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We investigate the electroluminescen@&d.) response of organic light-emitting diodéSLEDSs)

with different metal cathodes and device-area dependence. Moreover, we formulate the EL delay
time, which is an indicator of the EL response. The EL response is fundamentally governed by the
device area, i.e., the capacitance of the device, and this for the OLEDs with low work function
metals as a cathode is fast. According to the formulation, we estimate electron mobility in an organic
bilayer and the threshold electric fields for electron injection under fast-pulse excitation. It is
consequently demonstrated that electron mobility in the bilayer showed mixed mobility
characteristics for each layer, and the threshold electric field became smaller with a decrease in the
work function of cathode metals. The low work function metal cathode device is identified as a
high-speed EL response device. Z)03 American Institute of Physics.
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I. INTRODUCTION understand and thus control limited processes for fast EL

response. Although the turn-on time of EL response under
Impressive scientific and technological advances haveulsed excitation was frequently discussed in relation to the

been achieved in the area of organic light-emitting diodesime to carrier transport time in single organic lay&fs-3-16

(OLEDs) in this decade. This has been driven by the potenthere has been no report on charge transport times in organic

tial applications for devices in a large variety of display tech-multilayers as revealed by a transient EL response analysis.

nologies. In addition, fundamental research to gain a better

understanding of behavior of charge carriers in organic semi-

conductors, for example, injection from electrodes, migratioH'- EXPERIMENT

(transpor}, and the radiative carrier recombination, have also  sample devices were prepared by the following proce-

been motivated by prospects to improve device performancgres. An indium—tin—oxide(ITO)-coated glass substrate

and invent a new organic device. Electroluminesceid®  \yas treated by @plasma for 5 min in advance. Organic

from OLEDs is generated by a recombination between holegyers and cathode metals were sequentially deposited on the
and electrons, which are injected from an anode and cathodgro supstrate in a vacuum 310 4 Pa). Device structures

Therefore, the dynamic behavior of EL of OLEDs undergang chemicals used in this study are shown in Fig. 1. To
electrical fast pulse excitation provides important insightschange the electron injection barrier from a cathode to an
into the internal operation mechanisiisjection, transport organic layer, two kinds of metal, Ca and Mg:A8:1 in
(migration), and recombination of chargesf OLEDs and  yolume, were used as cathodes. In the case of the Ca cath-
the device physics of organic semiconductorsS.For ex-  ode, a 300-nm-thick Al layer was successively deposited on
ample, it is easy to imagine that the EL dynamics under fash 10-nm-thick active metal layer to protect the active metal
pulse excitation conditions give valuable information aboutfrom the atmosphere. With the other cathode cases, a 300-
charge carrier injections into organic layers of OLEDS,nm-thick metal cathode was deposited. The device area,
charge transport in the layers of OLEDs, and so on. Thevhich was measured with a Keyence VH-8000 digital optical
transient response is also important in the context of possiblgicroscope, was varied from approximately 0.25 to 6%mm
applications for OLEDs in optical communications where by changing only the cathode area. Thus, the size and thick-
their utility will ultimately be limited by the response of ness of the ITO, which has high resistivity compared with
OLED light sources to high frequency modulatitn. cathode metals, were fixed in all devices, meaning that the
In this article, we investigate the EL response and itsexternal series resistancwiring resistance of the device
device-area dependence of three organic layered OLED dgemained unchanged when the area varied. The transient EL
vices with different metal cathodes to obtain internal infor-wave forms were measured with a nanosecond apparatus, of
mation about both charge injection from electrodes to organwhich the schematic details are shown in Fig. 2. A fast elec-
ics and charge transport in organic multilayers, and also téric pulse generatofModel 2000D, Picosecond Pulse Lab.
generating a rectangular voltage pulse of 210 ns width with a
Author to whom correspondence should be addressed; electronic maiP00 PS rise time at a 10 Hz repetition rate was used to drive
musubu@giptc.shinshu-u.ac.jp the device through an electric power attenudfiRA-10B,
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FIG. 1. Schematic illustration of device structure, work functions of the

cathode metals used, and structures and notations of chemicals used. As is also shown in Fig. 3, the EL delay time depended on

the cathode metal. The delay times of the Ca and Mg:Ag

cathode devices were, respectively, 52 and 77 ns.
Tamagawa Electronigs Light emitted from the sample Figure 4 shows the device-area dependence of the EL
OLED is detected by a photomultiplier(R7400U, delay times of OLEDs using each of the various kinds of
Hamamatsu Photonigthrough an optical fiber bundle and a cathodes at an applied voltage of 32 V. As shown in the
monochromator. The signal from the photomultiplier is re-figure, the EL delay times depend on metal species of the
corded using an oscilloscof@DS-680C, Sony Tektroni¢s cathodes, and furthermore, the delay times proportionally in-
via an ultrafast preamplifier with a fixed gain of 36 dB crease with an increase in the device area of all of the cath-
(C5594, Hamamatsu Photonic$he time delay of the appa- odes. This proportional dependence indicates that the EL re-
ratus, including the electric delays in the apparatus itself andponse of OLEDs is fundamentally governed by the
in the cables and so on, was experimentally determined foglectrostatic capacitance of the devices. This capacitance
each measurement so that the time axis could be adjusted foriginates from thin and large device structures of OLEDs.
the delay. Figure 1 shows a schematic illustration of the de©OLEDs are virtually assumed to be capacitors consisting of a
vice structure along with the work function of the metals cathode, an anode, and organic thin lay@nsulators. The

used. external series resistance of OLED devices also affects the
EL delay time through a well-known parameter, the time
Ill. RESULTS AND DISCUSSION constantCR (the product of the capacitance and the series

external resistance of the OLED devicélowever, as de-

scribed in Sec. Il, the external series resistance of OLED
Figure 3 shows the transient EL wave forms observedemains unchanged for all devices in this stuthe differ-

from the OLED devices, of which the device structure is

ITO/NPD/Alg (20 nm/BCP (40 nm/Ca or Mg:Ag cathode,

A. Transient EL behavior of OLEDs

at an applied pulse voltage of 36 V, with an emitting area of 100 prerrrrrrrprrrreeer
4 mnt. As shown in the figure, the starting times of the [ ® Mg:Ag Device
transient EL wave formsindicated by the arrowswas de- 80 © CaDevice
layed from the pulse was applig@t point O on the time ’g C
axis). The time lag between pulse application and the tran- o 60 s
sient EL wave form is defined here as the “EL delay time.” E "
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FIG. 2. Schematic diagram of measurement system for nanosecond transigfiiG. 4. Device area dependence of EL delay times for OLEDs using various
EL: (MC) monochromator andPM) photomultiplier. cathode metals at applied voltage of 32 V.
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ence of the resistance between the Ca and Mg:Ag devices is (= En =N

very small, because resistivity of the metals is significantly ~ tij~7g = 7SEg_ =(R+Ro)CiS, 3

small compared with that of ITD Therefore, it is safely 0 0 0

concluded that the device area dependence shown in Fig. 4\Wgherer; andSare the specific time constant per unit area of

caused by the capacitance not the external series resistarite time constant and the area of the OLED, respectively,

of the OLED. andR, Ry, andC; represent the series resistance of OLEDs
As shown in Fig. 4, the slopes of the device area depenmainly caused by ITO, the additional series resistance of the

dence vary by changing the cathode metals. The slope wilirive system(50 (), see Fig. 2 and the specific capacitance

be related to the specific time constdtime constant per per unit area of the OLED assumed as a capacitor. From Eq

unit area of the system involving the OLED and the driver (3), it is confirmed that the injection delay is proportional to

because of the above-mentioned proportional dependencéie device area.

This specific time constant consists of the specific capaci- On the other hand, the charge transport time can be ob-

tance(capacitance per unit area of deviad the OLED, the tained as the solution to the following equation:

external series resistance of OLE@sain component of the N

resistance is caused by ITCand the output impedance of d= J " "ans,uE dt, (4)

the electric driver. Because the external series resistance and ti

the output impedance are constant, the specific capacitan%ered’ i,

of the device is a key factor. In this study the device StruCharge carrier species from electrode to the recombination
ture, concretely, the organic materials and thickness of eachyne the mobility of the second arrived charge, and the elec-
organic layer, is unchanged excluding cathode metals, anglc fie|q strength at the inside of OLEDs, respectively. Here,
therefore the specific capacitance, in which OLEDs are reye gyppose the following conditionél) the electric field
garded as a thin layer capacitor, is essentially unchanged, agength inside the device is uniform af® carrier mobility

of course, resistivity of organic layers is also unchangedig constant while injected carriers arrive at the recombination
However, the EL delay time depends on cathode metal Sp&;one Therefore, Eq) can be reduced to the following

cies. We will now try to formulate dynamic behavior of tran- equation:
E t
1— _th) 1-6X[{ _ trans)
. Eo T
B. Formulation of EL delay

sient EL wave forms, especially of the EL delay time.
L . - ere, assumin <7, We can obtain the transport time
~ First, itis assumed that the EL delay time can be dlylde{'rans as the sollitirce;rr]ls of Eq5) P
into two components(l) the charge injection time, which
means the time taken to charge the OLED to the threshold d
voltage (Vy,) for the carrier injectior(from the electrodeof Urang™ E ©
the second arrived carrier species at the emission zone and
(2) the charge transport time of the second arrived carriefonsequently, the EL delay time is approximately expressed
from the electrode to the emission zone. In this case, the EBS EQ.(7) from Egs.(1), (3), and(6)

inj

andE are the run distance of the second arrived

d= #EO‘ tirans™ 7 ] : ®

delay time,tgelay, is €qual to the sum of the injection delay, Eq, d
tinj, and the transport delat,,,s. Thus, the EL delay time is tgelay= (R+ RO)CiSE—tJr £ (7)
exhibited by 0 HEh

taeiay™ tin * trans (1) Equation(7) qualitatively explains the characteristics of Fig.

) ) o ) 4 of the proportional device area dependence and the fast
Assuming the equivalent circuit of the OLED device t0 response of the Ca cathode device because the OLED with

be a series-connected circuit of a resistor and a capacit@gwer work function cathode metal has smal&y,.
(consisting of the anode and cathode of the OlLEBe volt-

age difference between the anode and cathode at atiise ~ C- Analysis of experimental results

expressed as a simple exponential growth functfdn According to Eq(7), the slope and thg intercept of the
—exp(=t/7)]. Thus, the injection delay, is expressed by linear fitting of Fig. 4 can be related to the threshold electric
Eq. (2) field strengthEy, and the mobility of the second arrived
Eq, charge carrier specigs. Figure 5 shows the calculated mo-
tinj=— rln( 1- E—O) , (2 bilities of the second arrived carrier species versus the square

root of the applied electric fields, which is calculated as a
where 7 is the time constant of the OLED device with the ratio of the applied pulse voltage and the total thickness of
drive systemE,, is the threshold electric field strength for the OLED organic layers. In the above calculatiolR (
charge injection, and, is the electric field strength of the +R;)C;=r, was set to be 1.6 ns/nfirwhich was confirmed
applied pulse voltage. For the sake of simplicity in the for-by a measurement of the voltage rise time of the same OLED
mulations below describe#ty, and Ey, which are defined at a small applied voltage where no charge injection occurred
here as the ratio of the voltage¥,{ and the pulse voltage (at 0.7 \).}” Distanced was temporarily set to be 60 nfit

and the thickness of the organic layer of OLEDSs, are used imvas assumed that the recombination zone was located at the
Eq. (2). AssumingE,<E,, Eq(2) is derived as follows: NPD/Alq interface and the second arrived carrier species was
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FIG. 5. Plots of calculated carrier mobility for the Mg:A®) and Ca(O)
cathode devices and reported electron mobility of £dg) and Bpher( < ).
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FIG. 6. Voltage—luminance characteristics of the Mg:@ptted ling and
Ca(solid line) devices.

electron, see belowAs shown in Fig. 5, the calculated mo- ship of the above-mentioned threshold electric field. How-
bilities for the different cathodes Ca and Mg:Ag are close toever, there is no quantitative agreement. Even though this
each other, and their electric field dependence shows convequantitative mismatch is induced by underestimation of spe-
tional characteristics for organic semiconductors, namely, cific time constant of OLED$see Eq.7)], one of the rea-
«exp(yVE). It can be concluded that the device area depensons for the quantitative mismatch is probably the difference
dence of the EL delay time can be consistently analyzedh charge injection behavior between dynamic excitation at
using Eq.(7). very low duty by a single fast electric pulse and continuous
In general, the electron mobility of organic semiconduc-dc excitation involving high-duty pulsed excitation, for ex-
tors is much smaller than hole mobility. Therefore, the ob-ample, the dynamic building up of space charges in organic
tained carrier mobility can be related to electron mobility. layers, the orientational polarization of molecules, and so
Figure 5 also shows the electron mobility of Aland ba-  on*'%?°This is because the measured specific capacitance
thophenanthrolinéBphen,*® which is a quite similar organic is close to the capacitance per unit area of the condenser with
material to BCP. Compared with the electron mobilities ofa relative permittivity of 3(representative value of most or-
Alg and Bphen at the same electric field strength region usganic solid$ and insulator thickness of 110 nfh.
ing extrapolated straight lines for both materials, the ob-
tained mobility shows characters of both materials. That is]V. CONCLUSIONS

mobility values are comparable to the extrapolated values of We investigated the EL response of OLEDS with differ-

Bphen, and the slope of the mobility is close to that of Alg. :
phen, P . y . g ent metal cathodes and the device-area dependence. We for-
In the OLEDSs used in this study, electrons run in both Alg . T
. . ; mulated the EL delay time, which indicates the EL response.
and BCP layers. It is quite consistent that the calculated mox: .
- . . he EL response was fundamentally governed by the device
bility shows the behavior mentioned above. It can be safely . ; :
area, i.e., the capacitance of the device. Moreover, the re-

ncl that w rved the charge transport behavior ; .
concluded © obse_ ed the charge transport beha %ponse of the OLEDs with low work function metals as a
through the organic multilayer.

On the other hand, the threshold electric fielgwere cathode was fast. Formulation of the EL delay time approxi-

calculated to be approximately 3:0.2 MV/cm for the Ca m_ately reprqduced the same behaviors, and the analysis by
. . . this formulation showed that the EL response of OLEDs un-
cathode device and 3#D.2 MV/cm for the Mg:Ag device. - .
L der fast-pulse excitation was mainly controlled by electron
The threshold for the Ca device is smaller than that for the " ° : . .
i . . . . . . . _Injection and its transport. Accordingly, we estimated elec-
Mg:Ag device. This fact is consistent with the difference in S e o
the electron injection barrier height estimated from the entron mobility in an organic bilayer consisting of Alg and
J 9 BCP and the threshold electric field for electron injection

ergy difference between the lowest unoccupied molecular or- o
bital level of BCP and the work function of the cathode under fast-pulse excitation. It was demonstrated that electron

. - s . mobility in the bilayer showed mixed mobility characteristics
metal. As is seen in Fig. 1, the injection barrier for the Cafor Alg and BCP. and the threshold electric field became
device is smaller than that for the Mg:Ag device. Figure 6 q '

exhibits the luminance—voltage characteristics of the Ca anamaller with a decrease_m the work function Of. cathode_ met-
als. The low work function metal cathode device was iden-

Mg:Ag devices and shows the turn-on voltage of the Catified as a hiah-speed EL response device
cathode device is smaller than that of the Mg:Ag device. The gn-sp P '

turn-on voltage, which is defined here as an applied voltag
to get a luminance of 10 cd/mis 12 V (namely, 11 MV/cr

for the Ca device and 15.5 Y14 MV/cm) for the Mg:Ag This work was supported by the Cooperative Link of
device. This fact is qualitatively consistent with the relation-Unique Science and Technology for Economy Revitalization
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