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ABSTRACT ARTICLE HISTORY

(ta-C) films coated through the filtered cathodic vacuum arc (FCVA) process as a hole transport Received 30 August 2019
layer (HTL) for perovskite solar cells (PSCs) and quantum dot light-emitting diodes (QDLEDs). Revised 15 November 2019
The p-type ta-C film has several remarkable features, including ease of fabrication without the Accepted 16 November 2019
need for thermal annealing, reasonable electrical conductivity, optical transmittance, and a KEYWORDS

high work function. X-ray photoelectron spectroscopy and ultraviolet photoelectron spectro- Tetrahedral amorphous
scopy examinations show that the electrical properties (sp®/sp? hybridized bond) and work carbon (ta-C) film; hole
function of the ta-C HTL are appropriate for PSCs and QDLEDs. In addition, in order to correlate transport layer (HTL); hole
the performance of the devices, the optical, surface morphological, and structural properties of injection layer (HIL);

the FCVA-grown ta-C films with different thicknesses (5 ~ 20 nm) deposited on the ITO anode perovskite solar cells;

are investigated in detail. The optimized ta-C film with a thickness of 5 nm deposited on the ITO quantum dot LEDs

anode had a sheet resistance of 10.33 Q2 a resistivity of 1.34 x 10™* Q cm, and an optical ¢ assiFIcATION
transmittance of 88.97%. Compared to the reference PSC with p-NiO HTL, the PSC with 5 nm 104 Carbon and related
thick ta-C HTL yielded a higher power conversion efficiency (PCE, 10.53%) due to its improved materials

fill factor. Further, the performance of QDLEDs with 5 nm thick ta-C hole injection layers (HIL)

showed better than the performance of QDLEDs with different ta-C thicknesses. It is concluded

that ta-C films have the potential to serve as HTL and HIL in next-generation PSCs and QDLEDs.
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1. Introduction photovoltaics that perform comparably to Si-based
solar cells. As one of the most promising photovol-
taics, PSCs have been studied extensively, due to their
large absorption coefficient, carrier mobility, long car-
rier diffusion lengths, and low nonradiative recombi-
nation rate [14-18]. The power conversion efficiency
of this type of photovoltaic device has been improved
from an initial efficiency of 3.8% up to a certified
efficiency of 25.2% [19-26]. In addition, QDLEDs
have attracted increasing attention as an alternative
to organic light-emitting diodes. In particular, semi-
conductor quantum dots (QDs) have been the subject
of many intensive studies in recent years, due to their

In recent years, organic-inorganic metal halide per-
ovskite solar cells (PSCs) and quantum dot light emis-
sion diodes (QDLEDs) have attracted substantial
research interest for use in next-generation photovol-
taics and flat panel displays because of the high solar-
to-electric power conversion efficiency (PCE) of PSCs
and interesting property characteristic, such as good
color purity with narrow full-width at half maximum
(FWHM) emission of QDLEDs [1-13]. In order to
capture the main market of Si-based solar cells, it is
necessary to fabricate cost-effective and high efficient
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unique optical properties, such as size-dependent
emission wavelength, narrow emission spectrum,
high luminescent efficiency, and good stability
[27-29].

Researchers have achieved great improvements in
the performances of both PSCs and QDLEDs as next-
generation devices by improving the active layer mate-
rials, adjusting the device architectures, optimizing the
carrier transport layer materials (CTLs), promoting and
balancing the carrier injection efficiency, and so on. To
date, high-efliciency PSCs and QDLEDs have generally
adopted organic-inorganic composite multilayer struc-
tures, in which the CTLs consist of organic polymers
and inorganic metal oxide - as a hole transport layer
(HTL) in the case of PSCs or as a hole injection layer
(HIL) in the case of QDLEDs - exhibiting outstanding
device performance [30-37]. In particular, the impor-
tant roles of the HTL include not only collecting the
holes but also blocking the electrons, i.e., hole collection
in PSCs and hole injection for QDLEDs. They also
prevent the active layer from directly contacting the
electrodes, thereby reducing the recombination of
photocarriers. Moreover, the electrical and optical
properties of the HTL can have major impacts on the
performances of PSCs and QDLEDs. Thus, selecting an
HTL or HIL with controlled physical properties is
essential to understanding the operation of devices in
terms of carrier separation, transport, extraction, injec-
tion, and recombination. However, the limited hole
transport or injection efficiency is one of the large
obstacles to further improvements in the performances
of PSCs and QDLED:s. For instance, the inherent acidity
of PEDOT:PSS can damage indium tin oxide (ITO)
anodes by dissolving indium species, and the hygro-
scopic nature also accelerates the diffusion of indium,
which both significantly affect the device stability [38-
40]. In attempts to address these problems, inorganic
metal oxides (NiO, MoO;, WO, and V,05) have been
successfully adopted in PSCs and QDLEDs due to their
suitable work function, chemical stability, and good
carrier transfer capability [41-47]. However, solution-
based metal-oxide HTL has critical problems with large
area coating and ensuring exact control of the thickness
and composition. As another replacement of PEDOT:
PSS, carbon-based materials (tetrahedral amorphous
carbon, graphene, fullerene, and carbon nanotubes)
have also been investigated. In particular, among the
other carbon-based alternative materials, a tetrahedral
amorphous carbon (ta-C) film prepared using the filter
cathodic arc vacuum (FCVA) process at room tempera-
ture is an interesting alternative hole transport and
injection layer for solar cells and flat panel displays.
To date, ta-C films have mainly been used as a very
effective protective and hard coating in many applica-
tions due to their outstanding hardness that is similar to
that of a diamond. According to the results of recent
studies, ta-C films have high sp’ bonding content (40%

H.-J. SEOK et al.

or more) with hardness that increases with sp> bonding
content [48-50]. In addition, ta-C also contains a small
fraction of sp® bonding. It has been shown that the sp”
fraction controls the mechanical properties of ta-C,
while sp” sites primarily control the optical and electri-
cal properties [51-54]. These sp> and sp” fractions in ta-
C films result in mechanical, optical, and electrical
properties that range from a hardness of ~70 GPa and
Young’s modulus of ~700 GPa, chemical inertness,
optical band gap of 2.0 eV, and electrical resistivity of
~10 Q cm. These unique electrical, optical, mechanical,
structural, and morphological properties have led to
considerable interest in ta-C films [55-59]. In general,
undoped ta-C has been shown to be intrinsically p-type
[60]. The electronic properties of ta-C can also be
altered by a doping process using V and III group
elements. N-type doping of ta-C has been observed
when nitrogen is incorporated into the ta-C films [61].
P-type ta-C films using boron incorporation continue
to be an area of great interest and relevance to establish-
ing ta-C as a viable material for electronic applications
[60,61].

In this study, the feasibility of using carbon-based
material ta-C prepared through the FCVA process as
the hole transport or injection layer in PSCs and
QDLEDs was investigated. We show the electrical,
optical, and surface morphological properties of ta-C
thin films, as a function of the ta-C thickness to deter-
mine the optimum thickness. In addition, X-ray photo-
electron spectroscopy (XPS; K-Alpha, Thermo Fisher
Scientific, USA) analysis showed the correlation
between HTL properties and sp>/sp” hybridized bond
ratio in ta-C films. With an optimized thickness, the ta-
C was applied in a PSC and QDLED in order to
investigate its influence on device performance.
Furthermore, we comprehensively studied the micro-
structure of ta-C films and interfaces in PSCs using
transmission electron microscopy (TEM) and ultravio-
let photoelectron spectroscopy (UPS; ESCALB-250Xi,
Thermo Fisher Scientific, USA) to elucidate the hole
extraction and injection mechanisms. Based on the
performances of PSCs and QDLEDs with ta-C HTL,
we propose ta-C film as a promising HTL to substitute
PEDOT:PSS in PSCs and QDLEDs.

2. Experimental details

2.1. Fabrication of ITO electrodes on glass
substrates by magnetron sputtering

First, the glass substrates were cleaned using standard
cleaning procedures (acetone-isopropyl alcohol-
acetone-methanol) with ultrasonic cleaner for 10 min.
Then, the glass was rinsed with deionized water. After
loading the cleaned glass substrates from the load lock
chamber, the bottom ITO anode was deposited on the
glass substrate by applying a constant DC power of 100
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W, an Ar flow rate of 20 sccm, and a working pressure
of 3 mTorr using a 4-inch ITO target (Dasom RMS) at
room temperature. During sputtering, constantly rotat-
ing the glass substrate at 25 rpm improves the film
uniformity with 25°-tilted cathode guns, as shown in
Figure 1(a). After sputtering, the ITO anodes were
annealed at a temperature of 600°C for 10 min to
improve their electrical and optical properties.

2.2. Coating of ta-C layer by single-cathode FCVA

Figure 1(b) shows the schematic fabrication process
that directly deposits the ta-C layer using a single-
cathode of FCVA system on the sputtered ITO anode.
The vacuum arc source is used with a system to separate
charged carbon ions from neutral atoms and macro- or
micro-particles. A carbon target with a diameter of
55 mm and of 99.99% purity is mounted on the bottom
right side of the chamber. Those macro-particles and
neutral carbon could be filtered out by a T-shaped filter.
Therefore, only carbon with controlled energy range
ions will be deposited on the ITO anode. The magnetic
coil current is fixed to 5 A. The substrate holder was
placed horizontally on a sample carrier for high-speed
coating at a working pressure of 1 x 10~> Torr without
the need for intentional substrate heating. During the
deposition, a duct bias of 20 V and a substrate bias of
500 V were applied. The Ar gas flowed at a rate of 2
sccm for stable arc plasma generation. The thickness of
ta-C was controlled by varying the deposition time
between 30 and 120 s. To apply the ta-C coated ITO
anode as a hole transport or injection layer for PSCs and

Magnetron sputtering of ITO electrode
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QDLEDs, we fabricated patterned ta-C/ITO anodes
with a size of 1.5 x 1.5 mm?, as shown in Figure 1(c).

2.3. Analysis of single ta-C layers and ta-C/ITO
anodes

XPS was employed to probe the sp’/sp® hybridized
bonds. The electrical and optical properties of ta-C/ITO
prepared on glass substrates were examined as a function
of the thickness of the ta-C layer by Hall measurement
(HMS-4000AM, Ecopia, Korea) and a UV/visible spec-
trometer (UV 540 spectrometer, Unicam, Japan). The
surface morphology of the ta-C/ITO anode was exam-
ined with different ta-C thicknesses using field-emission
scanning electron microscope (FE-

SEM; JSM-7600F, JEOL, Japan). The work function of
single ta-C films was measured by UPS. High-resolution
transmission electron microscopy (HRTEM: JEM-
2100F, JEOL, Japan) analysis was used to investigate the
microstructure and interface region of the optimized ta-
C/ITO anode used in the PSCs. Fast Fourier transform
(FFT) images were obtained from a cross-sectional
HRTEM specimen prepared through a focused ion
beam (FIB) milling.

2.4. Fabrication and evaluation of PSCs and
QDLEDs

Figure 2 shows a schematic diagram of PSC and
QDLED fabrication on the ta-C/ITO anode involving
spin coating. Figure 2(a) shows a schematic diagram of
the PSC fabrication process using a single ta-C layer and
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Figure 1. (a) Schematic of the DC magnetron sputtering system employed for deposition of the ITO anode on glass substrates at
room temperature. Schematic of the ITO sputtering plasma FCVA process for coating of ta-C layers with different thicknesses on
the ITO anode. The inset shows the arc plasma beam. (c) Schematic fabrication process of the patterned ta-C/ITO anode for PSC

and QDLED devices.
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Figure 2. (a) Schematic of the PSCs' fabrication procedure using a single ta-C layer and a NiO/ta-C double layer as HTL. (b)
Schematic of the QDLEDs' fabrication procedure on a patterned ta-C/ITO anode.

a NiO/ta-C double layer as HTL. To demonstrate the
feasibility of ta-C film as HTL, PSCs were fabricated and
evaluated using the ta-C film as a function of the thick-
ness deposited on ITO anodes. The ta-C/ITO anodes
were separately cleaned using deionized water, acetone,
isopropanol, and ethanol in an ultrasonic cleaner for 15
min each to remove any potential organic and inorganic
residue. Then, the ta-C/ITO anodes underwent UV/
ozone treatment for 10 min before the deposition of the
CH;NH;PbI; or NiO layer. The NiO precursor in anhy-
drous alcohol was spin-coated at 4000 rpm for 40 s and
the NiO films were annealed at 280°C for 60 min. The
perovskite active layer CH;NH;PbI; was coated onto
the ta-C layer with a consecutive two-step spin coating
where, in the second step, anhydrous chlorobenzene
was dropped on the center of the substrate. The films
were annealed at 100°C for 40 min to remove the
solvent. Continuously, an electron transport layer,
PCBM in chlorobenzene, was deposited on the perovs-
kite active layer by spin coating at 1000 rpm for 60
s. Finally, 3 nm BCP and 100 nm Ag cathodes were
formed successively using a thermal evaporator with
a dumbbell-shaped metal shadow mask. The
J-V curves were measured using simulated AM 1.5
G irradiation (100 mWem 2), which was calibrated
with a standard silicon photodiode under ambient con-
dition. Figure 2(b) shows a schematic diagram of the
QDLED fabrication process using a single ta-C layer as
a HIL. First, poly[(9,9-dioctylfluorenyl-2,7-diyl)-co
-(4,4A-(N-(4-sec-butylphenyl))diphenyla-mine)] (TFB,
Lumtec) were mixed in p-xylene (1 wt %) and spin-
coated onto the ta-C surface at 3000 rpm for 30 s, then
annealed at 180°C for 30 min. Next, colloidal CdSe/ZnS
QDs (NSQDs-HOS, Nanosquare) was spin-coated as an
emissive layer (EML) and dried under ambient condi-
tions. The substrate was then dipped into a 20 mL
methanol solution in 1,7-diaminoheptane and subse-
quently rinsed with isopropanol and annealed at 180°C
for 30 min to cross-link the QDs. The ZnO solution
(N10, Avantama) was spin-coated as an ETL onto the

QD surface at 2000 rpm for 60 s and annealed at 180°C
for 30 min. Finally, 130 nm of Al cathode was deposited
onto the ZnO ETL through a patterned shadow mask
using a thermal evaporator. At this point, the electro-
luminescence (EL) characteristics of the device were
measured using a conventional current-voltage-lumi-
nance (I-V-L) measurement system (McScience,
M6100).

3. Results and discussion

XPS survey measurements have been performed on the
as-deposited ta-C film in order to evaluate the various
bonding states of carbon in (Figure 3(a)). The results
suggest that the mechanical, optical, and electrical prop-
erties of the ta-C films are significantly governed by the
type of chemical bonding (hybridization) of carbon
atoms. As shown in Figure 3(a), carbon atoms have
graphite-like (sp> hybridization) and diamond-like (sp’
hybridization) hybridizations, with a negligible amount
of sp' hybridization [53]. The sp* hybridization is gov-
erned by the weak m-m bonding and determines the
electrical and optical properties of the film. By contrast,
sp” hybridization occurs due to the strong o-0 bonding of
carbon atoms and offers the mechanical properties to the
films. As shown in Figure 3(a), the Cls spectral peak is
closer to 284.8 eV, indicating a higher number of sp’
bonds within the film, which can be calculated as
approximately 77.69% (sp> bonds: approximately
17.47%) from the Gaussian peak area ratio. The peaks
located at 283.9, 284.7, and 285.4 eV are assigned to C=C
sp” hybridized carbon in graphite-like carbon-carbon
structure, C-C sp3 hybridized carbon atoms in diamond-
like carbon-carbon structure, and C=0 bonding between
carbon and oxygen, respectively [60]. Figure 3(b) shows
the diamond structure of the sp> hybridized bond, the
graphite structure of the sp” hybridized bond, and the ta-
C structure of the sp’/sp” hybridized bond. The results
suggest that the combination of diamond-like
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Figure 3. (a) XPS spectrum of a ta-C film. The inset schematic shows an sp® hybrid orbital and sp* hybrid orbital. (b) Schematic
presentation of diamond (sp?) structure, graphite (sp®) structure, and ta-C (sp®/sp?) structure in which diamond and graphite

structures are combined.

mechanical properties and tunable electrical and optical
properties of ta-C film makes it applicable to hole trans-
port or injection layers for PSCs and QDLEDs,
respectively.

Figure 4(a,b) shows the Hall measurement results
obtained from a ta-C/ITO anode with different ta-C
thicknesses. With increasing ta-C film thickness, the
sheet resistance and resistivity of the ta-C/ITO film
both slightly increased. However, the resistivity was
mainly affected by the quality of the bottom ITO
electrode, and the ta-C/ITO anodes exhibited
a similar low sheet resistance and resistivity within
a ta-C layer thickness range of 20 nm. As shown in
Figure 4(b), the increased sheet resistance and resis-
tivity of the ta-C/ITO film with increasing ta-C thick-
ness could be attributed to a decrease of the carrier
concentration. However, the sheet resistance of ta-C
coated ITO anode is acceptable for the fabrication of
PSCs and QDLEDs. Figure 4(c) shows the variation of
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the optical transmittance of the ta-C/ITO anodes with
different ta-C thicknesses in the wavelength region
between 400 and 1200 nm. As the thickness of the
ta-C layers increased, the ta-C/ITO anode showed
a slightly lower optical transmittance, particularly in
the visible wavelength region between 400 and 800
nm, compared to the bare ITO anode without ta-C
film; this was attributed to absorption in the ta-C
layers as shown in Figure S1(a). The optical band gap
can be calculated from the absorption spectrum using
the Tauc relation:

(ahv) = C(hv — E,)" (1)

where C is a constant, « is the absorption coefficient,
E; is the average bandgap of the material, and n
depends on the type of transition (in the parabolic
band structure, n = 2). The optical bandgaps of single
ta-C layers with different thicknesses are shown in
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Figure 4. Hall measurement results of ta-C/ITO anodes with different ta-C thicknesses; 0, 5, 10, 15, 20 nm (a) Resistivity, sheet
resistance, (b) Mobility and carrier concentration. (c) Optical transmittance and (d) Figure of merit (FoM = T'°/Ry;) of ta-C/ITO
anodes as a function of ta-C thickness. Inset pictures in (c) show the color and transparency of the ta-C coated ITO anodes.
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Figure S1(b). In addition, the optical transmittance of
the ta-C/ITO anodes gradually decreases at 550 nm
due to the gray color of the ta-C layer. By contrast, the
transmittance of the ITO anodes with ta-C film (5, 10,
15, 20 nm) increases with the thickness in the wave-
length range of 1000 ~ 1200 nm due to the decreased
carrier concentration. The inset pictures in the figure
show the colors and transparencies of the single ITO
and ta-C/ITO anodes with different ta-C thicknesses.
In order to determine the optimum ta-C thickness, we
compared the figure of merit (FoM = T'°/R,) values
[62], which were calculated from the average optical
transmittance (T) and the sheet resistance (Ry,), as
shown in Figure 4(d). Due to the fact that the active
layer of the PSCs absorbs visible light (400 ~ 800 nm)
along with the visible emission of QDLEDs, the FoM
value is calculated using the average optical transmit-
tance (400 ~ 800 nm) in the visible wavelength region.
In addition, the voltage losses of the PSCs and
QDLEDs are affected by the sheet resistance of the
transparent electrode. Therefore, a higher FoM value
generally indicates the increased quality of the trans-
parent electrodes. With these considerations, we
determined the optimum ta-C thickness on the ITO
electrode. Based on FoM calculation, we found that
the 5-nm thick ta-C layer had the highest FoM value of
24.6 Q. With the optimized thickness of the ta-C
layer (5 nm), the ta-C/ITO anode showed a sheet
resistance of 10.33 Q2 and an optical transmittance
of 88.97% at a wavelength of 550 nm.

Figure 5(a) shows a cross-sectional TEM image of
a PSC manufactured using a ta-C/ITO anode with the
structure glass/ITO/ta-C/CH;NH;PbI;/PCBM/BCP:
Ag. The well-distinguished interface between each
layer in the cross-sectional TEM image indicates that
no interdiffusion occurred. In addition, it shows uni-
form and smooth coating of the ta-C layer HTL on the
ITO anode without any protrusions or hillocks. The
square dotted outline enlarged images in Figure 5(b)
demonstrate the smoothness of the interface. The
BCP:Ag cathode layer in the ‘A’ region was in good
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contact with the PCBM layer without a diffuse inter-
face, and the electron transport layer PCBM was in
good contact with the CH;NH;PbI; layer. The 3-nm
thick BCP layer acted as a hole blocking and electron
transport layer from PCBM to the Ag cathode in the
PSCs. In addition, an enlarged image is shown of the
400-nm thick CH3;NH;Pbl; active layer in the ‘B’
region. As shown in the image, there is good contact
between the CH3;NH;Pbl; active layer and the ta-C
HTL without interdiffusion. The stable interface
between the CH;NH;Pbl; layer and ta-C layer
ensured facile hole transport and collection from the
CH;NH;PbI; layer to the bottom ITO anode. In addi-
tion, Figure S3(a) shows XRD patterns of CH;NH;
Pbl; films coated on the NiO/ITO and the ta-C (5,
10, 15, 20 nm)/ITO substrates. Irrespective of the
buffer layer, the CH3;NH;PbI; films showed identical
crystalline structures. In the ‘C’ region, a cross-section
TEM image and fast Fourier transform (FFT) pattern
was obtained from the ta-C layer. The enlarged ta-C
layer showed a completely disordered structure. In
addition, the FFT showed a diffused pattern, indicat-
ing the amorphous structure of the ta-C layer. The
TEM images indicate that the morphology of ta-C
HTL well follows the morphology of the ITO anode.
Further, FE-SEM images in Figures S2(a-d) show the
amorphous surfaces of ta-C layers with different thick-
nesses deposited on ITO anodes. The ITO film below
the ta-C layer region in ‘D’ shows a well-developed
bixbyite structure with the (222) preferred orientation.
The cross-section TEM image showed the vertically
well-developed columnar structure of the ITO anode.
The strong spots in FFT also indicate the polycrystal-
line structure of the ITO anode.

Figure 6(a) shows the current density-voltage (J-V)
curves for PSCs using different thicknesses of the
single ta-C layer, and the photovoltaic parameters are
summarized in Table 1. The PSC fabricated on ITO
anode with NiO HTL showed a power conversion
efficiency (PCE) of 9.63%. The PCE of PSC fabricated
on the ta-C (5)/ITO anode was 10.53%, slightly higher

(b)

Figure 5. (a) Schematic PSC fabrication process on the ta-C/ITO anode and cross-sectional TEM image obtained from PSC with the
ta-C/ITO anode. (b) Enlarged TEM images obtained from A (Ag/BCP/PCBM/CHsNHsPbl; interface), B (CH3NHsPbls/ta-C/ITO inter-

face), C (ta-C), and D (ITO), respectively.
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Figure 6. (a) Current density-voltage (J-V) curves of PSCs fabricated on the ta-C/ITO anodes with increasing ta-C thickness. (b) UPS
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Table 1. Photovoltaic parameters derived from current-vol-
tage (J-V) measurements of PSCs fabricated on the ta-C (0 nm;
using NiO)/ITO anode and the ta-C (5, 10, 15, 20 nm)/ITO
anodes.

Thickness

Jsc Voc FF PCE Rsn

S
[nm] [mA/cm?] V] [9%] % Qi [Qm?
0 20.19 093 5134 963 021k 11.66
5 19.73 079 6699 1053  1.09k 3.30
10 19.58 075 5458 805  0.64k 6.36
15 19.48 071 4468 618  0.42k 10.11
20 19.09 065 4086 505 039 17.49

than that of the NiO/ITO anode. With increasing ta-C
thickness, the PCE of PSCs decreased. Due to the
gradual decrease in optical transmittance at
a wavelength of 550 nm of the ta-C layer, the exciton
generation of the perovskite active layer decreased.
This affects Jgo but Ve and FF decrease also. The
PSC with ta-C 5-nm-thick layer exhibited a short cir-
cuit current density (Jsc) of 19.73 mA/cm?, an open-
circuit voltage (Voc) of 0.79 V, and a fill factor (FF) of
66.99%, leading to the highest PCE of 10.53%.
Although PSC with 5-nm thick ta-C showed lower
Jsc and V¢ values than NiO, its FF value was higher
than that of PSC with the NiO/ITO anode. The FF
value of a solar cell is mainly influenced by its shunt
resistance (Rgy) and series resistance (Rg). Higher Ry

and lower Rg values are required to achieve ideally
high FF in a solar cell. Therefore, we measured Rgy
and Rg of the PSCs and summarized them in Table 1.
From the fitting of the J-V curves, the PSC with ta-C
HTL had higher Rsy (1.09k Q cm?) and lower
Rg (330 Q cm®) than PSC with NiO HTL. As
a result, the significant difference in series and shunt
resistance can explain the improvement of FF from
51.34% to 66.99% as well as the improvement of PCE
from 9.63% to 10.53%. The device statistics (open
circuit voltage, short circuit current, fill factor, and
PCE) with different ta-C thicknesses (5, 10, 15, 20
nm) are shown in Figure S4(a-d). Through UPS ana-
lysis, we measured the work function and valence
band maximum (VBM) of ta-C films to identify the
hole transport mechanism at the interface between
HTL and the CH3;NH;PbI; active film. Figure 6(b)
shows the spectrum used to determine the work func-
tion and VBM of the 5-nm thick ta-C film obtained
from UPS analysis. The work function (®) of the film
was evaluated via @ = hv — AE, where hv is the photon
energy (21.22 eV) and AE is determined based on the
distance of the binding energy between the secondary
electron emission cutoff (SEC) edge in the UPS spectra
[63]. The work function and VBM of the 5nm thick
ta-C film were respectively calculated to be 4.27 and
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5.27 eV versus vacuum. The VBM of the single ta-C
film (5.27 eV) as a hole transport layer was lower than
that of the CH;NH;PbI; film VBM (5.40 eV) as an
active layer. An energy band diagram illustration of
the PSCs ta-C/ITO anode applied to PSCs is shown in
Figure 6(b). The PSC with ta-C HTL shows the hole
transport process at the interface from the CH;NH;
PbI; layer and ITO layer. Because the ta-C layer has an
appropriate VBM level, photogenerated holes were
able to pass from the active layer to anode through
the ta-C layer. Therefore, it can be seen that the ta-C
layer plays a very important role as an HTL by operat-
ing the PSC. The hysteresis effect in PSCs was mainly
related to the collection of excess carrier, defects in
materials, ion movement caused by polarization, or
ferroelectric effects [64]. The J-V curves show hyster-
esis of the PSCs depending on the scan direction and
speed of the voltage during J-V measurements.
Typically, reliable solar cell J-V measurements should
exhibit coincident curves for both the forward and
reverse scans. As shown in Figure 6(c-f), the
J-V curves of PSCs performing with different ta-C
thicknesses (5, 10, 15, 20 nm) showed a small hyster-
esis with a difference of under 1% in the efficiency
between the forward scan and reverse scan (74 mV/s)
under a 1 sun illumination condition of AMIL.5G.
Table S1 presents a summary of the photovoltaic para-
meters measured with forward and reverse scan direc-
tion for the best-performing solar cells with different
ta-C thicknesses.

We also fabricated PSCs with NiO and ta-C double
HTL as shown on the left side of Figure 7(a). On the ta-C
(5 nm)/ITO and ta-C(10 nm)/ITO sample, we fabricated
PSCs identical to the reference PSCs. The right side of
Figure 7(a) shows a cross-sectional TEM image of a PSC
with ta-C and NiO double HTL. The PSC had the
following device structure: glass/ITO/ta-C/NiO/CHj,
NH;PbI;/PCBM/BCP:Ag. The enlarged square dotted
outline images in Figure 7(b) show the quality of the
interfaces in the PSCs. The BCP:Ag cathode layer in the
‘A’ region was in good contact with the PCBM layer
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without any interdiffusion. In addition, the electron
transport layer PCBM was in good contact with the
CH;3NH;PbI; layer. The 3-nm thick BCP layer acted as
a hole blocking and electron transport layer from PCBM
to the Ag cathode in the PSCs. In addition, an enlarged
image of the 400-nm thick CH;NH;PbI; active layer in
the ‘B’ region is shown, where it can be seen that there is
a sharp interface between the CH;NH;PbI; active layer
and the NiO hole extraction layer. In the ‘C’ region, the
double hole transport layers NiO/ta-C are well distin-
guished with different contrast. The solution-processed
NiO nanoparticle layer was in good contact with the
FCVA-coated ta-C layer. The hole extraction and elec-
tron blocking of the NiO layer, along with the enhance-
ment of hole transport in the ta-C layer, improved the
hole extraction and transport from the CH;NH;PbI;
layer to the bottom ITO anode. In the ‘D’ region, the
ta-C layer is a completely amorphous structure, as
expected from the FFT pattern shown in the inset.
Figure 8(a) shows the current density-voltage (J-V)
curves of the PSC when the NiO layer is additionally
applied to ta-C (5 and 10 nm), and the measured
photovoltaic parameters that were used are summar-
ized in Table 2. The PSCs fabricated by applying NiO
and ta-C as a double HTL increased Jsc compared to
a single ta-C HTL. The PSC with ta-C (5 nm)/NiO
exhibited a power conversion efficiency of 17.21%
with a Ve of 1.01 V, Jsc of 22.86 mA/cm?, and FF
of 74.65%. The PSCs with ta-C (10 nm)/NiO showed
a PCE of 14.05%, with a significant decrease in both
the Jsc (from 22.86 to 18.97 mA/cm?) and FF (from
74.65% to 73.13%). The device statistics (open circuit
voltage, short circuit current, fill factor and PCE) with
NiO/ta-C (5, 10 nm) double HTL are shown in Figure
S5(a-d). Figure 8(b) shows an energy band diagram
illustration of the NiO/ta-C/ITO anode applied to
PSCs. When solar light is irradiated, excitons are gen-
erated in the perovskite active layer, and the holes
generated by the exciton separation move to the ITO
layer through the NiO and ta-C layer. In the energy
band diagram of PSC, it can be seen that NiO

Figure 7. (a) Schematic PSC fabrication process on the double HTL of ta-C and NiO and cross-sectional TEM image obtained from
PSC with the NiO/ta-C/ITO anode. (b) Enlarged TEM images obtained from A (Ag/BCP/PCBM/CH3NH;Pbls interface), B (CHsNH5Pbls
/NiO/ta-C/ITO interface), C (NiO/ta-C/ITO), and D (ta-C), respectively.
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Table 2. Photovoltaic parameters derived from current-vol-
tage (J-V) measurements of PSCs fabricated on the double HTL
of ta-C (5, 10 nm) and NiO.

Thickness JSC VOC FF PCE RSH RS
[nm] [mA/cm?] V] [9%] %] [Qcm?  [Qcm?
5 22.86 1.01 7465 1721 332k 0.24
10 18.97 101 7313 1405 232k 4.79

functions as both a hole extraction/transport and elec-
tron blocking layer. Due to the essentially Ohmic
contact between NiO and CH;NH;Pbl;, a large
Schottky barrier is not formed. The VBM of NiO is
~0.4 eV below the Fermi level (Ef = 5.0 eV), and with
a NiO band-gap of ~3.6 eV, the conduction band
energy is ~1.8 eV [65]. In addition, the photogener-
ated holes were able to pass through the ta-C layer due
to the VBM (5.27 V) of the ta-C layer being similar to
that of the NiO (5.4 eV). Because a large number of
hole carriers flowed into the ITO anode prior to
recombination, the PSCs have a high FF value.
Therefore, the NiO/ta-C double HTL improves the
solar cell performance by effectively enhancing the
hole extraction, transport, and electron blocking and
suppressing the charge recombination. As a result, we
showed the possibility of applying the coated ta-C film
to the HTL of the PSCs by using the FCVA process.
Figure 8(c,d) showed J-V curves measured via forward
and reverse bias sweep for one of the best-performing
solar cells with NiO/ta-C (5, 10 nm) double HTL.
Irrespective of the ta-C thickness, the best performing
PSC showed a small hysteresis with a difference of
under 1% in the efficiency between the forward scan
and reverse scan (74 mV/s) under standard AM1.5G

conditions. A summary of the photovoltaic para-
meters measured with forward and reverse scan direc-
tion for the best-performing solar cells with NiO/ta-C
(5, 10 nm) double HTL was shown in Table S2.

To show the potential of the FCVA processed ta-C
as a hole injection layer (HIL), we fabricated QDLED
with a patterned ta-C/ITO anode. Figure 9(a) is
a schematic diagram showing the fabrication proce-
dure of the QDLED on the ta-C applied as a HIL. The
organic HTL, Green QDs-EML, and ETL were spin-
coated on the patterned ta-C/ITO anode with different
ta-C thicknesses (5, 10, 15 nm), and the LiF/Al cath-
odes were evaporated in a vacuum evaporator. The
interfacial energy level diagrams of TFB/ta-C (5 nm)/
ITO evaluated via UPS are summarized in Figure 9(b).
The energy level diagrams were constructed by com-
bining all of the information from the measured sec-
ondary electron cutoff (SEC) and the highest occupied
molecular orbital (HOMO) or VBM region spectra.
The work functions (®) of ta-C (5 nm) and TFB were
measured as 4.27 and 3.97 eV, respectively. The VBM
of ta-C (5 nm) on ITO was 1.0 eV and the HOMO
level of TFB on ta-C (5 nm) was 1.28 eV from the
Fermi level. To estimate the CBM and lowest unoccu-
pied molecular orbital (LUMO) levels of ta-C (5 nm)
and TFB, the bandgap of each film was evaluated
through the Tauc plot of the UV/Vis absorption spec-
tra data. The band gaps of ta-C (5 nm) and TFB were
measured as 4.12 and 2.92 eV, respectively. The ioni-
zation energy (IE) of ta-C (5 nm) was 5.27 eV. Based
on the VBM and HOMO level calculated from the
vacuum level, the holes are injected into the HOMO
level (5.27 eV) of TFB through the appropriate VBM
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level (5.25 eV) of ta-C (5 nm), as shown in the energy
level diagram. Therefore, the ta-C (5) film could play
a significant role in facilitating the hole injection from
ITO into the emitting layer.

Figure 10 shows the current density—voltage (J-V)
and luminance-voltage (L-V), current efficiency-vol-
tage, and electroluminescence (EL) curve characteris-
tics of the QDLEDs fabricated on the ta-C as
a function of thickness. Figure 10(a) shows the current
density versus the applied voltage for QDLEDs with
different ta-C thicknesses. The maximum current den-
sity according to the applied voltage was 2705.2 mA/
cm?® at 5 nm, 2219.2 mA/cm® at 10 nm, and 1477.5
mA/cm?® at 15 nm. Figure 10(b) shows the L-V curves
of the device with the same turn-on voltage of 4.0
V and a luminance of 1169.1 cd/m? (at 5 nm thick),
1150.4 cd/m? (at 10 nm thick), and 500.53 cd/m? (at 15
nm thick). The maximum luminance was found in
QDLEDs with 5-nm thick ta-C. The L-V curves of
the QDLEDs with ta-C/ITO anodes also showed simi-
lar steep increases after onset. The inset picture shows
an image of the light emission pixels from the QDLED
with ta-C HIL processed by FCVA. In addition, as
shown in Figure 10(c), the QDLED fabricated on the
5-nm thick ta-C layer showed a current efficiency of
0.043cd/A. Figure 10(d) shows a comparison of the
electro-luminance spectra of the QDLEDs with differ-
ent ta-C thicknesses. The spectra of green QDLEDs
showed emission peaks at 532 nm. The inset picture
shows the operation of the QDLEDs with a ta-C thick-
ness of 5 nm.

4. Conclusions

In summary, we demonstrated the usage of ta-C/ITO
anodes fabricated through the FCVA process as a hole
transport or injection for PSCs and QDLEDs. The
effects of using ta-C/ITO anodes as a function of the
ta-C thickness are systemically investigated in terms of
electrical, optical, morphological, and structural prop-
erties. Through XPS and UPS analyses of single ta-C
films, we measured the moderate electrical properties
(sp>/sp” hybridized bond) and work function of ta-C
layer to identify the hole transport or injection
mechanism at the interface. The results showed that
the performance of the PSC or QDLED:s is sensitive to
the ta-C thickness. Under the optimized condition, the
ta-C (5 nm)/ITO anodes exhibit the sheet resistance of
10.33 Q72 the resistivity of 1.34 x 10™* Q cm, and the
optical transmittance of 88.97%. Due to the excellent
optical transmittance and electrical conductivity along
with the well-matched work function, the PSCs and
QDLEDs with the ta-C/ITO anode were successfully
operated. In the case of PSCs, the NiO/ta-C double
HTL showed more efficient hole extraction and trans-
port properties than the single NiO or ta-C layer.
Based on the performance of the PSCs and QDLEDs
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with ta-C/ITO anodes, we suggest that ta-C film fab-
ricated through an FCVA process acts as an effective
hole transport or injection layer and can be applied in
large area PSC and QDLEDs, unlike solution-
processed PEDOT:PSS.
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