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We synthesized and investigated a hybrid thin film composed of multi-walled carbon nanotubes
(MWCNTSs) and copper (II) 2,9,16,23-tetrabutylphthalocyanine (CuPc) to explore the influence of
these interactions on the optical, electrical, and photoelectric properties. Improved charge transfer
between CuPc moieties and CNT walls was observed in the ultraviolet and visible regions, where the
optical absorption behavior of the hybrid material exhibited a redshift (indicative of longer
wavelengths) and increased absorption intensity. CNTs provide numerous conductive pathways for
charge carriers, thereby significantly improving the electrical conductivity of the hybrid material.
Atomic Force Microscopy (AFM) results revealed that surface roughness and complexity increased
upon the incorporation of CNTs into the CuPc film. This further confirms better contact between CuPc
and CNTs, supporting the conclusion that the addition of CNTs has greatly altered the surface
morphology of the pristine CuPc. Investigations of the hybrid material’s photoelectric properties on a
silicon oxide (Si/SiO2) substrate demonstrated that, under illumination, the photocurrent exceeded the
dark current, indicating an improved light response compared to pristine CuPc. All materials used in
this research were obtained from Sigma-Aldrich. An electric potential, varying from -5 V to +5 V, was
applied to the sample under various experimental conditions to determine the influence of voltage on
the material’s photoelectric and insulating responses. The light source used in this work was a 120-
watt halogen lamp, with an irradiance of approximately 38.2 W/m? illuminating the sample. The light
was focused on a rectangular sample area of 6 cm?. Five replicates were conducted to confirm the
accuracy of the results. This experiment was performed at approximately 25 °C and 30% humidity.
The dark and light currents measured for CuPc and CuPc/MWCNT materials were 1.8x10°° A and
3.2x107° A (dark current), and 2x1075 A and 9.8x107° A (light current), respectively. Additionally, the
data revealed a strong response to the addition of 10% MWCNT to the sample.

1. Introduction

efficient components [1,2]. Furthermore, research
concerning the interaction of carbon nanotubes with

The rapid development of nanotechnology has  conjugated molecules - mainly metal phthalocyanines

struggled to keep pace with growing technological
demand, and a growing range of substances with unique
mechanical, optical, or electrical characteristics has
become essential to meet these requirements. Among the
wide variety of hybrid materials, new technologies are
emerging from the synergistic interaction of two or more
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(MPcs) - has begun to attract more interest over the last
few decades as a new topic of fundamental research with
potential applications ranging from sensing to
photovoltaics [3]. Leveraging the excellent electrical,
thermal, and mechanical properties of carbon nanotubes
(CNTs), as well as the optoelectronic characteristics of
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MPcs, is an ideal route to fabricate composite materials
that can greatly enhance their relative responses
compared to pristine CNTs. Phthalocyanines (Pcs) and
their metallo-derivatives (MPc) generally represent a class
of materials with pronounced potential for the fabrication
of several nonlinear optical devices due to their optical
limiter behavior, fast response time, peculiar electronic
absorption features, and an extremely delocalized m- m
conjugated electron system [4] . Another advantage of
MPcs is that they can be processed in thin-film form and
deposited by various techniques, including spin-coating,
drop-casting, thermal evaporation, and Langmuir-Blodgett
deposition. Substituted MPcs have also been utilized as an
active membrane in surface plasmon resonance (SPR) and
total internal reflection ellipsometry (TIRE) sensors [5,6].
MPcs are m-m-electron-conjugated  macrocyclic
compounds with excellent potential for applications in
chemical and biosensors, liquid crystals, field-effect
transistors, electrochromic devices, and data storage
applications. Device performance is influenced by the
structure of MPcs, which affects their physical attributes
(such as specific surface area, electron-transfer
characteristics, and thermal stability) [7]. The key
advantages of MPcs over their organic analogs are: (i) A
tunable structure, offering great flexibility in introducing
different substituents to the periphery as well as in
coordinating nearly every metallic element in the center of
the macrocycle; (ii) An exceptional thermal and chemical
stability compared to most molecular materials; (iii) The
possibility to fabricate a large variety of thin films by
distinct deposition methods [8].Although MPc-based
devices have been studied for a long time, some specific
limitations still need to be addressed, including: (1)
improving the reproducibility of organic thin-film devices
due to poor control over the crystallite orientation of
polycrystalline MPc films; (2) enhancing the selectivity
and sensitivity of MPc thin-film sensors; (3) providing
more homogeneous films during the manufacturing of
semiconductor devices, minimizing pin-holes that can lead
to short-circuit issues; and (4) increasing charge carrier
mobility in organic thin-film diodes or transistors, which
is strongly determined by various factors such as the type,
orientation, and structure of MPcs, together with their film
thickness and the nature of the interface between the
organic film and electrodes [9,10].In contrast, CNTs, which
exhibit a high aspect ratio, are m-m-conjugated
nanomaterials. This class of carbon materials exhibits
numerous advantageous mechanical, thermal, and
electrical properties; therefore, these carbon structures
are excellent candidates for various applications, such as a
reinforcing filler in polymers, a component of thermal
management systems, and a substrate material for
nanoelectronic devices [11,12]. CNTs are known to be
highly sensitive to their surrounding chemical
environment. The wide applications of CNTs can be
attributed to their superior electrical properties, small
size, extremely high surface-to-volume ratio, and strong
adsorption capacity [13,14]. However, the low solubility
and dispersibility of CNTs in common solvents have
limited their use as active layers via facile methods such as
spin-coating. Acid treatment and other modification
methods, such as mixing with organic dyes, can also be

used to address shortcomings in poorly dispersed CNTs.
Another drawback is that CNTs are optically passive and
very difficult to use as an active layer in photocurrent,
photovoltaic, and optical detection methods, as well as in
any application that requires light absorption [15]. In
addition, the surface modification of CNTs through
hybridization with MPcs can improve their photocurrent
and photovoltaic performance due to m-m stacking
interactions between CNTs and MPcs, which are more
effective than either individual component alone [16-18].
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Fig. 1. (a) The CuPc molecular structure, (b) the layered architectures
of -phase, (c) phase (d) X-ray diffraction (XRD) patterns of CuPc
powders and films deposited at various temperatures on the substrate.

Table 1. Basic physicochemical properties of the materials used in this
study.

Copper Phthalocyanine

Parameter (CuPc)

Copper(Il) 2,9,16,23-
tetra-tert-butyl-

Chemical Name 29H,31H-phthalocyanine

Abbreviation CuPc (tBu),
Molecular Formula CagH4gCuNg
Molecular Weight (g/mol) 800.49 g/mol

Purity (%) Dye content = 97%
. Blue solid (blue
Physical Appearance pigment /solid)
Solubility Org.ano-sollllble / soluble
in organic solvents
Supplier / Source Aldrich (Sigma-Aldrich),

Product No. 423165

This study focuses on the fabrication of CuPc/MWCNT
hybrid thin films deposited on silicon/silicon dioxide
(Si/Si02) substrates to investigate their photocurrent
performance and conduct complementary
characterizations, including optical absorption and
morphological analysis.

The principal aim of the current study is to develop a
nanocomposite material combining phthalocyanine with
carbon nanotubes and to examine the correlation between
its structure and enhanced photocurrent response. To
achieve this goal, the following specific objectives were
pursued: (i) synthesis of the nanocomposite and
subsequent thin film preparation; (ii) investigation of the
structural properties; (iii) characterization of the optical
properties; (iv) analysis of the electrical properties; and
finally, (v) utilization of the synthesized samples as an
active layer for photocurrent applications.
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2. Experimental Part

The hybrid materials CuPc and multi-walled carbon
nanotubes (MWCNTs) were synthesized as described
below. The substrate was rinsed with distilled water, then
with laboratory-grade ethanol, to remove contaminants or
impurities. The following is a flowchart of the work steps.
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Fig. 2. Flowchart illustrating the preparation methodology and optical-
electrical characterization of the metal phthalocyanine/CNT hybrid thin
films.

Then, 10 mg of CuPc was accurately weighed and
dissolved in 400 mL of dimethyl sulfoxide (DMSO). After
stirring the mixture at room temperature for 30 min, the
CuPc was completely dissolved. For the hybrid sample, 9
mg of CuPc was weighed and diluted in DMSO to a final
volume of 300 mL, and the solution was stirred until
complete dissolution. Then, 1 mg of MWCNTs was
dispersed in 100 mL of DMSO and shaken for 30 min to
ensure a homogeneous dispersion. To prepare hybrid
materials containing 10 wt% MWCNTs in CuPc, a
suspension of MWCNTs was added dropwise to the CuPc
solution. The hybrid samples were sonicated for 30 min
after preparation to ensure a uniform dispersion of CuPc
and MWCNTs. Then, the samples were mechanically
ground in a mechanical grinder for 15 min to improve the
homogeneity of the CuPc/MWCNT mixture. The hybrid
material was drop-cast on ITO-coated glass substrates for
-V measurements and on Si/SiO, substrates for
photocurrent measurements. The drop-casting was
performed using the drop-dry-drop technique to ensure
complete coverage of the substrate. The deposited layer is
a p-type semiconductor, as shown by Hall measurements.
Silver paste was used to fabricate the electrodes, as shown
in Figure 3, to provide good electrical contact with the
active layer, ensure current flow, and form the top
electrode. (See Figure 3 for clarity.) These conditions were
repeated five times to assess reproducibility, yielding
highly consistent results. The measurements were
repeated five times for each sample, and the results clearly
showed that the devices were highly reversible.

Silver paste

Silver paste (Top Electrode)

(Top Electrode)

y

Fig. 3. The slides used in this work and their layers.

Silicon dioxide
ITO glass (Bottom Electrode) Silicon

A B

The optical properties of the samples were
characterized by recording their absorption spectra in the
UV and visible regions using UV-vis spectroscopy. [-V
measurements and photocurrent characterization of the
samples were carried out using a Keithley 2400
SourceMeter. The light source used in this work was a 120
W halogen lamp. The photocurrent experiment was
conducted using a time-dependent program interfaced
with the SourceMeter. The thickness of all prepared thin
films was measured using an optical refractometer. All
materials used in this work were supplied by Sigma-
Aldrich and used without further purification.

3. Results and Discussion

3.1.Atomic Force Microscopy

Fig. 4 presents the atomic force microscopy (AFM)
images of (A) the CuPc thin film and (B) the CuPc/CNT
film. This technique enables high-resolution analysis of
surface morphology, including RMS roughness, growth
orientation, and film uniformity, and is therefore useful
for structural characterization, as AFM provides three-
dimensional (3D) surface topography at high spatial
resolution without requiring complex sample preparation
[19].

From the images, the surface morphology of CuPc
appears homogeneous and particle-like, with a surface
roughness of approximately (Ra) 15.35 nm.
Phthalocyanines and their metal derivatives tend to form
homogeneous thin films on substrates by various
processing methods [20]. Figure 4(B) shows the image of
carbon nanotubes. CNTs typically increase film roughness
because they are one-dimensional nanomaterials [21]. The
roughness of the CuPc/CNT sample was measured to be
89.02 nm. This significant increase in roughness,
compared to the pristine CuPc film, contributes to a larger
effective surface area and enhances the interfacial contact
between active materials. As shown in Figure 4, the RMS
values were 22.5 nm and 106 nm for the CuPc and
CuPc/CNT samples, respectively. The grain size was in the
range of 280-380 nm. This increase in surface roughness
of CuPc/MWCNT films significantly influences charge
generation, transport, and collection. A coarser interfacial
structure increases the effective surface area available for
light absorption and facilitates exciton dissociation into
free charge carriers. This enhanced surface morphology,
in turn, improves charge percolation pathways, thereby
reducing recombination losses and improving the
collection efficiency of photogenerated electrons and
holes at the electrodes. Consequently, a direct relationship



68 B.J. Abduljawad / Progress in Physics of Applied Materials 7 (2027) 65-74

exists between the RMS roughness values of the
CuPc/MWCNT films and the resulting photocurrent
response and optoelectronic performance.
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Fig. 4. Atomic force microscopy images of (A) CuPc and (B)
CuPc/CNT thin films

3.2.UV-Visible Spectra

The UV-Visible plots in Figure 5 show the optical
absorption of copper phthalocyanine (CuPc) without and
with carbon nanotubes. The black solid line is the pristine
CuPc solution, and the purple dashed curve is the
CuPc/CNT composite [22,23]. Both spectra show a typical
absorption profile of phthalocyanine with two distinctive
bands: the B-band in the near-UV-visibie ( # 340 nm) and
the Q-band at visible ( # 670 nm ), from 1 = T * electronic
transition within the conjugated macrocyclic core.
Compared with pure CuPc, the CuPc-CNT spectrum shows
a slight red shift in the Q-band position and a moderate
increase in absorption intensity [22]. These spectral
changes indicate the presence of - stacking interactions
and the electronic coupling between the aromatic systems
of CuPc molecules and the graphitic layers of CNTs. This
coupling leads to charge delocalization and interfacial
charge transfer, both of which contribute to the hybrid's
improved optical activity [24,25]. See the Figure 5.

CuPc
- - - CuPc-CNT

Absorption (arb.)

T T T T T T
300 400 500 600 700 800 900
Wavelength (nm)

Fig. 5. UV-Vis absorption spectra of CuPc and CuPc/CNT solutions in
DMSO.

Fig. 5 provides strong evidence of a decrease in
transition energy, accompanied by increased conjugation
and improved orbital overlap between the electronic
levels of CuPc and CNTs. The increase in absorption
intensity nevertheless indicates enhanced light-harvesting
ability, making the CuPc-MWCNT hybrid more sensitive in
the visible region. Overall, these modifications confirm
that the CNTs are well incorporated into the CuPc
network, thereby promoting the formation of an efficient,
optically  active = nanohybrid material. Optical
transmittance measurements of the prepared samples
were performed over the 300-900 nm range to examine
the effect of carbon nanotube addition on transparency
[26]. The measured spectra exhibited two distinct
transmission bands: the B-band in the near-UV region
(330-380 nm) and the Q-band in the visible region (620-
690 nm). These bands are directly assigned to the m—m*
electronic transitions previously observed in the
absorption spectra, thereby confirming the intrinsic
molecular nature of the phthalocyanine macrocycle. In
conclusion, the transmittance study confirmed that
incorporating CNTs alters optical transparency and
improves  light-harvesting  performance in the
phthalocyanine systems examined, consistent with their
absorption features. This suggests potential applications
in optoelectronic materials [27,28].

——CuPC
- - - CuPC-CNT

Transmission (arb.)
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400 500 600 700 800
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Fig. 6. Transmittance spectra of CuPc and CuPc/CNT solutions in DMSO.

Fig. 6 exhibited the transparency behavior of copper
phthalocyanine (CuPc), and CuPc dispersed in a carbon
nanotube (CNT) composite has been studied using optical
transmittance spectra. The solid black curve represents
the uncoated CuPc, which exhibits mediocre transmittance
across the entire visible region. Two obvious bands are
observed, corresponding to the characteristic B-band at
around 340 nm and the Q-band at about 670 nm [29]. The
m-T* transitions are responsible for these bands that
appeared in the CuPc conjugated aromatic macrocycle.
After introducing MWCNTSs, the transmission of the
CuPc/CNT composite declines slightly across the entire
wavelength range and shifts slightly toward longer
wavelengths for the main transmission features [30].
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The optical reflectance of Pc dyes is well known and
delivers valuable information on the electronic
construction as well as the interface between the film
surface and incident light [31]. Usually, metallo-
phthalocyanines (MPcs) have low reflectance in the range
of visible light due to their strong absorption in the m-m*
transition band region. Figure 7 shows the reflectance
spectra of CuPc and CuPc/MWCNTSs hybrid solution. See
the Figure 7.
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Fig. 7. Reflectance spectra of CuPc and CuPc/CNT solutions in DMSO.

Fig. 7 illustrates the reflectance spectra of CuPc and its
CNT composite in the 300-900 nm range. The observed
spectral variations indicate an optical effect resulting from
the incorporation of carbon nanotubes [32]. The
reflectance of pure CuPc (black solid line) is consistently
low over the visible region, attributed to its pronounced
absorption arising from strong m—m#* transitions within
the conjugated macrocyclic moiety. Several small
reflection features are observed in the vicinity of the B-
band (~340 nm) and Q-band (~670 nm), corresponding
to characteristic molecular excitations of CuPc. Upon the
introduction of carbon nanotubes (purple dashed line),
the spectra exhibit a slight increase in integrated
reflectance intensity in the 400-800 nm range,
accompanied by a moderate smoothing of the spectral
oscillations [33,34]. This behavior is attributed to changes
in the material lattice and local refractive index induced
by the CNTs, which provide additional light-scattering
sites at the nanointerfaces between CuPc molecules and
the CNT network. Consequently, a portion of the incident
photons is redirected (scattered) by interfacial roughness
and improved optical contact instead of undergoing pure
absorption [35].

Fig. 8 presents the determination of the optical energy
gap (Eg) of the prepared samples. As a fundamental
parameter determining the electronic properties of
semiconductors, the optical band gap dictates the
absorption edge and material suitability for optoelectronic
and photovoltaic applications [36]. The interaction
between the m-electron systems of the CNTs and the
phthalocyanine matrix induces significant changes in the
energy gap. The extended conjugation of the CNTs and
their high electrical conductivity facilitate charge transfer
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and orbital overlap with the phthalocyanine molecules,
resulting in a slight reduction in the optical band gap. This
reduction is primarily driven by the emergence of new
electronic states at the Fermi level introduced by the
CNTs, which promote electron delocalization across the
CuPc/CNT interface. The Tauc equation, which explains
the connection between the absorption coefficient and the
photon energy, was utilized to determine the optical band
gap [37]:

a = A(hv - Eg)?/hv 1

where o, Eg, and A stand for the absorption coefficient,
band gap, and constant, respectively. The samples were
liquid, and the cuvette thickness was 1 cm. The absorption
coefficient was calculated according to the following
equation [37]:
2.303 4

. (2)

a

where A is the absorption and t is the thickness.

Phthalocyanine typically has two absorption regions:
one in the visible and the other near UV. Figure 8 shows
the energy gap calculated from the higher-absorption
region near the UV.
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Z 04+
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Fig. 8. Tauc plot of (ahv)? versus photon energy (hv) for (A) the pure CuPc
sample and (B) the CuPc/CNT hybrid sample.

The observed optical band gaps of 3.97eV and 3.84eV -
much higher than typical bulk CuPc values (~1.7-2.0eV) but

in line with sample thin-film nature and carbon nanotube
integration (modifies local electronic structure). Moreover,
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thin-film UV-Vis measurements are lower than those for
bulk crystals because m-m* transitions in single molecules,
rather than in complexes responsible for nonlinear optics
within a single bulk crystal, lead to larger gaps.

The optical transition characteristics of pure copper
phthalocyanine (CuPc) are demonstrated in Figure 8(A),
wherein the band-to-band edge with an Eg ~ 3.97 eV was a
direct allowed state. This relatively large band gap arises
from the intrinsic electronic structure of the CuPc
macrocyclic architecture, which features a stable m-m-
conjugated system and exhibits weak intermolecular
charge-carrier transport.

The large difference indicates a large excitation energy
necessary for charge carriers to transfer from the valence
band to the conduction band of pure CuPc. When the CuPc
matrix is embedded with CNTs Figure 8(B), a relatively
smaller band gap of 3.84 eV was observed. This slight
decrease in Eg indicates the emergence of electronic
coupling between the 1 orbitals of CuPc and the extended
electrons on the CNT. This coupling generates localized
states within the forbidden energy region and further
reduces the band gap. Whitmore, due to the conductive
characteristics of carbon nanotubes, charge transfer among
phthalocyanine chains is facilitated by increased orbital
overlap and a lowered potential barrier resulting from
electron excitation. As a consequence, the composite
material exhibits a preferred charge-transport path and an
enhanced optical response compared with the bare CuPc
sample. This band-gap narrowing is a clear indication of -
T interactions and charge delocalization, thereby improving
the optoelectronic properties of donors [38].

3.3.1V Measurements

Fig. 9 represents the I-V characteristics of CuPc and
CuPc/CNT thin films deposited on ITO glass as the bottom
electrode, and the top electrode was silver, as represented
in Figure 3(A). The conductivity was calculated from the
fitting information in Figure 9 through the following
equation [39]:
_d
" RA

where o is the conductivity measured in Q-'m-1, d is the film
thickness, A is the cross-sectional area of the top electrode
(3.01 x 10-° m?), and R is the resistance, which equals slope-
1740].

(3)

g

L
" RHWN, (4)

where (H) is the thickness of the film equal (200,250), (L)
is the space between fingers equal 10 x 10-6uM, (W) is the
electrode overlap distance equal 6.7mM, (Nr) is the
number of fingers of interdigitated electrodes equal 100,
and (R) is the resistance of the film.

These curves are quite useful because they indicate a
material's behavior at different voltages by representing
the relationship between current and applied voltage. See
the Figure 9.

The conductivity values are represented in Table 2. The
conductivity of CuPc/CNT is clearly higher than the
conductivity of CuPc. The doping of organics with CNTs

o

has been extensively studied due to the superior electrical
and optical properties of CNTs. Specifically, CuPc is a
viable option as a representative organic semiconductor
for optoelectronic devices such as photodetectors [42].
The addition of CNTs, which have superior electrical
conductivity and mechanical properties, could enhance
the electrical behavior of organic materials for
optoelectronics. When CNTs are mixed with CuPc, the
resulting product exhibits higher electrical conductivity
than pure CuPc [43,44]. This improvement is attributed to
the conductive CNTs, which facilitate charge percolation
through the hybrid material, thereby yielding a stronger
linear response in its I-V characteristics. The addition of
CNTs forms a conductive network that facilitates more
efficient electron transfer, thereby increasing current
density at the same voltage. This is consistent with reports
in the literature, which show that adding CNTs to organic
semiconductors can significantly increase electrical
conductivity [45]. See the table (2).
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Fig. 9. Current-Voltage (I-V) Characteristics of CuPc and CuPc-CNT thin
films deposited on ITO glass.

Table 2. Conductivities of CuPc and CuPc/CNT thin films.

Sample Slope R (Q) Film Conductivity
(Fig.6) Thickness (Q1M1)
CuPc 1.84x10¢  5.4x105 200 nm 1.2x10+4
CuPc/CNT  3.74x10¢ 2.6x105 250 nm 3.1x104

3.4. Photocurrent (Photoconductivity)

The photoresistive properties of the CuPc/CNT hybrid
were studied to determine its light responsivity. The
change in photoresistance was used to assess the impact
of light on the material's electrical conduction behavior.
The observation of an apparent photoresponse to light
irradiation renders the material interesting for optical
sensing [46]. Figure 10 represents the time dependence of
the current response due to light radiation. From this
figure, it is clear that the response is large in both samples,
with and without carbon nanotubes. However, the CuPc
sample was irreversible, whereas the CuPc/CNT sample
was reversible and stable over time. This observation is
attributed to the electron channel formed in the composite
upon interaction between the phthalocyanine and the
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carbon nanotube channel, which prevents electron
penetration into the materials, leading to saturation and
irreversibility in the CuPc sample. See the Figure 10.
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Fig. 10. Photoresistance (Photoconductivity) of (A) CuPc (B) CuPc-CNT
Hybrid.

The photoresistivity and current response to light were
calculated from the matching information included in
Figure 10 using the following equations [47]:

Iphoto = Ilight = lgark (5)

where Ipnoro is the photocurrent, Iljgne is the current
measured under illumination, and I« is the dark current.
This relationship immediately corresponds to the number
of created carriers by absorption of a photon. The relative
increase in the current due to illumination can be
expressed in terms of the sensitivity of the material

towards optical excitation, either photoresponse or
sensitivity PS (%):
Liigne = 1

PS(%) = 9t ek . 100% (6)
dark

This parameter provides a normalized measure of the
material's response to incident radiation [48].

Another important parameter for characterizing
photodetector performance is responsivity (Rx) [49,50].

Iphoto
R}L Popt (7)
where P,: is the incident optical power, a larger
responsivity implies a better photon-to-current
conversion.
The EQE (external quantum efficiency) characterizes
how well incident photons are converted to charge
carriers and is connected to responsivity by [51,52]:

hc

EQEquR,l (8)

where h is the Planck constant, c is the speed of light, q is
the elementary charge in coulombs, and A is the
wavelength of input light [53,54].
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Fig. 11. The response and recovery times calculations for (A) CuPc and
(B) CuPc/CNT.

Photogenerated current originates from photon
absorption and subsequent electronic transitions, which
are fundamental quantum phenomena. Upon photon
incidence, electrons absorb discrete energy quanta and
move from lower to higher energy levels. This excitation
generates free charge carriers, thereby modulating
electrical conductivity. The efficiency of this process is
governed by incident photon energy, material
morphology, and charge transport kinetics [55]. The
dynamic characteristics of the photodetector are defined
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by its response and recovery times. Response time is the
interval required to reach 90% of the steady-state
photocurrent upon illumination, and recovery time is the
time required to decay to 10% of the peak value after the
light source is removed. These parameters characterize
the rates of carrier generation and recombination [56,57].

Fig. 11 illustrates the determination of these response
and recovery times, while Table 3 summarizes the
computed values. See the table (3) Photoconductive and
photoresponse parameters of CuPc and CuPc-CNT
photodetectors.

Table 3. Photoconductive and photoresponse parameters of CuPc and
CuPc-CNT photodetectors.

PARAMETERS CuPc CuPc-CNT
I park(pLA) 19 20.5
I LigHT(pA) 3.2 87.2
I pHoTO(A) 1.3 66.7
RESPONSE % 68% 325%
RESPONSIVITY(A/W) 1.08 x 106 5.55 x 106
EXTERNAL QUANTUM . .
EFFICIENCY(EQE) 2.31x10 1.18 <10
RESPONSE TIME (S) 2.75 6.94
RECOVERY TIME (S) 0.47 0.65

The observed decrease in the external quantum
efficiency (EQE) for the CuPc/CNT composite, despite the
enhancement in photocurrent, can be attributed to
increased  non-radiative  recombination = pathways
introduced by the incorporation of carbon nanotubes.
Although CNTs significantly improve charge transport and
electrical conductivity by providing efficient percolation
networks, their presence may also introduce interfacial
defect states and localized trap centers at the CuPc-CNT
interface. These trap states can act as recombination sites,
reducing the probability of successful photon-to-carrier
conversion.  Consequently, a fraction of the
photogenerated charge carriers undergo recombination
before contributing to the external circuit, leading to a
reduction in the calculated EQE value. This behavior
indicates that the improvement in photocurrent is mainly
governed by enhanced carrier mobility and transport
efficiency, whereas EQE is additionally sensitive to
recombination dynamics and interfacial quality within the
hybrid structure [58].

4. Conclusions

The optical and electrical properties of the composite
are largely improved by the well combination of carbon
nanotubes (CNTs) and copper phthalocyanine. The red-
shifted absorption edge and higher extinction coefficient
of the hybrid composite are attributed to electronic
interactions between copper phthalocyanine (CuPc) and
the nanotube walls, thereby increasing its potential for
photonic materials and sensing applications and
enhancing light absorption in the visible and ultraviolet

ranges. The optical energy gap decreased from 3.97 eV to
3.84 eV after adding carbon nanotubes to the pure
thallocyanine sample. The photoresistive
characterizations also show that the response of the
CuPc/CNT to 120 halogen illumination is much higher
than that of pristine CuPc. This indicates enhanced
electrical conductivity and photoresponse, which is
beneficial for highly efficient photodetector and solar cell-
type device applications. Additional CNT-induced charge-
transfer pathways are responsible for the significantly
enhanced photoresponse. These pathways promote
efficient electron-hole separation under light irradiation,
resulting in faster response times and higher sensitivity in
photonic sensing applications. The response increased
from 68% to 325% after the addition of carbon nanotubes.
In addition, these results are consistent with the AFM
measurements, indicating that CNT doping can
substantially alter the surface morphology of CuPc thin
films, thereby facilitating interfacial contact and charge
transfer. These morphological changes support the
enhanced roles of the CuPc/CNT composite in optical
absorption, electrical conductivity, and photoresponse.
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