ZHhBEARELRFOIVE—T VY ADK

Impedance Spectroscopy in the Development of Solution-Processed OLED
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Abstract

In developing organic light emitting diodes (OLEDs) for
lighting and display™ ?, the distinction between evapora-
tion-processed OLEDs and solution-processed OLEDs is
central. Each has its pros and cons: evaporation-processed
OLEDs give superior performance, while solution-processed
OLED:s offer low production cost and large-scale production
capability3-.

To see how the two processes affect OLED performance,
we employed new materials usable in either process and
present in each layer of two types of OLED. Each OLED had
four organic layers, with the emission layer (EML) being a
mixture of blue phosphorescent emitters (dopants) and host
materials. The performance of the solution-processed OLED
was inferior to that of the evaporation-processed OLED, but
cross-sectional SEM images revealed no observable differ-
ence between the two®.

However, impedance spectroscopy (IS) detected small but
measurable differences in the electronic properties of the
two types of OLED®”. Applying equivalent circuit analysis to
our IS observations resulted in a 3-layer model that well fit
the solution-processed OLED designed as a 4-layer device.

IS analysis of a model OLED with an artificial interfacial
mixing layer suggested interfacial mixing between the
organic layers of a solution-processed OLED. Further, 2-layer
devices with both solution-processed and evaporation-pro-
cessed EMLs clearly exhibited interfacial mixing in the solu-
tion-processed OLED. A newly developed solution-processed
OLED* with improved performance well fit a 4-layer model
equivalent circuit. Interfacial mixing appeared to be elimi-
nated in this OLED. To conclude, IS analysis proved useful in
developing solution-processed OLEDs and promises further
aid in the development of higher performance OLEDs.

* BFEHEAG AR

* % OLED ¥

* %k FHFEHHRASH

* %k ok ok PHTEHAE A
* % % ok ok KPRAZRY

BB 2 > 5 —
B
SRR 2 v & —  TEEM R
WE AT v & —

102

YT v T a L= a R E

KONICA MINOLTA TECHNOLOGY REPORT VOL.14 (2017)



1 EU&HIC

OLED i3/EfE 7 mt ZIC &k b, 7R & @A AL 444
I3, OLED O F N A 2 & TIE KB T
HY, KA FTERET 2 7-DIFEMUIENTH 5,

BATRIOLED 1%, RV ~—#kz v 254 L&y T
MEZ V3858 Lo 505, OLED OFNHE s
MELORMMIC L > THI %5 2 LIZIHED SHIS 4T
B, Ol CIEME DR B W RE 2 K 7k 2 v
TEBMAT2EMYPIEH SN Tw S, 2k, HES T
TR & ST RBEEPREEEEICOWTh, M
BLE 70X A DMjHi2 & B e I, FEICTEE
JE& DIFIF 2 2 AR FALEY TR %2 ¥4 B OLED b
ERTEZ L9 ICh>TETED, EFABHIFIEIELRE
b ELTWwS, L2LE2s, ZEROLEDICERT
WARROLED &, #h3, & IR TIEI%>TED,
W7 B MERE R 2S BT dH B 49,

B 7 a2 2 D3ENH OLED PEREIC 21X 35228 % R
THIERHEHMNELT, &K, BAOW 70t RITTE
BIN[RE 2> H B 2 % 122 U AR e S vk
OLED %P5t L 72, Z415 @ OLED 34 ¢ 2 fiydif FEi
D, HEOWNeECPRAOEREZBILT 2FRE L
T, MM BRREOZZRIBTE LA v E—F VR
43 (Impedance Spectroscopy, IS) ¥ 283t L 72,

2 ZEHBEOLED OHIE

8L 72-OLEDIZ, & — L7 AJ& (Hole Injection Layer,
HIL) /& —)LiiikJE (Hole Transport Layer, HTL)
F¢kE (Emission Layer, EML) /% T7ifii%)g (Electron
Transport Layer, ETL) @, 4J@OHE» S %29, %
7o, FEOCFIZARA PMELEFOD AN — 1R DRG
JETdH 2 (Fig. 1),

EIL
ETL

Anode

Fig. 1 OLED layer structure used in this research.
From top down: cathode, EIL (electron injection layer), ETL (elec-
tron transport layer), EML (emission layer), HTL (hole transport
layer), HIL (hole injection layer), and anode. The HIL, HTL, EML, and
ETL are organic layers. The EML includes dopants and host materi-
als. Both evaporation and solution processes are applicable to all
four organic layers using nearly the same materials.
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Fig. 2 SEM cross-sectional images of OLEDs.
(a) An all-evaporation-processed OLED and (b) an all-solution-
processed OLED. In each, the interfaces between the organic lay-
ers were clear and obtained without turbulence at the layer
interfaces.

L %> L OLED 7 % Lhi U 75 5L, % A6 AL OLED (3 2%
BMOLEDICH L ¢, JMBFGREFIGETI0%, Fltk
THMITBLTIZ40% & VI FERICR D, ZEFEROLED
X O HEAFR OLED O J5 23E P2 7R L 72,

CD k) R B kAT & KA DE 12T
DEVIBET, A VE—F VAN X BRI ELT
ol

3 OLEDIC®IFZA1VE—FVRHH

3.1 4AYE=F Y RAAHDFRE

A4 v E—8 v 2455061E, OLED OB AU %2 264112 7
W 2HMTIEASNIZLOTVWE, £ v E—F v 25y
FEWE Tk, IAHHSO B ECC OLED IC 5 B H % F
LAY E—F Y RAZFHIT 2, 4 v E—F v 2556
TEREFICR L T, SR X 2 TERTH B, B
HIX % Fig. 3 1287,

—#gNIzix, RCIFFIMIEE (Fig.3 o Bh) HEHEY:
ERIE D BWETRIES 12 72 % . RCAEFIFEKIZE T, A
VE=Y VAL OHEINSGEY 27 AM TM=jwZ,
JIZRBBHANL, wEARNE, 234 v E—=F 2, iE,
JAME R RG] L 2R IR TR 2R, 2ok
MEM7way FEFRL, MO S IFHL T 2 61

HTh 2,

BESEORO, HlikPEEETH 2 PR (Fig. 3
D), ¥ x84 C (Fig.3 D), RCEHIHE (Fig. 3
Dfk) OM7ay rbdHbbE TR, TN6DOM7
Ty MIRELIFERE RS,

X 5124 JERERR D OLED 12 BT, Zffi[ali% & LT
CR O F1 [R5 FE 56 DA 45 H3 e D B U CESI T 2 %
ETADPREINTLEY, HEDAL v E—FVA50

KONICA MINOLTA TECHNOLOGY REPORT VOL.14 (2017) 103



HERER D &, SFMEEFE O EE 7 A — 5 —Z2 Ffodft L
T74 v T4 v 7 2fine, AREEREOEAREZ
W= 5,

Equivalent circuits
R
R C R C
—— —@—

Modulus (M) plot
M=M+jM =-wZ +jwZ

Im M (1/F) Im M (1/F) 1
High High " 2rre
v L@
Low Low Low High
I Yo ReM(1F) 36 T ReM(1/F)

Fig. 3 Impedance spectroscopy.
Equivalent circuits, seen at the top, consist of a resistor (R) and a
capacitor (C) connected either in series (green) or in parallel (black).
Below, in the equation above the modulus (M) plots, in the equa-
tion, M =jwZ, M is the modulus, j is an imaginary unit, w is angular
frequency, and Z is the complex impedance. With the in-parallel
equivalent circuit, the M-plot shows a hemicycle trajectory of the
modulus calculated from the impedances of the circuit compo-
nents when frequencies shift from low to high. The connected-in-
parallel equivalent circuit, applied to the organic semiconductors
used in the OLED, is the best model of the OLED's electric properties.

AWFZETHI % 38, 4J8 D OLED O %:fi[n]#% % Fig. 4
I278F, Fig.4 I2E\>CConstant Phase Element, CPE &
13 "Zepp=1/[(jw)PT], JIZBHEEAN, wiZABEBEE, plk
CPE-p/89 X —% —, TIZCPE-T/89 X —% —CHEHLAE
B TERS N, BN v v (p=1) 225D
el z €T NMALL 2R EFETH 5, BEF v 8> 5
5 OB OVIBNERIE, ¥+ VT 7 v 7 OMEDHL
N EPREIN TS, L DAL TIZFCPEDY
MNMZEDZJEOLED D 7 4 v 7 4 ¥ ZREDE L 727,

Contact CPE

4-layer model
Contact CPE

Fig. 4 Equivalent circuits of 3- and 4-layer OLEDs used in this study.
Each parallel circuit corresponds electrically to an OLED layer.
Models consisting of three or four parallel circuits arranged in
series are referred to as 3-layer and 4-layer models, respectively.
The CPE (constant phase element) ensures a good fit between the
equivalent circuit models and OLED measurement. The additional
parallel circuit (in black) is the contact element between the OLED
and measurement apparatus.
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Fig. 5 M plots of an all-evaporated 4-layer OLED whose layer structure is
shown in Fig. 1.
The DC biases were 0.0V, 0.5V, 1.0V, and 1.5V. As shown in the fig-
ures, the 4-layer evaporation-processed OLED (blue dots) and the
4-layer equivalent circuit model (red lines) were a close fit.
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Fig. 6 M plots of an all-solution-processed 4-layer OLED, all of whose layers
were solution processed using nearly the same materials and same
layer structure used in the evaporation-processed OLED in Fig. 5.
The DC biases were 0.0V, 0.5V, 1.0V, and 1.5V. The 4-layer OLED
(blue dots) and the 3-layer equivalent circuit model (green lines)
were a close fit. This indicates that the number of circuits in the
equivalent circuit model is one less than the number of layers
of the all-solution-processed OLED. The all-solution-processed
4-layer OLED was found to behave electrically like a 3-layer OLED.
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Fig. 7 M plots of a mixed-layer model of 4-layer OLED.

A 10 nm thick mixed layer of HTL material and dopant was layered
between the HTL and EML. All layers were produced using the
evaporation process. The DC biases were 0.0V, 0.5V, 1.0V, and 1.5V.
The green lines are the fitting curves of the 3-layer equivalent cir-
cuit model. The number of circuits in the equivalent circuit model
is one less than the number of OLED layers. This suggests that
there is a mixing of dopants and HTL host materials in the solu-
tion-processed OLED.
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Fig. 8 M plots of HTL/EML double layer devices (a) and (b).

The DC bias were 0.0V, 0.2V, and 0.4V. (a) The HTL was coated via
the solution process and the EML via the evaporation process.
Two semicircles are clearly separated. (b) Both the HTL and the
EML were coated via the solution process, resulting in only one
semicircle. This confirmed that there was a mixing of materials at
the HTL/EML interface when both layers were produced through
the solution process.
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Fig. 9 Difference in the M plots of the evaporation- and solution-pro-
cessed model OLEDs.
In the evaporation OLED, holes cannot be injected into the EML
from the HTL at low DC bias voltages, perhaps because the EML
material, especially the host material acts as an injection barrier.
Thus, the M plots of the evaporation OLED clearly show two sepa-
rate semicircles. In the solution OLED, holes can easily be injected
into the EML through the mixed region of the HTL and the EML
(dopant) at low voltages. Thus, the M plots of the solution OLED
present a single, merged semicircle.
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Fig. 10 M plots of an improved solution-processed OLED in which the
materials, production process, and layer design were improved
over the OLED shown in Fig. 7.
The performance of this improved solution OLED nearly equaled
that of the evaporation OLED seen in Fig. 6. The red lines are the
fitting curves of the 4-layer equivalent circuit model. The num-
ber of units in the equivalent circuit of this solution OLED equals
the number of layers in the OLED. Note that at 1.5V, a 3-layer
model was a close fit, as the green curve shows.
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