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Enhanced Charge-Carrier Injection and Collection Via
Lamination of Doped Polymer Layers p-Doped with a
Solution-Processible Molybdenum Complex

An Dai, Yinhua Zhou, Andrew L. Shu, Swagat K. Mohapatra, He Wang,
Canek Fuentes-Hernandez, Yadong Zhang, Stephen Barlow, Yueh-Lin Loo,
Seth R. Marder, Bernard Kippelen, and Antoine Kahn*

Poly(3-hexylthiophene) (P3HT) is p-doped by the new soluble dopant molyb-
denum tris[1-(methoxycarbonyl)-2-(trifluoromethyl)-ethane-1,2-dithiolene] and
investigated via photoemission spectroscopy and transport measurements.
Soft-contact transfer lamination of thin layers of the doped P3HT on undoped
polymer layers is used to create spatially-confined doped regions, which
serve as hole-injection contacts on P3HT diodes. This strategy is then used
to create efficient hole-collecting contacts on solution-processed inverted

polymer solar cells.

1. Introduction

Engineering molecular-level alignment at electrode/organic
interfaces in order to achieve efficient charge injection or
collection has generated considerable activity in the field of
organic electronics, where contacts directly affect device perfor-
mance.'"1% In inorganic semiconductors, Ohmic contacts are
often enabled by degenerate doping of the semiconductor at the
contact interface, to induce a narrow depletion region through
which carriers can effectively tunnel.l'l Similar strategies have
been successfully applied to vacuum-deposited small-molecule
organic thin films, in which the width of a heavily doped region

A. Dai, A. L. Shu, H. Wang, Prof. A. Kahn
Department of Electrical Engineering

Princeton University

Princeton, NJ, 08544, USA

E-mail: kahn@princeton.edu

Dr. Y. Zhou, Dr. C. Fuentes-Hernandez,

Prof. B. Kippelen

Center for Organic Photonics and Electronics (COPE)
School of Electrical and Computer Engineering
Georgia Institute of Technology

Atlanta, GA, 30332-0400, USA

Dr. S. K. Mohapatra, Dr. Y. Zhang, Dr. S. Barlow, Prof. S. R. Marder
School of Chemistry and Biochemistry

Georgia Institute of Technology

Atlanta, GA, 30332-0400, USA

H. Wang, Prof. Y.-L. Loo

Department of Chemical and Biological Engineering

Princeton University

Princeton, NJ, 08544, USA

DOI: 10.1002/adfm.201303232

Adv. Funct. Mater. 2014, 24, 21972204

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

can be straightforwardly controlled down
to a few nanometers by co-evaporation of
the host and the dopant molecules.2#12:13]
Carrier injection enhancement of several
orders-of-magnitude in organic light-
emitting diodes and transistors has been
demonstrated.[1*18] Doping-induced
enhancement of charge carrier collection
at small-molecule organic solar cell con-
tacts has also been demonstrated.['21319]
Achieving the same degree of spatial
control of dopant profile for polymer-
based devices is more challenging:
polymer films are solution-deposited and, although doped films
can be obtained via deposition of a solution containing the host
and dopant, spatial distribution of the dopants cannot be easily
controlled. Sequential spin-coating of undoped and doped films
using orthogonal solvents is one possible approach; however,
the polymer—solvent compatibility needed for forming high
quality films and interfaces is not assured. We present here a
conceptually simple approach based on soft-contact transfer-
lamination (SCTL) of a polymer homojunction, using a soft
stamp, for example, polydimethylsiloxane (PDMS), as a transfer
medium. SCTL has been extensively used in the past for the
deposition of metal electrodes?*2!l or active layers in organic
transistors?22%l and photovoltaic cells.?*2% In the present case,
two polymer films, one undoped and one doped, are prepared
separately via spin-coating, and then joined via SCTL to realize
doped hole-injection or -collection contacts for diodes and
solar cells. We have previously demonstrated with two poly-
mers, poly(3-hexylthiophene) (P3HT) (Figure 1) and poly|[(9-
,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1’-3}-thiadiazole)]
(F8BT), that the lamination process of undoped films leads to
“transparent” homojunctions, that is, interfaces that are elec-
tronically and electrically seamless!*’! as evidenced by the facts
that i) no significant energy shift of molecular levels occurs
across the SCTL junction, and ii) the current injected from
either electrode is independent of whether the middle layer
consists of a single polymer film of thickness “”, or of two
laminated films with the same total thickness“t’. These results
demonstrate that SCTL is a viable method for assembling mul-
tilayer polymer devices from separately fabricated layers, thus
enabling functionalization, doping, and other materials modi-
fication of specific parts of a device structure. Though demon-
strated to work effectively across metal-metal interfaces, this
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Figure 1. Chemical structures of the host material P3HT and the dopant
Mo (tfd-CO,Me);.

type of lamination procedure is precluded for inorganic semi-
conductors, as dangling bonds would introduce considerable
densities of interface traps and recombination centers.

We were interested in extending the soft-lamination con-
cept to the fabrication of doped/undoped junctions using the
hole-transport material P3HT. Initial attempts to use the strong
oxidant  molybdenum  tris-[1,2-bis(trifluoromethyl)ethane-
1,2-dithiolene] (Mo(tfd);), which can easily be incorporated
via co-evaporation in, and efficiently p-dopes, molecular hosts,
such as N,N’-di-[(1-naphthyl)-N,N’-diphenyl]-1,1"-biphenyl)-4,4"-
diamine(0-NPD) (ionization energy IE = 5.4 eVI*) were compli-
cated Dy its tendency to give extensive precipitation when mixed
with solutions of polymers like P3HT, making the formation
of well-controlled doped films nearly impossible. We there-
fore designed a new derivative of this dopant bearing more
solubilizing groups: molybdenum tris-[1-(methoxycarbonyl)-
2-(trifluoromethyl)  ethane-1,2-dithiolene  (Mo(tfd-CO,Me),)
(Figure 1). Here we report the synthesis, ionization energy
(IE) and electron affinity (EA), and use in doping of P3HT, of
Mo(tfd-CO,Me);. We then demonstrate SCTL of undoped and
doped P3HT films, and the desired current injection enhance-
ment. Finally, we create efficient hole-collection contacts on
bulk heterojunction solar cells using this same approach.

2. Design, Synthesis, and Characterization
of Mo(tfd-CO,Me);

We attributed the poor solubility encountered when preparing
Mo(tfd);-doped P3HT to the symmetry and rigidity of the
Mo(tfd); anion and the poorly solubilizing effects of the fluoro-
alkyl substituents. We hypothesized that replacement of one of
the trifluoromethyl groups of each dithiolene ligand with an
alkyl ester would increase the degrees of freedom in the com-
plex and also decrease unfavorable fluoroalkyl-hydrocarbon
interactions, while, at the same time, the electron-withdrawing
characteristics of the ester group would help maintain a high
EA in the complex. The dianion of Mo(tfd-CO,Me); was iso-
lated as its tetraethylammonium salt from the reaction of
methyl 4,4,4-trifluorobut-2-ynoate)*” with (NEt,*),[MoSg)*~B!
the neutral dopant was obtained after oxidation of the dianion
with nitrosonium hexafluorophosphate. As well as facilitating
solution-processing of doped polymer (see below), the ester
substituents of Mo(tfd-CO,Me); also lead to considerably
increased solubility for the neutral dopant (e.g., ca. 50 mg/mL
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Figure 2. Combined UPS (left) and IPES (right) spectra of Mo(tfd-
CO,Me); film. The Fermi level (Ef) is the reference 0 eV. The onsets of
occupied and unoccupied states with respect to the vacuum level (E,,)
yield IE =7.2 eV and EA = 5.0 eV, respectively.

in chlorobenzene) over that of Mo(tfd); (ca. 3 mg mL™! in the
same solvent). More details on the synthesis are given in the
experimental section.

The IE and EA of Mo(tfd-CO,Me); was determined from
ultrahigh vacuum ultraviolet and inverse photoemission spec-
troscopy (UPS, IPES), respectively, of a film spin-coated on Au
(Figure 2). From the UPS spectrum, the IE of the film, con-
ventionally defined as the difference between the vacuum level
(Evac) and the onset of the highest occupied molecular orbital
(HOMO) is 7.2 eV. The EA, determined from the IPES spec-
trum as the difference between E,,. and the onset of the lowest
unoccupied molecular orbital (LUMO), is 5.0 eV. Although the
EA is 0.6 eV smaller than that of Mo(tfd);,[ indicating that
Mo(tfd-CO,Me)sis a weaker oxidant, it is still sufficiently large
for p-doping P3HT, which has an IE of 4.65 V.2

3. Doped P3HT Films

3.1. Electronic Structure

UPS spectra of the HOMO region of P3HT films doped with
increasing concentrations of Mo(tfd-CO,Me); are shown in
Figure 3. The 20 nm-thick P3HT films were spin-coated on
cleaned ITO substrates and annealed in nitrogen at 110 °C
for 10 min. The figure shows the progressive shift of the
HOMO edge toward the Fermi level (Ex = 0 eV), as expected
for p-doping. Note that 1 wt% of Mo(tfd-CO,Me); in P3HT cor-
responds to about 1 dopant molecule for every 450 P3HT thio-
phene mers. The energy difference between the Fermi level and
the HOMO edge decreases from 0.70 eV for the undoped film
to 0.61, 0.44, and 0.32 eV for 1, 4, and 10 wt% doping level,
respectively. Concomitantly, the work function (WF) of the film
increases from 4.0 to 4.15, 4.26, and 4.5 eV for the same doping
concentration values. Note that, although close, the WF change
does not strictly mirror the Fermi level shift, as the IE and EA
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Figure 3. He | UPS spectra of the HOMO region of P3HT as a function
of Mo (tfd-CO,Me); doping concentration. The Fermi level shifts towards
the HOMO edge as the doping concentration increases.

of the film increase slightly during the doping process. UPS
measurements of doped P3HT films deposited on poly(3,4-eth
ylenedioxythiophene):poly(styrenesulfonate), PEDOT:PSS, -cov-
ered substrates yield very similar results (not shown here).

3.2. Carrier Transport

Room temperature current density—voltage (J-V) measure-
ments were performed under N, on a series of hole-only diode
structures consisting of a single 90 nm-thick layer of undoped
or doped P3HT sandwiched between PEDOT:PSS (Al 4083)
and a Ag contact. In these measurements, carrier transport is
perpendicular to the P3HT film. Bias is applied to the Ag elec-
trode while the ITO/PEDOT:PSS substrate is grounded. Elec-
tron injection from PEDOT:PSS or Ag can be neglected given
the large energy barrier formed on either side with the P3HT
LUMO (EA of P3HT = ca. 2.15 eV).’?l Room-temperature [-V
characteristics as a function of doping concentrations are given
in Figure 4, with the full and dotted curves corresponding to
holes injected from the PEDOT:PSS and Ag, respectively. Cur-
rent in undoped P3HT (black) is in the Ohmic regime below
0.1 V (JoV), regardless of whether holes are injected from
PEDOT:PSS or Ag. Parasitic leakage currents also likely con-
tribute to the current in this bias regime. The two curves (full
and dotted) diverge above 0.1 V, consistent with the expecta-
tion that hole-injection from PEDOT:PSS is more efficient than
from Ag. The current then approaches the space-charge-limited
current (SCLC) regime (Jo.V2).

The current density for a film doped at 4 wt% of Mo(tfd-
CO,Me); is more than two orders-of-magnitude larger than
that for an undoped film. Doping also eliminates the differ-
ence between hole-injection from the two different electrodes
in this bias window. As mentioned above, a higher hole-injec-
tion barrier is expected for Ag, due to its lower WF and other
issues related to clean metal contacts, such as the push back/
pillow effect,[® yet, doping is known to lower the effective injec-
tion barrier, by changing the molecular level alignment at the
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Figure 4. J-V characteristics of undoped and doped P3HT hole-only
devices (transport perpendicular to the film). Full and dashed curves cor-
respond to hole injection from PEDOT:PSS and Ag, respectively.

interfacel®3l and/or creating a narrow depletion region at the
interface through which carriers can tunnel.[*34

Lateral transport was also investigated on films spin-coated
on quartz substrates patterned with inter-digitated gold elec-
trodes. These measurements were performed in vacuum, at
low field (< 3 x 10° V cm?), as a function of doping and tem-
perature (110-350 K). The conductivity ¢ of each sample,
determined from the Ohmic region of the I-V characteristics
and the known film thickness, is plotted in Figure 5 on a loga-
rithmic scale versus 1/T. ¢ follows an Arrhenius relationship
with temperature, ¢ = gye~F/kT, where oy is a pre-factor and
E, is the activation energy of the charge carrier hopping pro-
cess. As has been previously observed for other doped organic
films,13>3% & increases by several orders of magnitude as more
dopants are introduced in the host film.
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Figure 5. Conductivity extracted from the variable temperature J-V data
(transport parallel to the film), plotted on a log scale as a function of
temperature.
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In summary, both sets of current-voltage measurements
show that the new dopant Mo(tfd-CO,Me); is readily dissolved
within the P3HT solution and effectively p-dopes the polymer.
In the remainder of this work, the dopant is used to p-dope
polymer films to be transferred and laminated to achieve low
resistance hole-injection or hole-collection contacts.

4. Transfer-Lamination of Doped Polymer Films

We now consider the formation of doped contacts to undoped
P3HT via SCTL of doped films on top of undoped P3HT, and
the impact on carrier injection at the organic polymer/metal
interface of hole-only devices. The SCTL procedure has been
detailed elsewherel®! and is briefly described in the experi-
mental section.

Control devices were made with the following structure:
ITO/PEIE/P3HT(150 nm)/Ag, in which P3HT is spin-coated
under standard conditions and PEIE (polyethylenimine eth-
oxylated)B¥! is used to lower the ITO WF and ensure that no
holes can be injected from that electrode. Laminated devices
(inset in Figure 6) had the following structure: ITO/PEIE/
P3HT(150nm)/P3HT(30nm):Mo(tfd-CO,Me); (0 to 10 wt%)/
Ag, in which the top p-doped P3HT layer is laminated, thereby
inserting a thin doped layer between the subsequently evapo-
rated Ag contact and the undoped P3HT film.

J-V characteristics of these devices, recorded in inert atmos-
phere, are shown in Figure 6. UPS measurements indicate that
ITO/PEIE has a WF of 3.6 eV,’] while the WF of clean Ag is
= 4.3 eVl On the ITO/PEIE side, the energy barrier for hole
injection is large (>1 eV from UPS measurements, not shown
here), and no significant hole-injection is expected when that
side is biased positively. Similarly, the electron-injection bar-
rier on the Ag side is large, given the 4.3 eV metal WF and the
2.15 €V P3HT EA.’2 The reverse bias current (negative bias
in Figure 6), therefore, remains very low, independently of the
structure of the device.

10°
o 1 Ag
g 10 nterlayer
< . P3HT :
g/ 10 PEIE v '!
gw ITO glass !
7] 3 3
g 10 1
(| ]
=S ;
£ 10 1
=1 3
o
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5 4 3 -2 1 0 1 2 3 4 5
Voltage(V)

Figure 6. J—V characteristics of devices without and with laminated layer.
The laminated layer is either undoped (0 wt%), or doped at 1, 4, or
10 wt%.
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In forward bias (positive on Ag), hole injection from Ag
dominates the current. The electron current injected from
the PEIE side is still expected to be negligible, given the dif-
ference between the ITO/PEIE WF (3.6 eV) and the P3HT
electron affinity (2.15 eV). On the other hand, the hole injec-
tion barrier on the Ag side should be significantly below 1 eV,
even for undoped P3HT. As mentioned above, in the Ohmic
regime (<0.5 V), the current is likely a combination of transport
of bulk carriers and parasitic leakage currents. The current of
the control devices (single undoped P3HT layer and laminated
undoped P3HT/P3HT double layer) overlaps with those of the
laminated P3HT/doped P3HT devices, which confirms that the
conductivity of the P3HT structure is not significantly changed
by the presence of the laminated doped P3HT layer (consid-
ering the large thickness ratio between the two layers). As the
bias increases, injected carriers begin to dominate revealing
the effect of the doped laminated layer. Above 1.5 V, the cur-
rent increases drastically with the doping concentration. Above
2 V and with a 10 wt% dopant concentration, the current is
nearly three orders-of-magnitude larger than for the undoped
control device, which is attributable to a dramatic improvement
in hole-injection from the Ag side. This phenomenon has been
observed in several small-molecule systems where control of
vacuum evaporation permits the localization of dopants in the
immediate vicinity of the electrode-organic interface,*3% and
has been attributed either to a shift of the organic molecular
levels with respect to the Fermi level of the contacts and/or to
the formation of a narrow depletion region in the semicon-
ductor, both of which can lead to a lowering of the effective
injection barrier. In the present case, the thin doped laminated
P3HT layer plays an identical role, effectively lowering the
injection barrier without altering the electronic properties of
the bulk semiconductor layer of the device.

5. Solar Cells with Transfer-Laminated Doped
Layer as Hole-Collecting Contact

In order to extend this method to device application, we com-
bine the concept of spatially-confined molecular doping with the
SCTL technique to create efficient hole-collecting contacts on
bulk heterojunction (BH]J) solar cells. The multilayer inverted
solar cells have the following layer sequence: i) a PEIE-modified
ITO substrate for electron collection; ii) a P3HT:6,6-phenyl-
Ce1-butyric acid methyl ester (PCBM) or P3HT:indene-Cg, bis-
adduct (ICBA) active layer; iii) an interlayer consisting of either
PEDOT:PSS CPP, undoped P3HT, or P3HT p-doped with 1 or
4 wt% Mo(tfd-CO,Me);; and iv) a Ag contact. The PEDOT:PSS
CPP interlayer was spin-coated directly on the active layer and
post annealed, while the undoped and doped P3HT layers were
laminated onto the active layer.

The structures of solar cells (A through J) with different
geometry and their photovoltaic parameters measured at 1 sun
under AM 1.5 illumination are summarized in Table 1. For
reference, devices without interlayer in which the top Ag elec-
trode was directly evaporated on top of the active layer were also
fabricated. Such reference devices (device A with P3HT:PCBM
and device F with P3HT:ICBA) showed poor rectification in
the dark and yielded low photovoltaic performance. With the
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Table 1. Solar cell performance. E

Device Structure Ve Jse FF Efficiency F
\d] [mA cm™?] [%]

A ITO/PEIE/P3HT:PCBM/Ag 0.055 £ 0.003 4.0+0.1 0.24 £0.02 0.05 £0.01 ;
B ITO/PEIE/P3HT:PCBM/P3HT/Ag 0.33+£0.03 4.0+0.2 0.15£0.01 0.21 £0.02 =
C ITO/PEIE/P3HT:PCBM/1 wt% dp P3HT/Ag 0.55 +£0.02 84+03 0.40£0.01 1.8+0.1 ’
D ITO/PEIE/P3HT:PCBM/4 wt% dp P3HT/Ag 0.56 £ 0.01 8.0+0.2 0.64 +£0.01 29+0.1
E ITO/PEIE/P3HT:PCBM/PEDOT:PSS CPP/Ag 0.57£0.01 8.710.1 0.58 £0.01 29+0.1
F ITO/PEIE/P3HT:ICBA/Ag 0.18 £ 0.01 6.71+1.6 0.31£0.01 0.37£0.10
G ITO/PEIE/P3HT:ICBA/P3HT/Ag 0.50£0.03 4.0+0.3 0.12£0.03 0.24 £0.02
H ITO/PEIE/P3HT:ICBA/1 wt% dp P3HT/Ag 0.79 £0.01 75%0.6 0.35+0.02 21+03
[ ITO/PEIE/P3HT:ICBA/4 wt9% dp P3HT/Ag 0.80+0.01 77403 0.63 +0.01 39402
] ITO/PEIE/P3HT:ICBA/PEDOT:PSS CPP/Ag 0.79+0.01 92404 0.56+0.02 40403

introduction of a transfer-laminated undoped P3HT interlayer
(device B with P3HT:PCBM and device G with P3HT:ICBA) the
devices show strong rectification in the dark but the -V charac-
teristics under illumination exhibit an S-shaped kink as shown
in Figures 7a, 8a. As shown previously,!”) the existence of an
S-shaped kink in the J-V characteristics under illumination
can be correlated with the limited difference in WF between
the two electrodes in the solar cell. It was observed that the
S-shaped kink could be removed by either reducing the WF of
the electron-collecting electrode, or by increasing that of the
hole-collecting contact through UV illumination. In this study,
as discussed above, the WF of the hole collecting interlayer can
be increased by means of doping. -

For both devices C (Figure 7a) and H (Figure 8a), which use -10
different active layers, the introduction of a 1 wt% doped P3HT )
interlayer leads to a significant improvement in the shape of the
J-V characteristics. As shown above, doping induces a shift of
the WF from 4.0 eV (undoped P3HT) to 4.15 eV (1 wt% doped
P3HT), which increases the difference in WF between the two
electrodes and the built-in potential in the solar cell. The open-
circuit voltage values for both devices C and H (see Table 1) are
significantly increased compared with devices with undoped
P3HT interlayers but the fill-factors are still low because the
S-shaped kink is still partially present.

Further increasing the value of the WF of the hole-collecting
electrode by use of a 4 wt% doping level in the P3HT interlayer
entirely eliminates the S-shaped kink in the J-V characteristics,
yielding devices (device D in Figure 7a and device I in Figure 8a)
with typical simple diode-like shapes and good performance (see
Table 1). By increasing the doping level in the P3HT interlayer
from 1 to 4 wt%, the Fermi level further drops from 4.15 eV
to 4.26 eV below vacuum level. To calibrate the performance of
these solar cells, reference devices with a top PEDOT:PSS CPP
interlayer were also fabricated (device E with P3HT:PCBM and
device | with P3BHT:ICBA). As shown in Figures 7a, 8a, and
Table 1, the performance of devices D and I using 4 wt% doped
P3HT interlayers is comparable to that of reference devices E
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Figure 7. a) J-V characteristics of polymer solar cells with P3HT:PCBM

and J, respectively, using PEDOT:PSS CPP. In particular, the
Voc values are in the range of the typical values reported for
P3HT:PCBM and P3HTICBA solar cells.%*0 In all these

Adv. Funct. Mater. 2014, 24, 21972204

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

bulk heterojunction under AM1.5 illumination (100 mW cm?);
b) Dark J-V characteristics of polymer solar cells with P3HT:PCBM bulk
heterojunction.
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Figure 8. a) J-V characteristics of polymer solar cells with P3HT:ICBA bulk
heterojunction under AM1.5 illumination (100 mW c¢m™2); b) Dark -V
characteristics of polymer solar cells with P3HT:ICBA bulk heterojunction.

devices, the laminated P3HT interlayer keeps the reverse dark
current notably low and, except for device C, lower by a factor
of 5-10 than the PEDOT:PSS interlayer.

The WF of Ag is known to increase with exposure to air due
to the formation of the higher WF AgO,(5.3 eV).’”l This prop-
erty offers an independent way to study the correlation between
the existence and removal of an S-shaped kink in the J-V char-
acteristics and the values of the WF of the electrodes in our
devices. Hence, experiments were carried out whereby solar
cells with two different geometries were exposed to air for spe-
cific amounts of time. As shown in Figure 9a for device B and
Figure 9D for device C, the S-shaped kink gradually disappears
with increasing continuous exposure to air. In device B with
an undoped P3HT interlayer, it takes about 60 min to elimi-
nate completely the kink, while in device C with a 1 wt% doped
P3HT interlayer, the kink has disappeared after only 10 min.
These data suggest that if the value of the WF of the interlayer
is too low, as is the case for undoped and 1 wt% doped P3HT,
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Figure 9. a) J-V characteristics of device B with 0, 10, 20, 60 min exposure
time to air under AM1.5 illumination (100 mW cm™2); b) same as (a), for
device C. Insets show the dark J-V characteristics.

the built-in potential in the device can be further increased by
increasing the WF of the electrode in contact with the interlayer,
in this case by increasing the WF for Ag through oxidation.

6. Conclusion

We have presented a new and highly versatile method for
introducing spatially-confined chemical doping into polymer
structures processed from solution. Transfer and soft-contact
lamination of thin doped polymer layers (=30 nm) allows
unprecedented flexibility in the positioning of the doped region
and leads to the formation of efficient low-resistance contacts
to polymer films without affecting the electronic properties of
the rest of the polymer structure. In the present case, p-doping
of the laminated polymer layer was realized with a new soluble
highly oxidizing molecule, Mo(tfd-CO,Me);. We demonstrated

Adv. Funct. Mater. 2014, 24, 2197-2204



el
Mot oS
www.MaterialsViews.com

significant improvement in hole-injection in an undoped P3HT
film through a thin doped contact. Finally, we used soft-contact
lamination of a series of thin p-doped P3HT films on the active
region of P3HT:PCBM and P3HTIICBA bulk-heterojunction
solar cells, and demonstrated that they function as efficient
hole-collecting electrodes.

7. Experimental Section

Synthesis of (NEts*),[Mo(tfd-CO,Me)3]*~: CF;C=CCO,Me (10.0 g,
65.8 mmol)B% was added to a stirred suspension of (NEt,"),
[MoSg]?B1(10.0 g, 15.5 mmol) in CH;CN (180 mL) by syringe at 0 °C.
The reaction mixture was allowed to warm to room temperature; after
1 h at room temperature the mixture was heated to 60 °C overnight,
during which time the color changed from red-brown to dark green-blue.
The dark green residue was extracted with dichloromethane (200 mL)
and filtered. Methanol (600 mL) was added into dichloromethane
solution and the dichloromethane carefully removed under reduced
pressure; the remaining solution was cooled to —80 °C overnight. The
resultant dark-blue semi-solid was isolated. After further purification
by repetition of this extraction/precipitation process six times, and
dyring of the final solid under vacuum, an analytically pure dark-blue
solid (7.0 g, 45%) was obtained. "H NMR (400 MHz, CD;CN): & 3.78
(s, 9H, OCH), 3.13 (q, Jum = 7.2 Hz, 16H, NEt,CH,), 1.20 (t of 1:1:1
t, Jun = 7.2 Hz, Jun = ca. 2 Hz, 3H, NEt,CH,). F NMR (376.5 MHz,
CD;CN): & -55.74 (s, CF3). 3C{"H}NMR (100 MHz, CD;CN): 169.52
(CO), 148.01(s, CSCO), 139.27 (q, Jer = 31 Hz, CSCF3), 123.87 (q, Jor
=269 Hz, CF3), 52.07 (1:1:1 t, Jon = 3 Hz, NEt,CH,), 52.00 (s, OCHj),
6.66 ppm8.03 (NEt,CH3;). Anal. calcd for C31H49FgN,O6S¢Mo: C 37.04, H
4.91, N 2.78,S19.14, F 17.01. Found: C 36.49, H 4.65, N 2.78, S 19.60, F
17.01. MALDI-MS: m/z 745.9 (IM—2NEt,[).

Synthesis of Mo (ifd-CO,Me);: Excess NOPFg (850 mg, 4.88 mmol)
was added to a solution of (NEt;*),[Mo(tfd-CO,Me);]>*(1.00 g, 0.995
mmol) in CH,Cl, (20 mL) and the reaction was stirred under nitrogen at
room temperature overnight, over which time the color of the solution
turned from dark green to dark blue. The volatiles were removed under
reduced pressure and the solid was extracted in hexane. Evaporation
of the hexane extracts gave a dark blue crystalline solid; impurities
were removed by sublimation (ca. 75-95 °C, ca. 20 mTorr; the product
itself can be sublimed at higher temperature, but this is not necessary
to obtain pure product) and washing with pentane (430 mg, 58%).
TH NMR (400 MHz, CDCl;): 6 3.9 (s, OCHs). '°F NMR (376.5 MHz,
CDCly): §-56.58 (s, CF3). PC{'H} NMR (100 MHz, CDCly): & 168.76
(s, CO), 163.59 (q, Jor = 36 Hz, CSCF3), 163.31 (s, CSCO), 121.50 (g,
Jcr = 275 Hz, CF3), 54.34 (s, OCHj3). Anal. calcd for CisHgFgOgSgMo:
C 24.20, H 1.22, S 25.84. Found: C 24.23, H 1.11, S 25.60. EI-MS: m/z
745.8 (M*).

Sample Fabrication: The IE and EA of Mo(tfd-CO,Me); were
determined via UPS and IPES on an 8 nm film of the molecule spin-
coated from chlorobenzene (8 mg mL™') under N, onto a Si wafer
covered with a 10-nm Ti adhesion layer and a 100 nm Au layer. Prior to
spin-coating, the substrates were cleaned in ultrasonic baths of acetone
and isopropanol for 15 min each, followed by a 10 min UV-ozone
treatment. Subsequent to spin-coating, the sample was introduced in
the photoemission analysis chamber without further exposure to air.
Both He(l) and He(ll) photon lines (21.22 and 40.81 eV, respectively)
from a He discharge lamp were used as radiation lines for UPS. The
resolution for the UPS measurements was 0.15 eV. IPES was performed
in the isochromat mode using a set-up and a procedure described
elsewhere.[*!l The resolution of the IPES measurements was 0.45 eV. The
calibration of both experiments, and the alignment of the two energy
scales were performed using the Fermi step measured on a clean Au
surface. The position of the vacuum level (E,,.) was determined for each
sample from the energy of the photoemission cutoff, following a well-
established procedure.[*?]
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Doped P3HT films were spin-coated from a co-solution of host
and dopant in N,. P3HT (Merck Chemicals Ltd.) was dissolved in
chlorobenzene (10-30 mg mL™") and stirred at 45 °C for 4 h. Mo(tfd-
CO,Me); was also dissolved in chlorobenzene (2-4 mg mL™"). Different
doping concentrations were achieved by mixing appropriate amounts of
the two solutions, followed by 1 h stirring at 45 °C. The mixed solution
was then spin-coated onto the substrate in N,, annealed at 110 °C for
10 min and transferred without ambient exposure to the vacuum system
for UPS analysis. Undoped or doped P3HT films for UPS analysis were
spin-coated onto ITO substrates cleaned as described above, and had a
thickness of = 20 nm.

Two types of devices were made for transport measurements.
Diode-type structures for perpendicular transport measurements were
made with films spin-coated under the conditions described above
onto ITO covered with a layer of PEDOT:PSS. ITO substrates were
sequentially sonicated in Alconox,acetone, and isopropanol (15 min
each), and UV-ozone treated for 10 min. PEDOT:PSS was spin-coated
at 5000 rpm for 30 s to create a 40 nm film and annealed at 160 °C on
a hot plate for 5 min. Undoped or doped P3HT films were deposited
by spin-coating an appropriately mixed host-dopant co-solution (ca.
20 mg mL™ chlorobenzene) at 1500 rpm for 40 s, giving = 90 nm
thick films. Arrays of 1 mm? top Ag contacts were evaporated in a
vacuum chamber through a shadow mask. Devices for lateral transport
measurements were made by spin-coating undoped or doped P3HT on
quartz slides patterned with inter-digitated gold electrodes, with inter-
electrode gaps of 150 um.B The data presented in Figures 4, 6 are all
representative of J-V curves measured on 4 to 6 devices, depending on
doping.

Sofi-Contact Transfer Lamination (SCTL) Process: The polymer layer
(doped or undoped) to be transferred via lamination was initially spun
in N, onto a UV-ozone exposed silicon substrate, with no subsequent
annealing. A polydimethylsiloxane (PDMS) stamp was placed in contact
with the top of the polymer film, and the assembly submerged in DI
water for 1 min to delaminate the polymer film from the hydrophilic SiO,
surface. The delaminated top polymer film was then brought into contact
with the other spin-coated (bottom) polymer film, and the PDMS stamp
was removed. No annealing was performed.

Solar Cell Devices: The active layers consisted of P3HT as donor and
PCBM or ICBA as acceptor. 10 nm PEIE was spin-coated on the pre-
patterned ITO substrate. Donor and acceptor materials were mixed in
1,2-dichlorobenzene with 1:1 weight ratio (40 mg mL™) and 200 nm
bulk-heterojunction films were deposited onto the PEIE-modified ITO
substrates by spin-coating (1000 rpm for 60 s). The active layer was
solvent-annealed overnight, and then annealed on a hot plate at 150 °C
for 10 min in N,. The interlayers (P3HT, 1 wt% doped P3HT and 4 wt%
doped P3HT) were first spin-coated onto a plasma treated Si substrate,
then transferred to PDMS stamp and attached to the active layer with
SCTL. For the deposition of interlayer PEDOT:PSS (CPP), a 40 nm film
was directly spin-coated onto the active layers and the whole assembly
was subsequently annealed at 120 °C for 10 min. All the samples were
then loaded into a vacuum thermal evaporator (EvoVac, Angstrom
Engineering Inc.), and 100 nm of Ag were deposited through a shadow
mask at a base pressure of 2 x 107 Torr. The effective area of the active
layer was 10 mm?.

Current density-voltage (J-V) characteristics of the solar cells were
measured in a Ny-filled glovebox with a source meter (2400, Keithley
Instruments, Cleveland, OH) controlled by a LabVIEW program. An
Oriel lamp with an air mass 1.5 filter and an intensity of 100 mW cm™
was used as the light source. The data presented in Figures 7, 8 are all
representative of -V curves measured on 3 to 9 devices, depending on
structure and interlayer doping.
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