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Simultaneous measurement of changes in thickness and refractive
index of weakly absorbing self-standing solid films using optical
interferometry

N. Easwar,® R. Fantini,”) and E. Willis®
Department of Physics, Smith College, Northampton, Massachusetts 01063

(Received 1 August 2000; accepted for publication 23 March P001

A nondestructive optical interferometric method, which enables a direct and simultaneous
measurement of small changes in both thickness and refractive index of thin films, is described.
Optical interferometric methods are sensitive to the changes in the optical path (geggroduct

of the refractive index and the physical thicknetssough the film. Thus, when the film is subjected

to changing environmental conditions such as changing temperature or humidity, it is a challenge to
determine the change in thickness and the change in refractive index separately, using
interferometry. By simultaneously monitoring two different sets of interference fringes, i.e.,
transmission and reflection fringes, we have been able to successfully address this challenge. Our
measurements on well-characterized pedigree glass samples are presented. The results agree well
with the expected values for these samples, supporting the feasibility of this characterization
technique to new materials. Self-standing, transpareeakly absorbingfilms ranging in thickness

from tens to hundreds of microns can be characterized from direct measuremeng001©
American Institute of Physics[DOI: 10.1063/1.1372676

The properties of thin films could differ greatly from in polarization of monochromatic light on reflection is mea-
those of bulk samples of the same material. Hence, measursured at several wavelengths and angles of incidence. Ellip-
ments must be made on the material in thin-film form. Thesometry can be used for films on substrates and works well
changes in thickness of thin films due to changing temperafor very thin films. However, the analysis of data for thicker
ture, for example, are on the order of optical wavelengthdilms (relative to the wavelength useldecomes increasingly
and, hence, demand high precision in the measurements. Ugroblematic. Some other methods used for thin-film charac-
ing an optical method allows for this kind of precision while terization are as follows@) soft x-ray reflectance measure-
being nondestructive to the film. The challenge that arisesnents used for very thin film®, (b) the measurement of the
with an optical interferometric method comes from the factangular modulation of the reflected intensities from the front
that the critical parameter affecting the measurements is thend back surfaces of the filM,(c) the combined measure-
optical thickness of the film, which is the product of the ment of the reflectivity and the coefficient of reflectivity dif-
refractive index and the physical thickness. ferentiated with respect to the incident angle of lihand

Interferometric methods have been commonly used fofd) the measurement of transmittance spetird’In most of
thin-film characterizatiod=° It is important to note here that the methods above, the optical constants are obtained from a
most of these techniques are used to measure the absolii#ing procedure to appropriate theoretical calculations. An
thickness and/or refractive indgxot changes in these pa- optical interferometric method using a combination of a
rametery and most often, the setup is not easily adaptable tenodified Jamin interferometer and a thin-wedge technique
subjecting the film to changing environmental parameterdias been reported for determining the thickness and optical
such as temperature or humidity. In general, the methodidex directly*® The method described in this note is useful
used to measure changes in either of these two characteri® make a simultaneous measurement of the changes in both
tics, namely, thicknes$t) or refractive index ), usually the thickness and optical index characteristics of the films
end up measuring changes in the optical thickne@st) of with changing temperature. Films from a few microns to
the film. From this, the change in either thickneast) or ~ several hundred microns in thickness can be studied by using
refractive index (An) is extracted by eithefa) an indepen- a novel combination of two very fundamental sets of inter-
dent measurement of the change in the other parameter, uigrence patterns from a film, i.e., reflection and transmission
ing a bulk sample of the materi&lor (b) by using an inde- fringe patterns.
pendent model for estimating or calculating the change in the  As discussed above, the overall change in the optical
other parametéerThe common optical method for character- path through the film must be separated into changes attrib-

izing thin films is ellipsometry~® In this method, the change uted to each of the two parameters. Therefore, in designing
this experiment it was necessary to incorporate two indepen-

a . . dent methods of measuring the changes in the film. A com-
Electronic mail: neaswar@smith.edu . . .. . .

bCurrently at Raytheon Company, Tewksbury, MA 01876. b_|nat|on of transmission and reflection interferometry pro-
9Currently at Teledyne Brown Engineering, Huntsville, AL 35807. vides the solution.
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FIG. 1. Schematic of the double-slit arrangement for transmission fringes. At | \ / |
The film thickness is shown highly exaggerated. J_ — o —

Transmission fringes: In this arrangement, a laser is in_FIG. 2. Schematic representation of the reflection fringes. The dashed lines
. oo : o] he situation for th film.
cident on a double slit with a film placed in front of one of fepresent the situation for the expandadated fim
the slits(see Fig. L When the beams originating AtandB
meet, they produce a pattern of interference fringes on &rom Eqgs.(4) and(5), for smalli,
screen. The optical path differen¢®@PD) between the two A(OPD)= (OPD),— (OPD),=2A(nt)=(Amg)\.  (6)

beams for a poinP on the screen is given by
. It should be noted from Eq$3) and (6) that the trans-
(OPD)1=[(D1~ty) + Nty mission fringes are sensitive th(nt) —A(t), while the re-
—D,(before temperature change (1) flection fringes, for low angles of incidence, are sensitive to
A(nt). Further, ifny, t; are the refractive index and thick-
ness of the film at temperatuflg, andn,, t, their values at
temperatureT,, then,

whereD; is the geometrical distance frofkto P, D, is the
distance fromB to P, n; is the initial refractive index of the
film, andt, is the initial thickness. There will be a bright or
dark fringe atP depending on whether this optical path dif- N,=n;+nNia,(To—Ty), (7
ference is an integral or a half-integral multiple »f the

wavelength of light. When the film is heated, the optical path =t Ftia(To=Ty), (8)
length of the beam originating & changes, causing a shift where «,, and «; are the temperature coefficients of the
in the fringe pattern. If the refractive index and thickness ofthickness change and refractive index change, respectively.

the film after heating are, andt,, a; is positive, whereag,, can be either positive or negative
_ depending on the material and the temperatures involved.
OPD),=[(D,—ty)+nyt
( )2=[(D1= 1)+ ot The working equations can be derived by combining Egs.
—D,(after temperature change (2 (3), (6), (7), and(8), and puttingAT=T,— T,
From Egs.(1) and(2), [(ng—1)a;+Nnia,Jt;AT=(Amy)\, 9
A(OPD)=(OPD)2—(OPD)1=A(nt)—A(t)=(AmT)(AS,) [2n;(an+ o) [t AT=(AmR)\. (10

Our experimental design incorporates the two ideas dis-
cussed above. A He—Ne laser is directed on a beam splitter,
e . 4 , as shown in Fig. 3. One of the two beams from the beam
due to the shift in the fringe pattern on heating the film. ForSplitter passes through the film while the other half is di-

inst_an?(_a, i durin% heatint;g(OPlr?) WZS equal t?" tr(wjen ON€ " verted to a mirror a small distance aweee Figs. 3 and)4
entire fringe would pass by a photodetector placed at gint The mirror directs the beam into the path of the transmitted

. Reflection fringes: For our second method, we use th%eam so that the two will eventually meet and interfere at the
interference of the beams reflected off of the front and bac'first magnifying lens. One of the two interfering beams

fac%s of t.hef fum,bas Show?} inﬂFig. hz For. algiver?langlthe ,Ofpasses through the film. Placing the mirror close to the beam
Incidence of the beam on the film, the optical path length is splitter helps to increase the fringe spacing. The film is sur-

depebndent _clmlé/ on tgehrefractive index and the thickness. I|Iounded by a brass plate on either side. The brass plates have
can be easlly derived that windows and the film is mounted part of the way into the

where A(nt)=n,t,—n4t; and A(t)=t,—t;. Ams is the
change in the order of the transmission fringe at the pjnt

(OPD),=2t,[n2—sir? (i)]*? window, as shown in Fig. 4. One of the interfering beams
passes through the part of the window interposed by the film,

(before temperature change (4 while the second interfering beam passes clear of the film
(OPD),=2t,[n2—sir? (i)]*2 through the same window. The brass plates are wrapped with

heater bands and insulated with fiberglass insulation. This is
(after temperature change (5)  part of the temperature control system that is used to set and
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FIG. 3. Schematic diagram of the experimental setup. The angle of inci-
dence of the laser beam on the film is shown exaggerated for clarity.

(@)
control the temperature of the film. A thermistor attached to
the film measures its temperature directly. Microscope objec-
tives are used to magnify the interference pattern. A photo-
diode is used as a detector. Very sharp, high contrast inter
ference fringes can be seen on a screen placed in the plane
the photodetector. The reduction in intensity of the beam
through the film is small and does not affect the sharp vis-
ibility of the fringes. If it becomes a problem, a neutral den- g:
sity filter can be introduced in the path of the other beam to
compensate for this and restore sufficient contrast needed fo&
the measurements. On heating the film, the fringe patterrgm
shifts and the light incident on the photodiode alternates be-
tween bright and dark, producing waves as the output on the
chart recorder. When the recorder moves from one peak tc
the next, the optical path difference between the two beams
has changed by 632.8 nm, the wavelength of the light from
the He—Ne laser. The film is oriented at a low angle of inci-
dence, so that the beam that is reflected off of it will reach )
the detection setup, as shown in Fig. 3. After passing through
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a magnifying lens, the reflected pattern is detected by a phd:_IG. 5. (a) Fused silica: graph of the measuradh; and Am; against the

todetector and observed on a chart recorder. The fringe pai—

roduct of sample thickness and temperature change. The error bars repre-
ent an eighth of a fringe. The expected line, calculated from the known

terns can also be monitored with a video camera. After reyaues ofa, anda;, for fused silica, is also shown for comparison with the
cording the progress of the pattern as it moves across thiata. (b) BK7 glass: graph of the measuredng and Am; against the
screen. it is possible to fast forward the tape and actua"yroduct of sample thickness and temperature change. The error bars repre-

count the fringes that pass. From the traces on the cha\ls;g

recorder, the fringe shifts are obtained to within an eighth ofyata.

a fringe. The fringe pattern is very sensitive to both air cur-
rents and mechanical vibrations. We used a floated opticg),

nt an eighth of a fringe. The expected line, calculated from the known
lues ofa, and ¢, for BK7 glass, is also shown for comparison with the

ifferential heating of the air in the two interfering beam

table and carefully shielded the beam path from air currentspathS would lead to a shift in the fringe pattern on heating,

THERMISTOR BEAD |
(IN DIRECT CONTACTT]|
WITH FILM)

TEMPERATURE |
PROBE

=7+ INSULATION

HEATER BAND

FIG. 4. Details of the film encasement.

even without the film. We were able to eliminate the effect
of the differentially heated air as follows: instead of maneu-
vering the reflected beam entirely around the film encase-
ment, we moved the film so that it covered only half of the
window in the brass plate and then steered the reflected beam
through the other half. Thus, by bringing the beams closer
together, we were able to reduce the drift that occurred when
heating without a film to less than half a fringe over a change
in temperature of 75 °C.

We used two different types of glasses: Fused silica and
BK7 glass. The fused silica pedigree glass samples were ob-
tained from Corning Inc(Corning code 7940 BK7 glass
(International code 517642samples were obtained from



Rev. Sci. Instrum., Vol. 72, No. 6, June 2001 Notes 2845

Schott Glass. The two types of glasses differ greatly in theof a few tens of degrees should be large enough compared to
values of their refractive indices and thermal expansion cothe precision of the fringe-shift measurements. Previous
efficients, as seen below. Fused silica has a very low thermaheasurements of transmission fringe shifts using K&gton
expansion coefficient and is used in optical componentshow that it is possible to stack films to increase the absolute

where this feature is an asset. fringe shifts in the case of very thin films or films with very
The values ofw,, and «; for the two glasses as supplied low thermal coefficients. The fringe shifts obtained in the
by the manufacturers are listed below. transmission for a stack of three films was found to be three

times that for a single film, thus providing a way to increase
absolute fringe shifts and slightly extending the applicability
and of the method to thinner samplé&s.
a,=0.5x1079/°C, In cpnclusion, a succes_sful solution to th_e prob_lem of
decoupling of the two coefficienta,, and «; using optical
BK7: a,=1.25x10 ¢/°C interferometric methods has been demonstrated. The coeffi-
cients can be calculated directly from the data.

Fused silica: a,=6.9x10 6/°C

and

a,=8.3x10 6/oC. The authors would like to thank Christine J. Ofcarcik for
] o the preliminary work on this experiment. The authors further
_ Figures %a) and §b) show the measured shifts in trans- 4cxnowledge the support from Smith College and the NSF
mission and reflection fringes plotted against the product ofaterials Research Science and Engineering Center at the

the thickness and the temperatuta ) for each of the tWo  pjyersity of Massachusetts under cooperative agreement
glasses. As seen, the data fit very well with the calculateq, pMR9400488.

fringe shifts in each case. Values af, and «; calculated
from the measurements using a linear fit to the data and Eqsl'O. S. Heavenptical Properties of Thin Solid Film@over, New York,

(9) and(10) are as below: 1965.
Fused silica: = (6.4i 0.2x10" 6/°C  and Zgé:_yrf;egﬁﬁrsg/r\}ﬁeg: I\N/I.ev'l\'lo\r(lg;llivvlgcggracterization Techniques in Thin
a,;=(0.64x0.10 X 10 °/°C, ‘3"Fr).' gﬁigminaﬁmvﬁﬁ .P 1%5: sg\‘/‘.(é?:??ﬁstrurﬁ& 1860(1987).
BK7: a,= (0.94+0.1) 1076/°C and 5;6:?;31%?; K. Endoh, A. Mikami, and Y. H. Mori, Rev. Sci. Instrub9,
a;=(8.3+0.2) X 10~ é/°C. SI(-|: é.l?r?)rﬁ:k?nnsd,uvgér’As‘ (F‘:zr(’joevt(fgl)l:psooeinoetfjiic?a(c:ilz;?c Boston, MA,

. 1993.
The data correspondlng to the Iargest valug T has 8H. G. Tompkins and W. A. McGahapectroscopy and Reflectometry: A

been omitted in the fits for the above calculations. It is im- ysers Guide(Wiley, New York, 1999.

portant to note from Eq(9) that the transmission fringes are °R. M. A. Azzam and N. M. Bashara&llipsometry and Polarized Light

relatively more affected by refractive index changes thaquN‘(’:rg(‘)‘Hl\jl’”?{”;ﬁagmztgd:r% &97j’amamoto Appl. Ci, 2013(1994

thickness changes. Henc.e, for r’r_1ater|als Wlth a much larget; g, p. Liang, and X, Liu, Meas. Sci. Technall, N56 (2000.

a, compared toa,, the fringe shifts are dominated by the 2k Etoh, Appl. Opt.34, 159 (1995.

index changes and, hence, the resulting error bar on the megM- Nenkov and T. Pencheva, J. Opt. Soc. A, 1852(1998.

sured value ofy, becomes larger. This would limit the use- 'igg;mbou'eym”' J. M. Martinez, and A. C. Moretti, Appl. Op6, 8238

fulngss of_ this technique in such cases. The good agreemeﬁé Wang, X. Shao, and J. Mao, Meas. Sci. TechBob11 (1997).

obtained in the case of the samples that we have measuré&a. Meredith, G. S. Buller, and A. C. Walker, Appl. OB, 5619(1993.

confirms the feasibility and use of this technique. The key”?- R%ye& E. Marquez, and J. B. Ramirez-Malo, J. Mater. 3i4133
: il 1995.

parameter that would determine the applicability of themR_ P. Shukla, A. Chowdhury, and P. D. Gupta, Opt. EBgllingham 33,

method to a sample comes from the fact that the absoluteggy (1994

fringe shifts produced by the film for changes in temperaturé®c. J. Ofcarcik, Honors thesis, Smith Colle(i993.
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