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Solid state organic X-ray detectors based on
Rubrene single crystals

Laura Basirico, Andrea Ciavatti, Mirta Sibilia, Alessandro Fraleoni-Morgera, Silvia Trabattoni, Adele
Sassella and Beatrice Fraboni

Abstract— In this work we report the results on the first
investigation on Rubrene single crystals as solid state direct
ionizing radiation detectors. With the aim to understand how
electrical properties, and in particular a large charge carrier
mobility, affect the radiation detection process in organic
semiconducting single crystals, we compare the detection
performance of Rubrene-based devices with those of 1,5-
dinitronaphthalene (DNN)-based ones. DNN has been recently
proven to be a stable and reliable X-ray direct detector,
operating at very low voltages, in air and at room temperature,
with a carrier mobility values about two orders of magnitude
lower than Rubrene. We demonstrate here that the large charge
carrier mobility of Rubrene crystals does not result in a better X-
rays detection performance. In fact, Rubrene devices are here
shown to be less performing as detectors, with lower sensitivity to
X-rays, poorer stability, reproducibility and longer rise and
decay times of the signal than DNN-based devices.

Index Terms— Direct X-ray detectors, Sensors, Rubrene, 1,5-
dinitronaphthalene, Organic Single Crystals

|I. INTRODUCTION

ERY recently we demonstrated [1][2] how Organic

Semiconducting Single Crystals (OSSCs) grown from

solution can be used as room temperature, low-voltage
direct X-ray detectors. The direct detection approach, i.e. a
direct conversion of ionizing radiation into an electrical signal,
results in an improved signal-to-noise ratio with the advantage
of a real-time radiation detection if compared to the indirect
approach, in which organic materials have been proposed both
as scintillators [3] and as photodetectors to be coupled to a
scintillating material [4][5]. The studies on the application of
organic materials in ionizing radiation direct detection started
in the 1950s with the first investigation of the conductivity
induced by X- and y-rays in insulating polymers as
polyethylene, polymethyl methacrylate and polystyrene [6].
Nowadays the interest for the exploitation of organic materials
as X-ray detectors is still very relevant thanks to their
promising properties for such kind of applications. As they are
based on Carbon and light weight atoms, their effective atomic
number is similar to the average human tissue Z (7.64 for
muscles) [7] and much lower than that of inorganic detectors
based on heavier materials as Si, CdTe, CZT. Therefore, due
to their low radiation stopping power, they could be exploited
for medical dosimetric applications, since they might be
interposed between the X-ray source and the patient providing
a direct reliable real-time in situ dosimetry, without
significantly absorbing the impinging beam. Indeed, the need
to overcome the non-tissue equivalence of inorganic based
detectors pushed the commercial spreading of X-ray diamond-
based dosimeters [8], which however still have high
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manufacturing costs in covering large areas, similarly to other
high performing detectors based on inorganic highly pure
single crystals. Organic materials, on the other hand, are easily
processable in liquid phase and thus they can be deposited
over large areas by means of low-cost deposition techniques,
e.g. inkjet printing [9][10][11]. Also, the possibility to deposit
and to process them at low temperature, permits the
fabrication of devices onto very thin and flexible plastic
substrates, easily conformable to any kind of surface geometry
[12][13]. Only few examples of direct ionizing radiation
detectors based on organic semiconducting polymeric thin
films are present in the literature [14][15], and some papers
reported about the effects of high X-ray irradiation doses on
organic materials [16][17]. However, because of the low
atomic number of their constituent atoms, the interaction
volume is small and the reported thin film (a few hundreds of
nm thick) devices exhibited a limited detection sensitivity, due
to their overall low attenuation efficiency. In order to
overcome this limitation high-Z nanoparticles (metallic
tantalum [18] and insulating bismuth oxide [15][11]) have
been added to the semiconducting polymer enhancing the
stopping power of the material. Another reported approach
consists in improving the transport properties of the organic
film by introducing high-mobility small molecules in a blend
with the polymer, leading to enhanced performances of the
detector [19]. The approach we proposed is to employ OSSCs
as the active detection material in direct solid-state X-ray
detectors, as it allows to easily override the above reported
problems from several points of view. First of all, the
possibility to grow large and thick (up to few mm?®) single
crystals permits to enhance the attenuation efficiency of the
device without the necessity to add high-Z elements to the
organic material, thus preserving the tissue-equivalent feature
of organic detectors. Moreover, the OSSCs high chemical
purity, long-range order and lack of grain boundaries, typical
of polymeric film-based devices, lead to unique transport
properties, i.e. high carrier mobility [20], transport anisotropy
[21][22] and long exciton diffusion lengths (up to 8 um [23],
very high if compared to that of 10 nm reported for organic
thin film photovoltaic devices [24]). Also, some solution-
grown organic crystals proved to be very robust to physical
manipulation, to environmental conditions (air, light, room
temperature) and to X-ray damage [1][2].

In this paper we report on X-ray solid state detectors based on
Rubrene, considered as one of the highest performing single
crystal for electronic applications, e.g. as active layer in
Organic Field Effect Transistors (OFETS) [25], thanks to its
very high carrier mobility (up to 20 cm?/Vs [13]). We have
fully characterized its performances as X-ray radiation
detector under a Mo-target X-ray tube. Despite the several
studies carried out on this molecular crystal, its application as
active material in ionizing radiation detectors has not yet been
investigated. Its detection features are compared to those of a
recently reported OSSC-based X-ray direct detector, based on
DNN (1,5-dinitronaphthalene), exhibiting a stable and
reproducible response to X-rays at low bias voltages, in air
and at room temperature [2]. In fact, since DNN crystals have
much lower charge carrier mobility with respect to Rubrene,
we intentionally compare the performances as X-ray detectors
of these two types of crystals to investigate how the electrical
performances of OSSCs, and in particular mobility, affect the
radiation detection efficiency of OSSCs-based devices.

In more detail, we studied the X-ray photo-response of two
series of Rubrene single crystals, which possess quite different
electronic transport properties. These two sets of samples have
been selected by directly measuring their charge carrier
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mobility and dark current, i.e. the current flowing in the device
in absence of radiation.

From this investigation we found out, very interestingly, that
Rubrene-based detectors exhibited lower sensitivity to X-rays,
poorer stability and reproducibility of the signal and a slower
dynamic response in comparison to DNN-based devices,
suggesting that the superior transport properties of Rubrene, in
particular its much higher carrier mobility, are not key
parameters for ionizing radiation detection in OSSCs.

Il. EXPERIMENTAL

A. Crystal growth

DNN was purchased from Sigma Aldrich (97% purity). The
compound was re-crystallized in chloroform until the
compound melting point was stabilized in the range 214-
215°C. The so-obtained crystals were hence used to prepare a
saturated solution in acetone. Volumes of 5 mL from this
solution were put into glass beakers, which were sealed with
Al foil and parafilm. A small hole (approximatively 0.2 mm of
diameter) was made in the center of the Al foil to allow slow
and controlled solvent evaporation, and the growth batches
were placed in a thermostatic room at 4°C. An optical
microcopy image of one of the crystals obtained after
complete solvent evaporation is reported in Fig. 1a. Rubrene
powder was purchased from Acros Organics; single crystals
(Fig. 1b) were grown by physical vapor transport (PVT) in a
horizontal tube 75 cm long placed in a three-zone furnace with
a temperature gradient of 2 °C/cm and a nitrogen flux of 50
mL/min, following the same method used in [22][26]. The
chemical structures of Rubrene and DNN molecules are
shown in Fig. 1c. The energy bandgap of the two materials is
of 3.26 eV for DNN and 2.20 eV for Rubrene single crystals,
in accordance with literature [27][28] and verified by means of
optical absorption measurements.

B. Electrical characterization

Both Rubrene and DNN-based devices have been tested in a
coplanar electrode configuration, as depicted in Fig. 1d. The
electrodes have been deposited by thermal evaporation in high
vacuum (10° torr) on the top of the crystals, along their axis of
major growth, at a distance of about 45 um, employing a
shadow mask. In this way the highest m-orbital overlap
direction, i.e. the crystal highest mobility axis, was electrically
addressed for both crystals, in order to obtain comparable data
for the samples tested. In such configuration the electric field
is not uniform within the whole electrodes and over the entire
semiconductor volume. In particular, the electric field is
confined in a region of the crystal below the electrodes. The
electric field distribution in a similar structure has been
described by Chen et al. [29] for inorganic X-ray detectors
based on amorphous selenium.

The crystal structures of Rubrene and DNN are reported in the
literature [30][31][32]. All the electrical measurements were
carried out in air, in dark and at room temperature, by means
of a Keithley model 6517A electrometer.

c) d)
electrodes

Fig. 1. Optical microscopy image of a DNN a) and Rubrene b) organic single
crystal. ¢) Chemical structure of the DNN and Rubrene molecules, where H
atoms are omitted. d) Schematic representation of the electrode configuration
on single crystal based devices.

C. X-ray Irradiation

The X-ray irradiation measurements have been performed
with a commercial X-ray tube with a Molybdenum target at 35
kV of accelerating voltage and for various filament currents,
in order to scan different dose rates for detector sensitivity
measurements:; filament current in the range of 5-30 mA
provides dose rates between 20 mGy/s and 120 mGy/s at 21
cm far from the source. The samples were placed in a metal
box with a window of 4 cm? in such way the X-rays impinge
on the sample without further filtration. At this position, the
X-ray incident beam has a circular spot with a 5 mm diameter,
covering entirely the detector surface. The electrodes and
substrate contribution to X-ray induced signal is not negligible
and will be discussed in more detail in Section I11.

I1l. RESULTS

A. Dark Current and Mobility

Fig. 2 reports the typical Current vs. Voltage curves of a)
Rubrene and b) DNN based devices. Both curves follow the
Space Charge Limited Current (SCLC) behavior, typical of
high resistivity materials, as reported for other OSSCs [33].
Rubrene crystals have dark current (lore) several orders of
magnitude higher than those recorded for DNN, in the
operating voltage range 5-100 V.

Rubrene a)

Current (A)

1 0 100
Voltage (V)

1044 DNN b) 5
1074
10°]
107
10° 4
1074
1074
10" 4

10" 4 .
1 1

Current (A)

0 100 1000
Voltage (V)

Fig. 2. Current vs. Voltage curve, for a) Rubrene (Rubl set) and b) DNN
based devices, in double-logarithmic scale within the space charge conduction
regime. Note that the scales in the two graphs differ of about one order of
magnitude.

We characterized two different sets of Rubrene crystals, one,
named Rubl, with better electrical transport performances, i.e.
with higher dark current and mobility up to 10 cm?Vs,
indicating a higher crystal quality, and a less performing
crystals set (Rub2), with average mobility values of 1.0 + 0.5
cm?/Vs.

The charge mobility of the molecular crystals has been
estimated following the SCLC analyses method, reported for
coplanar electrodes configuration [22]. The obtained values
for the DNN and for the two sets of Rubrene crystals,
averaged within five devices for each set, are reported in Table

.
TABLE |
MOBILITY, DARK CURRENT, SENSITIVITY AND SIGNAL AMPLITUDE VALUES
MEASURED FOR DNN AND RUBRENE BASED DETECTORS

| 5V S@5V Al @ 5V
Crystal t:lr?rsz/c\/s nCZF @ ng)Gy nA@
DNN (2.2+0.8)x10°  0.10 +0.05 33+05 050+0.10
Rubl 8+2 4+3 n.a. n.a.
Rub2 1.0+05 0.08 £ 0.05 14+04 0.15+0.10
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Note that, even if the average charge mobility of some of the
investigated Rubrene single crystals results one order of
magnitude below the top-performing crystal reported in
literature (charge mobility up to 20 cm?/Vs has been reported
for Rubrene based Organic Field Effect Transistors OFETs
[20]), it remains at least two orders of magnitude higher than
the average mobility recorded for DNN (see Table I).

B. X-ray performances

The dynamic behavior of the OSSC-based detectors was
evaluated through the real-time recording of the current
flowing within the crystal (Current vs. Time), at a fixed bias
voltage, while switching ON and OFF the X-ray beam at
regular time intervals. In this way, it is possible to assess not
only the direct response of the detector, but also the dark
current and the signal amplitude stability during the
measurement. Fig. 3a shows the response of two different
Rubrene crystals (one of set Rubl and one of set Rub2), both
biased at 5 V, exposed to 3 cycles of ON/OFF X-ray switching
at a 120 mGy/s dose rate. Interestingly, we found that Rubl
samples, with higher mobility, exhibited a huge drift of the
current baseline even at low biases (black line in Fig. 3a) and
their signal response was not easily detectable. On the other
hand, it was possible to detect a response signal from the
lower mobility Rub2 samples, even if much weaker than the
one typically obtained from DNN samples (Fig. 3b). Although
a slight drift of the dark current is present also for Rub2
samples, a complete characterization as X-ray detectors could
be carried out on them. On the other hand, the pronounced
current instability of Rubl samples, possibly ascribed to the
higher dark current with respect to the other tested set of
samples, makes them impracticable to characterize as detector,
even though Rub 1 dark current average value is of the order
of few nA, therefore still acceptable for a solid state radiation
detector. Moreover DNN, which shows higher detection
performances, has an average dark current value only one
order of magnitude lower (=0.1 nA) than Rubl samples for
identical bias voltage (5 V).
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7.54
— 10.12 —
_.a-X-ray OFF _,
< 7.0 i P @—’ g
= a5 S AL
c 4 { ! 3 : 1 1
o i P .1 Joos 2
S 6.0 ! ! i i ! { =
© ’ P b Joos©
5.5 ! ! i i ! :
1 I N, i (L
504 _ i “‘---/,l Tl =40.04
45 T X-ray ON ‘902
- 30 60 90 120 150 180 210
Time (s)
0.7
b)
0.6
0.54
EOA—
=
203
o
0.2
0.14

0 10 20 30 40 50 60 70
Time (s)
Fig. 3. Dynamical electrical response to X-rays, switched ON and OFF, of
Rubrene single crystal devices: a) Rubl (high dark current and mobility, black
solid line - left y axis) and Rub2 (lower mobility, blue dashed line - right y
axis); b) DNN. All samples were biased at 5V during the measurement and
irradiated with a 120 mGy/s dose rate.

The Current vs. Voltage curves in a Rub2 sample for different
X-ray dose rates are reported in Fig.4a. The instability of the
dark current can be noticed by comparing the “Off” curves
recorded with the X-ray beam off after each different dose rate
exposure (the current shows a progressive decrease), possibly
due to traps induced in Rubrene by X-ray exposure, as
observed in literature [20]. The instability and lack of

reproducibility of Rubrene electrical performances could be
also ascribed to the huge sensitivity of this molecular crystal
to environment conditions, as the detrimental effects of photo-
oxidation on the transport properties of the crystal are reported
in literature [34], even if still controversial [35]. Nonetheless,
it is also well-known how single crystals are particularly stable
to oxidation with respect to polycrystalline samples.

o OFF a .
104 « o9meys ) -
s OFF Lo
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» 19 mGy/s u At
5 0.6 o OFF .-'-A“A“
e L] A
% ..."““ .-"'..
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= s
(@]

Voltage (V)
1.2 Rubrene b) v=1ov
------ DNN o
1.0+ V=7V ‘
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Current (nA)

0 30 60 90 120 150

Time (s)
Fig. 4. a) Current vs. Voltage curves of Rub2-based detector in the dark
(empty symbols) and under X-rays (filled symbols) at different dose rates. The
dark current was recorded after each measurement under irradiation. The lack
of overlapping between the dark current curves indicates the poor stability of
the logr. b) Current vs. Time curve the DNN-based (dashed black line) and
Rubrene-based (continuous red line) device recorded while switching
ON/OFF the X-ray beam (dose rate of 120 mGy/s) and sweeping the bias
voltage after each cycle. The black arrow in a) indicates the progressive
decrease of the dark current.

The X-ray induced photocurrent increases as the voltage
increases, analogously to what has been reported for other
studied OSSCs [1][2]; however, in the case of Rub2 crystals
the baseline drift becomes pronounced at higher voltages (see
Fig. 4b). Nevertheless, the X-ray induced photocurrent signal
Al = Iy — Iopp Was measured, considering as logr the value
just before the switching X-ray ON, for various radiation dose
rates, sweeping the bias voltage up to 10 V and keeping the
OFF and the ON state for 10 s each (Fig. 4b). From such
measurements, we obtained the plot of the Al in function of
the X-ray dose rate (Fig. 5). The detector sensitivity, defined
as S = AlI/D, where D is the dose rate, could be thus extracted
as the slope of the linear fit of the plot, and resulted to be
about 1.4 nC/Gy at 5 V, more than 50% less than the one
calculated for DNN-based devices biased at the same voltage
with the same electrical configuration, as shown in Table I.
Table | reports also the dark current I,z and the photocurrent
response Al at a bias voltage of 5 V, together with the charge
mobility values measured for the studied crystals. The errors
were calculated considering the variability among five devices
for each set. Fig. 5 reports the Al vs. D plots of the two
devices, at the same bias voltage of 5 V: the signal response
amplitude of Rub2-based detectors is much lower than that of
DNN (about 0.2 nA for Rub2 vs. 0.5 nA for DNN at 5 V and
120 mGy/s dose rate) and their difference in sensitivity can be
clearly observed comparing the much larger slope of the DNN
plot with respect to that of Rub2. Fig. 5 also shows the current
contribution recorded when the metal electrodes and the
substrate are exposed to identical X-ray irradiation (i.e.
without OSSC). This non-negligible X-ray induced
photocurrent cannot be obviously ascribed to the organic
crystal, it is rather a “background signal” that has to be
subtracted from the total collected signal in order to obtain the
intrinsic crystal response to the radiation of OSSCs-based
detectors. As shown in Fig. 5, the X-ray photo-response of
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Rubrene detectors is quite low, barely distinguishable from the
background (electrodes and substrate) contribution.

0.5 o
#  Substrate and electrodes
= Rub2 0
0.44 0 DNN o
2
o,
— 0.3
<
5 o
< 0.2 .
a L
- *
0.1+ N e
" - e
w

20 40 60 80 100 120
Dose Rate (mGy/s)

Fig. 5. Rub2 (full squares) and DNN (empty squares) X-ray induced current
signal Al = I,y — Ipp for increasing dose rates biased at 5 V. From the slope
of the linear fit of the plots, the sensitivity can be estimated for the two
detectors. The electrodes/substrate X-ray induced photocurrent, i.e. the
“background signal” measured in the absence of the OSSC, is also reported
(black stars).

The above reported poorer performances of Rubrene-based X-
ray detectors compared to DNN ones suggest that in X-ray
detectors based on organic single crystals a high mobility
value does not assure an improvement of the X-ray detection
sensitivity and, in general, of the detector performances. Such
a behavior is in good agreement with the results reported on 4-
hydroxycyanobenzene (4HCB) crystals when tested as X-ray
detectors [1][2]. In fact, 4HCB crystals are characterized by
anisotropic transport properties, poorer than Rubrene (max.
mobility <0.01 cm?Vs)[21], but show a very strong and stable
X-ray photo-response which is maximum along the crystal
axis with lower mobility values (min. mobility <1x10®°
cm?/Vs)[2][21].

On the contrary, a direct positive correlation between the X-
ray irradiation sensitivity and the charge carrier mobility was
found for organic X-ray detectors based on polymeric thin
films [19]. Such a different behavior for polymeric thin films
and the here reported OSSCs, in line with the mentioned
evidences recorded for 4HCB, could be understood and
justified by two considerations:

1) the mobility of the polymeric films varies in the range
1.3x10°® - 2.2x10° cm?/Vs, i.e. between very small values in
comparison to those measured for our devices, which are at
least two orders of magnitude higher and therefore already
assure an efficient electronic transport within the device;

2) organic single crystals are characterized by the absence of
grain boundaries and thus by a much lower density of traps,
which is reflected in a much higher carrier lifetime t than in
organic thin films.

In other words, the above reported results strongly suggest that
in the case of OSSCs-based detectors the intrinsic pt product,
a fundamental parameter that controls the charge collection
efficiency of radiation detectors, could be more sensitive to t
than to i when the carrier mobility is large enough to grant
efficient charge collection, as in the case of OSSCs.
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Fig. 6. Rub2 (red circles) and DNN (black squares) normalized current
response upon switching ON and OFF the X-ray beam. The samples are both
biased at 50V. The rise and fall times of the signal of Rubrene-based devices
are both much longer than that of DNN-based detectors.

In addition, very interestingly, a quite different dynamic
behavior of the X-ray induced photocurrent signal can be
observed by directly comparing the normalized Current vs.
Time curves of a DNN and a Rub2 detectors while switching
ON and OFF the X-ray beam (Fig. 6). Rubrene-based devices
exhibit current rise and decay times longer than the DNN
ones. Both the rise and decay time of well performing DNN
devices are less than 100 ms, which is the sampling rate of the
instrument, while for Rubrene-based devices both exceed tens
of seconds. Slow decay times were also observed in
preliminary pioneering studies on the X-ray induced
conductivity in organic insulating materials (e.g. amber,
polyethylene, polystyrene) and were related to the presence
and distribution of trapping sites in the material [6]. Moreover,
Mathews et al. [36] observed a slow current decay for an
Organic Field Effect Transistor (OFET) based on Rubrene
single crystal after continuous illumination with a 405 nm blue
laser. They argued that the electron traps induced by oxidation
in Rubrene lower the electron/hole recombination rate. In
particular, photo-generated excitons dissociate in these
oxygen-related trap sites, as a consequence the electrons
remain trapped while holes drift toward the channel. As a
result the electron/hole recombination rate decreases and gives
rise to slow current decay. An analogous mechanism may
occur in the here studied Rubrene-based detectors after turning
OFF X-rays. These observations hint at a correlation between
the slow response of Rubrene-based detectors and the trap
states present also in high purity, PVT grown Rubrene single
crystals, possibly induced by the exposure to oxygen and
visible light [37][34]. We demonstrated, on the other hand,
that DNN and 4HCB solution grown crystals are stable in air
and show a very low sensitivity to environment exposure [2].
Further measurements are ongoing in order to better
understand the role of traps in organic crystals when used as
X-ray detectors and to gain a better insight on the correlation
between the charge collection mechanisms, the carrier
mobility and the crystal molecular structure in organic single
crystals-based ionizing radiation detectors.

IV. CONCLUSIONS

To summarize, we demonstrated how organic single crystals
offer a great potential as novel low cost materials in the field
of solid-state radiation detection. In particular this study
represents the first investigation on direct solid-state X-ray
detectors based on Rubrene, the most studied among organic
single crystals. We compared the X-ray detection
performances of Rubrene, characterized by a high
conductivity and mobility, with those of DNN-based devices,
having two orders of magnitude lower mobility and
representing one of the few examples of OSSC-based detector
reported in literature. Rubrene-based detectors exhibit halved
sensitivity values, poorer output signal amplitude and stability
with respect to DNN-based ones. The dark current of Rubrene
detectors is unstable and decreases after X-ray exposure.
Moreover, a much slower response to X-rays (rise and decay
times over 10 s) has been observed for Rubrene detectors.
Since the average mobility of the investigated Rubrene
samples is 1.0 + 0.5 cm?/Vs, two orders of magnitude higher
than DNN ((2.2 = 0.8)x10° cm?Vs), our results clearly
indicate that a high charge mobility does not represent a key
parameter to achieve high detecting performances in organic
single crystal-based ionizing radiation detectors. Possibly, the
sensitivity of Rubrene to environmental conditions could
affect the reproducibility, the stability and the dynamic of the
X-ray induced photocurrent signal. The here reported findings
give an insight into the understanding of the key parameters
and physical properties to take into account for the
development of a novel class of solid state X-ray detectors
based on OSSCs.
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