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Molecular-dynamics simulations of organic polymer etching
by hydrocarbon beams

Hideaki Yamada® and Satoshi Hamaguchi”
Department of Fundamental Energy Science, Graduate School of Energy-Science, Kyoto Org. University,
Gokasho, Uji, Kyoto 611-0011, Japan

(Received 6 April 2004; accepted 30 August 2p04

Molecular-dynamics simulations of hydrocarbon beam injections into a pbl-phenyleng
substrate surface are carried out with the use of classical potential functions for covalent bonds of
carbon and hydrogen atoms. Van der Waals interactions among carbon atoms are also taken into
account. In the low injection enerd$%0 eV) regime, we have observed that injected carbon atoms
tend to be deposited on the surface, whereas hydrogen atoms tend to chemically break carbon bonds
in the substrate. With the combination of chemical effects by hydrogen with large momenta carried
by the injected carbon atoms, hydrogen-rich carbon clusters can etch organic polymer surfaces with
relatively high efficiency. Implications of our simulation results on etching processes of
low-dielectric-constant organic polymers by hydrogen-nitrogen plasmas are also discusX#i ©
American Institute of Physic$DOI: 10.1063/1.18089Q7

I. INTRODUCTION the interatomic potential functions for H and C covalent

_ _ _ ~ bonds derived by Brenner and co-workéts! Jang et
Various carbon-based materials and their new applicag| 12135, Wijesundarat al** together with van der Waals
tions have attracted much attention in recent years. FOr eXpieraction potential function¥.

ample, nitrogen doping into carbon nanotubesd diamon

surfaces is studied as a process to make these materials

n-type semiconductors. In ultralarge scale integration chigl. COMPUTATIONAL METHOD

ma_lnufacturing, redugtion of the diele(_:tric_ constants of insu-A_ MD simulations

lating materials for interconnected circuits has become an

essential requirement to increase chip performance together In our MD simulations, the velocity Verlet algorithm is

with copper-wiring technologies. Organic polymers with low used to integrate the equation of motion. A typical time in-

dielectric constanté.e., lowKk) are considered to be some of crement for the simulations presented here is 0.5 fs. All the

the most promising material candidates for suchatoms are assumed to be charge neutral, and the covalent

application€~’ Organic polymers are also used for other ap-bonds, which are shorter-range interacti¢s<2 A) are rep-

plications such as substrates for healthcare &hipsd  resented by the potential functions derived by Brefthghe

waveguideSfor optical wiring. For etching processes of or- 2nd parameter set in Ref). Z.onger-rangé=<10 A) van der

ganic polymers, hydrogen-nitrogen plasmé@sich as N  Waals interactior’s are also taken into account among car-

+H, or NH; plasmas are often employeé’.7 bon atoms. Beams are represented by carbon atoms, hydro-
We study the interactions of chemically reactive beamsgen atoms/molecules, or various hydrocarbon clusterg CH

with an organic polymer surface using numerical simulationdx=1-4) vertically injected into the model polymer sub-

in an attempts to understand the physical/chemical mechatrate. The translational kinetic energy of each incident atom

nisms of surface reactions in plasma etching of organic polyor cluster is set to be 50 eV in the present work. We use

mers. During plasma processing, the material surface is suffandom numbers to determine the horizontal position and

ject to the bombardment of various atoms and atomi@rientation of each incident cluster. Incident clusters are in-

clusters(e.g., radicalsgenerated in the plasma. In the case oftroduced at time intervals df;,, which we typically set as

a hydrogen-nitrogen plasma, the majority of such incomingsn=0.5 ps, unless otherwise indicated. We have confirmed

clusters contain nitrogen atoms. However, the surface is als#at the intervaly, that we used for each simulation is suf-

bombarded by hydrocarbon clusters, which are recyclediciently long to capture short-time effects caused by beam-

from the substrate polymer surface into the plasma. In the

present study, as the first step toward the full understanding

of organic polymer etching mechanisms by hydrogen-

nitrogen plasmas, we shall examine one of the simplest

cases, i.e., interactions between hydrocarbon beams and hy-

drocarbon polymer surfaces. For numerical simulations, we

use classical molecular-dynami@dD) simulations based on n
3Electronic mail: h-yama@center.iae.kyoto-u.ac.jp FIG. 1. Poly(1,4-phenyleng i.e.,[CgH4ln, which is also called polypar-
PElectronic mail: hamaguch@energy.kyoto-u.ac.jp aphenylengPPB.
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initial substrate temperature, which we Sgt=300 K, i.e.,
room temperatune We tested various values afand found

the optimum valuex=8 for smooth transition to be target
temperatureT, at the end of each time period. Prior to the
next injection, sputtered particles, i.e., atoms or clusters hav-
ing no interaction with the substrate, are removed from the
system.

B. Model substrate

| & Since experimentally observed etching rates of various
low- k organic polymers are known to be simifaf,we con-
jecture that their etching characteristics are essentially deter-
mined by those of phenyl rings in their backbones. There-

FIG. 2. Initial morphology of the PPP model substrate. The white and blacljore' in the present study, we have selected one of the

spheres represent carbon and hydrogen atoms and the white and black b&iEnplest organic polymer consisting of phenyl rings, i.e.,
represent covalent bonds between two C atoms and those between C andgdly (1,4-phenyleng[which is also known as polyparaphe-

atoms. nylene (PPB] as the material of our model substrate. PPP
consists of chains of phenylene groups only, as shown in Fig.
surface interactions, as we discuss in Appendix A. The simui. In the model surface, the polymer chains are placed nearly
lation is performed under constant energyi.e., in one direction without cross-linking, and we have con-
microcanonicgl conditions for the first 80% of the time pe- firmed that the constructed material has the known mass
riod g, (i.e., 0<t<0.8,). Then the substrate temperature is density'* p,,=1.33 g/cni, thermal equilibrium. The equili-
gradually reduced to the initial substrate temperature durinprated model substrate at room temperature is shown in Fig.
the rest of the time intervdl.e., 0.8;, <t<t;,) to make the 2, where the white and black spheres represent carbon and
system ready for the next injection. In this artificial cooling hydrogen atoms. The white and black bars represent the co-
phase, a frictional force,#y;v;, representing a hypothetical valent bonds between two C atoms and those between the C
global coupling to a heat bath, is added to the equation odnd H atoms. The typical initial substrate has four monolay-
motion to remove(or add heat from(or into) the system. ers, each of which consists of four chains of five phenylene
Here, we sety,=—a In(Ty/T)/At with T and T, being the  groups, i.e., 480 °C atoms and 320 H atoms in the model
current system temperature and the target temperéitere  substrate in total. In beam injection simulations, however, if

1 FIG. 3. Surface morphologies after
2.4x 10 cm? vertical injections of
50 eV (a) atomic C radicals(c) H,
molecules, ande) CH, molecules into
the PPP surface given in Fig. 2. The

!l _, thickness of each bar representing a
- ',‘b.}:_ covalent bond is set to be proportional
why g to the bond order. The symbols are the

\bt '." ‘ same as those used in Fig. 2. Figures
% 1& (b), (d), and(f) represent the distribu-

wel, tions of covalent bonds in thedirec-

tion of the surfacega), (c), and (e),

\& ' ,'-S. . respectively. The horizontal axes of

g s‘o_‘ghy b oM Figs. (b), (d) and (f) represent the
L ., i -

4 Md"’& ’ia heights measured from the=0 sur

face, which is the bottom of the sub-
“? '\ ? '& b3 ‘ b " js strate used in the simulation of C in-

jections(a). Note that for simulations

ordered PPP of H, and CH, injections, we added
extra layers below the initial substrate
(e during simulation lest injected or col-

lided particles pass through the lowest
layer[see Sec. Il B The vertical axes
of Figs. (b), (d), and(f) represent the
number densities of the corresponding
bonds. The symbo® indicates the
density of C—H bonds. The symbols
A and [l represent the densities of
C-C bonds whose bond orders are ap-
0 09 18 27 36 45 -135 045 045 135 225 31509 O 09 18 27 36 proximately given by Nc=1.5 and 1.
Height{nm] Height{nm] Heightinm)
(b) (d) ®
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TABLE I. Sputtering yields of major etching products for C injections.

Species H C e

Yield (%) 0.5 5.0 0.5

responding bonds and the horizontal axis represents the
height measured from the bottom of the substrate used in the
simulationg[indicated byz=0 in Fig. 3a)]. The bond density
as a function of the height is obtained from the number of
bonds havingNyy contained in a layer of approximately
4.5-A thickness located at the indicated position. The exact
definition of the bond ordeXlyy will be presented elsewhere,
but let us point out that, for example, the bond connecting
two C atoms withNec=1, 2, or 3 corresponds to single,
FIG. 4. Surface morphologies after %40 cn2 vertical injections of ~ double, or triple bondin the ordinary sengerespectively.
50 eV(a) CH, (b) CH,, and(c) CH; radicals into the PPP surface given in- The bond group represented hy.c=1.5 in Fig. 3b) mainly
Fig. 2. consists of bonds among sp2-hybridized C at¢wisich we
denote @sp2-C(sp2] such as those in PPP and graphite. As
any particle(injected or collidegl passes through the lowest shown in Fig. 8b), in the case of 50-eV C injection, the
monolayer, we consider that the thickness of the substratgonds withN-.=1.5 are dominant especially in the depos-
employed in this particular event is not adequate, discard thiged carbon layer, which suggests that the deposited layer is
event, add another polymer layer to the substrate from th@morphous carbon consisting mainly of sp2-hybridized C at-
bottom, equilibrate the new substrate at room temperaturgms. It is also shown that bonds witlc=1, which did not
and restart the injection anew. The cross-sectional area of th&ist in the initial substrate, are also formed during the depo-
simulation box is approximately 2:21.9 nnf. The periodic  sition process, especially in the deposited layer. We have also
boundary conditions are imposed in the horizotadndy)  confirmed that shhybridized carbon atom<(sp3] are in-
directions. The atoms in the lowest monolayer are rigidlydeed generated without forming crystals during the process
fixed, which prevents drift of the entire substrate by the parand contributes to the increase of the numberNef=1

‘ A
. A
A

¥

BT RIS
G AR §
(a) (b)

ticle bombardment. bonds. Other types of bonds such as H-H and C(i.e.,
carbon triple bondsare also formed but their numbers are
lIl. SIMULATION RESULTS very low and not plotted in Fig.(8).

A. C injections

Figure 3a) shows an atomistic morphology of the sub- B. H and H injections

strate surface after 2410 cn? injections of 50 eV atomic Figure 3c¢) shows atomistic morphology of the substrate

C radicals(Note that the dose 2410 cn? corresponds to  surface after 2.4 10' cn? injections of 50-eV H mol-

1000 injections into the model substrate in our simulajion. ecules, where we see that the uppermost part of the substrate
In the figure, the thickness of each bar is set to be proporis relatively sparse, and carbon networks and polymer chains
tional to the bond ordeN,, (for the bond between thé and  are broken. In this particular case, a large segment of the
Y atomg. It is seen that most injected carbon atoms are acsurface seems likely to separate from the substrate. This can
cumulated on the substrate and from new bonding networkse more clearly seen in Fig(®, where double peaks of the
without hydrogen atoms. This can be also seen in Filg),3 Ncc=1.5 bond density are shown. Here the C—H bond den-
where the vertical axis represents the number density of cosity is high and peaks at a relatively deep location. These

@ (b)
1 v I — -

CHas
9\ s CHas | o /\f-,_‘
{ e o
|

v
(=4
L]

F

deposition «-—I—-; sputtering
Y ((:N)
<
T
p
I +
N
deposition «—|—; sputtering

3

a 1 [_A—y—d A —A |
0 48 96 144 192 0 48 96 144 192 24,
dose [10"%/em?) dose [10'%/cm?]

n
»
°
°

FIG. 5. Net erosion yields of hydroge&n) and carbor(b) atoms for C, H, and CH, injections as functions of injection dose. The beams are vertical to the
initial surface and their energy is 50 eV. The net erosion yield is definé(i”érsYa—lw whereY,, is the sputtering yield defined as the number of removed
a (=C or H) atoms per injection, anlg, is the number ofx atoms entering the substrate per injection. Cleaﬂy>0 (Y;N)<O) means removal od species
from (accumulation ofr species inthe substrate. Each symbol represents the averaged value oxet@%3cm™2 of injections around the indicated value of
dose.
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results indicate that H atoms penetrate deep into the SulFABLE Il. Sputtering yields of major etching products fop, hjections.
strate, terminate the C bonds, and consequently make the —
surface more fragile. In this process, masy.=1 bonds are ~ SPecies H H CH,
also formed in the substrate mainly due to the breakup of vield (%) 975 455 2.8
bonds by hydrogen. Judging from the fact that ng rkbl-
ecule has been observed in the substrate after injection, the

injected H, molecules tend to break up easily after interact-erosion yield, by taking into account the numbenadpecies
ing with the substrate. For comparison, we have also carrietdenoted byl ,) entering the substrate per injection. Clearly,
out MD simulations of atomic H injections and confirmed YZN>>O (YZN><0) means net removal af species fron{ac-
that the surface state after H injections is similar to that aftecumulation ofa species inthe substrate. Figure 5 shows the

H, injections. dose dependence of the net erosion yié!{j@ and YE:N) for
C, H,, and CH injections. The yields shown in Fig. 5 are
C. CH, injection obtained by averaging the instantaneous yields over 4.8
5 iniecti indi -
Figure 3e) shows atomistic morphology of the substrate X 101d crnzl_mjecrt:on_s_arc_)und_ the de:ated dqse. AZ |];nen
surface after 2.& 10 cn? injections of 50-eV CH mol- tioned earlier, the injection intervd};,=2.0 ps is used for

ecules. Similar to the case of pure hydrogen injections disCHa injections, whereag;, =0.5 ps for other injections. Fur-

cussed above, the uppermost part of the substrate is reIHler' in the case of CHiinjections, five independent simula-

tively sparse due to a large dose of hydrogen from thdions were performed with the same initial conditions but

injected molecules. However, unlike the case of pure hydroglﬁerent sequences of random positions and orientations of

gen injections, no carbon-rich segment is seen in the Sudpjected molecules. We then obtained the yields by averaging

strate. which results in the dominance of C—H bonds. aQVer those five runs in order to reduce statistical errors.
shown in Fig. 8f). This is because the large momenta of _ In the case of C_injections, as shown by the §0Iid line in
injected carbon atoms break up the surface, which is mad'é'g' @), H atoms in the substrate are sputte(ed., re-

fragile by the chemical effects @f.e., breakup and termina- moved n ]Ehe early stbage of irggctirc:]gs, i.e.r,] Whin t?}e ddose
tion of carbon bonds byhydrogen atoms. In other words, increases from O to about 3:610™ cnr'. On the other hand,

chemically enhanced physical sputteritighich is also almost all injected C atoms are absorbed in the substrate, as
called “reactive ion etching’is taking place. As we shall see S10Wn by the solid Ilnec;anlg.(i). Aft%r almost a”| hydro-

in the following subsection, the carbon sputtering yield by9€" atoms agelsrenTzove(N) rom the substrate top layen
50-eV CH, injections is significantly higher than that by the 40S€>9.6x 10" cn), Y,," diminishes to null. In the case of
50-eV H or H, injections. Therefore, large carbon segments 2 injections, H atoms of the injected,tend to be depos-

[such as the one seen in FigcH tend to be sputtered and do ?ted in the substratghe dashed line in Fig.(8) and C atoms
not remain in the substrate, in this case. For simulations of?

the substrate are slightly etchétthe dashed line in Fig.
CH, injections, we have used the injection time interyigl  2(P)l- In the case of Ciiinjections, both H and C atoms
=2.0 ps(rather thart;,=0.5 ps used for other cageas dis-

contained in the incident CHmolecule are deposited in the

cussed in Appendix A. substrate in the early stage. However, as we have seen ear-
lier, accumulation of H atoms alter the substrate structure,
D. CH, CH,, and CHj injections and the net erosion rates reach positive steady-state values.

Figure 4 shows substrate surfaces afterx214'6 cn?, F. Etching products
50 eV of (a) CH, (b) CH,, and(c) CHj injections. As we . . .
have observed in Figs(&®, 3(c), and 3e), the 50 eV C and Table I-llI pre_sent sputtenng yieldg, (represented in
CH, injections may be considered as the two extreme casef€rcentageof major etching products for C, fiand CH
i.e., deposition of a carbon layer by C injections and chemilniections, respectively. Note that )the yields, in these
cally enhanced beam etching of the polymer substrate biPles are not the net erosion yieMs'. In Tables Il and I,
CH, injections. Surface morphologies of the substrate exVe Only show etching products whose yields are higher than
posed to CH, Ch and CH injections present somewhat 1%. These yields are obtgmed only after al! s_put.terlng welcjs
intermediate characteristics of those two extreme cases. A§ach steady |9Ve|515 typltzlally when the injection dose is
the number of hydrogen atoms contained in each cluster if&/9er than 14.x 10" cm. In the case of C injections
creases(decreases etching or deposition characteristics of (Table I, only 5% of C atoms leave the surfate.g., via

the beam injection process become closer to those of thecattering of injected atoms or sputtering from the subgtrate
CH,(C) injection process. and H atoms are hardly observed as etching products in the

steady state. In the case o} khjections, on the other hand,
E. Sputtering Yields

) ) ) ) TABLE lll. Sputtering yields of major etching products for Gkhjections.
The sputtering yieldr, of a (=C or H) atoms is defined
as the number ofr atoms removed from the substrate per Species H H CH, CH; CH, C,H, CH; C,H, C,Hs
injection, whether the removed atoms are initially part of the__
. . . Y|{3Id (%) 975 455 17 73 84 67 12 91 28
substrate material or injected species. To represent the net .
. . .. . pecies GHg CsH; CsHs CiHg
removal or accumulation at species, it is more convenient

. - N) . Yield (%) 16 14 19 30
to define the quantityy “=Y,—I,, which we call the net
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of injections dose with different time intervals, i.e.,
tin=0.5 ps (represents bylll) and 1.0 ps((J). The
beams are vertical to the initial surface and their energy
is 50 eV. The definitions of quantities used in this fig-

dose [10'5/cm?] dose [10*%/cm?]

(© {d

1 1 A >
E ! } 2 : } } @ ure are the same as those in Fig. 5. It is seen that the
i i g i i i § results are almost the same in both cases.
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dose[10'%/cm?] dose [10'%/¢m?]

Table Il shows that the number of H atoms injected into theoms. Considering the similarities in mass, bond energy, and
surface is almost equal to that of H atoms leaving the surfacbond length for carbon and nitrogen, we expect similar car-
as either H atom$~100% or H, molecules(~50%) in the  bon nitride passivation layers to be formed when an organic
steady state. In this process, very few C atoms are found tpolymer is exposed to low-energy nitrogen radicals.
be desorbed from the surface. In the case of, @iections It is also known from lowk organic polymer and other
(Table 11I), the majority of etching products are H and,H etching experiments that H plasmas/radicals make carbon-
similar to the case of kinjections. However, Chinjections,  based material surfaces more fragile and increase the etching
we also observe a variety of hydrocarbon molecules as etchates®>®*>*8yhich is similar to our observations in H,,H
ing products such as GHCH;,;, C;H,, and GH,. We also  and CH, beam-etching simulations. Prior to our simulations,
note that relatively large hydrocarbon clusters, i.eqH¢  similar erosion effects by hydrogen were also observed in
with X,Y~5-30, are observed as etch products on rare oayiD simulations for hydrogenated amorphous carbon
casions. In this case, neither single C atoms nor pure C clusyriace<?® In low-k organic polymer etching experiments, in
ters are observed as etching products, probably because gfdition to hydrogen, NHradical ions are known to play a
the abundance of hydrogen atoms. major role as etchanfs' Similarly, in our MD simulations,
CH, injections are found to effectively etch highly hydrogen-
IV. DISCUSSION AND SUMMARY ated PPP surfaces. On the other hand, injections of hydrocar-

Recent lowk organic polymer etching experiments by bon clusters with fewer hydrogen atoms tend to cause carbon
hydrogen-nitrogen-based plasiiadiave suggested that ni- deposition rather than surface erosion. These results indicate
trogen atoms facilitate the formation of passivation layers orihat the etching efficiency by hydrocarbon cluster beams
the sidewalls of trench or via structures. Although we did notstrongly depends on chemical erosion effects by hydrogen
study the effects of nitrogen in this article, we have observedontained in the clusters as well as momenta of clusters. In
similar effects played by carbon in our MD simulations, i.e.,organic polymer ethcing by hydrogen-nitrogen plasmas, we
injected low-energy carboror carbon-rich hydrocarbon conjecture that similar reactive mechanisms play an impor-
tends to form a carbon layer on the substrate polymer suitant role.
face. Furthermore, we have observed the deposited layer is To summarize, in the present study, we have carried out
amorphous carbon consisting mainly of sp2-hybridized C atthe MD simulations PPP etching processes by various beams,

(@

FIG. 7. Net erosion yields of hydrogga) and carbon
(b) atoms for CH injections as functions of injection
dose with different time intervals, i.e;,=0.5 ps(rep-
resented byll), 1.0 ps(0J), 2.0 ps(V), and 3.0 pgV).

e

o deposition

0 48 96 144 192 24

dose [10'5/em?)

!

|

1

8 96 144 192 240
dose [10"*/cm?]

The beams are vertical to the initial surface and their
energy is 50 eV. The definitions of quantities used in
this figure are the same as those in Fig. 5. It is seen that,
in the case of Chlinjections, the results are almost the
same if we select;,=2.0 ps.
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using a many-body interatomic potential model for covalentatomic motions directly throughout the thermal relaxation
bonds with a longer-range two-body interaction potentialprocess in MD simulations by taking sufficiently largg.
model representing the van der Waals interaction. BesideNevertheless, we still need to selégt long enough to cap-
the two-body model potential that we used, several differenture essential short time scale collision effects, so that the
potential models for the van der Waals interaction have beesimulation results do not sensitively depend on the choice of
proposed®?*Although the van der Waals interactigorder  t;,. To confirm this, we have performed MD simulations for
of 0.01 eV is significantly weaker than covalent bon@s-  typical etching processes considered in this article with dif-
der of 1-10 eV, it is possible that some etching character-ferent oft;,. Figure 6 shows the net erosion yied$’ and
istics of organic polymers observed in MD simulations mayyg:N> for C injections[(a) and(b)] and H, injections[(c) and
sensitively depend on the choice of functional forms for the(q)], as functions of injection dose with two different time
van der Waals interaction. The dependence of MD simulatiofteryals, i.e.t;,=0.5 ps(ll) and 1.0 pg0J). It is seen that
results on van der Waals potential functions will be a subjecthe yield results are almost identical in each case, which
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