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Abstract: This study investigated the characteristics of an indirect-type hybrid X-ray detector with a
conjugated polymer poly(3-hexylthiophene) (P3HT) and CdSe quantum dot (QD) blended active layer.
To improve detection sensitivity, the optimal blending ratio of P3HT:CdSe QDs, ligand exchange effect,
and optimal process condition of the active layer were examined. The detector with a P3HT:CdSe QDs
= 1:5 blended active layer showed the highest collected charge density (CCD) and highest sensitivity
under X-ray irradiation. The replacement of a trioctylphosphine (TOP) ligand by a pyridine ligand
effectively assisted the charge transport and reduced the QD aggregation, increasing the detection
sensitivity of the detector by 75% after the ligand exchange. To further improve the sensitivity of the
proposed detector, the optimized process conditions of the active layer were studied. The sensitivity
of the detector with an active layer of about 80 nm thickness formed by a double-coating method
showed the highest CCD of 62.5 nA/cm?, and the highest sensitivity of 0.14 mA/Gy-cm?. Due to
additional pyridine treatment between the double-coating processes, the surface roughness of the
active layer decreased, and the CCD and sensitivity subsequently increased.

Keywords: Quantum dots; hybrid detector; indirect X-ray detector; ligand exchange

1. Introduction

Organic semiconductor materials offer advantages such as low manufacturing cost, mechanical
flexibility, light weight, and excellent absorbance. Inorganic nanoparticles (NPs) in the form of quantum
dots (QDs), nanowires, and nanoplatelets (NPLs) have the advantages of high quantum efficiency,
high carrier mobility, and excellent stability. Therefore, photoelectric devices with both inorganic and
organic materials applied together may combine the advantages of both materials. Organic-inorganic
nanocrystalline structures are complex but have attracted interest in scientific and industrial fields.
Research has been carried out on hybrid photovoltaic devices containing NPs, such as Au [1], TiO; [2],
and ZnO [3], and QDs, such as CdSe [4], PbS [5], CdS [6], and CdTe [7]. Recently, research on hybrid
X-ray detectors using both inorganic and organic materials has been conducted. High atomic number
(high-Z) NPs, such as Bi,Oj3 [8,9], QDs, such as CdSe [10] and PbS [11], and scintillating NPs, such
as terbium-doped gadolinium oxysulfide (GOS:Tb) [12], were applied to the hybrid detector. Metal
and metal oxide NPs show good chemical and physical stability, good carrier mobility, and efficient
photon absorption at the organic polymer interface. In addition, QDs have the advantages of tunable
bandgap and excellent quantum efficiency. Therefore, both NPs and QDs create additional percolation
paths to the carriers to facilitate current collection, and they enhance X-ray absorption and visible-light
absorption to promote exciton generation.

There are two X-ray detection methods: direct [13,14] and indirect [15,16]. In direct detection,
the incident X-rays are directly converted to charges in the photoconductor layer of the detector,
whereas in scintillator-coupled indirect detection, the incident X-rays are converted into visible light
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through the scintillator, and visible light is absorbed into the active layer of the detector to generate
charges. In this study, we investigated a hybrid-type indirect detector with an active layer mixed with
organic materials and QDs to improve X-ray conversion efficiency. The active layer was composed of
conjugated polymer poly(3-hexylthiophene) (P3HT) as the electron donor and 5 nm CdSe QDs as the
electron acceptor. The P3HT absorbs visible photons and produces excitons. Blending QDs with the
conjugated polymers improves the absorbance and charge collection. Figure 1a shows a schematic
of the detector, while Figure 1b depicts the corresponding energy band diagram of the detector. The
active layer was composed of P3HT and CdSe QDs. The CsI(Tl) scintillator was coupled with the
detector to convert incident X-ray photons to visible-light photons. The lowest unoccupied molecular
orbital (LUMO) and the highest measured occupied molecular orbital (HOMO) levels of CdSe QD
acceptors are closer to each of the levels of the P3HT donor. Therefore, the carriers generated at the
donor/acceptor interfaces can be easily transferred. In order to improve the detection performance
according to the P3HT-QDs blending and processing conditions, the radiation detector parameters,
such as the sensitivity, collected charge density (CCD), and dark current density (DCD), were measured
under X-ray exposure. To understand the characteristic of the detector without the scintillator, the
short-circuit current density (Jsc), series resistance (Rg), and power conversion efficiency (PCE) were
measured under artificial solar illumination. We also evaluated the ligand exchange effect of CdSe
QDs on detector performance affecting the electrical properties and surface morphology [17-20].
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Figure 1. (a) Schematic, and (b) corresponding energy band diagram of the proposed X-ray detector
with P3HT:CdSe active layer.

2. Experiment Details

2.1. Hybrid Detector Fabrication

Figure 2a shows the sequence to fabricate the hybrid detector with a P3HT:CdSe active layer.
After patterning an indium tin oxide (ITO) electrode applied as the anode, the ITO-patterned glass
substrate was cleaned sequentially by ultrasonic treatment in acetone, methanol, and isopropyl alcohol.
A poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) solution mixed with 50 wt.%
dimethylformamide (DMF) was spin-coated onto the ITO anode at 3000 rpm, then baked on a hot plate
at 160 °C for 30 min under air atmosphere. The thickness of the PEDOT:PSS layer was about 30 nm.
The PEDOT:PSS layer was applied to improve the hole transport and flatness of the ITO-patterned
surface. The CdSe QDs dissolved in toluene were refined with a micro-centrifuge to obtain the pristine
CdSe QDs. In general, the QDs showed a very uniform size distribution. The mean diameter of QDs
used in this experiment was 3.6 nm and standard deviation was 1.3 nm. Instead of mean diameters,
D90 values are commonly used in particle size analysis. In our case, 90% of the QDs were smaller than
5.5 nm (D90 value), and we defined them as 5 nm diameter QDs. The 5 nm diameter QDs were selected
among various QDs sizes in consideration of the absorbance and uniform dispersion characteristics
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obtained through the study of the organic X-ray detector with the additive QDs [10]. To make the
P3HT:CdSe QD solution, P3BHT and CdSe QD were dissolved in 1 mL of toluene with the different
weight ratios of 1:2, 1:3, 1:4, 1:5, and 1:6. The weight of the P3HT polymer dissolved in the P3HT:CdSe
QD solution was fixed at 7.5 mg. Therefore, the weight of CdSe QDs was increased to 45 mg at the
blending condition of P3BHT:CdSe QD = 1:6. The P3HT:CdSe QD solution was stirred at 70 °C for 3
h, and then spin-coated onto the PEDOT:PSS layer at 1100 rpm. The baking condition was 150 °C
for 10 min under air atmosphere. The cathode, consisting of 0.5 nm of LiF and 120 nm of Al, was
deposited on the active layer by thermal evaporation under a pressure of 1077 torr. The detector was
encapsulated with a cover-glass to prevent oxygen and humidity penetration. Figure 2b shows the
fabricated detector, and four cells with an active area of 4 mm? formed on the detector.
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Figure 2. (a) Process flow of the hybrid detector with the PBHT:CdSe quantum dots (QDs) active layer,
and (b) the actual image of the fabricated detector.

2.2. Experimental Set-Up

Figure 3 shows the experimental set-up to evaluate the properties of the X-ray detector. The set-up
consisted of an X-ray generator (AJEX 2000H), a solar simulator (San Ei Elec. XES-4052-CE), and an
electrometer (Keithley 6517B) for the measurement of current density—voltage (J-V) characteristics.
The detector was evaluated in two ways: one was assessment after separating a scintillator from the
detector, while the other was after combining with a scintillator. Prior to the experiment with the X-ray
generator, the detector without the scintillator was exposed to the light of an AM 1.5 G filtered Xe lamp
in a solar simulator. Bias from —1.0 to 1.0 V was applied to the detector for the collection of generated
charges. Among the various parameters obtained during artificial solar irradiation, the short-circuit
current density (Jsc), power conversion efficiency (PCE), and series resistance (Rg) were calculated
from the |-V characteristics of the detector. By analyzing these parameters, the inherent property of
the detector without the scintillator could be easily estimated.
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Figure 3. Experimental set-up for measuring the solar parameters (Jsc, PCE, and Rs) and X-ray
parameters (CCD, DCD, and sensitivity).
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The photoelectric characteristics of the detector with the scintillator (Hamamatsu Photonics J1311),
consisting of 0.5 mm of Al and 0.4 mm of CsI(T1), were evaluated under X-ray irradiation. For all
experiments, the operation condition of the X-ray generator was fixed at 80 kV;, and 60 mAs. The
exposure time was also fixed at 1.57 s. For the collection of generated charges, bias from 0 to 1.0 V was
applied to the detector. The collected current density (CCD) during X-ray irradiation was calculated
using Equation (1), while the dark current density (DCD) on non-irradiation of X-ray was calculated
using Equation (2):

C CD[ nA ] _ CollectedChargeduringX — rayON ,
cm2]  ExposedTime X ExposedDetectionArea @)

D CD[ n_A2 ] _ Collected'Chargedurin gX - m.yOFF @)
cm ExposedTime x ExposedDetectionArea

The sensitivity, which represents the amount of generated charges in proportion to the absorbed
dose, is defined in Equation (3). The absorbed X-ray dose was converted from the exposure, which
was measured using the ion chamber (Capintec CII50) in the same position as the detector:

o AbsorbedDose ®)

.y mA CCDduringX — rayON — DCDduringX — rayOFF
Sensitivity =
Gy-cm?

3. Results and Discussion

First, the characteristics of the indirect-type hybrid X-ray detector were examined according to the
change in CdSe QD blending conditions. Figure 4a shows the absorption spectrum for the P3HT:CdSe
(weight ratios of 1:2, 1:3, 1:4, 1:5, and 1:6) thin films, emission spectra for the AM 1.5 G filtered Xe
lamp, and emission spectra for the CsI(T1) scintillator under X-ray irradiation. As the content of
CdSe QDs constituting the active layer increased, the absorbance tended to increase due to its high
extinction coefficient. The highest absorbance was obtained at the condition of P3BHT:CdSe QDs =
1:6. The emission spectrum of the CsI(Tl) scintillator showed its maximum peak at 560 nm and was
well-matched with the absorption spectrum of the P3HT:CdSe QD blended film. The |-V characteristics
of the scintillator-decoupled detector were measured using the solar simulator. Figure 4b shows the
short-circuit current density (Jsc) at the bias of 0 V, power conversion efficiency (PCE) related to the
photon-to-charge conversion efficiency, and series resistance (Rg) of the detector calculated from the
J-V curves. The Jsc and PCE increased as the P3HT:CdSe QD blending ratio changed from 1:2 to 1:5.
The highest Jsc and PCE were found at PBHT:CdSe QDs = 1:5 blending ratio.
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Figure 4. (a) The absorption spectrum for P3HT:CdSe QD thin films with different blending ratios of
1:2,1:3, 1:4, 1:5, and 1:6 and emission spectra for CsI(Tl) scintillator under X-ray irradiation, and (b) ]-V
characteristics of the proposed detectors with different blending ratios of P3HT:CdSe QDs obtained

under artificial solar illumination.
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Figure 5a shows increasing the CdSe QDs content in the active layer tended to increase the Jsc
and PCE values associated with the detector’s performance. When a large amount of QDs was blended
in the active layer, the absorbance in the visible region was increased, and the visible light absorbed by
the QDs was increased. As a result, CdSe QDs produced additional charges and were dispersed in
P3HT to form an inter-network to improve charge transport and collection. The reason for the decrease
in Jsc and PCE at the conditions of PBHT:CdSe QDs = 1:6 is explained later.
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Figure 5. (a) The normalized solar parameters (Jsc and PCE), and (b) radiation parameters (CCD,
DCD, and sensitivity) of the detectors with different blending ratios of 1:2, 1:3, 1:4, 1:5, and 1:6 of the
P3HT:CdSe QDs active layer.

To measure the amount of charge generated during X-ray irradiation, the detector was coupled
with the CsI(TI) scintillator. The operation condition for the X-ray generator, located 30 cm away
from the detector, was described in Section 2.2. Five different conditions of PSHT:CdSe QDs = 1:2,
1:3,1:4, 1:5, and 1:6 of detectors were exposed to the X-ray at 0.6 V bias. Equation (3) describes how
the detector’s sensitivity is determined by the difference between the CCD and DCD and is inversely
proportional to the absorbed dose. The detector with the P3HT:CdSe QDs = 1:5 active layer showed
the highest CCD of 36.67 nA/cm? and the highest sensitivity of 0.061 mA/Gy-cm?. Figure 5b shows the
CCD and sensitivity obtained during X-ray radiation tended to be similar to the Jsc and PCE obtained
during solar illumination.

According to the AFM images in Figure 6, as the content of CdSe QDs in the active layer increased,
the average roughness (Ra) of the active layer increased. Increasing the Ra value increased the surface
area and effectively absorbed light. However, at the condition of P3BHT:CdSe QDs = 1:6, the CdSe
QDs tended to aggregate to form larger structures, which are similar to the solid bulk. This may
interfere with charge transfer and inhibit exciton formation, which can reduce the conversion efficiency
of photoelectric devices [21]. Therefore, the series resistance (Rg) of the detector decreased with the
increase of surface area until the condition of PBHT:CdSe QDs = 1:5, and then it rapidly increased
at the condition of P3HT:CdSe QDs = 1:6. The expected quantum confinement effect on QDs also
decreased, resulting in a decrease in exciton generation.

Ligand exchange in QDs was tested to improve the detector’s sensitivity. Colloidal QDs
are synthesized in liquid solutions, so passivating ligands are needed to avoid aggregation.
Trioctylphosphine (TOP), which we applied, is often selected as a stabilizing ligand during synthesis.
Charge transfer between neighboring QDs is often hindered by thick surfactant layers. Thus, one of
the ways to improve charge transfer in photoelectric devices is replacing long ligand molecules with
short ligand molecules [18]. Ligands affect not only the binding between QDs but also the surface traps
and surface stability of QDs. Therefore, a ligand exchange experiment was conducted by selecting
pyridine, one of the short ligands, instead of a TOP ligand. Figure 7 shows the ligand exchange
sequence for CdSe QDs. The pyridine solution and CdSe QDs dissolved in toluene were mixed in
a micro-tube at a volume ratio of 2:5. When the mixed solution was stirred overnight at 30 °C, the
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TOP ligand of CdSe QDs was exchanged with pyridine. To purify colloidal CdSe QDs, methanol was
mixed with the CdSe QDs pyridine ligand solution in a volume ratio of 1:1. Sequential precipitations
employing methanol as an anti-solvent were applied to obtain the QDs free from residual TOP ligands.
The exchange process proceeded with binding the pyridine ligands in a solution to non-passivated
Cd sites on the QD surface [22]. The purified CdSe QDs with pyridine ligand was obtained using a
microcentrifuge method.
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Figure 6. AFM images, average surface roughness (Ra) of the active layer under different blending
ratios of P3HT:CdSe QDs of (a) 1:2, (b) 1:3, (c) 1:4, (d) 1:5, and (e) 1:6.
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Figure 7. Ligand exchange sequence substituted with pyridine.

Ligand’s effect on charge transfer was investigated by carrier mobility calculation based on ligand
exchange. The optimized active layer condition (P3HT:CdSe QDs = 1:5) obtained from previous
experiments was applied to the detector preparation. Carrier mobility was obtained using the space
charge limiting current (SCLC) model from the |-V characteristics in Figure 8a measured under
dark conditions [23,24]. The SCLC model is useful for explaining the charge transport properties of
single-crystal and polycrystalline organic thin films. Figure 8b shows the SCLC region was defined
as the region having a slope of 2 to 2.5 in the log scale graph. The mobility was calculated using the
following Mott-Gurney equation in the SCLC domain:

s, D
97 V20

H )
where [ is the current density, V,, is the applied voltage, ¢ is the free-space permittivity, ¢, is the relative
permittivity of applied material, and L is the thickness of the active layer, all of which values are
listed in Table 1. The thickness of the active layer was measured using a surface profiler (KLA-Tencor
Alpha-step AS-500). In Equation (4), the relative permittivity of the PBHT:CdSe QDs mixed material
was determined using the permittivity equation of the mixed material [25], and the calculated relative
permittivity also changed upon ligand exchange of CdSe QDs. The mobility in the detector with
P3HT:CdSe QDs with TOP ligand was 8.33 x 1078 cm?/V's, and the mobility in the detector with
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P3HT:CdSe QDs with pyridine ligand was 1.03 X 107 cm,/V's. Ligand exchange increased the mobility
by more than 10 times.
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Figure 8. (a) ]-V characteristics of the detector with P3HT:CdSe QDs = 1:5 active layer measured under
dark conditions (TOP and pyridine ligands applied), and (b) space charge limited current (SCLC)
behavior of the detector with P3HT:CdSe QDs = 1:5 active layer (TOP and pyridine ligands applied).

Table 1. Active layer thickness, relative permittivity, and mobility values of the detector with P3HT:CdSe
QDs = 1:5 active layer (TOP and pyridine ligands applied).

. . . Mobility
Blending Ratio . Thickness . cre s
(P3HT:CdSe) Ligand (am) Relative Permittivity (&) V, (V) (2p.)
(cm*~/V-s)
-8
15 TOP 50 3.2 0.5 8.33 x 10
Pyridine 7.3 1.22 1.03 x 1076

In addition, the pyridine ligands had the effect of increasing the lowest unoccupied molecular
orbital (LUMO) energy level, and they can affect the energy-band offset at the P3HT:CdSe QDs
heterojunction. Figure 9 shows how after the pyridine ligand exchange, Jsc, CCD, and the sensitivity
of the detector with P3HT:CdSe QDs = 1:5 active layer increased. Compared to the detector fabricated
with CdSe QDs TOP ligands, the sensitivity increased by about 75% after the pyridine ligand exchange.
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Figure 9. Changes in Jsc, CCD, and the sensitivity of the detector with P3HT:CdSe QDs = 1:5 active

layer after ligand exchange.

In order to further improve the sensitivity of the proposed detector, we conducted an experiment
on the process of forming the active layer. To control the thickness of the active layer, spin-coating
conditions of (700, 700/1800, 700/1500, and 700/1200) rpm were changed. For example, the 700/1800 rpm
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condition meant that the spin coating was performed by dividing the active layer into two parts: 700
and 1800 rpm. In both cases, a PBHT:CdSe QD solution with ligand exchange was applied. In addition,
pyridine treatment was inserted between the two spin-coating steps to evaluate its effect on active
layer formation and detector performance. The solution used for double-coatings was a P3HT:CdSe
QD active layer solution of the same conditions treated with pyridine. Figure 10 shows the detector
with the 80 nm thick active layer formed by 700/1500 rpm double-coating and pyridine treatment
revealed the highest CCD and sensitivity. When the spin rate of the second spin-coating process was
lowered to 1200 rpm, the thickness and surface roughness of the active layer simultaneously increased,
while the CCD and sensitivity of the detector decreased. When the active layer was formed at one
time under the spin-coating condition of 700 rpm, low CCD and sensitivity were observed because the
thickness of the active layer was relatively thin, and the surface roughness was relatively high. In order
to absorb visible light generated from the Csl (T1) scintillator having a peak emission of 560 nm, an
organic active layer thickness of 80-90 nm is appropriate [26]. Additional pyridine treatment increased
the CCD and sensitivity of the detector by preventing the aggregation of QDs and reducing the surface
roughness of the active layer. When comparing the sensitivity of the detectors with the active layer
formed under the same spin-coating conditions with or without pyridine treatment, the sensitivity of
the pyridine-treated detector improved by about 9.36%.
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Figure 10. X-ray parameters (CCD and sensitivity), short-circuit current density (Js), thickness of the
active layer, and surface roughness of the active layer, depending on the spin-coating and pyridine
treatment conditions.

4. Conclusions

This study investigated the characteristics of an indirect-type hybrid X-ray detector with a
conjugated polymer P3HT and CdSe QD blended active layer. To improve detection sensitivity, the
optimal blending ratio of P3HT:CdSe QDs, ligand exchange effect, and optimal process condition of
the active layer were examined. First, the P3HT:CdSe QD thin films with different blending ratios
of 1:2,1:3, 1:4, 1:5, and 1:6 were formed by a spin-coating process, and the absorbance of thin films
was measured. As the content of CdSe QDs increased, the absorbance tended to increase due to
its high extinction coefficient. After applying the same thin films as the active layer of the detector,
the detector’s performance was evaluated under X-ray irradiation. The detector with a PBHT:CdSe
QDs = 1:5 blended active layer showed the highest CCD and highest sensitivity. When the QD content
in the active layer exceeded a certain level (in our case, 1:5 blending condition), the characteristics of the
active layer became similar to those of the solid bulk. As a result, exciton formation and charge transfer
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were reduced, resulting in a deterioration of the detector’s performance. At the optimized blending
condition of P3HT:CdSe QDs = 1:5, a TOP ligand of QDs was replaced by a pyridine ligand, one of
the short ligand molecules. The pyridine ligand replacement effectively assisted charge transport
and reduced the QD aggregation, increasing the detection sensitivity of the detector by 75% after
ligand exchange. To further improve the sensitivity of the proposed detector, the optimized process
conditions of the active layer were studied. The sensitivity of the detector with the active layer of about
80 nm thickness formed by a double-coating method increased about 40%, compared to the detector
with the active layer about 60 nm thickness formed by a single-coating method. Due to the additional
pyridine treatment between the two double-coating processes, the surface roughness of the active
layer decreased, and the CCD and sensitivity subsequently increased. Finally, the hybrid detector
with a P3HT:CdSe QD active layer under the optimized process conditions showed the highest CCD,
62.5 nA/cm?2, and the highest sensitivity, 0.14 mA/Gy-cmz.
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