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Abstract For the first time, electrical conduction mecha-
nisms in the disordered material system is experimentally
studied for p-type amorphous germanium (a-Ge) used for
high-purity Ge detector contacts. The localization length and
the hopping parameters in a-Ge are determined using the sur-
face leakage current measured from three high-purity pla-
nar Ge detectors. The temperature dependent hopping dis-
tance and hopping energy are obtained for a-Ge fabricated
as the electrical contact materials for high-purity Ge planar
detectors. As a result, we find that the hopping energy in
a-Ge increases as temperature increases while the hopping
distance in a-Ge decreases as temperature increases. The
localization length of a-Ge is on the order of 2.13;8:8§A°
to 5.07;g:§§A°, depending on the density of states near the
Fermi energy level within bandgap. Using these parameters,
we predict that the surface leakage current from a Ge detector
with a-Ge contacts can be much smaller than one yocto amp
(yA) at helium temperature, suitable for rare-event physics
searches.

1 Introduction

The nature of dark matter and the properties of neutrinos
are the important questions of physics beyond the Standard
Model of particle physics and remains elusive. Thus, under-
standing their properties has become an important aspect of
underground physics. Numerous research groups are trying
to understand their properties by various detection techniques
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and detection materials [ 1-9]. Interaction between dark mat-
ter and ordinary matter as a target occurs only through a
weakly elastic scattering process, which leaves a very small
energy deposition from nuclear or electronic recoils [10].
This requires detectors to have a very low-energy thresh-
old. Germanium (Ge) detectors are excellent in the search
for dark matter [6,11-13], since Ge detectors offer the low-
est energy threshold among the current detector technolo-
gies. Also, due to its excellent energy resolution and ability
to minimize the background from two neutrino double-beta
(2vBB) decay, Ge detectors are highly preferred for observ-
ing neutrinoless double-beta (OvS8) decay [14]. Hence, the
high-purity Ge (HPGe) crystals are widely used as detectors
for rare event physics. Many research groups like MAJORANA
[4], GERDA [1], SuperCDMS [3], CoGeNT [13], CDEX [9]
and EDELWEISS [6] are using HPGe detectors to detect
dark matters and OvB8 decay. A new collaboration named
LEGEND [7] will use tonne-scale 76Ge detectors in an ultra-
low background environment to detect OvBf8 decay. These
reasons make the fabrication of Ge detectors from HPGe
crystals and exploration of their properties an important part
of underground physics. A group at the University of South
Dakota (USD) has been working on HPGe crystal growth and
detector development in order to improve the performance
of Ge detectors for rare-event physics searches [15-24].

A HPGe crystal is fabricated into a planar detector, which
is then reversely biased so that it is fully depleted allowing
free charge carriers to move. The depletion region acts as an
active volume for incident radiation. The energy deposition
of incident radiation can be measured by analyzing the inter-
actions in the detector volume [25,26]. The exposed surface
of a Ge crystal is sensitive to contamination. The contami-
nants deposited on the exposed crystal surface can change
the electric field distribution in the detector volume that is
in close proximity to the exposed surface and cause a reduc-
tion of the resistivity of the surface and hence increase in
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Fig. 1 Shown is a schematic diagram of a HPGe planar detector

the surface leakage current. Therefore, a passivation layer
is usually applied to protect the exposed surface. This layer
should be thin to avoid a large dead layer and it should have
large resistivity to prevent excessive leakage current [27,28].
Amorphous Ge (a-Ge) [29] and amorphous silicon (a-Si) [30]
are the most used and accepted passivation layers for semi-
conductor detectors.

A planar Ge detector fabricated at USD is sketched in
Fig. 1. It consists of a HPGe crystal passivated with a-Ge
on the outer surface. The aluminum contact at the bottom
is used to provide high voltage. The aluminum contacts on
the top are designated for the measurements of the electri-
cal signal including leakage current. The sources of leakage
current are: (1) the bulk leakage current, Ip,;x, which passes
through the interior of the detector due to the injection of
charge carriers from the contacts and the thermal genera-
tion of electron-hole pairs inside the detector volume; and
(2) the surface leakage current, Ig, which flows through the
outer surface of the detector caused by inter-contact surface
channels or carrier generation sites. While the bulk leakage
current from the USD-fabricated detectors is discussed in
detail by Wei et al. [31], the surface leakage current can be
misread as the signal which can degrade the performance of
the detector. A detector with a guard-ring structure can be
used to separate the surface leakage current from the bulk
leakage current, allowing us to study the electrical conduc-
tion mechanisms in the a-Ge contacts, as shown in Fig. 2.
The passivation material should have high sheet resistivity
on the order of greater than 10° ohm/square [32] to mini-
mize the current flowing through the surface. However, even
a small amount of current flow through the side surface of
the detector can decrease the performance of the detector
significantly. Efforts to reduce the surface leakage current
require an understanding of the sources of the surface leak-
age current, which depends upon the electrical properties of
the passivating material — a-Ge. Hence, studying the electri-
cal property of a-Ge is crucial for making better passivating
materials and reducing the surface leakage current for Ge
detectors.

High resistivity is one of the main requirements for passi-
vating material used in HPGe detectors [33]. To create a-Ge
with high resistivity, hydrogen (7%) is mixed with argon
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Fig. 2 Shown is a Ge detector with a guard ring structure
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Fig. 3 Hopping transition between two localized states i and j with
energies of &; and ¢ , respectively. The solid and dashed lines depict the
carrier wavefunctions at sites i and j, respectively; « is the localization
length; Ry o p is the hopping distance; Wy o p is the hopping energy

gas (93%) to form plasma ions that bombard the Ge target
through a sputtering process during detector fabrication. The
a-Ge created this way lacks the long-range crystalline order
of Ge crystal. Despite having a disordered atomic arrange-
ment, the main features of the electronic band structure are
retained in the amorphous phase, including a bandgap quite
comparable to the crystalline counterpart. Covalent a-Ge is
commonly believed to have localized electronic states at the
top of the valence band and the bottom of the conduction
band. Unlike in crystalline Ge, the bandgap in a-Ge is occu-
pied by a large number of defect states. Electrical conduc-
tivity of a-Ge is thought to be dictated by the hopping mech-
anism through localized defect states [34]. Figure 3 depicts
an electron from a localized state i to a localized state j that
is lower in energy.

In this localized band, electrons cannot freely travel in
space without exchanging some energy with the surround-
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ing environment, usually with phonons, and jump from one
state to another. Therefore, this type of conduction is strongly
dependent on the density of defects near the Fermi level and
the temperature of the material. Since the Ge detectors fab-
ricated with a-Ge contacts are used in liquid nitrogen tem-
perature, we are interested in knowing the properties of a-Ge
at low temperatures. Generally, the conduction at low tem-
perature in a-Ge occurs via variable range hopping between
localized defect states near the Fermi level. Sir Nevill Mott
was one of the first to give a theoretical description of low
temperature hopping conductivity in strongly disordered sys-
tems [34,35]. In 1969 he introduced the concept of Variable
Range Hopping to describe how the long jumps govern the
conductivity at sufficiently low temperatures. The electrical
conductivity (o) of amorphous semiconductors at low tem-
perature (T) obeys the Mott’s relation

o = O-Oe*(TO/T)lM’ (1)

where oy is the conductivity prefactor and Ty is the charac-
teristic temperature given by

To = 160> / kN (), 2

where « is the inverse of localization length and N (ey) is
the density of defect states near the Fermi level and k is the
Boltzmann constant. If we take log of both sides of Eq. (1)
and plot the log of conductivity on the y-axis and 7~/% on
the x-axis, then we obtain a straight line, the slope of which
gives the value of the characteristic temperature 7y and the
y-intercept gives the prefactor og.

The energy between two localized states (hopping energy)
at temperature 7 is given by

Wrop = 1/4kT (To/ T)'/4, )

and the spatial distance between two hopping sites at tem-
perature T (hopping distance) is

Ruop =3/8(To/T)"* x 1/a. 4)

In the past decades, several methods have been used to
find the value of the Mott’s parameter for a-Ge by prepar-
ing a thin film on a substrate. Yasuda et al. [36] found the
value of the localization length to be in the range of 5A°
to 20A° for the samples prepared on a glass substrate by
the evaporation method. Tolunay et al. [37] also studied
the electrical properties of evaporated a-Ge at low temper-
ature and found the value of the localization length to be
in the range of 8A° to 16A° using different models com-
pared with the method used by Yasuda et al. [36]. Both
experiments were performed by preparing the thin films by
the evaporation method and the measurements were con-
ducted on pure a-Ge. In fabricating amorphous contacts
on the planar Ge detectors at USD, we use the sputtering
method to create a thin film of a-Ge on the Ge detectors

for our study. Our a-Ge contains a mixture of hydrogen
and argon. Shrestha [38,39] studied the electrical proper-
ties of a-Si with different compositions of hydrogen mix-
tures. The localization length was found to be in the range
of 2.13A° to 5.07A° for different compositions of hydro-
gen in a-Si. However, there is no report on the evaluation of
the Mott’s parameter for the a-Ge used to passivate HPGe
detectors.

In general, the Mott’s parameter for a-Ge should be deter-
mined through the standard experimental procedure by coat-
ing the a-Ge layer onto the surface of an isolating mate-
rial such a glass substrate. However, one would also like to
know the electrical properties of a-Ge coated on the surface
of Ge detectors using an well-established fabrication pro-
cedure. The goal of this work is to understand the impact of
the fabrication procedure on the electrical properties of a-Ge.
The variation of the electrical properties between three detec-
tors will provide a range of the surface leakage current for
the fabrication procedure and allow us to evaluate if this fab-
rication procedure can deliver a negligible surface leakage
needed for detecting single electron-hole pair at cryogenic
temperature.

We have obtained the values of the localization length
(1/@), the hopping energy, and the hopping distance of a-
Ge for three detectors fabricated at USD. The purpose of
this study is to characterize the a-Ge thin layer we created
to passivate Ge detectors by comparing our results with the
previous work done on similar materials. With such a charac-
terization, we can revisit our fabrication process to improve
the quality of the passivated material and reduce human error,
thereby improving the detector performance.

2 Experimental procedure

Three HPGe detectors with guard structure, as shown in
Fig. 2, were fabricated with p-type a-Ge passivation in order
to study the electrical properties of a-Ge. Since the planar
detector is easier to be fabricated than other geometries and
large-size detectors are not required for our study, all detec-
tors used in this work were fabricated into a planar geom-
etry. A RF sputtering machine was used to sputter a-Ge on
all surfaces of the crystal. The thickness of a-Ge, the gas
composition of the sputtering process, the pressure, and the
applied power can be changed in the fabrication. In this work,
aprecisely cut crystal in a planar geometry was placed on the
jig and loaded into the chamber of the sputtering machine.
The plasma was created in the chamber with a mixture of
hydrogen and argon gas (7:93) at a pressure of 14 mTorr.
The thickness of the a-Ge deposited on the side surface of
the crystal is 556 nm and on the top and bottom surfaces
of the detector is 1.2 pum. Although the same deposition
apparatus and the same deposition parameters are used to
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create the a-Ge layers, it is very difficult to maintain the
homogeneity of the recipe for detector fabrication process,
for example, the time-dependent surface re-oxidation. This
may have led to difference in the conductivity of a-Ge for
different detectors. This is a main goal of this work to find
out the variation of the electrical properties of a-Ge using
three detectors fabricated with the same procedure. Addition-
ally, the quality of crystal used to fabricate these detectors
and their net impurity concentration, the density of defects,
the time since the fabrication, the storage and the handling
of the detectors may also contribute to the differences in
the electrical properties of a-Ge coated on the Ge detec-
tors.

After a-Ge was deposited on all surfaces of the crystal,
then the detector USD-R02 was loaded into the chamber of an
Edwards Electron Beam Evaporator to make the aluminium
contacts. An electron beam produced from a tungsten fila-
ment bombards the aluminum target. Under high vacuum,
the electron beam can reach the crucible without interfer-
ence. A voltage of 4.89 kV and a current around 35 mA
were provided to have a stable data rate of 0.2-0.3 nm/s.
Note that for the detectors USD-WO03 and USD-RO03, the
aluminium deposition was carried out by sputtering process.
The plasma was created in the chamber with argon gas at a
pressure of 3 mTorr. A typical thickness for the aluminum
contacts was 100 nm. The details are described in an earlier
publication from our group [40]. Only the top and bottom
surfaces need aluminum contacts to test the electrical prop-
erties of a detector. To remove aluminium contacts from the
sides, a mask of acid-resisted tape was placed on the top and
bottom. Then, the detector was dipped into the acid solution
with one percent of HF for a few minutes, until all of the alu-
minum was etched away from the sides. Note that HF does
not remove the a-Ge layer beneath the aluminium.To char-
acterize the electrical properties of a detector, the Ge crystal
was loaded into the cryostat, as depicted in Fig. 4. After the
pressure reaches the order of 10~° mBar, LN, was added
into the Dewar. The temperature of the detector was con-
trolled by the Lakeshore temperature controller. The detec-
tor was started at a bias around 50 V and was biased up to
2500 V. The bias voltage was provided to the bottom con-
tact of the detector and the signal was read out from the top
contacts. Current—voltage (I-V) characteristic of the surface
current for all three detectors was performed by using a tran-
simpedance amplifier, which converts current into voltage.
The voltage is then measured by a precision voltmeter. This
voltage was then converted back to current, as described in a
recent paper from our group [31]. The I-V characteristic of
two detectors (USD-R03 and USD-WO3) was done at three
different temperatures 79 K, 90 K and 100 K, while the I-V
characteristic of the detector USD-RO2 was done at 85 K,
90 K, 95 K and 100 K.
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Fig. 4 A detector is loaded into a cryostat for -V measurement at
desired temperatures

3 Result and discussion

Utilizing the first order approximation, the reciprocal of the
slope of the I-V curve measured at different temperatures
gives the resistance (R) of the a-Ge contact layer. As an
example, Fig. 5 shows the surface leakage current versus
the applied bias voltage for USD-WO03 detector. Using this
method, we obtained the values of the resistance correspond-
ing to the measured temperatures for three detectors and the
results are shown in Table 1. The resistivity (p) for a layer
of a-Ge with a thickness ¢ on a detector, with a length of
sidewall [ and a width w, was calculated using Ohm’s law:

p =4Rtw/l +4Rtw /1, 5)

where the constant 4 incorporates the four-side walls of the
planar detector, w' represents the width of the wing on the
bottom surface of detector and { is the total length of the
groove along which the current flows. A small distance on
the top surface from the guard ring to the side surface which
contains aluminium was neglected in this study because the
resistivity of aluminium is much less than that of a-Ge. The
thickness and the width for USD-R02 are 0.65 cm and 1.4
cm, respectively. For USD-R03, the thickness and the width
are 1.6 cm and 0.81 cm. For USD-WO03, the thickness and
the width are 0.94 cm and 1.16 cm. For all detectors the
value of 7 is 556 nm, w’ is 2 mm and /" is 4.5 mm. Apart
from the surface leakage current, the leakage current from
the bulk of the detector is also contributed to the surface
channel of the detector. This current should be subtracted
from the surface leakage current in order to study the electri-
cal properties of a-Ge. A theoretical model that describes the
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Fig. 5 The surface leakage current (/) versus voltage (V) for USD-
W03 at 95K. The reciprocal of the slope of this line gives the resistance
at 95K

current voltage relationship for amorphous-crystalline het-
erojunction was developed by Dohler and Brodsky [41,42].
For a-Ge coated on the surface of Ge, the energy barrier
height for hole and electron injections are represented by ¢,
and ¢,, respectively; the effective Richardson constant is A,
the barrier lowering terms are A¢y and A¢,, which account
for the lowering of hole and electron energy barrier height,
respectively due to the penetration of the electric field into the
a-Ge contacts. Putting all of these parameters in an equation,
the current density J is given by [41,42]

J = A*T?expl—(¢n — Agn/kT)],

6
whete Ady = 3 VaNa /N, ©
and
J = A*T?exp[—(¢e — Age/kT)],
©)

where A¢y, = \/€peGe/Ny(Va — Vo) /t.

Note that Eqs. (6) and (7) represent the current density
before and after the full depletion of the detector, respectively.
N, is the net ionized impurity concentration of the detector,
Ny is the density of localized energy states (defects) near
the Fermi level in a-Ge, k is the Boltzmann constant, € is
the free-space permittivity, €g, is the relative permittivity
for Ge, Vj is the full depletion voltage and ¢ is the detector
thickness, g is the magnitude of the electron charge, V,, is the
applied biased voltage. The sum of Eqs. (6) and (7) give the
total current density after the detector is fully depleted. The
current injected into the bulk from the contacts was calculated
by using the area of the aluminium contact outside the guard
ring. These areas for USD-R02, USD-R03 and USD-W03
were 1.79 cm?, 1.84 cm” and 0.98 cm? respectively. The
values of A¢y, , ¢ and Ny have been calculated for these
detectors in our group [31].

The results for the calculated conductivity are shown in
Table 2.

The variation of conductivity with temperature is studied
for three different detectors, as shown in Fig. 6. The slopes

Table 1 The calculated values of the resistance from the I-V curves for
three USD fabricated detectors

Temperature Detector’s resistance (£2)

USD-R03 USD-R02 USD-WO03
79 2 x 10 - 5% 104
85 - 1.1 x 10
90 2x 108 2.5 % 1013 1.4 x 108
95 2.5 % 102 1 x 1013 5% 102
100 - 5% 10'2 -

of the fitted straight lines are used to calculate the character-
istic temperature (7p) and the intercepts are used to obtain
the conductivity prefactor (op) for three a-Ge layers used as
the contacts for three Ge detectors. The electrical conduc-
tivity of the a-Ge sputtered on a HPGe detector in the low
temperature range was studied by Amman et al. [33]. The
a-Ge contacts fabricated in this work was performed using a
similar recipes (7% Hydrogen, 11 mTorr pressure). There is
a significant variation of conductivity of a-Ge measured in
this work with the similar work done by Amman et al. In the
referred work a-Ge was sputtered on a glass substrate and
the pressure used to sputter was 11 mTorr. We used 14 mTorr
pressure with same hydrogen argon composition ratio and the
substrate we used was a HPGe crystal. The differences in the
conductivity can affect the values of the Mott’s Parameter.
Therefore, the Mott’s parameters should be determined for
a-Ge fabricated with a specific machine. The three detectors
used in this study show similar ranges of conductivity. Thus,
the values of the localization length, the hopping energy and
the hopping distance reported in this work are for the USD
fabricated detectors. Table 3 shows the calculated character-
istic temperature (7p) and the conductivity prefactor (op) for
three USD-fabricated detectors. Although the a-Ge layers in
three detectors have similar thickness, the measured values
of the density of defects Ny and the barrier heights ¢, and
¢, are different [31]. Also the net impurity concentration
for all the detectors is different so that the barrier lowering
term A¢y and A¢, for the a-Ge layers are different. The
fabrication handling process and the time of storage of these
detectors are also different. These factors may have contri-
butions to the time-dependent surface re-oxidation, which
contributes to the difference in the measured properties of
the a-Ge coated on the surface of Ge detectors.

The value of the characteristic temperature Ty is calcu-
lated for each detector from the slope of these plots in Fig. 6.
The variation of Ty reflects the difference in the density
of states near the Fermi level for three different a-Ge lay-
ers. The values of the density of states near the Fermi level
N (ey) for these detectors are obtained in a recent paper
from our group [31]. The value for USD-R02 is found to
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Table 2 The calculated values

.. Detector
of the conductivity (o) for three

USD-RO3

USD-R02 USD-WO03

USD-fabricated detectors Temperature (K)

Conductivity (10-2Q 'em—1)

35 350

90 95 8 90 95 100 79 90 95
280.1 6.1 27.1 681 1306 1.5 551 1573

22 ® USD-R02
 USD-W03
19 USD-R03

Ino(Qlcm?)
N

-15

0.315 0.32 0.325 0.33

T-1/4( K-1/4)

0.335 0.34

Fig. 6 The variation of conductivity with temperature for detectors
USD-R02, USD-R03 and USD-WO03. The slope of the plot for USD-
RO2 is found to be —234.2 and the Y-intercept is 51.5. Similarly, the
slope for USD-RO03 is found to be —275.6 and the Y-intercept is 65.9.
Likewise, the slope and the Y-intercept for USD-WO03 are found to be
—309.6 and 76.7, respectively

Table 3 The calculated values of characteristic temperature (7p) and
conductivity prefactor (o) for three USD-fabricated detectors

Detector Ty (K) oo (2 tem™1)
USD-R02 3.04 x 10° 2.30 x 102
USD-WO03 9.19 x 10° 2.03 x 10%3
USD-RO03 5.77 x 10° 4.16 x 10%8

be N(er)= (4.68 £ 3.32) x 107eV/cm?. Since there are
two values of N(e y) corresponding to two contacts for USD-
RO3, we simply take the average of these two values to
obtain the density of states for USD-R03 and the average
value used to calculate the Mott’s parameter in this study
is N(ef)=3.0871-3% x 10'8eV/cm?. Similarly, the average
value of density of states for USD-W03 is found tobe N (¢ )=
2.1J_r8:é(7) x 10'8¢V /cm3. With these values of N (ey) and Tg
determined and the Boltzmann constant k, the value of «
can be calculated using the Eq. (2). The calculated values of
the localization length for detector USD-R02, USD-R03 and
USD-W03 are 5.07,95A°, 2.27039A°, and 2.1370(7A°,
respectively. Table 4 displays the results obtained in this
work. The errors are dictated by the errors from the density
of states near the Fermi level.

The values of the localization length obtained for the a-
Ge fabricated at USD are less than the values reported pre-

viously [36,37,43]. This difference in localization length

@ Springer

can be attributed to the difference in the fabrication of a-
Ge between the previous work and our work. The previous
work referenced in this work used pure a-Ge, while we used
hydrogenated a-Ge. A similar work on hydrogenated a-Si was
reported and their results are comparable to our work [39].
The value of the localization length is directly related to the
density of defects N(ey) and Ty. The amount of hydrogen
reduces the density of defect states significantly and hence
increases the resistivity of a-Ge. This suggests that a-Ge can
be fabricated with or without hydrogen content, depending
on the applications. If high resistivity is preferred, such as
the passivation for Ge detectors, the a-Ge should be fabri-
cated with hydrogen content. If low resistivity is needed,
such as solar cells, the a-Ge should be made without hydro-
gen content. This is to say that if the recipe of a-Ge deposi-
tion is modified, then the film’s resistivity [33,44] and hence
the Mott’s parameter are impacted by the fabrication pro-
cess. Because we determine the electrical property of hydro-
genated a-Ge passivated on HPGe detectors deposited by
sputtering method and the referenced work considers pure a-
Ge on a thin films on a substrate by the evaporation method,
the difference in the localization length can be expected.
However, all the calculated values of the localization length
are in the acceptable range [36,37,39,43].

In addition, the hopping energy and the hopping distance
are calculated for each of the detectors using Egs. (3) and
(4), respectively. The variation of hopping energy Wyop
with temperature (T) is also studied for all three detectors, as
shown in Fig. 7.

The value of hopping energy increases with the increase
in temperature. We obtain a larger value of Ty as compared
with a similar work for the a-Ge made without hydrogen.
This indicates that the value of hopping energy is larger in
our a-Ge. A larger hopping energy means that the charge
carriers jumping from one defect state to another defect state
for conduction require higher kinetic energy, which make the
conduction process difficult and hence the material is highly
resistive. Similarly, the variation of hopping length Ryop
with temperature (T) is also studied as shown in Fig. 8.

From this study we find that the hopping length Ryop
decreases with increasing in temperature. Rgop, as indi-
cated in Eq. (4), is small for small values of localization
length. Thus, the wave function is more localized for trap-
ping charges, making it difficult for them to hop to other trap
states, resulting in the increase of resistance and hence the
resistivity. The calculated values of Ry o p and the localiza-
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S| 2R 0n 0 0N . . .
§‘ g <[ 9999999999 previously without hydrogen content. This suggests that the
213 2 E E E § § a-Ge created with hydrogen has higher resistance and resis-
= tivity, suitable for passiviting Ge crystals when making Ge
% detectors.
3 o Using the values of Ty and o9, we can estimate the amount
20 if: of the surface leakage current in a HPGe detector with a-
'é S W o Ge contact at helium temperature, assuming both 7y and oy
% R are temperature independent. For an a-Ge passivation of the
= thickness ¢ on a HPGe P-type point contact (PPC) detector
£, of a length / and a radius r, the resistance R is given by
5 >
- Q
g g R=1/(omt(2r +1)), ®)
3 a
N S| « o0 . .
s S o g where 7t (2r +1) gives the cross-sectional area of the annular
— [ | . .
% portion of a-Ge on the detector. By knowing the value of the
f conductivity o from Eq. (1), we can find the resistance of the
; o I R a-Ge at various temperatures. Thus, for a given bias voltage,
7:;" g < 2_% 2_% $§ $§ 2"2 V, we can estimate the value of the surface leakage current,
RS £ a9 99 4g I, at different temperatures. We are particularly interested
% in the surface leakage current at very low temperature such
g as liquid helium temperature.
é’ S To predict the surface leakage current at liquid helium
I temperature, we assume a PPC detector of 1.02 kg mass with
- 5] . . . .
22 F - 7 cm in diameter and 5 cm in length. The thickness of the
5 . . . .
Elagl2 gy = a-Ge passivation layer is assumed to be 556 nm. Using the
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values of og and Ty from Table 3, we estimate the surface
leakage current and the resistance in the low temperature
regime, as shown in Figs. 9 and 10. It is clear that the surface
leakage current is extremely small (nearly zero) at liquid
helium temperature of 4 K.

4 Conclusion

We have determined the values of the Mott’s parameters for
three a-Ge layers used as planar Ge detector contacts fab-
ricated at USD. As a result, we find that the localization

length of a-Ge is on the order of 2.1 318:8§A° to 5.07;(2):§§A°,

@ Springer

30 40 50 60 70 80 90 100
Temperature (K)

depending on the density of states near the Fermi energy level
within bandgap. The hopping energy ranges from 141.5 meV
t0 202.8 meV and the hopping distance varies from 72.5 A° to
147.0 A°, depending largely on temperature. We find that the
hopping energy in a-Ge increases as temperature increases
while the hopping distance in a-Ge decreases as tempera-
ture increases. Our results are different from that of pure
a-Ge fabricated without hydrogen content, but comparable
to a-Si fabricated with hydrogen content. This study con-
firms that the amount of hydrogen can reduce the density of
defect states near the Fermi level significantly and hence can
increase the resistivity of a-Ge. Subsequently, the values of
the characteristic temperature T and the localization length
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( 1/« ) obtained in this study indicate a high resistivity of
the a-Ge fabricated with hydrogen content at USD. The high
resistivity of a-Ge is an essential characteristic of a good
passivation material for HPGe detectors. The variation of the
hopping energy, the hopping distance, and the localization
length in three different a-Ge layers corresponds to the dif-
ference in the density of states near the Fermi level, which
reflects the variation of the fabrication process for making
a-Ge layers. The time-dependent re-oxidation and personal
errors in the fabrication process may also have led to differ-
ence in these parameters. An in-depth study of the effects of
surface re-oxidation is mandatory to reduce the scattering in
the measured values in order to achieve the complete control
of the production process of HPGe detectors. The values of
the parameters calculated in this study shows that the a-Ge
fabricated at USD to passivate Ge detectors meet the crite-
ria for passivation. Using the parameters of the localization
length, the hopping energy, and the hopping distance, we pre-
dict that the surface leakage current for a PPC detector with
a-Ge contacts at helium temperature (4 K) is nearly zero,
suitable for light dark matter searches.
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