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A nondestructive method for assessing the thickness of the photoactive layer in
poly(3-hexyl-thiophene): 1-(3-methoxy-carbonyl)propyl-1-phenyl-(6,6)Cs; (P3HT:PCBM) solar
cells is reported. In the approach the absorption spectrum of the solar cell as derived by optical
simulations is fitted to the corresponding measured spectrum, varying only the P3BHT:PCBM layer
thickness. Within the 50—250 nm thickness range, a linear correlation between the position of a
certain spectral minimum and the P3HT:PCBM layer thickness is shown, based on simulated
absorption spectra. As an initial application, absorption spectra for 240 P3HT:PCBM solar cells
prepared at four different spin-coating speeds were recorded, and the average P3HT:PCBM layer
thickness estimated for each spin-coating speed. The simulated fraction of light absorbed in the
P3HT:PCBM layer of the solar cells is compared with the P3HT:PCBM absorption spectra
measured for films spin coated on simpler substrate types. The latter spectra cannot account for the
light harvested in the photoactive layer of P3HT:PCBM solar cells because of substantial optical
interference in the solar cells. The measured short circuit current densities J,. for the solar cells vary
with the spin-coating speed in a manner confirmed by optical simulations of the maximal short
circuit current densities. The measured efficiencies follow the same pattern. On average the
measured Jy. is 1 -2 mA/cm? below the simulated maximal short circuit current densities. Based on
the resemblance of the measured and simulated absorption spectra such difference can be attributed

to recombination exclusively. © 2007 American Institute of Physics. [DOI: 10.1063/1.2775219]

I. INTRODUCTION

In the wunderstanding of polymer based bulk-
heterojunction solar cells and their optimization, the thick-
ness and the light-harvesting properties of the photoactive
layer are of particular interests. Both have been the subject of
a vast number of studies. A common but somewhat simpli-
fied perception is that the thickness of the photoactive layer
needs to be large enough to ensure sufficient harvesting of
the incident solar radiation, but not too large due to limited
mobilities of the materials. As an essential design parameter
of organic solar cells, thickness measurements of the photo-
active layer for working solar cells are, however, rarely re-
ported, as is a correct assessment of the light-harvesting
properties of the photoactive layer in the solar cell. The latter
property is of particular relevance for estimating the maxi-
mal short circuit current, the level of recombination, and the
internal quantum efficiency (IQE) of the solar cell. In this
study we demonstrate that the thickness of the photoactive
layer in poly(3-hexyl-thiophene): 1-(3-methoxy-
carbonyl)propyl-1-phenyl-(6,6)Cs;  (P3HT:PCBM) bulk-
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heterojunction solar cells can be derived from the measured
reflection spectrum of the solar cell. Further, we show how
the light-harvesting properties of the photoactive
P3HT:PCBM composite layer (the blend layer) only by
means of optical simulations can be correctly analyzed. Fi-
nally, we assess the maximal short circuit current density for
varying blend thickness, and compare with short circuit cur-
rent densities measured for P3BHT:PCBM solar cells, as pre-
pared with four different blend thicknesses.

Figure 1 illustrates the different types of thin-film struc-
tures considered in this study: In Fig. 1(a) the photoactive
blend is spin coated directly on substrate glass and a struc-
ture obtained which we here refer to as s type. In Fig. 1(b)
the blend is spin coated on a multilayer structure equivalent
to what is used for making the solar cell [shown in Fig. 1(c)],
and the resulting structure is here referred to as an m-type
structure.

Normally when determining the blend thickness for
polymer solar cells, the assessment is done indirectly, i.e., by
deducing it from fabrication parameters such as the spin-
coating procedure employed during solution processing of
the blend material. This requires that a correlation between
spin-coating conditions and blend layer thickness has been
established in advance for a model system, such as the s- or
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FIG. 1. (Color online) Schematic illustration of the thin-film structures in-
vestigated in this study. Of the incident intensity I, for the single-layer (s
type) structure in (a) Iy is reflected and I; transmitted. For the multilayer
(m type) structure in (b) Iy is reflected and 7' transmitted and for the solar
cell structure in (c) an amount of I is reflected.

m-type structures. Because the spin-coating process is influ-
enced by many parameters (some of which are difficult to
control) such correlations are generally not transferable be-
tween laboratories, however. Moreover, in case such correla-
tions are based on an s-type structure, a priori one cannot
assume that a solar cell spin coated under the same condi-
tions will have the same blend layer thickness. For this as-
sumption to hold the m-type structure would need to be con-
sidered, since only then is the blend spin coated on a surface
with similar wetting properties. Irrespective of the structure
considered, the blend layer thickness is often measured using
microscopic surface probing techniques such as atomic force
microscopy (AFM) or profilometry. Because these are local
measurements of the blend thickness caution must be exer-
cised, in particular, for m-type structures, where substrate
layout and/or indium tin oxide (ITO) structuring may cause
inhomogeneities in the blend thickness. Further, such mea-
surements are impractical for a large number of solar cells,
and in any case do not probe the spatial average of the blend
thickness within the electrically active area of the solar cell.
We are thus strongly motivated to devise an approach by
which the blend thickness can be measured efficiently and
nondestructively. This is also of interest for purposes of qual-
ity monitoring in future large volume production of polymer
solar cells. UV-visible (vis) reflection probe techniques are
well known and commercially available, and for simpler
thin-film structures routinely used for the simultaneous de-
termination of layer thicknesses and optical constants. For
complex and strongly absorbing multilayer systems such as
solar cells such standard techniques are not feasible. We have
thus implemented a simple and efficient measurement of the
reflection spectrum of P3HT:PCBM solar cells. From the
corresponding absorption spectrum we have identified a
spectral minimum, the position of which correlates linearly
with the blend layer thickness. This correlation can be
mapped out either by analyzing absorption spectra for
P3HT:PCBM solar cells as simulated for a range of blend
layer thicknesses or by analyzing the experimental absorp-
tion spectra in regard to blend thicknesses as measured by,
e.g., AFM. We compare the two approaches and discuss why
different correlations are obtained.

The analysis of the light-harvesting properties of the
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P3HT:PCBM  layer  upon annealing,l’9 varying
compositionf""10 and spin-coating conditions™ " is nor-
mally based on UV-vis transmission spectroscopy. The spec-
tra are typically recorded for s-type structures, and in few
cases for m-type structures. In either case the data are always
reported in terms of an absorption spectrum for the blend.'
Often it is implicitly assumed that these absorption spectra
are representative of the light absorption in the blend while
embedded in the solar cell structure. This assumption is not
justified as we will show by comparing the UV-vis spectra of
s- and m-type structures with the simulated absorption for
the photoactive blend of the solar cell. The reason for this is
optical interference in thin-film structures, the effect of
which generally increases with the number of thin-film lay-
ers and difference between the refractive index of these lay-
ers. The structures in Fig. 1 are therefore optically distinct, in
particular, the solar cell with its highly reflecting Al back
contact. The importance of optical interference for polymer
solar cells is already accounted for in numerous studies.'>
For P3HT:PCBM solar cells, in particular, where the recom-
bination loss under short circuit conditions can be quite
low,%’ the short circuit current density (J,.) is primarily de-
termined by the optical intensity distribution inside the pho-
toactive layer. Optical simulations are therefore suited for
investigating the dependence of J. on blend layer thickness,
either assuming an IQE of unity'®'®!? giving WX or by cou-
pling to electrical simulations,"”*° and thus approximating
J. In either case an undulating behavior for J. versus blend
layer thickness is generally obtained'®'® as also experimen-
tally confirmed by several studies.'> ' However, in these
studies the film thicknesses were all deduced from AFM or
profilometry measurements on either s- or m-type structures.
Here we complement the literature by analyzing the depen-
dence of J@™ on blend layer thickness by means of optical
simulation, and by comparing this with J,, measured for 240
P3HT:PCBM solar cells prepared at four different spin-
coating speeds. This comparison allows a rigorous assess-
ment of the level of recombination for the P3HT:PCBM solar
cells prepared.

Il. EXPERIMENT
A. Sample preparation

For 240 solar cells prepared on 24 substrates only the
spin-coating speed was varied while taking extra measures to
keep all other process parameters unchanged. No effort was
taken to optimize the efficiency: We simply used the process
parameters reported in the literature claimed to result in
4%-5% efficiency.**""*> 1.1 mm ITO glass (Merck
20 /1) was laser ablated to yield an ITO structure with ten
anode pixels within a substrate area of 25X 25 mm?. The
pixel layout allows for four-probe IV characterization once
the metal cathode is deposited. The substrates were first
manually washed in aqueous detergent, and then sequentially
sonicated for 10 min twice in acetone, isopropanole, and de-
ionized water. Handling of the substrates during and after
cleaning was done in a clean room facility where they were

'Le., corrected for the absorption of the bare substrate be that s- or m-type.
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subsequently blow dried with N, and UV ozone treated
for 20 min. With as little delay as possible following
this treatment, the substrates were spin coated with
a poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) suspension (Baytron AI4083) for 60 s at
3000 rpm, filtering the PEDOT:PSS dispersion through a
0.45 pum filter. The substrates were dried for 10 min at
200 °C and subsequently transferred under a glass cover di-
rectly to a dry N, glove box environment (H,O less than
2 ppm and O, less than 1 ppm) where all subsequent steps
were conducted. The blend layer was applied by spin coating
70 wL P3HT:PCBM solution per substrate using a procedure
with either 630, 900, 1430, or 1970 rpm,”® and spinning
times past drying of the blend as indicated by the sudden
color change. The P3BHT:PCBM solution as prepared in ad-
vance consisted of 15 mg/ml P3HT (4002E, Rieke Metals,
used as received) and 10.5 mg/ml PCBM (Solenne BV, used
as received) dissolved in anhydrous o-dichlorobenzene and
stirred for more than 24 h at 40 °C and subsequently filtered
through 0.45 wm PTFE filters. Following blend spin coating,
the substrates were stored under low vacuum for ~24 h and
subsequently transferred to the evaporation chamber. Ap-
proximately 100 nm Al was deposited at a base pressure of
less than 5X107° mbar over 10 min, with a rate of
~0.1 nms~! for the first 5 nm. The evaporation mask de-
fined a cathode area of 5.3 mm? for each of the ten solar cells
on a substrate, and the eight substrates loaded simultaneously
into the vacuum chamber defined a batch. All through sub-
strate processing, apart from the spin-coating steps, these
batches were processed simultaneously to reduce uninten-
tional scatter in the process parameters. The m-type sub-
strates were fabricated in the same manner but using unstruc-
tured ITO glass and omitting the final Al deposition step.
Note that transmission spectra were recorded between PE-
DOT:PSS and blend spin coating for the m-type substrates.
For the s-type substrates P3HT:PCBM solution was spin
coated directly onto 1 mm float glass after cleaning and UV-
ozone treatment. For both s- and m-type substrates, two iden-
tical substrates were prepared at each spin-coating speed re-
sulting in eight samples of each type. Irrespective of the
substrate type, temperature annealing was performed by
heating substrates at 150 °C for 5 min on a temperature con-
trolled hot plate inside the glove box.

B. Transmission and reflection measurements

The reflection spectra of m-type structures and solar cells
were all recorded at normal incidence. An Avantes charge-
coupled device (CCD) spectrometer with 2048 pixels
(AvaSpec-2048, 325-1100 nm range) and an Avantes
halogen/deuterium light source (AvaLight-DHc,
400—1700 nm/200—400 nm ranges) were used and con-
nected via a bifurcated optical fiber to a reflection probe,
equipped with a collimating lens placed ~5 cm away from
the sample. The reflection spectra were generally recorded
for 200 ms and averaged over ten spectra. Reference spectra
were recorded in the same geometry using a freshly vacuum
deposited Al mirror (>100 nm and facing the light). The
incident light was focused to a spot with a diameter of
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~1 mm and centered with respect to the round solar cell
pixel. Great care was taken to correct for even small devia-
tions away from normal incidence. The reflection was calcu-
lated as

L=l Ig=1y
Iy=I; Rulh-1;

R (1)
where I and I are the incident and reflected intensities [Fig.
1(c)], I the intensity reflected by the Al mirror, I, the dark
signal of the spectrometer, and R, the reflectivity for an Al
surface.”” For the solar cells (only) the absorption was de-
rived as A=1-R. All reflection measurements were per-
formed in the glove box. The s- and m-type samples had
their transmission spectra recorded with an AnalyticJena
Specord 210 spectrometer (190—1100 nm range) at normal
incidence and under ambient conditions.

C. Other measurements

The solar cells had their current-voltage characteristics
measured under a linear voltage sweep between +1 V in the
dark and under approximate AM 1.5 illumination with
1000 W m~2 (Steuernagel Solar Test) corrected for spectral
mismatch (for the calibrated Si-reference diode the mismatch
factor was 1.09). The measurements were made in the glove
box under constant temperature.

The optical constants (n,k) for the annealed blend were
determined from the s-type substrates by measuring the el-
lipsometric constants at incidence angles of 40°, 50°, 60°,
70°, and 80° using an ellipsometer from J. A. Woollam (M-
2000U). At each angle 250 measurements were performed
between 250 and 1000 nm. Prior to measurement the back-
side of the samples were roughened to avoid reflections from
the back surface. The resulting ellipsometric constants were
fitted to an optical model consisting of a Cauchy layer of
variable thickness (representing the blend layer) on a 1 mm
float glass substrate. This was done for each substrate for
wavelengths between 750 and 1000 nm using the software
WVASE32, which yielded blend layer thicknesses for the dif-
ferent spin-coating speeds as listed in Table 1. Subsequently,
using these thicknesses and the Cauchy parameters deter-
mined for each s-type substrate, the average optical con-
stants for the blend were obtained through a fitting procedure
involving data from all eight substrates, again using
WVASE32. In a similar manner, optical constants for PEDOT-
:PSS were determined using PEDOT:PSS from the same
product batch as used for preparing the m-type substrates.
The measurements were done under ambient conditions.

AFM measurements were performed using a calibrated
Veeco Nanoscope IV in tapping mode scanning a rectangular
box of 3 X 50 ,um2 under ambient conditions. This scan box
was typically placed over one of the edges of an ~0.2 mm
scratch made on the blend film, and the vertical step profile
evaluated at three positions. Such measurements were re-
peated at least for two different positions on the substrates.
For s-type substrates simple step profiles were consistently
obtained, the heights of which are listed in Table 1. By care-
fully searching the edges of the scratches on the m-type sub-
strates, double-step profiles due to only partial removal of
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TABLE 1. Blend layer thicknesses (in nm) as determined for the different
substrates prepared at four spin-coating speeds. For s-type substrates aver-
age values are given for thicknesses determined by AFM and ellipsometry.
For m-type substrates average values with the standard deviations are given
for thicknesses determined by AFM. For thicknesses derived by spectral
fitting, labels 7 and r denote, respectively, if the transmission or reflection
spectrum was used. Also shown are the PEDOT:PSS layer thicknesses ob-
tain from spectral fitting and AFM.

Substrate type Spectral fitting AFM Ellipsometry
s type t
630 rpm 121 145/141 152.49/149.21
900 rpm 99 121/131 127.29/127.46
1430 rpm 80 103/98 -++/99.74
1970 rpm 69 83/86 80.79/83.09
m type tlr
630 rpm 119/137* 154+7
900 rpm 103/110° 125+1
1430 rpm 84/84 84+5
1970 rpm 57156 76+2
Solar cell r
630 rpm 122
900 rpm 100
1430 rpm 76
1970 rpm 62
PEDOT:PSS t
3000 rpm 52 47+4

“Spectral fitting was of low quality.

the harder PEDOT:PSS layer could be identified for all sub-
strates. This conveniently allowed for measuring the PE-
DOT:PSS and blend layer thicknesses during the same scan,
the values of which are also shown in Table I. In all cases the
AFM scans were conducted at the center of the substrates
where the transmission spectra were recorded.

lll. OPTICAL SIMULATIONS

Optical simulations were performed using two ap-
proaches. In the first the S matrix formalism as appropriate
for the one-dimensional analysis of planar stacked thin-film
structures is implemented as a graphical tool. With this the
transmission or reflection spectrum for the entire substrate
can be simulated for varying layer thicknesses, and com-
pared with a corresponding experimental spectrum. Hence,
by visual inspection we can match a simulated spectrum to
an experimental spectrum adjusting one or more layer thick-
nesses. This fitting is done manually by seeking the best
superimposition of the spectra, in particular, for features such
as extrema within the 300—750 nm range. The obtained layer
thicknesses are therefore not found in a mathematically strict
sense. However, within an uncertainty of a few nanometers,
the best fit was generally quite obvious. In the following, we
refer to this procedure as spectral fitting.

In the second approach we used the more general rigor-
ous coupled wave analysis tool as developed for optical
simulations of corrugated films.”** Here we used its capa-
bilities to compute the spatially resolved absorption density.
From this the total absorption spectrum of a solar cell, the
absorption in the blend layer, and the maximal current den-
sity Jo* (assuming IQE=1) can be derived. Below we refer
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FIG. 2. (Color online) Transmission spectra obtained for (A) single-layer
substrates (s type) and (B) multilayer substrates (m type) prepared at differ-
ent spin-coating speeds. For comparison spectra for the glass substrate (A)
and PEDOT:PSS coated ITO glass (B) are shown. Dashed lines represent
spectra derived from spectral fitting of the measured transmission spectra.
Spectral fitting of the average glass|ITO[PEDOT:PSS spectrum (B) yielded
layer thicknesses of 144 nm for ITO and 52 nm for PEDOT:PSS.

to such simulations as optical simulations.

To determine the thickness of the ITO and PEDOT:PSS
layers first spectral fitting of the glass|[ITO transmission spec-
trum was done resulting in an ITO thickness of ~144 nm.
Using this value, spectral fitting of  the
glass|ITO[PEDOT:PSS average transmission spectrum gave
~52nm for the PEDOT:PSS layer thickness.” The
¢lass[ITO|PEDOT:PSS transmission spectrum in Fig. 2(b) is
an average spectrum based on eight identically prepared sub-
strates (which after blend spin coating became m-type sub-
strates).

Next, spectral fitting was performed for all types of spec-
tra, measured for every structure in Fig. 1 in order to deter-
mine the blend layer thicknesses resulting from different
spin-coating speeds. The results are shown in Table I where ¢
and r label whether a thickness results from spectral fitting of
the transmission or reflection spectrum. The corresponding

Note that spectral fitting of the individual glass[ITO[PEDOT:PSS transmis-
sion spectra showed a variation in the PEDOT:PSS layer thickness of less
than a few nm.
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FIG. 3. (Color online) Shown in (A) are the absorption spectra measured for
the individual solar cells prepared at four different spin-coating speeds. Also
shown is the average spectrum obtained for glass|ITO|PEDOT:PSS|AI struc-
tures. Shown in (B) are the absorption spectra obtained from averaging over
all solar cells prepared at the same spin-coating speed, along with the aver-
age glass|[ITO[PEDOT:PSS|AI spectrum. Dashed lines represent the corre-
sponding simulated spectra obtained from spectral fitting. Vertical lines
mark the position of \;, as identified for different spin-coating speeds.

fitting spectra are shown with dashed lines in Fig. 2 for s-
and m-type substrates and in Fig. 3(b) for the solar cells. The
reflection spectra for the m-type structures are not shown,
however.

Optical simulations were performed for the solar cell
structure [Fig. 1(c)] at normal light incidence in the
300-800 nm wavelength range in steps of 2 nm, varying the
blend layer thickness as 50, 60, and 70, ...,250 nm, and us-
ing 144 nm ITO, 52 nm PEDOT:PSS, and 100 nm Al. Simi-
lar simulations were done using the four blend layer thick-
nesses determined from spectral fitting of the average
experimental absorption spectra of the solar cells (Table I).
Optical constants for P3HT:PCBM and PEDOT:PSS were
those as determined by ellipsometry, whereas for ITO and
aluminum tabulated values were used.”’

IV. RESULTS

Below we present the results for s- and m-type substrates
and solar cells with different thicknesses of the blend layer.
For convenience we reference the different thicknesses
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loosely by the spin-coating speeds employed, and stress that
all determined thicknesses are listed in Table 1.

In Fig. 2 the transmission spectra (solid lines) recorded
for the s- and m-type substrates with the blend deposited at
the four spin-coating speeds are shown. Generally two ab-
sorption peaks are observed, namely, a dip from P3HT be-
tween 400 and 650 nm and a dip starting at 350 nm due to
PCBM, both in correspondence with the thin-film spectra of
the pure materials.” The most notable difference between
Figs. 2(a) and 2(b) is the way in which the transmission
spectra for increasing spin-coating speeds (decreasing blend
layer thickness) are displaced with respect to each other. For
the s-type substrates [Fig. 2(a)], the transmission between
300 and 650 nm generally increases with spin-coating speed
but with the spectral shape being unchanged, whereas for the
m-type substrates the spectral shape changes with increasing
spin-coating speed. Hence, in this wavelength range the
s-type structures show no interference and the m-type struc-
tures show beginning signs of interference, which become
more pronounced with decreasing layer thickness. Between
650 and 800 nm, both s- and m-type substrates are influ-
enced by interference as evidenced by an increasing trans-
mission with increasing blend layer thickness.

Spectral fitting reproduces the s-type transmission spec-
tra reasonably well for all spin-coating speeds as seen in Fig.
2(a), although the P3HT absorption is slightly underesti-
mated. The resulting blend thicknesses are listed in Table I
along with the corresponding values obtained from the
Cauchy model and from AFM measurements. Spectral fitting
qualitatively reproduces the m-type transmission as seen
from Fig. 2(b). Features such as the displacement of the
maximum at ~400 nm with increasing spin-coating speed is
accounted for, but also here the P3HT peak is underesti-
mated. Spectral fitting of the m-type reflection spectra (not
shown) worked well for the 1430 and 1970 rpm cases but
failed to reproduce significant spectral features in the remain-
ing cases. Blend thicknesses resulting from the fitting of
transmission and reflection spectra are listed in Table I along
with the corresponding AFM values.

Figure 3(a) shows the absorption spectra for the solar
cells as derived from the corresponding measured reflection
spectra. By specifically plotting each spectrum, a simple
graphical representation of the spread in the absorption data
is obtained. Despite a vertical spread among spectra for iden-
tically prepared cells, spectral features such as the positions
of the extrema between 300 and 500 nm are hardly affected.
Comparing the spectra we see that each spin-coating speed
has a distinct spectral fingerprint, and that the spread among
spectra obtained for a given speed is diminished with de-
creasing spin-coating speed.

For comparison the average absorption spectrum ob-
tained from 80 glass[ITO[PEDOT:PSS|AI structures is also
shown in Fig. 3(a). These samples were prepared identically
to the solar cells but without blend. We observe the glass
cutoff starting at ~350 nm, a small absorption peak at
~370 nm, and a broad infrared peak due to ITO. The
PEDOT:PSS absorption between 400 and 500 nm is hardly
visible due to a kink at 526 nm which is an artifact of the
measurement setup. To test the quality of n and k for the
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FIG. 4. (Color online) Blend layer thickness vs \,;, for measured and
simulated solar cell absorption spectra. Solid circles denote (d,\,;,) ob-
tained from spectral fitting of measured absorption spectra for solar cells
spin coated at 630 (black), 900 (red), 1430 (green), and 1970 rpm (blue).
Open circles denote (d,\,,;,) obtained from optical simulation of absorption
spectra with d in the 50-250 nm range. Open boxes designate (d,\y;,)
where d is determined by AFM on m-type substrates (i.e., d,,) and \.;,
comes from the measured absorption spectra. Open triangles denote (d,\ ;)
obtained from optical simulation of the absorption spectra using (0.85n,k).
Linear fits are shown with dashed lines.

materials other than blend, the glass|ITO|PEDOT:PSS|AI ab-
sorption spectrum was simulated. On a different scale, in Fig.
3(b) the measured and simulated spectra are compared.
Qualitative agreement is observed [also in the region not
shown in Fig. 3(b)] although the peak at ~370 nm is miss-
ing.

Also shown in Fig. 3(b) are the average absorption spec-
tra for solar cells prepared at the same spin-coating speed.
These are compared with the corresponding simulated spec-
tra obtained from spectral fitting. The shown characteristic
minima in Fig. 3(b) all move toward longer wavelength with
increasing blend layer thickness, hence M\, ;=391 nm
(630 rpm), 376 nm (900 rpm), 361 nm (1430 rpm), and
355 nm (1970 rpm). This trend is confirmed by the optical
simulation of solar cell absorption spectra with the blend
thickness d varying in the 50-250 nm range. In Fig. 4, we
show the corresponding values for A, vs d (open circles),
where linear regression on these data yields a linear fit
(dashed line) with a correlation coefficient of 0.9977.

To illustrate that the light-harvesting properties of the
blend layer in the solar cells cannot be analyzed in terms of
the s- and m-type substrates, in Fig. 5 the blend absorption
spectra obtained for these substrates are compared with the
blend absorption as simulated for solar cells. For the s- and
m-type substrates the absorption spectra are derived from the
transmission data shown in Fig. 2 by correcting for the sub-
strate absorption and neglecting the reflection contribution,
I;g’".3 The latter is evident from what seems to be a base line
absorption of ~10% above 700 nm in Fig. 5, which is due to
reflection as k for the blend vanishes in this region. The
simulated absorption spectra (solid lines in Fig. 5) give the

3The blend transmission is T,=T,,,/T,, where T}, is the measured trans-
mission for s- or m-type structure and 7 the corresponding transmission for
the bare substrate. Neglecting reflection we have A=1-T.
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FIG. 5. (Color online) Blend absorption spectra obtained from the corre-
sponding transmission spectra of s-type (dotted lines) and m-type (dashed
lines) substrates prepared at different spin-coating speeds. Shown also are
the simulated absorption spectra (full lines) for the blend layer in solar cells
with thicknesses corresponding to the four spin-coating speeds. The blend
thicknesses are found from spectral fitting.

fraction of light absorbed in the blend layer of the solar cell
with d equal to the values obtained from the spectral fitting
[Fig. 3(b)]. Note that these spectra are not normal absorption
spectra: they give the absorption of the blend layer subject to
the optical constraints of the entire solar cell structure. No-
ticeable differences compared to the s- and m-type absorp-
tion spectra are seen from Fig. 5; the P3HT peak is larger, an
additional peak at ~400 nm appears, and finally absorption
at the low-wavelength side of the PCBM peak (~350 nm)
does not occur.

To assess the upper limit of J . for the solar cells, blend
absorption densities for d in the range 30-250 nm were
simulated and J™* subsequently derived. Ji,(d) is plotted in
Fig. 6 and vertical lines marked the blend thicknesses corre-
sponding to the four different spin-coating speeds employed.

To illustrate the electrical performance under illumina-
tion of the (working) solar cells fabricated at the four differ-
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FIG. 6. (Color online) Maximal short circuit current density Jo* vs blend
layer thickness as obtained from optical simulations performed for solar cell
structures with blend layer thicknesses ranging between 30 and 250 nm.
Vertical lines indicate the thicknesses for which the simulated solar cell
absorption spectra fit the corresponding measured absorption spectra
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FIG. 7. (Color online) Scatter plot showing the average values (with sym-
bols) and the standard deviations (with error bars) of 7 vs J. for the func-
tional solar cells. Different symbols denote the three different fabrication
batches. Shown with vertical lines (same color coding) are Jio** derived from
optical simulations.

ent spin-coating speeds, in Fig. 7 the efficiency # vs J is
shown. Symbols mark average values for (7, J,.) obtained
for solar cells on the same substrate (substrate number
shown) and error bars show the per-substrate standard devia-
tion. Despite a relatively large scatter in both 7 and J. for
identically prepared substrates, there still seems to be a
grouping of substrates prepared at the same spin-coating
speed. Both 7 and J. increase on changing the spin-coating
speed as 1970 — 630 — 900 — 1430 rpm. Also shown with
vertical lines in Fig. 7 are values of J* corresponding to the
four spin-coating speeds. Not all prepared solar cells are pre-
sented in Fig. 7 because some cells simply failed as photo-
voltaic devices.*

V. DISCUSSION

Absorption spectra for functional and electrically char-
acterized P3HT:PCBM solar cells have previously only been
reported by Schilinsky et al.> and Hoppe et al.*' In the latter
case the optical constants were fitted to experimental spectra
resulting from different postproduction treatments. Fitting
the blend layer thickness has not been done so far. This is
remarkable considering the sensitivity of A,;, with respect to
changes in the blend layer thickness, the number studies de-
voted to optimizing the thickness,'>'*'#2% and the simplic-
ity of the technique. Our results show that even a change of
less than 15 nm (1970— 1430 rpm) in blend thickness
(based on fitted thicknesses) leads to significant changes in
the absorption spectrum [Fig. 3(b)]. The spread in the posi-
tion of A, in spectra resulting from solar cells made at the
same spin-coating speed [Fig. 3(a)], typically lies within a
few nanometers; i.e., a shift of ~15 nm in \;, is significant.

The linearity between A,;, and the blend layer thickness
can be rationalized by the condition of destructive interfer-

*For those failing for no obvious reasons (bubbles in or partial coverage of
the pixel area) the absorption spectra appeared identical to those of the
functional solar cells. Figure 3(a) includes therefore also nonfunctional solar
cells.
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ence between the partial waves transmitted (reflected) at each
of the interfaces. Phase differences between the partial waves
are introduced both by transmission (reflection) at interfaces
and by differences in optical path length. The latter implies
that the wavelength at which an interference minimum oc-
curs is proportional to any of the layer thicknesses in the
multilayer thin-film system. In the present case, only the
blend layer thickness d is varied and the linear relation

d()\min) =b+ a)\min (2)

can be mapped. We have observed such linearity also in
simulations of other types of solar cells, provided a spectral
minimum can be clearly identified in the absorption spec-
trum.

Figure 4 shows that the coefficients obtained for the lin-
ear correlation in Eq. (2) depend on how we assess the blend
layer thickness. Which approach is more correct is not im-
mediately obvious because all thickness assessments are in-
direct. For the AFM case (red boxes in Fig. 4) thicknesses
are measured for the m-type substrates (d,, approximates d)
and not for the working solar cells. Note that AFM blend
thickness measurements for the solar cells (i.e., through the
Al cathode) were attempted but lead to inconclusive results.
The standard deviations for the AFM determined thicknesses
in Table I cannot explain the discrepancy between the two
linear relations in Fig. 4. A similar discrepancy between
thicknesses determined from AFM and spectral fitting is seen
for the s-type substrates (Table I), where the latter numbers
are consistently smaller than the corresponding AFM and
ellipsometry numbers. Note further the close agreement be-
tween AFM and ellipsometry thicknesses determined for
s-type substrates.

To assess if the consistently smaller thicknesses as deter-
mined by spectral fitting are attributable to problems in the
optical constants for the blend, the simulations leading to the
open circles in Fig. 4 were repeated for n+15% and for
k+15%. Varying k generally changed only the size and not
the positions of the extrema for the simulated spectra. Con-
versely, varying n changed the position of \;, and thus the
coefficients in Eq. (2). Hence, in Fig. 4 we have additionally
shown the linear relation obtained from optical simulations
using 0.85n and k unchanged. The quality of the spectral
fitting of the average solar cell absorption spectra was hardly
influenced by scaling n, but the agreement with the AFM
based linear correlation improved. However, the modified
correlation is still not within the standard deviation of the
AFM thicknesses. A further decrease of n does not improve
the agreement, and in any case cannot be justified in terms of
the uncertainty for the optical constants. Redoing the spectral
fitting of the s- and m-type transmission spectra using 0.85n
does not significantly change the thickness assessment for
the s- and m-type substrates, in accordance with interference
being less important for these substrates.

The above findings indicate a small but seemingly sys-
tematic error in the optical constants of the blend. The origin
of this can have several sources, the most notable being that
the ellipsometric constants were fitted according to an isotro-
pic model. For poly(3-octylthiophene) films anisotropy for
the optical constants has been reported.34 Also, the optical
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constants were determined by fitting ellipsometric data deter-
mined from samples with different blend thicknesses. It is
known that different blend layer thicknesses may result in
different film morphologies, and thus the average optical
constants determined here might not be equally suited for the
entire range of thicknesses investigated, as also concluded by
Monestier e al.”® This might also explain why spectral fit-
ting of the m-type reflection spectra gave poor results for the
630 and 900 rpm cases only (Table I). Finally, assuming the
blend to be anisotropic (or uniaxially anisotropic), measuring
the ellipsometric constants between 40° and 80° relative to
normal incidence might not yield optical constants with suf-
ficient precision to represent the normal incidence situation
considered here.

We do not believe that the optical constants for PEDOT-
:PSS and/or ITO are responsible for the discrepancy in the
thickness determinations since the glass|ITO|PEDOT:PSS
transmission spectrum [Fig. 2(b)] was reproduced well with
52nm PEDOT:PSS (47#4 nm from AFM) and the
glass[ITO[PEDOT:PSS|Al absorption spectrum likewise [Fig.
3(b)]. Moreover, the discrepancy in the thickness determina-
tion also occurs for s-type substrates involving blend and
glass only. To obtain a better calibration of Eq. (2), the op-
tical constants of the blend need to be measured considering
the above issues, which is currently being undertaken. How-
ever, regardless of the thickness determination used, the re-
sults in Fig. 4 still serve as illustration and proof of concept.

Since the solar cell absorption spectrum does not show
where in the thin-film system light is absorbed, using the
glass|ITO[PEDOT:PSS|Al or the glass|ITO[PEDOT:PSS
spectrum33 as reference in deriving the fraction of light ab-
sorbed in the blend region is not correct. Instead the absorp-
tion density for the blend layer should be simulated as done
here and by others.'®*' On comparing the simulated blend
absorption with the absorption spectra based on the s- or
m-type substrates [Fig. 5] it is clear that neither of these
structures should be used to study the optics of the blend
layer in the solar cell. Most clearly this is seen from the peak
around 400 nm for the simulated blend absorption (thinnest
blend layer: 62 nm), which lacks in the s-type absorption
spectra and only emerges in the spectrum for the thinnest
m-type substrate. These spectral differences illustrate the ef-
fect of the different electromagnetic field distributions in so-
lar cell and m- and s-type structures. Nonetheless, in many
studies Jo.™ is estimated from absorption spectra of s- or
m-type structures. This is problematic while as seen from
Fig. 5, the s- or m-type spectra underestimate the absorption
inside the spectral range, where current is generated, and
overestimate the absorption outside, the latter, in particular,
if Iy™ is not corrected for.

From Fig. 7 it is clear that J,, measured for the solar
cells on average is between 1 and 2 mA/cm? below the cor-
responding maximum values Jg;, as simulated for the re-
spective spin-coating speeds. The difference (/5™ —J,.) gen-
erally has both an optical and an electrical origin, the latter
often being the only term considered. By ensuring that the
measured and simulated absorption spectra for the solar cells
actually match [Fig. 3(b)], within the precision of the optical
constants, we here may attribute the difference to recombi-
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nation only. From J3.*(d) in Fig. 6 we expect J to increase
with spin-coating speed as 1970— 630— 900 — 1430 rpm,
with Jg. at 630 and 1970 rpm being nearly equal. Experimen-
tally this sequence is also found, but from Fig. 7 we see that
solar cells spin coated at 1970 rpm on average give J. no-
tably smaller than those spin coated at 630 rpm. The differ-
ence in J,, must imply more recombination for the thinnest
cells, which, however, contradicts the normal behavior of
recombination increasing with blend thickness. The steep-
ness of J:*(d) at small thicknesses (Fig. 6) implies that mis-
calculating the blend thickness by 5 nm may change Ji™* up
to ~1 mA/cm?; i.e., the 1970 rpm solar cells should, in fact,
be thinner than 62 nm. This is contradicted by the AFM de-
termined thickness of 76 nm (Table I) for the 1970 rpm case.
Hence, the observed difference in J,. for the 630 and
1970 rpm solar cells is not fully understood. Here we can
only infer that the 1970 rpm cells overall are more prone to
errors and have larger spread in both (7,J) and absorption
data.

Jo™(d) as shown in Fig. 6 is nearly identical to what
Hoppe et al.'® obtained for P3HT:PCBM with ratio 1:0.8
instead of 1:0.7 as used here. As opposed to us, they mea-
sured J close to Jo™* for solar cells with thicknesses around
the first maximum at ~85 nm of J3."(d). Here the best per-
forming solar cells are obtained if spin coating at 1430 rpm
(Fig. 7), which corresponds to a blend thickness of 76 nm
based on spectral fitting or 84 nm based on AFM. For either
value we are still near the first maximum of Jg™(d)
(~10.8 mA/cm? from Fig. 6) which on average is
~1 mA/cm? larger than J,. measured. Experimentally J,.(d)
has only been mapped for the 1:1 P3HT:PCBM blend ratio.
Li et al.* found an optimum thickness of 63 nm for both 7
(4%) and J,, (10.6 mA/cm?), Moule et al."® the first maxi-
mum of J at 110 nm with 7~ 4% and J,~8 mA/cm?, and
Monestier er al® the maximum at ~75 nm with Jse
~10 mA/cm?. Even among studies employing the same
P3HT:PCBM ratio, the experimental determination of the
first maximum of J(d) is subject to a large spread. Regard-
ing the second maximum of J(d), in a different publication
Li et al. reported p=4.4% and J,=10.6 mA/cm? for solar
cells with optimized thicknesses of 210-230 nm,11 whereas
Moule ef al." found the optimum at 225 nm with 7=3.7%
and J, around 10 mA/cm?. In both cases J is substantially
smaller than 12.6 mA/cm? obtained for Ji*™* at ~220 nm
[Fig. 6], being a clear signature of recombination for large
blend layer thicknesses.

We are not able to reproduce the recently acclaimed
4%—-5% efﬁciency,6’3'5’36 one reason being due to recombina-
tion which affects J,. and thus also 7. More detrimental for 7
are, however, the rather low open circuit voltages (maximum
of 550 mV for cells spin coated at 1430 rpm) and fill factors
(maximum of 0.51 for cells spin coated at 1430 rpm) ob-
tained for the solar cells in this study.

The blend layer thicknesses derived from spectral fitting
(Table I) show that for a given spin-coating speed, qualita-
tively the same thickness is obtained irrespective of substrate
type used. However, this is contradicted by the variation
among the thicknesses determined by AFM for the s- and
m-type substrates. Based on the data in Table I we cannot
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conclude if the use of s-type substrates for establishing rela-
tions between spin-coating speed and blend layer thickness is
appropriate for PHT:PCBM solar cells or not.

VL. CONCLUSION

We have measured the reflection spectra of PAHT:PCBM
solar cells, derived the corresponding absorption spectra, and
shown that they provide a distinct optical fingerprint holding
information pertaining to the blend layer thickness. By spec-
tral fitting of the absorption spectra estimates for the blend
layer thicknesses were obtained, the magnitude of which was
generally smaller than the corresponding thicknesses deter-
mined by AFM. Optical simulations of solar cell absorption
spectra for a wide range of blend layer thicknesses showed
the expected linear relation between the position of a pro-
nounced spectral minimum and the blend layer thickness.
Likewise, relating the same minimum for the experimental
absorption spectra to the blend layer thicknesses, but as de-
termined by AFM, gave a linear but slightly different rela-
tion. The discrepancy between these relations most likely is
due to the optical constants for the blend being derived with
inappropriate  model assumptions. This gives a small
systematic error in thicknesses resulting from spectral fitting,
in particular, for the solar cells where interference is outspo-
ken. Nonetheless, we have demonstrated that the blend layer
thickness of a P3BHT:PCBM solar cell can be deduced from
its absorption spectrum.

By optical simulations the absorption in the blend layer
of the solar cell was derived and compared to the blend ab-
sorption spectra as derived from transmission spectra for the
s- and m-type substrates. This showed that the latter sub-
strates are appropriate neither for analyzing the light-
harvesting properties of the blend in solar cells nor for the
estimation of J@™*.

The solar cell performance with respect to # and Jg
increased with spin-coating speed as 1970— 630— 900
— 1430 rpm, in accord with Ji™ obtained from optical simu-
lations. The notable difference between Ji '« and J,, was
uniquely linked to recombination in the solar cells. The
simulated dependence of J.* on blend layer thickness quali-
tatively agreed with most experimental findings in the litera-
ture despite differences in the P3HT:PCBM blend ratio em-
ployed.

Comparing blend layer thicknesses for s- and m-type and
solar cell substrates, as inferred from spectral fitting and
AFM measurements, did not lead to a firm conclusion as to
the importance of differences in surface wetting properties of
the substrates upon blend spin coating.
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