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1, 01062 Dresden, Germany; http://www.iapp.de

ABSTRACT

Thin metal films are a desirable alternative to indium tin oxide for utilization in organic solar cells (OSC). We
describe background and processing parameters for thin metal films and show examples of top-illuminated
OSC employing metal electrodes. Simulations are introduced as tool for OSC fabrication; several pitfalls
are presented which must be considered for successful numerical treatment of thin-film layers at coalescence
thicknesses and for coherent treatment.
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Compared to inorganic solar cells, the field of small-molecule organic solar cells (SM-OSC) is a rather
new area of research, but has become the subject of intense activities and interest since the first report of
an efficient flat heterojunction SM-OSC by Tang.1 New concepts like intentional doping of organic matrices
with donor or acceptor molecules,2, 3 dedicated charge carrier transport layers4 or the p-i-n architecture5

have paved the way for certified power efficiencies of 5.9%.6

While SM-OSC currently have slightly lower efficiencies compared to polymer-based7, 8 and dye-sensitized9

OSC, they are expected to be well-suited for mass-production by vacuum evaporation in in-line systems, as
has been demonstrated for small-molecule organic light-emitting diodes (SM-OLED). Competitiveness to
inorganic and other organic solar cells is expected due to weight, price (material consumption of ≈ 1 g/m2),
total device thickness of (< 1 μm) and ease of production.

Currently, in research and development of thin-film optoelectronic devices like SM-OLED and SM-OSC,
the standard configuration involves a glass substrate coated with a pre-structured electrode of a transparent
conductive oxide (TCO), typically tin-doped indium oxide (In2O3:Sn, or ITO) or aluminium-doped zinc
oxide (AZO).10 TCO are typically deposited by sputtering and provide an excellent combination of trans-
parency and conductivity. Nontheless, for inverted SM-OSC or SM-OLED deposited on an opaque substrate,
illuminated or emitting light through the top, TCOs are not a suitable choice. Generally, TCOs are difficult
to apply since sputtering onto organic layers damages the organic material underneath. They are brittle11

which inhibits use in flexible devices; the recent increase of demand for indium, e.g. for flat panel displays
and high-tech applications, led to rising ITO prices in the last decade.

A possible alternative to TCO is ultra-thin metal,12–14 which can be thermally evaporated in vaccum
and can be applied in the same inline-system as the organic small molecules. Al, Ag and Au thin films are
interesting due to high transmittance in the visible range of the spectrum in case of thin layers. Closed
layers, which are required for application in optoelectronic devices, also exhibit high conductivity. However,
evaporation of thin metal films to form stable, continuous and level surfaces is a challenging task.

Obtaining a suitable morphology with low roughness depends on a variety of factors, e.g. metal type,
temperature, evaporation rate,15 solvent treatment,16 substrate,16–18 or surfactants.19–22 Also, the partial
pressure of gases which might be present during evaporation can play a role, since the gases may slow
down evaporated metal atoms, thus reducing kinetic energy and temperature.23 Due to the high number
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Figure 1. Schematic of the used solar cell stack, illuminated through the top; The HTL is p-TNATA. Intrinsic C60 or
n-NTCDA is used as ETL.

of parameters, different thicknesses for coalescence (the threshold between isolated islands and continuous
layers, also referred to as percolation thickness) have been reported with values ranging between 2 nm and
more than 15 nm.12, 15, 24, 25 When fabricating optoelectronic devices with a transparent (metal) top contact,
the performance can be increased by the presence of dielectric capping layers by utilizing a microcavity effect
and improved light incoupling (SM-OSC12, 26) or outcoupling (SM-OLED27). The microcavities in these cases
are Fabry-Perot microcavities, since both electrodes consist of reflective metal (thick bottom Al anode; thin,
semitransparent Al/Ag/Au anode), and aim at constructive interference for certain wavelengths which fulfil
the resonator condition. The phase shift in the resonator is expressed as

Δφ = 2
m∑

i=0

2πnidi

λ
cosθi +

l∑

j=0

Δφlayerj
+ Δφanode + Δφcathode (1)

with m organic layers having indices of refaction ni, layer thicknesses di and angle of propagation θi

(resulting from angle of incidence and ni), out of which there are l layers having properties of an absorber,
thus changing the phase. Eq.1 consists of optical retardation and phase shifts within absorbing layers and at
reflective metal contacts. Optical simulations are a tool well-suited for optimization of solar cell stack and
capping layer thickness. As Eq.1 shows, by employing transparent charge carrier transport layers (electron
transoprt layers [ETL] or hole transport layers [HTL]) or transparent capping layers, the distribution of
the optical field within the solar cell can be tailored such as to shift the maximum photon density into the
absorber layers.28 This is important since the small exciton diffusion length of organic materials limits the
absorber thickness in SM-OSC to well below 100 nm, even down to only ≈ 10 nm for some materials like
e.g. α-α

′
-bis(2,2-dicyanovinyl)-oligothiophenes.29 While simulations of organic layers can be performed with

reasonable reliability, since n- and k-values can be determined by ellipsometry and optical measurements,
simulations of ultra-thin metal layers are challenging. Simulations are necessary to accurately predict the
distribution of the optical field within a solar cell. The current paper presents experimental and numerical
studies of ultra-thin metal layers and capping layers on top-illuminated organic solar cells.

1. METHODS

1.1 Experimental

All samples were fabricated using shadow masks in a custom-made vacuum system (K.J. Lesker, UK) at a
base pressure of 10−6 mbar. Float glass which was precleaned with detergents and organic solvents followed
by oxygen plasma treatment was used as substrate.
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Figure 2. Structures of the used organic materials 2-TNATA, C60, ZnPc, Alq3 and BPhen.

For solar cells, the layer sequence is illustrated in Fig. 1. The preparation was performed as follows:
A metal back contact of 100 nm Al was deposited, followed by 1 nm of a p-type dopant (Novaled AG,
Dresden, Germany).30 As hole transporting material, 30 nm or 60 nm of 5 wt% p-doped 4,4’,4”-tris(1-
naphthylphenylamino)-triphenylamine (TNATA) was used. As light absorbing material, layers of zinc ph-
thalocyanine (ZnPc) (10 nm) and co-evaporated ZnPc:C60 (25 nm, ratio 1:1) were deposited. After an
additional absorber/transport layer of C60 (10 nm), an electron transport layer either of 30 nm intrinsic
C60 or of 30 nm n-doped 1,4,5,8-naphthalenetetacarboxylic dianhydride (NTCDA) was evaporated; 7 nm
4,7-diphenyl-1,10-phenanthroline (BPhen) was used as exciton blocker. The molecules are shown in Fig. 2.
All materials had been purified at least twice by vacuum gradient sublimation. Different thicknesses and
combinations of Ag and Al/Ag were used as transparent top contact. In some cases, 60 nm of tris(8-
hydroxy-quinolinato)-aluminium (Alq3) on top of the metal electrode increase light outcoupling out of the
solar cell.12, 26 Typical device areas are around 6.7 mm2 (measured using a light microscope).

16 samples were made on the same wafer in one run. This way, variations of top contact, HTL or ETL
can be performed while keeping the deposition conditions for all other layers constant and reproducible.

Finished solar cells were encapsulated in a glovebox attached to the vacuum deposition chamber under
nitrogen atmosphere, then stored at ambient conditions. J(V)-characteristics were recorded using a source
measurement unit 236 SMU (Keithley) under an AM 1.5g sun simulator (Steuernagel SC1200), monitored
with a referenced silicon photodiode with respect to which intensities are given. The J(V)-data are not
corrected for spectral mismatch. Previous experiments with similar devices suggest that the mismatch is
close to unity due to the combination of the spectrum of our sun simulator, the spectral response of the
reference diode and the ZnPc:C60 absorber system.

1.2 Optical constants

Reflection and transmission measurements were performed on a Lambda 900 UV/VIS/NIR spectrometer
(Perkin Elmer) and a UV 3100 spectrometer (Shimadzu). Measured spectra were evaluated numerically by
fitting optical constants in an iterative variation to reproduce the experimental results. This way, reflection
R and transmission T were used to determine the index of refraction n and the extinction coefficient κ, as is
described below. Additional data were obtained by ellipsometry and, for metals, using the database of the
commercially available ETFOS software (Fluxim, Swizerland). Typical data are shown in Fig. 3: the optical
constants for commonly used absorber materials C60, ZnPc and blend layers of ZnPc:C60 (1:1 ratio) and for
several transparent materials important in the current context, TNATA, BPhen and Alq3.
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Figure 3. Left: Optical constants n (filled symbols), κ (open symbols) of ZnPc:C60 (squares), ZnPc (circles) and C60

(triangles). Right: Optical constants n (filled symbols), κ (open symbols) of TNATA (squares), Alq3 (circles) and
BPhen (triangles).

1.3 Simulations: Transfer Matrix Formalism

The transfer matrix formalism allows to calculate the change of amplitude of an electromagnetic field travers-
ing a stack of i layers having thicknesses di and the complex indices of refraction n̂i with

n̂i = ni + iκ (2)

which is related to the complex dielectric function ε̂ = ε1 + iε2 by

ε1 = n2 − κ2, ε2 = 2nκ. (3)

To describe different materials, different models are used for different material types, e.g. the Drude model
for metals or the Lorentz-oscillator model combined with the Cauchy equation for organic materials within the
visible spectrum. It is problematic to adequately simulate rough layers or intermixed networks of different
materials which may occur depending on the deposition conditions. This is an issue for optoelectronic
devices when metals are evaporated onto organic materials: metal atoms may penetrate into the molecular
layer, creating a metal atom-doped organic layer. Another possibility is that materials grow with island-like
morphology, having voids between clusters or crystalline grains. The Maxwell-Garnett model describes the
dielectric constant ε of a matrix material having εM with j inclusions having εj as

ε − εM

εM + (ε − εM )L
=

∑

j �=1

pj
εj − εM

εM + (εj − εM )L
(4)

Here, L is a coefficient reflecting the geometry of the inclusions; pj describes the volume ratio of inclusions
of material j to the total layer volume. The current work employs the Effective Medium Approach (EMA)
or Bruggeman model33 based on Eq. 4, which uses the effective dielectric function as the host medium for
the inclusion, modifying Eq. 4 to

0 =
∑

j

pj
εj − ε

ε + (εj − ε)L
(5)

Typically, in this work the Drude model is used for metal layers, the oscillator model for organic ma-
terials and the Bruggeman approach for rough layers or where voids, inclusions or material diffusion are
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expected. For a comprehensive description of the transfer matrix formalism, the interested reader is referred
to Heavens.34

The approach used in the current work involves measurements of transmission, reflection and absorption
of any given material; using these data and custom-made software programs ”Multifit RT”35 and ”Multifit
T”,36 the optical constants n and κ are determined. If material stack, layer thicknesses and the optical
constants are known, simulations are performed using the software programs ”Optics”37 and FilmWizardTM-
32bit.38 Using these programs in combination, it is possible to simulate reflection R(λ), transmission T (λ)
and absorption A(λ) for a complete device, and additionally for each wavelength and any position in the
stack field amplitude Eλ(x), absorption Nλ(x), and total absorption for all wavelengths N(x), using the
AM1.5G spectrum as input parameter.

2. RESULTS

2.1 Thin metal layers

A first step towards simulation of SM-OSC with ultra-thin metal top contacts is a systematic study of thin
metal films: it has to be investigated to what extent the bulk optical constants of e.g. Al or Ag describe thin
layers. For this purpose, 8 samples were created: 5, 10, 15 and 20 nm of Al or Ag, respectively, evaporated on
top of BPhen-coated glass. BPhen was chosen since in the actual devices, BPhen is the typical transparent
exciton blocking layer (EBL) which is used between the active absorbing materials and the thin metal top
contacts. The evaporation rates were 0.2 Å for Ag and 0.8 Å for Al, respectively. Reflection and transmission
were measured experimentally and were then calculated with FilmWizardTM-32bit. The resulting data are
shown in Fig. 4 and 5.

Figure 4. a) left: Transmission of thin Ag layers. b) right: Reflection of thin Ag layers.
Full symbols: calculation; empty symbols: measurement. Squares: 5 nm; circles: 10 nm; triangles: 15 nm; upside-
down triangles: 20 nm layer thickness.

It is seen that for Ag, the measured transmission is systematically lower for all thicknesses, so that a
correct simulation using bulk optical constants is difficult for thin layers. Reflection data, on the other hand,
show a general agreement in shape and magnitude of the curve. The deviations of experiment and calculation
are especially large, even regarding the shape of the curve, for very thin (less than 10 nm) layers.

Even larger deviations were encountered for ultra-thin Al layers. Films below the coalescence threshold
(e.g., 5 nm thickness) exhibit deviations of the simulation from experimental measurements as large as 20-
30 % for reflection and transmission. However, the good agreement reached at film thicknesses of > 10 nm
indicates that bulk constants are a useful approximation for Al films if they form closed layers.

The reflection of complete solar cell stacks (layer sequence as described in Fig. 1) was studied experimen-
tally and in simulations. Fig. 6 (left) shows the sensitive dependence of reflection on composition of the metal
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Figure 5. a) left: Transmission of thin Al layers. b) right: Reflection of thin Al layers.
Full symbols: calculation; empty symbols: measurement. Squares: 5 nm; circles: 10 nm; triangles: 15 nm; upside-
down triangles: 20 nm layer thickness.

electrode and the influence of capping layers. It is visible that the reflection spectra change dramatically upon
replacement of a 15 nm Ag contact by a two-layer electrode of 5 nm Al / 10 nm Ag: reflection is decreased
in the range of λ < 500 nm, but increased at λ > 600 nm (absorption regime of ZnPc). Independent of
the composition of the metal contact, addition of a capping layer reduces reflection by an absolute 20-30 %
over a wide part of the visible spectrum. Fig. 6 (right) displays an example of a comparison of devices
simulated using bulk optical constants of Al and Ag, compared with experimentally measured reflection. It
is visible that 15 nm of Ag form a layer that can be described by bulk constants without qualitative errors,
while a combination of Al/Ag exhibited qualitatively and quantitatively erroneous results. It was found that
especially for ultra-thin Al layers, great care must be taken when employing numerical methods for device
optimisation.

Figure 6. a) left: Influence of metal composition and capping layers on solar cells. Full symbols: no capping; empty
symbols: 50 nm Alq3 capping.
b) right: Comparison of experiment (full symbols) and simulation (empty symbols).

2.2 Top-illuminated organic solar cells

Finally, solar cells are presented in Fig. 7 which employ different HTL thicknesses and different ETL materials.
Device characteristics are shown in Table 1. It is shown that there is a sensitive dependence of device
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Figure 7. ITO-free top-illuminated SM-OSC, employing different HTL thicknesses and different ETL materials. Full
symbols: under illumination; empty symbols: in the dark. The stack is shown in Fig. 1; varied are p-TNATA thickness
(30 nm: circles; 60 nm: squares/triangles) and the ETL material (C60: squares/circles; NTCDA: triangles.)

performance on HTL thickness for a fixed ETL: upon increasing the thickness of the p-TNATA layer, the
short circuit current density increases from 5.89 mA/cm2 to 6.55 mA/cm2. This is attributed to a better
distribution of the optical field with an increased photon flux in the ZnPc and ZnPc:C60 absorber layers.
A concomitant increase of Voc is noted, which corresponds to an increased charge carrier density in the
device leading to an increased splitting of the quasi-Fermi levels. As side effect, the increased density of
photogenerated charge carriers also leads to a slight increase in recombination, lowering the fill factor FF
within experimental scatter from 60.5 % to 59.9 %. Altogether, usage of a thicker HTL leads to an efficiency
increase from 1.92 % to 2.17 %.

Replacing C60 with the transparent, wide-gap organic material NTCDA reduces parasitic absorption. The
intrinsic ETL C60 (which at the same time serves as absorber material) exhibits significant absorption at
≈ 450 nm, but photogenerated excitons cannot be separated if the distance from the location of generation
to the ZnPc:C60 interface is much larger than the exciton diffusion length and are lost. Hence, exciton
diffusion length is a limiting factor for C60 ETL layer thickness. This issue can be improved by employing
NTCDA as ETL, which has no absorption in the visible part of the optical spectrum. An un-optimized
device with 30 nm n-NTCDA exhibited a high photocurrent of 6.68 mA/cm2, which is higher than even
the short circuit current of the device with 60 nm TNATA and C60. Similar effects on VOC and FF are
noted as described above. However, since the device is not optimized for field distribution, the efficiency is
slightly lower with 2.12 % compared to the C60 devices. NTCDA demonstrates the potential of wide-gap
materials and underlines the necessity of simulations for device optimisation by controlling the stack and
layer thickness.

Table 1. Overview of presented solar cell configurations. In all cases, 7 nm BPhen (EBL) was used.

HTL thickness ETL Jsc Voc Fill factor Efficiency η

(nm) (material) (mA/cm2) (V) (%) (%)

30 C60 5.89 0.541 60.5 1.92

60 C60 6.55 0.55 59.9 2.17

30 n-NTCDA 6.68 0.553 57.34 2.12
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3. CONCLUSION

In the current work, we list influences of different processing parameters on film formation of metal layers and
explain the advantages of employing metal layers instead of ITO as electrode materials for organic solar cells.
The importance of simulations and interfaces is emphasized, describing thin metal films and capping layers as
major factors. As example for utilization of optical properties, devices are presented where variation of layer
thickness or reduction of parasitic absorption lead to improved performance. N-doped NTCDA is shown
as viable alternative to the commonly used fullerene C60 for electron transport. Top-illuminated, ITO-free,
small-molecule organic solar cells using doped transport layers with over 2 % efficiency are demonstrated.
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