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Power conversion efficiency (PCE) is an important parameter in determining the performance of organic photovoltaics (OPVs). Various
factors lead to enhancement of power conversion efficiency. One such factor is doping of electron transport layer. A substantial increase
in the power conversion efficiency of inverted organic solar cells is realized by a ZnO doped buffer layer acting as an electron-transport |

BisC60 have been reviewed here. The Al-doped buffer layer device showed the highest increase in power conversion efficiency. |

|
|
| layer. Different works on Li, Cd, Ga, Al doping, introduction of C60 interface layer in ZnO buffer layer and dual doped system of InZnO- |
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INTRODUCTION

Deficit of energy has been one of the leading problems
faced by humanity for a long time [1]. This has led to a rise in
understanding and development of complementary set of
sustainable energies [2]. Solar energy is one such source that
is being harvested. Extensive research in the field of solar
energy has led to developments in inorganic and organic
photovoltaic cells. A photovoltaic cell (PVC) is a specialized
semiconductor diode that converts light energy to electrical
energy, in the form of direct current. Conventional and domina-
ting classical crystalline inorganic silicon solar modules now
receive competition from organic photovoltaic cells (OPVs)
[3].

Organic photovoltaics use organic electronics: A branch
of material science dealing with small organic molecules and
polymers having conductive properties. They are composed
of a film of organic photovoltaic active layer, which is sand-
wiched between a transparent electrode and a metal electrode
[4]. The active layer of organic photovoltaic device is com-
posed of conjugated systems, which constitute the donor while
the acceptor is usually fullerene.

Polymer solar cells mostly are composed of an electron-
or hole-blocking layer on top of an indium tin oxide (ITO)
conductive glass followed by an electron donor and an electron
acceptor. The order as well as the nature of the blocking layers
and that of the metal electrode—depends on the device archi-

tecture. In an inverted cell, the electric charges exit the device
in an opposite direction as compared to that in a normal device
[5,6]. The reason behind this is the reversing of positive and
negative electrodes (which absorb the negative and positive
charges, respectively) .

There have been numerous investigations of polymer solar
cells (PSCs) with an inverted device structure using modified
indium tin oxide (ITO) as the cathode [7]. Compared with
conventional PSCs, inverted devices are known to exhibit long
term stability by avoiding the need for the corrosive and
hygroscopic hole-transporting poly(3,4-ethylenedioxylene-
thiophene):poly-(styrene sulphonic acid) (PEDOT:PSS) and
low work function metal cathode, both of which decrease the
device lifetime [8,9]. Moreover, inverted PSCs can also take
advantage of the con-centration gradient and the vertical phase
separation in the active layer reason being the air-stable metals
that are used as the top electrode [9,10]. Therefore, an ideal
configuration for all types of PSCs is the inverted device structure.

Over the traditional inorganic PVCs, organic photovoltaics
have advantages such as low cost of production, high flexibility,
transparency of the device and the ease of design. Moreover,
the optical absorption capacity of organic molecules is high,
so a large amount of light is absorbed with a small amount of
material [11]. This has allowed their integration into building
components for a variety of applications [12] and has gained
the general attention because of the possibility of developing
economical devices [13].
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However, the major drawback of organic photovoltaics is
low efficiency, lack of stability and low strength as compared
to inorganic PVCs [14]. Owing to state of the art technology,
power conversion efficiencies of 10-15 % have been predicted
[15]. This value is significantly lower than that of inorganic
PVCs. It is mainly due to the fact that organic semiconductors
have a much higher band gap as compared to inorganic semi-
conductors. The light absorption in organic photovoltaics result
in the formation of excitons rather than free electrons and holes.
Due to this fundamental difference, the process involved in
the conversion of photons into electrical energy is not the same
as that occurring in inorganic PVCs [11]. The small exciton diffu-
sion lengths and low carrier mobilities result in low efficiency.

Conversion of light to electricity in organic photovoltaics
is carried out by the following processes: (a) Light absorption
(b) Exciton formation and diffusion (c) Exciton dissociation
into free charge carriers (d) Charge transport (e) Charge collec-
tion by the electrodes.

Efficiency improvement can therefore be achieved by
enhancing the efficiencies of these processes in organic solar
cells [16].

In the past decade, rigorous research has been carried out
to study the influence of a wide range of factors on power
conversion efficiencies of photovoltaics to overcome the
problem of low efficiency. One such parameter is the donor-
acceptor pair used. Using different types of polymer donors
leads to variation in power conversion efficiency [17,18].
Enhanced organic photovoltaic cell (OPV) efficiency has been
obtained through the use of continuously graded donor—acceptor
(D-A) heterojunctions. Device performance is a strong func-
tion of both D—A grading and overall composition ratio [19].

Chemical doping, which controls the conductivity of
organic thin films, can greatly enhance power conversion of
organic photovoltaics [20]. Power conversion efficiency (PCE)
of 9.2 % has been obtained in single junction polymer solar
cells in addition to the remarkable progress in designing of low
band gap polymers. A power conversion efficiency of 10.6 %
has been achieved in a tandem structure [21,22].

Design factors, like transparency and thickness are also
known to affect the power conversion efficiency of organic
photovoltaics. Yu et al. [23] have studied the influence of device
structures on power conversion efficiency, among other factors.

Organic photovoltaics based on inverted structures have
attracted attention and are proven to be more stable than those
based on conventional devices [24,25]. It is essential to enhance
the quality of the interfacial layers to increase the efficiency
of organic photovoltaics based on inverted structures.

Conductive polymers: Poly(3,4-ethylenedioxythiophene)-
polystyrene sulfonate [26,27] and molybdenum trioxide
[28,29] have been widely accepted owing to their appropriate
work functions and hole extraction capabilities. Additionally,
various n type electron extraction layers have been developed,
such as zinc oxide [30,31], lithium fluoride [32], titanium
dioxide [27] and cesium carbonate [33,34].

Zinc oxide is most commonly used in optoelectronic
devices because of its appropriate work function [35], as well
as superior conductivity [36], effortless processing [35] and
transparency [36]. There have been several studies aiming at

enhancing the performance of inverted cells using doping with
a metal layer such as Al, Ga or In [37,38].

Zinc oxide is an n-type material having a wide band gap
(3.3eV) [39]. Zinc oxide becomes n type due to intrinsic defects
of oxygen vacancy and the interstices occupied by excessive
zinc [39]. The heat treatment atmosphere and temperature
influence the thin film conductivity [40,41]. The conductivity
is enhanced because of extrinsic defects on doping with Al,
Ga or In. This manuscript gives a detailed account of the role
of doping of ZnO interlayer with materials that enhance the
device performance.

Types of modifications

Li- and Cd-doped ZnO interlayer: Kim et al. [47]
examined the effect of doping Li and Cd in ZnO on power
conversion efficiency, among other parameters. The solar
parameters mentioned in literature reviewed below have been
studied at stimulated air mass 1.5 global full-sun illumination.
The Li-doped ZnO precursor was synthesized by dissolving
zinc-acetate dihydrate and lithium-acetate dihydrate in ethanol
and ethanolamine which were used as co-solvents. On the other
hand, in Cd-doped ZnO precursor, zinc acetate dihydrate and
cadmium nitrate tetrahydrate with the same cosolvents were
used. Each of these films were spin-coated on indium tin oxide
(ITO) which was used as the substrate. This was done by using
the solutions at 3500 rpm for 40s, followed by drying at a
temperature of 120 °C for 30 min. Finally, thermal annealing
was carried out for 2 h at 450 °C. The atomic concentrations
of Li and Cd in ZnO buffer layer were varied from 0 to 9.53 %
and 9.02 % respectively. PTB7:PC7BM blend, which was the
active layer, was spin-coated on the doped ZnO layers and its
thickness was 85 nm. MoQ; (thickness 10 nm) and Al electrode
(thickness 100 nm) were thermally evaporated on the films
after having dried them overnight under high vacuum conditions
at 10 torr.

The doping action of Li in ZnO buffer layer can be due to
two mechanisms, namely, substitutional doping and interstitial
doping. In case of the former, Li, which acts as an acceptor,
leads to decrement in carrier concentration and thus the
conductivity. Lower formation energy of Li in interstitial sites
as compared to substitutional sites and behaviour of Li as a
good electron donor, leads to n-type doping [42]. Whereas,
electrical conductivity increases by Cd-doping of ZnO buffer
layer due to increase in carrier concentration, which is a result of
increased oxygen vacancy (V,) and Zn-Cd-V, complex, which
has n-type nature [43]. In case of Cd-doping, interstitial and
substitutional sites act as electron donors. Both Li and Cd
doping considerably increase all the solar cell parameters.

While Li-doping resulted in a short circuit current (Ji.) of
16.54mA/cm?, Cd-doping gave a higher J,. = 18.81 mA/cm?,
in comparison to Ji = 15.80 mA/cm? for pristine ZnO buffer
layer. Open circuit voltage (V..) and fill factor (FF) for Li-
doped were 0.75 V and 59.87 %, thus giving a power con-
version efficiency (PCE) of 7.46 %. Though fill factor for Cd-
doping was lower (54.86 %) than in case of Li, it gave a higher
V.. and power conversion efficiency, which were 0.77 V and
7.90 % respectively. As mentioned earlier these parameters
were also higher than those measured in undoped ZnO layer,
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which had V. =0.73V and power conversion efficiency = 5.85
%. The resistivity in Li-doped ZnO decreased until 6 atomic
% concentration doping, which resulted in increment in fill
factor at optimum concentration since it caused enhancement
in charge extraction. The performance of organic photovoltaic
improved due to Li-doping in interstitial sites, as mentioned
earlier. Table-1 illustrates variation of performance parameters
with the doping element.

TABLE-1
PERFORMANCE PARAMETERS OF Li-DOPED ZnO
AND Cd-DOPED ZnO DEVICES [Ref. 47]

Li-doped ZnO  Cd-doped ZnO

Parameters Pristine ZnO

(5.09 at %) (5.41 at %)
T, (mA/em?) 15.80 16.54 18.81
V., (V) 0.73 0.75 0.77
FF (%) 5091 59.87 54.86
PCE (%) 5.85 7.46 7.90

Another reason was the probable facilitation of electron
transport in thin film transistors, which resulted due to higher
electron concentration than in pristine ZnO [44]. The decrease
in power conversion efficiency at 5.09 atomic % was attributed
to undesirable trap formation, by excess Li dopants, within
the electron extraction layer. On similar lines, enhancement
of performance in case of Cd-doped ZnO buffer layer was
due to resistivity reduction and higher carrier concentration.
The increased V. values in both the doping cases were observed
due to surface recombination suppression, a V,. enhancer,
owing to effective electron extraction [45,46].

Ga-doped ZnO interlayer: Shin et al. [48] have reported
a dramatic increase in power conversion efficiency (PCE) of
inverted organic photovoltaics by Ga-doped ZnO buffer layer
(GZO), which acts as an electron-transport layer. The solar
parameters mentioned in all the reported papers have been
studied at stimulated air mass 1.5 global full-sun illumination.
The device was synthesized by growing GZO nano-structured
thin films employing a simple aqueous solution path, at a relatively
low temperature of 90 °C. An increase of about 110 % of power
conversion efficiency was observed in device with GZO as
compared to undoped zinc oxide (UZO).

The synthesis of UZO and GZO thin films was carried out
using a two-step solution process. The first step, which was
common for both, involved seed layer preparation on indium
tin oxide/glass substrate. For UZO, the seed layer was prepared
on the substrate by dip-coating into 0.05 M zinc acetate
dissolved in ethanol, while in case of GZO, the seed solution
was prepared by dissolving gallium nitrate [Ga(NOs);-xH,O]
and zinc acetate, in a mass ratio of 1:9, in ethanol, thus forming
an n-type doping. Main growth of each layer is the second
step in the synthesis. UZO layer formation was carried out in
a solution of 50 mM zinc nitrate hexahydrate and 50 mM
hexamethylenetetramine (CsH.N4) dissolved in ethanol/
deionized water (1:1 vol %) at 90 °C for 3 h. Synthesis of GZO
buffer layer was carried out in the solution in which gallium
nitrate (10 % mass ratio of zinc nitrate hexahydrate) was added
in the solution for main growth of UZO layer. For active layer,
ablend of polymers-poly(3-hexylthiophene): (6,6)-phenyl C,
butyric acid methyl ester, i.e. PAHT:PCBM, with 1:1 vol % in

chlorobenzene, was spin-coated onto both buffer layers at 2000
rpm for 120 s. It was dried in covered glass dishes (i.e. solvent
annealing [49,50]). The set-up was annealed at 150 °C for 10
min. Thermal evaporation of MoOs as electron blocking layer
and Au anode was subsequently carried out. The thickness of
GZO layers was maintained at about 270 nm.

An open circuit voltage (Vo) of 0.42V was exhibited by
GZO in comparison to 0.41 V of UZO buffer layer devices.
The values of short circuit current (J,.) and fill factor (FF) increased
from 6.3 mA/cm? and 35.7 % in UZO to 11.7 mA/cm® and
39.7 % in GZO respectively. The power conversion efficiency
thus showed an increase of about 110 % with reference to
0.92 % as seen in UZO. This significant enhancement of power
conversion efficiency in GZO buffer layer inverted organic
photovoltaics was due to improved conductivity, which resulted
in higher J..

Carbon nanostructure interface layer deposited on
ZnO-nanorod arrays: Hsu ef al. [51] in their research work
studied the performance enhancement of photovoltaics by
introduction of a carbon nanostructure interface layer. The solar
parameters mentioned in all the papers have been studied at
stimulated air mass 1.5 global full-sun illumination. This was
done to overcome the problem of charge transport property at
organic and inorganic junction, which affects the photovoltaic
cell performance. In the experiment, oriented ZnO-nanorods
were grown vertical to indium tin oxide coated glass by using
hydrothermal method [52,53]. C60 powder, weighing 16 mg
was dispersed in 1 mL chlorobenzene, thus forming C60 dis-
persion solution. The active layer used was a blend of polymers
P3HT: PCBM (1:0.8 weight ratio) forming a solution in chloro-
benzene at a concentration of 40 mg/mL. Fabrication of the
photovoltaic device was carried out on the oriented ZnO-
nanorod arrays. Having spin-coated a layer of C60 on the ZnO-
nanorod arrays, the polymer blend was deposited on it. The
transmission electron microscopy (TEM) image of Cg layer
deposition on ZnO-nanorod array [50] showed that the whole
structure was air-dried for one day and the film thickness was
measured to be about 250 nm. Thermal deposition of a 100 nm
Ag layer was carried out on top of the polymer, thus completing
the device fabrication.

The short circuit current (J,.) increased from 8.2 mA/cm?,
in device without carbon nanostructure to 11.6 mA/cm?® after
its introduction, while the open circuit voltage (V,.) also
showed an increment from 0.46 to 0.53 V. However, the fill
factor (FF) remained constant, at 34 %, in both cases. To
understand the above trends in greater detail, carrier motion
was probed at the semiconductor-polymer interface using time
resolved photoluminescence (TRPL) spectroscopy of the
device before and after the insertion of Cq layer. The measured
photoluminescence (PL) decay lifetimes were found to
decrease from 208 ps, before insertion, to 150 ps after insertion
of Cg layer. This delay in photoluminescence indicated a more
efficient electron transport route, which in turn led to enhance-
ment in photocurrent. Owing to increase in the parameters,
namely, J,. and V., power conversion efficiency improved from
1.3 to 2.1 % due to insertion of Ce interlayer.

Dual-doped zinc oxide nano-film cathode interlayer:
Using sol-gel process, Liao et al. [35] fabricated stable, inverted
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and highly efficient polymer solar cells (PSCs). The solar para-
meters mentioned in all the papers have been studied at
stimulated air mass 1.5 global full-sun illumination. The ZnO
interlayer was doped by indium and BisNPC60-OH, which is
a derivative of fullerene. This cathode interlayer was denoted
as InZnO-BisC60 which was incorporated into the PSC, PTB7-
Th:PC;BM (PTB7-Th: a polymer with low band gap [55])
being the photo absorption layer [54].

The cathode interlayer (InZnO-BisC60) contains a higher
amount of fullerene derivative in the region closer to the active
layer, whereas, closer to indium tin oxide, it is exuberant in indium.

The above set-up showcased better surface conductivity,
which increased to 270 times the original value while in case
of electron mobility it was 132 times. This led to a power con-
version efficiency of 10.31 %, which was an increase of 25 %
as compared to pristine ZnO.

Liao et al. [54,55] compared the characteristics of three
doped ZnO films: InZnO-BisC60, ZnO-BisC60 and InZnO
with undoped ZnO. The electronic states so formed due to
doping in: InZnO, ZnO-BisC60 and InZnO-BisC60 enhanced
the conductivity, in comparison to ZnO.

The devices having ZnO-BisC60 (10.31 %) and ZnO-BisC60
(9.71 %) showed improved power conversion efficiency than
the ones without fullerene doping which were ZnO and InZnO.
the percentage increase in power conversion efficiency was
approximately 1.46 and 1.20 % respectively owing to two
factors, namely: 1) added pathway for the transport of electrons
provided by the controlled distribution of the derivatives of
fullerene on ZnO and InZnO layers and ii) the higher conduc-
tion of electrons on the bulk of the films and the surface, both
of which led to efficient electron collection from the bulk of
Zn0-BisC60 and In ZnO-BisC60. The above mentioned trends
in parameters have been illustrated in Table-2.

Al-doped ZnO interlayer: Stubhan et al. [56] and Adams
et al. [57] report high efficiency PTB7-Th:PC71BM blend-
based PSCs having Al-doped cathode interlayer, prepared by
spin coating. The highest efficiency 10.42 % with open-circuit
voltage (V) of 0.804 V, short-circuit current density (Ji) of
17.91 mA cm™ and fill factor (FF) obtained was 72.3 % with
AZ0 interlayer with thickness of about 10 nm. Even with an
interlayer of thickness 120 nm, power conversion efficiency
close to 9 % was achieved. This is the highest efficiency of
PSCs achieved with an interlayer having thickness more than
100 nm.

The doping concentration of Al was fixed at = 1 at % to
get good performance AZO [58].

The probable cause of higher current in AZO was attri-
buted to better collection and charge transport, which conse-
quently contributed to the enhanced J,. in the inverted devices.

A = 6 nm thick AZO Cathode interlayer provided a power
conversion efficiency of 9.38 %. When it was increased to =
10 nm, J,. = 17.91 mA cm™, power conversion efficiency =
10.42 %, V.. = 0.804 V and a fill factor of 72.3 %. This is one
of the few studies, which present an average power conversion
efficiency over 10 % for single junction PSCs [54,59,60].

Comparison of different parameters: A comparison of
different parameters of the interlayers mentioned in the text
has been represented in Fig. 1.
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The gallium-doped buffer layer device showed the highest
increase in power conversion efficiency, which is supported
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TABLE-2
PHOTOVOLTAIC PERFORMANCE OF i-PSC BASED ON PC,,BM [Ref. 54] WITH THE DEVICE STRUCTURE INDIUM
TIN OXIDE/CATHODE INTERLAYER (40 nm)/PTB7-Th:PC,,BM (1:1.5 w/w,100 nm)/MoO; (10 nm)/Ag (100 nm),
(EACH PARAMETER IS AN AVERAGE OF FIVE DEVICES)

Parameters 7ZnO ZnO-BisC60 InZnO InZnO-BisC60
J,. (mA/cm?) 15.32 £0.15 16.88 +£0.12 16.32 £ 0.10 17.24 £ 0.05
V. (V) 0.79 = 0.005 0.79 = 0.005 0.79 = 0.005 0.80 = 0.005
FF (%) 67.10 £ 0.40 72.00 £ 0.30 70.00 £ 0.20 74.10 £ 0.40
PCE average (%) 8.12+0.13 9.60 +0.11 9.03 £ 0.08 10.22 + 0.09
PCE maximum (%) 8.25 9.71 9.11 10.31

by the fact that it also showed the highest jump in short circuit
current. In case of fill factor, percentage rise was highest Li-
doped buffer layer device, though the increment in short circuit
current is the lowest among all others. Introduction of a Ce
interface layer does not alter the fill factor of ZnO buffer layer,
though it enhances the power conversion efficiency. Though
dual doped ZnO buffer layer showed the slightest rise in power
conversion efficiency, it recorded the highest value of 10.42 %.

Conclusions

In all the works reviewed above, the power conversion
efficiency increased due to modification and doping of ZnO
buffer layer. Zincoxide buffer layer doped with Cd showed a
higher power conversion efficiency (7.90 %) than the one
doped with lithium (power conversion efficiency = 7.46 %)
[47]. The percentage increase in both cases as compared to
pristine ZnO was 27.5 % and 35 % respectively. But power
conversion efficiency showed a drop in both cases after an
optimum level. In Li-doped ZnO buffer layer device, this
optimum level was reached at 5.09 at%. The drop in power
conversion efficiency was attributed to excess lithium dopants
forming undesirable traps within the electron extraction layer,
while in case of cadmium-doping, 5.41 at% was found to be
the optimum level, beyond which power conversion efficiency
dropped due to increasing resistivity [47].

When ZnO buffer layer was doped with Ga, the jump in
power conversion efficiency was 110 % with reference to
power conversion efficiency = 0.92 % of the undoped ZnO
device, with a corresponding increase in fill factor from 35.7 to
39.7 %. Higher power conversion efficiency was due to improved
conductivity, leading to higher J,. [48]. Introduction of C60 inter-
face layer in ZnO showed improvement in power conversion
efficiency from 1.3 % to 2.1 % which was due to increase in
short circuit current from 8.2 mA/cm? to 11.5 mA/cm? which
in turn was a result of delay in photoluminescence [50].

Thus, Li, Cd, Ga doping and introduction of C60 interface
layer in ZnO buffer layer led to increase in power conversion
efficiency. The power conversion efficiency percentage increase
is highest in case of Ga doping although the highest value was
obtained in Cd-doping with different set-ups. In most cases,
increase in electron transport layer and decrease in resistivity are
the most dominant causes of higher power conversion efficiency.

In the dual doping system of InZnO-BisC60, a power con-
version efficiency of 10.31 % was achieved. A champion 10.42 %
was achieved in 10 nm thickness Al-doped ZnO [54-58].
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