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A B S T R A C T

The exploration of germanium (Ge) detectors with amorphous Ge (a-Ge) contacts has drawn attention to the

searches for rare-event physics such as dark matter and neutrinoless double-beta decay. The charge barrier

height (CBH) of the a-Ge contacts deposited on the detector surface is crucial to suppress the leakage current of

the detector in order to achieve a low-energy detection threshold and high-energy resolution. The temperature-

dependent CBH of a-Ge contacts for three Ge detectors is analyzed to study the bulk leakage current (BLC)

characteristics. The detectors were fabricated at the University of South Dakota using homegrown crystals.

The CBH is determined from the BLC when the detectors are operated in the reverse bias mode with a guard-

ring structure, which separates the BLC from the surface leakage current (SLC). The results show that CBH

is temperature dependent. The direct relation of the CBH variation to temperature is related to the barrier

inhomogeneities created on the interface of a-Ge and crystalline Ge. The inhomogeneities that occur at the

interface were analyzed using the Gaussian distribution model for three detectors.
1. Introduction

Ge detectors with a large electron/hole barrier height are required

to obtain a low leakage current, which is thermally generated in the

contact materials. Ge detectors are widely used for 𝛾-ray spectroscopy

[1–4], rare-event physics searches such as neutrinoless double-beta

(0𝜈𝛽𝛽) decay [5–7] and dark matter [8–11], as well as astroparticle

physics [12], medical imaging [13] and homeland security [14]. Ge

as a relatively small energy band-gap (0.67 eV at room temperature)

ompared to other semiconductors. Thermal phonons can excite elec-

rons into the conduction band and cause too much noise if Ge detectors

re operated at room temperature. Operating Ge detectors at cryogenic

emperature reduces thermal noise and hence allows the detectors to

erform energy spectroscopy. Low energy band-gap and high mobility

f charge carriers in Ge provide excellent energy resolution.

Amorphous Ge (a-Ge) is one of the passivation materials used to

ake charge blocking contacts for Ge detectors. Three advantages make

-Ge contacts attractive for Ge detectors. One is that a-Ge contacts

rovide bipolar blocking for charge carriers and hence the fabrication

rocess is simpler with only a sputtering machine unlike traditional

e detectors made with lithium diffused contacts and boron implanted

ontacts, which require two different machines. The second advantage

s that an a-Ge contact is a layer of a-Ge coated on the surface of Ge

etector and hence maximizes the sensitive volume of the detector in

ontrast to a lithium diffused detector that creates a dead layer as well

∗ Corresponding author.

as a transient layer, which decrease the sensitive volume. Lastly, the

contacts can be easily segmented in an a-Ge coated detector as studied

by Luke and Amman [1,15–17]. The interface between a-Ge contact and

crystalline Ge creates a charge barrier height (CBH), which provides

bipolar blocking for the injection of holes or electrons, depending

on the sign of the applied bias voltage. The bulk leakage current

(BLC) of a detector depends on the CBH of the rectifying contacts.

The nature of CBH formed at the interface of a-Ge and crystalline Ge

demonstrates its ability to block injection charges from the surface.

However, the characterization of CBH cannot be just to perform the

I–V characteristics at a given temperature. To study the conduction

mechanism related to the injection of charges, temperature dependent

I–V measurements are required. The applicability of Ge detector coated

with a-Ge ranges from mK to 130 K. Thus, understanding the nature

of CBH formation at the interface is of great importance on improving

the process parameters used for the deposition of a-Ge layer since the

mechanism of charge generation in the a-Ge contact layer is governed

by thermionic emission. It is expected that the fluctuation of CBH with

respect to temperature can be used to study the inhomogeneity of

a-Ge contacts created on the crystalline surface. The inhomogeneity

is related to the fabrication process, which can be improved when

multiple detectors are used in this study.

Several papers have been published on the investigation of the

CBH of rectifying contacts by studying the current–voltage (I–V) or
E-mail address: Dongming.Mei@usd.edu (D. Mei).

https://doi.org/10.1016/j.nima.2022.166862

Received 17 March 2022; Received in revised form 11 May 2022; Accepted 12 Ma

Available online 21 May 2022

0168-9002/© 2022 Elsevier B.V. All rights reserved.
y 2022

https://doi.org/10.1016/j.nima.2022.166862
http://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2022.166862&domain=pdf
mailto:Dongming.Mei@usd.edu
https://doi.org/10.1016/j.nima.2022.166862


R. Panth, W. Wei, D. Mei et al. Nuclear Inst. and Methods in Physics Research, A 1035 (2022) 166862
Fig. 1. (a) Schematic representation of a Ge detector with a guard-ring structure. (b) A guard-ring Ge detector fabricated at USD.
Fig. 2. Schematic representation of the electronic circuit for the characterization of a detector.
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capacitance–voltage (C–V) characteristics [18–24]. In this study, we
have used the I–V characteristics at different temperatures. We have
also implemented a guard-ring structure on the top surface of the
detector to separate the BLC from the SLC. The primary source of
BLC is the injection of charge carriers from a-Ge contacts to the bulk
of the detector. Though, thermal ionization of impurities is also a
source of BLC [25], it is expected to be much smaller (∼three orders
of magnitude) than the injection from a-Ge contacts when the detector
is operating at liquid nitrogen temperature (77 K). Therefore, the
measured BLC as a function of bias voltage can be used to study the
CBH at different temperatures.

2. Experimental methods

2.1. Fabrication of Ge detectors

Three guard-ring detectors made from p-type Ge crystals grown at
University of South Dakota (USD) were used for the study of CBH. The
crystals were grown using the Czochralski method [26,27]. High-purity
Ge (HPGe) crystals were first sliced into small pieces with a diamond
wire saw. Wings and grooves in a size of ∼2 mm each were made on
all of the four sides of the HPGe crystal as shown in Fig. 1. The purpose
of the wings is to allow for handling the HPGe crystals, avoiding direct
contact with the sensitive area of the crystal during the fabrication.
HPGe crystals were lapped carefully to remove the visible scratches
and chips that occur during the cutting process from a diamond saw.

Silicon carbide (SiC) and aluminum oxide (Al2O3) powder with 17.5 i

2

and 9.5 μm grids, respectively, were used for lapping. The lapped
crystals were then etched in a mixture (1:4) of hydrofluoric (HF)
and nitric (HNO3) acids to etch away the fine scratches. The etched
crystal was then submerged in deionized water and dried with nitrogen
gas. The well-processed HPGe crystals were loaded into the sputtering
chamber and a-Ge was deposited on the top and the side surfaces of
the crystals. Argon and hydrogen gas mixture (93:7) was used to create
the plasma maintaining the chamber pressure of ∼14 mTorr, which is
generated and confined to the space containing a HPGe crystal. Then
the crystal was flipped and the same process was duplicated for the
bottom side. The thickness of the a-Ge was maintained ∼600 nm for all
three detectors.

Subsequently, a layer of aluminum (Al) with a thickness of ∼100 nm
as deposited on all the sides of the crystal to form a low-resistance

ontact area using an electron-beam evaporator for the detector USD-
02. For the detector USD-R03 and USD-W03, the Al contacts were
puttered on using the sputtering machine. To sputter Al on the a-Ge
urface, plasma was created using argon gas maintaining the chamber
ressure of 3 mTorr. On the top surface, two contacts were formed
y etching out the Al to separate the center contact from the guard-
ing (surface) contact. This allows the BLC to be measured through
he center contact and the SLC to be measured through the guard-
ing contact. A tape mask was used to protect the Al layer. Then the
etector was dipped into a 1% HF solution. The a-Ge was unscathed on
ll surfaces of the detector. The final contact structures are sketched

n Figs. 1 and 2. The full details of the fabrication procedure of Ge
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detectors and their characterization at USD is reported in the papers
published by our group [28–31].

Note that the completed Ge layers for all three detectors were very
uniform after lapping, polishing, and etching, since the same recipe was
applied. Therefore, we expect that the completed Ge layer for all three
detectors have similar uniformity. This allows us to study how much the
inhomogeneous deposition of a-Ge layer during the sputtering process
can influence the leakage current.

2.2. Detector characterization

The leakage current of each detector was measured in a vacuum
cryostat at USD. The schematic representation of the detector charac-
terization set up is shown in Figs. 2 and 3. To monitor the temperature
f the detector, a temperature sensor was placed at the bottom of the
l stage. For the detector to be in thermal equilibrium with the Al
tage, the measurements were carried out an hour after inserting in the
ryostat when the temperature sensor shows the desired temperature.

The leakage current was measured with the combination of a tran-
impedance amplifier and a multimeter. The voltage signal from the
ultimeter was converted back to the current signal. The precision of

he leakage current measurement from our current setup is 0.1 pA.
The detector with a guard-ring structure allows the characterization

f leakage current to be divided into two components: (a) BLC and (b)
LC. The BLC is mostly dominated by the charge injection from the
op and the bottom contacts whereas the SLC is the current created by
he surface defects. The variation of the leakage current density versus
quare root of bias voltage is shown in Fig. 4 as an example. The plot
hows that there are two distinguishable regions, which correspond to
wo different ranges of the applied bias voltage, 10–20 V and 30–70 V.
his feature indicates the quantum mechanical properties of the charge
arriers. At a lower bias voltage (10–20 V), the reflection coefficient
f charge carriers is more pronounced at the boundary than that at a
igher bias voltage (30–70 V). For the study of the CBH at different
emperatures, we have only taken into account the BLC for the bias
oltage in the range of 30–70 V where thermionic emission dominates.

.3. Charge blocking contacts

Charge carriers are injected through the contacts. To maintain a low
eakage current, charge blocking contacts are needed. Lithium-diffused
𝑛+) and boron-implanted (𝑝+) contacts block holes and electrons,
espectively. Diffusion of lithium into the detector reduces the sensitive
olume of the detector. Since the a-Ge has negligible diffusion into the
e detector, the sensitive volume of the detector for rare event searches

emains intact. Furthermore, the bi-polar blocking behavior of a-Ge
liminates the need for two different contacts at the top and the bottom
f a Ge detector [15]. For a high purity p-type Ge detector passivated
ith a-Ge contacts and the electrodes formed by deposition of Al, if

t is negatively biased from the bottom electrode, then the detector
tarts to deplete from the top and the BLC is primarily dominated
y hole injection from the top contacts. Non-zero conductivity of a-
e also contributes to the SLC influenced by the hopping conduction
echanism [33,34]. The charge collection in a Ge detector is usually

arried out with a bias voltage that is a few hundred volts above the
ull depletion voltage at which the contribution to the BLC is from both
he top and bottom contacts. Analysis of the properties of the charge
locking contacts thoroughly is necessary for the successful operation
f the detector. The charge blocking contacts formed by a layer of a-
e on a Ge crystal are characterized on the basis of: (a) the CBH with

espect to crystalline Ge; (b) the thermal stability; (c) the ability of
ithstanding high bias voltage without breakdown; and (d) the surface

nhomogeneity.
3

Fig. 3. Internal structure of the vacuum cryostat at USD.

2.4. I–V–T characteristics and CBH measurement

The CBH is calculated based on the current–voltage–temperature (I–
V–T) characteristics. The saturation current is defined as the current
density corresponding to zero bias voltage and can be obtained by
extracting the linear portion of the logarithmic plot of current density
versus bias voltage (𝑉 ≥ 3𝑘𝑇 ∕𝑞). The model for the leakage current
ependence on temperature and applied bias voltage is developed by
öhler, Brodsky [35–37] and Schottky [38]. This model was applied

o a-Ge contacts on HPGe detectors as well [19]. Leakage current is
irectly proportional to temperature as reported in these studies [18,
9,29,35–40].

The thermionic emission model predicts the current flowing across
he metal–semiconductor interface as:

= 𝐽∞ exp(−𝜓0,𝑏∕𝑘𝑇 )[1 − exp(−𝑞𝑉𝑑∕𝑘𝑇 )]𝑓 (𝑉𝑑 ), (1)

here 𝑓 (𝑉𝑑 ) = exp{([(2𝑞(𝑉𝑏𝑖 + 𝑉𝑑 ) +𝑁∕𝑁𝑓 )𝑁∕𝑁𝑓 ]1∕2 −𝑁∕𝑁𝑓 )∕𝑘𝑇 }, 𝐽
s the ratio of leakage current to the contact area known as leakage
urrent density, 𝜓0,𝑏 is the barrier height at zero bias voltage, 𝑘 is the
oltzmann constant, 𝑇 is temperature, 𝑉𝑏𝑖 is the built-in voltage, 𝑉𝑑 is
he bias voltage, 𝑁 is the net impurity concentration, 𝑁𝑓 is the density
f localized energy states near the Fermi level. 𝐽∞ equals to 𝐴∗𝑇 2 in
he case of a metal contact made on crystalline semiconductor and 𝐴∗

s the effective Richardson constant. Since electric field penetration
hrough the contacts is negligible when the bias voltage is low, the
alue of 𝑓 (𝑉𝑑 ) is usually close to 1. It is worth mentioning that 𝐽∞ can
e replaced by 𝐽∞ = 𝐽0𝑇 2 [32]. If the 𝑉𝑑 ≫ 𝑉𝑏𝑖, or 𝑘𝑇 ∕𝑞, or 𝑁∕𝑞𝑁𝑓
q. (1) reduces to

2 1∕2
𝐽 = 𝐽0𝑇 exp(−𝜓0,𝑏∕𝑘𝑇 ) exp[(2𝑞𝑉𝑑𝑁∕𝑁𝑓 ) ∕𝑘𝑇 ] (2)
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Fig. 4. The variation of the current density versus the square root of bias voltage for USD-R03 detector at 90 K. The plot shows that there are two distinguishable regions, which
correspond to two different ranges of the applied bias voltage, 10–20 V and 30–70 V.
Fig. 5. Schematic representation of energy diagram when a small reverse bias is applied to the bottom contact of the p-type Ge detector [32] (not to scale).
for a partially-depleted detector. 𝛥𝜓 =
√

2𝑞𝑉𝑑𝑁∕𝑁𝑓 is the barrier
lowering term. 𝛥𝜓 is directly proportional to the applied bias voltage,
impurity concentration, and inversely to the density of defect states
near the Fermi level. Therefore, to keep the barrier lowering value at
a minimum, the density of localized energy states near the Fermi level
should be high and the impurity concentration should be low. 𝐽0 is
a constant, the pre-factor, which is left as an open parameter to be
determined from the measurements [32]. To calculate 𝐽0 from Eq. (2),
the barrier height should be treated as constant with respect to tem-
perature. However, several pioneers have clearly demonstrated that
the barrier height is not constant with temperature [41–47]. Such a
phenomenon indicates there is a barrier inhomogeneity at the interface
of a-Ge and crystalline Ge.

In order to study the variation of CBH as a function of tempera-
ture in the a-Ge contacts created at USD, we have treated the pre-
factor as constant and equal to the effective Richardson constant (48
A/cm−2 K−2) in the case of the a-Ge deposition on the p-type crys-
talline Ge [18] and have determined the barrier height at different
temperatures.

Utilizing 𝐽0𝑇 2 equals 𝐴∗𝑇 2 (𝐴∗ is the effective Richardson constant),
Eq. (2) can be re-written as

𝐽 = 𝐴∗𝑇 2 exp(−𝜓0,𝑏∕𝑘𝑇 ) exp[(2𝑞𝑉𝑑𝑁∕𝑁𝑓 )1∕2∕𝑘𝑇 ]. (3)

The Y-intercept obtained from the plot of lnJ versus the square root
of the reverse bias voltage gives the saturation current density and is
4

given by

𝐽𝑠 = 𝐴∗𝑇 2 exp−(𝜓0,𝑏∕𝑘𝑇 ). (4)

The zero-bias barrier height can be expressed as:

𝜓0,𝑏 = 𝑘𝑇 𝑙𝑛(𝐽𝑠∕𝐴∗𝑇 2). (5)

Since A∗ = 48 A/cm−2 K−2 is a constant, thus, we can calculate 𝜓0,𝑏
for a given temperature using Eq. (4). Fig. 5 exhibits the energy band
diagram for an interface between a layer of a-Ge and a p-type Ge
crystalline structure. The variation of the zero-bias barrier height as
a function of temperature indicates the inhomogeneity of the coated
a-Ge layer.

It is worth pointing out that the slope obtained from the plot of 𝑙𝑛𝐽
versus the square root of the reverse bias gives the density of localized
energy states near the Fermi energy level for the a-Ge layer sputtered
onto a-Ge surface for a given detector at a given temperature. The
relationship between 𝑁𝑓 and temperature can also be used to study the
properties of the a-Ge layer, for example, the resistance or conductivity.
However, it does not directly relate to the zero-bias barrier height, as
described in Eq. (3). It may contribute to the systematic errors of the
zero-bias barrier height in an indirect way, which is complicated and
beyond the scope of this paper.

As an example, the variation of the BLC density versus the square
root of bias voltage for USD-R03 detector is shown in Fig. 6 at the
temperatures 90 K, 95 K, 100 K, 105 K and 110 K. Similar I–V–
T characteristics were obtained for USD-R02 and USD-W03 detectors.
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Fig. 6. The variation of the leakage current density versus the square root of bias voltage for USD-R03 detector at different temperatures.
Fig. 7. The variation of the zero-bias barrier height versus temperature for three detectors.
The Y-intercept obtained from the plots gives the zero-bias BLC density
which was used to calculate the zero-bias barrier height. Fig. 7 dis-
plays the dependence of calculated barrier height versus temperature
for three detectors. When temperature increases, the barrier height
increases or vice versa.

Note that there is a tendency that the zero-bias barrier height seem
to saturate to a value above 0.32 eV for USD-R02 and USD-W03. The
zero-bias barrier height seems to saturate to a value above 0.29 eV for
USD-R03.

2.5. The relation between the inhomogeneity of a-Ge layer and CBH

A homogeneous interface layer allows us to predict the BLC at
different temperature and applied bias voltage using Eq. (2), since the
barrier height is a constant. However, for an inhomogeneous interface
layer, the barrier height cannot be treated as a constant value with
respect to temperature. The analysis of the I–V–T characteristics for
three different detectors shows that the variation of CBH with respect
to temperature is governed by the inhomogeneities at the interface of
a-Ge and crystalline Ge. The existence of inhomogeneity at the interface
5

might be related to the cleanliness of the surface of crystalline Ge, the
vacuum level inside the sputtering chamber, the stability of the gas flow
while creating the plasma, and the variation in the thickness of a-Ge
layer.

The vacuum pressure of the chamber for all three detectors was
maintained less than 4 × 10−6 Torr. However, the gas flow rate was
not stable. The pressure of the argon and hydrogen gas mixture in the
chamber jumps between 12–16 mTorr. The instability of the chamber
pressure during the plasma formation caused the unstable condition
for the reflected power in the radio-frequency sputtering machine.
Exposure to air during fabrication of the detector will be monitored
in future detector fabrications to study its role in the nature of charge
barrier.

The Gaussian distribution model developed by Werner and Guttler
was applied to explain the correlation between the barrier height
variation and the inhomogeneities of the interface [48]. The expression
of the Gaussian model is described as:

𝜓 = 𝜓 − 𝜎2∕2𝑘𝑇 , (6)
0,𝑏
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Fig. 8. The variation of zero-bias barrier height with 1/2kT for three detectors and the linear fit of it represented by the green line.
Table 1
Summary of three USD detector properties.
Detector USD-R02 𝑈𝑆𝐷 − 𝑅03 𝑈𝑆𝐷 −𝑊 03
aImpurity/cm3 2.93 × 1010 3.78 × 1010 2.60 × 1010

Thickness/cm 0.65 0.81 0.94
bArea/cm2 0.29 0.48 0.24
c𝑉𝑓𝑑/V 700 1400 1300
d𝜓0,𝑏/eV@90 K – 0.29174 ± 1.8𝐸 − 4 –
d𝜓0,𝑏/eV@95 K 0.32679 ± 1.8𝐸 − 4 0.29795 ± 9.7𝐸 − 5 0.32313 ± 1.3𝐸 − 4
d𝜓0,𝑏/eV@100 K 0.32858 ± 9.3𝐸 − 5 0.30655 ± 5.4𝐸 − 5 0.32498 ± 1.5𝐸 − 4
d𝜓0,𝑏/eV@105 K 0.33570 ± 6.4𝐸 − 5 0.31752 ± 5.4𝐸 − 5 0.32866 ± 1.6𝐸 − 4
d𝜓0,𝑏/eV@110 K 0.34619 ± 6.7𝐸 − 5 0.33015 ± 5.3𝐸 − 5 0.33418 ± 1.8𝐸 − 4
d𝜓0,𝑏/eV@115 K 0.35898 ± 1.2𝐸 − 4 – 0.34262 ± 2.4𝐸 − 4
e𝜓/eV 0.52367 ± 8.2𝐸 − 4 0.52359 ± 8.3𝐸 − 4 0.41734 ± 1.1𝐸 − 3
f𝜎2/(eV)2 0.00336 ± 1.5𝐸 − 5 0.00371 ± 1.4𝐸 − 5 0.00156 ± 2.7𝐸 − 5

aNet impurity concentration calculated from the C–V measurements.
bArea of the central contact on the top surface.
cFull depletion voltage for the detector.
dZero-bias barrier height.
eMean-barrier height.
fVariance of barrier height fluctuation.
here 𝜓 is the mean barrier height and 𝜎 is the standard deviation. 𝜎
is assumed to be a constant with respect to temperature for this calcu-
lation. The Y-intercept of the plot in Fig. 8 gives the value of 𝜓 and the
lope determines the value of 𝜎2, respectively. The values of 𝜓 and 𝜎2
or three detectors are shown in Table 1. As can be seen from Table 1,
he value of 𝜎 is smaller for USD-W03 detector, which indicates the
arrier height fluctuation is smaller than the other two detectors. This
mplies that the variation of the BLC from USD-W03 will be less than
he other two detectors when increasing or decreasing temperature. The
tandard deviation measured from the Gaussian distribution of barrier
eight indicates that the barrier inhomogeneity cannot be neglected
hile calculating the barrier height. The deviation of 𝜎 with respect

o 𝜓 is within the range of 9%–12% for all the detectors that were used
for this study.

For an ideal case, when 𝜎2 is close to 0, the sum of electron barrier
eight (𝜙𝑒) and hole barrier height (𝜙ℎ) equal to the band-gap of

Ge [40]. The barrier height for electrons or holes was obtained from the
slope of the leakage current density after the detector was fully depleted
assuming the constant barrier height at two different temperatures.
However, the sum of 𝜙𝑒 + 𝜙ℎ equals to the band-gap of Ge may not be
accurate to describe the real case since it does not consider the barrier
height fluctuation due to the inhomogeneities.

It is worth mentioning that the Gaussian model is used to study
the barrier inhomogeneity. A smaller value of 𝜎 indicates a more
6

homogeneous barrier and hence pointing to a better sputtering process
in the fabrication of a-Ge contacts. Since the value of 𝜎2 indicates
the inhomogeneity of CBH, which is related to the fabrication process,
we expect to improve the fabrication process to keep the value of 𝜎2
as small as possible. A low value of 𝜎2 also implies that the better
rectifying contacts are formed which are closed to ideal thermionic
case [49].

Table 1 summarizes the properties of the a-Ge contacts deposited
on the HPGe crystal grown at USD.

3. Conclusions

For the first time, this study focuses on the CBH variation with
respect to temperature for a-Ge deposited on crystalline Ge. Barrier
height for the same detectors used in this study was calculated assum-
ing constant barrier height without considering the inhomogeneity in
our previous publication [18]. However, this model fails to accurately
predict the leakage current for a wide range of temperatures. The pre-
factor which depends on the process parameters was left as an open
parameter and it is different for each detector. In this study the pre-
factor (𝐽0) is treated as the effective Richardson constant (𝐴∗) to study
the inhomogeneity of interface layer. Thus, the level of inhomogene-
ity of the interface layer between a-Ge and Ge for each detector is

attributed to the process parameters of fabricating Ge detectors.
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The variation of the barrier height at different temperatures has
een explained by considering the Gaussian distribution model. The
nhomogeneity of a-Ge contacts created on the crystalline surface is the
ain source of barrier height fluctuation with respect to temperature.
he observed inhomogeneity difference in the a-Ge layers from three
SD detectors suggests that the fabrication process can be improved to
btain a smaller variation in the barrier height for rare-event physics
earches.
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