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Abstract Germanium (Ge) detectors with ability of mea-

suring a single electron-hole (e-h) pair are needed in search-

ing for light dark matter (LDM) down to the MeV scale. We

investigate the feasibility of Ge detectors with amorphous-

Ge (a-Ge) contacts to achieve the sensitivity of measuring

a single e-h pair, which requires extremely low leakage cur-

rent. Three Ge detectors with a-Ge contacts are used to study

the charge barrier height for blocking electrons and holes.

Using the measured bulk leakage current and the Döhler-

Brodsky model, we obtain the values for charge barrier height

and the density of localized energy states near the Fermi en-

ergy level for the top and bottom contacts, respectively. We

predict that the bulk leakage current is extremely small and

can be neglected at helium temperature (∼4 K). Thus, Ge

detectors with a-Ge contacts possess the potential to mea-

sure a single e-h pair for detecting LDM particles.

1 Introduction

Light dark matter (LDM) especially low-mass dark matter

in the MeV-scale has risen to become an exciting dark mat-

ter candidate in the past decade [1–4]. Despite various target

materials having been used in the direct detection of Weakly

Interacting Massive Particles (WIMPs, a popular dark mat-

ter candidate) for over three decades, all existing dark mat-

ter experiments are unable to detect MeV-scale dark matter

since they are all sensitive to WIMPs with masses greater

than a few GeV/c2 [5–26]. More recently, Kadribasic et al.

have reported a method of using solid state detectors with di-

rectional sensitivity to dark matter interactions to detect low-

mass WIMPs below 1 GeV/c2 [27]. CRESST has achieved

a threshold of 20 eV with a small prototype sapphire detec-

tor [28]. DAMIC has claimed a sensitivity to ionization <
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12 eV with silicon CCDs and consider their method to be

able to reach 1.2 eV [29].

High-purity germanium (HPGe) detector technology has

been used for dark matter searches since 1987 due to its high

radio-purity [30]. Two main advantages of HPGe detector

technology are its excellent energy resolution and high de-

tection efficiency, which allow Ge detectors to reach a quite

low energy threshold down to ∼0.5 keVee, where keVee rep-

resents electronic equivalent energy. This enables Ge de-

tectors to be used for detecting low mass WIMPs of a few

GeV/c2. More recently, a Ge detector utilizing internal charge

amplification for the charge carriers created by the ioniza-

tion of impurities has been demonstrated theoretically to be

a promising new technology for detecting MeV-scale dark

matter [31].

A simple Ge detector is usually made of a block of HPGe

crystal in which p+ and n+ electrical contacts have been fab-

ricated on opposite sides of the block. The standard con-

tact technology for Ge detectors are Li-diffused n+ con-

tact for hole blocking and B-implanted p+ contact for elec-

tron blocking. This conventional contact technology is ro-

bust since both types of contacts are able to withstand high

electric fields, and thus yield low charge carrier injection.

However, there are drawbacks in this technology especially

for the Li-diffused contacts. Due to its thickness and sig-

nificant diffusion of Li at room temperature, the Li-diffused

side is problematic for two main reasons. One is that the

Li-diffused side usually forms a thick dead layer (∼1 mm),

which is insensitive to charge carriers, and a transition layer

(∼1 mm) between Li and Ge where charge carriers can be

significantly trapped. The total thickness of the dead layer

and the transition layer reduces the sensitive volume of a

Ge detector. Another is that the Li-diffused side is difficult

for segmentation in order to produce position-sensitive de-

tectors, which are demanded increasingly by modern appli-
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physical mechanism that leads to the bipolar blocking be-

havior of amorphous semiconductor contacts. The Döhler-

Brodsky model was later applied successfully to the a-Ge

contact on HPGe in the studies by Hull et al. [38], Looker

et al. [32] and Amman [41]. Based on the Döhler-Brodsky

model and Schottky theory [52, 57], for a p-type HPGe de-

tector fabricated with a-Ge contacts when a negative bias

voltage is applied to one of its contacts, the current normal-

ized by the contact area, J, is given by [32, 41]:

J = A∗T 2exp[−(ϕh −∆ϕh)/kT ]

with ∆ϕh =
√

2qVaNd/N f (1)

and,

J = A∗T 2exp[−(ϕe −∆ϕe)/kT ]

with ∆ϕe =
√

ε0εGe/N f (Va −Vd)/t (2)

where Eq. 1 describes the leakage current density from hole

injection at the contact where the detector starts to deplete,

and Eq. 2 describes the leakage current density, after the de-

tector is fully depleted, from electron injection at another

contact where a negative bias voltage is applied. The over-

all leakage current above full depletion is then the sum of

Eq. 1 and Eq. 2. In the equations above, A∗ is the effective

Richardson constant, T is the temperature, ϕh and ϕe are the

energy barriers to hole and electron injections, respectively,

∆ϕh and ∆ϕe are the barrier lowering terms which account

for the lowering of hole and electron energy barrier, respec-

tively, due to the penetration of the electric field into the a-

Ge contacts, q is the magnitude of the electron charge, Va is

the reverse bias voltage applied across the detector, Nd is the

net ionized impurity concentration of the detector, N f is the

density of localized energy states (defects) near the Fermi

level in the a-Ge, k is the Boltzmann constant, ε0 is the free-

space permittivity, εGe is the relative permittivity for Ge, Vd

is the full depletion voltage and t is the detector thickness.

Note that both Eq. 1 and Eq. 2 above have been adapted

from the expressions of Looker et al. [32] and Amman [41]

to our data analysis in this work. The only difference is that

the original factor of A∗ predicted by the Schottky theory is

calculated using the theory from S. M. Sze [52] where

A∗ =
4πqm∗k2

h3
(3)

with q being the electric charge, m∗ the effective mass of

charge carriers, k the Boltzmann constant and h the Plank

constant. Note that A∗ is the effective Richardson constant

for thermionic emission, neglecting the effects of optical-

phonon scattering and quantum mechanical reflection. For

free electrons (m∗ = m0), the Richardson constant A is 120

Amp/cm2/K2 [52]. For p-type Ge in the <100>-direction [52],

A∗

A
=

m∗
lh +m∗

hh +m∗
h,so

m0
, (4)

where m∗
lh = 0.04m0, m∗

hh = 0.28m0, and m∗
h,so = 0.08m0 [53].

Thus, A∗ = 48 Amp/cm2/K2, which has been used in [54]. As

discussed by pioneers in early publications [32, 38, 41], this

effective Richardson constant may vary with the fabrication

processes. However, we show that A∗ = 48 Amp/cm2/K2 in

this work to explain the behavior of our detector leakage cur-

rent especially from the hole injection at the contact when

the detector is partially depleted.

Eq. 1 and Eq. 2 clearly show that, at a given temperature,

the energy barrier height plays a key role in the effectiveness

of the charge injection blocking behavior of the amorphous

electrical contacts. Based on the metal-semiconductor the-

ory, the energy barrier height is, in general, determined by

the work function of amorphous semiconductors, the elec-

tron affinity of crystalline semiconductors, and the interface

states between amorphous and crystalline semiconductors [52].

Since the magnitude and energy distribution of the interface

states are likely dependent on the preparation of the crys-

talline semiconductor surface and the deposition process of

the amorphous semiconductor, it is not straightforward to

determine the energy barrier height theoretically. In the data

analysis of this work, we followed the method adapted by

Amman [41] and treated the barrier height as a parameter

to be determined from electrical measurements. To measure

the barrier height from the data, Eqs. 1 and 2 can be rewrit-

ten as:

kT ln(
J

A∗T 2
)=−ϕh+b1

√
Va with b1 =

√

2qNd/N f (5)

and,

kT ln(
J

A∗T 2
) =−ϕe +b2(Va −Vd)

with b2 =
√

ε0εGe/N f /t (6)

Eq. 5 indicates that, with constants of k, A∗, q and Nd ,

ϕh and N f for the contact where the detector starts to de-

plete can be estimated by fitting the measurements of J-Va

below full depletion at a given temperature, T . Using the

parameters extracted from the fit to Eq. 5, the hole contri-

bution to leakage current can be estimated for all applied

voltage values and subtracted from the J-Va data. With an-

other fit to Eq. 6, ϕe and N f for the other contact can be also

determined.
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