
82Se imaging detectors for a definitive 
search for neutrinoless ββ decay

A.E. Chavarria1, C. Galbiati2, X. Li2, A. Piers1, A. Razeto3

1University of Washington, 2Princeton University, 3Laboratori Nazionali del Gran Sasso

Motivation
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β-decay (bulk) < 3.3 x 10-1 < 3.7 x 10-9

β-decay (surface) < 4.1 x 10-1 < 1.2 x 10-8

β-decay (cosmogenic) < 9.9 x 10-5 < 1.5 x 10-7

γ-ray (photoelectric) < 7.2 x 10-4 < 7.2 x 10-7

γ-ray (Compton) < 1.6 x 10-3 < 4.1 x 10-7

γ-ray (pair-production) < 1.9 x 10-6 < 1.9 x 10-7

Total < 7.4 x 10-1 < 1.5 x 10-6
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have also been demonstrated though not yet commercialized [63]. The fluoroscopic application 
involves binning pixels to increase the signal-to-noise ratio. 

Figure 3. Anrad’s mammographic FPXI AXS-2430 (previously LMAM) is used in the 
USA and European mammography markets. The field of view is 24 cm × 30 cm. These 
FPXIs have a pixel pitch of 85 µm, high DQE, high MTF, high contrast, high dynamic 
range, high patient throughput, and are capable of tomosynthesis.  

  

Figure 4. Two typical x-ray images from an a-Se FPXI. Left, a typical x-ray image of a 
breast. Right, an x-ray image of a hand. 

  

 
The present review examines the ideal photoconductor requirements for a flat panel x-ray image 

sensor in Section 2 and then provides a critical comparison between various potential large area x-ray 
photoconductors in terms of their suitability. Section 3 examines how charge trapping in the 
photoconductor affects the sensitivity, the DQE and the resolution i.e., the MTF. We use a-Se as an 
example and compare its properties with other potential photoconductors. Section 4 outlines the dark 
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Results and Status of KamLAND-Zen

Double-Beta Decay
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►  Observed, but rare "
    (T½ > 1019 yr) 

►  Only visible in nuclei for    "
    which single β is forbidden!
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►  Even rarer than 2νββ, 
    (if it occurs at all)!

►  Only one controversial "
    claim of observation to "
    date!

►  Familiar weak process!
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‣Detectors measure the kinetic energy 
of the emitted electrons 

‣ 2νββ produces a broadened spectrum 

‣ 0νββ has no neutrinos, thus no missing 
energy. 

‣ 2νββ is the slowest process ever 
measured with T1/2~1019-1024 yr 

‣ 0νββ is slower still with  
T1/2>1024-1026 yr (if it occurs at all) 

‣We combat this by making detectors 
very large and very low background!
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Fig. 1. The proposed CMOS/a-Se X-ray imager. (a) Layer stack up showing
physical structure. The Al cathode array is built using the top-metal layer
of the CMOS process. (b) The complete wirebonded array chip including
a thermal evaporated a-Se layer and Au top contact.

Fig. 2. CMOS 4T APS implemented in the X-ray imager. (a) Pixel schematic.
(b) Pixel timing diagram.

in Fig. 1(b), contains the APS array, row and column
selection logic, and analog output driver (buffer). It has been
fabricated in a 3.3 V-compatible 6-metal 0.18-µm process
and has dimensions of 3.0 mm × 1.8 mm. Each pixel in the
array contains a top-metal plate below a 4.1 µm × 4.8 µm
passivation opening which provides electrical contact to the
a-Se sensor layer above. We deposit a 56-µm-thick layer of
stabilized a-Se using a dedicated thermal evaporator followed
by a 30-nm-thick gold top electrode in a second evaporation
step. The latter enables contact to a 300 V source to bias the
a-Se layer during imager operation.

We achieve high spatial resolution and wide dynamic range
using a 4T APS with an additional integration capacitor.
Fig. 2(a) shows the pixel circuit schematic. We obtain
minimum pixel pitch through diffusion sharing between
devices and by applying the minimum spacing rules
allowed by the CMOS technology parameters. A high-density
(∼1 fF/µm2) capacitor Cint serves to integrate X-ray-induced
holes produced in the a-Se. The CMOS pixel capacitor value
was chosen to yield a dynamic range comparable to commer-
cial X-ray imagers for the same incident X-ray photons per
unit area. For example, commercial selenium-TFT panels have
85-µm pitch, a 1-pF storage capacitance and a 10 V rail. The
CMOS pixels have a 3.3 V rail, and, given the much smaller
pixel size of 5.6 µm × 6.25 µm, an 18-fF in-pixel capacitor
was employed.

Fig. 3. Imager response to X-ray photons with 50-keV maximum energy
as a function of integration time and X-ray exposure. The exposure level
corresponding to each integration time was measured using an X-ray dosimeter
placed in close proximity to the X-ray imager. Mean light response (in mV),
FPN (in mVrms), and average temporal noise (in mVrms) are shown. R2 of
linear best-fit line is 0.9996.

Use of a 4T APS also enables correlated double
sampling (CDS) where the reset voltage of the pixel and the
voltage following integration (which includes the reset and
signal levels) are both sampled [10]. During the Reset phase,
shown in the timing diagram in Fig. 2(b), with RST and TX
signals high, a constant reset voltage Vrst of 0.2 V is applied
across Cint . Integration of X-ray induced carriers begins when
RST and TX are deasserted. Following the integration phase,
row-select signal RowSel is asserted which provides bias
current to transistor M3 via a multiplexed current source at the
end of the column (not shown) and enables sampling of the
reset level (Read 1). TX is then asserted which combines
the stored charge on Cint and reset charge on the total
capacitance at the M3 gate (Read 2).

III. EXPERIMENTAL RESULTS

We have characterized the electronic performance of our
imager and measured its X-ray response. An off-chip driver
and 16-bit analog-to-digital converter (ADC) provide signal
conditioning and conversion of the pixel output voltages. Fig. 3
shows the measured response of the imager as a function
of pixel integration time when stimulated with polychro-
matic X-ray photons generated by a stationary anode mobile
X-ray tungsten source with 50-kVp tube potential, 15-mA tube
current, 15° anode angle, and 3.6-mm effective Al filtration.
The average output voltage from all pixels in the array,
excluding those in the first and last row and column (calculated
using the output from each pixel averaged over at most
twenty consecutive frames), is linear over an integration period
extending from 40 ms to 1.0 s. Fixed-pattern noise (FPN) is
calculated as the standard deviation of the average responses
from each pixel.

Fig. 3 also displays the average temporal noise of the
array (computed as the mean of the standard deviation of
each pixel output over several frames). Considering temporal
noise only, the measured SNR at 40-ms integration time is
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Fig. 4. Measured MTF of the proposed imager taken with 70-kVp X-ray
tube voltage with ideal MTF for 5.6-µm aperture shown for comparison.

Fig. 5. X-ray images captured with the hybrid CMOS/a-Se imager. (a) Loop
of copper wire, and (b) stainless steel syringe tip. Images have undergone
flat-field correction.

approximately 11 dB. The temporal noise (which includes both
photon shot noise and random electronic noise) at this inte-
gration time corresponds to approximately 350 electrons (rms)
[when referred to the gate of pixel transistor M3 in Fig. 2(a)],
highlighting an advantage of small pixel sizes where the small
pixel capacitance serves to reduce the dominant pixel reset
noise charge contribution. The average pixel input-referred
temporal noise under dark conditions (where only random
electronic noise is present) is 90 electrons (rms), which is the
noise floor. Given that our pixel employs an 18-fF capacitor
and operates on a 3.3 V power supply, the maximum charge
per pixel would be approximately 3.7×105 electrons.

Fig. 4 shows the measured modulation transfer
function (MTF) of the array obtained by imaging the
machined edge of a lead block. The edge was aligned at a
small angle relative to the array columns in order to determine

MTF along the row direction. The MTF degrades by 50%
at 37-mm−1 spatial frequency, corresponding to a 14 µm
object size. Measured MTF performance is reduced compared
to an ideal 5.6-µm aperture due to edge imperfections and
source-imager misalignment. To the best of our knowledge,
this is the best MTF reported for a direct-conversion X-ray
imager to date [5], [11].

X-ray images of a loop of 50-µm-diameter copper wire
(imaged at a 40-kVp tube voltage) and a stainless steel syringe
tip (imaged at 70 kVp) are shown in Fig. 5(a) and (b),
respectively. In both cases, the tube current is 15 mA and the
pixel integration time is 1.67 s. Although the clarity of these
images at a resolution of 5.6 µm × 6.25 µm is apparent,
mitigating factors include a lower than optimal a-Se sensor
thickness, a non-optimized X-ray spectrum for imaging thin
wires, as well as a small pixel area (200× smaller than typical
100-µm-dimension medical imaging detectors) [4].

IV. CONCLUSION

We have described the design and experimental verification
of a direct-conversion hybrid CMOS/a-Se X-ray imager with
5.6-µm × 6.25-µm pixel pitch. The high resolution afforded
by this device can serve as an enabling technology for new
diagnostic applications such as digital phase-contrast imaging.
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Detector concept Single-pixel prototype

• Starting from measured radioactive contaminations of enriched 
82Se and silicon pixel arrays. Characteristic values for construction 
materials.

• Cosmogenic activation estimated at LNGS overburden.
• Bulk backgrounds strongly suppressed by particle ID and spatial 

coincidences.
• For suppression of γ-ray backgrounds, assumed single/double 

electron discrimination and multiple scattering cut (~10-1

suppression).
• Require tracks to be fully contained, no fiducialization otherwise.

Final background tally in ROI

Radioactive background suppression

• The high spatial resolution of imaging devices allows for particle 
identification (α, β) based on the topology of the ionization track.

• Precise determination of a radioactive decay site (+ solid-state 
device) allows for superb efficiency in the identification of 
radioactive decay sequences. E.g., 220Rn–208Pb and 222Rn–210Pb.

• By identification of the Bragg peak(s) can achieve 10-3 suppression 
of single-electron background with 50% signal acceptance.

Simulated tracks: a) two-electron signal, b) single-electron background.

Monte Carlo study JINST 12 P03022 (2017)

Experimentally demonstrated by DAMIC JINST 10 P08014 (2015)

• Best available knowledge of 
aSe ionization response at 
E = 30 V/μm (15 eV per e-h 
pair and Fano = 0.6).

• Developed clustering and 
energy reconstruction 
algorithms.

• 2νββ decay background 
in ROI: 5 x 10-9 /kg/y (at 
most 10% of signal).

• Full simulation of particle tracks in tower of rectangular pixel arrays.
• E.g., for a 160 kg target (10 meV mββ sensitivity): few thousand 

modules and ~100 m2 imaging area.
• CMOS APS: 10 e- noise, 15x15 μm2 pixels, 5 μm-thick dead layer.

24 keV FWHM

mββ = 1 meV and “quenched” gA

a) Module of two back-to-back imagers. b) Detector tower.

Event rate:
10-6 /kg/y

Next-gen

mlightest mlightest

Amorphous selenium (aSe) detectors

• Amorphous selenium (aSe) flat panel detectors are used in 
medical imaging: 750 cm2, 1 mm-thick, 85x85 μm2 pixel size.

• Operated at high electric fields (~10s V/μm) and ~50 e-h pair per 
keV for 140 keV X-rays.

• Large band gap: negligible dark current at room temperature.
• Current implementation on TFT pixel array on glass substrate: 

1000 e- RMS noise per pixel.

Commercial aSe imager Breast Hand

Implementation on a CMOS APS

• Standard foundry process on 20-cm silicon wafers: low cost and 
scalable technology.

• Tested for 1 Mpixel arrays with 100 μm-thick aSe.
• Pixel sizes as small as 6x6 μm2.
• 4-transistor active pixel design improves noise to ~100 e- RMS.
• Possible functionality: A/D conversion and zero suppression on 

board.

Implementation sketch + high-resolution X-ray images 
DOI:10.1109/IEDM.2015.7409803, DOI:10.1109/LED.2015.2410304

The study of ββ decay is a powerful method of inquiry into the 
nature of neutrinos: the observation of a neutrinoless branching 
ratio would indeed prove that neutrinos are Majorana fermions. 
Neutrinoless ββ decay is also a lepton number-violating process, 
creating a pair of electrons without the corresponding 
antineutrinos: its discovery would demonstrate at once that lepton 
number conservation is not a fundamental law of nature. Breaking 
this symmetry in the early universe is necessary for leptogenesis, 
a hypothesized mechanism to explain one of the greatest puzzles 
in all of science: how did matter become dominant over antimatter 
after the Big Bang, i.e., why are we here?

We propose a new technology of detectors for the search of the 
neutrinoless ββ decay of 82Se: devices made from an active layer 
of amorphous Se (aSe) coupled to a complementary metal-oxide-
semiconductor (CMOS) active pixel array (APS) to image, with 
high spatial and energy resolution, the two electrons with energy 
Qββ emitted by 0νββ decay.

• 82Se has a 3 MeV Q-
value, significantly above 
U+Th backgrounds.

• Background suppression 
from the event localization 
+ topology, not 
fiducialization, i.e., most of 
the isotopically-enriched 
detector volume is fully 
sensitive to the signal.

• Good energy resolution: 
24 keV FWHM at Qββ.

• Good sensitivity to mββ per 
target mass (e.g. ~2.5x 
better than 136Xe).

Main features

Unipolar sensor design

• Exposed the aSe target to various X-ray radioactive sources and 
digitized the output waveforms.

• Noticed strong dependence of the shape of the output pulses on 
the depth of the interaction in the aSe layer.

• This is because the device is “bipolar”, i.e., the output signal is 
sensitive to both the holes and the electrons as they drift in the 
aSe. Holes are 30 times more mobile than electrons in aSe.

• Currently analyzing the time profiles of the pulses to understand 
the charge generation and transport properties of aSe and correct 
for these effects.

• Energy reconstruction will be ultimately limited because the 
energy deposited by a single X ray has a spatial distribution that 
extends throughout the active aSe layer.

• The negative effects in the energy response of aSe due to the slow 
mobility of the electrons can be strongly mitigated in unipolar 
charge sensors

• E.g., replace the cathode plane with two interlaced electrodes held 
at slightly different potentials. All the charge will be collected by one 
of the electrodes.

• Each electrode will be connected to an independent CUBE 
preamplifier circuit and the time profiles of the signal pulses will be 
digitized.

• The difference in the induced current between the two electrodes is 
only sensitive to the holes as they drift in the vicinity of the cathode, 
effectively sensing only the hole signal. 

• A unipolar device with a thicker 1 mm aSe layer will allow us to 
reliably calibrate the response to MeV-scale minimum-ionizing βs, 
as those emitted in 0νββ.

aSe planar detector and front-end electronics.

• Single-pixel detector to confirm the energy resolution of aSe to 
minimum-ionizing βs.

• Started with simple “planar” design: 75μm-thick aSe target layer 
sandwiched in between two electrodes, with a strong electric field 
(10–20V/μm) applied across the aSe.

• Connected a novel low-capacitance (50 pF) CMOS front end, the 
CUBE preamplifier, directly to the cathode (ground).

• The setup already demonstrates a significant improvement in 
performance over previous aSe devices, with a baseline noise of 
the output signal of 35 e− RMS, relative to the ∼1000 e− expected 
from the absorption of 50 keV X rays.

Interlaced electrode structure fabricated on a glass slide before aSe
deposition, and electrostatic potential simulation with COMSOL.

Digitized 122 keV X-ray pulses from 57Co. The rise time depends 
on the depth of the interaction, while the decay time is set by the 
output band-pass noise filter. The horizontal blue line shows the 
corrected signal amplitude by a preliminary algorithm.

CUBE

Bias Board

aSe

HV
Electrode


