Korean J. Chem. Eng., 35(2), 567-573 (2018)
DOI: 10.1007/s11814-017-0285-9

PISSN: 0256-1115
eISSN: 1975-7220

Performance of inverted organic photovoltaic cells with nitrogen doped TiO,
films by atomic layer deposition

Muhammad Zafar*, Ju-Young Yun**, and Do-Heyoung Kim™*"

*School of Chemical Engineering, Chonnam National University, 300 Youngbong-dong, Gwangju 61186, Korea
**Center for Vacuum, Korea Research Institute of Standards and Science, 267 Gajeong-ro, Daejeon 34113, Korea
(Received 22 July 2017 o accepted 7 October 2017)

Abstract—Atomic layer deposition (ALD) was used to synthesize titanium oxide (TiO,) film as an electron transport
layer (ETL) in inverted organic photovoltaic cells (IOPVs). By adjusting the ALD precursor ratio and deposition tem-
perature, the thickness of the TiO, film was 5 nm, and its effect on the photovoltaic performances was evaluated. We
also investigated the effect of nitrogen doping of TiO, on the power conversion efficiency (PCE) of the cells. An IOPV
cell fabricated with a 0.6%-nitrogen-doped TiO, (N-TiO, A) ETL exhibited a PCE of 2.27%, which is a 6% increase
compared with an equivalent cell containing an undoped TiO, ETL. Furthermore, the XPS results confirmed the dop-
ing of nitrogen into the samples. The doping improved the electrical properties of the TiO, films evidenced by the Hall
measurements in terms of conductivity, hall electron mobility and carrier density.
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INTRODUCTION

Solar cells are considered as an efficient source for sustainable
energy alternative that can convert sunlight directly to electrical
power [1-4]. Among different types of solar cells, organic photo-
voltaic cells (OPVs) are of great importance due to their semi-
transparency, solution processability; low fabrication cost, large sur-
face area and mechanical flexibility. Attempts have been made to
improve the power conversion efficiency (PCE) of OPVs with low
bandgap conductive polymers, and the reports claim that more
than 10% PCE has already been achieved [5].

However, one of the disadvantages of conventional design OPV's
is their limited stability under moisture and ambient air condi-
tions, due to which the OPVs can survive for few days only. This
stability issue in OPV's was resolved by the proposition of inverted
design OPV. The OPV device with conventional design consists of
an anode/hole-transport-layer/active-layer/electron-transport-layer/
cathode configuration, while in inverted OPVs (IOPVs) this design
is reversed. Among the most commonly used n-type transparent
metal oxides (TMOs) such as TiO, or ZnO, when coated on fluo-
rine doped tin oxide (FTO) electrodes, behaves as an electron trans-
port layer (ETL) medium for capturing electrons. The utilization
of such TMOs can robustly improve the performance and stabil-
ity of IOPV's, meanwhile also decrease the charge carrier recombi-
nation rate between interfaces [1-6].

Different methods have been proposed in terms of interface engi-
neering for improving the quality and performance of the ETL.
Among them is the use of nanostructured interface or doping of
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thin films, which can lead to enhanced photovoltaic performance
[7-11]. TiO, as ETL is preferred due to its well aligned band gap
distribution in the OPV structure and relatively good electron Hall
mobility [12-15]. In TMOs such as TiO,, the electron transport
properties can be affected by incorporation of specific dopants.
The main objective is to narrow the band gap and simultaneously
improve the electrical properties of the TMO either by anionic or
cationic doping. Theoretically, we have the freedom to move the
conduction band or valance band as per selection of appropriate
dopant. We chose nitrogen, as there have been many reports on
the introduction of N atoms through substitutional doping into
the TiO, lattice in place of O atoms, mainly to improve the electron
transport properties and photocatalytic activity under visible light
[16,17]. The idea has been practiced in a number of smart opto-
electronic devices, including LEDs, sensors, solar cells and cata-
lysts [12-19]. In addition, the introduction of dopants by ALD offers
an expedient method for fabricating doped TMO films by con-
trolled reactant stoichiometry [12-15]. However, there are numer-
ous methods to fabricate nanoscale TiO, films by sol-gel, chemical
vapor deposition (CVD), physical vapor deposition (PVD), and
atomic layer deposition (ALD) [12-20]. But ALD attributes self-
limited growth, good reproducibility; excellent uniformity and con-
formality over the large substrate areas along with accurate control
of film thickness and composition. The optimized doping ratio
results in high electron mobility; increased carrier charge density and
long electron lifetimes [12-15].

In comparison to previous reports, we aimed to get nitrogen
doped TiO, (N-TiO,) ALD based IOPVs for which all fabrication
steps were under ambient air conditions, except for the, TiO, ALD
and the Ag electrode deposition was under vacuum. The experi-
mental parameters for depositing TiO,/N-TiO, films using ALD
were optimized to attain superior photovoltaic performance. We
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report that a PCE of 2.27% can be achieved by using the ALD based
deposition of N-TiO, films.

EXPERIMENTAL

1. Materials

The FTO on glass substrates (sheet resistance<15 )/square and
transmittance>90%) was bought from the Korea electronics train-
ing institute. The PC(,BM and P3HT were purchased from Nano-
C and Rieke Metals, respectively. All chemicals, including vana-
dium oxytriisopropoxide (99%), isopropyl alcohol (IPA 99%), eth-
anol (99%), chlorobenzene (99%) and hydrogen peroxide (H,O,
50%) were purchased from Sigma-Aldrich. The tetrakis-dimethyl-
amido titanium (TDMAT, 99.9%) was purchased from UP Chem-
icals, Inc., and was used without further purification.
2. Synthesis of TiO,/N-TiO, Films

ALD of TiO,/N-TiO, was performed on the desired substrates
in a home-built ALD system using TDMAT and hydrogen perox-
ide (H,O,). The nitrogen doping source was ammonia gas. The
deposition was carried out at 175 °C, which was the optimized tem-
perature in our system. The bubbler temperature for TDMAT and
H,0, was 50 °C and 35 °C, respectively, and argon was used as the
purging gas. The ALD cycle for TiO, was 0.5 s pulse TDMAT/30's
purge argon/0.25 s pulse H,0,/60 s purge argon. Under the condi-
tion used, the growth rate of TiO, was estimated to be 0.04 nm/
cycle. The ALD cycle for N-TiO, A was 0.5s pulse TDMAT/30's
purge argon/0.25 s pulse NH,/60 s purge argon/0.25 s pulse H,O,/
60 s purge argon. The growth rate of N-TiO, A film was 0.04 nm/
cycle. Similarly, for N-TiO, B the ALD cycle was three-times (0.5 s
pulse TDMAT/30 s purge argon/0.25 s pulse NH,/60 s purge argon)
+1 times (0.25 s pulse H,0,/60 s purge argon). The growth rate of
N-TiO, B film was 0.12 nm/cycle. The XPS analysis revealed that
the N-TiO, A and N-TiO, B films contained 0.6% and 0.9% nitro-
gen content, respectively.
3. Synthesis of V,0; Films

V,0; films were prepared using a solution-processing method.
A spin coater was used to make films from an vanadium(V) oxit-
riisopropoxide solution of IPA with a 1: 150 vol ratio. Afterwards,
the films were annealed at an optimized temperature of 165 °C for
5 min. The resulting film thickness was 10 nm.
4. Fabrication and Characterization of IOPV Devices

The FTO substrates were sonicated, first in acetone, and then in
isopropyl alcohol, for 20 min each. Then 5nm TiO,/N-TiO, ETLs
were prepared inside the ALD chamber at 175 °C. Three types of
ETL samples were prepared: TiO, (undoped), N-TiO, A (nitrogen
doping of 0.6%) and N-TiO, B (nitrogen doping of 0.9%). Then
the spin coater was used to deposit the photoactive material
(P3HT: PCBM) with a weight ratio of 1:0.8 in chlorobenzene, fol-
lowed by room temperature annealing for 15 min. Subsequently,
the HTL V,0; was spin-coated onto the surface of the photoac-
tive material and then annealed at 165 °C for 5 min. The thermal
evaporator was used to deposit Ag electrode on top of the HTL
through a shadow mask under vacuum. The device effective area
was 3 mm’.

The morphology of the samples was examined by scanning
electron microscopy (SEM, JEOL S-500). The surface roughness
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Fig. 1. Schematic structure of N-TiO,-based IOPVs.

and thickness of the films were measured using atomic force mi-
croscopy (AFM, Park system) and ellipsometry (Gaertner Scien-
tific), respectively. The optical properties of the samples were deter-
mined by UV visible spectrophotometer (VARIAN). The electrical
properties of the ETLs were investigated using Hall measurements
(Ecopia HMS-3000 Hall Measurement system). A solar simulator
(Keithley 2400) under 100 mW/cm® AM 1.5G was used to meas-
ure the photovoltaic performance of the devices.

RESULTS AND DISCUSSION

Inverted OPVs were fabricated with a device configuration of
cathode/electron-transport-layer/photo-active-layer/hole-transport-
layer/anode as shown in Fig. 1. The electrons generated from exci-
tons in the photoactive material (P3HT:PCBM) are captured
through the TiO,/N-TiO, ALD films. The TiO,/N-TiO, ALD films
were applied onto the FTO glass under various nitrogen doping
conditions to determine its effect on the device performance. The
TiO,/N-TiO, films were fabricated using the ALD with 5nm thick-
ness. Thin films are ideal for solar cell fabrication since they reduce
the interface between the photoactive materials and ETL, thereby
enhancing the electron collection capability. However, in previous
studies, an IOPV device with an ETL thickness greater than 10 nm
showed poor photovoltaic performance due to increased series
resistance at the interphase and longer electron extraction times
[15,21]. An IOPV with an undoped-TiO,-film ETL was used as
reference and the performance of IOPVs with nitrogen doped N-
TiO, A (nitrogen doping of 0.6%) and N-TiO, B (nitrogen doping
of 0.9%) ETLs was investigated. We restricted the film deposition
temperature to 175 °C because higher temperatures resulted in no
further improvements of the device performance.

The SEM images in Fig. 2 show that the undoped TiO, and the
N-TiO, films show the same morphology. The films are very smooth
with absence of nanostructures and pinholes. This morphology is
ideal for the even distribution of the photoactive material on the
ETL. Generally, due to good contact between photoactive layer and
ETL, the shunt resistance is increased and series resistance is de-
creased within the solar cell circuit [22-24]. In UV-spectroscopy
analysis, lower-transmittance spectra generally indicate a higher
concentration of dopant in the TiO, film [25,26]. Fig. 3 shows the
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Fig. 2. SEM images of TiO,/N-TiO, films: (a) TiO, film with undoped 5nm ALD at 175°C (b) N-TiO, A film with 0.6% nitrogen doped
5nm ALD at 175 °C (c) N-TiO, B film with 0.9% nitrogen doped 5 nm ALD at 175 °C.
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Fig. 3. Transmittance spectra of TiO, film with undoped 5nm ALD
at 175°C, N-TiO, A film with 0.6% nitrogen doped 5nm

ALD at 175 °C and N-TiO, B film with 0.9% nitrogen doped
5nm ALD at 175°C.

Table 1. Photovoltaic properties of the IOPVs with different ETLs

transmittance spectra of the TiO, and the N-TiO, films. The trans-
mittance of the N-TiO, A film is slightly reduced when compared
with the reference undoped TiO, film due to very low nitrogen
doping content. It is evident that the N-TiO, B film exhibits low
transmittance relative to the reference undoped TiO, film due to
increase in nitrogen doping content. The slight decrease in trans-
mittance can hinder the efficient absorption of photons into the
photoactive layer and ultimately reduce the IOPV performance [8].

The photovoltaic performance parameters of the IOPVs with
TiO, and N-TiO, films (the latter with different doping content)
are summarized in Table 1. The corresponding J-V curves are shown
in Fig. 4. The reference device, ie., the one with the undoped TiO,
film, shows an open circuit voltage (V,.) of 0.56'V; short circuit
current density (J,.) of 8.61 mA/cm’, fill-factor (FF) of 43.59%, and
PCE of 2.13%. In comparison to the reference device, the perfor-
mance of the device N-TiO, A, with 0.6% nitrogen doped 5nm
ALD at 175 °C, showed better performance parameters, but never-
theless the FF slightly decreased due to the potential problem of
low transmittance, which is correlated to the intensity of light onto
the photoactive material [27]. Interestingly, the PCE of the device
N-TiO, B decreased when the nitrogen doping content was in-

Devices Voc (V) Jsc (mA/cm’) FF (%) Ry (Q) R, (Q) Best PCE (%) Average PCE (%)
TiO, 0.56 8.61 43.59 8679 1189 2.13 2.13+£0.05
N-TiO, A 0.58 9.77 40.04 6547 1243 227 2.22+0.10
N-TiO, B 0.56 8.53 39.32 5801 1434 1.88 1.84+0.15

TiO, film with undoped 5 nm ALD at 175 °C, N-TiO, A film with 0.6% nitrogen doped 5 nm ALD at 175 °C and N-TiO, B film with 0.9%

nitrogen doped 5 nm ALD at 175 °C
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Fig. 4.]-V characteristics of IOPVs with different HTLs. TiO, film
with undoped 5 nm ALD at 175 °C, N-TiO, A film with 0.6%
nitrogen doped 5nm ALD at 175 °C, and N-TiO, B film with
0.9% nitrogen doped 5nm ALD at 175 °C.

creased from 0.6% to 0.9%. This was mainly due to the poor opti-
cal properties, which reduces the intensity of light on to the photo-
active layer. The light intensity is one of the ideal factors in im-
proving the FF of the device, but in our case the FF was compro-
mised. Hyun et al. observed similar behavior of FF in TiO,-ZnO
ALD films and related the FF problem to surface charge traps and
kinks at the interface between ETL and photoactive material [14].
However, in our work, the nitrogen doping played a vital role by
compensating the improvement of the other photovoltaic parame-
ters (V. J. and PCE) along with the electrical properties of the
ETL. The highest PCE was achieved from device N-TiO, A,
which exhibited a V,, of 0.58 V, J.. of 9.77 mA/cm?, FF of 40.04%,
and PCE of 2.27%. As shown in Table 1, the shunt resistance of
the solar cell circuit (Ry,) decreased while the series resistance (R,)
increased with the increase in nitrogen doping content. This behav-
ior occurred due to the increase of grain boundaries at interface,
which is a typical trend observed during the ALD film formation.
It is well known that the R, value is related to the contact resis-
tance at the interfaces and the bulk resistance of all interfacial layers
in the entire IOPV. In addition, Ry, reveals the loss of charge carri-
ers due to current leakage pathways and charge recombination in
the bulk or at the interface [8,15]. One of the advantages of ALD is
its ability to produce uniform films [12-15]. Fig. 5 shows the AFM
images of the TiO,/N-TiO, films, which indicates that as the nitro-
gen doping content was increased the RMS value decreased slightly
from 0.31 nm to 0.25nm. This indicates that the surface area at
the interface was slightly reduced due to decrease in surface rough-
ness and may have caused the drop of IOPV performance param-
eters like FF [14,15].

The optical band gap of the TiO,, N-TiO, A, and N-TiO, B films
was determined from their respective transmission spectra. As a
direct-band gap material, it is reasonable to assume that the ab-
sorption coefficient of TiO, (¢) is proportional to —In(T), where T
is the optical transmission. According to the Tauc relationship, the
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Fig. 5. AFM images of the surface of (a) TiO, film with undoped
5nm ALD at 175°C (b) N-TiO, A film with 0.6% nitrogen
doped 5nm ALD at 175 °C (c) N-TiO, B film with 0.9% nitro-
gen doped 5nm ALD at 175 °C.

relationship between the optical band gap (Eg) and the absorp-
tion coefficient is given by [28]:

ohv~(hv— Eg)” 2

where h is PlancKs constant and v is the frequency of the incident
photon. Eg of the sample films was obtained by plotting (axhv)’
against the photon energy (hv) and extrapolating the straight-line
portion of this plot to the photon-energy axis; as indicated in Fig.
6 Eg decreased from 3.14 eV for the TiO, film to 3.01 and 2.95 eV
for the N-TiO, A and N-TiO, B films, respectively. The band-gap
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Fig. 6. (ch1)’ vs photon energy for TiO, film with undoped 5 nm
ALD at 175 °C, N-TiO, A film with 0.6% nitrogen doped 5 nm
ALD at 175 °C and N-TiO, B film with 0.9% nitrogen doped
5nm ALD at 175 °C.
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narrowing on nitrogen doping is attributed to nitrogen atoms oc-
cupying vacant oxygen sites in the TiO, lattice structure [29]. The
improved photovoltaic performance of N-TiO, A, compared with
undoped TiO,, is attributed to this band gap effect. This nominal
change of band gap also resulted in an improvement of the N-TiO,-
film electrical properties as discussed in the following paragraph.
The electrical properties of the films were investigated using
Hall measurements (Table 2), which confirmed the n-type conduc-
tivity of the TiO, and N-TiO, samples. The conductivity and car-
rier density of the sample N-TiO, A increased dramatically when
compared with undoped TiO,. However, when the nitrogen dop-
ing content was increased in sample N-TiO, B, the Hall electron

Table 2. Electrical Properties of TiO,/N-TiO, ETL films
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mobility dropped. As mentioned in previous studies, the TiN film
conductivity and carrier density mainly depends on the annealing
temperature and atomic percent of nitrogen. The electrical proper-
ties of our N-TiO, films resemble the results of Solovan et al. [30].
The TiN films show superior electrical properties when deposited
at temperature more than 400 °C, as defects states in the crystal
lattice are greatly reduced [31,32]. The improvement in Hall elec-
tron mobility was restricted due to the amorphous nature of the
films and low deposition temperature (175 °C). Thus, the sample
N-TiO, A with 0.6% nitrogen-doping was the optimum ratio, which
improved the electron-transport properties at the interface between
the photoactive material and subsequently contributed towards the

ETL Resistivityx 10~ Conductivityx10* Carrier densityx10”' Hall electron mobility
(Qcm) (1/Q cm) (cm™) (cm®*V's™

Ti0, 3.14 3.18 2.48 80.06

N-TiO, A 0.62 16.01 12.34 80.91

N-TiO, B 0.61 16.41 25.54 40.10

TiO, film with undoped 5 nm ALD at 175 °C, N-TiO, A film with 0.6% nitrogen doped 5 nm ALD at 175 °C and N-TiO, B film with 0.9%

nitrogen doped 5 nm ALD at 175 °C
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Fig. 7. XPS spectra of (a) TiO, film with undoped 5 nm ALD at 175 °C (b) N-TiO, A film with 0.6% nitrogen doped 5 nm ALD at 175 °C (c)

N-TiO, B film with 0.9% nitrogen doped 5 nm ALD at 175 °C.
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enhancement of J,. value in N-TiO, A when compared with undoped
TiO, [18].

Next, to confirm the successful formation of TiO,/N-TiO, and
possibility of selective electron transport and collection, composi-
tional analysis was performed through XPS measurement as shown
in Fig. 7. Strong Ti and O peaks are present in the XPS survey spec-
tra for all three samples, while N 1s peaks are also present in N-
TiO, A and N-TiO, B survey spectra. The main peaks in the TiO,
sample are Ti 2p;, and O 1s at 458.6 and 532.3 eV, respectively;
the binding energies of these peaks correspond to TiO,. The Ti
2ps O 1s, and N 1s peaks in N-TiO, A were at 456.3, 530.5, and
396.4 eV respectively, which matches the binding energy of TiO,
with titanium nitride (TiN). TiN derivate films possess high con-
ductivity; therefore, we conclude that the N in N-TiO, A is pres-
ent in the form of Ti-oxy-nitrides (396-400 eV) [16]. This explains
the considerably better performance of the N-TiO, A device rela-
tive to the other fabricated devices and its superior electrical prop-
erties, as evidenced by the aforementioned Hall measurements.
Similarly, the Ti 2p,, (456.1 eV) and O 1s (532.0 eV) peaks and the
N 1s peak (397.8 V) in the survey spectrum of N-TiO, B closely
match the binding energies of Ti,O; and TiO, ,-Ny, respectively.
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Fig. 8. High-resolution N 1s XPS spectra of (a) N-TiO, A film with
0.6% nitrogen doped 5nm ALD at 175 °C (b) N-TiO, B film
with 0.9% nitrogen doped 5 nm ALD at 175 °C.
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Due to unstable oxidation states of titanium (Ti"*) and oxy-nitrides
(O-N,), the TiOx lattices may have potential defects, which caused
a hindrance in the electron mobility. The binding energy of this
peak is higher than that of TIN (396 eV) appearing at 397.8 eV, which
may be because nitrogen doping into the TiO, lattice reduces the
electron density on the nitrogen due to the high electronegativity
of oxygen. Thus, changes in the nitrogen environment can produce
significant differences in the N 1s XPS spectral region. Therefore,
this was a valid reason for the low performance of N-TiO, B
device [16,17]. High-resolution N 1s XPS spectra of N-TiO, A and
N-TiO, B are shown in Fig. 8. A TiO,-N, peak appears at binding
energies of 399.5 and 399.8 eV in N-TiO, A and N-TiO, B, respec-
tively; these peaks and are in good agreement with the Ti-oxy-
nitrides formation (TiO,-N,). Previously; a broad XPS peak at 400.4
eV supported the presence of nitrogen atoms at the interstitial sites in
the TiO, lattice (O-Ti-N) of N-TiO, A, whereas the peak at 397.8
eV in sample N-TiO, B could be derived from substitution of
nitrogen on the oxygen site in TiO, (TiO,_,N,) or adsorbed NH,
species, ie., molecular nitrogen on the surface. Collectively, the
above-mentioned results indicate that the chemical bonding state
of the ALD-coated TiO,/N-TiO, ETL is similar to that of nitrogen-
doped TiO, nano-fibers under different annealing conditions [16].
In addition, all reported N-doped TiO, samples exhibit two types
of N-bonding configuration (Substituted N in lattice and adsorbed
N on surface) [16,17]. This hinders a conclusive study on the effect
of N doping on the physical and chemical properties of TiO,, because
the different N bonding mechanisms exhibit unique properties.

CONCLUSION

IOPVs were fabricated with 5 nm TiO,/N-TiO, electron trans-
port layers using ALD at 175 °C. The inverted structure took the
form FTO/N-TiO,/P3HT: PCBM/V,04/Ag. We optimized the nitro-
gen doping ratio in relation to the PCE and subsequently investi-
gated the effect of nitrogen doping the TiO, ETL on the IOPV
performance. An IOPV with an N-TiO, A (nitrogen doping of 0.6%)
ETL exhibited the highest PCE (2.27%) along with improved V.
and J,. performance parameters; this was attributed to enhanced
electron charge-carrier transport properties achieved by narrow-
ing the band gap at the interface of the ETL and the photoactive
material. This approach holds future potential for the fabrication of
flexible IOPV's due to the assembling conditions less than 200 °C.
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