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4.1 The inner ionization channel noise spectrum from T3Z5 taken with the cry-
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Preface

This dissertation summarizes the work that I have done during the last six years as

a graduate student at Case Western Reserve University. Since the CDMS collabo-

ration is fairly large, made up of over 50 scientists and engineers from over a dozen

institutions, all of the work discussed here was not completed by me alone. It takes

the collaboration of many people to perform an experiment of this magnitude. To

properly explain the experiment, and provide context for my focus, this dissertation

describes not only my work, but also the contributions of many others. Here, in

this preface, I outline how I spent the last six years, including some of the “service”

tasks that didn’t make it into the following story line but have taught me about the

realities of experimental physics.

Case Western was one of two detector testing facilities during CDMS-II. When

I joined the group individual detector testing for the final 3 towers (of CDMS-II)

to be installed at the Soudan Underground Laboratory had finished. Rather than

beginning with individual detector testing I jumped right into the “tower testing.”

My first experiences with a dilution refrigerator and CDMS detectors were while

verifying the performance of Tower 3 and Tower 4 prior to their shipment to the

Soudan site. During this testing I learned how the detectors work, techniques for

tuning the SQUIDs and phonon channels, basic detector performance tests (such

as characterizing the phonon channel superconducting transition temperatures and

taking noise traces), how to take data, and quite a bit about what affects noise is a
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low-noise environment.

Following the tower testing I studied individual R&D detector performance that

influenced (and will yet affect) SuperCDMS detector designs. The first R&D detector

that I evaluated was one of the two original interleaved ZIPs (iZIPs, see Section 7.2).

While the particular iZIP that I studied was not fully functioning (only one out of the

four phonon channels worked), I completed some of my first analysis projects using

that data. Following the iZIP I began to test the new 1 inch detectors and focus on

ionization collection in CDMS crystals. Using 1 inch silicon and germanium detectors

I studied whether hydrogenating the amorphous silicon blocking layer improved the

ionization yield discrimination of surface events (Section 7.3.1) and how iron ion

implantation affects surface event rejection (Section 7.3.2).

During these tests my interest in detector neutralization increased. When studying

poor ionization collection it is necessary to begin with good collection and therefore

good neutralization. This was one of the motives for me to find a quantitative figure-

of-merit to determine what “good” neutralization is (Section 6.3.3). In addition

to determining when and how detectors achieve good neutralization (Chapter 6),

I became interested in the physics behind neutralization (Sections 2.6.2 and 6.8)

and what affects it (Section 6.6). I have worked closely with Kyle Sundqvist on

neutralization and charge collection. I usually took a more empirical approach while

Kyle created charge transport models and simulations.

At the test facility I was also involved in assisting with troubleshooting why the

phonon sensors in the Soudan detectors were not superconducting during the first at-

tempts at cooling down the 5-towers (Section 4.3). In order to determine if vibrations

from the newly installed cryocooler could heat the phonon channels, we performed

“thump tests” on our dilution refrigerator where we monitored the phonon channel

resistance (to determine if they were superconducting) as we physically vibrated the

cryostat (with a rubber mallet). Based on these tests the hard couplings between the

cryocooler drive head and the E-stem were replaced with annealed copper braids to
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minimize the vibrations reaching the detectors.

Besides my work at the Case Western test facility I took “shifts” on-site at the

Soudan lab. At Soudan I participated with the cryogenic activities, 5-tower commis-

sioning, and daily operational tasks. During my Soudan shifts I learned much about

experimental physics. My first shift at the mine was in February 2005 (I remember

this because it was the first of three consecutive Valentine’s days that I spent in north-

ern Minnesota!) when we were supposed to be cooling the 5-towers for the first time.

However, during that trip we discovered that the primary impedance was blocked.

Along with the “standard” cryogenic and operational activities, I participated in ver-

ifying the cryostat performance following the blockage removal, scrubbing the tower

ears and icebox cans to remove oxidation and allow sufficient thermal conductivity

to cool the detectors, and tuning the 120 SQUID and phonon channels.

My data analysis contributions ranged from studying R&D detectors to the Soudan

5-tower data. I already mentioned some of my test facility detector analysis. During

the 5-tower data analysis I created the blinding cut to mask the WIMP search signal

region (Section 5.2.2) and part of the neutralization cut (Section 5.3.5). In addition,

I helped with many of the data quality studies and cuts.
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The Cryogenic Dark Matter Search:

First 5-Tower Data and Improved Understanding of Ionization Collection

Abstract

by

CATHERINE NOEL BAILEY

The Cryogenic Dark Matter Search (CDMS) is searching for Weakly Interact-

ing Massive Particles (WIMPs) with cryogenic particle detectors. These detectors

have the ability to discriminate between nuclear recoil candidate and electron recoil

background events by collecting both phonon and ionization energy from recoils in

the detector crystals. The CDMS-II experiment has completed analysis of the first

data runs with 30 semiconductor detectors at the Soudan Underground Laboratory,

resulting in a world leading WIMP-nucleon spin-independent cross section limit for

WIMP masses above 44 GeV/c2.

As CDMS aims to achieve greater WIMP sensitivity, it is necessary to increase the

detector mass and discrimination between signal and background events. Incomplete

ionization collection results in the largest background in the CDMS detectors as this

causes electron recoil background interactions to appear as false candidate events.

Two primary causes of incomplete ionization collection are surface and bulk trapping.

Recent work has been focused on reducing surface trapping through the modifi-

cation of fabrication methods for future detectors. Analyzing data taken with test

devices has shown that hydrogen passivation of the amorphous silicon blocking layer

worsens surface trapping. Additional data has shown that the iron-ion implantation

used to lower the critical temperature of the tungsten transition-edge sensors causes

a degradation of the ionization collection. Using selective implantation on future

detectors may improve ionization collection for events near the phonon side detector

surface.
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Bulk trapping is minimized by neutralizing ionized lattice impurities. Detector

investigations at testing facilities and in situ at the experimental site have provided

methods to optimize the neutralization process and monitor running conditions to

maintain full ionization collection.

This work details my contribution to the 5-tower data taking, monitoring, and

analysis effort as well as the SuperCDMS detector development with the focus on

monitoring and improving ionization collection in the detectors.
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Chapter 1

Dark Matter and Detection

1.1 Introduction

Natural human curiosity leads us to understand the world around us. Since the

ancient Babylonians and Greeks, humans have studied the heavens to develop a cos-

mological model explaining how the universe works. From Ptolemy’s earth centered

and Copernicus’ heliocentric model to Einstein’s cosmological constant, human na-

ture has pushed us to discover the origins, evolution, and make-up of the universe.

During the last several decades experimental and observational evidence has increased

our knowledge of the universe allowing the formation of the cosmological concordance

model.

The current cosmological picture, called ΛCDM [7, 34, 35], has formed from the

convergence of many independent investigations. According to this model the uni-

verse is expanding, has a spatially flat geometry, and consists of three types of matter:

normal baryonic matter, dark matter, and dark energy (Figure 1.1). Normal baryonic

matter makes up less than 5% of the universe’s total energy density while dark matter

and dark energy dominate. Dark, or vacuum, energy is a repulsive force that consti-

tutes approximately 72% of the total energy density. The final 23% of the universe’s

energy density is made up of dark matter. What little is known about dark mat-
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ter has been learned from its gravitational effects on baryonic matter (Section 1.2).

While this prevailing cosmological model accepts the dark matter hypothesis, there

is a class of alternative hypotheses (MOND [36] extensions to it, such as TeVeS [37])

which try to explain the astrophysical observations by modifying gravity on large

scales. The discussion here will focus on particle dark matter and assume Newtonian

gravity holds on all scales.

Figure 1.1: Pie chart representing the present composition of the universe, as inferred from
current cosmological measurements. Courtesy of NASA / WMAP Science Team.

Since this dissertation describes a search for dark matter, this chapter discusses

experimental evidence, leading particle candidates, and methods of detection.

1.2 Evidence for Dark Matter

Evidence for the existence of dark matter comes from many different and independent

observations. Dark matter was first proposed in the 1930s as a solution to explain

why galaxies in the Coma cluster were observed to move faster than expected [38,

39]. Since then evidence of dark matter’s gravitational effects on individual galaxies,

galaxy clusters, and large scale structure has combined to describe the amount (∼23%

total energy density of the universe), properties (non-baryonic and non-relativistic),
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and distribution (halos around galaxies and clusters) of dark matter. This section

reviews the evidence for dark matter.

1.2.1 Galaxies

Spiral Galaxy Rotation Curves

Some of the clearest, and most intuitive, evidence for the existence of dark matter

comes from studying the rotational dynamics of spiral galaxies. Spiral galaxies, such

as our own Milky Way Galaxy, have a central bulge surrounded by a rotating disk of

stars and gas. Assuming circular orbits for stars and gas in the disk, Newtonian dy-

namics can be used to predict their rotational velocity. By equating the gravitational

and centripetal forces:

F =
GmM

r2
=
mv2

r
(1.1)

the velocity, as a function of radius, can be calculated:

v(r) =

√
GM

r
(1.2)

where G is the gravitational constant, m is the mass of the star or gas, v is the velocity

of the star or gas, r is the radius (from the center of the galaxy) of the star or gas,

and M is the total mass of the galaxy contained by an orbit of radius r. Therefore,

if light traces the galaxy’s matter distribution, velocities should decrease with radius

as r̄1/2.

Experimentally measuring the rotational velocities of stars and gas as a function of

radius from the galactic center and comparing these measurements with the expecta-

tions discussed above shows that there is more matter in spiral galaxies than expected.

Observations show flat velocity distributions out to large radii (Figure 1.2), [40, 1].

This is consistent with the visible spiral galaxy embedded in a large spherically-

symmetric “dark matter halo.”
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Figure 1.2: Rotation curves of 6 spiral galaxies. The dotted, dashed, and dash-dotted lines
are the contributions of gas, galaxy disk, and dark matter. From [1].
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(a)

(b) (c)

Figure 6.26: Similar to Figure 6.25, this shows p-type G3D ionization energy (a), total
phonon energy (b), and phonon recoil energy (c). Unlike Figure 6.25, the primary charge
carrier for events from sources over phonon sensors A (cyan) and C (magenta) were holes
while the primary charge carrier for events from sources over phonon sensors B (blue) and
D (green) were electrons.
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it is present. Hole carriers in p-type G3D and electron carriers in n-type G28B and

G2E cause a slight change in the slope of the ionization line as a function of time.

More noticeable than the effect on the ionization signal is the change in the phonon

signal. In this data the phonon signal for a line source (i.e., 241Am 60 keV events)

has a gradual slope with time. Depending on the polarity of the charge bias, the

plot of phonon recoil energy versus time will slope upwards or downwards. The

direction of this slope (in the plot of recoil versus time) seems to be dependent on the

polarity of the charge bias and of the crystal doping type. The plot of phonon recoil

energy versus time for G2E, an n-type crystal, slopes upwards under positive charge

bias (Figure 6.24) and downwards under negative charge bias (Figure 6.23) while the

trend is exactly the opposite for p-type G3D (Figure 6.26 and Figure 6.25).

Another diagnostic to explain the microphysics in the crystal is to look at the

reconstructed event position with time to see if the positions change. Since the data

were taken with collimated sources, events from a single source are localized. These

localized regions in the phonon delay plot are called “blobs.” In many of the data

sets, the delay plot blobs appear to get larger with time. One particularly interesting

phenomenon is seen in the blobs of G3D when the holes are the primary charge carrier

and the events occur primarily on the charge side of the detector. These data sets

show the subtle changes in the ionization energy with time. In these data sets, at

later times, the blobs form voids where there are no events in the middle of them

(Figure 6.27).

There are, at least, two possible explanations for the lack of events in the middle

of blobs, one relying on surface trapping and another on bulk trapping. As holes

are drifted across the crystal, some of them are trapped at the far surface. The

concentration of trapped holes becomes higher until they begin affecting the electric

field lines, and therefore the path of hole carriers, to bend around them. A similar

effect could occur around a localized region in the bulk.

One final collection of data that was taken as part of this study was to take data
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(a) (b)

Figure 6.27: Plots of test facility data showing delay plot blobs forming voids with no
events at the end of long data sets which had no explicit neutralization or grounding and
where holes were the dominant charge carriers. (Note that the primary charge carrier for
events from sources over phonon sensors A, B, and C were holes while the primary charge
carrier for events from sources over phonon sensors B and D were electrons.) (a) Delay plot
blobs at the beginning of the run. (b) Delay plot blobs at the end of the run.

overnight with no explicit neutralization or grounding to study very long term affects.

The data were taken with p-type detector G3D for -3 V and +3 V charge biases. For

electron carriers, the long data set showed basically the same trend as the shorter

data sets (Figure 6.29): the ionization signal decreased to almost zero and then in-

creased to approximately full signal (perhaps a little higher in the overnight data,

but with much worse resolution). However, the data set with hole carriers has more

features than in the shorter data sets (Figure 6.28). In the overnight data set, the

ionization line with time for hole carriers showed three branches. For the entire data

set there was a population of events that remained at approximately full ionization

collection. Approximately halfway through the data set, a population of events be-

gan losing ionization signal and remained at very low collection. Following this low

signal population, a third event population appeared, this population increasing in

ionization energy.

Trying to understand the long data set with three event populations is an inter-
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(a)

(b) (c)

Figure 6.28: Plots of test facility data of p-type G3D showing how the 60 keV 241Am
line changes as a function of time in ionization energy (a), total phonon energy (b), and
phonon recoil energy (c) overnight. The primary charge carrier for all events were holes.
(Events from the source over phonon channel A are cyan, channel B are blue, channel C
are magenta, and channel D are green)
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(a)

(b) (c)

Figure 6.29: Similar to Figure 6.28, this shows p-type G3D ionization energy (a), total
phonon energy (b), and phonon recoil energy (c) overnight. Unlike Figure 6.28, the primary
charge carrier for all events were electrons. (Events from the source over phonon channel
A are cyan, channel B are blue, channel C are magenta, and channel D are green)
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esting problem, especially explaining how to get events with extra energy. Again we

could consider surface and bulk trapping cases. Like the explanation of generating

voids with no events in the blobs, hole carriers get trapped at the surface with an

increasing concentration. In addition to the electric field lines getting bent around

the high concentration of holes, additional holes are trapped forming a column. Holes

that are trapped further from the surface begin to experience reduced ionization col-

lection. Once enough holes are concentrated in this column, some hole carriers are

able to impact ionize and cause an increased ionization signal. A localized bulk region

could cause a similar effect. To break this degeneracy we need to recall how the ion-

ization signal is created (Section 2.4). Since the signal is proportional to the distance

carriers travel through the detector, impact ionization near the surface would have

little impact on the collected ionization signal (since the extra carriers would not

travel a significant distance). However, impact ionization in the detector bulk would

create extra carriers that would add to the collected signal. Based on this argument,

these long data sets imply bulk hole trapping.

While these long data sets were taken in an effort to further understand the mi-

crophysics involved in the loss of ionization collection, they illustrate the complex

and dynamic processes involved. Loss of ionization collection likely comes from a

combination of surface and bulk trapping and distinguishing between the two is com-

plicated. It is possible that surface trapping is dominant for one charge carrier while

bulk trapping dominates for the other. Also, the variations in the data from the

different detectors indicates dependencies on many factors. While some preliminary

conclusions can be drawn from this study, data with many more detectors would need

to be taken before the entire process is fully understood. Then this data would have

to be compared with the results of charge transport models, some of which are under

construction as part of Kyle Sundqvist’s thesis work [72].
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Chapter 7

Design Studies toward Improving

Surface Event Rejection

7.1 Introduction

To increase sensitivity to WIMP interactions, CDMS and other dark matter exper-

iments are proposing and developing experiments with larger target mass to be run

for long periods of time. In order for the next phase of CDMS, SuperCDMS, to

continue running as a background free experiment, as the target mass is increased

there must also be a proportionate reduction in the ability to reduce backgrounds.

For this reason there has been a number of detector research and development studies

ongoing to meet the requirements for the SuperCDMS experiment, discussed further

in Section 7.5.

As discussed in Section 2.6.1, incomplete charge collection for events occurring

near the detector surface creates a “dead layer” where electron recoil background

events can look like nuclear recoil signal events. Improving surface event rejection,

including reducing the size of this “dead layer,” has been the focus of several design

modifications, carried out on test detectors, which will be discussed in this chapter.
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7.2 Interleaved ZIP

One method that was tested, and is currently under a second round of development,

to improve surface event rejection is based on a surface rejection technique invented

by Luke [134] to alter the electric field and ionization collection in the detector. In

this detector design, the ionization electrodes are interleaved with the phonon sensors

on both flat detector faces. Ionization electrodes on opposite detector faces are biased

with an equal, but opposite, charge bias while the phonon sensors are maintained at

ground. The resulting electric field creates two regions, one in the bulk and another

along the detector surfaces (Figure 7.1). In the bulk region electric field lines extend

across the detector causing bulk events to create a signal in both ionization electrodes.

In the ∼700µm surface region both ends of the electric field lines terminate on the

same detector face, one end on the ionization electrode and the other at the phonon

sensor. An event occurring in this surface region only creates a signal in one of the

two ionization electrodes.

X Position [mm]

Y
 P

o
si

ti
o
n
 [

m
m

]

Electric Field for Q = 3 V and P = 0 V

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

(a) (b)

Figure 7.1: Calculated electric field distribution for the interleaved ZIP electrode configu-
ration. (a) 2-dimensional cross-section. From [32]. (b) 3-dimensional view. Courtesy of B.
Cabrera.

Two prototype Si interleaved ZIP detectors were fabricated and tested between

2005 and 2006 [32]. Figure 7.2 shows a schematic of this detector. The four phonon
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sensors are arranged on both sides of the detector to allow for 3-dimensional event

reconstruction through relative timing and energy collection. The ionization electrode

on the top detector face (Qtop) is interleaved with phonon channels AB and CD

while the electrode on the bottom detector face (Qbottom) is interleaved with phonon

channels AD and BC. Figure 7.3 details the phonon channel design layout. The

phonon sensors are contained within a 200µm wide “ribbon” that snakes between

interleaving 20µm wide ionization rails. The spacing between the phonon ground and

ionization bias electrodes is 1 mm throughout. This spacing is based on calculations

[135] in order to achieve a capacitance in silicon below about 80 pF and in germanium

below about 110 pF so that the detector maintains low ionization noise, which is

proportional to the detector capacitance. The estimated detector capacitance of the

prototype Si interleaved ZIP detector is 60 pF.

Fig. 1. Schematic of the iZIP (interleaved ionization and
Z-dependent Ionization and Phonon) detector concept. The
metallized equatorial ring that defines the ground potential
around the perimeter of the detector substrate is indicated.
The four phonon channels are arranged in a configuration
that allows the reconstruction of the particle event posi-
tion in all three spatial coordinates by relative timing of
the four phonon signals. One ionization electrode (Qtop) is
interleaved with the two phonon channels (labeled AB &
BC on the top surface) and the other (Qbottom) is inter-
leaved with the two phonon channels (labeled AD & BC)
on the bottom surface.

b)a)

Fig. 2. a) Design layout for one of the photolithograph-
ically patterned phonon sensors on the 76 mm diameter
substrate occupying one semicircle. The Phonon sensors
are contained within a 200 µm wide ’ribbon’ that snakes
inbetween the interleaving 20 µm wide ionization rails. b)
Zoom-up showing one of the QET[2] elements comprising
the phonon sensor. Eight Al athermal phonon collection
fins are connected to a 1 µm wide W TES. Superconduct-
ing Al rails encompass the QET and supply the voltage
bias for all 1246 QETs connected electrically in parallel for
each phonon sensor.

Fig. 3. Calculated electric-field distribution expected for
the iZIP electrode configuration with only one quadrant
in cross-section shown. Note that the equatorial ground
ring maximizes the utility of the surface-ionization scheme
to shield the outer perimeter of the detector substrate,
although a vulnerability does exist for surface events that
penetrate the equatorial region of the detector.

two of 1 mm at all times

3. First results

Test Faciltiy Pre-ionimplanted, Tc 140 mK,
higher phonon sensor noise and not corrected for
position. energy scales approximate only Co-60
and Cf 252 calibration sources extranl to the crys-
tate were used.

one phonon channel shorted Formed trigger us-
ing the two phonon channels on the bottom of the
detector (interleaved with the Qi electrode)
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Figure 7.2: Schematic of the interleaved ZIP detector.

Analysis of data taken with the two prototype Si interleaved ZIPs resulted in a

proof of principle of this detection technique. Figure 7.4 illustrates the discrimination

power between bulk and surface events based on the ionization measurement alone.

Using this method to reject surface events should increase the detector ionization

yield discrimination ability as shown in Figure 7.5.

In addition to studying the ionization collection, some effort also went into study-

ing how the interleaved ZIP geometry affects phonon energy collection and event
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a) b)

Figure 7.3: (a) Design layout for one of the phonon channels. (b) Close-up of one of the
1246 QETs that make up one of the phonon sensors. Eight Al collection fins are connected
to the 1µm wide W TES.

location reconstruction. With the phonon sensors on both sides of the detector the

event location can be determined by the pattern of phonon energy collected on the

two sides. Figure 7.6 shows a histogram of uncalibrated phonon energy collected in

one of the four phonon sensors for 60 keV surface events. Comparing the bimodal

distribution for top and bottom surface events indicates a depth dependence in the

phonon energy distribution. Since there were two collimated sources, events in each

peak can be correlated with the source they came from (events deposit the most en-

ergy in the primary phonon sensor, the sensor closest to the interaction site). The fact

that the two higher energy peaks do not match indicates the depth of the interaction

in the crystal affects the phonon collection. This shows promise that the interleaved

ZIP geometry may produce better event location, especially depth, reconstruction

than the standard CDMS-II ZIP detectors.

Since these first CDMS prototype tests were completed, the EDELWEISS exper-

iment has developed prototype detectors based on this technique which have demon-

strated high efficiency at rejecting low-energy β surface events, approaching 105 [136].
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(a) (b)

Figure 7.4: (a) Ionization signal from the ionization electrode on the top detector face
(Qtop) plotted again the electrode on the bottom detector face (Qbottom) for data with
internal 241Am sources and no analysis cuts. Bulk events lie along the line down the middle
of the plot with equal charge collection in both electrodes while surface events lie along
the edges of this plot having ionization collection in only one of the two electrodes. (b)
Histogram of a depth dependent position parameter based on ionization collection (the
difference between the energy in Qtop and Qbottom normalized by the sum of the two) for
60 keV events in (a). Surface events on the top detector face occur at 1 and on the bottom
detector face occur at -1. Bulk events lie in the peak around 0.

Currently CDMS is fabricating a second set of prototype interleaved ZIP detec-

tors. These new detectors are made from 1 inch thick Ge crystals. Based on results

from the first CDMS interleaved ZIPs, the EDELWEISS demonstration, and further

improvements, these detectors could be a candidate for a future large scale version of

CDMS while remaining background free.

7.3 Phonon and Ionization Side Yield

Discrimination Asymmetry

Besides working to improve the overall detector dead layer, effort has been invested

in understanding and resolving the asymmetry between the dead layer on the phonon
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(a) (b)

Figure 7.5: Plots showing ionization energy as a function of phonon recoil energy for bulk
events from (a) a 60Co calibration source producing only gamma events and (b) a 252Cf
calibration source producing both electron and nuclear recoil events. Red nuclear recoil
events are clearly identified in the band with reduced ionization collection. From [32].

and ionization side of the germanium ZIP detectors.

Calibration studies of one of the Ge ZIP detectors conducted at the UC-Berkeley

test facilities found that the dead layer on the phonon side of the detector is ap-

proximately 15% larger than that on the detector’s ionization side [83, 137, 138].

Figure 7.7 illustrates how this difference affects the ionization yield discrimination,

the 109Cd surface event population appears at much lower ionization yield on the

phonon side (Figure 7.7b) than the ionization side (Figure 7.7a) of the detector. Sub-

sequent performance studies of Soudan data show that the ionization yield based

rejection factor (nuclear recoil band passage fraction) for surface events occurring

on the phonon side is ∼4 times worse than for ionization side surface events in Ge

detectors [139, 140]. It is interesting to note that Si detectors do not show this same

asymmetry between phonon and ionization side surface events [141].

There have been several strategies devised that may provide possible methods of
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Figure 7.6: Histogram of the uncalibrated phonon energy collected in one of the four
phonon sensors, sensor BC, of 60 keV surface events (as selected based on ionization energy),
divided into events occurring near the top (magenta) or bottom (cyan) surface. The bimodal
nature of these distributions can be understood to come from events occurring near the
phonon sensor plotted (higher peak) versus those off sensor. In addition, since there were
two collimated internal sources, one on sensor BC and one off sensor, the events in these
peaks can be correlated with which source they came from. An interesting feature is that
the higher energy peak of the top events does not match the top peak of the bottom events,
indicating that the depth of the interaction in the crystal affects the phonon collection.

reducing this asymmetry between the phonon and ionization side dead layers. This

section will discuss the rationale behind these strategies and show results based on

evaluating test devices.

7.3.1 Hydrogenated Amorphous Silicon

One approach to decreasing the asymmetry between phonon and ionization side sur-

face events was to passivate the amorphous silicon blocking layer between the de-

tector crystal and Al layer with hydrogen. Previous experience with hydrogenated

amorphous silicon blocking layers in early CDMS detectors [69, 70] indicate an im-
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(a) (b)

Figure 7.7: Plots showing ionization yield as a function of phonon recoil energy for cali-
bration data on a Ge ZIP detector using an external 252Cf and internal 109Cd source. The
109Cd source produces many β events which probe the detector surface layer creating the
event population with low ionization yield between the upper electron recoil and lower nu-
clear recoil bands. (a) 109Cd source (and surface events) on the ionization side (b) 109Cd
source (and surface events) on the phonon side.

provement in ionization yield based surface event discrimination. This improvement

is thought to be due to the passivation of interface defects in the amorphous silicon

[142, 143], therefore increasing the layer’s blocking ability and decreasing the detector

dead layer.

To determine if hydrogenating the amorphous silicon layer in the CDMS-II ZIP

detectors would improve the ionization yield based surface event discrimination, sev-

eral test device surface layers were characterized at the Case Western test facility

with internal collimated 241Am sources. The first set of test devices included two

1 inch Si detectors, one with “standard” surface treatment (no hydrogen added to the

amorphous silicon layers) and one with hydrogen passivation added to the surface

treatment on both detector faces. A second set of test devices consisted of three Ge

detectors, one with standard surface treatment (no hydrogen added to the amorphous
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silicon layers), one with hydrogen passivation added in the ionization surface treat-

ment, and one with hydrogen passivation added in the phonon surface treatment.

During both sets of investigations the detectors with multiple treatments allowed the

ionization and phonon side ionization yield rejection and dead layers to be compared.

Additional Si detector properties are listed in Table 7.1 and Ge detector properties

are listed in Table 6.1.

Silicon Test Devices

The first performance studies with hydrogenated amorphous silicon in CDMS-II de-

tectors were completed using 1 inch silicon detectors (Table 7.1). In order to examine

the effect the hyodrogenated amorphous silicon had on surface event discrimination,

a similar test program was executed with both detectors so that the data could be

compared. In order to probe the detector surface layer, collimated 241Am sources

were placed adjacent to each detector face. These sources emit 14, 18, and 21 keV

x-rays which have penetration depths into silicon of approximately 345, 714, and

1111µm respectively (linear attenuation coefficients of approximately 29, 14, and

9 cm−1 respectively). Since a fraction of the low energy x-ray events occur close to

the detector surface, studying the tails of distributions can give information about

these events and the poorly collected surface region. For surface events, the combina-

tion of the charge bias polarity and the event side determines the sign of the dominant

charge carrier producing the ionization signal. For instance, electrons (holes) are the

dominant charge carrier for ionization side surface events with a negative (positive)

applied charge bias. Therefore, in addition to placing the 241Am sources on both

detector sides, data were taken with multiple charge bias amplitudes, both negative

and positive polarity for each.

This silicon detector data analysis was accomplished by looking at the fraction

of low yield events. Since surface events suffer from poor ionization collection and

ionization yield is the ratio of the ionization to phonon recoil energy collected for each
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Detector Thickness Phonon Side Charge Side
Surface Surface

S10C 1 inch amorphous Si amorphous Si

S06C 1 inch 20% hydrogenated 20% hydrogenated
amorphous Si amorphous Si

Table 7.1: Si detectors used to study the effects of hydrogen passivating the amorphous
silicon blocking layer along with important properties.

event, those with low ionization yield correspond to events occurring in the surface

layer. By making a phonon selection of the 14 keV x-ray events and comparing the

fraction of low yield events between the two detectors for data sets with different

charge biases and especially different bias polarities, and for events from the sources

on different detector faces, one is able to understand the surface event discrimination

for the different conditions.

Unfortunately S10C, the “control” detector with no hydrogen added to the amor-

phous silicon layers, suffered from QET chassis shorts. While data were still able to

be taken with this detector, these shorts complicated the direct comparison between

S10C and S06C, the “test” detector with hydrogen added to the amorphous silicon

layers on both detector faces. In addition, the data from both S10C and S06C suffered

poor ionization resolution which is believed to be due to the QET chassis shorts on

S10C. Although this poor ionization resolution made direct calculations of the dead

layer impossible, comparisons of the fraction of low yield events were still possible

and allowed for some analysis of surface event discrimination to be completed.

Analysis of the S06C data, with hydrogenated amorphous silicon layers on both

detector faces, shows indications that hydrogenated amorphous silicon layers may

decrease the ionization yield discrimination asymmetry of surface events between the

ionization and phonon detector faces for silicon detectors under specific charge bias

conditions. This is seen in the data in Figure 7.8. Under negative electric field the

asymmetry between ionization and phonon side ionization yield discrimination can
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be seen as the fraction of low yield events for the 14 keV 241Am x-rays is higher

for events occurring on the phonon side (red) than on the ionization side (blue).

However, under positive electric field this asymmetry disappears. Based on this

data, the ionization yield asymmetry appears to be gone when biasing this silicon

detector with hydrogenated amorphous silicon with a positive electric field. Since

the ionization and phonon side asymmetry exists under negative and positive electric

fields in the current detectors with no hydrogenated amorphous silicon, this analysis

indicates that adding hydrogen to the amorphous silicon layer on a silicon detector

reduces the ionization yield discrimination asymmetry for positive charge bias.

Figure 7.8: Plot showing the fraction of low yield events for 14 keV x-rays from 241Am
sources on the ionization detector face (blue) and the phonon detector face (red) for negative
and positive 1.5 V/cm electric fields. Notice how the discrepancy in the fraction of low yield
events between ionization and phonon side events for negative electric field disappears under
positive electric field.

Germanium Test Devices

After the promising results with hydrogenated amorphous silicon on silicon detec-

tors, the technique needed to be tested with germanium detectors (since all of the
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SuperCDMS detectors will be germanium because of its greater sensitivity to WIMP

interactions than silicon, Section 2.2). Initial tests using the same percentage of hy-

drogen (20%) with germanium on the phonon detector face failed because the surface

conductivity at low temperatures was too high and there was not sufficient isolation

between phonon sensors. Decreasing the percentage of hydrogen to 8% on the phonon

detector face maintained a low enough surface conductivity to allow the functionality

of the four individual phonon sensors.

This investigation included three 1 inch germanium detectors (Table 6.1) and data

taken using the same strategy as the silicon detector study. Again, collimated 241Am

sources were placed on both detector faces to probe the surface layers and data were

taken with multiple charge bias amplitudes, and both negative and positive polarity

for each. The 241Am x-rays have a much shorter penetration depth in germanium

than in silicon. Therefore a larger fraction of events occur in the detector surface

layer and the analysis can also consider the 60 keV gamma-ray. The 14, 18, 21, and

60 keV 241Am lines have penetration depths into germanium of approximately 17,

33, 50, and 909µm respectively (linear attenuation coefficients of approximately 590,

300, 200, and 11 cm−1 respectively).

The data from these 1 inch germanium detectors generally all did not have good

phonon energy resolution. This phonon energy resolution was poor enough that a

phonon energy selection to select the 14, 18, and 21 keV x-ray lines in an unbiased

manner was impossible. Therefore this data analysis took advantage of using the

60 keV gamma-ray line which is well separated from other 241Am spectral features.

While using this 60 keV line means that a smaller fraction of events occur in the

germanium detector surface layer, there are much better statistics than there are for

the lower energy x-ray lines.

In order to quantify the depth of the detector surface layer and to better compare

these three detectors, and previous detectors, this analysis determined the detec-

tor dead layer. The dead layer is calculated based on the distribution of measured
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ionization energy of 60 keV 241Am gamma-rays and event locations (based on the

penetration depth of 60 keV in germanium). This method was previously used and

described in [69, 70], and Appendix G.

By comparing the calculated dead layers for G3D (with no hydrogen added to the

amorphous silicon on either detector face, Figure 7.9), G2E (hydrogen added to the

amorphous silicon on the ionization side detector face, Figure 7.10), and G28B (hy-

drogen added to the amorphous silicon on the phonon side detector face, Figure 7.11),

it appears that G3D has the smallest calculated dead layer for a given bias and both

detector faces (Figures 7.12 and 7.13). This implies that adding hydrogen to the

amorphous silicon layer “worsens” the dead layer for a germanium detector and is

consistent with the theory that, unlike the case of a silicon substrate, hydrogen added

on a germanium substrate does not passivate the interfacial dangling-bond defects

[73].

Figure 7.9: Plot showing the calculated dead layer for the 1 inch germanium detector G3D
(no hydrogen added to the amorphous silicon on either detector face) as a function of charge
bias. The detector side the 241Am source was located on corresponds to the side the events
occur on. Source A (cyan) and C (magenta) were located on the ionization side while B
(blue) and D (green) were located on the phonon side.
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Figure 7.10: This is the same type of plot as Figure 7.9, only for the 1 inch germanium
detector G2E (hydrogen added to the amorphous silicon on the ionization side detector
face). Unlike Figure 7.9, source B (blue) and D (green) were located on the ionization side
while A (cyan) and C (magenta) were located on the phonon side.

Figure 7.11: This is the same type of plot as Figure 7.9, only for the 1 cm germanium
detector G28B (hydrogen added to the amorphous silicon on the phonon side detector
face). Figure 7.9, source B (blue) and D (green) were located on the ionization side while
A (cyan) and C (magenta) were located on the phonon side.
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Figure 7.12: This is the same type of plot as Figure 7.9, showing the calculated dead
layer as a function of electric field. This plot compares all three germanium detectors and
demonstrates how G3D (no hydrogen in the amorphous silicon layer on either detector
face) has the smallest dead layer for a given charge bias. To see how hydrogenating the
ionization side (from 0% to 20%) amorphous silicon layer affects the detector dead layer,
compare the charge side of G2E (red square) with G3D (black circle and blue open star)
and compare the phonon side of G2E (magenta triangle) with G3D (cyan triangle). To see
how hydrogenating the phonon side (from 0% to 8%) amorphous silicon layer affects the
detector dead layer, compare the charge side of G28B (green diamond) with G3D (black
circle and blue open star) and compare the phonon side of G28B (yellow triangle) with
G3D (cyan triangle). To see how ion implantation affects the detector dead layer, compare
G3D’s non-implanted charge side (black circle and blue open star) with G3D’s implanted
charge side (black circle and blue closed star). To see how the applied electric field (charge
bias) affects the detector dead layer, compare multiple biases of a single detector and single
source side. The dead layer is inversely proportional to the applied electric field, to a certain
point, and is then fairly independent of field.
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Figure 7.13: This is the same plot as Figure 7.12, except that it has a smaller y-axis ranges.

While the dead layer comparison between G3D, G2E, and G28B shows that G3D

has the smallest dead layer, closer inspection of the data leads to a number of ad-

ditional questions and caveats. One of the biggest questions that is not understood

based on this data is how adding hydrogen to one detector face can affect the op-

posite face dead layer. This can be seen in the calculated dead layers for both G2E

(Figure 7.10) and G28B (Figure 7.11).

In the course of analyzing and comparing the data taken with G3D, G2E, and

G28B it was realized that the comparative study had more variables adjusted between

the three detectors than just adding hydrogenation to the amorphous silicon process-

ing. These three detectors were fabricated on germanium crystals that were each
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from a different germanium Boule. Therefore each of the detectors have different im-

purity concentrations (detailed in Table 6.1). In particular, G28B has approximately

twice the impurity concentration as the other two detectors. In addition, G3D is a

p-type crystal while the other two detectors are n-type. While it is possible that

neither of these have a significant impact on the dead layer calculation, both have

possibly produced other significant phenomenon. Soudan data shows that Boule B

germanium detectors are worsened by neutralization via strong source baking (Sec-

tion 6.2.2). This suggests that the larger impurity concentration in this germanium

may be the cause. Long data sets taken with G3D and G28B to study how detectors

lose neutralization show a discrepancy between which charge carrier is responsible

for losing full ionization collection first (Section 6.8). This points to a difference in

charge carrier dynamics between n- and p-type germanium crystals (Section 7.4.5).

Therefore, it is possible that variations in the calculated dead layers between the

three detectors could be caused by something other than adding hydrogen into the

amorphous silicon processing.

One final comment regarding this dead layer analysis has to do with comparing

the dead layer calculated based on using the 60 keV gamma-ray line from an 241Am

source versus the 22 keV gamma-ray line from a 109Cd source [138]. In addition to

calculating the dead layer of G3D based on data taken with an internal 241Am source,

it was calculated based on data taken with an internal 109Cd source. Despite testing

the same detector and using the same analysis method, the calculated dead layer

based on 241Am data was larger than that calculated using 109Cd data. The trend

that dead layers calculated using the 60 keV line from 241Am data is larger than dead

layers calculated using the 22 keV line from 109Cd data has been seen recently with

several detectors that are nominally the same. This discrepancy makes it difficult

to compare dead layers calculated based on the 241Am 60 keV line with those based

on the 109Cd 22 keV line. The 241Am calculation is likely over-estimating the dead

layer depth due to the significant number of Compton scatter events. More than 10%
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of 60 keV events Compton scatter while there are almost no Compton scatters for

22 keV events. Since the model used to calculate dead layer (Appendix G) assumes

single scatters as opposed to multiple Compton scatters, the Compton scatters add

an additional length scale that is not considered in the calculation. The comparisons

of the calculated dead layer for G3D, G2E, and G28B done in this analysis are valid

because systematic effects were controlled by always using the 241Am 60 keV line.

While an absolute dead layer measurement is important for background estimates,

this study focused on evaluating the relative performance of different devices in a

controlled environment.

7.3.2 Ion Implantation

Another way to solve the ionization yield discrimination asymmetry between the

phonon and ionization detector sides is to determine the underlying cause and at-

tempt to fix that. One hypothesis for the asymmetry is that it is due to the iron ion

implantation used on the phonon detector side in order to create appropriate and uni-

form tungsten superconducting transition temperatures [81]. The iron ion deposition

is optimized at 50 keV at 7◦ incidence so that the peak of the iron ion concentration is

approximately 40% through the superconducting tungsten layer [82]. However, since

the detector has only approximately 20% Al surface coverage (Section 2.2), roughly

60% of the iron ions make it through the 400 Å of bare amorphous silicon into the

germanium crystal (Figure 7.14a). These ions are suspected to cause damage to the

germanium surface (Figure 7.14b) by adding acceptors and creating a larger dead

layer [71, 33].

To test this hypothesis, half of the ionization side of the 1 inch germanium de-

tector G3D (additional details of this detector are listed in Table 6.1) was iron ion

implanted with the same procedure as used on the phonon side during transition

temperature tuning. The half of G3D’s ionization side was implanted with a single
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(a) (b)

Figure 7.14: (a) Plot showing a simulation of the iron ion concentration as a function of
depth into the amorphous silicon and germanium substrate. (b) Plot showing a simulated
distribution of dislocations created by a single iron ion. From [33].

dose of 6.54×10+12 atoms/cm2 56Fe+ ions at 50 keV while G3D’s phonon side was im-

planted with two doses for a total implantation of 7.85×10+12 atoms/cm2 56Fe+ ions

at 50 keV. Implanting half of G3D’s ionization side allowed for a comparative study of

the ionization yield discrimation and dead layer thickness between the implanted and

non-implanted ionization side as well as between the ionization and phonon sides.

G3D data taking and analysis was conducted in much the same manner as the

studies done looking at effects of hydrogenated amorphous silicon. G3D was cold

tested multiple times, each with different configurations of internal collimated 241Am

sources. These configurations included four sources that were all on the ionization

side with two on the implanted half and two on the non-implanted half (Figure 7.15a),

two sources on the phonon side and two sources on the ionization side with one source

on each side over the implanted and the non-implanted ionization half (Figure 7.15b),

and four sources that were all on the phonon side (similar to Figure 7.15a except that

all sources were on the phonon side instead of the ionization side). The multiple runs

and configurations allowed the data to be cross-checked and verified.
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(a) (b)

Figure 7.15: The internal collimated 241Am source configuration for G3D during two test
facility runs. (a) All sources were on the detector’s ionization side. Two sources were over
the detector half that had been iron ion implanted and two were over the control half. (b)
Two sources were on the detector’s ionization side and two on the phonon side. One source
on each detector side was over the detector half that had been iron ion implanted and the
other over the control half.

Like the analysis comparing effects of the hydrogenated amorphous silicon, during

this investigation the fraction of low yield events and the detector dead layers were

calculated and compared. While some analysis was done looking at the fraction of low

yield events for 14 keV events, the majority of the analysis focused on studying 60 keV

events in order to use the higher statistics and avoid bias because of the difficulty in

making energy cuts due to the poor phonon energy resolution.

Based on comparing the ionization side dead layers between the implanted and

non-implanted half of G3D, there is strong indication that adding iron ion implan-

tation does make the dead layer larger and therefore worsen the ionization yield

discrimination. Figure 7.16 shows the ionization side dead layer difference between

the half with and without iron ion implantation for the data set taken with all four

sources on the ionization detector side. In addition, this difference in the ionization

side dead layer can be seen in Figure 7.9 (by comparing the green diamond, ioniza-
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tion side with no implantation, and blue star, ionization side with implantation) and

Figures 7.12 and 7.13 (by comparing the black circle and open blue star, ionization

side with no implantation, with the black dot and closed blue star, ionization side

with implantation).

Figure 7.16: Plot showing the calculated dead layer for the 1 inch germanium detector
G3D (no hydrogen added to the amorphous silicon on either detector face) as a function of
charge bias. The detector side the 241Am source was located on corresponds to the side the
events occur on, that is, on the ionization side. Sources A (blue circle) and B (blue star)
were located on the half with no iron ion implantation while C (black square) and D (black
diamond) were located on the half with iron ion implantation.

Besides seeing the difference between the ionization side dead layer with and

without iron ion implantation one can also compare the ionization side dead layer with

iron ion implantation with the phonon side dead layer in Figure 7.9 and Figures 7.12

and 7.13. These two figures show that for negative charge bias the calculated dead

layer for the ionization side with iron ion implantation is approximately consistent

with that for the phonon side. However, for positive charge bias the calculated dead

layer for the phonon side is larger than the ionization side with iron ion implantation.

This may indicate that while iron ion implantation does affect the dead layer, it may

182



not be the only cause for the phonon and ionization side ionization yield asymmetry.

Since this study shows that iron ion implantation affects the dead layer, the ion-

ization yield asymmetry between phonon and ionization side events could be reduced

by modifications to the implantation procedure in future detectors. In particular, the

damage to the germanium substrate by the iron ions can be lessened by applying a

mask during implantation which would cover the entire detector surface except for

the tungsten, which constitutes only a few percent of the surface area. Using this

configuration the iron ions would not see any bare amorphous silicon and could not

penetrate to the germanium substrate to cause damage. Future analysis comparing

the phonon and ionization side dead layers and ionization yield discrimination of de-

tectors with no iron ion implantation and iron ion implantation while masking off the

bare amorphous silicon will further verify these results and the method to remove the

asymmetry, and improve the phonon side ionization yield discrimination.

7.4 Other Phenomena Observed During Device

Testing

The data taken to understand how hydrogenated amorphous silicon and iron ion

implantation affect detector dead layers and ionization yield discrimination turned

out to be very rich data sets. In addition to learning about the specific a priori

questions, other aspects of the data turned out to be interesting and worth considering

how they affect the data analysis as well. While some of these trends may not be fully

understood, they are summarized in this section and may be considered for future

follow-up studies.
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7.4.1 Dead Layer Electric Field Dependence

Figures 7.12 and 7.13 demonstrates how the detector dead layer varies with the ap-

plied electric field for G3D, G2E, and G28B. From this data, the dead layer appears

to be inversely proportional to applied electric field (the dead layer decreases with

larger electric fields). However, once the charge bias has reached a certain level the

dead layer does not seem to have much dependence on it.

This data and similar studies can be useful in determining what amplitude and

polarity charge bias the detectors should be biased with for optimal background

discrimination. By combining information about how the dead layer, as an indicator

of ionization yield discrimination, and phonon timing information, as the other major

background discriminator, vary with applied bias, the optimal charge bias can be

determined.

7.4.2 Electric Field Dependent Ionization Collection

With the increased thickness of CDMS detectors (Section 7.5) from 1 cm to 1 inch

thickness, it is important to ensure that the detectors operate with an electric field

strength that achieves full ionization collection for bulk events. To do this test, data

were taken with S06C (Figure 7.17), G3D (Figures 7.18 and 7.19), G2E (Figure 7.20),

and G28B (Figure 7.21) with internal collimated 241Am sources with multiple applied

charge biases (at least -6 V, -3 V, +3 V, +6 V). Then “seagull” plots were created by

individually fitting the ionization energy collected in the inner electrode from the

60 keV 241Am line for each source with a gaussian functional form. The “seagull”

plot shows the gaussian mean and 1σ error for each source as a function of applied

charge bias or electric field.

The first important observation based on this data analysis is that the ionization

collection as a function of electric field for the 1 inch detectors (Figures 7.17 and 7.18)

is consistent with those from the CDMS-II 1 cm detectors [14, 12].
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