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ABSTRACT

Extremely  high  deposition  ratess of ~7200 nm s for

N,N —diphenyl—N,N"—bis(1—naphthyl)-1,1"—biphenyl-4,4"—diamine (o—NPD) and of



~1700 nm s * for tris(8—hydroxyquinoline)aluminum (Algs) are found to be possible by
controlling source—substrate distances and crucible temperatures. Shapes of
ultraviolet—visible absorption spectra and photoluminescence (PL) spectra, atomic force
microscope images, X—ray diffraction patterns, PL quantum yields, PL lifetimes, and PL
radiative decay rates of the films remain independent of the deposition rates ranging
from 0.01 to 1000 nm s *. On the other hands, hole currents of hole—only a—NPD
devices increase ~3 times while electron currents of electron—only Algs devices
decrease by ~1/60 as the deposition rates are increased from 0.01 to 10 nm s ™. The
increase in hole current is confirmed to arise from an increase in hole mobility of
o—NPD measured using a time—of—flight technique. The increase in hole moility is
probably due to a parallel orientation of an electronic transition moment of o—NPD at
the higher deposition rates. Moreover, the three orders of magnitude increase in
deposition rate from 0.01 to 10 nm s * of a—NPD and Algs results in a relatively small
increase in voltage of ~15% and a decrease in external quantum efficiency of ~30% in
organic light—emitting diodes (OLEDs). The reduction of the OLED performance is
attributable to the marked decrease in electron current relative to the slight increase in
hole current, indicating a decrease in charge balance factor at the higher deposition

rates.
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1. Introduction

A vacuum thermal deposition technique used to manufacture multilayer organic
light—emitting diodes (OLEDs) based on small molecules [1] is inherently
time—consuming, resulting in the overall cost of manufacturing OLEDs greater than that
of manufacturing widely commercialized liquid crystal displays and plasma panel
displays. Constructing the multilayer OLED structure at a high deposition rate is
suggested to be an alternative way to reduce the tact time [2]. The deposition rates of
organic layers embedded into OLEDs are typically less than ~0.1 nm s and are
considered one of the key factors affecting performance of OLEDs. Indeed, Chen and
coworkers have shown that electron mobilities of tris(8—hydroxyquinoline)aluminum
(Algs) decrease and power consumption of OLEDs increases by a small increase in
deposition rate of Algs from 0.2 to 0.7 nm s * [3]. Lie and coworkers have demonstrated
that electroluminescence (EL) efficiencies and operational lifetimes of OLEDs are
improved with increasing deposition rates of
bis(10—hydroxybenzo[h]ginolinato)beryllium (Bebqy) from 0.03 to 1.3 nm s [4]. The
variation range of the deposition rates previously used to investigate device
performance is less than two orders of magnitude [3—7]. There has been still a lack of

understanding that how optical and electrical characteristics of organic films as well as



performance of OLEDs are affected when the deposition rates are widely changed by
several orders of magnitude. In this study, we investigate the wide dependence of the
deposition rates of N,N"—diphenyl—N,N"—bis(1—naphthyl)—1,1"-biphenyl—4,4"—diamine
(o—NPD) and Algs on their optical, morphological, structural, electrical, molecular

orientation, and EL characteristics.

2. Experimental details

Glass substrates coated with a 150 nm layer of indium tin oxide (ITO) and fused
silica substrates were cleaned using conventional ultrasonication, followed by
ultraviolet—ozone treatment. Organic films were vacuum—deposited on the substrates
under a pressure of ~10~* Pa using fused silica or carbon crucibles as deposition sources.
In our deposition setup, temperatures of the crucibles and distances between the crucible
and the substrate were controllable ranging in temperature from room temperature to
400 °C and ranging in distance from 18 to 0.5 cm. Therefore, the deposition rates could
be six orders of magnitude changed from 0.001 to over 1000 nm s by controlling the
source—substrate distances and the crucible temperatures. The deposition rates were

monitored using a carefully calibrated quartz crystal microbalance.



For optical, morphological, and structural characterizations, the films of a—NPD
and Algs were vacuum—deposited on the fused silica substrates at the deposition rates
ranging from 0.01 to 1000 nm s * by controlling the source—substrate distances as well
as the crucible temperatures. The film thicknesses were set at 100 nm using the quartz
crystal microbalance in the case of the low deposition rates less than 10 nm s™*. When
the high deposition rates of 100 and 1000 nm s* were used, the resulting film
thicknesses were widely varied depending on the films due to extremely short
deposition times (for examples, 1 s for 100 nm s and 0.1 s for 2000 nm s * to obtain
100 nm films). Thus, we prepared more than 10 films at the deposition rates of 100 and
1000 nm s and measured their film thicknesses by stylus profilometry (Dektak 3030,
Veeco). The measured film thicknesses ranged from 90 to 750 nm. Among the films, we
chose the films having the thicknesses ranging from 100 to 150 nm for the optical,
morphological, and structural characterizations. The ultraviolet—visible (UV-vis)
absorption spectra, the photoluminescence (PL) spectra, the PL quantum vyields, the PL
lifetimes, the surface morphologies, and the X—ray diffraction (XRD) patterns of the
films were measured respectively by using a V670 spectrometer (JASCO), a FP—6500
spectrometer (JASCO), a C9920 absolute PL quantum yield measurement system

(Hamamatsu Photonics), a fluorocube spectrometer (Horiba Jobin Yvon), a SPA400



atomic force microscope (AFM) (Seiko), and a M18XHF X-ray diffractometer (MAC
Science). The scan speeds of wavelength for the absorption and PL spectra were set at
100 nm s™*. The wavelengths of excitation light for the PL spectra and quantum yields
were set at 320 nm for a—NPD and 370 nm for Algs. A dynamic—force mode and a
standard uncoated cantilever (SI-DF20) were used for the AFM images. The transient
PL curves of a—NPD and Alg; at wavelengths of their absorption maxima were
measured under 378 nm pulse excitation light to estimate the PL lifetimes. The XRD
patterns were measured using a conventional 24/ 6 technique with a CuKa X—ray source

(A1=1.54 A). All measurements were conducted at room temperature.

The hole—only and electron—only device structures were glass substrate/ITO
anode (150 nm)/MoOs3 (0.75 nm)/a-NPD (200 nm)/MoOs electron—blocking layer (10
nm) [8]/Al cathode (100 nm) and glass substrate/ITO anode (150
nm)/2,9—dimethyl—4,7—diphenyl—1,10—phenanthroline (BCP) hole—blocking layer (30
nm) [9]/Algs (200 nm)/LiF electron—injection layer (0.5 nm) [10]/Al cathode (100 nm),
respectively [see the device structures shown in Figs. 1(a) and 1(b)]. Also, the OLED
structure was glass substrate/ITO anode (150 nm)/MoOs; buffer layer (0.75 nm)

[8]/a—NPD hole—transport layer (60 nm) [10]/Algs light—emitting electron—transport



layer (65 nm) [1]/LiF electron—injection layer (0.5 nm)/Al cathode (100 nm) as shown
in Fig. 1(c). To fabricate the devices, the deposition rates of a—NPD and Algs were
changed from 0.01 to 10 nm s by controlling the crucible temperatures while the
deposition rates of the other layers were set at constant: 0.05 nm s * for MoOs, 0.01 nm
s ! for LiF, 0.5 nm s * for Al, and 0.1 nm s * for BCP. The source—substrate distance of
18 cm was used and the maximum deposition rate was limited to 10 nm s to ensure
film uniformity and final film thickness. The current density—voltage—external quantum
efficiency characteristics and the EL spectra of the devices were measured as previously

reported [8,9].

3. Results and discussion

The deposition rate—crucible temperature characteristics of a—NPD and Algs with
the different source—substrate distances are shown in Figs. 2(a) and 2(b), respectively.
The extremely high deposition rates of ~7200 nm s * for a—NPD (at a temperature of
400 °C and a distance of 1 cm) and of ~1700 nm s * for Algs (at a temperature of 400 °C
and a distance of 0.5 cm) are found to be possible. The temperature of the substrate
surface during the a—NPD deposition is recorded using a tiny thermocouple with a

diameter of 50 um which is mechanically fixed on the substrate surface [Fig. 2(c)]. The



use of the higher deposition rates and the shorter source—substrate distances results in
the more rapid increase in substrate temperature due to heating caused by a hot a—NPD
vapor and a radiant ray from the crucible. The deposition times needed to obtain the 100
nm films are 10000 s for 0.01 nm s *, 100 s for 1 nm s *, 10 s for 10 nm s *, and 0.1 s
for 1000 nm s *. Within the deposition times, the substrate temperature increases by
only 2—6 °C, so that the small variation of the substrate temperature would be less

influential for the film and device characteristics.

The increase in crucible temperature to obtain the high deposition rates may give
rise to a question that whether molecules are thermally decomposed or not during the
film deposition. Thus, the resulting films obtained at various crucible temperatures are
analyzed by means of high performance liquid chromatography (1100LC, Agilent) and
mass spectrometry (JMS—SX102A, JEOL). If molecules are thermally decomposed, it is
supposed that additional peaks are observed in the chromatography and mass spectra of
the high—deposition—rate films when compared with the source powders. However,
there is no detectable difference in their chromatography spectra between the films and
the source powders. The chromatography ensures the purity of the films greater than

99%. In the mass spectra, we see several peaks originating from some ionized parts of



molecules. The peak positions and the peak numbers of the mass spectra are similar
among the films, but the relative peak intensities are slightly different depending on the
films. Although we are not still on the place to decide whether thermally decomposed
species is present or not, we can only speculate from the results that the amount of

thermally decomposed species is not so large at the high crucible temperatures.

The cross sectional profiles of the films of a—NPD and Alqgs prepared with the
high deposition rate of 500 nm s, the source—substrate distance of 1 cm, and the
deposition time of 30 s are measured using the stylus profilometry. The typical profiles
shown in Figs. 3(a) and Fig. 3(b) display a flat—top region from which the film
thicknesses are calculated to be 14.6+0.2 um for a—NPD and 14.0+0.7 um for Algs
respectively. The calculated thicknesses almost correspond to the expected thickness
(500 nm s *x30 s=15 um). The AFM images and the optical spectra presented later are

measured in the flat—top regions of the high—deposition—rate films.

There is no obvious change in AFM image and surface roughness of a—NPD and
Algs prepared at the deposition rates ranging from 0.01 to 1000 nm s The

representative AFM images of the films of a—NPD and Alqgs prepared at the deposition
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rates of 0.01 and 1000 nm s * are shown in Figs. 3(c)—(f). The films of a—NPD and Algs
have a small grain structure with grain diameters less than 50 nm. The average surface
roughnesses of the films are estimated to be 0.38+0.12 nm (a—NPD) and 0.36+0.09 nm
(Algs) from the AFM images of all films, which are slightly larger than that of
0.28+0.02 nm obtained from the optically polished quartz substrates. Moreover, results
of the XRD measurement using a conventional 24/8 technique revealed that the
prepared films of a—NPD and Algs had no diffraction peaks whereas there were intense
diffraction peaks from source powders of a—NPD and Alg; and vacuum—deposited

pentacene thin films [11], indicating amorphous film formation [7,11].

The representative UV—vis absorption spectra of the films of a—NPD and Algs
prepared at the deposition rates of 0.01 and 1000 nm s are shown in Figs. 4(a) and
4(b), respectively. The absorption coefficients of a—NPD and Algs are calculated by
dividing the peak absorbances at =350 nm (o—NPD) and at ~400 nm (Algs) by the
actual film thicknesses measured by the stylus profilometry [Figs. 4(c) and 4(d)]. The
shapes of the UV—vis absorption spectra are independent of the deposition rates and
agree with those of previously reported spectra [12—14]. Despite the unchanged spectral

shapes, the absorption coefficients gradually decrease by =~15% (a—NPD) and =~30%
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(Algs) as the deposition rates are increased from 0.01 to 1000 nm s *. The decrease in
absorption coefficient is indicative of a decrease in density of molecules, which may be
caused by unstable configuration of molecules in the films prepared at the higher

deposition rates.

The representative PL spectra of the films of a—NPD and Alqgs; prepared at the
deposition rates of 0.01 and 1000 nm s, the PL quantum yield—deposition rate
characteristics, the PL lifetime—deposition rate characteristics, and the PL radiative
decay rate—deposition rate characteristics are shown in Fig. 5. The shapes of the PL
spectra and the obtained optical parameters remain independent of the deposition rates
as well and are in agreement with those reported previously [15—17]. Moreover, since
the two PL quantum yield—deposition rate curves obtained using the different
source—substrate distances and crucible temperatures are well overlapped, the films

have less exciton quencher generated by thermal decomposition.

The current density—voltage characteristics of the hole—only a—NPD devices and
the electron—only Alqsz devices are shown in Figs. 6(a) and 6(b), respectively (see the

device structures shown in Figs. 1(a) and 1(b)). Also, the current density—deposition rate
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characteristics are shown in Fig. 6(c). No EL is observed from the devices during the
current density—voltage measurements, indicating completely unipolar current flow.
When the deposition rates are increased from 0.01 to 10 nm s, the current densities of
the electron—only Algs; devices decrease by ~1/60, which agree with the decrease in
electron mobility of Algs reported in Ref. [3]. On the other hands, the current densities
of the hole—only o—NPD devices reversely increase ~3 times. This result is
contradictory to our expectation that the decrease in density of molecules [Figs. 4(c) and

4(d)] lowers probability of hopping transport between neighboring molecules.

To investigate the increase in hole current observed in the a—NPD devices, hole
mobilities of a—NPD films prepared at various deposition rates are analyzed from a
glass substrate/ITO (150 nm)/Al (20 nm)/a—NPD (3000 nm)/Al (200 nm) structure
using a time—of—flight (TOF) technique as previously reported in Ref. [18]. The TOF
hole transients of a—NPD measured at an electric field of 2.7x10° VV cm ™ are shown in
Fig. 7(a). The transient currents somehow increase with time even if excitation light
powers are varied. Then, the transient currents suddenly drop because holes reach the
counter electrode. The hole transit time (trg) is estimated from a change in slope in the

transients. The hole mobilities (x) of a—NPD under a wide range of electric fields are
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determined from the relationship =L%(trrV) [18], where L is the cathode—anode
spacing and V is the voltage. All a—NPD films have field—dependent hole mobilities ()
as shown in Fig. 7(b). The field—dependent hole mobilities are expressed as
1= 110eXp(BE®?) [3,18], where 1 is the zero field hole mobility, A is the field dependence
parameter, and E is the electric field. The zero field hole mobilities of a—NPD are found
to slightly increase as the deposition rates are increased [Fig. 6(c)], but the field
dependence parameters remain constant for all films (=1.4x10°% cm®® V). The
obtained values are similar to those previously reported (1=4.0x10"*cm? V! s* and
A=1.1x10"2 cm®® Vv 2°) [18]. Since the hole mobilities of a—NPD are changed in the
manner similar to the current densities of the hole—only a—NPD devices [Fig. 6(c)], the

increase in hole current arises from the increase in hole mobility.

It has been reported recently that a molecular orientation occurs when growth
conditions of organic films are changed [19]. Thus, the films of a—NPD and Alqgs are
vacuum-—deposited on the fused silica substrates at the deposition rates of 0.01, 0.1, 1,
and 10 nm s * and their molecular orientations are evaluated using polarized absorption
spectra under normal and oblique (45°) light incidence [11] [Figs. 8(a) and 8(b)]. The

absorption of all Algs films is unpolarized under both normal and oblique incidence,
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indicating that the Algs films are optically random in every direction [Fig. 8(b)]. There
is no polarized absorption from the a—NPD films under the normal incidence as well
[Fig. 8(a)], indicating that a—NPD molecules are in—plane random. However, for the
oblique incidence, the p—polarized absorbance is larger than the s—polarized absorbance
in the 0.01 nm s* a—NPD film. And the p—polarized and s—polarized absorbances are
gradually reversed as the deposition rates are increased from 0.01 to 10 nm s™*. The
molecular orientation of a—NPD is somewhat induced using the higher deposition rates
in the manner that the electronic transition moment direction is changed from normal to
parallel to the substrate. One tends to consider formation of a random molecule structure
at the higher deposition rates due to short—range surface migration of molecules, but the
obtained result is somehow opposite. The change in the molecular orientation of
o—NPD could be related to the increase in hole current and hole mobility [Fig. 6(c)].
Moreover, the transition moment orientation parallel to the substrate increases the
absorbance by ~15% because molecules with the parallel oriented transition moment
can absorb the normal—incidence light more strongly than the oblique—incidence light.
Thus, the decrease in absorption coefficient of a—NPD (=15%) is slower than that of
Algs; (=30%) [Figs. 4(c) and 4(d)], probably due to the parallel transition moment

orientation.
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The current density—voltage and external quantum efficiency—current density
characteristics of the OLEDs prepared using the different deposition rates are shown in
Figs. 9(a) and 9(b), respectively [see the device structure shown in Fig. 1(c)]. The drive
voltages and the external quantum efficiencies at the current densities of 1, 10, and 100
mA cm 2 are plotted versus the deposition rates in Fig. 9(c). We observe an increase in
drive voltage and a decrease in external quantum efficiency as the deposition rates of
o—NPD and Algs are increased [Fig. 9(c)]. Shapes of EL spectra of all OLEDs
(originating from electrically excited Algs) remain independent of the deposition rates,
indicating that a carrier recombination zone is probably pinned near the a-NPD/AIlqs
interface. The maximum external quantum efficiency at the deposition rate of 0.1 nm s

and the shapes of the EL spectra correspond well with those previously reported [15,16].

The external quantum efficiencies (77ext) can be given by the equation [20,21],
NexT=NouT e NMexc L, Where nout 1S the light out—coupling efficiency, gy is the
charge balance factor, nexc is the efficiency of single or triplet exciton generation, and
neL IS the PL quantum yield. Since the exciton generation efficiency is basically fixed at

0.25 for fluorescence materials [21] and the light out—coupling efficiency is assumed to

16



be independent of the deposition rates due to the unchanged EL spectra, the observed
decrease in external quantum efficiency is therefore attributable to a decrease in either
charge balance factor or PL quantum yield. Since the PL quantum yields are unchanged
in the whole deposition rate region as can be seen in Figs. 5(c) and 5(d), we can
conclude that the PL quantum yields cause no influence on the external quantum
efficiencies of the OLEDs. On the other hands, the opposite changes in the current
density—deposition rate characteristics of the single—carrier devices in Fig. 6(c) suggest
that the increase in drive voltage and the decrease in external quantum efficiency of the
OLEDs are caused by the marked decrease in electron current relative to the slight
increase in hole current, meaning that the decrease in charge balance factor at the higher

deposition rates.

4. Summary

Optical, morphological, structural, electrical, molecular orientation, and EL
characteristics of organic films depending on organic deposition rates are investigated.
Shapes of UV—vis absorption spectra and PL spectra, AFM images, XRD patterns, PL
quantum yields, PL lifetimes, and PL radiative decay rates of films of a—NPD and Algs

remain independent of the deposition rates ranging from 0.01 to 1000 nm s *. On the
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other hands, hole currents of hole—only a—NPD devices increase ~3 times while
electron currents of electron—only Algs devices decrease by ~1/60 when the deposition
rates are increased from 0.01 to 10 nm s *. The increase in hole current is confirmed to
arise from an increase in hole mobility of a—NPD measured using a TOF technique.
The increase in hole mobility is probably due to a parallel orientation of an electronic
transition moment of a—NPD at the higher deposition rates. Moreover, we find that
drive voltages increase by ~15% and external quantum efficiencies decrease by ~30%
for OLEDs when the deposition rates of a—NPD and Algs are increased from 0.01 to 10
nm s . From the results of the PL quantum vyields and the current density—voltage
characteristics of the single—carrier devices, we can conclude that the decrease in
external quantum efficiency is attributable to the decrease in electron current relative to
the increase in hole current, which leads to a decrease in charge balance factor. Since
the decrease in electron current is more pronounced than the increase in hole current,
the drive voltages of the OLEDs are assumed to increase when the higher deposition
rates are used. This finding opens a way to fabrication of high—performance OLEDs at
high deposition rates if organic layers showing enhanced charge transport like a—NPD

can be used in OLED:s.
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Figure captions
Fig. 1. Schematic structures of (a) hole—only devices, (b) electron—only devices, and (c)

OLED:s.

Fig. 2. Deposition rate—crucible temperature characteristics of (a) a—NPD and (b) Algs
with different source—substrate distances and (c) substrate temperature—time

characteristics measured during a—NPD deposition.

Fig. 3. Cross sectional profiles of films of (a) a—NPD and (b) Algs prepared with
deposition rate of 500 nm s, source—substrate distance of 1 cm, and deposition time
of 30 s and AFM images of a—NPD prepared at deposition rates of (c) 0.01 and (d)

1000 nm s * and of Algs prepared at deposition rates of () 0.01 and (f) 1000 nm s ™.

Fig. 4. UV-vis absorption spectra of (a) a—NPD and (b) Algs prepared at deposition
rates of 0.01 and 1000 nm s and absorption coefficient—deposition rate

characteristics of (¢c) a—NPD and (d) Algs.

Fig. 5. PL spectra of (a) a—NPD and (b) Algs prepared at deposition rates of 0.01 and
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1000 nm s %, PL quantum yield—deposition rate characteristics of (c) a—NPD and (d)
Algs, PL lifetime—deposition rate characteristics of () a—NPD and (f) Algs, and PL

radiative decay rate—deposition rate characteristics of (g) a—NPD and (h) Algs.

Fig. 6. Current density—voltage characteristics of (a) hole—only a—NPD devices and (b)
electron—only Algs devices and (c) current density—deposition rate characteristics at 1,
3, and 5 V (o—NPD) and at 10, 13, and 15 V (Algs) and TOF zero field hole

mobility—deposition rate characteristics of a—NPD films..

Fig. 7. (a) TOF hole transients measured at electric field of 2.7x10° VV cm *and (b) hole
mobility—square root of electric field characteristics of a—NPD prepared at different

deposition rates.

Fig. 8. Polarized UV-vis absorption spectra of (a) a—NPD and (b) Alg; measured under
normal and oblique light incidence. Deposition rates of a—NPD and Alqgs are

changed from 0.01 t0 0.1, 1 and 10 nm s .

Fig. 9 (a) Current density—voltage and (b) external quantum efficiency—current density
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characteristics of OLEDs prepared with different deposition rates and (c) drive
voltage—deposition rate and external quantum efficiency—deposition rate

characteristics at current densities of 1, 10, and 100 mA cm 2.
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(a) Hole-only device (b) Electron-only device

(c) OLED

Al (100 nm)

Al (100 nm) Al (100 nm) LiF (0.5 nm)

MoO, (10 nm) LiF (0.5 nm) Alg, (65 nm)
o-NPD (200 nm) Alg, (200 nm) o-NPD (60 nm)
MoQ, (0.75 nm) BCP (30 nm) MoQ, (0.75 nm)
ITO (150 nm) ITO (150 nm) ITO (150 nm)

Glass substrate Glass substrate

Glass substrate

Fig. 1
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