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A new structure of an n-channel junction field-effect transistor (n-channel JFET) embedded in a pin diode for an X-ray
detector is proposed. When a p/n junction, which is formed on theubstrate (i. e., i layer) of the pin diode around the
JFET, is reverse-biased, the depletion region is extended under the n channel of the JFET, because the donor density of the n
substrate is as low & x 10'* cm™3. This indicates that the n channel can be electrically separated fronT tselrstrate,
without a p region under the n channel. Since it is unnecessary to form the p region under the n channel, only one type of donor
exists in the n channel of the JFET proposed here, suggesting that this n-channel JFET has the advantage of high performance
due to high mobility and a low noise characteristic due to low defect densities.
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) two types of impurities result in high 1/f noiéeAlthough
1. Introduction the channel of the p-channel JFET (Fig. 1(b)) is doped with

Semiconductor detectors have been developed for energgly one type of impurity, the mobility of holes is much lower
measurements, for example, for use in X-ray spectroscopan that of electrons, indicating that the performance of the
Silicon drift detectors enable the realization of large-area Xp-channel JFET is poorer than that of the n-channel JFET.
ray detectors with spectroscopic energy resolutiéhx-ray In this letter, we propose a new structure of an n-channel
detectors that are required to measure a small number ZFET on the n substrate, without the p region under the n
electrons produced by X-ray irradiation are very sensitive tohannel. Because the donor density of the 3i substrate
noise. Using a 1 keV X-ray, for example, only ab8ut 10?> is rather low, the depletion region, which is formed by the
electrons are produced in silicon (Si). Long wiring betweemeverse-biased p/n junction on the substrate around the
a pin diode for an X-ray detector (referred to as an X-ray pidFET, can cover the n channel and can separate the n channel
diode) and the first transistor (i. e., a preamplifier) sufferrom the m substrate electrically. Since this n-channel JFET
from electromagnetic noise. Moreover, since a large strapcludes only one type of impurity in the channel, it could be
capacitance resulting from the long wiring is added in parexpected that it has the advantage of high performance due to
allel to the input capacitance of the preamplifier, the gain diigh mobility and a low noise characteristic due to low defect
the preamplifier is reduced at high frequencies. In order tdensities.
shorten the wiring, therefore, it is necessary to embed the
preamplifier in the substrate of the X-ray pin diode. Up to
now, many preamplifiers embedded in X-ray pin diodes have
been proposed and investigate#.

When a high-resistivity n-type Si (nSi) substrate is used
for X-ray pin diodes, the drift of electrons with mobility much
higher than that of holes can be taken advantage of. More-
over, the depletion region, where electrons produced by X-
rays drift due to the electric field, can be easily extended over
the whole i layer (m Si substrate) of the X-ray pin diode. In
order to fabricate an n-channel junction field-effect transis- @
tor (n-channel JFET) as a preamplifier, a deep p region and
a shallow n-channel region should be formed, as shown in source gate drain
Fig. 1(a)? The p region is required to electrically separate
the n channel of the JFET from the i layer of the X-ray pin
diode. In this case, the n-channel region includes both ionized
acceptors and ionized donors. In order to avoid the generation
of thermal noise in X-ray pin diodes and first JFETSs, the op-
erating temperature of these devices should be low. Since,
at low temperatures, the mobility of electrons decreases with
the total density of ionized donors and ionized acceptors, it
is desirable to dope the channel of the JFET with one type
of impurity. Moreover, defects formed due to doping with
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- - - Fig. 1. Schematic cross sections of (a) n-channel JFET and (b) p-channel
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of Des affects the performance of the n-channel JFET.

2. A New N-Channel JFET Embedded in an X-ray Pin  the yalues of the drain curreni) and the transconduc-
Diode tance ¢m) in this n-channel JFET are expressed as follows.

Since the resistivity of the n Si substrate for X-ray pin In the linear region,
diodes is as high a& x 103 ©-cm, the donor density in the
n~ substrate is as low & x 10'2 cm~3, indicating that a Iy = @pinNenanV Deit Vos — 2 | 2606
p/n junction can produce the wide depletion region in the n L 3\ aNchanDert”
substrate. When the diffusion voltage of the p/n junction is 3/2 3/2
0.7 V, for example, the width of the depletion region in the X [(VDS +Vag = V6)™" — (Vag — Vo) } } 1)
n~ substrate is abow2 um. When the n-channel JFET is 5 g
introduced between two p/n junctions, as shown in Fig. 2, the W
n-channel JFET can be covered with this depletion region, gm = Kn \/Qqeoechhan[(VDs+ Vag — VG)l/2
suggesting that the n channel is electrically separated from L
the substrate, without the p region under the n channel shown — (Vag — VG)1/2] , )

in Fig. 1(a). . .
Since the width of the depletion region formed by the p/Mvhereq is the charge of an electrop,, is the electron mo-

junction increases with the reverse bias voltage applied to tHg'ty’ Vosis thg vqltage betwegn the s.ource_and the digin,
p/n junction, the size of this n-channel JFET can be increaséa..the permlttl\(lty in vacuumes is the dielectric constant for
Let us consider an n-channel JFET with gate length- silicon, andVG_ is the \_/oltage between the source and the gate.
4 pm, gate widthiW = 50 um, gate depthD = 1 ym, and In the saturation region,
the distance between two mings R = 36 pm. The donor I 1 gunNenanV Det (Vo+ V) |1 3 Vg — Ve
density (Venan) of the n channel ig x 107 cm™3 and the P~ 3 7, \VpT Vg TJF Vag
donor density Vs, of the m substrate i x 10'2cm=3. 3/2
The diffusion voltages¥(y and Vyq) formed by the p ring 49 <Vdg - VG> ] 3)
and the g gate ared.69 V and0.97 V, respectively. Vo + Vg
Figure 3 shows the potential for electrons from the bot-
tom of the gate toward themsubstrate along the Z-Z’ line
in Fig. 2. The set of potentials for five reverse bias voltage
(—Viing) applied to the p ring are shown in this figure. The gate * n channel *"'
diffusion voltagelyg forms the approximatel§.15-pm-wide 1 —— — .
depletion region in the channel. AtVjing = 0V, even elec-
trons with energy as low d@s4 eV can be injected from the n
channel into the n substrate. Moreover, electrons producet
by X-rays can easily transfer from the rsubstrate to the n
channel. However, at the oth&,g in Fig. 3, it is found that
the depletion region formed by the"ing separates the n
channel from the n substrate completely. In other words,
this separation prevents electrons produced by X-rays fro
being injected into the n-channel and it also keeps electro
flowing in the channel from diffusing toward the rsubstrate.
On the other hand, the effective depibf) of the channel
is narrowed by the depletion region formed by the fing.
Corresponding to-Vjing of 0V, =5V, =10 V, —15 V and @
—20V, the approximate values @t are0.90 um, 0.70 um, gate D - substrate
061 um, 0 53 pm and0 46 um, respectively The reduction %
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Fig. 2. Schematic cross section of a new structure of an n-channel JFET. Fig. 3. Electron potential corresponding to varidggg.
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and
gm = qiinNchanW Degt 1— 2¢p€s (Vdg - ‘Q/G) ’ (4)
L qNchanDeft
whereV, is the pinch-off voltage expressed by
q]\/.chanDeff2
= - — . 5
Vo 2€q€s Vag )

SinceDes is changed bying as shown in Fig. 3(a), can

be controlled bying. In Fig. 3(a), for example, the value of
Derr is about0.46 um at —Viing = —20 V. At Vps = 12V,
Vo = 0V and—Ving = —20 V using zin = 1200 cn?/V /s,
the JFET ioperated in the linear rgion becaugss is lower
thanV,, of 15 V. At room temperaturelp andgn, are48 mA
and7.2 mS, respectively.

Since the values df; andgy, increase withuy, a highpp is
required. In the n-channel JFET proposed here, high mobility
could be expected at low temperatures, because the density of
the ionized donor in the channel is much lower than the total
density of the ionized donor and the ionized acceptor in the
channel shown in Fig. 1(a).

3. An X-ray Pin Diode with the Proposed JFET

X-ray pin diodes consist of the nsubstrate between a thin
p* layer and a thin t layer. Although the areas of the"p
and n" layers are usually enlarged in order to widen the area
of X-ray irradiation, the capacitance of the X-ray pin diode
becomes large. In order to speed up the response of the X-ray
pin diode, the capacitance of the X-ray pin diode should be
reduced.

The schematic structure of the X-ray detector with the n-
channel JFET proposed here is shown in Fig. 4. In order to
reduce the capacitance of the X-ray pin diode, the area of the
n* layer is reduced. The high negative bias voltag®¥(.ay)
is applied to the p layer of the X-ray pin diode to form the
depletion region over the whole i layer. To effectively col-
lect electrons produced by X-rays at the region due to the
electric field, a p ring is formed at the surface and the neg-
ative bias voltage-{V}ing) is applied to the p ring under the
condition ofVx.ray > Viing.

The n-channel JFET proposed here is located in the p
ring, as shown in Fig. 4. By applying Viing to the p" ring,
the n channel is electrically separated from thesubstrate,
as discussed if12.

As shown in Fig. 5, the h layer of the X-ray pin diode is
electrically connected to the gate of the JFET. When electrons
produced by an X-ray flow into themlayer of the X-ray pin
diode, the voltage of the™nlayer is lowered, indicating that
the gate is more reverse-biased. Therefore, the drain current
of the JFET can be accurately controlled by a small number
of electrons produced by an X-ray.

In order to accomplish the rapid discharge of electrons col-
lected at the 1 layer of the X-ray pin diode before the elec-
trons produced by next X-ray reach the layer of the X-ray
pin diode, a pin diode for discharging electrons (referred to
as a discharge pin diode) shown in Figs. 4 and 5 is intro-
duced, as mentioned by Lechreral” When a small bias
voltage /is) is applied to the discharge pin diode, the volt-
age of the i layer of the X-ray pin diode becomes slightly
lower thanVyis, because the discharge pin diode should be
slightly forward-biased and the X-ray pin diode and the pin
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Fig. 4. Schematic structure of an X-ray pin diode with the n-channel JFET
proposed here; (a) top view and (b) cross section.
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Fig. 5. Schematic electric circuit of the X-ray detector.

diode formed by the P ring should be highly reverse-biased
in order to balance the forward current of the discharge pin
diode with the small reverse currents of the other pin diodes.
Therefore, the operating gate voltage of the JFET can be con-
trolled by Vyis. Since the discharge pin diode is more forward-
biased when electrons produced by an X-ray are collected at
the ™ layer of the X-ray pin diode, the electrons can be dis-
charged quickly from thehlayer through the discharge pin
diode.

As mentioned above, the n-channel JFET proposed here is
suitable for the integration on the X-ray detector chip.

4. Summary

We have proposed a new structure of an n-channel JFET
embedded in an X-ray pin diode and have discussed the char-
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acteristics of this n-channel JFET. The n-channel JFET can
be fabricated in the nsubstrate, without a p region under the

n channel. Since the n channel of the JFET is doped with only
one type of impurity, the high performance due to high mo-

bility and the low noise characteristic due to the low defect

densities could be expected. The fabrication of this n-channel
JFET and the integration of the JFET on the X-ray detector
chip are in progress.
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