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ABSTRACT

In this study, we present proof of concept for an x-ray detector. The hybrid device consists of a synthetic single crystal diamond in mechani-
cal contact with a piezoelectric lithium niobate surface acoustic wave (SAW) delay line. Upon x-ray irradiation, the diamond crystal experi-
ences a change in conductivity, which, in turn, very sensitively influences the SAW transmission on the delay line. This change in SAW
attenuation is directly used to monitor the x-ray beam intensity. The SAW attenuation shows a monotonic variation with dose rate D in the
studied range between 100 and 1800 lGy/s. While the response time leaves room for further improvement, the SAW detection principle
offers the unique possibility for wireless remote powering and sensing.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047043

Detection of x rays has been the subject of continuous research
since their discovery by R€ontgen in 1895. The extensive use of x rays
for research in industry and medicine has prompted the development
of detectors needed for absolute intensity measurements and for the
protection of personnel and public health.1 Various solutions have
been developed to cope with the broad range of energies and dose rates
typically used in different applications. According to the basic detec-
tion mechanism, they can be classified into the following categories:2

x-ray films, phosphor- or scintillator-based detectors, gas detectors,
and semiconductor-based solid-state detectors. The latter devices are
gaining increasing importance as they benefit from the unceasing
improvement of semiconductor materials. Furthermore, the wide
range of stopping powers and bandgap energies that are characteristic
of these materials offer a plethora of options with respect to the tar-
geted applications. Semiconductor-based detectors typically exhibit a
significantly higher material density than gas detectors, which qualifies
them specifically for dosimetric measurements of small beams with
high spatial resolution. In addition, their ionization energy is mostly
lower than that of gas detectors and scintillators, which means higher
signals.

Among the potential semiconductor materials, diamond excels in
several important properties. First, the tissue equivalence of carbon
(which is of high relevance for clinical dosimetry) guarantees a nearly

identical particle and energy dependence of the energy deposition in
diamond and human tissue, thus requiring only minor correction fac-
tors. Second, competing semiconductor materials like the III–V com-
pounds GaAs or GaN exhibit low atomic displacement energies,
which makes them prone to strong radiation damage. In contrast, dia-
mond’s high cohesive energy ensures excellent radiation hardness,
thus enabling long-term stable operation.3 Third, the low mass attenu-
ation coefficient can be of advantage when the intensity and position
of a beam are to be measured without undue attenuating of its inten-
sity4 or in the case that the low energy range of x-ray photons to be
detected extends below 10 keV.

Since the invention of interdigital transducers (IDTs) in 1965,5

SAW devices have found a broad range of applications in telecommu-
nication industry as filters, oscillators, or transformers.6 Coated with
specific recognition layers, they can be used as chemical sensors.7–9

Furthermore, the SAW structures offer the potential for wireless
sensing.10,11 Finally, they can be operated as actuators for the micro-
manipulation of small droplets.12

In the field of detectors for ionizing radiation, the concept has
been explored for the detection of UV radiation.13–15 Equivalent
studies with higher energy photons (x or c rays) are still missing in the
literature. Previous investigations on the operation of SAW devices in
the nuclear environment suggested that such devices are radiation
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hard and there is no permanent damage by exposure to ionizing
radiation.16

SAW-based radiation detectors follow the operation principles of
sandwich structures. The latter have been extensively used in the field
of semiconductor physics to study the interaction of SAWs with the
charge carriers in bulk crystals or layers. For these sandwich structures,
the following relationship between the bulk conductivity r of the semi-
conductor in the vicinity of the SAW delay line and the attenuation C
of the propagating SAW has been reported,17

C ¼ x
v0

K2
eff

2

xr

x

1þ
�

xr

x

�2 ; (1)

with x and v0 being the measuring frequency in the laboratory
frame and the Rayleigh velocity of the SAW, respectively.
Furthermore, xr ¼ r=ðe1 þ e2Þ denotes the so-called conductivity
relaxation frequency of the semiconductor under consideration and e1
and e2 are the dielectric constants of the piezoelectric substrate and the
half sphere above it, respectively. K2

eff represents the electromechanical
coupling factor of the piezoelectric material, and x=v0 ¼ kSAW
¼ 2p=kSAW is the wave vector of the SAW. For quasi two-dimensional
(i.e., thickness d � kSAW) conducting layers in the vicinity of the
SAW delay line, a simplified, frequency independent interaction model
can be applied,18
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2
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�2 ; (2)

where rm ¼ v0ðe1 þ e2Þ is a material-dependent constant. For a mea-
surement frequency x ¼ const., both Eqs. (1) and (2) give essentially
the same results, namely, C is proportional to r for low conductivities
r < rm and C is scaling proportional to 1=r for high conductivities
r > rm (see Fig. 1).

Using the proximity coupling technique, the diamond crystal is
brought into intimate contact with the surface of the delay line by
applying mechanical pressure, as shown in Fig. 2. As the air gap
between the crystal and delay line is significantly smaller than the

wavelength of the SAW, the electric field that accompanies the SAW
can penetrate into the diamond and interact with the free carriers,
while the SAW propagates exclusively along the lithium niobate
(LiNbO3) substrate, due to the acoustic mismatch between the two
components.17–19

Recent advancements in chemical vapor deposition (CVD)
enable, in the meantime, the synthesis of diamond crystals that can
fulfill all requirements relevant for application as radiation detec-
tors.20,21 In combination with the high sensitivity of SAW delay lines,
this approach facilitates a different type of radiation detector.

In this Letter, we present the detection of continuous x-ray and
c-ray fields by a hybrid structure, consisting of a SAW delay line pre-
pared on a LiNbO3 substrate and a synthetic diamond as sensing
material located above the substrate (see Fig. 2). For launching SAWs,
interdigital transducers were deposited on the 128� Y-cut X-propa-
gated LiNbO3 substrate by evaporating 5 nm of titanium (Ti) and
50nm of gold (Au) employing optical lithography and a subsequent
liftoff technique. The used Split-4 IDT pattern results in a fundamental
frequency of 113.00MHz, which allows higher harmonic generation of
the third, fifth, and seventh SAWmode.

The diamond crystals for this study were grown heteroepitaxially
on the multilayer substrate Ir/YSZ/Si(001). The whole process com-
prised the pulsed laser deposition (PLD) of an yttria-stabilized zirconia
(YSZ) buffer layer on a 4-inch Si (001) wafer, the e-beam evaporation
of an iridium film, followed by the bias enhanced nucleation (BEN) of
epitaxial diamond, and finally the long-time growth of a 1.3mm thick
crystal in a high-power microwave plasma chemical vapor deposition
(MWPCVD) setup. The gas mixture during deposition consisted of
8% CH4 in H2 without any intentional nitrogen (N2) addition.

22,23

After removal of the Si substrate and buffer layers, several plates
of 5� 5� 0:5mm3 were prepared from the upper part of the sample
with the highest structural quality by laser cutting and mechanical

FIG. 1. Plot of Eq. (2), representing the correlation between the attenuation C and
the conductivity r.

FIG. 2. Schema of the hybrid structure under irradiation with x rays. The CVD
diamond is mechanically pressed against the surface of the LiNbO3 substrate.
The whole structure is exposed to the photons, which hit first the diamond crystal.
The electric field associated with the surface acoustic wave penetrates into the
diamond crystal across the very small gap.
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polishing. The crystals were then heated for 15min in air at �500 �C
in order to obtain an oxygen terminated surface, which guarantees the
absence of surface conductivity. Two of the crystals were used for the
SAW experiments. One additional piece was equipped with Ohmic Ti/
Pt/Au contacts on both faces. Measurements at 50V revealed a dark
conductivity of several 100 nA, which is at least four orders of magni-
tude higher than for that typical high resistivity heteroepitaxial dia-
mond samples.24 Operation of this crystal as a solid-state ionization
chamber under irradiation with x rays from a laboratory Mo-tube
(50 kV, 20mA) revealed a gain of�104 at a dose rate D of 77 mGy/s.

The final sandwich structure was fabricated on a 17.5mm
diameter chip carrier in a clean room environment. The central
alignment of the LiNbO3 substrate on the chip carrier facilitated
the fabrication of aluminum (Al) bonds between the contacts of
the IDTs and the Au pins of the chip carrier. After the bonding
process, the synthetic diamond sample was placed in contact with
the IDTs of the SAW device using a droplet of de-ionized water, in
order to ensure a good mechanical contact with the substrate. A
modified chip carrier mounted with a 0.2mm thick polystyrene
plate was used to apply gentle pressure to the diamond sample.
Upon completion of the fabrication procedure, the characteriza-
tion of S-parameters was performed using a network analyzer, to
guarantee the proper operation of the delay line.

The x-ray measurements were carried out in the IAEA/WHO
Second Standard Dosimetry Laboratory (Helmholtz Zentrum
M€unchen, Germany)25 using Bremsstrahlung irradiation quality of
C60 (60 kV, 45mA) with 3.9mm aluminum (Al) filtration. Different
dose rates were realized by variation of the distance between the hybrid
structure and x-ray tube. The attenuation of the used x- and c-ray
photons in diamond was low enough that one can assume a homoge-
neous distribution of the dose rate within the crystal. In addition, the
SAW structure was also irradiated by the photon beam. A calibrated
ionization chamber with an electrometer was applied to measure the
dose rates. To observe the energy-source dependence for similar dose
rates, additional radiation measurements were performed using a
137Cs c-ray source, following the same experimental protocol. All radi-
ation measurements were performed in air, at controlled temperature
and humidity. The performance of the device was monitored in terms
of changes in SAW signal amplitude. As the fundamental frequency of
the Split-4 IDTs corresponds to 113MHz, a signal generator was
employed to supply the device with a stable RF signal of this

frequency. The amplitude of the transmitted signal was analyzed using
a spectrum analyzer.

In a first series of experiments, we studied the sensitivity of the
plain SAW device without diamond to ionizing radiation (Fig. 3).
Swept-RF frequency measurements at the maximum dose rate were
performed. The typical transmission function (S12) of the SAW delay
line is clearly revealed with a maximum transmission at around
fðmaxÞ ¼ 113MHz. Upon irradiation of the “naked SAW device,” we
could neither observe a shift of the resonant frequency nor a signifi-
cant attenuation of the signal. Measurements were then continued
by employing a spectrum analyzer with an external signal generator
(Fig. 4). Irradiating the delay line at the maximum dose rate for 600 s
shows a slight increase in the amplitude by 0.002 dB when the beam
was switched on, but no visible response is observed after the switch
off. Thus, we conclude that the effect of radiation on the signals of the
SAW structure is small enough that it does not query the sensor
concept.

Figure 5 shows the temporal evolution of the amplitude for the
complete hybrid structure, i.e., SAW plus diamond, after switching the

FIG. 3. Test of the LiNbO3 delay line without diamond under irradiation. Swept-
frequency transmission response with and without irradiation.

FIG. 4. Test of the LiNbO3 delay line without diamond under irradiation. Change in
amplitude after switching off the x-ray beam. Throughout this study, the power of
the applied RF signal is �15.70 dBm using an external signal generator.

FIG. 5. Change in amplitude of the transmitted RF signal after switching of the
x-ray beam that hits the SAW/diamond hybrid structure. The inset shows part of the
recorded sequence. The experiment comprised sequences of 600 s exposure time
and 1800 s settling time.
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x-ray beam (dose rate D¼ 1503lG/s) with on/off time intervals of
600 and 1800 s, respectively. The data permit several important con-
clusions: First, there is a clear response of the device, yielding a signal
with low noise. Second, the signal has not reached a constant level
even after 1800 s, which indicates high settling times. Third, several
repetitions of the switching with a constant duty cycle reveal a good
reproducibility of a generated signals. In the measurements depicted
in Figure 6, the time intervals were further increased. The constant sig-
nal after about 1 h indicates that saturation has now been reached.

The long rise and decay time constants (0.5–1 h) are critical fea-
tures of the measured signals. They are similar to the values that have
been found in the electrical measurements of the reference crystal
equipped with metal contacts, which yields strong indications that
they are caused by bulk properties rather than by the contacts.26 They
are also in good agreement with various former studies, which consis-
tently found a correlation between high sensitivity or high gain values
and long settling times.27–29 This behavior was attributed to the incor-
poration of boron, which seems to be present in nearly every CVD
setup as a background contamination.23 We conclude from the high
dark conductivity that in the present crystals [B] > [N], i.e., a small
fraction of the boron is uncompensated by nitrogen.

The interaction relevant for the energy deposition of high energy
photons in matter depends on their energy. Below �100 keV, the
absorption by the photoelectric effect dominates. At higher energies,
Compton scattering and pair production play a major role. Relevant
for the present experiment is the generation of electron hole pairs in
the crystal, which changes its conductivity (radiation-induced conduc-
tivity, RIC).30 In diamond, the energy required for creation of one e-h
pair is 13 eV.31

In a final experiment, we explored the dose rate dependence of
our device. According to the Fowler relation,30 r / DD, the conductiv-
ity increases with dose rate D, while D typically varies between 0.5
and 1. The value of the exponent depends on the dominating recombi-
nation mechanism in the material. In commercially available diamond
detectors, D is close to 1.32 Figure 7 shows the change in amplitude of
the transmitted RF signal after switching an x-ray beam upon D
varying between 82 and 1847lGy/s. In addition to the x rays, three

data points were taken under irradiation by 137Cs c rays (E � 660
keV). Figure 8 compares the signals for similar dose rates under x-ray
and 137Cs c-ray exposure, respectively.

For the derivation of absolute values, we were faced with a gen-
eral problem encountered with diamond detectors: an appreciable
density of deep traps in the wide bandgap of the available crystals
makes it difficult to transform the diamond sensor into an equilibrium
state in acceptable time. Reports describe that the most reproducible
detector results are obtained by performing several switching cycles or
by pre-irradiating (priming) the sensor. The latter is even a mandatory
procedure for commercial detectors containing carefully selected crys-
tals as regularly used in hospitals.20,32 The problem is particularly pre-
sent for the high gain heteroepitaxial diamond in our experiments. For
the derivation of the values shown in Fig. 9, we, therefore, determined
the difference between the amplitude measured at the end of the first
exposure cycle and the end of the first recovery cycle.

Over the whole range, the attenuation shows a sublinear variation
with the dose rate. This may partially be attributed to the relationship
given by Eq. (2) that predicts approximately a linear behavior at low

FIG. 6. Change in amplitude of the transmitted RF signal for an increased exposure
time of 3600 s. Within this time interval, the signal reached a saturation value.
Before the experiment, the device could settle without exposure overnight.

FIG. 7. Change in amplitude of the transmitted RF signal after switching x rays with
dose rates varying between 82 and 1847lGy/s. Before the experiment, the device
could settle without exposure overnight.

FIG. 8. Comparison of the signals generated by x-ray and 137Cs c-ray exposure.
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conductivity r, reaching a maximum and a transition to a decay
/ 1=r at high r values. In addition, nonlinearities in scaling of the
carrier density and conductivity in the diamond crystal with the dose
rate may also have an influence. Currently, we cannot decompose the
contributions of both effects. Provided that the effects are stable and
reproducible, the nonlinearities in the characteristic curve are not an
obstacle for quantitative measurements when appropriate calibration
procedures are applied. As shown in Fig. 9, irradiation with c rays of
�660 keV from the 137Cs source yields a slightly higher attenuation
(�0:05 dB). Explanation of this difference requires further
experiments.

In conclusion, we have explored the use of a SAW delay line in
contact with a synthetic diamond crystal under illumination by
ionizing radiation. It was demonstrated that radiation-induced
changes in the conductivity in the diamond crystal can be detected via
this hybrid structure by measuring the attenuation of the SAW signals.
The long time constants for the settling of the signals after switching
the irradiation are in accordance with the results of the RIC measure-
ment, which provides clear indications for bulk properties being
responsible in both cases.26 Nonlinearities in the response are not con-
sidered an obstacle for technical applications since the nonlinear char-
acteristic curves can be determined for each device by appropriate
calibration procedures. Exploration of diamond crystals with lower
gain is a promising route to obtain a faster response. The unique
advantages of the present concept, such as wireless remote powering
and sensing, qualify it for special applications in harsh environments
rather than for the substitution of standard dosimeters.
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