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We experimentally confirmed a basic operation of the n-channel junction field-effect transistor (JFET) embedded in the i
layer (I substrate) of a pin diode for X-ray detectors, which was proposed in Jpn. J. Appl3r71i$998) L115. To electrically
isolate the n-channel from the substrate, apring is formed around the JFET and is reverse-biased, instead of a deep p layer
under the n-channel (i.e., the conventional structure). In the proposed structure, only one type of donor is ion-implanted in the
n-channel, while in the conventional structure, both donor and acceptor are ion-implanted there. For the first time, the role of
the p" ring in the electrical characteristics of the n-channel JFET is experimentally elucidated.
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gate of a four-terminal JFET which has a front gate and a
bottom gate.

Silicon drift detectors (SDDs) enable the realization of In this letter, we experimentally investigate the role of the
large-area X-ray detectors with spectroscopic energy res@verse-biasedring in determining the electrical character-
lution.r? Since X-ray detectors are very sensitive to noisestics of the n-channel JFET.
we should avoid placing a long wire between a pin diode for )
an X-ray detector (X-ray pin diode) and a front-end junctiorf- EXPerimental
field-effect transistor (JFET). For this reason, it is necessary To form an n-channel in anmsubstrate of Si with a donor
to embed a JFET in the substrate (i layer) of the X-ray pidensity of 2x 10'2 cm~3, phosphorus (P) of & 10 cm™2
diode. or 8 x 10'° cm~2 was ion-implanted with 500 keV. The peak

To take advantage of the electron mobility, which is muclposition of the P distribution in Si was calculated to be about
higher than the hole mobility, we should select an n-channél8.m from the surface, and the peak densities for the two
JFET as well as a high-resistivity n-type substrate ¢ub- types of doses were calculated to be about®'* cm~2 and
strate). 2 x 10 cm3, respectively.

The schematic cross section of the proposed SDD is shownTwo 0.2-um-thick nt layers (source and drain) were
in Fig. 1, and the top view around the center is shown in Fig. 2ormed by the thermal diffusion of P. Then, twol8-um-

To reduce the capacitance of the X-ray pin diode, the areathfick p* layers (gate and ring) were formed by the thermal
the n" layer (anodé) is reduced. To form the depletion re-diffusion of boron (B).

gion over the whole n substrate, a high reverse-bias voltage Each size of JFET is shown in Fig. 3. The gate length
(V) is applied to the p layer (cathodé) of the X-ray pin and width were @m and 144um, respectively. The electrical
diode. To effectively collect electrons produced by X-raysneasurement was carried out using three Keithley 236 Source
at the anode, severat gings are formed at the surface andMeasure Units.

are reverse-biased. For example0 V and—100 V are ap- ) )

plied to the innermost and outermost pngs, respectively, at 3+ Results and Discussion

Ve = —100 V. Figure 4 shows the influence of thé ping voltage Ving)

To fabricate an n-channel JFET in the substrate, a deep p as well as the gate voltag®{) on the drain currentlf) at
region and a shallow n-channel region are usually forfi@d. the drain-source voltageVgs) of 4 V for the dose of 8x
This is because the deep p region isolates the n-channel fra®°® cm=2. In the figure, the solid and broken lines represent
the m substrate electrically. In this conventional structurethe Ip — Vying characteristics a¥s = 0 V and thelp — Vg
however, ionized donors as well as ionized acceptors exisharacteristics atying = 0 V, respectively.
in the n-channel, suggesting that a lot of dopants generateFirst, we discuss the electrical isolation of the n-channel
noisé® and reduce the electron mobility in the n-channel @&om the m substrate due to the reverse-biasedring. As
a low operating temperature. is clear from the solid lineV;ing influencedlp, indicating that

Instead of the deep p region under the n-channel, we hatre p" ring affects the n-channel depth. As a result, tHe p
proposed a new structure of an n-channel JFET withemg  ring behaves exactly like a bottom gate of the four-terminal
around the JFET, which is shown in Figs. 1-3. The proposedJFET, as proposed in our previous papefrom the stand-
JFET is located in the innermost ping, as shown in Figs. 1 point of thelp — V4ing characteristics, therefore, the n-channel
and 2. Because the donor density of thesubstrate is rather is electrically isolated from themsubstrate when the'pring
low (about 2x 102 cm~2), the depletion region formed by is reverse-biased.
the reverse-biased pring spreads over the bottom of the n- The value oflp decreased withVg from —3 V to —17 V
channel. This is why it separates the n-channel from the rmore slowly than it did withVying. This suggests that at
substrate electrically. As a result, the png acts as a bottom V;ing = 0 V, the depletion region formed by the" ping

1. Introduction
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Fig. 1. Schematic cross section of the X-ray pin diode with the proposed n-channel JFET.
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Fig. 2. Schematic top view around the center with the proposed n-channel oE—/—~+ + 1 1y
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— A= = Figure 5 shows thép — Vps characteristics for 13/ at
Fapm o ichannel Ving = —20 V. According to the simulation, the deple-
tion region in the n substrate spreads over about 160
300 um at Ving = —20 V. As is clear from the figure, the typical
Ip — Vps characteristics were obtained, and the saturation of
n substrate Ip appeared clearly, indicating that the pinch-off occurred.
Therefore, from the viewpoint of thigy — Vps characteristics

also, we have experimentally demonstrated that the reverse-
Biased p ring can separate the n-channel from thesub-
strate electrically.

The electrical characteristics of the JFET for the dose of
does not spread over the entire bottom area of the n-chanrzlk 10*° cm~2 were also measured. The pinch-&ff,g for
Since the electronic built-in barrier between the n-channel aride dose of 2« 10*° cm~2 was about-7 V, while the pinch-
the m substrate is low)p consists of two types of currents off Viing for the dose of 8< 10'° cm=2 was less thar-20 V.
through the n-channel as well as the substrate just under  Under the conditions o¥ps = 4 V, Vg = 0 V andV;ing =
the n-channel. 0V, Ip was in the linear region, and the valueslgfwere

On the other hand, af; < —17 V, Ip increased due to the 2.6uA and 114uA for the doses of 2 10 cm~2 and 8x 10'°
reverse-bias current between the gate and the drain. Thisis~2, respectively. The ratio of the lattég to the formerlp
because a¥ < —17 V, the gate currenti§) flowed andlg  was 44. This ratio is reasonable because in the linear region,
was the same ds. Ip is proportional to the donor density in the n-charffiel.

Fig. 3. Schematic cross section of the proposed n-channel JFET in the
substrate.
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Fig. 5. Ip — Vps characteristics for 1¥g at Ving = —20 V.
" substrat
n” substrate Ve
& |_ n-channel Q
TR T ,
drain '— constant-current
POXHXXIXXIXXAX G gate =| JFET
source
———0 Vout
- drain
PR XXX G ate Vin
EERER YRS g front-end JFET
source
*~pring
—
(@ ®) //

Fig. 6. Front-end JFET and constant-current JFET: (a) schematic top view

and (b) electrical circuit diagram.

Since X-ray pin diodes are operated at a low temperaturg

in order to avoid thermal noisép should be low in order to
avoid generation of heat. On the other hand, wheis low, it
is difficult to obtain high transconductanag(= d1p/3Vg).

In order to obtain a high amplification factor, we propose
the combination of the front-end JFET and a constant-curremj

JFET in the innermostring, as shown in Fig. 6, where the
sizes of the two JFETs are the same. To obtain a const

current, the gate is connected to the source in the consta}i%sE Massachusetts, 1996) p. 540.
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current JFET. Since the input voltagé) is around 0 V in
the operating condition, the output voltagé, () is around
half of the supplied voltageVc). In the saturation region,
the smallA Vi, can be converted into the largeéV,y. For ex-
ample,AVyy/ AV, is estimated to be around 40Vdtc = 8

V using thelp — Vps curve atVg = 0 V shown in Fig. 5.
The lower the slope ofp in the saturation region, the more
AVout/ AVin is enhanced. According to the above discussion,
the fabrication of the front-end JFET and the constant-current
JFET are in progress. Moreover, in order to confirm the re-
duction of noise, SDDs with the two types of JFETSs are being
fabricated.

4. Conclusion

We investigated the role of the"pring in the n-channel
JFET proposed in our previous paper. In the JFET, instead
of the deep p region under the n-channel, theripg is lo-
cated around the n-channel. For the first time, we experimen-
tally proved that the reverse-biased png can separate the
n-channel from the n substrate electrically and that it acts
as a bottom gate of the four-terminal JFET which has a front
gate and a bottom gate.
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