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ABSTRACT

We report on the membrane diamond detector, which consists of 5 um-thick p-i-n diodes and
a dedicated front-end ASIC, fabricated in a 65-nm CMOS technology. The p-i-n diode has an
attractive feature for low y-ray sensitivities due to its extremely thin drift layer, which is difficult
to form by etching of bulk diamond with a Metal-Insulator—Metal structure. The pseudo-
vertical p-i-n diode structure was formed on the single crystal diamond {111} substrate by
MPCVD and dry-etching process. The readout electronics was designed to meet specifications
for real-time neutron monitoring in harsh y-ray environments. The prototype system was
evaluated in charge distribution measurements induced by a-particles from 2*' Am. The charge
spectra were successfully obtained from multi-channels, each of which has a diameter of 250
um aligning in a pixel matrix. By combining with neutron converters, e.g. '°B or ’Li, we expect
the detector system as a good candidate for detecting spontaneous fission neutrons, emitted
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from submerged fuel debris at the Fukushima Daiichi Nuclear Power Plant in Japan.

1. Introduction

Diamond has been considered as a potential alterna-
tive to conventional gas-filled neutron sensors such as
BF; proportional counters, by virtue of the compact-
ness and high signal-to-noise ratio owing to its wide
bandgap property. Slow neutrons are detected by
attaching converters such as °B,0; or °LiF onto
a diode surface or contact metals. The most common
108 + 1 —% He(1.47MeV)+Li(0.84MeV)
produces a sufficiently large amount of charge signals
( ~ 100 ke™) in diamonds, and almost 100% charge-
collection efficiency (CCE) with an energy resolution
of <1% was reported in the past study [1].

Current structures of diamond radiation sensors
are concentrated on a Metal-Insulator-Metal (MIM)
with the Schottky barrier surface at the metal-dia-
mond interface. In this configuration, high-purity dia-
mond plates are sandwiched with parallel electrodes.
The sensor requires an electric field of several kV/cm
to 10 kV/cm to obtain the full CCE.

To reduce reverse bias voltages, new sensor structures
are proposed such as membrane detectors or Metal
—Insulator—Semiconductor (MIS) structures by reduc-
tion in the drift length of the charge carrier [2,3]. These
thin sensors are expected to be more efficient thermal
neutron detection due to the higher y-ray rejection cap-

ability [4].

reaction

As extremely thin devices, the pn junctions or
p-i-n diodes provide a unique feature, which is diffi-
cult to form merely by etching of bulk diamond; since
the built-in potential (V4;) of the pn junction is more
than twice those of typical diamond Schottky barrier
diodes, it forms a field sufficient to transport charges
created by radiation when the drift layer thickness is
several micrometers. Small sensors without a bias vol-
tage power supply are also expected using the pn
junction. Thus, the excellent radiation durability of
diamond material, high count rate capabilities with
potentially segmented channels, e.g. small pixel diodes,
and low y-ray sensitivity with the membrane structure
are drawing more attention in the field of nuclear
applications, especially as real-time radiation monitors
at the Fukushima Daiichi Nuclear Power Plant (NPP)
in Japan [5].

Figure 1 (left) shows a 3D image of the expected
flooded primary containment vessel at the Fukushima
NPP. The urgent task is the localization and charac-
terization of the fuel debris in the flooded primary
containment vessel (PCV) on-site. This is achievable
by detecting spontaneous fission neutrons emitted
from submerged fuel debris. According to the current
estimate, a neutron flux is in the range of 10>-10% n/
cm?/s with a y-ray dose rate of up to 100 Gy/h, emitted
by the widely dispersed '*”CS [6]. In order to separate
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Figure 1. (a) 3D image of the flooded primary containment vessel at the Fukushima Daiichi NPP and (b) ROV-monitor for remote

inspection of the fuel debris.

the rare signals of neutrons associated with the debris
from large amounts of background y-rays, the neutron
converters, e.g. 'B4C or °LiF, will be directly coated
on the diamond surface. The detector system is
installed on the ROV (remotely operated vehicle), as
shown in Figure 1 (right). Using the multi-phased
array sonar and the acoustic sub-bottom profiling
system, the detector system reconstructs the position
of the fuel debris in real time.

As a step to realize the diamond-based neutron
detectors, we first investigated the device properties
of a small scale p-i-n junction diode as a radiation
sensor. For processing the charge signals from the
sensor, we designed a dedicated readout ASIC in a 65-
nm CMOS technology. The primary concern of this
article focuses on the feasibility of the prototype sys-
tem as a radiation sensor. Basic properties of the
sensor and specifications of the ASIC are described
in Section 2 and 3, respectively. We report on the
measurement results in Section 4 and finally give
a conclusion in Section 5. The coating methods of
neutron converters and the radiation tolerance of the
detector will be described elsewhere.

2. Crystal growth and device fabrication

The membrane diamond device was fabricated by
applying a recipe of pn junctions in the prototyping
facilities at the National Institute for Materials Science
in Japan [7]. Homoepitaxial p+, p-, n-, and n+ layers
were grown on a 2 X 2 X 0.5 mm® diamond substrate
using microwave plasma chemical vapor deposition
(MPCVD). The substrate was type-Ib single-crystal
diamond {111} synthesized by a high-pressure and
high-temperature (HPHT) method. The type-Ib
HPHT diamond contains nitrogen with 10 cm™—?
and exhibits insulating featureS at room temperature.
The front and back sideS of the diamond substrate
were polished with a crystallographic misorientation
angle of 3 degree towards the [112] direction. Prior to
be transferred in the MPCVD chamber, the substrate

has been cleaned in a boiling acids mixture (HNO;
and H,SO4) at 220°C. The growth of the respective
layers was carried out by using four individual
MPCVD chambers. The vacuum base pressure was
less than 1 x 107® Torr before the growth. The tem-
perature of the diamond substrate during the growth
has been measured using an optical pyrometer.

The growth conditions of the respective layers are
summarized in Table 1. First, the boron (B)-doped p+
layer was grown on the type-Ib diamond substrate.
Diborane (B,H,) was used as a B source gas. An
intrinsic layer (p- and n- stacked layer) was grown,
following the p+ layer growth. Lightly B and phos-
phorus (P) doping was carried out by the residual
impurity in the respective MPCVD chambers.
Finally, the heavily P-doped n+ layer was grown on
the n- layer surface. For heavy P doping, phosphine
(PH3) was used. The crystallinity of the respective
homoepitaxial layers was characterized by cross-
sectional confocal Raman imaging. The detailed mea-
surement conditions for confocal Raman imaging
were described in [8].

Pseudo-vertical p-i-n diodes were formed to obtain
diode characteristics on the insulating substrate.
Figure 2(a) shows a schematic cross-section of a pseudo-
vertical p-i-n diode. The mesa structures were formed
using Al mask and inductively coupled plasma (ICP)
etching with oxygen gas. The mesa diameter and height
were, respectively, 250 ym and 5 ym. After the mesa
formation, the conductive graphitic impurity and
damage-layer induced by ICP etching were removed by
the boiling acids mixture. Ohmic electrodes were formed
by electron beam deposition of Ti/Au both on the n+
layer (Mesa-top) and on the p+ layer (Mesa-bottom). The
diameter and thickness of ohmic electrodes were 150
pm and 60 nm, respectively. The doping concentrations
and the thicknesses of the respective layers were con-
firmed using secondary mass ion spectrometry (SIMS).
The doping concentrations of p+, p-, n-, and n+ layers
were, respectively, [B] 2.0 x 10! cm™3,[B] 3.6 x 10
cm 3, [P] 2.1 x 10%cm ™3, and [P] 1.0 x 10* cm3.
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Table 1. Growth conditions of the homoepitaxial p-i-n layers.

Layers p+ p- n- n+
Microwave power [W] 500 1000 500 500
Gas pressure [Torr] 100 140 100 100
CH4/H; [%] 0.08 0.05 0.05 0.05
Impurity gas B,Hs - - PH3
Impurity/carbon [ppm] B/C, 200 - - P/C, 10000
Substrate temperature [°C] 900 1050 900 900

The respective thicknesses of p+, p-, n-, and n+ layers
were 2.0 ym, 2.9 ym, 1.8 ym, and 0.1 ym. Finally, Au
wires with a diameter of 30 ym were bonded on ohmic
electrodes of four Mesa-tops (n+ layer) and one Mesa-
bottom (p+ layer) using a wire-bonding system to con-
nect the readout electronics. Figure 2(b) shows an optical
microscope image of the pin diodes after the wire-
bonding. Mesa-top and Mesa-bottom were used for the
signal output and high voltage application, respectively.

3. Readout ASIC

We chose a 65-nm CMOS technology with a supply rail
of 1.2 V, by considering the expected radiation dose of ~

1 MGy. The chip size is 820 ym x 1460 ym. The y-ray
rates are calculated to be 1 mega cnt/s - cm? with energies
below 100 keV, corresponding to 7.7 ke™ as background

(a) o 20pm
Ohmic electrode 1 |59 pm
(AU/Ti) %

HPHT diamond {111} substrate

(b)

Pad#2
(Mesa top)

1 mm

Figure 2. (A) Schematic cross-section of a pseudo-vertical
p-i-n diode. (b) Optical microscope image of the p-i-n diodes
after the wire-bonding. Mesa-top and -bottom were used for
the signal output and high-voltage (HV) application,
respectively.

charges, while the main signals from thermal neutrons
are ~ 100 ke~ using the '°B neutron converter with an
event rate of 100 cnt/s - cm?. A pulse width of the shaper
outputs was thus determined to be = 100 ns to minimize
the pileups. The power consumption is not a severe con-
straint in our application.

The chip contains four analog processing chains.
Figure 3 shows the block diagram of each channel.
The diamond sensor is DC-coupled to an input of
the charge-sensitive amplifier (CSA), while test pulses
can be injected via an AC-coupling capacitor of 50 fF.
The CSA is based on a regulated cascode
configuration with a p-channel input transistor
(W/L/M = 5.4ym/500nm/10) and I; = 200uA. The
feedback capacitor Cf was implemented by a metal
—insulator-metal structure with a value of 100 fF.
A transfer gate type FET was employed for the CSA
DC-feedback component. The CSA output is fed into
a CR-RC shaping amplifier composed of a pole-zero
cancellation circuit and a second-order low-pass filter
[9]. The parameters in the shaping amplifier were cho-
sen in the SPICE simulation to achieve the minimum
equivalent noise charges at the target input-capacitance
of 5 pF, including parasitic components, e.g. bonding
wire, metal traces, efc. The shaper output is fed into two
signal paths, one of which is buffered and connected to
the output pad. The other signal path is connected to
the discriminator, and the hit signals of each channel
are sent out in parallel via the LVDS transmitter. Each
channel includes 8-bit slow control registers to switch
on and off the enable switches and threshold DACs.

4. Measurement results
4.1. Characteristics of the diamond sensor

We first characterized the crystallinity of homoepitaxial
p-i-n layers in the diode by cross-sectional Raman ima-
ging. Figure 4 (a) shows the cross-sectional image of the
width of the diamond Raman line. The imaging area
included the atmosphere and the sample to clear the
position of the grown surface. Raman scattering light in
the n+ layer could not be detected in the confocal optical
system because of the thickness (< 0.1ym). The cross-
sectional image of the line width clearly revealed two
boundaries in homoepitaxial p-i-n layers; the p- layer/p
+ layer interface and p+ layer/HPHT diamond substrate
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Figure 3. Signal processing chain for each channel. The capacitance values are C,=50 fF, (;=C,,=100 fF, C;n1=35 fF, and (=70
fF. The resistance values are as follows: Ryy1=2 MQ, Rs,,=150 kQ, R and Ry, are within the range of several M adjusted by the gate

voltage Vgg.

interface. The line widths in the p- layer and the n- layer
were indistinguishable. Histographic analysis has been
performed from the obtained image to calculate the
average line width in each region. Figure 4 (b) shows
the histogram of the line width in Figure 4 (a). The
average line width in the p+ layer, the intrinsic layer (p-
and n- stacked layers), and the HPHT substrate were,
respectively, 2.05cm™!, 1.72cm ™!, and 1.86 cm ™.

The width of the Raman line indicates the phonon
lifetime of the crystal. The lattice defect in the crystal
works as one of the scattering factors of the phonon and
increases the width of the Raman line [10]. Candidate
lattice defects for the scattering factor include stacking
faults, dislocations, and impurities. As the reference [10],
the lattice defect with a larger dimension is considered to
contribute to the defect scattering of the phonon. Hence,
the scattering effect of phonon by point defects (impu-
rities) is less visible in the presence of dislocations and
stacking faults. In single-crystal diamond and homoepi-
taxial films, it has been already reported that the width of
the Raman line depends on the boron and nitrogen
concentrations in diamond [11,12]. In the case of hetero-
epitaxial growth where the dislocation density exceeds
10”cm 2, the width depends on the threading dislocation
density [13]. In HPHT single-crystal diamond with high
B concentrations (> 10cm™3), it has been revealed that
the combined effect of dislocation and impurity on the
width can be evaluated as the distribution of the line
width by confocal Raman imaging [14]. In the present
results, the cross-sectional image of the width of dia-
mond Raman line indicated the uniform distribution of
the width in each layer and substrate. Considering these
reports and present result, dislocation in the area with the
same impurity type and concentration are considered to
be negligibly small, with no effect on uniformity. The
difference in the width between each area is considered
to be due to the type and concentration of the impurity.
Especially, when the impurity concentration exceeds
10"cm 3, the scattering of the phonon by the impurity

/ ""uldlr‘ s

il s 3 J
0 -‘IS|'§ "‘h" \'-‘I I-I{Jle

|J|;

Diamond
substrate

The line width [cm-!] [ Y
1.5 2.1

(b)

140 T T T T

Substrate
120

100 - .

p- and n- layers

80 | .

Pixels

60

p+ layer

40

20 - .

0 T T T T T T T
14 15 16 1.7 18 19 20 21 22

The line width of diamond Raman peak [cm™']

Figure 4. (a) Cross-sectional image of the width of the dia-
mond Raman line. The imaging area included the atmosphere
and the sample to clear the position of the grown surface. (b)
The histogram of the line width in (a).

could be more pronounced. The scattering of the pho-
non by B and N impurities could be dominant in the p+
layer and the HPHT substrate, respectively. Figure 4



shows that only point defects can be well controlled in
the growth of the diamond pin stacked layer with sup-
pression of extended defects.

Second, we measured the I-V and C-V characteristics
of the p-i-n diodes in the atmosphere at room tempera-
ture using a microprobe system. A source measure unit
(E5280B; Agilent Technologies, Inc.) and an inductance
—capacitance—resistance (LCR) meter (4284A; Agilent
Technologies, Inc.) were used for the measurements. In
both measurements, the reverse voltage was limited to 20
V, which corresponds to the maximum supply voltage of
the ROV system, and the applied frequency was 500 Hz
in the C-V measurement. Figure 5 (a) presents I-V
characteristics of the four p-i-n diodes. The rectification
ratio was 10% at —20 V. The diodes represented low leak-
age current less than 107" A up to —20 V in the atmo-
sphere. High crystallinity in homoepitaxial p-i-n layers
can achieve the low leakage current at the reverse voltage.
The relevant C-V and 1/C*-V curves are presented in
Figure 5 (b). We evaluated a net ionized impurity con-
centration and built-in potential. The net ionized impur-
ity concentration was estimated to be 1.0 x 10'¢ cm™
from the slope of 1/C* against the voltage around 0V
with a relative dielectric constant of diamond of 5.7. This
value is considered to be the net P-donor concentration
because the value is consistent with the unintentionally
doped P concentration in the n-layer. The built-in poten-
tial was deduced to be 4.8 V. The depletion layer thick-
ness deduced from the capacitance was 1.5 ym at —20 V.
The 1/C*-V characteristic showed a partial depletion of
the intrinsic layer at =20 V, and this depletion layer works
as the detection layer of the radiation sensor.

4.2. Characteristic as a radiation detector

Before connecting with the diamond sensor, we eval-
uated the functions of the ASIC by injecting test pulses
and monitored the analog signals. Figure 6 shows the
shaper outputs for input charges of ~ 100ke™. The
SPICE simulation result is also shown in the same
condition. Except the small undershoots presumed to
come from the process variation and layout parasitics
mainly related in the CR-RC circuit, the peaking time
of 80 ns and the voltage gain of 3.2 yV/e™ were well
matched with the simulation. Figure 7 shows the mea-
sured equivalent noise charges (ENC) as a function of
the input capacitance. The difference between the
measurement and the SPICE simulation was inter-
preted as a result of parasitic capacitances of the PCB
(printed circuit board) and surface mounted devices.
The power consumption was 8 mW per channel.
After the functional test, the diamond sensor and
readout ASIC were assembled together on a dedicated
PCB. Figure 8 shows the photograph of the PCB. Four
channels of the diamond sensor were DC-connected to
the inputs of the ASIC via Au wires, and the reverse bias
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Figure 5. (A) I-V characteristics of the four p-i-n diodes. (b)
C-V and 1/C?-V curves of the p-i-n diode (Pad#2).

voltages are supplied horizontally from the PCB pad. The
bare ASIC die is directly mounted on the PCB and
molded on the chip for shielding lights. Then, we irra-
diated the mono-energetic 5.48 MeV a-particles from
21 Am with an intensity of 4.25 kBq inside a vacuum
chamber. Due to the limited space on the PCB, the

simulation

o
[od]
T T ‘ T T

shaper output [V]

o
IS
T T ‘ T T

o
o]
TT T T | T T

shaper output [V]

o
I
UL ‘ T T

Time [us]

Figure 6. Waveform comparison of the shaper output. A test
pulse injects a typical a-particle event which corresponds to
~ 100ke™ into the input.
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Figure 7. Input capacitance versus equivalent noise charges
(ENC). The dashed line indicates the SPICE simulation.

radiation source was located in a 45° diagonal direction
to the sensor surface. The outputs of the ASIC were
connected to the Multi-Channel Analyzer (MCA-
8000D, Amptek).

Figure 9 shows the obtained spectra at room tem-
perature with the reverse bias of 20 V. We calibrated
the spectral unit into charges with test pulses. The
variation of depletion thickness, due to the partial
depletion in the intrinsic layer, is a plausible cause of
the variation of peak position. Since the depletion
thickness of 1.5 pm is much thinner than
a penetration length of 14 ym for the 5.48 MeV a-
particles in the diamond, most particles pass through
the sensor with partially depositing energies. Although
a further study for CCE in the non-depleted layer and
substrate should be investigated in the device simula-
tion, we have still plenty of rooms to achieve higher
detection efficiency by optimizing the aspect ratio
between the size of electrodes and mesa structures.
Since thermal neutron events from the boron conver-
ter are 100 ke™, we expect the higher charge collection
with the current sensor thickness.

The pulse height seemed stable during the exposure
for 1 week. The time-dependent CCE caused by the
polarization effect is, in general, one of the major
limitations of the Schottky barrier diamond sensors.

=

=1

diamond

HV. pad (p-side) |

signal pads (mesa-side)

Our device is, however, less sensitive to the metal-
diamond surface and free from a charge buildup
near electrodes due to its thin crystal volume and
inner junction structure.

5. Conclusion

We fabricated a membrane diamond pixel sensor
with p-i-n diodes for radiation monitors at the
Fukushima NPP in Japan. The pseudo-vertical
p-i-n diode structure was formed on the single-
crystal diamond {111} substrate by MPCVD and
dry-etching process. For reading out signals from
the sensor, the dedicated front-end ASIC was devel-
oped in a commercial 65-nm CMOS technology.
The combined system has demonstrated the multi-
channel a-particle detection and thus exploited
a new possibility of thermal-neutron imaging using
the pixel sensors. The bias dependence of the gain
stability is still under investigation; however, the
diamond sensor showed a stable behavior for
a depletion thickness of 1.5 ym with the reverse
bias of 20V. As the next step, we will investigate
effective coating methods of the neutron converters
on the the diamond surface. Along with the process
iterations for higher detection efficiency, we plan to
install this prototype system on board the ROV,
which is currently under development by Japan-UK
collaboration, and its demonstration tests will be
conducted in a PCV mock-up water tank. Such
a compact and rad-hard radiation detector also has
a great impact as a radiologically diagnostic tool at
the high-intensity and high-energy accelerator
facilities.
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