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N, N’-di(naphthalene-1-{N, N’-diphenyl-benzidine samples exhibiting interesting nano/micro-
structure were fabricated by thermal evaporation in a tube furnace under Ar gas flow. We
investigated the influence of the substrate type, substrate temperature, source temperature, and the
gas flow rate on the obtained morphology. The deposited material was investigated using scanning
electron microscopy, x-ray diffraction, and photoluminescence. We found that the substrate
temperature was the factor which significantly affected the obtained morphology, while other factors
such as substrate type, source temperature, and gas flow mainly affected the size distribution of the
features but not the type of morphology observed2@5 American Institute of Physics

[DOI: 10.1063/1.1847722

I. INTRODUCTION N,N’-bis(pheny) benzidine (TPD) microdomes fabri-
cated by casting from a dilute solution formed regular
N, N’-di(naphthalene-1-¥N, N’-diphenyl-benzidine arrays of microdomes on mica, but the regularity was sig-

(NPB) is a commonly used material in organic light emitting nificantly reduced on indium-tin-oxide(ITO)/poly(2,3-
diodes(OLEDs), either as a hole transport or blue emitting dihydrothieng3,4-b)-1,4-dioxir): poly(styrenesulfonaje
material’ A green emitting OLED typically consists of a (PEDOT:PS$ electrodes! Here we demonstrate the fabri-
NPB as a hole transport material and trig8- cation of NPB microdomes by evaporation method, in which
hydroxyquinoling aluminum(Alq) as electron transport and the size distribution is improved on ITO and PEDOT:PSS
emitting layer. The properties of Alq have been more extensubstrates compared to glass substrates. The fabricated struc-
sively studied than the properties of NPB, and the synthesesires are of interest for application in microdome-based
of different Alg nanostructures were reported recefitiva- ~ OLEDs Due to higher glass transition temperature and
por condensation of Alg resulted in formation of consequently better OLED operational stability, it is ex-
nanoparticled, nanoscaled crystalline fillhand nanowires pected that NPB microdomes would yield better performance
and nanobelt8.In vapor condensation synthesis metifod, compared to TPD microdomes.

Alg evaporated from a graphite boat condensed on a Si sub-

strate placed under a liquid nitrogen trap. It was proposed

that the nanostructures were formed via collisions with Ar!l- EXPERIMENTAL DETAILS

atoms in the carrier gas and rapid cooling at the substrate |10 glass substrates with a nominal sheet resistance of
kept at liquid nitrogen temperature which preventedsq /7 were supplied by Varitronix Limited, Hong Kong.
coalescence. However, Alg nanowire synthesis in argon rovaDOT:pSS(z_g wt % dispersed in 50) was purchased
in a tube furnace was also reportednd in this case the from Aldrich. Alg was obtained from H. W. Sands and NPB
substrate temperatures were in the range 60—150 °C. Thergpwder was obtained from e-Ray Optoelectronics Technol-
fore, low substrate temperature is not essential for preventinggy Co., Ltd. Alg and NPB were purified by vacuum subli-
the coalescence. 610 . mation before use. For NPB dome fabrication, the NPB pow-
Morphology studies of NPB*°unlike Alg, have been der (0.04 g was placed in a quartz crucible in the quartz
performed mainly on thin films deposited by conventionalype inside a tube furnace. The furnace was evacuated using
evaporation. In this work, we investigated the morphologyy rotary pump and heated to the desired temperature with
and the optical properties of NPB structures fabricated byyesjred flow(0.25 or 0.5 Ipm of Ar gas. The source tem-
evaporation in Ar flow in a tube furnace. The influence of theperatures were 280, 290, and 300 °C. The deposited prod-
source and substrate temperatures, gas flow, and substrgigs were collected on microscope slide glass substrates, ITO
type on the obtained morphology was investigated. It wagypstrates, or ITO/PEDOT:PSS substrates placed in the tem-
found that, under suitable conditions, films consisted of mi‘perature range 0f55—130 °C. The fabrication times were
crodomes with high density. It was shown that efficientpetween 15 min and 1 h. The structure of the deposited ma-
OLEDs could be prepared with ;elf—organize_d microdomesegrials was investigated by x-ray diffractigXRD) using a
of a hole transport materiat. N,N’-Bis(3-tolyl)- Philips PW1830 diffractometer and scanning electron mi-
croscopy(SEM) using a Cambridge 440 SEM. The size dis-
dElectronic mail: dalek@hkusua.hku.hk tribution of domes was analyzed using Scion Image Beta
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4.02 software. The photoluminescen@l) spectrum was
measured at room temperature using a HeCd 825 nm)

as the excitation light source. NPB thin films were prepared
by thermal evaporation of sublimed NPB powder at pressure
of ~10-6 Torr using an AST PEVA 350T evaporator. The
film thickness(100 nm) was monitored by a quartz thickness
monitor.

For comparison of OLED performance, devices with
NPB domes and NPB films of comparable thickness
(~60 nm were fabricated. We prepared both substrates with
and without PEDOT:PS$30 nm). All the ITO glass sub-
strates were cleaned with toluene, then acetone, ethanol, and
de-ionized water, and dried in an oven. After drying, the
substrates were exposed to UV ozone, and the PEDOT:PSS IlpmH
spin-coating process followed immediately after the UV
ozone cleaning. ITO/PEDOT:PSS substrates were baked at
110 °C in a vacuum oven for 24 h. On both ITO and ITO/
PEDOT:PSS substrates, NPB domes were fabricéad-
strate temperature range 65—85); @hile NPB film was
evaporated on the other pair of substrates. After evaporation
of the NPB films, substrates with NPB domes were trans-
ferred into an evaporator and the device fabrication was
completed for all four substrates by evaporation 50 nm of
Alg, 0.3 nm of LiF, 50 nm of Al, and 50 nm of Ag. For the
electroluminescenc€EL) measurement, a Keithley 2400
sourcemeter was used to bias the devices, and the EL spectra jIfHyEs
were recorded using a fiberoptic spectrometer PDA-512- ~
USB (Control Development Ing.

Ill. RESULTS AND DISCUSSION

Figure 1 shows the SEM images of the NPB deposited
on glass substrates for 300 °C source temperature and dif-
ferent substrate temperatures fron60 °C (a) to ~120 °C
(d). It can be observed that the obtained morphology is
strongly dependent on the substrate temperature. At lowest
temperatures, we can observe some fractal-like structures, | (©) -
which have some similarity with pentacene structures grown
under ultrahigh vacuum conditions whose formation can be
described with diffusion-limited aggregatidh.At higher
substrate temperatures, a number of micron-sized domes can
be observed, similar to the islands obtained by evaporation
of NPB onto a substrate heated above glass transition
temperaturé.The formation of droplet-like islands by depo-
sition on heated substrates was attributed to rapid diffusion
and re-organization of the molecules on the substrate and
within the islands. Finally, with further increase of the sub-
strate temperature some domes with irregular shapes and
rough surface can be observed, as shown in Fid). The
resulting structure resembles a polycrystalline film, which
would be expected since the substrate temperature is abo¥gs. 1. sem images of the NPB samples for different substrate temperature
glass transition temperature of NPB. To investigate thisyegions. The temperature is changing from k&0—70 °Q, shown in(a), to
XRD measurements were performed for the NPB at diﬁerenbigh (120 °0), shown in(d). Source temperature was 300 °C, and deposi-
substrate temperatures. tion time was 1 .

In order to study the influence of the deposition condi-
tions on the obtained morphology, we have varied the sourclwer source temperature. Note that lowering the source tem-
temperature, deposition time, and gas flow rate. The sourgeerature corresponds to decreasing the flux of the deposit,
temperatures of 280, 290, and 300 °C resulted in very simiand thus decreasing material coverage for the same deposi-
lar morphologies, although the feature sizes were smaller fation time. Consequently, the feature size becomes larger at
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source temperature, a similar result was obtained. The gas
flow rate did not appear to have significant influence on the
obtained morphology. Figure(® shows the samples ob-
tained at gas flow of 0.5 Ipm. The substrate covers the tem-
perature range of 65—75 °C, corresponding to the transition
between isolated regions with domes to high density dome
structures. Different panels of the image show representative
morphologies on the same substrate, with temperature in-
creasing from left to the right. Similar morphologies are ob-
tained as for the flow rate of 0.25 Ipm.

We also investigated the influence of the substrate to the
obtained morphologies. It was shown that the choice of sub-
strate significantly affected the morphology of 9,10-
anthraquinone structures prepared by thermal evapofétion.
Different substrates provide different affinity to the deposit.
Also, the relative surface/interface energies are different.
Previous experiments have already indicated that modifica-
tion of the ITO with self-assembled molecules affected the
morphology of the NPB films. Also, NPB morphology was
changed by the deposition of thin layer of copper
phthalocyaniné9 Thus, it is expected that the substrate may
have an effect on the obtained morphology. Figures-3(c)
shows the comparison between the dome morphologies ob-
tained for glass, ITO, and ITO/PEDOT:PSS substrates, while
Fig. 3(d) shows the comparison of the dome sizes for differ-
ent substrates. The morphologies in the higher temperature

" regions are similar in all cases, while the lower temperature
R e region[see Fig. 2a)] is similar for ITO and glass substrates.
S 300nm | For glass substrates, we can observe larger average dome
/ . ! ~ size and larger dispersion in obtained dome sizes. The size
Pag:

y / = S
].U-”"" “5!”];, } 285

dispersion increases with time, as shown in Figg).3The
left panel shows obtained structures after 15 min of deposi-
tion, while the right panel shows obtained structures after
60 min of deposition. The dome size distribution of samples
deposited on a glass substrate shown in Fid) Gorresponds
to the left panel of Fig. @. On ITO substrates, we can
observe improved uniformity in the dome sizes compared to
the glass substrate, and the average dome size is smaller. The
deposition time does not significantly affect size dispersion,
but the size of the domes increases with deposition time.
Therefore, on ITO substrates we mainly observed lateral
growth of the domes with time, while on glass substrates
FIG. 2. SEM images of NPB samples deposited®rTO substrate, source there was nucleation of new domes in addition to the lateral
:empefaiz:g %%0 ;g:%‘(”‘s ﬂCc-}’\IAz:lsOs.zssulk,)Jsr::]r‘afeo f;;%do%posﬂﬂ?:e“ga Sel:gtsljfrztgrowth of existing ones. On ITO/PEDOT:PSS substrates, the
6e0mr?1ienradeposition time: )substrate temperz-;ture 65—75(‘b§:.GIasspsub- ‘dome size is further reduced and size dispersion |mp'roved
strate, source temperature 300 °C, gas flow 0.5 Ipm, 60 min depositio§ompared to ITO substrates, but the domes have more irregu-
time, substrate temperature 65—75 °C. Different panels of the image shofar shapes, as shown in Fig.cg The size of the nonspheri-
repre_sentative morphologies on the same substrate, with temperature ig3| domes increases with increasing substrate temperature,
creasing from left to the right. and the films become disordered at the highest temperatures.
No other morphologies apart from the domes and disordered
higher source temperatures. Material coverage can also B#gms were found on PEDOT:PSS.
changed by varying deposition time. For deposition times of  We also performed XRD measurements on the structures
15 and 30 min, as well as the lowest source temperature afeposited at different temperatures. The glass transition tem-
280 °C, no fractal-like structures were found in the low sub-perature of NPB is 96 °C, while crystallization temperature
strate temperature region. Instead, both samples deposited 184 °C!* Obtained XRD result is shown in Fig.(&.
glass and ITO substrates exhibited features shown in Fig{RD spectra of NPB films and NPB powder are also shown
2(a). With increase of the deposition time to 60 min, somefor comparison. It can be observed that the film and the
dendritic structures are observed on the surface for sourcgamples deposited at different temperatures are dominantly
temperature of 290 °C, as shown in FigbR For 300 °C  amorphous. The broad feature in the range 15-35° is due to
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(a) 20 (deg) (b) Wavelength (nm)
300 nm| - FIG. 4. (a) XRD spectra of NPB samples at different temperatures, NPB

film, and NPB powder(b) Room temperature photoluminescence of NPB
samples at different substrate temperatures. The PL of an NPB film is also
shown for comparison.

exposed to atmosphere, it is possible that atmosphere expo-
sure induced formation of small crystalline domains, which
is similar to humidity induced crystallization observed in
Alq.16 No peaks are observed for other samples, including
the sample deposited in the highest temperature range
(~115-125 °@Q. Therefore, the dome structures likely con-
sist of amorphous NPB. Formation of amorphous spheres
was reported for inorganic CdS nanopartic"léas well as
organic Alq nanoparticle The spherical shape was attrib-
uted to the thermodynamic driving force for surface energy
minimization!’ Formation of NPB droplet-like structures on
substrates above glass transition temperature was attributed
to rapid diffusion and surface energy minimizatiofiow-

ever, it should be noted that even for substrate temperature
considerably lower than the glass transition temperdaiieeg
60-80 °Q, films showing different island structures are ob-
tained. These morphologies are notably different from NPB
films evaporated under high vacuum on unheated substrates
which typically show relatively flat surfaces with rms rough-
ness below 7 nrfi?

Figure 4b) shows the PL spectra for the samples depos-
ited at different substrate temperature. The PL of NPB film is
also shown for comparison. The obtained emission peak
(~444 nm is within the range of reported peak wavelengths
for NPB in the literature which range from 430 to 450 Aim.
The peak position is the same for all the samples, but the low
energy tail is reduced for higher substrate temperature. It was
shown that the PL spectra of Alg show small dependence on
the substrate temperatu%The obtained changes in the PL
of NPB are more likely due to different substrate temperature
rather than difference in morphology of the different

2 4 6 80 1 2 00051015 samples. .
d  Area(um?) Area (um?) Area (um?) Figure 5 shows the current-voltage and luminance—
voltage characteristics of OLEDs with NPB domes and con-
FIG. 3. SEM images of NPB samples deposited at source temperaturgentional NPB films. It can be observed that for both ITO
290 °C on(a) glass substrate, 15 min deposition time on the left, 60 min gnd ITO/PEDOT:PSS substrates, the turn-on voltagéined

deposition time on the rightb) ITO substrate, 30 min deposition time) . . .
ITO/PEDOT:PSS substrate, 30 min deposition time. Substrate temperatur%S voltage needed to achieve luminance of 1 (?dhm re-

was in the range 80—105 °Qd) Size distribution of domes on different duced. The performance of the devices on ITO/PEDOT:PSS
substrates. substrates is significantly better than that of devices on bare
ITO. The turn-on voltage for OLEDs with NPB domes on
the glass substratg.Some low intensity peaks can be ob- PEDOT:PSS substrates is 3.5 V, while for OLEDs with NPB
served in a sample deposited at 70-75 and 100-105 °@Gilm it is 7 V. Low turn-on voltage for OLEDs with NPB
Since the XRD measurements were performed on sampletomes is in agreement with previously reported result for

glass ITO
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