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Observation of guided longitudinal acoustic modes in hard supported layers

M. Chirita, R. Sooryakumar, and Hua Xia
Department of Physics, The Ohio State University, Columbus, Ohio 43210

O. R. Monteiro and I. G. Brown
Lawrence Berkeley National Laboratory, University of California, Berkeley, California 94720
(Received 3 February 1999

We report experimental as well as theoretical evidence for the occurrence of a high-frequency acoustic
excitation, identified as a longitudinal guided mode, in elastically hard films supported on a soft substrate.
While existence criteria related to the transverse and longitudinal sound velocities in the film and substrate
argue for strong decay channels into the substrate, the excitation is evident as a clear peak in the Brillouin light
scattering spectra. A Green'’s function formalism accounts for the existence of this excitation and provides
insight into its properties as illustrated for diamond-like-carbon layers deposited on silicon.
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The properties of acoustic excitations in supported thirouin light scattering study are confirmed by calculating,
films display characteristically different behaviors that de-within a Green’s function formalism, the local density of
pend on the relative magnitudes of the transverse and longstates associated with the long wavelength phonons in ther-
tudinal sound velocities in the film and substrafeln the  mal equilibrium and their variations with film thickness. This
range bounded by the transverse sound velocities of the filrdescription allows for the dispersion of the high-frequency
(V§) and substrate\(5), the surface Rayleigh and guided LGM as well as that of the SAW and pSAW excitations to
Sezawa waves are the primary excitations whigrcVS.>*  be evaluated.

At a higher velocity range between the longitudinal sound Since the predominant contribution to the total displace-
velocities of the film (/';) and substrate\(g), the longitudi-  ment field consists of propagating in-plane polarized partial
nal guided moddLGM) exists whenVE<VE, and is char- Wwaves, the elasto-optiEO) mechanism becomes the pri-
acterized by mode displacements primarily along the filmmary coupling mechanism of the LGM to photdhs.
plane and a phase velocity close\tg .5 Excitations lying ~Hence, we selected diamond-like-carb@LC) layers de-
within these two distinct transverse or longitudinal velocity PoSited on silicon for our light scattering investigation.
bands provide for a complete description of acoustic wavedloreover, as the ripple mediated scattering from surface ex-
in a soft film on a hard materidi.e., VE<VD), and have citations is also significant in high-speed DLC, this system is
been extensively studiéd’® In the opposite limit, i.e., for Particularly attractive for generally investigating high-
hard films deposited on soft substratééﬁvl), only one frequency acoustics in hard layers. As illustrated below, the

surface acoustic wavéSAW), identified as the Rayleigh findings of th|§ study now make.lt feasible to quantitatively
o . T T evaluate the independent elastic constants of a hard sup-
wave, exists in a narrow velocity range limited Wy, pro-

vided the film thicknesgh) is below a critical valud. Be- ported film by light scattering and hence should also be ame-

avT thi d ; . q nable to other dynamic techniques. Unlike for soft films
yondVs this mode transforms into an evanescent pseudosu(yare Brillouin scattering techniques have had tremendous
face acoustic wavépSAW), and eventually approaches the ;cces&8 such determinations of the elastic properties of
Rayleigh velocity of the film for large k! Although addi- 31

. : . , ard coatings have, hitherto, been severely restricted due to
tional higher order modes with strong decaying character ang,q |imited dispersion of true Rayleigh waves and the general

phase velocities larger thary are also predictetf, few re-  |ack of evidence for higher order acoustic excitations.
ports of their detection are availabfeThus, in contrast to The diamond-like-carbofDLC) films used in this inves-
the rich excitation spectrum offered in soft supported f”ms,tigation were produced by a filtered cathodic vacuum arc as
the presence of only one localized excitation belivand  described elsewhefé The voltage selected for the substrate
the weak cross section associated with higher order modasias was—100 V leading to dense, highp® content and
have attracted few investigations probing the acoustic prophard DLC films. The thickness of each film was measured to
erties of hard films deposited on soft materials. an accuracy of 10 nm by variable wavelength photoreflectiv-
In this paper we address the high velocity range in thety. The sample thickness were 110, 160, 190, and 320 nm.
vicinity of Vg and report on a successful observation of theTransmission electron microscopy of the DLC films showed
longitudinal guided mod€.GM) in hard films, the counter- no evidence of damage at the DLC/Si interface. The Bril-
part of the LGM found in low-speed films. This finding is louin light scattering(BLS) measurements were performed
intriguing, since in this case, the mode velochygy iS  in a back scattering geometry at room temperature with a
greater than botl’vg and Vg, and thusall partial waves of tandem Fabry-Perot interferometer operated in a sequential
this mode can propagate into the substrate. The polarizatiosix-pass configuratiof?. Approximately 100 mW of
and phase velocity of the observed LGM in the present Bril{p-polarizedA=514.5-nm laser radiation was used to record

0163-1829/99/6(8)/51534)/$15.00 PRB 60 R5153 ©1999 The American Physical Society



RAPID COMMUNICATIONS

R5154 CHIRITA, SOORYAKUMAR, XIA, MONTEIRO, AND BROWN PRB 60
1T 1T+~ 1 T1 1T 717 30000 -
p-SAW p-SAW
N i 25000 |
h=320 nm
Lem 6=600 LGM . 20000 -
* £
E
I p-SAW p-SAW 3 % 15000
o
g
>
= h=320 nm 10000
2 6=600
i)
£ L LGM LGM - 5000
AW 0 2 4 6 8
p-SAW p- ah
N h=160 nm i
LoM 6=800 LGM FIG. 2. Calculated dispersion curves for the pSAW and LGM
mode are shown as full lines. The dotted lines represent the calcu-
lated higher order mode dispersion while the dashed-dotted line

B . . ———— corresponds to a mode at the film Rayleigh velocity. Note that

00 75 50 25 0 25 S0 75 100 beyondgh~ 6.2 the latter mode has a significantly larger density of
Frequency shift(GHz) states than that of pSAW. The experimental data are also shown

where the circles, squares, and triangles correspond, respectively, to
FIG. 1. Brillouin spectra recorded in backscattering from DLC pSAW, LGM, and higher order modes.

films on Si. The angle of incidencgand film thicknessek are as

indicated. The modes labeled pSAW, LGM are the pseudosurfaceally polarized excitationep the mode frequency, armthe

and longitudinal guided modes, white identifies a higher order distance from the film surface where the mode density is

mode. evaluated. In this descriptiom is given Igy the correspond-
the spectra at a typical recording time of 20 min for eachlrré?aﬁecl)i%odynamlc Green's tens@;(»",q;2,2") via the
spectrum. The dispersion of the phonon velocities was mea- '

sured by varying the magnitude gh, the product between ni(0%9,2)=— (7)1 Im Gy (02,9;2,2")| -

the in-plane wave vectog and film thicknessh, through

tuning the angles of incidenaebetween 40° and 80° as well In evaluatingG;;(w+1i0,g) we follow the method of Ev-
as studying films of different thicknesses. ery and co-worker§ where the response of the medium at

Figure 1 shows three typical spectra recorded from tw@yoint z subject to the presence of a fictitious drividdorce
DLC films of thicknesh=320 nm anch=160nm aty=60°  F at pointz’ is calculated. The displacement fielg(r t),
and 80°. The strong, lowest frequencyg], peak in each that satisfies the equations of motion in each medium, is
spectrum lying between 26 and 30 GHz is identified as scatwritten as a linear superposition of partial plane waves. Ac-
tering from the pseudosurface waypSAW). Consistent cording to linear response theory the wave amplitudes are
with an increasing frequencyg with 6, the phase velocity proportional to the applied force. In the film all six partial
[V=wvrN/(2 sind)] of the surface mode increases withas  waves are considered while in the substrate only the three
illustrated in Fig. 2. It is noted that while the pSAW mode outgoing waves are retained. The weighting factors corre-
velocity stabilizes at a value lower than the Rayleigh velocitysponding to each partial wave are determined from the
of the film (V}), starting agh~ 3 another wave with veloc- boundary conditions satisfied by tle; components of the
ity VE and whose mode density increases wgtis pre-  stress tensor at the free surface, interface and at pbjrds
dicted. The latter excitation and its coupling to pSAW will well as from the continuity of the displacemen(r,t) at the
be discussed elsewhef®The second prominent feature in interface and at’. Expressing the stress tensor components
the data is the mode labeled LGM. It is observed from alland the force F in terms of their Fourier components with
films at different angles of incidencé& the corresponding respect to the in-plane position vector and timet, the
phase velocities are, within experimental error, independerttoundary condition equations simplify to a system of linear
of gh over the regime probed. In addition, there are weakeequations that allows for a straightforward determination of
peaks, identified by the symbelin Fig. 1 that are in fact the weighting factors. It follows that the displacement field
dispersive. The experimental findings are summarized ircan then be expressed directly in terms of the applied force
Fig. 2. providing for the elastodynamic Green'’s tensor through the

In order to gain insight into the origin, and to evaluate therelation u;(r,,z,t)=G;;(r;,z,t) F; leading to the Fourier
properties, of these high-frequency excitations, the local photransformG;;(w+i0,q9).
non mode density;(w?,q,2), as well as its value averaged  The advantages of such an analysis are several. First, the
over the film thickness, was evaluated within a Green’s funclocal and integrated density of states for each polarization
tion formalism. Herei (1-3 refers to mode polarizations component can be analyzed for a given frequency, allowing
wherei=1,2 are, respectively, the shear horizontal and sagthe relative contribution as well as the spatial distribution of
ittally polarized transverse modes, and 3 the longitudi- each polarization component to be evaluated. Second, peaks
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FIG. 4. Spatial distribution of the local density of states for the
LGM supported in a DLC film of thickness 320 nm and angle of

____________________________________________ incidence of 60°. Full line represents the longitudinal component
""" v . L —1 ” while the transverse component is given by the dotted line. The film
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Frequency (GHz)

FIG. 3. Calculated density of phonon states in DLC films aver-to data in Fig. 2. The_oth_er promlnent feattﬂtéBl_\/I) in Fig.
aged over the film thickneds for h=160 and 320 nm and angles S '€lates to the longitudinal guided mode which, in agree-
of incidence ¢=60° and 80°. The full lines are the longitudinal MeNt with experiment, shows practically no thickness depen-
components, the dotted lingscaled down by a factor of)sthe ~ dence of its velocity for a give. Being principally a lon-
density associated with the transverse componet. The weak pealudinally polarized excitation, no significant transverse
(*) are higher order dispersive excitations that correspond to théensity of states was found at the frequengyy of the
dotted lines in Fig. 2. Note the mixed character of the pPSAW modeguided mode. This is further borne out in Fig. 4, illustrating
and the absence of transverse contributions to the LGM. the spatial distribution of the local density of states for both

polarizations at 50.5 GHz, the calculatéfélg. 3) frequency

in the integrated density of states for different film thick- Of »iom for @ DLC film with h=320nm at§=60°. The
nesses provide for the variation of the phase velocities withongitudinal mode density at this frequency is found to be
gh, thus enabling a direct correlation to the experimental datégrgest near the film surface to a depth~ef20 nm. Itis this
as illustrated in Fig. 2. This step, hence, overcomes the nedgature that directly contributes to the observation of the
for prior knowledge of the EO coefficients to determine LGM in the DLC layers by light scattering. The oscillatory
mode frequencies via the scattered light intensity. The twd€havior of both longitudinal and transverse components in
independent elastic constant€,,=614 GPa; C,,=244 the_substrate is also ey|dent and consistent with two propa-
GP3 of the isotropic DLC layer used in these calculations9ating component .partlal waves. _ N
were obtained from the data as followS;, is directly de- TGwded Iongltudlnal acoustic waves W|th ve!00|t|es aboye
duced from the phase velocity of LGM which is an accurateVs that propagate in the vicinity of longitudinal acoustic
measure of the longitudinal sound velocity in the film, and(LA) wave velocity,Vg, of the film have been previously
the known density of the DLC layepf, c=2.8 g/cni). The  reported for single and bilayers whatf<V{, i.e., for soft
remaining parameteC,, is then deduced from a least- films on hard substrates= These low-speed films in which
squares fit to the experimental dispersion curve of the pSAVthe LGM have been observed share the common character-
mode utilizing the well-knowrC;;’s and density of the sub- istic that the phase velocity, g\ is smaller tharVs, the LA
trate Si. wave velocity of the substrate. Thus, unlike the DLC/Si sys-
The results of our calculations for the average longitudi-tem utilized in this study, the substrate LA mode is not a
nal density of states determined by evaluatyg(w,q) over  viable decay channel in the low-speed films and the lifetime
the DLC layer thickness are shown as a function of fre-of the LGM is largely determined by coupling to the shear
quency in Fig. 3, wher@ andh correspond to those values modes of the subtrate. Since the LGM has only a small shear
shown in Fig. 1. Two main features are evident. The pealcomponent, conversion to substrate transverse modes is
labeled pSAW with a frequency of30 GHz relates to the weak, and thus the longitudinal guided mode remains, not
pseudosurface wave where, for these film thicknesses, aurprisingly, mainly confined to the supported soft layer.
least one of the associated partial waves has an oscillatory In addition to the prominent peaks, weaker featrgsn-
component in the substrate. Consistent with the mixed chattified as*’s) in the longitudinal mode density are also evi-
acter of the low-frequency pseudosurface excitation, thelent in Fig. 3. These modes have comparable transverse
transverse density of states evaluated throGgk(»,q) re-  components, and correspond to the highly dispersive modes
veals a peak at the same frequericympare the lowest two shown as dotted lines in Fig. 2. Although their mode density
curves in Fig. 3, for exampleand confirm that the phase is in general small, their presence in the DLC layers is evi-
velocity (Vpsaw) increases witlgh as shown by the good fit dent in the light scattering spectra as indicated by the sym-



RAPID COMMUNICATIONS

R5156 CHIRITA, SOORYAKUMAR, XIA, MONTEIRO, AND BROWN PRB 60

bols in Fig. 1, with their dispersive character being sensitiveobservation of the LGM in high-speed films allows for a
to the sound velocities of the supported films. direct means to investigate the longitudinal sound velocity
In summary, we have presented evidence for the existencgnd therefore to determine ti@ ; elastic constant. Thus, the
of the high-frequency longitudinal guided mode in a sup-LGM together with pSAW's that are evident in light scatter-
ported hard film. Despite being characterized by evanescermig experiments now open Opportunities in the Study of h|gh-
partial waves in the substrate, the LGM is clearly evident agrequency acoustics as well as the elastic properties of lami-
a peak in the BLS spectra. The properties of the excitatiomar structures and coatings, which place no limitations on the

have been investigated by calculating the associated elastgs|ative magnitudes of the film/ substrate acoustic velocities.
dynamic Green'’s tensor that allows for the local density of

states as well as the mode dispersion to be determined. The We thank Professor A. Every for providing details of the

findings reported here thus provide a major step in classifyeomputer code needed for calculating the Green’s function.
ing long wave acoustic surface and film excitations in sup-This work was supported by the U.S. Army Research Office
ported films that now exhibit equivalence with respect tounder Grant No. DAAG 55-97-1-0260 and the NSF under
high-frequency acoustics in both hard and soft layers. Thé&rant No. DMR 97-01685.
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