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Abstract

The development and fabrication of specialized silicon detectors have long been an
integral part of the LBL experimental capabilities. This silicon detector expertise uti-
lizes two basic technologies, oxide-passivated diffused junction and lithium-ion drift.
These technologies are complementary, with detectors of 10 um to 500 um thick fabri-
cated using the diffused junction process and detectors 500 pm to 10,000 um using
the lithium-ion technique. Particle spectroscopy applications at LBL typically employ a
thin diffused, dE/dx, detector followed by a thick lithium drifted, E, detector. Novel posi-
tion-sensitive dE/dx and E detectors recently employed in two separate experiments
conducted at LBL are described. In addition, the requirements for employing thick
lithium drifted detectors in an ongoing LBL double beta decay experiment and a LBL
dark matter search are also presented.

Introduction

The Lawrence Berkeley Laboratory (LBL) has for over thirty years maintained staff and
facilities to develop and provide specialized semiconductor radiation detectors often
required for novel experiments conducted at the Laboratory or elsewhere. For silicon
radiation detectors, experimental requirements led, very early, to the adoption of two
fabrication technologies—oxide passivated diffused junction! and lithium-ion drift.2 We
are still are still using these technologies today to provide an ever-widening array of
silicon detectors for spectroscopy applications.

Good descriptions of semiconductor p-n junction radiation detectors are in the litera-
ture.3-5 Figure 1 illustrates a few basic concepts that are needed in the following dis-
cussion. As noted in this figure, the detector depletion depth depends on the applied
bias and semiconductor impurity concentration. This dependence of the depletion
depth on impurity concentration for p-type silicon is shown further in Fig. 2.

Presently, high purity poly-silicon ingots, from which the silicon single crystals are
grown by the float-zone process, can be obtained with impurity concentrations of 0.004
to 0.06 ppb.6 Consequently from Fig. 2 it can be seen that, with these silicon purifica-
tion limits, the maximum detector depletion depth is restricted to about 1 — 2 mm. This
thickness limitation, if real, would greatly reduce the possible applications for silicon
radiation detectors. However, by using the lithium ion drift process, it is possible to
reduce substantially the net acceptor concentration, thereby making feasible thicker
silicon detectors.
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Lithium is an interstitial donor that pairs with acceptor ions present in silicon to form
lithium-acceptor ion pairs that are electrically neutral. As indicated in Fig. 2, the net
acceptor concentration in a silicon crystal can be lowered to about 0.5 -1.0 x 1010
acceptors/cms3 by this pairing process. This low net acceptor impurity concentration
allows the fabrication of detectors with depletion depths of 10 mm or more.

The two technologies in use at LBL are therefore complementary. Detectors 10 um to
500 um thick are fabricated on high purity silicon with a diffused junction process.
Detectors 500 um to 10,000 um are fabricated on lithium ion drifted silicon with a sili-
con lithium drift process. We discuss further in the next section the characteristics of
these two detector types.

LBL Silicon Detector Characteristics

Figure 3 shows schematically the basic LBL silicon lithium ion drifted [Si(Li)] and sili-
con diffused junction detectors. While we use p-type silicon with both of these detector
types, our processing sequence is different, resulting in different detector design
parameters and final characteristics.

We fabricate Si(Li) detectors using low temperature processing. The n+ contact is
formed by diffusing at 375" C lithium into the silicon wafer. The subsequent lithium ion
drift is performed at 120" C.7 These detectors are not very tolerant to high temperature
excursions after fabrication as lithium is quite mobile in silicon. Even prolonged stor-
age at room temperature can cause the lithium-acceptor pairs to dissociate and the
lithium n+ contact thickness to increase.8 However, “old” detectors can be reprocessed
to reestablish the lithium-acceptor pairing or to repair radiation damage. Radiation
damage often appears as an acceptor center in silicon9 and by redrifting these
“acceptor” centers can be partially compensated. We have made these detectors in a
wide range of geometrical shapes including conical and coaxial. In addition, we have
produced single and double-sided position sensitive Si(Li) detectors!0 and pixel
designs.1! We summarize in Table 1 our present capabilities with these detectors.

Table 1. Si(Li) Detector Capabilities

[Detector Diam. Detector Thick. N+ Contact Thick. P+ Contact Thick. |
2-100 mm 0.5-10mm S — 35 mgm/cm2 10 — 40 pgm/cmz

For the diffused junction detectors we use high temperature processing. We grow the
passivating oxide at 1000° C, and form the n+ contact with a phosphorus diffusion at
950° C.12 Typically we use a boron implantation to make the p+ contact and anneal this
implantation at 800° C. These diffused junction detectors are quite rugged and can
survive extensive periods at elevaied temperatures. However, unlike the Si(Li) detec-
tors, there is no inherent compensation process available with these to correct radia-
tion damage effects. Radiation damage can be repaired by annealing at 500 - 800" C,
but often this is impractical due to the detector packaging and/or the presence of metal
contacts. Again, we have made these diffused junction detertors in a wide array of
geometrical shapes. Further, since we can pattern the oxide using photolithographic
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techniques, diverse geometrical patterns are possible. Although we have made

double sided position sensitive diffused junction detectors, we normally make these
detectors position sensitive on only one side. Signals present on each side of a
double sided thin position sensitive detector often interact which canr limit the detec-
tor's usefulness.13 We tabulate in Table 2 our present capabilities with these devices.

Table 2. Diffused Junction Detector Capabilities

[Detector Diam. Detector Thick. N+ Contact Thick. P+ Contact Thick. |
0.1 =75 mm 10 - 500 um 100 ugm/cm2 60 ugm/cm2

Both detector types have been used by experimental groups at LBL and elsewhere in
a wide array of experiments. We discuss a few of these applications in the next
section.

LBL Silicon Detector Applications

A common spectroscopy application using both thin and thick silicon detectors is in

particle identifier telescopes where the signal from the thin detector is proportional to
the particle’s rate of energy loss, dE/dx, while the signal from the thick detector is pro-
portional to the particle’s energy, E. Knowing dE/dx and E, it is possible to identify a
wide range of particles with a high degree of precision.14 In applications where the
particle trajectories are angularly dispersed, position sensitive dE/dx and E detectors
in the telescope can be used to determine the trajectories and thereby extend the tele-
scope’s range and precision.

In a series of experiments characterizing heavy ion projectile breakup reactions, W.D.
Rae has used a variety of LBL fabricated position sensitive dE/dx and E detectors in
his particle identifiers.15 The inclusion of position sensitive detectors in these particie
identifiers permitted the use of wide solid angles (10 — 15°) in these experiments while
maintaining the required particle identification capabilities. The characteristics of the
most recent detectors employed in these experiments are listed in Table 3 while the
detectors and packaging are shown in Fig. 4.

__Table 3. Heavy lon Projectile Breakup Reaction Detectors?s

Detector Thickness Active Area Typical Resolution
at 1.6 pusec
_ Energy Position
dE/dx 20 - 40 um 11x11 mm 25 keV 100 keV
E 3-5mm 11 x 11 mm 60 keV 100 keV

A second example of a particle identifier using position sensitive detectors is the
detector array that G. Wozniak has employed to identify heavy ion fragments produced
by reverse kinematics reactions.16 The LBL fabricated array detectors, 300 um and
5000 um thick, have position sensing contacts that are segmented into a series of high



and low conductivity strips. The position signal from these detectors therefore has dis-
crete levels, which simplifies calibration of the detector linearity and facilitates on-line
monitoring of the detector performance. Figure 5 shows the detectors and packaging.
The detectors are mounted in the array so that the high conductivity strips on the E
detector, visible in the figure, are orthogonal to those on the dE/dx detector. The detec-
tor characteristics are summarized in Table 4.

Table 4. Heavy lon Fragment Detectors!é

"~ Detector “Thickness Active Area Typical Resolution
C ‘ at 1.6 usec
_ ' Energy Position
. dE/dx ~300 um 44.8 x 44.8 mm 80 keV 150 keV
B ~5000 um 44.8 x 44.8 mm 60 keV 100 keV

Figure 6 shows‘ a comparison of the particle spectrum with and without trajectory cor-
-~ rection. The improvement obtained in particle identification with trajectory correction is
. evident in this figure. |

Besides the particle identifier detectors, we have, in the past several years, fabricated
Si(Li) detectors for several neutrino mass experiments. One of these experiments, the
neutrinoless double beta decay of 100Mo, employs a stack of Si(Li) detectors inter-
leaved with the 100Mo foils shown schematically in Fig. 7. These Si(Li) detectors are
7.6 cm in diameter, 0.14 cm thick and are separated from each other by a gap of 0.1
cm into which the 100Mo foils are inserted.17 To improve the energy resolution and
background rejection capabilities of this experiment, we fabricated the Si(Li) detectors
so that the entrance window thickness for both the n+ and p+ contacts were negligible
(~20 pgm/cma2 for the n+ and 40 ugm/cm2 for the p+). The detector fabrication proce-
dure is outlined in Fig. 8. r

These neutrino mass and other searches for dark matter18 are critically dependent on
minimizing extraneous radioactive contamination in the experimental apparatus. Also
of concern is the presence in the silicon detectors of radionuclei that are beta emitters
producing a continuum over the energy range in which spectral lines are expected.

As indicated in our discussion of Fig. 2, high purity silicon, as used in silicon detector
fabrication, typically has contaminants in the sub-ppb range and these are mainly light
elements (A < 26). Review of the “Table of Isotopes™19 yields only three light element
isotopes that produce a beta continuum. These are listed in Table 5. Both the 32Si and
42Ar decays involve second radionuclei which are noted in brackets in the table.

Table 5. Possible Radionuclei Present in High Purity Silicon

sntope Half Life Beta Endpoint
3H 122y 0.018 MeV

32§j (32P) 133y (14.3 d) 0.21 (1.71) MeV

42Ar (42K) 33y (12.4 h) 0.60 (3.5) MeV




While high purity silicon crystals are typically grown in Argon using the float zone pro-
cess, the Argon solubility in silicon at the processing temperature (~1400° C) is small
and therefore 42Ar should not be present in detectable quantities. However, 3H and
32Si are probably present in most silicon crystals and in fact were unambiguously
identified20 as contributing at one point to the observed background in LBL-Santa
Barbara 76Ge neutrino mass experiment where silicon is part of the cryostat mechan-
ics.21

Both 3H and 32Si are introduced into a silicon crystal by cosmic rays—but at different
points in the crystal's history. The radionuclide 32Si results from the interaction of
cosmic rays with atmospheric argon nuclei with its subsequent deposition on the
earth’s surface. For samples on the earth's surface ratios of 32Si to the stable silicon
isotopes of 10-15 to 10-17 are reported.22 Since normally there are no processing steps
in the production of the silicon crystals that will separate the 32Si from the stable silicon
isotopes, minimizing the 32Si concentration in the final crystal requires minimizing its
presence in the starting polysilicon.

In contrast, 3H is introduced into the crystal by cosmic rays after the crystal is grown. As
noted earlier, FZ crystals are typically grown in an argon atmosphere with the crystal at
about 1400° C. Therefore 3H should not be present in the initially grown crystal, but
should result from the subsequent stopping of cosmic rays in the crystal.

For detectors to be used in dark matter searches, we therefore have been exploring
with various FZ silicon vendors the possibility of obtaining crystals grown from poly
material that was refined from silica deep in the ground (to minimize the 32Si concen-
tration) and then transported via land or sea (to minimize the 3H concentration).

Discussion

The semiconductor group at LBL has had a long history of collaborative agreements
with the experimental community, both at LBL and elsewhere, that have ofter led to
innovative advances in detector technology. We have briefly summarized the present
state of these advances in silicon detector technology at LBL and have given a few
examples where experiments have directly benefitted from our collaborative involve-
ment.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4
Figure 5

Figure 6

Figure 7

Figure 8

A schematic representation of a semiconductor radiation detactor. The
applied bias, V, produces a region free of mobile carriers—a depletion
region. Incident radiation creates electrons and holes in this depletion
region. These electrons and holes are swept by the electric field, E, to the n+
or p+ contacts respectively for subsequent detection by an electronic ampli-
fier. ‘ ‘

As noted in Figure 1, the depletion region is dependent both on the applied
bias and the net impurity concentration in the crystal. Here the depletion
depth dependence is shown as a function of the impurity concentration in p-
type silicon crystals. Also noted in this figure are representative impurity
ranges for lithium-ion drifted silicon, polycrystalline silicon, floating-zone (FZ)
silicon, and Czochralski (CZ) silicon.

The silicon lithium drifted [Si(Li)] detectors fabricated at LBL are a grooved
design. This groove serves to define the - "'ve area of the device, to assist in
the actual fabrication of the device and to sustain the high voltage normally
present on these devices. The diffused junction detectors are actually fabri-
cated using both diffusion and ion implantation to form the n+ (phosphorous)
and p+ (boron) contacts, respectively.

The diffused junction, dE/dx and Si(Li), E, detectors used by W.D. Rae.15

The diffused junction, dE/dx, and Si(Li), E, detectors used by G. Wozniak.16
The high and low conductivity strips that provide the discrete position signal
levels are evident on the E detector in this figure.

A comparison of the heavy ion fragmentation identification with (A) and with-
out (B) trajectory correction. By knowing the particle’s trajectory, its specific
energy loss can be calculated, which in turn leads to a better identification of
its atomic number, Z. The large peak in the figure at Z = 57 is the La beam.

A schematic representation of the stacking arrangement of the Si(Li) detec-
tors and 190Mo foils used in the LBL 100Mo neutrinoless double beta decay
experiment.17

A simplified fabrication procedure for the 100Mo Si(Li) detectors. First a Li
contact with a ring structure as shown in (A) is diffused into the wafer with a
two step diffusion procedure. Second, the detector is then lithium ion drifted
(B). Finally, the Li contact in the central region is removed and an aluminum
metal contact is evaporated onto this surface (C).
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