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Abstract

We present an analysis of the total strip capacitance of
double-sided, AC-coupled silicon microstrip detectors. We
evaluate the radiation hardness and the noise contribution of
different strip geometries. We comment on a serious failure
mode.

I. INTRODUCTION

For silicon microstrip detectors, the total strip capacitance
is a major contributor to the amplifier noise. We have shown
before [1], that in general, geometric considerations determine
the values of the capacitances: narrow strip implants and wide
p+ blocking strips (on the ohmic side) minimize the interstrip
and coupling capacitance[2,3]. The extraction of the
capacitances from LCR measurements is complicated by the
frequency dependence of the measurements. With help of a
comprehensive SPICE simulation, frequency independent
capacity values can be determined[4].

We have previously measured the effect of proton and
gamma radiation on the total capacitance{l]. We now
determined the noise of microstrip detectors of various
geometries and with different radiation history and extracted
values for the capacitances. These results are compared with
the direct LCR measurements.

II. EXPERIMENTAL SET-UP

We have measured the interstrip, coupling and body
capacitance as function of strip and p-blocking implant width,
Single-sided AC-coupled test detectors of various geometries
were manufactured by Hamamatsu Photonics [5] in a program

0 determine the optimum geometric layout of double-sided
icon detectors for the SSC [6). Details can be found in refs.

[#,7]. Based on our findings, double-sided prototypes of 6cm-

Iength were produced with 12um implant, 10um metal and
24um p* blocking strips [6].

. The capacitance measurements on biased detectors have
been performed as function of frequency with a HP 4284A
LCR meter. The measured capacitances exhibit a strong
fiequency dependence due to the fact that the detectors act as an

extended network of resistors and capacitors. With SPICE

simulations we extract frequency independent capacitance and
resistance values. A more complete description of the
simulation and the results is given in ref, [7].

" The noise was determined using a low power, low noise
amplifier-comparator VLSI circuit with 32ns shaping time [8]
and a digital pipeline chip [9], both developed for the LPS in

ZEUS (10). From the dependence of the counting rate on the
threshold voltage the equivalent noise charge (ENC) can be
extracted and the capacitance calculated.

III. BODY CAPACITANCE

We have presented before [1,4] the extraction of the
coupling and interstrip capacitance. We report here on the body
capacitance which is important to determine the depletion
voltage in C-V plots.
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Fig. 1 C-V plot of the p-side Hamamatsu test structure

Fig. 1 shows the C-V plot of the Hamamatsu test structure
for several frequencies, taken between the biasing bus and the
backplane. The data suggests that at higher frequencies the
simple two-component analysis of the LCR meter does not
describe the complexity of the circuit. On the other hand, the
body capacitance above depletion can be well descibed by a
SPICE simulation which includes biasing resistors and the
capacitance of the guard ring (Fig. 2).
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Fig. 2 SPICE simulation of the body capacitance of the p-'
side Hamamatsu test structure
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Novel designs of detectors with varying strip pitch p
and/or width w ("wedged" detectors, see ref. [11]) pose the
question of how depletion voltage and body capacitance depend
on the strip geometry. We have investigated this dependence
using explicit analytic expressions for the field [1,12].
Assuming a detector of thickness d, strip width w and w' of p-
side and n-side, respectively and depletion voltage VD as a
planar diode, we find that both the strip detector depletion
voltage:

Vo=Vaoll+ 221G+
and the body capacitance per unit length at depletion:
p
cp=¢& ' @
*T d+p [f+ ()]

are dependent on an universal function f(w/p). Numerically:

f(x)=-111-10"x2 +5.86-102x7" +0.240
3

—0.651x +0.355x2,x = Wp

IV. TOTAL CAPACITANCE

The total strip capacitance is the sum of the measured AC
interstrip capacitance to the first two pairs of neighbors, a
small correction of about 10% due to all the remaining strips,
and the body capacitance.
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Fig. 3 Interstrip capacitance for p-side test structures.

For unirradiated detectors, we observe somewhat higher
capacitances on the ohmic side (Fig. 4) than on the junction
side (Fig. 3) [1], suggesting the presence of free charges close
to the surface which can be removed only with increased
electric fields. This explanation is supported by the fact that
the ohmic side interstrip capacitance continues to decrease with
increasing bias voltage, even after depletion is reached.

V. RADIATION DAMAGE

We have irradiated the sample detectors with gamma rays
from a 60Co source and with 650 MeV protons with total
doses of up to 8.5 MRad [13,14]. Here we will only discuss
the change in interstrip capacitance. The coupling capacitance

was shown to be stable[14] and the bulk effects leading to a
change in the depletion voltage are discussed in Ref. [15].

We determined the AC interstrip capacitance to the next
four neighbors for both the junction and ohmic side as a
function of the total dose, choosing the high frequency limit at
1 MHz (cf. Ref. [1].). The results are shown for the p-side in
Fig. 3 for different p-implant width. First we collected a
gamma dose of 5 MRad. We see that the interstrip capacitance
is nearly constant for small strip width and increases with
radiation for wide strip width (20um). After gamma
irradiation, we added protons with a fluence of about 1014

P/cm? for a total dose of 8.5 MRad. During the proton
irradiation, the n-bulk inverted[16], causing the junction to
move to the n-side: depletion is now starting from the n-side.
We conclude from Fig. 3 that the interstrip capacitance is
about doubled after inversion and moreover exhibits a
dependence on the bias voltage: when we raise it from 200 V
(the depletion voltage) to 300 V, the capacitance decreases.
This voltage dependence is similar to the interstrip capacitance
on the ohmic side before irradiation, which we attributed to
insufficient removal of all free charges between the strips.
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Fig. 4 Interstrip capacitance for n-side test structures of
10pm width.

In Fig. 4, we show the interstrip capacitance for the n-side

for different p* blocking strip widths and n-implant width of
10 pm as function of y dose and for a separate proton
irradiation with 1014 P/cm2. We find that the n-side interstrip
capacitance is constant during gamma irradiation, at least for
wide ptisolation width. After inversion, i.e., after proton
irradiation, the interstrip capacitance is reduced for all
geometries to below the pre-rad levels. Moreover, no
dependence on the bias voltage is observed, very much like on
the p-side before inversion. These facts are consistent with our
hypothesis that on the ohmic side, insufficient removal of free
charges in low electric fields causes an increase in interstrip

capacitance.
VI. NOISE

We have measured the noise of a low noise amplifier-
comparator chip [8] as function of capacitance with both
discrete capacitors and silicon strip detectors of different width.
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Fig 5 shows the calibration method used to extract the
noise value. Two input charges of 1fC and 2fC are injected and
the synchronous counting rate (occupancy) recorded as function
of threshold voltage Vth. The threshold voltage difference of
the 50% points is the gain in mV/fC, and the width of the
threshold curves gives the noise. Specifically, the threshold
voltage difference between the 88% and the 12% occupancy
points is equal to the noise FWHM. We actually fit the data
with an error function to extract the noise sigma. Fig. 6
shows the noise of the amplifier as function of load
capacitance. In one case, the capacitances are given by external
discrete components, while in the other they are presented by
p-strips of different width, whose capacitance values can be
calculated with the help of Fig. 3. The two noise curves are
nearly identical, which leads us to conclude that the total strip
capacitance generates noise like a discrete capacitor. The
resistance of the metal strip (30 Qfcm for 10um width) does
not contribute significantly to the noise of the fast amplifier.

- We have irradiated p-type test detectors in the TRIUMF

proton beam of 500 MeV with a fluence of 1.5* 1013p/cm2
which leaves the samples close to type inversion. Both the
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Fig. 6 Noise as a function of capacitance. The arrows connect
khe pre-rad and post-rad noise and capacitance values for the
same strip.
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capacitances and the noise values increased during irradiation.
The noise oy, is of the form:

=\/(0'°+40-C)2+F @)

where & is the noise of the amphﬁer without load (about 800
¢€”) and the capacitance values C are derived from Fig 3. The

second term in eq. 4 is contributed by the shot noise of th¢

current i and is about 426 electrons for this fluence. F is &

function depending on the shaping of the preamp and §
Vi

u [ electrons ],

F=1.16 for our preamplifier with rise time t=32ns. We hav¢
included these increased capacitance and noise values in Fig.

Table I
Capacitances extracted from LCR Measurements and
Calibration Noise for Hamamatsu p-side test structures

p— width | Fluence E Cix E Chroise
[pm) [em™1 | [pF]} [pF)
LT O 122132

6 |15-1081 10 | 9.3
LJo () o 16150 |
1015107 12} 113
20 )0, 1828 40

20 [15-10°1159 ! 154
30 | o in3iies ]

30 |15-10% 1 =221 219

In Table I, we list the values of the capacitances of th
different strip geometries measured directly with the LC
meter and determined from the calibration noise, before and
after proton irradiation. The post-rad value of Cy CR for 30pum
width is an estimate, because the proton data are missing. The
agreement for small capacitances is only fair because according
to eq. 4, the noise measurement is then not sensitive to the
capacitance. For larger capacitances, the agreement is good.

An alternative method to determine the noise o is to
determine noise rates (occupancy in 10MHz time slices)
function of the square of the threshold voltage of the amplifier-

Noise Rate
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Fig. 7 Noise rate as a function of threshold voltage Vi,.
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discriminator. Fits of the form
Va?
2
N=N,-e " ©)
give the noise oy directly. An example is given in Fig. 7
which displays the exponential nature of the noise rate of an
disconnected preamp channel. The slope of the noise rate curve
gives 6p=20.0mV, while the calibration method yields
on=19.3mV, indicating good agreement between the two
methods.Capacitances can be extracted from oy using eq. 4
with values for 6() determined seperately for every detector.

In Table II, we show noise rates for the p-type Hamamatsu
test structures determined in three different ways: calculated
from the LCR capacitance measurements, measured with the
calibration and measured with the noise rate in a threshold
scan. While the first two agree quite well, we see that the
threshold scans give larger noise values: they sample the noise
rate at larger threshold values and thus are sensitive to low-
rate, but high amplitude contributions to the noise. We can
attribute this noise component to the fact that there is an
occasional breakdown of the junction due to the exact overlap
of the p-implant and the metal strip, termed "popcorn noise"
by T. Ohsugi[6].

Table II
Equivalent Noise Charges from LCR Measurements,
Calibration Noise and Threshold Scans for p-side Hamamatsu

Test Structures after a Fluence of 1.5* 1013p/cm2

p—width | ENCle"] : ENC[e"] : ENC[e]
[um] calc: LCR : Cal.Noise : Thresh.Scan
6 1286 : 1258 1725
BT T e T
L0 fLasio e 613
% R P A e

We also have investigated the noise of the Hamamatsu
double-sided prototype detectors (DSSD) of 6¢m length. Here
the implants are made 2um wider than the metal to prevent
breakdown. We performed noise rate measurements before and
after proton irradiation with a fluence of about 5*1013p/cm?2
(Fig.8). The current per strip amounted to about i=1.6pLA,
leading to a noise contribution of about 862 electrons.

In Table III, we compare the total capacitances as
determined with LCR measurements (from Figs. 3 and 4, for
10pm strips and 24pum p* blocking implants on the ohmic
side), and from noise rate measurements ( eqs. 4 and 5),
respectively. We also bonded two non-adjacent strips together
to measure the noise on 12cm long strips after irradiation. The
general agreement between LCR measurements and noise rate
determination is fairly good, indicating that the inverted
detector appears stable, in contrast to the p side of the 6cm
long unirradiated detector, where we possibly are observing
slight breakdown. An interesting fact mentioned above is that
after inversion, the capacitance on the p-side becomes bigger
than the n-side capacitance, while before inversion it is the
other way around. Also, the n-side capacitance drops below its
pre-rad level. We can see both trends in our data (Table III). In

addition, the capacitance of 6cm and 12cm long detectors scale
reasonably well.
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Fig. 8 Noise rate as a function of threshold V. for the
6¢cm long p-side strips of the DSSD prototype before and after
a proton fluence of 5* 1013 p/cm2.

Table I
Capacitances extracted from LCR Measurements
and Threshold Scans for Hamamatsu DSSD

Length \  Fluence C,p 1 C,,,
n/p | Tl 7 | H

[em] '[10°p/cm®] ! [pF] ! [pF]

7 0 1661117
P e s 13271140
p | 12 i 5 126.4 lL27.7
po 60 i1L5:128
n 6 | 5 i 7.8 | 8.4
......................... S-S 0cboc Ao o
n | 12 1 s 115.6 ¢ 23.3

VII. FAILURE MODES

For the future, very large silicon tracking systems are
proposed[17]. Failure modes are important because of the large
scale integration of detectors and electronics. We have
identified as one specially worrisome failure mode the
breakdown of one of the coupling capacitors, shorting the p-
or n-implant to the input of the amplifier. Given the fact that
we plan to bias both the junction and the ohmic side, this will
short the amplifier chip to the bias voltage of up to 100 V via
the biasing resistor.

We have tested this failure by breaking a coupling capacitor
on one of the p-side Hamamatsu test structures ( implant
width = 30pum) and measuring noise and gain on the channel
with the shorted capacitance and the next neighboring
channels. Again, the bipolar "TEKZ" amplifier-comparator
chip of Ref.[8] was used. We kept the total bias voltage of the



detector at 100V, but changed the negative voltage on the p-
side biasing ring. Fig-9 shows the i-V curve of the current
IAmp absorbed into the amplifier as function of the p-side bias
voltage. At about -6V, the amplifier channel connected to the
shorted capacitor stopped working. A current in excess of 3uA
switches the pre-amp off. This was completely reversible,
both gain and noise reached their original values whenever the
p-side bias voltage was turned to zero. Yet, the amplifier was
able to absorb currents in excess of 300pLA.
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Fig. 9 Current into the amplifier of the shorted capacitor as
function of p-side bias voltage.

The next neighbors showed increased noise at about -25V
and the second neighbors showed increased noise at -50V,
while preserving the normal gain. This noise increase was the
only effect we were able to observe on the readout chips. We
then illuminated the strips with a laser of about 10um spot
size[18] and realized that in addition, strips are shorted together
via the "punch through effect"[19]: if a threshold voltage
between strips is reached, carrent flows to keep this threshold
voltage approximately constant. With a bias voltage of above
-25V, the voltage difference between the strip with the broken
capacitor, which is held at 0V, and its neighbors reaches the
threshold voltage and thus the three strips get shorted together.
We see an increase in current, which is now supplied via three
biasing resistors. When the biasing voltage reaches -50V, the
next pair of neighbors gets shorted to the first pair, thus
increasing the current into the amplifier via their biasing
resistors and increasing the noise in those strips. We can
expect that for a bias voltage of -100V, about 9 strips will be
shorted together. This value depends on the strip geometry,
because the punch through voltage depends on the strip
separation: we expect larger voltage differences and fewer
shorted strips for narrower strips. Note that at -60V, a current
of 300uA is absorbed in the amplifier chip, yet we observed
normal gain and noise numbers on all channels but the few
neighbors, affected by the punch through.

VII. CONCLUSIONS

We have measured the body capacitances of AC-coupled
silicon strip detectors. The frequency dependence of the
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measurement can be simulated with SPICE and is understood
in terms of a network of distributed capacitors and resistors.

We have derived the dependence of the depletion voltage and
body capacitance on the strip pitch and width of strip detectors.

With a fast, low-noise amplifier, we determined the noise
of detectors of different geometries and radiation histories and
extracted the capacitance. which in general agrees with the
capacitance measured with an LCR meter. Noise rate
measurements in a threshold voltage scan allow the detection
of low-rate, high-amplitude noise components.

We investigated a failure mode of DSSD, the breakdown of
coupling capacitors. We find that a bipolar preamplifier limits
the consequences to the shorting together of a few strips via
the punch through effect.
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