
Sustainable
Energy & Fuels

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
m

ag
gi

o 
20

22
. D

ow
nl

oa
de

d 
on

 1
1/

06
/2

02
6 

17
:3

9:
39

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Inverted organic
aDepartment of Physics and Astronomy a

University College London, London, WC1E

Tel: +44 (0)20 7679 4467
bInstitut für Physik, Institut für Chemie &

Berlin, Zum Großen Windkanal 2, Berlin 12
cDepartment of Materials and Centre for P

Research Hub, Imperial College, London W1
dHelmholtz-Zentrum Berlin für Materialien u

Berlin 14109, Germany

† Dedicated in memory of Alasdair J. Cam

‡ Electronic supplementary infor
https://doi.org/10.1039/d1se02001c

Cite this: Sustainable Energy Fuels,
2022, 6, 2835

Received 15th December 2021
Accepted 10th April 2022

DOI: 10.1039/d1se02001c

rsc.li/sustainable-energy

This journal is © The Royal Society o
photovoltaics with a solution-
processed Mg-doped ZnO electron transport layer
annealed at 150 �C†‡
Ioannis Ierides, a Giovanni Ligorio, b Martyn A. McLachlan, c Kunping Guo, a

Emil J. W. List-Kratochvil bd and Franco Cacialli *a

The use of dopants is an effective strategy to improve ZnO electron transport layers (ETLs) for application in

solution-processed opto-electronic devices. Mg, in particular, has shown significant promise as a dopant

and Mg-doped ZnO ETLs have been used to enhance the performance of a number of solution-

processed light-emitting diodes and photovoltaics. However, such a use of Mg to dope ZnO ETLs for

organic photovoltaics (OPVs) has remained limited, and only investigated in connection with annealing

temperatures of 300 �C or so. In this work, with a view to increase sustainability and compatibility with

soft and flexible or foldable substrates, we present OPVs incorporating Mg-doped ZnO ETLs fabricated

with annealing temperatures of 150 �C. We demonstrate that Mg doping (z1% at%) in the ZnO ETL

reduces leakage currents and recombination losses in our devices, whilst leaving the morphology of the

active layer and the work function of the ETL unaffected. A concomitant increase of the short circuit

current density, open circuit voltage and fill factor is also observed, thereby leading to a relative

enhancement of the power conversion efficiency by z18% compared to devices prepared using

undoped ZnO.
Introduction

Solution-processed optoelectronics can offer cheap fabrication
over large areas. To fully realise this attractive potential, it is
essential to avoid high temperature processing of their various
device components.1 Low temperature processing allows for
signicant energy savings that makes manufacturing more
sustainable2 and reduces cost that can, in turn, lower the
barriers to market entry.3 For the case of organic semi-
conductors (OS) in particular, a key opportunity to penetrate the
market is via niche applications4,5 which in turn usually require
the use of exible substrates.6 In most cases such substrates are
not compatible with “high temperatures” (i.e. >150 �C). While
OS can be processed effectively at temperatures below 150 �C,7

other essential device components require high temperature
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processing, as in the case of certain electron transport layers
(ETLs). The use of ETLs confers many advantages, including the
reduction of recombination losses between the electrode and
active layer, via the formation of an ohmic contact.8–12 Metal
oxides are very attractive ETLs as they exhibit high optical
transparency and good electron transport properties. However,
to achieve long-term stability, metal oxide ETLs frequently
require high temperature treatment. For some applications,
such as internet of things (IOT) devices that can be used to
power smart packaging on supermarket shelfs, a long lifetime
may not be required. In other cases where long lifetimes are
necessary, judicious selection and engineering of the precursor
materials or techniques such as UV-ozone treatment13 have
shown promise in prolonging the lifetime of devices based on
metal oxide ETLs processed at low temperatures.

ZnO is one of the most widely used metal oxide ETLs,14

especially in the case of organic photovoltaics (OPVs).15 There
are a number of routes that enable the formation of a ZnO ETL
such as atomic layer deposition,16 pulsed laser deposition,17

metal organic chemical vapor deposition,18 spray pyrolysis and
electrodeposition19 but in most reports the facile sol–gel spin-
coating method is used.20,21 Sol–gel ZnO has shown great
promise as a low temperature processed metal oxide with
reasonable stability. For example, Sun et al. fabricated devices
using ZnO ETLs processed at 130 and 150 �C that retained 70%
of the power conversion efficiency (PCE) aer exposure in air at
room temperature for more than 30 days and without
Sustainable Energy Fuels, 2022, 6, 2835–2845 | 2835
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encapsulation.22 In addition, low-temperature processed ZnO
ETLs have been reported to outperform (in terms of PCE) ZnO
ETLs annealed at higher temperatures.23–25 Nevertheless, sol–gel
ZnO drawbacks include a poor interfacial contact with the bulk
heterojunction active layer and surface defects that can act as
electron trap sites and thus affect device performance. In
addition, given the large number of different acceptor materials
that have been developed for use in active layers of OPVs,5

having some degree of control over the properties of the ZnO
ETL such as its work function or conductivity, so as to tailor it
for the specic active layer blend has become crucial. To this
end, three main strategies have been developed over time to
remedy the shortcomings of ZnO ETLs and to enable control of
its properties. One possibility is the treatment of the deposited
ZnO with UV-ozone.13,26 We incidentally note that this is similar
to oxygen-plasma treatments that are usually applied to indium-
tin oxide (ITO) electrodes to increase their work function,
smooth surfaces and increase their surface polarity.27 UV-ozone
treatment can also adjust a layer's work function thereby
potentially allowing better energy level alignment when
required. Another effective strategy is to apply a modifying
interlayer between ZnO and the active layer.28 However, the
above processes require additional steps to obtain the nal ETL.
When considering the fabrication of solution-processed
photovoltaics (PVs) at an industrial scale, a more streamlined
approach is desirable or even required. For example, a more
favourable strategy involves the direct addition of dopants in
the precursor solution of the ZnO ETL so that the nalised
improved ETL can be formed without the need of additional
processing steps.

A number of differentmaterials have been tested as dopants to
be added to ZnO precursor solutions, and enabled formation of
ETLs with superior characteristics when compared to their
undoped ZnO ETL counterparts (specically in terms of PCE of
OPVs incorporating them). The list of such dopants is varied and
includes, among others, organic molecules, 2-D materials, and
metals. For example, Li and collaborators29 used the organic
molecule 2,3,5,6-tetrauoro-7,7,8,8-tetracyanoquinodimethane
(F4TCNQ) as dopant, and found that it suppresses the non-
geminate recombination in OPVs by lling the traps in ZnO
and leads to a relative increase in the PCE byz15%. Trap lling
has also been achieved by an alternative molecular dopant TPT-S
as shown by Xia et al.30 Another successful organic molecule
dopant for ZnO ETLs is an alcohol-soluble isoindigo derivative
with thiophene groups and sulfobetaine zwitterions (IIDTh-
NSB)31 that can improve the interfacial compatibility between
ZnO and the active layer. The 2-D MXene Ti3C2TX has also been
recently used effectively as dopant in ZnO ETLs.32 The Ti3C2TX
nanosheets act as bridges between the ZnO nanocrystals and
therefore provide additional charge transfer paths and passivate
the surface of ZnO. These favourable changes lead to a relative
increase in the PCE by z10%. Metals have also proved useful
dopants for ZnO ETLs. Park, Kang & Cho33 added aluminium to
ZnO to optimise the ETL conductivity, thereby also reducing the
overall cell series resistance. Au nanoparticles have instead been
used by Usmani et al.34 and Chi et al.35 to facilitate an increase in
the optical absorption of the active layer via exploitation of
2836 | Sustainable Energy Fuels, 2022, 6, 2835–2845
plasmonic effects. Another transition metal, zirconium, has been
employed by Song et al.36 to improve electron transport and
transmittance of ZnO and concomitantly increase the relative
PCE by z12%. Another recent example is the study by Wang
et al.37 where alkali metal salts (lithium acetate or caesium
acetate) were used to dope the ZnO ETL. The study indicated an
improved crystallinity of the ETL and an increased shunt resis-
tance, leading to a reduced current leakage. The open circuit
voltage (VOC), ll factor (FF) and the short circuit current density
(JSC) increased simultaneously for the devices with ETLs con-
taining alkali metal salts.

Having used MgO successfully to form a bilayer ETL with
ZnO in previous work28 (where a non-uniform ultrathin MgO
layer z 10 nm was inserted between ZnO and the active layer)
we were interested to test whether direct addition of the MgO
precursor to the ZnO precursor solution is a viable route to form
aMg-doped ZnO ETL for application to OPVs. Such an approach
would obviously favour scalability at an industrial level, because
it requires fewer steps and eliminates the need to control the
MgO layer thickness to a few nm. Thickness control is in fact
crucial, because we observed that MgO interlayers of z150 nm
or so hinder performance signicantly and that for an efficient
device 10 nm thick (even if non-uniform) ETLs are necessary. It
would be rather difficult to achieve such a layer with the
required degree of accuracy and consistency in an industrial
process. Hence, directly doping the ZnO layer with Mg would be
advantageous over the bilayer approach as it is much easier to
control the concentrations of precursor materials rather than
lm thickness in large scale processes.

Previous literature demonstrated how a Mg-doped ZnO ETL
formed from a single solution can be employed in a variety of
solution-processed devices to improve efficiency. For example,
such a layer has been incorporated in quantum dot and
perovskite light-emitting diodes, either on its own or in
combination with another ZnO layer to inject electrons.38–46

Such studies have demonstrated that doping ZnO with Mg can
lead to a more balanced injection and therefore an increase in
the maximum external quantum efficiency and current effi-
ciency. The improvement has been attributed to a decreased
conductivity and an upward shi of the conduction band of the
Mg-doped ZnO ETL compared to the undoped ZnO ETL. These
ndings are in-line with studies investigating the optical prop-
erties of Mg-doped ZnO lms and nano-particles,47–49 which
revealed that increasing the amount of Mg dopant results in an
increase in the band gap of the ZnO thin lm and that the work
function of the Mg-doped ZnO lm can be controlled based on
the doping level of Mg. Sol–gel Mg-doped ZnO ETLs have also
been used to improve the PCE of several PV systems. These
include silicon50 and dye-sensitised solar cells51,52 as well as PVs
based on Cu2O,53 quantum dots54 and perovskites.55,56 Since the
working principle of these PV systems differs, the mechanism
by which each PV system benets from the presence of Mg
dopants varies. For example, the dye-sensitised solar cells
benet from the upward shiing of the conduction band which
leads to an increased VOC in the devices. This and that
combined with an increase of JSC yields an optimised perfor-
mance. For the case of perovskite absorbers, the carrier
This journal is © The Royal Society of Chemistry 2022
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recombination at the interface between the ETL and perovskite
active layer is suppressed due to the Mg doping leading to the
enhanced performance. Depending on the materials used and
on the preparation protocols the amount of Mg doping neces-
sary to form the “optimum” Mg-doped ZnO ETL varies.

The Mg-doped ZnO single layer ETL has provided excellent
results in all the above systems, however, its use for OPVs has
remained limited.57 Only two works by Yin et al.58 and by
MacLeod et al.59 have reported its application in bulk hetero-
junction OPVs. In both cases the Mg-doped ZnO ETL out-
performed the corresponding undoped ZnO ETL in terms of PCE
as a result of the reduced carrier recombination and increased
charge-collection. In the case of MacLeod et al. blends of poly(3-
hexylthiophene-2,5-diyl) (P3HT) as the donor and PC70BM or
indene-C60 bisadduct (ICBA) as acceptors were used as active
layers. The best PCE was achieved when a doping of 10 mol% (of
Mg in precursor solids) was present in the ETL with the increase
in PCE mainly resulting from an enhanced VOC and FF. In the
study by Yin et al. the blend used as active layer consisted of
PTB7 as the donor and PC70BM as the acceptor. In this case the
best PCE was achieved with a 30% Mg substitutional doping,
(i.e. with x ¼ 0.3 in the zinc magnesium oxide layer with formula
Zn1�xMgxO), with the biggest improvement observed in the JSC
and FF of the devices. Both of these studies are excellent
demonstrations of the potential of Mg as a dopant to improve
ZnO ETLs for use in OPVs. However, the annealing temperatures
used to form the Mg-doped ZnO ETLs are 290 �C and 300 �C for
Yin et al. and MacLeod et al. respectively. These annealing
temperatures are not favourable for industrial scale applications
and may not be suitable where plastic exible substrates are
mandated by the application. In addition, reducing the pro-
cessing temperature automatically increases the sustainability of
the whole life cycle. For this reason, we investigated whether
a lower annealing temperature of 150 �C could also be applied to
formMg-doped ZnO ETLs for application in bulk heterojunction
OPVs. The lower processing temperature might also allow, in
principle, fabrication of the electrodes on top of an already
deposited active layer without the damaging effects connected,
for example, with sputtering (e.g. of ITO).60

In particular, we show that such devices can outperform OPVs
containing equivalent undoped ZnO ETLs by increasing the JSC,
VOC and FF and therefore the PCE. The best results were obtained
when the ZnO ETL is doped withz1% of Mg. Without changing
the work function of the ETL or morphology of the active layer –
as veried by ultraviolet photoemission spectroscopy (UPS),
Kelvin probe and atomic force microscopy (AFM) – we show that
this level of Mg doping enables the formation of an improved
electrode that leads to reduced recombination losses in OPV
devices. This is demonstrated by measurement of the depen-
dence of the photocurrent on the so-called “effective voltage”, and
by measurements of the open circuit voltage decay and rise.
Further evidence of the improved electrode is provided via the
current density vs. voltagemeasurements in the dark. These show
that Mg doping enables a decrease in the current leakage with
a corresponding increase in the shunt resistance. Furthermore,
Hall measurements indicate that Mg doping of ZnO ETLs
increases the concentration of charge carriers in the ETL. The
This journal is © The Royal Society of Chemistry 2022
reason behind the hindering of performance with excess addition
of Mg dopant (z5%) in the ZnO ETL, is also discussed.

Experimental
Device fabrication

Materials. For the investigations, we have used the following
widely available commercial materials: poly[4,8-bis(5-(2-ethyl-
hexyl)thiophen-2-yl)benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-
(4-(2-ethylhexyl)-3-uorothieno[3,4-b]thiophene-)-2-carboxylate-
2-6-diyl)] (PTB7-Th), [6,6]-phenyl-C71-butyric acid methyl ester
(PC70BM), poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-uoro)thiophen-2-
yl)-benzo[1,2-b:4,5-b0]dithiophene))-alt-(5,5-(10,30-di-2-thienyl-
50,70-bis(2-ethylhexyl)benzo[10,20-c:40,50-c0]dithiophene-4,8-
dione)] (PM6) and 2,20-((2Z,20Z)-((12,13-bis(2-ethylhexyl)-3,9-
diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno
[200,30:40,50]thieno[20,30:4,5]pyrrolo[3,2-g]thieno[20,30:4,5] thieno
[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-diuoro-3-
oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (Y6).
The above materials were purchased from Ossila. Zinc acetate
dihydrate, 2-methoxyethanol, ethanolamine, magnesium
acetate tetrahydrate, 1-chloronaphthalene, chloroform, acetone
and isopropanol were purchased from Sigma Aldrich. Chloro-
benzene was purchased from Acros organics and 1,8-diio-
dooctane was purchased from Alfa Aesar. Evaporation materials
Au and MoO3 were purchased from Kurt J. Lesker. Glass/ITO
substrates were purchased from Ossila.

Preparation of solutions. The PTB7-Th : PC70BM blend
solution was formed by initially dissolving 15 mg of PTB7-Th in
1.5 mL chlorobenzene mixed with 45 mL of 1,8-diiodooctane.
The solution was stirred at 70 �C for 4 hours. Then 22.5 mg of
PC70BM were added to yield a 25 mg mL�1 concentration with
blend ratio of 1 : 1.5. The solution was then allowed to stir
overnight at room temperature. The PM6:Y6 blend solution was
formed by dissolving 8 mg of PM6 and 9.6 mg of Y6 in 1.1 mL of
chloroform to yield a 16 mg mL�1 concentration with blend
ratio of 1 : 1.2. 1-Chloronaphthalene was added to the solution
as a solvent additive (0.5%, v/v). The solution was then allowed
to stir overnight at room temperature. All the above processes
were carried out in a glovebox under a nitrogen environment.
The various Mg-doped ZnO precursor solutions were formed by
dissolving 0.1 g of a mixture of magnesium acetate tetrahydrate
and zinc acetate dihydrate (with mass ratios of 0 : 100, 0.5 : 100,
1 : 100, 3 : 100, 5 : 100) along with 28 mL of ethanolamine in
1 mL of 2-methoxyethanol. The solutions were then stirred
vigorously for 12 hours at room temperature.

Device fabrication. Glass/ITO substrates were cleaned in an
ultra-sonicator, using soapy water, acetone and isopropanol for
10 minutes in each case. The substrates were then dried with
a nitrogen spray gun and treated for 10 minutes in an oxygen
plasma. The z30 nm thick ETL was then formed by spin-
coating the ETL precursor solution on top of the substrate at
3000 revolutions per minute (rpm) for 30 seconds, followed by 1
hour annealing at 150 �C (or 300 �C for studies reported in the
ESI‡) in air. Samples were then transferred to a nitrogen glo-
vebox for the deposition of the active layer that was deposited
via spin-coating. When PTB7-Th : PC70BM was employed, this
Sustainable Energy Fuels, 2022, 6, 2835–2845 | 2837
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was deposited at 670 rpm for 60 seconds. When PM6-Y6 was
employed this was deposited at 3800 rpm for 60 seconds and
following the spin-coating the PM6:Y6 layer was annealed
inside the glovebox at 80 �C for 5 minutes. Aer the formation
of the active layer, samples were masked and loaded into
a thermal evaporator (also housed in the nitrogen glovebox)
evacuated to a residual pressure of 1.6 � 10�6 mbar before
evaporation. A 9 nm thick MoO3 layer was thermally evaporated
with a rate of 0.1 Å s�1. This was followed by thermal evapora-
tion of 80 nm of Au at a rate of 0.2 Å s�1. The active area of the
devices is 4.5 mm2. The OPV devices were completed by
encapsulation with an epoxy resin and glass cover slips and by
application of electrical connection legs. For the X-ray photo-
electron spectroscopy (XPS), UPS, AFM, Kelvin probe, optical
transmittance and DC Hall measurements, samples were
prepared by following the exact same recipe detailed above up
to the point before the deposition of the active layer. For part of
the AFM and transmittance investigations the blend layer was
deposited as well. For the transmittance measurements, ETLs
were formed on a glass substrate without ITO.
Device characterisation

Current density–voltage & external quantum efficiency
measurements. Current density–voltage characteristics under
illumination and in darkness were obtained using a Keithley
2400 source-measure-unit (SMU) and a class AAA solar simu-
lator (ABET Technologies, model Sun 3000 11016A). For
measurements under illumination, the output of the lamp was
calibrated to 1 sun using a standard Si photodetector. The JSC,
VOC, FF and PCE were extracted from the current density vs.
voltage characteristics. Dark curves were analysed further to
extract the shunt resistance (Rsh). EQE spectra were obtained
using a home-built system that uses a monochromated xenon
lamp. The power density is extracted via the use of a calibrated
Bentham DH-Si photodiode connected to an amplier, while
the current density output from the tested device is recorded
with a Keithley 2400 SMU. To extract the calculated short circuit
current density of devices the typical 1 sun spectrum was used.
Masking of contacts was used as appropriate.

Open circuit voltage decay and rise. Open circuit voltage rise/
decay measurements were performed using a Tektronix TD
oscilloscope. The aforementioned solar simulator was used for
switching the light intensity from the dark to 1 sun.

Optical transmittance. Transmission measurements were
carried out by using an Agilent 8453 UV-vis spectrophotometer.
Table 1 Ratio of Zn : Mg content in the Mg-doped ZnO ETLs containing
abbreviations Prec. and Stoic. are used for the words precursor and stoic
Mg and Zn atoms in each sample

ETL (MgO : ZnO)
Prec. mass ratio
Zn : Mg

Stoic.
ratio

(0.5 : 100) 200.0 195.4
(1 : 100) 100.0 97.7
(3 : 100) 33.3 32.6
(5 : 100) 20.0 19.5

2838 | Sustainable Energy Fuels, 2022, 6, 2835–2845
The measurements for deposited ETLs were corrected by sub-
tracting the spectrum of the corresponding glass substrate
measured prior to ETL deposition.

Atomic force microscopy measurements. AFM images were
captured with a Bruker Dimension Icon atomic force micro-
scope, in peak force tapping mode with a ScanAsyst® cantilever
(Bruker). Images were then analysed using Gwyddion. The
uncertainty on the root mean square roughness is the standard
deviation calculated on a set of two areas (of size 1.6 mm � 1.6
mm) on two different samples of each type.

Kelvin probe measurements. We used a Besocke DeltaPhi
Kelvin probe for measuring the contact potential difference of
samples. Measurements were performed in darkness. The
results were corrected by using as reference a freshly-cleaved
highly oriented pyrolytic graphite (HOPG) sample that has
a known work function of 4.475 � 0.005 eV.

XPS and UPS. XPS was performed in a JEOL JPS-9030 photo-
electron spectrometer system using the Al Ka (1486 eV) excitation
source (a monochromator was employed). The samples were
grounded during the photoemission measurements. UPS was
performed in an Omicron system equipped with a hemispherical
energy analyzer (SPECS Phoibos 100) using the He I emission
(21.2 eV) as excitation source with an 80% intensity aluminium
lter. The samples were grounded during the measurements of
the valence band region while a bias of �10 V was applied to the
samples during the measurements of the work function calcu-
lated through the secondary electron cut off.

Hall measurements. Van der Pauw and Hall measurements
were carried out on a Lakeshore 8404 Hall Measurement System.
Contacts were conrmed ohmic (linear I–V plot, t > 0.999) prior to
carrying out any measurements. The Van der Pauw technique
was used to obtain lm sheet resistance. Hall measurements
were carried out using a DC magnetic eld of 1 T.
Results and discussion
Formation of the Mg-doped ZnO electron transport layers

To form the Mg-doped ZnO ETLs, the ratio of magnesium
acetate tetrahydrate to zinc acetate dihydrate precursors used in
the precursor solution of the ETL is varied to inuence the
amount of Mg doping in the ETL. 5 Different precursor mass
ratios were tested in the range of 0–5 : 100, namely 0 : 100
(undoped ZnO device), 0.5 : 100, 1 : 100, 3 : 100 and 5 : 100. To
conrm that our experimental protocol yields the stoichiomet-
rically predicted ratio of Zn to Mg in the nalised lms, thin
different amounts of the Mg dopant and the resulting doping level. The
hiometric. The last column shows the ratio of Mg atoms to the sum of

atom
Zn : Mg

XPS ratio of
Zn : Mg

Stoic. Mg doping
level (%)

100.8 0.51
77.2 1.01
34.3 2.98
18.4 4.87

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Schematic of the multi-layered structure of the OPV device.
5 Types of OPVs were tested, 4 with ETLs containing different amounts
of Mg-doping in ZnO and an undoped “control” device. (b) Repre-
sentative current density vs. voltage curves under 1 sun. Corre-
sponding average key performance indicators from 8 distinct devices
for each type of ETL are reported in Table 2.

Table 2 Extracted parameters for OPV devices presented in Fig. 1. JSC
values were cross-checked with integrated EQE (see Table S2)

ETL (MgO : ZnO) PCE (%) JSC (mA cm�2) VOC (mV) FF

ZnO 3.21 � 0.07 8.46 � 0.04 736 � 1 0.52 � 0.01
(0.5 : 100) 3.32 � 0.07 8.99 � 0.04 721 � 1 0.51 � 0.01
(1 : 100) 3.79 � 0.07 9.05 � 0.04 742 � 1 0.56 � 0.01
(3 : 100) 3.71 � 0.07 8.80 � 0.04 739 � 1 0.57 � 0.01
(5 : 100) 3.08 � 0.07 8.44 � 0.04 734 � 1 0.50 � 0.01
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lms of ITO/ETL with the aforementioned precursor ratios were
characterised with XPS (see Fig. S1 and Table S1‡). In Table 1 we
demonstrate that for the selected precursor materials, the
precursor mass ratio results in a similar stoichiometric atomic
ratio of Zn : Mg (and corresponding Mg doping level) in the
ETLs. The ratio of the Zn atomic signal divided by the Mg
atomic signal as obtained from XPS (evaluated by the area of the
Zn 2p and Mg 1s core level peaks) matches the stoichiometry
atomic ratios of Zn : Mg expected from the precursors used to
form the ETL solutions within z20%. The 0.5 : 100 sample
exhibits a larger deviation between XPS and stoichiometric
prediction. We attribute such a discrepancy to the measure-
ment uncertainty resulting from the weak XPS signal for the
lm containing a minute amount of Mg and to the difficulty of
adding the exact weight of magnesium acetate tetrahydrate
precursor, whenmeasuring in the sub-milligram region. Having
conrmed that the lms have the expected amounts of doping,
we employ them as ETLs in inverted OPVs as shown by the
schematic in Fig. 1a.
This journal is © The Royal Society of Chemistry 2022
Photovoltaic performance of Mg-doped ZnO based organic
photovoltaics

The current density–voltage characteristics at 1 sun for PTB7-
Th : PC70BM OPVs employing the undoped ZnO ETL vs. the Mg-
doped ZnO ETLs with varying Mg content are shown in Fig. 1b.
The corresponding average key PV performance indicators are
displayed in Table 2. The results conrm that an enhancement
in the efficiency of OPVs can be achieved by doping the ZnO ETL
withMg, via the direct addition of theMgO precursor to the ZnO
precursor solution to form a single composite ETL using an
annealing temperature of 150 �C. The best performing device
employing the Mg-doped ZnO ETL was formed from
a MgO : ZnO precursor ratio of 1 : 100 and has a relative
increase in PCE of z18% with respect to the control device
employing the undoped ZnO ETL. This is a consequence of an
increase in the JSC, VOC and FF. The device with the ETL formed
from a MgO : ZnO precursor ratio of 5 : 100, is exhibiting lower
PCE than the undoped ZnO control. As the Mg content
increases in the doped ZnO ETLs, the JSC and FF of the devices
increase, reaching a peak value in the region of 1–3%Mg doping
level. The values of JSC and FF then decrease with additional Mg
doping. For the VOC there are slight variations between the
devices, but similarly, the highest VOC is achieved at 1–3%
doping. These results are consistent with ndings for Mg-doped
ZnO ETLs formed with an annealing temperature of 150 �C that
were applied to perovskite PVs.56 The results reported herein
demonstrate that this strategy can be viable in the case of OPVs
as well. Further testing in a sub-divided region of 1–3% Mg
doping can be used to obtain an “optimised” doping level. The
applicability of the Mg-doped ZnO ETLs has also been tested
and shown to be successful for the case where the non-fullerene
acceptor PM6:Y6 system has been used as the active layer in
OPV devices (see Fig. S2, Tables S3 and S4‡). Similarly, the
optimum Mg-doping is found to be in the region of z1–3%.

To identify the possible reasons behind the observed trends,
thin lms of the undoped ZnO ETL as well as lms of the Mg-
doped ZnO ETLs formed from MgO : ZnO precursor ratios of
1 : 100 and 5 : 100 (that exhibited the biggest variations in OPV
performance) have undergone further physical and optical
characterisation. In addition, the corresponding OPV devices
have been subject to further electrical testing.

It is important to note that the optimum doping level range
for the ETL is dependent on the annealing temperature
employed. To demonstrate this, we have also tested OPVs con-
taining ETLs formed with an annealing temperature of 300 �C
(see Fig. S3 and Table S5‡). The OPV devices employing the
Sustainable Energy Fuels, 2022, 6, 2835–2845 | 2839
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undoped ZnO ETL and the ETL formed from a MgO : ZnO
precursor ratio of 1 : 100 show better performance when the
ETL is annealed at 150 �C rather than 300 �C. At 300 �C the
optimum Mg-doping is no longer in the range 1–3%.

As OPV devices approach commercial application, an
increasingly important property to test for is stability. To test for
stability, devices were measured on the day of fabrication and
then kept under identical conditions before re-measurement
aer 45 days. The percentage decrease in PCE when re-
measuring devices was 16.2% for the device containing the
undoped ZnO ETL vs. 13.3% and 8.1% for the devices with ETLs
formed from MgO : ZnO precursor ratios of 1 : 100 and 5 : 100
respectively. Therefore the presence of Mg is favourable in
terms of device stability as well.
Characterisation of Mg-doped ZnO electrodes

UPS and Kelvin probe. To investigate the possible inuence
of Mg doping on the energetics of devices, the thin lms were
Table 3 Work function measurements from Kelvin probe and UPS
investigations, and valence band onset. No significant variation in the
energetics of the device is observable

ETL (MgO : ZnO)
F (eV)
(Kelvin Probe) F (eV) (UPS) VB onset (eV)

ZnO 4.2 � 0.1 3.6 � 0.1 3.6 � 0.1
(1 : 100) 4.1 � 0.1 3.6 � 0.1 3.6 � 0.1
(5 : 100) 4.1 � 0.1 3.7 � 0.1 3.6 � 0.1

Fig. 2 Tapping mode AFM images (1.6 mm � 1.6 mm, annotated with the
(a) ITO/ZnO/PTB7-Th : PC70BM, (b) ITO/Mg-doped (1 : 100) ZnO/PTB7-
ITO/ZnO, (e) ITO/Mg-doped (1 : 100) ZnO and (f) ITO/Mg-doped (5 : 100
and ITO/Mg-doped (1 : 100) ZnO films, although Sq is z20% larger for th
the morphology of the PTB7-Th : PC70BM blend for the investigated len

2840 | Sustainable Energy Fuels, 2022, 6, 2835–2845
characterised with UPS, to extract the valence band onset and
secondary electron cut-off (from which the work function is
determined) (see Fig. S4‡). To cross reference the ndings with
regards to the work function, a Kelvin probe was also used to
measure the contact potential difference with respect to a gold
reference electrode. The results are summarised in Table 3. We
attribute the minor discrepancies in the absolute values of work
function obtained from UPS and Kelvin probe to the rather
different measurement environments, and to the fact that the
minimum value of the work function is measured with UPS,
whereas Kelvin probe measurements yield a value averaged over
the area of the electrode.61 In any case, both techniques are
suitable in detecting changes in work function between two
samples that have been prepared under the same conditions.
Within the tested doping region both the UPS and Kelvin probe
measurements show that the work function value remains
constant. Mg-doping has been shown to alter the work function
or conduction and valence band levels of electrodes but there
are some conicting reports on this issue.58,59 In this study, due
to the limited amount of doping (<5%), no change is observed
in these parameters. Therefore, it is unlikely that the perfor-
mance changes observed in the PV measurements, relate to the
tuning in the energetics of the device.

Atomic force microscopy. We investigated potential varia-
tions in the surface morphology and root mean square rough-
ness (Sq) of the PTB7-Th : PC70BM blend on top of the undoped
and Mg-doped ZnO ETLs, via tapping mode AFM and we report
the corresponding images in Figure 2(a–c). There are only
insignicant variations in Sq between the lms (smaller than
the uncertainties), hence, it can be inferred that for the length
corresponding root mean square roughness (Sq)) of the topography of
Th : PC70BM, (c) ITO/Mg-doped (5 : 100) ZnO/PTB7-Th : PC70BM, (d)
) ZnO. There is no significant variation of Sq between the bare ITO/ZnO
e (5 : 100) MgO : ZnO films. Mg-doping of the ETL does not influence
gth scales.

This journal is © The Royal Society of Chemistry 2022
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Table 4 Hall measurements. The Hall mobility, carrier concentration and resistivity values were extracted from the measurement

ETL (MgO : ZnO)
Hall mobility
(cm2 V�1 s�1)

Carrier concentration
(�1021 cm�3)

Resistivity
(�10�5 U cm)

ZnO 39.8 � 0.05 1.86 � 0.03 8.44 � 0.01
(1 : 100) 34.8 � 0.05 2.00 � 0.11 8.97 � 0.01
(5 : 100) 40.9 � 0.05 2.03 � 0.06 7.51 � 0.01

Fig. 3 Transmission spectra of thin films of ZnO and Mg-doped ZnO.
There is a blue-shift in the spectrum with increasing Mg-doping.
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scales investigated here, Mg-doping of the ETL does not inu-
ence the morphology of the blend. We report the AFM images of
the corresponding ETL lms without the blend on top in
Fig. 2d–f respectively for the different Mg loadings. The varia-
tion in Sq between the ETL formed from a MgO : ZnO precursor
ratio of 1 : 100 and the undoped ZnO ETL is smaller than the
uncertainties in the measurements, however, there is a z 20%
increase in Sq for the ETL formed from a MgO : ZnO precursor
ratio of 5 : 100. Such an increase in Sq is indicative of a less
uniform and less homogeneous surface of the ETL at z5%
loading, with potential phase separation and formation of MgO-
rich regions which may inuence negatively the OPV perfor-
mance (vide infra).

Hall measurements. The van der Pauw method was used to
assess the electrical properties of the lms. The extracted
parameters from the measurement are shown in Table 4. Mg
doping leads to a higher carrier concentration in the thin lms.
In general, Hall mobility is expected to decrease with doping
due to enhanced scattering (as seen in the case of Si doping for
example). Hence the lm formed from the MgO : ZnO precursor
ratio of 1 : 100 exhibits a lower Hall mobility than the undoped
ZnO lm. The lm formed from the MgO : ZnO precursor ratio
of 5 : 100, even though expected to show an even lower Hall
mobility, exhibits a Hall mobility that it is very similar to the
undoped ZnO thin lm. This might be the result of a potential
phase separation between ZnO and MgO that appears to occur
for this higher level of Mg doping, as suggested by the rougher
morphology of these lms observed in the AFM investigation.
The resistivity of a lm is proportional to the inverse of the
product of carrier concentration and mobility. This leads to the
highest resistivity obtained when the ETL is formed from the
MgO : ZnO precursor ratio of 1 : 100.

Optical spectroscopy. To assess the effect of Mg doping on
the optical properties of the ETLs, transmission measurements
were carried out as shown in Fig. 3 (for further clarity, the same
data are plotted in terms of absorbance with corresponding
Tauc plots in Fig. S5‡). The Mg-doped ZnO ETLs show slightly
increased transmittance compared to the undoped ZnO ETL in
the region of 325–400 nm. The observed blue shi with
increasing Mg content, is consistent with previous literature,59

however the shi is not very signicant (z9 nm), a circum-
stance that we attribute to the Mg doping being minimal. We
also carried out transmission measurements on the lms aer
the deposition of a PTB7-Th : PC70BM or PM6:Y6 blend layer on
top of the undoped and Mg-doped ZnO ETLs (see Fig. S6‡). The
samples incorporating the Mg-doped ZnO show a slightly
increased transmittance (z8% in relative terms) throughout
This journal is © The Royal Society of Chemistry 2022
the tested spectral region (300–900 nm). The increase in JSC
observed in the OPV devices is thus not associated with
increased absorption in the active layer blend.

Electrical characterisation of Mg-doped ZnO OPV devices.
Fig. 4 reports a collection of further electrical characterisations
carried out on the PTB7-Th : PC70BM based OPV devices. For
the corresponding gure of the PM6:Y6 based OPV devices see
Fig. S7.‡ The incremental addition of Mg in the ZnO ETL leads
to a corresponding reduction in the current leakage in the OPV
device. This is evidenced in Fig. 4a (Fig. S7a‡), where the (dark)
current vs. voltage characteristics of the OPV diodes are shown.
This reduced leakage is indicative of an increased shunt resis-
tance (see Fig. S8‡). The average current density at�1 V is�1.41
� 10�3 mA cm�2 for the undoped ZnO ETL and decreases to
�3.31 � 10�4 mA cm�2 for the Mg-doped ZnO ETL device
formed from a MgO : ZnO precursor ratio of 1 : 100 and further
decreases to �1.18 � 10�4 mA cm�2 for the Mg-doped ZnO ETL
device formed from a MgO : ZnO precursor ratio of 5 : 100. A
corresponding increase in Rsh is observed, with Rsh calculated as
4.35 � 106 U cm2, 1.17 � 107 U cm2 and 1.42 � 107 U cm2

respectively. A similar trend is observed in the corresponding
average current density at �1 V and resulting Rsh values for the
PM6:Y6 devices as well (see Table S6‡). To gain further insight
in the extraction properties and the recombination in these
devices, we have investigated the dependence of the photocur-
rent density (JPH) on the effective voltage (VEFF)62 and measured
the decay and rise times of the VOC. The JPH and VEFF can be
calculated using the expressions JPH ¼ jJL � JDj and VEFF ¼ V0 �
Va where JL and JD are the measured photocurrents under
Sustainable Energy Fuels, 2022, 6, 2835–2845 | 2841

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1se02001c


Fig. 4 (a) Current density–voltage curves in the dark. (b) Photocurrent density–effective voltage curves. (c) Open circuit voltage decay curves (in
the dark). (d) Open circuit voltage rise curves (under 1 sun).

Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
m

ag
gi

o 
20

22
. D

ow
nl

oa
de

d 
on

 1
1/

06
/2

02
6 

17
:3

9:
39

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
illumination and in the dark respectively, Va is the externally
applied voltage and V0 is the (externally applied) voltage at JPH¼
0. Fig. 4b (Fig. S7b‡) shows the variation of the JPH with VEFF. As
expected from the PV characterisation, the Mg-doped ZnO ETL
device formed from a MgO : ZnO precursor ratio of 1 : 100
shows the best performance. The extraction of JPH at saturation
(JPH,SAT) which occurs at high VEFF (�1.1 V where the device in
reverse bias) as well its extraction at short circuit (JPH,SC) allow
for the calculation of an indicator that can be used to quantify
the variation in performance of the devices with differing Mg
doping. Such an indicator is the ratio JPH,SC/JPH,SAT (PDISS) which
some authors consider akin to the relative exciton dissociation
efficiency.31,32,36 We note in this regard that since such
a parameter is calculated as a ratio of collected currents it will
not account for any recombination event taking place even at
the strongest elds applied “in saturation” (as specied above).
It does however provide information on the effectiveness with
which dissociated excitons are extracted. We nd PDISS
increases from 95.85% for the undoped ZnO device to 96.76%
for the 1 : 100 Mg-doped ZnO device before decreasing to
95.83% at 5 : 100 Mg loading. Similarly, for the case of PM6:Y6
2842 | Sustainable Energy Fuels, 2022, 6, 2835–2845
devices, PDISS increases from 94.88% for the undoped ZnO
device to 95.72% for the 1 : 100 Mg-doped ZnO device before
decreasing to 94.37% at 5 : 100 Mg loading. Finally, Fig. 4c and
d (Fig. S7c and S7d‡), demonstrate the time dependent VOC
decay and rise for the OPV devices. The OPV device based on the
Mg-doped ZnO ETL formed from aMgO : ZnO precursor ratio of
1 : 100 takes the longest time to be completely discharged in
comparison to the other devices. This also holds for the PM6:Y6
based OPVs. In addition, it requires a shorter rise time to arrive
at the maximum VOC (for PM6:Y6 rise times are similar between
the undoped ZnO device and the 1 : 100 Mg-doped ZnO device
and slower for the 5 : 100 doped ZnO device). The trends
observed in the open circuit voltage and decay studies are
indicative of reduced recombination in the 1 : 100 Mg-doped
ZnO device.63,64

Discussion

The results above show that low-temperature annealing of
a mixed MgO : ZnO precursor leads to a signicant increase of
the performance parameters of OPVs incorporating such an
ETL, and in particular an z18% relative increase of the PCE
This journal is © The Royal Society of Chemistry 2022
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with respect to undoped ZnO ETLs for lms with az 1% atomic
Mg doping.

Interestingly, analysis of the electrical properties of the OPVs
reveal a higher shunt resistance (accounting for the reduced
losses for such devices, also evidenced by the faster increase of
the VOC upon light switch-on and the slower VOC decay aer
light switch-off, as well as by the decreased dark current in
reverse bias (Fig. 4a)). The increased JPH on the other hand
(Fig. 4b) indicates a reduction in the series resistance (Rs) which
would also lead to an increase of both the JSC and of the FF, as
indeed observed. Of course, the increased Rsh also accounts for
the increased VOC, and JSC.

To gather some insight into the microscopic origin of such
loss reductions we note that the properties of ZnO lms are well-
established to be highly dependent on the presence and/or
concentration of defects such as oxygen vacancies, zinc inter-
stitials and/or other dopants.65 For example, it has been
proposed that Mg can reduce the density of oxygen vacancies in
ZnO nanorods.66 In our case as well, we suggest that Mg doping
compensates oxygen vacancies which may act as charge
recombination centres. In addition, we note that bulk MgO is
characterised by a rather large ionisation potential (�10 eV)
compared to ZnO (�7.6 eV), thereby suggesting signicantly
better hole-blocking properties for any MgO-rich region of the
modied electrodes, which would also contribute to reduction
of PV losses linked to hole currents owing through the
electron-collecting electrode.

The question arises as to how much Mg will provide
optimum results. Our data show that the best results are ob-
tained with a Mg loading between z1 and 3%, but that when
increasing this to z5%, despite a higher Rsh (expected for the
more insulating nature of MgO) carrier recombination becomes
signicant (e.g. from Fig. 4c and d) eventually leading to a lower
PCE. It is interesting that the Hall (lateral) resistivity atz5%Mg
is decreased with respect to undoped and z1%-doped ETLS,
with a concomitant increase of the electron mobility, thereby
hinting at a potential overcompensation of the oxygen vacan-
cies, with a concomitant increase of carrier recombination
centres. This is also corroborated by the morphology changes
visible in AFM images at such a concentration (Fig. 2).

In summary we propose that z1% Mg doping strikes the
“right balance” between the various processes at play, i.e.,
extraction of the electrons, blocking of the holes and hole–
electron recombination.

Conclusions

We have shown that Mg acetate can be directly added to ZnO
precursor solutions to form Mg-doped ZnO ETLs for OPVs with
a reduced annealing temperature of 150 �C. Not only is this
appealing for low-temperature industrial manufacturing and
greater sustainability, but also affords greater OPV PCEs. We
obtained our best results with a 1 : 100 MgO : ZnO precursor
concentrations and this yields a relative increase in efficiency of
z18% compared to devices incorporating undoped ZnO ETLs.
This exceeds the relative improvement in efficiency we have
previously reported (z10%) when MgO was used on top of ZnO
This journal is © The Royal Society of Chemistry 2022
(i.e. effectively forming a bilayer). The increase in PCE observed
in this work, is a result of an enhanced JSC, VOC and FF, which
we can trace down to an improved contact with the active layer
exhibiting a decreased recombination and leakage current.
Doping with low levels of Mg does not signicantly affect the
work function or blend morphology. Our results show that for
achieving better performance the Mg doping needs to be
limited when the annealing temperature used is 150 �C, as
doping in the ETL formed from a MgO : ZnO precursor ratio of
5 : 100 is already excessive and can hinder performance. The
Mg-doped devices show enhanced stability and this strategy is
viable for OPVs based both on fullerene and non-fullerene
acceptor active layer blends. Our work provides an industrially
scalable approach to electrodes for high-performance OPVs and
is in principle applicable to both top and bottom contact
electrodes.
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