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Low-energy phonon backgrounds!!

Lattice defects?
‣ What are lattice defects?

Thermal defects = point defects
‣ Evolution of point defect concentration 
‣ Equilibrium concentration 

 

 : # density of interstitial/vacancy sites 

 : formation entropy/energy 

‣ Transport (Boltzmann) equation 
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‣ Annealing with adiabatic cooling 
‣ Adiabatic = slow enough s.t. concentration does not ``freeze out’’ 

‣ Resulting recombination rate under low  T ≲ 400 K

R = 4πac(DI + DV)C2 ∼ 6 × 10−6 s−1cm−3 × ( C
108 cm−3 )
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‣ Targets  (scattering)  (absorption) DM 
‣ Looks for low-energy ( — ) phonon signals

∼ MeV ∼ eV
1 100 meV

Project overview: The “Basic Research Needs for Dark-Matter Small Projects New Initiatives” report [1]
reviews the strong theoretical motivation for searching for particle Dark Matter (DM) in the mass range
below the proton mass, continuously down to small fractions of an eV. Elucidating the nature of DM is one
or the most compelling problems of high energy physics, as identified in the P5 roadmap.

The TESSERACT (Transition Edge Sensors with Sub-EV Resolution And Cryogenic Targets) project
will consist of a liquid helium (LHe) experiment (HeRALD), as well as GaAs and Sapphire-based exper-
iments (SPICE), read out by Transition Edge Sensor (TES)-based phonon sensor technology sensitive to
phonon, roton, and light signals from LHe, phonon and light signals from GaAs, and phonon signals from
sapphire. This project ultimately seeks to detect collective excitations from DM interactions in both super-
fluid helium [2, 3] and a polar target [4] in addition to searching for ERDM on low bandgap scintillator [5].
The total mass for each target type is between 100 g and 1 kg, but segmented into multiple small pixels with
independent readout. The multiple targets will be instrumented with identical sensors and readout technol-
ogy. This commonality provides a powerful tool to assess backgrounds and systematics, and also simplifies
the design and construction, allowing the use of multiple targets with minimal extra effort. TESSERACT is
funded for a project planning phase under the DOE Dark Matter New Initiatives program.
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FIG. 1: Conceptual schematic of the target materials and
signal pathways. Three target materials are used (Al2O3,
GaAs, and LHe), with complementary DM sensitivity.

The absence of electric fields is a hallmark
of TESSERACT. Most detector and readout tech-
nologies use E-fields to either amplify (photomul-
tiplier tubes, 2 phase TPC, etc.) or to drift an elec-
tronic signal (semiconductor ionization detectors,
TPC). Unfortunately, E-fields necessarily cause
backgrounds, if nothing else then by quantum me-
chanical tunneling of electrons. Such “dark count”
or “dark current” backgrounds currently limit to
some extent all ERDM searches [6, 7, 8, 9]. By
having zero E-field we avoid such backgrounds,
but require higher sensitivity detectors. Said a dif-
ferent way, extremely low noise detectors enable
operation without an E-field.

The target mass will be composed of cm3 scale identical replicas (see Fig. 1), each with its own cm2

scale athermal phonon sensor array that is fabricated directly on the surface of crystal targets, or on 1 mm-
thick Si substrates that collect photon and quantum evaporation signals from scintillator or LHe targets. This
signal energy is converted into athermal phonons in the 1 mm-thick Si and measured.

The athermal phonon detector principle uses a 2-step process. First, phonons from the crystal are
collected with superconducting Al fins fabricated on the surface. In these fins, the phonon energy is converted
into quasi-particle energy (by breaking Cooper pairs). Second, these quasi-particles then diffuse into an
attached small volume Transition Edge Sensor (TES), where the energy is thermalized and measured. Only
a small fraction of the crystal surface is instrumented because the energy resolution scales with the number
of TES sensors within the array (the total TES volume). The small coverage means that most athermal
phonons will reflect off un-instrumented crystal surfaces many times before being collected. This places
strict requirements on the probability of athermal phonon thermalization on bare crystal surface. Thus,
crystal surface treatment is very important for collection efficiency. A technology based on athermal phonon
collection will be more sensitive than any thermal sensor technology, assuming the phonon sensor bandwidth
is appropriately matched to the athermal collection time.

LHe targets will be read out using the detectors built on 1 mm-thick Si as depicted in Fig. 1. Details of
the proposed experimental setup specific to LHe, and evaluation of expected science can be found in [10].
The LHe is held in a passive container, and an active volume within is enclosed with detectors submerged
in the liquid and above the liquid. Energy deposited in the LHe can be partitioned into multiple excitation
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modes, including light as well as phonons/rotons. The detector suspended above the LHe surface will detect
quantum evaporation signals. In this mechanism, a photon or roton ejects a He atom from the liquid surface
into the vacuum above, which is almost perfect due to the extremely low vapor pressure of He-4. When
the He atom lands on the surface of the suspended detector it releases heat of adsorption which exceeds the
energy that went into ejecting it from the fluid. This is therefore a gain mechanism. This readout mechanism
would not only work for a LHe target, but can be applied by coating the surface of any solid target with He.
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FIG. 2: Sensitivity projections for the target materials and TES sensitivities de-
scribed here. Interaction type is listed in the top left corner of each plot. Grey
and pink regions have already been excluded, light orange regions indicate model
regions of interest, and the light blue region indicates parameters for which solar
neutrino coherent nuclear scattering will dominate the nuclear recoil rate. Sensitiv-
ity curves come in three stages: Solid curves assume current technology (based on
a TES with 40 meV baseline resolution), dashed curves assume the baseline goals,
and dotted lines describe some future ‘ultimate’ experiment for each technology.

Scintillating crystal tar-
gets will produce light in addi-
tion to phonons, and the crys-
tal scintillation mode is sensi-
tive to ERDM. The detectors
built on 1 mm-thick Si serve
as zero dark count photode-
tectors. Incident photons will
be absorbed in the Si, produc-
ing phonons.

The experiments will re-
quire support, cooling, con-
trol and readout, shielding and
veto, and calibration. R&D
is needed to optimize detector
performance, investigate veto
technology and to establish
the most suitable calibration
methods. The underground
siting of the experiments will
influence final design.

Scientific Reach: The ex-
periments will have sensitiv-
ity to both nuclear recoil DM
(NRDM) and electron recoil
(ERDM) interactions. DM
parameter space sensitivity
for NRDM (ERDM) is given
for 100 g-yr (1 kg-yr) expo-
sure at an underground site.
Sensitivity projections assum-
ing present technology (solid
lines) and assuming baseline
goals (dashed lines) are shown
in Figure 2. These sensitivities show the power of a low-threshold TES-based sensor, and they make clear
the useful complementarity between the three target materials’ various sensitivities. GaAs exhibits efficient
scintillation and lack of dark counts, enabling interesting electromagnetic sensitivities at the photon energy
scale and above. LHe posseses a low-mass target nucleus, enabling interesting NR sensitivities at 1 MeV
and above, along with phonon modes that enable direct phonon excitation at lower masses. In addition to
the relatively light O nucleus, Al2O3 exhibits a highly polar unit cell, with numerous optical phonon modes
extending to ⇠100 meV, enabling interesting sensitivities at the lowest energies.
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✓ Consider the possible background events from the recombination/relaxation of lattice defects

‣ Possible backgrounds 
- Dark current when  
- Radioactive contaminants 

Berghaus, et al. ’21 
- Stress-induced phonons 

Anthony-Petersen, et al. ‘22 
- Lattice defects

⃗E ≠ 0

Radiogenic defects = damage clusters
‣ Of great interest in terms of ion implantation 

Theoretical complexity vs. Many experiments 

‣ Extract damage cluster ``lifetime’’ from experiments

‣ Why lattice (point) defects? 
‣ Intrinsic concentration 

- Thermal 
- Radiogenic 

‣ Energy release from recombination 
- Mainly in terms of phonons
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✓ Need to understand ``when’’ and ``how often’’ the recombination  phonon emission happens ≃

Thermal/Quantum

Cf) DM relic Annealing time

✓ ~ A few BGs per gram  month after annealing×

Ex) Silicon

Gibbons ‘72

unannealed fraction of the leakage current as Junction of time. As an 
example such a comparison is contained in table 4 for neutron damage. As 
can be seen, our data are in very good agreement with those of Ohsugi (10). 
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GIBBONS: ION IMPLANTATION IN SEMICONDUCTORS 

have justified the  conclusions  stated  above sufficiently well to 
warrant  the use of the general LSS theory for the design of 
impurity profiles in a variety of semiconductor  devices [4]; 
and  range  tables  have been published [SI that  can  reduce 
the  first-order design of a required  impurity profile to a few 
simple calculations.’ 

During  this  same period of time, a great  deal of effort  has 
been devoted  to  the  study of implantation-produced  damage 
and  its  annealing  characteristics, especially  in silicon. Our 
purpose in this  paper  is  to review this  work  and  to  present 
those conclusions from it  that  are  essential for the  applica- 
tion of ion implantation  to  the  fabrication of silicon  devices. 

Our  development of this  subject will be as follows. We 
first  give a qualitative  description of the  manner  in which 
an  implanted  ion  produces  damage  in a crystalline  target, 
following this  with  an  inventory of some of the  basic types of 
defects that  are  found in ion-implanted silicon. Next we pre- 
sent  some basic theoretical  ideas that  may be used to  predict 
(or estimate)  the  structural  characteristics of damage  clusters 
and  then  compare  these  predictions  with a variety of different 
experimental  data.  We follow this  with a section on the  depth 
distribution of defects  and  damage  clusters  and  then  conclude 
with a section on the  annealing  characteristics of implanta- 
tion-produced  damage. 

As the  subject unfolds, i t  will be clear t h a t  our knowledge 
of damage  theory  is  much more elementary  than  our  knowl- 
edge of range  theory.  However,  experimental progress on all 
aspects of the problem has been very  impressive,  and  an- 
nealing schedules  have been developed that will reduce resid- 
ual damage  to levels that  are  satisfactory for the  fabrication 
of both MOS and  junction devices  in silicon. 

Since  our review will cover a wide range of theoretical 
ideas  and  experimental  results,  it will perhaps be useful to 
start  by  providing a listing of the  major  topics covered by 
the  paper,  to which the  reader  may wish to refer for orienta- 
tion as  the  subject develops. The  separate  sections  are as 
follows: 

Section I:  
Section  I1 : 
Section 111: 

Section IV: 

Section V: 

The  Concept of a Damage  Cluster 
Partial  Inventory of Basic Defects  in Silicon 
Structural  Characteristics of Implantation- 
Produced  Damage in  Silicon 
Damage  Distribution  Theory  and  Experi- 
ments 
Annealing  Characteristics of Implantation- 
Produced  Damage. 

I. THE CONCEPT OF A DAMAGE CLUSTER 

An ion implanted  into a target  with  an  initial  energy E o  
will ultimately  come  to  rest, losing its  energy in a series of 
collisions with  the  atoms  and  electrons of the  target.  Both 
of these  energy-loss  mechanisms  are  important in determining 
the  range of the  ion,  but  only  the  atomic (or nuclear) col- 
lisions can  transfer  enough  energy  to  target  atoms  to  produce 
radiation  damage.*  Furthermore, if the  target  is  crystalline, 
the  target  atoms will be bound to their  lattice  positions  with a 
certain  energy, so that collisions of the  projectile  with  the 

Appendix to this paper. 
‘An important  correction to the range tables  is discussed in  the 

for them to produce damage by a subsequent  collision with  a  lattice  atom. 
* Insuffiaent energy is imparted to  electrons under typical  conditions 
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Fig. 1. Illustrating the formation of a damage cluster 
by collision cascades. 

atoms of the  target will only  produce  damage when the 
energy  transferred to a target  atom exceeds its displucement 
threshold energy &. 

Collisions in which the  energy  transferred  to a target  atom, 
say E’, is  greater  than & will displace that  atom  from  its 
lattice  site,  and  thus  produce  damage  within  the  crystal.  The 
displaced  target  atom  may  then be treated as a secondary 
projectile of energy (E’-&), and  it  too will be brought to 
rest  through a series of nuclear  and  electronic  stopping  events. 
In  the course of its  trajectory,  the  secondary  projectile  may 
have sufficiently energetic  interactions  with  other  target 
atoms to produce  further  displacements  and a second  gen- 
eration of recoiling target  atoms.  The  production of damage 
is  therefore a cascade process  in  which the  incident  projectile 
is  simply  the  primary  damage-producing  particle. 

We  can  represent  these  various  events  qualitatively  by a 
diagram  such as the  one  shown  in Fig. 1, where  the  track of 
the  incident  projectile  serves as a tree  trunk  with  branches 
that  represent  the  trajectories of displaced  target  atoms.  The 
envelope of al l  these  displacements  is  referred to qualitatively 
as a “damage  cluster,”  and will have a size and  character  that 
depends on a large  number of factors,  including especially the 
mass of the  incident  ion  and  its  energy,  the  mass of a target 
atom,  and  the  temperature of the  target. I t  is  also  important 
to  remember  that  the  stopping processes are statistical in 
character, so two  identical  ions  implanted  under  identical 
conditions will almost  certainly  produce  differently  shaped 
damage clusters. 

Both  the  type  and  the  amount of crystalline  damage  to be 
found  within a given damage  cluster  are  matters of great 
practical  importance,  since  they  determine  the  annealing 
mechanisms that  can  operate,  and  therefore  the  annealing 
temperatures  and  times  that  must be used to  return  the 
crystal to a relatively  undamaged  state  in which the chemical 
effects of the  implanted  atom  can  dominate  the  residual 
damage. In  the next  section we present a partial  inventory of 
the  types of defects  that  can be generated  in  ion-implanted 
silicon, together  with  their  annealing  characteristics.  We  then 
proceed to a more exact  picture of the  implantation-produced 
damage  to be expected for the  extreme  cases of very  heavy 
and  very  light ions. 

11. PARTIAL INVENTORY OF BASIC DEFECTS IN SILICON 

I t  is useful to begin with a brief list of some of the  most 
important  defects t h a t  have been observed in silicon, together 
with a summary of their physical characteristics.  This will 
help  us  formulate a reasonable  picture of the  types of damage 
that we might  expect to accompany  the  implantation of 
energetic ions. 
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Lindstrom, et al. ‘89

``lifetime’’ τ ∼ 2 yr

‣ Estimation of radiogenic recoil event rate 
- w/ cosmic neutron when unshielded:  
- w/ neutron from impurities of shield:  

‣ Estimation of defect production rate  BG event rate

Rrec ∼ 50 day−1

Rrec ∼ 0.1 day−1

≃
Assuming DAMIC-like setup

ses using rcl values of a0 and 2a0 gave the same qualitative
conclusions.
Table IV gives results for the distribution of defects into

point defects and large clusters, and also values for how
interstitials and vacancies are distributed among both groups.
The table shows that the fraction of point defects decreases,
and the fraction of large clusters increases with increasing
cascade energy, in good agreement with the B and As cas-
cade results of Caturla et al.13 We also see that the relative
amount of damage in clusters is about the same in the 5 keV
and 10 keV cascades, a consequence of subcascade forma-
tion at these energies.
It is interesting to note that most of the isolated point

defects are interstitials, both for the Tersoff and Stillinger-
Weber interatomic potentials. These interstitials, which com-
prise 10–15 % of all defects, can either be formed by re-
placement collision sequences or by low-energy recoils. We
have recently shown that due to the open crystal structure of
Si, low-energy secondary or tertiary recoils having energies
slightly above the threshold displacement energy have a
large effect on cascade development in Si.65 The above-
mentioned fact that the Tersoff and Stillinger-Weber poten-
tials give about the same number of point defects also indi-
cates that the formation of these defects is a predominantly
ballistic phenomenon.
To find out whether the interstitials were produced by

replacement collision sequences or ballistic recoils, we
evaluated the distance the extra atom in isolated interstitials
had moved for the 10 keV cascades. About 85% of the in-
terstitial atoms had moved farther than the nearest-neighbor
distance from their initial site. Most of the atoms producing
interstitials had moved 4–7 Å, the average being about 5
Å ~not counting initial recoils which of course have moved
very far!. The distance from the interstitial to the closest
vacancy was on average 14 Å, much more than the distance
the atoms have moved. Since the isolated interstitials are

located far from both vacancies and other interstitials, the
recoils producing the interstitial must have been produced by
previous recoils displacing atoms from perfect lattice sites
and remaining there. Thus, the mechanism has some similar-
ity to the well-known replacement collision sequences along
^110& atom rows in fcc metals, even though it does not occur
along a single well-defined lattice direction.
Since most of the isolated point defects are interstitials, it

is clear that damage clusters will be deficient of atoms, vis-
ible as an excess of vacancies in the Wigner-Seitz analysis.
One 10 keV event, for instance, produces about 7 large dam-
age clusters on average ~defined here as clusters having at
least 6 defects! which jointly contain about 60 interstitials
and 70 vacancies; i.e., they are deficient of 10 atoms. The
same clusters can be expected to have roughly 600 disor-
dered atoms ~cf. Table III!, and so the ‘‘lack of atoms’’ is
about 1.7% of the total number of atoms. This lack of atoms
can be expected to result in a 21.7% relaxation volume
change in the amorphouslike phase that forms at the cluster.
The density of amorphous Si has been subject to a long-

standing controversy, but the most recent experiments seem
to indicate that the value is about 1.8% less than that of
c-Si.66 If we assume that ~despite the enormously rapid
quench rate in cascades! the amorphous phases produced
during irradiation have the same density change as macro-
scopic a-Si, and take into account our estimate of a volume
change of 21.7% due to the deficiency of atoms, we find
that the volume change due to amorphous clusters produced
by self-recoils in Si should be very close to zero, indicating
that they may be hard to see using lattice parameter measure-
ments or diffuse x-ray scattering.67,68
Considering that the other damage ~the point defects and

small clusters! has an excess of atoms, and cannot be con-
sidered amorphous, it is very likely that this damage will
have a positive relaxation volume. If our argument for why
amorphous clusters should have a negligible relaxation vol-

TABLE IV. Fraction of isolated and clustered Wigner-Seitz defects in Si and Ge cascades. Note that the
results depend somewhat on the choice of the value of rcl ~see discussion in text!. Ndef is the total number of
defects in each case. F isol gives the fraction of isolated defects, Fi

isol the fraction of isolated interstitials, and
Fv
isol the fraction of isolated vacancies compared to the total number of defects. Fclus, Fi

clus , and Fv
clus give the

fraction of defects, interstitials, and vacancies, respectively, in clusters with at least 6 defects. All fractions
are given as percents of the total number of defects; since clusters with a size of 2–5 defects are not included,
the total does not equal 100%. The error bars are the statistical error of the average.

Energy Ndef F isol Fi
isol Fv

isol Fclus Fi
clus Fv

clus

~keV! ~%! ~%! ~%! ~%! ~%! ~%!

Si 0.4 961 2763 1961 862 4266 1562 2764
2 3562 2161 1561 6.060.4 4963 1962 3062
5 9063 1961 1461 4.860.3 6464 2862 3662
5a 16964 1161 1061 0.860.1 8162 3561 4661
10 19665 1361 1161 2.760.2 6862 3261 3661

Ge 0.4 1061 2364 2163 261 42612 2367 2166
2 10363 6.460.5 5.660.4 0.860.2 9163 4362 4862
5 286611 2.560.2 2.460.2 0.160.1 9564 4662 4962
5b 5461 2462 1961 5.560.8 4264 1462 2863
10 687646 1.960.2 1.660.2 0.360.1 9667 4763 4963

aTersoff potential ~Ref. 36!.
bUnmodified Ge potential ~see text!.

57 7563DEFECT PRODUCTION IN COLLISION CASCADES IN . . .

Nordlund, et al. ‘98

R = ∫ dErec
dRrec

dErec
Ndef(Erec) ∼ {5 × 105 day−1 (cosmic)

70 day−1 (impurity)

✓ Difficult to veto, careful setup required

Credit: Simon
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Frenkel recomb. in Si

https://en.wikipedia.org/wiki/Crystallographic_defect#:~:text=Crystallographic%20defects%20are%20interruptions%20of,crystal%20structure,%20are%20usually%20imperfect.

