. W go
= I
Element PowerfW) Co (eV) co (eV/Pa) g [
C 900 302.89 172.59 c %
Al 50 12.43 21.37 &
Al 100 10.78 18.95 % 40 [
Al 200 16.09 11.18 &
Al 300 14.89 9.43 u
Si 50 17.56 105.08 w0
Ge 50 24.46 16.40 < —e—Go 50 W
Ge 500 21.04 4.14 9 [ —a— Ge 500 W
Mo 20 77.39 5.16 0 s
Mo 50 64.35 6.86 0.1 1 10
Mo 100 58.07 4.23
Mo 200 5060 298 @ ARGON PRESSURE p [Pa]
w 20 152.88 44.86 120 .
w 100 136.67 1.41 s oW oW
o Vo oow
Y100 [ |—a—Mo200W i
= v Mo 300 W
increase of energy input is also power dependent with the 8
highest values obtained for minimum power. With decreas- « 8o
ing pressure, the curves taken for different power converge o
into identical values, which amount to 1&6.5eV at 0.4 Pa & 60
argon pressure. A decrease of the pressure to 0.2 Pa results &
only in a minor decrease of the energy input to 16.4 & a0k v ]
+0.3eV. The functional dependence of the energy input on E' Calorimetric Measurements:
pressure is well described by linear fit curves. These are e Molybdenum Deposition
shown in Figs. 1(aand 1(b). The extrapolation of the linear 20 ] . 1 * '10
0.

curves to zero pressure results in values in the range of 10.8—
16.1 eV for Al (Table ). No clear effect of power on these ® ARGON PRESSURE p [Pal

extrapolated values can be observed. For Si the extrapolatiofy; » Total energy input per atom as a function of argon pressuréajor
results in an energy of 17.6 eV at zero pressure. The obsegermanium andb) molybdenum. The data were taken at different sputtering
vation of a pressure-dependent energy per atom is in contr@owers, which are given in the legend. The solid lines are linear fit curves.
diction with the measurements performed by Thorrftbte

reported on a pressure-independent energy flux in the ranggessure. In addition, the energy per atom is power indepen-
between 0.13 and 1.3 Pa. In contrast, over the range from 0dent and amounts to 136 eV. As a key experiment to ratio-
to 1.0 Pa the measured values in Fig. 1 increase by a factmalize the results of the calorimetric measurements, the ex-
of about 2. Figure 2(aghows for the sputter deposition of periment was repeated for molybdenum. However, the
germanium also a linear increase of the energy input pesubstrate was no longer kept at ground potential but biased
atom with pressure. The linear extrapolation of the fit curvesvith —30, —10 and+10 V versus ground. The result of the
results in values of 24.5 and 21.0 eV for discharge powers oéxperiment is shown in Fig.(B). For negative potential, the

50 and 500 W, respectivelgTable 1). As in the case of Al, measured values are always below the previously measured
the effect of pressure on the energy input decreases withialues. With the exception of the value taken at 7 Pa, the
increasing power of the discharge. There is only a weak indata points for-10 and—30 V are practically coincident. At
crease of the energy per atom from 22.2 to 25.4 eV when ththe lowest pressure of 0.2 Pa, the data values coincide also
pressure increases from 0.25 to 1 Pa. This behavior, in corwith that taken at ground potential. By increasing the pres-
trast with the above results for Al and Si, is in agreementsure from 0.2 to 1.0 Pa, the energy flux of the negatively
with Thornton’s measurementsThe energy input as a func- biased sample does not increase in agreement with Thorn-
tion of pressure measured for molybdenum is also roughlgon’s results. For the positive bias, the energy input shows a
described by a linear fit curve as shown in Figb)2 The  strong increase. From this experimé¢hig. 3(b)]it is clearly
experimental findings for tungsten depositidfig. 3(a)]are  evident that, with the exception of the low-pressure region,
quite different from the results for the other elements. For théhe measured values of the energy per atom are affected by
lowest power of 20 W, there is also a linear increase of theegatively charged particles.

total energy per atom with pressugeith the exception of

the highest pressure values investigated, where the enerdy- RESULTS: TRIM.SP SIMULATIONS

approaches a constant value—see Tabldt increased dis- As a test for the results of theriM.sP calculations, the
charge power, the energy per atom is no longer a function afputtering yields obtained are compared to experimental
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yields from the early work of Laegreid and Wehr&it is
evident from Fig. 4(ajthat for the selected elementand
also for the others, which are not showhere is fair agree-
ment between experiment and calculation. This test is con-
sidered as a hint for the reliability of theim.sp simulations
also for the other results discussed below.

A. Energy of sputtered atoms

The average kinetic energies of the sputtered atoms de-
rived from theTRiM.SP simulation are shown in Fig. 4(b). As
evident, the functional dependence of the average energy on
the target voltagéprojectile energyjs well described by a
power law. Table Il contains the parameters of the fit curves.
With the exception of carbon, the powers are around(ity2
agreement with experimental observatirand show a qua-
dratic dependence on the target atomic mass with a minimum
at 118 amusee Table Il). Because of the power-law depen-
dence, there is only a small increase of the kinetic energies at
voltages above 400 V. The average energies calculated agree
well with the experimental values given by Thornfcend
Dembovskiet al!® This is an additional indication for the
reliability of the calculations performed.

SPUTTERING YIELD Y [ATOMS/ION]

1.0

0.8

0.6

0.4

0.2

00l

-
(4]

T T ML T T

TRIM.SP Simulation Ge

open symbols:
Laegreid & Wehner

150 200 250 300 350 400 450
(@) TARGET VOLTAGE V, [V]
20

300

n
193]
o

- N
(4] o
o o

TOTAL ENERGY PER ATOM (E) [eV]
=]
S

Calorimetric Measurements:
Tungsten Deposition

50 L
0.1 1 10
@ ARGON PRESSURE p [Pa]
200 . - T

= Calorimetric Measurements:
2 Molybdenum Deposition
@ —e—Mo50W, 0V
s —8—Mo 50 W,+10 V|
O 1 —e—Mo 50 W, -30 V| ]
& 150 A Mo50W,-10V|
14
L
o
>
4
L 100 |
b4
w
2
5 ®
[ .

50 L

0.1 1 10

(b)

Fic. 3. Total energy input per atom as a function of argon pressuréjor
tungsten andb) molybdenum. The daté) were taken at different sputter-
ing powers(see legend). The dath) were taken at different substrate bias

ARGON PRESSURE p [Pa]

(see legend). The solid lines are fit curves.
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AVERAGE ATOMIC ENERGY (E ) [eV]
>

TRIM.SP Simulation

0 1 1 n 1 1 1

150 200 250 300 350 400 450
(b) TARGET VOLTAGE V, [V]

Fic. 4. Sputtering yieldgTriM.sP calculation$ of selected elements as a
function of target voltage in comparison to experimental data taken from the
work of Laegreid and Wehnéa). The average energy of the sputter-ejected
atoms of selected elements as a function of target voltagd he solid lines

are linear(a) and power-law(b) fit curves, respectively.

In addition, the average energy of the sputtered atoms can
be calculated in principle by an analytical integration for a
given energy distributioi(E) and the maximum transferred

energyEmay by

(Ea)= LEmaXf(E)E dE/ foEmaxf(E)dE,

f(E):W'

()

The potential parameten for power interaction is chosen to
be m=1/622%2 U, is the surface binding enerdy?* Note
that f is slightly different from the Thompson distributidn,
which was derived under the assumption of hard sphere col-
lisions (m=0).

The energy distribution of the sputter-ejected atoms was
found to satisfactorily obey the distribution functiénFor
projectile energies of 200 eV, the simulated energy distribu-
tions of the atoms start around energies equivalentig ®
fall below the distribution functiori. For projectile energies
of 400 eV, the validity of the distribution function is ex-
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