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Evidence of Trigonal Dangling Bonds at the Ge(111)/Oxide Interface
by Electrically Detected Magnetic Resonance
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Despite a renewed interest in Ge as a competitor with Si for a broad range of electronic applications, the
microstructure and the electronic properties of the dangling bonds that, in analogy with Si, are expected at
the Ge/oxide interface have escaped a firm spectroscopy observation and characterization. Clear evidence
based on contactless electrically detected magnetic resonance spectroscopy of a dangling bond at the
Ge(111)/GeO, interface is reported in this Letter. This result supports the similarity between dangling
bonds at the Si(111)/oxide and Ge(111)/oxide interfaces, both showing Cs,, trigonal point symmetry with
the main axis oriented along the (111) direction. In contrast, at the Ge(001)/oxide interface the absence of
the trigonal center in favor of a lower symmetry dangling bond marks the difference with the Si(001)/
oxide interface, where both centers are present and the one having higher point symmetry prevails. This
fact is rationalized in terms of suboxide interface rearrangement and oxide viscoelasticity, which promote
the generation of the nonaxial centers at distorted dimers. The unambiguous identification of the centers
at the Ge/oxide interfaces yields a deeper insight into the physical properties of the suboxide interface
structure and offers a valid indicator for the evaluation of different surface capping and passivation
techniques, with the potential to boost the Ge-related technology.
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In the quest for improving the performance of electronic
devices, recently germanium emerged as a candidate for
postsilicon electronic applications. These include nano-
scaled digital devices, spintronics, photonics, photovol-
taics, and optoelectronics [1-5] and rely on higher hole
mobility, long spin coherence time, and accessibility to the
direct gap. The control of electrically active defects on the
Ge surface and at the interface with oxides is critical to
exploit Ge as an active channel material for faster devices
[6] and for optoelectronic functionalities [7]. In analogy
with Si, an important role in determining Ge surface prop-
erties is played by the dangling bond (DB). Both theoreti-
cal and experimental arguments [§—10] indicate that the Ge
DB is a charge trapping center responsible for the density
of states at the interface between Ge and oxides and
possibly for the Fermi level pinning. Despite its impact,
little is known on the microstructure of the DB at the Ge/
oxide interface. In this context, solid evidence of the Ge
DB at the Ge(001)/Ge oxide interface has been recently
reported [11,12]. Electrically detected magnetic resonance
(EDMR) spectroscopy revealed a nontrigonal symmetry
of the Ge DB at the (001) oriented interface with its
elemental oxide, therein resembling a similar finding
at the (001)Si,Ge,_,/SiO, interface [13,14], which,
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however, shows a different point symmetry. The lack of
experimental evidence reporting a trigonal DB at the
Ge(001)/GeO, interface is somehow surprising. Indeed,
under thermal oxidation the Ge(001) surface is supposed
to reorganize similarly to its Si(001) counterpart, where
two different paramagnetic centers are simultaneously
present [15,16]. The more abundant DB, the P, drawn
in Fig. 1(b), is a trigonal center, whereas the other reported
DB, the P;; drawn in Fig. 1(c), is monoclinic. In the case
of the Si(111) surface, only the trigonal DB, named P,,, is
reported [see Fig. 1(a)]. In this Letter, new light is shed on
this matter by the unambiguous observation of an electri-
cally active paramagnetic center at the Ge(111)/GeO,
interface with an axial g matrix and a principal axis along
the [111] direction. Hence, a simple analysis of the role of
the suboxide asymmetric dimer in the Ge DB microstruc-
ture is envisioned, starting from a comparative EDMR
analysis of the thermally oxidized Ge(001) and Ge(111)
surfaces.

Highly resistive (nominal resistivity 48 () cm) Ge(001)
and Ge(111) monocrystal substrates were chemically
cleaned with HF dipping and then inserted in a rapid
thermal annealing apparatus for a 20-min-long vacuum
heating at 400°C in an ultrapure O, overpressure.
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FIG. 1 (color online). Schematic picture of the currently ac-
cepted dangling bond configuration at Si/SiO, surfaces [15,16]:
(a) trigonal P, center at the (111) surface and (b), (c) trigonal
Py, and nontrigonal P, respectively, both at the (001) surface.
The P,; is drawn according to the asymmetrically oxidized
dimer model of Ref. [15]. Open circles represent Si atoms, filled
circles represent O atoms, and the DB is sketched by the shaded
ellipsoid.

Compositional aspects on the Ge oxidation were assessed
by means of x-ray photoelectron spectroscopy indicating
a dominant GeO, contribution in analogy to what is
observed in the case of the Ge(001) thermal oxidation
[17]. EDMR spectroscopy was performed in contactless
mode and was specifically preferred over conventional spin
resonance, because a significantly higher sensitivity to
interface traps can be achieved by probing spin-dependent
variation in the photoconductivity due to electron-hole pair
recombination assisted by defect states [18-21]. A lock-in
technique was employed, by introducing a magnetic field
modulation. In detail, the sample was placed at the center
of a Bruker electric field cavity (ER4109EF) operating in
the X band and illuminated with a blue light-emitting diode
(A = 450 nm) through an optical window. In this position,
the sample experiences the microwave electric field com-
ponent, and, as a consequence, spin-dependent changes of
the photocurrent induce a detectable change in the cavity O
factor, allowing the identification of the electrically active
defects. The measurements were taken at the temperature
of 5 K, with a microwave frequency of about 9.2 GHz and a
7 kHz magnetic field modulation of sufficiently low am-
plitude to avoid signal distortion. Additional experimental
details can be found elsewhere [21].
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FIG. 2 (color online). (a) Angular dependence of the first
derivative-EDMR spectra of the (111)Ge/GeO, sample. The
vector B lies in the (110) plane, and the angle is referred to
the surface normal [cf. Fig. 1(a)]. After a second-order poly-
nomial background subtraction, the various spectra have been
rescaled in the abscissa to account for the small differences in
microwave frequency and normalized in intensity, for a better
visual comparison. (b), (c) Best fit of representative spectra, with
an angle between the magnetic field and the surface normal of
30° and 90°, respectively. The experimental points are the blue
dots, and the fitted spectra are the black lines. The deconvolution
of the different branches is evidenced. In (b), the [111] branch
(red line) is the last and the other (111) branches are the first and
the second, from left to right (green and yellow lines, respec-
tively). In (c), the [111] is the first and the other (111) are the
second and the third. For the references to the colors, the reader
is referred to the Web version of this Letter.

Figure 2(a) shows a collection of the spectra recorded at
different magnetic field orientations with respect to the
sample crystal axis. Best fits of representative spectra are
shown in Figs. 2(b) and 2(c). As the B field was rotated in
the (110) plane, a distinct pattern was observed. Each
spectrum was fitted with the minimal number of Voigt
lines, from which the resonant field and the linewidth of
the single components were extracted. The g factor is
calculated from the resonance condition hv = gupB,,
where v is the microwave frequency, up is the Bohr
magneton, and By is the line center position [22]. The g
factor reflects the local environment of the paramagnetic
center and carries important information about the
symmetry.

Figure 3 shows the g-matrix road map, as extracted from
the deconvolution of the EDMR spectra of Fig. 2. A well-
defined pattern is present, allowing the identification of
the main directions and principal g values. Considered the
degeneracy expected for an axial center oriented along
the (111) direction within the Ge lattice [cf. Fig. 1(a)],
the most intense branch of the g pattern is associated with
those centers having the symmetry axis parallel to the Ge
surface normal [111], depicted in red in Fig. 3. This finding
is in line with EPR data of defects at the Si(111)/SiO,
interface [23], and it is consistent with defects located at
the Ge(111)/oxide interface. Each branch can be fitted by
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FIG. 3 (color online). Angular g map of the GeO,/Ge(111)
DB observed by the contactless EDMR technique at 9.2 GHz and
5 K for B rotating in the (110) plane. The solid curves represent
the best fitting of each branch to a trigonal symmetry in center
in a Ge (diamond) crystal, yielding the principal g values g =
1.9890 * 0.0004 and g, = 2.0230 = 0.0004. The branches are
color coded as in Fig. 2.

g= ‘/gﬁcoszﬁ + g3 sin?6, where 6 is the angle between B

and the paramagnetic center axis [22]. The experimental
data reported in Fig. 3 are consistent with a Cs, point
symmetry, and g; = 1.9890 * 0.0004, g, = 2.0230 =
0.0004 with the principal axis oriented along the (111)
direction.

The g-factor principal values strongly support the
assignment to an interfacial Ge DB. Starting from a com-
parison with the well-known P,, center at the Si(111)/SiO,
interface, where simple first-order spin-orbit theory
predicts g, — gr. * A (g = 2.00232...1s the free elec-
tron g value and A is the spin-orbit coupling constant), it
can be noticed that [g; — g¢. [(GeDB)/[g| — gfe | X
(SiP,,) is well in line with the ratio Ag./Ag =
940 cm™!/142 cm™! [13,23-25]. Another solid argument
in favor of the assignment comes from the results obtained
on Ge(001) with the contactless EDMR technique, show-
ing DB activity at the Ge/oxide interface [11]. The
observed g values were in the range 1.9922-2.0238, which
is in a fairly good agreement with the present findings
(cf. Table I). The large linewidths (1-3 mT) also concur
with the previous Ge DB data [11,24,26].

TABLE I. Comparison between the g factors observed at
Ge(111)/GeO, [this work] and Ge(100)/GeO, [11] interfaces.

Interface type gl 81
Ge(111)/GeO, 1.9890(4) 2.0230(4)
Ge(001)/GeO,* 1.9922(3) 2.0238(3)

?As no clear symmetry axis could be inferred in this case, the
extremal g values are reported for comparison.

The interfacial nature of the observed DB is further
evidenced by the complete suppression of the signal
upon etching of the GeO, in deionized water. Following
the etching procedure, for short exposure to air, when the
native oxide had not enough time to grow, the signal is
absent while it is recovered for longer exposures to air [27].
As the strong anisotropy rules out the location inside the
amorphous oxide matrix, the center must be placed at the
interface.

An additional observation in support of the interfacial
DB assignment is the inhomogeneous line broadening
shown in Fig. 4, resulting from a strain-induced spread
og(6), observed mainly in g, as for the case of the Si/
oxide interface. The standard deviation of og can be
characterized by extracting the width ABS,(6) of the
Gaussian line broadening from the total width Ang(é?)
of a Voigt function [25]:

ABL(0) = 1/2ABY, + [ABG(0)P + 1/4(ABL)?, (1)

where Ang 0 =0) is taken as the homogeneous
Lorentzian width ABI’;p, assumed to be independent of 6.
og can then be obtained by fitting ABS(6) using the

formula
ABJ(0) = 2hv/g’ up)(gjcos’da, + g sin*ba, ). (2)

A fit to the data yields o, = 0.0066 = 0.0002, again
approximately Ag./Ag times larger than the value
observed for Si Pj, (o, = 0.00085) [25]. This result is
also in good agreement with previous measurements on the
Ge DB at the Si,Ge;_,/SiO, interface giving O, =
0.0074 [13].

The role of the surface orientation invokes a nontrivial
interpretation of the Ge DB nature which should be related
to the details of the oxidation process and its interplay with
the suboxide bond net. By restricting our analysis to the
DBs, it can be noticed that Si and Ge exposing the (111)
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FIG. 4 (color online). EDMR peak-to-peak linewidth Ang of
the [111] DB as a function of the angle between B and the
paramagnetic center principal axis. The solid line represents a fit
based on Eq. (2), from which the value o, = 0.0066 = 0.0002
is deduced.
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surface are quite similar, with a prominent axially sym-
metrical center due to the structural mismatch between the
crystal lattice and the amorphous oxide [cf. Fig. 1(a)]. On
the other hand, by looking at the (001) surface, the differ-
ences between oxidized Si and Ge can be rationalized in
terms of trigonal, P-like, and nontrigonal, P;,-like, cen-
ters, with the first oriented in the (111) direction and the
second tilted off [cf. Figs. 1(b) and 1(c), respectively]:
While they are both present in Si (with a prevalence of
the P;), only nontrigonal DBs can be observed in Ge. No
P,o-like has been reported in the case of Ge/oxide inter-
faces by angular resolved EPR or EDMR; nevertheless,
evidence of a trigonal Ge DB with the main axis along
the [111] direction has been found in other systems such
as weakly oxidized epitaxial porous SiygGey, [24] or
O-implanted Si-Ge alloys [28]. In the latter case, the g
values of the center depend on the Ge contents of the alloy.

It is quite well established, at least in the case of Si, that
the lower symmetry of the nontrigonal center is related to
the distortion introduced in the DB wave function by
strained bonds in the close neighborhood [15]. In turn,
the strained bond is formed upon asymmetrical oxidation
of dimer structures existing in the suboxide region.
Actually, both Si and Ge unoxidized (001) surfaces recon-
struct in dimers with a dominance of (2 X 1) periodicity.
Ge is more thermodynamically prone to form asymmetric
dimers—c(4 X 2) or p(2 X 2) reconstructions—due to
bond buckling even at room temperature [29,30], while
Si exhibits stable buckled structures only in correspon-
dence with steps and defects or at low temperatures
[31,32]. At least in the case of Si, this tendency is retained
even at the oxidized subinterface, where a transition layer
is responsible for dimer reconstruction at the buried inter-
face [33]. A similar mechanism in Ge could be responsible
for the nontrigonal structure observed at the (001) surface:
The partial subinterface reconstruction may promote the
backbond oxidation at dimer sites. The absence of the
trigonal counterpart could be tentatively explained in terms
of the surface relaxation argument. Recent results [16] on
Si(001)/SiO, assign the Py, to a DB located at a mono-
layer step with a dimerized upper part [cf. Fig. 1(b)—such
steps are always likely to occur in samples due to slight off-
axis cut and surface roughness]. This DB structure could be
mainly suppressed in Ge, because of the higher viscosity of
the GeO, [34] which allows stress relaxation without bond
breaking. At the Ge/oxide interface very low density of
interface traps is observed, indeed, in comparison to the
unpassivated Si/oxide interface.

A complementary explanation for the lack of EDMR
detection of the trigonal DB at the Ge(001) suboxide inter-
face could be related to the position of the charging levels
of this center, since it is paramagnetic only in the neutral
state [9]. Differences in the charging level scheme, asso-
ciated with the surface orientation, could reduce the
P,o-like signal, below the electrical detection threshold

[35]. However, at the moment, this hypothesis is unsup-
ported, and no orientation dependence of the electronic
levels of the suboxide traps is reported for Ge by standard
electrical characterization [10,36].

In conclusion, by exploiting the enhanced sensitivity
allowed by the electrical detection of electron paramag-
netic resonance, a trigonal dangling bond has been un-
equivocally identified at the Ge(111)/oxide interface,
with the main axis oriented along the (111) direction.
This result reveals a close similarity between the (111)-
oriented Si and Ge oxidized interfaces, both showing
the same DB microstructure. On the other hand, in the
case of the (001)-oriented surfaces Si shows the trigonal
(111)-oriented P, and the nontrigonal Py, whereas only a
nontrigonal center manifests at the Ge(001)/oxide inter-
face. In this case, the presence of a distorted dimer net in
the suboxide region could favor the lower symmetry DB,
while the occurrence of the axial counterpart could be
hampered by the higher viscosity of the oxide. The unam-
biguous identification of the center can be used to charac-
terize different surface capping and passivation techniques,
which may overcome drawbacks of the Ge-based technol-
ogy and push it beyond Si performances.
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