Trench filling by ionized metal physical vapor deposition
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lonized metal physical vapor depositidMPVD) is a process in which sputtered metal atoms from

a magnetron target are ionized by a secondary plasma, accelerated into the substrate, and deposited
with moderately anisotropic fluxes. To investigate these processes, an integrated plasma equipment
and feature scale model was developed to simulate the sputtering of metal atoms, their transport in
IMPVD reactors, and their deposition into trenches. The model self-consistently predicts the
magnitude and distributiori®nergy and angjeof the depositing metal flux and the profiles of metal
deposits in trenches. The predicted profiles agree with experimentally observed trends. The results
indicate that the ionization fraction of the depositing metal flux is the critical factor in trench filling.
Formation of voids occurs when the ionization fraction of the depositing metal flux is too low or the
aspect ratio of the trench is too large. As the aspect ratio of the trench increases, the ionization
fraction required for complete trench filling also increases. To increase the ionization fraction, high
pressure, low magnetron power and high inductively coupled plasma power are the desired
operating conditions. To the degree that the ionization fraction and the ion flux angular distribution
vary as a function of radius on the substrate, so will the trench filling properties. This is particularly
true near the edge of the wafer where fluxes may be asymmetric20@ American Vacuum
Society. [DOI: 10.1116/1.1399318

[. INTRODUCTION (ICP), is produced between the target and the substrate by a

radio-frequency(rf) driven antenna. The plasma is usually

As the number of devices per die increases and the Crlt'Cas!ustained in an inert gas such as Ar at moderate pressures of

dimension decreases, the time delay resulting from metal N7 0s mTorr to slow the sputtered atoms and ionize them prior

terconnect wiring becomes an increasingly important consid- : . e .
o L2 d .~ ™ "to their reaching the substrate. Typical ionization fractions of
eration in optimizing the performance of integrated circuits

0 :
(ICS). As much as 90% of the signal delay time in the 100the metal are 10s percent to as large as 90 %. An rf or dc bias

) . . may be applied to the substrate to vertically accelerate the
nm generation of ICs will likely be due to the interconnec-

tion wiring, while only 10% will be due to the actual device me:a: ons 'mg .th? we}fer. Tthel corr;bllnatltlon of ar:tlsqtroplc
switching™? Advanced ICs are beginning to use Cu in placel'c & 10NS and 1SOlropic neutral metal aloms resufts in con-

of Al as the interconnect metal because the resistance of Cfgrmal deposmon and prevents pmchTEbfhoen filling
is 40% lower than Al. As a result, the signal delay time duetrenches(Plnch-off re_fers to the 'Frgnch being closed near the
top of the feature prior to fully filling thereby producing an

to the RC time constant for Cu wiring is shorter than that for; :
Al. The shrinking of devices also leads to increasing aspedf'ternal void) _ _
ratios of the dielectric trenches and vias in the interconnect 1rench filling using IMPVD has been the subject of nu-
layer which are backfilled with metal to fabricate the wiring. Merous studies. Hamaguchi and Rossrfagetformed ex-
The state of the art for interconnect wiring is to fully fill the Perimental and numerical studies of Al IMPVD at 2 kW
trench and vias using physical vapor depositiBVD) tech- ~magnetron power, 1 kW ICP power, 35 mTorr Ar, ar@0
niques, or to deposit diffusion barriers and Cu seed layer¥ dc bias on the substrate. As the ion-to-neutral ratio of the
into high aspect ratig>5:1) trenches and vias using PVD, depositing metal flux was increased from 3:7 to 7:3, the
and fill the remainder of the structure using electrochemicafleposition profile transitioned from being pinched-off to
plating® completely filled. This work established the scaling law that
lonized metal physical vapor depositiotfMPVD) is be-  a higher fraction of ions in the metal flux is beneficial to
ing developed as a method to fill these structures or to desomplete trench filling. As the ion energy was increased
posit diffusion barriers and Cu seed layers into high aspedrom 20 to 120 eV by increasing the substrate bias, the
ratio trenches and vids In a typical IMPVD reactor, a dc  trench profiles transitioned from being completely filled to
bias of 100s V applied to a magnetron accelerates ions intbeing pinched-off due to excessive sputtering at the bottom
the target thereby producing physical sputtering of the metalof the trench(Note that in most IMPVD systems, the metal
A secondary plasma, typically an inductively coupled plasmdon flux is typically a small fraction of the total ion flux, with
the balance coming from the buffer gas ior@henget al.’
dDepartment of Mechanical and Industrial Engineering; present addresggsed Cu IMPVD to fill trenches of 600 nm width and 1.1
m‘;‘i’l‘?'j'l‘qu%sfurghggg?u;\'g::] First St., San Jose, CA 95134; electroniggnact ratio. At 0.3 kW magnetron power, 1.0 kW ICP, and
' ' ' 25 V dc bias on the substrate, pinch-off was observed at 5

YAuthor to whom correspondence should be addressed; Department of Elec- ) oS g
trical and Computer Engineering; electronic mail: mjk@uiuc.edu mTorr while complete filling was obtained at 40 mTorr.
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These results were attributed to the increasing ion-to-neutralsing a semianalytic sheath model for both rf and dc sheaths.
ratio of the incident metal flux which is typically obtained as The sputter transport and heating algorithms, described be-
the pressure increases. low, are included in the FKS. Densities and electric fields are
Vyvoda et al® developed a string-type feature evolution then transferred to the EMM and EETM, and the process is
model utilizing reflection and resputtering distributions ob-repeated until a converged solution is obtained. The gas pres-
tained by molecular dynamics simulations to investigate consure was held constant at the specified value in the presence
formal lining of trenches with an aspect ratio of 5. The simu-of gas heating by throttling the pump rate. The electron mo-
lations were carried out for ion-neutral flux ratios from 1:1 totion in radial and axial directions is resolved within each rf
7:3, with ion energies from 100 to 175 eV and 90% of theperiod. The electron motion in the azimuthal direction is not
ions being Cu. They found that ion assisted mechanisms ofresolved in the fluid modules, but is accounted for in the
Cu transpor(such as sputteringare the dominant means of conservation of momentum through use of tensor conductiv-
redistributing copper within the evolving feature. This ion jty in the presence of static magnetic fields. Azimuthal tra-
dominance can be a result of high ion energies as well as th@ctories are explicitly tracked in the Monte Carlo modules.
higher ion-neutral flux ratios which can be achieved at therpe plasma properties shown here are averaged over several
bottom of the feature. For example, the Cu thickness at thes periods.
bottom of the feature decreaséelative to the side walls To obtain the energy and angular distributions of reactive
with increasing ion energy due to high rates of sputtering. species to the substrate, the Plasma Chemistry Monte Carlo
In this article we present results from a fully integrated poqule (PCMCM) was developed for the HPEM. The
modeling study of trench filling using Cu IMPVD. The com- pcpeM calculates the trajectories of plasma species in the
putational platforms used in this study are tge WO-gas phase and their collisions with surfaces. This module
dimensional Hybrid Plasma Equipment MocdeIPEl\f% and \yas originally a postprocessor to the HPEM. It used volu-
the Monte Carlo Feature Profile ModeéMCFPM).™™ The  ayric sources of plasma species, time dependent electric

consequences of pressure, magnetron power, ICP power, afdiys and sheath properties exported from the HPEM to

aspect ratio on trench filling were investigated. It was found,.in the angular and energy distributions of the fluxes us-
that the ionization fraction of the incident metal flux is the

itical f ; h il F ) ¢ void ing Monte Carlo technique®®. The PCMCM functions in a
cr;]tlcathagtor_ otr. trepc t'l mgf. thor.mqt(;onto VtOII fT OCECUtI’S similar manner but also accounts for nonthermal, or inflight
;N erlh € loniza |on| ra(:blqn 0 fe Ir;f:' enf meta ¢ uxt.ls _?ﬁ fluxes, resulting from sputter sources in addition to the volu-
:r\il';/i,cal 3;;;?;? d\;‘)gﬁ dir?gljngnathlejznr(e;:;c::rt]o? ciigﬁi(z)n? 'g(')o/ 3 etric sources. Sputtered atoms and neutralized ions which

0 . . .
! L re reflected from the target have kinetic energies of several
an aspect ratio of 0.7 and 86% at an aspect ratio of 3.0. Th g g

ionization fraction can be increased, to an upper limit ofgv' These species are not initially in thermal equilibrium
' PP with the buffer gas which has a temperature<e.3 eV.

~90%, by increasing pressure and ICP power, and by de- . " : .

. : . -Under certain process conditions, these energetic particles
creasing magnetron power. The model will be described mma not thermalize orior to reaching the wafer. The traiec-
Sec. Il, followed by a discussion of predicted gas phase prop- Y 'z€ p g the . J

tories and energies of these nonequilibrium particles are al-

erties from the reactor scale modeling in Sec. Ill. Trench . . e
filling is discussed in Sec. IV. The concluding remarks are inready tracked by the sputter algorithms in the FKS. Statistics
Sec. V on the energy and angular distributions of the particles as
C they strike selected surfaces are collected and passed to the
PCMCM.
Il. DESCRIPTION OF THE MODEL The operation of the integrated PCMCM is similar to the

The HPEM and the MCFPM have been previously de_postprocessdr‘f and so will be briefly described here. The
scribed in detai?’® The HPEM is a modular simulator PCMCM is typically executed at the end of the HPEM after
which iteratively achieves a quasi-steady state solution. Th&Pecies densities, fluxes, and electrical properties have con-
modules used here are the Electromagnetics ModiNgv),  verged. Based on these quantities, a rate of generation of
the Electron Energy Transport Modul€ETM), and the SPecies as a function of positiorG;(r) (cm™*s™?), is com-
Fluid Kinetics Simulation(FKS). Inductively coupled elec- Pputed. This generation term accounts for all sources of spe-
tric and magnetic fields are computed in EMM. These fieldsciesi on the right-hand side of reactions in the mechanism.
are then used in EETM to solve the electron energy equatiofi(r) also includes source functions on surfaces due to, for
for the temperature of bulk electrons and, using Monte Carl@xample, sputtering. In a similar fashion, a consumption rate
techniques, the trajectories and distribution functions of secCi(r) (cm 3s™1) is computed based on all reactions contain-
ondary electrons emitted from the cathode. The electron tening species on the left-hand side of reactions in the mecha-
peratures and energy distributions are used to computeism. A local elastic collision frequency with each species is
source rates for electron impact processes and electron trar@lso computed. These elastic frequencies are added to the
port coefficients. These rates and coefficients are then used lacal consumption frequend®;(r)AV(r)[AV(r) is the vol-
the FKS where continuity, momentum, and energy equationsme of the computational cell at location to yield a total
are solved for all heavy particlgmeutrals and ions Pois-  interaction frequencyv.(r). Null collision techniques are
son’s equation is solved for the electric potential throughouused at each spatial location to provide a reactor wide colli-
the reactor. Sheaths at the target and substrate are resolv&idn frequencyy; for each species
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W 7 7 TasLE |. Surface reaction mechanism for Cu deposition with an Ar buffer
gas.
Z Ay Reactioft Reaction probability/ Reference
7 Arf+C
u—Ar,+C — 14, c,d
et 2 o 035"
%Y r t
8 / %% Ar*+Si0y— Ary+SiOy, (e—e) 12 15, c.d
. %/ %V | 0107 —
// % % %/ CU++CUS~>CL{J+ Cl.b & 141 ce
0.35
W Cu* +Cu— Cus+ Cug 0.55 ef
/ Cu*+Cu—Cuy+Cu 0.10 e f
% Cu* +Si0,— Cuy+ SiOy 010 (s—8)1? 15, ¢
PR 1)
% . (er—ey)
__| Solid Cell CU* +Si0ys— Cl+ SiOy, 0.80 ef
CU™+SiOys— Cus+ SiOy 0.10 ef
I:l Gas Cell Cuy+ Cu— Cug+ Cuy 0.95 f
Cuyy+ Cuy— Cuy+ Cuy 0.05 f
Fic. 1. Schematic of the rectangular mesh used in the MCFPM. One diffu-Cuy+ SiO,s— Cus+ SiO,g 0.70 f
sion step is shown, during which solid cell 0 diffuses to location 5. Cuyy+ SiO,— Cuy+ SiO,¢ 0.30 f
Cu*+Cu— Cu+Cug 0.95 f
Cu* +Cu— Cuyy+ Cug 0.05 f
: ‘. _ CU*+Si0— Clg+ SiOy 0.70 f
Pseudoparticles of specieare launched from each com CU + Si0y— Oty + SOy, 0.30 ¢

putational cell at a time randomly chosen in the rf cycle with

a We'ght'ng(or .tOtal number proportional toG;(r)AV(r). aSubscript(s) denotes a surface species. Subscf@t denotes a gas or
The velocity is randomly chosen from a Maxwell— plasma species. All ion reactions also apply to hot neutrals and reflected
Boltzmann distribution having a local temperatdigr) for bﬂE_utraIS having high energy. _
volumetric sources where the spatial dependent temperatur‘tléq'rzstﬂgl('jognee':ge)’lgl}frrs(;l?t?e‘;\; L e g:f ’efifl;‘t‘t’:riigeéggggfomirthe

. . . &, .
for each species is computed by HPEM'_ Fc_;r sputter _Soum&%putter yield was derived from the cited reference. The incident angles of
from surfaces, the pseudoparticle velocity is determined bythe ions are 0°.

the energy and identity of the incident iBihe trajectories  “Remaining probability is assigned to nonsputtering reflection.

; ; ; ®The reaction probabilities for sputtering, deposition, and reflection add to 1
of the pseudoparticles are integrated for the time at the reference energy of 100 eV. At other energies, the reflection and

1 sticking coefficients are adjusted to give the total unity probability. The
At=——Inr, (1) reflection coefficient is increased at low energies and the sticking coeffi-
Vi cient is decreased at high energies.

. . .. 'Estimated.
whereAt is the time step for movement of the pseudoparticle stmate

andr is a random number distributed df,1). For ions,

acceleration by the local electric field is accounted for. In the ) ) o

case of sputtered species having initial energies of a few e\face. If the surface is chosen as one for which statistics on

additional considerations, such as inflight electron impact exincident species are desired, ions are then integrated through
citation, are also accounted frThe time step used to in- the sheath, a computatlo_nally expensive process. For nonse-
crement the trajectory is limited by the time required to crosd€cted surfaces, the particles are removed from the simula-

a specified fraction of the celtypically 0.2). For ions, addi-

tional constraints are applied including a specified fraction of

the rf cycle(typically 0.05, or the time to cross a specified 25 T I | T | 1 T
fraction of the sheath widtltypically 0.0J).

At the end of the time step, Monte Carlo techniques are 20 i~ U Mag.net\‘l:,_\'m” ]
used to determine if the collision is real or null. If real, an- _ (Typical) Core
other_ random nurr_1ber is used to determine if the_ collision is E 15 - Cu Targeti Gas InIetﬁ .
elastic or consuming. If consuming, the particle is removed £ o 5
from the simulation. If elastic, the collision partner is iden- 2 10 - Coils m
tified using another random number and the velocity of the o o
pseudoparticle is changed appropriately using standard elas- 5 [~ Substrate\ Gas Outlet -
tic collision techniques. The one exception is for charge ex- M I \
change collisions which are separately accounted for in the 0 ' '

20 15 10 5 0 5 10 15 20

sum of collision frequencies. If an ion undergoes a charge
exchange collision its identity is changed to the neutral coun-
terpart and the trajectory is retained. The trajectories are agkg, 2. schematic of the IMPVD reactor. The reactor has a magnetron on
vanced until the pseudoparticles reach the vicinity of a surtop with a Cu target and coils that are immersed in the plasma.

Radius (cm)
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Te (eV) 10. cuO (1011 cm3)
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Fic. 3. Electron temperature and density for the base ¢48enTorr, 0.3
kW magnetron, 1.0 kW ICP, and-25 V dc bias on the substrate(a) E
electron temperature antb) electron density. The electron temperature —_ r
peaks near the sputter track and the coils. The electron density peaks off- S .
axis due the magnetron effect and the ionization source near the coils. E 9.
§’
tion. A similar process is followed for the neutrals, except for ‘?”2'4 0.4
integration through the sheath. o o ﬁ )
The MCFPM was first developed to predict etch profiles 0 é 1'0 15 18
as a function of position on the wafer using the fluxes and Radius (cm)

energy and angular distributions produced by HPEMhe

MCFPM resolves the trench region on the wafer using (:fIG.. 4. Cu species densities for the base cas)eTotal_I_CLP (thermal and

rectilinear mesh with typical spacings of 100s cells for 1.0infight) (b) Cu", and(c) Cu”. The C and Cd densities peak below the
. . -sputter track, and Cupeaks near the axis of the reactor.

pm length. The length of one solid cell represents the width

of <30-40 atoms. Each cell is assigned a material identity,

which may change during the si_mulation. Gas_ phase species The diffusion algorithm used here is based on the work of
are represented by pseudoparticles. The solid materials Afei et al? for thin film growth. Given that the atom dif-

represented by computatlopal cells. Pseudopartlcl_es arfﬁses, the probability that an adsorbed atom at surface site
launched from random locations above the trench with eNyiffuses to another surface Ssités
t

ergy and angles sampled from the distributions of inciden
fluxes. The trajectories of these particles are tracked until Eij
they hit the solid material. Depending on the gas—solid reac- XP kgTs
tion mechanism, adsorption, etching, sputtering, or deposi- Pij= E, | Eij=E;—E, 2
tion occurs, and the identity of the computational cell is Eﬂ“lex;{ K IT )
changed accordingly. B's

When initially applied to deposition the MCFPM pre- whereE;; is the activation energy for diffusion from siteo
dicted unphysical dendritic growth due to the line-of-sightsite j, kg is Boltzmann’s constant, andlg is the substrate
algorithm employed for sticking of incident species. A sur-temperature, which was maintained at 393 K for this stdy.
face diffusion algorithm was therefore added to the MCFPME; and E; are the potentials for the surface site at the new
In using this algorithm all metal atoms incident onto a speci-and the old locations. The sum is over all possible diffusion
fied material are placed into a physical adsorption statesites. For the rectilinear mesh used in this study, there are
These physisorbed atoms are distinct from the underlyingight such sites, as shown in Fig. 1. Note tBaandE; are
material even if they have the same composition. The physdsually negative because the potentials are generally attrac-
isorbed atoms diffuse on the surface until chemisorbed, aive for the interparticle spacing of interest. When employed
which time they become part of the underlying material.  on a numerical mesh, as opposed to an atom-by-atom basis

JVST A - Vacuum, Surfaces, and Films
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Fic. 5. Cu fluxes to the substrate for the base case. The majority of the Cu
flux is Cu*, and the majority of Cu neutrals is €u

.

Cu Enargy (eV)

as in molecular dynamics simulation, each numerical cell is
analogous to a pseudoparticle. The potentials can be there- ¢

fore modeled by atomic functions as in a molecular dynam- a0 60 .30 0 30 60 80
ics approach. Angle (degrees)
Using this approach, the potentidis andE; are the sum an_a L-t1
.01 1 1

of potentials between the numerical cell of interest and its
neighboring numerical cells. For example, for the adsorbegc. 6. Energy and angular distributions for incidentCand Ctt for the
atoms represented by cell 0 in Fig. 1 to diffuse to location 5pase casega) Cu" distributions at the center of the substrétgical across
the contributing cells tdE, are cells 1-4. The contributing the substrate (b) Cu" distributions at the edge of the substrate, endCu”
cells toE; are cells 4 and 9-13. Note that the adsorbed ceIg':éirl'lgl:itc')‘r’]”;ljsheedebr;etrﬁg f‘fpéﬁﬁ‘ig?t;gg_s mostly due to plasma potential
can only diffuse to the immediate neighboring cells 1-8.
Diffusion to more remote locations in one step is prohibited.
The potential between any two given cdllandj, @;;, is
based on the atomic Morse potential

Fij—ro Fij—ro where h is Planck’s const.ant. At .393 Kyg is 1.6
D =<I>0( exp{ —2a—) -2 ex;{ - a—) ] , 3 X 10?s 1, If v=v,, wherew, is a specified threshold value,

0 0 the diffusion step is taken. i<, , the cell chemisorbs. The
wherer;; is the distance between the center of the cellsthreshold frequency, is the only adjustable parameter in the
Morse potentials are commonly used to represent atom-tadiffusion algorithm and was chosen to be’$0?, as will be
atom potentials so that andag typically have atomic scale discussed later.
lengths(approximately the equilibrium distangeand®, is The volumetric plasma chemistry has been previously de-
<1 eV. In analogys, anda, have mesh scale lengths. We scribed in detait®> The majority of the reactions belong to
chosery=7.5nm anday=22.5nm, and setb,=0.3eV either electron-impact reactions or charge-exchange reac-
commensurate with typical metal atom potentials. tions. The electron-argon chemistry includes electron impact

The probabilities for diffusion to all possible locations are excitation of Ar from ground state to excited states ahd
summed and normalized to 1, as shown in BY). An ad-  4p (which are lumped into A1) and electron impact ioniza-
sorbed cell cannot diffuse to a location already occupied byion (from Ar ground state and Aj. The electron-copper
another solid cell and so that probability is zero. A randomchemistry includes electron impact excitation of Cu from
number is generated to determine the location to which difground stat¢?S,,,] to higher excited statdDx/,], [?D3l,
fusion then occurs. Based on the chosen valu€gf a  [?Py,], [?Pg;,] (which are lumped into CU, and electron
rejection algorithm is used to determine whether a cell actuimpact ionization(from Cu ground state and €u The Cuf
ally diffuses or is chemisorbed and bonds to the underlyinds quenched by collisions with Cu, Cuand Ar. The AF
material at its present site. The jump frequendp the new  reacts with Af to produce A¥ and with Cu or Cti to pro-
sitej is duce Cu through Penning processes. Charge exchange re-
4) actions play an important role in generating fast neutral

vo=2kgTs/h, (6)

v="v; In(r), fluxes to the target and ionizing Cu atoms before they reach-
where ing the substrate. The reaction rates for charge exchange are
E; large, approximately 10 cm 3s™ 1. As the precise value of
Vij= Vg ex;{ T ) (5)  the Ar"—Cu charge-exchange rate coefficient is not known, a
B's sensitivity study was performed. Changes in copper species
and densities are less than 10% for a 50% change in the charge-
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Fic. 8. Incident Cu flux properties as a function of pressure for 0.3 kW
magnetron, 1.0 kW ICP, and 25 V dc bias on the substrat@) lonization

109 fraction and total Cu flux to the substratb) Ratio of nonthermal to thermal

Cu neutral flux.8 is the ionization fraction of the incident metal atom flux.

B increases with pressure while the magnitudes of the total flux and the

Fic. 7. Trench filling profiles with and without the diffusion algorithm for nonthermal flux decrease.

the base case. With diffusion, Cu species deposit compactly and confor-
mally. Results are shown for different valuesipf the threshold for chemi-
sorption.

densities throughout the reactor. The reactor of interest is
similar to that studied by Chenret al.® as shown in Fig. 2.
exchange reaction rates. The charge-exchange reactions alfge diameters of the target and the rf induction coils are both
include resonant exchange among the Ar species or the Gy cm. The upper turn of the two-turn cédieparation 3 cin
species which contributes to gas heating as well as the Nofs 5 cm from the target. The diameter of the substrate is 21
resonant exchange between'Aand Cu species. cm. The distance between the target and the substrate is 13
The surface reaction mechanism implemented in them The base case operating conditions are 1.0 kW ICP
MCFPM is shown in Table I. For Ar incident on Cu or power, 0.3 kW magnetron power, 40 mTorr Ar buffer gas,
Si0,, sputtering occurs for an ion energy greater than theyng 150 sccm gas flow. The magnetic field is 250 G at a
threshold energy:,. The Ar" is neutralized at the surface radius of 5 cm at the surface of the target. The secondary
and reflected as a hot neutral. For incident' Cdeposition  emission coefficient for electron production by ions was
occurs in addition to sputtering and reflection. Note that hoy 15 The rf voltage on the inductive coil was specified to be
neutrals are treated in the same manner as ions with the samgg V, which is typical for this type of discharge. Due to the
energy. Thermal Cu ground state and*Cmominally the  smayl size of the coil, a large dc bias 690 V is generated
Cu(°Dsy,) statd deposit and reflect only. The sticking prob- {5 halance currents in what appears to be an asymmetric
ability of Cu and Cti on SiG, surfaces is estimated to be gischarge. This rf and dc bias combination results in about
0.7, less than the sticking probability of 0.95 on Cu surfacesyq v of rf oscillation in the plasma potential, in good agree-
The sputter yield algorithm listed in Table | is for ions inci- ment with the measurements of Suzekial 18
dent at normal angle. For non-normal incidence, the yield is Tpe predicted electron temperature and density are shown
modified based on data from molecular dynamicsi Fig. 3. The electron temperature ranges from 3.1 to 3.4 eV
studies:®*" These yields are generally maximum at near 45°3nd peaks near the coil due to the large ICP power deposition
and approach zero near grazing angle. The proportion of iongng helow the sputter track on the target due to secondary
which are reflected specularly is increased from zero to unityjectron heating. The small variation in electron temperature

o ol7
from 70° to 90°. is due to the large electron thermal conductivity. The elec-
tron density peaks at 1:2102cm™3, off axis, 6 cm below
Ill. REACTOR SCALE PROPERTIES the target. This off-center maximum is caused by the off-

In order to obtain self-consistent magnitudes of the deposeenter ICP power deposition and the magnetron effect.
iting fluxes, the HPEM was used to model the plasma species The predicted Cu species densities are shown in Fig. 4.

JVST A - Vacuum, Surfaces, and Films



2658 Junging Lu and Mark J. Kushner: Trench filling 2658

Experiment (Ref. 7) Time (s) a) No Resputtering b) Resputtering
5 mTorr, p=0.25 5 mTorr
b 7 20 ! l
60 | I
20 mTorr, B=0.65 20 mTomr
120 I I
180
40 mTorr, =0.8 v
‘ 600 nm
600 nm 600 nm L1
P | [

Fic. 10. Trench filling as a function of time for the base cdsg Without
Fic. 9. Trench filling profiles as a function of pressure for 0.3 kW magne- resputtering(b) With resputtering. Resputtering is essential to keeping the
tron, 1.0 kW ICP, and-25 V dc bias on the substrate. The size of the void mouth of the trench clear.
decreases with increasing pressure due to an increase in ionization fraction
B. The trench is completely filled at 40 mTorr.

Note that no attempt was made to make the total flux uni-

The total ground state Cu density, denoted by Gum of  form.
thermal and nonthermal or inflight spediegeaks below the The energy and angular distributions of Cand Cu
target at x102cm 3 and diminishes to ¥10*%cm 2 incident on the substrate are shown in Fig. 6. Qlistribu-
above the wafer. This decrease in density is due in part to thiions typical of the central portions of the waféo within
diverging trajectories of the Guatoms originating from the about 1 cm of the edgere shown in Fig. @). The majority
sputter track. Because €us metastable and has a low ex- of Cu® ions have energies between 40 and 80 eV. The
citation energy of 1.4 eV, the Gulensity can be larger than spread in Cti energy is primarily due to the oscillation in
CWP density. The Cti density ranges from 810 cm 2 at2  the plasma potential caused by the rf voltage on the coil, and
cm below the target to 210'°cm™ 2 above the wafer. The to a lesser extent, collisional broadening in the presheath.
Cu" density peaks at 5 cm below the target, about 2 cm offThe time averaged sheath potential is 6Q(ikcluding the
the reactor axis. This off-axis peak is largely due to the mag—25 V of applied dc biaswith an rf amplitude variation in
netron effect and the off-axis ionization source by ICPthe plasma potential of 20 V, producing the range of ion
power. energy from 40 to 80 eV. The Cuflux distributions near the

The Cu fluxes to the wafer are shown in Fig. 5. The totaledge of the wafer are shown in Figh$. The angular distri-
Cu flux to wafer (neutral and ioh ranges from 9.4 bution is asymmetric, due to the radial electric fields at the
X10®°cm ?s ! at the center to 3:210°cm ?s ! at the  edge of the wafer which produce ions skewet5° from the
edge. With the ion flux being center peaked, the* @Gmd normal. The majority of Cti has energies between 0.1 and
C\° fluxes are more uniform than the Cilux and are about 0.7 eV, with the average being around 0.3 eV. This relatively
1.5x 10 and 3.0x 10" cm 2s ! across the wafer, respec- high Cu* energy is a reflection of the gas heating produced
tively. As a result, the ionization fraction of the incident flux by energetic sputtered and ion reflection neutrals and charge
ranges from 80% at the center to 60% at the edge. At thiexchange neutrals. The majority of incident ‘Cis within
relatively high pressure of 40 mTorr, the majority of the 15° of the normal, while the Cuis diffusively distributed
incident flux consists of ions. The majority of the neutral Cubetween 0° and 90°. The distributions in Fig. 6 are the raw
flux is CU*, consistent with the Cu species densities in Fig. 3statistics collected divided by solid angle g6 to provide
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r=0.5cm,$=0.8 Magnetron Power = 0.3 kW
B=0.75

1.5kW, B=0.65

a) d)

0.6 KW, B=0.73

2.0 kW, B=0.6
r=53cm,=0.72

b) e)

600 nm
e

1kW,B=0.7

r=9.9cm, f=0.65

c)

Fic. 12. Deposition profiles at 30 mTorr, 1 kW ICP, an®0 V bias on the
wafer for magnetron powers @¢&) 0.3 kW, (b) 0.6 kW, (c) 1 kW, (d) 1.5
kw, and(e) 2 kW. Voids form at high magnetron powér1 kW) due to
there being a low ionization fraction of the incident Cu flux.

still porous, especially at the top of the trench. Asde-
creases, a larger number of atoms diffuse, the deposits be-
come more compact, and the agreement with the appearance
I 600 nm | of the experimental profile improvésHence v,=10°s™*

was used for the rest of the study.
Fic. 11. Deposition profiles at three radial locations on the wafer for the ~ As pressure increases, the mean free path for Cu neutrals
base case condition@) 0.5, (b) 5.3, and(c) 9.9 cm. The asymmetricfiling (> ¢y at 20 mTorr, 1000 Kdecreases. A larger fraction of
atr=9.9 cm is due to the asymmetric distributions of the incident Cu . . .

Cu neutrals are thermalized and have a higher probability of
undergoing ionizing collisions as the pressure increases.

the angular distribution. Theoretically, there should be gience the ionization fraction of the incident metal fluxes
maximum at 0°. However, due to the finiteness of the mesfiicreases with pressure, as shown in Fi@).8At pressures

upon which these statistics are collected, the maximum oc@bove 40 mTorr, the ionization fraction starts to saturate at
curs at a small angle away from the normal. about 0.85. The magnitude of the total Cu fluxes are 1.7

X 10*%cm 2?s ! at 5 mTorr and about 0:810°cm 25! at
40 mTorr[also shown in Fig. &]. This decrease is due to
IV. TRENCH FILLING the reduction in the incident nonthermal flux and the loss of
The incident fluxes and their angular and energy distribuCu neutrals to other surfaces as a consequence of increased
tions were used by MCFPM to investigate trench filling. Pro-diffusion and backscattering into the target. For example, the
files as a function of the adjustable parametgrthe thresh- ratio of the nonthermal to thermal Cu fluxes decreases from
old hopping frequency, are shown in Fig. 7. Without surfaceabout 3 at 10 mTorr to only 0.3 at 30 mTorr, as shown in
diffusion (v;=infinity), the predicted profiles are unphysi- Fig. 8b). To characterize the incident fluxes, we uge
cally porous and nonconformal. Fe;=10s"1, only at-  which is the ionization fraction of the incident Cu fluxes,
oms with positiveE;; have frequencies large enough to dif- defined agCu” flux/(total Cu flux].
fuse, and so the conformity improves but the deposits were The consequences of pressure on trench filling are shown
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in Fig. 9. A void in the profile occurs at low pressu(® 1.0 . . - 4.0
mTorr) which is progressively filled with increasing pres- =
sure. At the relatively high pressure of 40 mTorr the trench is =08r 30 o
completely filled. The simulated profiles generally agree % g
with the experiments by Chengtal’ In particular, the L 081 2
model was able to predict the pinch-off at 5 mTorr and the 5 20 =
microtrenching at 20 mTorr, as shown in Fig. 9. The mir- go4r 2
cotrenching is due to the specular reflection and focusing of é Flux 1.0 3
the high energy ions from the sidewall into the corners at the < 027 ?OOT\W{EP [
bottom. The model does not capture the faceting at the top of a o , , T o =
the deposition. This is likely due to there being some dis- 0 0.5 1.0 15 2.0
agreement for the ion angular distribution or the sputtering Magnetron Power (kW)
probability as a function of angle. The model predictions
indicate that the critical factor that determines the degree of 1.0 ' ' ' I 1.0 _
filling or pinch-off is B, which increases from 0.25 at 5 Flux T
mTorr to 0.8 at 40 mTorr. The drawback for increasing pres- B 081 108 C"E
sure is that the deposition rate decreases, as shown in Fig. g o5l los <
8(a). = Fraction B
The reasons for pinch-off at a low fraction of incident % 04l {04 g
ions are twofold. The first is the diffuse angular distribution N o
of the incident neutral flux that results in the neutrals depos- 2 02k 30 mTorr Ar {02 §
iting preferentially at the top of the trench due to the larger = 0.3 kW Magnetron g
solid angle of the plasma viewed from those locations. The b) o . . : o ©
second is that there is less sputtering of the resulting over- 0.2 0.4 0.6 0.8 1.0
hang deposits due to there being fewer ions. For example, ICP Power (kW)

the Consequenc_es of rESpUtter_(n@'e to both Ar_ and Cu') . Fic. 13. lonization fraction and total Cu flux to the substra@. As a
of the Cu deposits were examined by comparing the profileunction of magnetron power at 30 mTorr, 1.0 kW ICP, an0 V dc bias
with and without resputtering in Fig. 10. Results at 40 mTorron the substrate(b) As a function of ICP power for 30 mTorr, 0.3 kW

; ; : ; magnetron, and-30 V dc bias on the substrate. The ionization fraction of
are shown as a time sequence during the fill. Without reSpu(Ee incident Cu fluxes decreases slowly with magnetron power while the

tering, the overhang deposits grow faster than the bottom Qhagnitude of the total flux linearly increases. Both the ionization fraction of
the trench, due to the larger solid angle of incident speciethe incident Cu fluxes and the magnitude of the total flux increase with ICP

available at the top of the trench. This faster growth of thePoWer
overhang deposits eventually seals the trench and results in

pinch-off. When resputtering is allowed, the overhang deposy yrend is largely due to a decrease in the ionization frac-
its are progressively eroded to keep the opening clear. As g of the incident metal flux from 0.75 to 0.6 as the mag-
result more Cu flux arrives at the bottom to fill the trench, as,oton power is increased from 0.3 to 2 kW, as shown in Fig.
shown in F+'9- 1(). The species that does most of the sput-135) As the magnetron power increases, the incident ion
tering is Ar", which outnumbers the Cuby a ratio of 7.5:1.  fi 1o target and the target bias increase, and more Cu atoms
The total Cu flux to the substrate is about € ?s™, at  are sputtered into the plasma resulting in a nearly linear in-
best producing fill of a 600 nm trench in about 2 min. The crease in the flux to the substrate. Since the resulting rates of
predicted filling time is about 4 min due to sputter and re-otg| jonization of the sputtered Cu atoms are largely set by
flection losses. the ICP power, which is held constant while the total Cu

The predicted deposition profiles at three radial locationsnyventory increases, the ionization fraction of the Cu flux
on the wafer are shown in Fig. 11. At=0.5cm(near the  decreases. As the magnetron power increases, the gas tem-
center of the wafgrandr =5.3 cm, the trenches were filled perature increases due to sputter heatititf’resulting in a
due to the large values ¢f at those location§0.8 and 0.72, more rarefaction and fewer thermalizing collisions. For ex-
respectively. The symmetric distributions of the incident ample, the nonthermal fraction of neutral Cu flux to the sub-
ions, which are well represented by Figag contribute to  strate increases from almost zero at 0.3 kW to about 0.1 at 2
this filling. At r=9.9 cm(at the edge of the wafgrthereisa  kw. To maintain the same ionization fraction while increas-
void and the fill is asymmetric. The void is produced by theing the magnetron power, the ICP power must be increased
smaller 3 of 0.65. The asymmetry is produced by the asym-to compensate for the larger Cu inventory. Although void-
metric ion energy and angular distribution shown in Fig.free filings are obtained at low magnetron power, the inci-
6(b). dent metal flux is also lower, as shown in Fig(d3

The effect of magnetron power on trench filling at 30 The consequences of ICP power on trench filling while
mTorr is shown in Fig. 12. At powers 0&0.6 kW, the holding the magnetron power constant are shown in Fig. 14.
trench is completely filled. However, as the magnetronThe ionization fraction and magnitude of the incident flux
power is increased to 1 kW and higher, pinch-off occurs.are shown in Fig. 1®). As the ICP power increases from
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ICP Power = 1 kW Substrate dc Bias = -25 V
B=0.75 0.45 kW, B = 0.65

g 9

0.8 kW, =0.73 0.3kW, 3 =0.58

b) e)

0.6 kW, B = 0.71 600 nm
| ||

c)

Fic. 14. Deposition profiles at 30 mTorr, 0.3 kW magnetron, ar@D V
bias on the substrate as a function of ICP po@rl.0 kW, (b) 0.8 kW, (c)
0.6 kW, (d) 0.45 kW, and(e) 0.3 kW. Voids form at low ICP powe(<0.8
kW) due to a lower value of.

0.3 to 1.0 kW at 30 mTorr for a fixed magnetron power of
0.3 kW, the void obtained at low power is progressively
filled. As ICP power increases, the rate of Cu ionization in-
creases, and consequently the ionization fraction of the inci-
dent metal flux increases from 0.58 at 0.3 kW to 0.75 at 1.0
kW, as shown in Fig. 1®). This trend is facilitated by an
increase in the reactor averaged electron density from 1.0 600 nm
x 10" em 2 at 0.3 kW to 3. 10" cm 2 at 1.0 kW. More-

over, the incident Cu fluxes also increase with ICP powefFic. 15. Deposition profiles at 40 mTorr, 0.3 kW magnetron, 1 kW ICP as
from 0.6x10%cm2s ! at 03 kW ICP to 09 a function of substrate dc bia®) —25 V, (b) —12 V, and(c) 0 V. Pinch-off

5 . L occurs at less negative biases due to less resputtering and a broader angular
X10%cm™2s! at 1.0 kW ICP. This increase in incident gcyioution of thegincident ons. P g 9
flux tends to saturate as the ICP power increases due to rar-

efaction caused by gas heathtj.?° The increase in flux is

due to a larger contribution from the nonthermal Cu enabledrig. 6(a), except for being lower in energy and broader in

by increasing gas rarefaction. The increasing nonthermal fluangle. For example, the incident energy distributio & is

then tends to moderate the ionization fraction. between 20 and 50 eV, and the angular distribution is
The ability to fill trenches results from an interplay be- broader, up to 20°. As a result, less resputtering of the over-

tween the angular distribution, the ionization fraction of thehanging deposits occurs at the lower bias. The broader angu-

incident flux, and the aspect ratio of the feature. For exdar distribution of the ions also contributes an increasing flux

ample, profiles are shown in Fig. 15 at 40 mTorr, 0.3 kWto the larger solid angle viewed at the top of the trench. As a

magnetron power, 1.0 kW ICP power for dc substrate biaseresult, pinch-off occurs.

of —25, —12, and 0 V. As the magnitude of the dc bias The ability to fill features at a given set of operating con-

decreases, the energy of the incident ions decreases and théitions also depends on the aspect ratio of the feature. For

angular distribution broadens. The ion energy and angulaexample, deposition profiles for feature aspect ratios of 1.1,

distributions at—12 and 0 V substrate biases are similar to2, 3, and 4 are shown in Fig. 16. At 40 mTorr, 0.3 kW
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a result, the ionization fraction required for complete filling

4.0
Aspect Ratio = 1.1 increases with the'aspec.:t ratio. These results |nd'|cate'that'the
largest aspect ratio which can be completely filled in this
i geometry is 3 where the ionization fraction is about 0.86. It
is difficult to exceed an ionization fraction of 0.9 due to
rarefaction of the gas which occurs at high power
loading®1®?° The rarefaction reduces the rate of sputtered
a) atom thermalization, similar to operating at lower pressure,
thus limiting the ionization rate. These results require that
the energy of the incident ions is sufficiently low that sput-
tering at the bottom of the trench does not dominate over
deposition. For example, the results of Vyvaetaal. showed
that the bottom coverage was significantly reduced by sput-
tering due to the ions at 175 V.
V. CONCLUDING REMARKS
An integrated plasma equipment and feature scale model
[600nm has been developed and applied to trench filling using IM-
PVD. The model self-consistently accounts for the magni-
d) tude, the angular distribution, and the energy distribution of

the incident metal flux. The predicted trench profiles agree
Fic. 16. Deposition profiles for different aspect ratios at 40 mTorr, 0.3 kw With experimentally observed trends. The incident ions are
magnetron, 1.0 kW ICP, ane25 V dc bias on the substrate. Complete predicted to have broadened energy and angular distribu-
filling is not achieved for aspect ratios greater than 3. tions, due to oscillation of the plasma potential induced by
the rf voltage on the coils immersed in the plasma and col-

magnetron power and 1.0 kW ICP, filling occurs only for the"SionS. .in the presheath, res.p.ectively. Surface diffus.ion s
eneficial to conformal deposition of Cu. The perturbation of

aspect ratios of 1.1 and 2. A void occurs at an aspect ratio . L
P b C{Le radial electric field at the wafer edge may produce an

3, which grows larger as the aspect ratio increases to 4. Th
- g b asymmetric angular distribution of the incident flux, and con-

minimum ionization fraction required to fill a trench without
sequently an asymmetry in the metal deposit in the trench.

voids as a function of aspect ratio is shown in Fig. 17. The Th del predi di hat th ¢ ¢
ionization fraction in Fig. 17 was increased by increasing € model predictions indicate that the fonization fraction o

pressure. As the aspect ratio of the trench increases, the fr }E‘e depositing metal flux is the critical factor in trench filling.

tion of the neutral fluxes that are able to reach the bottom OFormat|on of voids occurs when the ionization fraction of the
the trench decreases due to the broader angular distributldﬂc'd‘:ﬁ‘nt metal ﬂuxtr:S too lOWd As thi asp;ectt rat|c; of the
of the neutrals and their nonzero sticking coefficient. lons ard€Nch increases, the required ionization fraction for com-

able to penetrate deeper into the trench with their narroweplef[te trench f|II|n% z;lszlré:;eases nght;r)]ressuret low maéj-
angular distribution. lons also sputter overhanging depoane ron power, and nig power are the operating condi-

which keep the top of the trench open for a longer period. Adions which maximize the ionization fraction.
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