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Abstract

A novel charge sensitive preamplifier? which has no resistor in parallel with the
feedback capacitor is presented. No exlcrnal device or circuit is required to discharge
the feedback capacitor. The detcctor leakage and signal current flows away through the
gate of the first JFET which works with its gate 1o source junction slightly forward
biased. The DC stabilization of the preamplifier is accomplished by an additional
feedback loop, which permits to equalize the current flowing through the forward
biased gate to source junction and the current coming from the detector, An equivalent
noise charge of less than 20 electrons r.m.s. has been measured at room temperature by

using an input JFET with a transconductance to gate capacitance ratio of 4 mS/5.4 pF ,

INTRODUCTION

The charge sensitive preamplifier is gencerally used to amplify signals' delivered by

radiation and particle detectors. In the most simple configuration (figure 1) a resistor R,

is placed in parallel to the feedback capacitor C, to continuously discharge it. The
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feedback resistor also cstablishes a well-defined dc operating point to the amplifier
itself. The detector's leakage current flows through R,.
As far as the noise is concerned the feedback resistor introduces its thermal noise,

which can Le negligible in principle, compared with the shot noisc of thc leakage
currents of the detector (7,) and of the input JFET (1), il R, is choscn to be:

2kT a
(1, +17) ‘

in which k, T and q are respectively the Boltzman constant, the lemperature in Kelvin

Rf>

and the electron charge.

In some application, like the high resolution X-ray spectroscopy , the detector and the
JFET are cooled in order to reduce the total leakage current down to 107 A; the

condition (1) would require a huge resistance value for R,. But very high value physical

resistor, in the range of several G2, present excess noise [1,2]. So, in this situation, R,

constitutes the main noisc source limiting thc maximum signal to noisc ratio of the
system. Another case where the feedback resistor presents difficulties is that one related
to the Silicon Drift Detectors [3,5]. These detectors can operate also at room
temperaturc with high cnergy rcsolution because of their extremely low output
capacitance (60 fF) and low leakage currcnt (=1nA/cm2). These detectors need the
integration of the first transistor of the preamplificr near their output electrode in order
to avoid added stray capacitances. A feedback resistor of relatively high value (200
MQ) is required to be integrated in a small silicon area, without introducing stray
capacitances and excess leakage current. All these requirements are presently difficult

to satisfy. .
In both these cases removing R, from the feedback loop is strictly necessary to achieve

the lowest noisc. But if R, is taken away, a conventional CSP cannot work

permanently because of the lack of a dc feedback path and the lack of a discharging

path for the feedback capacitor C,: the leakage current {from the detector and the input

JFET, together with the signal current from the detcctor, would charge €, till the

preamplifier reaches the saturation. In the past various solutions have been proposed in




order to have a CSP working without R,: the oploclectronics feedback, the charge

pump through the detccior capacitance, the transistor pulsed feedback arc some
cxamples [6]. in all these solutions a comparator scnses the preamplificr output voltage
and when it exceeds a threshold value, a certain amount of charge is injected, with
diffcrent methods, at the preamplifier input to discharge the feedback capacitor.

In this paper we present a charge sensitive preamplifier dc stabilized without the
feedback resistor, this new configuration doesn't nced any additional device and circuit

for resetting.

PRINCIPLES OF OPERATION AND CIRCUIT ANALYSIS

The basic idea of thc novel configuration of the CSP is to use the gate to channel
junction of the input JFET as a path for the detector leakage current and for the
discharge of the fcedback capacitor,

Let's consider the charge sensitive preamplifier represented in figure 2. An n-channel
JFET is employed and the detector is connected in such a way that its leakage current
can Liow through the gate to channel junction at the source end of the gate. A similar
approach can be done by considering the detcctor connccted in the reverse way and the
preamplifier employing a p-channel input JFET,

In figure 3 the output characteristics of a commercial n-channel JFET are reported both
when the gate to source junction is reverse or forward biased, showing the possibility
for a JFET to work well also in that we can call the "forward bias mode".

Let's consider, figure 4, a conventional schematic configuration for a charge sensitive
preamplifier in which the feedback resistor has been removed. T1, T2 and R constitute
a cascode voltage amplificr, T3 is the voltage follower output stage. In this circuit the
input JFET is forced to work in forward bias mode by the current coming from the
detector and from that part of the gatc-channcl junction which is reverse biased. The
vollage at the preamplificr input is a function of the current flowing through the gate to

source diode: for current ranging from 1 pA to 1 nA the dc gate voltage of the tested



JFET varies approximately from 0.25 V to 0.45 V. The dc voltage gain of this amplifier

is, in first approximation:

G(J:';‘T—E—ng (2)

‘where v, and v, are the voltage signals at the output and the input respectively and g, is
the transcouductance of T1. For typical values: g, =4 mS and R=1MQ, it results
G, = — 4000, therefore, if the dc output voltage has a dynamic range of some volts, the
input voltage dynamic range is limited to few millivolts. Even when no signal is
present, this configuration without R, is very critical to every variation ¢ the detector
leakage current, which can vary with the bias voltage, temperature, aging and radiation
damage of the detector itself.

In order to employ the input JFET operating in the forward bias mode, the dc and low
frequency gain of the preamplifier has to be lowered in order to increase the dynamic
range of the dc input voltage up to some hundreds of millivolts.

The modificated configuration in figure 5 makes this effective. A second negative

feedback loop has been introduced between the preamplifier output and the base of T2.

This feedback increases the input resistance at the emitter of T2 to the value:

R, |
o 5)

From a simple analysis it can be derived that the dc voltage gain of this preamplifier is

Re

reduced to:

3

R
G,=—-g, R |1+ 4
) 8Em 1( R) 4)

2
with g, =4 mS, R =2.5KQ, and R, =R, it results G, =— 20, and the dynamic range
of the input dc voltage is increased by two orders of magnitude.

In the frequency range of the signal charge dclivered by detectors this preamplifier is
similar to the conventional one. In fact the feedback loop in the second stage is not

effective, duc to C, so that the T2 t(ransistor bchaves as in the common base

configuration, the main loop gain is high and all the charge will accumulate on C,. The



discharge of C, occurs through the gate-source junction of the input JFET. A detailed

analysis of the circuit brings to the following transfer function:

1
+__
_v_0.=(__l_} ’ T (5)
] C
‘ T7 s +s [l( 2 +I)]+ L

R, R,

where "i " is the input current, t=

)C i, T=R.C; t,=R(C,+C);
with R, being the dynamic resistance of the gate to source junction and C, is the total
capacitance between the input and ground, which includes the detector and JFET

capacitances.

Simple expressions of the time constant associated with the two poles can be derived

assuming that these are strongly scparated (r, << r,):

and 1, =R, (C; +G)(1-G,) (6)

‘ C
where G, =G, c +’ is the dc loop gain when R, tends to infinity.
/

The response to an input &-current i =Q &(t) is therefore:

(_2| r \|z-m, o T,-T ;
% () ( C,)(r,—r,)lirr, ‘ +(rr,)e ] @

$0 v,(0)=- EQ—- and the output voltage decays exponentially with two time constant. -
!

The shorter time constant 7, can be chosen by the Ry, R, and C valucs, whilc the longer

time constant 7, depends on the total capacitance at the input and on the value of R,,

which can be writtcen as:

R ="t @)

! q(lz, 'H-:)



where I, is the leakage current of the detector and JFET and i, is the mean value of the

signal current from the detector, which can be expresses as:

i'.=q(%)f, 9)

where E is the energy deposited in the detector by the photon, € is the mean energy to
crcatc a single signal charge in the detector and f, is the photons rate.

As far as the noisc is concerncd the detector's current and the gate Lo source current
(which have cqual mean value) can be considered as two statistically independent
components because of the capacitance C;, so that the parallel current noise at the

preamplifier input is due to the current I, =21, +1,.

PREAMPLIFIER PERFORMANCE

The schematic of the preamplificr used for experimentation is shown in figure 6. It is a
modified standard CSP with the resistor in the feedback loop [1]. With respect to the
circuit of figure 5, an npn cmitter follower output stage T4 is added in order to have a
lower output impedance. A bootstrap of the load resistor of the cascode is performed by
means of the capacitor C2. The current source TS supplics all the circuit and guarantees
an high load resistance at the emitter of T4. The input JFET is an INTERFET NJ 26 die
glued on a teflon pc board, together with the feedback capacitor of 1.3 pF realized by
two parallel metal strips.

With no detector connected, the input JFET works with the gate to source junction
forward biased at a current equal to the reverse current of the gate-drain junction,

The galc voltage was measured by mcans of an ecleciromeler resulling in

Vas=+105 mV confirming the forward bias mode condition.

A calibrated capacitor was used to inject a positive 8-like charge at the input. The
response of the preamplifier is shown in figure 7, the risetime is less than 30 nS, the
decay with two time constant is clearly visible. It has to be pointed out that the longer

time constant dccreases with the rate of unipolar injected charge, that is with the

increasing of the mean signal current i, as expresses by the (6) (8) and (9).
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The equivalent noisc charge (E.N.C.) was mcasurcd at room tempcrature by using a
semi-gaussian shaper with shaping lime ranging from 0.25 us to 10 ps. The
experimental E.N.C. as a function of the shaping time is.shown in figure 8. The E.N.C.
is a decrcasing function of the shaping time because the parallel noise contribution does
not dominatc with respect to the other noise componcnts. The minimum E.N.C. was
measured to be 19.5 electrons r.m.s. at the maximum shaping time available of 10 ps.
By means of a multiparamcters minirnum least squarc interpolation of the experimental
data with the theoretical expression of E.N.C. [7], il's possible to separate the three
component of the noisc, as shown in the figure 8. The parallel white noise, in the
present case with no detector connected at the preamplifier input, corresponds to the
shot noise of a current of 1.5 pA, this is équivalent to the white thermal noise of a
resistor of 30 G2 with no excess noise. By knowing the Lranscbnductance 8n=4mS of
the input FET, the total capacitance at the input was derived by the interpolating
equation, resulting in C,=5.7pF. The cocfficient of the 1/f noise [1] is
A, =11x10™ V2, this includes the contribution of the series I/f noise of the input
JFET and the contribution due 1o the diclectric losses at the preamplifier input. The

E.N.C slope with respect to C, is derived being 3 electrons r.m.s/pF at the fixed

shaping time of 5 us.

CONCLUSIONS

A novel configuration for the charge scnsitive prcémplificr, which is dc stabilized
without the fcedback resistor, has been prescnted. It has been shown that a junction
field effect transistor can be drived b); the detector lcakage current, operating well with
the gate-channel junction slightly forward biascd at the source end of the gate. In the
CSP this biasing mode for the input JFET can be cxploited to remove the feedback
resistor with a simple modification to the conventional configuration of the preamplifier
itsclf. JEETSs opcrating in the "forward bias mode" can be used also as source follower

amplifying stage for intcgrated clectronics on detectors.
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APPENDIX

In the circuit of figure 9 the block G represents the whole preamplifier of figure 5.
C, is the detector output capacitance. The gate impedance of the input JFET has been

taken into account as the capacitance C,, in parallel with the resistance R,. The currents

balance at the input nodc brings to:

G
1+5R,[C,+C, (1-G)]

—‘:*‘- (1a)
in which C; =C, +C,, and G =G(s)=v,/v, is the voltage gain of the preamplifier as

function of the Laplace complex variable 's',

In order to derive G(s), in a first approximation, some assumptions has been accepted
for the circuit of figure 5: 1) the capacitance cxisting in parallel to R is negletted, 2) the
current gain B of T2 and T3 are high ecnough 10 neglect their base current, 3) R >> R,.
Lets indicale with v, and i, the signal voltage and current at the T2 emitier,

- respectively. The voltage gain v, /v, from the T2 emitter to the output is easily derived:

l+st
G, = ( ](Hst) @

in which ¢ = R, R, C and t°' = —R—’- » Emz being the T2 transconductance.
+ 1y 8m R Rz

the T2 emitler input impedance results Z, = 3’— = g— . So, the voltage gain of the whole

) 2
preamplificr is: '

v R Z

G(s)=—2=-g¢g | —2|GC 3a

=2 -2 (25, o

in which g, is the transconductance of the.input JFET and the factor multipling G, is

the vultage gain v,/v,. From the eq. (1a) (2a) and (3a) it follows the transfer function of

the charge preamplifier as espressed by equation (S).
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Figure 1: Schematic pf a conventional charge sensitive preamplifier with the high value

resistor in the feedbaik loop. ‘A’ is a transresisiance amplifier. The equivalent circuit of

a detector connected lo the preamplifier input is represented.
r

|
|
|

Figure 2: Charge seinsilive preamplifier without the feedback resistor. The input JFET
is forced to opcerate QWith thc gate to channcl junction forward biased at the source end
of the gate. The leakségc current,coming from the detector and from that part of the gate

junction which is reverse biased, flows toward the source.

Figure 3. I, -V, characteristics of a commercial JFET. The gate-source voltage
ranges from the forward bias of +0.4V to the reverse bias of -1.2V in 0.2V step. In the

forward bias mode the gate current is indicated.

Figure 4: Circuital configuration of a conventional CSP. The feedback resistor has been
removed. The detector is connected in such a way (o permit its leakage current to flow
into the gate-source junction of T1. This preamplifier cannot work permanently.

Figure 5: Circuital configuration of the novel CSP without the feedback resistor. A
second feedback loop has been introduced between T3 and T2 transistors.

Figure 6: Schematics of the novel charge sensitive preamplifier without the feedback
resistor.

»

Figure 7: Time responsc of the novel CSP o a d-like charge injected at the input. The
shorter time constant, emphasized in the iusert, is due to the charge of C (figure 5)
while the longer o is related to the discharge of the total input capacitance C; +C,

through the gate-source junction of the input JFET.
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Figure 8: The equivalent noise charge of the novel CSP measured at room temperature
with respect to the shaping time of a quasi-gaussian filter. The three components of the
noise have been separated by means of a fitting of the experimental points with the
theoretical ENC expression.

Figure 9: Schematic for the determination of the transfer function v,/i of the
preamplifier. The block G represent the circuit of figure S.
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