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Abstract

High-purity germanium (HPGe) detectors, which are used for direct dark matter detection, have the advantages of a low
threshold and excellent energy resolution. The surface passivation of HPGe has become crucial for achieving an extremely
low energy threshold. In this study, first-principles simulations, passivation film preparation, and metal oxide semiconductor
(MOS) capacitor characterization were combined to study surface passivation. Theoretical calculations of the energy band
structure of the —-H,—~OH, and -NH, passivation groups on the surface of Ge were performed, and the interface state density
and potential with five different passivation groups with N/O atomic ratios were accurately analyzed to obtain a stable
surface state. Based on the theoretical calculation results, the surface passivation layers of the Ge,ON, film were prepared
via magnetron sputtering in accordance with the optimum atomic ratio structure. The microstructure, C-V, and I-V electrical
properties of the layers, and the passivation effect of the Al/Ge,ON,/Ge MOS were characterized to test the interface state
density. The mean interface state density obtained by the Terman method was 8.4 x 10'! cm™ eV~!. The processing of
germanium oxynitrogen passivation films is expected to be used in direct dark matter detection of the HPGe detector surface
passivation technology to reduce the detector leakage currents.
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1 Introduction

This wor'k was supported by the National Natural Science High-purity germanium (HPGe) detectors have the advan-
Foundation of China (No. 12005017). tages of low background, low energy threshold, and high
59 Sha-Sha Lv energy resolution, and are widely used in fields such as
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als science [5-8]. HPGe detector array systems are very
competitive in detecting rare events such as dark matter
and OvpP [9, 10]. Many international experimental groups,
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reduce the lower mass limit of detectable particles, but
also increase the event rate with the exponential law of
dark matter interacting with the detector target nucleus. In
addition, the theory proposes strict requirements for the
background environment, detector sensitivity, and long-
term stability.

The interface-state problem in the use of germanium-
based devices is puzzling. The band gap of Ge (0.67 eV)
is smaller than that of Si (1.12 eV) at room temperature.
The hole and electron mobilities of germanium are 4.2
and 2.6 times those of silicon [23, 24], respectively, which
results in a large leakage current for the HPGe detector.
With many dangling bonds at the surface of the HPGe- and
Ge-based devices, the surface leakage current becomes the
main influential factor. A new passivation layer is needed
to replace silica and thus solve small-size metal oxide
semiconductor (MOS) devices and HPGe detectors, which
will have higher chemical stability, dielectric constant,
and decreased leakage current. Regarding the surface
characteristics of germanium oxides, the volatile GeO and
soluble in water GeO, lead to poor conductivity, interfacial
state, and stability of HPGe. GeO, on the surface reacts with
Ge to generate GeO, which further increases the leakage
current [25, 26].

Processes for surface passivation of HPGe include
wet chemical processing and sputtering [26-28]. These
processes, which should be performed at room temperature
to avoid the diffusion of Li* and B* at high temperatures,
further expand the detector dead layer and reduce the
sensitive volume. Wet chemical processing typically uses
a mixture of H,0,, HNO;, HF, and H;PO, to oxidize the
HPGe surface and produces a dense oxide film. Meanwhile,
the sputtering film includes silicon oxides, amorphous
germanium, and amorphous silicon [27, 29]. The lattice
mismatch at the interface between silicon oxide and
germanium makes it difficult to guarantee the stability of
the HPGe detector. Compared to GeO,, Ge;N, and GerNy,
which have improved chemical stability, are expected to
provide a passivation layer for germanium-based devices
with good performance as the introduction of nitrogen atoms
will improve the dielectric constant and stability [30].

In this study, the feasibility and effect of germanium
nitrogen oxide as a passivation layer for HPGe were
investigated. The band structure and density of states
(DOS) of —-H, —OH, and —NH, passivated germanium
were investigated using first principles. Five different
nitrogen—oxygen atomic ratios of GeO,N, were constructed
to analyze the density of states near the Fermi level. The
GeO,N, passivation layer was prepared by magnetron
sputtering adjusting the atmospheric, power, and pressure
parameters to obtain optimum atomic ratios in accordance
with the simulation results. Finally, the interface state
density of defects (D;) was analyzed to evaluate the
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feasibility of GeO,N, and provide references for future
experimental passivation schemes.

2 Calculation and experimental methods
2.1 Optimization parameter settings of germanium

The unit cell structure of germanium is a cubic crystal
system, and the space group is Fd-3 M with a side length of
5.65 A. First-principles calculations were performed using
density functional theory (DFT) with CASTEP in Materials
Studio. The generalized gradient approximation (GGA) was
employed as an independent exchange—correlation function
with a noncanonical conservation pseudopotential (nom
conservation). For structural optimization, the k point was
4 x4 x4, the truncation energy was 400 eV, and the energy
convergence accuracy was 1.0x 10% eV/atom [29, 31, 32].

The side length of the germanium cell is relaxed to
5.59 A after geometry optimization. The valence band
maximum (VBM) and conduction band minimum (CBM)
are located at the y point and R point with indirect band gap
semiconductors. The bandgap width is 0.661 eV, which is
similar to the 0.67 eV of the theoretical data [23].

2.2 Passivation model of different termination
groups

The Ge cell structure is derived from a diamond structure.
The optimized Ge supercell was expanded in the (100)
direction and cut off to avoid the influence of periodicity. A
vacuum layer of 10 A was added to the cell with a supercell
side length (d+ 10 A) in the a-axis direction with nine
germanium atoms. The passivation groups were attached to
the Ge atoms with broken bonds. The atoms with a vacant
outermost electron structure were connected to —H atoms,
and 12 passivation atoms or groups formed bonds with the
germanium atoms. Two types of germanium atoms have
dangling bonds: the first one is in the middle and forms a
bond with one atom or group; it is named Gel. The second
type is in the corner and bonds with two atoms or groups;
it is named Ge2. After the passivation model structure
was established, GGA was selected as the independent
exchange—correlation function with no conservation. The k
point was 4 X 1 X 1, the truncation energy was 650 eV, and
the energy convergence accuracy was 1.0 x 10° eV/atom [29,
32].

2.3 Passivation film preparation and MOS device
characterization

A P type germanium substrate with a <100 >crystal
orientation was selected, and its resistance was
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approximately 5-40 Q. First, the substrate was rinsed
with an ultrasonic cleaner consisting of ethanol, acetone,
and deionized water for 15 min. A cylindrical magnetron
sputtering source was connected to an RF power generator
using a matcher. Before film deposition, the pressure of the
vacuum chamber was pumped below 3.0x 107 Pa.
Physical characterization of the thin GeO,N, passivation
layer was performed using electrical characteristics, scanning
electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS). The electrical characteristics and
surface-state density of the GeO,N, passivation layer were
measured using a Keithley 4200A-SCS instrument at room
temperature. SEM was performed using a Zeiss Merlin
Compact Field Emission Scanning Electron microscope
to analysis the passivation layer thickness and uniformity.
XPS was performed utilizing a Thermo 250XI with
monochromatic X-ray using the Al Ka line.

(a)Ge-H

(b)Ge-OH

3 Results and discussion

3.1 Band structure and density of states of Ge
passivation (-H, -OH, -NH,)

The ball-and-stick models of Ge with —-H, —-OH, and -NH,
group passivation are shown in Fig. la, b, and c, respec-
tively. The energy location of 0 eV in the figures of band
structure and DOS represents the position of the Fermi level.
The band gaps of Ge-H, Ge-OH, and Ge-NH, are 4.06,
2.20, and 1.87 eV, respectively. The Ge—H structure has a
direct band gap, whereas the Ge—OH and Ge-NH, structures
have both indirect band gaps. The band structure and DOS
of the different atoms or groups were analyzed to determine
the rationality of the passivation. The low surface leakage
current was confirmed by the moderate bandgap and low D;,
near the Fermi level.

To understand whether the interface state density was
influenced by the different passivation atoms or groups, the
total density of states (TDOS) and partial density of states
(PDOS) of the passivation system were analyzed. The DOS
was analyzed to identify the passivation atoms or group

(c)Ge-NH:
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Fig. 1 (Color online) Ball-and-stick models and the corresponding band structures of a —H, b —OH, and ¢ —-NH, termination groups, represented
by H atoms (white balls), O atoms (red balls), and N atoms (blue balls), respectively
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interactions with the Ge atoms. The atomic interactions
and chemical bonds were explored to analyze the DOS.
Figure 2a shows the TDOS with the Ge—H, Ge—OH, and
Ge—-NH, terminations. The TDOS of the Ge-OH group near
the Fermi level is the smallest, whereas that of the Ge-H
group is the largest. Figure 2b, c, and d show the PDOS
of Ge-H, Ge—OH, and Ge-NH,, respectively. As shown in
Fig. 2b, the DOS near the VBM is mainly contributed by
the 4 p orbital of the Ge atom, and the contributions of Gel
and Ge2 are similar. The DOS near the CBM is mainly con-
tributed by the 4 s and 4 p orbitals of the Ge atom, and the
contribution of the 4 p orbital is slightly greater than that of
the 4 s orbital. As shown in Fig. 2c and d, the DOS near the
VBM is mainly contributed by the 2 p orbital of the O and
N atoms, which is related to the electronegativity of these
atoms being greater than that of the H atoms. The Ge2 atoms
in the Ge—OH and Ge-NH, structures are shifted to the left
in the valence band compared to those in the Ge—H structure.
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In the structure of the Ge—OH passivation, the 2 p orbital of
the O atom has more interactions with the 4 p orbital of the
Ge atom. For the Ge—NH, passivation system, the 4 p orbital
of Gel interacts more with the 2 p orbital of N, and the 4 s
orbital of Ge2 interacts more with the Gel atom. Among the
three systems, the —OH passivation group with a moderate
bandgap width and small DOS should be selected.

3.2 Band structure of Ge-O,N, passivation

With the exception of Ge-O,N,, which has a direct bandgap
with the VBM and CBM located at the K-point of vy, the
other passivation structures show indirect bandgap charac-
teristics. The VBM of Ge—-O,N and Ge—ON, are located
at the Q—Z point in the K space. The VBM of Ge-ON and
Ge-O;N are located at the y point. The CBM of Ge-ON
and Ge—O;N are located at the y point, whereas the CBM of
Ge—-O,N and Ge-ON, are located at the F and Q-Z points.
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Fig.2 (Color online) a —-H, —-OH, and —NH, terminations of the total density of states (TDOS), and partial density of states (PDOS) of the b -H,

¢ —OH, and d -NH, terminations
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The bandgap widths of —ON, —O,N, —-O;N, —ON,, and
—O,N, are 1.81, 0.919, 0.615, 1.568, and 1.124 eV, respec-
tively. The VBM of Ge—ON and Ge—ONj are located at the
Q-Z point in the K space. The CBM and VBM of Ge-O,N
are located at the F and y points, and the VBM and CBM
of —ON,, are located at y and Q—Z points. The increase in the
number of either O or N atoms can affect the bandgap width,
which may lead to the generation of other energy levels,
and the O atom has a greater role in reducing the bandgap
width (Fig. 3).

3.3 DOS of Ge-O,N, passivation

The DOS is influenced by different nitride and oxygen atom
ratios, which were researched by analyzing the DOS of the
five systems. Figure 4 shows the TDOS diagrams of the five
passivation groups with different N/O ratios. The highest
TDOS near the Fermi level is for Ge-ON, whereas the low-
est TDOS near the Fermi level is for Ge-O;N. To further
analyze the optimal N/O atomic ratios of the passivation
groups in the PDOS diagram, the Ge atoms in the different
passivation environments were named Gel and Ge2 based
on the previous definition. The other passivated atoms were
named AX-B (where A represents the passivated atom, X
indicates the number of passivation atoms, and B denotes
the directly connected atom).

The two Ge PDOS conditions are shown in Fig. 5. Over-
all, the contributions of the 4 s and 4 p orbitals in the vicinity
of the VBM (—5-0eV) are very weak for both Gel and Ge2
atoms. The contribution of the 4 p orbital is slightly larger

than that of the 4 s orbital. Both the Gel and Ge2 atoms
contribute more to the PDOS in the CBM. The contribu-
tions of 4 s and 4 p orbitals near the vicinity of the CBM are
equivalent, with the exception of Ge-O;N. For the PDOS of
Gel atoms, the introduction of O atoms causes a DOS in the
left direction, and the same situation occurs for the PDOS
of Ge2 atoms. N atoms also cause a PDOS shift toward the
left for Gel atoms, but this is not obvious for Ge2 atoms.
This finding indicates that N atoms have a large influence
on less-bonded Ge atoms, and that O atoms have the same
influence on unbonded Ge atoms.

Different O/N ratios have distinct effects on the DOS of
these systems. The effects of O and N atoms on the DOS
warrant further study. Figure 6 shows the PDOS diagrams of
the O atoms in different environments. The O atoms signifi-
cantly contribute to the DOS of the valence band, which is
provided by the 2 p orbital. When a Ge2 atom is passivated
by an O atom, the DOS in the valence band shifts to the left
as the number of O atoms increases. Combined with the pre-
vious analysis for Ge atoms, O atoms cause the entire DOS
to move toward the left. As shown in the PDOS diagram
of the N atom in Fig. 7, N atoms directly connected to Ge
atoms contribute slightly to the conduction band, with the
exception of Ge-O,N, passivation. The DOS near the VBM
of the N atoms connected to the Ge atoms is almost unaf-
fected by the number of O or N atoms in the systems. The
N atoms that are connected to the O atoms in the Ge—O,N,
system have an effect similar to that of the Ge atoms. How-
ever, we discovered that such an anomaly appeared in the
structure of O,N,. We speculate that the electronegativity of
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Fig.3 (Color online) Ball-and-stick models and the corresponding band structures of a Ge-ON, b Ge-O,N, ¢ Ge-O;N, d Ge ON,, and e Ge—

O,N, termination groups
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Fig.5 (Color online) PDOS of nitrogen oxides of germanium: a Gel PDOS and b Ge2 PDOS

the N atom is strong, and the adjacent N-Ge bond is weak N atoms is very small, indicating that the 2 p orbital of the
when the N-N bond is formed. O atoms does not interact strongly with the 2 p orbital of

When connected to the Gel atom, an increase in the N (N-O;N). The same result occurs in Ge—ON, where the
number of N atoms causes the DOS to shift to the left. = Ge atom is directly passivated by the O atom, showing the
However, the DOS of the O atoms directly connected to the ~ similarity of this structure to —OH passivation. Instead, the
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Fig.7 (Color online) N PDOS of nitrogen oxides of germanium: a -ON, —-O,N, —-O;N, and b —-ON,, -O,N,

O and N atoms passivated the Ge as a whole. Although the
Ge—O;N structure has the lowest DOS, its band gap width
is only 0.615 eV, near the 0.67 eV of Ge itself. Therefore,
the best passivation effect of the Ge—ON, group is obtained
with a gap width of 1.568 eV, and its DOS is similar to that
of Ge—O;N.

For the germanium passivation calculation, Houssa
et al. determined that there are few defects at the Ge/GeO,
interface using first principles [33]. Under ideal conditions,
the interfacial state density is only 10'! cm™2 eV~!, which
is even lower than the detection limit of electron spin

resonance (ESR). Saito et al. calculated that the Ge/GeO,
interface is more flexible than the Si/SiO, interface [34].
Atomic Ge emissions can be inhibited during the oxidation
process to change the electrical properties of the Ge/GeO,
interface. The germanium detector was passivated by
applying appropriate oxygen—nitrogen ratios to reduce the
interface state density and surface leakage current. Based
on the number of Ge and passivation atoms obtained
from our calculations, the optimal chemical dose ratio for
surface passivation is Ge,ON,.
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3.4 Interface state density at -O,N, passivation

All passivation layers were prepared in a 2:1 nitrogen—oxy-
gen mixed atmosphere on a < 100> germanium single crys-
tal. The RF power was chosen to be 60-80 W. The prepared
oxygen—nitrogen passivation layer film was amorphous and
crystalline, with a mixture of various germanium—nitrogen
oxides. Figure 8a, b, and c show the XPS spectra of the Ge
3d,N1s,and O 1 s energy levels, respectively. The ratio of
the peak area to the sensitivity factor was calculated, which
showed that the Ge:N:O atomic ratio of the passivation film
was close to 2:1:2 [35]. The peak values corresponding to
the binding energy of GeO,, GeON, and Ge;N, were 33.2,
32.2, and 32.1 eV [36, 37], respectively.

To extract information regarding the interface state
density, the /-V and C-V characteristics of the Al/Ge,ON,/Ge
MOS structure passivated with germanium nitrogen oxides
at room temperature are shown in Fig. 8d and e. A higher
D, affected the passivation results for a low leakage current
and threshold. The IV characteristics in the scanning range
of —1.5-1.5 V and the capacitance characteristics from — 1
to 1 V of the GeO,N, passivation layer with a thickness of
20 nm are analyzed.

It is difficult to determine the dielectric constant of a
passivated film owing to its amorphous state, which makes

it difficult to determine the capacitance of the oxide layer.
1
In the l(pF_l) VS. 4/ %%(V_EpF_l> curves shown in
c G C
Fig. 9a, the x-intercept of the fitted curve could be
recognized as an oxide layer capacitance of 8.9x 10~ F.
The D, calculation using the Terman method is shown in

Eq. (1) [38, 39]:

_Cox (s [\ _ G _ Coxdavg
g2 \do, ¢ q* do,

ey

where Cnyyx and C; are the oxide layer and semiconductor
capacitance, respectively, g is the electron charge size
(1.6x 107" C), AV, represents the difference between the
C-V characteristics measured in the experiment and ideal
curve, and @, represents the surface potential. The Terman
method has many approximations and the calculation of the
doping concentration and oxidation capacitance leads to an
overestimation of D, [40]. The distribution of D;, with the
energy levels is given by Eq. (2) [41]:

Ec - ET =qPs + (Ec - EF) (2)

where E_ is the conduction band of the semiconductor, Ey
is the Fermi level, and E; is the trap energy at the inter-
face. The interface energy level distribution near the band

@) (b)

4

Intensity(a.u.)
Intensity(a.u.)
L

=
£

Ols
532.69¢V

Intensity(a.u.)

T T T T . -
38 36 34 32 30 28 405 400

Binding Energy(eV)

T T T T T
395 390 540 535 530 525

Binding Energy(eV)

-2

Current Density(A/cm™®)
3
o

10

(e) 1.0x10°®
9.5x107 4

< 9.0x107
8.5x107 4
8.0x107 4
7.5%x107
7.0x107

6.5x107 4

6.0x107 4

Capacitance Density(F/cm?

5.5x107

T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0
Gate Voltage(V)

5.0x107 T T
1.5 -1.0 -0.5 0.0 0.5 1.0
Gate Voltage(V)

Fig.8 (Color online) Al/Ge,ON,/Ge MOS structural characteristics: XPS spectra of the a Ge 3 d, b N 1 s, and ¢ O 1 s energy levels of the

Ge,ON, film; d I-V characteristic, and e C-V characteristic
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Fig.9 a Cox fitting curve and b density of interfacial states at differ-
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energy level (E,) ranges approximately from E_—0.29 to
E.—0.31eV.

Figure 9b shows an average interface state density of
8.4% 10" cm™2 eV~!, which indicates that it is feasible
to passivate the HPGe detector by magnetron sputtering
GeO,N, at room temperature for a lower D;. D; is
uniformly distributed at this energy level, indicating that
the amorphous states do not have obvious interface defects.
The low surface defects are confirmed by the low D;,
and the low surface leakage current is caused by the low
defects at the Ge,ON,/Ge interface. In addition, some
abnormal D;, values deviate significantly from the average,
which is attributed to the presence of amorphous GeO,N,
at the interface. This finding is consistent with previous
simulation results: as the number of nitrogen and oxygen
atoms increases, more dangling bonds of germanium are
formed, and the interface state density is further reduced.
Germanium nitrogen oxide passivation of the reported HPGe
detector achieved low leakage (~pA) and good performance

[30, 42, 43]. The interface state density and leakage current
at low temperatures should be investigated in future studies.

4 Conclusion

Based on first principles, passivation groups of Ge-H,
Ge—OH, and Ge-NH, structures were simulated to analyze
the band structure and DOS of Ge passivation. Ge—-OH
was found as the best passivation group. Furthermore,
the introduction of N atoms improved the stability of the
Ge passivation layer. Five different N/O ratios of Ge—ON,
Ge-O;N, Ge-O;N, Ge-ON,, and Ge-O,N, were used to
analyze the feasibility of HPGe passivation by Ge oxynitride
using first principles. N and O atoms lead to a reduction
in the bandgap width, and the passivation atoms directly
connected to the Ge atoms have a more significant effect.
The 4 p orbitals of Ge in the conduction band and 2 p
orbitals of O and N in the valence band interact to affect
the DOS in most systems. Considering the influence of
the bandgap width and DOS, a passivation group with a
moderate bandgap width and small interfacial state density
should be selected. A higher interface state density may
affect the passivation results of low leakage current and
threshold for the HPGe detector. Therefore, Ge-ON, with
a bandgap width of 1.568 eV and a relatively low DOS,
which is only slightly higher than that of Ge—O;N, is the
best choice.

The low interfacial state density plays a crucial role in
ensuring low leakage in the HPGe detector. To further verify
our simulation, a germanium nitrogen oxide passivation film
was prepared by magnetron RF sputtering of a germanium
single crystal to obtain a Ge/O/N atomic ratio of 2:1:2.
The I-V and C-V characteristics of the Al/Ge,ON,/Ge
MOS capacitors were measured at room temperature. The
interface state density near the valence band was calculated
by the Terman method, and the average density was
8.4x 10" cm=2 eV~!. The low number of surface defects
between the Ge,ON,/Ge surfaces was confirmed by the
low D;,. The results of capacitance and D;, indicate that
germanium oxynitride can be used as a new passivation
layer to replace silicon oxide and further reduce the leakage
current and provide long-term stability. Further detailed tests
will be conducted to determine the best performance of the
passivated layer film-like test at liquid nitrogen temperature
and to achieve the requirements of the next experimental
program for direct detection of rare events using the HPGe
detector.
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