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INT RODUCTIO N
Attenuated total re ection (ATR) spectroscopy, a wellknown surface technique, is frequently used for examining very thin  lms on substrates. However, when it
comes to examining thin  lms on silicon substrates, the
high refractive index of the substrates seems to preclude
ATR analysis. This paper demonstrates that extraordinary
sensitivity can be achieved by using ATR to analyze
monolayers on silicon.
TH EORY
The theoretical foundations of the ATR technique were
provided by Harrick and duPre 1,2 early in the development of ATR as a spectroscopic technique. Harrick and
duPre developed formulae for ATR analysis of very thin,
weakly absorbing  lms deposited on a substrate, where
the  lm thickness is m uch less than the wavelength.
W hen the formulae are applied speci cally to the case of
a thin  lm on a silicon substrate, using a Ge ATR crystal
and an angle of incidence above the critical, the result
exhibits extraordinary sensitivity to thin  lms. This sensitivity enhancement was seized upon by Olsen and Shimura 3,4 who calculated that, for the case of SiO 2  lm on
Si wafer and the angle of incidence of 608, the enhancement was over 100 times per re ection over what would
have been measured in transm ission. In an attempt to
further enhance the sensitivity, they used multiple re ection ATR in their experimental work. The results, while
impressive, fall short of exhibiting the enhancement of
over 1500 that was predicted by the authors. Olsen and
Shimura did not discuss the degree of enhancement; they
were content with getting good experimental results.
They probably did not achieve the predicted theoretical
enhancement due to imperfect contact between the sample and the ATR crystal.
It is relatively straightforward to arrive at the expression for the re ectivity of a thin  lm sandwiched between
two media:5,6
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where the index p indicates polarization of incident light,
p
p
r 12
and r 23
are Fresnel amplitude coef cients 6 for the interface between media (layers 1 and 3) and the  lm (layer
2), k is the wavenumber (k 5 1/l), and q is the angle of
incidence of incident radiation. The refractive indices of
the m edia could be complex to allow applicability of Eq.
1 for the case of absorbing m edia. The expression in Eq.
1 is the ratio of re ected and incident electric- eld amplitudes. This expression describes the m agnitude of the
re ected electric  eld and the phase shift of the re ected
 eld with respect to the incident  eld. The square of the
absolute value of the amplitude coef cient (see Eq. 1) is
the theoretical quantity to be compared to measured re ectance.
Now, consider the case where the  lm is sandwiched
between a germanium ATR cr ystal (n 1 ) and a silicon wafer (n 3 ). Below the critical angle, the electromagnetic
wave refracts into the  lm, propagates to the  lm–silicon
interface, partially re ects from that interface (som e light
is refracted into the silicon), propagates back to the germanium ATR element, partially re ects from the germanium– lm interface, and so on (as shown in Fig. 1).
Within the  lm, electric- eld vectors of all of the partially
re ected waves add. The resulting electric  eld is an in nite sum of the contributions from all of the re ected
waves. This structure of the in nite sum of all the multiply re ected waves is re ected in Eq. 1.
Equation 1 can be expanded using a Taylor series,
taking advantage of the following identities: r n,n1 1 r n 1 1,n
1 t n,n 1 1 t n 1 1,n 5 1, r n,n 1 1 5 2r n 1 1, n . Introducing the short2
2
2
hand notation, z 5 e 2 p ikd Ïn 2 2 n 1 sin q , and dropping the
polarization index p gives:
r5
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(2)

The term s in the above sum can be related to the components of the re ected w ave in a direct one-to-one
fashion.
The  rst term is just the re ection coef cient of the
interface between m aterials 1 and 2, corresponding to
R1 in Fig. 1. The second term corresponds to the ray
R2 in Fig. 1, and all the following terms correspond to
the subsequent re ections. Thus, there is a strict geom etric representation of the terms in the Taylor series
(see Eq. 2). Since this is just another expression of Eq.
1, the geom etrical representation can continue to be relied upon both in the subcritical and supercritical incident angle regimes.
A bove the critical angle for this system, the electrom agnetic wave beyond the totally internally re ecting
interface is evanescent. This m eans that the wave propagates parallel to the interface. Hence, the evanescent
wave cannot re ect from the  lm–silicon interface.
How ever, each term in the in nite sum rem ains meaningful. Since the re ectance amplitude coef cients be-
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results of the numerical simulation using these param eters are presented graphically.
The supported organic monolayers were prepared by
the reaction of ClSi(CH 3 ) 2(CH 2 ) 3 Si[OSi(CH 3 ) 3 ] 3 , further
silane, with Si wafers (International Wafer Service,
(100) orientation, P/B doped, resistivity from 20 to 40
ohm -cm , thickness ;450 –575 mm) according to the following scheme:

F IG . 1.

M ultiple re ections in the sam ple layer.

come of unit amplitude above the critical angle, the
higher terms in Eq. 2 becom e m ore signi cant. For ver y
thin  lms, the phase-shifts between the com ponents are
negligible and the contributions to the electric- eld
component perpendicular to the interface of all term s
becom e constructive. This greatly enhances the electric eld strength within the  lm. Since the absorption is
proportional to the square of the electric- eld am plitude,
an enhancement in the electric- eld strength of ten times
results in a hundredfold enhancement in absorption.
EXPERIM ENTAL
N umerical simulations and experimental m easurem ents were carried out to demonstrate this extraordinary
sensitivity. Both used a germanium ATR cr ystal slightly
above the critical angle to study an organic thin  lm on
a silicon substrate.
For the numerical analysis, the experimental param eters were selected as follows:
n 1 5 4.0

(germanium ATR crystal)

n 2 5 1.5 1 0.5i

(sample)

n 3 5 3.45

(silicon substrate)

k 5 1000 cm 2 1
d 5 1 nm

(wavenumber of incident light,
l 5 10 mm)
Ê
(10 A)

u 5 608
Note that a typical organic sam ple has the real part of
the refractive index around 1.5; hence the above choice.
The value of the imaginary part of the refractive index
(i.e., absorption index, k) of the sam ple is chosen to
corresp ond to the center of a fairly strong absorption
band. To get a sense of the strength of the absorption
index chosen and thus be able to correlate the simulated
results to actual sam ples, one can calculate the absorbance that would be m easured for this peak in a transm ission m easurement with a pathlength of d 5 10 mm .
If the peak were located in the carbonyl region (k ø
1700 cm 2 1), the absorbance m easured w ould be (neglecting the re ectance losses):
A 5 0.434 3 4pkkd 5 4.6
This is a rather strong absorber, as stated above. The

The reaction procedure was similar to that published in
earlier work.7 Brie y, the synthesis included the following steps. Prior to the reaction with silane, Si wafers
were cleaned using a freshly prepared solution m ade
from seven parts of concentrated sulfuric acid, dissolved
sodium dichrom ate (;3–5 wt %), and three parts of 30%
hydrogen peroxide. The Si w afers were submerged in
this cleaning solution overnight, rinsed with  ve to seven 50 m L aliquots of water, and placed in a clean oven
at 120 8C for 1–2 h. The dried Si plates were covered
with anhydrous toluene (5–10 mL) containing ethyldiisopropylam ine (10 2 3 M ). Then 0.5 mL of silane was
added by syringe and the reaction m ixture was left at
room temperature for 3 days. The wafers were isolated
and rinsed sequentially w ith 2 3 10 m L of toluene, 3 3
10 m L of ethanol, 2 3 10 m L of an ethanol–water m ix
(1:1), 2 3 10 mL of water, 2 3 10 m L of ethanol, and
2 3 10 mL of w ater. After rinsing, the wafers were dried
in a clean oven at 120 8C for 10 m in.
Ellipsom etric characterization of bare Si w afers and
Si-supported m onolayers were m ade with an Inom teck
Autom atic Ellipsom eter. The light source w as a H e–Ne
laser w ith l 5 632.8 nm. The angle of incidence was
708. M easurem ents were perform ed for 3–5 different
spots on the sample. The thickness of the layer was calculated from the ellipsom etric parameters (D and C) using the Inom teck software. The thickness of the silicon
oxide overlayer on the Si substrate was calculated using
the following settings: single-layer model, air: n 0 5 1;
silicon oxide layer: n 2 5 1.462; silicon substrate: n S 5
3.858 1 0.018i. The thickness of silicon oxide for the
bare Si w afers w as 2.1 6 0.05 nm after the cleaning.
For the Si supported m onolayers, the calculations were
perfo rm ed for the transparent double-layer m odel (silicon substrate/silicon oxide/alkylsilane layer/air) with the
following param eters: air: n 0 5 1; alkylsilane layer: n 1
5 1.45; silicon oxide layer: n 2 5 1.462 (the thickness
of this oxide layer was  xed at 2.1 nm ); silicon substrate: n S 5 3.858 1 0.018i. The thickness of the m onolayer was obtained as 0.9 6 0.1 nm .
The AT R measurem ents w ere carried out using H arrick’s Seagully ,8 variable angle re ection accessory
used in conjunction with a Bruker Vector 22 spectrom eter. A spectrum was collected w ith 32 scans, an 8 cm 2 1
resolution, and a 658 incident angle. Note that the experimental apparatus focuses the beam onto the sample
APPLIED SPECTROSCOPY
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F IG . 2. Absorbance of a thin  lm shown as a function of the refractive
index of the substrate.

F IG . 4. The enhancement of absorbance due to the silicon substrate
vs. thickness.

and hence supplies a range of incident angles, as opposed to the collimated beam assum ed by the theoretical
m odel. To avoid contributions from rays below the critical angle, the experimental incident angle w as chosen
to be slightly higher than the angle used in the simulations.
The coated Si wafers w ere cut to  t into the ATR
holder of the Seagully . A special pressure applicator
was used to optimize contact between the sample and
the ATR cr ystal.

index of the substrate is the crucial ingredient leading
to the increased sensitivity.
Ê to
In Fig. 3, the  lm thickness increased from 10 A
1 mm. It is m ost intriguing to see that the m easured
absorbance of the  lm  rst dram atically increases,
reaching a maximum for  lm thickness of around 400
Ê . After that, the absorbance dram atically decreases, alA
though m ore sam ple (thicker  lm) is being added into
the evanescent wave and hence a greater proportion of
the evanescent wave could be absorbed. The absorbance
Ê is indicative of the decreasing elecdecrease after 400 A
tric- eld strength of the evanescent wave, and that decrease dom inates over the increase in  lm thickness.
If the silicon substrate were not present, the increase
in  lm thickness would lead to increase in absorbance.
For very thin  lms, com pared to the w avelength of light,
the absorbance and  lm thickness are proportional. A s
the  lm thickness reaches the penetration depth, the linear relationship becom es saturated, and further increases
in  lm thickness bring no increase in measured absorbance. The absorbance never decreases with increases
in  lm thickness. This is what m akes this case ver y interesting both from the theoretical and practical points
of view.

RESULTS A ND DISCUSSIO N
The results of the num erical analysis are show n in
Figs. 2 through 4. Figure 2 shows the intriguing dependence of the measured absorbance of the thin  lm on
the refractive index of the substrate. The angle of incidence was kept constant at 608 and the absorption index
of the  lm at 0.5. The change in the refractive index of
the substrate is between that of the thin  lm (1.5) and
the silicon wafer (3.45). The increase in sensitivity is
rem arkable. This clearly show s that the high refractive

F IG . 3.
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Absorbance vs.  lm thickness.
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ATR spectrum of an organic monolayer on a silicon wafer.

N ext, the level of enhancem ent as a function of  lm
thickness was calculated for the case where  lm is on a
silicon substrate relative to the case where no substrate
is present. The result is shown in Fig. 4.
A lthough the absorbance, as a function of  lm thickness, exhibits a sharp maximum (Fig. 3), the enhancem ent in sensitivity is a m onotonically decreasing function of  lm thickness. For ver y thin  lms, the enhancem ent is roughly a factor of one hundred. Thus, the m ethod is the m ost sensitive for the thinnest  lms, just where
the sensitivity is m ost needed.
Figure 5 shows an experimental spectrum of an organosilane monolayer supported on a Si wafer. The absorbance bands are consistent with the structure of the organosilane used for the monolayer synthesis: ;2960–2850
cm 2 1 (CH stretching), ;1260 cm 2 1 (Si–CH 3), and 1100
cm 2 1 (Si–O). Note that the spectrum exhibits extremely
strong absorbance levels considering that the monolayer is
only 0.9 nm thick according to ellipsometry.

CONCLUSION
Grazing angle ATR has extraordinarily high sensitivity
for analyzing thin  lms on silicon substrates by infrared
spectroscopy. For samples with stable monolayers and
coatings, this method is far superior to those currently in
use. Additional work is in progress to further re ne the
physical picture underlying this extraordinary sensitivity
and to apply this technique to thin  lms on m etal substrates.
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