Journal of Alloys and Compounds 813 (2020) 152202

Contents lists available at ScienceDirect

JOURNAL OF

ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds

journal homepage: http://www.elsevier.com/locate/jalcom

Versatile use of ZnO interlayer in hybrid solar cells for self-powered @ M)
near infra-red photo-detecting application et

Jun Young Kim * ', Premkumar Vincent >, Jaewon Jang b Min Seok Jang €, Muhan Choi °,
Jin-Hyuk Bae ™", Changhee Lee ¢ ", Hyeok Kim & ™"

2 Department of Semiconductor Engineering, Engineering Research Institute (ERI), Gyeongsang National University, 501Jinjudaero, Jinju, Gyeongnam,
52828, Republic of Korea

b School of Electronics Engineering, Kyungpook National University, 80 Daehakro, Bukgu, Daegu, 702-701, Republic of Korea

€ School of Electrical Engineering, Korea Advanced Institute of Science and Technology (KAIST), 291 Daehak-Ro, Yuseong-Gu, Daejeon, 34131, Republic of
Korea

d Department of Electrical and Computer Engineering, Inter-University Semiconductor Research Center, Seoul National University, 1 Gwanak-ro, Gwanak-
gu, Seoul, 08826, Republic of Korea

€ Department of Electrical and Computer Engineering, University of Seoul, 163 Seoulsiripdaero, Dongdaemun-gu, Seoul, 02504, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 27 May 2019

Received in revised form

6 September 2019

Accepted 7 September 2019
Available online 9 September 2019

We investigate the possibility of shifting the absorption peak of the hybrid solar cell into the red to near
infra-red (NIR) region using a ZnO optical spacer. Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;
3,4-b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) exhibits a 700 nm wavelength peak ab-
sorption and is a low-bandgap polymer. Zinc oxide (ZnO) was used as an n-type semiconducting electron
acceptor. The efficiency was enhanced by introducing a ZnO optical spacer layer. A finite-difference time-
domain simulation was performed with the aim to extract the largest simulated short-circuit current
density from the hybrid photovoltaic cell structure. Via the simulation, we also tuned the ZnO thickness
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to make the solar cell sensitive to the NIR wavelengths and thus obtained the optimal structures for
various active layer thicknesses suitable for NIR absorption applications. This study aims to demonstrate
the applicability of the PCPDTBT:ZnO hybrid solar cell as a multi-functional NIR absorber cum solar cell
which has potential applications in energy harvesting window coating, NIR photodetector, and tandem
solar subcell through the use of a ZnO optical layer to control the light-induced electric field distribution
inside the device structure.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The harvesting of solar energy to satisfy future energy re-
quirements is an inevitable advancement. Solar farms are increas-
ingly built to replace non-renewable energy sources [1,2]. Silicon
solar cells are more common as the manufacturing of efficient
silicon-based solar cells has been mastered over decades of
research. In spite of their success, the high fabrication cost and
inflexibility of the solar cells restrict their implementation in
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modern electronic devices. The high absorption coefficients of
conjugated polymers allow the optimal solar absorption to be
achieved with nanometer-thick layers. The low-cost fabrication,
bandgap tenability, and ability to stack the solar cells in a tandem
structure make thin-film solar cells a viable alternative to silicon
solar cells for many applications. The combined characteristics of
the organic and inorganic semiconductors are implemented into
the hybrid solar cells [3—7]. They can exhibit the good charge-
transfer characteristics of inorganic semiconductors and the easy
processing and tunability of organic semiconductors. We studied a
hybrid solar cell consisting of ZnO nanoparticles dispersed in a poly
[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b; 3,4-b’]dithio-
phene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) polymer matrix
[8,9]. It has an energy bandgap of 1.46 eV, with the highest ab-
sorption around the near-infrared (NIR) spectrum, i.e., the wave-
length range of 700—750 nm. ZnO nanoparticles are low-cost, eco-
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friendly, n-type semiconductors that are used as the electron
acceptor in BHJs [10—15]. The high charge mobility of inorganic
semiconductors aids the efficient collection of electrons at the
electrode. The BH]J consists of interpenetrating networks of ZnO
nanoparticles in the polymer matrix. This is important as the
exciton diffusion length is small in conjugated polymers. In the case
of poor miscibility of the donor and acceptor molecules, the BH] is
susceptible to burn-in degradation [16]. This leads to the aggrega-
tion of one of these molecules. Aggregated molecules impact the
interface charge-separation efficiency negatively. Park et al.
demonstrated that 2-(2-ethylhexyl)-1,3-dioxo-2,3-dihydro-1H-
benzo[delisoquinoline-6,7-dicarboxylic acid (BQ) can be utilized to
stabilize the ZnO nanoparticle, and consequently, the efficiency of
the hybrid solar cell can be considerably increased [17].

In this study, by moderating the thickness of the ZnO optical
spacer layer, the electromagnetic field produced by the illumina-
tion light source was concentrated into the BH] absorption layer of
the photovoltaic cell. This improved the power conversion effi-
ciency (PCE) of the hybrid solar cell. Gilot et al. observed that the
PCE of a solar cell could be augmented by a ZnO optical spacer layer
[18]. Their study linked the alteration of the electric field distri-
bution to the ZnO optical spacer layer's thickness. Our aim was to
optimize the optical spacer layer through simulation to maximize
the simulated short-circuit current density (Jscsim)- The Jscsim iS
obtained when every photo absorbed in the BH] of the photovoltaic
cell is converted to an extractable electron. In other words, Jsc sim iS
obtainable when the internal quantum efficiency (IQE) of the
photovoltaic cell would be 100%. We simulated the electromagnetic
field distribution in the photovoltaic cell using 2D finite difference
time domain (FDTD) method. By controlling the thickness of ZnO
layer, the electric field intensity concentrated within the BH] layer
was maximized, such that the optimized device structure would
output the largest simulated short-circuit current density (Jscmax)-
Additionally, impedance spectroscopy was performed to investi-
gate the internal resistance of the photovoltaic cell [19,20].

Solution-processed NIR photodetectors are required in diverse
applications, such as proximity sensors, medical infrared ther-
mography, remote sensing, and thermal cameras [21—23]. The most
common way to design NIR detectors is by using photon upcon-
version. Hybrid nanocrystals with organic molecule ligands, such as
PbSe and CdSe nanocrystals combined with diphenylanthracene
and rubrene as emitter ligands, absorb NIR wavelengths and re-
emit visible light. This re-emitted light can be absorbed by the
solar cell or a photodetector to increase the output current [24,25].
This method requires precise nanocrystal size tuning and an opti-
mized capping layer to maintain stability. Additional upconversion
layers increase the complexity of the device design. This can be
overcome by using low-bandgap conjugated polymers that have a
high absorption coefficient in the NIR region. Several reported low-
bandgap polymers have their absorption curve in the NIR wave-
length region [26—32]. Herein, we report a new polymer:ZnO
nanoparticle hybrid BH]J that can be applied as a solar cell and NIR
absorber. The optimized device structure was modeled to be sen-
sitive to wavelengths ranging from 600 to 900 nm, as per the NIR
spectrum provided by LIU780A (780 nm Infrared (IR) LED from
Thor Labs) spectrum. The addition of ZnO optical spacer shifted the
absorption peak into the NIR region. This showed that it was effi-
cient to employ an optical spacer layer to control the absorption
range, thus having promise for other NIR absorbing applications.

2. Methodology
2.1. Experimental procedure

Solution process: The PCPDTBT polymer was obtained from 1-

materials while the PEDOT:PSS (CLEVIOSTM P VP Al 4083) was
used as bought from CLEVIOS. ZnO nanoparticles were synthesized
from potassium hydroxide (KOH), oleic acid, and zinc acetate
dihydrate bought from Duksan Pharmaceutical Co., Inc, and
Sigma—Aldrich (for oleic acid and zinc acetate dehydrate), respec-
tively. The synthesis process is explained in the literature [17,33].
The ZnO nanoparticles were stabilized using the BQ surfactant
added at a concentration of 3% by weight. PCPDTBT:ZnO were
mixed with a weight ratio of 1:6 in chlorobenzene. The patterned
indium tin oxide (ITO) substrates were sequentially cleaned using
isopropyl alcohol and deionized water for 15 min each in an ul-
trasonic bath. The sheet resistance of the ITO substrates was 15
Qsq~L The substrates were cleaned and then dried in an oven set to
150 °C temperature for 2 h. A 40-nm-thick PEDOT:PSS layer was
spin-coated and annealed at 150 °C for 1 h. Then, the PCPDTBT:ZnO
blend solution was spin-coated at 600 rpm for 60 s. The resulting
BH] layer was approximately 70 nm thick. Next, ZnO nanoparticle
solution was spin-coated at 2000 rpm for 60 s to form 30 nm thick
Then 100 nm of Al was evaporated under approximately 10~° Torr
pressure. The active area of the photovoltaic cell was 1.96 mm?. A
300-W solar simulator (Newport 91160A, AM 1.5G with a KG 5
filter) and a Keithley 237 sourcemeter were used to measure the
dark and under light (10—100 mW cm2) photocurrent-voltage
characteristics. The impedance was measured in a broad fre-
quency range (1000Hz—10MHz) using an impedance analyzer
(HP-4192A). Ultraviolet—visible absorption spectra were obtained
with a Beckman DU-70 spectrophotometer.

2.2. Optical simulation procedure

Lumerical, FDTD Solutions software was utilized in order to
compute Jscsim by 2D FDTD method. Since it is a planar structure, 2D
FDTD was sufficient to simulate the light absorbed in the device.
The distribution of the light's electromagnetic field in the solar cell
could be numerically simulated using the FDTD method. The
simulated structure is shown in Fig. 1. Each layer of the solar cell
was stacked along the y-axis. The device was meshed with suffi-
cient fineness that the extracted Jscsim did not change with an in-
crease in the mesh density. Perfectly matched layers were applied
along with the solar cell layer stacking axis in order to confine the
simulation region, and periodic boundaries were applied in the
perpendicular axis. A continuous-wave (CW) normalized plane
wave source was incident perpendicularly on to the ITO electrode
along the forward y-axis. The source light wavelength was set from
300 nm to 900 nm in order to simulate within the absorption range

Fig. 1. The hybrid solar cell device layout with a ZnO optical spacer layer (ITO/
PEDOT:PSS/PCPDTBT:ZnO + BQ/ZnO/Al).
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of the active layer of the solar cell. CW-normalization provided the
impulse response of the system. In order to calculate the power
absorbed by the active layer from the solar spectrum, the CW-
normalized output was multiplied with the solar spectrum. If the
simulation were to be repeated under a different arbitrary source
spectrum, it is possible to multiply the require spectrum with the
CW-normalized output to obtain the power absorbed. To identify
the optimal structure of the solar cell with a 70-nm-thick active
layer under solar illumination, we evaluated and compared Jsc sim of
the devices with ZnO layer thicknesses controlled from 20 nm to
50 nm with 1nm increment. Other simulation conditions were
similar to our previously published methodology [34,35]. To
investigate the operation of the proposed device as a NIR absorber,
a LIU780A IR LED spectrum was used to find the optimal device
structure. The active layer was moderated from a start thickness of
50 nm and an end thickness of 100 nm with an increment of 10 nm
thickness per simulation. For each hybrid BH] layer thickness, the
ZnO optical spacer thickness was optimized such that the respon-
sivity of the device was maximized.

3. Results and discussion

The morphology of the BH] layer was controlled using the BQ
stabilizing agent. Fig. 2 shows the short-circuit current density vs.
voltage curve. The hybrid photovoltaic cell structure with the ZnO
layer was observed to have a higher fill factor (FF) and short-circuit
current density (Jsc) than the structure without the ZnO layer. The
Jse» open-circuit voltage (Voc), FF, and PCE of the photovoltaic cell
lacking an optical spacer layer were 2.84 mA cm™2, 0.59V, 37.19%,
and 0.65%, respectively, whereas the structure designed with a
30 nm thick ZnO optical spacer layer exhibited Js¢, Voc, FF, and PCE
values of 7.86 mA cm™2, 0.61 V, 45.38%, and 2.25%, respectively. The
addition of the ZnO optical spacer layer improved the PCE from
0.65% to 2.25%. The improvement in the PCE was attributed to the
shift in the concentration of the electric field intensity from the
adjacent layer into the active layer. Since light is an EM wave, the
refraction, diffraction, reflection off the back electrode, etc. cause
them to interfere constructively and destructively. This results in
hot and cold spots of intensity of certain wavelengths of light inside
the active layer of the solar cell. By controlling the thickness of the
optical spacer, the intensity of specific wavelengths that would be
concentrated inside the active layer could be controlled. The total
number of photons absorbed is provided by the equation,

PCPDTBT:ZnO

Jse (mA/cmz)

-8 r-—-,—-.‘ PCPDTBT:ZnO/ZnO d
-0.2 0.0 0.2 0.4 0.6
Voltage (V)

Fig. 2. Current density vs. voltage graph. The short-circuit current density of the solar
cell increases from 2.84 to 7.86 mAcm~2 because of the addition of a ZnO optical
spacer layer.

2.

generation_rate,g = w (1)
where E is the electric field intensity of light, img(e) is the extinc-
tion coefficient, and h is the reduced plank’s constant. Generation
rate provides the number of electron-hole pair that are formed due
to the energy absorbed from incident light. Since we assume 100%
IQE, each photon absorbed leads to exactly 1 exciton pair. Due to
this, the total number of photons absorbed = generation rate, g.
From the generation rate, the simulated short-circuit current den-
sity can be calculated using the formula,

L (2)

Jse.sim = Area of the device

As shown in Fig. 3(a)—(b), the observed normalized electric field
intensity distribution was due to the interaction of light with the
different photovoltaic device's layers. An FDTD simulation was
performed to identify the optimal structure that provided the
maximum Jscsim for a solar cell having a 70 nm thick active layer.
Under solar illumination, a Jscmax of 11.55 mA cm~2 was observed
when the ZnO layer thickness was 38 nm. Comparatively, the Jscsim
obtained for the solar cell structure without the ZnO layer was
7.75 mA cm~2. Because the ZnO layer also served as an electron-
transport layer [36—39], it improved the charge extraction to-
wards the Al electrode. To analyze this, impedance spectroscopy
was used to characterize the internal resistance of the solar cell.
Fig. 4(a) presents the Cole-Cole plot of the real part of the
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Fig. 3. The wavelength-dependent distributions of normalized electric field intensity
inside the solar cell structures without (a) and with (b) a ZnO optical spacer layer. The
optical spacer layer helps to shift the electric-field concentration inside the active layer.
The BH] active layer can thus absorb the higher concentration of photons. This
improved the Js. output from the solar cell.



4 J.Y. Kim et al. / Journal of Alloys and Compounds 813 (2020) 152202

(a)
3000 . : .
=d—PCPDTBT:ZnO/Zn0
2500} —e—PCPDTBT:ZnO ]
2000 J

0 L . ’
500 1000 1500 2000
Re Z (Q)
(b)
30 T L} Y
25} 1
e ® ® ® [ ]
°
~ 20te B PCPDTBT:ZnO/ZnO |
q.E, @ PCPDTBT:ZnO
= 15¢ 1
<
n
o, . owm " T
5La : -

Light intensity (mW/cmz)

Fig. 4. (a) Cole-Cole plot of the impedance spectra. (b) The activation energy for the
photovoltaic cell structures with and without the optical spacer layer. The ZnO layer
also acts as an electron transport layer, reducing the internal resistance of the solar cell
and aiding in efficient charge transfer to the electrodes.

impedance versus the imaginary part of the impedance of the solar
cell. The impedance of the devices can be modeled as a combina-
tion of the resistance and capacitance values [33,40,41].

Ry

Z"=Rc+—1
1 4 (iwCR) T

(3)

where C is the capacitance, « is the Cole-Cole parameter, Rc is the
contact resistance, and R; is the junction resistance, which are
related to the series resistance of ITO, and interfaces between the
PCPDTBT:ZnO layer and the ZnO optical spacer layer, respectively.
As a result, Rc values in the high-frequency range are nearly the
same for all devices (10—20Q). However, for the low-frequency
range, the junction resistance of the device without ZnO optical
spacer higher R (~1600 Q) than those of with the device without
ZnO optical spacer (~600 Q). These results indicate that, for the
device with ZnO as an optical spacer, the charge transport property
characterizing PCPDTBT:ZnO hybrid system and the charge carrier
transport layers is superior to that of the device without ZnO as an
optical spacer. As a results, we attribute the two semicircles in the
impedance graph to the impedance associated with the active
layer's charge transport mechanism, and the impedance for charge
transfer to the electrodes. Fig. 4(b) shows that the activation energy
was lower for the solar cell structure aided by the ZnO optical
spacer layer, indicating that charge transfer was more efficient with
an optical spacer layer. This also showed that the ZnO layer acts as a
good optical spacer layer and also as a transport layer, thus,
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Fig. 5. Absorbance spectra of PCPDTBT:ZnO, showing an absorption peak in the
wavelength range of 600—800 nm. This is suitable for NIR absorption applications, as
the peak absorption wavelength is approximately 700 nm.

improving charge extraction to the electrodes. The absorbance vs.
wavelength graph is shown in Fig. 5. PCPDTBT shows good ab-
sorption within the wavelength range of 550—750 nm. The ab-
sorption peaks at the NIR wavelength of 700 nm; thus, PCPDTBT can
be utilized as a red to NIR absorber. This opened up the possibility
of the solar cell to also work as a NIR photodetector. For NIR ab-
sorption, the solar cell structure was tuned to predominantly
absorb light with wavelengths ranging from 600 nm to 900 nm.
This was achieved by tuning the ZnO layer thickness. The structure
was optimized to have maximum responsivity under LIU780A NIR
LED spectrum's illumination. Fig. 6(a) and (b) depicts the shift in
the normalized electric field intensity, at wavelengths ranging from
600 nm to 900 nm, entering the active layer. Table 1 provides the
optimized ZnO layer thickness for diverse active layer thicknesses.
The absorption in the active layer was simulated for different the
ZnO layer thicknesses. This was repeated for diverse active layer
thicknesses. The optimized optical spacer thicknesses are provided
in column 2. The Jscsim under sun illumination was obtained for
those optimized structures. The results show that the Jssim ob-
tained from the structures optimized to NIR wavelengths are
comparable to the Jscsim Of the solar cell optimized for solar illu-
mination. The multi-functional usability of the photovoltaic cell as a
solar cell and NIR photodetector is thus established. Since this solar
cell structure was optimized for LIU780A NIR LED spectrum, the
optimized ZnO optical spacer layer thickness may vary by a few
nanometers for other NIR source spectrums. This variation was,
however, not large enough to significantly alter the simulation re-
sults. To obtain the Jssim generated from the solar cell, solar illu-
mination at wavelengths ranging from 300 nm to 900 nm was used.
In the optical simulation, we assumed that the internal resistance of
the solar cell does not change with the ZnO layer thickness. At these
thickness combinations, the dominant absorption of the solar cell
occurs at the NIR wavelengths. The responsivity of the photovoltaic
cell changes with ZnO optical spacer thickness. We calculated the
ideal responsivity of the photovoltaic cell by extracting it from the
simulated ideal external quantum efficiency. Fig. 7 depicts that with
increasing thickness of the ZnO layer, the peak of the ideal
responsivity (responsivity at 100% IQE), under zero bias condition,
gets red-shifted. This is due to the shift in the active layer's electric
field intensity distribution. When we increased the optical spacer
thickness in Fig. 7, we found that the peak of the absorption curve
red-shifted according to the wavelength that was highly concen-
trated inside the active layer. Since the PCPDTBT:ZnO material's
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Fig. 6. The normalized electric field intensity distribution at wavelengths from 600 nm
to 900 nm inside the device without (a) and with (b) a ZnO optical spacer layer. High
absorption in the NIR wavelengths was achieved for a 70 nm thick active layer by
setting the ZnO optical spacer layer to 63 nm for maximizing the absorption of
LIU780A LED spectrum.

Table 1
Optimized ZnO layer thickness for selective NIR-wavelength absorption.

Active layer
thickness (nm)

Optimized optical spacer thickness  Jscsim for solar
for NIR absorption (nm) illumination (mA/cm?)

50 79 7.70
60 71 9.05
70 63 10.29
80 55 1141
90 47 12.38
100 38 13.26

absorption characteristic is maximum at ~750 nm, during the red-
shift in Fig. 7, the ideal responsivity amplitude decreases. The
best absorption for a structure with an active layer thickness of
70 nm under the LIU780A NIR LED illumination was when the ZnO
layer was 63 nm thick. At this optimized structure, the FWHM was
389.8 meV (165.6 nm). Kettle et al. had demonstrated PCPDTBT-
ZnO based hybrid photodiode characteristics [42]. The study had
stated that the active layer has one of the broadest frequency
response for a hybrid photodiode. This supports our idea for uti-
lizing it as an integrated solar cell and photodetector system.
Through the proper tuning of ZnO optical spacer layer thickness,
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Fig. 7. Ideal responsivity (under zero bias condition) of the photovoltaic cell at
different ZnO optical spacer thicknesses for the hybrid photovoltaic cell with a BH]
thickness of 70 nm. The addition of the ZnO layer red-shifted the responsivity of the
solar cell. At the same time, the responsivity curve amplitude was lower, and the
FWHM was also broader with the increase in ZnO layer thickness. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

the responsivity was maximized in the NIR spectrum region
decreased in the visual light region. This absorption range can be
considered similar to reported NIR photodetectors based on NIR
absorbing polymers [43,44]. Our future works aim to focus on
utilizing the wide absorption range of the hybrid active layer to
design different applications. Since the absorption range peaks at
700 nm, it is transparent to most of the visible spectrum. This
supports the usage of the hybrid solar cell as a top subcell in tan-
dem solar cell structures. The low power requirement and self-
power generation capability make it a viable option for solar cell-
integrated infrared sensor arrays in electronic devices. Moreover,
if the Al electrode is replaced with a suitable transparent electrode,
the NIR absorber can also be used for energy harvesting windows
which can block some of the sun's NIR wavelengths [21,45]. It is apt
to believe our suggested NIR absorber can achieve the same.

4. Conclusion

We demonstrated a hybrid solar cell with NIR-wavelength ab-
sorption. The electric field intensity distribution was adjusted to be
concentrated in the BH] layer via the addition of a ZnO optical
spacer layer. An FDTD simulation was performed to tune the optical
spacer layer thickness to maximize the charge generation due to
light absorption. The internal impedance was characterized via
impedance spectroscopy and the decrease in the activation energy
due to the inclusion of the ZnO layer was measured. As a proof of
concept, the application of the hybrid solar cells as a NIR absorber
was investigated. The ability to shift the responsivity of the
photodetector by employing an optical spacer was discussed. The
optical spacer layer thickness was tuned to concentrate the NIR
wavelengths into active layers of various thicknesses. We hope that
this study serves as a guide for designing low-cost multifunctional
solar cell structures.
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