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Photoresponse characteristics from vacuum deposited thin film of copper ph-
thalocyanine: Dependence on grain size
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An organic photodetector (PD) is fabricated with single layer thin film of copper phthalocyanine
(CuPc) on glass substrate. The thermal deposition of CuPc film on the substrate was realized under
high vacuum and at different substrate temperature (room temperature, 40 °C, 70 °C, 100 °C). The
comparison of photoresponse characteristics of CuPc thin film deposited under different conditions
showed good improvement with increase in the substrate temperature, and the best performances
being observed for the film deposited at substrate temperature of 100 °C. The thin film of CuPc
characterized through X-ray diffraction (XRD) spectroscopy and atomic force microscopy (AFM)
clearly indicated that with increase in substrate temperature, the grain size of CuPc film increased,
which improved the crystallinity and hence the photoconductivity of the device. The CuPc thin
film based PD displayed stable and reproducible photoswitching characteristics under white light
irradiation, with photocurrent modulation by varying in input optical power. The highest photo to
dark current ratio and responsivity of the devices was calculated to be, ca. 6.5 and 7.1 mA-W~! at

low optical power, ca. 14.5 mW-cm~2.
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1. Introduction

In recent years, a range of organic semiconduc-
tors (OSCs) have been identified and employed to
fabricate various electronic and optoelectronic de-
vices. To fulfill the demand for low cost, flexible,
wearable and miniaturized gadgets for future con-
sumer electronic devices, extensive research focus
has been paid on the synthesis and development of
various OSCs. Apart from cost-effective synthe-
sis method, these OSC offer various advantages,
including easy device fabrication, low tempera-
ture processing, 3-D stacking, mechanical flexibil-
ity and tuning of molecular properties via tailor-
ing of chemical structure [1]. Not surprisingly,
wide varieties of electronic and optoelectronic de-
vices have been fabricated by different OSCs with
performances comparable or sometimes surpass-
ing to their inorganic counterpart. The perfor-
mances exhibited by the devices like, organic solar
cells [2], organic thin film transistors [3-5], photo-
transistors [1,6,7], sensors [8,9], and memory de-
vices [10,11] have shown great promise as potential
candidate for wearable and flexible optoelectronics
applications.

A photodetector (PD) is a light sensing device
which employs a photosensitive layer whose con-
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ductance value changes upon illumination of suit-
able radiation. To date, various kinds of materi-
als have been explored which includes thin film of
inorganic, organic or composite materials as the
active layer [12-17]. Although, PD comprising of
multilayered materials or composite semiconduc-
tor exhibited better photosensing performances
compared to single layer structure, the fabrication
time and cost will also be higher. On the contrary,
single layer photodetector devices are preferred
due to their easy fabrication method and opera-
tional flexibility. Considerable attention has been
paid to apply different small organic molecules in
fabrication of PD, including copper phthalocya-
nine , zinc phthalocyanine, pentacene and pery-
lene derivative [18-22]. However, in most of these
devices bilayers, multilayers or composite layers
were deposited as active photosensitive materials
which needed much complicated fabrication tech-
nique.

Herein, the single layer PD has been fabricated
with vacuum deposited thin film of copper ph-
thalocyanine (CuPc) as the photosensitive layer
which exhibited modest performances under vis-
ible light illumination. Here CuPc molecule is
chosen as the active compound, because, it is
highly stable and optically active materials. Addi-
tionally, the absorption of CuPc in visible region
would also eliminate the need of any sophisticated
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UV or IR light source for designing the PD. The
deposition of thin film of CuPc was performed
under high vacuum with varying substrate tem-
perature. It was observed that with increase in
the substrate temperature, the grain size of CuPc
thin film also increased which enhanced the crys-
tallinity of the film. Comparison of the PD per-
formances of different CuPc films deposited un-
der different substrate temperature indicated that
higher the substrate temperature, better is the PD
performances. The CuPc based PD exhibited best
performances for the film fabricated at substrate

temperature of 100 °C, demonstrating the photo

to dark current ratio (%), ca. 6.5 and respon-

sivity, ca. 7.1 mA-W~! at incident illumination
intensity of 14.5 mW-cm~2. Moreover, the PD
showed reproducible photoswitching characteris-
tics under pulsed light illumination along with ex-
cellent photocurrent modulation by the variation
in the incident optical power.

2. Materials and Methods

Copper phthalocyanine (CuPc) was purchased
from Aldrich Chemicals and was used without
further purification. To fabricate photodetector
devices on glass substrate, the substrates were
cleaned following the standard cleaning procedure.
The substrates were cleaned successively with de-
tergent, acetone, isopropyl alcohol and de-ionized
water under ultrasonic bath [23]. The substrates
were then dried at 90 °C for 30 minutes in ambi-
ent condition. The thin film of CuPc (70 nm) was
then thermally vacuum evaporated over the glass
substrate with a base pressure of 5 x 1076 torr
at different substrate temperature (RT, 40 °C,
70 °C, and 100 °C). Finally, gold (Au) electrode
was deposited (50 nm) on top of the CuPc film
under high vacuum (5 x 107% torr) to complete
the device fabrication. A shadow mask was used
during Au deposition which defined the separa-
tion between the coplanar electrodes as 50 pm.
The PD devices in which CuPc film was evapo-
rated at RT, 40 °C, 70 °C, and 100 °C will be
denoted as C1, C2, C3, C4, respectively. The
electrical characterization of the devices were per-
formed by HP4145B semiconductor parameter an-
alyzer under ambient condition. X-ray diffraction
(XRD) spectra of the films were recorded with
an X’pert Pro (Pananalytical) X-ray diffractome-
ter with CuKa radiation (A = 1.54 A). AFM
measurements of CuPc thin films were done us-
ing a Nanoscope IIla (Veeco, Digital Instruments).
For measurement under white light illumination,
a common incandescent lamp was used as a source
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and the light was incident on the device from the
top. The switching on/off of the light source was
controlled by a mechanical shutter.

3. Results and Discussions

The molecular structure of the active component,
viz., copper phthalocyanine (CuPc) together with
schematic of the photodetector device are shown
in Figure 1(a) and (b), respectively. Light is di-
rectly shined from the top over CuPc film so that
maximum absorption of incident illumination can
take place. The UV-Vis absorption spectrum of
as deposited CuPc film on glass substrate at room
temperature is illustrated in Figure 1(c). The
spectrum shows a peak around 342 nm (B-band),
while a peak doublet is observed in the visible re-
gion. The doublet of peaks existing around 623
and 701 nm in the visible region of the spectrum
(Q-bands) originates due to Davydov splitting
[24], the relative intensities of which are differ-
ent for different polymorph. It is well established
that the 7 electron system in phthalocyanine (PC)
molecules is responsible for the electronic transi-
tions in the visible region and the molecular or-
bitals within these 7 electrons together with over-
lapping orbitals on the central metal atom gives
rise to optical spectrum for PCs [25]. For the an-
nealed CuPc film, the UV-Vis spectrum did not
exhibit any significant difference, only a slight red
shifts in the peak position of all bands towards
higher wavelengths of the spectrum was noticed.
The rigid and planar structure of the molecule
(CuPc) with high absorption coefficient in the visi-
ble region might induce larger photogenerated car-
riers and result in high photocurrent densities in
the film.

The morphological differences of CuPc films de-
posited at various substrate temperature was an-
alyzed by tapping mode atomic force microscope
(AFM). The AFM images of four samples are
shown in Figure 2. Figure 2(a) indicated the
presence of smaller crystallites for the CuPc sam-
ple deposited at room temperature (27 °C). How-
ever, as the substrate temperature is increased,
the CuPc crystals grew in size as seen from the
images 2 (b—d). Additionally, the CuPc crystals
deposited at lower temperature (40 °C) is little
less ordered, which started to become more or-
dered at higher temperatures (70 °C, 100 °C).

As calculated from the line profiles, the height of
grains from the valley for CuPc crystals were 1
nm at 27 °C, 10 nm at 40 °C, 17 nm at 70 °C,
and 26 nm at 100 °C. The corresponding grain
sizes (average) were calculated to be 11, 31, 49 and



76 nm, respectively. All these results confirmed
the growth of ordered CuPc crystals as a function
of the substrate temperature, which could further
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increase the mobility of CuPc thin film for any
optoelectronics applications.
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Figure 1. (a) Chemical structure of copper phthalocyanine (CuPc) molecule and (b) schematic of
CuPc based photodetector device. (¢) UV-Vis absorption spectrum of CuPc thin film deposited on glass
substrate at RT.
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Figure 2. (a) Tapping mode Atomic force microscope (AFM) images of CuPc thin film deposited at
(a) room temperature (27 °C), (b) 40 °C (c) 70 °C and (d) 100 °C on glass substrate. Line profile of
each of the image is also shown at the right side.

To determine the crystallinity and phase purity
of thermally deposited CuPc film under different
temperatures, XRD spectra of the samples were
recorded. Figure 3 shows the XRD spectra of
CuPc films on glass at different substrate tem-
peratures. The background scattering arising due
to glass substrate has been subtracted. Although,
the spectra at different temperatures looks similar,
the intensity of prominent peaks increased with in-

crease in temperature. The sharp peak observed
at 20 = 6.9° in the XRD pattern of annealed CuPc
film indicated the appearance of crystalline phase
of the molecule. As the substrate temperature is
increased, the grain size of CuPc also increases, as
a result of which the crystallization of CuPc films
increases. This observation is in line with the mor-
phological changes of the film observed in AFM
images. The characteristics peak at 20 = 6.9°
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and 13.7° can be indexed respectively to (200) and
(400) lattice planes and describes the a-phase of
CuPc. This result is well consistent with earlier
published reports [26].
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Figure 3. XRD spectra of CuPc thin film
deposited at various substrate temperatures.

The electrical transport characteristics of the de-
vices in the dark and under illumination were mea-
sured by sweeping the bias from +30 V to —30 V
at a step of 0.2 V. Figure 4(a) and (b) shows re-
spectively the photoresponsive current-voltage (I—
V') characteristics of CuPc thin films deposited at
room temperature and at 100 °C substrate tem-
perature. The results show that under white light
illumination, the current increased appreciably to
the value which is much higher compared to that
in the dark. Also, the linear behavior of the I-V
curves indicated the ohmic contact between or-
ganic (CuPc) thin film and metal (Au) electrodes.
It is noteworthy that the dark and photocurrent
level in case of CuPc film deposited at high tem-
perature is significantly higher compared to the
film deposited at RT (Figure 4(b)).

This might be due to the fact that larger grain
size of the molecule deposited at 100 °C increased
the crystallinity of the CuPc film, which in turn,
contributed to the enhanced conductivity of the
device. When visible light is incident on the ma-
terial, bound electron-hole pairs (excitons) are
generated, which ultimately dissociated into free
charge carriers, with electrons in the lowest un-
occupied molecular orbital (LUMO) and holes in
the highest occupied molecular orbital (HOMO)
of CuPc. These additional photo injected charge
carriers increased the bulk conductivity of the de-
vices.

Figure 5(a) illustrates the time resolved photo-

142 J. Sci. Eng., 2021, 1(1)

switching characteristics of different PD under
fixed bias (30 V) when incident light (9.2 mW-
cm~2) is applied in pulsed form. The photore-
sponse of C1 device is much less compared to other
devices. Another thing is that a remanent photo-
conductivity was observed for the device, which is
usual phenomena for a single layer organic PD de-
vice. This transient phenomenon can be ascribed
to the interfacial charging at metal/semiconductor
junction as well as trap-induced space charges [27].

The photo to dark current ratio (%), which is

one of the figure of merit of a PD, increased from
C1 to C4 device, as depicted in Figure 5(a). Also,
the dark current of the PD increased gradually
from C1 to C4 device. This might be due to the
fact that with increase in substrate temperature
during the film deposition, the grain size of CuPc
increased which increased the crystallinity of the
active material. This, in turn, enhanced the over-
all conductivity of the device. The maximum re-
sponse and hence the maximum % was observed
for the C4 device. The better crystallinity due to
the presence of larger grain sizes of CuPc film in
C4 device reduces the number of traps and de-
fects which might contribute to the reduction in
recombination of charge carriers. As a result, the
photocurrent, and hence the ratio 1% showed in-
crement from C1 to C4 device. The effect of inci-
dent illumination of varying intensities on the PD
is also studied and a typical result for C4 device is
presented in Fig. 5(b). The voltage bias between
the electrodes were kept fixed at 30 V and the
current was measured as a function of time. With
increase in optical intensity in pulsed form, the
photo current of the device also increased accord-
ingly, which is due to the generation of more pho-
tocarriers at higher optical power. With the dark
current remaining almost the same, this increased
photocurrent with higher optical power results in
higher photosensitivity and greater photo to dark
current ratio.

Photoresponsivity (R) is the most important at-
tribute for a photodetector, which is defined as

follows:
Iy —1Ip

~ Ppx A

where, Ip is the dark current, I; is the cur-
rent with light illumination, P, is the input light
power and A is the active area of the PD. The
maximum R value in the present CuPc based pho-
todetector (C4 device) was estimated to be ca. 7.1
mA-W~! at bias voltage of 30 V at an incident
light power of 14.5 mW-cm™2. A summarized re-
sult which shows the variation of R and % of

R



CuPc PD (C4 device) with incident illumination
is presented in Figure 6(a). Both R and % were
found to rise with rise in input optical power. The
maximum value of % obtained within the mea-
surement range was equal to 6.5 at input optical
power of 14.5 mW-cm~2. These results further
suggests that input illumination intensity could

be an effective parameter to modulate the photo-
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carriers in the devices and to precisely tune the
performance of the PD for photosensing, optical
switching, and signal amplification. The perfor-
mances of the PD device in the present case can be
considered to be quite impressive, keeping in view
the device simplicity and without the requirement
of any additional layer/component.
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Figure 4. Photoresponsive current-voltage characteristics of CuPc based PD for (a) C1 (27 °C) and
(b) C4 devices (100 °C) at light intensity = 9.2 mW-cm~2.
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Figure 5. (a) Reversible photoswitching of CuPc films deposited at different substrate temperature
under pulsed light (9.2 mW-cm™2) and fixed bias (30 V). (d) Photoresponse of CuPc PD (C4) under
varying input optical power (bias voltage = 30 V).
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Figure 6. (a) Dependence of photo to dark current ratio and photoresponsivity of CuPc PD (C4) with
input optical power. (b) Transient behavior of photocurrent and measured relaxation time of C4 device.

To measure the decay time or the relaxation time
(1) of the PD device (C4), the exposed light,
which was shined on the sample externally, is
switched off from the point of photocurrent sat-

uration. The current did not returned to the base
value sharply, rather, a slow decline for the PD
device appears (compared to the rising process)
followed by a persistence in the photoconductiv-
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ity. The summarized result is presented in Fig-
ure 6(b). Typical relaxation time (photocurrent
decreased by more than 37% of the saturation
value) for decreasing photocurrent was measured
to be 7. = 0.96 sec. Often, the persistent photo-
conductivity in organic PD or photosensor device
is attributed to the slow nature of recombination
of charge carriers, which is limited by the poor
recombination cross section of the trapped holes
within the active semiconductor in presence of the
field [28].

4. Conclusions

In conclusion, a high performance photodetec-
tor has been fabricated from thin film of cop-
per phthalocyanine on glass substrate. The vac-
uum deposited thin film of CuPc showed increase
in grain size with increase in substrate temper-
ature as confirmed from the atomic force micro-
scope image and x-ray diffraction (XRD) spec-
tra. The CuPc thin film exhibited good photore-
sponse characteristics under white light illumina-
tion which showed further improvement for the
film deposited at higher substrate temperature.
The best photoresponse performances being ob-
served for the CuPc film deposited at substrate
temperature of 100 °C with photo to dark current
ratio, ca. 6.5, and responsivity, ca. 7.1 mA-W~!
at optical power of 14.5 mW-cm™2. The CuPc
photodetector displayed stable and reproducible
photoswitching characteristics and photocurrent
modulation of devices’ could precisely be tuned
by controlling the input optical power.
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