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Monolithic Integration of a Nuclear Radiation
Sensor and Transistors on High-Purity Silicon

SARAH A. AUDET, MEMBER, IEEg, AND S. E. WOUTERS

Abstract—The physical operation of nuclear radiation sensors is briefly
reviewed. This is followed by a description of a typical experimental
measurement-system setup, which can be divided into two parts: the
application-specific part (including the detector and its associated elec-
tronics) and the computer-interfaced part (consisting of a multichannel
analyzer). A number of recent improvements in the system design are
discussed, and an extended description and a physical example are given
of one of the most promising new ideas—the monolithic integration of
both the radiation sensor and its associated electronics on one high-ohmic
silicon substrate. The results proved to be a stimulus for making nuclear
radiation sensors smart enough for direct digital input into computer
systems.

RADIATION SENSOR OPERATION

UCLEAR PARTICLES and high-energy electromagnetic

radiation have traditionally been detected with such
materials and devices as photographic films, Geiger counters,
bubble chambers, and gas-ionization chambers. McKay was
the first in 1951 to use a reverse-biased semiconductor
(germanium) diode as a method to detect nuclear radiation,
thereby beginning the development of semiconductor nuclear
radiation sensors [1]. Since that time, other semiconducting
materials (CdTe, Hgl,, Ge(L1), Si(Li), high-purity Ge, high-
purity Si) have also been used in the fabrication of nuclear
radiation sensors.

The instantaneous response provided by semiconductor
detectors gives them a distinctive edge over X-ray films. Their
electrical responses can be directly input, after amplification
and shaping, into a computer for further processing and
storage. In addition, the sensitivities and dynamic ranges of
certain semiconductor sensor arrays have been found to be two
to three orders of magnitude higher than those values
associated with photographic films [2]. Moreover, due to their
higher densities and lower ionization energies, semiconductor
detectors have better stopping powers and energy resolutions
than gaseous detectors.

Although germanium was the first semiconducting material
used to detect nuclear radiation, silicon has a larger band gap.
Silicon detectors can therefore be operated at room tempera-
ture, whereas Ge, high-purity Ge, Ge(Li), and Si(Li) detectors
must be cooled to around 77 K to limit their leakage currents.
In addition, silicon radiation sensors can reliably be fabricated
by applying the techniques utilized in microelectronic circuit
fabrication. (Due to the relatively high densities of CdTe and
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Fig. 1. Schematic of one-dimensional silicon strip detector.
Hgl,, these materials are generally used to detect high-energy
gamma photons).

When an ionizing particle or soft X-ray traverses through
silicon, it losses energy by creating electron-hole pairs. On the
average, the particulate radiation will lose 3.6 eV for every
electron-hole pair created. The energy of the incident radia-
tion can be measured by collecting this charge. This can best
be accomplished through the use of a reverse-biased diode. By
making a one-dimensional array of strip diodes (Fig. 1) or a
two-dimensional array of square diodes together with a
multiplexing readout scheme (Fig. 2), the detector can be
made position-sensitive in one or two dimensions, respectively
2.

As only that charge generated in the depletion region of the
reverse-biased semiconductor diode can be collected quickly
and efficiently, a feasible signal-to-noise ratio can only be
obtained through the use of totally depleted detectors. In
increasing the reverse-bias on a silicon detector, the associated
depletion region will increase. However, the breakdown
phenomenon limits the voltage that can be applied and,
consequently, the maximum size of the depletion region. To
achieve deep depletion depths, high-purity silicon must there-
fore be utilized [3]. When the resistivity of the starting
material is 4 kQ-cm (phosphorous doping concentrations on
the order of 102 cm~3), a reverse-bias voltage of approxi-
mately 100 V will fully deplete a wafer 300 um thick. In
addition, as the amount of charge generated by the incident
radiation is limited (Q = gE/e for electromagnetic radiation,
where Q is the amount of charge created, q is the charge of an
electron, E is the energy of the incident radiation, and e is the
ionization energy, or approximately 135 C/um for minimum
ionizing particles), low-noise preamplifiers and amplifiers
must be employed in association with the detectors.

System Ser-Up

For different experiments involving different types of
radiation, distinct requirements are made on the detector
systems. Principally, for the measurement of nuclear-particle
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Schematic of two-dimensional silicon pixel detector [2].
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or soft X-ray radiation, the device must be optimized with
respect to energy, space, and time resolutions. These optimi-
zation requirements are placed not only on the detector, but
also on the front-end electronics, i.e., on the preamplification
and amplification units. The measurement system, however,
imposes relatively few requirements on the digital-signal
processing, which can be performed by means of a computer.
The measurement system can therefore be divided into two
parts: the application-specific part, i.e., the detector and the
detector-related amplification electronics, and the computer-
interfaced part, i.e., multichannel analyzers (MCA’s). A
typical system setup for a one-diode detector is shown in
Fig. 3 [3].

DETECTOR-RELATED AMPLIFICATION ELECTRONICS

Traditionally, three types of discrete preamplifiers have
been utilized: the charge-sensitive, the current-sensitive, and

Measurement system setup for one-element sensor [5].

the voltage-sensitive preamplifier. A charge-sensitive pream-
plifier ideally integrates all the charge collected at that
electrode of a radiation sensor with which it is associated onto
a feedback capacitor Cy. Charge-sensitive preamplifiers gener-
ally consist of a differential first stage, incorporating a
feedback capacitor and often a high-value feedback resistor in
parallel. The feedback resistor is a source of noise and, when
present, should be made as large as possible so as to minimize
its contribution to the preamplifier’s total noise. The output
voltage V, of the charge-sensitive preamplifier is given by
the charge collected by the electrode Q,, divided by the
feedback capacitance, i.e., V, = Q./Cs Current-sensitive
preamplifiers typically include only a resistor R, in the
feedback network. Therefore, the signal from the detector
must subsequently be integrated. The integration is performed
by the following unit, the spectroscopy amplifier. However, as
such, it is designed to convert fast current signals into voltage
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signals. In such a configuration, the voltage output is
proportional to the charge collected by the electrode associated
with the preamplifier and to the feedback resistor, i.e., V()
= Q.R/8(f). The output voltage of a voltage-sensitive
preamplifier is proportional to the resistive feedback network
and inversely proportional to the capacitance of the detector,
which is determined by the reverse-bias voltage and can be
unstable in time. This instability is minimized when the
detector is operated in the fully or overdepleted mode.

The choice regarding which type of preamplifier can
optimally be employed depends on the required application,
but in all cases, the preamplifier should be one of low noise.
The input transistor is primarily responsible for the preamplifi-
er’s noise. The input transistor can be fabricated through the
use of one of three different existing technologies: bipolar,
junction FET gFET), or MOSFET. The contributions to the overall
noise include the thermal noise (predominant in the high-
frequency region), the shot noise, and the 1/f noise (predomi-
nant in the low-frequency region). Typical values for the
equivalent thermal noise voltage per Hz'”? are 1 nV for the
bipolar, less than 1 nV for the jreT, and 10 nV for the MOSFET.
The shot noise in FET and bipolar transistors is proportional to
the gate current and the base current, respectively. It is
generally lowest in MOSFET transistors and can be as much as
six orders of magnitude higher in bipolar transistors. The 1/f
noise is usually negligible in both bipolar and JFET transistors
above 1 kHz, while it can be of importance in MOSFET’s up to 1
MHz. jreT’s are most frequently utilized as the input transis-
tors in low-noise preamplifier circuits [4].

COMPUTER PROCESSING

Due to the extensive research performed in the area of
nuclear radiation detectors during the last decade, silicon strip
and pixel detectors with thousands of outputs have become
available. Each of these strips or pixels must discriminately be
read out to obtain position information and each output voltage
pulse must also be measured to procure the energy of the
incident radiation. In a typical high-energy physics experi-
ment, as many as 10 000 outputs are read out during one
experiment [5]. A computer system is therefore necessary to
handle the signal processing. Large spectroscopy systems for
the simultaneous measurement of the energy and the position
of radiation also have the need for computer processing of the
detector output signals [6]. In the field of medicine, detectors
have been employed in the imaging of coronary arteries. The
use of a computer for data storage and processing allows the
signals obtained from the detectors to be analyzed in the
formation of two-dimensional images. However, three-dimen-
sional imaging of the coronary arteries (computer tomo-
graphy) still remains difficult, due to the beating action of the
heart [7].

IMPROVEMENTS IN SYSTEM DESIGN

In the last few years, a shift from pure detector research to
research on detector-related electronics has occurred. A
number of complications have arisen as a resuit. First, it is
nearly impossible to bond successfully each of the thousands
of detector outputs, which can be separated by as little as 10

ELECTRONICS

Fig. 4. *‘Flip-chip’’ readout technique. Two separate chips, i.c., detector
chip and microelectronics chip, are bonded through use of indium-bump
technology [14].

pum, involved in some experiments. In addition, a readout
system that consists of discrete components is in most cases
extensively spacious, as each detector output requires its own
preamplifier and amplifier. Also, the longer the interconnec-
tions between the detector and the amplifier chain are made,
the more signal attenuation and signal disturbance will occur.
Finally, due to the increasingly smaller noise associated with
recently developed silicon nuclear radiation detectors [8],
there has been an increasing need for improvement in the noise
performance of the detector-related amplification electronics.
These obstacles have led to research in a number of different
directions. Attention has turned toward multiplexing and
connection techniques, toward the fabrication of special-
purpose low-noise amplification electronics, toward the two-
dimensional fabrication of detectors and electronics in separate
but adjoined materials, and toward the possibility of mono-
lithic readout.

With respect to multiplexing, sample and hold systems have
been realized [9], as well as the combination of a silicon strip
detector with a charge-coupled device (CCD) multiplexor
[10]. In addition, a separate multiplexing scheme has been
developed and successfully demonstrated that reduces the
number of necessary output connections from #, the number of
sensing elements, to 2n'2 [11].

One interesting connection technique involves the construc-
tion of two separate chips, one being the detector and the other
the detector-related electronics, with their subsequent bonding
through the use of indium-bump technology (Fig. 4) [12]. This
*“flip-chip”’ readout method enables the separate optimization
of each chip and requires less space, but the technology is
difficult and has yet to be perfected.

A recently fabricated 128-channel NMOS VLSI microplex
chip is an example of research being conducted into special-
purpose low-noise amplification electronics [13]. The readout
channels have a pitch of 47.5 um. Two Microplex chips have
been tested with a 256-strip silicon detector with a 25-um strip
pitch. A single multiplexed output provides voltages propor-
tional to the integrated charge from each strip.

Other ideas being considered include the fabrication of the
detectors in an epilayer of amorphous silicon on top of the
detector-related electronics (Fig. 5), or the fabrication of the
electronics in an SOI top-layer above the detector (Fig. 6),
which would be fabricated in a standard manner in high-ohmic
silicon. Both ideas hold promise, as they both allow a 100-
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Fig. 6. Schematic depicting fabrication of detector-related electronics in SOI
top-layer above detector [14].

Fig. 7. Monolithic integration of both detector and detector-related electron-

ics on same high-purity silicon substrate.

percent fill factor. However, the detector sensitivity would be
limited in the latter design [14].

A number of scientists are presently researching the
possibility of fabricating fully integrated detectors in mono-
lithic arrays, where the detector-related amplification electron-
ics would be fabricated on the same high-resistivity silicon as
the detector diodes (Fig. 7) [13]-[17]. It would be very
favorable to integrate front-end electronics together with
radiation detectors onto one chip. Low-noise amplification
could theoretically take place, as the high parasitic capaci-
tances associated with off-chip bonding, which cause signal
reduction and interference, would be eliminated at this early
stage. A reduction in the number of output leads could be
envisioned if a multiplexor could be integrated in high-
resistivity silicon. The total power, size, and wiring costs
would also be reduced.

Points to be considered for each different application
include the system’s spatial and multiple-particle precisions in
one and two dimensions, the efficiency of the detector for
sensing the designated radiation of interest, the system
response time, the percent fill factor, and the radiation

hardness of the system. For instance, for application in vertex
detection, detectors are needed which have fine spatial and
multiple-particle resolutions, have fast response times and that
are radiation hard. The same requirements are stated for most
experiments with synchrotron radiation, with the addition that
a large dynamic range is also necessary.

PROCESSING OF SMART HIGH-PURITY SILICON RADIATION
DETECTORS

The compatible integration of electronics and radiation
detectors onto one chip poses many problems. As mentioned
earlier, the detector must be fabricated on a high-resistivity
substrate (500-10 000 Q-cm) and it must be biased with high
voltages (30-200 V). The traditional fabrication of electron-
ics, on the other hand, demands a low-resistivity substrate
(<50 Q-cm) and moderate biasing (< 15 V). In addition, the
extra processing steps required for realization of the electron-
ics must not subversively affect the detector operation. Silicon
with a (111) orientation is normally used in detector fabrica-
tion, as this material is available with a high resistivity.
Conversely, MOS circuitry is optimally fabricated on (100)
oriented silicon, due to the lower densities of oxide charges
and surface states associated with this orientation. However,
high-resistivity (100) oriented silicon is beginning to become
more widely available.

The incompatibilities existing between the detectors and the
electronics can be overcome cither by designing special
transistors in high-ohmic silicon with the concurrent utilization
of isolation techniques or by the creation of a low-ohmic well,
in which the electronics will be integrated, within the high-
ohmic silicon. Some ideas and results have been published
concerning MOSFET transistors on high-ohmic silicon [13]-
[15], srET’s on high-ohmic silicon [16], and MOSFET transistors
in a low-ohmic well within high-resistivity silicon material
[17]. A process has also been developed within our laboratory
for the fabrication of two-dimensionally position-sensitive
radiation sensor arrays and Mos-based electronic circuitry on
the same high-resistivity silicon substrate. The process is
based on the use of ion-implantation for the fabrication of the
source, drain and detector junctions and on the use of double-
layer metalization for realizing the passive multiplexing
readout scheme associated with the sensor array. This process
has been thoroughly described [18], [19]. Detector prototypes
and test structures, consisting of a nuclear radiation imaging
sensor with 256 array elements, 250 X 250 pm? in size [19],
various size diodes, and Mos capacitors, were fabricated
together with numerous p-channel (polysilicon and metal gate)
mos transistors of different widths and lengths using the
process described in [18]. A photograph of the sensor array
with various test structures, fabricated up to the first layer
metalization, is shown in Fig. 8(a), while Fig. 8(b) shows a
close-up of the sensor array and the Mos transistors.

Measurements demonstrated that the detector diodes were
of good quality [19]. Fig. 9 depicts the leakage current
measurement of one of the resistive outputs of the sensor
array, i.e., 16 sensing elements in parallel, after the first level
metalization (I1) and upon full fabrication (I2). The transistors
demonstrated characteristic behavior. Fig. 10 shows the dc
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(b) )
Fig. 8. (a) Photograph of 256 element nuclear radiation sensor, fabricated
up to first level metalization. (b) Close-up photograph of sensor with
polysilicon and metal gate MOS transistors.
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Fig. 9. Typical reverse /-¥ curve obtained from a resistive output of sensor
array. i.e. 16 sensor elements in parallel, at room temperature after the first
level metalization (I1) and after full fabrication (I2) [19].

characteristics of a typical transistor. No punchthrough was
observed below 15 V, while the threshold voltage V, was
found to vary between 1 and —3 V. At the drain-source bias
current of 200 pA, the small-signal transconductance was
45 uA/Vv.

CONCLUSION

After many years of intense research into high-purity silicon
radiation sensors all over the world, much knowledge has been
gained concerning the fabrication and the operation of
radiation detectors. Limitations now exists in the detector-
related electronics part of the sensor system. Several possible
solutions have been briefly described. One of these solutions,
i.e., the monolithic integration of transistors and detectors
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Fig. 10. DC characteristics of typical polysilicon gate MOS transistor of
width 30 um and length 14 pm. Vi varies from 0-5 V.

onto one high-ohmic silicon substrate, has been further
investigated in our laboratory. Only a few advances have yet
been made in the field of integrating front-end electronics on
the detector chip. This paper presents a number of solutions to
the incompatibility problems existing for the co-integration of
the detector and the electronics. Through the use of a
specialized processing sequence [18], radiation sensors and
Mmos-based electronic circuitry have been fabricated on the
same high-resistivity silicon substrate with the concurrent
maintanence of good detector characteristics. The results are
thus a stimulus for making radiation sensors smart enough for
direct digital input into computer systems.
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