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Organic photovoltaic cells utilising ZnO electron
extraction layers produced through thermal
conversion of ZnSef
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In this work, a thin ZnSe layer was deposited in a vacuum and then thermally annealed in air to provide an

efficient electron extraction layer for an inverted organic photovoltaic (OPV) cell. Annealing the ZnSe film at
450 °C (ZnSewuso -c)) increased the device performance and gave an efficiency of 2.83%. X-ray
photoelectron spectroscopy (XPS) measurements show that the increased device performance upon

annealing at 450 °C is due to the thermal conversion of ZnSe to ZnO. ZnO has a wider band gap than
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ZnSe, which allows for more light to reach the photoactive layer. The electronic structures of the treated

ZnSe films were explored by ultraviolet photoemission spectroscopy (UPS) which showed that the
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Introduction

Organic photovoltaic (OPV) cells have received significant
attention as an alternative renewable energy source due to their
potential for low cost fabrication and fast energy payback
times." In recent years efficiencies have risen above the 10%
barrier using many different architectures and materials, with
the record power conversion efficiency of 12% achieved for a
multi-junction device.> As well as improving the design of
photoactive materials to enable higher photocurrents, the
design of the interlayers is important for maximising the built-
in field and providing lossless extraction at the organic/elec-
trode interface.>* These layers facilitate electron or hole
extraction to the respective electrodes.

Hole extraction layers typically consist of either solution
processed poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) or high work function metal oxides such as MoO,,
V,0,, WO,, which can be deposited either by vacuum deposition
or solution methods.>™ For electron extraction, most small
molecule OPV devices use an organic exciton blocking layer
such as bathocuproine (BCP), which transports charge through
metal defects caused by cathode deposition.">** Other electron
extraction layers used include low work function metal oxides
such as TiO, and ZnO, which have high stability and high
electron mobility.***® These can be processed by many different
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ZnSeuso <) films had a Fermi level close to the conduction band edge, allowing for efficient electron
extraction compared to the energetic barrier for extraction formed at the ZnSerm/organic interface.

methods including; solution from nanoparticles, sol-gel, elec-
trodeposition, pulsed laser deposition and atomic layer depo-
sition.'** Whilst these approaches are all capable of producing
efficient electron extraction layers for OPVs, they each have
drawbacks. Control and reproducibility to sub nanometre
accuracy is hard to achieve with layers prepared from nano-
particles and sol-gels. Additionally, these solution processed
methods require further optimisation for changes in laboratory
temperature and humidity, which may also vary during a single
day, as well as with substrate surface conditions. Pulsed laser
deposition can suffer from small areas of uniformity and
requires careful control of several parameters during growth.
Thermal evaporation would be an alternative method to deposit
such interfacial layers with sub nanometre accuracy, with film
homogeneity across a wide area and without dependence on
laboratory conditions. Thermal evaporation of interlayers
would also allow reproducible scale-up of layer fabrication as
well as the ability to deposit through shadow masks, for more
complex modular structures. However, the high evaporation
temperatures of both ZnO and TiO, prevent common use by
vacuum deposition in conjunction with small molecule vacuum
evaporated OPVs. Using other chalcogenide derivatives of Zn,
such as ZnS and ZnSe which have lower evaporation tempera-
tures, would allow for a wide band gap, low work function
material to be thermally evaporated. By using the same process
as the organic layers, a high degree of control over layer thick-
ness and homogeneity can be obtained. Recent work has used
vacuum deposition of ZnS as an electron extraction layer,
although it requires the use of an Al,S; dopant for application in
OPV cells.”
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In this paper we have investigated the deposition of thin
ZnSe layers by thermal evaporation in vacuum. The layers were
subsequently heat treated under ambient conditions at a range
of temperatures before inclusion in inverted small molecule
OPV cells. The variation of cell performance with heat treatment
temperature was investigated in terms of layer stoichiometry,
electronic structure and surface morphology. The favourable
change in electronic structure with heating at 450 °C was due to
the thermal conversion of the ZnSe interlayer to ZnO, resulting
in a highly transparent, low work function electron extraction
layer. This method of producing a thin, homogeneous ZnO layer
led to improved efficiency for inverted device structures and can
potentially be applied to other solar and organic electronic
applications.

Experimental

ZnSe (Sigma Aldrich, 99.99%) films were produced by vacuum
evaporation on indium tin oxide (ITO) covered glass substrates
(15 Q sq~ %, Thin Film Devices) using a Kurt J. Lesker Spectros
system with a base pressure of 1 x 10~® mbar. Each ZnSe film
was then thermally annealed in air for 30 min. For OPV device
fabrication, the annealed ZnSe films were placed back in the
vacuum chamber for subsequent deposition of organic layers.
Of the organic materials used in these experiments, Cg, (Nano-C
Inc, 99.5%) was purified by vacuum gradient sublimation prior
to deposition, whilst boron subphthalocyanine chloride (SubPc,
Lumtec, 99%) and molybdenum oxide (MoO,, Aldrich, 99.99%)
were used as received. The Al cathode was deposited in situ
through a shadow mask, giving devices with an active area of
0.16 cm®. Where direct comparisons between electron extract-
ing layer treatments are made, the common layers in all cells
within the data set were deposited simultaneously to avoid
batch-to-batch variations.

The current-voltage (/-V) characteristics of the OPV cells
were measured under simulated AM1.5G solar illumination at
100 mW cm™? from a Newport Oriel solar simulator using a
Keithley 2400 sourcemeter for current detection.

The X-ray photoelectron spectroscopy (XPS) measurements
were carried out following transfer through air and loading into
a UHV system with a base pressure of ~2 x 10~'" mbar. The
sample was excited with X-rays from a monochromated Al ko
source (hv = 1486.6 eV), with the photoelectrons being detected
at normal emission using an Omicron Sphera 7 channel
concentric hemispherical electron analyser. The combined
energy resolution of the experiment was calculated to be 0.47 eV
based on calibration scans with a polycrystalline Ag sample.

Ultra-violet photoemission spectroscopy (UPS) measure-
ments were carried out using a custom multi-chamber ultra-
high vacuum (UHV) system with a base pressure of ~1 x 10™"°
mbar. UPS spectra were recorded using a SPECS PHOIBOS 100
hemispherical electron energy analyser with excitation at
21.21 eV from a He I gas discharge source.

Atomic force microscopy (AFM) images were obtained from
an Asylum Research MFP-3D (Santa Barbara, USA) in AC mode,
using AC240TS cantilevers.
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Results and discussion
OPYV cells incorporating ZnSe layers

The device structure of the inverted OPV cell used in this study
is shown in Fig. 1a. The optimised structure comprised of ITO/
ZnSe, ¢ (8 nm)/Cqq (35 nm)/SubPc (14 nm)/MoO, (15 nm)/Al,
where ZnSe( -c) refers to the post deposition annealing
temperatures, which were carried out at 250 °C, 350 °C and
450 °C, whilst also compared to an as-deposited layer (RT). The
J-V characteristic plots for the OPV cells with a range of ZnSe
annealing temperatures are shown in Fig. 1b, with the perfor-
mance parameters summarised in Table 1 (additional cell data
shown in ESI Fig. S1t). The ZnSewr) cell displays a very poor
efficiency of 0.03% and the low performance parameters are
illustrated by the S-shape J-V curve reducing dramatically
before Jsc. This is indicative of a blocking barrier to electron
extraction and results in a high series resistance (R;).>**
Annealing the ZnSe layer considerably increases the photocur-
rent, with the ZnSe(,5 ) and ZnSe(sso °c) cells having a Js¢ of
3.22 mA cm ™~ and 3.75 mA cm™” respectively. The performance
of these cells is still hampered by the drop off in photocurrent
after Jsc and low Vi values of 0.44 V and 0.50 V respectively.
The low currents in the J-V plot after V¢ of these cells suggest
there is a barrier for injection at the ITO/ZnSe(s50 °c/350 °C)
interface.”®” The ZnSe(s0 °c) cell shows the highest perfor-
mance of all of the devices with an efficiency of 2.83%. All of the
device parameters are also improved with a high V¢ of 1.02 V
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Fig. 1 (a) A schematic of the OPV cell design. (b) J-V characteristic
plots for the different ZnSe annealing temperatures.
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Table 1 OPV cell performance parameters for each annealing temperature, averaged over a minimum of 6 devices fabricated simultaneously

with standard deviations in parentheses

ZnSe layer treatment Jsc (mA em™2) Voc (V) FF 7 (%)

ZnSegr) 0.53 (+0.13) 0.33 (£0.04) 0.19 (£0.01) 0.03 (£0.01)
ZnSe(ss0 -c) 3.22 (£0.23) 0.44 (£0.04) 0.27 (£0.01) 0.39 (£0.07)
ZnSegso <o) 3.75 (+£0.13) 0.50 (£0.12) 0.34 (£0.02) 0.64 (£0.16)
ZnSeuso o) 4.59 (+£0.03) 1.02 (£0.00) 0.59 (£0.01) 2.83 (£0.04)

@ ZnSe(ss0 -y cell after 2 min AM1.5G 100 mW cm 2 light soak.”®*®

and a large FF of 0.59 achieved. The ZnSe(,s, <) cell also dis-
played the highest photocurrent of the ZnSe treatments, with
4.59 mA cm ™2, an improvement of ~20% over the ZnSe3s o)
cell. The optimum efficiency was achieved after 2 minutes of
light soaking to improve the series resistance, a phenomenon
which has been observed previously in metal chalcogenide
interlayers.”**® The efficiency of this device is comparable to
typical SubPc/Ce, regular architectures with a MoO, hole
extraction layer.** Annealing the ZnSe to a higher temperature of
550 °C had a detrimental effect upon device performance
(ESI Fig. S21).

The transmittance spectra of 80 nm ZnSe(rr), ZnSepso °c),
ZnSe(3s0 °c) and ZnSe(ys <) films on quartz substrates are dis-
played in Fig. 2, with thicker layers used to obtain the bandgap
(Eg) of each. There is a large difference in transmittance of the
films, with those treated at room temperature to 350 °C
absorbing strongly below 500 nm and more weakly in the red
part of the spectrum, whereas the ZnSe(so ) film is highly
transmissive in the visible range above 350 nm. This change in
transmittance with thermal annealing of the ZnSe can also be
seen in the inset photograph in Fig. 2, with the ZnSe(r),
ZnSe(s0 <) and ZnSezso o) films displaying a green colour but
the ZnSe(s5 -c) film being highly transparent. The optical band
gap of the two films can be estimated from the transmittance
plot from the onset in absorption. This gives values of 2.4 eV for
the ZnSerr) film and 3.1 eV for the ZnSe(yso <) film, signifying a
change in the film composition.
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Fig.2 Transmittance spectra of 80 nm ZnSegm), ZnSe(2s0 -c), ZNS€ 350 °c)
and ZnSeusg - films on quartz substrates. Inset shows a photograph of
the samples.
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Determination of ZnSe composition

With the OPV cells fabricated with different ZnSe thermal
treatments showing stark performance differences, alongside a
significant change in transmittance, the factors influencing the
changes were explored. XPS measurements were carried out in
order to elucidate the effect of the heat treatment on the stoi-
chiometry and composition of the films. XPS spectra displaying
the Se 3d and O 1s regions of the films treated at each
temperature are presented in Fig. 3 and 4 respectively. XPS
spectra for the Zn 2p regions can be found in the ESI Fig. S3.7 In

ZnSe

(450 0C)

ZnSe

(3500C)

N /

ZnSe(250 oc)

Intensity (a.u.)

—ea ST

ZnSe

(RT)
I I I ! I I

62 60 58 56 54 52
Binding Energy (eV)

Fig. 3 XPS spectra of the Se 3d region obtained for each layer treat-
ment. Red lines indicate experimental data, dashed black lines the
Shirley backgrounds, dashed blue lines the fitting envelope, with gold
and green lines representing the fitting for SeO, and ZnSe environ-
ment contributions respectively.
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Fig. 4 XPS spectra of the O 1s region obtained for each layer treat-
ment. Red lines indicate experimental data, dashed black lines the
Shirley backgrounds, dashed blue lines the fitting envelope, with gold
solid and dotted lines representing the fitting for contaminant and
SeO, respectively, red dotted lines the water contribution and green
lines representing the fitting for the ZnO environment contributions.

each instance, Shirley background subtractions were used with
peaks fitted by a Lorentzian-Guassian combination, which was
kept consistent for each treatment.

The Se 3d region shown in Fig. 3 displays two features, one
centred at 59.0 eV binding energy and the other at 54.0 eV. Each
feature comprises two peaks due to the spin orbit splitting of
the Se 3d level. At every treatment temperature the magnitude of
the feature at 59.0 eV remains similar, with components at
59.6 eV and 58.7 eV. These peaks can be attributed to the Se
3dy/, and 3dj), levels in SeO,.** However, the contribution from
the feature centred at 54.0 eV varies greatly with film treatment.
The ZnSerr) and ZnSe(,s -c) layers show a large feature of
similar dimensions. The peaks at 54.7 eV and 53.8 eV binding
energy are due to the 3d;, and 3dj,, splitting of the Se 3d
attributed to ZnSe.*" For the ZnSe 35 -c) layers the magnitude of
the feature is noticeably smaller, and for ZnSes, -c) layers the
feature is almost negligible. This would suggest that the films
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treated at higher temperatures have significantly decreased
ZnSe content.

In order to further investigate this change in stoichiometry
on thermal processing, a spectrum of the O 1s region for each
layer was obtained, and is shown in Fig. 4. The ZnSe) and
ZnSe(y50 -c) layers show only two major components in the O 1s
region, centred at 531.3 eV and 531.1 eV, which are due to
contaminants and SeO, respectively.®® A further smaller
component is shown at ~534.0 eV for each case due to water on
the surface. For ZnSe(s -c) layers, an additional peak is shown
at 530.2 eV which is attributed to the presence of ZnO. For the
ZnSeys0 -c) layers, the ZnO feature at 530.2 eV becomes domi-
nant. Since the Se 3d region indicated only a small fraction of
the ZnSe remained within the films treated at 450 °C, this would
suggest that the ZnSe(45 -¢) layer has been nearly fully converted
to ZnO (we will continue to refer to the ZnO layer formed as
ZnSe s -c) for consistency). Thermal conversion of ZnSe to ZnO
has been shown by annealing in air at 400-600 °C.** The reac-
tion follows the equation:

ZnSe + 3302 — ZnO + SeO,

The SeO, is gaseous so is driven off, leaving behind ZnO on
the substrate.

To quantify the relative stoichiometry after each treatment
condition, the relative sensitivity factors (rsf) for each compo-
nent were utilised. Table 2 displays the relative composition
found for each environment from the XPS spectra. The
percentage fraction of SeO, is also shown. The ZnSer) and
ZnSe(zs -y layers contain negligible ZnO, with ZnSe in a Zn : Se
ratio of 0.86 : 1 and 0.93 : 1 respectively. This indicates that the
ZnSe layers are slightly Se rich. Treatment at 350 °C results in a
layer composed of both ZnSe and ZnO. The ratio of Se 3d
(ZnSe) : O 15 (ZnO) is shown to be 1.27 : 1. Therefore, nearly half
of the ZnSe in the layer is converted to ZnO. The ZnSe(s -
layer only contains 0.6% ZnSe content from the Se 3d region.
However, ZnO is present in a Zn : O ratio of 0.83 : 1. Thus, the
heat treatment at this temperature produces an oxygen rich ZnO
film.

These changes in layer composition with heat treatment help
explain the widening of the bandgap, E;, from 2.4 eV for
ZnSekr) to 3.1 eV for ZnSe(,so -c). However, ZnSe is known to
exhibit a much smaller E, than ZnO when each material is
deposited via other methods, hence the widening of the E; on
heat treatment due to conversion from ZnSe to ZnO is to be
expected.>** The additional transparency of the wide band gap
ZnSe(ys0 -c) film is beneficial for use as an electron extracting
layer, allowing the increase in cell Jsc shown in Table 1.

Electronic structure of the ZnSe films

The electronic structure of an electron extracting layer can also
have a major influence on the cell performance as displayed in
Fig. 1.>*** In order to maximise the built-in field (V},;) of the OPV
cell, thus minimising losses in Vp¢, the interfacial contacts
either side of the photoactive material must have favourable

This journal is © The Royal Society of Chemistry 2014
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Table2 Table showing the layer composition for each treatment of the near surface region, obtained through fitting of XPS data in combination

with the rsf of each component

Se 3d Se 3d

ZnSe layer treatment (znSe 54.7, 53.8 eV) %

(Se0, 59.6, 58.7 eV) %

O 1s
(znO 530.2 eV) %

Zn 2p
(zn 1044.7, 1021.6 eV) %

ZnSe(RT) 49.9 4.1
ZnSe(so <) 48.2 3.5
ZnSeso <) 23.3 5.1
ZnSe(450 °C) 0.6 2.7

energetic alignment with the corresponding organic. This is
described elegantly by the integer charge model proposed by
Crispin et al. and Braun et al.>*** In the case of hole extracting
materials, such as the MoO, layer used in cells here, the work
function must be larger than the positive integer charge transfer
(ICT) state of the donor organic.*® This is typically 0.1-0.3 eV
above the highest occupied molecular orbital (HOMO) onset for
the organic material. For the electron extracting material, the
work function of the interlayer must be smaller than the
negative ICT of the acceptor organic, typically 0.1-0.3 eV below
the lowest unoccupied molecular orbital (LUMO) of the organic.
The commonly used fullerene acceptor materials employed in
OPV cells are Cg (LUMO - 4.4 to 4.5 eV) and PCBM (LUMO -
4.3 eV).*®*° In addition, to extract charges efficiently the posi-
tion of the conduction band (CB) in relation to the organic
acceptor materials LUMO needs to be considered. If there is an
energetic barrier to electron extraction then the layer will be
detrimental to cell performance.***”

UPS measurements were obtained in order to probe the
electronic structure of the interface between the ZnSe layers and
the organic acceptor material. The secondary electron cut-off
and valence band UPS spectra shown in Fig. 5 were used to
determine the electronic properties of the ZnSewrr) and
ZnSe(so <) layers. Valence band spectra for ZnSe(;so -y and
ZnSe(3s0 -y layers are shown in ESI Fig. S4.f In Fig. 5a, the
secondary electron cut-off region indicates the work function of
each sample. The work function of the ZnSegr) layer was found
to be 3.6 eV, whilst ZnSe 45 - layers possess a work function of
3.4 eV. This indicates that both layers have a favourable work
function for use as electron extracting materials.

A more significant difference between the treatments is
expressed in the valence band (VB) UPS spectra, shown in
Fig. 5b. The untreated ZnSe layer (black line) has a valence band
onset 1.1 eV below the Fermi level, yielding an ionization
potential (IP) of 4.7 eV. With the position of the VB determined,
we can use the optical band gap measurement to predict the
position of the CB of the material. Therefore, the band gap of
2.4 eV indicates the electron affinity (EA) of the ZnSegwr) is
2.3 eV. Due to the positioning of the valence band in relatively
close proximity to the Fermi level (Eg) in ZnSe ), the layer will
be unable to block holes from the HOMO of the organic layers.
This would lead to detrimental quenching of excitons at this
interface. More significantly, the CB of ZnSe(gr) is 1.3 eV above
the Er of the layer. Therefore, a large energetic barrier to elec-
tron extraction from the organic LUMO is formed at the

This journal is © The Royal Society of Chemistry 2014

0.0 43.0
0.0 44.0
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interface. This is shown with comparison to literature values for
the electronic structure of Cg, in Fig. 6a, indicating a barrier of
0.8 eV.* This energetic barrier to electron extraction explains
the poor electron extracting characteristics of the ZnSerr) layer,
and consequently is the cause of the inefficient OPV cell
performance shown in Fig. 1b.

In stark contrast, the valence band onset of the layer treated
at 450 °C (blue line) is 3.3 eV below the Ey of the ZnSe 45, - layer

—
Y]
e

Intensity (a.u.)

L
4
’
4
I
I
]
x
'

7
4
or

'---q---———ﬁ'

I I I | I I I I
0 1 2 3 4 5 6 7

Work Function (eV)

—
(*)
e

Intensity (a.u.)

-
S ——

I I I I
8 6 4 2 0

Binding Energy (eV)
Fig. 5 Onset of the secondary electron cut-off (a) and valence band
(b) UPS spectra for 8 nm ZnSe) films (black dashed lines) and 8 nm

ZnSeuso - films (blue solid lines), both deposited onto ITO substrates.
Solid red and dashed black lines show fitting of the data.
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Fig. 6 Schematic of hole extraction routes at the Cgo/electron
extracting interface for ZnSer) (@) and ZnSeso -¢) (b) layers. Values for
Ceo electronic structure taken from measurements reported in
literature.*®

(Fig. 5a). This indicates the material possesses an IP of 6.7 eV,
forming a large energetic barrier to hole extraction at the
interface with the organic acceptor. This favourable ability to
block hole extraction is shown schematically in Fig. 6b, with an
energetic barrier of ~1.8 eV when compared to the literature
values for the electronic structure of Cgo.*° The measurements
also show a highly n-type character, with the CB of ZnSe (450 ()
close to the Er of the layer. This is unsurprising given previous
reports of the electronic structure of ZnO films deposited via
other methods.*'® The position of the CB in ZnSes, -c) layers
allows energetically favourable electron extraction with Cg
(Fig. 6b), hence the excellent OPV performance shown for
deposition on ZnSe 45 <) layers in Fig. 1.

Topography of the layers

Surface morphology of the electron extracting layers may also
influence cell performance. The surface topography of the layers
was obtained using an AFM in AC mode, with the topographical
images for ZnSe(rr) and ZnSeyso -c) layers shown in Fig. 7. These

2.0 0.0 05 1.0 15 20

0.0 0.5 1.0 1.5
um um

Fig. 7 2.0 um AFM topographical images of (a) ITO/ZnSerT and (b)
ITO/ZnSewso -c), with the same height scale (6 nm).
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images show that the surface morphology of the layers differ,
with surface roughness (Ry) values of 3.1 nm and 2.5 nm for
ZnSerr) and ZnSe(ys -c) layers respectively. The ZnSer) film
(Fig. 7a) shows a smooth surface with small ‘dot’ features up to
20 nm high and 80 nm wide, with an average density of 11.5
‘dots’ pm 2. Even without taking tip convolution effects into
account, these ‘dots’ only make up ~4% of the volume of the 8
nm ZnSe film deposited on the ITO surface. Upon heat treat-
ment at 450 °C the ‘dots’ are no longer present (Fig. 7b), leading
to the lower Ry values obtained. However, since both layers
provide a relatively smooth surface, the morphologies should
not influence OPV device performance greatly, especially in
comparison to the differences in the electronic properties of the
layers.

Conclusions

This work has focused on the fabrication of thermally evapo-
rated electron extracting materials based on ZnSe for use in OPV
cells. Thin layers of ZnSe were grown and heat treated prior to
use in OPV cells. The OPV cell performance was found to
dramatically increase upon heat treatment of the ZnSe electron
extraction layer from 0.03% for cells on the ZnSer) layers, to
2.83% on the ZnSeys, -c) layer. The widening of the E, featured
in the transmittance when comparing ZnSe(gr) to ZnSeyso ¢
layers was shown to be due to the thermal oxidation of ZnSe to
ZnO. While the UPS measurements indicate that both ZnSe )
and ZnSe(50 -c) layers have low work functions that are
favourable for electron extracting materials, the position of the
VB and CB for each layer influences cell performance. The
position of the CB for the ZnSe(ry) layer causes an energetic
barrier to electron extraction, whereas the close proximity of the
CB to the Ep in ZnSe45 - films allows efficient extraction. This
results in poor OPV cell performances when using ZnSer)
layers, but efficient performances upon heat treatment to form
ZnSeyso <) electron extracting layers. This approach allows for
sub nanometre control over interfacial layer thickness and due
to the ease of thermal deposition and heat treatment, these
films show promise as possible electron extracting layers during
the scale up of OPV manufacture and for use in other organic
electronic applications.
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