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ABSTRACT

A low noise, fast charge sensitive preamplifier was designed on high resistivity, detector grade silicon.

It is built at the surface of a fully depleted region of n-type silicon. This allows the preamplifier to be

placed very close to a detector anode. The preamplifier uses the classical input cascode configuration

with a capacitor and a high value resistor in the feedback loop. The output stage of the preamplifier can

drive a load up to 20pF. The pon-or dissipation of the preamplifier is IZmW. The amplifying elements

are "Single Sided Gate .JFETs" developed especially for this application. Preamplifiers connected to a

low capacitance anode of a drift type detector should achieve a rise time of 20ns and have an equivalent

noise charge (ENC), after a suitable shaping, of less than SO electrons. This performance translates to

a position resolution better than 3/im for silicon drift detectors.

1. Introduction The realization of matched preamplifiers with a minimum

stray capacitance should decrease the noise of the detector-

A relatively new type of semiconductor detectors, Semi- preamplifier system, resulting in a substantial improvement of

conductor Drift Detectors' have a very low anode capacitance. energy and position resolution of silicon drift detectors and fully

Typical values for multianodc detectors and for large area cylin- depleted Charge Coupled Devices (CCDs).

drical detectors are about 70fF. This very small value of the p o r spectroscopic applications the estimated noise of a cylin-

detector capacitance should lead to a very Ion- noise perfor- drical large area drift detector operating at room temperature

mance which was really observed2. Until now, however, tests i s a D O u t 5 0 el e ct r o ns r.m.s. which corresponds to an energy

were done using electronics constructed from the best commer- resolution of 400eV FWHM.

ciallv available discrete transistors. The input capacitance of . , . , . . . . , , . , ,
A calculated position resolution for a multianode detector

the smnllost available FET 2N 441C is about 4pF. The total , , „ A , . , - . , , . . . .
of an area of 4 x 4cm' is about 3/im in both, x and y direction.

input capacitance achieved with a 2N441C FET ns the first tran- _ , . . .. , . , , , ., , , .
This resolution is a factor of three better than the resolution

sistor was 6pF. Thus there is a factor of 100 mismatch between , . , - . , . . . ., , . ,
obtained up to now with a commercially available electronics

the low output capacitance detector and the input capacitance , , „„« . , , . . . . , .„_ ,
and corresponds to 10° pixels achieved with only 500 read-out

of commercially available FETs. , ,
channels.

The realization of the first amplification stage directly on , „ „ « I. i > * ••
Fully depleted CCDs are realizable on the same type of

the wafer of the detector has two advantages . . . . . . . , , .„ , _ , , . ,
high resistivity silicon material as drift detectors. The designed

1. the input transistor can be made small enough to preamplifier or even a simple source follower realized from

match the small detector capacitance. designed amplification elements on a fully depleted CCD should

2. stray capacitances due to the connection between have an equal performance as the electronics on standard CCDs.

the detector anode and the first transistor can be We believe that the calculated improvements in the perfor-

kept at a minimum. mance of the drift detectors and fully depleted CCDs with an
This manuscript has been Authored under contract number DE-AC02-76CH00016 with the U.S. Department of Energy. Accordingly, the U.S. Government

retains a non-exciusire, royalty-free license to publish or reproduce the published form of this contribution, or allow others to do so, for U.S. Government
purposes. _ f -

* This research is also supported by the Italian INF\ and CNU.
" Also MBB GmbH



integrated Amplifier arc large enough to justify the effort needed
to develop loir noise, fast electronics on high resistivity detector
grade silicon.

The second section describes the bnsic differences between
the traditional electronics and the one under development to
satisfy all requirements and constraints due to the different kind
of silicon and the technology used for the detector production.

The third section is dedicated to the design of the amplifying
elements and to the design of a high value resistor for the
preamplifier feedback loop.

In the fourth section the configuration and layout of the
preamplifier is described. The results u[ the circuit simulation
by "SPICE" program arc shown. The nnise analysis of the
configuration is presented.

2. Constraints Imposed by the Detectors

Seemingly, there is a wide choice <>f different devices for the
first amplifying element of the preamplifier. The four considered
amplifying elements are

1. bipolar transistor
2. depleted base transistor within the very structure of

the drift detector anode region
3. MOS FET in all four main configurations
4. junction FET.

A bipolar transistor when used ax the first transistor of the
preamplifier may add additional noise dus to its base current.
In order to make the contribution of this base current noise
negligible, the beta of the first transistor has to lie larger than
104. We have the feeling that such transistors are difficult to
produce with a relatively high yield.

A depleted base transistor3 can be incorporated only in a
way where holes rather than electrons are carriers of the con-
trolled current in the transistor. Tin; lower mobility of holes
as compared to electrons decreases tin- theoretical performance
of the transistor. Moreover, the dimensions of the first transis-
tor are dictated by the geometry of the drift detector. In all
considered cases it was not possible to achieve the capacitance
matching between the geometrical capacitance of the configura-
tion and the diffusion capacitance of the incorporated depleted
base transistor.

A MOS FET suffers from a much lower resistance to ra-
diation damage as compared to other amplifying elements and
it has a higher excess 1/f noise. Moreover, the gate oxide of
the MOS transistor has to be grown on a < 111 > crystallo-
graphic plane rather than on a < 100 > plane as for standard
MOS FETs. MOS transistors on a < 111 > plane have a lower
performance than the ones on a < 100 > plane.

We have chosen a variation of the junction FET as the
amplifying element for the fast low noise preamplifier integrated
on the detector material. Junction FETs are still the best
transistors for low noise amplification in nuclear spectroscopy.
Moreover, the production steps for this kind of transistors can
be made compatible with the detector production'1.
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There are, however, considerable differences between silicon
used to produce detectors and silicon used for the production
of standard FET transistors. Silicon used for drift detector
production is n-type silicon with a resistivity between 1 and
lOkQcm (donor concentration 0.5 - 5 x 1012/croJ). The wafer
surface is oriented along the < 111 > crystallographic plane.

Silicon used for the production of n-channei junction FETs
varies slightly according the manufacturer, however, it is
generally p-type, the resistivity being in a range between
1 - lOOmficm. The surface orientation is < 100 >.

There are important constraints for the -preamplifier design
from the limited choice of production steps compatible with
the technology of the detector production. To obtain a very
long carrier life time (to keep the leakage current low) there is
only one high temperature process in the detector production.
No second oxidation, no diffusion and no polysilicon processes
are presently possible. The detectors are made mainly by ion
implantation4.

To conclude the list of additional requirements on the
amplifying element, we have to realize it close to the anode
of the detector. In the anode region the silicon is completely
depleted due to the bias voltage on the rectifying junction on
the other side of the wafer.

3. Amplifying Elements and High Value Resistors

The geometry and the operation of the "Single Sided Gate
JFET" is similar to a standard n-channel MESFET5 on semi-
insulating GaAs.
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Fig. 3.1: Cross section of a "Single Sided Gate
JFET". The gate is indicated by (G), source and
drain by (S) and (D) respectively.

The cross section of the JFET realized on high resistivity
silicon is shown in Fig. 3.1. The transistor can be called
"Single Sided Gate N-Channel FET". The starting material is
detector grade n-type silicon with a resistivity of 2kQcm. The
desirable structure is obtained exclusively by ion implantation
technique. Different impurity concentrations are implanted at
suitable energies and doses. The gate is obtained by a low



energy, high dose Dornn implnnt. Drain nnil source terminals
arn low energy, high dose Phosphorus implnnts. The FET
channel is realized by a flccp high energy (520fceV) low dose
(8 x 10"cm"2) Phosphorus implant. There is also an additional
deeper high energy Boron implant (480*eV) with a total dose
of 2 x 10ncm-2.

The high energy Phosphorus implant produces a low resis-
tance path between source and drain which is the n-channel
as in in a standard n-channel JFET. The function of the high
energy Boron implant requires some explanation.

S '

Fig. 3.2: Minus potential of the source and
gate region of the transistor with a negative bias
applied to the gate and a zero voltage to the
drain. Only 2fim depth is shown.

The implanted Boron forms a p-type region centered about
0.8;im deep in the silicon bulk. This region is completely
depleted from all mobile charges because of the high negative
bias voltage of the p+ implant on the opposite fare of the wafer.
Fixed negative charges in the lattice of the crystal produce a
barrier to retain the electrons within the channel. Fig. 3.2 shows
an appro.-dmation to the electron potential energy in the source
and gate region of the transistor with a negative bias applied to
the gate and a zero voltage to the drain.

Characteristics of this kind of transistor were calculated

using ft complicated 2D ende "PROUDS1"6. ,

Fig. 3.3: Characteristics of the "Single Sided
Gate N-Channel JFET". The width of the tran-
sistor is 100/tm, the gate length is 7pm. The
gate bias for the shown curve is 0V.

The ID curve of the transistor for the gate bia» of OV is
shown in Fig. 3.3 (to produce this curve 70 hours of CPU
on CRAY-XMP supercomputer were used). By comparing
characteristics simulated for different gate voltages we were able
to estimate the transconductance of the transistor. The transit
time of an electron in the channel was calculated to be about
300p«.

The pinch-off voltage of a "Single Sided Gate JFET" cannot
be designed to be low without compromising low gate leakage
current requirements. The reason can be seen in Fig. 3.2. The
mobile holes of the gate have a tendency to diffuse against the
negative potential into the channel region. The tail of the hole
distribution in the gate may overcome the potential barrier of
the channel and be swept to the opposite side of the wafer. The
escape of holes would contribute to the gate leakage current.

To prevent the diffusion of holes into the channel region
the gate must operate at a relatively high negative voltage as
compared to the channel voltage. This means, that the pinch-off
voltage is high. The design value is about 3V. This value of
pinch-off voltage dictates the energy of the deep Phosphorus
implant. A higher value of the pinch-off voltage means higher
power dissipation of the preamplifier.

We can see that the output impedance of the FET in the
saturated part is not very high. Against our intuition the output
impedance in a part of the characteristics used for amplification
is not affected by the presence of the implanted Boron bar-
rier. The simulations of characteristics in configurations with
and without the barrier gave a similar value for the output
impedance. The transistor with the implanted Boron barrier
has, however, a much sharper voltage cut-off. This feature is
important for switching applications and for the operation of
the device at small current densities. The relatively low value of
the output impedance is due to the penetration of the electric
field from the drain to the channel region through the depleted
region of the silicon bulk,
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Fig. 3.4: Cross section of the high value feed-
back resistor. The implanted layers arc identical
to the layers of the transistor.

The cross section of the high value feedback resistor is shown
in Fig. 3.4. The current flow is perpendicular to the paper plane.
The length of the resistor in this direction is 250/jm. The high
energy implants are obtained at the same time as the implants
for the transistors.

Fig. 3.5: The minus potential in a resistor cross
section. Current flows in a direction perpendic-
ular to the paper plane.

The minus potential of the resistor cross section is shown
in Fig. 3.5. The silicon is not depleted right under the Si-SiOj
interface where the current flows. The resistance per unit length
is related to the number of mobile carriers in this undcpleted
region by

where n i* the linear density cf mobile electrons in the unde-
pleted region of the resistor; p. is the electron bulk mobility; and
q the electron charge (positive).

We can change the number of mobile electrons and thus
the resistivity by applying a different bias on the resistor gate.
With a gate bias of -4V the total resistance is about lOATfi.
The capacitance per unit length is the derivative of the mobile
charge with respect to the gate voltage. The capacitance is only
a weak function of the voltage. Iti value is about 0.2fF/iim.

The above numbers for the resistance and the capacitance
include also the contribution of the conductive channel along the
Si-SiOi interface. The interface i* not depleted because of the
presence of positive charges in the SiOj cloce to the interface.
We have considered to use this "surface conductivity" for the
realization of high value resistors. We preferred to realize the
resistor within the bulk for the very same reason, that we have
preferred JPET rather than MOSFET.

4. Charge Sensitive Preamplifier

li i
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Fig. 4.1: Charge sensitive preamplifier on high
resistivity silicon.

Fig. 4.1 shows the diagram of the charge sensitive preampli-
fier. It is a slight variation of a classical cascode with a Darling-
ton follower using only the previously described n-channel FET.
There is one more transistor connected as a current source to
supply an additional current to the input transistor. The in-
put transistor has a three times higher steady current than the
grounded gate transistor and the transistor resistor combination
used as a load for the cascode. The smaller current in this path
allows a realization of a higher open loop gain.

The capacitive feedback is taken from the source of the
output transistor to improve the linearity of the circuit. The
DC feedback through a lOJl/fl resistor is applied after a resistive
division of the output voltage of the first follower. This division
8/ (22 + 8) which provides a voltage level shifting also increases
the decay time constant of the amplifier.
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Fig. 4.2: Impulse response of the charge sensi-
tive preamplifier. Fast time scale.
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Fig. 4.3: Impulse response of the charge sensing
preamplifier. Slow time scale.

The "SPICE" simulated impulse response of the preamplifier
is shown in Fig. 4.2 and Fig. 4.3 for two different time scales. The
rise time is about 23n.t; the decay time ronstnnt is I.O/M. The
waveform is similar to the output waveform of the previously
used discrete components preamplifier which allows us to use
the same signal processing electronics.

The noise of a well designed preamplifier is dominated by
the noise oi the input transistor. In this variation of the cascode
configuration the transistor connected as a current source for
the input transistor and transistor resistor combination used as

the load contribute to the total noise. With the designed values
the total contribution of all other noise sources adds 20% to the
noise of the first transistor.

Fig. 4.4: Layout of the charge sensitive pream-
plifier.

Fig. 4.4 shows the layout of the amplifier. The input bond
pad (on the left hand side) and the output bond pad (right)
are not fully shown. The individual transistors are realised in
self closed rectangular patterns and are more complicated than
simple crossing realizations of MOS transistors. At the upper
left side there is the input cascode realized in a concentrical
geometry. A large output transistor on the right hand side
occupies almost one half of the preamplifier surface.

5. Conclusion
•

The integration of front end electronics seems possible on
high resistivity silicon wafers suitable for fully depleted radiation
detectors. The integration of this electronics promises a large
improvement in the performance of detectors with very low
anode capacitance.
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