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ABSTRACT: Because of the high carrier mobility of
germanium (Ge) and high dielectric permittivity of amorphous
niobium pentoxide (a-Nb2O5), Ge/a-Nb2O5 heterostructures
offer several advantages for the rapidly developing field of
oxide-semiconductor-based multifunctional devices. To this
end, we investigate the growth, structural, band alignment, and
metal−insulator−semiconductor (MIS) electrical properties of
physical vapor-deposited Nb2O5 on crystallographically
oriented (100), (110), and (111)Ge epilayers. The as-
deposited Nb2O5 dielectrics were found to be in the
amorphous state, demonstrating an abrupt oxide/semiconduc-
tor heterointerface with respect to Ge, when examined via low-
and high-magnification cross-sectional transmission electron
microscopy. Additionally, variable-angle spectroscopic ellipsometry and X-ray photoelectron spectroscopy (XPS) were used to
independently determine the a-Nb2O5 band gap, yielding a direct gap value of 4.30 eV. Moreover, analysis of the heterointerfacial
energy band alignment between a-Nb2O5 and epitaxial Ge revealed valance band offsets (ΔEV) greater than 2.5 eV, following the
relation ΔEV

(111) > ΔEV
(110) > ΔEV(100). Similarly, utilizing the empirically determined a-Nb2O5 band gap, conduction band offsets

(ΔEC) greater than 0.75 eV were found, likewise following the relation ΔEC
(110) > ΔEC(100) > ΔEC(111). Leveraging the reduced ΔEC

observed at the a-Nb2O5/Ge heterointerface, we also perform the first experimental investigation into Schottky barrier height
reduction on n-Ge using a 2 nm a-Nb2O5 interlayer, resulting in a 20× increase in reverse-bias current density and improved
Ohmic behavior.

KEYWORDS: germanium, niobium oxide, band offset, X-ray photoelectron spectroscopy, metal−insulator−semiconductor

■ INTRODUCTION

Niobium oxide thin films have been the focus of several decades
of research due to their application in composite high-κ gate
dielectrics,1−3 resistive memory devices,4−6 gas- and biochem-
ical-sensors,7−11 transparent conducting oxides,12 dye-sensitized
solar cells,13,14 photodiodes and batteries,11−18 photochromatic
coatings,19−25 and as insulators in thin-film transistors,26

metal−insulator transistor-based devices,26 and metal−insula-
tor−metal capacitors.5 Among all transition metal oxides,
niobium pentoxide (Nb2O5) in particular has the highest
relative dielectric permittivity (>30) in its amorphous
state,1,12,28 which also exhibits electrochromic behavior.14

Additionally, several research efforts14,22,24,29,30 have demon-
strated the effect of divergent oxide stoichiometry on niobium
oxide conductivity, linking the complexity in polymorph variety
(i.e., cubic NbO, tetragonal, rutile, or monoclinic NbO2, and
orthorhombic, monoclinic, tetragonal, or psuedohexagonal
Nb2O5) and oxide crystallinity with macroscopic material
characteristics.12 Explicitly, the dominant niobium oxide
polymorph has been shown to contribute toward conducting
(NbO), semiconducting (NbO2), or insulating (Nb2O5)
behavior.31,32 Because of its insulating nature, Nb2O5 has

been proposed as part of a composite high-κ gate dielectric for
p-type silicon (Si) metal−oxide−semiconductor capacitors;1

however, the large oxide-trapped charge density observed in
such films resulted in highly hysteretic behavior.32−34 Despite
the large number of investigations and wide range of
applications discussed in the literature, no report exists
pertaining to the structural, chemical, or electrical properties
of niobium oxide thin films integrated on epitaxial Ge layers.
This could be due to the difficulties in controlling niobium
oxide polymorphism12 or disorder induced at the oxide/
semiconductor interface as a result of the sample preparation
technique employed, that is, laser ablation or sputter-
ing,1,28,35−40 atomic layer deposition,33,34,41 chemical vapor
deposition (CVD),2,24,27,42,43 sol−gel processing,19 or thermal
evaporation.44−47 It has been reported33 that CVD Nb2O5 films
remain amorphous below 400 °C, irrespective of substrate
material, except when deposited on polycrystalline indium−tin
oxide (ITO). During such depositions, Nb2O5 was found to
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crystallize when deposited at 265−275 °C, thus indicating that
substrate surface chemistry plays a key role in altering the
microstructural and macroscopic properties of Nb2O5 materials.
In this article, we demonstrate the microstructural, electronic

band structure, and heterointerfacial chemical properties of
physical vapor deposited (PVD) amorphous Nb2O5 (a-Nb2O5)
on epitaxial, unintentionally-doped n-type (100)Ge, (110)Ge,
and (111)Ge. Raman spectroscopy and cross-sectional trans-
mission electron microscopy (TEM) were used to verify the
amorphous nature of the as-deposited Nb2O5 as well as to
investigate the long- and short-range order uniformity of the
Nb2O5/Ge heterointerface. X-ray photoelectron spectroscopy
(XPS) was utilized in the determination of the heterointerface
energy band discontinuities at the a-Nb2O5/Ge interface.
Lastly, the electrical properties of a-Nb2O5/(100)Ge metal−
insulator−semiconductor (MIS) devices were evaluated under
three process conditions: (i) as-fabricated (i.e., unannealed)
and annealed at (ii) 250 °C and (iii) 350 °C in a forming gas
(5% H2/95% N2) ambient. Additional details regarding the
deposition conditions of the Nb2O5 films are shown in Table I.

■ RESULTS AND DISCUSSION
Material Characterization. Raman Spectroscopic Anal-

ysis. The Raman spectrum of niobium oxide has been studied
intensely by several researchers,28,48,49 including its temperature
dependence from room temperature to 300 °C as well as the
effect of quenching from 1200 °C on the crystallinity of
powdered Nb2O5. In the present work, the Raman spectra of
nominally 5 nm PVD Nb2O5 films deposited on crystallo-
graphically oriented epitaxial Ge as well as on (100)Si have
been compared, as shown in Figure 1. Because of the saturation
of the detector during spectral acquisition (30 s cumulative scan
time), a short duration acquisition (5 s cumulative scan time)
was utilized in locating the first-order Si Raman mode at 520.56
cm−1 (Figure 1 inset). Similarly, the first-order Ge Raman
mode was observed at 300 cm−1. The observed Raman signal in
the wavenumber range of 900−1000 cm−1 was due to
multiphonon second-order Raman scattering corresponding
to three, doubly degenerate transverse optical phonon modes at
the X, W, and L valleys in crystalline bulk silicon.50,51 The
expected Raman scattering due to crystalline or polycrystalline
Nb2O5 phonon modes was not observed, thereby confirming
the amorphous nature of the as-deposited Nb2O5 films.
Moreover, no dependence on substrate orientation or type
was observed in the recorded Raman spectra. Thus, for PVD
Nb2O5 deposited at room temperature on epitaxial Ge or
(100)Si, the current observation of amorphous oxide
deposition is consistent with previously reported data.1,28,43

TEM Analysis. Low- and high-magnification cross-sectional
TEM micrographs of the Nb2O5/Ge/(100)GaAs, Nb2O5/Ge/
(110)GaAs, and Nb2O5/Ge/(111)GaAs heterostructures are
shown in Figure 2a−c and d−f respectively. One can find from
Figure 2a−c that the Nb2O5 deposition exhibited long-range
relative uniformity across the Nb2O5/Ge heterointerface
independent of Ge surface orientation. This is further
reinforced via the short-range abruptness at the Nb2O5/Ge
interface observed in the high-magnification TEM micrographs
in Figure 2d−f. One can also find from Figure 2d−f that an
ultrathin (≤0.6 nm, contingent on surface orientation) GeOx
interfacial layer was unintentionally formed during the Nb2O5
deposition. The formation of such an interfacial layer could
occur due to the preferential bonding of oxygen with Ge prior
to and at the initial stages of the Nb2O5 deposition or might
arise from an O scavenging or Ge migration process through
the Nb2O5 film. The effect of oxide deposition in an O2
ambient will be elucidated via X-ray photoelectron spectrosco-
py (XPS) analysis in a latter section, which will shed further
light on the nature of the chemical bonding at the Nb2O5/Ge
interface and be used to identify whether substantial diffusion
of atomic species across the interface has occurred.

Spectroscopic Ellipsometry Analysis. A wide range of band
gap values for Nb2O5 have been reported in the literature,
ranging from 3.35 to 5.3 eV.12,23,25,44 Thus, a precise
determination of the band gap of the as-deposition a-Nb2O5
thin films will be essential in determining the conduction band
offset at the Nb2O5/Ge heterointerface and accordingly the
applicability of the Nb2O5/Ge heterojunction to novel oxide/
semiconductor functionality. To this end, wavelength and
incidence angle-dependent ellipsometry data was used to model
the thickness and optical parameters (refractive index, n, and
extinction coefficient, k) of the as-deposited Nb2O5/(100)Ge
heterostructure. Figure 3a,b shows the wavelength-dependent
absorption coefficient (α) and Tauc plot of the modeled Nb2O5
optical response, respectively. The absorption coefficient, α, can
be expressed in terms of the (direct) optical band gap energy,
Eg, as (αhν)

2 = A(hν − Eg), where A is a constant and hν is the
incident photon energy. By extrapolation of the linear emission
regime to the baseline emission, one can utilize the Tauc plot to
accurately estimate the optical band gap of a thin film. For a
fitted thickness of 4.12 nm (nominally 5 nm as targeted during

Table I. Process Parameters Employed during the
Deposition of the Nb2O5 Layers Using Physical Vapor
Deposition (PVD)a

PVD process parameter value

chamber base pressure ∼10−6 Torr
oxygen (ultrahigh purity (UHP)) flow rate 5 sccm
substrate temperature 27 °C
substrate rotational speed 5 rpm
substrate−target separation 57 cm
nominal Nb2O5 deposition rate ∼0.2 Å/s
nominal Nb2O5 thickness 2−5 nm

aAll depositions were performed at room temperature.

Figure 1. Raman spectra of the as-deposited Nb2O5 films on (100)Ge,
(110)Ge, (111)Ge, and (100)Si recorded using a cumulative scan time
of 30 s. Inset shows the first-order Si Raman mode at 520.56 cm−1 for
a scan time of 5 s.
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PVD), a band gap value of 4.3 eV was found for the Nb2O5
layer on (100)Ge. Also included in Figure 3a,b is reference
amorphous Nb2O5 ellipsometry data provided by the J.A.
Woollam company for comparison with the current results. It
should be noted that the band gap energy found is more suited
toward composite high-κ gate dielectric applications,52,53 which
will therefore require further investigation via determination of
the energy band discontinuities at the Nb2O5/Ge interface as

well as study of the electrical properties of Nb2O5/Ge metal−
insulator−semiconductor devices.

XPS Analysis: Band Alignment. In this work, X-ray
photoelectron spectroscopy (XPS) was used to evaluate the
heterojunction band offsets and independently corroborate the
Nb2O5 band gap value previously determined. This technique
combines measurement of core levels (CLs), valence band
maxima (VBM), and spectral energy loss peaks to determine
the electronic structure at the Nb2O5/Ge heterointerface. The
recorded XPS spectra provide the energy separations between
the relevant material atomic CLs (e.g., Ge 3d) and their
respective VBM, as well as the energy separation of material
CLs due to band bending at the heterointerface. Using these
binding energy (BE) separations, the heterojunction valence
band offset (ΔEV) for Nb2O5 on Ge can be determined. Figures
4−6 show the XPS spectra of the (a) Nb 3d CL (ENb 3d5/2

Nb2O5 ) and
VBM (EVBM

Nb2O5) binding energies (BEs) from 5 nm Nb2O5 on
(100)Ge, (110)Ge, (111)Ge, (b) Ge 3d (EGe 3d5/2

Ge ), and Nb 3d

(ENb 3d5/2
Nb2O5 ) CL BE spectra from the Nb2O5/Ge heterointerface

on (100)Ge, (110)Ge, (111)Ge, and (c) Ge 3d CL and VBM
(EVBM

Ge ) BEs from bulklike epitaxial (100)Ge, (110)Ge, and
(111)Ge surfaces, respectively. The symmetry and BE position
of the as-deposited niobium oxide Nb 3d5/2 and Nb 3d3/2
spectral features in (a) and (b) indicate the deposition of
stoichiometric Nb2O5.

28,30 Additionally, the measured O 1s
XPS spectra recorded from the bulklike, 5 nm Nb2O5 surfaces
were used to determine the band gap of Nb2O5 as a function of
crystallographic orientation. Following the procedures intro-
duced in refs 54−57, a linear fitting of the onset of emission
following the O 1s core level (with respect to the background
emission in said spectral region) allows for an extraction of the
oxide band gap. Such emission can be physically described as
the result of inelastic loss experienced by photogenerated
electrons excited across the oxide band gap; hence, its
applicability in the determination of oxide bandgaps. Corre-
spondingly, the experimentally derived Nb2O5 band gap values
obtained from fitting of the O 1s loss spectra are tabulated in

Figure 2. (a−c) Low-magnification cross-sectional TEM (X-TEM) micrographs of the Nb2O5/Ge/(100)GaAs, Nb2O5/Ge(110)GaAs, and N2O5/
Ge/(111)GaAs heterostructures, respectively. (d−f) High-magnification X-TEM micrographs of the Nb2O5/(100)Ge, Nb2O5/(110)Ge, and
Nb2O5/(111)Ge heterointerfaces, respectively, revealing the short-range uniformity of the Nb2O5/Ge interface as well as the formation of a
quantifiable ∼0.6 nm thick GeOx interfacial region during Nb2O5 deposition on (110)Ge.

Figure 3. (a) Experimental absorption coefficient as a function of
wavelength for a model Nb2O5 thickness of 4.12 nm, as determined by
variable-angle spectroscopic ellipsometry (VASE). (b) Tauc plot of the
fitted Nb2O5 optical data indicating a direct band gap energy of 4.3 eV.
Reference Nb2O5 optical data included for comparison.
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Table II. We note that the Nb2O5 band gap on (100)Ge, i.e.,
4.3 eV (Figure 4c), is in excellent agreement with the modeled

optical band gap determined by variable-angle spectroscopic
ellipsometry, providing further confidence in the empirical band
gap of PVD Nb2O5 used in this work.
Following the methodology introduced by Kraut et al.,58 the

valence band discontinuity at an oxide/semiconductor or
semiconductor/semiconductor interface can be expressed
as58−62

Δ = − − −

− −

E E E E E

E E

( ) ( )

( )

N

i

V Nb 3d
b O

VBM
Nb O

Ge 3d
Ge

VBM
Ge

Nb 3d
Nb O

Ge 3d
Ge

5/2
2 5 2 5

5/2
2 5

(1)

where (ENb 3d5/2
Nb2O5 − EVBM

Nb2O5), (EGe 3d
Ge − EVBM

Ge ), and (ENb 3d5/2
Nb2O5 −

EGe 3d
Ge )i are the binding energy separations corresponding to the

bulklike Nb2O5, bulklike Ge, and Nb2O5/Ge heterointerface. It
should be noted that due to the fixed energy separation

Figure 4. Representative XPS spectra of the (a) Nb 3d (ENb 3d5/2
Nb2O5 ) core level (CL) and valence band maximum (EVBM

Nb2O5) binding energies (BEs) from

5 nm Nb2O5, (b) Nb 3d and Ge 3d (EGe 3d5/2
(100)Ge) CL BEs from the Nb2O5/(100)Ge interface, (c) Ge 3d CL and VBM (EVBM

(100)Ge) BEs from (100)Ge,

and (d) O 1s CL BE and loss spectra from 5 nm Nb2O5 on (100)Ge, respectively.

Table II. Core Level and Valence Band Maxima Binding
Energy Separations and Band Offset Parameters for Nb2O5
on Epitaxial (100)Ge, (110)Ge, and (111)Ge

binding energy
separation (100)Ge (110)Ge (111)Ge

EGe 3d
Ge − EVBM

Ge 29.22 ± 0.05 29.11 ± 0.05 29.29 ± 0.05
ENb 3d5/2
Nb2O5 − EVBM

Nb2O5 204.59 ± 0.05 204.45 ± 0.05 204.59 ± 0.05

ENb 3d5/2
Nb2O5 − EGe 3d

Ge 177.97 ± 0.05 177.99 ± 0.05 177.93 ± 0.05

ΔEV (eV) 2.60 ± 0.05 2.65 ± 0.05 2.78 ± 0.05
EG
Nb2O5 (eV) 4.29 4.61 4.29

ΔEC (eV) 1.02 ± 0.1 1.29 ± 0.1 0.84 ± 0.1

Figure 5. Representative XPS spectra of the (a) Nb 3d (ENb 3d5/2
Nb2O5 ) core level (CL) and valence band maximum (EVBM

Nb2O5) binding energies (BEs) from

5 nm Nb2O5, (b) Nb 3d and Ge 3d (EGe 3d5/2
(110)Ge) CL BEs from the Nb2O5/(110)Ge interface, (c) Ge 3d CL and VBM (EVBM

(110)) BEs from (110)Ge, and

(d) O 1s CL BE and loss spectra from 5 nm Nb2O5 on (110)Ge, respectively.
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between the spin−orbit coupled Nb 3d or Ge 3d CLs, the
measured ΔEV does not depend on selection of either the 3d5/2
or 3d3/2 spectral feature. The binding energy separations
between the bulklike Nb2O5 Nb 3d CL and VBM are shown in
Figures 4a, 5a, and 6a, for the (100), (110), and (111)
orientations, respectively. Likewise, the heterointerfacial degree
of band bending, i.e., the binding energy separation between
Nb 3d and Ge 3d CLs at the Nb2O5/Ge heterointerface, are
shown in Figures 4b, 5b, and 6b. Similarly, the binding energy
separations between the bulklike epitaxial Ge 3d CL and VBM
are shown in Figures 4c, 5c, and 6c. Utilizing these data and eq
1, the corresponding experimental ΔEV at the (100), (110), and
(111) Nb2O5/Ge junctions were 2.60 ± 0.05, 2.65 ± 0.05, and
2.78 ± 0.05 eV respectively. Finally, the conduction band offset
(ΔEC) for each Nb2O5/Ge heterointerface can be calculated
from the measured ΔEV and known material bandgaps, i.e.,

Δ = − + ΔE E E EC g
Nb O

g
Ge

V
2 5

(2)

where Eg
Nb2O5 is the experimental Nb2O5 band gap and Eg

Ge is the
literature-reported band gap value for Ge (i.e., 0.67 eV). Using
eq 2, the calculated ΔEC for the (100), (110), and (111)
Nb2O5/Ge heterojunctions were 1.02 ± 0.1, 1.29 ± 0.1, and
0.84 ± 0.1 eV, respectively. For clarity, the aforementioned
results have been summarized in Table II.
As can be seen from Table II, the measured ΔEV values were

above 2.5 eV, irrespective of crystallographic orientation,
following the relation ΔEV(111) > ΔEV(110) > ΔEV

(100). Similarly,
ΔEC values greater than 0.75 eV were calculated, likewise
obeying the relation ΔEC(110) > ΔEC(100) > ΔEC(111). The influence
of crystallographic orientation on the experimental band
discontinuities is posited to be the result of: (i) differences in
Nb2O5 film quality; (ii) Ge surface reconstruction; and (iii) the
charge neutrality level at each heterointerface, all of which are
expected to vary as a function of surface orientation.59,60 Several
models have been developed, as reported in ref 60, to account
for these effects, including the aforementioned surface
reconstruction dependence on crystallographic orientation as
well as differing bond terminations60 and surface polarities (i.e.,
polar vs nonpolar surfaces).60 Indeed, a previous report59 has

shown that the surface reconstruction of epitaxial Ge is
impacted by crystallographic orientation, revealing (2 × 2), (3
× 4), and (1 × 1) reconstruction patterns on (100)Ge,
(110)Ge, and (111)Ge epilayers, respectively. Thus, the
differences in ΔEV observed in this work are likely due to the
surface orientation impact on surface reconstruction and its
subsequent effect on interfacial bonding. Moreover, although an
O2 ambient was used during deposition of the Nb2O5 films, the
low thermal energy (i.e., solely residual substrate heating during
oxide evaporation) of the system would be expected to
minimize the formation of a relatively thick GeOx interfacial
layer. As observed in Figure 2d−f, the GeOx interlayer was
observed to reach a maximum thickness of 0.6 nm on (110)Ge,
whereas the distinctly reduced GeOx thickness on (100)Ge and
(111)Ge obfuscated precise GeOx thickness determination.
Furthermore, as demonstrated in ref 58, the GeOx VBM occurs
at ∼4 eV, which is approximately 1 eV higher in binding energy
than the Nb2O5 VBM reported in this work. As a result,
minimal convolution of the GeOx and Nb2O5 valence spectra
would be expected, indicating that the GeOx interlayer will have
no observable impact on the measured band discontinuities.
Figure 7a−c illustrates the schematic band alignments for the
(100), (110), and (111) Nb2O5/Ge heterostructures, respec-
tively, whereas Figure 8 presents a summary of the band
alignment distribution (i.e., ΔEV vs ΔEC) as compared between
crystallographic orientations. Although these results indicate
that GeOx formation would have little impact on the
experimental band alignments studied here, one could expect
that the formation of a GeOx interlayer and its thermodynamic
stability (or instability) at the interface would have an
observable influence on the electrical and chemical properties
of Nb2O5/Ge heterostructures. The remaining sections will
attempt to elucidate these concepts and evaluate the electrical
characteristics of Nb2O5-based metal−insulator−semiconduc-
tor devices.

XPS Analysis: Nb2O5/Ge Intermixing. Figure 9 shows the Nb
4p and Ge 3d binding energy spectra recorded from the surface
of 5 nm Nb2O5 layers deposited on (a) (100)Ge, (b) (110)Ge,
and (c) (111)Ge. Clear evidence of Ge out-diffusion through
Nb2O5 to the oxide surface was revealed by the presence of

Figure 6. Representative XPS spectra of the (a) Nb 3d (ENb 3d5/2
Nb2O5 ) core level (CL) and valence band maximum (EVBM

Nb2O5) binding energies (BEs) from

5 nm Nb2O5, (b) Nb 3d and Ge 3d (EGe 3d5/2
(111)Ge) CL BEs from the Nb2O5/(111)Ge interface, (c) Ge 3d CL and VBM (EVBM

(111)) BEs from (111)Ge, and

(d) O 1s CL BE and loss spectra from 5 nm Nb2O5 on (111)Ge, respectively.
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GeO2-related photoemission features between 32 and 33.5 eV.
Moreover, the intensity of these features was found to be
highest on (110)Ge, indicating increased Ge out-diffusion
through the Nb2O5/(110)Ge heterostructure. This result
mirrors the increased O 1s secondary spectral feature observed
in Figure 5c, as compared to that in Figures 4c and 6c, thereby
suggesting that the larger Nb2O5 band gap on (110)Ge was a
result of increased GeO2 formation and out-diffusion and/or
the creation of a complex (Nb2O5)1−x(GeO2)x composite oxide.
Moreover, the symmetry of the Nb 3d, Nb 4p, and Ge 3d
spectral features rules out the formation of nonstoichiometric
suboxide networks in the as-deposited Nb2O5, indicating that
the formation and subsequent out-diffusion of GeO2 was due to
the O2 ambient used during deposition as opposed to the
scavenging of interfacial oxygen from Nb2O5.
Nb2O5/Ge Metal−Insulator−Semiconductor Properties:

Role of Nb2O5 Interlayer. Several transition metal oxides
have been recently proposed for use as an interfacial layer
between contact metals and the n-type Ge surface. By inserting

an ultrathin insulating layer, the evanescent coupling of the
metal wavefunction with states in the Ge band gap (i.e., the
metal-induced gap states, MIGS) can be reduced or eliminated,
thereby minimizing the Schottky barrier at the metal/
semiconductor interface and decreasing contact resistance.
Recent results have demonstrated that insertion of a heavily-
doped interfacial insulating layer with low conduction band
offsets can dramatically improve the contact resistance
associated with metal/n-Ge contacts.63,64 To this end,
insulators with low or zero conduction band offsets are
expected to facilitate Ohmic metal−insulator−semiconductor
(MIS) behavior by reducing the insulator tunneling barrier
height, thereby enhancing tunneling current. Figure 10a shows
the current density versus applied voltage (J−V) characteristics
of Au/Ti/Nb2O5/n-(100)Ge MIS devices with (□) and
without (○) the inclusion of a 2 nm Nb2O5 interlayer. The
J−V characteristics of the MIS contact utilizing the Nb2O5
interlayer showed a ∼20× increase in reverse-bias current
density as compared to that of the control Au/Ti/n-(100)Ge
structure. These results indicate that the Nb2O5 insulating layer
was effective in reducing MIGS at the Ti/n-(100)Ge interface
and sufficiently thin such that direct tunneling current was the
predominant current mechanism observed at low bias. The
asymmetry in current density between forward and reverse bias
is likely due to the large asymmetric distribution in the
measured valence and conduction band discontinuities and thus
in the forward- and reverse-bias tunneling barrier heights.
Figure 10b further elucidates the role of the 2 nm Nb2O5
interlayer in reducing the Schottky barrier of the MIS contact
to n-(100)Ge by highlighting the complete empirical band

Figure 7. Schematic flat-band energy band alignments for the (a)
Nb2O5/(100)Ge, (b) Nb2O5/(110)Ge, and (c) Nb2O5/(111)Ge
heterojunctions, as determined via XPS analysis, respectively. The
literature-reported Ge band gap value of 0.67 eV was used in this work.

Figure 8. Empirical distribution of the (a) valence band and (b)
conduction band offsets for a-Nb2O5 on crystallographically oriented
(100)Ge, (110)Ge, and (111)Ge epilayers.

Figure 9. Nb 4p and Ge 3d core level binding energy spectra from 5
nm Nb2O5 deposited on (100)Ge, (110)Ge, and (111)Ge epilayers,
revealing the formation of GeO2 and its subsequent out-diffusion
through the Nb2O5 dielectric.
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diagram of the Au/Ti/Nb2O5/n-(100)Ge structure, as
determined via XPS. Utilizing the modified Kraut methodology
for a metal/semiconductor (oxide) heterostructure, the
Schottky barrier height at the metal/semiconductor (oxide)
heterointerface can be expressed as58

Φ = − + −E E E E( ) ( )i
b Ge 3d

(100)Ge
VBM
(100)Ge bulk

g
Ge

Ge 3d
(100)Ge

5/2 5/2 (3)

where (EGe 3d5/2
(100)Ge − EVBM

(100)Ge)bulk is the Ge 3d CL and VBM BE
separation taken from the bulklike epitaxial (100)Ge surface,
Eg
Ge is the Ge band gap (0.67 eV), and (EGe 3d5/2

(100)Ge)i is the Ge 3d
CL measured at the metal/semiconductor interface. Using the
aforementioned bulklike epitaxial (100)Ge 3d CL and VBM BE
separation of 29.22 eV in conjunction with the measured Ge
3d5/2 CL BE of 29.81 eV recorded from the Au/Ti/Nb2O5/n-
(100)Ge MIS heterointerface, Φb was determined to be ∼80
meV. Table III compares these results with previously reported
MIS contact data to n-(100)Ge. As can be seen from Table III,
although increased substrate doping can be expected to
facilitate Ohmic contact behavior, the contact resistance in
Nb2O5-based MIS devices is chiefly dominated by increased
tunneling resistance due to the ∼1.0 eV conduction band offset.
Nb2O5/Ge Metal−Insulator−Semiconductor Properties:

Role of Annealing. During high-volume semiconductor
manufacturing, high-temperature annealing is often used to
recrystallize implant-damaged surfaces, activate dopants, or
sinter metal/semiconductor contact alloys. Thus, understand-
ing the impact of annealing on the MIS properties of Nb2O5-
based MIS devices is necessary to examine more thoroughly the
scope of the applicability of such devices. To this end, Au/Ti/
Nb2O5/n-(100)Ge MIS devices were annealed in a forming gas
ambient at 250 and 350 °C for 4 min. Figure 11 shows the J−V
characteristics of the as-fabricated (unannealed) devices (□)
and those annealed at 250 °C (◊) and 350 °C (△). One can

find from Figure 11 that both reverse and forward bias current
densities exhibited a dramatic reduction as a function of
increasing thermal budget. This was attributed to the reduction
of both oxide (i.e., O vacancy) and interfacial (i.e.,
uncoordinated Ge atoms) defects during annealing, resulting
in less electrically active defect states that could contribute to
conduction trap-assisted tunneling. Correspondingly, these
results indicate that thermal budget is a key parameter when
integrating Nb2O5 insulating layers on Ge and must be reduced
to maximize tunneling current density in ultrathin Nb2O5/Ge-
based heterojunctions. Moreover, these findings also suggest
that use of nonstoichiometry niobium oxides may enhance
NbOx/Ge MIS contact performance via increased trap-assisted
tunneling and therefore show enhanced low-bias current
density.

Figure 10. (a) Current density vs applied voltage characteristics for contacts to (100)n-Ge (6 × 1016 cm−3) with (□) and without (○) an Nb2O5
interlayer. (b) Experimental Au/Ti/Nb2O5/(100)Ge electronic band structure, as determined via XPS.

Table III. Comparison of Previously Reported Data for MIS Contacts to n-(100)Ge with the Findings Reported Hereina

insulator
insulator thickness

(nm)
insulator band gap

(eV)
ΔEC
(eV)

ΔEV
(eV)

Ge doping
(cm−3)

Φb
(meV)

current density increase, Joff
(V = −0.1 V) ref

Ti/n-Ge 1 × 1017 550 63
Al2O3 1 6.06 1.7 3.7 ∼1019 negligible 64
TiO2 8.8 3.5 −0.06 2.9 ∼1019 65 1200× 64
ITO 4.8 3.6 −0.19 3.13 1 × 1017 1000× 63
n+-ZnO/Al 0.7 3.25 −0.14 2.73 1 × 1017 700× 63
Nb2O5 2 4.29 1.02 2.60 6 × 1016 80 20× this study

aOnly data for optimal insulator thicknesses have been tabulated.

Figure 11. Current density vs voltage characteristics for MIS contacts
to (100) n-Ge (6 × 1016 cm−3) prior to annealing (□) and when
annealed at 250 °C (◊) and 350 °C (△).
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■ CONCLUSIONS
In summary, physical vapor deposited amorphous Nb2O5
integrated on crystallographically oriented Ge offers a new
class of oxide/semiconductor heterojunction for wide ranging
nanoelectronic applications. To this end, Raman spectroscopic
analysis was used to confirm the amorphous nature of as-
deposited Nb2O5 thin films deposited on epitaxial Ge and bulk
Si, which was further corroborated by cross-sectional trans-
mission electron microscopy (X-TEM). High-magnification X-
TEM micrographs demonstrated the long- and short-range
uniformity of the Nb2O5/Ge heterointerface and revealed the
formation of an ultrathin GeOx interlayer, which was attributed
to the O2 ambient utilized during Nb2O5 deposition. Variable-
angle spectroscopic ellipsometry (VASE) was used to
determine the optical band gap of as-deposited Nb2O5,
indicating a direct gap of 4.3 eV. X-ray photoelectron
spectroscopy (XPS) independently validated the VASE-derived
band gap via analysis of the O 1s loss spectra from thick (∼5
nm) Nb2O5 films. Moreover, XPS analysis was used to
determine the valence and conduction band offsets (ΔEV and
ΔEC) at the Nb2O5/Ge heterointerface, yielding ΔEV(111) >
ΔEV

(110) > ΔEV
(100) and ΔEC(110) > ΔEC

(100) > ΔEC
(111) relationships

for ΔEV and ΔEC, respectively. Ge out-diffusion into the
overlying Nb2O5 dielectric was observed across all investigated
Ge orientations, potentially impacting the measured Nb2O5
band gap values due to the formation of the complex Nb2O5−
GeO2 composite oxides. Lastly, leveraging the <1.0 eV ΔEC
found for all orientations, metal−insulator−semiconductor
(MIS) contacts were fabricated from Nb2O5/(100)Ge hetero-
junctions. A 20× increase in reverse-bias current density was
observed via the inclusion of an Nb2O5 interlayer between the
metal/semiconductor junction, thereby suggesting a reduction
in the metal-induced interface gap states at the Ti/n-Ge
interface and an improvement in Ohmic behavior across the
junction. Consequently, these results provide key guidance for
the development of oxide/Ge-based multifunctional devices
seeking to leverage the high carrier mobilities of Ge and highly
tunable micro- and macroscopic properties of niobium oxides.

■ MATERIALS AND METHODS
Material Synthesis. The unintentionally doped 80 nm thick Ge

epilayers investigated in this work were grown on epi-ready
(100)GaAs, (110)GaAs, and (111)A-GaAs substrates utilizing a
dual-chamber solid-source molecular beam epitaxy growth process.
Two separate growth reactors connected via an ultrahigh vacuum
transfer chamber provided in situ growth isolation between III−V and
Ge epitaxy. Substrate oxide desorption was performed in the III−V
chamber at 680, 580, and 550 °C for the (100)/6°, (110), and (111)A
GaAs substrates, respectively, under an As2 overpressure of ∼1 × 10−5

Torr. Reflection high-energy electron diffraction patterns recorded
from the sample surface during each growth step were used to provide
real-time, in situ growth process feedback. An initial 0.2 μm undoped
GaAs homoepitaxial buffer was grown following oxide desorption to
generate a smooth surface for subsequent Ge growth. Growth
temperatures of 650, 550, and 500 °C were used during GaAs
homoepitaxy to maintain an optimized atom surface mobility while
minimizing surface species desorption, thereby ensuring planar surface
morphologies during growth. Following homoepitaxial GaAs growth,
the substrate was transferred to the Ge reactor for Ge epitaxy at a
nominal substrate temperature of 400 °C. The low growth
temperature employed in this work, coupled with low growth rates
of 0.07, 0.078, and 0.1 Å/s for (100)Ge, (110)Ge, and (111)Ge,
respectively, aided in the minimization of atomic species diffusion
across the Ge/GaAs interface. After Ge epilayer growth, the
heterostructures were gradually cooled to prevent thermal-induced

stress accumulation and its subsequent relief via defect formation.
Complete details of the growth processes are reported elsewhere.59

Prior to Nb2O5 deposition, the epitaxial Ge/GaAs heterostructures
were stripped of native oxides using a 5s NH4OH/H2O2/H2O
(2:1:200) surface treatment. The 2 and 5 nm thick Nb2O5 films were
then deposited at a deposition rate of ∼0.2 Å/s, noting that the target
thickness was based on the monitored (nominal) deposition rate.
These thicknesses were selected such that (i) the 5 nm Nb2O5 will
provide a bulklike XPS signal representative of only the oxide and (ii)
the 2 nm Nb2O5 will provide XPS spectra representative of the oxide/
Ge heterointerface. Source material for the Nb2O5 deposition utilized
commercially available stoichiometric Nb2O5 powder (Alfa Aesar,
99.9% purity) uniaxially pressed into pellet targets, with subsequent
cold isostatic pressure applied to achieve a high density. The resulting
material was then sintered at 1350 °C for 2h to realize a highly dense,
high-purity ceramic target suitable for PVD use. An ultrahigh-purity
oxygen flow (flow rate ∼5 sccm) and room-temperature substrate
plate was used throughout the Nb2O5 deposition to minimize the
formation of substoichiometric niobium oxides.

Materials Characterization. The structural and interface proper-
ties of the Nb2O5/Ge heterostructures were investigated using cross-
sectional transmission electron microscopy (X-TEM) preformed on a
JEOL 2100 transmission electron microscope. Conventional mechan-
ical grinding, dimpling, and low-temperature Ar+-ion milling were used
during sample preparation of the cross-sectional electron-transparent
foils. The amorphous nature of the as-deposited Nb2O5 was further
investigated using Raman spectra acquired from a Jobin Yvon Horiba
LabRam HR800 system equipped with a 514.32 nm Ar laser excitation
source. Independent determination of the Nb2O5 band gap was
achieved using variable-angle spectroscopic ellipsometry (VASE) and
X-ray photoelectron spectroscopy (XPS). Wavelength-dependent
ellipsometry spectra (Δ and φ) were measured using a 5 nm
increment from 200 to 500 nm.

Additionally, the band alignment at the Nb2O5/Ge heterointerface
was studied using a PHI Quantera SXM XPS system equipped with a
monochromatic Al Kα (E = 1.4867 keV) X-ray source. Pass energy of
26 eV and exit angle of 45° were utilized throughout high-resolution
spectral capture. CasaXPS v2.3.14 was then used to fit the measured
core level spectra utilizing a Lorentzian peak shape convolved with a
Shirley-type background. The full width at half-maximum of each peak
was used in determining the precise value for a given core level’s
binding energy. Further, linear extrapolation of the onset of
photoemission at the Fermi edge (with respect to the measurement-
dependent background) was used in determining the valence band
maximum for each bulklike sample. Uncertainties in the range of
0.05−0.1 eV for ΔEV and ΔEC were derived using regression analysis
over the linear region of valence emission for each valence band
spectrum. As this extrapolation method is sensitive to the data selected
during the fitting process, the associated uncertainties are generally
dictated by the linearity and stability of photoemission at the Fermi
edge, as opposed to the energy resolution. Thus, the uncertainty in the
band discontinuities evaluated in this work is predominately due to the
precision of the measured spectral features. Additionally, to minimize
the effect of positive charge accumulation on the sample surfaces due
to photoelectron generation and subsequent electron loss, an in situ
electron flood gun was used to provide a continuous flow of electrons
and therefore minimize the effects of sample charging on the measured
binding energy values.

Lastly, Au/Ti/Nb2O5/(100)Ge and Al/Nb2O5/(100)Ge metal−
insulator−semiconductor (MIS) contacts were fabricated using a
negative photolithographic and lift-off process of electron beam-
evaporated Au/Ti and Al contact metals. Current−voltage character-
ization of the fabricated and annealed MIS contacts was performed
using a Keithley 4200 SCS semiconductor parametric analyzer and a
Cascade Summit 900 probe station equipped with Cascade DCM200
micromanipulators.
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