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Abstract— The X-ray free-electron laser (XFEL) at the Pohang
Accelerator Laboratory (PAL), Pohang, South Korea, provides
X-ray energies of up to 15 keV depending on the experimental
purpose. Silicon-based devices have been used as diagnostic
devices and detectors for X-rays in experimental stations. Consid-
ering recent domestic and international circumstances, develop-
ing silicon-based detectors in-house is necessary. We developed a
silicon p-intrinsic-n (PIN) photodiode (PD) for X-ray detection,
and its performance was investigated and compared with that
of a commercial PD used in the PAL-XFEL. The PD was
designed to be 1 cm × 1 cm in size, and it used the junction
side for signal readout and the ohmic side for X-ray entrance.
Considering the absorption length of 12-keV X-rays suitable
for crystallography, a 500-µm-thick silicon wafer with a high
resistivity was used for PD fabrication. It has a guard ring,
an n+ edge field shaper, and an antireflection coating (ARC)
and is available in four different types based on the metal
structure of the junction and ohmic sides. We present here the
electrical characteristics of the PDs. The depletion voltage at
which the bulk of the PD is fully depleted was determined to
be 119.7 ± 8.2 V from bulk capacitance measurements, and the
operation voltage of the PD was set to 200 V. PDs with leakage
currents less than 30 nA/cm2 at the operation voltage were chosen
for performance measurements. The signal-to-noise ratio (SNR)
with a Sr-90 radioactive source corresponding to the minimum
ionizing particle (MIP) and the quantum efficiency (QE) for
wavelengths of 300–1000 nm were measured. Beam tests were
conducted at the PAL-XFEL using 600-, 900-, and 1200-eV X-rays
where the responses to ultrahigh brightness and ultrashort X-ray
pulses were checked. The energy resolutions were measured using
gamma-ray radioactive sources, Am-241 (59.5 keV), and Ba-133
(31.0 and 81.0 keV). The differences in performance among
the PD types are presented herein in terms of the electrical
characteristics, SNR, QE, response to X-ray pulses, and energy
resolutions. The results of the fabricated PDs were also compared
with those of a commercial PD.
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I. INTRODUCTION

THE Pohang Accelerator Laboratory X-ray Free-Electron
Laser (PAL-XFEL) [1], constructed in 2015, comprises

hard X-ray (HX) and soft X-ray (SX) free-electron laser (FEL)
lines. The HX line generates 2–15-keV FEL pulses from
4- to 11-GeV electron beams, and the SX line generates
0.25–1.25-keV FEL pulses from 3-GeV electron beams. Both
HX and SX beamlines provide X-ray energies appropriate
for experiment purposes [2]–[4]. The HX beamline has used
approximately 12-keV X-rays for the majority of crystallog-
raphy experiments. Resonant scattering and absorption spec-
troscopy at the SX beamline, however, necessitates specific
X-ray energy of 1 keV or less, depending on the research
materials. The HX and SX beamlines each had two experimen-
tal hutches and end stations. All experimental stations on the
beamlines have their X-ray diagnostic devices and detectors,
which are mostly silicon-based.

Since it is difficult to find and purchase commercial silicon
photodiodes (PDs) with a reasonable delivery time that are
suitable for the experimental purpose of each station and block
the light, designing and manufacturing PDs that can be used
to detect X-rays at the PAL-XFEL is necessary. Because the
absorption length of the 12-keV X-ray energy is approximately
200 μm [5] and the thickness of the silicon wafer should be
at least twice the absorption length [6], 500-μm-thick silicon
wafers with high resistivity were selected for PD fabrication.
PDs must not only have a high detection efficiency, but also
shield the light well; therefore, the concept of having an
antireflection coating (ARC) on the light entrance side with
or without a metal layer has been investigated. As a result,
the PD’s design is distinguished by its metal structure, which
can be ring-shaped or cover the entire area on the junction
(P-) and ohmic (N-) sides.

The basic characteristics and performance of the PD were
measured in terms of electrical characteristics such as bulk
capacitance, leakage current, and signal-to-noise ratio (SNR)
with a Sr-90 radioactive source corresponding to a minimum
ionizing particle (MIP). The quantum efficiency (QE) in the
visible light spectrum was measured to investigate the effect
of the light entrance window, such as the scintillation light
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detection availability and light-tight functionality. Further-
more, a beam test with the X-ray free-electron laser (XFEL)
was performed to check the responses to intense ultrashort
X-ray pulses as well as to evaluate the impact of the metal
layer. As the measurable energy of the fabricated PDs using a
radioactive source is limited to above 15 keV [7], the energy
resolutions were also measured using gamma-ray radioactive
sources, Am-241, and Ba-133. In this article, the performance
differences between differently designed PDs are described in
terms of their electrical characteristics, SNR, QE, response to
X-ray pulses, and energy resolution. Their performances were
also compared with those of a commercial PD that has been
used as a diagnostic device for the PAL-XFEL.

II. DESIGN AND FABRICATION

The PD was designed as four different types based on a
conventional PD structure [8], [9] depending on the metal
structure on the P- and N-sides: P-side ring (Pr), P-side whole
(Pw), N-side ring (Nr), and N-side whole (Nw) types. The bias
electrodes of Pr and Pw have ring and whole metal structures,
respectively. The Nr type has a light entrance window, but the
Nw type covers the light entrance window with 400-nm-thick
aluminum (Al) and 150-nm-thick titanium tungsten (TiW)
layers between the Al and Si substrates. These four types
were intended to investigate the performance differences based
on the bias electrode structure and the presence of a light
entrance window. Double-sided, polished, and n-type silicon
wafers with 500-μm thickness, 6-in diameter, high resistivity
greater than 5 k�cm, and <100> orientation were used for
PD fabrication. The PD was 1 cm × 1 cm in size and featured
a guard ring and an n+ edge field shaper on the P-side. Seven
photomasks were used for the fabrication: two photomasks
(metal contact and metalization) for the N-side, where the
X-rays enter, and five photomasks (n+ edge field shaper, p+
implant, and guard ring, metal contact, metalization, and pad
open) for the P-side, where the signal is read out. The N-side
of the PD has a light entrance window with a Si3N4 layer of
68.0 ± 1.10-nm thickness as the ARC to improve the QE [10].
The PD was fabricated at the Electronics and Telecommuni-
cations Research Institute (ETRI), Daejeon, South Korea [11].
The PD cross section is shown in Fig. 1, with the whole metal
on the P-side and the ring metal on the N-side. To increase
the breakdown voltage, a guard ring is added around the p+
implantation. The n+ edge field shaper is placed near the
edge of the PD using n+ implantation to suppress the leakage
current caused by the sawed edge [12], [13]. Three wafers
in one batch were used for the fabrication. Fig. 2 shows the
fabrication process flow, and Fig. 3(a) and (b) presents each
side of the manufactured wafer.

III. ELECTRICAL CHARACTERISTICS AND SNR

Each type had ten PDs in one wafer; therefore, a total
of 120 PDs were manufactured. The electrical characteris-
tics of all manufactured PDs, that is, their bulk capacitance
and leakage current, were measured using an LCZ meter
(4277A, HP) and a picoammeter (6487, Keithley), respec-
tively, as shown in Fig. 4(a) and (b). The full depletion

Fig. 1. Cross-sectional view of the PD with Pw metal and Nr metal.

Fig. 2. PD fabrication process flow.

Fig. 3. (a) P-side and (b) N-side of the manufactured PD on the wafer.

voltage was determined to be 119.7 ± 8.2 V from the bulk
capacitance measurement. To improve the detection efficiency,
the operation voltage of the PD was set to 200 V. At the
operation voltage, the measured average bulk capacitances are
23.4 ± 3.1, 22.8 ± 0.5, 22.5 ± 0.4, and 22.9 ± 0.4 pF for
PrNr, PrNw, PwNr, and PwNw, respectively; these values are
consistent within measurement errors with the calculated bulk
capacitance of 20.7 ± 0.9 pF. Sensors with leakage currents
below 30 nA/cm2 at the operation voltage were used for the
PD performance measurements. The yields of the sensor with
a leakage current of less than 30 nA/cm2 were obtained as
40%, 27%, 30%, and 57% for PrNr, PrNw, PwNr, and PwNw,
respectively. The yields are affected by not only the fabrication
process, but also the sensor location on the wafer.

The SNR of the PD was measured using the Sr-90 beta
radioactive source and then compared with that of the ref-
erence sensor, HPK-PD (Hamamatsu, S3590-09 [14]), which
was used at the PAL-XFEL beamlines. The SNR is obtained



BAEK et al.: PERFORMANCE MEASUREMENTS OF PHOTODIODES FOR X-RAY DETECTION 1955

Fig. 4. (a) Bulk capacitance and (b) leakage current of the four different
types of the PDs as a function of the reverse bias voltage.

using the following formula:

SNR = MPV − mpedestal

σpedestal
(1)

where MPV is the most probable value of the signal pulse
height, and mpedestal and σpedestal are the mean and standard
deviation of the pedestal, respectively. Fig. 5 shows the
experimental setup used for the SNR measurement. External
triggering was used to acquire data when beta-rays penetrated
the sensor. The charge produced in the sensor is converted to a
voltage by a low-noise charge-sensitive preamplifier (A250CF,
AMPTEK), then amplified with a spectroscopy amplifier
(N968, CAEN), and digitized using a 12-bit flash analog-to-
digital converter (FADC25, Notice). The Gaussian (Landau)
fitting results for the pedestal (signal) distribution are shown
in Fig. 6. The SNR measurement results of the PDs are listed
in Table I. The SNRs of the PDs are comparable to those of
the HPK-PD, considering the sensor thickness [15].

Fig. 5. Experimental setup for the SNR measurement with a Sr-90 radioactive
source.

Fig. 6. Pulse height distribution for PrNw.

TABLE I

SNR MEASUREMENT RESULTS OF THE PDS USING A SR-90

RADIOACTIVE SOURCE

IV. QUANTUM EFFICIENCY

The QE at a specific wavelength is the detector’s photosen-
sitivity to the incident light, and it was measured at the Korea
Research Institute of Standards and Science (KRISS) [16]
for light ranging from 300 to 1000 nm at 5- and 10-nm
intervals for the Nr and Nw types, respectively. From the
measured spectral responsivity, the QE was calculated using
the following equation [17]:

η(λ) = hc

eλ
s(λ) (2)

where η(λ) is the QE, s(λ) is the spectral responsivity in
amperes per watt at a wavelength of λ, e is the elementary
charge, h is the Planck constant, and c is the speed of light.
Fig. 7(a) and (b) shows the PD’s spectral responsivity and QE,
respectively, as a function of the wavelength. PrNw and PwNw
have a QE of approximately 0% because the light entrance side
is covered with metal, preventing light from passing through.
PrNr and PwNr demonstrated a 100% absolute QE for light
with a 550-nm wavelength with the help of the ARC on the
N-side.



1956 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 69, NO. 8, AUGUST 2022

Fig. 7. (a) Photosensitivity and (b) QE of the fabricated PDs as a function
of the wavelength of the light.

V. BEAM TEST AT THE PAL-XFEL
Sensor performance measurement and evaluation of the

metal layer effect on the light entrance side were performed
on the PAL-XFEL SX beamline providing ultrahigh brightness
and ultrashort pulsed X-rays of 60 Hz. For this purpose,
we used 600-, 900-, and 1200-eV X-rays, and each PD
was placed on a printed circuit board developed to detect
high-intensity beams in the photoconductive mode [18]. Pho-
tographs and signal processing schematics of the experi-
mental setup at the PAL-XFEL SX beamline are shown in
Fig. 8(a) and (b). For signal processing, a current amplifier
(DHPCA-100, FEMTO) and digitizer (PXIe-5160, National
Instruments) were used, and the waveform obtained from the
digitizer was integrated to calculate the charge.

The PAL-XFEL uses the self-amplified spontaneous emis-
sion (SASE) process to provide intense ultrashort X-ray
beams [1], [19]. Owing to the SASE process, the XFEL
beam exhibits a stochastic nature [20], [21]. As a result, the
majority of devices in the PAL-XFEL beamlines are pulse-by-
pulse synchronized, and each device has time stamping and
pulse identification information. The PD data were collected in
conjunction with an online gas monitor detector at the optical
hutch (OH-GMD) and experimental hall (EH-GMD) [22], [23]
to normalize the PD data.

A study on the waveform of the PD signals when the
bias voltages applied to the PDs were 10, 20, 30, 40, 50,
100, and 150 V was conducted using 900-eV X-rays. The
average waveform was calculated after obtaining the waveform
for 300 pulses at each bias voltage. Fig. 9 shows the signal
distributions for the PD types at various bias voltages as a
function of time.

As the voltage increases, the length of the waveform for
all PD types decreases, whereas the maximum height of the
waveform increases linearly. Owing to the metal layer on the
N-side, the maximum height of the Nw type is approximately
twice as small as that of the Nr type at the same bias voltage.
For all types, the charge obtained by integrating the waveform
had the same distribution at all bias voltages, but the charge
distributions of the Nr type at 100 and 150 V were slightly
lower than those at the other bias voltages. The waveforms
of the HPK-PD were obtained at 10, 20, and 30 V because
the maximum height of the HPK-PD exceeded the maximum
input voltage of the digitizer at bias voltages larger than 30 V.
Fig. 10(a) shows a comparison of the waveforms of the PD
types and the HPK-PD at a bias voltage of 30 V. The PD’s rise
time and maximum height are 3.7 times longer and 7.0 times

Fig. 8. (a) Whole view and inside view of the vacuum chamber and
(b) experimental setup diagram at PAL-XFEL SX beamline.

Fig. 9. Waveforms of the PDs depending on the bias voltage for 900-eV
X-rays.

smaller, respectively, compared to those of the HPK-PD. This
is due to not only the difference in thickness between the
HPK-PD and manufactured PDs, but also the differences in
X-ray incidence and signal readout sides of the sensor; in the
case of the HPK-PD, the X-rays entered through the P-side,
and the signal was also read out from the P-side. However,
in the case of the manufactured PDs, the X-rays entered the
N-side, and the signal was read out from the P-side. As shown
in Fig. 10(b), the charge distributions of the Nr types for each
X-ray pulse are comparable to those of the HPK-PD.
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TABLE II

ER MEASUREMENT RESULTS OF THE PDS WITH GAMMA-RAY RADIOACTIVE SOURCES

Fig. 10. (a) Waveforms of the manufactured PDs and the HPK-PD at 900-eV
X-rays and 30-V bias applied and (b) charge distributions of the manufactured
PDs and the HPK-PD as a function of EH-GMD photo-ion charge.

A normalized charge as a function of the reverse bias
voltage was obtained by applying a bias voltage from 50 (10)
to 150 (30 V) with 50 (10 V) steps to the PDs (HPK-PD)
irradiated with 600-, 900-, and 1200-eV X-rays to compare the
normalized charges and investigate the effect of the metal layer
at each X-ray energy. The incident X-ray flux was adjusted
using Al attenuators of 300- and 600-nm thicknesses for each
bias voltage setting, and a total of 300 pulses were taken for
each experimental setting. As shown in (3), each PD charge
is normalized to the EH-GMD charge. The Al attenuator did
not affect the normalized charge. The normalized charge was
divided by the charge of the HPK-PD obtained at 30 V,
as shown in (4), and the results obtained for different X-ray
energies without an attenuator are shown in Fig. 11(a)–(c)

QPD = 1

n

n∑

i=1

qi (PD)

qi(EH-GMD)
(3)

NormPD = QPD

QHPK-PD

(4)

where qi (PD) is the i th charge of the PD, qi (EH-GMD) is
the i th charge of the EH-GMD photo-ion, and n is the total
number of X-ray pulses. QHPK-PD is the charge measured
at 30 V. Because the intensity is weakened by the metal
layer, which comprises 400-nm-thick Al and 150-nm-thick
TiW layers, the Nw type with the metal layer on the incident
surface has a smaller charge distribution than other types.
Notably, as the bias voltage increased, the normalized charge
of the Nr types decreased, as observed for the 900- and
1200-eV X-rays. These features were also observed when
the Al attenuators were used. In the photoconductive mode

operation for high-intensity detection, the required minimum
bias voltage is 10 V, and the bias should not exceed the full
depletion voltage [18]. However, the bias voltages of 100 and
150 V applied to the PDs were either too close to or exceed
the full depletion voltage, 119.7 ± 8.2 V. The measurements
showed that a voltage larger than the full depletion voltage
adversely affects the performance of the PDs. The Nr types
demonstrated better results than the HPK-PD for 600- and
900-eV X-rays.

The total transmittances due to the metal layer were calcu-
lated as 0.277, 0.584, and 0.758 for 600-, 900-, and 1200-eV
X-rays, respectively [24]. On the contrary, the normalized
charge ratios of the Nw and Nr types were obtained as
0.063 ± 0.003, 0.365 ± 0.042, and 0.631 ± 0.025, respec-
tively, for the three different X-ray energies. The thicknesses
of the metal layers in the PDs were measured using a scanning
electron microscope. The differences between the calculation
and measurement results are due to the uneven thickness of
the metal layer.

VI. ENERGY RESOLUTION

The energy resolutions (ER) of the manufactured PDs and
HPK-PD were measured using gamma-ray radioactive sources,
such as Am-241 and Ba-133. Am-241 decays to Np-237 by
alpha transition with a gamma-ray of 59.5 keV [25], and
Ba-133 emits 31.0 and 81.0 keV gamma-rays by decay-
ing [26]. The experimental setup for the ER measurement was
similar to that shown in Fig. 5, except that, instead of external
triggering, self-triggering with a threshold setting on the FADC
for the signal sensor was used. ER is defined as the ratio of
the full-width at half-maximum (FWHM) to the photon energy,
expressed as a percentage, given by the following equation:

ER = 2.35 × σsignal

msignal − mpedestal
× 100 [%]. (5)

Each pulse height distribution was fit using a Gaussian func-
tion, as summarized in Table II. In these energy regions, the
metal layer of the Nw type does not have a significant effect
on ER . The attenuation lengths of silicon are approximately
1.6, 7.0, and 10 cm at 30, 60, and 80 keV, respectively [5].
As a result, depending on the gamma-ray energies, the signal
obtained by subtracting the pedestal mean from the raw signal
mean exhibited good linearity, and the calibration constant was
determined to be 12.2 ± 0.2 ADC/keV on average for all PD
types. The ER of the PDs shows improvement with increasing
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Fig. 11. Ratio of the PD charge to the HPK-PD normalized by EH-GMD photo-ion charge for (a) 600-eV, (b) 900-eV, and (c) 1200-eV X-rays as a function
of bias voltage.

gamma-ray energy, except for the HPK-PD, which exhibits a
slightly poorer energy resolution for 81.0-keV gamma-rays.
The signals (msignal—mpedestal) of the PDs are very similar;
thus, σsignal is the most critical parameter for determining
ER and is affected by the pedestal sigma that is related to
the sensor noise [7], [27]–[29]. At all measured gamma-ray
energies, all manufactured PD types demonstrated comparable
ER to the HPK-PD. The Nw type shows better ER than the
Nr type for the 31.0-keV gamma-rays. This result is due to
the absence of a metal shield on the light entrance window of
the Nr type. However, there was no difference between Pr and
Pw types.

VII. CONCLUSION

The PAL-XFEL provides various X-ray energies depending
on the purpose of the experiment. We designed and fabricated
silicon p-intrinsic-n (PIN) PDs for X-ray detection using the
PAL-XFEL. They were designed in four different types based
on the metal structures of the P- and N-sides to investigate
the differences in performance, and their performances were
compared with those of the HPK-PD, which was used as
a diagnostic device at the PAL-XFEL beamlines. N-type
silicon wafers with a 500-μm thickness, 6-in diameter, and
high resistivity were used for PD fabrication. The PD was
manufactured with a size of 1 cm × 1 cm, and the N-side of the
PD had an ARC with a Si3N4 layer. From the bulk capacitance
measurement, the full depletion voltage was determined to
be 119.7 ± 8.2 V, and the operation voltage was chosen to
be 200 V. The bulk capacitance was measured to be 22.7 ±
1.4 pF on average at the operation voltage, which is consistent
with the calculated capacitance within the measurement error.
PDs with a leakage current of <30 nA/cm2 at the operation
voltage were used for the various performance tests. The
average SNR of the PDs for MIP was measured using a Sr-90
radioactive beta source and was observed to be 107.8 ± 18.8.
There were no differences in the electrical characteristics and
SNR between the PD types. The SNR showed comparable
characteristics to the HPK-PD when considering different
sensor’s thicknesses. At 550 nm, the Nr type optimized by the
ARC thickness exhibited a 100% absolute QE. The Al metal
layer in the Nw type covers the light entrance window, making

it insensitive to visible light, as confirmed by QE measure-
ments. The PDs were also tested using ultrahigh brightness and
ultrashort X-ray pulses of 600-, 900-, and 1200-eV energies at
the PAL-XFEL, and the Nr type exhibited better performance
than the Nw type at 600 and 900 eV. ER (FWHM) was
measured using gamma-ray radioactive sources, and the PD
results were as good as those of the HPK-PD. There is no
clear evidence for the metal shape of the bias electrode on the
P-side affecting QE, responses to intense pulses of SX energy
and energy resolution. Overall, the measurements and beam
test results show that the performance of the manufactured
PDs is comparable to that of the commercial HPK-PD. It has
been demonstrated that covering the light entrance side with a
metal layer is effective in shielding the visible light spectrum;
however, the metal layer thickness must be further optimized
during the fabrication process.
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