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Abstract

A new liquid flow cell design for in situ ellipsometric measurements on transparent multilayer samples using variable angle
spectroscopic ellipsometry is presented. In this cell, flms made on transparent substrates are in direct contact with liquid solution.
Ellipsometry measurements are made through the transparent substrate, that is, from the back-side relative to the incident light s
that films are in continuous contact with the liquid. This cell is not limited to just one angle of incidence of light allowing the
films to be characterized at several angles before, during and after liquid contact. The spectral range of measurements is limite
only by absorption of light in the underlying transparent substrate and not by the liquid solution that the film is in contact with.
As a demonstration, we have measured and analyzed the dynamics of an indium tin oxide film on glass undergoing acid etching
Data from this in situ experiment were successfully modeled and the ITO layer thickness decreased uniformly during the etching
process with an average etch rate of 0.23/mim.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction coating to obtain the necessary optical and chemical
properties of the resulting film.

d The chemically selective film is an essential part of
the sensor. Yet, relatively little is currently known about
the detailed behavior of these films in solution while
sensing occurs at the ITO-film interface. Under harsh
chemical conditions, for example in strongly alkaline
solutions, the spectroelectrochemical sensor fails in time
apparently due to the dissolution atwdt delamination

of the chemically-selective film. In other cases, these
films undergo significant volume and refractive index
changes as analyte partitions into and out of them. In
seeking ways to understand sensor performance, includ-
ing sensor failure, we have begun to explore

A focus of our research has been to design an
develop new chemical sensofd]. Typically, these
sensors have consisted of an optical multilayer structure
in which both optical and electrochemical events are
monitored. In particular, spectroelectrochemical sensors
have been developeld,2] in which a transparent con-
ducting indium tin oxide(ITO) coated glass substrate
has been over-layered with thin films of a variety of
different chemically selective porous optical materials.
Sensing was achieved by attenuated total reflection
spectroscopy of electrochemically modulated oxidation—
reduction couples at the ITO-selective film interface.

We have typically used3] chemically selective films elllp'sometry. .
that have been prepared using sol—gel processed silica Single wavelength ellipsometry has been successfully
used to study interfacial processes at electrode surfaces

composites. In this process, ion exchange polymers were . . i
added to the sol—gel precursor solution before spin [4,9]. Variable _angle spectrqscopu: eIhpsome?[r@’,?] .
has the potential to determine the changes in optical
*Corresponding author. Tel:+ 1-513-556-9200; fax:- 1-513-556.  constants(refractive index and extinction coefficiont
9239, and thickness of multilayer film structures in our sensors.
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ellipsometry to monitor electrodeposition of Ni on Cu Barnstead water purification system and was used to

[8] and deposition of Ni and Cu layers on gold]. prepare all solutions. Acid solution used for etching was

They were able to model the growth of these layers and0.01 M FeC} in 0.5 M HCI. ITO-coated Corning 1737

determine optical constants of deposited layers from in F glass sheet$20 /1) were purchased from Thin

situ experiments. Arwif10] has reviewed use of spec- Film Devices and cut into 1- by 3-inch piecdalso

troscopic ellipsometry in biological systems, including referred to as slidgs Gaskets were cut from silicone

monitoring processes at solid—liquid interfaces. In this sheeting(0.010-inch thick, glos&loss surface, Special-

review Arwin describes a commonly used liquid cell ty Manufacturing. Nalgene 50 silicone tubing0.125

and its limitations for in situ ellipsometric studies. inch IDx0.250 inch OD, Fisher Scientifiovas used to

Discussion of various liquid cell designs has also been deliver solutions into the liquid cell. The liquid cell was

given by Hilfiker [11]. Such a cell typically consists of made of black Delrin and was surface polished with

a liquid reservoir with windows for incident and reflect- 400 grit and 600 grit paper@Buehlep.

ed light. The solid sample is immersed in this reservoir

creating the liquid—solid interface that is interrogated 2.2. Cleaning of the slides

optically. Entrance and exit windows need to be perpen-

dicular to the light beams to avoid window-induced Prior to use, slides were lightly wiped with lens paper

polarization changes. This configuration thus limits soaked with methanol, rinsed with deionized water and

measurements to one pre-designed angle of incidencecleaned with Isocledh cleaning soluti¢lsolab). As a

In this cell configuration, light passes through solution final step, slides were flushed with deionized water and

resulting in measurements that can be made only indried by pulling lens paper over the surfaces.

parts of the spectrum where solution does not absorb

[8]. In application to sensors systems, this last charac-2.3. Instrumentation

teristic meant that we would not be able to monitor

changes in optical constants of chemically selective A J.A. Woollam Inc. variable angle spectroscopic

films in the wavelength regions of most interest to us, ellipsometer(vertical setup was used for all ellipso-

namely, in the region of analyte optical absorption. metric measurements. This instrument was equipped
In an effort to measure chemically-selective thin film with an adjustable retarddiduto Retardef) that per-

properties in time, and indirectly sensor response, we mitted measurement of and A in their full range(0—

have begun to explore using dynamic spectroscopic90° and 0-360, respectively, and also enabled

ellipsometry. In this paper, we present the details of a measurements of the depolarization of the light. Depo-

method to measure the dynamics of sensor films illus- larization data were included in all analysis. J.A. Wool-

trating it with an application to the etching of indium lam Inc. Wvase32 software was used for modeling

tin oxide. This process is important in the patterning of ellipsometric data. Collected data were modeled using

indium tin oxide films for electronic devices including published techniques[6,7]. Goodness of fit was

sensors. We felt that before studying more complex expressed as mean squared erfdf.S.E) between

systems it was important to demonstrate that data for aexperimental and predicted datamormalized by the

model system with known transformations could be S.D.s of experimental dataThus, a smaller M.S.E.

interpreted correctly. An ITO film was chosen as the value represents better agreement between experimental

model system in part because the film composition doesand predicted data. A Philips XL30 ESEM was used to

not change during the course of the experiment; only acquire surface images of native and etched ITO coated

its thickness changes. These ITO films are uniform slides.

across the sample and, therefore, it was also possible to

test for such effects as stress induced in the sample by3. Results and discussion

the cell. The solution that was used to etch ITO was

yellow (contained irom and would clearly absorb light  3.1. Ellipsometry cell design

on the short end of the experimental spectrum, thus,

further demonstrating the usefulness of back-side Because of the constraints imposed by previous cell

measurements. designs, a new design was developed that allowed
measurements of the sensor selective film in contact

2. Experimental with solutions. The overall positioning of the cell within
the ellipsometer is shown in Fig. 1. The cell sits in the

2.1. Chemicals and materials normal position with respect to the sour¢®) and

detector (D). The sample configuration itself differs
Chemicals used are 5.0 M HCI(Labchem, from previous designs in that the film of interedt2)
FeCL-6H,0 (Fisher Scientifi¢, methanolHPLC grade, is interrogated from the ‘back-side’ or substrdtel)
Fisher Scientifi¢. Deionized water was prepared with side as detailed in Fig. 1, inset. This configuration
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substrate are treated as incoherent with respect to the
Lamp and reflections from the back of the substrate.

monochromator There are several advantages of this configuration

compared with more conventional cell designs. Interro-

gating light does not pass through a thick solution layer

Instrument control

clectroniocs and, therefore, the solutidinlike in conventional cells
can absorb light at the wavelength of measurement.
Measurements can be made at all wavelengths where
the substratgin this case, glass and ITQtself does
not absorb significantly. The angle of incidence of the
interrogating light is not limited to one pre-designed
— angle. For the same sample, measurements can be made
[ ——] at several different angles of incidence without reconfi-

guring the sample and cell holder. Even though the
angle of light with respect to sample normal at the
glasdfilm surface is different from that at the diglass
interface, it still varies appreciably and this is also
manifested in collected data. For example, at Bi@i-
dence (for a wavelength of 550 ninon the outside
surface, the variation of the angle by produces a

_ _ _ o variation of approximately 0™4at the inner surface.
Fig. 1. Sghematlc of thg variable angle spgctroscoplc elllpfsometer S,et'ExperimentaIIy, a variation of 2 at the glas;éfilm

up used in this study with an expanded view of sample slide contain- . . . . .

ing multilayer structure. Insert shows light path in the sample and mterface_ IS_ _easny attamed_' Such an angle Va”e}t!on
principle of the back-side measurement. Solid lines illustrate electrical CAUSES significant changes in collected data. In addition,
control cables. Light from monochromator is guided to the polarizer there are no windows through which light passes per-
(P) via optical cable(dotted IinQ. Light reflected off the sample mitting data to be analyzed directly without correction
passes through analyzer and is detected by detd®@9r In the for window effects. However, care must be taken to

expanded view, a three-layer optical system is illustrated. For back- nsure that tical birefringen is not ind d from
side configuration the first layer incident lighiiN) will strike the first ensure that optica €inngence 1S no uce 0

layer (L1). Some of the light is reflected at this first interfadeR) stress resid_ing in sample_surfaces. .
and the rest goes into the substrate. The studied(filzn and solution The details of the liquid flow cell are presented in
(L3) is on the back-side of substrate. Some of the light that was Fig, 2. The cell consists of two main pieces with cell
transml_tted into _the subs_trate_ will be reflected at the back sur_faces assembly as shown. The back piece has a parallelogram
(glasgfilm and film/solution interfacek of the substrate and will h d it ith t t h ili tub
come out of the slidéBR), the rest is transmitted into the solution. S aPe cavity WI, WO access ports w _ere sllicone tubes
Reflection from the front surface does not contain information about are inserted for liquid flow. .The front piece serves as a
the film but the back reflection does. If glass substrate is ¢tamin support for the sample that is placed over and completely
Section 2 of this papér both beams are not fully spatially separated covers the opening to the liquid cavity in the back piece.
and both enter the detector. This front piece has an aperture cut out of its center to
permit measurements. Soft silicone gaskets are placed

. . __ i between the sampléypically a flat transparent piece
permits an additional liquid phase3) to be in contact 753 incheg and both cell parts to ensure a hermetic

with the film. Importantly, a special liquid flow cell has  ge4) to the back piece while minimizing stress-induced
been made to bring the film in contact with solution. pirefringence that results from tightening of the screws
The optics are also sketched in Fig. 1 inset. L_|ght (eight matching holesthat hold the whole assembly in

reflected from the front surfacé~R) does not contain  place. To minimize stress-induced birefringence, both

information about the interior layers. Some light is ce|| pieces were fine polished to ensure that all surfaces
transmitted into the substrate and reflected at layersinat contact the sample were flat.

within the sample including the back surface in contact As others have noted11], stress induced in the
with the liquid phas€L3). This fraction of the reflected  sample by the cell is of special concern. After the cell
beam(BR) contains information about film and liquid \was made, we tested it with ITO-coated glass slides.
solution. Johs et al12] present a mathematical descrip- Our strategy was to collect data from a well-defined
tion of such an optical system where reflections from sample in a conventional way before placing it in the
back-side of a transparent substrate have to be includediquid cell. Comparison of this baseline data with data
in the analysis. They also give an example of how from the same sample in the liquid cell without liquid
measurements from back-side can be used to complewas then made. Ideally, both sample configurations
ment studies of complex absorbing films. As described should lead to the same results within experimental
by Johs et al.[12] reflections from the front of the error. Initially, we struggled with this and after consid-
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) . by the liquid cell. Another copy of the liquid cell was
a) Back plece b) Front piece made from aluminum where samples might be studied

Holes for assembly in solutions that do not react with this metal. As

Front view expected, the aluminum liquid cell appeared to be less
. — < . prone to inducing stress in the sample. Once the source
SR | S P 0 ° | Fromvew of stress in the sample was identified and eliminated,

NN | | || window | | we had no major problems with the liquid cell design.

o o o o o o o o Alignment of the liquid cell is more straightforward
Top view than with a conventional cell since there are no windows
. that light passes through leading to necessary corrections
F==| In Right side view i
Iu Scale of experimental dat@13].
As noted in Fig. 1, the front surface reflecti¢RR)

in our experiments does not contain information about
c) Cell assembly the film on the back-side of the sample. Yet, this
reflection is of higher intensity than reflections coming

Back piece . . . . .
:‘ ': from interior layers including the back-side of the

Gasket substrate where the film is. Therefore, a logical improve-

Sample slide ment in use of this design would be to block this front

Gasket reflection from entering the detector. The diameter of
| | Front piece

the light beam for our instrument is approximately 4
mm. If the glass substrate thickness was increased to at
Fig. 2. Liqu'id celld.rawings for back-side eIIipsqmetric measurements. |aast that amount, the back reflection could be spatially
(a) Back piece—view frqm front, above anq rlght. There is a paral-_ separated from front surface reflection and by itself
lelogram shaped cavity in the center of this piece where sample is = . ) . 7 .
exposed to solution when cell is assembled. Silicone tutgimaf directed into the detector. Our simulations also indicate
shown is inserted in injection ports labeled In and O(b) Front that such measurements would be more sensitive to
attachment piece—view from front and above. The cut out center changes in film's properties on the back-side of the
window of this piece a_llows measu_rements fr.om its side in assemble sample. Calculations show that for p-polarized Iight for
cell. Front an_d back pieces have _elght matchlng holes for screws thatfilm—free back surface(end of the etching the FR
hold these pieces together. All dimensions are to s€aleScheme ; . . .
of cell assembly. reflection is at least two times more intense than the
intensity of beams reflected from the back surfaces. For
i i . S-polarized light, the intensity differences are even more
erable testing, we concluded that even though immedi- qramatic, e.g. the front reflection is at least 20 times
ately after machining and polishing all cell surfaces ore intense. ITO film's presence on the back surface
were flat, plastic materials like Delrin deform over ime  jmnroves light reflection from the back surface and for
after machining giving surfaces that become slightly ,_hoarized light, depending on film’s thickness and the
curved. In turn, these warped surfaces induce stress inyayelength, the front reflection can be even smaller
the sample when it is put in the cell. Such small cell han, the intensity of light coming from the back surfaces.
surface deformations were able to be essentially elimi- During the ITO etching process these conditions gradu-
nated by continued surface polishing during the first gy change from one case to the other. Overall, in the
months after cell machining. Ultimately, cell surface case of ITO etching, adequate sensitivity was observed
deformation stopped. _ since ITO optical constants are very different from the
Once the cell was essentially stress-free, data wereg|ass substrate and the acid solution’s constants. How-
collected for the ITO slide mounted in the cdlho  ever, in future use with sensor films, this is an issue
liquid) and ex situ, that is, without the cell holder. sjnce these films are often optically very similar to glass
Comparison of the two data sets showed that differencesor the solution phase and such sensitivity improvements
were small but slightly larger than 1 S.D. of the would be welcome.
measurements. Maximum deviations of 0.5 and 7
A were observed; however, the overall differencedin 3.2, Demonstration of concept
was less than 1°5 Ex situ experiments were repeated
several times after slightly changing the spot where light  To demonstrate that it was indeed possible to measure
strikes the sample. Differences among data collected ata film’s changes with the cell configuration we chose
these various points were similar to those observedan experiment where the optical changes were known
when comparing ex situ experiment and sample in-the- before the experiment. The chosen system was ITO film
cell data sets. Because of this, we have concluded thatacid etching. ITO films on glass substrates have been
main cause for these differences lies in ITO layer extensively studied by spectroscopic ellipsomeity
variations per se and not stress-induced in the sampleand references thereifil5,16. Acid etching of these
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Table 1 base glass was measured and its optical constants were
Refractive index values for materials determined. ITO coated slides were studied using the
Wavelength 1737 F 1737 F  ITO ITO Watef* liquid cell before and after water was injected in the
nm glass glags n k n cell; both data sets were fitted together to arrive at the
375 15359 21283 0.0024 13540 best set of ITO c_:onstants and film thickness. When
400 1.5330 20782 00022 13500 these data were fitted, the base glass layer parameters
425 1.5304 2.0409 0.0026 1.3470 were kept fixed at previously determined values. The
450 15280  1.5267  2.0100 0.0032  1.3440 refractive index of water was taken from the literature
475 1.5259 1.9829  0.0038  1.3420  [21] \Water's refractive index was compared to that of
ggg igg‘z‘g 15228 11_59355865 0%%05%5 11_5333;3%0 _acigl solution using an Abby refractomet'er. Qomparison
550 15206 15203 1.9139 0.0061 1.3360 indicated that the real part of the refractive index of the
575 1.5192 1.8929 0.0071 1.3340 acid solution was higher by 0.0045 units. Such small
ggg 1-2%2 1.5180 11%71293 006%%831 115333’23;)0 differences would be hard to detect with the current
650 1E155 15164 18314 00105 13310 _optlcal system and, therefore, in all cases, th_e refraqtlve
675 1.5144 18108 00119 13300 Index of pure water was used for the acid etching
700 15135 15150 1.7899  0.0134 1.3290 Solution.
725 15126 17686  0.0151  1.3280 Experimental conditions and optical models used to
750 15118 15137  1.7469 00169 13270 fjt experimental data are summarized in Table 2 where

* From Corning data for 1737 F glass. the layers in optical models, the wavelength range, the

" From Palik[21]. angle of incidence and the M.S.E. of the model for

representative data sets are given. Optical constants for
films is widely used for production of flat screen surface layer{SR) were calculated using the Brugge-
displays. Different aspects of this process have beenman Effective Medium Approximation where the layer
studied[17-20. In practice, etching solutions typically (glass or ITO on which this surface layer was placed
completely dissolve ITO films within a few minutes. was mixed with the adjacent layéair or wate). When
Halogen acids are most effective for such fast etching. a particular layer’'s optical constants were fitted, the
A literature survey indicated that HCI solutions that entry in Table 2 for this layer is italicizied. Layer
contain a small amount of F& yield the most uniform thickness is shown in bold when it was allowed to vary
etching and a smooth ITO surface. The rate of the during fitting. When the cell layers described in Table
etching can be adjusted by changing the acid concentra2 span several data setg,g. 0.7-mm glass laygrthese
tion. Considering all these factors, we decided to use alayers were identical in fitting these separate sets. Water
low concentration HCI solution containing Fe that layers were included in models as infinitely thick layers.
should result in a slow uniform etching of ITO. Under Scans 2 and 3 were fitted together and, therefore, one
these conditions, only the ITO film thickness would be M.S.E. is given. M.S.E. is not given for the dynamic
a variable in the measurement. In other words, etchingexperiment because each time slice of data was fitted
would be observed as changes in ellipsometric parame-separately for ITO thickness and had its own M.S.E.
ters that later could be used to determine the film's (from 2 to 10, average valu&5).

thickness in time. The refractive index of the base gla&k737 B was
determined from an uncoated glass sample. Spectroscop-
3.2.1. Optical constants of materials ic scans from 300 to 1100 nm with step size 10 nm

Optical constants of all layers were first studied ex were performed at angles from 56 to°33y 0.2. The
situ and are summarized in Table 1. The following optical model included the following layers: surface
procedure for ellipsometry was used. Corning 1737 F roughness(0.3 nm-1737 F glass(1 mm)—surface

Table 2
Instrument scan and model parameters for ex situ and dynamic ellipsometry

Surface 1737 F ITO Surface Water Scan range Scan M.S.E.
roughness glass thickness roughness layer  (interval angles
nm mm nm nm nm (interval)
Scan 1 0.3 1.1 No 0.3 No 56 to 57 0.4
300-1100 0.2
Scan 2 0.4 130.0 33 No (10 54 to 62 2.7
Scan 3 0.7 Yes 2
Dynamic 0.4 Var No Yes 375-750 60 -

scans (25)
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for 1737F glass from the manufacturers data sheets and
0.15 these are in good agreement with our experimentally
==~ I737F glass,n I determined values. It is well known that ITO optical

224 — ; .
| ITO, n constants vary with manufacturer, deposition process
——-IT0.k and annealing conditions. Our determined values overall
2.0 - Water, n - 0.10

are similar in wavelength distribution and magnitude to
previously published valued4-14.

3.2.2. Dynamics of acid etching of ITO

Brewster’s angle for the base glass—water interface is
to within a few tenths of a degree of 5ifh the spectral

,,,,, range used300-1100 nm For glass samples, when

12 — 0.00 ellipsometric measurements are made very close to

200 400 600 800 1000 1200 Brewster’'s angle, the data are highly sensitive to any
surface imperfections. As a result, a surface roughness
layer of 0.3 nm was included on each glass surface
because inclusion of them significantly improved the

~ 0.05

Refractive index, n
=
1
3 QUSIDIJJO0D UONOUN X

Wavelength, nm

Fig. 3. Optical constantén and k) of various optical layers. Glass match between calculated and experimental dataers
and ITO constants were determined from experiments prior dynamic

etching studies. Refractive index of water was taken from the litera- M.S.E). A.few degrees above this angle such _effeCtS
ture [21]. are negligible and the measurements are still very
sensitive to thickness of the relatively high refractive
index ITO (compared to glagsfilm. Thus, for etching

- studies an angle of incidence of 6@as chosen. This
Optical constants for water were taken from Pd(] angle is slightly above Brewster's angle and, therefore,
except that a small constant value bf(10°°) was  atter ITO is removed the measuredwill be zero for
assumed for the entire spectral range for software func- 4 wavelengths. To speed up data collection, the acqui-

tioning reasons. _ _ sition range for dynamic measurements was narrowed
Prior to etching, each ITO slide was characterized as g 375_750 nm with a 25-nm interval. A scan at these
follows. Spectroscopic scans were made from 300 10 16 avelengths was performed with an average time of
1100 nm with a step size of 10 nm at angles from 54 3 5 min. The acid concentration for etching was tuned
to 62" with an interval size of 2 After that water was o that within this scan time the ITO thickness did not
injected into the cell and data collected under identical change significantly(as discussed later this was 0.23
conditions. The ITO layer was assumed to have uniform nm/min changg and so complete ITO removal was
optical constants through its thickness and an oscillator gchieved within a reasonable tingé day. Our current
model was used to model its optical constants. Including jnstrumentation permitted dynamic data to be acquired
a small surface roughness layer on ITO significantly only at one angle of incidence at a time. However, prior
improved the quallty of the fit. We feel that its inclusion to a dynamic experiment the same Samp|e Spot was
is justified since such a surface roughness layer can becharacterized at multiple angles. Such a capability will
observed in SEM images of the surface. Such imagespe very important when sensor film dynamics will be

have also been reported in the literatui®8]. An  studied. The demonstrated measurement configuration
oscillator model was used for ITO that included a Drude gllows detailed sample characterization at multiple

oscillator for near-IR absorbtion, a Tauc—Lorentz oscil- angles prior to dynamic experiments and after film

lator at 5.3 eV and a pole fos, offset. The latter was  processes have reached equilibrium without changing
used to account for the influence of absorption at short the spot monitored on the sample. Conventional liquid
wavelengths on the refractive index in the visible region cells do not allow such a possibility. All data analyses

of the spectrum. were done after the experiment was completed.

The optical model was as follows: glass surface Each individual scan of 16 wavelengths was later
roughnesd0.4 nm-1737F glas£0.7 mm—ITO (130  analyzed as if all points were measured at the time the
nm)—ITO surface roughnes&3.3 nm. Both data sets first point was measure(time slice. Thickness of the
(dry cell and with water were fit simultaneously. This  ITO layer at this time was determined by fitting this
model yielded a small M.S.K2.7 for particular data  portion of complete data set. Optical model for analysis
set presentedand small correlation coefficients between of dynamic data included three layers—glass surface
fit parameters and self-consistent optical constants. Opti-roughness layer, 1737 F glass substrate layer, ITO film
cal constants of all layers are presented in Fig. 3 and inlayer and an acid solutiofinfinite) layer. ITO surface
Table 1 for wavelengths used in dynamic ellipsometry roughness was not included in the model—this omission
experiments. Table 1 also lists refractive index values made the fit of the data only slightly worse but simpli-

roughnes<€0.3 nm). Data were fit with a M.S.E. of 0.4.



244 L. Zudans et al. / Thin Solid Films 426 (2003) 238-245

regression which yielded an etch rate of 0.23/nmn
andR?=0.9998.

It is evident from examining Fig. 4 that calculated
data do not agree exactly with experimental data. Even
though the overall shapes of curves agree well in most
regions, some deviations are relatively large. Specifical-
ly, computed values ofY differ significantly from
experiment at short wavelengths; comput&dvalues
from experiment at 6—9 h in time. We attribute this
disagreement to use of an oversimplified ITO layer
model. Our experiment was not designed to describe the
etching process as accurately as possible. Instead, it was
meant to demonstrate the concept of measuring film
dynamics on the back-side of glass. We omitted a surface
roughness layer from the model for fitting dynamic data.
Our ex situ modeling indicates that it is certainly present
on ITO in the beginning of the experiment. We also
used a simple model for ITO with uniform optical
constants throughout its thickness. Literature indicates
that these films often have vertical composition gradients
through its thickness that result in graded optical con-
stants[15]. Our ex situ experiments generally are con-
sistent with such observations. Such differences are
especially evident at near-IR wavelengtig]. In the
visible part of the spectrum, these effects are small and
for modeling simplicity of dynamic data, ITO can be
approximated as a uniform layer.

¥, degrees

A, degrees

Time, hours

Fig. 4. Measuredcircles) and calculatedsolid lines data from mod-

el with fitted thickness. For simplicity, data at only four wavelengths .
(in nm: 400, 500, 600 and 70Gre presented which cover different 4. Conclusions

parts of the spectrum. For fitting, the complete data set was used.

Experimental and calculated values at other wavelengths matched In this paper we have presented a liquid flow cell

comparably well to data presented. Depolarization was also measureddesign for use with a variable angle spectroscopic
and included in fitting process but data are not presented. It also ellipsometer. In this cell, films made on transparent

matched calculated data. Arrows point to data series in increasing . . . . -
wavelength direction. In th& graph, the discontinuity from low delta  Substrates are in direct contact with solution. Ellipso-

values to high is artificialA Is a continuous 360function and only metry measurements are made through the substrate—
for graphing purposes it is discontinued at90° and continues at  the film and solution are on the back-side of the substrate

de_(thfsf two points are the one and same point in polar rejative to incident light. This cell is not limited to just
coordinate

140

fied the fitting procedure for dynamic data. Optical g 120
constants of all layers were determined as described 1

: " @ 100 4
before and were kept constant for this part of experi- « ]
ment. The only parameter in this optical model that was ::: 80 —
allowed to vary was thickness of the ITO layer. After © 60 -
the ITO slide with water was characterized, water was = ]
drained from the cell and the acid etching solution was 8 40
injected. Dynamic data acquisition was started immedi- = ;]
ately after injection. Fig. 4 presents experimental data .
that were collected over time at selected wavelengths 0 — T T T T T T T T
along with model fitted results. It can be seen that the 0 2 4 6 8 10 12

experimental data and the model generally agree well.
The fitted ITO thickness as a function of etching time
is presented _In Fig. 5 It_ShOWS that_ ITO thlc_:kness Fig. 5. Fitted ITO layer thickness during the course of the dynamic
decreased uniformly with time. Th? m|dd|? portlon Of experiment. Solid line represents determined thickness at each time
this curve (from 1 to 8 h was fitted with linear slice of the data set. Circles mark the linear fit region.

Time, hours
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one angle of incidence of light allowing the sample film References

to be characterized at several angles before, during and
after a dynamic experiment. The spectral range of
experiments is limited only by absorbtion of the light in
the underlying glass and not by the solution that the
film is in contact with. We have demonstrated that film
dynamics in solution can be studied in such a configu-
ration by measuring the acid etching of an ITO film on
glass. Data from this in situ experiment were success-
fully modeled and the ITO layer of a thickness change
over time was determined. The ITO thickness uniformly
decreased during the etching process and the average
etch rate was determined to be 0.23 fmin.

Studies of the dynamics of chemically selective films
on sensors are underway. Two aspects of these films
need to be understood. Film stability over long periods
of time in solution is, in general, of concern for some
film compositions. Another aspect is film dynamics in
analyte solutions. For our multilayer optical sensor, it is
important to understand how the film’s optical constants
and thickness are changing as a sensor functions. As
has been demonstrated here with ITO acid etching, the
described liquid flow cell is well suited for this task.
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