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The efficiency of a photovoltaic device is limited by the portion of solar energy that can be captured.
We discuss how to measure the optical properties of the various layers in solid-state dye-sensitized
solar cells (SDSC). We use spectroscopic ellipsometry to determine the complex refractive index of
each of the various layers in a SDSC. Each of the ellipsometry fits is used to calculate a transmission
spectrum that is compared to a measured transmission spectrum. The complexities of pore filling on
the fitting of the ellipsometric data are discussed. Scanning electron microscopy and energy
dispersive x-ray spectroscopy is shown to be an effective method for determining pore filling in
SDSC layers. Accurate effective medium optical constants for each layer are presented and the
material limits under which these optical constants can be used are discussed. © 2009 American

Institute of Physics. [doi:10.1063/1.3204982]

I. INTRODUCTION

Dye-sensitized solar cells (DSCs) offer a low-cost alter-
native to traditional crystalline photovoltaic devices." The
cost reduction comes from reduced material costs and re-
duced preparation costs, i.e., lower cost equipment and lower
temperature production. The high efficiency of liquid DSCs
(>11%) (Ref. 2) derives not from impressive electrical fea-
tures of an individual material but from judicious molecular
design and control of nanoarchitecture. The standard DSC is
based on a mesoporous TiO, layer covered with a monolayer
of sensitizing dye molecules and filled with a redox-active
electrolyte (iodide/tri-iodide based).! The dye molecules ab-
sorb light and transfer an electron to the TiO, upon photo-
excitation. The redox electrolyte quenches the oxidized dye
molecule and carries the “hole” to the anode. Recent research
attention has been focused on replacing the electrolyte with
solid-state hole conductors because there are concerns that
the electrolyte will, over long time periods, leak out of the
liquid cell or deglrade.3 A recent efficiency record for solid-
state DSCs (SDSCs) of 5.1% was shown for hole conductors
based on 2,2',7,7'-tetrakis(N, N-di-p-methoxyphenyl-
amine)-9,9’-spirobifluorene (spiro-MeOTAD) A

One major difference between the solid-state and liquid
DSCs is that the external quantum efficiency (EQE) is a lim-
iting factor in the solid-state devices. While the thickness of
a liquid DSC has been optimized to 13-30 um,”® the high-
est efficiency solid-state devices are only ~2 um.” The
maximum thickness is limited in part by the ability of the
organic hole conductor to penetrate into the mesoporous
TiOZ.S’9 The record 5.1% efficiency device showed an EQE
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maximum of 60% near the absorbance maximum and re-
duced EQE throughout the rest of the spectrum. Though the
electrical function of the SDSC has been studied using a
variety of methods,'*'? it is not clear to what extent the EQE
is limited by light absorbance and what percentage of the
absorbed light is eventually lost through other channels.

In this and the subsequent article (Parts I and II, respec-
tively), we report on the measurement of the complex refrac-
tive index of the various layers in a SDSC and optical mod-
eling of completed devices. In Part I, we focus on accurately
determining the complex refractive index [n(N)+ik(\)] of
each of the device layers. n(\)+ik(\) is determined using
spectroscopic ellipsometry in reflection mode and verified
using UV/vis spectroscopy in transmission mode. However,
since the nanostructured layers contain complex mixtures of
materials that are sensitive to fabrication conditions, consid-
erable discussion is required to define the conditions under
which the optical model is valid. In addition, scanning elec-
tron microscopy (SEM) and energy dispersive x-ray (EDX)
spectroscopy are used to determine the extent to which the
pores of the mesoporous TiO, layer are filled with the spiro-
MeOTAD. In Part II, an optical model of photoabsorbance in
a completed device is developed. We use our calculation of
the absorbed light in comparison with EQE measurements to
determine the internal QE or electrical efficiency in the ac-
tive layer of a SDSC. The implications for improved device
efficiency are discussed in Part .

Il. EXPERIMENTAL

Ellipsometric data were obtained using a variable angle
spectroscopic ellipsometer (VASE) in the wavelength range
of 369-1001 nm (3.36-1.23 eV) in steps of 10 nm. The
ellipsometric data was taken in nulling mode and averaged

© 2009 American Institute of Physics
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over four quadrants to reduce systematic errors. Data was
taken at the average of the Brewster angles for 400, 550, and
850 nm light. The data was fit to a single angle of incidence
(AOI) for each sample. The layer thickness of the sample
was measured independently using a Dektak 3 surface pro-
filer and SEM to reduce the errors resulting from the corre-
lation of layer thickness and refractive index. The measured
thickness was used as the starting thickness for fitting of the
ellipsometric data and as thickness for transmission data. The
fitted sample thickness was not allowed to vary more than
3 nm from the measured thickness. Only reflection ellipsom-
etry was performed in this study. The samples were stored in
the dark until measured. Each sample was measured at sev-
eral locations and at several angles for verification purposes,
though presented data is for a single measurement at a single
AOL Ellipsometry was performed on a Nanofilm EP3 ellip-
someter and transmission measurements were performed us-
ing a Varian Cary UV/Vis spectrophotometer.

Ellipsometry cannot effectively be practiced on com-
pleted devices. All ellipsometry samples were prepared on
Si/SiO, substrates with a thick (~300 nm) SiO, layer (op-
tical propertiesM‘lS). Samples were fabricated on fused silica
substrates under the same conditions for transmission mea-
surements. The compact TiO, layer was coated to a thickness
of 40-100 nm by aerosol spray pyrolysis deposition at
450 °C using oxygen as the carrier gas.m’ Mesoporous
TiO, layers were doctor bladed onto the substrate from a
homemade TiO, nanoparticle paste]8 to give dry film thick-
nesses between 1.4 and 2 wm, governed by the height of the
doctor blade. These films were then slowly heated to 500 °C
(ramped over 30 min) and baked at this temperature for 30
min under an oxygen flow. The final sintered film porosity
was 0.6 as determined by nitrogen absorption. Prior to dye
deposition, the nanoporous films were soaked in a 0.02 M
aqueous solution of TiCl, for 6 h at room temperature in the
dark. After rinsing with de-ionized water and drying in air,
the films were baked once more at 500 °C for 45 min under
oxygen flow with subsequent cooling to 70 °C and placed in
a dye solution overnight. Two sensitizer dyes were used in
this study. Z907 is a ruthenium-based dye with a thiocyanate
bipyridyl complex and hydrophobic side chains.'* D149 is an
indoline-based push-pull organic sensitizer with an excep-
tionally high extinction coefficient of 68,000 cm™ M~'*
The dye solutions comprised 0.5 mM of Z907 or 0.2 mM of
D149 in acetonitrile and tert-butyl alcohol (volume ratio
1:1). The hole-transporting material used was spiro-
MeOTAD, which was dissolved in chlorobenzene at a typical
concentration of 180 mg ml~!. After fully dissolving the
spiro-MeOTAD at 100 °C for 30 min, the solution was
cooled and tert-butyl pyridine (tbp) was added directly to the
solution with a volume-to-mass ratio of 1:26 ul mg™!
tbp:spiro-MeOTAD. Lithium bis(trifluoromethylsulfonyl)im-
ide salt (Li-TFSI) ionic dopant was predissolved in acetoni-
trile at 170 mg ml~', then added to the hole-transporter so-
lution at 1:12 ul mg™! of Li-TFSI solution:spiro-MeOTAD.
We note that no chemical oxidant was used in the hole
transporter.21 The dye-coated mesoporous films were briefly
rinsed in acetonitrile and dried in air for 1 min. A small
quantity (20-70 ul) of the spiro-MeOTAD solution was
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dispensed onto each dye-coated substrate and left for 40 s
before spin coating at 2000 rpm for 25 s in air. Spiro-
MeOTAD layers were also spin coated directly onto the sub-
strates from the same solution.

SEM and EDX analysis were performed on a Zeiss Su-
pra 40 VP microscope with a thermic field effect emitter and
an Oxford Inca Drycool EDX detector. The samples that
were measured using EDX were first coated with 80 nm of Pt
by sputtering and then broken. The broken edge was polished
using a Jeol SM-09010 cross-section polisher.22 The sput-
tered Pt layer was added to maintain the structure of the soft
spiro-MeOTAD layer.

lll. RESULTS AND DISCUSSION
A. Ellipsometry of a single interface

Spectroscopic ellipsometry is an extremely powerful
method to investigate the optical properties of complex and
multilayer thin-film samples. For a substrate, the ellipsomet-
ric variables (A and W) can be used to calculate the complex
refractive index (n-+ik) exactly.> Typically, however, one is
interested in the optical properties of one or more films de-
posited on top of a well defined substrate. In this case, even
if the substrate’s optical properties are known, the addition of
the layer with thickness (d) increases the number of un-
known variables and so the refractive index must be itera-
tively fit using data from multiple-angle and/or multiple-
wavelength measurements. VASE has emerged as a powerful
tool for determining the n(\)+ik(\) but the fitting procedure
must be carefully applied to avoid the addition of excess
variables, which can lead to multiple fit minima and incor-
rect assignment of the optical properties. Quantitatively, the
A and W spectral data are fit by minimizing the mean
squared error (MSE).” We follow the procedure and mini-
mize the MSE as outlined by Persson et al.**

A SDSC is composed of a number of layers [Fig. 1(a)].
The incident sunlight enters through a soda lime glass sub-
strate and passes to a transparent fluorine-doped tin oxide
layer, followed by compact TiO,, then porous TiO, nanopar-
ticles covered with dye molecules and with the pores filled
with spiro-MeOTAD, next is pure spiro-MeOTAD, and fi-
nally the metal back electrode composed of either Au or Ag.
Clearly, it is not possible to measure or fit all of the device
thicknesses or optical properties simultaneously. Therefore,
the optical properties of each of the device layers are deter-
mined separately from specially prepared samples and then
used in an optical model to determine the net effect of the
entire layer stack. The process for measuring each of the
layers separately will now be addressed.

As stated above, n+ik can be determined exactly using a
single measurement for an optically thick substrate sample.
We used this to determine n and k for Au and Ag, the metal
electrode materials, at each wavelength separately for an av-
erage MSE of =0.1 for each measurement. This measure-
ment error comes from machine errors in correctly determin-
ing the exact polarization of the reflected radiation. Figure 2
(top) shows the measured n(\) and k(\) spectra and a com-
parison with literature data.”> Clearly the measured and lit-
erature data are very close but not identical. This is because
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9 Glass 3 mm
FTO 450 nm
Compact TiO, |35 nm
XYY YT WY
Mixed Layer ~2 um
i ~200 nm
Spiro Layer 30-200 nm

Metal Electrode

Spiro Layer
Mixed Layer

Si SiO,

FIG. 1. (a) Schematic diagram showing the various layers and estimated
thicknesses of the layers in a SDSC. (b) Reflection ellipsometry measure-
ment setup for SDSCs. The complex refractive index cannot be measured
for the mixed layer for wavelengths at which the spiro-MeOTAD layer
absorbs strongly due to a filtering effect.

the measured samples were prepared by evaporating
~200 nm of metal onto a quartz substrate, which yields a
surface with a variety of domain orientations. The literature
values were measured for a single crystalline (001) surfaces
in each case. Our measured n(\) and k(\) spectra are there-
fore more accurate representatives of the real optical proper-
ties that exist in the DSCs we want to model. Also displayed
in Fig. 2 (middle) and (bottom) respectively, are the reflec-
tivity (R) and dissipation (D) spectra assuming an air/metal
interface where

_ (n,— ”5)2 + (k,— ki)2
- (n,+ ”5)2 + (k, + ki)2

(1)

and
D=1-R. (2)

The indices i and ¢ represent incident and transmitted in the
two materials, which are in this case air and a metal surface.

The reflectivity of the Ag surface is clearly higher across
the entire spectrum than the Au surface or even the AuAg
surface. This higher reflectivity has been shown to increase
the light absorbance in the active layer of SDSCs and to
increase the short circuit-current density (Ji.) by over 20%
for a record power conversion efficiency of 5.1%.*

B. Optical properties of individual layers

Individual layers of compact TiO, and spiro-MeOTAD
were prepared as stated in the experimental section. The A
and W spectra for the compact TiO, were measured using an
incidence angle of 59.8°, which was determined using the
average Brewster angles for this sample at 400, 550, and
800 nm. The spectra were taken over all four measurement
quadrants and then averaged. Next an optical model of the
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FIG. 2. (Color online) Top: Wavelength dependence of n(\) (M, left axis)
and k(\) (OJ, right axis) of vacuum-deposited Au (red) and Ag (blue). The
lines are n and k taken from literature of single crystal surfaces. Middle:
Calculated reflectivity from Au (red), Ag (blue), and 5 nm Au on 200 nm Ag
(black) substrates in air. Bottom: Calculated dissipation of light into Au
(red), Ag (blue), and 5 nm Au on 200 nm Ag (black) substrates in air. All
calculations assume an optically thick metal layer.

compact TiO, layer was developed using a Cauchy function,
which is often used to approximate the complex refractive
index below the band gap of a material, and a Lorentzian
oscillator. A Cauchy function has the form

n(\)=A,+B\ >+ C\™, (3)

where A, represents the expected value of n as N\ approaches
. For fitting the n(\) of both spiro-MeOTAD and TiO,, C,
was set to zero, leaving two fit parameters. Each of these
layers is composed of an amorphous material that contains
local deep traps and scattering sites that would not be found
in a crystalline sample. To account for the reduced transmit-
tance throughout the spectrum, including below the optical
band gap, a constant minimum k value is included in the
model and reported in Table I as k.
A Lorentzian oscillator has the general form

IE,TE

k= ———
BT S e

(4)
where E is the peak center energy, / represents the intensity
of the peak, and I is the full width at half maximum. The
real and imaginary components of the Lorenzian oscillator
are separated using the Kramers Kronig relations and added
to the Cauchy function for fitting. The fit parameters for the
Cauchy and Lorentzian oscillator functions are listed in
Table 1. Finally, the compact TiO, layer has a thickness (d).
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TABLE I. Model parameters used for the ellipsometric fits to SDSC layers.

J. Appl. Phys. 106, 073111 (2009)

Cauchy parameters

Harmonic oscillator

Anharmonic Bruggeman

Layer A, B,(\?) kumin Eo (€V) E, I (eV) I (eV) E, (eV) » MSE
TiO,-comp 2.133 27818 0 3916 10.9 0.091 3.87
spiro-MeOTAD 1.575 17900 0.0034 3.307 1.848 0.019 s 4.54
mixed e e 0.623 9.0

mixed-D149 2.317 0.617 0.454 1.096 0.637 14.44
mixed-Z907 2.473 0.095 0.450 0.958 0.688 21.71

So the fit to the compact TiO, layer was performed with six
variables and yielded a MSE of 3.87. Figure 3 (top) shows
the fitted n(\) and k(\) spectra for the compact TiO, layer.

The best fit to the measured ellipsometry parameters (A
and V) is determined by minimizing the MSE. However, for
a multivariable fit, the parameter space can have multiple
minima. It is, therefore, necessary to check whether the best
fit n(\) and k(\) is in fact correct. To perform this check, we
deposited compact TiO, layers onto quartz substrates and
measured the absorbance spectra of these samples. Absor-
bance values for the whole sample were then calculated us-
ing the best fits n(\) and k(\) for TiO, and literature optical
values for quartz. The absorbance (Abs) spectrum is calcu-
lated by relation to the transmission (7) by

Abs = —log(T) (3)
and T is
T=1-R->D,, (6)

i=1

where D,, represents dissipation in each of the various layers
m. Calculation of R, T, and D,, is detailed in other
articles”®® and books® on optics. Figure 3 (bottom) shows
a comparison of the measured UV/vis absorbance spectrum

30
, fooo
28,
{o0s
_ 26 o
24] P
22 000

400 500 600 700 800 900

400 500 600 700 800 900
Wavelength [nm]

FIG. 3. Top: Best fit refractive index (solid line) and extinction coefficent
(dotted line) vs wavelength from ellipsometry measurements of compact
TiO, layers on Si—SiO, substrates. Bottom: UV/vis spectra of compact TiO,
layers on quartz with thicknesses of 34 and 37 nm (solid lines). Included are
the calculated absorbances for the 34 and 37 nm (dotted lines) using the best
fit n and k.

(solid line) and the calculated spectrum (dotted points) for
two different TiO, layers on quartz substrates. In both cases,
the best fit n(\) and k(\) are able to calculate the absorbance
spectra exactly for wavelengths longer than 400 nm, indicat-
ing that the best fit data accurately represents the complex
refractive index of the compact TiO, layer.

The spiro-MeOTAD layer was also prepared on a
Si—Si0, substrate independently of the rest of the layers in a
SDSC by spin coating. This sample was measured using
spectroscopic ellipsometry following the same method as the
compact TiO, layer. The measurement angle that best
matched the average Brewster angle for the sample across
the entire spectrum was 60°. These data were again fit using
the sample thickness, a Cauchy function, and a Lorentzian
oscillator. The fit parameters for the Cauchy and Lorentzian
oscillator functions and the MSE are listed in Table I. The
corresponding best fit n(\) and k(\) are displayed in Fig. 4
(top).

Again it is necessary to verify that the best fit n(\) and
k(\) can be used to accurately calculate an absorbance spec-
trum. Figure 4 (bottom) also shows an absorbance spectrum
for a 536-nm-thick spiro-MeOTAD layer deposited onto a
quartz substrate. The “waviness” in the transparent part of
the spectrum comes from optical interference in the layer.
The transparent part of the spectrum is displayed as an inset
to show that all of the interference fringes are captured in the

0.1

0.0 ; T r ; ,

400 500 600 700 800 900

500 600 700 800 900
Wavelength [nm]

FIG. 4. Top: Best fit refractive index (solid line) and extinction coefficent
(dotted line) vs wavelength from ellipsometry measurements. Bottom: Mea-
sured UV/vis absorbance spectrum for a 536 nm spiro-MeOTAD layer on a
quartz substrate (line) and the calculated absorption (dotted) assuming the
same thickness and the n(\)+ik(\) from ellipsometry. Inset: A blowup of
the absorbance data in the transparent region of the spectrum
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1.007—

0.00

400 500 600 700 800 900 1000
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FIG. 5. UV/vis spectra of an approximately 940-nm-thick, mesoporous TiO,
layer that has been covered with a monolayer of Z907 dye and mounted onto
a quartz substrate (dotted line). UV/vis spectrum of an identical dye-covered
mesoporous film that has also been filled with spiro-MeOTAD (solid line).

calculated absorbance from the best fit n(\) and k(\). The fit
to the UV/vis spectrum is excellent everywhere in the spec-
trum except between 420 and 480 nm, where the best fit data
slightly overestimates the actual absorbance and in the UV,
where an absorbance of over 3 cannot be accurately mea-
sured by the spectrometer. Also notice that the onset of ab-
sorbance at
420 nm is very steep. The very strong absorbance of the
spiro-MeOTAD places a limit on the wavelength range that
can be fit. So much of the incident probe light is absorbed at
shorter wavelengths that the n(\) and k(\) were fit for indi-
vidual wavelengths using a multiangle data aquisition with
the assumption that the spiro-MeOTAD layer is optically
thick.

C. Optical properties of mixed multilayers

As has been shown above, the n(\) and k(\) spectra for
the metal, compact TiO,, and spiro-MeOTAD layers can be
fit individually. The active layer of a SDSC is a porous layer
of TiO, nanoparticles covered in a monolayer of dye mol-
ecules and then filled with spiro-MeOTAD. We first at-
tempted to determine the optical properties of the unfilled
porous TiO, layer. This proved to be impossible because (1)
the surface of the porous TiO, film was very rough (rms
roughness >25 nm determined using atomic force micros-
copy (AFM) and (2) the mesoporous film itself scattered
light. This combination of scattering at the interface and scat-
tering within the film made accurate ellipsometry impossible.
However, when a thin porous TiO, film was filled with spiro-
MeOTAD, scattering was reduced and ellipsometry was
again possible.

Figure 5 shows UV/vis spectra of porous TiO, layers
that have a monolayer of Z907 dye have been prepared on
quartz substrates. The layers either have (solid line) or have
not (dotted line) been filled with spiro-MeOTAD. In the
filled porous layer, the interference pattern is clear through-
out the spectrum, while in the unfilled porous layer, no inter-
ference pattern is present. This data shows that scattering
dominates the optical effects in the unfilled porous film,
while the filled porous film shows a clear and strong inter-
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ference pattern, which makes it a good sample for ellipso-
metric analysis. A second observation is the strong absor-
bance beginning at 420 nm in the filled porous film. This
strong absorbance is due to the spiro-MeOTAD (Fig. 4).

Next we measured and fit the n(\) and k(\) spectra for a
porous layer of TiO, filled with spiro-MeOTAD. This sample
was also prepared on a Si—SiO, substrate. The sample ge-
ometry in Fig. 1 (bottom) shows how the data was taken. The
incident light must pass through a pure spiro-MeOTAD layer
before reaching the mixed layer and then pass through the
pure spiro-MeOTAD layer again before reaching the detec-
tor. Since the data acquired in an ellipsometry measurement
is a change in light polarization, not light intensity, the
sample fitting is very sensitive to whether the signal comes
from light that has passed through the entire sample or has
only reflected off the top surface. Beginning with the strong
absorbance at 420 nm, the main reflected signal and polar-
ization change come from the top surface rather than the
mixed layer, which means that n(\) and k(\) cannot accu-
rately be measured for the mixed porous layer for wave-
lengths shorter than 420 nm. The data shown for these wave-
lengths therefore have uncertainties that are unacceptable for
optical device modeling.

This sample was measured using spectroscopic ellipsom-
etry following the same method as the compact TiO, layer.
The measurement angles between 65° and 70° were the best
match to the Brewster angle across the entire spectrum. The
data was fit to a four-layer model, from bottom to top
Si—SiO,—mixed layer—spiro-MeOTAD. Since the substrate
and spiro-MeOTAD layers had already been fit indepen-
dently, only the mixed layer parameters and thicknesses had
to be considered for this sample. The mixed layer was fit by
combining the dielectric constants of the compact TiO, and
spiro-MeOTAD using the Bruggeman effective medium
approximation30

3e; +2u(sr— &)
Eur= &€ s
o 2382—21}2(82—81)

(7)

where e is the effective permittivity of a homogeneous
medium, &, is the permittivity of particles dispersed in a
medium with g, and v, is the volume fraction of the dis-
persed component. This model allows a two-phase mixture
of a complex dielectric medium to be modeled as a dilute
phase of spheres in a host medium. This approximation has
been shown to be accurate as long as the host and dilute
phases are correctly assigned.3 0 Interestingly, in studies of
soil in water, it was experimentally shown that the dilute
phase can have volume fractions higher than the host me-
dium and still provide an accurate representation of the
mixed permittivity.30 For fitting of the mixed layer ellipso-
metric data, the host was the TiO, matrix and the dilute
spheres spiro-MeOTAD. The fit used the measured data for
compact TiO, as presented in Fig. 3 and for spiro-MeOTAD
as presented in Fig. 4. The only three fit parameters were
therefore the two layer thicknesses and v,. For the mixed
layer, the measured A and W data were fit independently
between A =420 and 950 nm at an AOI of 65° and 70° Fig. 6
(top). The layer thickness was held constant for each AOI
and a v, of 0.623+0.01 was found. The resulting n(\) and
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FIG. 6. Best fit for optical properties for a porous TiO, layer filled with
spiro-MeOTAD (764 nm) and covered with a pure spiro-MeOTAD layer
(306 nm). Top: Measured A (M, left axis) and W (OJ, right axis) with the
best fit to the measured data displayed (dotted lines). Middle: Refractive
index (solid line, left) and extinction coefficient (dotted line, right). Bottom:
UV/vis spectrum of a 1340 nm mixed layer with a 320 nm layer of spiro-
MeOTAD covering the surface on a quartz substrate (solid line) and the
calculated absorbance (dotted line) assuming a three-layer (quartz—mixed
layer—spiro-MeOTAD). The measured thicknesses are taken from profilo-
metry and the n(\)+ik(\) from ellipsometry. The inset shows a blowup of
the absorbance data in the transparent region of the spectrum.

k(\) are in Fig. 6 (middle). A fit comparison to an absorptiv-
ity spectrum of a porous TiO, layer filled with spiro-
MeOTAD is shown in Fig. 6 (bottom).

The calculated spectrum fits remarkably well to the mea-
sured absorbance spectrum but the calculated spectrum has a
larger difference between maxima and minima in the inter-
ference fringes below the band gap. This difference arises
because the top surface of the TiO, layer is not perfectly flat
and has a peak-to-peak roughness (measured using AFM) of
over 70 nm. In a fit of optical constants using ellipsometry, a
roughness layer is typically modeled as a weighted average
of the two layers involved, in this case the mixed and spiro-
MeOTAD layers. We accounted for the roughness layer by
fitting it to two mixed layers with different mixing ratios of
spiro-MeOTAD to TiO,. Each of these layers required two
variables, a thickness and v,. Since the proportion of spiro-
OMEeTAD can be expected to increase in the mixed rough-
ness layer, using a Bruggeman approximation for both layers
is acceptable. The addition of an extra layer did little to
improve the fit to the measured A and W spectral data. The
MSE of the fit using one layer was 9 and the MSE assuming
both mixed and mixed roughness layers was 8.7. In addition,
identical improvement in MSE could be found for a wide
variety of mixed roughness layer thicknesses. Since the ad-
dition of the mixed roughness layer did little to improve the
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fit but added considerably to the complexity of the fit (dou-
bling the number of independent variables), the mixed layer
is represented and modeled as a single layer for the rest of
this article.

Finally, the n(\) and k(\) were measured and fit for
porous TiO, layers that had been covered with a monolayer
of dye and then filled with spiro-MeOTAD. We investigated
two dyes. The organic D149 dye5 and the ruthenium-based
7907 dye”® have both been used in high-efficiency SDSC
devices. In both cases, the n(\) and k(\) were measured
using the same technique and using the same experimental
considerations as the mixed layer described above. In order
to get a good measurement, the dye-covered TiO, layer filled
with spiro-MeOTAD had to be 900 nm thick or less to ensure
that the pores were sufficiently filled. As for the mixed layer,
the average Brewster angle was between 65° and 70°. How-
ever, due to the additional intensity losses that occur with
light absorbance in the dyes, the reflected light intensity was
higher for reflection off the air—spiro-MeOTAD and spiro-
MeOTAD—mixed layers than for light that had passed
through all of the layers for wavelengths <650 nm near the
Brewster angle. For this reason, ellipsometric measurements
of these layers were performed at 55° to 60°. While changing
to a less glancing angle allows consistent measurements to
be made, it also reduces the accuracy to which the thickness
of the layer can be fit. The tradeoff was, in this case, neces-
sary and appropriate.

In each case, the dye itself was fit by adding a single
oscillator to the mixed-layer optical model. The D149 dye
was represented by an asymmetric oscillator with values
listed in Table I. The asymmetric oscillator model was devel-
oped for fitting the dielectric functions of amorphous mate-
rials, explicitly excludes intraband transitions,31 and has the
form

IE,L(E-E)* 1

E)= =, E=E,
HE) (E>-EX)*+T°E°E !

2mk(E)=0, E<E,, (8)

where [ is the intensity, E is the absorbance maximum, E is
the absorbance onset, and I is the peak width. The MSE of
the fit to the mixed-D149 sample was 14.44 over the wave-
length range of 420-950 nm. The high value of the MSE is
partially due to the uncertainty of the layer thickness of the
ellipsometry sample as described above. The n(\) and k(\)
for the D149-mixed layer are shown in Fig. 7 (middle). As
for all of the other layers, the quality of the fit was tested by
comparing a UV/vis spectrum of the layer on quartz to a
calculated spectrum [Fig. 7 (bottom)]. The sample in this
case was quartz—D149-mixed layer—spiro-MeOTAD. The
fit to the absorbance spectrum is good. All of the interference
fringes are represented and the height of the absorbance peak
is also accurate.

The 7907 dye was also represented by an asymmetric
oscillator’’ with values listed in Table I. The MSE of the fit
for this layer was 21.71 over the range of 420— 950 nm. The
high value of the MSE is partially due to the uncertainty of
the layer thickness of the ellipsometry sample as described
above and higher than in the D149 samples because of the
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FIG. 7. Best fit for optical properties for a porous TiO, layer covered with
D149 dye and filled with spiro-MeOTAD (607 nm) and covered with a pure
spiro-MeOTAD layer (302 nm). Top: Measured A (M, left axis) and ¥ (OJ,
right axis) with the best fit to the measured data displayed (dotted lines).
Middle: Refractive index (solid line, left) and extinction coefficient (dotted
line, right). Bottom: UV/vis spectrum of a 302 nm mixed layer with a 187
nm layer of spiro-MeOTAD covering the surface on a quartz substrate (solid
line) and the calculated absorbance (dotted line) assuming a three-layer
(quartz—mixed layer—spiro-MeOTAD). The measured thicknesses are
taken from profilometry and the n(\)+ik(\) from ellipsometry. The inset
shows a blowup of the absorbance data in the transparent region of the
spectrum.

larger layer thickness, which likely includes more voids in
the pore structure. The n(\) and k(\) for the Z907-mixed
layer are shown in Fig. 8 (top). As for all of the other layers,
the quality of the fit was tested by comparing a UV/vis spec-
trum of the layer on quartz to a calculated spectrum. The
sample in this case is quartz—Z907-mixed layer—spiro-
MeOTAD. The fit to the absorbance spectrum is good. All of
the interference fringes are represented and the height of the
absorbance peak is also accurate.

Comparison of the n(\) and k(\) for the two dye-
covered mixed layer yields some interesting insights into the
differences between the two dyes. First, the D149 dye has a
redshifted absorbance maximum of ~530 nm with respect
to the ~500 nm absorbance maximum of the Z907 dye. The
D149 dye also has a much higher k(\) than the Z907 dye
near the absorbance maximum. The higher k(\) of the D149
dye leads to a much higher absorbance in a 302 nm mixed
layer than is seen in the 564 nm layer covered with the Z907
dye. Interestingly, the higher absorbance of the D149 dye
also has a strong effect on the n(\) of the mixed layer, where
the n(\) of the Z907-mixed layer varies little from the dye-
free mixed layer.

Another interesting question is whether the addition of
dye to the TiO, surface changes the ability of spiro-
MeOTAD to penetrate into the mesoporous TiO,. The an-
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FIG. 8. Best fit for optical properties for a porous TiO, layer covered with
7907 dye and filled with spiro-MeOTAD (940 nm) and covered with a pure
spiro-MeOTAD layer (524 nm). Top: Refractive index (solid line, left axis)
and extinction coefficient (dotted line, right axis). Bottom: UV/vis spectrum
(solid line) of a 564 nm mixed layer with a 610 nm layer of spiro-MeOTAD
covering the surface on a quartz substrate (solid line) and the calculated
absorbance (dotted line) assuming a three layer (quartz—mixed layer—
spiro-MeOTAD layer). The measured thicknesses are taken from profilom-
etry and the n(\)+ik(\) from ellipsometry. The inset shows a blowup of the
absorbance data in the transparent region of the spectrum.

swer is inconclusive. As estimated from ellipsometry, the
mixed layers with no dye and with D149 had (see Eq. (7))
spiro-MeOTAD volume fractions (v,) of 0.623 and 0.637 for
mixed layer thicknesses of 764 and 302 nm, respectively,
which shows that the mixing ratios are identical within ex-
perimental error for thin layers. The mixed layer with Z907
dye had a v, of 0.688 for a 940 nm layer thickness, suggest-
ing an increased pore filling by the organic fraction even
though this layer is thicker than the other two mixed
samples. From prior literature on this subject, reduced filling
with increased layer thickness is expected.g’9 Our SEM/EDX
analysis also shows reduced filling with increased layer
thickness (Fig. 9). These two pieces of data together point to
better filling with the Z907 dye-coated TiO,. However, we
did not conduct a systematic study of pore filling using el-
lipsometry on samples with known filling. It is for this rea-
son that we believe that the result, while interesting, is still
within the error of the measurement. Literature estimates of
pore volume are 59% to 71%."® These results indicate that
for thin films, the pores are >90% filled.

D. SEM/EDX

It has been shown that one of the major restrictions on
the thickness of SDSC devices is the difficulty in filling the
porous matrix of TiO, with an organic hole conductor.® Nu-
merous different hole conductors have been tested for use in
SDSC devices, but spiro-MeOTAD has been shown to make
by far the most efficient devices because it is able to wet the
surface of the dye-covered TiO, without forming crystalline
domains." It is assumed that since the spiro-MeOTAD does
not crystallize, it prefers to stick to the porous TiO, structure
rather than to itself.
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FIG. 9. (Color online) SEM-EDX of carbon (black), oxygen (red), and
silicon (green) for a porous TiO, layer filled with spiro-MeOTAD on a
Si—SiO, substrate that has had Pt sputtered on top. The substrate was pol-
ished prior to imaging. The relative thicknesses of the various layer is shown
by a schematic and vertical dotted lines. A linear fit to the carbon signal in
the active layer shows decreasing filling while the oxygen signal is constant.

In this article we measured the optical parameters of the
layers used in a SDSC. We showed in Fig. 5 that the unfilled
TiO, matrix scatters light and makes ellipsometric analysis
impossible. The ellipsometry was therefore performed on
mesoporous TiO, that was filled with spiro-MeOTAD. To
confirm that the layers were completely filled, the films were
broken and then SEM-EDX was performed on the cross sec-
tion (Fig. 9). This technique was performed on Ar ion-
polished cross sections of the presented ellipsometry samples
at low electron acceleration voltages in order to avoid artifi-
cial x-ray signals. SEM-EDX allows an elemental mapping
of the prepared surface as a function of position with a res-
olution of ~100 nm at the applied acceleration voltage.

Figure 9 shows line scans of EDX signal versus position
perpendicular to the cross section of a filled layer with an
active layer thickness of ~1300 nm for the elements C, O,
and Si. A cartoon of the layer structure and dotted lines are
included. The C signal is highest in the spiro-MeOTAD (as
expected), drops down a little at the transition to the mixed
layer, decreases throughout the mixed layer, and drops down
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to roughly zero at the transition to the SiO,. The O signal is
essentially flat in the mixed layer and higher in the SiO,
layer. The Si signal is zero in the mixed layer and shows
increases in the SiO, and Si layers as expected.

The interpretation of the data (Fig. 9) is that the spiro-
MeOTAD has reduced penetration into the porous TiO, with
increased depth into the mixed layer where the O signal is
constant. The C signal appears to decrease throughout the
active layer with lesser filling at greater depth into the porous
TiO,. The small drop in the carbon signal at the transition
between mixed and SiO, layers verifies that the deep pores
are at least partially filled. This data shows conclusively that
increased thickness of the porous TiO, layer leads to reduced
pore filling of the spiro-MeOTAD. We used samples with
mixed layers that were very thin, <900 nm for all ellipsom-
etry measurements in order to ensure adequate pore filling
throughout the layer thickness. Use of these thin layers al-
lows high quality optical data to be obtained using ellipsom-
etry, whereby layers with normal device thicknesses
(~2 wm) cannot yield accurate optical data. A detailed
analysis of the pattern of pore filling as functions of layer
thickness and of the SEM-EDX techniques used can be
found elsewhere.”

IV. CONCLUSIONS

In conclusion, we have developed methods to measure
the complex refractive index for all of the layers in a SDSC.
Each of the layers was independently measured using spec-
troscopic ellipsometry and fit by reducing the MSE to the
measured data with the simplest optical model possible. The
problem of the fitting procedure finding an incorrect local
minima in the parameter space was eliminated by comparing
measured transmission spectra on quartz substrates to calcu-
lated absorbance spectra using the n(\) and k(\) from ellip-
sometry and layer thicknesses obtained from profilometry
and SEM imaging. The optical parameters are suitable for
multilayer optical modeling of complete SDSC devices as
long as the assumptions inherent in the measurement tech-
nique are carried over to the device models. These assump-
tions are (1) that the spiro-MeOTAD completely fills the
TiO, matrix, which means that scattering is neglected from
void pockets, (2) that the roughness of the mixed layer/spiro-
MeOTAD interface can be neglected, again that scattering is
neglected, and (3) that all of the layers are prepared accord-
ing to the fabrication methods outlined here.
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