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(57) ABSTRACT 

Disclosed is a system for the characterization of thin ?lms 
and interfaces betWeen thin ?lms through measurements of 
their mechanical and thermal properties. In the system light 
is absorbed in a thin ?lm or in a structure made up of several 
thin ?lms, and the change in optical transmission or re?ec 
tion is measured and analyzed. The change in re?ection or 
transmission is used to give information about the ultrasonic 
Waves that are produced in the structure. The information 
that is obtained from the use of the measurement methods 
and apparatus of this invention can include: (a) a determi 
nation of the thickness of thin ?lms With a speed and 
accuracy that is improved compared to earlier methods; (b) 
a determination of the thermal, elastic, and optical properties 
of thin ?lms; (c) a determination of the stress in thin ?lms; 
and (d) a characterization of the properties of interfaces, 
including the presence of roughness and defects. 
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OPTICAL STRESS GENERATOR AND DETECTOR 

CLAIM OF PRIORITY FROM A COPENDING 
PROVISIONAL PATENT APPLICATION: 

[0001] Priority is herewith claimed under 35 U.S.C. 
§119(e) from copending Provisional Patent Application hav 
ing application Ser. No. 60/010,543, ?led on Jan. 23, 1996 
in the names of Humphrey Maris and Robert Stoner, and 
entitled “Improved Optical Stress Generator and Detector”. 
This Provisional Patent Application is incorporated by ref 
erence herein in its entirety. 

STATEMENT OF GOVERNMENT RIGHTS: 

[0002] This invention Was made With government support 
under grant/contract number DEFG02-ER45267 aWarded by 
the Department of Energy. The government has certain 
rights in the invention. 

FIELD OF THE INVENTION: 

[0003] This invention relates to a system for measuring the 
properties of thin ?lms, and more particularly to a system 
Which optically induces stress pulses in a ?lm and Which 
optically measures the stress pulses propagating Within the 
?lm. 

BACKGROUND OF THE INVENTION: 

[0004] Presently, the nondestructive evaluation of thin 
?lms and interfaces is of interest to manufacturers of elec 
trical, optical and mechanical devices Which employ thin 
?lms. In one nondestructive technique a radio frequency 
pulse is applied to a pieZoelectric transducer mounted on a 
substrate betWeen the transducer and the ?lm to be studied. 
A stress pulse propagates through the substrate toWard the 
?lm. At the boundary betWeen the substrate and the ?lm, part 
of the pulse is re?ected back to the transducer. The remain 
der enters the ?lm and is partially re?ected at the opposite 
side to return through the substrate to the transducer. The 
pulses are converted into electrical signals, ampli?ed elec 
tronically, and displayed on an oscilloscope. The time delay 
betWeen the tWo pulses indicates the ?lm thickness, if the 
sound velocity in the ?lm is knoWn, or indicates the sound 
velocity, if the ?lm thickness is knoWn. Relative amplitudes 
of the pulses provide information on the attenuation in the 
?lm or the quality of the bond betWeen the ?lm and the 
substrate. 

[0005] The minimum thickness of ?lms Which can be 
measured and the sensitivity to ?lm interface conditions 
using conventional ultrasonics is limited by the pulse length. 
The duration of the stress pulse is normally at least 0.1 ysec 
corresponding to a spatial length of at least 3x10“2 cm for an 
acoustic velocity of 3><105 cm/sec. Unless the ?lm is thicker 
than the length of the acoustic pulse, the pulses returning to 
the transducer Will overlap in time. Even if pulses as short 
in duration as 0.001 ysec are used, the ?lm thickness must 
be at least a feW microns. 

[0006] Another technique, acoustic microscopy, projects 
sound through a rod having a spherical lens at its tip. The tip 
is immersed in a liquid covering the ?lm. Sound propagates 
through the liquid, re?ects off the surface of the sample, and 
returns through the rod to the transducer. The amplitude of 
the signal returning to the transducer is measured While the 
sample is moved horiZontally. The amplitudes are converted 
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to a computer-generated photograph of the sample surface. 
Sample features beloW the surface are observed by raising 
the sample to bring the focal point beneath the surface. The 
lateral and vertical resolution of the acoustic microscope are 
approximately equal. 

[0007] Resolution is greatest for the acoustic microscope 
When a very short Wavelength is passed through the coupling 
liquid. This requires a liquid With a loW sound velocity, such 
as liquid helium. An acoustic microscope using liquid 
helium can resolve surface features as small as 500 Ang 
stroms, but only When the sample is cooled to 0.1 K. 

[0008] Several additional techniques, not involving gen 
eration and detection of stress pulses, are available for 
measuring ?lm thickness. Ellipsometers direct elliptically 
polariZed light at a ?lm sample and analyZe the polariZation 
state of the re?ected light to determine ?lm thickness With 
an accuracy of 3-10 Angstroms. The elliptically polariZed 
light is resolved into tWo components having separate polar 
iZation orientations and a relative phase shift. Changes in 
polariZation state, beam amplitudes, and phase of the tWo 
polariZation components are observed after re?ection. 

[0009] The ellipsometer technique employs ?lms Which 
are reasonably transparent. Typically, at least 10% of the 
polariZed radiation must pass through the ?lm. The thickness 
of metal sample ?lms thus cannot exceed a feW hundred 
Angstroms. 

[0010] Another technique uses a small stylus to mechani 
cally measure ?lm thickness. The stylus is moved across the 
surface of a substrate and, upon reaching the edge of a 
sample ?lm, measures the difference in height betWeen the 
substrate and the ?lm. Accuracies of 10-100 Angstroms can 
be obtained. This method cannot be used if the ?lm lacks a 
sharp, distinct edge, or is too soft in consistency to accu 
rately support the stylus. 

[0011] Another non-destructive method, based on Ruther 
ford Scattering, measures the energy of backscattered 
helium ions. The lateral resolution of this method is poor. 

[0012] Yet another technique uses resistance measure 
ments to determine ?lm thickness. For a material of knoWn 
resistivity, the ?lm thickness is determined by measuring the 
electrical resistance of the ?lm. For ?lms less than 1000 
Angstroms, hoWever, this method is of limited accuracy 
because the resistivity may be non-uniformly dependent on 
the ?lm thickness. 

[0013] In yet another technique, the change in the direc 
tion of a re?ected light beam off a surface is studied When 
a stress pulse arrives at the surface. In a particular applica 
tion, stress pulses are generated by a pieZoelectric transducer 
on one side of a ?lm to be studied. Alaser beam focused onto 
the other side detects the stress pulses after they traverse the 
sample. This method is useful for ?lm thicknesses greater 
than 10 microns. 

[0014] A ?lm may also be examined by striking a surface 
of the ?lm With an intense optical pump beam to disrupt the 
?lm’s surface. Rather than observe propagation of stress 
pulses, hoWever, this method observes destructive excitation 
of the surface. The disruption, such as thermal melting, is 
observed by illuminating the site of impingement of the 
pump beam With an optical probe beam and measuring 
changes in intensity of the probe beam. The probe beam’s 
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intensity is altered by such destructive, disruptive effects as 
boiling of the ?lm’s surface, ejection of molten material, and 
subsequent cooling of the surface. See DoWner, M. C.; Fork, 
R. L.; and Shank, C. V., “Imaging With Femtosecond Optical 
Pulses”, Ultrafast Phenomena IV, Ed. D. H. Auston and K. 
B. Eisenthal (Spinger-Verlag, NY. 1984), pp. 106-110. 

[0015] Other systems measure thickness, composition or 
concentration of material by measuring absorption of suit 
ably-chosen Wavelengths of radiation. This method is gen 
erally applicable only if the ?lm is on a transparent substrate. 

[0016] In a nondestructive ultrasonic technique described 
in US. Pat. No. 4,710,030 (Tauc et al.), a very high 
frequency sound pulse is generated and detected by means 
of an ultrafast laser pulse. The sound pulse is used to probe 
an interface. The ultrasonic frequencies used in this tech 
nique typically are less than 1 THZ, and the corresponding 
sonic Wavelengths in typical materials are greater than 
several hundred Angstroms. It is equivalent to refer to the 
high frequency ultrasonic pulses generated in this technique 
as coherent longitudinal acoustic phonons. 

[0017] In more detail, Tauc et al. teach the use of pump 
and probe beams having durations of 0.01 to 100 psec. These 
beams may impinge at the same location on a sample’s 
surface, or the point of impingement of the probe beam may 
be shifted relative to the point of impingement of the pump 
beam. In one embodiment the ?lm being measured can be 
translated in relation to the pump and probe beams. The 
probe beam may be transmitted or re?ected by the sample. 
In a method taught by Tauc et al. the pump pulse has at least 
one Wavelength for non-destructively generating a stress 
pulse in the sample. The probe pulse is guided to the sample 
to intercept the stress pulse, and the method further detects 
a change in optical constants induced by the stress pulse by 
measuring an intensity of the probe beam after it intercepts 
the stress pulse. 

[0018] In one embodiment a distance betWeen a mirror 
and a corner cube is varied to vary the delay betWeen the 
impingement of the pump beam and the probe beam on the 
sample. In a further embodiment an opto-acoustically inac 
tive ?lm is studied by using an overlying ?lm comprised of 
an opto-acoustically active medium, such as arsenic tellu 
ride. In another embodiment the quality of the bonding 
betWeen a ?lm and the substrate can be determined from a 
measurement of the re?ection coef?cient of the stress pulse 
at the boundary, and comparing the measured value to a 
theoretical value. 

[0019] The methods and apparatus of Tauc et al. are not 
limited to simple ?lms, but can be eXtended to obtaining 
information about layer thicknesses and interfaces in super 
lattices, multilayer thin-?lm structures, and other inhomo 
geneous ?lms. Tauc et al. also provide for scanning the 
pump and probe beams over an area of the sample, as small 
as 1 micron by 1 micron, and plotting the change in intensity 
of the re?ected or transmitted probe beam. 

[0020] While Well-suited for use in many measurement 
applications, it is an object of this invention to eXtend and 
enhance the teachings of Tauc et al. 

OBJECTS OF THE INVENTION: 

[0021] It is thus an object of this invention to provide an 
improved optical generator and detector of stress pulses. 
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[0022] It is a further object of this invention to provide an 
improved ultrafast optical technique for measuring stress in 
a thin ?lm. 

[0023] It is still another object of this invention to provide 
an improved ultrafast optical technique for determining the 
elastic modulus, sound velocity, and refractive indeX of a 
thin ?lm. 

[0024] It is a still further object of this invention to provide 
an improved ultrafast optical technique for characteriZing an 
interface betWeen tWo materials, such as an interface 
betWeen a substrate and an overlying thin ?lm. 

[0025] It is another object of this invention to provide an 
ultrafast optical technique for determining a derivative of a 
transient response of a sample to a pump pulse, and for 
correlating the derivative With a characteristic of interest, 
such as the static stress Within the sample. 

[0026] It is another object of this invention to provide an 
ultrafast optical technique for varying a temperature of the 
sample and, While varying the temperature, for determining 
a derivative of the acoustic velocity Within the sample and 
for subsequently correlating the derivative of the acoustic 
velocity With the static stress Within the sample. 

[0027] It is another object of this invention to provide an 
ultrafast optical technique for determining an electrical 
resistivity of a sample. 

[0028] It is a further object of this invention to provide 
simulation methods for modelling a time-evolved effect of a 
stress pulse generated Within a sample of interest, and to 
then employ the model to characteriZe the sample. 

[0029] t is a further object of this invention to provide an 
ultrafast optical technique for measuring a characteristic of 
interest in a patterned, periodic, multilayered structure. 

[0030] It is one still further object of this invention to 
provide an ultrafast optical system and technique Wherein 
optical ?bers are used to advantage for directing and/or 
focussing at least one of an incident pump beam, and 
incident probe beam, or a re?ected or transmitted probe 
beam. 

[0031] It is another object of this invention to provide a 
non-destructive system and method for simultaneously mea 
suring at least tWo transient responses of a structure to a 
pump pulse, the measured transient responses comprising at 
least tWo of a measurement of a modulated change AR in an 
intensity of a re?ected portion of a probe pulse, a change AT 
in an intensity of a transmitted portion of the probe pulse, a 
change AP in a polariZation of the re?ected probe pulse, a 
change A(]) in an optical phase of the re?ected probe pulse, 
and a change in an angle of re?ection A6 of the probe pulse. 

[0032] It is one further object of this invention to provide 
a non-destructive system and method for determining a 
characteristic of a sample that includes an automatic control 
over the focussing of pump and probe beams at the sample 
so as to provide a reproducible intensity variation of the 
beams during each measurement. 

SUMMARY OF THE INVENTION 

[0033] The foregoing and other problems are overcome 
and the objects of the invention are realiZed by methods and 
apparatus in accordance With embodiments of this invention. 
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[0034] This invention relates to a system for the charac 
teriZation of thin ?lms and interfaces betWeen thin ?lms 
through measurements of their mechanical, optical, and 
thermal properties. In the system of this invention incident 
light is absorbed in a thin ?lm or in a structure made up of 
several thin ?lms, and the change in optical transmission or 
re?ection is measured and analyZed. The change in re?ec 
tion or transmission is used to give information about the 
ultrasonic Waves that are produced in the structure. The 
information that is obtained from the use of the measure 
ment methods and apparatus of this invention can include: 
(a) a determination of the thickness of thin ?lms With a speed 
and accuracy that is improved compared to earlier methods; 
(b) a determination of the thermal, elastic, electrical, and 
optical properties of thin ?lms; (c) a determination of the 
stress in thin ?lms; and (d) a characteriZation of the prop 
erties of interfaces, including the presence of roughness and 
defects. 

[0035] The invention features a radiation source for pro 
viding a pump beam and a detection system for non 
destructively measuring the properties of one or more inter 
faces Within a sample. The radiation source provides the 
pump beam so as to have short duration radiation pulses 
having an intensity and at least one Wavelength selected to 
non-destructively induce a propagating stress Wave in the 
sample, a radiation source for providing a probe beam, a 
mechanism for directing the pump beam to the sample to 
generate the stress Wave Within the sample, and a mecha 
nism for guiding the probe beam to a location at the sample 
to intercept the stress Wave. A suitable optical detector is 
provided that is responsive to a re?ected or transmitted 
portion of the probe beam for detecting a change in the 
optical constants of the material induced by the stress Wave. 

[0036] In one embodiment, the optical detector measures 
the intensity of the re?ected or transmitted probe beam. The 
pump and probe beam may be derived from the same source 
that generates a plurality of short duration pulses, and the 
system further includes a beam splitter for directing a ?rst 
portion of the source beam to form the pump beam, having 
the plurality of pulses, and directing a second portion to 
form the probe beam, also having the plurality of pulses. The 
source beam has a single direction of polariZation and the 
system further includes means for rotating the polariZation 
of the probe beam and a device, disposed betWeen a sample 
and the optical detector, for transmitting only radiation 
having the rotated direction of polariZation. The system may 
further include a temperature detector and a chopper for 
modulating the pump beam at a predetermined frequency. 
The system can further include a mechanism for establishing 
a predetermined time delay betWeen the impingement of a 
pulse of the pump beam and a pulse of the probe beam upon 
the sample. The system can further include circuitry for 
averaging the output of the optical detector for a plurality of 
pulse detections While the delay betWeen impingements 
remains set at the predetermined time delay. The delay 
setting mechanism may sequentially change the predeter 
mined time delay and the circuitry for averaging may 
successively average the output of the optical detector 
during each successive predetermined time delay setting. 

[0037] By eXample, the pump beam may receive 1% to 
99% of the source beam, and the source beam may have an 
average poWer of 10 MW to 10 kW. The source beam may 
include Wavelengths from 100 Angstroms to 100 microns, 
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and the radiation pulses of the source beam may have a 
duration of 0.01 psec to 100 psec. 

[0038] The sample may include a substrate and at least one 
thin ?lm to be eXamined disposed on the substrate such that 
interfaces eXist Where the ?lms meet, and/or Where the ?lm 
and the substrate meet. For a sample With an optically 
opaque substrate, at the pump Wavelength, the pump and 
probe beams may both impinge from the ?lm side, or the 
pump may impinge from the ?lm side and the probe may 
impinge from the substrate side. For a sample With a 
transparent substrate, both beams may impinge from the ?lm 
side, or from the substrate side, or from opposite sides of the 
sample. The optical and thermal properties are such that the 
pump pulse changes the temperature Within at least one ?lm 
With respect to the substrate. The temperature Within one or 
more of the thin ?lms disposed on the substrate may be 
uniform, and may be equal in several ?lms. The ?lms may 
have thicknesses ranging from 1 A to 100 microns. At least 
one ?lm in the sample and/or the substrate has the property 
that When a stress Wave is present it causes a change in the 
intensity, optical phase, polariZation state, position, or direc 
tion of the probe beam at the detector. The probe beam 
source may provide a continuous radiation beam, and the 
pump beam source may provide at least one discrete pump 
pulse having a duration of 0.01 to 100 psec and an average 
poWer of 10 MW to 1 kW. Alternatively the probe beam 
source may provide probe beam pulses having a duration of 
0.01 to 100 psec, the pump beam and probe beam may 
impinge at the same location on the sample, and the mecha 
nisms for directing and guiding may include a common lens 
system for focusing the pump beam and the probe beam onto 
the sample. The position of impingement of the probe beam 
may be shifted spatially relative to that of the pump beam, 
and the probe beam may be transmitted or re?ected by the 
sample. 

[0039] One or more ?ber optic elements may be incorpo 
rated Within the system. Such ?bers may used to guide one 
or more beams Within the system for reducing the siZe of the 
system, and/or to achieve a desired optical effect such as 
focussing of one or more beams onto the surface of the 
sample. To achieve focussing, the ?ber may be tapered, or 
may incorporate a small lens at its output. A similar focus 
sing ?ber can be used to gather re?ected probe light and 
direct it to an optical detector. A ?ber may also be used to 
modify the beam pro?le, or as a spatial ?lter to effect a 
constant beam pro?le under Widely varying input beam 
conditions. 

[0040] This invention advantageously provides a non 
destructive system and method for measuring at least one 
transient response of a structure to a pump pulse of optical 
radiation, the measured transient response or responses 
including at least one of a measurement of a modulated 
change AR in an intensity of a re?ected portion of a probe 
pulse, a change AT in an intensity of a transmitted portion of 
the probe pulse, a change AP in a polariZation of the re?ected 
probe pulse, a change A(]) in an optical phase of the re?ected 
probe pulse, and a change in an angle of re?ection A6 of the 
probe pulse, each of Which may be considered as a change 
in a characteristic of a re?ected or transmitted portion of the 
probe pulse. The measured transient response or responses 
are then associated With at least one characteristic of interest 
of the structure. 


























































