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Abstract: A proposed simply structured gated silicon (Si) drift X-ray detector operated using Peltier cooling and only a 
single high-voltage source is investigated. Because the device structure is much simpler than that of commercial Si drift 
detectors (SDDs), which require at least two high-voltage sources, the cost of the X-ray detection system can be reduced. 
The absorption of cadmium X-ray fluorescence photons (energy: 23.1 keV) in 0.3-mm-thick Si is only 19% in commercial 
SDDs. Toward realizing detectors with thicker Si substrates, we simulate the electric potential distribution in the proposed 
detector with a Si substrate having thickness of 0.625 mm and resistivity of 10 kΩ·cm, and we perform fundamental ex-
periments on a fabricated prototype. The simulation result is in good agreement with the experimental result that the effec-
tive active area of the detector is approximately 18 mm2 by using incident X-rays passed through a 0.1-mm-diameter pin-
hole. An energy resolution of 145 eV at 5.9 keV is experimentally obtained from an 55Fe source at -38 °C. 

Keywords: Simple structure, Inexpensive detector, Gated silicon drift detector, Thick silicon, High-resistivity silicon, High 
sensitivity to high-energy X-rays. 

1. INTRODUCTION 

Silicon (Si) p-type /intrinsic /n-type (pin) detectors and Si 
drift detectors (SDDs) [1-7] are used to measure the energies 
and counts of incoming X-ray fluorescence photons with low 
energies. A pin diode can be used to collect charge carriers, 
the number of which is proportional to the X-ray photon en-
ergy. In general, the capacitance of the detector increases as 
the active area (i.e., the entrance window) becomes larger, 
thus degrading performance. To lower the capacitance, the 
SDD shown in Fig. (1) has been proposed [1]. The anode (n 
layer) of this SDD is smaller than that of a pin diode, and is 
located on one surface of the n--type Si substrate (n- or i 
layer). A large entrance window layer (cathode or p layer) is 
located on the opposite surface. The anode is surrounded by 
multiple p-type rings (p rings) to which a bias is applied such 
that an electric field is generated, causing electrons to 
smoothly flow toward the anode. To form a suitable electric 
field in commercial SDDs, the p rings are electrically cou-
pled by implanted resistors or metal–oxide–semiconductor 
field-effect transistors (MOSFETs) as shown in Fig. (1). 
SDDs with MOSFETs or implanted resistors are costly to 
manufacture, so we have designed several simple SDDs that 
are free of MOSFETs or implanted resistors [8-13]. 

In the case of cadmium (Cd), for example, to detect trace 
amounts of this hazardous element in foods and soil, the ab-
sorption of Cd X-ray fluorescence photons (energy: 23.1  
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keV) should be >50%. Because the i layer in commercial 
SDDs is between 0.3 and 0.5 mm thick, however, the absorp-
tion of Cd X-ray fluorescence is low, between 19% and 30%. 
In a 1-mm-thick Si substrate, on the other hand, the absorp-
tion reaches 51%. Accordingly, thicker Si X-ray detectors 
have been investigated [14-16]. In addition to low cost and 
high sensitivity to high-energy X-ray photons, detectors 
should be portable. This means that the cooling mechanism 
should also be compact and portable; these conditions are 
satisfied by a Peltier cooler. Against this background, we 
have been working to develop thick, simply structured Si X-
ray detectors operated by Peltier cooling [12, 13]. 

To incorporate thicker Si substrates into X-ray detectors, 
here we propose a simply structured detector that has a 10-
kΩ·cm Si substrate with thickness of 0.625 mm, the greatest 
thickness possible through our fabrication process. 

2. DEVICE SIMULATION OF SIMPLY STRUC-
TURED X-RAY DETECTOR 

To operate an X-ray detector with a thick Si substrate at a 
reasonable reverse bias, the n- Si substrate should have resis-
tivity greater than 5 kΩ·cm, which corresponds to donor den-
sity less than 1012 cm-3, while the n- Si substrate in commer-
cial SDDs has resistivity of approximately 2 kΩ·cm. In 
SDDs with high-resistivity Si substrates, however, large hole 
current flows between the cathode and some p rings, owing 
to the large difference in voltage between them [12, 13]. 

Fig. (2) shows a cross-sectional schematic of a cylindri-
cal simply structured SDD with only a single p ring; this 
detector is referred to as SSDD [8, 9, 12]; this detector does 
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not have MOSFETs or implanted resistors. As shown in  
Fig. (2), the same high negative bias can be applied across 
the cathode and the p ring. The anode is connected to the 
junction FET in a pre-amplifier. An oxide layer (SiO2) is 
formed as a passivation layer, as in almost all Si devices. 

The following device simulations were carried out by us-
ing technology-computer-aided design software (ATLAS, 
Silvaco). In the simulation, the n- Si substrate had thickness 
of 0.625 mm and resistivity of 10 kΩ·cm. The radius of the 

anode was 0.055 mm. The inner and outer radii of the p ring 
were 2.455 and 3.050 mm, respectively. The acceptor densi-
ties of the cathode and the p ring were 1!1018  cm-3, and the 
donor density of the anode was 1!1019  cm-3. The thicknesses 
of the cathode, p ring, and anode were 1 µm. The thickness 
of the SiO2 passivation layer was 0.75 µm, and the positive 
fixed oxide charge sheet density (Q

F
) in SiO2 near the 

SiO2/Si interface was varied. A reverse bias of -90 V was 
applied to the cathode and p ring. 

 
Fig. (1). Schematic half-structure and cross section of commercial SDD with MOSFETs between p rings. 

 
Fig. (2). Cross-sectional schematic of cylindrical simply structured SDD with a single p ring (SSDD). The same negative bias can be applied 
to the cathode and p ring. 
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Fig. (3) shows the electric potential distribution in the Si 
substrate of the SSDD with Q

F
 = 3!1010 cm-2, which has 

been reported for current processing methods [17]. Because 
the voltage drop near the p ring was large, the potential near 
the SiO2/Si interface was almost zero. Therefore, the elec-
trons produced by an X-ray photon flow toward the SiO2/Si 
interface, not toward the anode, and then recombine with 
holes at the interface. 

Fig. (4) shows the cross-sectional schematic of a cylin-
drical SDD with several ring-shaped gates and one p ring; 
this detector is referred to as a gated SDD (GSDD) [10, 11]. 
The gates (composed of metal) are formed on the oxide pas-
sivation layer during metallization of the anode and the p 
ring, so no additional processes are required in order to form 
the gates. Compared with a commercial SDD, GSDD is 
much simpler to fabricate. The same high reverse bias is 

 
Fig. (3). Simulated electric potential distribution in 0.625-mm-thick 10-kΩ·cm Si substrate of SSDD. The cathode and p ring were biased at 
90 V. Q

F
 in SiO2 near the SiO2/Si interface was assumed to be 3!1010  cm-2. 

 
Fig. (4). Cross–sectional schematic of cylindrical GSDD with one p ring and several gates. The same negative voltage was applied to the 
cathode, p ring, and all gates. 
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applied to the cathode, p ring, and all gates, which means 
that the GSDD requires only a single high-voltage source. In 
this way, the cost of the X-ray detection system can be 
greatly reduced. 

In the simulation, seven gates were used. Their widths 
were 0.10, 0.10, 0.19, 0.29, 0.39, 0.47, and 0.51 mm, from 
the innermost to outermost gate. The gap between the anode 
and the innermost gate was 0.04 mm, and the gap between 
the innermost and second gates, as well as the gap between 
the second and third gates, was 0.03 mm. The other gaps 
between the gates, and the gap between the outermost gate 
and the p ring, were 0.05 mm. 

Fig. (5) shows the electric potential distribution in the Si 
substrate of GSDD with Q

F
 = 3!1010  cm-2. In this electric 

potential distribution, the electric field along the electric po-
tential valley was strong enough that all electrons produced 
by X-ray photons smoothly flowed toward the anode. The 
simulation shows that the electrons produced in the area 
within the p ring can be collected at the anode, correspond-
ing to an effective active area of approximately 18 mm2. 

The drift time is longer for electrons produced farther 
from the anode. When electrons flow far from the anode, 
however, they induce positive charges at the p ring, gates, 
and cathode, but not at the anode, indicating that the induced 
current does not appear at the anode. When the electrons 
drift between the anode and the innermost gate, the induced 
current signal is detected at the anode. Therefore, the signal 
rise time remains short even in the GSDD with a large en-
trance window. 

The value of Q
F

 is strongly dependent on how the oxide 
passivation layer is formed. The widths of the gates and the 

gaps should be designed to ensure effective detector opera-
tion even when Q

F
 is changed by the fabrication processes; 

accordingly, the electric potential distributions for several 
Q
F

 values were simulated. 
Fig. (6) shows the electric potential distribution in the Si 

substrate of the GSDD with Q
F

 of 0, which is an ideal but 
impractical condition. In this case, the electric field between 
the anode and the innermost p ring is strong, and the electric 
field in the other areas is weak, indicating that electrons pro-
duced by an X-ray photon far from the anode take a long 
time to reach it. 

We next consider realistic Q
F

 values of 1!1010  (good) 
and 1!1012  cm-2 (poor), for which Figs. (7) and (8) respec-
tively show the electric potential distributions in the GSDD 
Si substrate. The results indicate that the GSDD functions 
well, even if there is variation in Q

F
. 

3. FABRICATION 

GSDDs with the design discussed in Section 2 were fab-
ricated using 0.625-mm-thick n- Si substrates with resistivity 
of 10 kΩ·cm. To fabricate the p ring, boron (B) ions were 
implanted into one side of the substrate, which was then an-
nealed. To produce an anode at the center of the GSDD, 
phosphorus ions were implanted into the same side, and then 
the sample was annealed. To form the p layer of the entrance 
window on the opposite side, B ions were implanted and 
then the sample was annealed. After these processes, a SiO2 
passivation layer of approximately 0.75 µm in thickness was 
formed on the surface. When the anode and the p ring were 
metallized, the seven ring-shaped gates were formed. The 
fabrication details have been reported elsewhere [12, 13]. 

 
Fig. (5). Simulated electric potential distribution in 0.625-mm-thick 10-kΩ·cm Si substrate of GSDD. The cathode, p ring, and seven gates 
were biased at -90 V. Q

F
 in SiO2 near the SiO2/Si interface was assumed to be 3!1010  cm-2. 
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Fig. (6). Simulated electric potential distribution in 0.625-mm-thick 10-kΩ·cm Si substrate of GSDD. The cathode, p ring, and seven gates 
were biased at -90 V. Q

F
 in SiO2 near the SiO2/Si interface was assumed to be zero (ideal). 

 
Fig. (7). Simulated electric potential distribution in 0.625-mm-thick 10-kΩ·cm Si substrate of GSDD. The cathode, p ring, and seven gates 
were biased at -90 V. Q

F
 in SiO2 near the SiO2/Si interface was assumed to be 1!1010  cm-2 (good). 

 
Fig. (8). Simulated electric potential distribution in 0.625-mm-thick 10-kΩ·cm Si substrate of GSDD. The cathode, p ring, and seven gates 
were biased at -90 V. Q

F
 in SiO2 near the SiO2/Si interface was assumed to be 1!1012  cm-2 (poor). 
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Fig. (9). 55Fe spectrum for 0.625-mm-thick GSDD with 10-kΩ·cm Si substrate at -38 °C and shaping time of 2 µs. 

Fig. (10). Dependence on shaping time of energy resolution for 0.625-mm-thick GSDD with 10-kΩ·cm Si substrate at -27 and -38 °C. 
 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

As in the simulation, -90 V was applied to the cathode, p 
ring, and all gates to form a suitable electric field in the 
GSDD. 

Fig. (9) shows the 55Fe spectrum of the GSDD at -38 °C 
and a shaping time of 2 µs. An energy resolution of 151 eV 

was obtained. Fig. (10) shows the dependence on shaping 
time of the energy resolutions measured from the 55Fe source 
at -27 °C (△) and -38 °C (○). At -38 °C and a shaping time 
of 6 µs, an energy resolution of 145 eV was obtained at 5.9 
keV.  

Fig. (11) shows the 55Fe spectrum of the GSDD on a 
semi-log scale at -38 °C and a shaping time of 2 µs. The 
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peak-to-background ratio was 2208 and 726 at 2 and 5 keV, 
respectively, which is poor, likely because the entrance win-
dow layer had not been optimized to achieve a high peak-to-
background ratio. 

The counts produced in the GSDD irradiated with X-ray 
photons through a 0.1-mm-diameter pinhole were mapped by 
moving the detector at 0.1-mm increments [13]. An area of 
consistent counts clearly appeared, which corresponds to the 
active area of the X-ray detector. The active area was ap-
proximately 18 mm2, which is consistent with the simulation 
result (i.e., the circular area with an inner radius of the p ring). 

5. CONCLUSIONS 

A GSDD was proposed for realizing a portable and inex-
pensive Si X-ray detector that is sensitive to X-ray photons 
with energies up to 25 keV and can be operated by Peltier 
cooling. Through device simulation, excellent electric poten-
tial distributions in GSDDs were obtained for realistic values 
of positive fixed oxide charge densities between 1!1010  and 
1!10

12  cm-2 in the oxide passivation layer near the SiO2/Si 
interface. Moreover, GSDD prototypes with 0.625-mm-thick 
10-kΩ·cm Si substrates functioned well under Peltier cool-
ing. The results suggest that GSDDs with thicker Si sub-
strates are feasible. 
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