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To measure soft X-ray energy spectra at room temperature using diamond, we connected a
300-um-thick single-crystal CVD diamond radiation detector with excellent charge carrier
transport properties to a micro—preamplifier fabricated using CMOS technology via ®97 um
electrodes. We attempted to measure the photon energy spectrum from a few keV to 60 keV at
room temperature by reducing the leakage current and the total input capacitance to the
preamplifier. The energy resolution for 5.9 keV X-rays from »Fe was AE = (484 = 10) eV
(FWHM).

1. Introduction

Diamond has excellent features such as high radiation resistance,!"® high-temperature
operation,0® fast response,® and near bioequivalence,(!?) and its use in accelerators, nuclear
fusion, nuclear reactors, and medicine is expanding. Since single-crystal diamond fabricated by
chemical vapor synthesis with excellent charge carrier transport properties has become
commercially available, it has been practically used in a variety of radiation measurements,
including those of alpha particles,(!":'2 neutrons,(1>-'4) and heavy charged particles.(!3-10)

One of the radiation measurement applications that uses diamond’s superior characteristics is
the measurement of soft X-ray energy spectra. The average electron—hole pairing energies of
diamond and Si are 13.1 and 3.62 eV,(!”) respectively, which means that diamond can produce
only about one-third of the electron—hole pairs as silicon. On the other hand, the leakage current
of diamond at room temperature is about 1/1000 of that of silicon, which means that high energy
resolution can be achieved for soft X-rays at room temperature by combining diamond and an
electronic circuit system with an excellent signal-to-noise ratio.

Silicon drift detectors!® and superconducting detectors(!®) have been widely studied in soft
X-ray energy spectrum measurements, and very good energy resolution has been reported for
both. On the other hand, the detection efficiency of superconducting detectors can be improved,
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and they must be operated below liquid nitrogen temperature. Silicon drift detectors have an
excellent balance between energy resolution and detection efficiency, but, as mentioned above,
they must usually be cooled by Peltier devices to suppress the leakage current of the silicon. If
diamond can achieve the same performance as a silicon drift detector without the need for a
cooling mechanism, it can be applied to X-ray fluorescence analyzers for microscopes that
measure soft X-ray energy spectra in confined spaces.

There have been reports of soft X-ray measurements with radiation detectors using
polycrystalline diamond,?” which has poor charge carrier transport properties, and diamond
synthesized by the hot filament CVD method.*") Similar measurements using SiC radiation
detectors have also been reported,?? but these detectors collect charge using comb-type
electrodes installed near the surface, and the effective sensitizing thickness is limited to a few
microns near the surface. On the other hand, the energy range of photons in soft X-ray analysis is
from keV to 10 keV order and the average free path of a 5.9 keV photon to diamond is about 300
um. This means that it is essential to use single-crystal CVD diamond with excellent charge
carrier transport properties and to use the entire crystal as a sensitized layer for practical
application.

In this study, as an experiment on soft X-ray measurement using a diamond detector, we
connected a 300-um-thick single-crystal CVD diamond radiation detector with excellent charge
carrier transport properties to a micro—preamplifier fabricated by CMOS technology via a ®97
um readout electrode. Noise was suppressed by reducing the leakage current and the total input
capacitance, and an initial photon energy spectrum measurement from a few keV to 60 keV was
attempted.

2. Materials and Methods
2.1 Detector concept

If the amplification factor of a preamplifier is sufficiently large, the circuit noise [equivalent
noise charge (ENC)] of the preamplifier satisfies*®)

2akT 1
—d+ AthzTCAf + A3qll€akTS’ (1)

Em Ts

ENC? = 4,C?

where A4, 4,, and 45 are constants determined by the shaper, C, is the input capacitance of the
preamplifier, a is a constant determined by the first-stage field effect transistor (FET), & is the
Boltzmann constant, 7 is the temperature of the first-stage FET, g, is the mutual conductance
(gain) of the first-stage FET, z, is the shaping time, 4, is the 1/f noise factor of the first-stage
FET, g is elementary charge, and [, is the detector leakage current.

If C, is the total input capacitance, Cp, is the detector capacitance, C is the gate capacitance
of the first-stage preamplifier FET, and C,, is the parasitic capacitance, then C; = Cp + Cg + C,,.
The first term in Eq. (1) represents parallel white noise, the second term represents 1/f series
noise, and the third term represents series white noise. An effective way to suppress white
parallel noise and 1/f series noise is to lower the total input capacitance C,.
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In this study, for the ®97 pm micro—readout electrode, a micro—preamplifier fabricated with
CMOS technology was installed near the detector and connected by wire bonding to reduce
parasitic capacitance. Furthermore, the leakage current /;,,;, which increases the series white
noise, was suppressed by using diamond.

In the case of using diamond single crystals to achieve the same high detection efficiency,
sensitive area of 100 mm?, and energy resolution as those of silicon drift detectors, an energy-
spectrometer-grade CVD single-crystal diamond with a sensitive area of 8 x 8 mm? has already
been reported.?¥ Moreover, high-quality substrate crystals of 10 x 10 mm? or larger that can be
used for crystal growth already exist.>) On the other hand, the pt product of diamond is only of
1073 ¢cm?/V order,29 even in the highest quality CVD single crystal, which is only 1/1000 of that
of silicon (electrons: >1 cm?/V; holes: ~1 cm?/V).27) The charge capture level in diamond is so
deep that it is impossible, at this stage, to collect charge by moving the electrons and holes
generated by X-rays a few mm laterally as in a silicon drift detector.

As a countermeasure, a multielectrode readout method using multiple microelectrodes, which
has been attempted using compound semiconductors with charge carrier transport properties
comparable to those of diamond, may be an effective solution. In this method, most of the
detector thickness is used as the sensitive area, the readout electrodes are miniaturized, the
semiconductor circuit is directly connected to the detector to reduce parasitic capacitance, and
the sensitive area is increased by using multiple channels. In fact, there are reports®® of devices,
such as silicon vertex detectors for particle experiments, that contain eight channels of
preamplifiers, linear amplifiers, and so forth, fabricated on a silicon chip of about 5 x 5 mm?
using microfabrication technology.

As the first step toward developing such a detector, we fabricated a prototype diamond X-ray
detector consisting of only one channel with a micro—readout electrode of about ®100 um on
CVD single-crystal diamond, with a micro-CMOS preamplifier placed near the detector and
directly connected to it by bonding.

2.2 Fabrication of diamond radiation detector connected to CMOS charge-sensitive
preamplifier

Electronics-grade single-crystal CVD diamond from Element Six was used as the diamond.
The size of the sample was 3 mm x 3 mm % 300 um. The surface of the sample was chemically
cleaned and oxygen-terminated with hot mixed acid, dichromic acid, and hot aqua regia to
ensure high insulation. Then, an Al electrode with a thickness of 100 nm and ®3 mm was
deposited on the incident side by thermal evaporation, and a Ti/Au electrode with a thickness of
100 nm and ®97 um was deposited on the readout side by photolithography. The -V
characteristics of the sample were then measured at room temperature using a BI5S05A
semiconductor parameter analyzer and a high-vacuum prober. When a voltage of —120 V was
applied, the leakage current was confirmed to be about 1 pA (1 x 10° pA/m?) at a room
temperature of about 25 °C. The readout electrode and a charge-sensitive preamplifier using
CMOS technology manufactured by HORIBA Ltd. with a footprint of about 0.5 x 0.5 mm? were
then connected to a gold wire using ultrasonic bonding, and these were installed in a detector
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mount. The preamplifier was installed on the surface of the readout electrode side of the CVD
diamond. Figure 1(a) shows a cross-sectional view of the detector and Fig. 1(b) shows the exterior
of the detector. The feedback capacitance of the CMOS preamplifier is very small (13 fF) and
was designed to amplify the minute signals generated by soft X-rays. The detector was installed
in an aluminum housing to shield it from external electromagnetic noise.

Figure 2 shows a diagram of the circuit used for radiation measurement. The detector shown
in Fig. 1(b) was connected to a preamplifier board that supplies power to the CMOS preamplifier
and applies the detector bias. An ORTEC 672 shaping amplifier was used. A shaping amplifier
gain of 0.67 x 200—1000 and a shaping time of 0.5 ps (the value providing the highest energy
resolution) were selected. A WE7562 multichannel analyzer (MCA) (Yokogawa Analytical
Systems Inc.) and an ORTEC428 high-voltage power supply were used. A bias voltage of 0 to
—300 V was applied to the incident surface electrode side. A LeCroy Wave Surfer 10 digital
oscilloscope with an analog bandwidth of 1 GHz was used to measure the output signals of the
preamplifier and shaping amplifier. An **!Am y-ray source of 2.6 x 10° Bq and an *>Fe X-ray

55Fe or 24'Am
radiation source

Single crystal
- diamond film
|’ (3mm x 3 mm x 300 ym)

CMOS preamplifier
(Feedback capacitance : 13 fF)

\ Ti/Au contacts
(®97 um x 100 nm thickness)

(a) (b)

Fig. 1. (Color online) (a) Cross-sectional structure of the detector and (b) appearance of the detector.

‘ Diamond I

Preamp

—{ oscilloscope

1

Spectroscopy
Amphfier MCA PC
(ORTEC672)

Fig. 2. Radiation measurement circuit diagram. The diamond thin film, preamplifier, and preamplifier board were
placed in an Al housing.
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source of 0.4 x 10® Bq were used as radiation sources. The sources were placed 2 cm above the
plane of the incident electrode, and y-ray and X-ray measurements were performed in air at room
temperature. The counting rates were ~200 cps with the >>Fe source and ~400 cps with the
241 Am source, with almost no pile-up.

3. Experimental Results and Discussion

The preamplifier output signal for 5.9 keV X-rays was measured at room temperature using a
digital oscilloscope. As the applied voltage was increased, the output voltage increased
proportionally, and the output saturated at —300 V. Figure 3(a) shows an example of the output
signal of a CMOS preamplifier for 5.9 keV X-rays measured at an applied voltage of =300 V. The
maximum wave height of the output signal was about 2 mV and the noise level was 0.5 mmV. An
enlarged view of the rising edge of the output signal is shown in the graph in Fig. 3(a). The
maximum rise time from 10 to 90% of the output was 20 ns. The steadily rising baseline is due
to the ramp wave generated by the charge and discharge of the charge to and from the CMOS
preamplifier. Figure 3(b) shows an example of output signal measurement from the main
amplifier. The main amplifier has a shaping time of 0.5 ps, a course gain of 1000, and a fine gain
of 0.67 as constants. The output wave height was about 1 V. This signal was input to an MCA to
measure the energy spectrum.

(@) ¢
5t
’>“ Preamplifier
E ¢ _ High level __ ]
© 3 J
c
D L, 7 gt
tj_) 2 3 Low level 7
1 0 20 40 &0 80 100 120 1&0
| ‘ | . [Time (ns) . )
(b) Shaping amplifier

Signal (V)

Time (ps)

Fig. 3. (a) Example of preamplifier output signal measurement of a diamond soft X-ray detector for 5.9 keV X-rays.
The inset shows a magnification of the rising edge of the signal. (b) Example of measurement of the output signal of
the shaping amplifier for (a).
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Figure 4 shows an example of response function measurement for photons emitted from
241Am. The highest charge collection efficiency and energy resolution were obtained at an
applied voltage of =300 V. In this spectrum, the peaks of L, at 13.97 keV, Lg, at 17.73 keV, L;; at
20.81 and 26.20 keV, and LX at 59.53 keV emitted from 2*!Am were clearly observed. The
highest FWHM of the detector for 59.5 keV calculated using fitting was about 3.8 + 0.1 keV. The
shoulder around 20 keV in the spectrum coincides with the Compton edge at 59.5 keV. In
addition, many counts were observed on the low-channel side of each energy peak. Since the
background when the source is removed is only a few counts in each channel, the obtained
signals originate from radiation.

This phenomenon is caused by the fact that the readout electrode is smaller than the incident
surface electrode; thus, the electric field intensity is high only near the readout electrode, and
charge carriers generated in other areas are not sufficiently collected. Figure 5 shows the results
of a 2D electric field intensity simulation in the thickness direction inside the diamond using the
fabricated detector structure. The finite element method using the open-source multiphysics
coupled analysis solver Elmer®® as software was employed for the simulation. Diamond with a
size of 3 mm x 3 mm % 300 um had on both sides of the surface with a potential of 300 V at the
®3 mm electrode and a potential of 0 V at the @100 pm electrode, and the relative permittivity of
the diamond was set to 5.7. Simultaneously, the capacitance of the detector was calculated to be

13.97keV
17.73keV 7

10K 4

20.81keV

1K -

100 4
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Fig. 4. Example of response function measurement for photons emitted from 2*!Am. The applied voltage was
=300 V.
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Fig. 5. (Color online) Simulation results of electric field intensity distribution in 300-um-thick diamond.
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120 fF. This value was confirmed to be almost equal to the allowable detector capacitance of the
CMOS preamplifier. Values higher than this would result in the degradation of the energy
resolution.

In regions other than the collection electrode, the electric field strength is less than 1 V/um.
Because the pt product is about 10™* ¢cm?/V, complete charge collection can be expected for
charge carriers traveling near the central axis on the readout electrode, but charge collection is
expected to be incomplete in other areas. In addition, since the upper output voltage limit of the
CMOS charge-sensitive preamplifier used is almost the same as the output of a y-ray of 59.5 keV,
the energy resolution may be degraded if photons are injected at a time earlier than the time
constant for recharging the capacitor.

Figure 6 shows an example of detector response function measurement for 5.9 keV X-rays
emitted from an >>Fe source. Mn Ka (5.9 keV) and Mn K (6.5 keV) are emitted from the >°Fe
source with the probabilities of 24.5 and 3.3%, respectively.®? Figure 6(a) shows the peak area
produced by the 5.9 keV X-rays measured at an applied voltage of =300 V. The energy resolution
calculated by Gaussian fitting was about AE = (950 &+ 20) eV (FWHM). The peak channel value
was slightly lower than the expected value obtained from the linearity of 2*' Am described below.
It was not possible to split Mn Ka (5.9 keV) and Mn K (6.5 keV). Next, the same measurement
was performed with the applied voltage lowered from —300 to —230 V. The results are shown in
Fig. 6(b). In this measurement, the channel width of the MCA was doubled because of the
improved energy resolution. Compared with the measurement at —300 V, the switching
frequency of the ramp wave was smaller, probably owing to the reduced leakage current. The
energy resolution at 5.9 keV was AE = (484 £ 10) eV (FWHM), and a broad peak due to Mn Kf3
at 6.5 keV was also observed. The measured peak channel count ratio between 5.9 and 6.5 keV
was about 10.

1200 i . i 4

FWHM : (950£20) eV@-300 V 600 FWHM : (484£10) eV@-230 V|
1000 H .
800
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Counts
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200
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(@ (b)

Fig. 6. Example of detector wave height distribution for 5.9 keV X-rays emitted from an >Fe source. (a) Applied
voltage of =300 V and (b) applied voltage of —230 V with the MCA changed to double the channel width compared
with that in (a).
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Fig. 7. Linearity of the detector energy response between 5.9 and 59.5 keV. Each plot was obtained from the peak
channel of the response function for the energy of radiation emitted from the 3Fe and *' Am sources. Error bars are
the FWHM of each peak. The dash-dotted line was obtained by linear fitting of the plots.

5.9 and 6.5 keV are emitted from the Fe source with the probabilities of 24.5 and 3.3%,
respectively, and the peak channel count ratio of the calculated value was 7.4 if the emission
probability is correct. Considering the overlap of the two peaks, the measured and calculated
values are close. Although the counts on the low-channel side decreased and the peak became
sharper, a broad peak, which was not seen at =300 V, was also observed. However, the energy
resolution degraded with time, and eventually, the wave height distribution became similar to
that at =300 V.

This phenomenon may be the result of a temporary improvement in the energy resolution
owing to two factors: an improvement in charge collection as a result of the filling of charge
capture levels (the priming effect), and a decrease in the leakage current because of a reduction
in the field strength. The energy resolution may be further improved by suppressing the leakage
current using a guard ring.

Figure 7 shows the energy linearity of the measured peak channel values plotted against the
radiation energy. The energy resolution of each peak was adopted as the error. The peak channel
was found to be highly linear with respect to the radiation energy. The FWHM of the detector
increased with decreasing radiation energy. This result indicates that the diamond detector can
measure photon energy with sufficient linearity.

4. Conclusions

The response of a diamond radiation detector to photons with energy from 5.9 to 59.5 keV
was evaluated toward its application as a soft X-ray energy spectrometer. A diamond soft X-ray
detector was fabricated by combining a detector-grade single-crystal diamond sample with a
micro-CMOS charge-sensitive preamplifier with a feedback capacitance of 13 fF designed for
soft X-ray measurements. The energy resolution of the fabricated detector was 3.8+0.1 keV for



Sensors and Materials, Vol. 36, No. 1 (2024) 259

59.5 keV y-rays. The broad counts at low energies were due to incomplete charge collection in
the low-field region. The response to >>Fe X-rays was also evaluated. The energy resolution for
5.9 keV X-rays was AE = (484 + 10) eV (FWHM), and a broad peak at 6.5 keV was also observed.
The reason for the improved energy resolution may be a combination of two effects: priming and
reduced leakage current. The energy linearity obtained from the peak channel values
corresponding to energies from 5.9 to 59.5 keV was sufficiently linear with a decision count of
R? = 0.9993. These results indicate that the single-crystal diamond detector has potential for
practical use as a soft X-ray detector that can be operated at room temperature. In the future, we
aim to achieve sufficient charge collection efficiency over the entire crystal by increasing the
number of channels in the readout electrode and to further develop the detector so that it can be
used in practical applications.
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