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1. Introduction

Featuring lightweight, semitransparency, flexibility, and low
costs, organic solar cells (OSCs) have attracted wide research
interest.[1–4] In the recent 2 years, ascribing to significant devel-
opments in new organic materials and device engineering strat-
egies, OSCs are considered to reach its second golden age with
the profoundly improved power conversion efficiency (PCE) and

device stability.[5–7] Although the light-
absorbing layer is essential, the charge
transport layer also plays a significant role
in achieving high device performance in
OSCs, as it promotes the charge carrier
transport and protects the active layer from
the air penetration in the device.[8,9] Due to
its high electron mobility, high transpar-
ency, and the suitable energy level, zinc
oxide (ZnO) is the most widely used elec-
tron transport layer (ETL) for OSCs.[10,11]

However, ZnO exhibits high energy radia-
tion instability due to its high photosensi-
tivity caused by the presence of surface
defects.[12–14] Consequently, there is a need
for further optimization of the ZnO ETL in
OSCs.[15–17]

Recently, Zou and co-workers modified
the state-of-the-art acceptor material Y6
and synthesized a novel acceptor material
N3.[18,19] We have previously reported a
14% PCE for the N3-based OSCs in an
inverted device structure based on the
ZnO layer.[20] The unencapsulated device

showed around 50% of PCE loss after the burn-in degradation
test for 5 h, where the instability of the interface layers and
the electrode was found to be the leading cause. Herein, modi-
fying the ZnO layer can be a feasible method to bring further
performance and stability improvement to this type of device.
An atomic layer deposition (ALD) technique is an intrinsic
self-limiting process with ultimate process control and low sub-
strate temperature, which is an appealing method for depositing
ultrathin metal oxides to modify the interfacial layer.[21] To date,
ALD metal oxide for the interface modification is widely demon-
strated in silicon, dye-sensitized, perovskite, and chalcogenide
thin-film solar cells to improve their device performance.[22–27]

It may also be an effective method to modify the ETL for
OSCs. For instance, Kim et al. used ALD to deposit an additional
ultra-thin ZnO as the ETL in OSCs to enhance the PCE and sta-
bility.[28] Vasilopoulou et al. demonstrated the passivation effect
from the ALD deposited alumina (Al2O3) and zirconia (ZrO2)
insulating nanolayers to OSCs and demonstrated a 30% PCE
improvement.[29] Polydorou et al. used ultra-thin ALD deposited
alumina (Al2O3) and zirconia (ZrO2) to modify the ZnO ETL in
OSCs and demonstrated a significant improvement in both PCE
and device stability.[30] Consequently, the ALD-assisted interface
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with profoundly improved power conversion efficiency (PCE) and device stability
in recent years. The modification of the interface layer plays a significant role in
achieving performance enhancement in OSCs. Herein, the use of the atomic layer
deposition (ALD) ultrathin TiOx to modify the interface layer in OSCs is reported.
The modification with only two TiOx ALD cycles not only effectively passivates the
interface between the ZnO electron transport layer (ETL) and the active layer, but
also reduces the series resistance and improves the charge transport process in
the device. An absolute 1% increase in PCE with enhanced device stability for
modified OSCs is achieved. Semitransparent OSCs are also fabricated by
applying this interface modification strategy. The modification with two TiOx ALD
cycles increases the electrical device performance without affecting the optical
properties of the semitransparent device. An average PCE of 10.46% with an
average visible transmittance (AVT) of 19.61% and a color rendering index (CRI)
close to 100 is demonstrated for the fabricated semitransparent device with the
modification. The ALD-assisted interface modification provides a straightforward
way to realize high-performance semitransparent OSCs.
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modification strategy shows a strong potential for achieving
higher performance OSCs.

In this work, we report for the use of the ALD deposited ultra-
thin TiOx to modify the interface layer in OSCs. We found that an
optimal level of interface modification was achieved by two TiOx

ALD cycles. With a gain in short circuit current density ( Jsc) and
fill factor (FF), we achieved an absolute 1% increase in PCE of the
device with enhanced device stability. The improvement was
demonstrated mainly to be resulting from a reduction in inter-
face recombination, a reduced series resistance, and improved
charge transport process in the device. We demonstrated that
the interface modification with the ALD TiOx layer could effec-
tively passivate the interface between the ZnO ETL and the active
layer to suppress the surface recombination in the N3-based
OSCs. In addition, the modification with two TiOx ALD cycles
reduced the series resistance and increased the charge transport
in the device. Moreover, as semitransparent devices are one of
the most promising applications of OSCs, the validity of this
interface modification strategy was also investigated for semi-
transparent OSCs.[31,32] We fabricated semitransparent OSC
based on the control device and the device with the optimized
interface modification. This interface modification strategy can
increase the electrical device performance without affecting the
optical properties of the device. An average PCE of 10.46% with
the average visible transmittance (AVT) of 19.61% and a color
rendering index (CRI) close to 100 was demonstrated when using
two TiOx ALD cycles for modification of the ETL.

2. Experimental Method

2.1. ALD Deposited TiOx

The TiOx layers were deposited using a Fiji 2.0 atomic layer
deposition system (Cambridge Nanotech). The temperature was
150 �C for both the substrate temperature and chamber.
Tetrakis(dimethylamino)titanium(IV) (TDMAT) was utilized as
a titanium precursor and was heated to 75 �C, while deionized
(DI) water at room temperature was used as an oxygen source
in the thermal ALD process. During the process, the chamber

pressure was kept at <0.06mTorr, with argon (Ar) as purging
gas at a flow of 400 ccm. During the thermal ALD process,
the precursor pulse/purge time of TDMAT and water was
0.1/15 and 0.06/15 s, respectively, achieving a growth rate of TiOx

of 0.45 Å per cycle. The growth of TiOx was monitored in situ
by an integrated spectral ellipsometer (SE) system (J.A. Woollam
M-2000) in the 245–1000 nm wavelength range at a fixed incident
angle of 70�). The optical constants of the TiOx layer were fitted
with a Tauc–Lorentz oscillator. Two cycles, five cycles, and
ten cycles of TiOx were separately deposited on ZnO/indium
tin oxide (ITO)/glass structures, with a reference sample without
any TiOx deposition. The obtained SE results with the thickness
of TiOx layer with different cycles are shown in Figure S1,
Supporting Information. All four groups of samples were kept
in the ALD chamber for 15min to ensure consistent thermal proc-
essing conditions.

2.2. Device Fabrication

In this work, we incorporated an ultrathin ALD TiOx layer to
modify the ZnO layer in an inverted device structure consisting
of ITO/ZnO/TiOx/active layer/MoO3/Ag, as shown in Figure 1a.
The ZnO andMoO3 layer was used as the ETL and the hole trans-
port layer (HTL), respectively. The bulk heterojunction (BHJ)
PM6:N3 layer was used as the active layer, where the PM6
and N3 were the donor and acceptor materials, respectively.
The chemical structure of PM6 and N3 is shown in Figure 1b.
The ITO glass substrate was cleaned in an ultrasonication
bath using a sequence of 1) soapy DI water; 2) pure DI water;
3) acetone; and 4) isopropanol. A ZnO sol–gel solution (0.48 M)
was prepared by mixing zinc acetate and ethanolamine in
2-methoxyethanol. It was then spin-cast on top of the pre-cleaned
ITO glass substrates at 4000 rpm for 60 s followed by annealing
at 170 �C for 30min to form the ZnO ETL. An ALD deposited
ultrathin TiOx layer was used as the surface passivation layer
on top of the ETL. The PM6:N3 active layer solutions consist
of 10mg PM6 and 12mg N3 with a 1:1.2 weight ratio in a
17.6mgmL�1 chlorobenzene solution with 0.5% vol chloronaph-
thalene as an additive. The active layer solution was put into the

Figure 1. a) Schematic diagram of the OSC with the ultrathin ALD TiOx passivation layer. b) Chemical structure diagrams of donor material PM6 and
acceptor material N3.
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N2-filled glove box and was well mixed at a temperature of 80 �C
for 20 h. Then, it was spin-coated at a rate of 2000 rpm for 1min
onto the substrates. The samples with coated active layers were
transferred into a vacuum chamber with a pressure of 10�5 Pa.
A 10 nm thick of MoO3 layer was thermally evaporated onto the
sample, followed by a thermally evaporated silver layer of 100 nm
as patterned metal contacts. For the semitransparent device, the
thickness of the deposited Ag back electrode was reduced to
20 nm. The effective area of the device is 0.045 cm2.

2.3. Characterization

An I–V tester from Photovoltaic (PV) Measurements, Inc.
(equipped with a Keithley 2400 sourcemeter) was used tomeasure
the current density–voltage (J–V ) under the standard 1 sun illumi-
nation from an AM 1.5G solar simulator. The device temperature
was kept at 25 �C and monitored by GM1350 50:1 liquid crystal
display infrared thermometer digital gun. To investigate the inter-
facial properties of the device, an Autolab PGSTAT-30 w electro-
chemical impedance spectrometer (EIS) in the glove box was used.
A frequency analyzer module was adapted in the EIS measure-
ment with a frequency range of 100–106 kHz. The surface
morphology was characterized by atomic force microscopy
(AFM) (Bruker Dimension ICON SPM) with a scan size of
“5 μm� 5 μm” and a scan rate of 0.512Hz. A nano-scanning elec-
tron microscopy (SEM) 230 system was used to acquire SEM
graphs. Micro-photoluminescence (μPL) measurements were con-
ducted via a custom μPL system with a pulsed optical parametric
oscillator laser source at 532 nm. A Glacier X thermoelectric
cooled charge-coupled device spectrometer with a detection range
from 200 to 1050 nm was used in steady-state spectral PL mea-
surement, whereas an id110 VIS 100MHz Photon Detector was
used to detect time-resolved PL (TRPL) signal. X-ray photoelectron
spectroscopy (XPS) (ESCALAB250Xi Thermo Scientific, UK) was
used to examine the elemental composition at the surface under
ultrahigh vacuum (pressure below 2� 10�9 mbar). The X-ray
source was monochromatic Al Kα (hν� 1486.68 eV) calibrated
using the carbon reference. A silicon tip coated with platinum sil-
icide was used in JEOL JSPM 5400 MkII for Kelvin probe force
microscopy (KPFM) measurement, and the work function (WF)
of the tip was calibrated by a standard highly oriented pyrolytic
graphite (HOPG) sample. An X-ray diffraction (XRD) analysis
of the sodium titanate nanofibers was carried out using a
Rigaku Ultima IV multipurpose X-ray diffractometer equipped
with Cu Ka radiation and fixed monochromator. An acceleration
voltage of 40 kV and 20mA current were applied. The XRD pat-
terns were collected using a continuous scanmode and 2theta (2θ)
angle from 5� to 60� with a sampling width of 0.02� and a scan
speed of 1� min�1.

3. Results and Discussion

3.1. Impact of the TiOx Surface Passivation Layer on Device
Performance

In this study, we integrated an ultrathin ALD TiOx layer to
modify the ZnO ETL to improve the device performance of the
N3-based OSCs. The thickness of the ALD TiOx layer was

optimized as a function of the number of TiOx ALD cycles. The
number of ALD cycles was varied from 2 to 10, corresponding
to a TiOx film with a thickness of 0.2–1 nm. The ETL coated
with 0–10 TiOx ALD cycles were characterized by XRD, as shown
in Figure S2, Supporting Information. With an increasing num-
ber of TiOx ALD cycles, an obvious increase in the TiOx peak can
be observed, indicating that an ALD TiOx film was grown onto
the ZnO film.

The current density–voltage (J–V ) curves and external quantum
efficiency (EQE) spectra of the fabricated devices are shown in
Figure 2a,b. The corresponding photovoltaic parameters of those
devices modified with a different number of TiOx ALD cycles are
shown as a box-plot diagram in Figure 2c–f and listed in Table S1,
Supporting Information. For the device modified with two TiOx

ALD cycles, an obvious increase in device performance can be
observed. Increasing the number of TiOx ALD cycles further
decreased the device performance, where the device with five
TiOx ALD cycles showed a similar performance to the control
device, whereas the performance was lower than the reference
device when ten TiOx ALD cycles were used in the modification.
For more detailed optimizations, we also fabricated and compared
devices with a different number of TiOx ALD cycles from 2 to 4,
and the corresponding photovoltaic parameters are listed in
Table S2, Supporting Information. It was found that the device
with two cycles of TiOx also showed a higher performance than
the device with three and four cycles of TiOx. Thus, two TiOx

ALD cycles seemed to be the optimum parameter for this interface
modification strategy. As a result, the device modified with two
TiOx ALD cycles achieved a champion PCE of 15.17% with a
Voc of 0.832 V, a Jsc of 25.50mA cm�2, and an FF of 0.72, enabling
an absolute 1% enhancement in PCE compared with the control
device. It was found that this enhancement in PCE resulted from
an increase inVoc, Jsc, and FF. The EQE spectra of devices revealed
that both devices with two and five cycles of the ALD TiOx layer
had a higher Jsc value than the control device, which is consistent
with the J–V results. As all devices were identical apart from
the interface modification and fabricated in the same batch, the
observed enhancement in the device performance points to the
improved electronic quality of the interface enabled by the modi-
fication with ultrathin ALD TiOx layer.

3.2. Device Analysis

PL, AFM, and SEM measurements were taken after the deposi-
tion of the active layer on the modified ETL is shown in
Figure S3–S5, Supporting Information. These measurements
indicated that the presence of the interface modification did
not affect the properties of the active layer. Figure 3a displays
the dark J–V curves for all devices with a different number of
TiOx ALD cycles. The current density at �1.0 V can be used
as a measure for the leakage current density in the device.[33]

It is obvious that the interface modification by TiOx ALD, regard-
less of the number of ALD cycles, significantly reduced the leak-
age current density, indicating effective passivation in the device.
On the other hand, although the device with ten TiOx ALD cycles
showed lower leakage current density, it also showed a slightly
lower shunt resistance value obtained from J–V curves when
compared with the control device. This may because of that
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the Rsh value from the light J–V measurement is obtained from
the J–V curve fitting, which may be different from the real mea-
sured value. This Rsh value obtained from the dark J–Vmeasure-
ment is considered more accurate. The existed mismatch may
also result from the different current pathways between the light
and dark J–Vmeasurements. It is worth to mention that the dark
J–V was conducted under the dark condition, and the actual cur-
rent flow in devices during the measurement is reverse to the
current under the illuminated operating condition. This mis-
match was also observed by our previous works.[34,35]

With the knowledge of the light and dark J–V curve,
the charge carrier extraction possibility (P) can be calculated.
The photon-generated current density ( Jph) and the effective
voltage (Veff ) can be calculated using the following
equations[36–38]

Jph ¼ JL � JD (1)

Veff ¼ Voc � Vbias (2)

Figure 2. a) Current density as a function of voltage ( J–V ) of OSCs with a different number of TiOx ALD cycles in between the ETL and the active layer.
Measurements were done at room temperature under 1 sun test conditions (AM 1.5G illumination at 100mW cm�2). b) EQE spectrum as a function
of wavelength for the OSCs modified with a different number of TiOx ALD cycles. Box plot of the corresponding photovoltaic parameters including
c) open-circuit voltage (Voc), d) short circuit current density ( Jsc), e) FF, and f ) power conversion versus the number of TiOx ALD cycles.
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where JL is the light current density under 1 sun illumination,
JD is the dark current density without illumination, and Vbias is
the applied biased voltage. When the value of Veff is higher than
1.0 V, it can be assumed that all electrical current including the
leakage current can effectively be collected by electrodes. At this
voltage, we have an upper limit of the Jph, so-called saturation
current density ( Jsat). The charge carrier extraction possibility,
the ratio between measured maximum current density and the
theoretical maximum current density, can be calculated by the
following equation[36]

PðVeff Þ ¼
JphðVeff Þ
Jph:sat

(3)

The charge carrier extraction possibility can be used to unravel
the mechanisms behind the current loss during charge extrac-
tion, which is closely related to the carrier transport layers
and the interfaces between these layers and the active layers.[39]

The Jph–Veff curve of all samples is plotted in Figure S6,
Supporting Information, and Table 1 lists the Jsat and P values
correspondingly. Noticeably, the charge extraction possibility was
found to increase when increasing the number of TiOx ALD
cycles, and the maximum was achieved for ten ALD cycles.
This may imply that the thickest ALD TiOx layer provided the
highest level of surface passivation to the device. On the other
hand, it was found that the control device and the device with
two TiOx ALD cycles showed a similar Jsat value, whereas the
device with five and ten TiOx ALD cycles showed a decreased

Jsat value. When using five or more ALD cycles, the TiOx film
thickness may hinder the charge transport in the device and thus
induced a lower maximum extractable current.

EIS was used to measure the response of the device when an
external alternating current (AC) was applied.[40,41] The applied
biased voltage was set at 0.7 V for all samples, which is slightly
lower than their Voc.

[42] Traps in the active layer will respond to
the modulated signal when there is a low applied voltage; how-
ever, these traps will suppress the response when a high biased
voltage is applied.[43,44] Figure 3b shows the Nyquist plots from
EIS results, and the curves were fitted with an equivalent electri-
cal circuit (EEC). The EEC shown in Figure 3b consists of one
resistance and two paralleled resistance–capacitance (RC) con-
nected in series.[45] Rs and Rt are the series resistance and charge
transport resistance, respectively. Rrec is the carrier recombina-
tion resistance, indicating the nonradiative recombination in the
OSCs. Cg is the dielectric capacitance in the device, and Cμ is the
distributed chemical capacitance.[46–48] The fitted electrical
parameters are listed in Table 2, involving Rs, Rt, Rrec, Cg, and
Cμ. It should be noted that the fitted Rs value from EIS differs
from the Rs value from J–Vmeasurement, as the current of these
two characterization techniques is extracted in an opposite path-
way.[49] The Rrec value of the device increased with increasing the
number of TiOx ALD cycles in the modification. The device mod-
ified with ten TiOx ALD cycles delivered the highest Rrec of

Figure 3. a) Dark current density–voltage ( J–V ) curves and b) Nyquist plots with the EEC at a bias of 700mV under the dark condition for fabricated OSCs
modified with a different number of TiOx ALD cycles.

Table 1. Charge extraction probabilities (P) and saturation current density
( Jsat) of fabricated OSCs modified with a different number of TiOx

ALD cycles.

Devices Jsat [mA cm�2] P

ZnO 27.13 94.20%

ZnO/TiOx (two cycles) 27.04 95.31%

ZnO/TiOx (five cycles) 26.48 96.19%

ZnO/TiOx (ten cycles) 25.06 96.48%

Table 2. Extracted Rs, Rt, Rrec, Cg, and Cμ values fitted from the Nyquist
plot of fabricated OSCs modified with a different number of TiOx

ALD cycles.

Devices Rs [Ω cm2] Rt [Ω cm2] Rrec [Ω cm2] Cg [μF cm�2] Cu [μF cm�2]

ZnO 1.75 5.77 115.92 0.25 0.14

ZnO/TiOx

(two cycles)
5.03 5.90 181.20 0.09 0.12

ZnO/TiOx

(five cycles)
2.45 12.24 354.00 0.25 0.11

ZnO/TiOx

(ten cycles)
3.14 16.68 618.00 0.02 0.08
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618Ω cm2, which is over five times higher than the control
device. In the EIS study, Rrec represents the ability of the device
to suppress non-radiative recombination.[47,49] The higher Rrec

value indicates the lower non-radiative recombination in the
device. Hence, the result demonstrated that the interface modi-
fication with the ultrathin ALD TiOx layer can suppress the non-
radiative recombination in the device. As the active layer and
HTL were identical for all devices, the suppressed non-radiative
recombination was mainly resulting from interface recombina-
tion between the active layer and the ETL. Therefore, the inter-
face modification with the ultrathin ALD TiOx layer was
demonstrated to provide surface passivation in the device, where
the higher number of TiOx ALD cycles can deliver a higher level
of surface passivation. This result is consistent with the previous
observation in the charge carrier extraction possibility analysis.
On the other hand, the Rt value of the device was found to
increase with an increasing number of TiOx ALD cycles. The
increase in Rt can suggest the impediment of interfacial charge
transfer rate.[50,51] Herein, the device with two TiOx ALD cycles
had a similar Rt value compared with the control device, which
indicated that the interfacial charge transfer rate was less affected
by such an ultrathin layer. However, further increasing the num-
ber of TiOx ALD cycles caused a significant increase in the Rt

value, which points to the decreased charge transfer rate in
the device. This can be the reason why five and ten TiOx ALD
cycles resulted in lower Jsat values in the charge carrier extraction
possibility analysis. Rt and Cμ can also be used to estimate the
electron mobility μn in the device.[52] The estimation is shown
in Table S3, Supporting Information. The device fabricated with
two TiOx ALD cycles had the highest electron mobility among
all devices.

3.3. ETL Analysis

Figure 4 shows the SEM and AFM images of ZnO layers modi-
fied with a different number of TiOx ALD cycles, respectively.
The surface roughness is represented by the root mean square

(RMS) value, as indicated in the AFM images. From SEM
images, the ZnO single layer is observed with fiber-like patterns.
After the ALD process, the patterns of the ZnO layer disappeared,
which may indicate that ALD TiOx modification effectively pas-
sivated the ZnO surface and created a more conformal interface.
It is obvious from the AFM images that using the ALD TiOx layer
to modify the ZnO layer reduces the surface roughness. By
increasing the number of TiOx ALD cycles from 0 to 10, the
RMS continuously decreased. A higher number of ALD cycles
can induce a smoother surface for the ETL and thus give a more
conformal interface between the ETL and the active layer. This
might be part of the reason why the use of a higher number of
TiOx ALD cycles resulted in a higher level of surface passivation.

The conductivity of the ZnO layer coated with a different num-
ber of TiOx ALD cycles is measured using the device structure
of ITO/ETL/Ag and is shown in Figure S7, Supporting
Information.[53] Table 3 lists the calculated resistivity values. It
was found that the modification with two TiOx ALD cycles can
reduce the resistivity of ETL, while further increasing the number
of ALD cycles in the modification caused the resistivity of the ELT
to increase. The ETL modified with two TiOx ALD cycles showed
the lowest resistivity among all types of ETL, which is consistent
with the highest electron mobility and lowest series resistance val-
ues observed from the corresponding devices. The KPFM images
with estimated WF for the surface of ZnO layers modified with
different ALD cycles of ultrathin TiOx layer are shown in

Figure 4. a) SEM images and b) AFM images of ZnO layers modified with a different number of TiOx ALD cycles.

Table 3. Resistivity value of ZnO layers modified with a different number
of TiOx ALD cycles. The average value and the standard deviation were
determined from the measurement of at least five devices.

Devices Resistivity [Ω cm2]

ZnO 0.56� 0.08

ZnO/TiOx (two cycles) 0.48� 0.06

ZnO/TiOx (five cycles) 0.50� 0.05

ZnO/TiOx (ten cycles) 0.61� 0.11
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Figure 5a.[54] The schematic band diagram of the device is shown
in Figure 5b. It was found that themodification with the ALD TiOx

layer can reduce the WF of the ETL surface. The ETL modified
with two TiOx ALD cycles had the lowest WF value, which allows
a better ohmic contact with the lowest unoccupied molecular
orbital level of N3 (WF �4.1 eV). This could explain the improved
electron mobility and reduced series resistance for the two TiOx

ALD cycles modified device. On the other hand, the lowest WF
value of the two TiOx ALD cycles modified ETL also allows the
lowest energy offset between the ETL and the active layer.[55,56]

This can be the reason why the two TiOx ALD cycles-based device
showed the highest Voc value among all devices.

XPS was used to reveal the elemental and electrical details.[57]

The chemical states of each element of the ETL modified with
different ALD cycles of the ultrathin TiOx layer were analyzed

through the XPS spectra. The spectra were fitted in Avantage
software using the Shirley background method.[58,59] The elec-
tron states of Zn from all samples are shown in Figure S8,
Supporting Information. The chemical states of oxygen atoms
and titanium atoms were evaluated to reveal how passivation
effects and conductivities at the interface are modified by intro-
ducing the ultrathin TiOx layer, as shown in Figure 6. Three
peaks were found in deconvoluted O 1s core-level XPS spectra
with the binding energies at 529.6� 0.1, 530.1� 0.1, and
531.5� 0.1 eV. The lower binding energy represents the
Zn─O, and Ti─O bonds attributing lattice oxygen (OL), the mid-
dle binding energy represents oxygen ions for oxygen-deficient
regions, which can be related to the oxygen vacancy (VO), and
the high binding energy attributed to non-lattice oxygen (OC) rep-
resents chemisorbed or dissociated oxygen and hydroxyl (�OH)

Figure 5. a) KPFM images with estimated WF for the surface of ZnO layers modified with a different number of TiOx ALD cycles. b) Energy band diagram
of fabricated devices with pure ZnO layer and ZnO layer modified by 2 ALD cycles.
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ions.[44,60,61] Table S4, Supporting Information, lists the atomic
percentage of the deconvoluted O 1s peak with lattice oxygen,
oxygen vacancy, and non-lattice oxygen. A decrease in both
the OC and VO peaks with an increase in OL peak was observed
with an increasing number of TiOx ALD cycles, suggesting that
Ti consumed the oxygen at the ZnO interface and suppressed the
oxygen vacancies. The increasing intensity of OL peaks with TiOx

ALD cycles indicating the strong Zn─O and Ti─O bonds in the
film interface.[62] The suppression of�OH and VO concentration
with the increase in TiOx ALD cycles could reduce the recombi-
nation centers at the ZnO/TiOx interface, thus improving
the passivation effect.[63] To verify the chemical states of the
Ti atoms, the binding energy peaks of Ti were fitted from the
XPS results, which is shown in Figure 7. Figure 7a shows that
the original ZnO was free of Ti. The existence of Ti 2p3/2 at peak
binding energy of around 458.20 eV indicates that Ti─O bonds
were formed, and the peak intensity increased with increasing
TiOx ALD cycles. The deconvoluted Ti 2p spectra of the ZnO
films with or without the TiOx top layer show Ti 2p3/2 at a peak
binding energy of 458.02 eV for the two and five TiOx ALD cycles.
However, a deconvoluted peak at 457.6 eV indicates the presence
of Ti3þ and the formation of the Zn–O–Ti structure at the
interface, as shown in Figure 7d. The formation of Ti3þ indicates
that an electron is trapped into Ti4þ lattice site, which could be
thermally excited to the conduction band, contributing to lower

recombination and better passivation properties. It could be con-
cluded that the higher number of TiOx ALD cycles would provide
better passivation, which is consistent with previous results
from charge carrier extraction possibility analysis and EIS study.
On the other hand, a decreased number of oxygen vacancies
(point defects) can also reduce the conductivity in the structure.
It is argued that an optimal oxygen deficiency combined with a
better-passivated ZnO capped layer and suitable WF could lead to
optimal carrier mobility and lifetime and, thus, optimal efficiency
of solar cells.

3.4. Device Stability

For the unencapsulated two TiOx ALD cycles modified device, we
performed a burn-in degradation test under simulated one-sun
light and 85 �C for 5 h in ambient, following ISOS-L-3 standards.
Figure 8a displays the PCE burn-in aging curves of the device.
Burn-in aging curves of photovoltaic parameters, including
Voc, Jsc, FF, and PCE, are shown in Figure S9, Supporting
Information, and Table S5, Supporting Information, lists the cor-
responding values. Our previous study has reported the burn-in
degradation of the control device, where the unencapsulated
device showed around 50% of PCE loss after the burn-in test
for 5 h, as also shown in Figure 8a.[20] In this study, the unen-
capsulated two TiOx ALD cycles modified device showed

Figure 6. Deconvoluted XPS O 1 s spectra of a) zero cycles, b) two cycles, c) five cycles, and d) ten cycles ALD TiOx deposited onto ZnO layer.
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improved device stability compared with the control device. It
was found that the Jsc and FF of the device decreased by around

10% and 20%, respectively, which contributed to the 30% degra-
dation in PCE. In the previous study, we found that the active

Figure 7. XPS spectra of Ti 2p for the samples with a) 0 cycles, 2) two cycles, c) five cycles, and d) ten cycles TiOx deposited onto ZnO. The sample with
ten cycles TiOx shows Ti3þ, confirming an additional Ti2O3 phase formation.

Figure 8. a) Normalized photovoltaic PCE of the unencapsulated control device and the device with two TiOx ALD cycles in the burn-in degradation
process devices under simulated one-sun light at the temperature of 85 �C in the ambient for up to 5 h. b) Nyquist plots with the EEC at a bias of 700mV
under the dark condition for both fresh and degraded ZnO and ZnO/TiOx (two cycles)-based devices.
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layer of the device was relatively stable in the burn-in process,
whereas the degradation suspected mainly comes from the
instability of the interface layers and electrode. ZnO usually
shows strong photocatalytic activity under UV illumination
and can cause photodegradation of non-fullerene acceptors.[64,65]

Therefore, we conducted the absorption measurement of both
fresh and degraded N3 film on ZnO and ZnO/TiOx (two cycles)
layers to investigate the degradation effect. The results are shown
in Figure S10, Supporting Information. It is found that there is
negligible difference between absorption spectra of the fresh and
degraded N3 film for both ZnO and ZnO/TiOx (two cycles)
samples, which indicates that the N3 acceptor showed a relative
high stability during the degradation. Moreover, the ZnO ETL is
usually shown to exhibit high energy radiation instability due
to its high photosensitivity caused by the presence of surface
defects.[12–14] The Nyquist plots of both fresh and degraded
ZnO and ZnO/TiOx (two cycles)-based devices are shown in
Figure 8b. The curves were fitted with an EEC, and the corre-
sponding fitting parameters are shown in Table S6,
Supporting Information. It was found that the Rrec value of both
ZnO and ZnO/TiOx (two cycles)-based devices showed a reduc-
tion after the degradation. Nevertheless, the reduction of Rrec

in ZnO-based devices was much higher than the ZnO/TiOx

(two cycles)-based devices, in which the value was reduced by

around 50%. In comparison, the reduction of the Rrec value in
ZnO/TiOx (two cycles)-based devices was only around 12%.
The suppressed increase in non-radiative surface recombination
in the degradation process may be the main reason for the better
stability of ZnO/TiOx (two cycles)-based devices. Herein, the
interface modification with the ALD TiOx layer may passivate
those surface defects and suppressed the degradation of the
interface between the ETL and the active layer. As a result, this
interface modification strategy also demonstrated effectiveness
in improving the stability of the device.

3.5. Semitransparent Devices

Finally, we fabricated semitransparent-OSCs based on both the
control device and the two TiOx ALD cycles modified device by
reducing the thickness of the Ag back electrode to 20 nm.
Figure 9a,b displays the J–V curves and transmittance spectrum
of the fabricated semitransparent devices. It was found that
the device with the two TiOx ALD cycles exhibited a higher pho-
tovoltaic performance, whereas the transmittance spectrum was
almost unchanged compared with the control device. Figure 9c,d
shows the appearance and color coordinates in the Interna-
tional Lighting Commission (CIE) color map of fabricated

Figure 9. a) Current density–voltage ( J–V ) curves, b) transmittance spectra, c) the optical appearance, and d) the color coordinates in the CIE color map
for the semitransparent control device and the devices modified with two TiOx ALD cycles.
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semitransparent devices, respectively. Table 4 lists the
corresponded value of photovoltaic parameters, AVT, color
coordinates, and color rending index (CRI) of the device. (See
Supporting Information for the AVT and CRI calculations.)
Herein, we demonstrated that the interface modification with
two TiOx ALD cycles increased the photovoltaic performance
of the semitransparent device without changing its optical prop-
erties. Compared with the control semitransparent device, the
device with the two TiOx ALD cycles showed an enhanced aver-
age PCE of 10.46% and a similar optical property with the AVT of
19.61% and a CRI close to 100.

4. Conclusion

In summary, we reported for the use of the ALD deposited ultra-
thin TiOx to modify the interface layer in OSCs. We optimized the
number of TiOx ALD cycles to improve the ZnO ETL and found
that two ALD cycles were optimal. The modification with two TiOx

ALD cycles not only effectively passivated the interface between
the ZnO ETL and the active layer but also reduced the series resis-
tance and improved the charge transport process in the device.
We found that the ALD process lowered the oxygen vacancy den-
sity of the ZnO ETL, contributing to a higher level of interface
passivation. However, a low oxygen vacancy density can also
increase the resistivity at the interface. For the ZnO layer modified
by two TiOx cycles, interstitial Ti atoms in the ZnO structure were
found to enhance the conductivity of the ZnO layer. Therefore, the
interface modification with two TiOx ALD cycles can simulta-
neously provide interface passivation and increase the conductivity
for the ZnO layer. As a result, we achieved an absolute 1% increase
in PCE with enhanced device stability when we used two TiOx on
the ZnO ETL. Moreover, we fabricated a semitransparent device
and demonstrated that this interface modification strategy
increased the electrical device performance without affecting
the optical properties of the device. An average PCE of 10.46%
with an AVT of 19.61% and a CRI close to 100 was demonstrated
for the device with two TiOx ALD cycles.

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