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Abstract

The influences of film density and molecular orientation on the carrier conduction and air
stability of vacuum-deposited amorphous organic films of N,N'-di(1-naphthyl)-N,N'-diphenyl-
(1,1'-biphenyl)-4,4'-diamine (a-NPD) were investigated. The substrate temperature (7s,) during
vacuum deposition had different effects on the film density and molecular orientation of a-NPD.
Film density was a concave function of Ty,,; maximum density was attained at Tg,, = 270-300 K.
a-NPD molecules were randomly oriented at Ty, = 342 K, and their horizontal orientation on the
substrate became dominant as 7§, decreased. Hole current and air stability were clearly raised by
increasing the film density by 1%—2%; these effects were respectively attributed to enhanced
carrier hopping between neighboring a-NPD molecules and suppressed penetration of oxygen
and water. These results imply that increasing film density is more effective to enhance the
electrical performance of organic thin-film devices with a-NPD films than control of molecular

orientation.

ACS Paragon Plus Environment

Page 2 of 22



Page 3 of 22

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Letters

Organic optoelectronic devices such as organic light-emitting diodes (OLEDs), organic
solar cells (OSCs), and organic field-effect transistors (OFETs) have attracted wide attention
because of their huge potential in future post-inorganic devices by taking advantage of their
unlimited molecule design. Organic thin films used in such functional devices can be roughly
categorized into polycrystalline and amorphous films. OFETs and OSCs mainly use
polycrystalline films because of their high carrier mobilities and long exciton diffusion lengths.
However, polycrystalline films constructed of tiny crystals always contain many grain
boundaries between the crystals and underlying electrodes. Meanwhile, OLEDs often contain
amorphous films, which are smooth and without pinholes, to suppress leakage current. The
presence of gaps at grain boundaries in polycrystalline films and gaps originating from
inefficient molecular packing in amorphous films strongly limit charge-carrier injection and
transport' > and allow oxygen and water molecules to penetrate into organic films, causing the
fundamental current—voltage properties and air stability of organic devices to deteriorate.*®
Some researchers have suggested that increasing the density of amorphous organic films results
in lower moisture penetration.7’8 Therefore, it is expected that tighter packing of molecules to
decrease the gaps in films will improve both their electrical properties and air stability.

Recently, we demonstrated that cold isostatic pressing increases the density and enhances the
electrical properties of polycrystalline films by physically compressing the gaps between grain
boundaries.”'’ However, it was virtually impossible to compress amorphous organic films and
improve their electrical properties using this method.'® Thus, we considered an alternative
method to densify amorphous films. In this study, we focus our attention on controlling the
substrate temperature (7gp) during vacuum deposition of amorphous organic films. Ediger’s

group has established that controlling 7, during vacuum deposition can produce thermally
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115 s s
This is because T

stable amorphous films with high film density and molecular anisotropy.
governs the kinetic mobility of molecules migrating on a film surface during deposition, which
strongly affects resulting film morphologies.'' ™" Although kinetic mobility can be affected by
other factors, such as deposition rates'> and substrate roughness,16 Tan 1S the most effective,
simplest factor to modulate kinetic mobility. Accordingly, it is expected that if highly densified
amorphous films can be obtained by controlling Ty, during deposition, these films should
display enhanced electrical properties and air stability. In this study, we comprehensively
investigate the influence of T, on the film density, molecular orientation, electrical properties,
and air stability of amorphous N,N'-di(1-naphthyl)-N,N'-diphenyl-(1,1'-biphenyl)-4,4'-diamine
(a-NPD) films. It is revealed that an increase of film density achieved by controlling Ty,
simultaneously leads to enhanced electrical properties and air stability. Although Tg, also
controls the molecular orientation, molecular orientation has less influence than density on
electrical properties and air stability of the a-NPD films.

We used a-NPD, whose chemical structure is shown in the inset of Fig. 1(c), to fabricate
films and devices because it is widely known to form amorphous films by vacuum deposition.'’
For the measurements of density and molecular orientation, a-NPD films with a thickness of
approximately 100 nm were vacuum-deposited on silicon substrates kept at various Ty, ranging
from 212 to 342 K. a-NPD films obtained at these 7y, were in the amorphous state and had very
smooth surfaces without pinholes. In contrast, a-NPD films fabricated at 7y, = 200 K were
opaque and had large surface roughness. We speculate that water molecules condensed in the
films during a-NPD deposition at this Ty, (around 200 K) and then evaporated from films when
Ty was increased to room temperature after a-NPD deposition, which may result in the rough

surface. Variable angle spectroscopic ellipsometry (VASE) was performed on the vacuum-
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deposited a-NPD films on Si substrates to evaluate their molecular orientation, refractive index
n, extinction coefficient k£, and film thickness d. As we discuss later, the molecular orientation
evaluated by VASE measurement changed markedly depending on 7y, corresponding to a
change of the transition dipole orientation in the films. The transition dipole moment of a-NPD
is known to be parallel to its long molecular axis."® The # and k spectra of organic semiconductor
films are known to show anisotropy between the directions parallel and perpendicular to the
substrate plane because of the orientation of molecules, even in amorphous films."*'*'*2! VASE
results were analyzed with an optical model to simultaneously obtain d values and »n and &
spectra (see Table S1 and S2 and Fig. S1, S2, and S3 in the Supporting Information for the
detailed analysis). The molecular orientation in each a-NPD film was evaluated by calculating

the orientational order parameter (S), which is defined as:'®*°

_ kz_kx
T kgt2ky

(1)

where &y and £, are the extinction coefficients in the directions parallel and perpendicular to the
substrate, respectively. The relative density (pj) of each a-NPD film was estimated from the
ratio of d values before and after annealing at a temperature higher than the glass transition
temperature (7, pui) Of a-NPD. The annealing process resulted in the formation of randomized
molecular films with a certain density, the value of which is generally lower than that of as-

deposited films, as reported previously.'>'®*!
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Fig. 1. Refractive index n and extinction coefficient £ spectra of representative a-NPD films
vacuum-deposited on substrates kept at (a) 212 and (b) 342 K. Plots of (c) orientational order
parameter S and (d) relative density pr as a function of substrate temperature during vacuum

deposition Ty The chemical structure of a-NPD is shown in the inset of (¢).

Figure 1(a) and (b) display the n and & spectra of a-NPD films vacuum-deposited at Tg,, = 212
and 342 K. While ny and &y were similar to n, and &, for films vacuum-deposited at Tg,;, = 342 K,
anisotropy of both n and k began to appear and became larger at low T, (see Fig. S4 in the
Supporting Information for the n and k spectra of a-NPD films vacuum-deposited at other
substrate temperatures). The large anisotropy of the n» and k spectra can be attributed to the

anisotropy of the molecular orientation of o-NPD, 3161821
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The S values estimated from the spectra at a wavelength of 344 nm using Eq. (1) are plotted as
a function of Ty, in Fig. 1(c). Molecules (transition dipole moments) are vertically oriented,
random, and horizontally oriented at S values of 1, 0, and —0.5, respectively. Therefore, the S
value of nearly 0 for films vacuum-deposited at 7y, = 342 K indicates the randomization of a-
NPD molecules. The S value decreased as Ty, was lowered, indicating a gradual change from no
orientational order to the horizontal orientation of a-NPD molecules. Below this Ty, the S
values became almost constant. Similar 7y,,-dependent orientations have been observed for other
organic films." ™"

The pr values calculated for films fabricated at each Ty, from the change of d are plotted
against Ty, in Fig. 1(d). No obvious crystallization was observed in all samples. We found that
Prel Was a concave function of Ty, and the maximum p, was observed between 270 and 300 K
(0.75—0.83 Ty, pun), which is close to that previously reported.”” At low Ty, the kinetic mobility
of molecules at a substrate surface is low, so molecules can move only a short distance and have
difficulty finding an energetically stable position, leading to smaller p,. In contrast, at high T,
a-NPD molecules have sufficient kinetic mobility (a long enough molecular movement distance)
to reach a more stable position, thereby resulting in higher p,. When Ty, was higher than about
0.8 Tg, buik, prel decreased again. This would be because the excess kinetic mobility makes it

difficult to keep molecules at a stable position. Thus, to obtain the highest p., a substrate needs

to be kept at about 0.8 7 pui during vacuum deposition of a-NPD films.
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Fig. 2. (a) Representative current density (J)—electric field (£) properties of hole-only devices
with a-NPD layers vacuum-deposited at different substrate temperatures (75,,) and (b) a plot of J

at E=1.0 x 10° V/cm versus Tsub-

We now examine how Ty, affects the electrical properties and air stability of a-NPD films
considering the variations of S and p.. For this purpose, hole-only devices (HODs) containing
an a-NPD layer were fabricated. The structure of the HODs was glass substrate/indium tin oxide
(ITO) anode (100 nm)/a-NPD (about 350 nm)/MoO3 (30 nm)/Au cathode (50 nm). The a-NPD
layer was vacuum-deposited at different 7y, and the MoO; and Au layers were vacuum-
deposited on room-temperature substrates. We used MoOs/Au as the cathode in the HODs
because these layers are expected to be more stable in air than the Al and MgAg cathodes
commonly used in OLEDs. Because of the high work functions of MoO; and Au, electron
injection was completely prevented in this structure. Figure 2(a) shows the current density (J)—
electric field (E) properties of the HODs. It is clear that the J-E properties are strongly affected
by Twb. Below about 3.0 x 10* V/em, we observed a bend in the J-E properties for all of the

devices except for those with a-NPD layers fabricated at Ty, = 314 and 328 K. Although the
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reason for the bend is still unclear and is under investigation, we tentatively attribute this to an
increase of carrier trap density or variation of the energy levels involved in hole transport. The J
values at an E of 1.0 x 10° V/cm without the influence of the bend are plotted as a function of
Taw in Fig. 2(b). J changes in a similar manner to that of p. in Fig. 1(d). Tyw where the
maximum J was obtained was 260-290 K (0.72—0.80 7}, vuk), Which is not far from the results
for pret [270-300 K (0.75-0.83 T, pui)]- A higher pr indicates decreased intermolecular distance
because the a-NPD molecules are packed more closely, which might be expected to enhance
carrier transport in a film. In contrast, there was no clear relationship between J and S, even
though it has been reported that the horizontal orientation on a substrate leads to enhanced carrier
transport because of the better overlap of 7 orbitals between neighboring molecules in a substrate
normal. There is a possibility that the density and orientation are different between films
vacuum-deposited on ITO-coated glass substrates and Si substrates even at the same T, because
of different substrate surface roughness.'® Also, the molecular orientation might be different
between the film surface and interior, which can change the energy level.”> However, the
substrate-dependent density and orientation and orientation-dependent energy level did not
appear to be major factors in our samples because J was strongly related to p. and not S. We
note that the p, and S values estimated by VASE here are the average values of the whole films.
From the above results, we conclude that for a-NPD, the film density has more influence on
carrier transport than the molecular orientation does. Even though the p, variation observed here

is very small, just 1%—2%, the effect of p on J is considerable, as illustrated in Fig. 2(b).
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Fig. 3. Plots of (a) zero field mobility x(0) and (b) Poole—Frenkel factor y as a function of Tyyp.

The 1(0) and y values were obtained by fitting the J-E properties in Fig. 2(a) with Eq. (2).

To gain insight into the observed increase of J, the J-E curves were analyzed with an injection-

limited current (ILC) model, which can be given by:** >

J = 4Nop*eEexp(—e¢p/ksT)exp(f**)u(0)exp(yE*®), (2)
where N, is the density of chargeable sites in an organic film, e is the elementary charge, ¢p is
the injection barrier height, kg is the Boltzmann constant, 7 is the temperature, x(0) is the zero-
field carrier mobility, y is the Poole-Frenkel factor, f is the reduced electric field (f =
e3E /Ame e kg°T?), €, is the vacuum permittivity, &, is the relative permittivity, and ¥ is a
function of f[ip = f~1+ f7%5 — f=1(1 + 2£%>)0>]. Fitting was performed with x(0) and y as
variables in the high voltage region, where the influence of the bend seems negligible (see the
Experimental Methods for the fitting details and Fig. S5 in the Supporting Information for the
fitting results). Figure 3(a) and (b) show w(0) and y for which the best fitting results were
obtained, respectively. The results reveal that the highest ©(0) and lowest y appear at 260—-290 K
(0.72-0.80 Ty, buik), nearly agreeing with the 7, values where the maximum p, was observed

[270-300 K (0.75-0.83 T puiv)]. In films with higher density, the width of their density of states
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(DOS) might be expected to be narrower because of the location of molecules at stable positions.
This DOS narrowing can result in a lower barrier between neighboring states near the center of

the DOS distribution. The changes of tail state and state-to-state barrier caused by the DOS

©CoO~NOUTA,WNPE

11 narrowing could lead to a decrease of activation energy and enhanced rate of carrier hopping,

13 which could be the origins of the increased u(0) and decreased y.
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34 Fig. 4. (a) Temporal changes of ¥ for HODs with a-NPD layers vacuum-deposited at different
36 Tsw- To obtain these data, HODs were operated at a fixed current density of 0.1 mA/cm? in air
under dark conditions. To make it easier to compare the changes of V, the initial J"at 0 min was
41 offset to 0 V. To quantitatively evaluate air stability, slopes were calculated by dividing the
43 difference in V" between 0 and 300 h by the elapsed time (300 h). The calculated slopes are

46 shown in (b).

51 After measurement of the initial J-E properties, the air stability of HODs was evaluated from
the temporal changes of driving voltage under continuous current application at 0.1 mA/cm® in

56 air under dark conditions (Fig. 4(a)). To make it easier to compare the temporal V' changes
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between different HODs, the initial voltage (Viniia1) at O h in Fig. 4(a) was offset to 0 V by
subtracting Vinitias from V. For most of the devices, V' — Vinitias Values increased monotonically
over time. Devices with a-NPD vacuum-deposited at the lowest T, of 221 K showed unique
behavior; V' — Vinitial values decreased during initial device operation and then began to increase
rapidly; the reason for this is still unclear and needs to be investigated. To quantitatively evaluate
the air stability of the HODs from Fig. 4(a), slopes were calculated by dividing the difference in
V' — Vinitia between 0 and 300 h by the elapsed time of 300 h; the results are displayed in Fig.
4(b). In this figure, a smaller slope means higher air stability. The air stability data matched the
prei curve well. These data reveal that a-NPD films with higher p.; have higher air stability, while
S has no relation to not only the electrical properties but also the air stability of the films. There
is a possibility that S changes during the stability measurements. However, such a change of S
should not markedly affect the stability results because carrier transport properties did not
depend on S for a-NPD, as we discussed earlier.

An increase of V under continuous driving of organic devices may be caused by several factors
including (1) degradation of metal electrodes,” (2) decomposition of organic materials via
excited states,”’ (3) crystallization of amorphous films,® and (4) absorption of gas molecules by

4828
films."™

Factor (1) can be ruled out here because the ITO, Au, and MoO; layers should be
relatively stable in air and were used in all of the devices discussed here. Also, factor (2) can be
ignored because no excited state is formed by carrier recombination in our HODs.*' It is
expected that crystallization during device operation is likely suppressed for thermally stable
films with high density. Optical microscopy revealed no marked a-NPD crystallization for all
devices after 300 h of continuous driving. Thus, factor (3) is assumed not to be dominant. There

are several reports describing film density being related to absorption of gas molecules.”***
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Results in some reports™® indicated that densification of organic films led to decreased water
uptake, consistent with our present results. Conversely, water uptake decreased when T, was
above room temperature, where the film density is expected to be lower, in another study.28
Thus, how film density affects absorption of gas molecules (water uptake) by films is still
unclear. Based on our results discussed earlier, air stability is undoubtedly enhanced with
increasing film density. Therefore, we speculate that absorption of water and oxygen by the
HODs operating in air is suppressed when the a-NPD film has higher density. Thus, factor (4) is
a probable reason for the observed increase in V over time because the inclusion of water and
oxygen into organic films accelerates degradation.”® The detailed mechanism of the improved
air stability with increased film density will be clarified in the future. In addition, it will be
necessary to investigate whether water or oxygen is the main cause of device degradation.

The present study revealed that the horizontal orientation of molecules has little influence on
film electrical properties and air stability. However, horizontal orientation is very important to

enhance the light outcoupling efficiency of OLEDs.***°

If horizontal orientation and high density
can be achieved in the same film by controlling the chemical structures of organic materials and
T during their vacuum deposition, we can realize OLEDs with simultaneous higher external
quantum efficiency, lower driving voltage, and higher air stability compared with those of
conventional OLEDs. Furthermore, deeper understanding of the aggregation state in amorphous
thin films is necessary from a fundamental viewpoint. Our study revealed that increasing the film
density by only a few percent greatly improved device physical properties. However, the change
in the aggregation state in the films with densification is still not clear. It is conceivable that there

is a uniform decrease of intermolecular distance and that the spatial fluctuation of free volume in

the films is lowered. We need to conduct thorough investigations to elucidate the relationships
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between chemical structures, microscopic amorphous film aggregation, electrical properties, and
air stability.

In this study, we investigated the influence of Ty, of a-NPD films on their molecular
orientation, film density, electrical properties, and air stability. We found that the electrical
properties and air stability of the a-NPD films were most enhanced at Ty, of around 0.8 T pyik.
The reason for the enhanced electrical properties and air stability is mainly because of an
increase of film density at this 7y, and not a change of molecular orientation. In OLED
fabrication, several kinds of organic layers are generally vacuum-deposited on substrates at room
temperature. The results obtained in this study indicate that keeping T, at 0.8 T pui 0f materials
(slightly lower than room temperature for a-NPD) is very important to achieve the maximum

electrical performance and air stability of organic devices.

Experimental Methods

Film fabrication. a-NPD purchased from Nippon Steel & Sumikin Chemical was evaporated
under vacuum to fabricate films on bare Si substrates kept at various Ty, of 200-350 K under
vacuum (< 1.0 x 107 Pa). The Si substrates were pre-cleaned by ultrasonication in acetone,
detergent, pure water, and isopropanol, followed by UV/O; treatment. Ty, was calibrated with an
alumel/chromel thermocouple attached to the substrate surface after film fabrication. The
pressure and deposition rate during the vacuum deposition of a-NPD were of the order of 10 * Pa

and 0.13 £ 0.03 nm/s, respectively.

Analysis of film structure. A VASE system (M-2000, J.A. Woollam) was used to evaluate d, n, k,

S, and pr of the a-NPD films. In the VASE measurements, the incident light angle ranged from
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45° to 75° with a step of 5° and the spectral range was 245-1000 nm. Results from VASE
measurements were analyzed by fitting with an anisotropic model using Gaussian-type and
Tauc—Lorentz-type oscillators to simultaneously obtain d and spectra of # and & in each axis. For
the measurement of prj, a-NPD films were annealed under vacuum (< 1.0 X 1073 Pa) for 30 min
at 381 K after the first VASE measurements, and then cooled to room temperature at a certain
rate. This annealing temperature is about 20 K higher than the T pux of a-NPD (362 K).13 The
annealed films were measured by VASE again to obtain their d values. VASE evidently
indicated the randomization of a-NPD molecules accompanied with the change of optical
parameter n and k and a slight increase of d in the annealed films compared with that before
annealing. Assuming that the film area and material weight on a substrate were the same before

and after annealing, p, values are given by,

_ dannealed
Pret = d 3)

as—deposited’
where danncaled aNd  das-deposited are the thicknesses of the annealed and as-deposited films,

respectively.

Hole-only device fabrication. The HOD structure used in this study was glass substrate/ITO
anode (100 nm)/a-NPD (about 350 nm)/MoO;3; (30 nm)/Au cathode (50 nm). First, glass
substrates coated with a 100-nm-thick ITO layer were cleaned as mentioned above. An a-NPD
layer with a thickness of about 350 nm was vacuum-deposited on substrates kept at various Ty
under the conditions mentioned above. After Ty, was returned to room temperature, MoO; and
Au layers were vacuum-deposited on top of the a-NPD layer to complete the HODs. The active

device area was 4 mm-.
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Measurement of electrical properties and air stabilities. J-V properties of HODs were measured
with a computer-controlled sourcemeter (2400, Keithley) under nitrogen in the dark. We tried to
control the a-NPD film thickness at 350 nm using a quartz crystal microbalance installed near a
substrate in a vacuum chamber. However, actual thicknesses showed slight variation between
samples. Therefore, we used E instead of J to allow better comparison of the film parameters.
Here, we calculated £ used in Fig. 2(a) by simply dividing V" by the a-NPD film thickness of
each HOD measured by a profilometer (DEKTAK XT, Bruker). After the J-V measurements, the
air stability of HODs was evaluated from the temporal change of driving voltage under
continuous current application at 0.1 mA/cm’ in air (without encapsulation) under dark
conditions using an OLED lifetime measurement system (EAS-26B, System Engineers Co.). The
temperature and relative humidity during the stability measurements were around 24 °C and

50%, respectively.

Estimation of zero-field carrier mobility u(0) and Poole—Frenkel factor y. The J-E properties
were fitted with Eq. (2). Here, N, was assumed to be equal to the molecular density of a-NPD in
the films and could be obtained by the equation:

No = papspPreiNa/Preiz00kMw, (4)

where paps 1 the absolute film density measured at 300 K (1.19 £ 0.01 g/cm3),31 Prel 18 the relative
film density, pabs 300k 1s the relative film density measured at 300 K, N4 is the Avogadro constant,
and My is the molecular weight (588.74 g/mol for a-NPD). The standard ¢, value of 3.0 and T of
300 K were used for the ILC analysis. The work function of ITO was 5.0 eV and the ionization
energy of a-NPD was 5.4 eV, both of which were measured by photoelectron yield spectroscopy

(AC-3, RikenKeiki). Therefore, ¢ was estimated to be 0.4 eV. Our HODs had a built-in
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potential (V4;), which is probably defined by the difference between the work functions of ITO
(5.0 eV) and MoOs (5.9 eV, measured by the AC-3 spectrometer). The electric fields of the

HODs were calibrated with a V,; value of —0.9 V using the relation: Ecajibrated = (V' — Vei)/d.
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