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A B S T R A C T

A commercial-off-the-shelf (COTS) Si p+-i-n+ photodiode (Hamamatsu S5973), designed for visible and infrared
detection, was repurposed for use as a low-cost and readily available detector for photon counting X-ray and
𝛾-ray spectroscopy. The detector was investigated for its spectroscopic performance, while being coupled to a
custom-made charge sensitive preamplifier, under the illumination of photons with energies up to 59.54 keV.
The detector-preamplifier system was subjected to temperatures from 80 ◦C to 20 ◦C. Energy resolutions (Full
Width at Half Maximum, FWHM) of 0.66 keV ± 0.05 keV at 5.9 keV, 0.70 keV ± 0.04 keV at 22.16 keV,
and 0.74 keV ± 0.06 keV at 59.54 keV, were achieved at 20 ◦C. The energy resolution deteriorated at 80 ◦C,
reaching a value of 1.8 keV ± 0.1 keV FWHM at 59.54 keV. The results suggested that the performance, in
terms of energy resolution, of the currently reported COTS Si detector was better than that achieved with
certain purpose-grown wide bandgap detectors at 20 ◦C and 40 ◦C and better than that achieved with other
repurposed Si detectors at 20 ◦C, opening new possibilities for applications for the Hamamatsu S5973 detectors
and increasing the availability of low cost X-ray and 𝛾-ray spectroscopy instrumentation.
. Introduction

A lot of effort has been dedicated to developing purpose-grown and
pplication-specific X-ray and 𝛾-ray detectors. The main aim of such
ork is to advance the state-of-the-art X-ray and 𝛾-ray photon counting

pectroscopy instrumentation and match the requirements of each ap-
lication in terms of energy resolution, photon energy range, quantum
etection efficiency, temperature range of operation, and other salient
eatures. Semiconductor radiation detectors based on Si, specifically
esigned and developed for X-ray photon counting spectroscopy, in-
lude lithium drifted Si (Si(Li)), Si p+-i-n+ photodiodes, Charge Coupled
evices (CCDs), Si Drift Detectors (SDDs), and Depleted P-Channel
ield Effect Transistors (DEPFETs). Energy resolutions close to the
heoretically achievable energy resolution limited by the Fano ion-
zation statistics (= 119 eV Full Width at Half Maximum, FWHM, at
.9 keV) have been achieved when the detectors are operated at low
emperatures (≤ 20 ◦C); e.g. FWHM at 5.9 keV of 130 eV with Si (Li)
t −173 ◦C [1], of 149 eV with Si p+-i-n+ photodiodes at −43 ◦C [2],

of 130 eV with CCDs at −90 ◦C [3], of 133 eV with SDDs at 10 ◦C [4],
and of 131 eV with DEPFETs at room temperature [5].

The development of semiconductor radiation detectors operating
at high temperatures (≥ 20 ◦C) is dominated by the use of wide
bandgap materials. A consequence of the bandgap energy of Si (1.12
eV at 300 K [6]) is the relatively high leakage current density of Si
detectors, which degrades the energy resolution of the spectrometer;
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E-mail address: G.Lioliou@sussex.ac.uk (G. Lioliou).

this is overcome by cooling the Si detectors such that they operate at
low temperatures (≤ 20 ◦C, and sometimes near cryogenic tempera-
tures [7]). An alternative to the use of (cooled) Si detectors is the use
of wide bandgap detectors that do not suffer from high leakage current
densities and can thus withstand high temperatures without a need
for cooling. 4H-SiC Schottky diodes were coupled to ultra-low-noise
preamplifier electronics and the spectrometer operated up to 100 ◦C
with an energy resolution (FWHM at 5.9 keV) of 233 eV [8]. GaAs X-ray
detectors have also been investigated for their performance in photon
counting X-ray spectroscopy without cooling; the best experimental
results were achieved with p+-i-n+ photodiodes employing Schottky
contacts, with a reported energy resolution of 266 eV FWHM at 5.9 keV
at room temperature [9]. Recently, a spectroscopic system based on a
pixel CdTe detector has been successfully operated at room temperature
with 472 eV FWHM at 59.54 keV [10]. GaAs p+-i-n+ photodiode
detector based spectrometers have been operated with an energy res-
olution of 2.0 keV FWHM at 5.9 keV at 100 ◦C [11]. Better energy
resolutions at 100 ◦C have been achieved using detectors made from
wider bandgap energies than that of GaAs; energy resolutions of 1.31
keV and 1.27 keV FWHM at 5.9 keV at 100 ◦C have been reported using
AlInP [12] and InGaP [13] detectors, respectively. Commercial-off-the-
shelf (COTS) SiC photodiodes, originally intended for UV detection,
have also been investigated for use as detectors for photon counting
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X-ray [14] and 𝛾-ray [15] spectroscopy and particle counting electron
pectroscopy [16].

In addition to developing purpose-grown Si X-ray detectors, work
as also been conducted on investigating the suitability of commercial
i detectors that have been originally designed for different applica-
ions, for X-ray detection. Repurposing commercial Si detectors and
sing them for X-ray (and 𝛾-ray) detection provides the advantage of
educed cost. University-led CubeSat missions, radiation dosimetry, and
pplications requiring frequent replacements of the radiation detector
re only few examples where the use of low-cost and readily available
ommercial Si detectors may be the only choice.

COTS Si p+-i-n+ photodiodes, originally not intended for radiation
etection, have been adapted or repurposed for this. Examples where
hey have been used for radiation detection include the use of the
SRAM BPX65 Si p+-i-n+ photodiode for room temperature spectro-

scopic detection of X-ray and 𝛾-ray photons (with a FWHM at 59.5 keV
f 2.5 keV [17]) and electrons (with an average FWHM at energies
p to 100 keV of 3.371 keV [18]). The Siemens SFH00206 K and
amamatsu S2506-04 have also been investigated for X-ray and 𝛾-ray
hoton counting spectroscopy, with a FWHM at 59.54 keV of 2.1 keV
nd 1.8 keV, respectively, at room temperature [19]. Commercial Si p+-
-n+ photodiodes have been used in diagnostic radiology for dosimetry;
.g. Hamamatsu S2506-02 [20], Siemens SFH205, SFH206, BPX90F,
nd Vishay BPW34 [21], and Hamamatsu S1223 [22].

Another COTS Si detector is the Hamamatsu S5973. It was designed
or visible and infrared detection, for optical fibre communications,
nd photometry [23]. The S5973 has been used in time-domain flu-
rescence lifetime measurement systems [24], as well as to read out
rystal scintillators in calorimetric electron telescope instruments [25].
uch devices have also been investigated for their radiation hardness
hile been irradiated by a proton beam with 24 GeV c−1 momen-

um [26]; recovery from the radiation damage was reported to be
chieved by operation at increased applied reverse biases. Another
pplication for which the S5973 has been studied previously is X-
ay pulses measurements in time-resolved diffraction and scattering
easurement systems [27].

Here, for the first time, the Hamamatsu S5973 detector is repur-
osed for use in photon counting X-ray and 𝛾-ray spectroscopy. The
etector was coupled to a custom charge sensitive preamplifier and
tandard onwards readout electronics. The detector was illuminated
irectly by photons from three radioisotope radiation sources (55Fe
-ray, 109Cd X-ray and 𝛾-ray, and 241Am X-ray and 𝛾-ray), providing
hotons with characteristic energies up to 88.04 keV. It is important
o note that the detector and preamplifier were operated uncooled at
igh temperatures; this is unusual for Si detectors. The detector and
reamplifier were operated at temperatures between 80 ◦C and 20 ◦C.
nitially, measurements of the noise contribution of the detector to
he energy resolution of the spectrometer were performed. Then, X-ray
nd 𝛾-ray spectra were accumulated to explore the photon counting
pectroscopic performance of the detector.

The Hamamatsu S5973 Si p+-i-n+ photodiode had a 0.5 μm thick
+ layer, a 10 μm thick i layer (doping density of ∼1013 cm−3), and
n n+ layer with a doping density of ∼1018 cm−3 [28]. Its effective
hotosensitive area (open for illumination) was 0.12 mm2. The detector
as packaged in a TO-18 metal case [23].

. Results and discussions

.1. Quantum detection efficiency

The quantum detection efficiency, QE, of a semiconductor radiation
etector in part determines the photon energy range within which it
an operate effectively and the spectrum accumulation time required.
t depends on the detector’s structure and material; it can be calculated
sing the Beer–Lambert law,

𝐸 =

[

∏

𝑒𝑥𝑝(−𝜇𝑎𝑡𝑡,𝑚𝑥𝑚)

]

[

1 − 𝑒𝑥𝑝(−𝜇𝑎𝑏𝑠𝑥𝑎)
]

, (1)

𝑚

2

Fig. 1. Quantum detection efficiency at the open-for-illumination area of the S5973
detector (black dashed line) as a function of photon energy; the quantum detection
efficiency of previously reported AlInP (red double line) [30] and GaAs (black solid
line) [11] detectors is also shown for comparison. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

where the first term accounts for the attenuation of photons within
the 𝑚th top dead layer with a linear attenuation coefficient of 𝜇𝑎𝑡𝑡,𝑚
and a thickness of 𝑥𝑚, and the second term accounts for the absorption
of photons within the active layer with a linear absorption coefficient
of 𝜇𝑎𝑏𝑠 and a thickness of 𝑥𝑎. Only the area open for illumination
i.e. not covered by the contact) of the detector was considered; the
op dead layer was the p+ layer and the active layer was the i layer.
he quantum detection efficiency was calculated using Eq. (1) and the

inear attenuation and absorption coefficients of Si for photon energies
p to 60 keV [29], and can be seen in Fig. 1. The reduction of QE with

increasing photon energy is apparent in Fig. 1. It reduced from 0.2944
at 5.9 keV (Mn K𝛼) to 0.0069 at 22.16 keV (Ag K𝛼), and to 0.0003
at 59.54 keV (241Am 𝛾2,0(Np) transition). The rapid reduction of the
inear absorption coefficient of Si with increasing photon energy, and
ence reduction of QE of Si detectors with increasing photon energy,
s shown in Fig. 1, makes other semiconductor materials with larger
inear attenuation coefficients the commonly preferred choice over Si
or the detection of hard X-rays and 𝛾-rays. However, it should be

noted that the Hamamatsu S5973 was not designed as an X-ray or 𝛾-ray
etector, and it is relatively thin compared with most Si photodiodes
esigned for X-ray or 𝛾-ray detection. For comparison, the QE of p+-
-n+ photodiodes with structures similar to the S5973, but made from

semiconductor materials with large linear absorption coefficients are
also presented in Fig. 1; shown in the figure are data for circular mesa
(400 μm diameter) AlInP [30] and GaAs [11] p+-i-n+ photodiodes with
10 μm thick i layers.

2.2. X-ray and 𝛾-ray spectroscopy

2.2.1. Noise components
The energy resolution (full width at half maximum, in energy

terms), 𝛥E [eV], of a non-avalanche semiconductor detector X-ray or
𝛾-ray spectrometer is composed of three noise components, the Fano
noise, 𝛥𝐸𝐹𝑎𝑛𝑜, the electronic noise, 𝛥𝐸𝐸𝑙, and the incomplete charge
collection noise, 𝛥𝐸𝐼𝐶𝐶 [31,32], such that

𝛥𝐸 =
√

𝛥𝐸𝐹𝑎𝑛𝑜
2 + 𝛥𝐸𝐸𝑙

2 + 𝛥𝐸𝐼𝐶𝐶
2. (2)

It should be noted here that Eq. (2) is valid only when the incomplete
charge collection noise can be approximated by a normal distribu-
tion [33]. The Fano noise,

𝛥𝐸𝐹𝑎𝑛𝑜 =
√

8 ln 2𝜔𝐹𝐸, (3)

where 𝜔 is the average electron–hole pair creation energy, F is the Fano
factor, and E is the photon energy. The total number of electron–hole
pairs generated from the absorption of a photon fluctuates, and this
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process induces noise to the spectrometer. The Fano noise corresponds
to the fundamental resolution limit. Assuming an average electron–hole
pair creation energy of 3.67 eV (for X-rays and 𝛾-rays at 300 K [34])
and a Fano factor of 0.11 [35] for Si, the Fano noise was calculated
using Eq. (3); it was calculated to increase from 47 eV at 1 keV to 367
eV at 60 keV.

The electronic noise arises from the semiconductor detector, the
input JFET of the preamplifier, and their coupling. It consists of four
components: white parallel noise, white series noise (including the
induced gate current noise), 1/f noise, and dielectric noise [31].

The white parallel noise arises from the shot noise of the total
eakage current, 𝐼𝑡𝑜𝑡, flowing at the input of the preamplifier, and its
quivalent noise charge (ENC) is

𝑁𝐶𝑊𝑃 =

√

𝐴3𝐼𝑡𝑜𝑡𝜏
q

=
√

𝐵𝜏, (4)

where 𝐴3 is a constant depending on the type of the shaping amplifier
(= 1.85 in this case), 𝜏 is the shaping time of the shaping amplifier,
and q is the charge of an electron [31]. The term B is commonly used
to parameterize the white parallel noise contribution. The total leakage
current that gives rise to white parallel noise, 𝐼𝑡𝑜𝑡 = 2𝐼𝐷 + 2𝐼𝐽𝐹𝐸𝑇 , is
he sum of twice the leakage current of the detector, 𝐼𝐷, and twice the
eakage current of the preamplifier’s input JFET, 𝐼𝐽𝐹𝐸𝑇 [36].

The white series noise arises from the thermal noise of the current
lowing at the channel of the input JFET of the preamplifier, and its
quivalent noise charge is

𝑁𝐶𝑊𝑆 = 1
q

√

𝐺𝑐𝐴1
𝛾
𝑔𝑚

2k𝑇𝐶2
𝑡𝑜𝑡

1
𝜏
=
√

𝐴 1
𝜏
, (5)

where 𝐺𝑐 is a correction factor for the induced gate current noise, 𝐴1
s a constant depending on the type of the shaping amplifier (= 1.85
n this case), 𝛾 is a dimensionless parameter dependent on the JFET
ias condition, transconductance, and its channel length, 𝑔𝑚 is the JFET
ransconductance, k is the Boltzmann constant, T is the temperature
n K, and 𝐶𝑡𝑜𝑡 is the total capacitance at the input of the preamplifier
ncluding the detector total capacitance, 𝐶𝐷, and the capacitances of
he preamplifier (the input JFET capacitance, the feedback capacitance,
he test capacitance, and the stray capacitances) [31]. The parameter

represents the white series noise contribution.
The 1/f noise arises from the flicker noise of the drain current of the

reamplifier input JFET. Lastly, the dielectric noise arises from all lossy
ielectrics at the input of the preamplifier including the detector and
ts packaging, the passivation, packaging, and dielectrics of the input
FET, and the feedback capacitance [37–39].

In addition to the Fano and electronic noise, the detector may give
ise to the incomplete charge collection noise. Carrier trapping and
ecombination within the detector, typically at crystal imperfections
impurity atoms, vacancies, and dislocations), can lead to fluctuations
n the signal charge and thus introduce noise [32]. Strictly speaking,
he pulse height distribution of the incomplete charge collection noise
s non-Gaussian but it may be approximated by a normal distribu-
ion when the incomplete charge collection noise is relatively small
ompared to the rest of the noise contributions [33].

Apart from the white parallel noise and the white series noise, all
ther electronic noise components are invariant with shaping time.
he white parallel noise is proportional to the shaping time (Eq. (4)),
hereas the white series noise is inversely proportional to the shaping

ime (Eq. (5)). Their quadratic sum is minimized at the optimum
haping time, 𝜏𝑜𝑝𝑡, where the two noise components are equal, and thus,

𝑜𝑝𝑡 =
√

𝐴
𝐵
. (6)
3

.2.2. Measurements of detector electronic noise
The contribution of the detector to the electronic noise, in terms of

hite parallel noise, 𝐸𝑁𝐶𝑊𝑃 , and white series noise, 𝐸𝑁𝐶𝑊𝑆 , was
etermined as a function of temperature.

. Experimental procedure
The detector’s leakage current and capacitance as functions of ap-

lied reverse bias of the packaged COTS Si detector were measured
ithin the temperature range 100 ◦C to 20 ◦C. The detector was

nstalled in a light tight and electromagnetically shielded Al enclosure.
he temperature was increased to 100 ◦C, and then reduced in 20 ◦C
teps with measurements made at each temperature. The temperature
as controlled using a TAS Micro LT climatic cabinet. Dry 𝑁2 was

used to purged continually the climatic cabinet to maintain its relative
humidity ≤ 5% and thus eliminate any humidity related effects. The
leakage current measurements were performed using a Keithley 6487
Picoammeter/Voltage Source. The capacitance was measured with an
HP Multi Frequency LCR meter employing a test signal of 50 mV
rms magnitude and 1 MHz frequency. In both cases (leakage current
and capacitance measurements), applied reverse biases up to 100 V in
magnitude (1 V step size) were investigated. It is important to note
that because the detector was packaged at the time of the measure-
ments, the measurements of leakage current and capacitance included
contributions from the packaging of the detector as well that from the
detector itself.

ii. Results
The leakage current of the packaged detector at 20 ◦C and within

the temperature range from 100 ◦C to 20 ◦C, can be seen in Fig. 2.
The values presented included the leakage current of the photodiode
detector itself (arising from the bulk and potentially from the surface)
as well as the leakage current of the TO-18 package.

The total leakage current reduced from 4.086 nA ± 0.009 nA at
100 ◦C to 0.8 pA ± 0.4 pA at 20 ◦C, at 100 V applied reverse bias.

he leakage current of the packaged detector, at 20 V applied reverse
ias (the operating condition used for accumulation of the radiation
pectra, see Section 2.2.3 and 2.2.4) reduced from 3.767 nA ± 0.009
A at 100 ◦C to a value lower than the noise floor of the measuring
ystem (± 0.4 pA) at 20 ◦C. The white parallel noise contribution of
he packaged detector to the energy resolution of the X-ray and 𝛾-ray
pectrometer, at the operating conditions of the spectrometer used in
he radiation measurements, was calculated using Eq. (4)); it was 72 e−
ms ± 4 e− rms at 80 ◦C (20 V applied reverse bias; 0.5 μs shaping time)

and ≤ 10 e− rms at 20 ◦C (20 V applied reverse bias; 2 μs shaping time).
The calculated white parallel noise arising from the packaged detector
at 100 ◦C (20 V applied reverse bias; 0.5 μs shaping time) was 209 e−
rms ± 10 e− rms; such a high value was prohibitive for the operation of
the X-ray and 𝛾-ray spectrometer, as such radiation spectroscopy was
limited to temperatures ≤ 80 ◦C.

For comparison purposes, previously reported state-of-the-art wide
bandgap III–V photodiode detectors contributed ∼10 e− rms of white
parallel noise at 30 ◦C, under their normal operating conditions: 13
e− rms for a 10 μm thick i layer GaAs p+-i-n+ photodiode [36], ≤ 8
e− rms for a 5 μm thick i layer InGaP p+-i-n+ photodiode [40], and 6
e− rms for a 10 μm thick i layer AlInP p+-i-n+ photodiode [30]. The
white parallel noise associated with the very low leakage currents of
some state-of-the-art wide bandgap semiconductor radiation detectors
can be extremely low (< 1 e− rms at 27 ◦C for ultra-low leakage current
SiC detectors employing Schottky contacts, [8,41]).

It should be noted that the part of the leakage current that arises
from the bulk of the photodiode detector is directly proportional to
the photodiode’s area, and the part that arises from the surface of
the photodiode detector is directly proportional to the photodiode’s
circumference. As such, the total leakage current may be suppressed by
keeping the device size relatively small, as is the case for the currently
reported COTS Si detector which has an active area of 0.12 mm 2. Rel-

atively low leakage current densities are required for large area X-ray
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𝛾

Fig. 2. Leakage current of the packaged detector as a function of applied reverse bias (a step size of 5 V is shown for clarity) at: (a) 20 ◦C, and (b) across the temperature range
100 ◦C to 20 ◦C: 100 ◦C (filled diamonds); 80 ◦C (stars); 60 ◦C (open circles); 40 ◦C (filled squares); 20 ◦C (+ symbols). The white parallel, WP, noise arising from the leakage
current at 20 ◦C, at 2 μs shaping time, is also shown for (a).
detectors; this can be achieved using wide bandgap materials. Examples
of semiconductor detectors with large areas operating without cooling
include 4H-SiC X-ray detectors (e.g. 1.2 mm2 [42]), CdTe X-ray and
-ray detectors (e.g. 0.56 mm2 [10]), and diamond X-ray and 𝛾-ray

detectors (4 mm2 [43]). The total capacitance of the packaged detector
at 20 ◦C, and also across the temperature range from 100 ◦C to 20 ◦C,
can be seen in Fig. 3. It included the depletion layer capacitance of
the photodiode detector itself as well as the capacitance of the TO-18
package.

The total capacitance at 20 ◦C reduced from 1.994 pF ± 0.006 pF
at 0 V applied reverse bias to 1.500 pF ± 0.005 pF at 100 V applied
reverse bias. The reduction of the total capacitance at each temperature
occurred as the applied reverse bias increased in magnitude up to 20
V and remained stable for further reverse biases increases, up to 100
V, as is shown in Fig. 3(b), suggesting full depletion (and maximum
quantum detection efficiency) at 20 V. The temperature dependence
of the total capacitance of the packaged detector was more prominent
at low applied reverse biases; it reduced from 6.49 pF ± 0.01 pF
at 100 ◦C to 1.994 pF ± 0.006 pF at 20 ◦C, at 0 V. However, the
total capacitance was temperature invariant as the applied reverse bias
increased in magnitude; this is shown in Fig. 3(b) for 20 V and 100
V applied reverse bias. Assuming that the packaging capacitance was
invariant with applied reverse bias (this was confirmed by separate
measurements made using a device of the same type with the bond
wires removed), the temperature dependence of the total capacitance
at low applied reverse biases was attributed to the temperature depen-
dence of the photodiode’s depletion layer capacitance at low applied
reverse biases (low applied electric fields). This may be explained by
the limited extension of the depletion layer at high temperatures at low
reverse biases. A thin region around the depletion layer with ionized
dopants at high temperatures, preventing the extension of the depletion
layer at low reverse biases, might be the cause. The dopants may not
have enough thermal energy at low temperatures and thus they remain
non-ionized, allowing the extension of the depletion layer even at low
reverse biases.

The white series noise contribution of the packaged detector to the
energy resolution of the X-ray and 𝛾-ray spectrometer, at the operating
conditions of the spectrometer, was calculated using Eq. (5); it was
19.18 e− rms ± 0.07 e− rms at 80 ◦C (20 V applied reverse bias;
0.5 μs shaping time) and 8.67 e− rms ± 0.03 e− rms at 20 ◦C (20 V
applied reverse bias; 2 μs shaping time). Since the capacitance of the
packaged detector remained constant at 20 V, within the investigated
temperature range, the reduction of the white series noise as the
temperature decreased from 80 ◦C to 20 ◦C was due to the difference
in the shaping time used at each temperature. A different shaping time
was chosen for the X-ray and 𝛾-ray spectra accumulated at 80 ◦C and
20 ◦C; in general for radiation spectrometers the optimum shaping time
at each temperature may differ, as is suggested by Eq. (6), depending on

the corresponding white parallel and white series noise contributions.

4

2.2.3. X-ray and 𝛾-ray spectra

i. Experimental procedure
The photon counting spectroscopic performance of the COTS Si

detector was investigated by obtaining X-ray and 𝛾-ray spectra. 55Fe
radioisotope X-ray spectra, 109Cd radioisotope X-ray and 𝛾-ray spectra,
and 241Am radioisotope X-ray and 𝛾-ray spectra were accumulated at
different temperatures.

The Si detector was coupled to a low noise, single-channel charge-
sensitive preamplifier (CSP). The CSP was of a custom design; it had
the feedback resistor and the external circuit to reset the preamplifier
eliminated [44]. It employed an n type JFET, InterFET 2N4416, as its
input transistor. The connection between the Si detector and the input
JFET was such that the JFET operated in a slightly forward biased
condition, thus providing a discharge path for the feedback capacitor.
The detector-preamplifier system was installed in a TAS Micro LT
climatic cabinet for temperature control. The output of the preamplifier
was amplified and shaped by an ORTEC 572 A shaping amplifier with
a semi-Gaussian pulse and six available shaping times (0.5 μs, 1 μs,
2 μs, 3 μs, 6 μs, and 10 μs). The digitalization of the pulses was then
performed with an ORTEC EASYMCA 8k multichannel analyser (MCA).
Both ORTEC instruments operated at room temperature.

The detector was directly illuminated by photons from the three
sources of radiation in turn (an 55Fe radioisotope X-ray source, a 109Cd
radioisotope X-ray and 𝛾-ray source, and an 241Am radioisotope X-
ray and 𝛾-ray source) and spectra were accumulated in each case.
The capsules containing each of the sources were made of stainless
steel and had 250 μm thick Be windows. The 55Fe X-ray radioisotope
source, emitting characteristic lines of Mn K𝛼 (5.9 keV) and Mn K𝛽
(6.49 keV) [45], had an activity of 99 MBq. The 109Cd X-ray and 𝛾-ray
radioisotope source, emitting characteristic lines of Ag K𝛼1 (22.16 keV),
K𝛼2 (21.99 keV), K𝛽 (24.9 keV), L𝛼 (2.98 keV) X-rays, and the 88.03
keV 𝛾-ray line [46], had an activity of 179 MBq. Lastly, the 241Am X-
ray and 𝛾-ray radioisotope source, emitting characteristic lines of Np
L𝛼 (13.76 keV and 13.95 keV), L𝛽 (ranging from 16.11 keV to 17.99
keV), and L𝛾 (ranging from 20.78 keV to 21.49 keV) X-rays [47], and
the 26.3 keV, 33.2 keV, 43.4 keV, and 59.54 keV 𝛾-ray lines [48], had
an activity of 299 MBq.

The X-ray and 𝛾-ray spectra were accumulated with the detector
and preamplifier both operated at the same temperature. The maximum
temperature, 80 ◦C, was limited by the leakage current of the detector
(Fig. 2); the leakage current at 100 ◦C was prohibitively high for the
operation of the X-ray and 𝛾-ray spectrometer. Initially, 55Fe radioiso-
tope X-ray spectra were accumulated at each investigated temperature
(80 ◦C to 20 ◦C with 20 ◦C steps) as functions of applied reverse bias
(0 V, 20 V, and 100 V) at all available shaping times. This allowed
an insight into the noise contributions which set the energy resolution
of the spectrometer and as a result, enabled the optimum (for best
FWHM at 5.9 keV) available shaping time and applied reverse bias at
each temperature to be identified. Subsequently, the 109Cd radioisotope
X-ray and 𝛾-ray spectra and the 241Am radioisotope X-ray and 𝛾-ray



G. Lioliou, M.D.C. Whitaker, S. Butera et al. Nuclear Inst. and Methods in Physics Research, A 1010 (2021) 165543

c
a

i

c
d
l
K
t
d
t
s
o
M
o
p
T
(
c
o
t
a
6
m
t
t

Fig. 3. Capacitance of the packaged detector, i.e. including both the detector die and its packaging, as a function of (a) applied reverse bias (a step size of 5 V is shown for
larity) at 20 ◦C and (b) temperature at 0 V (open circles), 20 V (open squares), and 100 V (stars) applied reverse bias. The white series, WS, noise arising from the capacitance
t 20 ◦C, at 2 μs shaping time, is also shown.
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Fig. 4. Best FWHM at 5.9 keV as a function of temperature, at each investigated
applied reverse bias: 0 V (filled diamonds); 20 V (open squares); 100 V (stars).

spectra were obtained at only the optimum available shaping time
and applied reverse bias at each temperature. The live time limit of
the spectra was chosen to provide sufficiently good counting statistics;
it was 120 s for the 55Fe radioisotope X-ray spectra, 3600 s for the
109Cd radioisotope X-ray and 𝛾-ray spectra, and 25,200 s for the 241Am
radioisotope X-ray and 𝛾-ray spectra.

i. 55Fe radioisotope X-ray spectra: results and discussion
The detected photopeak in each 55Fe X-ray spectrum was the com-

bined photopeaks of the Mn K𝛼 (5.9 keV) and Mn K𝛽 (6.49 keV)
haracteristic X-ray emissions. The Mn K𝛼 and K𝛽 contributions were
econvolved through analysis and the FWHM at 5.9 keV was estab-
ished. The summation of two Gaussians (one for Mn K𝛼, one for Mn
𝛽) was fitted to the combined photopeak; the characteristic energies,

he relative emission ratio [45] and quantum detection efficiency of the
etector at the two characteristic X-ray emissions were considered for
he computation of the two Gaussians. The MCA charge scale of each
pectrum was energy calibrated using the position (channel number)
f the 0 keV noise peak of the CSP and the position of the fitted
n K𝛼 photopeak. The FWHM at 5.9 keV was then deduced for each

f the 72 55Fe X-ray spectra (18 spectra at each temperature, thus
roviding every combination of applied reverse bias and shaping time).
he best FWHM at 5.9 keV at each investigated applied reverse bias
at the optimum available shaping time) as a function of temperature
an be seen in Fig. 4. The best FWHM at 5.9 keV (i.e. that at the
ptimum available shaping time) at each temperature improved as
he applied reverse bias increased in magnitude from 0 V to 20 V
nd then, either remained stable (at 20 ◦C) or deteriorated (at 40 ◦C,
0 ◦C, and 80 ◦C) as the applied reverse bias further increased in
agnitude from 20 V to 100 V. The noise contributions dependent upon

he detector applied reverse bias are the white parallel noise (Eq. (4),
otal leakage current of detector, 𝐼 ), the white series noise (Eq. (5),
𝐷 a

5

otal capacitance of detector, 𝐶𝐷), and the incomplete charge collection
oise. The improvement of the FWHM at 5.9 keV as the applied reverse
ias increased in magnitude from 0 V to 20 V was attributed to both
he reduction of the capacitance of the detector (Fig. 3) and to the
otential improvement of the charge transport and collection within the
etector at an increased internal electric field leading to a reduction of
he incomplete charge collection noise. The detector capacitance, and
hus the white series noise, did not reduce as the applied reverse bias
as further increased from 20 V to 100 V (Fig. 3). Instead, the increase
f the detector leakage current at increased applied reverse biases, at
emperatures ≥ 40 ◦C, resulted in a deterioration of energy resolution
s the applied reverse bias was increased in magnitude from 20 V to
00 V.

Example 55Fe radioisotope X-ray spectra can be seen in Fig. 5. Par-
ial collection of charge created in the non-active layers of the detector
within one diffusion length from the depletion region) resulted in
he low energy tailing at the left hand side of the combined Mn K𝛼
nd Mn K𝛽 X-ray photopeak. The counts of the 0 keV noise peak of
he preamplifier were limited by setting the MCA low energy cut-off
hannel number at > 0 keV (e.g. at 1 keV for the spectra shown in
ig. 5(a)) a few seconds after establishing its position at the start of the
ccumulation; the right hand side of the tail of the zero energy noise
eak, which was above the threshold set, was still visible.

The 55Fe X-ray spectra with the best FWHM at 5.9 keV (occurred
t 2 μs shaping time), as obtained with the COTS Si detector based
pectrometer at each investigated applied reverse bias, at 20 ◦C, can

be seen in Fig. 5(a). The FWHM at 5.9 keV improved from 0.79 keV
± 0.05 keV at 0 V to 0.66 keV ± 0.05 keV at 20 V (0.68 keV ± 0.05
keV at 100 V) applied reverse bias. The count rate at the Mn K𝛼 peak
number of counts contained within the Gaussian fitted to the Mn K𝛼
-ray peak divided by the spectra accumulation time) was calculated in
rder to investigate potential incomplete charge collection; it increased
rom 3720 counts s−1 ± 60 counts s−1 at 0 V to 3920 counts s−1 ± 60
ounts s−1 at 20 V and to 4010 counts s−1 ± 60 counts s−1 at 100 V. The
ount rate at the Mn K𝛼 peak remained stable (within uncertainties) as
he applied reverse bias increased in magnitude from 20 V to 100 V;
his was expected since the detector was fully depleted at 20 V, but
t also suggested that the improvement of the charge transport with
ncreased applied reverse bias, beyond 20 V, was insignificant. Thus,
t was concluded that the optimum applied reverse bias for the COTS
i detector, to achieve the best energy resolution as well as to ensure
elatively high charge collection efficiency, was 20 V. The 55Fe X-ray
pectra with the best FWHM at 5.9 keV at 80 ◦C and 20 ◦C (20 V applied
everse bias), can be seen in Fig. 5(b). The energy resolution improved
rom 1.6 keV ± 0.1 keV FWHM at 5.9 keV at 80 ◦C to 0.66 keV ± 0.05
eV FWHM at 5.9 keV, at 20 ◦C. The ENC at 5.9 keV was calculated;
t reduced from 182 e− rms ± 13 e− rms at 80 ◦C to 76 e− rms ± 6 e−
ms at 20 ◦C.

The FWHM at 5.9 keV obtained with the detector operated at 20 V

pplied reverse at all investigated temperatures and shaping times can
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Fig. 5. 55Fe radioisotope X-ray spectra accumulated (a) at 20 ◦C and the optimum available shaping time (2 μs) and applied reverse biases of 0 V (solid red line), 20 V (dashed
black line), and 100 V (solid black line); and (b) at 80 ◦C (20 V; 0.5 μs; FWHM at 5.9 keV = 1.6 keV ± 0.1 keV; red line) and 20 ◦C (20 V; 2 μs; FWHM at 5.9 keV = 0.66
keV ± 0.05 keV; black line). In each case, the photopeak is the combination of the characteristic Mn K𝛼 and K𝛽 X-ray emissions from the 55Fe radioisotope X-ray source. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. FWHM at 5.9 keV, at 20 V applied reverse bias as a function of shaping time,
within the investigated temperature range: 80 ◦C (open triangles); 60 ◦C (filled circles);
40 ◦C (× symbols); 20 ◦C (filled diamonds). The optimum available shaping time at
each temperature is marked in red. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

be seen in Fig. 6. Although the optimum shaping time (to achieve the
best energy resolution) can be calculated using Eq. (6), if the available
shaping time cannot be infinitely continuously adjusted, the optimum
shaping time may be different from the best available shaping time.
Among the available shaping times on the shaping amplifier employed
in the measurements, the best available shaping time was 0.5 μs at
80 ◦C and 60 ◦C, 1 μs at 40 ◦C, and 2 μs at 20 ◦C. The reduction of the
total leakage current of the spectroscopic system (detector and input
JFET) with reduced temperature resulted in the observed lengthening
of the best available shaping time as the spectrometer was cooled from
80 ◦C to 20 ◦C. According to the measurements of the contribution
of the packaged detector to the electronic noise (Section 2.2.2), it
contributed 72 e− rms ± 4 e− rms of white parallel noise and 19.18 e−
rms ± 0.07 e− rms of white series noise at 80 ◦C (20 V applied reverse
bias; 0.5 μs shaping time). Although the packaged detector was not
the only source of white parallel and white series noise, these findings
along with Eq. (6) suggested that a shaping time shorter than 0.5 μs
at 80 ◦C may result in an energy resolution better than 1.6 keV ± 0.1
keV FWHM at 5.9 keV. The packaged detector contributed ≤ 10 e− rms
of white parallel noise and 8.67 e− rms ± 0.03 e− rms of white series
noise at 20 ◦C (20 V applied reverse bias; 2 μs shaping time).

The deterioration of the energy resolution (FWHM at 5.9 keV) at
long shaping times and at all temperatures (see Fig. 6) was initially
solely attributed to the white parallel noise contribution from the total
leakage current being present in the spectrometer. The possible effects
of other contributions to the broadening of the photopeak at long
shaping times was then investigated at 20 ◦C. Two parameters, the

count rate within the fitted Mn K𝛼 and the count rate beyond 9 keV, t

6

were calculated and their dependency on shaping time was explored.
The count rate within the Mn K𝛼 photopeak was first calculated from
the total number of counts within the fitted Gaussian at the Mn K𝛼
(5.9 keV) photopeak divided by the live time (120 s); this is shown
in Fig. 7(a) as a function of shaping time. The count rate at 5.9 keV
remained constant at all investigated shaping times (= 3400 counts s−1

360 counts s−1 at 0.5 μs and 3350 counts s−1 ± 520 counts s−1 at 10
s).

Pulse pile up effects occur at relatively high counting rates and
ufficiently long shaping times, where two or more events may be
nterpreted as a single event and thus result in spectral artefacts [49].
he effect of pulse pile-up events where the combined energy was
reater than would lay within the Mn K𝛼-K𝛽 photopeak was explored.

The count rate (total number of counts over the spectrum accumulation
time) corresponding to counts with energies > 9 keV was recorded at
20◦C (20 V applied reverse bias) as a function of shaping time; this
is shown in Fig. 7(b). The count rate at detected energies beyond 9
keV increased from 48 counts s−1 at 0.5 μs to 870 counts s−1 at 10 μs.

his suggested pulse pile-up at long shaping times (> 3 μs at 20 ◦C).
his effect however did not contribute to the degradation of the energy
esolution (FWHM at 5.9 keV) at long shaping times. The best FWHM
t 5.9 keV achieved at each investigated temperature can be seen in
ig. 8. The total noise present reduced by 143 e− rms ± 15 e− rms as
he temperature reduced from 80 ◦C to 60 ◦C, by 70 e− rms ± 10 e−
ms as the temperature reduced from 60 ◦C to 40 ◦C, and by 44 e− rms

7 e− rms as the temperature reduced from 40 ◦C to 20 ◦C.
The FWHM at 5.9 keV achieved using previously reported purpose-

rown wide bandgap pixel detector based spectrometers, employing the
ame type of charge-sensitive preamplifier electronics, is also shown in
ig. 8, for comparison purposes. These detectors (GaAs with a 10 μm
hick i layer [50]; AlInP with a 6 μm thick i layer [51]; InGaP with a 5
m thick i layer [52]) were square mesa p+-i-n+ photodiodes with areas
f 200 μm × 200 μm (0.04 mm 2). Even though the energy resolutions
chieved using the COTS Si detector were inferior compared to those
sing the purpose-grown wide bandgap detectors at temperatures >
0 ◦C (see Fig. 8), this was not the case at 20 ◦C and 40 ◦C. The
pectrometer employing the Si detector had the same FWHM at 5.9 keV
in energy terms, within uncertainties) as that employing the purpose-
rown GaAs detector [50] and it had better FWHM at 5.9 keV than
hose employing the purpose-grown AlInP and InGaP detectors [51,52].
t is important to note that all of the spectrometers used the same
ype of Si input JFET in their CSPs, and that the performance of this
nput transistor largely limits the performance of the wide bandgap
pectrometers at high temperatures; the necessity of wide bandgap
nput JFETs for spectroscopy preamplifiers employing wide bandgap
etectors has been previously noted [31]. Nevertheless, the results ob-

ained with the COTS Si detector are important — they show that such
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Fig. 7. (a) Count rate within the fitted Mn K𝛼 Gaussian and (b) count rate beyond 9 keV, of the 55Fe X-ray spectra accumulated with the Si COTS detector, as a function of
shaping time, at 20 ◦C and at 20 V applied reverse bias.
a device can be used at hotter temperatures than has been previously
considered possible and that, at least in certain circumstances, a COTS
Si detector can outperform (in energy resolution terms) some custom
wide bandgap detectors at modestly elevated (≤ 40 ◦C) temperatures.
This is primarily a consequence of the smaller average electron–hole
pair creation energy of Si cf. the wider bandgap materials, as will be
shown below. This highlights the need to tailor the detector material to
the specific temperature regime to which the detector will be subjected
as has been previously noted in earlier works on wide bandgap X-ray
detectors [53,54]: the detector physicist should select a material which
has the smallest electron–hole pair creation energy possible yet also a
bandgap wide enough that noise arising from the leakage current does
not significantly degrade the energy resolution achievable. The exact
relationship between electron–hole pair creation energy and bandgap
is still a matter of contemporary interest [55].

It is informative to compare the energy resolutions of the COTS Si
detector and those of the reference wide bandgap detectors in terms of
total ENC (in e− rms) present in each spectrometer, since the electron–
hole pair creation energy, 𝜔, of the four semiconductor materials differ
(𝜔𝐴𝑙𝐼𝑛𝑃 > 𝜔𝐼𝑛𝐺𝑎𝑃 > 𝜔𝐺𝑎𝐴𝑠 > 𝜔𝑆𝑖) at each temperature [13,34,56,57],
in addition to their different bandgap, 𝐸𝑔 , energies (𝐸𝑔𝐴𝑙𝐼𝑛𝑃 > 𝐸𝑔𝐼𝑛𝐺𝑎𝑃
> 𝐸𝑔𝐺𝑎𝐴𝑠 > 𝐸𝑔𝑆𝑖) at each temperature [6,58,59]. The ENC at 20 ◦C

as 66 e− rms ± 2 e− rms for GaAs [50], 65 e− rms ± 3 e− rms for
lInP [51], 67 e− rms ± 3 e− rms for InGaP [52], and 76 e− rms ± 6
− rms for Si. At this temperature, each of the spectrometers employing
wide bandgap detector (GaAs, AlInP, or InGaP) had the same ENC,

nd it was better (lower) than that of the spectrometer employing the
OTS Si detector. The effect of the larger electron–hole pair creation
nergies of the wide bandgap materials (cf. that of Si) is thus made
lain. At 80 ◦C, the ENC was 112 e− rms ± 3 e− rms for GaAs [50], 97
− rms ± 4 e− rms for AlInP [51], 93 e− rms ± 3 e− rms for InGaP [52],
nd 182 e− rms ± 13 e− rms for Si; at this higher temperature, the
enefit of the wider bandgaps of the GaAs, AlInP, and InGaP detectors
utweighs the materials’ greater electron–hole pair creation energies.
t should be noted that whilst spectrometers employing other detectors
ave been reported with better energy resolutions when operated at ≈
0 ◦C (e.g. 136 eV FWHM at 5.9 keV at 20 ◦C for Si drift detectors [60]);
31 eV FWHM at 5.9 at room temperature for Si DEPFETs [5]; 266 eV
t 5.9 keV at 23 ◦C for GaAs Schottky photodiodes [9]) those detectors
ere coupled to significantly different readout electronics and thus the
erformance of those spectrometers cannot be directly compared with
he spectrometers using the COTS Si, AlInP, InGaP, and GaAs detec-
ors previously discussed as a proxy for performance of the detectors
hemselves. It is also informative to compare the energy resolution
FWHM at 5.9 keV) achieved with the COTS Si detector with that for
previously reported spectrometer employing a repurposed COTS 4H-

iC p-n photodiode detector, originally intended for UV detection [15].
7

Fig. 8. Best FWHM at 5.9 keV as a function of temperature achieved with the X-ray
spectrometer employing the COTS Si detector (× symbols) and previously reported
spectrometers using AlInP [51] (filled circles), InGaP [52] (filled triangles), and
GaAs [50] (filled squares) detectors. Each of the spectrometers use the same type of
preamplifier electronics. The lines are guides to the eyes only. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

The energy resolution (FWHM at 5.9 keV) achieved with the COTS 4H-
SiC detector improved from 2.30 keV at 80 ◦C to 1.66 keV at 20 ◦C.
Although the bandgap energy, 𝐸𝑔 , of 4H-SiC (= 3.27 eV [61]) is wider
than that of Si, the performance of the COTS 4H-SiC detector based
spectrometer was inferior compared to that of the COTS Si detector
based spectrometer, in terms of energy resolution, up to 80 ◦C. This
was, in part, attributed to their different thicknesses and, thus, different
capacitances. The COTS 4H-SiC detector had an epilayer thickness of
only 5.15 μm and the capacitance measurements suggested that only
a portion of it was depleted under the operating conditions of the
spectra accumulation [15]; the capacitance of the packaged COTS 4H-
SiC detector was 2.7 pF [15], whereas the capacitance of the COTS Si
detector was 1.5 pF. As a result, the COTS 4H-SiC detector contributed
higher white series noise to the energy resolution of the spectrometer
cf. that of the COTS Si detector. However, even when excluding the
higher ENC of the 4H-SiC detector based spectrometer compared to
that of the COTS Si detector spectrometer (e.g. at 80 ◦C the ENC was
135 e− rms for the COTS 4H-SiC and 182 e− rms for the COTS Si), the
energy resolution, in energy terms, achieved with the COTS Si detector
based spectrometer was better than that achieved with the COTS 4H-
SiC detector based spectrometer. This was attributed to the smaller
average electron–hole pair creation energy of Si cf. 4H-SiC (= 7.28
eV [62]) and is another example which highlights the effect of the large
average electron–hole pair creation energy of wide bandgap materials
to the achieved energy resolution of spectrometers based on detectors
made of these materials.
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Fig. 9. 109Cd X-ray and 𝛾-ray spectrum accumulated at 20 ◦C (20 V reverse bias and
μs shaping time; FWHM at 22.16 keV = 0.70 keV ± 0.04 keV; black line). The major

eaks identified are: (A) 109Cd Ag L𝛼; (B) Cr K𝛼 and Fe K𝛼 capsule fluorescence; (C)
09Cd Ag K𝛼1 and K𝛼2 (combined); (D) 109Cd Ag K𝛽. The Gaussians fitted at the Ag K𝛼1
nd K𝛼2 peaks are also shown (red square dotted and red dashed lines, respectively).
For interpretation of the references to colour in this figure legend, the reader is referred
o the web version of this article.)

ii. 109Cd and 241Am X-ray and 𝛾-ray spectra: results and discussion
The COTS Si detector was then illuminated with photons from a

09Cd radioisotope X-ray and 𝛾-ray source and an 241Am radioisotope
-ray and 𝛾-ray source, in turn.

The 109Cd X-ray and 𝛾-ray spectrum accumulated at 20 ◦C is pre-
ented in Fig. 9. The characteristic emission lines of the 109Cd radioiso-
ope X-ray and 𝛾-ray source were the Ag K𝛼1 (22.16 keV), K𝛼2 (21.99
eV), K𝛽 (24.9 keV), and L𝛼 (2.98 keV) X-ray emissions, and the 𝛾-
ay emissions at 88.03 keV [46], however, due to the low quantum
etection efficiency at 88.03 keV and the live time limit set for the
09Cd X-ray and 𝛾-ray spectra, the 88.03 keV 𝛾-ray peak was not formed
n the spectra, for this reason for clarity, the spectrum is shown up
o 40 keV only. The main photopeak in each 109Cd X-ray and 𝛾-ray
pectrum was formed by the combination of the Ag K𝛼1 (22.16 keV)
nd K𝛼2 (21.99 keV) emissions; this combined peak (peak C in Fig. 9)
as deconvolved by fitting Gaussian peaks representing the Ag K𝛼1
nd K𝛼2 contributions. The two Gaussians were calculated taking into
ccount the relative emission rate of the photons and the relative
uantum detection efficiency of the detector (Fig. 1) at these energies.
he position (centroid channel number) of the Ag K𝛼1 and that of the
ero energy noise peak were used to energy calibrate the MCA charge
cale. The counts of the zero energy noise peak were limited by setting
he MCA low energy cut-off at an energy > 0 keV (e.g. 2.9 keV at
0 ◦C and 1.2 keV at 20 ◦C). The FWHM at 22.16 keV was recorded
ollowing the MCA charge scale energy calibration; it improved from
.8 keV ± 0.2 keV at 80 ◦C (shaping time, 𝜏, = 0.5 μs) to 0.70 keV
0.04 keV at 20 ◦C (𝜏 = 2 μs). It should be noted that the FWHM

t 22.16 keV achieved at high temperatures using previously reported
urpose-grown wide bandgap pixel detector spectrometers (having the
ame type of CSP electronics) was better compared to that achieved
sing the COTS Si detector spectrometer. The FWHM at 22.16 keV at
00 ◦C was 1.63 keV ± 0.06 keV for GaAs [50], 1.58 keV ± 0.08 keV for
lInP [51], and 1.32 keV ± 0.06 keV for InGaP [52], whereas a 109Cd
-ray and 𝛾-ray spectrum could not be accumulated using the COTS Si
etector at this elevated temperature.

In addition to the combined Ag K𝛼1 (22.16 keV) and K𝛼2 (21.99
eV) photopeak, the Ag L𝛼 peak (peak A) and the Ag K𝛽 peak (peak
) were also apparent in the spectra (see Fig. 9). X-ray fluorescence
eaks (Fe K𝛼 = 6.4 keV; Cr K𝛼 = 5.4 keV) from the stainless steel
ncapsulation of the radioisotope were also apparent in the spectra
peak B at Fig. 9).

The 241Am X-ray and 𝛾-ray spectrum accumulated at 20 ◦C is
resented in Fig. 10. The characteristic emission lines of the 241Am
adioisotope X-ray and 𝛾-ray source were the Np L𝛼 (at various energies
8

Fig. 10. 241Am X-ray and 𝛾-ray spectrum accumulated at 20 ◦C (20 V reverse bias; 2
μs shaping time; FWHM at 59.54 keV = 0.74 keV ± 0.06 keV; black line). The major
peaks identified are: (A) Cr K𝛼 and Fe K𝛼 capsule fluorescence; (B) Si escape peak
from 241Am Np L𝛼 photons; (C) 241Am Np L𝛼; (D) 241Am Np L𝛽 and Si escape peak
from 241Am Np L𝛽 photons (combined); (E) 241Am Np L𝛾; (F) 241Am 26.3 keV 𝛾-ray;
(G) 241Am 33.2 keV 𝛾-ray; (H) 241Am 43.4 keV 𝛾-ray; (I) 241Am 59.54 keV 𝛾-ray. The
Gaussians fitted at the 59.54 keV 𝛾-ray peak is also shown (red square dotted line). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

from 13.76 keV to 13.95 keV), Np L𝛽 (16.11 keV to 17.99 keV), Np L𝛾
(20.78 keV to 21.49 keV) X-rays and the 𝛾-rays at 26.3 keV, 33.2 keV,
43.4 keV, and 59.54 keV [47,48]. The 241Am 59.54 keV 𝛾-ray peak was
fitted with a Gaussian peak. The position (centroid channel number)
of the 241Am 59.54 keV 𝛾-ray peak and that of the zero energy noise
peak were used to energy calibrate the MCA charge scale. Similarly to
the 109Cd X-ray and 𝛾-ray spectra, the counts of the zero energy noise
peak of the 241Am X-ray and 𝛾-ray spectra were limited by setting the
MCA low energy cut-off at an energy > 0 keV (e.g. 2.9 keV at 80 ◦C
and 1.2 keV at 20 ◦C). The FWHM at 59.54 keV improved from 1.8
keV ± 0.1 keV at 80 ◦C (𝜏 = 0.5 μs) to 0.74 keV ± 0.06 keV at 20 ◦C
(𝜏 = 2 μs). Although an 241Am X-ray and 𝛾-ray spectrum could not be
accumulated at 100 ◦C with the COTS Si detector, this was not the case
when using purpose-grown wide bandgap pixel detector spectrometers
(having the same type of CSP electronics). The FWHM at 59.54 keV at
100 ◦C was 1.65 keV ± 0.08 keV for GaAs [50], 1.57 keV ± 0.08 keV
or AlInP [51], and 1.34 keV ± 0.06 keV for InGaP [52]. Better energy
esolutions were achieved with purpose-grown wide bandgap detectors
t 100 ◦C compared to that achieved with the currently reported COTS
i detector at 80 ◦C. Similarly to the FWHM at 5.9 keV (Fig. 8), the
nergy resolution at 59.54 keV achieved with the COTS Si detector was
imited at high temperatures by its bandgap energy and relatively high
eakage current.

The characteristic emission lines of the 241Am radioisotope X-ray
nd 𝛾-ray source were all apparent in the spectrum shown in Fig. 10:
p L𝛼 (labelled C), Np L𝛽 (labelled D), Np L𝛾 (labelled E) X-rays, as well
s the 𝛾-rays at 26.3 keV (labelled F), 33.2 keV (labelled G), 43.4 keV
labelled H), and 59.54 keV (labelled I). As was the case for the 109Cd
-ray spectra, X-ray fluorescence photons (Fe K𝛼, 6.4 keV; Cr K𝛼 5.4
eV) from the stainless steel encapsulation of the radioisotope is also
isible in Fig. 10 (labelled A). Even though detector self-fluorescence
eaks (Si K𝛼 at 1.74 keV and K𝛽 at 1.84 keV) were not visible in the
41Am X-ray and 𝛾-ray spectra, Si K𝛼 and K𝛽 escape peaks associated
ith the Np L𝛼 and L𝛽 X-rays were formed; these were labelled B and D,

espectively. Counts beyond the 59.54 keV 𝛾-ray peak in the spectrum
hown in Fig. 10 were the result of pulse pile up.

The FWHM at 22.16 keV and 59.54 keV achieved at 80 ◦C (20 V;
.5 μs), 60 ◦C (20 V; 0.5 μs), 40 ◦C (20 V; 1 μs), 20 ◦C (20 V; 2 μs)

can be seen in Fig. 11. A degraded energy resolution at the highest
energy (59.54 keV) compared to that at 22.16 keV, would be attributed
to the Fano noise (see Eq. (3)) and, potentially, to incomplete charge
collection noise, since both are photon energy dependent [63]. The
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Fano noise, calculated using Eq. (3), was 223 eV (26 e− rms) at 22.16
keV and 365 eV (42 e− rms) at 59.54 keV. The remainder from the
subtraction (in quadrature) of the Fano noise from the total noise is the
combined contribution of the electronic and (if any) incomplete charge
collection noise (see Eq. (2)). The average among the two energies
calculated combined contribution (summed in quadrature) of the elec-
tronic noise and (if any) incomplete charge collection noise was 210 e−
rms ± 1 e− rms (rms error) at 80 ◦C, reducing to 76 e− rms ± 1 e− rms
(rms error) at 20 ◦C. These results suggested the absence of detectable
incomplete charge collection noise and the presence of 210 e− rms ± 1
e− rms at 80 ◦C and 76 e− rms ± 1 e− rms at 20 ◦C of electronic noise.
Additionally, the FWHM achieved at the two energies (22.16 keV and
59.54 keV) was the same, within uncertainties, at each temperature,
as can be seen from Fig. 11, even though there was an additional 289
eV (34 e− rms) Fano noise at 59.54 keV compared to that at 22.16
keV. As such, the Fano noise contribution was insignificant compared
to the electronic noise contribution for the currently reported COTS Si
detector based spectrometer.

The reduction of the total noise (ENC) as the temperature reduced
by 20 ◦C was calculated. The total noise at 22.16 keV reduced by 162
e− rms ± 26 e− rms as the temperature reduced from 80 ◦C to 60 ◦C,
by 93 e− rms ± 13 e− rms as the temperature reduced from 60 ◦C to
0 ◦C, and by 63 e− rms ± 12 e− rms as the temperature reduced from
0 ◦C to 20 ◦C. Similarly, the total noise at 59.54 keV reduced by 170
− rms ± 13 e− rms as the temperature reduced from 80 ◦C to 60 ◦C,
y 70 e− rms ± 11 e− rms as the temperature reduced from 60 ◦C to
0 ◦C, and by 64 e− rms ± 4 e− rms as the temperature reduced from
0 ◦C to 20 ◦C.

The FWHM at 22.16 keV and 59.54 keV achieved using a previously
eported COTS SiC detector spectrometer (having the same type of
SP) [15] is also shown in Fig. 11, for comparison purposes. The energy
esolutions (in energy terms) achieved with the COTS Si detector were
uperior compared to those using the wide bandgap COTS 4H-SiC
etector, up to 80 ◦C, whereas spectra were accumulated using the
OTS 4H-SiC detector at 100 ◦C, as opposed to using the COTS Si
etector. The total ENC (in e− rms) present in each spectrometer was
hen compared, since the electron–hole pair creation energy of 4H-SiC
= 7.28 eV [62]) was larger than that of Si. Considering the ENC as
educed from the 109Cd X-ray and 𝛾-ray spectra, the total noise in the
OTS 4H-SiC detector based spectrometer was higher (97 e− rms [15])
ompared to that in the COTS Si detector based spectrometer (82 e−

rms ± 5 e− rms) at 20 ◦C. This was attributed to the higher capacitance
(and white series noise contribution) of the COTS 4H-SiC detector than
that of the COTS Si detector; the COTS 4H-SiC detector was thinner
than the COTS Si detector and only partially depleted under the normal
operating conditions of the spectrometer [15]. It should be noted that
the difference of the ENC present in the two spectrometers (82 e− rms

5 e− rms for the COTS Si detector and 97 e− rms for the COTS 4H-
iC detector) was less significant compared to their difference of the
nergy resolution (FWHM at 22.16 keV) in energy terms at 20 ◦C (0.70

keV ± 0.04 keV for the COTS Si detector and 1.66 keV for the COTS
4H-SiC detector); this was a consequence of the smaller electron–hole
pair creation energy of Si cf. 4H-SiC. The ENC at 80 ◦C was 210 e−
rms ± 20 e− rms for COTS Si detector and 135 e− rms for COTS 4H-
SiC detector [15]. Concluding, the benefit of the smaller electron–hole
pair creation energy of Si cf. 4H-SiC outweighs the materials’ narrower
bandgap, up to 80 ◦C.

The energy resolutions achieved using the Hamamatsu S5973 de-
tector (FWHM at 59.54 keV of 1.8 keV ± 0.1 keV at 80 ◦C and 0.74
keV ± 0.06 keV at 20 ◦C) were better than those achieved using
ther repurposed (for X-ray and 𝛾-ray detection) Si detectors, e.g. 2.5
eV (OSRAM BPX65 [17]), 2.1 keV (Siemens SFH00206 K [19]) and
.8 keV (Hamamatsu S2506-04 [19]) FWHM at 59.5 keV at room
emperature. It is informative to also compare the results obtained with
he detector to those previously reported for purpose-grown detectors.
he best energy resolutions reported for purpose-grown X-ray and 𝛾-

◦
ray detectors for uncooled operation (≥ 20 C) at 59.54 keV include

9

Fig. 11. FWHM at 59.54 keV (filled circles) and at 22.16 keV (stars) as a function
of temperature achieved with the spectrometer employing the COTS Si detector (black
symbols) and the previously reported spectrometer using 4H-SiC [15] (red symbols).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

a 487 eV FWHM at 59.54 keV at 23 ◦C achieved with a GaAs p+-i-n+

hotodiode (40 μm thick ultrapure epitaxial planar layer) employing
u/Pt/Ti Schottky contacts [9] and 472 eV FWHM at 59.54 keV at
0 ◦C achieved with a CdTe photodiode employing Au/Ti/Al Schottky
ontacts [10].

Although the performance achieved with the repurposed COTS Si
etector is modest compared to that of the best detectors tailor made for
-ray and 𝛾-ray detection, the results are still remarkable: the detector
as designed for visible and infrared detection yet it has been shown

o function has a photon counting spectroscopic detector of X-ray and
-rays at temperatures ≤ 80 ◦C. Si photodiodes for X-ray and 𝛾-ray
pectroscopy have not been reported operating at such temperatures
reviously.

. Conclusions

A photon counting X-ray and 𝛾-ray spectrometer employing a re-
urposed COTS Si detector (Hamamatsu S5973, originally intended for
isible and infrared detection) has been demonstrated to function at
emperatures up to 80 ◦C. This is the first demonstration of this type
f photodiode being used for X-ray and 𝛾-ray spectroscopy, and the
irst demonstration of a Si photodiode operating uncooled in an X-ray
pectrometer at temperatures significantly hotter than 20 ◦C; previously
nly wide bandgap photodiodes have been demonstrated to be capable
f operation in that temperature regime.

Initially, the white parallel and white series noise contributions
f the detector to the energy resolution of the spectrometer were
etermined. Under the normal operating conditions of the spectrometer
ensuring maximum quantum detection efficiency, best energy reso-
ution, good charge transport), the detector (including its package)
ontributed 72 e− rms ± 4 e− rms at 80 ◦C and ≤ 10 e− rms at 20 ◦C
hite parallel noise, whereas its series noise contribution was lower:
9.18 e− rms ± 0.07 e− rms at 80 ◦C and 8.67 e− rms ± 0.03 e− rms at
0 ◦C. The white parallel noise of the detector at 100 ◦C (209 e− rms
10 e− rms) was prohibitive for the operation of the X-ray and 𝛾-ray

pectrometer, and thus spectroscopic measurements with the detector
ere limited to ≤ 80 ◦C.

The detector was coupled to custom-made CSP and directly illu-
inated by photons from radioisotope radiation sources (55Fe, 109Cd,

nd 241Am). The best energy resolutions (FWHM) at the maximum
nvestigated temperature (80 ◦C) was 1.6 keV ± 0.1 keV at 5.9 keV,
.8 keV ± 0.2 keV at 22.16 keV, and 1.8 keV ± 0.1 keV at 59.54 keV.
he energy resolution was better at lower temperatures: at 20 ◦C it was
.66 keV ± 0.05 keV at 5.9 keV, 0.70 keV ± 0.04 keV at 22.16 keV, and
.74 keV ± 0.06 keV at 59.54 keV. This performance was achieved at
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a detector reverse bias of 20 V and a shaping time of 0.5 μs at 80 ◦C
and 2 μs at 20 ◦C.

Analysis of the noise within the spectroscopic system suggested that
the energy resolutions were better when the detector was reverse biased
at 20 V cf. 0 V due to a lower white series noise contribution from
the detector and, possibly, reduction of incomplete charge collection
noise. It was found that increased white parallel noise resulted in the
deterioration of the energy resolution as the applied reverse bias was
increased from 20 V to 100 V at temperatures ≥ 40 ◦C. The 55Fe X-ray
pectra accumulated at long shaping times (> 3 μs at 20 ◦C) suffered
rom pulse pile-up events (with a resultant energy greater than would
ay within the Mn K𝛼-K𝛽 photopeak). There was no contribution of the
ulse pile-up to the FWHM at 5.9 keV, since the count rate within the
n K𝛼 photopeak was found to be constant within the investigated

haping times. The shortest shaping time available on the shaping
mplifier used in this study was 0.5 μs; consideration of the relative
ontributions of white parallel and white series noise suggested that an
ven shorter shaping time (i.e. < 0.5 μs) might result in an improved
nergy resolution at high temperatures (e.g. 80 ◦C).

Analysis of the energy resolution of the spectrometer at the two
ighest energies (22.16 keV and 59.54 keV), at all investigated tem-
eratures, suggested the absence of detectable incomplete charge col-
ection and the insignificant contribution of the Fano noise, up to 59.54
eV, when the detector was reverse biased at 20 V. The dominant
ource of noise of the currently reported COTS Si detector based
pectrometer was the electronic noise; its contribution reduced from
10 e− rms ± 1 e− rms at 80 ◦C to 76 e− rms ± 1 e− rms at 20 ◦C.

The energy resolution of the COTS Si detector based spectrometer
as compared with that achieved with previously reported X-ray and
-ray spectrometers and conclusions were drawn. The results showed
hat a similar or an even better energy resolution (FWHM at 5.9 keV,
n energy terms) was achieved with the COTS Si detector based spec-
rometer cf. previously reported purpose-grown wide bandgap pixel
etector spectrometers (all employing the same CSP electronics), in-
luding GaAs [50], AlInP [51], and InGaP [52] detectors, up to 40 ◦C.
he smaller average electron–hole pair creation energy of Si cf. the
ider bandgap materials was proved beneficial at modestly elevated

emperatures. However, the energy resolutions (FWHM at 5.9 keV,
2.16 keV, and 59.54 keV) achieved using the COTS Si detector were
nferior compared to those using the purpose-grown wide bandgap
etectors, reported in refs. [50–52] at temperatures ≥ 80 ◦C; the
narrow) bandgap energy of Si limited its spectroscopic performance
i.e. degraded its energy resolution) at high temperatures.

Comparisons of the performance (energy resolution in energy terms)
f the COTS Si detector and a previously reported COTS 4H-SiC de-
ector [15], intended for UV detection, when both were coupled to
dentical CSP electronics, highlighted again the effect of the larger
lectron–hole pair creation energies of the wide bandgap materials (cf.
hat of Si) and the benefit of that of Si; the energy resolution (FWHM
t 5.9 keV, 22.16 keV, and 59.54 keV) of the COTS Si detector based
pectrometer was superior to the energy resolution of the COTS 4H-SiC
etector based spectrometer at ≤ 80 ◦C. Although the capacitance of the
OTS 4H-SiC detector was higher than that of the COTS Si detector,
he total ENC (in e− rms) present in the COTS Si detector based
pectrometer was larger than that in the COTS 4H-SiC spectrometer at

80 ◦C, due to the narrower bandgap of Si cf. that of 4H-SiC [15].
Although not coupled to the same electronics, the energy resolu-

ion achieved with the currently reported COTS Si detector (Hama-
atsu S5973) was compared to that achieved using different previously

eported COTS Si detectors. The OSRAM BPX65 [17], the Siemens
FH00206 K [19], and the Hamamatsu S2506-04 [19], have all been
reviously investigated for their performance in X-ray and 𝛾-ray photon
ounting spectroscopy at room temperature. The energy resolutions
chieved with those other COTS Si detectors were inferior to that
chieved using the Hamamatsu S5973 detector. This was partially

ttributed to the low noise CSP electronics used here.

10
The energy resolutions achieved here were not as good as the best
eported so far for X-ray and 𝛾-ray photon counting spectrometers
sing purpose-made detectors and ultra-low noise electronics. The best
nergy resolution spectrometers operating at ≈ 20 ◦C and at relatively
oft X-ray photon energies (≤ 10 keV) have employed Si detectors
e.g. Si drift detectors [60] and DEPFETs [5]). Operation at a higher
hoton energy regime (> 10 keV) and/or higher temperature regime
≥ 20 ◦C) benefits from the use of different semiconductor materials;
he best energy resolutions reported for purpose-made X-ray and 𝛾-
ay detectors for uncooled operation achieved with a GaAs p+-i-n+

photodiode [9] and a CdTe photodiode [10].
The energy resolution (at the required temperature range of op-

eration) is not the only characteristic of an X-ray and 𝛾-ray photon
counting spectrometer that leads the selection of the appropriate de-
tector. A high quantum detection efficiency, at the specific photon
energy regime to which the detector will be subjected, may be the
primary requirement for certain applications (e.g. at environments with
a paucity of photons). The detector in these situations should thus be
tailored with the appropriate material and structure; semiconductor
materials with relatively large linear attenuation coefficients are usu-
ally preferred over Si for the detection of hard X-rays and 𝛾-rays (see
Fig. 2). Finally, the radiation hardness of the detector can play a major
role in its selection, especially for applications where the detector is
subjected to intense radiation environments. Detector degradation (and
thus a reduced lifetime) due to radiation damage can be overcome by
employing detectors with increased radiation hardness; semiconductor
materials such as GaAs [64] and SiC [63] suffer less from radiation
damage compared to Si [7].

In conclusion, it has been demonstrated here that the COTS Si
detector (Hamamatsu S5973) can be used for X-ray and 𝛾-ray photon
counting spectroscopy at elevated temperatures higher than had been
previously supposed to be possible for Si detectors. In addition, the en-
ergy resolutions achieved at modestly elevated temperatures (≤ 40 ◦C)
were superior compared to those using some wide bandgap detectors
that were tailor-made for high temperature X-ray and 𝛾-ray detection.
Although the detector employed was originally intended for visible and
infrared detection it may still be the preferred choice for use in low-cost
X-ray and 𝛾-ray spectroscopy instrumentation in certain applications.
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