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Achievements

The objective of our recent DOE effort has been to study sub-bandgap electroluminescence
using ZnO nanoparticles (NPs) as an electron transport layer. We found that when the polymer/NPs
interface form a type-Il heterojunction and hole transporting polymers such as MEH-PPV and
MDMO-PPV, luminance was observed when a sub-bandgap voltage was applied to the device.
When electron transport polymers were used, sub-bandgap electroluminescence was not observed.
In addition to polymer light emitting diodes, we have also observed sub-bandgap
electroluminescence in small molecule devices using rubrene as an emitter and fullerene as an
electron transport layer. Previously, we used the Auger model to explain the luminescence at
voltages below the bandgap voltages. With our recent data, we attribute the sub-bandgap EL is due
to triplet-triplet annihilation (TTA) in rubrene originated from the formation of charge transfer
excitons. Transient EL decay of sub-bandgap emission shows the characteristic of TTA. The
presence of charge transfer states in this system is verified with electroabsorption measurements.
Our transient photoluminescence decay measurements further prove the increase of triplet density
is coming from the charge transfer states. During the course of this research project, we have found
interesting defect properties of ZnO NPs. We discovered that the defects present in ZnO NPs leads
to strong interface carrier recombination. By treating ZnO NPs films with UV ozone, we observed
that most of the dangling bonds are passivated, resulting in a significant reduction in interface
recombination when these films are used as an electron transporting layer in a solar cell. Including
the manuscripts submitted and under review, we have 10 publications during this period, with one
paper published in Nature Photonics, one paper in Advanced Energy Materials, two papers in
Advanced Functional Materials, one paper submitted to Nature Communications under review,
and one paper to be submitted to Advanced Energy Materials. In addition to the systematic study
of sub-bandgap luminescence, we have also developed a novel technique -- charge modulation
electroabsorption spectroscopy to directly measure the effective bandgap energies of organic
donor-acceptor systems for the first time. This technique will be used for the current proposed
work to study the energetics in polymer solar cells and correlate the results with their dielectric
properties. We do not anticipate any unexpended funds that will remain at the end of the current
project period. Below are the highlights of some of our achievements.

1 Study of origin of sub-bandgap electroluminescence

In addition to the MEHPPV system which we observed sub-bandgap EL previously, another
sub-bandgap emission systems is 5,6,11,12-Tetraphenylnaphthacene (rubrene)/fullerene bilayer
structure?. Both rubrene and fullerene are widely studied semiconductors with high mobilities for
holes and electrons, respectively. In the rubrene/fullerene heterostructure OLED, the device has
an EL turn-on voltage of about 1 V which is about half the value of the rubrene bandgap (2.2 eV).
The same EL spectrum of only rubrene emission observed below the bandgap voltage is the same
as that above the bandgap. (Shown in Figure 1), indicating there is an up conversion process.
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Figure 1. The EL spectra below and above band gap voltage (left) and L-V curves of rubrene OLEDs with different
electron injecting layers (right).

Auger fountain mechanism has been proposed to explain this sub-bandgap phenomenon 2.
During the EL process in heterojunction devices, holes and electrons are injected from the rubrene
and Ceo layers, respectively. They recombine at the interface to give off energy to electrons at the
LUMO level of Cgo, which can overcome the energy barrier at the rubrene and Ceo interface. After
injected into the LUMO of rubrene, the Auger electrons recombine with holes in the HOMO and
emits photons from rubrene?*. However, even though near IR emission was observed in the planar
heterojunction with a thin mixed layer between the rubrene and Ceo, N0 evidence of Auger electron
was reported.

Another possible up conversion phenomenon in rubrene is triplet-triplet annihilation (TTA)>®
where two triplets fused to form a singlet exciton. The triplet energy of rubrene is about half of its
singlet state’. Therefore this kind of triplet fusion is more efficient in rubrene. A delayed
fluorescent emission in rubrene was observed due to this process®. However, it turned out that in
some systems, the amount of EL attributing to TTA substantially exceeds the limit imposed by
spin statistics®. In this study, we investigated the charge transfer exciton using electroabsorpton
spectroscopy, and showed from the transient EL measurement that delayed fluorescent emission
dominating the EL of rubrene/Cso OLED. Finally, the increase of triplet density was observed with
the present of rubrene/Ceo heterojunction. All these observations indicate that the main mechanism
of the sub-bandgap turn-on is the TTA stimulated by charge transfer excitons between rubrene and
Ceo.

To investigate the origin of the sub-bandgap EL phenomenon, we characterized the carrier
transporting  property  using  unipolar  devices. The device structures are
ITO/PEDOT(30nm)/Rubrene(60nm)/Ceo(35nm)/Au and 1TO/Rubrene(90nm)/Ceo(35nm)/Al for
hole and electron only devices respectively. The current density of the hole only device is more
than two orders larger than that of the electron only device, indicating that holes are the dominating
carriers in the device. Due to the large excessive hole carriers accumulated at the interface, a free
electron that could play the role of ‘Auger electron’ is less likely to exist. Auger fountain
mechanism is not suitable here.



TTA in the sub bandgap EL

If the sub-bandgap emission is due to TTA, delayed fluorescent EL emission is expected in
the device. We conducted transient EL measurements on rubrene OLEDs with and without the Ceo
layer. The device structures are ITO/PEDOT/rubrene/Al and ITO/PEDOT/rubrene/Ceo/Al. The
rubrene only device has a luminance turn-on at 2 V, while the rubrene/Ceo heterojunction device
shows a low luminance turn-on at 1 V.
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Figure 2. Transient EL decay of (a) rubrene OLED and (b) rubrene/Cey OLED

We first measured the EL transient decay at the trailing edge of a voltage pulse applied to the
rubrene only device. The decay data are presented in Figure 2 (a). It is clear that there is a fast
decay with a decay time less than 100 ns after voltage pulse following a long decay time in
microseconds. Our data show the same TTA figure print decay curves as previous report®. The fast
decay comes from the singlet excitons directly from the electron-hole recombination. With an
increase in voltage, we observed a decrease of decay time of the delayed component. Long lived
triplet is more easily quenched by injected polarons. When there is current injection, the rate
equation of the triplet exciton density can be expressed as

% :_m_7TTI.T]2 — ko [TI[P],
T

where [T] is the triplet density, 7 is the triplet lifetime, [P] is the polaron density, y,, isthe TTA

rate and ki, is the triplet-polaron quenching (TPQ) rate. TPQ is not significant at low current

density. Therefore if we only consider the first two terms in the equation at low current density,
we obtained 7 = 30+5 us, which is in the same range as previous report®. In case of the rubrene/Ceo
heterojunction device, we also measured the EL decay at the trailing edge of the voltage pulse as
shown in Figure 2 (b). Here, the fast decay component was not present and delayed fluorescent
decay was observed for all applied voltages. With an increase in voltage, the decay time decreases
as expected from the increase of TPQ. In the sub bandgap region, TTA is the only mechanism for
the rubrene emission. We only consider the second term in the triplet time resolve equation, the
triplet density is given as
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The EL intensity which is resulted only from TTA is

lra ~ 7TTA[T]2 ~t?

Therefore, we expected the time resolved EL decay has a slope of -2 in logarithm plot. Figure 3
shows the fitting of EL decays driven in the sub bandgap region where TPQ is not significant.
Both EL decays driven at 1.2 V and 1.8 V show a slope of -2, which indicates the TTA is the
reason for the EL under the excitation of sub bandgap.
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Figure 3. EL decay under sub-bandgap condition. Blue lines are fitting lines having slope of -2.

CT states at the rubrene/fullerene heterojunction

We attribute the formation of triplet excitons resulting in sub bandgap emission is due to the
CT state formed at the rubrene/Ceo interface. In order to prove the existence of the CT states, we
measured the electroabsorption (EA) signal of pristine rubrene, pristine Ceo and mix rubrene/Ceso
(2:1) blend. The quadrature signal from EA can distinguish the exciton and CT state due to slow
response of the CT states to the AC electrical field'®. Figure 4 shows the EA signal and its
quadrature signal of the rubrene/Ceo blend. There is an EA signal peaked at 1220 nm, which
corresponds to the charge transfer state energy calculated from the energy band diagram. Its
quadrature signal follows the EA signal. At wavelengths below 1150 nm, there is no quadrature
signal. When the EA signal turns positive, the quadrature signal also starts and reaches a maximum
value at 1220 nm. After the peak, both signals reduce. The negative signal of quadrature indicates
the slow response to the AC electrical field. Therefore, the EA single at NIR region is from the CT
states, which also agrees with the energy (1 eV) calculated from band diagram.
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Figure 4. The in phase EA and its quadrature signals of the rubrene/Cgo blend.

Energy transfer to triplets

We further conducted the transient PL measurements on the rubrene and rubrene/Ceo blend
(2:1) and measure the delay fluorescent decay component from rubrene emission, which is related
to the triplet and charge transfer state. Rubrene also shows an efficient singlet fission process.
Under high level excitation, significant amount of triplets can be generated which go through the
triplet fusion process forming singlet exciton. As a result, a delayed fluorescent emission is also
expected in PL measurement. Here we used a green pulse laser (527 nm) to excite the thin film.
The excitation wavelength is overlap one of the absorption peak of rubrene. Figure 5 (a) shows the
transient PL at shorter time (< 500 ns). The laser signal shows a good Gaussian shape with a Full
width at Half Maximum (FWHM) of 10 ns, which is longer than the decay time of rubrene singlet.
Therefore, there is no fast fluorescent component but only the delayed component in in both
rubrene and rubrene/Ceo blend. And the intensity of delayed component becomes larger in the
rubrene/Ceso blend. We show the PL decay in longer time scale and plot them in log-log scale in
Figure 5 (b). These two lines are paralleled to each other over 3 orders of magnitude. Again as in
the sub bandgap EL decay, this delayed fluorescent signal solely comes from the TTA with
intensity proportional to the square of triplet density. Considering the first two terms in the time
dependent differential equation, the time dependence of the triplet density is

_ [T]
1= (1+[-ro]7wr)etlr [T Iyt

We fitted both decays according to .., ~ 74 [T]’, and extracted the initial triplet density of them.

Our fitting shows good agreement over 3-order of magnitudes in both films. And we found out
(23£3) % times more triplets state in the rubrene/Ceso blend than the pristine rubrene sample. Due
to the large band offsets of HOMOs and LUMOs of rubrene and Ceo, Non-geminated recombination
can be ruled out. Thus we attribute this increase of delayed rubrene fluorescent emission coming
from the charge transfer states which created more initial triplet under photoexcitation.
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Figure 5. Transient PL of rubrene and rubrene/Cg below 500 ns (a) and over 500 ns (b).

Conclusion

We attribute TTA in rubrene is due to charge transfer excitons and produce the sub bandgap
EL in rubrene/Ceo heterojunction devices. The holes are the dominating carriers through this
heterojunction, where free electrons are less likely to exist. Transient EL decay of sub bandgap
emission shows the characteristic of TTA. Charge transfer states in this system is verified with EA
measurements. Transient PL decay further proves the increase of triplet density is coming from
the energy of charge transfer state.



2. Use of ZnO as electron extraction layer in photovoltaics cells

Colloidal ZnO nanoparticles are used as an electron extraction layer to fabricate inverted
polymer solar cells. However, these nanoparticles are known to have a large density of defects and
it has been shown that up to 30% of the atomic bonding in a ZnO nanoparticle are dangling bonds,
resulting in a large density of recombination centers and low power conversion efficiencies (PCES)
in inverted polymer photovoltaic cells. It has been shown that a few seconds exposure of the
device to ultraviolet (UV) light helps to temporarily fill the defect states in ZnO nanoparticles and
results in enhanced device performance. Typically, this light soaking is done by exposing the
device to a solar simulator and its effect lasts for a period of days with the device characteristics
ultimately degrading over time. We demonstrated UV ozone (UVO) treated ZnO NP films
immediately after processing can effectively passivate the defect states leading to longer carrier
lifetimes in PV devices compared to devices treated only by light soaking. The resulting polymer
PV devices with this treatment give enhanced short-circuit currents (Jsc) and fill factors (FF).
Employing one specific high performance donor-acceptor (DA) copolymer, cells with power
conversion efficiencies (PCEs) exceeding 8% are demonstrated.

The inverted cell used in this study has the following structure: ITO/ZnO NPs/ polymer:
fullerene/molybdenum oxide (MoOz3)/silver. For the active layer materials, we used PDTG-TPD,
and PDTS-TPD blended with PC7:BM. Our recently study on PDTG-TPD and PDTS-TPD
inverted devices showed that a higher Jsc was obtained in PDTG-TPD containing devices compared
to PDTS-TPD resulting in cells with up to 7.3% PCE. Using poly(vinyl pyrrolidone) (PVP) capped
zinc oxide nanocomposites to form an electron transport layer, a 15% enhancement in PCE was
achieved in the PDTG-TPD: PC7:BM cells upon removal of the top surface layer of PVP from the
nanoclusters by UV-ozone treatment prior to deposition of the active layer. Here, using pure
colloidal ZnO NPs (Figure 6 (a)) without PVP composites as the electron transporting layer, we
report a significant solar cell efficiency enhancement by reducing interfacial recombination via
UV ozone treatment, resulting in solar cells with PCEs in excess of 8%.
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Figure 6: (a) Transmission electron microscopy (TEM) images of ZnO colloidal nanoparticles. (b) The steady state
photoluminescence spectra of ZnO NPs films.

In order to passivate the ZnO NPs films used for the devices, the films were exposed to
UV light at 254 nm for 10 minutes after first annealing at 80C. The passivation effect on ZnO NP
films by this UVO treatment was investigated by photoluminescence measurements. As shown in
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Figure 6 (b), in addition to the band-to-band emission of the ZnO NPs film at 372 nm, a strong
broad emission band with a maximum at 519 nm was also observed for the untreated films and
this emission band has been reported as an evidence of the presence of defect states’:2. Upon UVO
treatment, however, this broadband defect emission is effectively quenched, indicating a
significant reduction of defects states. As a result, due to the reduction of the defect states emission,
the resulting band-to-band emission peaked at 372 nm peak increases in intensity as shown in
Figure 6 (b). It should be also noted that the UVO treatment does not only treat the ZnO films
surface, it also passivates the defects in the bulk due to the porosity of the ZnO NPs films, as the
PL signal is coming from both bulk rather than just the surface. Based on the PL data, this defect
passivation in ZnO NPs films should lead to reduction of carrier recombination at the
ZnO/photoactive layer interface, and enhancement in the performance of the resulting PV cells.

The current density-voltage (J-V) characteristics of a PDTG-TPD cell are shown in Figure
7. Upon defect passivation of the ZnO electron transport layers, the PDTG-TPD cell experiences
a significant enhancement of Jsc. The control PDTG-TPD:PC7:BM cells with only light soaking
treatment give an average Jsc of 12.9 mA/cm? while the UVO treated devices give an average value
of 14.1 mA/cm?. In addition, there is a slight enhancement in the fill factor resulting in the average
power conversion efficiency of the treated PDTG-TPD cells increases from 7.4% to 8.1%. The
external quantum efficiency (EQE) spectra for these cells are illustrated in Figure 7 (b). Integrating
the EQE data of PDTG-TPD cell with the A.M. 1.5G spectrum gives a short-circuit current of 14.0
mA/cm? which is only 1% different from the value measured directly from the photo-J-V data. As
shown by the EQE spectra in Figure 1.6 (b), a maximum value of 72% at 675 nm is observed for
the PDTG-TPD cell and this value is especially high for inverted polymer PV cells.
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Figure 7: (a) J-V characteristics of PDTG-TPD: PC7:BM and (b) EQE spectra of devices with and without UVO
treatment.

The observed enhancements in Jsc and FF are consistent with the fact that the ZnO NPs are
passivated due to the UVO treatment. To further confirm that the device enhancement is due to
passivation of ZnO NPs, transient photo-current (TPC) measurements were carried out to study
the photo-carrier decay dynamics under an extraction field. During the measurements, the active
layer of the device was photo-excited by a pulsed laser with an emission power attenuated to ~10?
nJ pulse’* cm making sure the perturbation photocurrent < 0.1mA/cm? while the sample was also
under a constant illumination from a solar simulator. Since the pulse laser source, which emits at
527 nm, does not excite the ZnO NPs, photo-generated carriers due to the laser pulse only come
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from the polymer:fullerene blend. The single exponential decay of the transient photo-currents
perturbation for the inverted cells with treated and untreated ZnO NPs films, as shown in Figure
1.9, is due to photo-generated carriers recombining either in the bulk or at the ZnO/photo-active
layer interfaces. Determined from the photocurrent perturbation decay curves, the effective photo-
carrier lifetimes are 130 ns and 210 ns for the untreated and UVO treated devices respectively,
which is much shorter than the results generated by high level excitation TPC whose signals are
dominated by carrier extraction. Since these devices have the same hole extraction contact and
photo-active layer with identical transport properties, the difference in carrier lifetime must be
attributed to carrier recombination at the ZnO/photo-active layer interface. Moreover, at short
circuit condition, bulk recombination is unlikely to be the dominant loss mechanism and usually
shows a lifetime longer than 10 ps since carriers are fairly depleted and extracted to the electrodes
under an internal field ~ 10° V/cm. However, due to the existence of defects in the ZnO NPs, the
photo-carriers excited by the laser pulse still recombine at a much faster rate via these mid-gap
states at the ZnO/polymer interface. From the results of our transient photocurrent measurements,
we conclude that defects are passivated by the UVO treatment which results in an increase both in
carrier lifetime and photocurrent.
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Figure 8: Transient photo-current decay for the inverted PDTG-TPD: PC7:BM devices with “as annealed” and

“UVO-treated” ZnO NPs films. The diagram on the right illustrates the recombination mechanism due to midgap
states in ZnO NPs.

In summary, we reported a simple processing method to enhance the inverted PDTG-TPD:
PC71BM PV cell efficiencies from 7.4% to 8.1%. The defects in ZnO films are passivated by UVO
treatment, which is confirmed by the disappearance of defect emission in the photoluminescence
spectrum and an increase in carrier lifetime determined from transient photo-current decay
measurements. Similar effects were observed on PV cells based on PDTS-TPD. The EQE of the
optimum cell reaches 72% at 675 nm, indicating that inverted PV cells based on PDTG-TPD are
promising for photovoltaic applications and defects passivation treatment on ZnO NPs films can
significantly enhance the device performance.

3. Use of electroabsorption spectroscopy to determine electron injection bariers
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Figure 9. Luminance-Current-Voltage (L-1-V) characteristics for devices with varying interlayers (a) and Luminous
efficiencies for devices with various interlayers (b).

Considerable efforts have been devoted to realize efficient electron injection through
interfacial engineering such as modification of electrodes using thin films of alkaline metal
fluorides such LiF and CsF. These occur by charge transfer between the interfacial polymer and
metal contact as well as from the blocking of holes creating a local electric field which makes
electron injection more facile. In this work, we explore a solution processed Cs2CO3 doped PPY
polymer layer as a cathode interface layer to improve charge balance in MEH-PPV based polymer
light emitting diodes (PLED). With the composite interface layer, a luminescence efficiency of 3.4
cd/A is demonstrated. Electroabsorption spectroscopy results indicate this is due to the low work
function Cs2CO;3 and favorable interface dipole which reduces the barrier for electron injection.
The luminance-current-voltage (L-1-V) measurements were carried out for devices employing
various cathode configurations and the results are summarized in Figure 9.

Given the fact that the barrier height of hole injection from PEDOT:PSS into MEH-PPV
is small (0.1-0.2 eV) and MEH-PPV is a hole dominant polymer due to its higher mobility of holes
than electrons, carrier recombination occurs near the cathode. With the addition of the PPY layer,
holes are blocked at the MEH-PPV/PPY interface which yields a reduction in current density
compared to the Al only cathode as seen in Figure 1.8(a). Although the device with Cs2CO3 shows
higher current density due to its proven good electron injection abilities, the current density is
further increased using the composite Cs2CO3 +PPY layer. The nitrogen atom of the pyridine side
group of the PPY donates its electrons to the metal atoms in the electrode forming an interfacial
dipole. This lifts the work function of the metal with respect to the LUMO level of the MEH-PPV
and reduces the barrier for charge injection. As shown in Figure 1.8(a), the luminance value at 4.5
V for the PPY/Al cathode is 66 cd/m? compared to just 25 cd/m?. This is due to the blocked holes
at the EML/cathode interface recombining with injected electrons as well as more facile electron
injection from the formation of the interface dipole. When Cs2COs is utilized to further enhance
electron injection, the luminance value for the composite Cs2CO3 +PPY layer reaches 8412cd/m?.
This is much higher than using only Cs2COj interlayer which at 4.5V shows a luminance value of
2076¢d/m?.

Due to the blocked holes in the emission layer at the cathode interface as well as the
presence of the interface dipole improving electron injection, the device efficiency improves from
0.02 cd/A for devices with the Al only cathode to 0.3 cd/A for devices with the PPY/Al cathode
as shown in Figure 1.8(b). As expected, the Cs2CO3/Al cathode shows even better device
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performance owing to the formation of a low workfunction contact and reaches a value of 1.6
cd/A. The current efficiency of the device with CsxCOs; + PPY interlayer reaches 3.43 cd/A due
to the further improvement in charge balance and is among the highest reported efficiencies for
MEH-PPV devices.

To measure the electron injection barriers, electroabsorption (EA) spectroscopy was used.
Figure 10 (a) shows the EA spectra for the PLED device with Cs2CO3 + PPY interlayer.

1.50 5

a Al

(b) > PPY/AI

1.25
o Cs,COJAI
1.00 &+ PPY+Cs,CO /Al
0.75
0.50

0.25

10%- AT/T

10°- AT (arb)

0.00

-0.25

-0.50

L - . L -1 T T T T T T T T T {
500 550 600 650 700 3.0 -2.5 -2.0 -1.5 -1.0 -0.5 00 05 1.0 1.5 2.0

Wavelength (nm) Bias (V)

Figure 10. Electroabsorption spectra for the device with structure ITO/PEDOT:PSS(35nm)/MEH-
PPV(85nm)/Cs2CO3+PPY(7nm)/Al(100nm) (a) and bias scans for devices with different cathode materials.

There is a strong EA peak at 566 nm which disappears when the Vpc applied is 1.75V. It
is at this applied external voltage that the built-in potential is cancelled out. Figure 10 (b) shows
the bias scans of the EA signal for devices with varying cathode interface layers. The zero-level
crossing indicates their built-in potentials. The Vg, for the device structure with the Al only cathode
is 1.05 V which closely matches the work function difference between Al (4.2 eV) and
PEDOT:PSS (5.2 eV). With the addition of PPY, the Vg, increases to 1.32v. This can be explained
by the formation of an interfacial dipole due to nitrogen donor atom on the side chain of the PPY
which lifts the work function of the metal with respect to the LUMO level of the MEH-PPV. When
the Cs.COz + PPY layer is used, the Vg increases to 1.75V from 1.53V when just the Cs2COzg is
incorporated. The increase in Vg using PPY clearly shows the barrier for electron injection is
lowered yielding better device performance.
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