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Over 1.1 eV Workfunction Tuning of Cesium Intercalated
Metal Oxides for Functioning as Both Electron and Hole
Transport Layers in Organic Optoelectronic Devices

Xinchen Li, Fengxian Xie, Shaoqing Zhang, Jianhui Hou, and Wallace C. H. Choy*

In this paper, over 1.1 eV continuous tuning of metal oxides workfunction

is realized by cesium intercalation, making the metal oxide function as both
electron transport layer and hole transport layer in organic optoelectronic
devices. The demonstrated metal oxides are commonly used molybdenum
oxide and vanadium oxide. The proposed approach of synthesizing cesium
intercalated metal oxides has interesting properties of room-temperature,
ambient atmosphere, water free and solution process, favoring the forma-
tion of metal oxides as carrier transport layers at different regions in multi-
layered devices and large scale fabrication of organic optoelectronics at low
cost. Besides the wide range of controllable workfunction adjustment, band
structures, and electrical properties are investigated in detail, to understand
the effects of cesium intercalation on metal oxides. The device results show
that, using the proposed cesium intercalation approach, each of the two
investigated metal oxides can function as both ETL and HTL in organic solar
cells and organic light emitting diodes with very good device performances.
Consequently, with the interesting properties in film synthesis, the proposed
cesium intercalated metal oxides can achieve continuously workfunction
tuning over a large range and contribute to evolution of the simple route for
fabricating high performance organic optoelectronic devices.

Up to now, most of the interfacial
layer materials of OSCs and OLEDs are
generally formed by thermal evapora-
tion method or solution process with
high temperature annealing treatment.
For example, thermally evaporated MoO;
as hole transport layer (HTL) and Ca as
electron transport layer (ETL) typically
require high vacuum condition for deposit
and thus high power consumption for
the process.!’ Although OSCs can reach
high power conversion efficiency (PCE),
solution processed MoO; or TiO, using
precursor methods for forming carrier
transport layers usually need high tem-
perature annealing process of the films on
substrates.l’ Tt is a concern that, thermal
evaporation methods or high temperature
annealing processes may cause the molec-
ular scission for polymers and modifica-
tions in crystallization of the blend active
layer, which will deteriorate the perfor-
mance of OSCs or OLEDs and limit the
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1. Introduction

Over the past decades, organic solar cells (OSCs) and organic
light emitting diodes (OLEDs) have shown great potential in
addressing green energy applications and reducing fabrication
costs.l'3l One of the most promising advantages of OSCs and
OLEDs is the potential to realize all solution, room-temperature
and cost-effective processing method, which can greatly sim-
plify device fabrication, lower production costs, and improve
the availability to the general public.
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structure of the device.l!)’. Moreover, the

high energy consumption and uneconom-
ical cost of these processes act inconsistent with the idea of the
green energy applications. Consequently, it is of great impor-
tance to develop the high performance carrier transport layers
featuring in the room-temperature and solution-processed
approach.

Efficient charge transport can be realized when the Fermi
level of metal oxide substrate approach to the ionization
energy of organic material.’! Molybdenum oxide (MoO;) and
vanadium oxide (V,0s) with the high workfunction proper-
ties have been the most promising metal oxides working as
HTLs in OSCs and OLEDs.#10 Typically, the layered crystal
structure of MoOj; and V,0s are held by the presence of van
der Waals forces,'!l which can allow intercalating other atom
or metal cation into the metal oxides. Early studies have shown
that electrical properties and electrochemical performance of
MoOj; or V,05 could be improved by the introduction of other
cations such as H, Ti, K, Al, Mn, Cu, and Sn.['?l Besides, pre-
vious reports have shown that Cs,CO; can be formed as ETL by
solution process with high temperature annealing or evapora-
tion methods in OSCs and OLEDs due to the low workfunction
of the composite film.>!3] There are also reports showing that
the Cs,CO; mixed with TiO, at a 1:1 weight ratio can further
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improve the performance of TiO, ETL in organic optoelectronic
devices." These metal oxides based carrier transport layers
usually need high annealing temperature process or co-evapo-
ration methods.

In this paper, we propose and demonstrate a large and con-
tinuous workfunction tuning of over 1.1 eV in MoO; and V,0s
by the approach of cesium intercalation with a wide mole ratio
of Cs:Mo and Cs:V from 0:1 (pristine metal oxides) to 0.75:1
(Cs intercalated metal oxides). The synthesis approach has
the interesting features of room temperature, room atmos-
phere, water free and solution process. With the large adjust-
ment and controllable workfunction modification, the band
structures and electrical properties favor each of the two metal
oxides functioning as both ETL and HTL within one organic
optoelectronic device. We demonstrate that ETL and HTL made
from the same based metal oxide by this unified approach
can yield efficient performance comparable to traditional non-
metal oxide organic optoelectronic devices including OSCs and
OLEDs. This unified Cs intercalation approach achieves large
workfunction tuning of metal oxides and offers a simple route
to fabricate high performance organic optoelectronic devices.

2. Results and Discussion

2.1. A Wide Tuning of Electrical Properties of Cesium Interca-
lated MoOj; and V,0;

Various mole ratio of cesium intercalated MoO; (Cs,M00;) and
V,05 (Cs,V,05) are formed from corresponding cesium metal
(Mo or V) bronze solutions. The bronze solutions are synthe-
sized from molybdenum powder or vanadium powder which
dissolved in ethanol and hydrogen peroxide mixed solution
with incorporated cesium element at different calculated mole
ratio. The final solution is diluted with ethanol to have an opti-
mized Cs intercalated metal oxides thickness after spin-coating
as described in detail in experimental section. The synthesis
scheme with products of each step as additional description is
described in Supporting Information. The element components
of different synthesized metal oxides are measured by energy-
dispersive X-ray spectroscopy (EDX) as shown in Figure S1
and Table S1 in Supporting Information. The EDX results of
Cs intercalated metal oxides show clear Cs major peaks and
reveal that the metal oxides synthesized from our method are
free from impurities. Notably, compared to pristine MoO3; and
V,0s, Cs,Mo00; and Cs,V,05 can approach large workfunction
tuning with different electrical properties as described below.
The energy level alignment of the metal oxides with adjacent
layers has a great influence in organic optoelectronic devices
performance.””l Here, we use the Kelvin-Probe measurement
to investigate the workfunction variation of the metal oxides by
Cs intercalating process and the results are shown in Table 1.
It is found that the pristine MoO; on the indium tin oxide
(ITO) substrate exhibits a workfunction of 5.32 eV while the
workfunction of pristine V,05 is 5.41 eV. The high workfunc-
tion of MoO; and V,0s can be aligned well with the highest
occupied molecular orbital (HOMO) of typical polymer donors.
When the concentration of intercalated Cs increases, the work-
function of Cs;M00O; and Cs,V,05 can be tuned continuously
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Table 1. The workfunction variation of Cs,MoO; and Cs,V,0s with dif-
ferent Cs ratio. The energy-level offset of Cs intercalated metal oxides
from the pristine metal oxides is defined as AEy.

Mole ratio of Cs : Mo or V Cs,MoO3 Cs,V,05
Workfunction ~ AE; Workfunction AEp
[eV] [eV] [eV] [eV]
0:1 5.32 0 5.41 0
0.07:1 5.03 0.29 5.15 0.26
0.12:1 4.84 0.48 4.91 0.50
0.25:1 4.53 0.79 4.57 0.84
0.5:1 4.28 1.04 4.19 1.22
0.75:1 4.7 1.15 4.12 1.29

from 5.32 eV to 4.17 eV (i.e., the change of workfunction is over
1.15 eV) and from 5.41 eV to 4.12 eV (i.e., the change of work-
function is over 1.29 eV), respectively. Using typical bulk het-
erojunction OSCs as an example, the commonly used acceptor
materials [6,6]-phenyl Cgy;-butyric acid methyl ester (PCqBM)
and [6,6]-phenyl C;;-butyric acid methyl ester (PC;;BM) have
the lowest unoccupied molecular orbital (LUMO) around
4 eV. With appropriate amount of Cs, the workfunction of the
metal oxides can align well with LUMO of the organic acceptor.
Indeed, the Cs intercalated metal oxides with 0.5:1 mole ratio
gives the best performance in organic optoelectronic devices
as described in next section. The morphology and local sur-
face potential of the metal oxide films are also investigated by
Kelvin probe force microscope (KPFM). The films of different
metal oxides were formed by spin-coating prepared solutions
at 3000 rpm on the ITO/glass substrates. Figure 1 shows the
KPFM image results of MoOj3, CsysMo0O3, V,05 and CsV,0s.
The root-mean-square (RMS) roughness of MoO;, CsysMo0O3,
V,05 and CsV,05 are 2.16 nm, 2.10 nm, 2.64 nm and 3.34 nm
respectively. The small RMS roughness indicates that metal
oxides films can form compactly as buffer layers on the elec-
trode and reduce the leakage current. As shown in Figure le
to h, the smooth surface potential of metal oxides reveal that
Cs intercalated metal oxides with good film quality are formed.

To further understand the mechanism of workfunction
tuning of metal oxides by Cs intercalation, electrical properties
and band structures of MoO;, CsysMo0O;, V,05 and CsV,0s
formed on ITO substrates have been studied by using ultra-
violet photoelectron spectroscopy (UPS). Figure 2a shows that
when Cs:Mo ratio increases from 0:1 to 0.5:1, the secondary-
electron cut-off shifts 1.11 eV and Fermi edge shifts 0.23 eV.
Meanwhile, when Cs:V ratio increases from 0:1 to 0.5:1, the
secondary-electron cut-off and Fermi edge shift 1.28 eV and
0.56 eV respectively as shown in Figure 2b. The clear shifts
of the UPS results indicate that the energy band structures of
MoO; and V,0s films are changed simultaneously with the
Cs intercalating process. In the meantime, the optical band
gap (E,p), which was measured by ellipsometry, are shown
in Figure 2c,d. Interestingly, the E,, of MoOs enlarges from
2.97 eV to 3.26 eV when the Cs:Mo ratio changes from 0:1 to
0.5:1. For the case of V,Os, E, increases from 3.23 eV to 3.31 eV.
The E,p, widening of the Cs intercalated metal oxides reveals
that higher energy excitation is required for electron transitions
from the valence band to the conduction band, which also occur
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Figure 1. KPFM results of different metal oxides with measured area of 2 pm x 2 ym, including a—d) surface height image of MoO3, Csg5Mo0O;3, V,0s,
CsV,0s (the scale bar is £15 nm), e-h) surface potential of metal oxides (the scale bar is £200 meV).

in heavily doped n-type semiconductor and can be explained by
band-filling effect.'%! As a consequence, the enlarged band gap
by Cs intercalation makes the metal oxides become effective
electron transport layers with good hole blocking properties.

From the results of UPS and Ky, the energy band structure
diagrams of pristine MoO3, V,05 and Cs;Mo00O3, Cs,V,05 are
obtained as shown in Figure 2e,f. The Fermi level of MoO; can
be significantly modified from 5.35 eV to 4.24 eV and that of
V,0;5 from 5.43 eV to 4.15 eV by Cs intercalation. The work-
function of semiconductor is highly depended on the Fermi
level of the band structure. The Fermi levels of intercalated
metal oxides which were determined in relevant energy band
structures which re-confirm the Kelvin-Probe results as shown
in Table 1. Importantly, from detail energy band structures, it
is clearly observed that Cs,MoO; and Cs,V,05 become more
n-type semiconductor (i.e., Fermi levels approach more to con-
duction bands), which offers better electron transport proper-
ties for applications in organic optoelectronic devices.

2.2. Performance of Organic Optoelectronic Devices

2.2.1. OSCs with Cs Intercalated Metal Oxides as
both ETL and HTL

The OSCs have the structure of ITO/pristine metal oxide/
polymer blend active layer/Cs intercalated metal oxide/Al as
shown in Figure 3a. The active layer is low band gap donor of
poly[(((2-hexyldecyl)sulfonyl)-4,6-di(thiophen-2-yl)thieno[3,4-b]
thiophene-2,6-diyl)-alt-(4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-
b']dithiophene-2,6-diyl)] (PBDTDTTT-S-T)"”l blended with
acceptor of [6,6]-phenyl C;;-butyric acid methyl ester (PC;;BM).
In the OSCs, the HTL and ETL are either MoO; and CsysMoO;
or V,0s and CsV,0s respectively. The thickness of the
CsysMoOj; and CsV,0s are optimized as shown in Table S2 and
Figure S2 in Supporting Information. Details of device fabrica-
tion are described in experimental section.

By using Cs intercalated MoO; and V,05 and pristine metal
oxides as both of ETL and HTL, the performances of optimized

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

OSCs are summarized in Table 2. By using the MoO; and
CspsMoO; as HTL and ETL respectively, the optimized OSC
has short-circuit current density (Jsc) of 16.08 mA ¢cm™, an
open-circuit voltage (Voc) of 0.68 V, a fill factor (FF) of 66.94%
and a PCE of 7.32%. Meanwhile, by using CsV,05 as ETL and
V,0s as HTL, the optimized OSC has Jsc of 16.38 mA cm™,
Voc of 0.68 V, FF of 67.23%, and PCE of 7.49%. The perfor-
mances are comparable to the reported OSCs with the normal
structure of ITO/PEDOT:PSS/PBDTDTTT-S-T:PC;;BM/Ca/Al
which gives average PCE of 7.48%.113] The incident photon-to-
current conversion efficiency (IPCE) spectra of different OSCs
are given in Figure S3 in Supporting Information. The perfor-
mance of OSCs using metal oxide as HTL and a bare layer Al
as cathode is shown in Figure S4 and Table S3 in Supporting
Information.

Regarding the Cs intercalation effects on OSCs, the device
performances of OSCs using metal oxides with different Cs
mole ratio as electron transport layer are shown in Figure 4a,b
as well as Table 3. It can be observed that the performance of
OSCs gradually improved when the Cs content increases. The
optimal performance can be achieved when the Cs:Mo and
Cs:V mole ratios reach 0.5:1. By using larger Cs ratio of the
metal oxides films, the performance of OSC slightly decreases
especially for the Jsc and FF. This may be due to an excess of
Cs cations intercalated into MoOj; and V,05 layered structure
which causes defects and the carrier transport properties deg-
radation.['] Moreover, inverted OSCs using metal oxides and
Cs intercalated metal oxides as HTLs and ETLs can also be real-
ized. The OSC with the structures of ITO/CsysMoO3;/PBDT-
DTTT-S-T:PC;;BM/Mo00O;/Ag gives Jsc of 15.63 mA cm™?,
Voc of 0.61 V, FF of 62.85% and PCE of 6.00%, and OSC of
ITO/CsV,05/PBDTDTTT-S-T:PC;;BM/V,05/Ag gives Jsc of
15.79 mA cm™, Vy¢ of 0.63 V, FF of 61.10%, and PCE of
6.08%. The details of the organic optoelectronic devices
with inverted structure will be discussed and reported in
elsewhere.

In OSCs, an optimal V¢ can be generally realized by forming
Ohmic contacts between the electrodes and the polymer blend
active layer. Otherwise, V¢ will reduce when there are Schottky

Adv. Funct. Mater. 2014, 24, 7348-7356
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Figure 2. a,b) UPS results of MoOs, CsysMoOQs, V,0s and CsV,0s. ¢,d) Optical band gap (E,p) results from the plot of (0thv)'/2 verse photon energy
(hv) of M0oOs3, Cs45M00s3, V,05 and CsV,0s. Eqy can be taken from the intersection of extrapolated line with the energy axis. Different E,,; of MoO;3,
CssMoO3, V,0s, and CsV,Os are 2.97 eV, 3.26 eV, 3.23 eV, and 3.31 eV respectively. e,f) Detailed energy band structures calculated from the UPS and

E,p: results of different metal oxides.

op’

contacts at the interfaces. Here, the energy-level offset between
the HTL and ETL is defined as AEg. By change the Cs content
in metal oxides, the variation of workfunction (see Figure 5a)
and Voc dependent on AEg (see Figure 5b) are investigated.
At low Cs content such as Cs:Mo and Cs:V less than 0.25:1, a
general increase of Vo is accompanied by the increase of AEg,
which illustrates that the potential barrier of non-Ohmic con-
tacts between the ETL and the active layer is the cause of the
carrier energy loss, and thus V¢ degradation.* With further
increase of the Cs ration exceeding 0.5:1, V¢ remains around
the value of 0.68 V and gives an optimal device performance.
It should be noted that, Voc and the corresponding (1/9)AEg
have an electrical potential difference of about 0.3 V, which well
agrees with the previous theoretical and experimental reports of
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a surplus potential difference of 0.3 eV for efficient charge dis-
sociation.?% Importantly, by adjusting the Cs content in MoO;
and V,0s, the energy-level offset of the carrier transport layers
can be tuned to achieve an optimal Vq¢ by using effective ETL
and HTL with the expression:
AEr 2qVoc +0.3 eV (1)
where g is the electron charge.

The efficiency of OSCs also strongly depends on the Jgc
and FF. By changing the Cs content in metal oxides, the bar-
rier between the ETL and the polymer blend active layer
will change, which significantly influences Jsc and FF and
thus PCE of the OSCs as shown in Figure 5c¢,d. Previously
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Figure 3. a) The schematic energy level diagrams of OSCs with structures
of ITO/MoO;/PBDTDTTT-S-T:PC;;BM/CsosMoO;/Al and ITO/V,0s/
PBDTDTTT-S-T:PC;;BM/CsV,0s/Al. b) Current density-voltage (J-V)
characteristics of OSCs using different metal oxides as carrier transport
layers. (Inset: Dark current density-voltage (J4,—V) characteristics of
OSCs with different structures.)

theoretical analysis of the generalized Shockley equation of
J-V characteristics and the FF by photovoltaic effect indicates
the strong limitation by the series and shunt resistance in solar
cells,2! which also explain that the non-Ohmic contact causes
the carriers accumulation at the interface and the energy loss
of the carriers to overcome the potential barrier.'5] As shown
in Figure 5d, it is also found that the PCE has the nearly
quadratic relationship with AEg when the potential difference
keeps decreasing. In other words, when there is potential bar-
rier formed at the interface, a small decrease of AE will cause
a larger drop of PCE of the device with regard to the device
parameters of Vg, Jsc, and FF.
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2.2.2. OLEDs with Cs Intercalated Metal Oxides as both ETL
and HTL

In this study, OLEDs are fabricated with the normal structures
of ITO/MoO;(8 nm)/P-PPV/Cs; sMoO;(10 nm)/Al(100 nm) and
ITO/V,05(8 nm)/P-PPV/CsV,05(10 nm)/Al(100 nm). Cs inter-
calated MoO; and V,0s and pristine metal oxides have been
demonstrated in OLEDs as both of ETLs and HTLs. The
solution-processed light emitting layer is spin-coated with the
thickness of 80 nm onto HTLs of MoO3 and V,05 by using the
poly[2-(4-(3',7'-dimethyloctyloxy)-phenyl)-p-phenylene-vinylene]
(P-PPV).22l A conventional OLED with non-metal oxides struc-
ture of ITO/PEDOT:PSS/P-PPV/LiF/Al is also fabricated for
comparison purpose. Details of OLEDs fabrication methods
can be found in the experimental section.

Figure 6a,b shows the current density—voltage-luminance (J-
V-L) and luminance efficiency—current density-luminance (LE-
J-L) characteristics of OLEDs with different devices structures.
OLED with MoOj3 based carrier transport layers gives a turn-on
voltage at 5.25 V and a maximum luminance 23 300 cd m™
at 11.75 V. Meanwhile, OLED with V,0Os based carrier trans-
port layers shows a turn-on voltage at 5.00 V and the maximum
luminance 31 000 cd m~2 at 11.25 V. Devices using metal oxides
demonstrate obvious enhancement compared to the control
OLED with a turn-on voltage at 6 V and a maximum luminance
23 155 cd m~2 at 13.75 V. The corresponding normalized elec-
troluminescent spectra of different structure OLEDs are shown
in Figure S5 in Supporting Information. The air stabilities test
of un-encapsulated OLEDs with different HTLs and ETLs are
given in Figure S6 in Supporting Information. OLEDs with
metal oxides as carrier transport layers have much steeper
J-V characteristics, which reveal better conductivity compared
to the control device. Even though the current efficient of the
control OLED is better at the low emission intensity, the cur-
rent efficient of the metal oxide based OLEDs are similar
to (in some case even better than) that of the control OLEDs
when emission intensity is bigger than 500 Cd m™. Inverted
OLEDs with metal oxides as HTL and ETL can also be fabri-
cated with the structures of ITO/CsysMoOs3/P-PPV/MoOs/Ag
and ITO/CsV,05/P-PPV/V,0s5/Ag. The inverted device with
MoO; based carrier transport layers gives a turn-on voltage at
5.25 V and a maximum luminance 22 383 ¢d m~2 at 11.75 V.
And the inverted device with V,05 based carrier transport layers
shows a turn-on voltage at 4.75 V and the maximum luminance
28 516 cd m™% at 11.5 V. Consequently, the larger luminance
and lower turn-on voltage indicate metal oxides offer more effi-
cient charge injection. Besides, the smoother roll-off luminance
efficiency of the metal oxides based OLEDs reflects that the
metal oxides have very good energy level alignment ability with
adjacent organic layers at different electric fields.

Table 2. Device parameters of optimized OSCs using different metal oxides as carrier trans-
port layers. The series resistance (Rs) of each device is calculated from the slope of the dark

current density—voltage (J4,n—V) curves at a forward biased voltage of 2 V.

3. Conclusion

In summary, we have demonstrated over

OSCs structures Voc Jsc FF PCE Rs R R X
) [mA cm %] %] [Qcm?] 1.1 eV workfunction tuning of metal oxides
MoO;/CsosMoO;  0.68+0.006 16.08+0.576 66.94+0.836 7.32+0.190 1.41£0.127 1nc1u.d1ng MoO; and VZ,OS by usmng Cs inter-
calation. The synthesized Cs intercalated
V,05/CsV,0s 0.68+£0.005 163810460 67.23+1.572 7.49+0.156 1.29+0.157

metal oxides have the interesting features

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. J-V characteristics of OSCs using Cs intercalated metal oxides as ETLs with different Cs ratio. a) OSCs with MoO3 as HTL and Cs,MoOs as

ETL; b) OSCs with V,05 as HTL and Cs,V,05 as ETL.

of room temperature and pressures, water free and solution
process. We have also investigated the band structures and
electrical properties of the Cs intercalated metal oxides for
understanding the large workfunction tuning abilities. The
results show that by using Cs intercalation, each of the metal
oxides can function as both ETL and HTL in OSCs and OLEDs.
The metal oxides based OSCs show compatible performances
to that of the typical PEDOT:PSS based OSCs. In addition,
OLEDs with Cs intercalated metal oxides as carrier transport
layers has clear improvement the charge injection compared to
the traditional non-metal oxide device made from PEDOT:PSS/
LiF as HTL and ETL. Consequently, this new approach of Cs
intercalated metal oxides with large workfunction tuning abili-
ties can contribute to the evolution of applying metal oxides in
high performance organic optoelectronic devices.

4. Experimental Section

Synthesis of Cesium Intercalated Metal Oxides: Molybdenum powder,
vanadium powder and cesium carbonate powder were purchased
from Aladdin Industrial Inc. The Cs intercalated metal oxides films
were formed from cesium molybdenum bronze solution and cesium

vanadium bronze solution. The solutions were obtained by blending
the metal bronze solutions with Cs,COj; solution at different calculated
mole ratio and finally diluted with ethanol to have an optimized Cs
intercalated metal oxides thickness after spin-coating. To obtain cesium
molybdenum bronze solution and cesium vanadium bronze solution,
the Cs,CO; powder was firstly dissolved into 2-methoxyethanol at a
high concentration of 10 mg mL™". 0.1 g molybdenum metal powder
and 0.1 g vanadium metal powder was dispersed into 10 mL ethanol
with ultrasonic bath. 0.3 ml hydrogen peroxide (30%) was added into
molybdenum ethanol solution and 0.5 ml hydrogen peroxide was added
into vanadium ethanol solution respectively. After 24 hours reaction with
magnetic stirrer, the remaining solvents were vaporized in a dry box and
followed by dissolving into ethanol with a concentration of 1 mg mL™".
The Cs,CO; solution was dropwise added into metal bronze solutions
with a calculated volume ratio. The final Cs metal bronze solutions were
diluted with ethanol to 1 mg mL™' of the total concentration. Further
details of the synthesis can be found in Supporting Information.
Fabrication of OSCs Devices: The OSCs with structures of ITO/MoO3/
PBDTDTTT-S-T:PC;;BM/Cs,MoO;/Al  and  ITO/V,0s/PBDTDTTT-S-
T:PC7;BM/Cs,V,05/Al respectively were fabricated by the following
procedures. The ITO/glass substrate was cleaned with detergent,
acetone, ethanol, and UV-ozone treatment for each of 15 min. The
sheet resistance of the ITO/glass was 15 Q A~. The MoO; and V,Os
films were formed by spin-coating molybdenum and vanadium bronze
solution at 3000 rpm for 30 s onto the cleaned ITO substrates. The
films thickness of MoO; and V,05 are 8 nm which were measured

Table 3. Summary of device parameters of OSCs using Cs intercalated metal oxides with different Cs ratio as carrier transport layers.

Mole ratio of Cs : Mo or V AEp Voc Jsc FF PCE
[eV] [mV] [mA cm?] (%] %)
Mo0O;/Cs,MoO; 0:1 0 0 0 0 0
0.07:1 0.29 275 10.12 26.16 0.73
0.12:1 0.48 400 12.98 47.64 2.47
0.25:1 0.79 512 14.04 49.26 3.55
05:1 1.04 680 16.08 66.94 7.32
0.75:1 1.15 680 15.12 65.18 6.70
V,05/Cs,V,05 0:1 0 0 0 0 0
0.07:1 0.26 237 10.07 22.17 0.53
0.12:1 0.50 375 13.12 46.48 2.28
0.25:1 0.84 475 15.21 48.71 3.28
0.5:1 1.22 680 16.38 67.23 7.49
0.75:1 1.29 680 16.28 63.37 7.02
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Figure 5. a) The workfunction variation of Cs intercalated metal oxides with different Cs ratio. b—d) The dependence of OSCs parameters on the energy-
level offset (AE) between the HTL and the ETL, in details of b) open-circuit voltage (Voc), c) short-circuit current density (Jsc) and fill factor (FF),

d) power conversion efficiency (PCE).

by ellipsometry. The blended solution of PBDTDTTT-S-T:PC;;BM
was prepared in chlorobenzene (CB) at the concentration of
8 mg mL™:12 mg mL™" with addition 3% v/v 1,8-diiodooctane (DIO).
After the HTL formation, the blended solution was spin-coated onto the
substrate at 2500 rpm for 50 s with a thickness of 110 nm, followed by
10 Pa vacuum treatment for 3 h to remove DIO. Cs,Mo0O; and Cs,V,05
films were formed by spin-coating prepared solution directly onto the
active layers at 3000 rpm for 40 s with a thickness of 10 nm. The top
electrode of Al of a thickness 100 nm was finally thermally evaporated
onto the top interfacial layers with a shadow mask of 0.06 cm?
area.

Fabrication of OLEDs Devices: Active material of P-PPV solution was
firstly prepared in p-Xylene at a concentration of 8 mg mL™". The OLEDs
with structures of ITO/MoO;/P-PPV/Cs,MoO3/Al and ITO/V,0s/P-PPV/

(a) 1 40k
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Cs,V,05/Al were fabricated by the following procedures. HTLs of MoOs
and V,0s films were spin-coated onto the pre-cleaned ITO substrates
with the same procedures as OSCs. The active layer was formed by
spin-coated the P-PPV solution at 2000 rpm for 60 s with a thickness of
80 nm. ETLs of Cs intercalated MoO; and V,0s were fabricated using
the same procedure as OSCs. For conventional structure OLEDs of ITO/
PEDOT:PSS/P-PPV/LiF/Al, PEDOT:PSS was firstly spin-coated onto
ITO substrate at 3000 rpm for 40 s with a thickness of 40 nm, followed
by thermally baking process at 120 °C for 20 min. After the active layer
formation, ETL of LiF was evaporated in a vacuum chamber of 1 nm. Finally,
the top electrode of Al of a thickness 100 nm was thermally evaporated
onto the ETLs with a shadow mask of 0.06 cm? area. The inverted structure
OSCs and OLEDs were fabricated with thermally evaporated 100 nm Ag
onto the HTL metal oxides with a shadow mask of 0.06 cm? area.
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Figure 6. Respective a) current density-voltage-luminance (J-V-L) and luminance efficiency—current density—luminance (LE—/-L) characteristics of

OLEDs with different carrier transport layers.
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Measurement and Characterization: The current density-voltage
(J-V) characterizations of the OSCs were measured by using a Keithley
2635 source meter and an ABET AM 1.5 G solar simulator with a light
intensity of 100 mW cm™2. The series resistance (Rs) of each device is
calculated from the slope of the dark current density-voltage (Jgu1—V)
curves at a forward biased voltage of 2 V. The statistical errors of each
parameter are sampled at least of 10 devices. The current density-
voltage-luminance (J-V-L) and luminance efficiency-current density-
luminance (LE—/-L) characteristics of OLEDs were measured by using a
Keithley 2635 source meter and a calibrated Si photodiode. Normalized
electroluminance spectra were recorded by an Oriel spectrometer with
a charge-coupled device detector. The thickness and the optical band
gap of different carrier transport layers were measured by spectroscopic
ellipsometry (J.A. WOOLLAM CO. INC.). The workfunction of different
carrier transport layers were measured by a SKP5050 Scanning Kelvin
Probe System (KP Technology Ltd.) with a resolution 1-3 meV. The
results of Kelvin probe force microscope (KPFM) was measured
by using MultiMode 8 of Bruker Corporation. UPS measurement
was taken by He | discharge lamp (Kratos Analytical) with energy of
21.22 eV and a resolution of 0.15 eV. A-10 V bias was added to enhance
the measured signals on the samples. EDX results and elements analysis
are measured by FEI Tecnai G2 20 S-TWIN Scanning Transmission
Electron Microscope.

Supporting Information

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