3.

Highly Efficient Green-emitting Devices

One of the key issues for us to get high-efficiency devices is that we have to
spare no effort to balancing the currents of holes and electrons injecting from
the anode and the cathode, respectively. Excessive holes or electrons increase
the current density but there are no enough corresponding counterparts for
holes or electrons to recombine with. These conditions result in increasing
current density but keeping the same luminance. Thus the efficiency drops
with no excuse.

There are probably two ways to find out the best way to balance the holes and
electrons in the emissive layer(s). One is to change the concentration of hole-
transporting material (forsexample TPD) or that of electron-transporting
material (for example PBD) in the 4-material blend. Appendix A shows
that blindly changing thelblending ratio among the four materials will jeop-
ardize the balance of holes and-electrons. Besides, one (or more) of the four
materials may act-as the carrier-trap agent. This is also harmful to the hole-
electron balance. The otherrpossibility is to establish other kinds of device
structures, such as preducing more layers, or adjusting thicknesses of some
layers in the device.

We produced devices with different cathodes, thicknesses of films, and also
devices with single or double layers. We examine these devices and figure out
which combination was the best to achieve the maximum luminous efficiency.

Among all the devices, the best efficiency of our own devices, 49 cd/A, was
achieved with the single-layer structure, with the solution of the 4-material
blend whose ratio was PVK : PBD : TPD : Ir(mppy)s = 61 : 24 : 9: 6
as described in the literature. In the device, PCE was about 17 lm/W while
the luminance was about 12,000 cd/m2. However, the performance at low
voltages was worse than that in the literature. For our double-layer devices
made by the buffer-layer technology, the luminance was about 20,000 at 17
volts, but in the device the efficiency decreased down to 18 cd/A, with the
PCE of 5 Im/W. We impute this low efficiency to excessive injection of holes
from TFB.
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Figure 3.1 Theﬁe'ﬁWagram of the single-layer devices.

3.1 Single-layer devices with' different insulating layers between
the light emitting layer and the calcium cathode.

To begin with, we quite closely follow the article published by D. Neher et al
[8][10]. Figure 3.1 is the energy diagram of the materials (PVK, PBD, TPD,
and Ir(mppy);) and the work function of ITO and the cathode. The blend
of the four materials is called "light emitting polymers (LEP)."

Notice that the host PVK has the largest band gap among all the materials.
This is a very important criterion for us to choose a host. An energy dia-
gram of the host and the guest which resembles that in Figure 3.2 is not a
good choice because holes and electrons could be separated on each material,
resulting in difficult recombination between a hole and an electron [18]. An-
other criterion for choosing a host is that the triplet energy level of it should
be higher than that of a guest. Have it not been so, the triplet excitons would
gather on the level of the host, not the guest [19].

Figure 3.3 shows the chemical structures of materials which are currently in
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results in separating’the holes and electrons from one another and inefficient
recombination of holes and electrons.
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Figure 3.3: Chemical structures of the materials.
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Figure 3.4: J-V diagram for single-layer devices with CsF/Ca/Al or
LiF /Ca/Al

use.

We compare the device efficiencies with different cathodes— CsF/Ca/Al and
LiF /Ca/Al. Figures 3.4 shows that the devices with CsF/Ca/Al have higher
current density. The excessive amount of current density could be regarded

as the excessive electrons because CsF injects electrons more efficiently than
LiF does.

Figure 3.5 shows that devices with CsF/Ca/Al perform much better at low
voltage range (around 6 volts to 15 volts) than those with LiF/Ca/Al. It is
because the work function of CsF (about 1.9 eV) is lower than that of LiF
(about 2.4 V). Under low voltage the electrons have no barrier to inject for
the former case while, under the low voltage, the electrons encounter a barrier
for the latter case. On the contrary, however, for high voltages (voltage higher
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Figure 3.5: L-V diagram for single-layer devices with CsF/Ca/Al or
LiF /Ca/Al
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Figure 3.6: Y-J. diagram for singlé-layer devices with CsF/Ca/Al or
LiF /Ca/Al

than 15 volts), the devices with LiF/Ca/Al have higher luminance but the
luminance of the devices with CsF/Ca/Al decreases dramatically at high
voltages.

Figure 3.6 and 3.7 show that efficiency of devices is better under CsF/Ca/Al
case.

The luminous efficiency of CsF/Ca/Al is about 28 cd/A and the Power Con-
version Efficiency is about 20 lm/W. On the other hand, the luminous effi-
ciency of devices with LiF/Ca/Al is only about 14 cd/A while the PCE is
about 3 lm/W.
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Figure 3.8: Y-J diagram for:single-layer devices with various CsF thicknesses.

3.2 Single-layer devices with the CsF/Al cathode in conditions
of different thicknesses of the light-emitting layer and of the
CsF layer

In this section we will describe two very important comparisons about the
optimal thickness of CsF layer and of the emissive layer (LEP). Our own
experiments revealed that the best device had conditions of CsF about 10
A and the emissive layer about 800 A which were very close to the optimal
production factors in the literature. For comparison, we produced devices
with CsF of 10 A, 30 A, and 40 A and with the emissive layer of 800 A and
1000 A. There were 6 combinations.

We observe in Figure 3.8 that there are two conditions for devices to get
yield of 40 cd/A. One (with the symbol of ¥) is CsF with thickness of 10
A and LEP with thickness of 800 A. The other (with the symbol of @) is
CsF with thickness of 40 A and LEP with thickness of 1000 A. However,
the Y-J diagram shows that the curve for the latter device drops much more
quickly while the curve for the former still holds at high efficiency under larger
current density. We also notice the curves representing the two devices in
L-V (Fig 3.9) and J-V (Fig 3.10). ¥ has high luminance and large current
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Figure 3.9: L-V diagram for:single-layer devices with various CsF thicknesses.

density while & does nét:-We-may deduce from these facts that thick Cesium
fluoride film may block électron injections at high voltages.

For devices with other combinations, the yield is lower than 30 cd/A even
though the current densities of theirs are higher than that of the ®. Next we
disscuss effects of film thickness.

There are two groups in respect to a fixed LEP thickness. For devices with
LEP thickness of 800 A which are represented by B, (1,¥, and % in Figure
3.9 of L-V, and for devices with LEP thickness of 1000 A, which are repre-
sented by (),A, and &, we observe that the thinner the CsF, the higher the
luminance. On the other hand, for a fixed CsF thickness (for example, B,
0, and @ stand for devices with CsF of 40 A and O, A, and % represent
for those with CsF of 30 A), devices with LEP thickness of 800 A get higher
luminance at low voltages than those with LEP thickness of 1,000 A.

The luminance for the device with CsF=10 A and LEP=800 A was about
12,000 c¢d/m? at only 13 volts. Notice that the @& curve, whose yield was also
40 cd/A, got low luminance. For the other devices, the value of luminance
was lower than 6,000 cd/m? even at 16 volts.

Although the best power conversion efficiency (PCE), about 22 lm/W, is
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Figure 3.12: Spectra of devices., There is no significant difference for the
spectra among different device conditions.

achieved by the device with-the condition of CsF =40 A and LEP =1000 A,
it drops very quickly when going-through high current density. On the other
hand, even though the inverted triangle curve does not get the highest value
of PCE, it stands at much higher PCE than any other devices under large
current density. Therefore we conclude that the best device is still the one
represented by the inverted triangle curve.

Figure 3.12 shows the spectra of the devices. We can see that different thick-
nesses of Cesium fluoride and LEP layers lead to almost the same spectra.

With almost the same production process, except for using O plasma after
UVOzone treatment, we produced a device, shown in Figure 3.13, with lumi-
nous efficiency of about 49 cd/A. However, there was no evidence that using
both treatments would increase the device efficiency. The PCE was about
18 Im/W. High efficiencies were achieved at low current density. It is worth
notifying that the current density in this device was lower than usual. We
attributed this to an accurate and smooth fabrication proceeding. Neverthe-
less, the luminance was not high at low voltages. The spectra under different
voltages of course remained the same as before.
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Figure 3.13: Devices with luminous efficiency of 49 c¢d/A.
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Figure 3.14: Chemical structure of TFB.

3.3 Double-layer devices with combinations of different
insulating layers and different cathodes

This section studies the double-layer devices with three different conditions
of cathodes. One is the device with CsF/Al as the cathode. Another is with
CsF/Ca/Al/. The other is with LiF/Ca/Al as the cathode. The double
layers consist of Polyy](9, 9-diectylfluorenyl-2, 7-diyl)-co- (4, 4’-(N-(4-sec-
butylphenyl)) diphenylamine)}(TFB), whose chemical structure is shown in
Figure 3.14 , and the four-material blend LEP. For each kind of layer, the
thickness is kept in close thickness in every device. The different insulating
layers, LiF and CSE, are Kept with thickness about 10 A.

Figure 3.15 shows the EA-IP relationships of the PEDOT, TFB, LEP mate-
rials, Cesium Fluoride, and Caleium or Aluminum cathode.

It seemed reasonable at the first time to conjecture that the luminous effi-
ciency could be increased by using TFB as the hole-transporting material.
However, the curves with the symbol B in the following figures indicate
that the idea is wrong. If we compare the curves represented as inverted
triangles (V) (single-layer device with structure of LEP/CsF/Al) in the pre-
ceding section with the square ones (M, bi-layer device with structure of
TFB/LEP/CsF/Al) in this section, we find that the luminous efficiency of
the latter drops significantly from 40 c¢d/A to 21 cd/A. PCE slightly declines
from 16 Im/W to 9 lm/W. The spectra of the two devices are almost the
same. We impute this to excessive holes that are injected from TFB. This
breaks the originally balanced holes and electrons in the single-layer device.
We also suggest that the ordinary single-layer structure of LEP /CsF /Al with
the LEP referring to the four-ingredient blend, whose ratio among the four
materials PVK : PBD : TPD : Ir(mppy)s = 61 : 24 : 9 : 6, makes a very
balanced condition holes and electrons.
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Figure 3.15: Energy diagram of the bi-layer structure.

We may further suggest that One dep081t in double-layer devices, Calcium
between the insulating layer and the Aluminum cathode. We have noticed
carlier that the GsF/Ca/Al" combmatlon injects more electrons. See Sec-
tion 3-1 or the calculation-of freesenergy in Section 2-6. That the structure
TFB/LEP/CsF/Alds hole excessive may just indicate that using Ca between
the CsF and Al suits our;need, because in this way more electrons will be
carried in the device. However, the results represented by the solid circles
in the following diagrams would disappoint us. In observation of Figure 3.16
and Figure 3.17, even though the device with CsF/Ca/Al has larger current
density than that with Cs/Al, we do not see efficiency improvement in the
Cs/Ca/Al device. Even worse, it shows that the device with CsF/Ca/Al has
slightly low luminous efficiency than that of the device with CsF/Al. Just
like the case in single-layer devices, Figure 3.18 shows that under low voltage
range, devices with Ca performs better than those without Ca. We may rule
out the possibility of fabrication errors in the device.

Figure 3.19 and Figure 3.20 show the PCE versus current density and the
spectra of theses devices, respectively. We see that the spectra of bilayer
devices are almost the same as the spectra of single-layer ones.
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Figure 3.17: Y-J diagram for bilayer devices.
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Figure 3.21: The tri-layer energy diagram and (inset) the chemical structure
of TPBL Al

3.4 Tri-layer structures:'-_vvith TPBI aé‘{the electron-transporting

layer

The first idea is simple.."Weknow' that it is hole-excessive for the device
structrue of TFB/LEP/Cs/Al.« Therefore probably using 2, 2 ’, 2 7-(1,
3, 5-phenylene)tris(1-phenyl-1H-benzimidazole) (TPBI) as the hole-blocking
layer at the cathode side may just improve the device efficiency by lowering
the hole current. Figure 3.21 shows the energy diagram of tri-layer devices.
We observe that the reason for TPBI to block holes is that it has a very
large TP compared with all the other materials. Inset in the Figure shows
the chemical structure of TPBI.

There are two possible ways to add the TPBI layer. One is to adulterate
a little amount of Poly(methyl methacrylate) (PMMA), which is an insula-
tor, into the TPBI. This will be disscussed in Appendix B. The other is to
thermal-evaporate the TPBI powder. Thermal-evaporation seems an easier
way with regard to production process. It also gives us more compact films.
However, thermal-evaporation may limit us to small-area fabrication, which
makes it impossible to produce the flat-panel displays in a large area. In our
experiment here, the thicknesses of the TFB, LEP, TPBI are about 200 A,
800 A, and 150 A, respectively.

Figure 3.22 shows that there seems no difference between the tri-layer device
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and the double-layer ones. The reason to cause the failure may be that the
EA of TPBI is as high as 2.7 eV. Therefore electrons are accumulated at the
interface of TPBI and the LEP. We should replace TPBI with PBD in the
future.

3.5 Conclusions of Highly Efficient Green-emitting Devices

We talulate the maximum efficiencies of different device structures in the
following table. Unless noted, LEP refers to the four-material blend with the
blending ratio of PVK : PBD : TPD : Ir(mppy)s =61 :24:9 : 6.

We suggest that we do more experiments on the various concentrations of
PBD in single-layer devices. For double-layer devices with CsF/Ca/Al as the
cathode, we may change the thicknesses of CsF and Ca. We may adjust the
PBD concentration in the 4-material blend as well. For the tri-layer ones,
we should convert our attention to PBD. PBD has lower EA of 2.5 eV. This
may cause electrons to inject, directly to the Iridium emitter [13].

47



(%z2) 9%g uonenueouod qgd
0} gD J pue ‘poi£ ‘edUrRUIMN] SIONPOI YOIYM IOJeNUdIIe UR [ILM PIINSEIN

"R INO UL POASIYDR SeM R} ADUSIONIS 1SOYSIY oY T,
"YOOTT=dHT 'dd.L Moqam
"VOOL=dHT 'dd.L Moy
"AToAryoadsor
‘Y008 Pu® y00g& 1Moqe ore Ji] Pu (A JO SOSSoUNDIY} oy} ‘Paynou ssofun) "JHT/d AL JO OIMIONIIS Y} 9ARY SOOIAdD IoAR[-I¢]
"A[oA1100dSaI ‘9d1ASD 9Y) JO A\ /W] JO JTUN UT ADUSIOYJO UOISISAUO0D Iomod pue ‘y/po Jo jrun ul
Kouamorge snoutwm] ‘erdures 1) Jo oqumu ‘uorponpoid jo (Aep ‘yjpuowr ‘1eak Jo IopIo Ul) ojep I0j pue)s (po‘qe) stserjuared Ul sIoqUINU
INnoj oy ‘Apoq ureur o} U] "SOINJONIIS 9IIASD S} I0J spur)s mox doj oy ], "IeAe] SUIIR[NSUI Y[} JO SSOUNDI} 0) SIOJAI UTUN[0D 1JO] Y[,

08

"Son[eA [UISLIO oYY JO =

SOIMJONI)S SNIOLIRA [}IM SOITADD JO SOIOUSDIPH :T°¢ 9[qe],

(6 18'8°07'5-G9T°L0F090)  o(Z°0T'€ 65 T-C L0F090)
X Y000T=ddT Y008=ddT YOp
V/ 48D
(For'1°62° 1-¢°L07090) (T'8 ‘L' TZ'T-661°L0%090)
X V000I=dd'T Y008=dd'T Y0¢
v/ 8D
(9°1T'8°28 T-77'62£090) V/ 8D (770T°0° L1°2-86'72£090)  (1°0T'C LG G-6ET FE£090)
(€' LT'7'61°T-9962£090) 1V/®D/ASD YO00T<dd'T Y000T=dd'T Y0z
(9°T6TIC-CIT ‘9121S0)  TV/®D/AT v/eD/dsD
X oc(L7 LT LSV 2-6'6T7090)
X o(C0T‘ 9T 1-6°6T7090)
o(8F T'8T 1-L62'617090) X AdL %6 X o7 91°8°0%'2-L¥1°L0%090)
(0°2°9°€2‘T-05°615090) X AdL %€ v/dsD
(021°6'92'2-16°216090)  (F#'Z€T°T-9€°0£5090) AL %0 AL TTOT'T69'T0TS0)  ¢(€°€°9°61°1-805 160TS0) vot
IV/dsD v/eD/dAr1 (1€'6'€1'2-9GT°L20160)  (8°C'6°0T'2-1S LT01S0)
Y000T=ddT Y008=dd'T
v/eD/dAr1
mg@\mﬁ-ﬂ IoAR[ o[3UIs .

48




