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Vibrating  Reed  Internal  Friction  Apparatus  for 
Films  and  Foils 

Abstract: An apparatus is described which permits for the first time the resolution of anelastic relaxation effects in evaporated  metallic 
thin films and ionimplanted surface layers of silicon. The composite samples consist of the film or layer of interest on a carrier substrate 
having the form of a thin cantilevered  reed.  Low  external losses and an exceptionally  good span of operating frequencies are obtained 
by integrally bonding the substrate to a supporting pedestal and by using electrostatic  drive and detection for the transverse modes of 
vibration.  The internal friction can be measured with relatively simply instrumentation, at pressures  below torr ( 1.33 X lo-' Pa) 
and  over  the  temperature  range -190°C to 550°C. The  apparatus  has  considerable  versatility  for  work in a number of areas, including 
the investigation of metallic foils prepared by splat-cooling. 

Introduction 
The  study of anelastic relaxation processes  has been of 
considerable value in materials research, principally be- 
cause of the insight provided into  the  nature  and  behavior 
of crystal  defects  at  an  atomic level [ 1 1. The  best known 
and  most sensitive  method for  the  detection of anelastic 
behavior is the  measurement of internal  friction as a func- 
tion of temperature  and/or vibration frequency. Of the 
various types of apparatus designed for this purpose, 
those utilizing a resonance method (as exemplified by 
either  the torsion  pendulum or  resonant-bar  apparatus) 
have been the most widely used [2].  Despite many in- 
dividual  differences, virtually all internal  friction appa- 
ratus  has so far been  designed for  use with bulk ma- 
terials. Over  the last few years,  however,  several  areas 
of interest  have emerged in which the available  samples 
are extremely  thin. For  these a vibrating  reed apparatus 
appears  to be the most attractive  prospect  for relaxation 
studies. These  newer  areas include the  study of (a) splat- 
formed  foils, (b) thin films, and (c) ion-implanted  layers. 
For  category (a), a suitable  reed  specimen can be cut 
directly  from the foils  produced by a number of liquid- 
quenching methods,  such  as  the piston-and-anvil or  the 
rotating-roller methods [3 ,  41. The reed is comprised 
entirely of the material under investigation,  as is the  case 
for bulk materials. For  category  (b),  however, an evap- 
orated or  sputtered film is usually too thin to be made 
into a self-supporting reed,  even if removal from  the  sub- 
strate  were desirable and  presented  no difficulty. Conse- 
quently,  the  approach  adopted  here  has been to  use a 
composite sample  consisting of the thin film deposited 
on a suitably chosen thin reed substrate of low internal 
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pessimistically by Benoit [ 5 ] ,  had  been  pursued  earlier 
with limited success by Weiss and Smith [6]. Based on 
present findings, however, it represents  an  attractive al- 
ternative or supplement to  the use of self-supporting 
thick films, a direction taken by Postnikov and his co- 
workers [ 71. 

The  factors involved in the  study of ion-implanted 
layers [item (c) ] are very  similar to  those  for thin films 
since  the  thicknesses  are  about  the  same in both cases 
(roughly 0.1 to 1 p n ) .  Following  implantation,  a reed 
of a convenient practical thickness (50 pm) effectively 
becomes a composite  sample consisting largely of un- 
implanted  material, which acts  as a carrier  substrate  for 
thin implanted  near-surface layers.  In  studies of the  sur- 
face film or  layer, it is necessary  that  the losses within 
the  carrier  substrate  do not  mask the losses of interest. 
Since  the  substrate may typically  be two  orders of mag- 
nitude thicker  than  the  surface layer, the  substrate  must 
be of comparatively low internal  friction. This  matter is 
discussed quantitatively later in the  paper; it suffices here 
simply to  state  that  an excellent  resolution of effects has 
been  obtained in the  case of metallic thin films on  fused 
silica substrates,  and in ion-implantation studies of single 
crystal  reeds of silicon [8]. 

Design features of the apparatus 

Pedestal mounting of reed  samples 
The  apparatus is suitable for  use with reed  samples  2 to 4 
cm long, 0.3 cm wide and 0.005 cm thick.  Samples of 
considerably greater  thickness  can be accommodated, 
but generally the objective has been to  use a reed of 
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minimal thickness.  When supported  at  one  end  as a 
cantilevetq reeds of these dimensions possess a funda- 
mental flexural frequency of typically 40 to 100 Hz.  De- 
pending on  the  particular dimensions and damping  levels 
encountered, it is usually possible to make  internal fric- 
tion measurements  at  the fundamental frequency  and  at 
a substantial  number of overtones  (see  the section on 
frequency-related phenomena).  The  use of the  first  four 
tones, giving a frequency variation of a factor of over 30, 
is common practice;  for long reeds of low internal fric- 
tion,  measurements  have been  made  up to  the  eleventh 
tone, a frequency 300 times that of the fundamental. 

For  reeds of low internal  friction, the  method of mount- 
ing the reed is of major importance in securing  a low ex- 
ternal loss. Good  results  have been  obtained by making 
an integral  bond to  an intermediate  supporting pedestal 
which can  be secured in turn  to a  supporting  assembly 
(Fig. 1) by simple clamping  springs. For  studies of thin 
films, we  have used 2-mil (50-pm)  reeds of substrate- 
quality fused silica from  the Dell Optics  Corporation. 
The logarithmic decrement exhibited by such a pedestal- 
mounted  reed is about Similar low damping  levels 
have  also been  obtained  from thin reeds of single crystal 
silicon, joined  to silicon bases by a fine fillet of pure 
germanium. For metallic reeds, such as  those produced 
by  splat-cooling,  the  internal  friction is usually high 
enough that a simple mechanical clamp is a satisfactory 
method of support. 

Apart from the chief consideration of providing a low- 
loss support,  the  use of a pedestal mounting has  other 
useful features.  The  pedestal  and  reed  form a permanent 
unit that  can be  removed  from and  returned  to  the  appara- 
tus without changing the damping or  frequencies ex- 
hibited by the sample. Consequently, it is possible to 
detect reliably even small changes resulting  from treat- 
ments  that  are most  conveniently  administered outside 
the internal  friction apparatus.  These  treatments include, 
for example, thin film deposition, ion implantation (or 
other  types of irradiation),  and annealing at  temperatures 
beyond the range of the internal  friction apparatus itself, 
i.e., > 500°C. 

Mechanical  layout 
Figure 1 shows  the specimen  holder and  electrode  as- 
sembly  designed for  use with the pedestal-mounted reeds. 
The reed ( 1) is mounted in a frame consisting of two rec- 
tangular  end-plates (2) held together by four tie rods ( 3 ) ,  
shown partly cut  away  for clarity. The pedestal base fits 
in a central recessed groove in one of the end-plates,  and 
is firmly held in position (and electrically grounded) by 
two tungsten  U-springs. The spring pressure can  be  con- 
trolled by the position of the sliding tension  plates (5) 
and may be released by loosening the  screws (4). Each 
electrode (6) is mounted on  an insulating support  tube 
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Figure 1 The sample holder, 1 :  pedestal-mounted reed; 2: 
end-plate: 3: tie-rod (shown partly cut away); 4: spring release 
screw; 5: tension plate; 6 :  electrode; 7: insulating electrode sup- 
port tube: 8: V-block electrode supports; 9: spring clip; 10: 
slotted screening plate (shown partly cut  away) ; 1 1: terminal 
strip. 

( 7 ) ,  which may be of fused silica. High-purity  alumina 
tubes,  however,  have  better insulation resistance  at high 
temperatures.  The  electrodes  are  secured in place by the 
spring action  obtained by slitting the  electrode shank 
where it is inserted into the tubes (7 ) .  These  tubes  are 
mounted in V-blocks (8) , clamped to  the tie-rods ( 3 ) ,  
and  are held in place by the  U-springs (9 ) ,  suitably  ten- 
sioned by their position in holes in the plate ( lo), shown 
partly cut away for clarity. The chief function of the plate 
is to  screen  the  detection  electrodes from the ac voltage 
applied to  the  drive  electrodes.  The  screen  is slotted  ver- 
tically from the  top  edge  to avoid interference with the 
assembly of the specimen; for minimal pickup  this slot 
is subsequently  closed by other auxiliary  plates.  A  nar- 
row  clearance  gap,  however, remains around  the reed. 
The U-spring pressure holds the  tubes (7)  securely  but 
permits  them to  be  pushed along the V-blocks for adjust- 
ment of the  electrode  gap  distances. 

Typical  clearances between the  electrodes  and  the 
faces of the reed are 0.076 cm (0.030 in.) for  the drive 
electrodes  (located  at  the  free end of the  sample)  and 
0.051 cm (0.020 in.)  for  the  detection  electrodes located 
closer  to  the fixed end of the  reed.  The position of the 
detection  electrodes is chosen so as  to avoid  a  nodal 
position for any of the  tones of interest  (see  the Appen- 335 
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Figure 2 Block diagram of the drive and detection circuits. 

dix) . Usually, a  position about one-third of the length of 
the sample from  the fixed end  serves well. The  two  stand- 
off terminal strips ( 1 1 )  are  made of silica. 

The assembly of Fig. 1 is mounted  inside a heater en- 
closure  comprising two interlocking U-sections.  This 
enclosure  and  the main parts of the specimen  holder are 
made of nickel-plated copper.  The  heater  enclosure is 
supported inside a vacuum chamber by stainless-steel 
tubes which  pass  through a demountable vacuum flange 
and  terminate in various standard electrical  feed-throughs. 
The vacuum chamber may be cooled  with liquid nitrogen 
to provide an overall operating  range of "190°C to 550°C. 
For protection  against external vibrations the  apparatus 
may be  either  suspended from a cushioned ceiling sup- 
port  or bolted to a concrete slab  resting on  rubber mount- 
ings. 

Electronic  circuitry 
A  block  diagram of the  system of push-pull electrostatic 
drive and capacitor microphone detection is given in 
Fig. 2 .  The items  shown are commercially  available with 
the exception of three  units, which can  be built without 
difficulty. A  Muirhead D-890-B  decade oscillator (OSC 
in Fig. 2 )  serves  as  an ideal source of the  ac  drive voltage. 
The oscillator output is fed  to a  high-impedance audio 
transformer whose center-tapped  secondary is connected 
to  the polarizing batteries V,. The  transformer  output is 
fed  to  the  drive  electrodes via off-on switches  and  100-kR 
current-limiting resistors.  The magnitude of the funda- 
mental component of the  dynamic  force  exerted  on  the 
reed  with  this  excitation arrangement is readily shown 
to be  proportional to  the  product of V ,  and  the  ac voltage, 
u, sin a t .  To minimize pickup it is advantageous  to work 
with  large  values of V ,  and small values of ul.  For most 
purposes, a single 90-V  battery is more  than sufficient 
for  the polarizing voltage;  however, a selector switch 
capable of furnishing two  to  three times  this  voltage can 
be  useful for  measurements  at high frequencies  and/or 
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The push-pull transducer  detection circuit (DET, 
Fig. 2) is a simple but highly sensitive one-tube design 
developed and analyzed in this  laboratory by Tomboul- 
ian [ 91. 

The  output of this  unit is amplified and  converted  to a 
single-ended signal by the laboratory-built  unit AMP 1 ,  
which provides an  adjustable voltage gain of up  to 100. 
The signal is next filtered of extraneous noise (FILT in 
Fig. 2 is a Krohn-Hite  Model 3550R variable bandpass 
filter)  and further amplified by AMP 2 (Hewlett-Packard 
Model  465A).  The resulting signal is visually monitored 
for  absence of noise and  distortion with the oscilloscope 
CRT and is fed  to.both  an electronic counter  (Hewlett- 
Packard Model 5245L) and a modified version of the 
trigger circuit described by Smith [ 101 for determination 
of the logarithmic decrement. Briefly, the function of this 
circuit is to emit two pulses  which start  and  stop  the  oper- 
ation of the  cycle  counter.  The  start  pulse is produced 
when  the voltage signal corresponding  to  the  free decay 
of the sample  vibration falls to a selected  voltage level 
Vl, and  the  stop pulse  follows when  the voltage has fur- 
ther  decayed  to a level V,, generally chosen  to be approx- 
imately half of V, .  The logarithmic decrement is obtained 
from the relation 

6 =  ( l l n )  In ( V , / V , ) ,  (1) 

where n is the number  displayed by the  cycle  counter. 
This  arrangement  has provided highly reproducible and 
consistent  results  over a  wide frequency range. Occa- 
sional use  has  also been made of alternative measure- 
ment schemes,  such  as  the determination of Q" from the 
bandwidth of the  resonance  curve in forced  vibra- 
tion [ 1 1 1 .  

Operational characteristics of the apparatus 

External  energy  losses 
In  the design of internal  friction apparatus, careful at- 
tention  must  be  given to  external energy losses, which 
tend  to  mask  the intrinsic behavior of the sample. Three 
sources of external loss in the  present  apparatus  are con- 
sidered  here: air damping, transducer  losses,  and  support 
losses. 

Air  damping 
At normal pressures  the damping  imposed on a thin reed 
by the surrounding atmosphere can be  much larger  than 
the internal  friction of the  sample itself. This phenomenon 
has been  known for many years  and,  indeed,  has found 
limited practical use in various  vibrating-reed pressure 
gauges [ 12-14]. Data  on  air damping for thin reed sam- 
ples used here  are shown in Fig. 3 (a). It  is  evident  that  at 
normal atmospheric  pressure,  the  air damping can  ex- 
ceed  the internal  friction of the reed by a factor of over 
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1000. The  pressure  at which the loss becomes negligibly 
small varies  appreciably  from tone  to tone and falls below 

torr  (1.33 X Pa)  for  the fundamental  mode. 
Reeds of higher  internal  friction  than that of Fig. 3 (a) 
are, of course, more tolerant of higher pressures.  In gen- 
eral,  however,  adequate reduction of the  atmospheric loss 
requires  evacuation by a diffusion pump. Figure 3 (a) also 
shows that  at  pressures below 0.1 torr  the  atmospheric 
damping  contribution is simply proportional to the pres- 
sure P ,  although the magnitude of the proportionality 
factor varies  according to  the  tone used. Above roughly 
0.1 torr  the  pressure  dependence becomes  much  less 
marked. This behavior can be  understood in terms of a 
transition  from  molecular flow to viscous flow [ IS ] .  In 
the  latter regime, the  viscosity of a gas becomes inde- 
pendent of its pressure.  For  the low-pressure (molecular 
flow)  region, we have calculated the logarithmic decre- 
ment  produced by the air  damping, SA, using simple ki- 
netic theory. The result is 

SA = 2 P /  f,pd& ( 2  

where P is the  air  pressure, ii is the  average molecular 
velocity (4.7 x lo4 cm/s  at  room temperature), p and d 
are the  density and  thickness of the  reed,  and f, is the 
frequency of the particular mode considered.  As  shown 
by the  three broken curves in Fig. 3 ( a ) ,  the  agreement of 
Eq. (2)  with experiment is good in the low-pressure 
region. 

A final noteworthy  result, shown in Fig. 3 (b) ,  is the 
downturn  evident in the  resonant  frequencies  as  the pres- 
sure  approaches  the normal atmospheric value. This 
loading effect is relatively  small,  amounting to a decrease 
of between  one and two  percent  for  the different tones. 
Nevertheless,  the  existence of such  an effect should be 
recognized, since a two  percent  error in the  determination 
of resonant  frequency leads to a  four percent  error in the 
determination of the  elastic  modulus of the sample. 

Transducer  losses 
An  assessment of the loss associated with the  transducer 
system  can be  made by considering a series circuit  con- 
sisting of a capacitor C ,  a resistance R ,  and a battery 
V,. The total capacitance C represents  the sum of two 
terms, C ,  and C,, where C, is the  capacitance formed be- 
tween a fixed electrode  and  the grounded reed,  and C, 
represents  the remaining stray  capacitance of the wiring. 
The  transducer loss is found by calculating the work 
done by the vibrating  reed per  cycle of vibration in gen- 
erating an  ac voltage signal of amplitude uo across the 
resistance R .  The  loss,  denoted by AWT, and the voltage 
u,, are given by 

l ~ o g  [ ~ ( t o r r ) ]  

Figure 3 (a) Damping of a thin reed as a  function of air pres- 
sure. (b)  Resonant frequencies of the  reed. The  measurements 
were made at room temperature using the  first, second. and 
fourth  tones of vibration. The broken curves give the  calcu- 
lated  air  damping superimposed on the background  internal 
friction of the sample. Note  that  the quantity plotted on the or- 
dinate is the  base-10 logarithm of the logarithmic decrement. 
The sample is a 50-ym reed of fused silica with a 0.45-ym film 
of niobium on each  face 

and 

wCR (4  

where o is the circular frequency of vibration, a ,  is the 
amplitude of motion of the  reed at the position of the 
electrode,  and g is the  gap  distance between the  reed and 
the  electrode.  Equations ( 3 )  and (4) are derived with 
the condition,  easily satisfied in practice,  that (a ,C, /gC)  
be small compared with one.  Inspection of Eq. (4) shows 
that  the  detection sensitivity  falls off when WT < 1 (where 
T is written for  the time constant C R )  and  tends  to a 
limiting asymptotic value for OT > 1. On  the  other  hand, 
it is seen  from  Eq.  (3)  that  the loss AW, follows the clas- 
sical Debye  form, exhibiting a maximum at UT = 1 and 
approaching zero asymptotically for  both  the high and 
low frequency limits. The optimal  combination of  high 
sensitivity and low loss is achieved in the region or >> 1. 337 
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Figure 4 (a) Damping of a pedestal-mounted reed of  fused 
silica,  50-pm  thick,  of the type  used  as a substrate for thin-film 
samples; measurements in the fundamental mode  at approxi- 
mately 40 Hz. (b) The temperature dependence of Young's 
modulus E ,  relative to the value at 25°C. as  deduced from the 
temperature dependence  of  the resonant frequency. Note the un- 
usual positive sign of temperature coefficient ( 1 / E )  ( d E /  dT.)  

The logarithmic decrement 6, associated with the  trans- 
ducer loss is given by 

6,=AWT/KJOS, ( 5 )  

where A ,  is the amplitude of motion at  the  free end of the 
reed  and K ,  is the effective spring constant of the mode 
(as in the  Appendix).  After  Eq. (3 )  is inserted into (5) it 
is seen  that 8, is independent of amplitude (since a ,  is 
proportional to A,)  and  depends  on  the  square of the 
voltage V,,. Consequently, a convenient  check  on  the 
absence of a significant detection loss can be made by 
repeating the damping measurement  after a  suitable 
change  (say  from 180 V to 90 V) in the supply  voltage 
to  the  detection circuit. As  an  alternative  procedure,  the 
damping can  be measured before  and  after  one of the 
two  electrodes  has been  disconnected and  grounded. 

Support  losses 
The  supported  end of a cantilevered  reed is the position 
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Some energy loss to  the  support is therefore inevitable. 
Unlike  the  air  and  transducer  losses  discussed  above, 
an  independent  assessment of this loss does  not  appear 
to  be possible. However,  the ability to  measure logarith- 
mic decrements below is an  adequate indication that 
the  support loss can  be reduced  to a  very low level. By 
far  the most important  factor in the reduction of the loss 
is the elimination of mechanical slippage and rubbing 
friction at  the  root of the reed. Some  procedures  for mak- 
ing satisfactory integral bonds  to a  supporting pedestal 
have been  mentioned  earlier. An  alternative  procedure, 
described by Scott  and  MacCrone [ 161, is to  form a reed 
and integral  mounting support in one piece by cutting 
slits in a rectangular blank. This may prove a  useful al- 
ternative to the  pedestal mounting system  for  some  ap- 
plications. 

The  importance of a low-loss support is illustrated by 
the following remarks. With a pedestal mounting, the 
measured  damping of a 50-pm fused silica reed (Fig. 4) 
is fully two  orders of magnitude  smaller than  that re- 
ported by Weiss and Smith [6]  for ultrathin (about lpm)  
substrate  reeds  supported by a mechanical clamp. In 
terms of the sensitivity to film losses,  the  greater thick- 
ness of the  present  reeds is therefore  more than  compen- 
sated  for by the reduction achieved in the level of damp- 
ing. At  the  same time, the larger reeds used here provide 
much greater experimental convenience  and  the ability 
to  work with many tones  beyond  the  fundamental. 

Transverse  thermal current losses 
Reeds in transverse vibration are  subject  to a calculable 
internal loss from a thermoelastic  mechanism [ 171. This 
loss is usually of no  direct  interest and simply contributes 
to the background damping. The magnitude of the loss 
can be calculated  from the  expression 

where E is Young's  modulus, a is  the linear expansion 
coefficient, T is the  absolute  temperature, p is the den- 
sity, S is the specific heat,  and f is the vibration frequency 
of the  reed.  The  frequency of peak loss, f,, is given by 

where D,, is the thermal diffusivity and d is the reed 
thickness. The loss is small in fused silica because of the 
low expansion  behavior of this  material. The loss is  also 
small in silicon below room  temperature  but  can  become 
appreciable at higher temperatures, particularly for fre- 
quencies approaching the peak frequency fw 

Frequency-related  phenomena 
We consider now the  frequency behavior of the  reed,  and 
factors  that influence the determination of the elastic 
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modulus. The frequencies f, of the cantilever modes of a 
reed may be  written in the  alternative  forms 

AfJ f ,  associated with a polarizing voltage V ,  is given 
for small amplitudes of vibration by the  expression 

where I is the length of the  reed, p is the mass  per unit 
length, and I is the  second moment of area of a cross s e e  
tion about  the neutral axis of bending (equal  to bd3 / 12, 
where b is the  breadth of the  reed).  At  the fundamental 
tone ( n  = 1 )  the mode parameter a' is 0.8790. The  fre- 
quencies of the  tones  increase in the  sequence (1.194)', 
(2.988)', 5', 7', 9'; . .. The  expressions shown in Eq. (8)  
neglect the effect of rotary  inertia, shear deformation, 
and  the  fact  that the fixed end of the reed is not free  to 
develop anticlastic curvature. Provided the reed is long 
compared  to both  its breadth and thickness,  the  error 
associated with neglect of these  terms is small and in 
many cases may be  unimportant compared with experi- 
mental errors in the determination of reed  thickness. As 
a  partial check  on  Eq. (8) ,  we  have  measured  the fre- 
quencies of the first seventeen  tones of a flat steel  reed 
prepared from feeler-gage stock for uniformity of thick- 
ness  and hard-soldered to a  massive block for optimal 
support.  The  measurements showed small but  systematic 
differences in the  sequence of observed  and calculated 
frequencies. Allowing for  the  fact  that E is proportional 
to f n z ,  it was  concluded  that inaccuracies in the theoretical 
values of an2 should not  cause a  variation of more than 
three  percent in the value of E as calculated  from the 
frequencies of the  various tones. Variations larger  than 
this are not  infrequently observed with thin reeds.  In 
some  cases,  the  scatter may be due simply to a lack of 
uniformity in the  thickness of the reed. However,  the 
scatter may also  serve  as a warning that  the  cross  sec- 
tion of the reed is slightly bowed or  warped,  an effect 
which has been observed with splat-cooled reeds [ 181. 

There  are  two  further effects that  can lead to  errors in 
the determination of E from f , .  Both of these effects are 
most important  for  the fundamental  mode and  both  are 
of the  sense  that  causes  the  apparent modulus to fall be- 
low the  true value. The first of these is the hydrodynamic, 
or radiation loading, effect that is shown in Fig. 3 (b).  The 
second  effect is electromechanical and originates from 
the  presence of the electric field between the specimen 
and  the  adjacent  electrodes. Because the  electrostatic 
force  exerted  on  the sample  varies as  the  square of the 
separation  distance,  the  electrostatic coupling is equiva- 
lent to a nonlinear  spring. The effect on  the  frequency 
may be treated by the general procedure described by 
Den  Hartog [ 191. For a pair of drive electrodes located 
at  the  free  end of the reed (the position for which the 
effect is greatest),  the fractional frequency  change of 
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For  the fundamental mode, where the effect is largest, 
use of a large polarizing voltage (270 V) has been  ob- 
served  to  decrease f 1 2  by as much as ten  percent. Gen- 
erally, the voltages  used are appreciably  smaller  than 
this,  and the frequency effect is then  greatly reduced.  The 
effect is most likely to be encountered with samples of 
moderately high damping, where  the drive  circuit  must 
be  used to maintain the vibration  amplitude for  the fre- 
quency-counting  interval. 

In  summary,  an  accurate  absolute determination of 
Young's  modulus by the vibrating reed  method requires 
a uniform flat sample of accurately known thickness,  the 
use of several overtones  as a consistency  check  on uni- 
formity,  and  careful attention  to  the  experimental con- 
ditions. 

Determination of the  strain  umplitude 
Particularly when dealing with nonlinear  effects, it  is 
often  desirable to know the strain  amplitude at which 
internal  friction measurements  are made.  From the mode 
shapes given in the  Appendix, it is readily found that the 
maximum  surface  strain emax at  the fixed end of the reed 
is related to  the amplitude of motion at  the  free  end, A,, 
by the relation 

Use of Eq. ( I O )  for  the  standard  reed used as a thin-film 
substrate reveals that a  strain of is associated with 
an amplitude A,, of 6 X cm. For successively  higher 
tones,  the value of A,, (for  the  same strain amplitude) 
drops rapidly,  and  is, for  example, only 4 X cm at 
the eighth tone. Except  for  the fundamental mode,  the 
amplitudes  used in practice were too small to  measure 
directly with a 50X microscope of sufficient working 
distance for  use outside  the vacuum  chamber. On the 
other  hand, emax may be readily calculated by equating 
the work done  per  cycle in steady,  resonant,  forced vibra- 
tion to the  energy  dissipated  during that  cycle.  The work 
done  per  cycle is rrFd,,,, where F ,  is the amplitude of 
the mechanical force  exerted by the  drive  electrodes.  The 
energy  dissipated per cycle is 6 . K J ; ,  where 6 is the 
logarithmic decrement  observed in free  decay. We thus 
obtain 

A ,  = T F , /  K ,  6. 

By evaluation of the quantity F ,  and  the  use of Eq. ( I O )  
we find 
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Figure 5 The oxygen Snoek peak  in a thin  film of niobium, 
vacuum deposited to a thickness of 0.45-pm on each face of a 
50-prn silica reed. Although the film is only two percent of the 
thickness of the substrate, note by comparison with Fig. 4 that 
at the peak the film causes the internal friction of the  reed to 
increase by a factor of more  than lo3. 

where u, is the amplitude of the ac drive voltage and m is 
the  mass of the sample. The following units have been 
used:  centimeters  for d ,  I ,  and g ;  grams for m; picofarads 
for C,, and volts for I/,, and u,. 

A useful procedure  for the determination of C ,  is to 
observe  the electromechanical Af-effect  in the funda- 
mental mode and  to calculate C,  from Eq. (9 ) .  It  turns 
out  that  most internal  friction measurements  are made at 
about  the  same strain  amplitude,  regardless of tone, with 
typical values falling in the range emax = 5 X to 2 X 

IO-'. Finally, it may be noted from Eq. ( 1 2 )  that if emax 
is held constant,  the  ac drive  voltage u,  is simply propor- 
tional to  the internal  friction 6. This  type of relation forms 

340 the basis for many electronic  feedback  systems  that  have 

been  designed for  the  continuous  measurement of in- 
ternal  friction at a single frequency [ 201. 

Composite  reeds for  studies of thin layers 
We  consider first the damping and  frequency of a  com- 
posite  sample produced by deposition of a thin film  of 
thickness t on a  reed substrate of thickness d.  With the 
restriction that t << d,  Eqs. ( 1 3 ) - (  15) apply whether  the 
film  is deposited wholly on  one side or is shared equally 
by the  two  faces of the  reed.  In practice, the  latter  ar- 
rangement is frequently  preferable because it essentially 
eliminates  bending of the reed under  the  action of the 
film stress [ 211. With the  assumptions of an  adherent 
film and a state of simple bending in the  reed,  the logarith- 
mic decrement 6 of the composite  sample is found to be 

6 = 6, + ( 3 t / d )  ( E , / E , )  a,, ( 1 3 )  

where 6, and E ,  represent  the logarithmic decrement  and 
Young's  modulus of the film, and 6, and E ,  denote  the 
same quantities for  the  substrate.  The  factor  three in 
Eq. ( 1 3 )  results  from  the  favorable distribution of strain 
energy across  the section of the reed. It should  be  noted 
that  Eq. ( 1 3 )  is independent of the distribution of strain 
along the length of the reed and  hence is valid for all 
tones of vibration. As a reasonable criterion of sensitivity 
to losses in the film, we may adopt  the condition that  the 
second  term  on  the right-hand side of Eq. ( 1 3 )  should 
be at  least  equal  to  the first term, 6,. Hence  we  obtain  the 
resolution  condition 

6, 2 ( d / 3 t )  ( E , / E , )  6,, ( 1 4 )  

which shows  the desirability of using a  thin substrate of 
the  lowest possible  internal  friction. To make practical 
use of condition ( 1 4 ) ,  we show in Fig. 4 the behavior of 
a 50-pm  bare silica reed after pedestal mounting and 
vacuum  annealing at 1 000°C. (Because of the insulating 
nature of this  sample, the vibration  was  initiated by tap- 
ping the vacuum  chamber,  and the damping measurements 
were performed  optically. Stroboscopic illumination was 
used for  the  frequency  measurements.)  It is evident  from 
Fig. 4 that  the damping of the reed  varies  smoothly with 
temperature and is encouragingly small. 

Inserting  the values d = 50 pm and 6, = into Eq. 
( 14), and setting E,/  E,  equal to  unity,  we find that damp- 
ing as small as 2 X should be detectable in a film 
only 0.1 pm thick. This  measurement sensitivity will 
permit a broad  scope of internal  friction studies of thin 
films. 

The  frequencies f, of the composite reed  are related 
to  the  frequencies f,(O) of the  bare  substrate by the ex- 
pression 
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where pr and p, are  the densities of the film and the sub- 
strate, respectively. The  two  terms of this  expression 
reflect the opposing  effects of the  elasticity  and  inertia 
of the film. The reed frequencies  are predicted to  increase 
if 3 E,/   E,  > p,/ ps (as  for AI on SO,) , and  to  decrease if 
3E,/E, < p f / p s  (as  for Au on  SiO,). Although the magni- 
tude of such a frequency  change is large enough to be 
useful, it generally does not  permit an  accurate  deter- 
mination of the modulus of a thin film. 

The prediction of one interesting  frequency effect fol- 
lows  from the  data of Fig. 4. Because of the unusual posi- 
tive  value of the  temperature coefficient ( 1 / E )  d E / d T  
for fused  silica, it can be expected  that  certain  composite 
reeds may exhibit  natural frequencies with  remarkably 
low temperature coefficients ( 1 / f,) df,/ dT,  a property 
which may be of some  practical interest. 

With minor reinterpretation of meaning, Eqs. (13)  and 
(14) apply equally well to  the consideration of losses in 
any thin surface  layer, produced for  example by ion im- 
plantation, electrodeposition,  oxide  growth, a surface 
reaction, etc.  On  the  other hand, it may be  necessary to 
replace  Eq. (15) with a different expression.  For ex- 
ample, if ion implantation produces  an altered surface 
layer of thickness t ,  modulus E,  and density p l ,  but with 
conservation of total mass,  the  appropriate  frequency 
expression  becomes [ 221 0. 

Illustrative results on thin films 
Examples of the  use of the  apparatus  for the  study of 
both  splat-cooled amorphous metallic alloys and ion- 
implantation  effects in silicon have been given in earlier 
publications [8, 18, 221. We  present here  two  examples 
of the observation of relaxation phenomena in thin metal- 
lic films, using the  composite sample approach described 
in the  previous  section. 

The first example (Fig. 5 )  shows the excellent  resolu- 
tion of the Snoek  peak due  to interstitial  oxygen in an 
evaporated film of niobium, as measured at the  first, 
second, and fourth  tones of the reed. Measurements of 
this type  provide information on both the  concentration 
of interstitial  oxygen and  the kinetics of oxygen  atom 
migration in the film. Specifically, from  the data of Fig. 5 
it can be concluded that  the film contains  about 0.6 atom- 
ic percent of dissolved  oxygen, which migrates with an 
activation  energy of 1.17 eV (a  value identical with the 
bulk value).  Studies of this type, which will be reported 
in a later  paper,  have  demonstrated  the  great susceptibil- 
ity of niobium films to progressive  interstitial  contamina- 
tion  during  vacuum heat  treatments  and  have given  con- 
siderable insight into a modification of the normal  Snoek 
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Figure 6 Frequency dependence of the internal friction of an 
evaporated aluminum  film (0.29-ym total thickness) deposited 
equally on both sides of a 50-ym silica reed substrate. Measure- 
ments were made at  the first, second, third,  and eighth tones of 
vibration, for each temperature indicated. 

relaxation  behavior which occurs in a thin film subject 
to a large internal stress. 

The second  example (Fig. 6) shows a set of measure- 
ments  taken as a  function of frequency on a silica reed 
supporting  a  thin  aluminum film. These  data, which cover 
a factor of 160 in frequency and  include measurements 
up to  the eighth tone, reveal the  existence of a relaxation 
effect which changes in both  height  and  location as  the 
temperature of the sample is changed from 10 1" to 450°C. 
The responsible  mechanism is as yet  unknown. None- 
theless,  the  results  themselves  serve  as  an illustration 
of the  experimental  capability  provided by the vibrating 
reed apparatus  and emphasize the  advantage of a wide 
frequency range in the  characterization of anelastic be- 
havior. 

Concluding remarks 
Despite  the  great  increase of interest in thin films and 
other thin-layer structures  that  has accompanied the 
growth of the microelectronics industry, very little work 
has so far been reported  on the characterization of such 
structures by internal  friction measurements [23] .  In 
many  situations of practical interest,  these  measurements 
can now be made in a convenient  and  attractive  manner 
with the  present  apparatus. As for bulk materials, the 
principal use of the  measurements is expected  to  be  the 
investigation of structural  disorder, atomic movements, 
and  defect-related  phenomena. However, it is already 
clear from as  yet  unreported work that the apparatus can 
also  be useful in other ways. For example,  information 
has been  obtained relating to  the elastic properties of 341 
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thin films and  the magnetic properties of amorphous 
alloys. Much  further use of the  apparatus  can be foreseen 
in the  areas of thin films, ion-implantation layers,  and 
splat-cooled  materials. In  addition, it is likely that  other 
interesting  applications may arise in the investigation of 
electrodeposited  thin layers, or layers formed by a sur- 
face  or interface  reaction. 

While the  apparatus  thus has a wide  range of possible 
use, its  limitations  must  not be overlooked. For com- 
posite samples, the  foremost  requirements  are  that  the 
substrate must be  thin,  and of a low-damping material 
which can  be  supported in a loss-free  manner. Despite 
these limitations, the difficulties associated with the al- 
ternative  approach of detaching  and working  with un- 
supported films would seem to  favor adoption of the 
composite  sample approach in most cases.  Indeed,  rather 
than regarding the  substrate  as  an enemy to be  eliminated 
or minimized at all costs,  the  present work  illustrates the 
advantages  to be gained from harnessing the  substrate 
as a true working partner of the  composite sample. Al- 
though the thin layer of interest must dominate  the  over- 
all dissipation,  the  substrate can  be the  means whereby 
layers of conveniently  large area can  be  examined at  the 
audio frequencies frequently so useful for  the investiga- 
tion of thermally-activated  relaxation processes,  and 
over  the wide frequency range so important for  the  char- 
acterization of the behavior and  the  accurate determina- 
tion of activation  energies. 

Appendix: Flexural  modes of a cantilever reed 
The  frequencies of the natural modes  are  discussed in 
the section on frequency-related  phenomena. The mode 
shapes of the fundamental  and successive  odd  tones 
( n  = 1 ,  3 ,  5 ; . . )  are given by 

A ,  cosh(  2anx/ 1 )  sin(2anx//)}. I Y , b )  =- + 2 cosh an sina, (AI )  

The  shapes of successive  even  tones ( n  = 2, 4 6 , '  . .) are 
given by 

+ 
In Eqs. (A 1) and (A2), y,(x) is the lateral  displacement 
of the  reed  at a distance x  from the  center of the reed 
taken  as  the origin, and A ,  is the displacement of the 
free  end of the reed (x/  I = + 0.5). The mode parameters 
have  the values a1 = 0.29843~;  a2 = 0.74709~;  a3 = 
1.250 1 3 ~ ,  and  thereafter  can be taken simply as a, ( n  > 
3) = ( n  - +)TI 2. The positions of the nodes may be ob- 
tained by solving Eqs. (A 1 )  and (A2) for  the condition 
y,(x) = 0. Results  for  the first seven  tones  are given in 
Ref. [ 11, p. 629. The strain  energy stored in the  reed, 

342 W,,  is obtained by evaluating the integral 
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where  the primes denote differentiation  with respect  to 
x. The  results  for all tones  are given by the expression 

Since the effective spring constant K ,  of each mode is 
given by the  expression 

w, = 8 K , A , ~ ,  

we  have 

K ,  = 4an4 El / P. 
Combining  Eq. (A6) with Eq. (8) , we see  that 

This  expression permits  a convenient experimental  de- 
termination of K ,  from the mode frequency f ,  and  the 
mass of the  reed. m. 
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