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Dopant atoms in semiconductors can be ionized with ∼10 meV energy depositions, allowing for the
design of low-threshold detectors. We propose using doped semiconductor targets to search for sub-MeV
dark matter scattering or sub-eV dark matter absorption on electrons. Currently unconstrained cross
sections could be tested with a 1 g-day exposure in a doped detector with backgrounds at the level of
existing pure semiconductor detectors, but improvements would be needed to probe the freeze-in target. We
discuss the corresponding technological requirements and lay out a possible detector design.
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I. INTRODUCTION

A variety of strategies have been explored and proposed
to directly detect dark matter (DM) via the interactions that
it may have with the Standard Model (SM) particles. One
possibility is to design detectors that look for excitations of
a material as the DM scatters off or is absorbed in it. The
sensitivity of such experiments at low DM masses is
fundamentally limited by the minimum energy required
to create an excitation in the material. Currently, several
leading constraints on DMwith masses below a GeVare set
by detectors that look for DM-electron interactions using
semiconductor targets, where thresholds are set by the
ionization energy of the valence-band electrons (the
bandgap), which is typically of order 1 eV [1–10]. This
is sensitive to DM scattering or absorption for DM masses
exceeding ∼1 MeV or ∼1 eV, respectively.
We propose to extend the reach of semiconductor

detectors toward lower DM masses through a simple
innovation: adding shallow impurities to the semiconduc-
tor. Shallow impurities, also called dopants, are atoms
that introduce new energy levels close to the conduction
band (n-type dopant) or valence band (p-type dopant),
which are populated by electrons or holes contributed by
the n- or p-type atoms. By emitting these charges into the
conduction or valence bands, dopants can be ionized with
subbandgap energy depositions, as schematically shown in
Fig. 1. Since the dopant’s electrons or holes are weakly

bound, their orbits lie far from the impurity centers, so the
ionization energies are largely independent of the details of
the dopant and are instead mostly set by the macroscopic
properties of the underlying semiconductor [11–14]. In this
simplified picture the smallness of the energy required to
ionize a dopant can be quantified by accounting for the
screening of the impurity potential due to the semicon-
ductor’s dielectric function ϵ ∼ 10, and for the smallness of
the effective electron or hole masses compared to the
electron mass in vacuum, typically m�=me ∼ 0.1–1. These
two factors suppress the ionization energy by roughly
m�=ðmeϵ

2Þ ∼ 10−3–10−2 with respect to the one of a free
atom, resulting in energies of order 10–100 meV. Such low
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FIG. 1. Pure and doped semiconductor ionization signals:
electron-hole pair for pure semiconductors (left), electron-only
for n-type (middle) and hole-only for p-type (right) dopants. The
bottom panels depict the corresponding energy levels. Eg ∼ 1 eV
is the bandgap and EI ∼ 10 meV is the dopant ionization energy.
In the main text we show that the kinematic matching for
scattering in typical models of sub-MeV DM is optimal in doped
materials.
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thresholds allow designing ionization detectors that can be
used to probe sub-MeV DM scattering or sub-eV DM
absorption. In doped semiconductors, DM can also ionize
valence-band electrons, so a doped target retains the
signatures of pure semiconductor targets for ≳eV energy
depositions.
For models of DM scattering off electrons via a light

mediator, we find that a doped target with an exposure of
100 g-day could probe the entire currently unconstrained
sub-MeV mass region for DM produced via freeze-in
[1,15,16], in the absence of dark counts (DC). For sub-
eV dark-photon DM absorbed by electrons, an exposure as
small as 1 gram-day with DC at the level of existing
undoped detectors could probe currently unconstrained
absorption cross sections.
Our proposal has the advantage that it could largely rely

on existing technology. Doped semiconductor detectors
have been fabricated for decades for infrared (IR) light
detection [17,18]. Due to the nature of their applications
(e.g., infrared astronomy) the DC requirements on existing
detectors are above what is needed for DM detection [19].
However, single-electron sensitivity with small DC has
been demonstrated in pure semiconductor detectors that
collect charge such as SENSEI (∼450 DC=g-day) [7,20] or
phonons, such as SuperCDMS HVeV [21], and they could
be further reduced with detector improvements [7]. Thus,
our proposal could be realized by combining the design of
existing doped semiconductor detectors with the technol-
ogies used to obtain low DC in undoped detectors.
While in the body of this work we focus on studying

ionization signals, for energy depositions below the dop-
ant’s ionization threshold, doped targets allow for transi-
tions between the ground and excited electron or hole
bound states. Upon relaxation to the ground state, phonons
are emitted, which could be potentially detected with future
single-phonon detectors. We leave the discussion of pho-
non signals to the Appendix E.
We organize this work as follows. We begin by review-

ing the theory of electrons in doped semiconductors,
focusing on n-type dopants (the situation for p-type dopants
is analogous). We then compute the energy loss function
due to ionization in these materials, obtain DM scattering
and absorption rates, and project the detector’s reach for a
silicon target doped with phosphorus. Finally, we discuss
detector design, backgrounds, and other low-threshold
detection technologies. In Appendices, we discuss the
expected phonon signals, and calculational details.

II. ELECTRONICS OF N-TYPE DOPED
SEMICONDUCTORS

The electronic wave functions in a perfect crystal
potential are given by Bloch wave functions eik·runkðrÞ,
where k labels the crystal momenta, n is a band index, and
unk are functions with the periodicity of the lattice. For
donor electrons in n-type semiconductors the spectrum

differs from the perfect lattice solution due to the impu-
rities. In this case, the wave functions can be expressed as a
Bloch-state superposition [11–14,22–24],

ψ ¼ 1ffiffiffiffi
V

p
X
k;n

AnðkÞeik·runkðrÞ; ð1Þ

where V is the semiconductor’s volume, and the Fourier
coefficients AnðkÞ are found by solving Schrödinger’s
equation for ψ in the impurity and lattice potentials. The
impurity potential can be approximated by the one of a
ionic charge screened by the lattice,

UðrÞ ¼ −
α

ϵr
; ð2Þ

where α is the fine-structure constant, and ϵ is the crystal’s
dielectric function. The crystal potential is more complex
and leads to dependency of the wave functions on the band
structure. Full knowledge of the bands, however, is not
required to obtain approximate wave functions, as donor
electrons bind only weakly to the impurity so their typical
momentum lies close to the bottom of the conduction band.
This leads to two simplifications. First, the wave functions
unk in Eq. (1) can be approximated to be those at the
(possibly degenerate) conduction band minima. Fixing the
band index n to correspond to the conduction band and
dropping it, and taking the momentum coordinate of the
ξth degenerate conduction-band minimum to be kξ, this
corresponds to approximating unk ≈ ukξ

, so the wave
function Eq. (1) for an electron with momentum close to
the ξth minimum simplifies to

ψξ ≈ eikξ·rukξ
ðrÞFðrÞ; ð3Þ

where FðrÞ≡P
k AðkÞeik·r=

ffiffiffiffi
V

p
and k is now the

momentum relative to the band minimum. Equation (3)
indicates that donor electrons are described by bottom-of-
band Bloch wave functions modulated by an “envelope”
FðrÞ, which is the same for all degenerate minima ξ.
The second simplification is that near the band minima,

band energies can be approximated by the leading term in a
momentum expansion,

EðkÞ ¼ k2

2m�
; ð4Þ

where we have assumed isotropy in momentum space for
simplicity (“spherical” band approximation), and m� is the
electron’s effective mass.1 With these approximations, the

1The spherical-band approximation is not precise in indirect
bandgap semiconductors such as Si and Ge where the bands are
anisotropic. However, as discussed in Appendix A, treating the
bands as spherical will suffice for our purposes.
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envelope functions and energy eigenvalues can be shown
to be solutions of the Schrödinger equation with a
Hamiltonian set by the screened impurity potential
Eq. (2) and the kinetic term Eq. (4) [11–14],

−
∇2

2m�
FðrÞ þ UðrÞFðrÞ ¼ EFðrÞ: ð5Þ

The solutions to Eq. (5) are Hydrogenic, so the
energies (relative to the conduction band), Bohr radius
of the bound electrons, and 1s ground-state envelope
function are

En ¼−
α2

2n2
m�
ϵ2

; a� ¼
ϵ

αm�
; F1sðrÞ ¼

e−r=a�ffiffiffiffiffiffiffiffi
πa3�

p ; ð6Þ

where n is the principal quantum number. For typical
values of m�=me ∼ 0.1–1 and ϵ ∼ 10, the ionization
energies EI ≡ En¼1 are of order 10–100 meV. The
Bohr radius a� of a dopant electron is ϵðme=m�Þ ∼
10–100 times larger than typical lattice spacings a, so
its typical momentum lies near the origin of the
first Brillouin zone, jkj ≪ 1=a, validating the bottom-
of-band approximation. With our approximations both
the ionization energy and Bohr radius are indepen-
dent of the dopant atom, as anticipated in the
introduction.
The model described above is the simplest version of

the “effective-mass method” [11,12]. Corrections to the
model arise from wave function overlap of electrons
localized at different impurities, electron-electron inter-
actions, and differences in the impurity potential at different
sites. These corrections lead to dispersion in the discrete
energies Eq. (6) and thus to “impurity bands.” For
high doping (nD ≳ 3 × 1018=cm3 for uncompensated
Si:P [25–27]), these bands allow for electric conduction
as in a metal, resulting in a metal-insulator Mott-
Anderson transition [28,29] and eliminating the energy
gap that is required for the design of ionization detectors.
Here we only consider semiconductors with doping
densities below the Mott value. Additional corrections
to the effective-mass method come from short-distance
modifications to the impurity potential Eq. (2) that break
the degeneracy of the band minima [14,30]. For Si, these
corrections lead to a ground-state that is set by a
superposition of the Bloch wave functions at the degen-
erate minima, modulated by the common 1s envelope of
Eq. (6) (see Appendix B).
While up to now we have only considered donor

electron bound states, the presence of impurities also
affects the conduction-band electron wave functions,
which are relevant as final states for computing ionization
probabilities. The modified conduction-band electron
wave functions are simply given by Eq. (3), with

envelope functions set by the positive-energy solutions
of the Schrödinger equation (5); they are given by [31]

FkðrÞ ¼
eð

π
2ka�−ik·rÞffiffiffiffi

V
p Γ

�
1−

i
ka�

�
1F1

�
i

ka�
;1; iðkrþk · rÞ

�
;

ð7Þ

where Γ and 1F1 are the Gamma and confluent hyper-
geometric functions.

III. DARK MATTER DETECTION USING
DOPED SEMICONDUCTORS

In a doped semiconductor, DM can interact with both
valence band and dopant electrons. Since the typical
momentum and energy transfer relevant for ionizing dopant
electrons are well separated from those for ionizing
valence-band electrons, we can treat these two processes
independently. The interaction rate on valence-band elec-
trons happens as in pure semiconductors and has been
computed in [1,32–45]. Here we focus instead on obtaining
the single-ionization rate of DM interactions with the
dopant electrons. Secondary ionization of other dopants
by the excited electron are unlikely given the large
separation between dopants for doping densities below
the Mott transition, so they are not computed here.
We consider two example DM models. First we take a

DM particle χ scattering with electrons via ultralight vector
mediator A0 (“dark photon”) that kinetically mixes with the
SM photon with mixing parameter κ [46,47], so that the
momentum-space low energy potential coupling χ with
electrons is

VðqÞ ¼ gχκe

q2
; ð8Þ

where gχ is the coupling between χ and the mediator, e the
elementary charge, and the mediator mass mA0 has been
neglected with respect to the momentum transfer. Second,
we consider a model where the kinetically mixed vector
field itself is the DM, which can be detected by absorption
on electrons.
Dark matter scattering: the DM scattering rate per unit

target mass is [39,48]

R ¼ ρχ
ρTmχ

Z
d3vχfðvχÞΓðvχÞ; ð9Þ

where ρχ ¼ 0.4 GeV=cm3, and ρT are the DM and target
mass densities (for Si ρT ¼ 2.3 g=cm3), fðvχÞ is the DM
velocity distribution in the halo [49], with dispersion,
escape, and earth velocities v0 ¼ 220 km=s, vesc ¼
500 km=s, and vE ¼ 240 km=s (in the galactic frame).
ΓðvχÞ is the scattering rate of a single DM particle with
velocity vχ in the whole target, given by
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ΓðvχÞ ¼
Z

d3q
ð2πÞ3 jVðqÞj

2
q2

2πα
Wðq;ωqÞ; ð10Þ

with ωq ¼ q · vχ − q2=ð2mχÞ being the energy transfer,
VðqÞ is given by Eq. (8), and the energy loss function
(ELF) W is

Wðq;ωÞ ¼ ð2πÞ2αnD
q2jϵðq;ωÞj2

X
ξ;k

δðEk − Ei − ωÞjhξkjρ̂ðqÞjiij2;

ð11Þ

where nD the number density of dopants and ρ̂ðqÞ ¼ e−iq·r̂

is the momentum-space electron-density operator. In
Eq. (11), we have already performed the sum over target
electrons, so there is a factor of 1=jϵðq;ωÞj2 from multi-
particle screening [37,48,50], and the term in brackets is the

single-particle form factor between the initial (ground) state
and free conduction-band electrons with momentum close
to the ξth minimum. This form factor is obtained in
Appendix B, where we show that within the effective mass
method described previously, and for momentum transfers
less than the inverse lattice spacing, jqj ≪ 1=a, it is given
by the form factor between the initial (bound) and free
hydrogenic envelope functions Fi and Fk

X
ξ

jhξkje−iq·r̂jiij2 ¼
����
Z

d3rFkðrÞ�FiðrÞe−iq·r
����
2

: ð12Þ

For ionization from the 1s ground state Eq. (6) into the free
states Eq. (7), Eq. (12) has been analytically computed in
[31,51]. Using the result of [31] in Eq. (11) we obtain the
ELF for n-type doped semiconductors

Wðq;ωÞ ¼
�
Eeff

E0

�
2 210π2αm�nDa4�

3jϵðq;ωÞj2
ð3q̃þ k̃2 þ 1Þ exp

�
− 2

k̃
tan−1

�
2k̃

q̃2−k̃2þ1

��

½ðq̃þ k̃Þ2 þ 1�3½ðq̃ − k̃Þ2 þ 1�3½1 − expð−2π=k̃Þ� ; ð13Þ

where q̃ ¼ qa� and k̃≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ðω − EIÞ

p
a� is the momen-

tum of the final state electron for an energy transfer ω > EI.
In Eq. (13), we have heuristically added a normalization
prefactor ðEeff=E0Þ2 to account for the ratio of local electric
field at the donor center and the average field in the crystal,
as done in photoionization calculations [52–54].
Dark matter absorption: the rate per unit mass for the

absorption of kinetically mixed vector DM is simply Rχ ¼
κ2ρχ=ρTWðq ¼ 0; mχÞ [55], where the ELF is given
by Eq. (13).

IV. PROJECTED REACH

We now compute the projected DM reach taking for
concreteness silicon doped with phosphorus as the target.
For this material, the parameters entering in the ELF
Eq. (13) are set to EI ¼ 45 meV, m� ¼ 0.3me,
a� ¼ 23 atomic units, and Eeff=E0 ¼ 2.2, as discussed in
Appendix A. The resulting projections for DM scattering
and absorption are presented in Fig. 2, where in both cases
the phosphorus density is nD ¼ 1018=cm3. This density is
chosen for illustration to maximize the number of target
electrons while staying below the metal-insulator transi-
tion.2 For DM scattering, the bounds are presented as a
function of the reference cross section on electrons
σ̄e ≡ μ2χe=πjVðq ¼ αmeÞj2, where μχe is the DM-electron

reduced mass. For DM absorption the bounds are presented
as a function of the photon-dark photon mixing parameter
κ. Bounds are presented for three assumptions regarding
dark counts (DC) and exposure. In blue and green we
present limits for kg-year and 100 g-day exposures that
consider only Poisson statistical uncertainties and assume
no DC are observed.3 In red we project more conservative
sensitivities with exposures and DC in line with SENSEI at
MINOS [7], that is a 1 g-day exposure and 450=g-day DC.
To suppress thermal DCs below a count per kg-yr, the
detector would need to be operated at ≈5 K, as discussed in
the next section. Each projected exclusion curve is broken
into two pieces to highlight the reach due to the ionization
of dopants (masses below ∼1 MeV or ∼1 eV for scattering
or absorption), or due to the ionization of valence band
electrons (for larger masses).4

Our projections show that doped semiconductor targets
have a significant discovery potential, and compare favor-
ably against other proposed targets. From the figures we
clearly see how introducing doping into the material extends
the reach of semiconductor detectors to lower DM masses.
In Fig. 2, we see that in the absence of DC, doped semi-
conductors have the potential to probe scattering cross
sections that lead to DM being produced by freeze-in down
to the smallest allowed masses, mχ ≃ 30 keV. The excellent

2As discussed in the next section, a lower level of doping may
be needed to suppress hopping conductivity but measurements
are required to find the optimal value.

3Here one gram-day corresponds to exposing 1 gram of Si:P
for a day, so the weight includes both the one of Si and P.

4The Si ionization sensitivity projections include screening,
and hence the 1 g-day curve assuming a DC of 450=g-day is
weaker than the SENSEI limit shown in gray [7].

DU, EGAÑA-UGRINOVIC, ESSIG, and SHOLAPURKAR PHYS. REV. D 109, 055009 (2024)

055009-4



reach to DM scattering is in part explained by kinematic
matching, as for the typical momentum tranfers qtyp≈
mχvrel ≈mχve ≈ 100 eVðmχ=100 keVÞ, with ve ≈ α=ϵ ∼
10−3 (≈vχ) being the dopant electron velocity, the energy

transfers are precisely of the order of dopant ionization
energies, qtypvχ ≈ 100 meV. The kinematics are further
studied in Appendix D, where we present differential
scattering rates. The bottom panel of Fig. 2 indicates that
Si:P also has excellent reach to dark-photon absorption
for DM masses mA0 ≲ 1 eV. For DM absorption, even with
a small 1 g-day exposure and if DC are included in our
estimates at the level currently observed by SENSEI, our
proposal could probe currently unconstrained param-
eter space.

V. DETECTOR DESIGN AND BACKGROUNDS

To realize the discovery potential of doped semiconduc-
tor targets a scalable single-electron detection technology
with low dark counts is required. Here we discuss one
possible implementation, based on the Skipper-CCD detec-
tors used by the SENSEI experiment [7]. Skipper-CCDs are
imaging detectors that use high-resistivity n-type Si as the
bulk absorber to detect ionization signals. Even if the target
is n-type, these CCDs are not doped ionization detectors,
since their doping density is extremely small, on the order
of 1011=cm3, and since they are operated at temperatures
where the dopants are already ionized. Skipper-CCDs have
demonstrated single electron-hole-pair resolution and dark
counts as low as 450 events per gram-day [7]. Building
upon this technology, we envision designing a Skipper-CCD
with a large level of n-type doping in the bulk.5

The design of a doped Skipper-CCD would require
several technological developments. For concreteness, we
discuss these developments in the context of n-type targets
(the situation for p-type detectors is analogous). First and
foremost, current n-type Skipper-CCDs used for detecting
DM only collect holes, and they do so in a “buried channel”
located right below the detector’s frontside where charges
are stored until readout. For our proposal to be realized, a
doped n-type Skipper-CCD needs to collect ionized elec-
trons from n-type dopants, this could be done with the
design proposed in [69].
In order to collect the charge signals, and to ensure low

levels of charge trapping, the detector would need to be
placed in an electric field (as a conventional CCD), which
would be provided by a bias voltage applied to detector
contacts. Since the active area would be doped, this electric
field would also induce currents within the “impurity band”
formed by the dopant’s energy levels, without the need for
electrons being excited into the conduction band (“hopping

FIG. 2. Solid colored lines: projected 90% C.L. reach (single-
charge ionization signal) for DM-electron scattering via a light
mediator (top) and for dark photon DM absorption (bottom), for a
Si:P target with doping density nD ¼ 1 × 1018 cm−3. Two con-
tributions to the reach are shown, at low and high DM masses
coming from P-dopant and Si ionization, respectively. The reach
is computed for three levels of exposure and dark counts (DC):
1 kg-yr (blue) and 100 g-day (orange) exposure with zero DC,
and 1 g-day exposure (red) with 450 g-day DC. Shaded gray:
exclusion regions from existing direct detection experiments
[56–60]. Light gray: excluded by stellar cooling [61], solar
reflection [62,63] and SN1987A [64] (top), or from the solar
emission of dark photons [65] (bottom). Light blue line (top
panel): cross section required for DM being produced by freeze-
in [1,16]. Grey-dashed lines: reach of other proposed targets for
1 kg-year exposure and no DC: superconductors [66] (Al), polar
[67] (GaAs), Dirac [68], and Fermi materials [39].

5A detector that instead measures ionization signals by reading
out phonons such as SuperCDMS HVeV could also be consid-
ered, but the current single-electron dark current in such detectors
is larger than at SENSEI by a factor of 103 [21]. In addition,
SuperCDMS HVeV, at least in its current setup, would reject a
single-electron or single-hole signal from an ionized dopant, as its
single-electron bin corresponds only to events that are electron-
hole pairs.
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conductivity” [70]), which would constitute a dark current.
A technology to eliminate this current exists, which is used
in a type of doped semiconductor detectors called “blocked
impurity band” detectors [71] (BIBs). The idea is to
introduce a layer of undoped semiconductor between the
active detection region and the charge readout stages,
which in our case are the buried channels, so that impurity
band conduction is blocked. BIBs that operate with high
levels of doping have quantum efficiencies of the order of
80% for ∼1 V of applied voltage across an absorber that is
tens of μm wide [18], which also indicates that charge
trapping in these devices is under control. This also
suggests that charge transfer across pixels (which is
required for readout in a CCD-like setup) could be done
efficiently even if the target is doped. Note that in a CCD-
like setup charge transfer is done in a buried channel [72],
which has a level of doping that differs from that one in
the bulk.
In order to suppress thermal generation of dark currents

due to the ionization of dopants, the detector would need
to be operated at cryogenic temperatures. The rate for
the thermal generation of electrons from neutral donors
can be estimated to be hσeDþveiNce−EI=T from detailed
balance [73]. Here Nc is the effective density of states of
electrons in the conduction band, σeDþ is the cross section
for electrons capture by charged donors, and hi indicates
the thermal average. From measurements, we obtain
hσeDþvei ≈ 7 × 10−6 cm3=s for Si:P [74]. Therefore, ther-
mal dark currents would be kept at the level of 1 e−=kg=yr
for nD ¼ 1018=cm3 by operating the detector at a temper-
ature T ≈ 5 K (≈0.43 meV).
The low operating temperatures represent a challenge for

a doped detector based on a CCD design, since conven-
tional CCDs cannot operate at temperatures below ∼70 K
due to carrier freeze-out [72], where the gates become
nonconducting. This issue could be solved by replacing the
standard polysilicon gates with metal gates, as done in
some metal oxide semiconductor (MOS) devices.
In addition to thermally generated dark counts, it is likely

that a doped Skipper-CCD would be affected by the
backgrounds that are observed in undoped Skipper-
CCDs. The origin of the currently observed backgrounds
in Skipper-CCDs is unknown, even if a fraction of them
have been shown to arise from secondary radiation of
high energy tracks [75,76]. Track-induced “extrinsic”
backgrounds can be reduced by working in a radio-pure
environment and improving shielding. The “intrinsic”
detector backgrounds in Skipper-CCDs, on the other hand,
could arise from charge leakage into the detector contacts,
or from slow release of electrons from unidentified traps.
Both of these effects could in principle be reduced by
improving the insulating layers and prefilling empty traps.
On the other hand, the intrinsic dark counts that are
observed in doped blocked-impurity band detectors are
possibly coming from conduction across the blocking

layers into the contacts [77–79], either via tunneling or
due to impurities. Such dark currents could be suppressed
by increasing the thickness of the insulating layers [77]. Yet
another source of dark counts in doped detectors arises due
to conduction within the impurity band by hopping into
neutral (occupied) dopants, a process that is referred to as
ϵ2 hopping conductivity [14,80]. This can be exponentially
suppressed by reducing the doping density, but measure-
ments are required to find an optimal doping value.
We conclude this section by pointing out that several

other detector targets with sub-eV thresholds exist, beyond
doped semiconductors, which are used to detect infrared
(IR) radiation but that can also be used to detect sub-MeV
DM scattering or sub-eV dark photon absorption. We
provide an incomplete list of available IR detectors in
Table I, which includes superconducting nanowire detec-
tors (SNSPDs), Single-photon avalanche diodes (SPADs),
Mercury-Cadmium-Telluride detectors (HgCdTe), the
already mentioned BIBs, quantum dot and quantum well
infrared photodetectors (QDIP and QWIP), and transition
edge sensors (TES). These detectors can be designed and
used as targets for DM absorption or scattering, or in some
cases can be coupled to read out excitations from an
external absorber that acts as the target.
SNSPDs were proposed as sub-MeV dark-matter targets

in [85], but an ∼8 order-of magnitude increase in detector
exposure (without a corresponding increase in dark cur-
rents) would be needed to probe regions of parameter space
that are not currently excluded by astrophysical searches
[58]. Current nanogram-scale SNSPD detectors have dark
counts of the order of 10−6 Hz. The origin of dark counts in
SNSPDs is currently unknown, but it is possible that they
arise from secondary emission from environmental high-
energy radiation [75], or due to microfractures upon
detector cooling [86]. Both of these dark count sources
increase with detector exposures. SNSPDs have also been
used as detectors to measure interaction events of DM on an
external dielectric stack target [57,87], and have also been
proposed as photodetectors, to detect the photons that arise

TABLE I. Examples of existing IR photon detectors and the
approximate energy gaps required to create a measurable target
excitation.

Detector type Energy gap (eV)

SNSPD [57] 10−3

III-V SPAD [81] 0.1

Hg1−xCdxTe [82]
0.5 (x ¼ 0.44)
0.1 (x ¼ 0.194)

Doped semiconductor 5 × 10−2 (Si:P, Si:As)
BIB [82] 10−2 (Ge:Ga)

6 × 10−3(GaAs:Te)
QDIP [83] 0.1 ðInAs=InGaAsÞ
QWIP [84] 0.1 ðGaAs=AlGaAsÞ
TES [84] 10−3
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from DM with masses ≳1 MeV interacting in a nearby
scintillating target [35,88–90].
Another possibility is to consider detectors based on low-

bandgap compounds of the III–V groups. One of the most
mature single-photon detection technologies where these
compounds have been used are single-photon avalanche
diodes, or SPADs. These detectors have the advantage that
they be operated at significantly higher temperatures than
SNSPDs, but suffer from larger dark currents [91], likely
due to tunneling [92]. A type of SPADs (“silicon photo-
multipliers” or SIPMs) have been proposed to study DM
scattering with an energy threshold of 150 eV [93], but to
our knowledge the potential of SPADs as sub-MeV DM
detectors has not been explored.
Yet another option is to consider detectors based on

Mercury-Cadmium-Telluride (HgCdTe), a compound that
has the advantage that its bandgap can be tuned, in principle
down to the metallic transition [18]. HgCdTe detectors are
widely used in astronomy for near and mid-infrared
detection, but to the best of our knowledge no HgCdTe-
based detector has demonstrated single-photon detection,
which would be a requirement for searching for sub-MeV
DM scattering or sub-eV DM absorption. Significant
progress, however, is being made to achieve IR single-
photon detection using photodiodes based in HgCdTe [91].
Going toward the deep infrared, doped semiconductor

BIBs offer some of the leading sensitivities. That being said
and as already discussed in the body of this work, existing
BIBs suffer from dark counts that are too large for the
purposes of detecting DM.
Other more recently developed technologies are quan-

tum well and quantum dot detectors. Regarding these
detectors, here we only point out that quantum dots have
been proposed as targets for DM scattering [90], but to our
knowledge their potential as photodetectors detectors to
search for photons from DM interactions in a nearby target
has not been explored.
Finally, TES have been proposed as sub-MeV DM

detectors in a setup where DM interacts with an external
absorber creating phonons, which are then read out by TES
located in the absorber’s surface [50,66,94,95], but order-
of-magnitude improvements in the TES’s energy thresholds
are required to probe such light DM models [96]. Like
SNSPDs, TES have also been proposed as a photodetector
to detect photons from DM with masses ≳1 MeV interact-
ing in a nearby scintillating target [35,88–90]. Dark
currents for TES’s are briefly discussed in Appendix E.

VI. DISCUSSION

We have proposed a new DM detection strategy based on
looking for DM interactions on dopant atoms. By comput-
ing DM interaction rates, we have shown that doped
semiconductor targets have the potential to explore large
regions of parameter space of two benchmark DM models,
sub-MeV DM coupling to the SM via a light mediator, and
kinetically mixed sub-eV dark-photon DM. This work
begins the exploration of doped sub-MeV DM detectors.
From the theoretical side, interaction rates on other doped
targets and calculations of the Migdal effect on dopants will
be required, while from an experimental perspective
developments for the detector design are needed. We
conclude that the development of doped semiconductor
detectors with low dark counts is both scientifically and
technologically motivated, and may lead to the discovery
of DM.
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APPENDIX A: PHOSPHORUS-DOPED SILICON
ELF PARAMETERS

In this appendix, we discuss our choices for the numeri-
cal values of the parameters entering into the ELF presented
in the main text, given by

Wðq;ωÞ ¼
�
Eeff

E0

�
2 210π2αm�nDa4�

3jϵðq;ωÞj2
ð3q̃þ k̃2 þ 1Þ exp

�
− 2

k̃
tan−1

�
2k̃

q̃2−k̃2þ1

��

½ðq̃þ k̃Þ2 þ 1�3½ðq̃ − k̃Þ2 þ 1�3½1 − expð−2π=k̃Þ� : ðA1Þ
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We focus on the specific case of silicon doped with
phosphorus, Si:P and proceed as follows. First, we set
the ionization energy EI to the experimentally measured
value, EI ¼ 45 meV [30,97]. For the Coulomb impurity
potential and spherical band approximations used in the
main text to obtain the ELF, the expressions

En ¼−
α2

2n2
m�
ϵ2

; a� ¼
ϵ

αm�
; F1sðrÞ ¼

e−r=a�ffiffiffiffiffiffiffiffi
πa3�

p ; ðA2Þ

set the relations that allow the effective mass and Bohr
radius to be calculated from the ionization energy. These
relations (and more generally the effective mass method
used in this work) must be regarded only as a rough
approximation for Si, as for this material the band structure
around the minimum is anisotropic, the impurity potential
deviates from the Coulomb form near the impurity ion, and
intervalley couplings modify the spectrum [30,97]. In order
to account for these corrections, we use the phenomeno-
logical prescription of [97], which has been demonstrated
to correctly describe the experimentally measured energy
levels in Si:P. The prescription retains the spherical band
approximation and the Hydrogenic form of the envelope
functions [so we may retain the form of the ELF equa-
tion (A1)], but treats m� as a free parameter that is
determined by matching the ground state energy levels
obtained with the spheroidal and realistic ellipsoidal band
case in Si, and a� as a variational parameter that is chosen to
minimize the full Hamiltonian including short-distance and
intervalley corrections. This results in m� ¼ 0.3me and
a� ¼ 23 atomic units [97]. For the screening prefactor in
the denominator of Eq. (A1), 1=jϵðq;ωÞj2, we simply
approximate jϵðq;ωÞj ≈ jϵð0; 0Þj, which leads to a small
error of order Oððq=αmeÞ2Þ in the calculations [98,99].
Finally, we set the normalization prefactor to Eeff=E0 ¼ 2.2
to match the normalization of measurements of the dielec-
tric function in Si:P at q ¼ 0 (i.e., photoabsorption mea-
surements) reported in [100,101], by using the relation

Wðq;ωÞ ¼ Im

�
−

1

ϵðq;ωÞ
�
; ðA3Þ

evaluated at q ¼ 0. In order to validate our calculation of
the ELF, we have compared our results with the frequency-
dependent photoabsorption data of [100,101] and con-
firmed that it correctly reproduces the data (see section
below on ELF validation). Note that by using Eq. (A3), it is
in principle possible to obtain the ELF directly from
measurements of the material’s dielectric constant instead
of using our computation Eq. (A1). To our knowledge,
however, no measurements of ϵðq;ωÞ in Si:P away from
q ¼ 0 have been performed, and even at q ¼ 0 the
dielectric function has only been measured over a limited
range of frequencies, so we rely on Eq. (A1) for obtaining
DM interaction rates and calculating projections.

APPENDIX B: FORM FACTOR DERIVATION

In this section, we calculate the form factor for dopant
electron transitions between the ground state and free
conduction-band energy levels. We begin by defining
Bloch wave functions for conduction-band electrons as

ϕξk ¼ 1ffiffiffiffi
V

p eik·reikξ·rukðrÞ; ðB1Þ

where the index ξ specifies one of the possibly degenerate
conduction-band minima and kξ its position in momentum
space, k labels crystal momenta measured from this
minimum, and V is the semiconductor’s volume. The
periodic functions uk are set to be unit-normalized in V,

Z
V
d3rjukðrÞj2 ¼ 1; ðB2Þ

and Bloch wave functions are orthonormal,

hϕηk0 jϕξki ¼ δξηδk−k0 : ðB3Þ

As discussed in the section electronics of doped semi-
conductors, the initial (ground) state and final single-
particle states are given by a sum of conduction-band
Bloch wave functions,

jii ¼
X
η;k

αηAiðkÞjϕηki; ðB4Þ

jfi ¼
X
η0;k0

βη0Afðk0Þjϕη0k0 i; ðB5Þ

where the coefficients setting the components of the wave
functions at the different minima are normalized as

X
η

jαηj2 ¼ 1: ðB6Þ

As an example, for the Si ground state, which is relevant for
our limit projections, the initial ground state is a singlet
s-wave state formed by equal-weight superpositions of the
wave functions at these minima, modulated by the 1s
envelope function F1s presented in the main text,

ψSi
1s ¼ F1sðrÞ

X6
ξ¼1

1ffiffiffi
6

p eikξ·ruðkξ; rÞ; ðB7Þ

so for Si, αη ¼ 1=
ffiffiffi
6

p
, η ¼ 1; 2;…; 6.

Now, the form factor for transitions between the initial
and final states is given by
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jhfjρ̂ðqÞjiij2 ¼
����
X
ηη0kk0

β�η0αηA
�
fðk0ÞAiðkÞhϕη0k0 je−iq·r̂jϕηki

����
2

;

ðB8Þ

where ρ̂ðqÞ ¼ e−iq·r̂ is the momentum-space electron
density operator. Given that the different conduction band
minima in typical semiconductors such as Si and Ge are
separated by distances of order 1=a ∼ 1 keV in momentum
space, with a being the lattice spacing, for momentum
transfers q ≪ 1 keV the generator of momentum trans-
lations e−iq·r̂ does not connect different conduction band
minima, and we obtain the simplification

hϕη0k0 je−iq·r̂jϕηki ¼ δη0ηδk0−k−q: ðB9Þ

This simplification is valid for sub-eV absorption in the
semiconductor, where q≲ 1 eV, and for sub-MeV DM
scattering via a light mediator, where we have checked that
the typical momentum transfer is qtyp ≈mχvrel ≈mχve ≈
100 eVðmχ=100 keVÞ, with ve ≈ α=ϵ ∼ 10−3. Inserting
Eq. (B9) in Eq. (B8) we obtain

jhfjρ̂ðqÞjiij2 ¼
����
X
ηk

β�ηαηA�
fðkþ qÞAiðkÞ

����
2

; ðB10Þ

and using Parseval’s theorem on Eq. (B10), we get

jhfjρ̂ðqÞjiij2 ¼
����
X
η

β�ηαη

����
2
����
Z

d3rFfðrÞ�FiðrÞe−iq·r
����
2

;

ðB11Þ

where we defined Fourier transforms as FðrÞ≡P
k AðkÞeikξ=

ffiffiffiffi
V

p
that are unit-normalized in the target

volume. Now, take the final state to be jfi ¼ jξki so
βη ¼ δηξ. Then Eq. (B11) simplifies to

jhξkjρ̂ðqÞjiij2 ¼ jαξj2
����
Z

d3rFkðrÞ�FiðrÞe−iq·r
����
2

: ðB12Þ

Finally, summing over the final-state minima ξ and using
the normalization condition Eq. (B6) we obtain

X
ξ

jhξkjρ̂ðqÞjiij2 ¼
����
Z

d3rFkðrÞ�FiðrÞe−iq·r
����
2

; ðB13Þ

which is the result quoted in Eq. (12) of the main text.

APPENDIX C: ELF VALIDATION
AND COMPARISON

In this section, we validate our analytical approximation
of the ELF in Si:P [Eq. (13)] by comparing it to exper-
imental data and alternative analytic ELF computations.

To our knowledge, only optical data is available for Si:P,
meaning only Wð0;ωÞ is determined by experiments
(within a range of measured frequencies). In Fig. 3, we
showWð0;ωÞ for Si:P calculated from the measurement of
optical reflectance with two doping densities [102,103],
and we also present our analytical hydrogenic ELF equa-
tion (13). For both doping densities, the hydrogenic ELF
matches the data very well for energies above the ionization
threshold EI ¼ 45 meV.
To check the robustness of the hydrogenic ELF at finite

q, we compare it with another analytical expression for the
ELF proposed by Mermin, where an empirical formula of
the dielectric function, or equivalently the ELF, is provided
with coefficients to be fitted from data. The Mermin ELF
relevant for dopants in Si has the following form:

WMerðq;ωÞ ¼ AIm

�
−1

ϵMerðq;ωÞ
�
; ðC1Þ

where ϵMer is the Mermin dielectric function defined
as [104]

ϵMerðq;ωÞ ¼ 1þ ð1þ iΓ=ωÞðϵLinðq;ωþ iΓÞ − 1Þ
1þ ðiΓ=ωÞ ϵLinðq;ωþiΓÞ−1

ϵLinðq;0Þ−1
: ðC2Þ

Here ϵLinðq;ωÞ is Lindhard dielectric function derived from
the free electron gas

ϵLinðq;ωÞ ¼ 1þ 3ω2
p

q2v2F
lim
Γ→0

f

�
ωþ iΓ
qvF

;
q

2mevF

�
; ðC3Þ

10 20 50 100 200

10 3

10 2

10 1

FIG. 3. The ELF in the optical limit Wð0;ωÞ as a function
of the photon energy ω for Si:P at 10 K. The solid lines denote
the ELF derived from the measurement of optical reflectance
with nD ¼ 1.8 × 1018 cm−3 (blue) and nD ¼ 3.4 × 1017 cm−3

(orange) [102,103]. The dashed lines show the analytical results
based on the hydrogenic ELF shown in Eq. (13).
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with vF ¼ ð3πω2
p

4αm2
e
Þ1=3 and

fðu; zÞ ¼ 1

2
þ 1

8z
½gðz − uÞ þ gðzþ uÞ�

gðxÞ ¼ ð1 − x2Þ log
�
1þ x
1 − x

�
: ðC4Þ

Taking the q → 0 limit of Eq. (C1), one gets

WMerðq;ωÞjq→0 ¼ AIm

�
−1

1 − ω2
p=ðω2 þ iΓωÞ

�
: ðC5Þ

In Eq. (C5), A, ωp, and Γ are fitting parameters that are
determined by matching to data. After fitting to optical data
for Si:P with nD ¼ 1.8 × 1018 cm−3 above the ionization
energy EI ¼ 45 meV, we get A ¼ 0.065, ωp ¼ 45 meV,
and Γ ¼ 70 meV.
We then evaluate the impact of the different ELFs on our

computations in Fig. 4, where we compare the DM rate for
dopant ionization in the same material as above (Si:P with
nD ¼ 1.8 × 1018 cm−3), calculated from the hydrogenic
and Mermin ELFs. In the figure we have assumed that
scattering occurs via a light dark photon mediator. Our
results indicate that the rates obtained from the hydrogenic
and Mermin ELFs agree well with each other in the whole
sub-MeV region of DM masses. The two approaches are
further compared in Fig. 5, where we show contours of the
ELFs as a function of momentum and frequency. From the
figure we observe that at low momentum transfers com-
pared with the characteristic momentum scale of the ELFs,
q≲ 1=a� ∼ 100 eV, both ELFs are similar, and start to
differ only at larger momentum transfers. This feature
explains in part the broad agreement of the rates obtained
using the two ELFs, as for sub-MeV DM scattering via a
light mediator the typical momentum transfer is precisely
q≲ 100 eV, except for masses near an MeV. Nevertheless,
the momentum-dependency of the ELF is relevant at large
DM masses. This is shown in Fig. 4, where we also present
in blue the rate obtained from Wð0;ωÞ purely from an
interpolation of optical data. We see that this approach
starts to differ from the momentum-dependent hydrogenic
and Mermin ELFs for mχ near 1 MeV, which indicates that

FIG. 5. Contour plot of the hydrogenic ELF (left) and Mermin ELF (right) as a function of q and ω. The legend shows the value of
Log10½Wðq;ωÞ�. The black lines show the relation ω ¼ qðvesc þ vEÞ − q2=ð2mχÞ for mχ ¼ 0.1 MeV (solid) and mχ ¼ 1 MeV
(dashed), where vesc is the escape velocity and vE is the Earth velocity in our galactic frame. The region below the black line is
kinematically allowed for a given mχ .
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FIG. 4. Projected 90% C.L. reach of DM-electron scattering in
doped semiconductors (Si:P with nD ¼ 1.8 × 1018 cm−3) with a
light dark photon mediator assuming 1 kg-yr exposure and zero
background. The blue line shows the results using Wð0;ωÞ
obtained purely from optical data. The orange and green lines are
calculated based on ELF from Mermin ELF [Eq. (C1)] and
hydrogenic model [Eq. (13)], respectively.
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momentum-dependent terms in the ELFs become relevant
for such masses.

APPENDIX D: DIFFERENTIAL RATE OF DM
SCATTERING ON DOPANT ELECTRONS

In this section, we study the differential rate dR
dω for DM

ionizing dopant electrons. The general dRdω for DM scattering
with electrons in a target is given as:

dR
dω

¼ ρχ
ð2πÞ3αρTmχ

Z
dqq3ηðvminðq;ωÞÞjVðqÞj2Wðq;ωÞ;

ðD1Þ
where ηðvminÞ≡

R
vmin

d3vχfðvχÞ=vχ , and vminðq;ωÞ ¼
ω=qþ q=ð2mχÞ. As mentioned in the main text, we use
the hydrogenic ELF in Eq. (13) to describe single-electron
ionization from DM scattering with dopants. In Fig. 6, we
show the differential rate for DM scattering in a Si:P target
with a light dark photon mediator for several DM masses.
For all cases, the spectra are peaked at the ionization
threshold EI ¼ 45 meV and rapidly decrease for larger ω.
This feature results from the combination of the kinematics
of the light mediator scattering and the ELF. Therefore, the
dominant contribution to the total rate comes from the low
energy transfer. There is also a sharp cutoff of the spectrum
at ωmax ¼ 1

2
mχðvesc þ vEÞ2, which is the maximum energy

transfer allowed for a given DM mass.

APPENDIX E: SUBIONIZATION ENERGY
DEPOSITIONS AND PHONON SIGNALS

When the energy transfer to the dopant atom falls below
the ionization threshold, dopant electrons are excited into

higher-energy bound states that relax back to the ground
state by emitting acoustic phonons, which can potentially
be measured with calorimetry. To evaluate the DM dis-
covery potential of these sub-ionizing signals, we compute
here the contribution of bound-to-bound transitions to DM
scattering and absorption rates.
DM interaction rates below the ionization threshold

ω < EI are not captured by the hydrogenic ELF
Eq. (13), which only includes contributions from ionization
into free Bloch states. Given the uncertainty in the
theoretical description of dopant bound states [14], we
avoid performing a first-principles computation of the
bound-to-bound transitions, and instead simply compute
their contribution to the ELF by taking it directly from data
of optical absorption for photon energies below the
ionization threshold. This amounts to approximating
Wðq;ωÞ ≈Wð0;ωÞ. Since bound-to-bound transitions
are expected for momentum transfers that in Si:P are at
most of order q ≲ EI=vχ ≈ 50 eV for DM scattering, and
q≲ 50 meV for DM absorption, this approximation is
appropriate, as in both cases the momentum transfer lies
below the characteristic scale of the dopant atoms which
determines the momentum-dependency of the ELF,
qa� < 1. Using the optical ELF, we obtain rates for
DM-induced bound-to-bound transitions for both DM
scattering via a light mediator and DM absorption.
Assuming that each bound state deexcitation can be
measured by collecting the emitted phonons, we show
the DM reach, for both scattering and absorption in Si:P in
Fig. 7. We also compare it with the ionization signals
discussed in the main text. Thanks to the lower threshold
and large bound-to-bound ELF, phonon signals from
bound-state deexcitation potentially have a larger sensitiv-
ity than ionization signals (by factors of a few), and can
probe lighter DM masses. The comparison of the phonon
deexcitation and ionization projected reach, however, must
be taken lightly, as we will see below that the technological
capabilities and backgrounds of existing single-charge and
calorimetric detectors differ substantially. Note that the
reach to the phonon signals presented in Fig. 7 is inclusive,
in the sense that the deexcitation of the bound states likely
results in multiple phonons. Here we do not specify the
corresponding phonon multiplicity nor spectrum.
While searching for a small phonon signal may be

possible in the future, no detector currently provides
sensitivity to single phonons with energies of order
Oð10Þ meV. In the future, however, two types of sensors
may lead to Oð10Þ meV single-phonon detection [105]:
transition edge sensors (TES) and microwave kinetic
inductance detectors (MKID). For these detectors to work,
the emitted phonons need to be athermal in the target
material, i.e., they must not down-convert into multiple
lower energy phonons and must instead travel ballistically
within the target, possibly reflecting on its surfaces multiple
times before being collected. To our knowledge, no

102 103
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10–1
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FIG. 6. The differential rate dR
dω for DM ionizing a single

dopant electron in Si:P with a light dark photon mediator.
Here we choose nD ¼ 1.8 × 1018 cm−3 and σ̄e ¼ 10−40 cm2.
The solid lines show the results for three different DM
masses: mχ ¼ 0.05 MeV (blue), mχ ¼ 0.1 MeV (orange), and
mχ ¼ 0.5 MeV (green).
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measurement of the phonon lifetime on a doped semi-
conductor target (with doping densities below the Mott
transition) has been made. It is possible, however,
that phonons are indeed athermal in doped targets. A
doped target has always an irreducible gap, which is
the energy required to excite the ground state into the
lowest-lying excited state. In Si:P, for instance, the
lowest-lying states are the approximately degenerate 1s
states, with the ground state having a ionization energy
of order 45 meV, and the next approximately degenerate
state an ionization energy of order 34 meV [14]. Thus,
the two lowest-lying states have an energy gap
≈10 meV. As a consequence, in this material we would
expect that a phonon emitted from bound-state de-
excitations could be reabsorbed in the target if its
energy is ≳10 meV, but would travel ballistically for
energies below this threshold. The existence of such
gaps has been experimentally observed in photoabsorp-
tion data. In [100,102] it is shown that at low doping
densities nD ≲ 1016=cm3 and small temperatures ≲10 K,
doped semiconductors are transparent to photons with
energies below ≈30 meV. This stems from the fact that
above these energies photons can excite the ground
state into the 2p bound state (photonic excitations
between the approximately degenerate 1s states are
unlikely due to momentum mismatch). At larger doping
densities and temperatures the absorption lines broaden

significantly due to dispersion of the dopant’s energy
levels, and the energy gap disappears. While this
suggests that lightly doped semiconductors at cryogenic
temperatures may allow for athermal phonons, more
experimental and theoretical efforts are required to
determine the phonon lifetime on doped targets.
Regarding backgrounds, calorimetric detectors currently

show a large number of unknown events at low energies,
which would need to be strongly mitigated for phonon
signals to be a viable sub-MeV DM search channel. For
instance, the SuperCDMS CPD experiment [106] shows a
DC rate of approximately 104 events per g-day at low
energies, which is a factor of 100 larger than single-charge
detectors discussed previously. While SuperCDMS
CPD works in a different energy range than the ones
relevant for our proposal (its energy thresholds are of order
10 eV), backgrounds in different types of calorimetric
detectors, including CPD, further increase toward lower
energies [106,107]. In [86] it was shown that at least part
of the events at TES-based calorimetric detectors are
related to stress-induced energy release from auxiliary
materials around the detector, but a common back-
ground component to detectors subject to large and small
levels of stress remains unexplained. Other phonon back-
ground in pure semiconductors, which are at present
subleading but could be relevant in the future, have been
calculated in [108].
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FIG. 7. Solid lines: projected 90% C.L. reach (pure phonon signal from bound-to-bound transitions) of DM-electron scattering with a
light dark photon mediator (left) and dark photon DM absorption (right) in Si:P assuming 1 kg-yr exposure with zero background. We
present results for two doping densities: nD ¼ 1.8 × 1018 cm−3 (blue) and nD ¼ 3.4 × 1017 cm−3 (orange). Bound-to-bound transitions
occur for energy depositions ω < EI ¼ 45 meV, and we have additionally imposed a hard cutoff on the minimum energy transfer of
25 meV due to lack of reliable optical data to compute the ELF for energies below this value. Dashed lines: analogous reach for a single
ionization signal, i.e., for bound to free electron transitions that require energy depositions above EI . Note that depending on the
detection strategy, ionization events can be potentially be detected either by measuring the phonons that are released as the ionized
electron relaxes to the bottom of the conduction band, or by directly collecting the ionized electron, as in standard imaging detectors
such as CCDs and BIBs. Gray-shaded region (left panel) constraint from stellar cooling.
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