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High-Efficiency Nonfullerene Organic Solar Cells Enabled
by Atomic Layer Deposited Zirconium-Doped Zinc Oxide

Geedhika K. Poduval, Leiping Duan, Md. Anower Hossain, Borong Sang, Yu Zhang,

Yingping Zou,* Ashraf Uddin,* and Bram Hoex*

Organic solar cells (OSCs) are promising photovoltaic devices and zinc oxide

(Zn0O) is a commonly used electron transport layer (ETL) in OSCs. However, the
conventional spin-coating ZnO layer is currently limiting its efficiency potential.
Herein, it is shown for the first time that atomic layer deposition (ALD), which
allows for controlled thin film growth with atomic-scale control, can effectively be
used to optimize the ZnO for nonfullerene OSCs. First, density functional theory
(DFT) calculations are discussed to show the impact of doping ZnO with zir-

conium (Zr) on its density of states and detail the synthesis of Zr doped ZnO
films by ALD using a supercycle approach. A 2.4% Zr concentration is found to be
optimal in terms of optoelectronic properties and sufficiently low defect density.
The champion efficiency of 14.7% for a PM6:N3-based nonfullerene OSC with
Zr-doped ZnO ETL are obtained, which is ~1% absolute higher compared to a
device with an undoped ZnO ETL. This improvement is attributed to a lower

series resistance, a suppressed surface recombination, and an enhanced current

Y6 shows a near-infrared region (NIR)
absorption with a peak at around 880 nm
and has the lowest unoccupied molecular
orbital (LUMO) and a highest occupied
molecular orbital (HOMO) level of —4.10
and —5.65 eV, respectively. By combining
Y6 with the widely used polymer donor
materials  poly[(2,6-(4,8-bis(5-(2-ethylhexyl-
3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’
dithiophene))-alt-(5,5-(1',3’-di-2-thienyl-5’,
7'-bis(2-ethylhexyl)benzo[1’,2'-c:4’,5'-¢']
dithiophene-4,8-dione)] (PM6) in a conven-
tional device structure of ITO/PEDOT:
PSS/PM6:Y6/PNDIT-F3N/Ag, efficiencies
over 15% have been achieved.®! Zou and
co-workers further modified Y6 into
another novel advanced nonfullerene

extraction resulting from the Zr-doped ZnO. This work demonstrates the
potential of atomic-scale engineering afforded by ALD towards achieving the

ultimate efficiency of OSCs.

1. Introduction

Organic solar cells (OSCs) have received considerable attention
for their ease of fabrication, lightweight, semi-transparency,
flexibility, and low-cost.'™ The progress in the development
of novel organic materials, surface morphology, and suppressed
saturation current have boosted the power conversion efficiency
(PCE) of OSCs from 12% to over 17% in the last two years.”™
Recently, Zou and co-workers synthesized state-of-the-art nonful-
lerene material Y6 (more details can be found in ref. [4]).
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acceptor material N3.®! With consider-
ation of its advanced photovoltaic (PV)
properties, N3 is currently the most prom-
ising nonfullerene acceptor material for
large-scale commercial fabrication of
OSCs. A record PCE of 15.8% has been
achieved by PM6:N3-based OSCs in a
conventional device structure.®! However, as the conventional
device structure usually exhibits poor device stability, it is worth
investigating the PM6:N3 combination in the more stable
inverted device structure, which has not yet been explored.[*>*!!

The OSC usually consists of three different layers including an
active layer in the middle and the electron transport layer (ETL)
and hole transport layer (HTL) on each side to help the charge
transport (CT). The ETL and HTL are required to effectively
transfer the electrons and holes generated from the active layer
to each electrode.l'” In OSCs with an inverted device structure,
the most commonly used ETL is zinc oxide (ZnO). ZnO is an
I1I-VI material with widespread applications ranging from solar
cells, light-emitting diodes, sensors to piezoelectric devices, and
photocatalyst.l"* Its high electron conductivity and relatively low
hole conductivity makes it an appealing ETL for thin-film solar
cells.™ 1t should, however, be noted that ZnO has shown to
exhibit a high photosensitivity caused by the presence of surface
defects.">"")

In OSCs, the ZnO ETL is fabricated using methods such as
spin-coating, thermal evaporation, and chemical vapor deposi-
tion.[*¥2% Although these techniques are faster and have a better
growth rate, atomic layer deposition (ALD) has recently gained
significant interest. This is due to its self-limiting nature, which
results in precise control over the thickness, uniformity, and its

(1 of 14) © 2020 Wiley-VCH GmbH


mailto:a.uddin@unsw.edu.au
mailto:b.hoex@unsw.edu.au
mailto:yingpingzou@csu.edu.cn
https://doi.org/10.1002/solr.202000241
http://www.solar-rrl.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsolr.202000241&domain=pdf&date_stamp=2020-08-06

ADVANCED
SCIENCE NEWS

; ‘ RRL

www.advancedsciencenews.com

compatibility with vacuum systems. Moreover, the relatively low
substrate temperatures (<200°C) required for ALD permits
the growth of ETL on temperature-sensitive substrates. ALD
has been successfully used in a wide range of applications,
including catalysis,*") energy storage,?? semiconductor,?* and
PV devices.” There have been some demonstrations of use of
ALD for 0SCs>~?”) which are dealt in greater detail in a review
article by Hossain et al.**! Nonetheless, there are only limited
reports of its application for the growth of ZnO layer in OSCs.”

Wang et al. demonstrated that 36 nm ALD ZnO deposited at
80 °C capped with Ag on a P3HT:PCBM OSC results in 4.18%
efficiency.”® Stakhira et al. showed a 2.5-fold improvement in
efficiency by incorporating thin ALD ZnO capped with Al
electrode on a nickel phthalocyanine (NiPc) without an
anode layer.”” When a similar approach was carried out by
Frankenstein et al. for PCDTBT:PCBM-based OSCs, an effi-
ciency enhancement from 2.75% to 3.5% was observed.*”
Kim et al, on the other hand, demonstrated that just 2nm
ALD ZnO enhanced the stability and performance of OSCs.P*"

The bandgap and electrical conductivity of the low work func-
tion ZnO can be easily tuned by doping.*”! By controlling the
dopants, the electrical properties can be changed from an n-type
semiconductor to a metal-like degenerate semiconductor without
significant loss of optical transparency. The optical bandgap and
short-wavelength transparency can also be increased due to the
Burstein-Moss (BM) effect, resulting from higher carrier
concentration of the degenerately doped ZnO.**! These proper-
ties make doped ZnO films very interesting for solar cell
applications.**! Group III elements, such as ALP*3% Ga,*”)
and In®**% when substituted for Zn can enhance the n-type
properties of ZnO. Incorporation of these elements mainly
creates shallow defect levels, which significantly improve the con-
ductivity of ZnO. Al-doped ZnO has been the most commonly
used material including in Si solar cells for its application as
a transparent conductive oxide and as an ETL. %™ Other dop-
ants, such as Mg,[43] Ni,*4 B,[45'46] Co,W] Zr 14849 Ge,[SO] Hf,[51]
SnP°% have also been investigated. Among these dopants, Zr*"
(0.84 A) has the comparable ionic size to Zn** (0.74 A) and
the ability to donate two electrons with minimum lattice distor-
tion into the ZnO host lattice.*®**3-51 Smaller ionic radii dop-
ants, such as Al and B tend to occupy interstitial Zn defects (Zn;),
whereas Zr undergoes substitutional doping due to its compara-
ble size without reduction of Zn native donors.’” Zr also does
not form secondary intermetallic phases upon binding to Zn
atoms.®® Therefore, Zr is a promising dopant for ZnO.

A few material studies have been reported about Zr doping
in ZnO using ALD, mainly focusing on the application in
light-emitting diodes and transistors.*®#*>* Tt suggests that
Zr doping enhances the electrical and optical properties of
ZnO, a trend similar to that observed in indium oxide. For solar
cell applications, only the influence of Zr doping in In,05P*>*
has been reported, but Zr-doped ZnO is yet to be studied.

In this work, we report the first successful demonstration of
OSCs with Zr-doped ZnO layer as ETL. We achieved an effi-
ciency enhancement of ~1% compared with undoped ZnO as
ETL in inverted PM6:N3-based OSCs. A complete investigation
was carried out using a DFT study, material synthesis and
analysis, and device integration. This article starts with the
first-principles density functional theory (DFT) calculations to
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understand the electronic band structure properties of Zr-doped
ZnO. Subsequently, we present the optimization of the Zr dop-
ing into ZnO using ALD technology and found Zr doping in ZnO
at an optimized 2.4% Zr in ZnO can improve electrical properties
compared with an undoped Zn. OSCs were fabricated with an
inverted structure of ITO/(ETL)/PM6:N3/MoO;/Ag using both
undoped ZnO and Zr-doped ZnO as ETL. It was found that
the OSCs with the doped ZnO layer had a lower series resistance
(Rs), lower recombination between the ETL and active layer, and
enhanced current extraction compared with the reference devices
with an undoped ZnO ETL resulting in an ~1% absolute
increase in efficiency from ~13% to ~14%.

2. Experimental Section

The computation and experimental work are divided into three
parts, as shown in Figure 1. First, the DFT simulations were car-
ried out to model doped ZnO. Second, doped ZnO layers were
grown by ALD for material characterization. Finally, the OSCs
device was fabricated and characterized.

2.1. DFT Calculations

The first-principles DFT calculations were performed using the
Vienna Ab-initio Simulation Package (VASP).””! The interac-
tions between valence electrons and ionic cores were described
by the Perdew—Burke—Ernzerhof (PBE)"® forms of the general-
ized gradient approximation (GGA) functionals, as implemented
in VASP. The elemental electron configurations in the pseudo-
potentials were set to be Zn (3d'%4s?), O (2s’2p*), and Zr
(4s%4p°®5s?4d?). A plane-wave basis set with a kinetic energy
cutoft of 500 eV was used for all calculations. Integration over
the Brillouin zone for the 3 x 3 x 2 ZnO supercell (72 atoms)
was conducted using a 4 x 4 x 3k-point mesh generated by
Monkhorst-Pack scheme and wusing Gaussian smearing
of 0.01eV,P?! which yielded converged total energy within
1 meV, consistent with previous work on transition metal oxides.
A rotationally invariant on-site Coulomb correction (GGA + U)
was applied to the Zn 3d electrons using the Dudarev’s
formalism,®® with an effective U value of 10.5 €V, in line with
published literature and which gives overall agreement of the
band structure and density of states (DOS) with experiments.
ZnO was substitutionally doped with Zr at Zn site with a
2.7 atomic percent (at%) to investigate the electronic band struc-
ture characteristics. All calculations were carried out using
spin-polarization as ZnO can be ferromagnetic in both its
pristine form(®" as well as after doping.[*? The 72 atoms ZnO
supercell was chosen for the Zr dopant study because it provides
a small Madelung potential of 0.036 eV, implying a small charge—
charge self-interaction error for the Zr-doped Zn0Q.!**=%

2.2. ALD Zr:ZnO

Boron-doped Czochralski (Cz) single-side polished Si (100)
wafers were cleaned using the standard Radio Corporation of
America (RCA) 1 cleaning (NH,OH: H,0,:H,0 at 1:1:5 ratio for
6 min at 85 °C) to remove organic impurities and RCA-2 cleaning
(HCIL: H,0,:H,0 at 1:1:5 ratio for 6 min at 85 °C) to remove any
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Figure 1. Schematic representation of the process flow used in this work.

metallic impurities.!®” Subsequently, the wafers were dipped
into 2% hydrofluoric acid (HF) to remove the native oxide from
the surface, and a fresh oxide was regrown by dipping in RCA-2.
This chemical oxide was essential for the nucleation of metal
oxide growth during ALD. Metal oxides were also simultaneously
deposited onto a clean glass substrate (cleaned using isopropa-
nol) for optical characterization, as shown in Figure 1.

Around 40 nm of ZnO with various doping concentrations of
zirconium (Zr) was carried out using a Veeco Fiji G2 ALD reac-
tor, which was equipped with an in situ spectroscopic ellipsom-
eter (J. A.Woollam M-2000). Thermal ALD was used to deposit
ZnO using diethyl zinc [DEZ, Zn(C,Hs),, Sigma Aldrich] as Zn
precursor (precursor at room temperature, pulse time: 0.06s,
purge time:105s), and water (precursor at room temperature,
pulse time:0.06s, purge time:10s) as the oxygen precursor at
a deposition chamber temperature of 150°C at a growth rate
of 1.6 A per cycle. ZrO, was also thermally grown at the same sub-
strate temperature using tetrakis(dimethylamido)zirconium(IV)
[TDMAZr, (CH;),N,Zr, Merck] precursor (precursor temperature
75°C, pulse time: 0.1, purge time:15 s) and water (pulse time:
0.06s, purge time: 15s) as the oxygen precursor®®’*7% at a
growth rate of 1.39 A per cycle. The respective growth rates were
obtained from fitting the in situ spectroscopic ellipsometry meas-
urements using a PSemi-M0 and two Gaussian oscillations to
describe the dielectric function of the ZnO and ZrO, films. Zr
doping in ZnO was achieved using a supercycle approach, as
shown in Figure 2. This involves the M number of ZnO ALD
cycles followed by N number of ZrO, cycles, where the M/N
ratio was chosen depending on the desired Zr concentration.
The various supercycle ratios used and the corresponding doping
concentrations are shown in Table 1.
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The Zr-doped ZnO was characterized ex situ using a
Perkin Elmer Lambda 1050 UV/VIS-NIR spectrometer and a
J.A. Woollam spectroscopic ellipsometer to determine the optical
properties of the film. The resistivity and charge carrier density
and mobility in the film was determined from Hall measurement
using an HMS-5000 Hall effect measurement system (Ecopia) at
room temperature, and a magnetic field of 0.5 T. Time-of-flight
secondary ion mass spectrometry (ToF-SIMS) (TOF.SIMS 5,
IONTOF) analysis in positive polarity by Bi*" at 30keV, sputter
by Cs™ beam of 500 eV was used to determine the distribution of
Zr and Zn in the film. X-ray photoelectron spectroscopy (XPS)
and ultraviolet photoelectron spectroscopy (UPS) (ESCALAB
250Xi Thermo Scientific, UK) at a power of 120W
(13.8kV x 8.7 mA) at take-off angle of 90° using He I (21.2eV)
and He II (40.8 eV) UV source was performed to determine the
elemental state and composition of the film grown. Atomic force
microscopy (AFM) (Dimension ICON, Bruker) was performed
over a scan area of 1 pm x 1 pm in tapping mode using a canti-
lever at a scan rate of 0.5 Hz using a SCANASYST-Air probe to
determine the surface morphology of the samples. X-ray diffrac-
tion (XRD) (Empyrean I, Malvern Panalytical) using Cu K, radi-
ation of wavelength A = 0.1541 nm was performed to obtain the
crystallographic orientation of the thin films.

2.3. Device Fabrication

OSCs were fabricated using an inverted device structure consist-
ing of ITO/ETL/active layer/ HTL/Ag. The MoOj; layer was used
as the HTL. The bulk heterojunction (BHJ) PM6:N3 layer was
used as the active layer, where the PM6 and N3 were the donor
and acceptor material, respectively. The ITO glass substrate was

© 2020 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

Q. zn* ?
F
* (&)

Diethyl Zinc (DEZ)

i p—

Water

Tetrakis(dimethylamido)
zirconium (IV) (TDMAZ)

www.solar-rrl.com

Super-cycle

Figure 2. Pictorial representation of the supercycle process of the ALD grown of Zr-doped ZnO on a p-type Cz Si substrate. The substrate thickness to

film thickness is not to scale.

Table 1. Zr atomic doping concentration for various ALD supercycle
ratios. The Zr concentration was determined from XPS measurements.

ZnO:Zr ALD Cycles [M:N] Zr [a%)]
60:1 1.64
40:1 2.44
10:1 9.09
10:2 16.7
10:4 28.6

sequentially cleaned in an ultrasonication bath using 1) soapy
deionized (DI) water, 2) pure DI water, 3) acetone, and 4) isopro-
panol. ALD undoped ZnO or Zr:ZnO was used as the ETL. The
PMG6:N3 active layer solutions were made from 10 mg PM6 and
12 mg N3 with a 1:1.2 wt ratio in a 17.6 mg mL ™" chlorobenzene
solution with 0.5% vol CN as an additive. The active layer solu-
tion was stirred overnight inside an N,-filled glovebox at 80 °C
and then spin-coated at a rate of 2000 rpm for 1 min. After that,
the coated samples were put into a vacuum chamber at a pres-
sure of 10~° Pa. The 10 nm thick film of MoO5 and 100 nm thick
film of silver were deposited to the sample surface through a
shadow mask by thermal evaporation. The resulting device area
was 0.045 cm?.

2.4. Device Characterization

The current density—voltage (J—V) measurements were con-
ducted using a solar cell -V testing system from PV
Measurements, Inc. (using a Keithley 2400 SourceMeter) under
an illumination power of 100 mW cm™* by an AM 1.5G solar
simulator. The device temperature was measured by GM1350
50:1 LCD infrared thermometer digital gun and maintained at
around 25°C. The electrochemical impedance spectroscopy
(EIS) study was conducted by using an Autolab PGSTAT-30 to
reveal interfacial properties. This characterization was conducted
inside a glovebox using a frequency range of 106-100 kHz using
a frequency analyzer module. A QEX10 spectral response system
from PV measurements was used to measure the external quan-
tum efficiency (EQE) of the solar cell devices. A Bruker
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Dimension ICON SPM with a scan size of “5pm x 5 um” and
a scan rate of 0.512 Hz was used for AFM measurements to char-
acterize the film surface morphology. Micro-photoluminescence
(HPL) characterization was conducted on a home-built pPL sys-
tem. The sample was excited by a pulsed optical parametric oscil-
lator laser at 532 nm. For steady-state spectral PL, the signal was
detected by Glacier X TE Cooled charge-coupled device spectrom-
eter with a detection range of 200 to 1050 nm. For the time-
resolved PL (TRPL) measurements, the signal was detected by
id110 VIS 100 MHz photon detector.

3. Results and Discussion

First principle DFT simulations were carried out to understand
the impact of Zr doping into ZnO, especially on the electronic
DOS. The DFT results shown in Figure 3 compare the partial
DOS of undoped and Zr-doped ZnO. It can be observed that
the conduction band of a pure ZnO is mainly comprised of
O 2p orbitals and Zn 4s states, whereas the valence band was
mainly contributed by O 2p and Zn 3d states. Upon Zr doping,
an additional contribution of Zr 3d orbital predominates the con-
duction band, causing the Fermi level to move to the conduction
band, confirming the defect states originate from the Zr 3d states
(Figure 3Db). The spike in DOS of the conduction band in
Zr-doped ZnO manifests to change in ZnO to a degenerate
semiconductor, thus increasing the carrier concentration and
increasing the electron mobility of ZnO.

Figure 4 shows the in situ spectroscopic ellipsometry results
obtained during the ALD supercycle process. It can be observed
that after the initial temperature stabilization of ~7 min, the ALD
growth proceeded almost linearly as a function of time with
superimposed oscillations due to the self-limiting half-reactions
of the ALD process. When the DEZ or TDMAZr molecule binds
to the surface, the thickness is observed to increase. Upon react-
ing with H,O, the thickness reduces as the formed metal oxide
layer has a smaller molecular size than the precursor. The differ-
ence in thickness between the initial and final value of each cycle
represents the thickness grown in each cycle. The growth per
cycle was calculated by taking an average change in thickness
for 20 cycles.
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Figure 4. Thickness as a function of time measured during the ALD
growth of Zr-doped ZnO. The film thickness was measured in situ using
spectroscopic ellipsometry. The inset shows a magnification of the area of
the graph indicated by the gray square showing six ZnO and one ZrO, ALD
cycle.

UV-vis spectrophotometry measurements were carried out to
study the optical properties of undoped and Zr-doped ZnO films.
The Tauc plot”*! of ZnO (Figure 5a) shows that the bandgap
increases with increased doping for low doping concentrations.
The lowest bandgap of 3.2 eV was observed for undoped ZnO
and a maximum of 3.43 eV for 9% Zr in ZnO. The blue shift
of optical bandgap upon doping is due to the BM effect due
to degenerate band filling of the conduction band along with
the increased carrier concentration, as also observed in the
DFT simulations (Figure 3).7*

The carrier mobility as a function of the Zr doping concentra-
tion shown in Figure 5b indicates that the carrier mobility
reached a maximum of 19 cm?®Vs™' for a Zr doping of 2.4%;
this is similar to that observed by Herodotou et al.”"! The carrier
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mobility significantly decreases for higher doping concentra-
tions. This abrupt reduction in mobility is attributed to the reduc-
tion in carrier concentration due to the segregation of Zr ZrO,
instead of replacing Zn*" sites is inhibiting the effective doping
of ZnO. With an increase in ZrO,:ZnO ALD cycle ratio, the
extent of segregation increases, thus reducing the ability of Zr
to donate the two free electrons. At 4% Zr a theoretical approxi-
mately tenfold enhancement should be observed if all Zr atoms
donate two electrons. This is not observed in this case and could
relate to the enhanced segregation of Zr as ZrO,. Annealing at
high temperatures or modifying the growth by the simultaneous
flow of Zn and Zr precursor at controlled flowrates in ALD could
be an approach to overcome this issue.

The elemental profiles of ToF-SIMS (Figure 6a) show a
uniform distribution of Zn" and O™, whereas ZrO" and Zr*
oscillate between high concentration and low concentration.
These fluctuations correspond to the layers of ZrO, in the film
formed during the ALD supercycle. The intentionally grown SiO,
is observed at the interface and plays a vital role in ensuring the
nucleation of the ZnO ALD process on the Si substrate.

The XPS spectra of Zn 2p peak (Figure 7a) corresponding
to ZnO (2p3/2 centered at 102.8 eV) shows no changes upon
doping with Zr.””! Although the peak intensities have changed,
their full width at half maximum (FWHM) and the ratio of the 3d
doublet peaks remains constant for all the doping concentra-
tions. Moreover, a consistent A 3d =22.97 eV confirms that Zn
remains in the ZnO form, i.e., in 42 oxidation state. The Zr 3d
line position of 3d5/2 shifted from an elemental state of 178.9 eV
to 182.1 eV while still maintaining the same A 2p of 2.43 eV. This
confirms that all Zr is present in the ZrO, state (Figure 7b), i.e.,
in the +4 oxidation state. The ratio between the two doublet
peaks, FWHM, and separation, did not have much change, indi-
cating that Zr in all the samples was in the same state. Figure 6b
shows the density and occupancy of electronic states in the
valence band. The leading edge of the valence-band spectra Ev
of the Zr-doped ZnO moves away from 0 with increasing Zr con-
centration. The presence of Zn4+ ions in the ZnO lattice
creates additional energy levels near the valence band of ZnO.
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Figure 6. a) ToF-SIMS depth profile of a Zr-doped ZnO film with a Zr concentration of 2.4%. b) XPS valence spectra of all the Zr-doped ZnO samples

showcasing the shift in VBM upon an increase in doping concentration.

This change also contributes to the increase in bandgap along
with increased states in the conduction band.

The XPS spectra of O 1s (Figure 7c) were fit using three
Gaussian peaks 529eV, 531eV, and 532.4eV binding energy
(BE). The peak at 529.8 eV corresponds to O*~ions in the sample
surrounded by Zn or Zr ions. The peak at a 532.4eV BE was
mainly attributed to the absorption of H,O or loosely bound
O ions on the surface. The final BE of 531 eV mainly represents
oxygen vacancies (V). It can be observed that the O*~ peak has a
shift of +0.3 eV and the V,, peak has a shift ~0.5 eV. The inten-
sity of V,, peak was observed to increase with increased doping,
indicating that a significant amount of oxygen vacancies were
formed during the fabrication of Zr-doped ZnO. The addition
of 1.6% Zr significantly enhances the bulk oxygen vacancy den-
sity. The 0%~ concentration, in contrast, is highest for a 1.6% Zr
concentration and decreases with a further addition of Zr. The
XPS spectra of Cls (Figure 7d) shows that the intensity of
C—O—C bond (centered at 286.5eV) was significantly lower
for undoped ZnO, indicating that the amount of dangling bonds
formed is minimum. Upon Zr doping, the ratio between
C—0—C and C—C is negligible, indicating that there is no sig-
nificant change in the dangling bond density upon Zr doping.
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The UPS spectra (Figure 8) of the undoped and doped ZnO
was used to determine the work function using the following
equation

® = hy— Ecuoff + Efermi (1)

where @ is the work function, h is the plank constant, v is the
frequency of the excitation UV light, E . is the secondary elec-
tron cut-off energy, Egm; is the Fermi level. The Fermi level for
ZnO films with a Zr concentration of 0%, 1.6%, 2.4%, 9.1%,
16.7%, and 28.6% was 5.17, 5.16, 5.17, 5.22, 5.24, 5.25 eV, respec-
tively. It can be observed that there was no significant change in
the work function for Zr concentrations up to 2.4%. Although the
Fermi level was observed to move away from the valence band
maximum (VBM) as shown in Figure 8-right. This indicates that
the conduction band is closer to the Fermi level for Zr-doped
ZnO compared with undoped ZnO in good agreement with
the predictions from DFT.

Figure 9 shows a 2D AFM image of the ALD-grown ZnO in
undoped and Zr-doped form. The films are shown to be dense
and have a smooth surface. The grain size for pure ZnO is seen
to be round, uniform, and highly dense. With an increase in

© 2020 Wiley-VCH GmbH
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Figure 7. XPS spectra of a) Zn 2p and b) Zr 3d; ¢) OTs and d) C 1s peaks in the doped sample.
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Figure 8. UPS spectra of the Zr-doped ZnO films with varying doping concentration. Left: Secondary electron cut-off energy of UPS used to determine the
work function. Right: Fermi edge of UPS used to determine the valence band edge.

Zr doping, the grains are seen to be more and more elongated. At
Zr concentration of 9.1%, the features are observed to be more
disc-like shaped with an anisotropic growth direction along (110)
as also observed from the XRD measurements shown in
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Figure 10. Beyond this, the film becomes denser and more
amorphous.

Figure 10 shows the XRD patterns of Zr-doped ZnO with
various doping concentration as well as undoped ZnO. The
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characteristic diffraction peak of the wurtzite phase of ZnO
(ref. JCPDS:36-1451) is similar to that of the ALD-grown
undoped ZnO. However, the peaks are broader and have a lower
intensity as the film is mainly polycrystalline with majority grains
oriented along (100), (002), (101) direction. It can be observed
that with a 1.6% Zr-doping, the grains reorient to increase
its directionality along (100), (002). Also, with an increase in
Zr concentration, the grains tend to align more toward (110).
At 9.1% Zr, the polycrystals prefer to orient themselves along
(110) and its contribution from (002) significantly reduces.
Moreover, a shift from 20=56.6° to 55.6° was observed due
to the change in lattice parameters in the ZnO crystalline struc-
ture due to Zr doping. With further increase in Zr concentration,
the film becomes more amorphous and loses its crystalline
orientation.

It has been observed that the sample with improved electrical
properties without compromising on optical transparency was
2.4% Zr in ZnO in comparison to undoped ZnO. This film
has similar morphology and crystallography as that of undoped
ZnO with increased oxygen vacancies. Hence, this ALD-grown
film was selected as the ETL for the OSC.

The device structure and the chemical structure of the PM6
and N3 is shown in Figure 11a,b. The normalized absorption
spectrum and the energy-level diagram of the PM6 and N3
are shown in Figure 11c,d. The ALD Zr-doped ZnO with the opti-
mized ratio, or undoped ZnO was used as the ETL in the device.
The device based on ALD Zr:ZnO ETL and the control device
based on ALD pure ZnO ETL were compared from a device
performance perspective.

The J-V curves for both types of devices are shown in
Figure 12a and the corresponding PV parameters including
open-circuit voltage (Vy), short-circuit current density (Jsc), fill
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Figure 10. XRD spectra of the Zr-doped ZnO films with varying doping
concentration.

factor (FF), PCE, shunt resistance (Rgy), and series resistance (Rg)
are listed in Table 2. It can be seen that the Zr-doped ZnO-based
devices show a significantly better device performance than
undoped ZnO-based devices. The champion PCE of ALD
Zr-doped ZnO-based devices was 14.7% with an average V.
of 0.83V, J,. of 26.50 mA cm 2, and FF of 0.653. In comparison,
the device performance of undoped ZnO-based control devices
was lower with an average PCE of 13.3%, a V,. of 0.84V, ],
of 26.01 mA cm 2, and FF of 0.606. This performance enhance-
ment can mainly be attributed to an increased FF value using the
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Figure 9. AFM image of ALD-grown Zr-doped ZnO films with various doping concentration.
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Figure 11. a) Schematic diagram of the inverted OSC device structure. b) Chemical structure of the PM6 and N3 compounds used in the active layer.

c) Normalized absorption spectrum and d) energy band diagram of the device. The energy level of ZnO and Zr-doped ZnO is calculated using UPS
(refer Figure 10).
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Figure 12. a) Current-voltage (J-V) curves of both ZnO and Zr:ZnO-based devices tested at room temperature under one-sun test condition
(AM1.5 G illumination at 100 mW cm™). b) Dark current—voltage for both ZnO and Zr:ZnO-based devices.

ALD Zr-doped ZnO layer as the ETL, where the changes in V,,  the FF of a device. A decrease in Ry can result in an increase in
and J,, were minimal. For device with Zr-doped ZnO as the ETL,  FF, whereas a decrease in Ry, can cause a decrease in FF. Using a
the Ry was found to be significantly lower by around 37% from  one diode solar-cell model with an ideality factor of 1, the
6.5 to 4.1 Q cm?, whereas the Ry, decreased by around 11% from  changes in FF resulted from the changes in R and Ry, can
518.31t0461.14.1 Q cm?. The change in the Ry, and R both affect  be estimated. In this case, the decrease in R resulted in a
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Table 2. V., Js., FF, PCE, Ry, and R, of devices based on both ZnO and Zr:ZnO ETL. The parameters were measured at room temperature under one-sun
test condition (AM1.5 G illumination,100 mW cm™?) and the average value and the standard deviation were determined from the measurement of at least

five devices.

Device Voe [V] Jse [NPAcm ™7 FF Average (Best) PCE Ren [Q cm?] Rs [Q cm?]
Zn0O 0.84 £ 0.00 26.0+0.9 0.61+0.01 13.3 £ 0.4%(13.8%) 518.3+42.3 6.5+0.6
Zr:ZnO 0.83 £ 0.00 26.5+£0.5 0.65 £ 0.01 14.3 +0.4%(14.7%) 461.1£20.8 41+04

10% relative increase in FF, whereas the decrease in Ry, only
resulted in a 1% relative decrease in FF. Herein, the observed
increase in FF may mainly be attributed to a decrease in the
R.77%77 To investigate the performance enhancement,
dark J-V measurements were conducted for both devices.
Figure 12b shows the dark J-V measurements for both devices.
In the diagram, when the device under reverse voltage bias at
—1.0V, the current density value can represent the leakage
current value in the device.”® In contrast, the slope of the
dark J-V curve at a high-voltage range (>0.75V) reveals the
R; of the device, where a steeper curve represents a lower
R..””) From Figure 3a, it was found that the leakage current value
in both types of devices was very similar, whereas the ALD
Zr-doped ZnO-based device shows a lower Ry than control
device. The result is consistent with the observation from the
light J-V measurements.

EQE measurements were then conducted for both types of
devices (Figure 13a). It was observed that the ALD Zr:ZnO-based
device showed a slightly higher EQE in the 400-800 nm range
than the control devices, which indicates that the electrical cur-
rent generation in the ALD Zr:ZnO-based device can be slightly
more efficient than the control device. The integrated J,. value
from EQE was around 25.42mAcm 2 for the control device
and 25.96 mA cm 2 for the device with the Zr-doped ZnO as
the ETL. The result is consistent with the light I-V, indicating
lower optical loss as suggested by higher bandgap value for
the Zr-doped ZnO films compared to undoped ZnO (Figure 12a).

By combing the light and dark J-V measurements, the charge
carrier extraction possibility (P) analysis was conducted for both
types of devices. In this analysis, the photocurrent density (J,n)
and the effective voltage (V) can be calculated using the
following equations®*-#%

.]ph =Ji1—Jo
Vet = Vo — Viias

2)
G)

where J; represents the light current density under one-sun test
condition, Jp represents the dark current density under dark test
condition, and Vi,;,s represents the applied external voltage bias.
The analysis assumes that all excitons generated in the active
layer can be effectively separated and collected at a high effective
voltage (>1.0V). Therefore, the J,, value reaches a maximum
value which is also called as saturation current density (Js,;) when
Vetr is higher larger than 1.0 V. The charge carrier extraction
possibility value then can be extracted using the following
equation which represents the ratio between the real maximum
current density and the theoretical maximum current density in
the device!®

~ Jon(L Verr)

P(I! vEff) - ] b (I) (4)
ph.sat

The charge carrier extraction possibility analysis can reveal the
mechanism behind the current loss in the current extraction
process, which is closely related to the carrier transport layer
and its interface with the active layer.[83] The Jon to Veg curve
for both types of devices is shown in Figure 13b, and the corre-
sponding Jg,. and P values are listed in Table 3. It is apparent
to find that the Zr:ZnO-based device shows a higher J;,; and
P value than the control device, which indicates that the ALD
Zr:ZnO-based ETL can contribute to a more efficient current
extraction process than ZnO-based ETL. It is reasonable that
Zr:ZnO-based device showed higher [, as the Zr:ZnO layer
had a slightly higher bandgap than undoped ZnO layer, which
indicates a lower light absorption in Zr:ZnO layer. When
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Figure 13. a) EQE as a function of wavelength and b) photocurrent (Jon) to effective voltage (Veg) for both ZnO and Zr:ZnO devices.
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Table 3. Charge extraction probabilities (P), and saturation current density
(Jsat) of both ZnO and Zr:ZnO-based devices.

Device Jsat [NPACcmM™? P
ZnO 27.6 88.1%
Zr:ZnO 28.9 90.8%

replacing ZnO with Zr:ZnO layer, the absorption loss in ETL is
lower, thus more light passes through the ETL and can be
absorbed in the absorber layer. The result further confirms
the higher EQE measured for the ALD Zr:ZnO-based device.

On the other hand, steady-state photoluminescence (PL) and
TRPL measurements were conducted for both types of devices
to investigate the performance enhancement further. Figure 14a,b
show the steady-state PL spectrum and normalized TRPL spectrum
for both types of devices under a 532 nm laser excitation, respec-
tively. In the steady-state PL spectrum, the PL intensity can
represent the number of excitons in the device. A higher PL inten-
sity usually implies a more significant number of undissociated
excitons.®*#% From Figure 14a, the difference between the PL spec-
trum of each type of device is negligible, which reveals that the
replacement of ZnO with Zr:ZnO as ETL has no significant effect
on the exciton dissociation process in the device. To analyze TRPL
results, a biexponential decay model was used to fit the spectrum to
find the excited state lifetime in the device®*®”)

t t
Y=4A eXP(*;) +A2€XP(*TZ) + Yo ©)

where t is the time, A; and A, are the amplitudes, y; is the y-axis
intercept, 71 and 7, represent the fast and slow lifetimes. The excited
lifetime can reveal the energy transfer process inside the active
layer.®*#8) As the Forster resonance energy transfer (FRET) offers
an alternative nonradiative pathway between the donor and accep-
tor, a lower lifetime usually indicates a more efficient energy trans-
fer process.®”*” The estimated fast and slow lifetime for both
devices were very similar at 0.12, and 1.15 ns for the control device
and 0.11 and 1.12ns for the ALD Zr:ZnO-based device. It was
found that the difference in the lifetime values between these
two types of devices was also negligible, which implies that the
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replacement of ZnO with Zr:ZnO as ETL also has a neglectable
effect on the carrier lifetime in the device. Moreover, EQE spectrum
tails, also called “Urbach tail”, were used to estimate the Urbach
energy for both types of devices, as shown in Figure 15a. The
Urbach energy in the active layer of both types of device can be
estimated by fitting the EQE tail with an exponential growth

model®*?

EQE(E) x a(E) o<exp<E£> (6)
U

where a, E, and Ey are the light-absorbing coefficient, the photon
energy, and the estimated Urbach energy, respectively. As the
photocurrent response edge of the device is dependent on the
accepter material N3 with an optical bandgap of 1.33eV, any
further response lower than 1.33 eV observed in EQE spectrum
was attributed to the excitation of the CT states which can indicate
the energetic disorder in the active layer.®** As a result,
the Urbach energy obtained for these two types of devices was
almost identical at 26.2meV. A similar Urbach energy implies
that the replacement of ZnO with Zr:ZnO as ETL has a negligi-
ble effect on the energetic disorder in the device. AFM images
are shown in Figure S1, Supporting Information. It is easy to find
that the active layer on both types of ZnO shows a smooth
surface, and the morphology of the active layer in both types
of devices is very similar to each other. Thus, the replacement
of ZnO with Zr:ZnO has a negligible effect on the formation of
active layers on top, which can be the root reason for that it has
less effect on the exciton dissociation process, energy transfer
process, and energetic disorder in the device.

EIS measurements mainly focus on testing the response of
the device under an external alternating current (AC).°%*”)
The applied voltage selected for both types of devices was selected
as 0.7V, which is slightly lower than their V.. At a low voltage
bias, traps in the active layer can respond to the modulated signal,
whereas at a high voltage bias, the trap state can suppress the
response.”®%?) The Nyquist plots from EIS measurements are
shown in Figure 15b. These plots were fitted with an equivalent
electrical circuit, which is shown in Figure 15b for analysis.
The equivalent electrical circuit included one resistance and
two parallel resistance—capacitance (RC) connected in series.*”
R, is the series resistance, and R, is the CT resistance. R, is the
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Figure 14. a) Steady-state PL emission spectrum and b) normalized TRPL emission spectrum for active layers on top of ITO/ETL. (under the excitation

light at the wavelength of 532 nm).
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Figure 15. a) EQE spectrum tail versus the incident photo energy and b) Nyquist plots with the equivalent electrical circuit at a bias of 700 mV under the

dark condition for both ZnO and Zr:ZnO-based devices.

carrier recombination resistance, which reveals the nonradiative
recombination in the device. C, and C,, are the dielectric capaci-
tance in the device and the distributed chemical capacitance,
respectively.'® %! Table 4 lists the obtained electrical parame-
ters from the fitting, including Ry, R;, Ryec, Cq, and C,,, and the
corresponding fitted lines for both types of devices are shown
in Figure 15b. From Table 4, it is easy to find that the ALD
Zr:ZnO-based device further shows a lower R, than the control
device, which is consistent with the findings in J-V and dark [-V
measurement. It is worth to mention that the R, value obtained
from EIS measurement is different from the R, value from J-V
measurement. This is because the current pathway in these
two characterization techniques is different, where the direction
of current flow is reversed under the dark condition in the
EIS test.”) Moreover, the value of the recombination resistance
between the two devices was found very different. By replacing
the ZnO with Zr:ZnO, the R, value has increased by around
48%, which increased from 29.79 to 44.10 Q cm?. In the EIS
study, the higher the R, value usually represents a stronger
ability to suppress the recombination, thus, indicates lower
nonradiative recombination in the device.”"°% The result reveals
that the ALD Zr:ZnO-based device exhibits lower nonradiative
recombination than the control device. Thus, the replacement
of ZnO with Zr:ZnO can suppress the nonradiative recombina-
tion in the device, which can be another reason for the perfor-
mance enhancement observed. As a different ETL is the only
difference between these two types of devices, the suppressed
nonradiative recombination can be the surface recombination
at the interface between the ETL and active layer. The ALD
Zr:ZnO layer apparently provides a more efficient interface
between the ETL and active layer than ALD pure ZnO layer.

Table 4. Electronic parameters including R, Ry, Rrec, Cg, and C,, fitted from
the Nyquist plot of both ZnO and Zr:ZnO-based devices at the applied
voltage bias of 700 mV under the dark condition.

Devices Ry [Q cm?] R [Qcm’] Reec[@cm’] Cg[uFem™  C, [pFem ™7
ZnO 1.40 29.8 41 0.14 0.16
Zr:ZnO 117 44.1 4.41 0.14 0.15
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Moreover, the photostability of both type of device has been
investigated. Both type of as-fabricated devices were put under
simulated one-sun light and 85 °C in the ambient air for 5 h deg-
radation and tested with the interval of 1h. The obtained PCE
aging curves were shown in Figure S2, Supporting Information.
It was found that there is negligible difference between the ZnO
and Zr:ZnO-based devices from the degradation perspective.
Both types of devices exhibit a high PCE decrease over 50%
after 5h in air.

Overall, it is found that the better performance of optimized
ALD Zr:ZnO-based devices resulted from a lower Rg, higher cur-
rent extraction possibility, and lower nonradiative recombination
when compared with undoped ZnO based devices.

4, Conclusion

In this work, we demonstrated that atomic-scale engineering
afforded by ALD could improve ETLs used in OSCs. From the
first-principle DFT analysis, we identified that doping ZnO with
Zr improves both its optical and electrical properties. Zr-doped
ZnO films were subsequently synthesized with ALD, and it was
found that a Zr-doping level of 2.4 at% resulted in a significantly
increased bandgap and carrier mobility of the film. This layer was
subsequently used as an electron transfer layer in the OSCs and
was shown to significantly reduce the R;, improve the interface
passivation between the electron transfer and the absorber layer,
and improve the current extraction compared with a device with
undoped ZnO. This finally resulted in a record efficiency of
14.7% for an inverted solar cell with a PM6:N3 active layer.
This work clearly shows the potential of using computational
material design in combination with the unique properties
afforded by ALD toward achieving the ultimate efficiency limit
of OSCs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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