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Sir Richard H. Friend is Cavendish Professor of Physics at the University of Cambridge. In the 1990s, he reported for the first
time efficient operation of polymer based FET and LED, which contributed to the commercialisation of OLED displays employed
in current TV and smartphone devices. He is co-founder of several companies and start-ups including Cambridge Display
Technology, Plastic Logic, and Heliochrome limited. In this interview, he and Dr. Dawei Di, who recently joined Zhejiang University
in China as a tenure-track professor, discuss recent developments and future prospects of perovskite LED research and devel-
opment. The interview is available at https://youtu.be/Ficm4V36U2A.

Background

Samuele Lilliu (SL): Richard, you have been one of the pioneers in
the field of organic electronics. Can you talk about the path that has
led from your initial works on polymer light emitting diodes to the
current OLED technology used in consumer electronics?

Richard H. Friend (RHF): In the mid-1980s I, along with quite
a few others, was interested in the conducting properties of some of
the so-called organic metals and I realised that the improvements
in the materials that were being synthesized meant that we could
start thinking about their use in semiconductor devices."” I did set
out, very deliberately, to create a program to make semiconductor
devices and our first big success was demonstrating transistors that
work extremely well and actually worked in an interesting way. The
nature of the field-induced charges is quite different to what one
usually finds in an inorganic semiconductor. We had a big success
with a paper we published in Nature in 1988.* That really projected
our work and the field in general into the public view.

We were looking around for other things to do and explored oth-
er materials and we, more or less by well-prepared chance, discov-
ered that simple diode structures, i.e. a stack structure with an elec-
trode, a layer of semiconductor, and an electrode on top, produced
quite good devices, but rather unexpectedly, showed light emission,
LED operation. That was the work of quite a few of us. Among the
co-authors on the paper we published in Nature in 1990, I pick out
Jeremy Burroughes, who in the end stayed all the way through
Cambridge Display Technology, Donald Bradley, who set an ex-
tremely successful career away from Cambridge, Andrew Holmes,
who was then my chemistry colleague in Cambridge and has had
a very successful career later both at Cambridge and now back in
Australia, and certainly Paul Burns, who was a postdoc at that time
in Cambridge and is now professor back in Australia. So, a lot of
us were around and the right things were done and we discovered
we could get light out of some polymers. There were antecedent
demonstrations of electroluminescence, not from polymers but
from so-called single molecules, which in relation to our polymer
device produced by solution processing looked very important.'

We filed a patent,'’ which turned out to be a whole embracing
patent that was very valuable. Around that we raised money in
interesting ways (some of the initial investors were Cambridge
Research and Innovation ltd, Cambridge University, and ‘business
angels’ such as members of the rock group Genesis)."? Back in the
early 1990s there was not a lot of venture capital around. We end-
ed up with Cambridge Display Technology" as a company with a
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strong university involvement, a university shareholding, which we
evolved to be able to prove the manufacturability of the science dis-
covery we had made. There are a number of steps along the way
that were proven very important. We had a collaboration in the
mid-1990s with Seiko Epson, who of course make up some inkjet
printers and through that we developed ways to directly pattern red,
green, and blue subpixels by direct printing.'? That has, decades lat-
er, proved to be a very practical way of producing large area OLED
screens. They are now available commercially.

Along the way the company acquired a number of differ-
ent shareholders and was eventually acquired by the Sumitomo
Chemical company," who have sustained the R&D activity in
Cambridge, but of course has done a lot of commercialisation in the
Japanese operation. That deep pocket and long term ambition has
been critical to success of that commercialisation.

Current Progress of Perovskite LEDs

SL: Perovskite materials have emerged as the new technology for
solar cells and the number of publications has skyrocketed since
2012."32* There seems to be less groups involved in perovskite LEDs.
Can you talk about the perovskite LED technology and how this
compares to established OLED technology?

RHEF: The first point to make is that LEDs are slightly more dif-
ficult to make than solar cells and certainly more difficult to meas-
ure and they naturally attract a slightly more specialised researcher
community. The number of papers published on perovskite LEDs
is rather large.*?¢ I think our paper that we published in 2014* has
had well over a thousand citations, which indicates that it is actually
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quite a large community working on it, not as large as the solar cells,
but by ordinary measures it is a very busy community.

Organic LEDs which have been under serious commercial de-
velopment since the early 1990s, now perform quite well. They are
used for top-end televisions and top-end smart phones.?®3? There
are actually two slightly different technologies used for these two
applications. It is certainly salutary that it has taken essentially three
decades to engineer that technology to provide what is truly excel-
lent quality, and it is now firmly established as the best current dis-
play technology. OLEDs have some limitations. Ultimately the life-
time is limited.***” There is an issue always with one colour, the blue,
which has always been the hardest colour to optimise for OLEDs,
but it is adequate for televisions.™** There is also a question about
their efficiency in converting electrical power to light energy. I think
they now perform like crystal displays,* they should do, and their
power efficiency is almost certainly one of the reasons why they
are widely adopted in smart phones." There are some limitations
to the amount of light you can bring out in the forward direction
from a flat panel display.*> We have ideas, which we have not really
made work yet, but we think are viable to push the performance
of perovskite LEDs. There are some particularities about how the
semiconducting optoelectronic properties operate that may allow us
to get better light extraction®” in the forward direction than OLED
technology and that is one of the reasons why we think it is worth
exploring.*”

SL: In November 2018 your group published a paper in Nature
Photonics* on the most efficient perovskite LEDs reported to date.
Can you talk about how did you come up with the design of the
perovskite-polymer bulk heterostructure (PPBH)?

RHEF: The challenge with any thin film LED technology is that
we need to do two things at the same time. The first is that we need
to inject electrons from one side and holes from the other and cause
them to recombine in the active semiconductor. The second is that
we then want that excitation to emit a photon, to produce light rath-
er than cause heat to be generated through accidental non-radiative
recombination. In general interfaces between the luminescent mate-
rial and the injection layers, are difficult to engineer to produce real-
ly good luminescent behaviour. It is quite often the case that there is
quenching.**” After our original result that we published in 2014,%
we planned to engineer materials or composite materials, where the
light emission takes places relatively deep within the layer of the per-
ovskite, so that the electrodes, which needed to inject charges are
not able to act as quenching sites. This was achieved in our recent
paper in Nature Photonics* by using a mixture of perovskite mate-
rials with different colours, with different bandgaps, and to contain
that mixture within a polymer matrix. There is an element of empir-
ical optimisation, but the design rule was very clear. We knew that if
we did not have a very high photoluminescence yield, we would not
have an optimum electroluminescence yield.

Figure 2 | Baodan Zhao, PhD student and first author of ref. [43], at the
Maxwell Centre, Cavendish Laboratory.
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Figure 3 | Dr Dawei Di, professor at the State Key Laboratory of Modern
Optical Instrumentation, College of Optical Science and Engineering, Zhejiang
University (Hangzhou, China) and visiting researcher at the Cavendish
Laboratory.

Mejd Alsari (MA): Dawei, in your recent Nature photonics paper
you have demonstrated perovskite LEDs with EQE exceeding 20%,
would you like to share your thoughts about this report?

Dawei Di (DD): In our recent publication with Prof. Richard
Friend, Baodan Zhao and colleagues,” we employ a bulk hetero-
structure or blend of quasi-2D/3D perovskites*** and an insulat-
ing polymer to confine charge carriers and eliminate non-radiative
recombination losses at the same time. We have developed some
of the highest-efficiency perovskite LEDs, with external quantum
efficiencies exceeding 20%. This means that the efficiencies of
perovskite LEDs are now on par with some of the best OLEDs and
quantum-dot LEDs.**

Through transient optical measurements, we found that the
charge-transport interfaces have no observable influence on the
photoluminescence (PL) kinetics of the emissive layer. This highly
desirable condition has been achieved for the first time for perovskite
devices including LEDs and solar cells. It means that the interfa-
cial recombination losses are effectively supressed. The external PL
quantum yield of the emissive layer are close to 100%, indicating the
elimination of non-radiative losses.

Ultrafast optical experiments show that the photo-excited states
initially formed in the higher-bandgap quasi-2D regions quickly mi-
grate to lower-bandgap 3D regions within 1 ps, followed by radiative
bimolecular recombination in the 3D perovskite region. The carrier
lifetime in the 3D perovskite region is enhanced due to the presence
of the polymer. Together, the two processes ensure that non-radia-
tive losses in the emissive layer are effectively eliminated.

Our calculations based on conventional optical models for thin-
film OLEDs suggest that the internal electroluminescence quantum
efficiencies of our best LEDs are close to 100%. We believe further
improvements of external electroluminescence efficiencies could be
possible by using light extraction strategies including photon scat-
tering and recycling.

Future Developments of Perovskite LEDs
MA: Can you comment on future developments?

DD: One of the advantages of perovskite light emitters is the high
colour purity. On the other hand this is also a drawback, because if
we want to realise white emission with high colour rendering index
(CRI) this is going to be quite difficult. There is a recent publication
in Nature by a Chinese group headed by Prof. Jiang Tang, where
they demonstrate some interesting white emitting perovskite com-
position.” So I think perovskites are also capable of emitting white
light efficiently. If we make use of the white emitting perovskites and
make them into efficient LEDs they also have very good potential for
lighting purposes with high CRL
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SL: Richard, How do you think these devices can be further im-
proved?

RHEF: The opportunity going forward is obviously to improve
lifetime, the manufacturing window, and to control colour. We
reported near-infrared devices in that paper.* We have competing
groups around the world that have been producing emission with
other colours.***” We know now how to achieve comparable per-
formance with very good green devices. We need to examine proto-
cols for producing large areas or patterned structures. We know we
will have some challenges in getting an excellent blue device. That
is always the difficult colour. There is a lot to do, but the important
point about our paper, and there were similar papers from groups
elsewhere around the world at about the same time that were pub-
lished,***” is that it demonstrates that the architecture and the mate-
rials look very promising. The performance of 20% external quan-
tum efficiency in the forward direction is a sort of benchmark that
establishes these as serious contenders for application. What would
be really exciting is to push the performance beyond the perfor-
mance that is achieved in today’s technologies for thin film displays.

SL: Recent works in solar cells suggest that the degradation of
perovskites is not an issue for certain mixed cation materials. What
are the challenges that perovskite LEDs face to enter the market?

RHEF: With almost all new semiconductor technologies it has
taken time to develop reliability. That has been true for III-V semi-
conductor lasers, organic LEDs, and it will be true for any new solar
technology. With the perovskite materials there has been a lot of
industrial effort to improve the stability of solar cells and the results
are now encouraging. With the light-emitting diodes, the work at
the moment that I am aware of is purely academic and the efforts
that have been made have been more towards demonstrating the
potential for efficient operation rather than engineer long lived de-
vices. There are some interesting opportunities to operate the devic-
es in a regime where we should be able to enjoy the same stability
that is now demonstrated for solar cells. It is actually operation in an
interesting and slightly different mode to that usually employed in
perovskite devices. The key to running perovskite devices is to ar-
range that the only currents flowing in the perovskite semiconduc-
tor are diffusion currents rather than drift currents.”®* That means
that we need to avoid trying to maintain an electric field across the
perovskite semiconductor. I think that is satisfactory for the opera-
tion of these devices.

SL: How can you achieve white light emission with perovskites
LEDs?

RHEF: The requirement for a display is to try to produce red,
green, and blue pixels that are the vertices of the colour triangle. We
want very pure narrow lines with colours that in combination would
produce any colour as perceived by the human eye. In contrast if we
want to produce white light for lighting, we actually need to mimic
the black body spectrum that we get from sunlight or tungsten light
bulbs and we need to fill in all wavelengths. Current LED lighting
based on GaN, which is blue, use some relatively cheap phosphors
that sort of fill in the other colours, but not perfectly.® There is a
really interesting opportunity to build in a composite of different
phosphors that each of which take some of the blue light from the
GaN LED and absorbs it and re-emits is at a downshifted colour,
such as green, orange, yellow, or red.®** The likely optimization
would involve a sort of recipe of several materials in combination
producing a very good match of what we are familiar with the sun.

SL. Are you aware of any company working on perovskite LEDs?

RHF. In Cambridge we have filed patents around perovskite
LEDs and around the luminescent properties.®* We have been
working together with the Oxford group, with Henry Snaith, and
we have secured some venture capital funding and we have creat-
ed a company, which is Heliochrome Limited,*” which we will use
as a body vehicle to continue to build up intellectual property and
to explore a number of possible application areas for luminescent
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perovskites and LEDs made with them.
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