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Anomalous modulus and work function at the interfaces of thin films
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We use Rayleigh waves and a Kelvin probe to measure the elastic modulus and the work function of thin
polycrystalline metallic films prepared by electron beam evaporation. A high-resointsitu measurement of
Rayleigh-wave velocities enables us to determine the modulus of the topmost layer of tivetilenit is being
grown). Using this technique, we can measure the modulus at the interfaces between Ir, Pd, Pt, Ag, and Au. For
many metal-pair combinatior(e.g., Pt, Ag, or Ir on Pd each film’s modulus equals that of the bulk from the
onset of deposition. However, the first couple of nanometers of Pd deposited onto Ir cause an abnormal
increase(up to threefold in the modulus. These same films show an unexpected lower work function. To
explain these unusual effects, we present a model based on structural defects in the underlying film. The
dependence of modulus and work function on film thickness within a single layer suggests an explanation for
previous inconsistent reports of modulus changes in metallic multildyersthe supermodulus effect
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I. INTRODUCTION Il. EXPERIMENTAL

. . . I . The thin films used in this work were prepared by
The plastic and elastic properties of thin-film multilayers electron-beam evaporation in an ultrahiah vacuum svstem
have been investigated for many years. In 1970, Ko&hler. P g y '

; X/

proposed that thin-film multilayers could be very strong be-The base pressure of the system was approximately P@.
DR . . 2.~ A quadrupole mass spectrometer attached to the vacuum
cause it is difficult to activate of Frank-Reed sources inside a

confined elastic medium. In 1977, Yareg al? reported a chamber detected no free oxygen.'During gvaporation, the
large increase in the elastic modulus of thin-film multilayersPe33ure was lower than 10Pa, with a typical value of

as the thickness of the individual layers decreased belo Pa. ) ,
approximately 10 nm. Called the supermodulus effect, this 1he System has twe-beam guns, which are operated in-
observation remains controversial because researchers had@Pendently. The evaporation rates are controlled by a pair of
not reached consensus regarding the effect’s origin, magnfluartz-thickness monitors. The distance betweeretheam
tude, or even its sign. The effect has been revieledlost ~ 9uns and the substrate is larg® cm to minimize the direct

early studieSmade use of bulge testers to measure the biax€ating of the substrates during deposition. A mechanical
ial modulus of the films. Later, more detailed studies Sug_shutter system allows deposition to start with a stable depo-

gested that some of the reported modulus enhancemert&lon rate.
could be caused by experimental artifacts in the testing
method’

More recent studies on the elastic properties of films in-
cludein situ measurements. Some of these studies are based The elastic properties of thin films deposited onto quartz
on measuring the speed of surface acoustic wéRagleight  substrates are deduced from changes in the speed of Ray-
waves, excited by a laser pul® or a piezoelectric leigh waves. The advantage of this acoustic technique is that
transducet’*! In most previous studies, researchers meamost of the wave energy is contained near the topmost region
sured the modulus of thin-film multilayers as a function of of the substrate and film, within a depth of about one wave-
repetition wavelength. In these studies it is difficult to dis-length. We work with Rayleigh waves of approximately 50
cern the physical reasons for a modulus change. Studies atMHz. In quartz, these waves have a g6 wavelength,
single metal-metal interface have not been conducted previmuch larger than the maximum thickness of our films, which
ously in part because the techniques employed were not suik typically less than 100 nm. In this thickness range we can
ficiently sensitive. deduce the elastic properties of the films from a simple linear

In the present work, we use a Rayleigh-wave techniqugerturbation theory? With it, we can deposit films in suc-
operating at a frequency of approximately 50 MHz. Thecession onto the same quartz substrate, yet analyze them in-
Rayleigh-wave velocity is measured with a resolution of ap-dependently. In addition, by measuring the thickness deriva-
proximately 1 part in 10 With this sensitivity, we can mea- tive of the velocity change, we deduce the elastic modulus of
surein situthe modulus of a film of atomic layer thickness as the topmost layer being deposited.
this film is being deposited. We do find an abnormal increase The films are deposited through a mask onto the central
in the modulus of Pd or Pt films deposited onto an Ir film part of a X-cut quartz substrate, as shown in Fig. 1. The
substrate. Measuring the modulus of each film during deposubstrate has two interdigital transduc@BT’s) for sending
sition has definite advantages when we interpret the meand detecting the Rayleigh waves, respectively. Because
surements. To further interpret these results, we also measuneost metal films are elastically softer than quartz, adding the
the work function of the films. films slows the Rayleigh wave.

A. Measurements of Rayleigh-wave velocity
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| wheredVg/Vpy is the relative change in the Rayleigh-wave
Pulse— velocity, L is the width of thin film(Fig. 1), andL is the
Generator DVM distance between the centers of the IDT’s. Typically, we send
I 2-us-long pulses every 12pbs.
y The detection system has a frequency resolution of ap-
R Delay 1 proximately 1 Hz, which is equivalent to a Rayleigh-wave-
. velocity resolution of 1 part in 10 The stability of the elec-
Mixer 1 L] Mixer2 1 tronic system is limited principally by thermal drift in the
v mixers.
Attenuator L, Mixer 3 We use the change in frequer!cy durir)g e\{aporation to
measure the elastic modulus of a film as it is being grown on

Y the substrate. During deposition, the frequency also changes
as a result ofa) an increase in the temperature of the quartz
substrate caused by radiation from the evaporation source
and(b) the structural relaxation in the film already deposited.
For our X-cut quartz transducer, an increase in temperature
causes a decrease in the Rayleigh-wave velocity, whereas
structural relaxation tends to increase the velocity. To deter-
FIG. 1. Schematic of the surface-acoustic-wave transducer an ine the effect of temperature, we heat the ev.’:_lporatlon
C ) ; o ource to a temperature just below that needed for film depo-
electronics used to measure the elastic properties of thin film. The... .
shaded area on the quartz substrate represents the thin film. Sition then recorq the frequency with the shutter cloged and
open. To determine the effects of structural relaxation, we
measure the frequency as a function of time after stopping
Figure 1 also shows a block diagram of the electronicthe deposition. These two effects are quite small when com-
circuit used to measure the velocity of the Rayleigh wavespared to the frequency change caused by the film deposition.
We use a pulsed method, which has two advanta@dgst The change in Rayleigh-wave velocity due to a film of
prevents the direct electrical coupling between the sendinthicknessAh deposited onto a quartz substrat¥ is
and receiving signals an@) it is insensitive to signals gen-

Amplifier

erated by reflections of the Rayleigh wave at the edges of the AVyr  AhVg ul ) 5 uz 5
sample. Ve o ap ||PT V2D vy tpry Tl p— V2D vyl
The heart of the detection system is a Hewlett-Packard 2

Model 3335 frequency synthesizer, whose frequency can
be changed via a computer with a resolution of 1®4z. For ~ Where p is the film density and the quantities,’/4P,

our application, the synthesizer provides a continuous signaly/4P, and v,°/4P are the normalized particle velocity

at a frequency near 50 MHz. The pulse generator an§omponents at the substrate surface, which are tabulated for
mixer-1 are used to produce a 50-MHz signal burst, which ignany piezoelectric materials and orientatidhsg, ug, and
applied to IDT-1. IDT-2 detects the Rayleigh wave after itD_ are functions of the elastic g:omplia_nces of the film. Com-
traverses the film. Mixer 3 detects the phase difference be?ining Egs.(1) and(2), and taking the incremental thickness
tween the signal burst received by IDT-2 and the continuou€h 0 the left-hand side, we obtain

signal provided by the frequency synthesizer; it then pro-

3 5
duces a dc signal proportional to the cosine of the phase}ﬂ:_ﬂﬁ _Us 2t o2+ | p— Us 2
shift. By setting the delayFig. 1) equal to the Rayleigh- f dh L apP||P ViD | "X PryT\ P ViD | 2]’
wave transit time between the IDT’s, the signal at IDT-2 is 3

only detected during a narrow time window equal to the

width of the signal burst. mixer 3 is of a diode-ring type. The  For transversally isotropic film@sotropic in the plane of
output impedance of this type of mixer is low in the presencehe film), the uj andD parameters take the simple forms
of a signal, but it is high otherwise. Consequently, the ca-

pacitor stores the voltage generated during the receiving s (B1)?—(B1d)?

pulse, when the output impedance of mixer 3 is low. Us= B11 ’ (43
The digital voltmeter reads the dc signal and the resultant

data are fed into the computer. The computer then changes ud= Bes, (4b)

the frequency of the synthesizer to keep the phase difference

(mixer 3 at a constant value. Because of this negative feed- 2 2

back, changes in the Rayleigh-wave velocity are measured as D= Ped (P11~ (B13)°] (40)
changes in the carrier frequency, given by B11 '
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film. The new, added film need not be continuous to measure
> a modulus. In a noncontinuous filte.g., isolated islandls
the material will be strained to nearly the same amount ev-
x erywhere, provided the islands are large in diameter com-
pared to their thickness. The same averaging applies to a
rough film. Because the technique measures changes in stiff-
ness, the effect of film roughness vanishes if the roughness
does not change during deposition. Even the addition of iso-
> lated atoms will cause an increase in stiffness. In such a case,
X z the stiffness change depends on the underlying maigriet
vious thin film) because most of the bonds are to the previ-
FIG. 2. Coordinate system to define the elastic properties of theus film (not between atoms of the new fijnThis argument

? y Wave propagation

thin films. allows us to define a modulus even for submonolayer films.

where g;; are the elastic compliances of the film material, _

referred to a coordinate system with thexis normal to the B. Kelvin probe measurements

plane of the film, as shown in Fig. 2. Replacing E@8.into The work function of the thin films was measured with a

(3), we obtain McAllister (Coeur d’Alene, ID 8381bKelvin probe, Model
1df Leval 1 (02 B2 KP65(_)(_). Thes_e measurements were conducted between film
S TPIRE Xy L) depositions, without removing the samples from the ultra-
fdh L 4P|VZ|Bss (B1)°—(B1a)? high vacuum. The Kelvin probe measures the potential dif-

ference between the film surface and a vibrating electrode,
) (5)  which is parallel to the sample and placed at a separakion
The electrode is maintained at a constant charge so that a
Equation (5) shows that the modulus measured by thep_erlod|c Change il produces a periodic chang_e in its poten-
Rayleigh-wave technique is a linear combination of thetial. For each film, the apparent contact potential is measured
film's shear modulus (Bs) and the flexural modulus @S @ function of the average distangch anq the measure-
B11/[(B11)2— (B122]. The flexural modulus is the modulus Ments are then extrapolated() =0 to obtain the true con-
of a plate subjected to a uniform tensile stress alongxthe fact potential. _ o _
direction, which has zero stress in thelirection (normal to Because the Kelvin-probe vibrating electrode is made of
the platé and is constrained to zero strain in theirection. ~ Stainless steel type 304, the contact potential of the film is
It is interesting to compare the two contributions to theMeasured with respect to this material. The absolute contact
measured modulus. For example, using the elastic constar@tential, or work function, is shifted by 3.6 eV. We obtained
of a (111)-textured Pd film, and the,2 and v, values for this calibration potential shift by measuring the contact po-
X-cut quartz, tabulated by Aultt, we obtain tential of elements such as Pd and Ir.

2, .2, .2
—p(vitvy+vy)

2 2
v Biv
_X z =0.0086, (6) I1l. EXPERIMENTAL RESULTS

:855 (ﬁll)z_(ﬁl3)2

which shows that, to a good approximation, the thin-film
modulus measured by the Rayleigh-wave technique is thﬁ1
flexural modulus. This result is a noteworthy difference to
Raleigh waves in massive samples, where the velocity of th
wave is mainly determined by the out-of-plane shear modu
lus Cyy.

Neglecting thev,?/ 855 term in Eq.(5), we obtain

A. Elastic moduli measurements

We used our Rayleigh-wavén situ modulus measure-
ent technique to measure the flexural modusf several
elemental metallic films and metal-flm bilayers. Table |
§ummarizes the results for the elemental films. This table
also gives the calculated flexural modulMs,,, which was
deduced assuming €11) film texture and averaging the
single-crystal elastic complianc&$By averaging the com-

Bt pliances,M ., gives a lower bound to the modulus, whereas
M= > > averaging the stiffnesses gives an upper bound to it. For the
(B10)"= (B13) current elements of interest, the differences between the
df\/ L\ 4PV ) v)2(+ V§+ vf Iowgr and upper bounds are _only between 1 and 8%.
*(ﬁ L_f fv§ R Vg p. (7 Figure 3 shows the Rayleigh-wave frequency as a func-

tion of time measured during the deposition of Pd onto two
This equation only applies during film deposition, wheredifferent underlying metallic films. In both cases, the Pd
df/dhis defined. The first term on the right-hand side of Eq.deposition rate was kept constant at 0.1 nm/s. As a result, the
(7) is usually negative because in most metals the soundbscissa also measures the thickrtes$ the deposited film,
velocity is lower than in quartz. as indicated in the upper scale. For Pd on Ag/dh is

In this work, we are interested in measuring the elasticconstant from the onset of deposition. The same type of
modulus of metal thin films as they are grown. The measuredurve was obtained when depositing Pd on Pd. It is not sur-
modulus is proportional to the elastic stored energy in therising thatd f/dh is constant for the deposition of Pd onto a
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TABLE I. Elastic modulus of elemental thin films, measured by the Rayleigh-wave technique. All films
were deposited at a rate of 0.1 nm/s and have thicknesses on the order of 8) ns,, ands,, are the
single-crystal elastic compliances from Refs. 19 and 29. and 3,5 are the elastic compliances of a
transversely isotropic films witkll11) texture, calculated asaverages according to Ref. 13. For hexagonal
cobalt, B11=51; and B13=S15.

Density M meas S11 S12 Sa4 B Bis M caic

Element glent GPa TPal TPal TPal! TPal TPa ! GPa
Ag 10.5 27-12% 23.1 -9.9 21.7 12.03 -6.21 113

Au 19.3 116 234  —10.7 23.8 12.3 -7.0 120

Co 8.84 278 475 —2.33 4.75 -2.33 277

Ir 22.4 496 228  —0.67 3.9 1.78  —0.503 611

Pd 12.0 187 136  —5.95 13.9 7.3 —-3.85 190

Pt 21.1 227 7.35 —3.08 13.1 5.41 —2.43 232

&The data for Ag has a large scatter.

Pd substrate because, in general, interrupting a filnscissa scajefor Pd deposited onto a thick Ir film at two
deposition—and continuing to deposit the same element—substrate temperatures. The underlying Ir film was deposited
produces no transient signal in the measured modulus. Thet a rate of 0.1 nm/s and had a thickness in excess of 10 nm.
fact thatdf/dh is constant from the onset of Pd deposition The ordinate scale at the right of the graph gives the film
onto Ag indicates that there are no abnormal effects at thenodulusM, deduced according to E¢f). This scale is only
interface. Palladium and Ag are completely miscible andmeaningful during film deposition. At the onset of deposi-
have a slightly negative heat of mixing in the liquid state oftion, the film modulus assumes a value of approximately 120
—7 kJ(mole of atoms** However, a quite different situation GPa, which is lower than the value expected for a Pd film
is found when depositing Pd onto a thick Ir film. A constanthaving(111) texture normal to the film surfadsee Table )L
df/dh value is only obtained after the Pd film has reached a he expected valu®l ;=190 GPa, is indicated in Fig. 4 as
thickness of approximately 3 nm. Below that thickness, thea dashed line. With increasing film thickness, the film modu-
frequency has an anomalous, nonlinear, dependence on filas increases, reaching a maximum at a thickness of approxi-
thickness(time). mately 0.7 nm. By further increasing the film thickness, the
The anomalous modulus effect was always observednodulus decreases and approaches asymptoticallivithe
when depositing Pd onto Ir. A similar effect, but approxi- value. The maximum value reached by the modulus depends
mately 3 times smaller, was observed when depositing Ron the substrate temperature. For a room-temperature Ir sub-
onto Ir. For several other combinatiofison Pd, Ir on Pt, Pd  strate, the excess modulus reaches approximately 220%.
on Ag, Ag on Pd, Pd on Pt, and Pt on)Pdf/dt assumes a Such an increase is quite unexpected.
constant value from the onset of deposition. For the remain- Diffusion seems to play a role in the magnitude of excess
der of this article, we will mainly address the anomalousmodulus. To estimate the depth of interdiffusion, we investi-
modulus of Pd deposited onto Ir. gated the dependence of the peak modulus upon the thick-
Figure 4 showsdf/dt as a function of timglower ab-  ness of the underlying Ir film. Figure 5 shows the maximum

scissa scajeand as a function of film thicknegsipper ab- Thickness [nm]

0 1 2 3 4 5 6

THICKNESS [nm] T T T T T T T 600
0 2 4 6 — J
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14 = textured film from 1100
w [ ~
49.290 . Q _gol . [ smlgle cr;l/stal dlata . '
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FIG. 4. Time derivative of the frequendyf/dt measured during
FIG. 3. Rayleigh-wave frequency as a function of time mea-the deposition of Pd onto a thick Ir film. The modulus scale is only
sured during the deposition of Pd onto Ag and Ir. valid during the deposition (tine0).
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FIG. 7. Thickness dependence of the work function for Pd and

FIG. 5. Maximum value of the modulus of Pd films, deposited
P Ir films. Open symbols are Ir on Pd and full symbols are Pd on Ir.

onto Ir films, as a function of the Ir film’'s thickness.

modulus for Pd films deposited onto Ir films of different ror, the moduli of the codeposited films follow the linear

) . o interpolation between the measured moduli of the pure Pd
thicknesses. The Ir and Pd films were deposited in Sequence, 4 i films (indicated by the solid circlesWhat is impor-
with a typical delay time between depositions of approxi-

mately 2 h. The scattering is partially due to slightly different (2Nt to note is that because the modulus follows a linear
ition i . dependence on compositioivegard law, the anomalous
deposition rates and delay times. The magnitude of th P positidiveg W u

. L . ) odulus effect seen in Fig. 4 cannot be explained by simple
excess-modulus increases with increasing thickness of the Lterdiffusion and mixing at the interface

underlayer and approaches a saturation value of approxi- : . N i
mately 550 GPa for an Ir thickness of approximately 15 nm. The two horizontal, dashed lines in Fig. 6 show the cal

) . . . . ; culated flexural modulus dfL11)-textured films of pure Pd
The arrows in the figure identify two points corresponding t0.nd pure Ir(Table ). Although these measured and calcu-

particularly short and long delay times between the depos'fated moduli agree well for the Pd films, they do not for the
§ films. This discrepancy suggests that the Ir films may be

excess modulus is smaller when there is a longer delay b%’efective

tween the depositions.

Intermixing may be one possible explanation for the
anomalous modulus effect at the onset of depositing Pd onto B. Work function measurements
Ir. To further investigate this possibility, we measured the Figure 7 shows the contact potential @ a Pd film de-
m_odulus of cod_eposited Pd-_lr films; the resy!ts are shown i’bosited onto Ir and2) an Ir film deposited onto Pd, both as
Fig. 6. To obtain the alloy films, the deposition rates of Pdy fynction of film thickness. Each measurement corresponds
and Ir were set at varying constant values. Each alloy filmg 5 separate film. The measured contact potentials for thick
was at least 10 nm thick. Once the deposition rates for eac8iemental Pd and Ir films merge asymptotically. This occur-
source reached a steady value, the modulus of the codepgsgs,ce agrees with the literatuf&28 which quotes work-
ited film was more or less constant. Within experimental er,nction values ranging from 5.12 to 5.6 eV for Pd and 5.0 to

5.76 eV for Ir. The fluctuations in the literature values are
T T T T y T due to the different measuring methods and the crystallo-
600 Bulk Ir data ------- >3 graphic surface being tested. The ordinate on the right-hand
side gives the work function obtained by shifting our mea-
sured contact potential by 3.6 eV. With this shift, the work
function for the thick films is 5.3 eV, which corresponds to
bulk polycrystalline Pd and Ir.

The work function for Ir deposited onto Pd shows little
dependence on film thickness. The dashed line is a least-
squares fit to these data. In contrast, the work function for Pd
deposited on Ir decreases with increasing thickness, reaching
200 | a sharp minimum at a thickness of approximately 0.2 nm. It

®<------- Bulk Pd data . . then increases, approaching asymptotically the work function
o 20 40 80 80 100 of bulk Pd. This curve’s shape is different from that of the
Pd. | modulus as a function of thicknegBig. 4). Although both
curves reach extreme values at small Pd thickness, notice

FIG. 6. Flexural modulus of codeposited Pd-Ir films as a func-that the modulus reaches its extreme at approximately 0.7

tion of alloy composition. nm.

500

400

300

MODULUS [GPa]

100x"x
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[ ' ' ' ' ' The first observation is what would be expected for a
single-phase binary alloy with a small heat of mixing as
seen, for example, in Ni/Cu, Au/Ni, and Au/Ag allo}$To
interpret the second and sixth observations we searched the
literature for calculated and measured work functions in al-
loys and thin films. First-principles calculations for Au-Pt,
Cu-Ni, and Ag-Pd solid solutioRS suggest that the work
function of codeposited, binary fcc alloys should follow a
linear interpolation between the work functions for the ele-
ments. Not only is available data scarce, its interpretation is
further complicated because the composition at the surface
' ‘ 4.9 may differ from that in the bulk. In agreement with these

[4)] w
Y %
WORK FUNCTION [eV]

o
-

o
=)

CONTACT POTENTIAL [V]

1.3k ' . .
0 20 40 60 80 100 . . ; .
Pd. I calculations, the work function of bulk Cu-Ni alld¥sis a

100-x"x linear interpolation of the work functions of pure Cu and Ni.

FIG. 8. Work function of codeposited Pd/Ir films. All films are ~ The work function of indium films deposited onto gold
thicker than 10 nm. substrates at 80 KRef. 22 shows a dependence on film
thickness similar to that seen in Fig. 7. The magnitude of this

Figure 8 shows the work function of codeposited €fféct is only approximately 0.1 eV, thus making up one-
Pdhoo_«Iry films as a function of compositior. Each film quarter of the effect we measure for Pd films on Ir. The
had a thickness of at least 10 nm. The work function for theduthor$? attribute the thickness-dependent work function to
alloy films experiences a minimum at approximately guantum-size eff_ec.ts t.hat are caused by eI_ectronlc localiza-
Pd.lr,s. The work function at the minimum is approxi- tion W|th|n the thin mdmm films. Quantum-size effe.cts can-
mately 0.35 eV lower than the work functions of elemental0t €xplain observation two, unless the codeposited Pd-Ir
Pd and Ir. This behavior contrasts with the results shown ifilms are phasse separated due to, for example, a spinodal
Fig. 6, where the modulus of the codeposited alloy films Cargecomposnmﬁ. If such decomposition did occur, then elec-

be described by a linear combination of the moduli for thetronic localization could take place within small Pd-rich
elemental films. egions, thus possibly generating a signature similar to that

observed in the thin indium films. This model is highly un-
likely because it does not expla{a) why the Ir films show
no dependence of work function on film thickness dhd
Atomic force microscopyAFM) pictures of an Ir film, as  the change in modulus with film thickness.
well as an Ir film with 0.7-nm Pd deposited on top, look  Two observations suggest that Pd films intermix with Ir
nearly indistinguishable and very smooth. As expected fronsubstrates1) there is an observed negative deviation in the
the small atom-size difference, the Pd grains seem to growvork function of Pd deposited onto Ir arid) the magnitude
on top of the Ir. Transmission electron microscdf&M) of this deviation is similar to that measured in the Pd-Ir alloy
and AFM measurements show that the grain sizes of the Pidms (0.45 versus 0.35 eV Before depositing Pd or Ir, the
and Ir films both approximately 20-nm thick, are 10 and 8work function in Fig. 7 has the value 5.3 eV of pure Ir. If
nm, respectively. during deposition the first monolayers of Pd intermix with
the topmost layers of the Ir substrate, the work function
would decrease, as suggested by Fig. 8. The work function
should reach its minimum value when the composition of the
Present elastic modulus and work-function measuremenigtermixed surface is Rdr,s (Fig. 8). With increasing Pd

C. Film morphology

IV. DISCUSSION

have revealed the following seven observations: film thickness, the Ir concentration at tlimixed surface
(1) The modulus of codeposited Pd-Ir alloy films is a would decrease and the work function would approach that
weighted average of the moduli of Pd and Ir films. for pure Pd.

(2) The work function of codeposited Pd-Ir alloy films It is surprising that the effect on the work function is
shows a strong negative deviation from the weighted averagasymmetric, because no drop in work function is seen on
of the work functions for the elemental films. depositing Ir onto Pd. This result suggests that no intermix-

(3) Pd and Pt thin filmg~1 nm) deposited onto Ir show a ing takes place at the onset of depositing Ir on Pd. Because
large increase in modulus. The magnitude of the effect deintermixing happens when depositing Pd onto Ir but not
creases when the Pd is deposited on a cooled Ir substrate when depositing Ir on Pd, we can infer that the Ir film is

(4) Ir films deposited onto Pd or Pt show no change inmore defective than the Pd film. This difference may be

elastic modulus, regardless of the Ir film's thickness. caused by the difference in the homologous deposition tem-
(5) The anomalous modulus change describe@jns not  peraturesT 4o,/ Tr,, WhereT yo;~300 K is the substrate tem-

seen in thin-film couples of Pd/Ag and Pd/Pt. perature during deposition anf,, is the melting tempera-
(6) Depositing a 0.3-nm-thick Pd film onto an Ir substrateture. T,/ Tr,, €quals 0.16 for Pd and 0.11 for Ir.

lowers the work function by approximately 0.4 eV. The lack of intermixing when depositing Ir onto Pd could
(7) Depositing Ir onto Pd does not change the work func-also explain the normal behavior of the elastic modjials

tion. servation(4)]. The lack of an unusual modulus effect in thin-
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film couples of Pd/Ag and Pd/Pobservation5)] is easy to
explain by either assuming th&) these elements, deposited
sequentially, form atomically sharp interfaces (b) inter-
mixing does occur but the modulus of the alloyed film equals
a linear combination of the moduli of the pure metals.

The observation that the magnitude of the excess modulus
(observation threedepends on temperature suggests that the
effect involves interdiffusion. However, intermixing alone is
not sufficient to explain the excess modulus because the
moduli of the codeposited Pd-Ir films are linear combina-
tions of the moduli of pure Pd and pure Ir. To explain obser-
vation three, we need to make some further comments on the
moézzggggtﬁztﬂgrzgrjéous deposition temperature for the [r FIG. 9. IIIustrati_on of model for Pd ﬁ.ln." onlr ﬁlm@ defective
films is so low, we expect these films to be highly defective, rfilm and (b) Pd film on top of Ir, repairing the Ir film.

containing a large density of point defects, lattice defects ., el The essence of this model is that the modulus in-

and voids. Could these defects be responsible for the 10W o556 observed on depositing Pd onto I is not caused by a

modulus of our as-deposited Ir film mead Mcac=0.81;  iff pd film, but rather is caused by the repairing effect that
see Table )? To proceed, we must examine the dependencgy has on the topmost Ir layer.

of the modulus on size and defect density. Gleéteal **2* The data in Fig. 5 suggest that Pd diffuses into the Ir
studied the elastic properties of nanosized crystalline solid§nqeriayer up to a depth of approximately 7 nm. The area
obtained by densifying nanoparticles prepared by gas COfyefineq by the 25°C curve and the dashed line in Fig. 4
densation. The Young’s modulus of Pd samples prepared th-bc'quals 500 GPanm. This value is the integrated excess
way was 71% of that for bulk polycrystalline Pd. The large ,oqulus. Dividing this value by the 7-nm depth gives an

decrease of the modulus was attributed to the large numbef,eraqe modulus increase of approximately 70 GPa. This
of grain boundaries and triple points in the material. HOW-y 5,6 "compares favorably with the difference between the
ever it should be noted that the density of these samples WaSeasyred modulus for the as-deposited nanocrystalline Ir
85% of that for bulk Pd‘. Huang and Spaefiemeasured the film and the known modulus of large-grain polycrystalline Ir
static Young’s modulus in thin films of Cu, Ag, and Al, all of gsee Table )L

which were prepared by vacuum deposition. They found that - ¢ itions that favor this type of excess modulus are film
the static modulus was approximately 80% of that calculateqd o pinations of high- and low-melting-point materials. In

from bulk elastic constants, taking into account the film tex'addition, the high-melting-point material should have a high

ture. The modulus decrement was attributed to incomp|8tﬁ10dulus. However, these two properties usually come to-
cohesion(microcracking at the grain boundaries. In addi- gether. If the high-melting-point film is defective, part of the

tion, their modulus could have been reduced by grain boun ow-melting-point film deposited on top would diffuse into

ary sliding?’ Shenet al** used a nanoindentation technique e former, patching up a fraction of the defects. Figure 6 can
to measure the modulus of nanocrystalline Fe, Cu, Ni, a”‘ﬂje used to illustrate the magnitude of the effect. The modulus
Cu-Ni alloy. The modulus in these fully dense materials wasy; 4 equimolar multilayer of thick Pd and Ir film@ach
much closer to the single-crystal values. Their measuremen{gi-er than 20 nfhshould have a modulus of approximately
in small-grained Fe show that the decrease in Young's modussy Gpga; as indicated by the open triangle located on the
lus becomes noticeable as the grain size decreases belajig jine joining the moduli for films of Pd and Ir. This is
approximately 15 nm. According to these results, theyecqyse in the multilayer of thick films, the Ir films are de-
Young's modulus of a Fe film having 10-nm grains should bective and thus have a relatively low modulus. In contrast,
approximately 5% lower than that of large-crystal Fe. Thesgne moqulus of an equimolar multilayer of thin Pd and Ir
three studie¥-*>**show that nanocrystalline materials have s each having a thickness of approximately 7 fon
lower elastic moduli than bulk crystals. However, these StUdTess),’will have a modulus of approximately 400 GPa, as
ies do not allow us to predict the modulus of our 10-nm graifpgicated by the solid triangle located on the dashed line
size Ir films. _ _ joining the moduli of bulk Pd and bulk Ir. This is because in
_Based on the foregoing, we propose the following modeline ytijayer of thin films, each Ir film has been “repaired”
It is highly probable that the present nanocrystalline Ir fI|mey Pd atoms diffusing from the following Pd film. This 50-

have a large density of atom-size voids, which cannot b&p, modulus increment could be interpreted as a super-
resolved by techniques such as TEM and AFM. These void§,qqulus effect.

reduce the film modulus. When Pd is deposited onto the
defective Ir film, Pd atoms diffuse into the Ir film to occupy
defective sites near dislocations, grain boundaries, and voids.
The diffusion stiffens the elastically softer parts of the Ir  This work was supported by the U.S. Department of En-
film, causing an increase in the Ir film's modulus. This in- ergy, Office of Basic Energy Sciences, Division of Materials
crease in turn causes a largpparentincrease in the modu- Sciences. The authors thank Dr. M. E. Hawley for help with
lus of the added Pd film. Figure 9 shows a schematic of théhe AFM observations.
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