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Impact of inkjet printed ZnO electron transport
layer on the characteristics of polymer solar cellsy
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In this paper, we demonstrate that zinc oxide (ZnO) layers deposited by inkjet printing (IJP) can be
successfully applied to the low-temperature fabrication of efficient inverted polymer solar cells (i-PSCs).
The effects of ZnO layers deposited by IJP as electron transport layer (ETL) on the performance of i-
PSCs based on PTB7-Th:PC,oBM active layers are investigated. The morphology of the ZnO-I1JP layers
was analysed by AFM, and compared to that of ZnO layers deposited by different techniques. The study
shows that the morphology of the ZnO underlayer has a dramatic effect on the band structure and non-
geminate recombination kinetics of the active layer deposited on top of it. Charge carrier and transient
photovoltage measurements show that non-geminate recombination is governed by deep trap states in
devices made from ZnO-IJP while trapping is less significant for other types of ZnO. The power
conversion efficiency of the devices made from ZnO-IJP is mostly limited by their slightly lower Jsc,
resulting from non-optimum photon conversion efficiency in the visible part of the solar spectrum.
Despite these minor limitations their J-V characteristics compare very favourably with that of devices
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Introduction

Polymer solar cells (PSCs) are considered a promising low-cost
energy source since they can be produced on large areas on
rigid and flexible substrates using low temperature processes."*
In the last decade, the performance of PSCs has increased
rapidly, mainly due to the development of new polymers with
improved light absorption, charge carrier mobility and crystal-
linity.>® As such, efficiencies over 11% have been reported,”®
however, despite these spectacular figures, stability has not yet
matched that of inorganic solar cells. In this respect PSCs with
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made from ZnO layer deposited using different techniques.

an inverted architecture (i-PSCs) have been shown to be the
most promising long-lasting alternative to conventional PSC.*>*°
In i-PSCs, a thin film of a metal oxide (MO) (i.e. molybdenum
oxide [MoO;], vanadium oxide [V,0s], nickel oxide [NiO] or
tungsten oxide [WOj3]) is used as hole transport layer (HTL). The
MO interlayer provides higher stability and lower ohmic contact
resistance than the PEDOT:PSS equivalent in conventional
PSCs.""** As the electron transport layer (ETL) poly [(9,9-bis(30-
(N,N-dimethylamino)propyl)-2,7-fluorene)-ait-2,7-(9,9-dioctyl-

fluorene)] (PFN),*'*** zinc oxide (ZnO)'*" and titanium oxide
(TiOx)***** are commonly used. ZnO has attracted much
interest due to its high transparency, high air-stability and high
electron mobility. Moreover, ZnO can be easily solution-
processed on ITO substrates at room temperature by several
coating methods (i.e. spin-coating," spray-coating®® and dip-
coating.** Spin-coating is the most commonly used method of
deposition as it yields films with relatively high uniformity and
well-controlled thickness. Nevertheless, spin-coating is not
a compatible method with large-scale continuous process such
as roll-to-roll (R2R) processing.?* Inkjet printing (IJP), however is
a very promising technique for the large-scale production of i-
PSCs and commercialization due to its compatibility with R2R
process, the possibility of patterning without any chemical
processes (i.e. wet etching of photoresist) and the reduction of
material (solution) wasting. As a result, IJP has already been
used for the manufacture of organic electronics devices*®* and
several authors have reported ZnO layers deposited by IJP (ZnO-

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra01481g&domain=pdf&date_stamp=2018-04-06
http://orcid.org/0000-0003-4976-4928
http://orcid.org/0000-0002-9967-9484
http://orcid.org/0000-0002-5976-1408
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01481g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008024

Open Access Article. Published on 09 April 2018. Downloaded on 12/4/2025 9:15:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

IJP) on thin film transistors,® micro photodetectors® and i-
PSCs fabrication.” Despite these recent reports, ZnO depos-
ited by IJP for organic photovoltaic applications have been
virtually unexplored to date. Therefore, herein we describe the
fabrication and electrical characterization of ZnO-IJP layers as
ETL for i-PSCs. The i-PSCs devices were based on active layers
composed of PTB7:Th and PC,,BM. Similar devices were
fabricated with ZnO as ETL deposited by spin coating (ZnO-SC)
and thermal evaporation (ZnO-TE) as control. A qualitative
charge carrier recombination kinetics analysis was carried out
using the charge carrier extraction (CE) and transient photo-
voltage (TPV) methods. The results of CE/TPV combined with
ideality factor analysis demonstrated that recombination
kinetics are governed by different mechanisms in IJP-made
devices with respect to SC and TE-made devices. Additional
impedance spectroscopy (IS) results reveal that devices made
from ZnO-IJP exhibit a similar charge transport resistance
compared to devices with ZnO-SC, while devices with ZnO-TE
show the highest charge transport resistance.

Results and discussion

The ZnO-IJP layers were used as ETL in inverted organic solar
cells with the architecture ITO/ZnO/PTB7-Th:PC,,BM/V,0s/Ag.
Fig. 1a shows the architecture of the devices and (1b) shows the
energy level diagram for materials used in the devices taken

from the literature.***2°

Electrical characterisation

Fig. 2a shows the current density vs. voltage (/-V) characteristics
of the best-performing i-PSCs under simulated AM 1.5G illu-
mination (100 mW em™>). The devices made from ZnO-IJP show
a power conversion efficiency (PCE) of 7.47%, a V¢ of 0.789 V,
a Jsc of 15.35 mA ecm ? and a fill factor (FF) of 61.59%. The
devices made from ZnO-IJP and ZnO-SC have similar V¢ and
series resistances (Rg), while devices with ZnO-TE have the
lowest Voc and highest Rs. The PCE of the devices made from
ZnO-IJP is ~20% and ~9% lower than that of devices with ZnO-
SC and ZnO-TE, respectively. All the devices have similar FF.
Table 1 summarizes the features of the best-performing devices.
The standard deviation for all parameters of i-PSCs was calcu-
lated over eight devices and is depicted in parentheses in

Zn0  PC,BM PTB7-Th V,0; | Ag
-3.6eV

a1ev 30

ITo
< Slass Supeyy, ™

Fig. 1 (a) Inverted architecture of the fabricated devices. (b) Energy
level diagram for materials used for device fabrication taken from the
literature.
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Fig. 2 (a) Current density versus voltage (J-V) characteristics of the
best-performing i-PSCs under simulated AM 1.5G illumination. (b) EQE
spectra of the best-performing device.

Table 1. These results are similar to those reported from devices
based on PTB7-Th:PC,,BM with ZnO as ETL deposited by spin-
coating,*'*® spray coating®® and sputtering® techniques.
Additionally, all devices reported herein showed to have good
reproducibility. A statistical analysis over eight devices was
carried out for all i-PSCs and the results are depicted in Fig. S37.
The devices made from ZnO-IJP exhibit somewhat higher
dispersion which can be attributed to the non-optimum
homogeneity of the ZnO layer. Interestingly, the devices made
from ZnO-IJP exhibit higher Vo than that of devices with ZnO-
SC and ZnO-TE. However, the trend of Js¢ is opposite to that of
the Voc, where devices made from ZnO-SC show the highest Jsc,
and those made from ZnO-IJP show the lowest of all. Devices
with ZnO-TE exhibit the lowest Voc and a Jsc higher than
devices with ZnO-IJP. The external quantum efficiency (EQE) of
the devices with ZnO deposited by the three different tech-
niques are shown in Fig. 2b. The EQE curves are seen to
corroborate the trend observed for the jsc, as seen by the
calculated Jsc from EQE in Table 1. All the devices exhibit
similar spectral response from 600 nm to 800 nm, however the
devices made from ZnO-IJP show a significant decrease in
photon conversion efficiency from 300 nm to 600 nm with
respect to the other devices. This behaviour has been previously
observed in i-PSCs when ZnO nanoparticles were used as
ETL."?** We found that this decrease in EQE is the result of an
increase in reflectance together with a slight decrease in
absorption of the active layer in the case of the device made
from ZnO-IJP (see ESIt for details).

RSC Adv., 2018, 8, 13094-13102 | 13095
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Tablel Parameters of i-PSCs devices based on PTB7-Th:PC5oBM under 100 mW cm ™2 AM1.5G illumination with ZnO-1JP, ZnO-SC and ZnO-TE

as ETL

Voc [V] Jsc [mA em™?] Jsc (EQE) [mA em™?] FF [%)] PCE [%] R [Q cm?] Rgp [Q em?]
ZnO-IJP 0.789 (0.026) 15.35 (1.57) 14.85 61.59 (3.56) 7.47 (0.66) 2.11 (0.81) 376 (48)
7Zn0-SC 0.761 (0.004) 18.94 (0.35) 18.62 65.31 (1.41) 9.42 (0.16) 1.97 (0.28) 751 (105)
ZnO-TE 0.737 (0.014) 17.79 (0.26) 16.94 62.29 (0.52) 8.17 (0.24) 8.69 (0.68) 850 (195)

Morphological characterisation

To gain understanding on how the morphology of the ZnO
affects the properties of the active layers, we carried out an AFM
analysis on all three types of ZnO layers. All the films were
deposited on ITO-coated glass substrates in identical condi-
tions as in solar cell devices. Topography images (5 x 5 pm and
1 x 1 pm) of ZnO film deposited by IJP (Fig. 3a and d), spin
coating (Fig. 3b and e) and thermal evaporation (Fig. 3c and f),
were recorded.

Table S11 shows the root-mean-square (RMS) roughness and
the maximum peak to peak height of each ZnO film. Interest-
ingly, all three deposition techniques lead to very rough
surfaces with RMS roughness values over 7 nm for IJP and SC
layers. The peak to peak height is higher than 30 nm in all cases
(see Table S1t). The evaporated ZnO layer shows a marked
granular topography with grains size in the range of 30 nm,
while the other two types of ZnO layers show a much less
homogenous topography. The ZnO-SC has more of a “mountain
and valley”-like aspect, while the ZnO-IJP layer shows clear
aggregates of ZnO nanoparticles. Additionally, it should be
noted that the ZnO-IJP layer forms an “isle”-like pattern at
macroscopic scale, a result of the nozzle-injection process (see
micrograph in Fig. S47). These rather unusual features are likely
the cause of the difference in the J-V characteristics observed
from the solar cell devices.

Photophysical characterisation

To assess the extent to which the morphology of the ZnO layer
affects the energetics of the active layer of the solar cell devices,

160 nm

1.0um
—

0nm
70 nm

200nm
T

0nm

Fig. 3 AFM (5 x 5 um) topographical images using tapping mode: (a)
ZnO-1JP film, (b) ZnO-SC film and (c) ZnO-TE film. AFM (1 x 1 um)
topographical images using tapping mode: (d) ZnO-1JP film, (e) ZnO-
SC film and (f) ZnO-TE film.
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we carried out a comparative analysis of their ideality factors
(n0)- To do so, the J-V characteristics of the devices were
recorded at different light intensities under simulated AM 1.5G
illumination (Fig. S51). Fig. 4a shows the plot of V¢ as a func-
tion of the light intensity (LI). In order to calculate the ideality
factor (n;q), the plot Vo vs. LI was fitted to the eqn (1):

Voc = nig(kT/q)In(light intensity) + b (1)

where k is the Boltzmann constant, T is the temperature, and ¢
is the elementary charge. The values of n;q obtained for devices
with ZnO-IJP, ZnO-SC and ZnO-TE were 1.5, 1.2 and 1.0,
respectively. These values lie within the range of expected values
(1 = nyq = 2) for OPV devices. Interestingly, the high value of 74
(1.5) of the ZnO-IJP-made devices suggests the presence of
a high concentration of deep trap states in the bulk. On the
other hand, the devices made from ZnO-SC and ZnO-TE show
very low njq. Devices made from ZnO-SC with a njq of 1.2 are in
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Fig. 4 (a) Open circuit voltage as a function of light intensity. The
curves were fitted (lines) on the form of egn 1. (b) Current density as
a function of light intensity. The curves were fitted (lines) on the form
of eqn (2).
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the range of devices in which recombination occurs between
a free charge carrier and one carrier trapped in a band tail. For
ZnO-TE, the exceptionally low n;4, may be evidence of a more tail
to tail-like recombination mechanism.* Fig. 4b shows the plot
Jsc vs. LI and was fitted to the power law of the form of eqn (2),
where b = 0.95, 1.0 and 0.98 for devices with ZnO-IJP, ZnO-SC
and ZnO-TE, respectively. These b values indicate that non-
geminate recombination is not significant near to short
circuit and that no space charge is present.**

Jsc = A(light intensity)” (2)

To gain more insight on how the band structure affects the j-
V characteristics of the devices, particularly the Vo¢, we carried
out a charge carrier recombination kinetics study of the ZnO-
based devices, using charge extraction/transient photovoltage
techniques (CE/TPV).**** The CE measurements allow
measuring the average charge density under open circuit
conditions.**?**>* Fig. 5a shows the charge carrier density as
a function of light bias, resulting in a Voc ranging from 100 to
750 mV. The charge density for all devices close to 1 sun, is in
the range of 10'® em ™, being in good agreement with the re-
ported values for similar organic materials.’” The density of
charge in the region from 0.65 V to 0.76 V exhibits an
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Fig. 5 (a) Charge carrier density (n) as a function of the V¢ deter-
mined from CE measurements. The curves were fitted (lines) on the
form of egn (3). (b) Carrier lifetime (za,) as a function of device Voc. For
TPV measurements, the transients were induced by a low intensity,
pulsed excitation at 650 nm with the devices at open circuit condi-
tions. The curves were fitted (lines) on the form of eqn (4).
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Table 2 Values of recombination parameters derived from CE/TPV
measurements for devices with ZnO layer deposited by IJP, spin
coating and thermal evaporation

Parameter ZnO-IJP ZnO-SC ZnO-TE
no 1.6 x 10*° 1.4 x 10" 5.8 x 10"
Yy 4.3 12.5 14.0

I 12.7 18.8 23.7

A 2.99 1.5 1.7

¢ (eqn (6)) 3.99 2.5 2.7

¢ (eqn (7)) 3.95 2.5 2.69

exponential dependency and is related to the accumulated
charge within the bulk of the device, analogously to the splitting
of the quasi-Fermi levels in intrinsic semiconductors. The curve
was fitted using eqn (3) and the v values for samples are shown
in Table 2. The rather low value of v of devices with ZnO-IJP (4.3)
is lower than that expected for ideal semiconductors, an effect
that has been attributed to the presence of an exponential tail of
trap states extending into the band gap of the active layer.
Fig. 5b shows the carrier lifetime (75,) as a function of devices'
Voc. The curve was fitted using a single exponential decay in the
form of eqn (4). The g value for each device is shown in Table 2.

n= noe(y Voc) [3)

TAn — ,L-Anue(*ﬁV()(‘) (4)

Fig. 6 shows the recombination dynamics of the small
perturbation lifetimes combined with the density of charges
obtained from CE, allowing determining the overall order of
recombination (¢) defined by eqn (5), where, ¢ can be calculated
using eqn (6) assuming An < n in the experimental TPV
conditions. The value of ¢ can also be calculated using eqn (7).*®
The A was calculated by fitting the curve 7, vs. n using eqn (8).

dn/dt = —kn? (5)
p=i+1 (6)
¢ = (Blv) + 1 (7)
TAan — TA,,Onf)‘ [8)

The calculated values of A and ¢ of all devices are summa-
rized in Table 2. The devices made from ZnO-SC and ZnO-TE
exhibit similar recombination orders (2.5 and 2.7, respec-
tively), while those from ZnO-IJP-made devices are significantly
higher (~4). Such a high value, as opposed to a value of 2, have
been measured several times in earlier reports,* are to be ex-
pected in devices in which recombination is mediated by deep
trap states, as corroborated by the high n;4. Additionally, the low
surface coverage at the macroscopic scale of the ZnO-IJP
substrates (see micrograph in Fig. S4t), is consistent with the
high ¢ being indicative of significant surface recombination.
The low recombination orders measured for the ZnO-SC and

RSC Adv., 2018, 8, 13094-13102 | 13097
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ZnO-TE devices are consistent with recombination occurring
from traps in the band tails, or with tail to tail-like recombi-
nation, as suggested by the extremely low n;q. Surface recom-
bination is less significant in these two cases, indicating that
the high peak to peak height of the ZnO films does induce
a notably lower surface coverage. Most importantly, the signif-
icantly slower perturbation lifetimes measured from ZnO-IJP
are consistent with the significantly higher Vo observed for
these devices with respect to those made from the other two
ZnO deposition techniques. The opposite trend is observed
between the ZnO-SC and ZnO-TE devices, their relative differ-
ence in Voc is, therefore, likely the result of difference in DOS
distribution. That is, the device with broader DOS (qualitatively
estimated through the parameter vy in the n vs. applied bias
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Fig. 7 Experimental (markers) and fitted (line) IS response for i-PSCs using (a) ZnO-1JP, (d) ZnO-SC and (g) ZnO-TE measured under 1 sun
conditions at several applied voltages: 0, 0.2, 0.4, 0.74 and 1 V. Capacitance and resistance data extracted from the fitting of IS measurements for
devices using ZnO-IJP (b and c), ZnO-SC (e and f) ZnO-TE (h and i), respectively.
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plot), i.e. ZnO-SC-made devices, have a higher V¢ than ZnO-TE-
made devices, despite the fact that their corresponding small
perturbation lifetimes are slightly faster that the latter.**>°

In order to quantify the effect of the ZnO-IJP layer on charge
transport properties, impedance measurements (IS) were
carried out on all the devices at different voltage biases. IS
provides valuable information on carrier transport mechanisms
involved in the charge extraction on PSCs.*>*'"*° Fig. 7 shows the
Nyquist plots for ZnO-IJP (a), ZnO-SC (d) and ZnO-TE (g) as ETL
taken at different voltages under AM1.5 illumination.

The Nyquist plots show mainly one semicircle for all applied
voltages (medium frequency from 10 to 1 x 10> Hz), which is
associated with charge transfer at the electrode/active layer
interface.”” The experimental impedance spectra were fitted
using an equivalent electrical model with three resistor/
capacitor circuits (3RC) in series*>***® (Fig. S61). Each element
of the circuit is associated with the capacitance and resistance
of the three different layers of the i-PSC devices.">*>* The fitting
was performed in Matlab (R2014a) using custom computational
methods and literature algorithms,* yielding R and C values for
the different applied voltage biases.

The capacitances of the three RC circuit at the different
applied voltages were calculated from the fitting of the IS
measurements of devices made from ZnO-IJP, ZnO-SC and ZnO-
TE (Fig. 7b, e and h, respectively). The capacitances were linked
to the layers involved in the charge transport process by the
theoretical capacitance calculation using the equation:

A
C= €0 €layer d]_ (9)
ayer

where, ¢, is the vacuum dielectric permittivity, ejayer is the relative
dielectric permittivity for each layer: epuy, ezno and ey,o, and d is
the thickness of each layer: dyyi, dzno and dy o . The values used
for calculating the capacitance of each layer by eqn (9) are shown
in Table S271. Thereby, we related capacitance C1 to the ZnO ETL,
C2 to the bulk (active layer) and C3 to the V,05 HTL as shown in
Fig. 7b, e and h. Since C1, C2 and C3 are a component of the RC
circuits, the three associated resistances were related to each layer
as shown in Fig. 7c, f and i. The resistances values of ZnO and
V,0;s layers are similar in i-PSCs with ZnO-IJP and ZnO-SC. In both
devices, the resistance of ZnO and V,O; layers decreases as the
applied voltage increases. The resistances of ZnO and V,Os layers
decrease from ~80 Q (ZnO-IJP) and ~60 Q (ZnO-SC) at 0 V to ~20
Q at 1 V. These high values of resistance at low voltages (from 0 V
to 0.2 V) suggest that shunt resistance losses are mainly caused by
the hole- and electron-transport layers. In devices with ZnO-TE the
resistances of V,05 is lower than that of ZnO. Moreover, at high
voltages (from 0.7 V to 1 V) the ZnO and V, 05 layers of i-PSCs with
ZnO-IJP and ZnO-SC exhibit lower resistance values that of devices
with ZnO-TE. These results corroborate the values of series
resistances of the devices calculated from J-V characteristics.

Discussion and conclusion

In this work, we investigated the use of an inkjet printed ZnO
layer as ETL in i-PSCs based on PTB7-Th:PC,,BM. The i-PSCs
devices showed a maximum power conversion efficiency of
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7.47%, which compares very favourably to that obtained on
similar i-PSCs using spin coated and thermally evaporated ZnO
layers. Combined results from ideality factor and non-geminate
recombination studies has brought substantial evidence of
a modification of the band structure properties of the active
layer, triggered by the ZnO type of underlayer the active layer is
deposited on to. As such, the active layer deposited on top of
ZnO-IJP shows a higher density of deep trap states, than those
deposited on top of ZnO-SC and ZnO-TE. The difference in band
structure energetics and recombination dynamics has been
shown to follow the trend in V¢ measured experimentally from
the three types of devices.

Additional impedance spectroscopy measurements have
demonstrated that electron injection and extraction have an
impact on the shunt and series resistances of the ZnO-IJP-made
and ZnO-TE-made devices, thus lowering the FF of both devices
slightly. Interestingly, the main parameter limiting the PCE of the
ZnO-JJP devices with respect to its spin coated and thermally
evaporated counterparts is the lower Jsc, which is to some extent
the result of a lower spectral photon conversion efficiency in the
visible range of the solar spectrum. This effect, was shown to be
due to an increase in reflectance together with a slight decrease in
absorption of the active layer. Importantly, the morphological
aspects of the ZnO layer are not seen to induce an increase in
recombination kinetics. On the contrary the higher V¢ of ZnO-IJP
is the result of slower recombination kinetics with respect to the
other two deposition techniques. All in all, this study demon-
strates that the ZnO-[JP layer deposited by inkjet printing can be
successfully used for the fabrication of highly efficient i-PSCs on
a large scale. Work is currently under way to improve the homo-
geneity of the surface coverage of the substrate in order to maxi-
mize the spectral response of the devices.

Experimental section
Materials

Patterned indium thin oxide (ITO)-coated glass substrates with
10 Q [0 ' were acquired from PsiOTec Ltd. The vanadium oxide
(V,0s5) and chlorobenzene [C¢HsCl] were purchased from
Sigma-Aldrich. The zinc oxide (ZnO) nanoparticle ink (crystal-
line ZnO dispersed in isopropanol and propylene glycol,
2.5 wt%) was purchased from Sigma-Aldrich (808202). Diio-
doctane was acquired from Alfa Aesar. Poly[4,8-bis(5-(2-ethyl-
hexyl)thiophen-2-yl)benzo[1,2-b;4,5-b'] dithiophene-2,6-diyl-alt-
(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-
2-6-diyl)] (PTB7-Th) material was purchased from One-material
(One Materials, Inc. Canada). [6,6]-phenyl-C71-butyric acid
methyl (PC,,BM) was purchased from Solenne BV and silver
(Ag, 99.99% purity) was acquired from Testbourne Ltd. All
materials were used as received.

ZnO layer deposition

Inkjet printing. First, the ZnO nanoparticle ink (ZnO-ink)
with a viscosity of about 8-14 cp and nanoparticle size around
8-16 nm was sonicated during 10 min and was filtered through
0.2 pm PTFE filter. The ZnO-ink was deposited on patterned

RSC Adv., 2018, 8, 13094-13102 | 13099


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01481g

Open Access Article. Published on 09 April 2018. Downloaded on 12/4/2025 9:15:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ITO-coated glass substrate using a DIMATIX DMP-2800 printer.
The printing parameters are as follows: drop spacing of 10 pm,
drop velocity of 8 m s, 15 nozzles at 16 V and jetting frequency
of 5 kHz. Subsequently, the samples were sintered at 115 °C
during 10 min in air into a conventional oven.

Spin coating. The ZnO precursor was prepared by dissolving
zinc acetate dihydrate (Zn(CH3;COO)),-2H,0 0.68 M and etha-
nolamine 0.46 M in 2-methoxyethanol (CH;OCH,CH,0H) and
leaving them under vigorous stirring for 1 h at 70 °C. Subse-
quently, the precursor solution of ZnO was diluted in methanol
in 1 : 1 ratio. This solution was spin coated on pre-cleaned ITO
substrate at 3000 rpm for 30 s. The resulting ZnO film was
heated at 110 °C for 1 h in air.

Evaporation. The ITO substrates were transferred to a high
vacuum chamber and 45 nm of ZnO were thermally evaporated
at9 x 10”7 mbar with an evaporation rate ranging from 0.04 to
0.08 nm s .

Solar cells fabrication. The solar cells were fabricated on
indium tin oxide (ITO) patterned glass substrates. The ITO
substrates (10 Q [07") were cleaned in acetone, ethanol and
isopropanol using an ultrasonic bath. Subsequently, ITO was
dried at 100 °C followed by UV-ozone treatment. Subsequently,
the ITO substrates were coated with ZnO (~40 nm) by either
inkjet printing, spin coating or thermal evaporation as
described above. The blend solution was prepared by dissolving
PTB7-Th and PC,,BM (1 : 1.5 w/w) in chlorobenzene and 1,8-
diiodooctane (97 : 3 by volume) with a concentration of 25 mg
mL~'. The blend solution was left stirring overnight, and
further aged for 48 h in the dark under nitrogen atmosphere.
The blend solution was spin-coated on top of the ZnO interlayer
at 800 rpm for 30 s to obtain an active layer 100 nm-thick. The
samples were transferred to a vacuum chamber and 5 nm of
V,0;5 and 100 nm of Ag were deposited by thermal evaporation
on top of the active layer at 8 x 10" mbar. The active area for all
devices was 0.09 cm”.

Photovoltaics measurements. All current-density vs. voltage
(J-V) characteristics were performed at room temperature with
a solar simulator (Abet Technologies model 11 000 class type A,
Xenon arc) and a Keithley 2400 Source-Measure Unit. The light
intensity was calibrated by a NREL certified monocrystalline
silicon photodiode.

Atomic force microscopy measurements. Atomic force
microscopy (AFM) of the samples was performed in tapping
mode on a Molecular Imaging model Pico SPM II (pico+).
Images were collected in air using silicon probes with typical
spring constant of 1-5 nN m™" and at resonant frequency of 75
kHz.

Photophysical measurements. The charge extractions
measurements were carried out in open circuit voltage equi-
librium by illuminating the devices using a white light LED ring
from LUXEON® Lumileds. Devices are connected to a DC power
supply and a function generator TGP110. The light is turned off
and the circuit closed to force the charge to pass through an
oscilloscope TDS 2022 from Tektronix. In this step, the drop in
voltage across a resistance of 50 ohms is recorded by the
oscilloscope.
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In TPV measurements, the background illumination was
provided by a ring of 6 white LED's from LUXEON®, while
samples are connected to 1 MQ input terminal of an oscillo-
scope Tektronix© TDS2022. The small perturbation was applied
by a light pulse excited at 650 nm (N, laser, <100 ns pulses) with
a range intensity from 0.1 sun to 1 sun.

Impedance spectroscopy measurements. Impedance spec-
troscopy was performed using a HP-4192A impedance analyser.
Several voltage perturbations (0, 0.2, 0.4, 0.74 and 1 V) were
applied at frequency range from 1 kHz to 1 MHz with an AC
signal and 15 mV amplitude. The IS measurements were carried
out under AM1.5 illumination calibrated by a certified mono-
crystalline silicon photodiode.
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