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ABSTRACT: A joint experimental and theoretical framework for the
decoupling of boron (B) doping and stoichiometric-induced modifica-
tions to the structural properties and electronic band structure of
germanium (Ge)/AlAs(001) heterostructures is presented. The effect of
B-induced stress on nearest-neighbor Ge bonds is quantified via X-ray
diffractometry and Raman spectroscopic analysis and subsequently
interpreted through the lens of density functional perturbation theory.
Similarly, experimental determination of the energy band alignment at the
p-type Ge:B/AlAs heterointerface is understood using a density functional
theory approach to model the influence of heterointerface stoichiometry
and interatomic bonding between group IV and III−V interfacial atoms
on the valence and conduction band discontinuities. The modeled two
monolayer interatomic diffusion at the Ge/AlAs heterointerface is
confirmed via atom probe tomography analysis, demonstrating a ∼6 Å
interfacial width. These results present a unified picture of the Ge:B/AlAs(001) material system, highlighting the influence of B
on its structural and electronic properties, and provide a path for the engineering of such heterointerfaces through high
concentration dopant incorporation within the overlying Ge epilayer.

KEYWORDS: germanium, AlAs, band alignment, molecular beam epitaxy, X-ray photoelectron spectroscopy, Raman spectroscopy,
first-principles, density functional theory

■ INTRODUCTION

The high concentration in situ or ex situ doping of Si1−xGex and
Ge thin films has attracted significant research interest recently
due to its wide ranging applications in state-of-the-art
complementary metal-oxide-semiconductor (CMOS) technol-
ogy,1−3 monolithically integrated photonic and optoelectronic
devices on Si,4−7 and spintronics.8,9 Although significant effort
has been devoted toward achieving heavily doped Si1−xGex

10

and Ge11−13 materials exhibiting monocrystalline struc-
ture,14,15 high dopant activation levels,16,17 and low surface
roughness,18 little to no attention has been given to the origin
of the B-induced Ge crystal distortion that has been repeatedly
observed in practice. Moreover, as complex heterostructures
become increasingly desirable in future device technologies
owing to their unique electronic and optical properties,19 the
integration of intrinsic and doped Ge thin films on multiple
substrate platforms will be essential. Of particular interest for

the development of next-generation, Ge-based CMOS devices
is the integration of Ge thin films on large bandgap materials
such as amorphous insulators (i.e., GeOI)20,21 or crystalline,
Al-bearing III−V alloys.22−25 Consequently, understanding the
impacts of (i) incorporating dopants at high concentrations
and (ii) the heterointerface atomic bonding environment (e.g.,
Ge bound to group III vs. group IV species) on the interfacial
electronic structure of such heterostructures are of equal
importance.
In this work, we employ a joint experimental and theoretical

approach to show that the effect of B incorporation in Ge at
high concentration (NB ≈ 2−4 × 1019 cm−3, as measured via
Hall analysis) is to introduce a net tensile strain within the Ge

Received: September 19, 2019
Accepted: November 11, 2019
Published: November 11, 2019

Article

pubs.acs.org/acsaelmCite This: ACS Appl. Electron. Mater. 2019, 1, 2646−2654

© 2019 American Chemical Society 2646 DOI: 10.1021/acsaelm.9b00615
ACS Appl. Electron. Mater. 2019, 1, 2646−2654

D
ow

nl
oa

de
d 

vi
a 

V
IR

G
IN

IA
 P

O
L

Y
T

E
C

H
 I

N
ST

 S
T

A
T

E
 U

N
IV

 o
n 

Ja
nu

ar
y 

13
, 2

02
0 

at
 1

9:
23

:4
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/acsaelm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.9b00615
http://dx.doi.org/10.1021/acsaelm.9b00615


crystal. The origin of the B-induced strain stems from the
significant difference in bond length between the Ge−Ge and
Ge−B bonds, the latter of which causes a net elongation of the
former, generating the observed in-plane biaxial tensile stress.
Moreover, we empirically demonstrate an increase (decrease)
in the Ge/AlAs(001) heterointerfacial valence (conduction)
band offset of 0.26 eV (0.23 eV), the asymmetry of which
results from the coupled effects of the change in the Ge:B quasi
Fermi level and the alteration of the Ge band structure due to
the B-induced tensile strain. Subsequently, we discuss the
effects of heterointerface bonding configurations on the
empirical energy band discontinuities as modeled using density
functional theory, explicitly taking into consideration the 3d
semicore energy levels utilized experimentally. Additionally,
modeling of the interatomic diffusion is independently
validated using atom probe tomography three-dimensional
ion mapping of representative Ge:B/AlAs heterointerfaces.

■ RESULTS AND DISCUSSION
Structural Characterization of the Ge:uid/AlAs(001)

and Ge:B/AlAs(001) Heterostructures. Recent computa-
tional results26 indicate that the Ge bonding environment in
Ge/III−V heterostructures (i.e., Ge bound to group III or
group V atoms at the interface) plays a critical role in the
determination of the heterointerfacial electronic structure.
Consequently, determining the extent to which atomic
interdiffusion occurs, and thereby its likelihood of distorting
the ideal (stoichiometric) Ge/III−V interface, becomes
necessary when attempting to probe its energy band structure.
To this end, we investigated the heterointerface abruptness
between the Ge epilayer and underlying III−V substrate using
atom probe tomography (APT). The bottom-left inset of
Figure 1 highlights the reconstructed three-dimensional (3-D)

ion map of a 70 × 70 × 560 nm (conical) volume taken from a
representative Ge:B/AlAs/GaAs(001) heterostructure, nomi-
nally depicted in the top-left inset of Figure 1. Using these
data, a compositional depth profile (Figure 1) was generated,
by which the atomic interdiffusion at each heterointerface was
estimated by measuring the separation between the 90 and
10% atomic thresholds for a given ion species. From Figure 1,
the heterointerface abruptness at the Ge:B/AlAs interface was

found to be ∼6 Å, indicating that no quantifiable atomic
interdiffusion occurred beyond an initial two monolayer (ML)
diffuse region formed at the onset of Ge nucleation. This result
is partly explained by the low-temperature Ge epitaxy
conditions used herein (see Materials and Methods), which
serve to minimize As desorption from the AlAs surface prior to
and during initial Ge nucleation. It should be noted that such
As surface desorption would concomitantly leave the AlAs
surface Al (group III)-rich, thereby directly impacting the
heterointerfacial electronic structure.26 Moreover, the low Ge
growth rate utilized promotes uniform Ge surface coverage and
Frank−van der Merwe-dominated growth. Taken in tandem,
the net effect of these two processes is to reduce the likelihood
of As out-diffusion into the growing Ge epilayer, thereby
maintaining a more stoichiometric AlAs surface as well as
preserve heterointerfacial abruptness, as demonstrated in
Figure 1.
We next studied the impact of B dopant incorporation on

the structural characteristics of Ge/AlAs/GaAs(001) hetero-
structures, including Ge epilayer crystallinity and strain-state.
Figure 2a depicts the measured ω-2θ high-resolution X-ray
diffraction (HR-XRD) spectra, taken along the symmetric
(004) direction, for the as-grown Ge:uid/AlAs/GaAs(001)
(blue) and Ge:B/AlAs/GaAs(001) (red) heterostructures.
Due to the selected measurement orientation, a direct, albeit
qualitative, correlation between residual film stresses and the
Bragg angle of a given epilayer can be established. Specifically,
in-plane biaxial tension (compression) would be observed as
an increase (decrease) in the measured (004) epilayer Bragg
angle, i.e., the angle corresponding to the out-of-plane lattice
constant, a⊥, of the film. This can be interpreted as a resulting
contraction (expansion) of a⊥ due to the applied in-plane
stress and the necessary volume conservation requirement of
the crystal’s unit cell. As can be seen in Figure 2a, an upshift in
the Ge Bragg angle was indeed observed for the Ge:B/AlAs/
GaAs(001) heterostructure, as compared to the Ge:uid/AlAs/
GaAs(001) material system, indicating the presence of residual
in-plane tensile strain in the Ge:B epilayer that was not
detected in the uid Ge film.
Quantification of the Ge strain-state induced by the high B

concentration was performed by way of symmetric (004) and
asymmetric (115) reciprocal space mapping, as shown in
Figures 2b and 2c, respectively. We note that only the centroid
of each epilayer’s reciprocal lattice point (RLP), as indicated in
Figures 2b and 2c, was used throughout the strain relaxation
analysis, thereby minimizing errors introduced by the high-
degree of convolution (minimal lattice spacing differentiation)
between the Ge, AlAs, and GaAs diffraction contours.
Following the detailed procedures outlined in refs 27−30
and assuming a relaxed, cubic Ge lattice constant value of
5.658 Å,31 the measured, B-induced Ge in-plane tensile strain
was found to be 0.25 ± 0.06%. Moreover, as can be seen in
Figures 2b and 2c, despite the added tensile stress due to B
incorporation, no measurable lattice tilting, mosaicity, or
broadening of the Ge RLP was observed, indicating the
preservation of film crystallinity between the uid and B-doped
heterostructures. This is in contrast to previous investiga-
tions,14,32 wherein measurable surface roughening and
polycrystalline epilayer growth were observed in Si and Ge
films, attributable to B surface segregation and/or film
relaxation during growth. Such plastic relaxation would be
expected to occur in a strained epilayer whose thickness
exceeds the critical layer thickness, at which point defect

Figure 1. Calculated compositional profile of the reconstructed 3-D
ion map depicted by the bottom-left inset (70 × 70 × 560 nm
volume). Top-left inset shows a cross-sectional structural schematic of
the nominal Ge:B/AlAs/GaAs(001) heterostructure investigated
herein. A ∼6 Å Ge:B/AlAs interfacial width was observed.
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nucleation becomes feasible under the energy balanced model
proposed in ref.33

The strain-state of the epitaxial Ge:B layer was independ-
ently corroborated via analysis of Raman spectra that were
recorded from the surface of both as-grown heterostructures,
as shown in Figure 3a. With respect to the unstrained Ge−Ge

longitudinal optical (LO) phonon mode located at ∼300 cm−1,
the Ge:B film exhibited a wavenumber shift, Δω, of −1.20
cm−1. Employing the previously reported28,34 relation Δω =
−bε∥, where Δω is the wavenumber shift (in cm−1) and b is a
material parameter dependent on the material’s elastic
constants and vibrational properties, the empirical material
strain-state, ε∥, can be correlated with its measured Raman
wavenumber shift. Using the literature reported value of b =
415 cm−1 for Ge,28,35 the Raman-deduced Ge:B epilayer strain
was found to be 0.29 ± 0.05%, in excellent agreement with the
Ge:B strain-state as determined via X-ray diffraction analysis.
We note that although a splitting of the fundamental phonon
modes in the presence of strain is expected, the magnitude of
said strain-induced separation is below measurement sensitivity

limits, as will be expanded upon theoretically in the following
section. Moreover, additional evidence for the successful
incorporation of B into the Ge film can be provided by
identification of the local vibrational mode (LVM) associated
with the Ge−B bond within the measured Raman spectra.36 As
can be seen in Figure 3b, the Ge−B LVM was indeed observed
at ∼546 cm−1 within the measured Ge:B Raman spectra (red),
in contrast to the Ge:uid spectra (blue), which lacks this
distinct spectral signature.

Origin of Lattice Contraction in the Ge:B/AlAs(001)
System. To validate the above empirical results within a
theoretical framework, ab initio atomistic density functional
perturbation theory (DFPT) calculations were used to evaluate
the effects of strain and B incorporation within the Ge lattice
on its vibrational properties. Figure 4a (top) depicts the
calculated phonon dispersions curves for unstrained (black)
and 0.29% biaxial tensile strained (red) undoped Ge, whereas
Figure 4a (bottom) presents a magnified view of the same
within the vicinity of the Γ-point. As can be seen in Figure 4a,
biaxial tensile strain results in a splitting and downward shift of
the fundamental LO mode(s) at the Γ-point due to a reduction
in crystal symmetry. This is quantitatively presented in Table 1,
wherein a range of biaxial tensile strain (ε) values was
investigated and their corresponding downshift (and thereby
separation) with respect to unstrained Ge are tabulated. As
indicated in Table 1, for an expected strain of 0.29%, the
corresponding predicted downshift in the LO phonon mode(s)
is −1.21 and −1.42 cm−1 with the difference (0.21 cm−1) being
the magnitude of the strain-induced mode splitting. These
results are in excellent agreement with the measured Raman
wavenumber shift, Δω = 1.20 cm−1, corresponding to an
experimental Ge strain-state of 0.29%, as highlighted in Figure
3a. Moreover, the calculated downshifts in phonon frequency
reaffirm the previously stated supposition that the magnitude
of the strain-induced LO mode splitting is insufficiently large
to be quantified experimentally.
The LVM corresponding to BGe were also calculated as a

function of decreasing B concentration, achieved through
increasing simulation cell volume while maintaining one B
dopant atom per cell. Smaller cell sizes correspond to strong
elastic interactions between periodic images of the BGe dopant,
which vanish in the dilute limit. The BGe LVM frequency
converges from below as a function of cell volume; hence, the
elastic interactions between neighboring dopants tend to
soften their vibrational modes. Figure 4b depicts the BGe
oscillation mode parallel to the ⟨100⟩ direction as a function
of increasing simulation cell volume (decreasing B concen-
tration). A value of 557 cm−1 was obtained for the largest
simulation cell, which corresponded to a B concentration of

Figure 2. (a) Symmetric (004) rocking curve of the Ge:uid/AlAs/GaAs(001) (blue) and Ge:B/AlAs/GaAs(001) (red) heterostructures
highlighting the increase in the Ge Bragg angle due to tensile stress within the Ge film. (b) Symmetric (004) and (c) asymmetric (115) reciprocal
space maps of the Ge:B/AlAs/GaAs(001) heterostructure, from which a tensile strain of 0.25 ± 0.06% within the Ge:B epilayer was extracted.

Figure 3. (a) Fitted Raman spectra of the Ge:uid (blue) and Ge:B
(red) epitaxial thin films grown on AlAs/GaAs(001). The measured
wavenumber shift of −1.20 cm−1 corresponds to an in-plane, biaxial
tensile strain of 0.29 ± 0.05% within the highly B-doped Ge epilayer.
(b) Raman spectral signature of the B−Ge bond located at ω ∼ 546
cm−1 (red) as well as its absence from the recorded Ge:uid spectra
(blue).
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∼2.1 × 1020 cm−1. Given the importance of effects not
accounted for here, such as the random distribution of dopants
in physical samples, the interaction of B with other
unintentional dopants, and the temperature dependence of
the vibrational modes, the calculated LVM frequency is
considered to agree reasonably well with the experimental,
Raman-deduced result of 546 cm−1 shown in Figure 3b.
Moreover, the overestimation of the calculated LVM frequency
is also consistent with the tendency of LDA to overbind atoms.
Whereas the previous results establish the level of accuracy

of the employed methods (with respect to experiment) for the
vibrational properties of B-doped Ge, the vibrational density of
states (VDOS) of undoped and B-doped Ge were also
calculated to investigate the dependence of Ge vibrational
modes on B dopant concentration. These results are shown in

Figures 5a−d for undoped Ge, and Ge:B simulation cells
consisting of 32, 16, and 8 atoms, respectively, corresponding

to B concentrations (NB) of ∼1.5 × 1021 cm−3, ∼2.9 × 1021

cm−3, and ∼5.8 × 1021 cm−3. Given that elastic tensile strain
tends to decrease the frequency of fundamental phonon modes
(cf. Figure 4a and Table 1), the observed reduction in
frequency of the calculated modes (relative to undoped Ge, ω0
∼ 300 cm−1) is consistent with increasing tensile strain within
Ge as B concentration increases. We note that due to the large
computational cost of VDOS calculations in nonprimitive cells
(in particular, the summations over irreducible representations
of atomic displacements defined by the grid of q-points), the
calculations presented here have been restricted to smaller
simulation cells, thereby corresponding to very high concen-
trations of B. However, despite this, the qualitative relationship
observed between B dopant concentration and Ge phonon
modes depicted in Figure 5 remains clear: increasing B
concentration results in decreasing Ge phonon frequencies, as
one might expect for increasing tensile strain. In accordance
with the previously discussed experimental results, the
presented simulation results reaffirm the creation of an
effective tensile strain within Ge induced by elevated B dopant
concentrations. This strain stems from a combination of the
large mismatch between Ge−Ge and Ge−B bond lengths44

and the presence of the underlying substrate, which prevents
relaxation of the Ge lattice in the vicinity of the dopant atom.
Given that the Ge lattice is “fixed” to that of the III−V
substrate, the shortening of nearest-neighbor Ge−B bonds
leads to a net elongation of the surrounding Ge−Ge bonds,
following the assumption that B atoms are distributed roughly
homogeneously throughout the Ge film. This effect is
graphically represented in Figure S1, which shows a
representative Ge:B supercell containing a singular substitu-
tional B impurity atom and its modeled effect on local bond
lengths within the vicinity of the B impurity (see Figure S1b).
A similar, quantitative depiction can be found in Figure S2,
which demonstrates the impact of increasing B dopant
concentration on the volume expansion (and thus stress) of

Figure 4. (a) Phonon dispersion curves calculated using DFPT for
biaxially strained, undoped Ge. The magnified region highlights the
calculated downshift (and split) of the phonon dispersion near the Γ-
point resulting from the incorporation of 0.29% strain. (b) Local
vibrational modes for BGe as a function of decreasing B concentration
(increasing cell volume).

Table 1. Calculated Splitting and Shift of the Fundamental
Mode of Ge (in cm−1) as a Function of Biaxial Strain

strain, ε (%) Δω1 Δω2

0.0 0 0
0.1 −0.54 −0.59
0.15 −0.65 −0.75
0.25 −0.85 −0.99
0.28 −1.18 −1.32
0.29 −1.21 −1.42
0.30 −1.26 −1.46

Figure 5. Vibrational density of states calculated for (a) undoped Ge,
(b) NB ∼ 1.5 × 1021 cm−3, (c) NB ∼ 2.9 × 1021 cm−3, and (d) NB ∼
5.8 × 1021 cm−3. The decrease in fundamental phonon mode
frequencies observed as NB increases mirrors the expected decrease in
phonon frequencies correlated with increasing tensile strain, implying
a direct relationship between B concentration and the residual tensile
stress present in highly doped Ge:B.

ACS Applied Electronic Materials Article

DOI: 10.1021/acsaelm.9b00615
ACS Appl. Electron. Mater. 2019, 1, 2646−2654

2649

http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00615/suppl_file/el9b00615_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00615/suppl_file/el9b00615_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00615/suppl_file/el9b00615_si_001.pdf
http://dx.doi.org/10.1021/acsaelm.9b00615


nearby Ge unit cells, thereby providing a secondary perspective
in which to relate increasing B dopant density to increasing
tensile strain within the Ge film.
Empirical and Computational Ge:uid/AlAs and Ge:B/

AlAs Heterointerface Energy Band Structures. Figure 6

shows representative X-ray photoelectron spectroscopy (XPS)
spectra used in the determination of the energy band
alignment at the Ge/AlAs heterointerface for the (Figures
6a−c) Ge:uid/AlAs(001), and (Figures 6d−f) Ge:B/
AlAs(001) heterostructures. To this end, three distinct surfaces
were analyzed, including: (i) 270 nm (290 nm), bulk-like Ge
as-grown (either uid or B-doped) on AlAs/GaAs(001); (ii)
bulk-like AlAs as-grown on GaAs(001); and (iii) photo-
electron-transparent, ultrathin (∼1.5 nm) Ge as-grown on
AlAs/GaAs(001). The photoelectron transparency require-
ment stipulated in (iii) allows for direct measurement of both
Ge- and As-originating interfacial core level (CL) binding
energies (BEs) precisely at the Ge/AlAs heterointerface.
Following the well-established27,28,37 methodology of Kraut
et al.,38 the heterointerface valence band offset (ΔEV) can be
expressed as,

E E E E E

E i E i

( ) ( )

( ( ) ( ))

V Ge3d
Ge

VBM
Ge

As3d
AlAs

VBM
AlAs

Ge3d
Ge

As3d
AlAs

5/2 5/2

5/2 5/2

Δ = − − −

+ − (1)

where EGe 3d5/2
Ge and EAs 3d5/2

AlAs are the 3d5/2 CL BEs as-measured
from the Ge and AlAs bulk-like surfaces, respectively, and EVBM
is the extracted valence band maximum (VBM) BE for each
bulk-like material. Similarly, EGe 3d5/2

Ge (i) and EAs 3d5/2

AlAs (i)
represent the 3d5/2 CL BEs as-measured from each respective
material at the Ge/AlAs heterointerface (cf. Figures 6c and 6f).

EVBM was determined by linearly fitting the onset of valence
band photoemission from the background-subtracted XPS
spectra in the vicinity of the Fermi edge. Following
determination of the experimental ΔEV, the heterointerfacial
conduction band offset (ΔEC) can be calculated using,

E E E EC g
AlAs

V g
GeΔ = − Δ − (2)

where Eg
AlAs and Eg

Ge are the bandgap energies of AlAs and Ge,
respectively. To ensure the highest-possible accuracy of the
presented experimental results, the utilized Ge:B bandgap
energy (0.64 eV) takes into account the slight reduction of the
band edges due to strain, as calculated using deformation
potential theory.37

Figure 7 graphically represents the experimentally derived
flat-band energy band diagrams for the Ge:uid/AlAs(001) and

Ge:B/AlAs(001) heterostructures, respectively. As can be
found from Figure 7, the incorporation of B within the Ge
epilayer resulted in an upward shift in the heterointerfacial
ΔEV

XPS, δ(ΔEV
XPS), of 0.26 eV. Accordingly, a downshift in

ΔEC
XPS, δ(ΔEC

XPS), of 0.23 eV was determined. The observed
asymmetry in the shifts of the interfacial energy band
discontinuities likely originates from the strain (εRaman = 0.29
± 0.05%) applied to the Ge lattice via the incorporation of a
high B concentration. As a result, both the Γ- and L-valley
conduction band edges are lowered, whereas the splitting of
the light-hole (upward in energy) and heavy-hole (downward
in energy) valence bands lifts the valence band degeneracy.
When combined with the change in the Ge quasi Fermi level
due to B doping, the movement of the Ge band edges away

Figure 6. Representative XPS binding energy spectra of the (a−c)
Ge:uid/AlAs(001) and (d−f) Ge:B/AlAs(001) heterostructures used
in the determination of the empirical heterointerface valence and
conduction band offsets. Panels a−c and d−f correspond to the bulk-
like Ge (uid or B-doped) Ge 3d and valence band maximum, bulk-like
AlAs As 3d and valence band maximum, and interfacial Ge 3d and As
3d core level spectra for the Ge:uid and Ge:B heterostructures,
respectively.

Figure 7. Experimentally determined electronic band structure at the
(a) Ge:uid/AlAs(001) and (b) Ge:B/AlAs(001) heterointerfaces,
respectively. A strained Ge bandgap value of 0.64 eV, calculated using
our previously reported deformation potential framework,37 was used
in the band structure analysis of the Ge:B/AlAs(001) heterostructure.
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from their unstrained energy levels would be expected to give
rise to the observed asymmetry in δ(ΔEV

XPS) and δ(ΔEC
XPS).

A more detailed investigation into the origin of the CL BE
shifts observed in the experimental XPS spectra was performed
by way of DFT calculations of the Ge/AlAs(001) heterointer-
face involving pseudopotentials which include the n = 3 orbital
shell for As and Ge. The energies of these orbitals, relative to
the valence band maximum, were then extracted and used to
analyze the impact of heterointerface bonding configuration on
the calculated valence band offset, ΔEV

DFT(3d), as illustrated by
Table 2. As shown in Table 2, nonoctet bonding of Ge and As,
which could be expected to occur near the interface, has a
significant impact on the relative energies of their respective 3d
levels. In particular, taking the Ge contribution to ΔEint(3d)
from the average 3d energy of Ge atoms bonding to one As
atom near the interface (with As remaining in its ideal bonding
configuration) yields a peak Ge 3d orbital down-shifted 0.2 eV
lower with respect to the ideal bonding configuration for Ge.
This translates to a 0.2 eV decrease in ΔEV

DFT(3d).
Correspondingly, this has significant implications for the
measured ΔEV derived from XPS spectra, particularly in
thinner samples in which interdiffused atoms within the
vicinity of the heterointerface are likely to make a larger
contribution to the measured spectral signal. Consequently,
the local bonding configurations of heterovalent Ge:uid/
AlAs(001) and Ge:B/AlAs(001) interfaces are expected to
influence ΔEV in physical (actual) systems.
These results therefore suggest that As atoms residing in Ge

monolayers near the interface play a role in the determination
of the heterointerfacial energy band structure. Comparing the
band offsets calculated from eq 3 (see Materials and Methods)
with the measured results presented in Figures 6 and 7, good
agreement was found between the measured ΔEV

XPS of 0.49 ±
0.1 eV and ΔEV

DFT(3d) calculated supposing an interface
consisting of Ge atoms with one of their four tetrahedral bonds
coordinated with an As atom, i.e., ΔEVDFT(3d) = 0.58 eV.
Moreover, the likelihood of such an interface is buttressed by
the As-rich conditions following III−V epitaxy, which would
serve to increase the probability of interfacial Ge−As bond
formation during Ge nucleation.
Focusing next on the heterointerface consisting of B-doped

Ge, first-principles calculations show that placing a B atom in
the Ge(001) monolayer, which bonds to the interfacial
monolayer (referred to as “ML1” in Table 2), results in an
increase in the potential within the Ge region. This increase in

potential is accompanied by a corresponding increase in
separation between Ge and As 3d orbital energies relative to
the undoped case. As shown in Table 2, this results in an
increase in ΔEV

DFT(3d) of 0.14 eV − 0.26 eV when comparing a
given nearest-neighbor bonding configuration for Ge and As
atoms between the undoped and B-doped Ge systems. In
particular, taking the average Eint, Ge(3d) (Eint, As(3d)) from Ge
bonding to one As atom and three Ge (four Al) atoms results
in ΔEV

DFT(3d) = 0.84 eV, which is within 0.1 eV of the XPS-
determined ΔEV value, i.e., ΔEV

XPS = 0.75 eV, for the Ge:B/
AlAs(001) system. The effect of BGe dopants near the interface
on ΔEV is summarized in Figure 8, in which Eint, Ge(3d) is

taken from Ge atoms with a range of local bonding
configurations and then compared with the experimental
results. As can be seen from Figure 8, the results of the first-
principles modeling of the Ge/AlAs(001) heterointerface
suggest that a slightly (two monolayer) diffuse As0.25Ge0.75
interlayer is most likely to form during growth, accordingly
affecting the measured energy band structure at the interface,

Table 2. Calculated Shifts in 3d Semicore Energies with Associated Shifts in the Valence Band Offset, ΔEV
DFT(3d), of Ge/

AlAs(001) for As-Terminated AlAsa

undoped Ge BGe in ML1

(-Ge-),(-As-) ΔEVDFT(3d) δ(Eint,Ge(3d)) δ(Eint,As(3d)) δ(ΔEV
DFT(3d)) ΔEVDFT(3d) δ(EGe(3d)) δ(EAs(3d)) δ(ΔEVDFT(3d))

(4Ge),(4Al) 0.78 0.00 0.00 0.00 1.02 (+0.24) 0.00 0.00 +0.24
(3Ge,1As),(4Al) 0.58 −0.20 0.00 −0.20 0.84 (+0.26) −0.18 0.00 +0.06
(4Ge),(2Al,2Ge) 1.34 0.00 −0.56 +0.56 1.48 (+0.14) 0.00 −0.46 +0.70
(3Ge,1As,(2Al,2Ge) 1.14 −0.20 −0.56 +0.36 1.30 (+0.16) −0.18 −0.46 +0.52
(2Ge,2As),(4Al) 0.52 −0.50 0.00 −0.26
(2Ge,2As),(2Al,2Ge) 0.99 −0.50 −0.46 +0.21
(3Ge,1B),(4Al) 1.06 +0.04 0.00 +0.28

aThe (-Ge-),(-As-) column refers to nearest neighbors bonding to the Ge and As atoms near the interface, from which the contributions to
ΔEint(3d) = Eint, Ge(3d) − Eint, As(3d) are obtained. The shifts in averaged Ge (As) semicore level energies, δ(Eint, Ge(As)(3d)), are relative to the
semicore levels for ideal bonding in undoped and B-doped Ge. The shifts in valence band offsets, δ(ΔEV

DFT(3d)), are relative to those of undoped
Ge with ideal bonds (0.78 eV as calculated using DFT). For the case of B in ML1 (see text for definition), values in brackets denote changes in
ΔEV

DFT(3d) due to B doping, relative to the same nearest-neighbor bonding configuration. All units are in eV.

Figure 8. Valence band offsets, ΔEV
DFT(3d), determined from the

alignment of 3d orbital energies across the Ge/AlAs(001) interface
(see Materials and Methods for additional details). The horizontal
axis corresponds to different nearest-neighbor bonding configurations
for Ge atoms near the interface. In all cases shown here, Eint(3d) is
taken from As atoms in their ideal bonding configuration (i.e.,
bonding to four Al atoms).
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which is in excellent agreement with the ∼6 Å interdiffusion
window observed at the Ge:B/AlAs heterointerface via APT
analysis.
It is important to note that the effect of B dopants on ΔEV

will, in general, depend on B concentration. The local nature of
the 3d orbitals allows for the use of computationally
convenient simulation cells of relatively small dimensions
parallel to the interface ((2 × 2) in units of the (110) lattice
parameter) to model the interface and investigate the bonding
dependence of 3d energies. However, this results in a
correspondingly high simulated interfacial B density, with a
B−B separation of approximately 8 Å. DFT calculations
involving pseudopotentials which explicitly include only the
outer valence electrons (Z = 3, 4, 5 for Al, Ge, and As,
respectively) indicate a linear reduction in ΔEV (calculated
using the alignment of the electrostatic potential in bulk and
interfacial simulation cells) as a function of increasing B−B
separation. As the interfacial B density decreases, the Ge
potential near the interface recovers its undoped value, such
that extrapolating to zero B dopant concentration recovers the
band offset of the Ge:uid/AlAs(001) system. Thus, the
overestimation observed when comparing first-principles-
calculated and experimental results could, at least partially,
be explained by the high simulated B density (i.e., necessarily
smaller simulation cells).

■ CONCLUSIONS
In summary, a joint experimental and theoretical approach was
utilized to elucidate the formation of a 0.29 ± 0.05% biaxial
tensile in-plane strain as a result of high B dopant
incorporation (NB ≈ 2−4 × 1019 cm−3) within Ge thin films.
The impact of B incorporation on the energy band structure of
Ge/AlAs(001) heterointerfaces was similarly systematically
investigated, demonstrating an increase (decrease) in ΔEV
(ΔEC) of 0.26 eV (0.23 eV), stemming from both the change
in the Ge quasi Fermi level due to B doping as well as the
strain introduced into the Ge lattice via substitutional B
incorporation. First-principles DFT calculations of these
interfaces were then utilized to determine the extent to
which local (interfacial) bonding configuration influences the
interfacial valence band offset, revealing a minimally diffuse
interfacial region (approximately two monolayers in width)
consisting of primarily Ge−As bonding. These results were
independently corroborated via APT analysis, yielding an
interfacial width (∼6 Å) in excellent agreement with the
modeled interatomic diffusion window. This work thus
provides a comprehensive understanding of the Ge:B/AlAs
material system, thereby permitting its application toward
emergent Ge-based electronic and photonic technologies.

■ MATERIALS AND METHODS
Materials Synthesis and Characterization. For this work,

unintentionally (uid)- and B-doped epitaxial Ge thin films 270 and
290 nm thick were grown on 170 nm AlAs buffers grown on
(001)GaAs substrates that were offcut by 2° and 6°, respectively,
toward the ⟨110⟩ direction. Isolated III−V and Ge molecular beam
epitaxy (MBE) chambers, connected in situ via an ultrahigh vacuum
transfer chamber, were employed to minimize atomic interdiffusion at
the Ge/AlAs interface. Prior to growth of the Ge/AlAs hetero-
structure, both substrates were desorbed of native Ga and As oxides at
750 °C under an As2 overpressure of ∼1 × 10−5 Torr. Subsequently, a
0.25 μm GaAs homoepitaxial buffer was grown using a 650 °C growth
temperature, after which the 0.17 μm AlAs large-bandgap buffer was
immediately grown. The growth rates used in this work were 0.5 μm/

h and 0.25 μm/h for the GaAs and AlAs epilayers, respectively.
Following composite buffer growth, the substrates were gradually
cooled (5 °C/min) to 150 °C and then transferred to the Ge growth
chamber for Ge epitaxy. To this end, a low Ge growth temperature of
400 °C, and growth rate of ∼0.065 Å/s, were utilized to maintain
smooth surface morphologies and limit cross-species contamination at
the onset of and throughout the Ge growth. Solid-source, elemental B
heated to 1650 °C in a high-temperature Knudsen cell was used as the
B dopant source. In-situ reflection high-energy electron diffraction
(RHEED) was used to monitor surface reconstruction and provide
real-time feedback at all stages of growth.

High-resolution X-ray diffraction (HR-XRD) was used to
investigate the impact of B doping on the structural properties of
the Ge/AlAs/GaAs(001) heterostructures. For this purpose, triple-
axis rocking curve measurements and reciprocal space mapping were
performed using a PANalytical X-Pert Pro system equipped with a
monochromated Cu Kα (λ = 1.540598 Å) X-ray source. Following
the procedures outlined in ref 28, an experimental uncertainty of
±0.06% was ascribed to the XRD-derived strain-state of the Ge:B
epilayer. Auxiliary, independent analysis of the Ge strain-state was
performed using Raman spectra acquired in a (001) backscattering
geometry via a JY Horiba LabRam HR800 system equipped with a
514.32 nm Ar laser excitation source. We note that an experimental
uncertainty of ±0.05% was derived from the statistical deviation in the
measured Ge:B longitudinal optical phonon mode peak position. To
confirm the successful incorporation and activation of B within the as-
grown Ge:B epilayer, Hall measurements utilizing the van der Pauw
geometry were performed at 300 and 77 K, revealing a 2−4 × 1019

cm−3 carrier concentration exhibiting hole-like conduction. Similar
measurements on the Ge:uid epilayer revealed a 2−4 × 1018 cm−3

carrier concentration exhibiting electron-like conduction, as pre-
viously reported.22−25 The electronic band structure at the Ge/
AlAs(001) heterointerface was characterized using a PHI Quantera
SXM XPS system equipped with a monochromatic Al−Kα (E =
1486.7 eV) X-ray source. A low-energy electron flood gun was utilized
during spectral acquisition to compensate for photogenerated electron
loss and thereby minimize positive charge accumulation on the
sample surface. We note that all XPS spectra were recorded using a
pass energy of 26 eV and an exit angle of 45°. Fitting of the measured
spectra was performed using CasaXPS v2.3.17 utilizing a Lorentzian
convolution over a Shirley-type background and corrected with the
adventitious carbon (C 1s) binding energy of 285.0 eV. An
experimental uncertainty of ±0.04 eV was derived from the statistical
deviation in the measured Au 4f7/2 core level binding energy of a Au
standard, wherein subsequent uncertainty was estimated using a root-
sum-square approach. Lastly, investigation of the heterointerfacial
abruptness between the Ge:B and AlAs epilayers was carried out via
atom probe tomography (APT) analysis, which combines atomic
projection imaging and time-of-flight spectroscopy to reconstruct
atomically accurate three-dimensional (3-D) ion maps of selected
volumes of material. The APT measurement conditions used in this
work were optimized by cooling the sample to 50 K and reducing the
laser pulse energy to 3 pJ at a pulse frequency of 250 kHz. An average
detection rate of 0.01 ions/pulse was maintained through the analysis,
which was performed parallel to the ⟨001⟩ growth direction. The
commercially available IVAS software was used for the reconstruction
of the 3-D ion maps presented herein.

First-Principles Calculations: Phonon Modes and Vibra-
tional Properties. Atomistic density functional perturbation theory
(DFPT)39,40 calculations were performed to investigate the vibra-
tional properties of bulk Ge in the presence of strain and B dopants.
These simulations were carried out in the Quantum ESPRESSO
software suite.41 The local density approximation (LDA) to the
exchange-correlation functional is used.42 All pseudopotentials are
generated from the norm-conserving Troullier−Martins method.43

Bulk simulation cells and atomic coordinates are geometrically
optimized using a 50 Ry kinetic energy cutoff with 72 (476) k-points
used to sample the irreducible Brillouin zone for unstrained (biaxially
strained) unit cells. For phonon dispersion curves, Γ-L and Γ-X
directions were sampled with up to 50 q-points per direction, and a
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total of 588 Monkhorst−Pack44 k-points were used for summing over
electronic eigenstates when calculating phonon dispersions for
unstrained Ge. The reduced symmetry of biaxially strained Ge
translates to denser k-point meshes of 3456 k-points for calculating
phonon dispersions with similar accuracy as the unstrained case.
Simulation cells of increasing size (up to 216 atoms with xyz

dimensions (3,3,3) in units of the (100) lattice constant) were used to
calculate the dependence of the BGe local vibrational modes on B
concentration in Ge. For the largest simulation cell (216 atoms),
reciprocal space was sampled at the sole Γ point. Vibrational density
of states were obtained using dynamical matrices calculated over grids
of q-points selected to establish an optimal balance between numerical
accuracy and computational cost for simulation cells of varying sizes.
For example, a grid of 3 × 6 × 3 q-points was used for the dynamical
matrix of the 32 atom B-doped simulation cell (with xyz dimensions
(2,1,2) in units of the (100) lattice constant), while 6 × 6 × 6 q-
points were used for the 8 atom (1,1,1) simulation cell.
First-Principles Calculations: Heterointerface Energy Band

Discontinuity. A model of the interface consisting of nine Ge, nine
AlAs (oriented in the (001) direction), and two mixed monolayers
per interface was constructed to extract the semicore level energies
near the interface. By employing pseudopotentials (PPs) which
explicitly include the semicore n = 3 (3s23p63d10) atomic shell for Ge
(pseudoatomic number Z = 22) and As (Z = 23), the valence band
discontinuity can be calculated by aligning the energies (relative to
the valence band maximum) of the 3d levels in the respective bulk
supercells (EGe, As(3d)), using their difference in energy across the
interface (ΔEint(3d)),

45

E E E E(3d) (3d) (3d)V Ge As intΔ = − + Δ (3)

By taking contributions to ΔEint(3d) from different atoms
throughout the interface supercell, the effect of local bonding on
the valence band offset (through its effect on the 3d level) can be
investigated. Lastly, we note that all valence band offset calculations
presented in this work follow the PP generation methodology and
DFT exchange-correlation functional described earlier.
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