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Ultra-low dark current organic-inorganic hybrid X-ray detectors
via vertical composition gradient

M. P. A. Nanayakkara, L. Madjacic, S. Wood, F. Richheimer, S. Jenatsch, S. Zufle, R.
Kilbride, A. J. Parnell, M. G. Masteghin, H.M. Thirimanne, A. Nisbet, K. D. G. L
Jayawardena, S. R. P. Silva

Abstract

Organic-inorganic hybrid semiconductors are an emerging class of materials for direct
conversion X-ray detection due to attractive characteristics such as high sensitivity and the
potential to form conformal detectors. However, existing hybrid semiconductor X-ray
detectors display dark currents that are significantly higher than industrially accepted values
of 1-10 pA mm™. Herein, we report ultra-low dark currents of <10 pA mm™ , under reverse
bias voltages as high as -200 V, for these hybrid X-ray detectors through enrichment of the
hole selective p-type organic semiconductor near the anode contact. The resulting detectors
demonstrate broadband X-ray response including an exceptionally high sensitivity of ~1.5
mC Gy' em™ and <6% variation in angular dependence response under 6 MV hard X-rays.
The above characteristics in combination with excellent dose linearity, dose rate linearity, and
reproducibility over a broad energy range enable these detectors to be developed for medical

and industrial applications.

Introduction

Optoelectronic devices based on organic semiconductors are gaining significant attention,

due to the possibility of fabricating detectors whose response that can be tuned over a broad



energy range on flexible architectures that can be manufactured using low-cost roll-to-roll
and sheet-to-sheet printing techniques' . Recently, the use of these devices has been
expanded for X-ray detection, with the potential for a wide range of applications including
medical diagnostics, industrial inspection, and scientific research (e.g. crystallography)*™®.
Strategies used for the adoption of organic semiconductors for X-ray detection include the
incorporation of high-atomic number (Z) elements into the semiconductor structure’ and the
incorporation of high-Z direct converting nanoparticles (NPs)'*'? or scintillators'’ into an
organic bulk heterojunction (BHJ) matrix. In particular, the direct conversion X-ray detection
strategy developed by Thirimanne et al.'®, where high atomic number bismuth oxide (Bi,O5)
nanoparticles were incorporated into an organic BHJ consisting of p-type Poly(3-
hexylthiophene-2,5-diyl) (P3HT) and n-type [6,6]-Phenyl C71 butyric acid methyl ester
(PC70BM), demonstrated appealing characteristics such as low voltage operation and high
sensitivity over a broadband energy range. The concept was further expanded by

Jayawardena et al.'® to demonstrate X-ray imaging.
y y ging

Despite the promise shown by the above NP incorporated BHJ (NP-BHJ) direct conversion
X-ray detectors, they suffer from high dark currents of ~10* pA mm™ under an applied bias
of -10 V (equivalent to an electric field of ~0.3 V um™). This value is well above the dark
current values of 10 pA mm™ exhibited by state-of-the-art X-ray detectors'®. As low dark
currents are an important metric that enable the detection of low doses and a good dynamic

range'’, it is important to develop routes to minimize dark currents in these hybrid detectors.

One possible reason behind this adverse performance is the poor charge selectivity at the
device contacts. The use of poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate)
(PEDOT: PSS) as the hole transport layer (HTL) is known to result in poor charge selectivity
in organic photovoltaics and photodetectors'® . Additionally, the hygroscopic nature of
PEDOT: PSS results in the corrosion of indium tin oxide (ITO) leading to fast degradation of

. 21-23
the devices

. This has led to the investigation of alternative transport layers based on
transition metal oxides such as Molybdenum oxide (MoOx)***°, and Nickel oxide (NiO)*’ in

combination with inverted device architectures.

Here, we report a route towards achieving ultra-low dark currents that are below 10 pA mm™,
even at high electric fields of ~4 V um™ in HTL free, inverted NP-BHJ direct conversion X-
ray detectors. These values, to the best of our knowledge are the lowest dark currents

reported thus far for organic or hybrid X-ray detectors (Figure 1a). We demonstrate the



formation of a vertical composition gradient within the active layer leading to the enrichment
of the p-type P3HT semiconductor near the anode contact. This enrichment results in X-ray
detectors with acceptable performance, even without the addition of an external HTL. The
resulting detectors demonstrate broadband response with sensitivities of ~60 nC Gy cm™
under 70 kV X-ray irradiation and a remarkably high sensitivity of around ~1.5 mC Gy cm’
% under 6 MV photon irradiation from a medical linear accelerator. Furthermore, these NP-
BHIJ detectors with low dark currents demonstrate excellent dose linearity and dose rate
linearity, reproducibility, and low beam incidence angle dependence. Such features enable
these detectors to be well suited commercially for imaging and dosimetry in medical and

industrial applications.
Results

Response characteristics of the NP-BHJ X-ray detectors



The organic-inorganic hybrid X-ray absorber consists of high-Z direct converting Bi,O3 NPs
as the X-ray absorber, while the P3HT and PC;0BM form percolation pathways for extraction
of holes and electrons (respectively) (Figure 1b, ¢). The X-ray detectors were fabricated by
adopting an inverted device architecture where the NP-BHJ composite was sandwiched
between ITO and silver (Ag) electrodes (Figure 1d) resulting in a glass/ITO/zinc oxide/NP-
BHIJ/HTL/Ag architecture, enabling both electron and hole extraction (Figure 1e). Using
thermogravimetric analysis (TGA), the NP loading in the film (by weight) was estimated to
be 38.1% which is slightly higher than the NP loading in the starting ink (33.3 %). This is



attributed to the use of non-functionalised NPs which can lead to some variation in the NP

distribution within the ink. The thickness of the NP-BHJ film was around 55 pm.

Fig. 1 Organic-inorganic hybrid X-ray detectors enabling ultra-low dark currents. a Comparison of the
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dark current response characteristics of the recently developed organic and organic-inorganic hybrid direct
conversion X-ray detectors. (1)-(2)%, (3)-(6)**, (7)°, (8)-(10)°, and (11)*' are organic X-ray detectors, (12)"',
(13)", (14)"°, (15)-(16)'* are organic-inorganic hybrid X-ray detectors fabricated by incorporating high-Z NPs,
(17)*%, (18)*, (19)°, (20)-(21)°, (22)**, and (23)*’ are perovskite based X-ray detectors ,and (25), (26), and (27)
are the X-ray detectors developed in this work. The operating voltage is given adjacent to each data point. b
Chemical structure of P3HT, PC;BM, and Bi,0;. ¢ Comparison of the mass attenuation coefficient of Bi,O;
NPs, organic BHJ consisting of P3HT and PC,BM, and the P3HT: Bi,O3;: PC7BM blend indicating the
enhancement of X-ray attenuation by incorporation of high-Z NPs. d Schematic of the NP-BHJ X-ray detector
architecture used in this work. e Flat band diagram for the device architecture used in this work. All energy



values are given in eV. Energy values for P3HT, Bi,0;, and PC;BM are from referencels, for MoO, from
reference®*®, for NiO and ITO from reference’, and for Ag from reference™.

Initially, we investigated the influence of NiO as an HTL, on the X-ray detector
characteristics of the NP-BHJ system. The NiO layer was deposited using a NP ink which
enables compatibility with printing techniques. The surface roughness induced by the
topographical features of the active layer, or by the addition of a transport layer, has a
significant influence on the detector response characteristics.”” A lower surface roughness is
required to minimize dark injection currents resulting from field enhancement effects as
described by Fowler-Nordheim emission®®. In order to identify the optimum NiO layer
thickness that minimizes leakage currents as well as undesired recombination losses within
the HTL, we studied the influence of the NiO coating thickness. This was achieved by
controlling the NiO NP concentration in the ink from 2.5, 1.25, 0.63, 0.31, to 0.16 wt.%.
Hereafter the detectors with 2.5, 1.25, 0.63, 0.31, and 0.16 wt.% of NiO concentrations are
referred to as “NiO 2.5”, “NiO 1.25”, “NiO 0.63”, “NiO 0.31”, and “NiO 0.16” detectors,
respectively. The resulting NiO film thicknesses are given in Supplementary Figure 2.
Atomic force microscopy (AFM) was conducted on the NiO/NP-BHJ films (Figure 2) which
indicated no notable variation in the surface roughness despite the variation in NiO
concentration. The root mean square (RMS) roughness values obtained for the hybrid film

with or without NiO coatings are summarized in Supplementary Table 1.

Fig. 2 Effect of NiO concentration on the surface roughness of the hybrid film. AFM micrographs of the
organic-inorganic hybrid layer, a without NiO coating. When spin coated with b 2.5 wt. %, ¢ 1.25 wt.%, d 0.63
wt.%, e 0.31 wt.%, and f 0.16 wt.% NiO dispersion. No significant variation in the root mean square surface
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roughness was observed irrespective of the HTL thickness.
The temporal variation of the dark current of the X-ray detectors was evaluated under applied

biases ranging from -10 V to -200 V, equivalent to macroscopic electric fields in the range of



~0.2 V um” to ~4 V um™. Following a sharp transient decay, the detectors displayed a
stabilized dark current response, which is less than the industrially accepted limit of 10 pA
mm”, irrespective of the voltage applied (Supplementary Figure 3). Furthermore, NiO-
based detectors displayed no significant deviation of dark current response with the varying
NiO concentration as shown in the Figure 3a. These findings are in agreement with the lack

of variation in surface roughness with the NiO concentration as discussed previously.

The X-ray photocurrent response from the detectors was studied by exposure to X-rays
generated from a 70 kV X-ray source. The source-to-detector distance was maintained at 20
cm. As the BHJ used here is sensitive to the visible portion of the electromagnetic spectrum,
all measurements were conducted under dark conditions to eliminate the effects from stray
light. Upon X-ray exposure, the detectors displayed a “box shaped” X-ray photocurrent
response with a sharp rise and decay (Figure 3b). This is contrary to the saw-tooth shaped
transient photocurrent response reported for a number of organic semiconductor-based X-ray
detectors where either proper charge selection layers were not incorporated'”>® or, PEDOT:
PSS was used as the HTL in combination with a conventional device architecture'®. The
observation of saw-tooth shaped characteristics has been attributed to the photoconductive
gain mechanisms in mono-carrier type devices> . Therefore, it is evident that optimization of
the interfaces provides a pathway towards improving device response time. Upon exposure to
several doses under a constant dose rate and an applied bias, the detectors displayed a linear
relationship between charge density and dose (Figure 3c). The sensitivity (S) of an X-ray
detector, defined as the collected charge per unit area per unit exposure of radiation (given by

equation(1) below) is an important device metric*.

S = Q — f(IX—ray(t)_IDark)dt (1)
DA DA

where, Q represents the charge generated under irradiation, Ix_,q, and Ipg,k represent the
current under X-ray irradiation and in the dark, respectively, D is the X-ray incident dose, and
A is the active area of the detector. Materials with high sensitivity are highly preferred for X-
ray detection as they allow the detection of very small X-ray doses, thereby reducing the risks
associated with ionizing radiation*'. One possible way of estimating the sensitivity of an X-
ray detector is based on the slope of the charge density vs. dose curve. Based on this method,
the sensitivity of the NiO-based detectors was estimated to be in the range of 23.1-24.9 nC
Gy cm™ at -10 V and 60-62 nC Gy cm™ at -200 V. It should be noted that the sensitivity

was observed to be independent of the NiO concentration. Furthermore, dose rate dependence



analysis on the detectors indicated linear behaviour between the X-ray photocurrent density
and the dose rate, as shown in Figure 3d. The slope of the photocurrent density with respect

to the dose rate provides another means of estimating the sensitivity;

I Ix—ray—Ipark (2)

DRA DRrA

where, Dy is the incident X-ray dose rate. Based on the dose rate dependence method,
sensitivities in the range of 20.7-22.1 nC Gy ecm™ (at -10 V) was estimated for the NiO-
based detectors, similar to that estimated from the slope of the charge density vs. dose curve.
We further studied the reproducibility of the detector response characteristics through
exposure to ten consecutive X-ray pulses (Figure 3e). The reproducibility of the photocurrent
response of each detector was quantitatively assessed by normalizing the charge extracted
under each exposure to that of the initial exposure. This analysis indicated the maximum
deviation of each detector response was less than 3.5 %, indicating a very good
reproducibility due to minimal charge trapping effects. The mobility-lifetime (u7) constant is
a key metric used in comparing the charge transport properties in semiconductors used for X-
ray detection. The relationship between the ut constant, applied voltage and the collected

charge is described by the Hecht equation** given below;

Q= 0" [1-exp (5] ©
where, Q is the total charge extracted, @, the asymptotic charge, V the applied voltage, d the
detector thickness, p the charge carrier mobility, and 7 the charge carrier lifetime. To
evaluate the uz constant for the NP-BHJ detector studied here, the voltage dependence of the
X-ray photocurrent response of the detectors was studied from -10 V to -200 V under a
constant dose and dose rate. The curve was fitted with the Hecht relationship (Figure 3f and
Supplementary Figure 4) which showed that the ut product of the detectors is ~107 cm” V-
!. These results are within an order of magnitude of the values reported for thick NP-BHJ X-
ray photoconductors (~1.7 X 10 cm® V!)"° and stabilized a-Se photoconductors (2 X 107 to
2 x 107 cm® V). Moreover, the signal to noise ratio (SNR) (evaluated as the ratio between
the photocurrent density and dark current density) of the detectors was evaluated as a
function of applied voltage as shown in Figure 3g. The SNR of the detectors displayed a
decaying characteristic due to the increase in dark current with voltage (Figure 3h) as

opposed to the Hecht-type relationship observed for the X-ray photocurrent which saturates at



high voltages. The high SNR at low operating voltages indicates the potential of these

detectors for low power sensing applications, such as wearable dosimeters.
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Fig. 3 Response characteristics of the NiO-based detectors under 70 kV X-rays. a Dark current variation as
a function of time. The dark currents saturate at a value ~0.8 pA mm™. b Transient X-ray photocurrent response
from the NiO 2.5 detector indicating a “box-shaped” response. ¢ Dose and, d Dose rate dependence for the NiO-
based detectors. The solid lines indicate linear fits. Both the dose as well as dose rate dependence shows
excellent linearity (R* > 0.9998). e Reproducibility of the X-ray photocurrent response of the NiO 2.5 detector
under repeated X-ray exposures. f Voltage dependence of the NiO 2.5 detector together with the Hecht fit (R* >
0.9998) for estimation of the pt product. g SNR variation with applied bias of the NiO 2.5 detector. h Dark
current variation as a function of applied bias of the NiO 2.5 detector indicating the nearly linear relationship
between the dark current and the applied bias. Data points in Figures ¢, d, f, g, h are averaged over three
measurements.

We also evaluated the detector performance by replacing the NiO HTL with a 10 nm thick
thermally evaporated MoOy film as the HTL (hereafter MoOy detectors) (Supplementary
Figure 5). These MoOy detectors displayed stable yet very low dark current response of
approximately 0.5 pA mm™ (at -20 V), together with a sensitivity value of 22.6 nC Gy cm™
(at -10 V), similar to the sensitivities of the NiO-based detectors.

In the above study, the variation of the NiO thickness was not observed to result in any
significant variation in the detector performance, even under very low NiO NP concentrations

(resulting in a ~7 nm thick HTL layer). As this points towards the possible formation of a



charge selective layer within the NP-BHJ film itself, we evaluated the characteristics of
detectors without any additional HTL layers (hereafter “HTL Free” detectors). Despite the
absence of an external HTL, these detectors also displayed a stable and ultra-low dark current
response of ~0.65 pA mm™ at -20 V (Figure 4a) and ~5.44 pA mm™ at -200 V. Similar to
the devices incorporating NiO as an HTL, the HTL Free devices demonstrated a “box-
shaped” X-ray photocurrent response (Figure 4b). The detectors also demonstrate excellent
dose linearity (Figure 4c¢) and dose rate linearity (Figure 4d) resulting in sensitivity values of
24.2 and 20.4 nC Gy™' cm™ (at -10 V) (respectively) which are comparable to the sensitivities
observed from NiO-based detectors. The HTL Free detectors also demonstrated a
reproducible X-ray photocurrent response (Figure 4e) with a maximum deviation less than
2.3%. Furthermore, Hecht analysis carried out on the HTL Free detectors (Figure 4f) results
in a pt value in the range of 107 cm® V™. The SNR of HTL Free detectors displayed a
decaying characteristic (Figure 4g) due to the increase in dark current with voltage (Figure
4h), similar to that observed for devices incorporating an HTL. This is again attributed to the
linear increase in dark current with voltage as opposed to the saturation in X-ray
photocarriers extracted with increasing voltage. For each type of detector, the sensitivity at -
10 V (estimated from the dose dependence and dose rate dependence method), the ut
product, SNR at -20 V, and maximum deviation observed in the reproducibility analysis are

summarized in Supplementary Table 2.
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Fig. 4 Response characteristics of the HTL Free detector under 70 kV X-rays. a Dark current variation as a
function of time. The dark currents saturate at a value around 0.65 pA mm™. b Transient X-ray photocurrent
response from the HTL Free detector indicating a “box-shaped” response. ¢ Dose and, d Dose rate dependence
for the HTL Free detector. The solid lines indicate linear fits. Both the dose as well as dose rate dependence
shows excellent linearity (R* > 0.9998). e Reproducibility of the X-ray photocurrent response of the HTL Free
detector under repeated X-ray exposures. f Voltage dependence of the detector together with the Hecht fit (R* >
0.9998) for estimation of the pt product. g SNR variation with applied bias and h Dark current variation as a
function of applied bias of the HTL Free detector. A drop in SNR is observed due to increase in the dark current
and saturation of the X-ray photocurrent with increasing voltage. Data points in Figures ¢, d, f, g, h are
averaged over three measurements.

Formation of a charge selective layer within the NP-BHJ films

Based on the detector response characteristics observed under 70 kV soft X-ray radiation, it is
evident that the HTL Free detectors are capable of generating a performance that is similar to
detectors with an HTL. This indicates the formation of an internal hole selective/electron
blocking layer closer to the anode contact. As stated previously, in the NP-BHJ detector
concept, the two organic semiconductors P3HT and PC;BM are used to achieve efficient
transport of holes and electrons (respectively) generated within the Bi,O3; NPs upon X-ray
attenuation. The efficient extraction of charge is expected to be enabled through the
formation of a three-dimensional bi-continuous percolating network, similar to that found

within organic photovoltaics. However, it is possible that the solvent annealing step used in



NP-BHIJ film formation may have resulted in a phase-separation process leading to the
segregation of the p-type P3HT component near the anode contact. Firstly, we carried out
scanning Kelvin probe microscopy (SKPM) in order to identify the nature of the electronic
contact formed between the NP-BHJ surface and the silver contact. SKPM measurements
carried out (Figure 5a) indicate the average surface potential of the hybrid layer to be
approximately 4.6 eV. The near similarity of this surface potential to the work function of
silver (4.7 eV)*® is likely to facilitate the formation of an ohmic contact between the silver

anode and the hybrid layer.

In order to further understand the compositional gradient within the NP-BHJ films, we
carried out cross-sectional analysis (Figure 5b) using a Xenon Plasma focused ion beam—
scanning electron microscope (FIB-SEM) Dual Beam system. We observed the
sedimentation of a majority of the Bi,O3; NPs (green false coloured) at the bottom of the
hybrid film (i.e. closer to the electron transport layer), resulting in an organic-semiconductor
rich capping layer. Supplementary Figure 6 shows a backscattered (BSE-SEM) image of a
larger cross-section of the sample, in which the prominent contrast between the brighter

heavy NPs and the lighter organic active region is highlighted.

To identify the vertical chemical compositional profile of the NP-BHJ film and the
composition of this capping layer, we carried out Time-of-Flight Secondary Ion Mass
Spectroscopy (ToF-SIMS) analysis (Figure 5c¢). To better preserve the molecular
information, an Ar cluster (A77500-2000) ion source was used™ in this study to achieve gentle
erosion throughout the entire thickness of the film. Figure 5d illustrates the 3D renderings
which describe the distribution of the negative ion species (X=Y=50 um, Z~55 pum) of
interest across the film. It can be seen that the S~ (sulphur) signal, due to the presence of
P3HT is the strongest, and uniform throughout the thickness, whereas the C7, signal due to
PC;0BM and the Bi, 03 signal due to Bi,O3 NPs appears to be confined to the bottom of the
film. This verifies our hypothesis on the enrichment of the p-type P3HT species near the top
surface (Figure 5e), which can act as an efficient electron blocking/hole selective layer
within the device architecture studied here. Similar segregation of P3HT in P3HT: PCBM

#346 The formation of such phase-

BHJ solar cells has been reported by several authors
separation and the enrichment of the p-type organic semiconductor is attributed to
minimization of the surface energy of the final film formed. Previous reports indicate that
fullerene derivatives (e.g. PCBM) possess high surface energies (e.g. 38.2 mN m™)" in

comparison to organic semiconductors such as Poly(9,9-dioctylfluorene-alt-benzothiadiazole)



(322 mN m™")* or P3HT (19.8 mN m")®. The lower surface energy of the p-type
semiconductor results in its preferential accumulation at the free surface of the film, which
results in the minimization of the film surface energy. This energy minimization process,

which also results in expellin PCBM from the polymer domains,*® is influenced by additional

49-51
d

processing parameters such as thermal annealing time perio , P3HT molecular weight

53,54

and regioregularity””, and incorporation of additives™ . We note that the beneficial impact

of such phase segregation process has also been utilized in increasing the power conversion

: . 45,46
efficiency of organic solar cells™™.

Fig. 5 Vertical phase separation within the hybrid film. a SKPM micrograph of the top surface of the hybrid
film indicating an average surface potential of 4.6 eV, similar to the work function of the anode contact. b
Cross-sectional micrograph (false coloured) of the hybrid film depicting the sedimentation of Bi,O; NPs to the
bottom interface of the hybrid film leaving behind an organic rich top layer. The green color clusters represent
the Bi,0O3; NP aggregates while the red color regions represent the organic content. ¢ Depth profile of the hybrid
film obtained from ToF-SIMS depicting the distribution of ion species S°, C7y’, and Bi,O; along the film depth.
d 3D renderings of the negative polarity data (X=Y=50 um, Z~55 um) obtained from ToF-SIMS for the S, C;,
and Bi,0O5  ions showing the P3HT enrichment at the top surface of the hybrid layer. e Schematic of the organic-
inorganic hybrid film illustrating the vertical composition gradient resulting in a P3HT rich top region and an
organic—inorganic mixed bottom region.

In order to further understand the nature of crystallization of the P3HT enriched phase, we
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conducted grazing incidence wide-angle X-ray scattering (GIWAXS) on the NP-BHJ films.
Below the critical angle (a. = 0.12°), X-rays travel as an evanescent plane wave along the
sample surface probing the near surface features of the film (the top ~10 nm) whereas angles
above the critical angle give information about the bulk of the film”. Therefore, during this
study GIWAXS spectra were acquired at incident angles 0.05° and 0.1°(; < a.), as well as
0.2° and 0.3° (a; > a.) to enable probing of the sub-surface as well as the “bulk” region (up



to ~2um depth). When used in organic photovoltaic devices, the high temperature (140°C)
annealing step has been reported to be a critical factor for P3HT phase segregation*®*°. Since
the film formation is carried out under an initial low temperature (60°C) “solvent annealing”
step followed by a high temperature (140°C) annealing step, GIWAXS spectra were obtained
for films that have undergone both annealing steps (hereafter “annealed sample”) and only
the initial low-temperature solvent annealing step (hereafter “unannealed sample”). The 2D
GIWAXS images acquired under each incident angle for both unannealed and annealed
samples are illustrated in Figure 6. For both unannealed and annealed samples, there is a
narrow peak at Q,~0.4 A=1 corresponding to the (100) lamellar stacking of P3HT polymeric
chains”’, indicating that the P3HT phase has already crystallized during the low-temperature
solvent annealing step. Furthermore, based on the higher intensity of the P3HT (100) peak
along the Q, axis, it is evident that the P3HT crystallites formed in the NP-BHJ film have
predominantly adopted edge-on orientation where m-m stacking is in the plane of the film and
alkyl side chains are perpendicular to the substrate®. Since charge transport is more efficient
along the main chain and m-m stacking direction while side chains act as charge barriers,
edge-on orientation is high desirable compared to face-on orientation™. The average P3HT
crystallite size for the unannealed and annealed samples were calculated using the Scherrer
formula® (equation(4)) on the P3HT (100) peak in the 1D radial integration plots (Figure 6i
and 6j).

KA
b= BCosO (4)




Here, D is the crystallite size, K is the dimensionless shape factor (0.94), 4 is the X-ray
wavelength (0.134 nm), B is the full width at half maximum (FWHM) of the P3HT (100)
peak in radians, and 6 is the Bragg angle in radians. The FWHM was estimated by Gaussian
fitting of the P3HT (100) peak for each incident angle (Supplementary Figure 7). An
increase in the P3HT crystallite size was observed after the high temperature annealing step.
For example, at an incident angle of 0.05°, the crystallite size of P3HT was estimated to be
14.1 nm for the unannealed sample which was observed to increase to 14.7 nm following the

high temperature annealing step (Supplementary Table 3).
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Fig. 6 Crystallization within the segregated P3HT phase. 2D GIWAXS spectra for the unannealed NP-BHJ
film obtained at a. 0.05°, b. 0.1°, ¢. 0.2°, and d. 0.3° incident angles, and for the annealed NP-BHJ film at e.

0.05°, £. 0.1°, g. 0.2°, and h. 0.3° incident angles indicating the increase of the (100) peak signal at Q, ~0.4 A~1
with depth. Indexing for peaks corresponding to P3HT, PCBM, Bi,O; are displayed in panel h. 1D radial
integrations of the i. Unannealed NP-BHIJ film and j. Annealed NP-BHJ film for various incidence angles. A
decrease in peak widths with increasing incidence angle is observed, indicating the increase in P3HT crystallite
size.

Overall, the ToF-SIMS and GIWAXS spectra measurements indicate a semi-crystalline
P3HT rich capping layer in the NP-BHJ film. This P3HT-rich capping layer (which forms an
ohmic contact with the metal anode) acts as a charge selective layer that results in the ultra-

low dark currents observed for the HTL free hybrid X-ray detectors.



Charge transport characteristics of the NP-BHJ X-ray detectors

Following the identification of the vertical phase segregation that takes place within the NP-
BHIJ layer, we proceeded to study the charge transport properties of the system that was
facilitated by the organic semiconductors used. The charge carrier mobility of the NP-BHJ
detectors was estimated using the “photo-charge carrier extraction by linearly increasing
voltage” (photo-CELIV) method. We note that the broadband nature of the illumination
source which extends to ~700 nm enables generation of excitons at the absorption edge of
P3HT. As the absorption coefficient of P3HT significantly decreases at its absorption edge,
this enables photo-carrier generation throughout the thickness of the NP-BHJ layer
(Supplementary Figure 8). The detectors were illuminated under 475 W m™ white LED
light for 1000 ps and the photo-CELIV measurements were conducted under several ramp
rates/ voltage rise speeds. Figure 7a displays the photo-charge extraction transient recorded
for the HTL Free detector under a ramp rate of 1 V ms". The photo-CELIV charge carrier
mobility was estimated from the equation®' given below;

2d?
3At$nax[1+0.36%]

p= )

Where, p is the charge carrier mobility, d is the detector active layer thickness, A is the ramp
rate, [qx 18 the peak current, and J, is the current plateau value at the end of the ramp. For
the HTL Free detector, estimated carrier mobilities were in the range of 10 cm® V' s to 10"
> em’® V' s resulting in a mean mobility value of 2.85 x 10 cm®* V' s™'. Other detectors
tested in this work also displayed a mobility value of similar magnitude (Supplementary
Figure 9). These mobility values are in the same order as those reported for the previous
generation of NP-BHJ X-ray detectors (~107 cm?® V™' s™)'* estimated from the Time-of-flight
method as well as those reported for the P3HT: PC7BM organic BHJ solar cells (6.4 X 10"
cm” V)% estimated from the photo-CELIV method. While the photo-CELIV technique does
not enable mobilities of electrons and holes to be extracted separately, the characteristic ¢,
depends predominantly on charge carrier with the higher mobility®>. However, the “box
shaped” nature of the X-ray photocurrent transients observed (as opposed to a saw-tooth

profile) indicates that the charge carriers possess nearly similar mobilities.

The charge carrier recombination lifetime of the detectors was estimated by conducting
impedance spectroscopy (IS) (i.e. under dark conditions). The impedance spectra were

acquired under four negative applied bias conditions (0, -1, -2, -4 V). Figure 7b shows the



Nyquist plots for the HTL Free detector biased under the above-mentioned voltages where
two semicircles are observed; one at high frequencies above 15 kHz (Figure 7¢) and the
other one at lower frequencies below 15 kHz. Similar behaviour was observed for devices
comprising NiO and MoOy as the HTL (Supplementary Figure 10). The Nyquist plots were
analysed using an equivalent circuit shown in the inset of Figure 7b, consisting of R; and R,
resistance components which form a parallel circuit with constant phase elements, CPE; and
CPE,. We attribute one semicircle to the top surface of the hybrid film which is enriched with
P3HT phase while the other semicircle to the bottom region of the film consisting of Bi,O3
NPs, P3HT, and PC7;0BM**®. The adopted circuit model can describe the impedance

.. . . 66.6
characteristics accurately since the simulated curves®®®’

match well with the impedance
spectra across the whole frequency range. Furthermore, from the impedance spectra, two
characteristic times associated with charge carrier transport can be extracted. The effective
charge carrier lifetime (7,) from the peak position of the larger semicircle in the low
frequency regime. Also the charge carrier transit time (74), from the transition point of the
first semicircle to the second semicircle®. From the impedance spectra recorded at -2 and -4
V, we estimated the carrier lifetime to be in the range of ~3 to 13 ms for each detector,
irrespective of the hole selective condition. To evaluate the influence of an increased carrier
density on the recombination lifetimes, we carried out intensity modulated photovoltage
spectroscopy (IMVS) measurements. The recombination lifetimes estimated from the IMVS
technique (Figure 7d and Supplementary Figure 11) was estimated to be between ~50 us
and 70 us which is two orders of magnitude lower than that estimated using IS. This is in

agreement with increased charge carrier recombination in the presence of a higher carrier

density.

We further evaluated the response speed of the NP-BHJ detectors based on the rise time (time
taken to achieve 63% of the saturated photocurrent signal) and decay time (time taken to
achieve 37% of the saturated photocurrent signal) of the X-ray detectors as a function of
applied bias by using the transient photocurrent (TPC) method. Each detector was
illuminated with a 475 W m™ white LED light for a duration of 500 us and the photocurrent
responses were recorded at biases ranging from -5 to -10 V. The photocurrent transients
reported under each bias condition for the HTL Free detector are shown in Figure 7e. The
photocurrent transients of the NP-BHJ X-ray detectors demonstrated rise time and decay time
components in the microsecond time scales unlike the box shaped photocurrent transient

observed during the X-ray photocurrent measurements. However, it should be noted that the



rise time and decay times under our X-ray irradiation studies are masked by several factors
including the settling time of the X-ray source (usually a few seconds), and the limitations of
the readout electronics used. This is contrary to the measurement setup used for TPC, which
allowed observation of the photocurrent on microsecond scale. We observed that for each
detector, the rise time does not change significantly with increasing negative applied bias,
whereas the decay time of the detectors reduced with the increasing negative applied bias
(Figure 7f and Supplementary Figure 12). This relationship between the decay time and the
applied bias can be attributed to the field dependence of the charge carrier mobility in organic
semiconductors leading to increased charge carrier extraction under higher electric fields®
Overall, the rise times of the NiO-based detectors were ~23-24 us whereas HTL Free
detectors showed a rise time of ~29 us. Furthermore, the decay time of the HTL Free
detectors was approximately 50 us when an applied bias of -10 V was applied. Such decay
times are comparable to that of the high purity Germanium detectors which have been
reported to display decay times in the order of 10 us’. The relatively fast response times of
the optimized NP-BHJ detectors indicate that very low trap states exist at the
electrode/interlayer/NP-BHJ interface and that any bulk traps existing within the organic-

inorganic hybrid layer are relatively shallow””
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Fig. 7 Charge carrier transport in NP-BHJ X-ray detectors. a Example photocurrent transient as a function
of delay time of the HTL Free detector measured using the photo-CELIV technique. b Nyquist plots for the
HTL Free detector obtained under dark conditions when biased at 0, -1, -2, and -4 V. The black color crosses
(X) represent the fits for each bias calculated using the equivalent circuit shown in the inset. The R, and R, are
resistance components forming a parallel circuit with the constant phase elements CPE; and CPE,. ¢ An
expanded view of the Nyquist plots of the HTL Free detector displaying the smaller semicircle at frequencies
above 15 kHz. d IMVS spectrum of the HTL Free detector from which, recombination lifetimes in the range of
~50 ps and 70 ps are estimated. e Photocurrent transients of the HTL Free detector under -5, -6, -7, -8, -9, and -



10 V biases. f Rise time of the HTL Free detector plotted together with decay time, both as a function of applied
bias. The decay time reduces with increasing voltage which is attributed to the field dependent mobility of
carriers in organic semiconductors.

Dosimetric characterization of NP-BHJ X-ray detectors for radiotherapy

One possible application of these NP-BHJ X-ray detectors would be as a dosimeter for dose
mapping during radiotherapy. Conventional radiotherapy techniques such as Intensity
Modulated Radiotherapy (IMRT) and Volumetric Modulated Arch Therapy (VMAT) require
precise dosimeters to accurately monitor incident dose, exit dose and dose distributions
during verification measurements to confirm accuracy of radiotherapy treatment delivery’ .
Therefore, during this study we conducted a preliminary evaluation to assess the potential of
our low dark current HTL Free hybrid detectors to function as dosimeters. The detector
performance was investigated under exposure to hard X-rays from a 6 MV clinical linear
accelerator (Figure 8a and 8b) under an applied bias of -100 V. Analogous to the response
characteristics observed under 70 kV X-ray radiation, we observed a sharp rise and decay in
X-ray photocurrent response with a “box shaped” photo transient (Figure 8c). The HTL Free
detectors also displayed an excellent dose linearity and dose rate linearity as shown in the
Figure 8d and 8e, respectively. The sensitivity of the detector estimated from the dose
dependence method was ~1.5 mC Gy cm™ which is approximately six orders of magnitude
greater than the sensitivity observed under 70 kV X-ray radiation. This increased sensitivity
is attributed to the higher dose, applied bias, and the X-ray energy applied to this detector.
Even though the expected X-ray attenuation is poor at high energies, it should be noted that
Compton scattering becomes dominant in this energy range, therefore resulting in an electron
cascade contributing towards a very high sensitivity’*. Furthermore, this sensitivity value is
substantially higher compared to the previous generation of NP-BHJ detectors (~60 uC Gy
cm™)"* and polycrystalline diamond detectors (~0.7 uC Gy ecm™) 7, both characterized
under 6 MV X-rays. The detectors also displayed very high reproducibility under the repeated
X-ray exposures, with a maximum deviation of only 2.8% as shown in Figure 8f. The
voltage dependence of the HTL Free detectors under hard X-ray radiation was studied by
applying a bias ranging from -5 V to -100 V. The trend between the charge density and
applied voltage was fitted to the Hecht equation (Figure 8g) yielding a ur product of
approximately 1.806 x 107 cm® V™' which is comparable to the result obtained from the

voltage dependence studies under 70 kV soft X-ray radiation.

During IMRT and VMAT, the gantry head of the linear accelerator is rotated around the body

for the beam delivery from specific angles to the target volume consisting of the tumour and



appropriate margin to account for possible microscopic spread and geometric uncertainties
arising from internal patient motion and patient set up’>. Therefore, in such a scenario, a
dosimeter must be able to accurately measure the dose irrespective of the beam angle/gantry
angle. In order to evaluate the angular dependence of the detector response, we carried out X-
ray photocurrent measurements by varying the gantry angle of the linear accelerator from -
90° to +90° (Figure 8h). We observed a slight dependence of the photocurrent response of the
detector on the beam angle, particularly at intermediate angles between 0° and +90°. The
quantitative analysis of the normalized charge density generated at each angle to the charge

density at 0° indicates a maximum deviation of 5.6 % (at +60°) (Figure 8i). However, this



value is significantly lower compared to the angular dependencies reported from commercial

diode detectors which showed a maximum deviation of about 21 %'%"’.

Fig. 8 Response characteristics of the HTL Free detector under the 6 MV Hard X-rays. a Schematic of the
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experimental arrangement used for detector characterization under 6 MV hard X-ray radiation. b An enlarged
view of the experimental arrangement emphasizing the configuration of the detector, ionization chamber and the
phantom. ¢ X-ray photocurrent response from the detector. d Dose and, e Dose rate dependence of the HTL Free
detector showing excellent linearity (R* > 0.9998). f Reproducibility of the response characteristics under
repeated X-ray exposure. g Voltage dependence of the detector together with the Hecht fit (R* > 0.9998) for
estimation of the pt product.. h Schematic diagram illustrating the gantry angle rotation of the linear accelerator.
I Beam angle dependence of the detector showing less than 6% variation in detector response with beam
incidence angle. Data points in Figures ¢, d, e, g, i are averaged over three measurements.

Discussion



We have developed HTL Free organic-inorganic hybrid X-ray detectors with ultra-low dark
currents below 10 pA mm™ under electric fields as high as ~4 V um™'. This was identified to
be due to the vertical phase separation induced within the BHJ thereby resulting in an internal
hole selective mechanism. Such X-ray detectors fabricated without an HTL displayed very
appealing characteristics such as dose linearity, dose rate linearity, and reproducibility not
only under 70 kV soft X-ray radiation but also under 6 MV hard X-ray radiation with an
exceptionally high sensitivity of ~1.5 mC Gy ¢cm™. The above-mentioned characteristics
combined with the ultra-low dark currents, high sensitivity, and low beam angle dependence
indicate that these detectors are promising candidates for dosimetry in radiotherapy, medical
imaging as well as industrial applications. Therefore, if properly engineered for optimized
charge transport within the active matrix, we can soon expect detector response
characteristics comparable to the conventional X-ray detectors with added benefits of
flexibility and much lower cost. This would stimulate further interest towards NP-BHJ
composites for X-ray detection in a diverse range of applications including in remote areas

with lower resources and power budgets.

Methods

Materials. Regioregular Poly(3-hexylthiophene-2,5-diyl) (P3HT; 80 mg; MW 46 kDa;
Regioregularity 91%; Rieke 4002-EE), [6,6]-Phenyl C71 butyric acid methyl ester (PC70BM;
80 mg; purity > 99%; Solenne), and Bi,Os NPs (80 mg;  phase with a tetragonal crystal
structure; 38 nm diameter; surface area 18 m’ g'l; Alfa Aecsar) were added to
Dichlorobenzene (DCB; 1 ml; anhydrous; Sigma-Aldrich) and stirred overnight to produce
P3HT: PC;,BM: Bi,0O3 solution. The solution was preheated at 60 [ while stirring for 30 min
before deposition of the films. The solution preparation was carried out in a N, glove box

(MBraun MB20G).

Device fabrication. Devices were fabricated on ITO (InyO;: Sn) glass substrates (15 mm X
15 mm, 15 Q per square, Luminescence Technology Corp.). An electron transporting
Aluminium-doped Zinc Oxide (ZnO) NP dispersion (Sigma-Aldrich) layer was spin coated in
air (3000 rpm for 30 s) and annealed at 80°C for 10 min to give a thickness of 40 nm. P3HT:
PC7BM: Bi,0s3 solution was then casted. Devices were annealed (at 60°C) for ~60 min in air,
until a relatively dry layer was obtained. After the low temperature annealing process,
devices were annealed at 140°C for 10 min in a N, glove box (MBraun MB20G). Devices

were kept under vacuum at a pressure of less than 3 x 10~ mbar for 48 h to remove any



residual solvent. This was followed by deposition of the hole transport layer; for NiO-based
devices, each concentration of NiO (2.5, 1.25, 0.63, 0.31, and 0.16 wt. % in Ethanol,
Avantama) was spin coated in air (at 1500 rpm for 30 s). For MoOy devices, 10 nm thick
MoOy layer was thermally evaporated. For HTL Free devices, no external HTL was
deposited. This was followed by the deposition of the silver anode (~120 nm) by thermal

evaporation.

X-ray irradiation and characterization. For each detector, three measurements were
recorded under each irradiation condition. Detector response was characterized under both

soft and hard X-ray radiation;

1. A 70 kV microfocus X-ray source (Hamamatsu L6732-01) under a dose rate range of
0.67027 — 2.7510 c¢Gy s"'. A Keithley 2410 source measurement unit was used for
recording the electrical characteristics.

2. 6 MV X-rays from a clinical linear accelerator (Elekta Synergy) located at the
National Physical Laboratory (NPL). Dose rates from 34 ¢cGy min™' to 546 ¢cGy min™'
were provided by the LINAC and a Keithley 2400 source measurement unit was used

for recording electrical characteristics of the devices.

TGA. Thermogravimetric analysis of the NP-BHJ film was carried out under air, using a
thermogravimetric analyzer (Q500 V6.7; TA Instruments). The sample was heated from

room temperature to 700 [ at a heating rate of 10 [ min™.

Stylus profilometry. NiO (2.5, 1.25, 0.63, 0.31, and 0.16 wt. %) was spin coated on ITO
coated glass substrates as stated earlier. The thickness achieved under each concentration of
NiO was evaluated by Stylus Profilometry (Dektak XT; Bruker) using a 2 um radius tip with
a 2 mg stylus load.

AFM. Glass/ITO/NP-BHJ/NiO samples were prepared as stated earlier. The surface
roughness of each NiO coated hybrid film was evaluated by using an AIST-NT atomic force
microscope. The experiment was conducted in the tapping mode. The RMS roughness of the

films was evaluated using the Gwyddion software.

SKPM. Glass/ITO/NP-BHJ samples were prepared as stated earlier. The surface potential of
the NP-BHJ film was evaluated by amplitude-modulated 2-pass scanning Kelvin probe
microscopy (Combiscope 1000; AIST-NT). The work function of the tip was calibrated on
highly ordered pyrolytic graphite (HOPG) before and after the measurement on the hybrid



film to account for drift due to adsorbed water. The measurements were conducted in dry

nitrogen, with oxygen and water below 1 ppm.

FIB-SEM. Samples were prepared by fabrication of the NP-BHJ film on the ITO coated
glass substrates as described earlier. Cross sectional morphology of the NP-BHJ film was
examined using a FERA3; TESCAN dual beam/focused ion beam scanning electron

microscope under an accelerating voltage of 5 kV.

ToF-SIMS. Glass/ITO/NP-BHJ samples were prepared as stated earlier. Depth profiling of
NP-BHJ film was performed with a TOF.SIMS 5 (IONTOF GmbH) time-of-flight secondary
ion mass spectroscope using a 30 keV Bi;" ions for analysis and Ar(1700-2000) ions at 20 keV
for sputtering in non-interlaced mode. Low-energy electrons were used to flood the surface
during the measurements. The sputter beam was rasterised in random mode over a 250 X 250
um® area with the analysis area of 50 x 50 pm®. Every plane of the analysed volume was
rasterised in random mode with 128 X 128 pixels at 1 shot per pixel and 3 frames following

by 7 frames of sputtering. The instrument was operated in the negative ion polarity.

Data acquisition was obtained using SurfaceLab software (IONTOF GmbH). Depth profiles
were exported using the ASCII export function and 3D maps were exported using the 3D

Rendering function.

GIWAXS. Samples were prepared by fabricating the NP-BHJ film on the ITO coated glass
substrates where “Unannealed samples” were subjected only to low temperature solvent
annealing step while the “Annealed samples” have undergone both low temperature and high
temperature annealing steps. GIWAXS measurements were performed using a Xeuss 2.0
(Xenocs, France) system equipped with a liquid gallium MetalJet source (Excillum, Sweden)
which provides a 9.243 keV X-ray beam. The beam was collimated to a spot of with a lateral
dimension of 400 pum on the sample. A Pilatus3R 1M 2D detector (Dectris, Switzerland)
placed at ~307 mm from the sample was used to obtain the diffraction images with both the
sample chamber and flight tubes held under vacuum to remove background air scatter.
Calibration of the sample-to-detector distance was carried out using a silver behenate
calibrant in transmission geometry, while GIWAXS measurements were performed at
incident angles of 0.05°, 0.1°, 0.2°, and 0.3°. This data was corrected, reduced and reshaped
using the GIXSGUI MATLAB toolbox’®.

Parameters for the Scherrer formula were extracted from Gaussian curve fittings of the P3HT

(100) peak using OriginPro software.



Photo-CELIV, IS, IMVS, and TPC. The Photo-CELIV, impedance spectroscopy, intensity
modulated photovoltage spectroscopy, and transient photocurrent measurements were
conducted using the Paios all-in-one test platform by FLUXiM. Devices were fabricated
using the same methodology described for X-ray response characterization. The pixel area
was reduced to 3 mm’ in order to minimize capacitive effects that can influence device

characteristics.
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