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Abstract

We report on the use of optical interferometry employing fringes of equal chromatic order (FECO) in a surface force apparatus (SFA) to
determine film thicknesses and refractive indices of confined media for a wide range of separations. In particular, we show how to calculate
the surface separation (film thickness) based on two fringes whose contact position was not measured. We discuss the measurement accurz
and though the theoretical accuracy is 1 A for all separations, we show that in practice, for large separations, it is very hard to get to this
accuracy.
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In a SFA (surface force apparatus) [1] experiment, there is whereY is the optical thickness of each substrate (we dis-
usually a three- or five-layer interferometer [2]. For simplic- cuss later the difference between the optical and physical
ity we assume here a three-layer interferometer, although thethicknesses) angi = 1/umed Wherep (u, or pg) and
analysis applies to any number of layers. When the transpar-umeq are, respectively, the refractive indices of the mica and
ent substrate layers (typically mica sheets) are brought intothe intervening medium a;tD In Eq. (1a),+ and — re-
contact, the positions? of the pth-order fringes is usually  fer to p odd andp even order fringes, respectively. Other
measured in the visible range of wavelengths. After the sub- ways of calculating thicknesses are available (see, for exam-
strate surfaces are separated by a distdhca three-layer  ple, Ref. [4]); however, the simplicity of Eq. (1a) made it
interferometer is formed. The fringes shift to longer wave- the most common method. Indeed, due to the increased use
lengths and their new position§’ are given (see Ref. [3)) by  of Eq. (1a) in SFA measurements, people have addressed

D some special cases which were not addressed by the original
t"’“‘(27[”m‘adD/)”I’)_ publication [3], such as reflecting (metallic) media [5], non-

_ 2L S'n(4”MY/)‘,1:)) 1 symmetric three-layer interferometry [6], and most recently

S (2= —-(1+ia? cosdr nY /ARy’ the splitting of the fringes as a result of a liquid crystalline
which, assuming no dispersion (we discuss this point later Medium [7]. Currently Eq. (1a) is limited due to the fact
in the text), reduces to the more useful form that the fringes at contact need to be of'the same order as

the fringes of measurements. Apart from imposing inconve-

taf‘(ZﬂMmedD/?»f) nience, this also limits the range of measurable separations,

2% sin( —29/22 ) since at far separations, the contact fringes are no longer in

_ 1-29/29 4 (1a) the visible range. Different approaches to this problem were
A+ 2 COS( 1-29/0 )i (@2 — 1)’ addressed by Horn and Smith [6], by Heuberger et al. [4],
1-29/2% 4 and by Farrell et al. [8]. In this study, however, we present

a very simple account for this problem. An even simpler ac-

: _ count than the one presented here is given in the thesis of H.
Corresponding author. Christenson [9]. This solution, however, is extremely sensi-
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Beaumont, TX 77710-0053. wavelength measurement can produce a micrometer-scale
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error in the separation. This paper describes an easy and ac- Using Eg. (2a) and assuming constanf13], we write

curate way of calculating the separation from any order of for three arbitrary fringes of order, p — 1, andm

fringes at any surface separation. 0
From Eq. (1a) itis clear that if the refractive indices of the 21pY = Py, (32)

(mica) substrate and the medium are known then the separagy, 1Y = (p — 1)12_1, (3b)

tion between the surfacd3 can be obtained from[’?, A?,, 0

andx®_,. In the case where the medium refractive ingex 2pmY =mdy, (3¢)

is not known [10,11], there is a need to solve two equations where we writei, to emphasize the dispersive nature of

with two unknowns,D and umed. The two equations are  the substrate, i.e., that each refractive ingigxcorresponds

Eq. (1a) for an odd fringe and Eq. (1) for an even fringe. to a wavelengtt9. Equations (3a) and (3b) have just two

In order to solve these simultaneous equations, we need tounknownsY and p, and solving for them we get

know the location of two adjacent fring@sf,) andkl?_l, at

0

finite D and the “contact” positions of three adjacent fringes, 1 _ 1- Mp=1hp (4)
0 40 0 _ = 0

Ap,kp_l, andr’ _,,atD =0. p upkp_l

The limitation of the above “conventional” method is that

A/Ij) AD L A?, 30 . and0 , need to be in the visible for From Egs. (3a) and (3c) and using Eq. (4) we obtain
A1 Aps A1

them to be measured. Tﬁis limits the range of measurable " 20

separationsD obtained using this approach @ < 1 pm A= - PRRTIRG 5)
for typical substrate thicknesses (thicker substrates would Fra—(p —m)<1— Hp;é p)

increase the range but decrease the accuracy of the measure- et

ments). Equation (5) relates the position of theh fringe to that of

In this paper we describe a procedure that allows accuratethe pth fringe as a function of the number of fringgs—m)
and unambiguous measurements of distance and refractivdetween them, as well as five other parameters that need to
index to be made using the contact position of only two ad- be known, including.,,. Note that(p — m) is an integer,

jacent fringesq)\’([)) and)\‘g_l’ and_more importanﬂy_using Wh|Ch ma¥ be pOSitiVe, negative, or zero. NOW, We may use
two adjacent fringes adny order, A2 andkr’i_l, and not nec- any frlnge in order t(.) use E_q. (.1a) for the calculation of sep-
D D arations and refractive indices: we simply need to count the
essarilyr; and)‘p—l' number of fringes fromw to p, put this number agp — m)
into Eqg. (5), and calculate a new set of contact positkﬂp,s
1. General procedurefor measuring D and ptmed Of 20, andx® ,. As we show later in the worked Exam-
films of arbitrary thickness ple 1, the value of,, can be obtained by substitution of an
approximated.,, given by Eq. (6) into Eq. (12), which we
The “contact” positions)9, correspond to a single-layer  introduce below. Experimentally, if a measurement is done
interferometer. A one-layer interferometer made of a sub- at a large separation on a fringe whose contact position

strate with a refractive index and physical thicknesg’, A?n is not visible, one way of findingp — m) (after com-
obeys the relation pleting a measurement using theh fringe) is to bring the
ouY' =pr, p=1,23 ... 00, ) surfaces to substrate—substrate contact while counting the

. ~ passing fringes until one finds thefringe. This number is
where is the wavelength that corresponds to constructive ¢ integer p — m).

interference ang is a natural number (the fringe order). In Equation (5) requires knowledge gf,. To obtain this
practice there is never a one-layer interferometer, since theygie that Eq. (5) has a very weak dependence on the re-

reflecting layer results in a phase change of the light at the ¢ ive index of the substrate. Neglecting the dispersion, for
substrate—reflector interface (say a mica-silver '”terface)-example results in

Such a phase change for the mica—silver interface reflection

has been studied [12], and it has been shown that it can be_ g kg

viewed as an apparent small change in the optical thickness’'m = 1—(p—m)L—29/20 )’ (6)
of the substrate t& instead ofy’ [13]: prpl

which is an excellent approximation for many cases. Equa-
2nY =ph, p=123,... 00 (2a) tion (6) can also be used for a first guess for the wavelength
It is intuitive that the solution to the proposed problem may at which one needs to look fat,, in Eq. (5). In worked Ex-
be provided using this equation. Specifically, using Eg. (2a) ample 1, we show how this can be done. Similarly, Eq. (5)
to substitute the thickness of the layiefor the contact posi-  or its approximated version, Eg. (6), which is written for any
tion of the fringe in Eq. (1a), we should be able to relate one 19, can also give.9_,, thus reducing the minimal number
contact fringe position to any other contact fringe position. of required contact fringesto 2. In fact, there are cases where
Hence, the problem becomes one of how to express a single-only two fringes are in the visible range (for very thin mica),
layer interferometer in terms of a relation between different for which Eqg. (5) may be very useful. In worked Exam-
fringe orders (rather than the presentation of Eq. (2a)). ple 2 we show that for a three-layer interferometer of known
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medium refractive index and substrate dispersion [14], one
can theoretically calculate the positions of the contacting
fringes even without counting the integép — m). How-
ever, in practice this can be used only for small— m);
therefore, for large separatior{g, — m) usually needs to be
counted from the passing fringes as described above.

The simplified result of Eq. (6) can also be obtained by
putting D =0 in Eqg. (1a). This gives

0/4D
1-39/0

0/40
1-29/29_,

()

’

wherez is an integer. In Eq. (7»5 is not the contact po-
sition A9, butany contact positior.),. This is because any

such fringe would correspond to I(éhrumedD/A?) =0in
Eq. (1a). Thus, solving for Eq. (7), we again get Eqg. (6).

It is clear from the above treatment that Eq. (1a) does
not take into account the dispersion of the substrate—as
was noted already in the original paper [3]. The dispersion
of mica has been studied [15,16], and below we derive the
equation corresponding to Eq. (1) for dispersive substrates
and media.

Using the more fundamental form of Eqg. (1), rather
than (1a), we note that a one-layer interferometer implies
that
AT Y

Ay

(8)

= pr(Xp/2p).

whereu is the refractive index of the mica af’ (as noted in
Eqg. (1)). Substituting Egs. (4) and (8) into Eq. (1), we obtain
the dispersive version of (1a) as

_ Hp-1ky )‘1)

tar‘(ZTf,umedD/)\,[;))
)\0
/Lp—l)tg

= 2ﬁsin<7r (1—A2/A§)<1
Mp p—1
x [(1+ i) Cos(n(l—k?,/k,?)(l

-1
+ (7% — 1)} .

Equation (9) is the analogue of Eqg. (1a) with a correction
for the dispersion in the substrate refractive index, and as in
Eq. (1a),4+ and— refer to p odd andp even order fringes,
respectively.

Finally, we may write the analogue to Eq. (9) for any or-

der of fringe,
tar‘(ZTF MmedD/)\;Z)
))
m—1hp
1 — Hm=1%m

))

9)

0
H’P)‘p—l

_ /Lm—l)k;(,)n

=2jsin n(l—)\Bn/)\,’;)(l =
MemAp,_q

x [(1+ 2 cox(n(l - A%/Aﬁ)( >_1)

(10)

0
HmAg,_q

-1
+ (i? - 1)} ,
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and then use Eq. (5) to replace the unknov@)sandkg_l
with the measured9 and9_, (and the calculatetzlf;_2
in the case where the refractive index of the medium is not
known).

In certain situations, the integer numb@t — p) may
not be available or measurable. Since we have two differ-
ent equations (10) for odd and even fringes, we can use
the measured®) and Aﬁ_l, and simply guess a value for
(p —m). Then, using Eq. (5) with. and Ag_l, we cal-
culate the contact positions which correspond to fringes
m — 1, andm — 2. Apparently, only if the guess is correct
will one obtain the same separati@husing both forms of
Eq. (10) for even and for odd fringes. In practice, however,
this method (which anyway works only for a three-layer
interferometer) can be done only for very smghl — m)
values, while for largép — m) other factors such as the dis-
persion of the mediummegand the dispersive phase change
at the reflector—substrate interface should also be known very
accurately. This is discussed further after Example 2. The ex-
amples below are based on measured values.

2. Worked examples
2.1. Examplel

Estimating the value dfg_z from 29 and29_,.

In an experiment using “brownish” mica as substrate, the
contact wavelengths of three adjacent fringes of unknown
orderp, p — 1, andp — 2 are measured (Fig. 1) and found
to be atk‘[), =560418+0.11 A, Ag_l =576107+0.16 A,
and Ag_z =592738+0.21 A. If we want toestimate the
position of2.9_, from 19 andkg_l, then puttingy —m = 2
into Eq. (6) we obtain
560418

0o _
P=271_2(1-560418/576107)
=592699 A, neglecting dispersion (12)
op
|
10m<_ Op
odd
- - —_
blue higher A red

Fig. 1. Schematic representation of the locations and shapes of the FECO
in Examples 1 and 2. The flat parts)’.r%, )‘271' and)»?)iz, result from

the elastic distortion of the glue which supports the mica [3]. For such a
flat contact of mica in air, odd. (., p, p — 2,...) fringes always have a
similar shape, which is different from that of theeven (p—1, p—3,...)
fringes. Specifically, the place at which the fringes stop being flat and start
bending has a bigger discontinuity in its derivative for odd fringes than for
even fringes. Also note that sinee> p, 20, A2 and2P_, are closer

0,0 0
together thamp, Ap_l, andAp_Z.
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If we include dispersion in the refractive index, then we need
to know the relation for the refractive index of the fringe
(B or y) that is being measured as a function Jof For
“brownish mica,” this is [17]

ng =15794+ 476 x 10°/22 for g fringes (12)

where is the wavelength in A. We first calculate the re-
fractive indices at the three contact wavelengths, and ob-
tain up(1)) = 1.5946, up(h)_y) = 15937, ug(A)_,) =
1.5929. Now, using Eg. (5), we obtain

o 1.5929 560418
o= 15937560418
p 1.5946[1 - 2(1 - 72936276107
=592724 A, (13)

which is in excellent agreement with the measured value
of 592738+ 0.21 A, indeed, within the experimental error.
Actually, one could use the measured valuaof,, to deter-
mine one of the constants in Eq. (12) or, if we also measure
29,1 0r A9, to get both constants. Note that it is not nec-
essary to know the value ¢f, nor does it matter ip is odd

or even—the equations are identical. Only for the separation
measurements of the three-layer interferometer is it impor-
tant to know whethep is odd or even (it happened to be
odd for this specific example). We also note that this method
can be used to calculate the contact wavelengémpfringe

order, notjustkg_z.

d

2.2. Example 2

Calculating distance® from 19 andxg_l, and the mea-

sured positions.? andA?_; of any two adjacent fringes of
unknown orderz andm — 1.

A measured contact position of a fringe of unknown or-
der p is at 19 = 5466969 A and that of ordep — 1 is at

Ao_l = 5580093 A. The substrate is brownish mica, whose

refractive index is given by Eq. (12). The surfaces are well

separated and we want to calculate the distandeetween

the two surfaces. We know that the medium between the two
mica substrates has a refractive index of 1.410 [14], and
we perform simultaneous measurementsifjf and A2 |

and obtaim2 = 5550223 A andA? | =565346 A (see

Fig. 1 for the qualitative relative positions af), 19 _,,

AR, AP in this example). For a quick estimate bf one

can use Eq. (6) to calculate the contact positions of vari-
ous fringesp + 1, p + 2, ... (see Example 1) and Eq. (1a)
to calculate the distances of our three-layer interferometer
until p + (p — m) is found. A more accurate approach is
to use Egs. (5) and (6) for the calculation of the positions
p+1,p+2,..., as described in Example 1, and Eq. (9)
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then perform the same calculation usi}ag_l (which we
guess to be.” ) and the values fokg_l and )\2_2 us-

ing the even version of Eq. (1a), and obtaiP = 1310 A.
Since 1363~ 1310, our guess was wrong. Our second guess
would bem = p + 1 (wherem is now even), and we use
the even version of Eg. (1a) with the calculated value of

9.1, measured.d anda)) (which we guess to be?, ).

We obtainD = 3288 A. The odd version of Eq. (1a) with
Ag, Ag_l, andA?_, (which we guess to b@[?), now re-

sults inD = 3280 A. Since 3288& 3280, we conclude that

m = p + 1. The difference of 8 A is in part because the
refractive index of the medium was assumed to be nondis-
persive, and in part because the mica—silver phase change
was also assumed to be nondispersive. We should also note
that form = p 4+ 2, we obtainD = 5217 A using the odd

version of Eq. (1a) withg+2, A%H, andil (guessed to be

A117)+2)’ and D = 5248 A using the even version of Eq. (1a)
with 29, 29, andA)_; (guessed to ba.”, ), and we

p+1 +
0 0 D 40 0
get D(A,Q,AHZ,APH) < DOy 4,204, 29). Indeed, for

all guesses abovg + 1 the second estimate is higher than
the first, while for all guesses below + 1 the reverse is
true, and this observation is general. In other words, the sep-
aration calculated using a higher order contact fringe couple
is bigger than that using a lower order contact fringe couple
for (im — p) guesses which are smaller than the real(p),
whereas the separation calculated using a higher order con-
tact fringe couple is smaller than that using a lower order
contact fringe couple for{ — p) guesses which are bigger
than the realip — p). Formulating this would look like this:

)

DS a0 ) >D(GLE 1,28, 1,20

p+i’ " p+i—1 m—1 " p+i—1 M p+i—2
fori < (m — p),
D ,0 0 D 0 0
D()‘m ’ )‘p+i’ )‘p+i—1) = D()‘m—l’ )‘p+i—1’ )‘p+i—2)
fori = (m — p),
D ,0 0 D 0 0
D()‘m ’ )‘p+i’ )‘p+i—1) - D()‘m—l’ )‘p+i—1’ )‘p+i—2)

fori > (m — p).

The above example uses only=p + 1 (i =1) and
would work for most cases only for very small values of
(m — p). Thus, in general it is advised to count the number of
passing fringes in order to determine ¢ p). Theoretically,
it should be possible to include the dispersive refractive in-
dex of the mediunand the dispersive phase change at the
reflector—substrate interface. However, as we discuss below,
incorporating a dispersive phase change, while theoretically
desirable, is difficult in practice.

Since the above did not include the dispersive phase
change, the similarity obtained for the two calculation®of

for the distances. In this example we show a case wheregoes not suggest that this is the “error” in the separation,

Eq. (5) is used with Eq. (1a) [14]. Obviously > p; hence

our first guess isn = p. Using this guess, we put the val-
ues for)»?,, Ag_l, and AL (which we guess to ba[?) in
the odd version of Eq. (1a) and obtai® = 1363 A. We

which could be larger. As we shall see, incorporation of the
phase change gives a formally accurate solution; however,
there are good reasons to use only the substrate dispersive
refractive index and neglect the dispersive phase change.
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3. Comparing dispersion and phase change We start again with the single layer interferometer, and
following Bailey and co-workers [8], we can rewrite Eq. (3)
If we consider a normal SFA experiment with mica as as
a substrate and a silver layer of 550 A as a reflector, then

out of the two corrections to the ideal position of the fringes 24p (Y’ + ¥p) = A9, (14a)
(substrate refractive index dispersion and substrate—reflecton,, , (v’ +y,_1)=(p — 1) AP . (14b)
dispersive phase change), the substrate dispersion is usuall)é 0

the bigger contributor, as demonstrated in Fig. 2. In addition (Y + ym) = ma,, (14c)

to having a smaller effect, the phase change adds complest|\,mg Eq. (14) forp, we get
ity and requires the use of phenomenological relations. The

above discussion does not neglect phase change completelyl

but rather uses a constant value for the phase change af, — 40
D = 0 (as explained by Bailey and co-workers [8]), since the P
wavelength positions measured in contact correspond to thewhere y; is the value ofy for the wavelengtm0 (that is,

reflector phase changing system that produced them. Thusy(,.9)) and it can easily be seen that for a constant (nondis-
for many systems, this constant value correction suffices. persive)y, Eq. (15) reduces to Eq. (4).

0 0 Mp-1
)\'P 1 P up

: (15)
1 Mp—l(}’p - }’p—l)

However, there are situations in which one would like toin-  Generallyy(1;) (and particularlyy(1?)) is a function of
corporate the dispersive phase change. the dispersive phase changé.;),
yi) = ) (16)
4. Incorporating the phase change at the (k )’
substrate-reflector (mica-silver) interface whereg (1;) was shown by Bailey and co-workers [8] to be

given by the expression
For better accuracy there is a need to incorporate the

phase change at the substrate—reflector interface. We use thg ;) = arcta k(i) )

idea suggested by Bailey and co-workers [8], and we follow n(Ai) — u(ri)

their methodology to incorporate the phase change contribu- k(ri)

tion explicitly. The phase change has the effect of adding (or arctar(m>, 17)

subtracting) an apparent thicknegdo the real thickness,
and hence mica of real thickne$ will, due to the phase
change, appear to be of thicknéss- Y’ + y. Note thaty is
a function of the wavelength.

wherek();) andn();) are the imaginary and real parts of
the complex refractive index of the reflector (usually silver
in our case). Tabulated values fb¢\;) andn(i;) can be
found in ordinary handbooks (see, for example, Ref. [18]).

15—t —— —— — In Fig. 2, we used the heuristic relation from Ref. [19],
<L O ' ' ' - which was obtained from measurements with a silver layer
- - ] 250-500 A thick deposited by evaporation:

O

D [ i

s 10 © - k(%) = —2.991902+ 0.001514,; — 5.77047%2,

3t "o 1 n(ui) = 05. (18)

¢ 5L v O _' In Ref. [19], silver films of thickness 185-500 A were mea-

© . Yvev . 9o i sured, and no dependence on film thickness was observed for

S L v, ¥ - films thicker than 250 A. Note that Bailey and co-workers

E ol v i - also do not consider the phase change at the mica silver in-

@ - o o o o ® - terface to be a strong function of the silver thickness [8];

% [ ®eee * i rather, the silver roughness, which depends on the way of
) S B BT B silver deposition, the temperature and pressure, and the du-
4800 _ 5200 5600 6000 6400 rart]tlon of ,t\Te d(;p])osmlon, is the dominant factc_ir IB the Iphase

L., experimental value [A] ratzggf]redm ow, the value off — y,-1) can easily be calcu-

Fig. 2. The difference [A] between the calculated and measured (exper- — (30 50
imental) contact wavelengths for three calculations: square—use Eg. (6) Yp = Yp-1= y( p) - y( p—l)

(neglecting both dispersion of mica and of mica-silver interface); trian- 20 20
gle—use Eq. (5) (neglecting only dispersion of mica—silver interface); cir- — ¢(AO) r ( 0 ) p-1 (19)
cle—use Eq. (20) (considering dispersion both of mica and of mica—silver P 47'[/1,? =1 Az pLO 1 ’

p pP—

interface). The filled squares on the vertical line across the 0 of the ordinate o o )
correspond to the measured experimental value. All the calculations were Whereg (1;) is given by Eq. (17). This in turn can be substi-
done using the two rightmost measured experimental data points. tuted into Eq. (15) to calculate/p.
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We can now use Eq. (14) to calculate the position of who noted that in Eqg. (1) the terrm&Y/k[? can be re-

any contact fringe.? based on two measured fring@% placed by
andx? 0
p=L TA p  Aup
0 drpupY /Al = —DP[PM— -2y, - y,’?)}, (21)
A A 1o A
30 = HBm r 7 7
Yoo m)<A271—up—1<yp—.vp-1>) where up is u(p), no is n(9), yp = y(p), and
A=A p-1/tp Vp= y(A([),). Substitutingp from Eq. (15) into Eq. (21) and
2um(Yp = Ym) substituting that into Eq. (1) would give the correct expres-
50 ’ (20) sion for the three-layer interf t hich ts f
20 1=y yer interferometer, which accounts for
( ]Aﬁi_l—kﬁ’,upfl/up ) —(p—m) both the dispersion and the phase change.

and one can see that for a nondispersiv&q. (20) reduces
to Eqg. 5.
Figure 2 shows the calculated positions xff using

Egs. (20), (5), and (6). Equation (6) is an approximate so-  \yg thank Qi Lin, Peter Ercius, and Linh Tran for use-

lution which neglects both mica dispersion and mica-silver f,| discussions and computational assistance. NASA Grant
phase Q|sperS|on, Eq. (5) accounts for the substrate (micajyaG3-2115 is gratefully acknowledged.
dispersion but neglects the phase change at the substrate
reflector (mica—silver) interface; and Eq. (20) accounts for
both substrate and substrate—reflector phase dispersions. WRefer ences
can see that as the equation used is more exact the calcu-
lated wavelength position becomes indeed increasingly close [1] J.N. Israelachvili, Intermolecular and Surface Forces, Academic Press,
to the measured one. Apparently, however, Eq. (20) fails to London, 1991.
calculate the exact position of wavelength and does not pro- % ?-NTOI'a”S'ry' r'}”?ﬁ”?"émﬁtfé”l'-or‘?ma”s' '-_022‘225;2)73-5 .

: - - ) .N. Israelachvili, J. Colloid Interface Sci. .
vide an absolutely accurate SOIUtIO.n' ThIS IS not SUFPFISIng [4] M. Heuberger, G. Luengo, J. Israelachvili, Langmuir 13 (1997) 3839-
for two reasons. One, as noted earlier, is that the relations in *~ 3g4q
Eq. (18) are dependent on the exact experimental conditions [5] M.T. Clarkson, J. Phys. D Appl. Phys. 22 (1989) 475.
that formed the silver layer, which can be different from ex- [6] R.G. Horn, D.T. Smith, Appl. Opt. 30 (1991) 59.
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