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Abstract

In this paper, we introduce an extensive study on nanostructured thin films of an organic small molecule N,N'-diphenyl-
N,N'-di-p-tolylbenzene-1,4-diamine, (NTD). Further, the possibility of using NTD as a hole transport layer in optoelectronic
devices is reported for the first time to the best of our knowledge. In this context, the thermal behaviour, crystal structure,
optical absorption in ultraviolet—visible regions, and DC electrical conductivity of the as-deposited NTD thin films are investi-
gated. The differential scanning calorimetry (DSC) investigations show that NTD has a phase transition at a high temperature
of 190 °C which may not affect its morphological stability. Further, the XRD patterns reveal that NTD thin films have an
as-amorphous nature with some crystals. Additionally, optical investigations indicate that the indirect electronic transition
from valence to conduction band is the most probable transition which agrees well with the amorphous structure of NTD
thin films. The value of the mobility gap decreases from 2.74 to 2.51 eV when the thickness of the films increases from 80
to 200 nm. Furthermore, the absorbance lies below 370 nm and the thinnest film of thickness 80 nm achieves the highest
absorbance. Further, the DC electrical measurements show that the NTD film has an activation energy of 378 meV. The DC
conductivity is interpreted in terms of the variable range hopping (VRH) model. Based on our studies, NTD thin films are
proposed with thickness range 50-80 nm to serve as a hole transport layer in white organic light emitting diodes (OLEDs).

1 Introduction

In the last two decades, the studies of organic semiconduc-
tors have increased due to their electronic and optoelectronic
properties [1, 2]. The structure of organic semiconducting
molecules (OSMs) can be easily modified, resulting in new
molecules with tuneable structural, thermal, optical and
electrical properties [3]. OSMs are used in different appli-
cations including organic light emitting diodes (OLEDs) [3],
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organic thin film transistors (OFETs) [4] and organic solar
cells (OSCs) [5-7].

Particularly, OLEDs have attracted great attention
because they reduce the operating voltage, consume less
energy and improve the efficiency of the device’s electro-
luminescence (EL) [8]. Additionally, they have high poten-
tial for mass production with low cost. The OLEDs can be
fabricated by using polymers or OSMs [8]. The OLEDs are
usually produced by sandwiching an emissive organic layer
between two organic layers [8]. The first layer serves as a
hole transport layer (HTL), while the other layer acts as an
electron transport layer (ETL) where the three layers are
sandwiched between two electrodes [9].

Each layer of the OLEDs plays a certain role in the opera-
tion process [10]. The HTL layer injects holes to the organic
emissive layer and ensures hole blocking at the ETL [11].
Udhiarto et al. [12] have studied the effect of HTL thickness
on the performance of the OLED. It has been shown that
the performance of the OLED is enhanced as a function
of the HTL thickness [12]. In this context, each 1 nm of
HTL layer can balance the charge concentration between
free holes and electrons in the emissive layer. Also, Lim
et al. [13] have studied the optical and electrical properties
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of the N,N,-diphenyl-N, Ny-bis(1-naphthyl)-[1,10-biphthyl]-
4,40-diamine (NPB) thin films as a hole transport layer. In
this regard, the energy gap decreases when the layer thick-
ness increases, while the electrical conductivity is depend-
ent on the thickness. Narayan et al. [14] have investigated
the effect of thickness variation of copper (II) phthalocya-
nine as hole injection layer and 2,9 dimethyl-4,7-diphenyl-
1,10-phenanthroline as a hole blocking layer with optimum
thickness of 18 and 10 nm, respectively.

N,N'-diphenyl-N,N'-di-p-tolylbenzene- 1,4-diamine, NTD,
belongs to bis-amine molecules with low molecular weight.
Additionally, bis-amine molecules are considered as the fun-
damental block in dendrimer polymers [15]. The dendrimers
are crystallized with amorphous morphology [16]. Recently,
dendrimer materials have been extensively studied because
they contain bis-aromatic amine that can trap metal ions
within the voids in the dendrimers and form new types of
organic—metallic hybrid nanomaterials [15]. Thin films of
such low molecular weight compounds can be obtained by
sublimation under high vacuum. Further, they can be used
for electronic devices such as organic field-effect transistors
and OLEDs [17].

The efficiency of OLEDs can be maximized by optimiz-
ing the charge balancing-based modulating hole injection
and hole mobility [14]. In the present work, we introduce
NTD as a novel hole transport layer for the first time to the
best of our knowledge. Thermal evaporation technique is
used to deposit NTD powder into thin films with thick-
nesses of 80, 120, 160, and 200 nm. The thermal investiga-
tions show that NTD has a high glass transition tempera-
ture 7, =190 °C, which is higher than that of widely used
NPB prepared by Lim et al. [13]. The optical properties of
the pristine NTD thin films with different thicknesses are
also studied. The thinnest film (80 nm) achieves absorbance
values comparable to that of the well-known hole trans-
port layers, N;Ny-diphenyl-N; N,-bis(3-methyl-phenyl)-(1;
10-biphenyl)-4; 40-diamine (TPD) and NPB presented in
[13, 18]. Furthermore, the obtained energy gaps decrease
on increasing the NTD thickness, which agrees well with
those reported in [13] for NPB. NTD also shows an electri-
cal conductivity, o, that is higher than that of MeO-S-TPD
[18] and comparable with that reported for PV-TPD [19],
PV-TPDoM [20], and Di-NPB [13].

2 Experimental details

2.1 Materials

An organic small molecule N,N'-diphenyl-N,N'-di-p-
tolylbenzene-1,4-diamine, NTD, is purchased from Sigma

Aldrich in a powder form with purity of 99.99%. The NTD
powder appears white with empirical formula C;3, Hyg N,.
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NTD molecular weight is 440.50 g/mol with density of
1.250 g cm™>. The molecular structure of NTD is presented
in Fig. 1.

2.2 Nanostructured thin film synthesis
and characterization

Thin films of NTD are successfully deposited by the thermal
evaporation technique (Edwards Co., England, model E 306 A)
[21] under a pressure of about 10~> Pa by using a high vacuum
coating unit. The NTD powder is deposited onto pre-cleaned
glass substrates for structure analysis, while pre-cleaned flat
fused quartz substrates are used for optical investigation where
both substrates are maintained at room temperature. We pre-
pared four films of different thicknesses 80, 120, 160 and
200 nm, with a deposition rate of 2.5 (nm/s) controlled by a
quartz crystal thickness monitor (Model, TM-350 MAXTEK,
and Inc. USA). Further, thermal analysis is performed using
differential scanning calorimeter DSC-60 by Shimadzu, Japan.
The DSC analysis is carried out under nitrogen atmosphere
with a flow rate of 50 ml min~'. The measurement is recorded
in temperature range from 10 up to 300 °C at an average heat-
ing of 5 °C min~! with 12.5 mg sample weight. Also, Fourier
transform infrared (FT-IR) spectroscopy was performed using
a FT-IR 3600 infrared spectrometer (Jasco, USA) using a KBr
pellet as a reference. The crystal structure of NTD powder
and the as-deposited thin films are investigated using X-ray
diffraction (XRD; Shimadzu XRD-6000, Japan). The XRD
patterns are obtained in the range of 26 from 4° to 90° at room
temperature. The Cu Ka is used as a radiation source of wave-
length A=0.15408 nm, with scan rate 2°/min, operation volt-
age 50 kV and current of 40 mA [22]. The absorbance A (1),
the transmittance 7(4), and the reflectance R(A) for different
thicknesses of as-deposited NTD thin films are measured in
the wavelength range 200-2400 nm via a double beam spec-
trophotometer (JASCO model V-570 UV-Vis—NIR) [23]. The
measured values of 7(A) and R(A) are computed via a software
program privately developed to calculate the refractive index
and extinction coefficient. A device of the structure Au/NTD/
Au is thermally evaporated to investigate the direct electrical
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Fig.1 Molecular structure of NTD
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conductivity 64.. NTD is sublimated from a quartz crucible
heated by a molybdenum heater. The vacuum inside the evapo-
ration chamber is kept at 5x 10~> mbar during the deposition.
The gold electrodes are thermally evaporated directly from
a molybdenum filament [24]. The deposition rate and the
thickness are equal to 25 A°/s and 80 nm, respectively. All
measurements are performed at different temperatures in air
under dark conditions. The electrical resistance is measured as
a function of temperature using Keithley 2635 A high imped-
ance electrometer. The temperature measurements of the film
are carried out in the range of 338463 K using the NiCr-NiAl
thermocouple [25].

3 Theory

The structural parameters such as the average crystallite size,
D, the average dislocation density, J, the average inter-sepa-
ration distance, Y, and stacking fault (SF) can be calculated
from the broadening width () of the most intensive peak with
the aid of Debye—Scherer formula according to the following
relations [26]:

0944
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where 6 is the diffraction angle, A is the wavelength of the
incident X-ray photons and j is the broadening width of the
Bragg peak which relies on instrument- and sample-depend-
ent effects. To avoid these contributions, it is necessary to
collect a diffraction pattern from the line broadening of a
standard material such as the bulk structure to determine
the instrumental broadening. Then, the instrument-cor-
rected broadening follows the relation: g=[(5°)
ﬂz)instrumental] 2 [27’ 28]

The absorption coefficient, @ (1), can be calculated using
the measured absorbance A (1) according to the relation [29]:

measured (

2.303 A(A)
a(d) = — 4)
where d is the thickness of the measured thin films. The
calculated a (4) are used to study the optical transitions and

the energy gaps by using the following equation [30]:
ahv = B(hv — Eg)q, (6)

where hv is the photon energy of the incident light, B is a
constant, E, is the energy gap, and the exponent g is a con-
stant based on the type of transition. In this context, g=2 or
3 for indirect allowed and forbidden transitions, respectively.
However, g=1/2 or 3/2 for direct allowed and forbidden
transitions, respectively.

The refractive index, n, and the extinction coefficient, k, of
the prepared films can be also calculated by using the follow-
ing equations [31-33]:

12
(4R, 1+R
n—<(1_R)2 k) +<1—R>’ )
_ai
= ®)

where T (4) and R (1) are the measured transmission and
reflectance, respectively.

The refractive index is related to the dielectric constant, £,
and the ratio N/m* by the following relation [34]:

2 N,
2 e opt 2
= —_ —_— A R
TEA <47z2£0 C2> < m* ) ®)

where ¢ is the real part of the dielectric constant, e is the
electronic charge, ¢, is the permittivity of the free space, c is
the speed of light waves, Nopt is the number of carriers and
m* is the effective mass of the charge carriers. The relation
between the free-electron relaxation time, 7, the imaginary
part, &,, of the dielectric constant and the wavelength of the
incident photons is given by [35]:

_ 1 e’ Nopt (1 3
©2= 47z360<c3>< m > T>/l ’ 10

Additionally, the optical resistivity p,, can be obtained
based on the optical mobility, 4, and the number of charge
carriers as expressed by [36]:

er
Hopt = % ’ (11)
po = 1
o e”oplNopt ' (12)

where m* = 0.44m, and m, is the mass of the electron.

The direct electrical conductivity, o,., of a material is
related to the measured electrical resistance and its dimen-
sions as given by [37]:

Ot = 7x - (13)
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where, [/, A and R are the length, area and measured electri-
cal resistance of the sample, respectively. In hopping con-
duction, the o, for semiconductor materials depends on the
temperature and obeys Arrhenius’ relation [38]:

—AEy,
Oge = 0o eXP | —— |, (14)
B

where o, is the pre-exponential factor which includes the
charge carrier mobility and the density of states, AE, is the
activation energy for hopping conduction, kg is Boltzmann’s
constant and 7T is the absolute temperature.

04 that follows the Mott’s variable range hopping (VRH)
model can be taken as [39, 40]:

T p
Cge = O, EXP <—7°> , 1s)

24

1o = ka2 NGEDT (16)

where o, is the pre-exponential factor, p is an exponent
which can be 1/4, 1/3 or %2 for different materials [40], T,
is the characteristic temperature, N(Ey) is the number of
delocalized energy states at Fermi level and Z is the decay
constant of the localized wave function which equals to
107 cm™! [41].

According to the VRH model, it is possible to investigate
the hopping distance, Ry,,,, and the hopping energy, W, at
a certain temperature by using the following relations [41,
42]:

Zl/4
Ryop = ——————72> 17)
® [8rkg TN(Eg)]'*
Whep = 0.5KgTO-T03, (18)

4 Results and discussion
4.1 Structure analysis

In this study, the thermal changes of NTD thin films, ther-
mally evaporated on a glass substrate, are successfully
detected by deferential scanning calorimetry, DSC, in air.
Figure 2 presents the DSC thermogram for NTD thin film
in the temperature range 10-300 °C. It is noticed from this
figure that NTD has thermal stability in a wide tempera-
ture range 30-185 °C. Additionally, the first endothermic
peak appears at T=190 °C which can be attributed to the
melting temperature. The high melting temperature of NTD
indicates the stability of its morphology at high operating
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Fig.2 DSC thermogram of NTD thin film
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Fig.3 FTIR spectra of the powder and the pristine NTD thin film

temperatures. NTD shows an enhanced morphological sta-
bility in comparison to the previously reported HTL mol-
ecules such as PV-TPD [18], PV-TPDoM [20] and Di-NPB
[19].

Organic molecule bonds can be stretched and bent
upon absorption of infrared irradiation, IR, in the range of
400—4000 cm™ ! [43]. In this investi gation, Fourier transform
Infrared (FTIR) spectroscopy is used to identify functional
groups and define the molecular structure of the prepared
materials to show the effects of preparation techniques [44].
Figure 3 shows the FTIR spectra of the powder and the pris-
tine NTD thin film of thickness 80 nm. It may be seen from
this figure that there is no significant change in the chemical
bonding structure of the powder compared to the structure of
the pristine thin film. The stability of the chemical structure
indicates that the thermal evaporation technique is suitable
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for NTD thin film preparation. The possible vibrational
modes for the NTD are assigned and listed in Table 1.

The crystal structures of as-purchased powder and as-
deposited NTD thin film of thickness 80 nm are also stud-
ied using the XRD technique. Figure 4a presents the XRD
patterns of the NTD powder. It is observed that the powder
of NTD exhibits a polycrystalline phase with many peaks
with different intensities. The diffraction peaks in the pow-
der spectrum are indexed [45], the lattice parameters are
obtained and the crystal system is defined with the aid of
CRYSFIRE computer program [30]. The values of Miller
indices, h k I, for each diffraction peak are calculated
using CHEKCELL computer program [30]. The obtained
results indicate that the NTD powder has a triclinic crystal
system with a space group P1 and the lattice parameters
are a=9.588 A, b=18.793 A, c=8.879 A, a=93.850,
p=112.750 and y=81.500. Figure 4b illustrates the XRD
pattern of as-deposited NTD thin film. It is noticed that the
film has an amorphous structure with some crystals. The
film shows three diffraction peaks at 26=14.26, 20.21 and
21.58 corresponding to diffraction from the planes (030),
(102), (210), respectively. It should be noted that some parti-
cles of the powder underwent selective crystallization which
is evident from the preferred orientation on the planes (030),
(102), (210), as depicted in Fig. 4a. Moreover, the film’s
surface grows with good homogeneity and the thickness of
the NTD film is high. Therefore, the X-rays do not penetrate
the film with no peaks due to the substrate. In this context, if
there are peaks in the XRD pattern due to the substrate, there
must be a ‘hump’ in the diffraction pattern (comes from the
glass substrate) as reported in [46].

The average values of crystallite size, D, inter-separation
distance, Y, stacking fault, SF, and the dislocation density,
9, for as-deposited NTD thin film of thickness 80 nm are
calculated and found to be 35.55 nm, 7.94 10\, 0.027 and
0.31x 1073 Lines/nm?, respectively.

In the current study, the optical properties of the NTD
thin films are characterized as a hole transport layer (HTL)
in OLED:s. It is worth nothing that the transport materials

Table 1 FTIR assignment of the NTD powder and as-deposited thin
film of 80 nm thickness

Wavenumber, 9, (cm™") Assignments

Powder Pristine thin film

3034 3030 C-H stretching, aromatic
2912 2918 CHj stretching, aromatic
2855 2855 C-H aromatic

1597 1590 C=C asymmetric, aromatic
1500 1501 C—C stretching, aromatic
1306 1310 C-N stretching, aromatic
1262 1272 C-N stretching, aromatic

Intensity (Counts/Sec)

(b)
10 2IO 3IO 4IO 5IO 60
20 [Degrees]

Fig.4 X-ray diffraction patterns of a the powder of NTD and b the
pristine thin film

have an absorption in the visible range. Therefore, the HTL
thickness should be optimized to confine holes to the recom-
bination zone in an emitting material layer (EML).The opti-
cal characterizations for different thickness of as-deposited
NTD thin films are investigated by measuring the absorb-
ance A (M), the transmittance 7 (\), and the reflectance R
(M). The spectrum of A (A) as a function of the incident light
wavelength, through the range of 200—1000 nm, is presented
in Fig. 5. In general, it is observed that the different thick-
nesses of the as-deposited NTD thin films show a dominant
absorption in the wavelength range 200-370 nm below the
edge of the visible light range. Furthermore, the absorption
increases by decreasing the thickness of the thin films. The
thinnest film of thickness 80 nm has the highest absorp-
tion with an intense broad peak at A=350 nm. Based on

Thickness [nm]
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——160
+— 200
©
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=
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Fig.5 Thickness dependence of the absorbance as a function of the
incident wavelengths

@ Springer



543 Page6of9

A.El-ghandour et al.

4.0x10° | Film thicknesses [nm] /._
| —<—80 .
3sxio’f —°— 120 # |
| —+—160 g
soxto* | 200 . &
g L e . 4 A
= poag X y
> 25x10° | /o N / .
< T i g ¥
'E | b b A
5, 2.0x10° / o s
9 /| ¥ e
— 1510°
> P
e L /
S 1 oxi0’ e
5.010° g™
0.0 ‘L// \ L |
1.5 35 40 45 50 55 60

hy [ev]

Fig.6 Variation of (ahv)'”? as a function of the incident photon

energy, hv, for the different thicknesses of NTD thin films

Table 2 Energy gaps of different thicknesses of NTD thin films

Film thickness (nm) Onset energy gap (eV) Optical
energy gap
(eV)

80 2.74 3.75

120 2.68 3.60

160 2.60 3.51

200 2.51 3.41

the observed low range of absorption, the NTD thin films
can be used as a hole transport layer in OLEDs [6, 20] and
OSCs [47-49].

4.2 Absorption and dielectric properties

The dependence of (ahv)"d on the photon energy (hv) for
the optical bandgap is also studied. It has been found that
the indirect allowed transition is the most probable transi-
tion with g=2. According to [21], the indirect transitions
in organic semiconductors are the preferred transitions due
to the non-crystalline structure of those materials. The rela-
tion between (ahv)? and (hv) for the different thicknesses
of as-deposited NTD thin films is illustrated in Fig. 6. The
intercept of the straight-line graphs with the abscissa axis
gives the values of the energy gaps which are obtained and
listed in Table 2.

It is evident from Fig. 6 that the energy bandgap increases
with decrease in the thin films’ thickness due to the absence
of charge accumulation at the grain boundaries, which agrees
well with that reported in [50, 51]. Further, NTD has a wide
bandgap with no absorption in the visible range of the solar
spectrum. Therefore, NTD is more suitable as a transparent
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Fig.7 The relation between the squared refractive index, n%, and the
incident wavelength, 22, for different thicknesses of NTD thin films

Table 3 Dispersion parameters for the different thicknesses of the
NTD thin films

Film thickness (nm) High frequency dielec- The ratio (N/m")

tric, e, x10% [m=3 Kg™!]
80 3.60 1.29
120 3.68 0.58
160 3.03 1.32
200 3.87 0.53

transport layer as mentioned earlier. In Table 2, the onset
energy gap refers to the beginning of optical absorption and
formation of Frenkel exciton, or the formation of a bound
electron—hole pair [21]. Additionally, the second energy
value is the fundamental energy gap which is the energy
gap between the valence band t—band and conduction band
n —band [52].

The refractive index data can be used to calculate the
ratio of the charge carrier concentrations to the effective
mass, Nopt/m*, and the high frequency dielectric constant,
€, by using the free carriers contribution and the dispersion
vibration modes [36]. Figure 7 depicts the relation of the
straight line between the square of the refractive index, n,
and the square of the incident wavelength value, 12, for NTD
thin films of different thicknesses. The slope of that line is
used to calculate the number of charge carriers per effective
mass N,,/m*. Also, the extrapolation of this line equals to
the high frequency dielectric constant, .. The values of
Nyp/m* and e, for different thicknesses are calculated and
listed in Table 3.

The free-electron relaxation time,z, can be used to deter-
mine the dielectric function which is an important property

for the design of optical devices [36]. Figure 8 shows a plot
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of &, versus A% which results in a straight line with a slope of

[ ! <ﬁ> (%> (% >] The values of the relaxation times T

4r3e, \ 3 m*

for different thicknesses of as-deposited NTD thin films are
calculated and listed in Table 4. It is found that the thinnest
film, 80 nm, has the shortest relaxation time of 8.5 Fs. The
electrical properties of materials depend on their optical and
structural properties [34]. The optical mobility y,, can be
given as a function of the free relaxation time and the optical
resistivity. The values of optical mobility, y,, and optical
resistivity, Popts for different thicknesses of NTD thin films
are calculated and listed in Table 4.

4.3 DC conductivity

Studying the direct current electrical conductivity () gives
valuable information to understand the conduction mecha-
nisms in materials. In hopping conduction model, the con-
duction process occurs through the neighboring sites, and
hence the hopping range and activation energy are independ-
ent on the temperature [39]. From Eq. 15, materials that
follow the hopping conduction mechanism should have a
linear relationship with (1/T)P [39]. The calculated values of
In (o,.) are plotted as a function of the inverse of temperature
(1000/7) and are presented in Fig. 9. It may be seen from
this figure that In (o, ) increases as temperature increases.
Additionally, the activation energy equals to 378 meV.
Based on the hypotheses of the VRH conduction model,
the hopping range may vary as the temperature decreases.
Moreover, the VRH model can describe the experimental
data at low temperatures where charges transfer can occur
through the nearest sites. From Eq. 15, materials that have

Film thickness [nm]

1
9.0x10°

23 [nm}®

1
1.2x10"

]
1.5x10"

0.0 3.0x10° 6.0x10°

Fig.8 The variation of the imaginary part of the dielectric, €,, with
the incident wavelengths A> for different thicknesses of NTD thin
films

Table 4 Optoelctrical parameters of different thicknesses of NTD
thin films

Film thick-  Relaxation time  Optical mobility Optical
ness [nm] X107 (S) Hope X 1073 resistivity
Popt X 1077

80 0.855 341 2.09
120 1.43 5.71 0.73
160 1.49 5.95 1.12
200 1.06 4.26 1.34

21.2

e
214 |
216 [

-21.8

In(c dc) [S/cm]
8

. I . ! 1 N ! ! . 1 .
265 2.70 275 2.80 285 290 295 3.00

1000/T (K)

Fig.9 The temperature dependence of the o, for 80 nm NTD thin
film

linear relationship between In (o,.) and (1/7)° obey the VRH
conduction mechanism [39] and this model dominates when
T,> 10° (K) and W>3KT (eV) [39]. In the present work,
the most probable value of “p” is equal to 1/2. Figure 10

-18.25

-18.50 -

-18.75 |-

-19.00 | e

In(o,,) [S/m]

-19.25

-19.50

-19.75 1 1 1 ! 1 |
0.0520 0.0525 0.0530 0.0535 0.0540 0.0545

Tl/Z[K-l/Zl

Fig. 10 The relation between In (o,.) and the reciprocal of the square

root of absolute temperature for 80 nm NTD thin film
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Fig. 11 The variation of the hopping energy, w, and the hopping dis-
tance, R, as a function of the temperature for 80 nm NTD thin film

shows the temperature dependence of In (¢,.) with respect
to (1/T)~"2 for NTD thin film. From the fitted line in Fig. 10,
T, equals to 2.34 x 103 K which is substituted in Eq. 14 to
calculate the N(Ey) of 3.8 X 102 ev-em L

Figure 11 shows the hopping energy and hopping distance
as a function of the temperature. It is observed that W,
increases from 0.585 to 0.684 eV and Ry, decreases from
1.37x 107 *to 1.27 x 10~* cm as temperature increases from
338 to 463 K.

The performance of the reported HTL (NTD) is compared
to other HTLs in the literature to clarify the advantage of the
present work over the preceding ones as shown in Table 5.
The table illustrates the bandgap energy, glass transition,
position of the absorption peak and electrical conductiv-
ity of the previously reported and current HTLs. It may be
seen from this table that the reported HTL has the highest
glass transition. Therefore, it is supposed to be morphologi-
cally stable under operation conditions of OLEDs, solar cells
[49, 53] and other photovoltaic devices [54, 55]. Further, the
reported HTL shows a strong absorption peak at 350 nm
which is lower than any of the previously reported HTLs.
Consequently, the present HTL will not decrease the effi-
ciency of the solar cell noticeably. However, the presented

Table 5 Comparison between the previously studied HTL materials
and the novel NTD which is suggested in the present work

No. Name E, V) T, (°C) Abs.peak  The oy,
position x 107°[S/
(nm) cm]

1 PV-TPD [19] 2.77 1182 395 4.43

2 PV-TPDoM [18] 2.74 117.5 392 4.71

3 Di-NPB [19] 2.89 157.8 372 5.38

4 MeO-S-TPD [20] 2.87 1157 387 34.5

5 This work 2.74 190 350 1.52

@ Springer

HTL has energy gap that is smaller than those previously
reported in [12, 19, 20]. Furthermore, the conductivity of the
reported HTL is comparable with that previously reported
in the literature [11, 20].

5 Conclusion

The powder of NTD is thermally evaporated into thin films
of different thicknesses. Thermal investigations show that
NTD has a high 7, =190 °C which implies that the morphol-
ogy of NTD is stable at high operating temperatures. Struc-
tural investigations revealed that NTD film has amorphous
structure with average crystal size of 35 nm. The optical
studies also show that the absorbance of NTD thin films
lies in the UV region, which suggests that NTD acts as a
transparent hole transport layer in optoelectronic devices
such as OLEDs and OSCs. Additionally, the thinnest film
of thickness 80 nm has the highest absorption and the values
of the energy bandgaps decreases as thickness increases.
Further, the electrical studies show that the direct conductiv-
ity of NTD films increases as temperature increases and the
conduction mechanism is interpreted in terms of hopping
model. Additionally, it is found that hopping energy, W,
increases from 0.585 to 0.684 eV and the hopping distance,
Rhop, decreases from 1.37x 10™* to 1.27x 10~* cm as tem-
perature increases from 338 to 463 K.
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