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Abstract

In this work, the properties of the photodetector were improved by using
carbon quantum dots (CQDs) and tris (8-hydroxyquinoling) aluminium (111) (Alg3)
polymer when deposited on glass and silicon substrates. CQDs were prepared using
an electrochemical method. Two methods of deposition were used; the first was drop
casting, and the other was spin coating. The structural, electrical, and optical
properties were studied. Measurements were made of the manufactured
photoconductive detector's current-voltage (I-V) properties, photocurrent gain,
response time, and quantum efficiency, responsivity. The constructed detector's
performance was measured without light and using a 250-watt tungsten lamp, whose
wavelength range was between 500 and 800 nm. The results showed that the best
photodetector was when carbon quantum dots were used with Algs deposited on a
silicon substrate using the drop-casting method (CQD:Alqga/Si). It was observed that
the best gain, fastest rise, fall, and response times were 7.97, 0.98, 1.1, and 0.34 s,
respectively.
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1. Introduction

One exceptional category of optoelectronic devices is photodetectors (PDs). PDs
produce electrical signals from photons or electromagnetic radiation. Depending on the
active material, the absorbed photons produce electrons or electron-hole pairs [1-3].
Photodetectors operate in various light spectrums, including visible, infrared, ultraviolet
(UV), and X-rays depending on the characteristics of the active material. Direct
bandgap materials like silicon and I1-VI semiconductors make up most of the primary
components of PDs [4, 5]. Many studies have been conducted on the utilization of
photodetectors in many applications, including environmental pollution monitoring,
optical communication, flame detection, gas sensing, biomedical imaging, and
semiconductor process control [6-10].

In the semiconductor field, the photodetection process relies on the generation of
electron-hole pairs when exposed to light. In a semiconductor material, when the
incident photons energy is equal to or greater than the bandgap, electrons are excited
from the valence band to the conduction band and move freely through the crystal
structure; electrical current can then flow when an electric field is applied. The presence
of positively charged holes in the valence band also aids in electrical conduction under
the influence of an electric field [11-13].

Organic semiconductor photodetectors have gained significant attention in recent
years as viable alternatives to their inorganic counterparts. They offer advantages such
as low temperature fabrication, simplicity, environmental friendliness, and cost-
effectiveness. Organic materials can be chemically tailored to enhance absorption in the
UV range and improve physical and chemical properties, thus facilitating efficient
photon-to-electron conversion in UV photodetectors [14-18].

Carbon Quantum Dots (CQDs), zero-dimensional carbon nanostructures, have

© 2024 The Author(s). Published by College of Science, University of Baghdad. This is an open-access
article distributed under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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garnered interest due to their unique optical, electrical, and optoelectronic
characteristics. These chemically stable and biologically inert nanostructures exhibit
excellent photostability and tunable optical properties akin to semiconductor quantum
dots. Consequently, CQDs have found applications in photodetectors, light-emitting
diodes (LEDs), solar cells, and photoelectrochemical cells [19-23].

This study employs tris(8-hydroxyquinoline) aluminum (Algs) and CQDs, as
electron and hole transport materials, respectively. The organic blend of Algs;:CQDs is
utilized for photodetection purposes. The study focused on the fabrication of
photodetectors based on CQDs:Alqs deposited on glass or silicon substrates using drop
casting and spin coating deposition methods.

2. Materials and Methods

In this work, CQDs were prepared using the electrochemical method, which is the
most effective method. 99.5 ml of ethanol (C,HsOH) was mixed with 0.5 ml of distilled
water. To this solution, 0.3 g of sodium hydroxide (NaOH) was added and mixed well
for two hours using a magnetic stirrer. This solution was poured into a 250 ml
volumetric beaker and two graphite electrodes were placed inside the beaker, 2.5 cm
apart. The electric current was set to 30 mA. To transfer ions from one electrode to
another, the electrodes were rotated every 5 minutes. In this scenario, a milky white
solution (mixture) was produced. After leaving it for five days, the color of the mixture
changed to yellow-orange. Column chromatography was used to separate the CQDs
from the resulting solution.

Drop casting technology was used to prepare CQDs films, 20 ml of diethyl ether
(C2Hs0C;Hs) was mixed with 20 ml of silica gel (SiOy); this solution was slowly mixed
with 10 ml of petroleum ether (C;Hj6), then the final product was placed on the
chromatographic column. The resulting filter was purified by adding quantum dots.
which were then heated to a temperature of 50° C. The films were of 600 nm thickness.
The structural, electrical, and optical properties of the carbon quantum dots samples
were studied in a previous work [24].

Eight different photodetector samples were manufactured as shown in Table 1.
The samples were prepared using two different methods: drop casting and spin coating
methods. In the drop casting method, a solution of CQDs:Algs was deposited on a
silicon substrate and then the rest of the solvent was evaporated at 60 °C for 30 minutes.
In the spin coating, a solution was dropped onto a silicon substrate, which was spinned
at a high speed. In this work, the speed was 1000 revolutions per minute which was
applied for 30 seconds. The remaining solvent was evaporated at a temperature of 60 °C
for 30 minutes. Fig. 1 represents the layers deposited on the different substrates

Table 1: Structure of photoconductor and preparation method.

Structure Sample preparation Structure Sample preparation
method method
CQD/si Drop casting CQD:Algs/Si Spin coating
CQD/glass Drop casting CQD:Alga/glass Spin coating
CQD:Alg3/si Drop casting Algy/Si Drop casting
CQD:Alg3/glass Drop casting Alga/glass Drop casting
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Figure 1: (a) The configuration of the photodoctor, (b) The Mask.

The samples preparation involved depositing CQDs after mixing them with Alqs
on a glass or silicon substrate using one of the two methods, drop casting or spin
coating. The three layers that make up the light detector were: the substrate either
silicon or glass, the aluminum layer in the shape of a mask, as shown in Fig. 1b, and the
third layer is the mixture of the two materials: CQD: Alqs depending on the deposition
method.

A suitable setup was established to determine the detector parameters, 1-V
characteristics and response time of the photodetectors produced. The system consists
of: a power supply, a digital multimedia connected to a personal computer (UNI-T
UT803), a tungsten lamp with a wavelength 500-800 nm used to light the detectors and
an optical power 250Watts, as shown in Fig. 2. Several parameters were measured for
each sample using this setup, including gain, responsivity, quantitative efficiency and
response time.
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Figure 2: (a) Circuit diagram of (I-V) measurement of photoconductive device, (b)
experimental setup of (1-V) measurement of photoconductive device.

3. Results and Discussion
3.1. I-V Characteristics of Photoconductor

The most frequently used method for characterizing devices is the I-V curve. This
method measures the current in both dark and illumination conditions as a function of
the photodetector device's voltage. Figs. 3-10 show the I-V characteristics. With bias
voltage, the samples' I-V characteristics demonstrate an exponential rise in current due
to decrease in the depletion layer width at the interface. The same measurement
conditions (distance between the light source and the sample, wavelength and power of
the light source, area of light on the sample, and distance between the electrodes mask)
were applied to all samples in the photo response experiment. All measurements were
done under illumination by a tungsten lamp with a wavelength in the range 500-800 nm
and an optical power 250 W. Fig. 3a and b show the |-V characteristics for CQD/Si and
CQD/glass, respectively (using drop casting deposition method) under dark and
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tungsten lamp illumination. It can be noted that the current under illumination
conditions is much higher than the current at the dark conditions. The maximum current
values at 5 V under dark and illumination conditions are listed in Table 2. Fig. 4a and b
show the I-V characteristics for CQD:Algs/Si and CQD:Alqgs/glass (drop casting
method) under dark and tungsten lamp illumination. An increase in the current value up
to 380 and 360 pA due to the presence of Algs was noted.
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Figure 3: 1-V characteristic of (a) CQDI/Si, (b) CQD/glass using drop casting deposition.
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Figure 4: 1-V characteristic of (a) CQD:Algs/Si, (b) CQD:Algs/glass using drop casting
deposition.
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Figure 5: 1-V characteristic of (a) CQD:Algs/Si, (b) CQD:Algs/glass using spin coating

deposition.
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Figure 6: 1-V characteristic of (a)Algs/Si, (b) Algs/glass using drop casting deposition.
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Table 2: -V characteristic of photodetectors manufacture.

Vol. 22, No. 4, PP. 11-20

Samples Maximum | Maximum Sample Maximum | Maximum
Current Current Current Current
(nA) at (nA) at (nA) at (nA) at
illumination | Dark and illumination | Dark and
and5V 5V and5V 5V
CQD/si 353.7 97.18 CQD:Alqgs/ 477.65 78.54
Si (spin)
CQD/glass 216.08 108.66 CQD:Alqgs/ 280.34 138.82
glass (spin)
CQD:Algs/Si 380.2 47.65 Alqga/Si 366.17 199.36
(drop)
CQD:Alga/glass 360.4 119.25 Algs/glass 297.81 150.17
(drop)

The 1-V characteristics of CQD:Algs/Si and CQD:Algs/glass (spin coating
deposition) under dark and tungsten lamp illumination are shown in Fig. 5a and b,
respectively. The figures show an increase in the photocurrent when the detector
prepared by spin coating method, where the maximum current reach to 477.65 and
280.34 pA, respectively. The mix between two materials absorbs UV-Vis light. In case
of using Si as a substrate to fabricate the CQD photoconductor, the current increase
from 353.7 to 477.65 pA when adding Alqgs to CQD. While Fig. 6a and b represents the
I-V characteristic of the Algs/Si and Algs/glass (Drop Casting Deposition) under dark
and tungsten lamp illumination. The maximum values of the photocurrent under
tungsten lamp illumination were 366.17 and 297.81, respectively. In general, from Figs.
3 to 6, it can be observed that when the light source is switched off the dark
photocurrent was low and the photocurrent increased greatly under tungsten lamp
illumination.

3.2. Parameter of the Photoconductive Detector
From Figs. 11-18, the response time, rise time and fall time can be calculated.
3.2.1. Response Time (t)

Response time represents the response speed to incident light, and it was
calculated using equation (Rise time/2V2) [25]. The complex recombination mechanism
of holes and electrons, and defects where carriers are bound and separated mostly affect
this value. Transient response photodetectors are often very good at quickly detecting
changes in light and situations demanding precise timing. The photodetector prepared
using drop casting method (CQD:Alqs/Si) showed the lowest response time (0.34 s),
while the sample (CQD/Si) showed the highest response time (1.06 s), as shown in
Table 3.

3.2.2. The Rise Time
After the light is switched on, the rise time is the time needed for the output signal
to change from 10 % to 90 % of its maximum worth. The photodetector prepared using
drop casting method on silicon substrate showed the lowest rise time (0.98 s), while
sample of CQD/Si showed the highest rise time (3 s), as shown in Table 3.

3.2.3. The Fall Time
After the input light is suddenly turned off, the fall time is the time that takes for
the output signal to descent from 90% to 10% of its peak worth. Fall time results are
shown in Table (3).
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3.2.4. The Responsivity (R)
The most important parameter of the photoconductive detectors is the
responsivity. Responsivity of the prepared samples is determined using equation [26]

R = Iph/Al

l)out

(D

where I}, is the maximum value of current obtained from I-V curves at 5 V, A, is the
area of the mask, which was 0.47 mm?, and the P, is the output power of the tungsten
lamp, which was 150 W, as shown in Table 4. The sample of CQD/glass) showed the
lowest responsivity of 0.88 A/W, while the sample prepared using spin coating method
on silicon substrate showed the highest responsivity of 1.96 A/W.

3.2.5. Photocurrent Gain (G)
The photocurrent gain was computed by Eq. 2 for detector samples with visible
absorption abilities to test their effects of enhancing photocurrent gain [27, 28]

G= 2)

T
Ty
where T represents the carrier lifetime and T, is the transit time, which is expressed by:

dZ
WV

r

where d is the distance between the electrodes, p is the majority carrier mobility, and Vg
is the bias voltage applied to the sample. As shown in Table 4, the two samples
deposited on Si substrate using drop casting and spin coating methods showed the
highest photocurrent gain of 7.97 and 6.08, respectively.

3.2.6. Noise Equivalent Power (NEP)
Noise Equivalent Power, was calculated using the given equation [29, 30]

4 kgT Af/R
NEP =B—/S 3)
Rq

Rq = L (4)

where K represents Boltzmann constant 1.38x10%%J/K, T represent room temperature
(300 K), Af is the noise bandwidth and equal to 1Hz. The sample prepared using drop
casting method on silicon substrate showed the lowest noise equivalent power of
2.93x10° W, as shown in Table 4.

3.2.7. Detectivity (D) and Specific Detectivity (D*)
The detector detectivity was calculated using Eg. 5. It depends on the noise
current [29, 30]

1

16



Iraqi Journal of Physics, 2024 Vol. 22, No. 4, PP. 11-20

The specific detectivity was calculated using the following equation [14, 29]
[29,30]

oe _ VA4,

~ "NEP (6)

where: A; is the effective area of the surface of the detector. Detectivity and specific
detectivity results are shown in Table 4.

3.2.8. Quantum Efficiency (1)

Quantum efficiency is related to the responsivity of the detector and is dependent
on the wavelength of the illumination source. To obtain high quantum efficiency, it is

important to have a surface recombination velocity as small as possible. It is calculated
using the equation [30-32]

= 12458 7
n — & )\ ( )
where A is the wavelength of the tungsten lamp, which was 532 nm because this
wavelength had the maximum absorbance. Sample (CQD/SiO,) showed the lowest
quantum efficiency of 2.00x10, while the sample prepared using spin coating method
on silicon substrate showed the highest quantum efficiency of 4.57x10°°.
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Figure 7: Photoresponse time of (a) CQD/Si detector, (b) CQD/glass detector using drop
casting deposition.
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Figure 8: Photoresponse time of (a)CQD:Algs/glass detector, (b) CQD:Alga/Si detector using
drop casting deposition.
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Figure 9: Photoresponse time of (a)CQD:Algs/glass detector, (b) CQD:Alga/Si detector using
spin coating deposition.
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Figure 10: Phot response time of (a) Algs/Si detector, (b) Algs/glass detector using drop
casting.

Table 3: Rise, fall and response time of the Photoconductors.

Samples Rise Time (s) | Fall Time (s) | Response Time (s)
CQD/Si 3 1.3 1.06
CQD/glass 2.52 1.23 0.89
CQD:Alq/Si (drop) 0.98 1.1 0.34
CQD: Alga/glass (drop) 11 15 0.38
CQD: Alga/Si (spin) 1.8 2.55 0.90
CQD: Algas/glass (spin) 1.9 2.9 0.67
Alg,/Si 1.48 2.62 0.52
Algs/glass 2.1 1.32 0.74
Table 4: Characteristics of the Photoconductors.
Samples G R, |[NEP(W)| 1, (A) | DW? D’ n
(AIW) (Wem.Hz?)
CQD/Si 3.63 | 145 | 3.54x107 | 3.64x107™" | 2.82x10° 0.519x10° 3.39x10°
CQD/glass 1.98 | 0.88 | 552x10° | 5.08x10™ | 1.80x10° 0.36x10° 2.00x107
CQD:Alg,/Si 7.97 156 | 2.93x10° | 6.14x10™ | 3.41x10° 1.09x10° 3.60x107
(drop)
CQD:Algg/glass | 3.02 | 1.48 | 7.10x10° | 5.96x10™ | 1.40x10° 0.42x10° 3.44x10°
(drop)
CQD:Alga/Si 6.08 1.96 | 3.17x10° | 4.04x10™ | 3.14x10° 0.74x10° 457x107
(spin)
CQD:Algg/glass | 2.01 | 1.15 | 7.13x10° | 5.14x10™ | 1.40x10° 0.32x10° 2.68x107
(spin)
Algs/Si 1.83 | 150 | 10.1x107° | 5.09x10™" | 0.98x10° 0.25x10° 3.51x10”
Algs/glass 1.98 | 122 | 7.12x107° | 4.74x10™ | 1.40x10° 0.308x10° 2.85x10
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Through the results of the characteristics of the photodetector of the prepared
samples, it was found that the CQD:Alqgs/Si detector prepared using the drop casting
method was the best because its rise, fall and response times were the shortest, as shown
in Table 3. The CQD/Si photodetector showed the highest rise, fall and response time.
The presence of Algs had a positive effect on the operation of the photodetector. It is
observed from Table 4 that photocurrent gain (G) was the highest (7.97) when the
carbon quantum dots were added to Algs deposited on a silicon substrate (CQD:Alqs/Si)
using the drop casting deposition. This result indicates an improvement in the work of
the photodetector.

4. Conclusions

In this work, it was noticed from the I-V characteristics of the photodetectors
samples that the current significantly increased due to the decrease in the width of the
depletion layer at the interface. In general, it can be noticed that the photocurrent was
low when the light source was turned off, and the photocurrent remarkably increased
under illumination with a visible source. Through the results of the photodetector
properties of the prepared samples, it was found that the response time and gain of the
fabricated photoconductive detector (CQD:Alqgs/Si) prepared by the drop casting
method were much higher than other detectors. The CQD/Si photodetector showed the
highest rise and fall response times; the presence of Algs improved the properties of the
CQDs photodetectors.
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