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RAPID COMMUNICATION
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The absence of an efficient light source compatible with silicon complementary metal-oxide-semiconductor technol-
ogy remains a pivotal bottleneck in integrated photonics. Recently, the hexagonal diamond phase of germanium (2H-Ge)
has emerged as a promising alternative in light of the direct nature of its bandgap, yet its light emission efficiency falls
behind that of III-V semiconductors. Here, by performing theoretical calculations using an atomistic semi-empirical pseu-
dopotential method, we systematically investigate the electronic structure and interband optical gain of [0001]-oriented 2H-
Ge nanowires (NWs). We show that quantum confinement in pure 2H-Ge NWs enables diameter-tunable bandgaps across
the infrared spectrum, but retains a pseudodirect character with weak near-band-edge optical transitions at the Brillouin
zone center. Interestingly, we demonstrate that a moderate uniaxial tensile strain can induce a conduction band inversion,
which dramatically enhances the optical gain by over two orders of magnitude and switches the dominant polarization of
the emission. We illustrate such an enhancement by correlating the gain characteristics with the energy ordering of the
active conduction band states. Our results thus provide essential theoretical guidance and optimization strategies to realize
high-performance, polarized light emitters based on 2H-Ge NWs for integrated photonic applications.

Keywords: hexagonal germanium nanowires, uniaxial strain, optical gain, electronic properties
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1. Introduction

Since silicon (Si) has achieved remarkable success in the
field of microelectronic integrated circuits, Si-based optoelec-
tronics is naturally expected to become an ideal solution for
on-chip optical interconnects. However, due to the indirect
bandgap nature, radiative transitions in Si between conduction
band electrons and valence band holes necessitate phonon as-
sistance, leading to inefficient light emission with a radiative
recombination rate typically four to five orders of magnitude
lower than that of direct bandgap semiconductors.'=3! On the
other hand, although III-V heterogeneously integrated light
sources on Si can currently meet practical application require-
ments, their incompatibility with the standard complementary
metal-oxide—semiconductor (CMOS) process remains a great
challenge.!* Therefore, the persistent pursuit of CMOS-
compatible Si-based light sources has continued for decades,
i.e., exploring avenues such as strain engineering, heterostruc-
tures, and nanostructures in Si, germanium (Ge), and their al-
loys to enhance light emission efficiency.!!0->!]

Recently, the metastable hexagonal Lonsdaleite phase
of Ge (2H-Ge), which has a direct band gap of around
0.3 eV, has been successfully synthesized experimentally

[22-29

via various methods, 1 and was shown to exhibit band-

fCorresponding author. E-mail: shan_guan@semi.ac.cn
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to-band radiative recombination and light emission in 2H-

32331 and quantum

Ge nanostructures, %31 2H-SiGe alloys,[
well heterostructures,?*! generating intense interest. Un-
fortunately, the efficiency of light emission for 2H-Ge re-
mains uncompeteable with that of III-V semiconductors due
to the weak optical transition strength in spite of a di-

[35-391 Several theoretical proposals, such as

45,46

rect band gap.

[40-44] 1 and heterostructure

alloying, strain engineering,|
band alignment,!*’! have been put forward to optimize the ma-
terial characteristics of 2H-Ge for better optical performance.
However, most of the proposals have predominantly concen-
trated on bulk 2H-Ge rather than on nanowire (NW) struc-
tures. Notably, low-dimensional nanomaterials possess phys-
ical properties distinct from their bulk counterparts because
of the presence of quantum confinement effects and inter-
faces, making them particularly favorable for optoelectronic
applications.[*8-591 Meanwhile, small-diameter 2H-Ge NWs
demonstrate enhanced stability over the cubic phase, !l which
is desirable for miniaturized device applications. Besides, ap-
plying strain is more feasible on NWs than on bulk crystals, [>?!
indicating a higher attainability and effectiveness of strain en-
gineering in low-dimensional structures. Therefore, the inves-
tigation of electronic and optical properties of 2H-Ge NWs is

urgently needed, particularly for the improvement of optical
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gain.

In this work, we address the above question by exploring
the luminescence mechanisms of 2H-Ge NWs. We first repro-
duce the electronic structures of bulk cubic diamond phase Ge
(3C-Ge) and 2H-Ge by employing the semi-empirical pseu-
dopotential method (SEPM), demonstrating the reliability of
our calculation method. We then investigate the effects of
quantum confinement for 2H-Ge NWs and demonstrate that
the band gaps can be effectively reduced with increasing di-
ameter of NWs, approaching the bulk values when the diame-
ter exceeds approximately 10 nm. We further study the optical
properties of NWs and show that the optical gain is anisotropic
and is tunable by strain. Depending on the orbital character-
istics, the energy ordering of the conduction band states func-
tioning in optical gain responds differently to the applied uni-
axial strain. Particularly, the dominant optical gain component
is switched and can be boosted by over two orders of magni-
tude at a moderate strain strength (~4%) with a rather low car-
rier concentration compared to the unstrained case. Our results
reveal strain as an effective mechanism for tuning the optical
properties of 2H-Ge NWs to achieve efficient light emission
and the associated many fascinating photonic applications.

2. Computation method

The single-particle energy levels & and wave functions
y;, corresponding to state i with spin ¢ for the NWs, are ob-
tained by solving the atomistic semi-empirical pseudopotential

Schrédinger equation: 53!

hz 2 _
(-5.7 4V wir.o)=ewtro)

where the total potential V () is constructed as a superposition
of screened atomic pseudopotentials V:

7) =Y Va(r— Rq). Q)

Here, a denotes the atom type, and R, o represents the atomic
lattice sites. The pseudopotentials V¢, which include spin-
orbit coupling effects and are fitted to experimental data for
the diamond structure, are transferable between different poly-
types.

The equation is solved numerically in a plane-wave basis.
For systems containing a large number of atoms, the folded
spectrum method P# is employed to compute electronic states
near the band gap efficiently, avoiding full matrix diagonaliza-
tion.

To assess the potential performance of NWs as light-
emitting devices, the interband optical gain g, along the x or
z direction (here the y-component is taken to be identical to the
x-component, as required by the three-fold rotation operation)

is calculated using the expression>>]

FEE P

c,v

x [fe(k) — fo(k)] 8[Ecv(k) —ho],  (3)

where n;, ¢, &, mo, and V represent the refractive index,

[(hw) =
gx"'( ) nceom 0] V

the speed of light in vacuum, the vacuum permittivity, the
free-electron mass, and the volume, respectively. The cal-
culation considers only vertical interband transitions near the
band edges, neglecting intervalley scattering and indirect op-
tical transitions involving phonon assistance. The transition
energy is E., (k) = E.(k) — E,(k), with the momentum ma-
trix element given by My’ = (Wek|py | W) for transitions
from conduction band ¢ to valence band v, where p, . stands
for x,z-component of the momentum operator p. The corre-
sponding Kane energy, which characterizes the optical transi-
tion strength, is proportional to the square of the momentum

matrix element; 5!

2 2
= ;O|bez| : “
The total Kane energy is then obtained by summing over all
polarization components:
Ey, =E}+Ey +E;. 5)

Carrier occupation is described by the Fermi—Dirac dis-
— fv(k), where the
corresponding quasi-Fermi levels are denoted as Ef. and E,,

tribution for electrons, f.(k), and holes, 1

respectively:
k) = 1
' - 1+exp (E(k) _Efc> |
kgT
1
l_fv(k:) - EfV—E(k) ) (6)
Pree\ Ter
B

where kg is the Boltzmann constant. These quasi-Fermi levels
are determined numerically at a given temperature 7 from the
conduction and valence band density of states (DOS) (D (E)
and D, (E)) obtained by counting the states within a small en-
ergy window and the prescribed carrier concentrations n and p
(under charge neutrality, n = p) via the equations

o

n= [  D.E)f(E)dE, @

Ecm

EVBM
=/

where Ecpm and Eygy denote the energies of the conduction

E)[1—- f(E)]dE ®)

band minimum (CBM) and valence band maximum (VBM),
respectively.

In the numerical evaluation of Eq. (3), the Dirac delta
function is replaced by the broadening function of L(E,, —

067303-2
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ho) = #sech(@), which provides a more physical
representation of spectral broadening than a conventional
Lorentzian lineshape.’’! A broadening parameter of y =
10 meV is used throughout this work, and all calculations are

performed at 7 = 300 K.

3. Results and discussion
3.1. Band structures for bulk 3C-Ge and 2H-Ge

Conventional 3C-Ge crystallizes in the cubic diamond
structure with space group Fd3m, exhibiting that the atomic
bilayers in the hexagonal unit cells stack along the [0001] di-
rection with an ABCABC pattern, as illustrated in Fig. 1(a). In
contrast, 2H-Ge possesses an ABAB arrangement, belonging
to the space group P63/mmec (see Fig. 1(b)). 3C-Ge is defined
by a single lattice constant ag = 5.6579 A, whereas the 2H-
Ge unit cell is characterized by the lattice parameters a and c,
along with an internal coordinate u, which for the ideal crys-
tal structure are a = 4.0007 A, ¢ = 6.5332 A, and u = 3/8,
respectively. The electronic band structures of 2H-Ge and 3C-
Ge, calculated using SEPM with spin-orbit coupling included,
are presented in Figs. 1(c) and 1(d), respectively. We see that
3C-Ge shows an indirect band gap of 0.762 eV with the CBM
located at the L point, whereas the VBM is at the I" point.
For 2H-Ge, it possesses a direct bandgap at the I point of
about 0.227 eV. One also observes that all the bands are dou-
bly degenerate due to the preserved inversion symmetry. The
calculated band structures compare well with the reported op-
tical bandgap and exhibit excellent agreement with the results
reported by Radl et al.,3”) demonstrating the validity of our
used SEPM method.

3C-Ge 2H-Ge
(a) - (b)
C (o]
B
B V3ag c
A I ku-c
A
—a

Fig. 1. Atomic bilayer stacking along the [0001] direction in the hexag-
onal unit cells of (a) 3C-Ge and (b) 2H-Ge. Calculated band structures
of the primitive cell for (c) 3C-Ge along the X—I"—-L path and (d) 2H-Ge
along the A-I'-M-L path. The VBM is set to zero. Double-group ir-
reducible representations of the band-edge states are indicated. Arrows
in (d) illustrate the transitions between the three highest valence bands
and the two lowest conduction bands in 2H-Ge, with the line thickness

indicating the relative transition strength.

Of particular relevance to the optical properties are the
band edge states. For simplicity, we label these states us-
ing the double-group irreducible representation notation of
Koster et al.,[’8 where the superscripts + and — denote even
and odd parity under inversion symmetry, respectively, and
the subscripts v and ¢ indicate valence and conduction band
character. High-symmetry points in the 2H phase are distin-
guished from those of the 3C phase by an overbar notation.
The CBM of 3C-Ge at the L valley (Lgc) folds in part into
the I” point in 2H-Ge. Strong repulsive L—L interaction splits
the states into higher and lower energy levels, with the lower
one forming the first conduction band state fgc, at 0.227 eV,
which also constitutes the CBM of 2H-Ge. The remaining
equivalent L points, together with the X points, map to the
U point along the M—L path, lying approximately two-thirds
of the way from M to L. The resulting Us, state in 2H-Ge
exhibits an energy of 0.604 eV, nearly equal to the average of
the Xs. and Lgc state energies in 3C-Ge.?359 In addition, the
I" valley of 3C-Ge, corresponding to I, becomes the sec-
ond conduction band state I'5,. in 2H-Ge, with an eigenenergy
of 0.669 eV. This energy level remains unaffected because the
inversion symmetry forbids repulsion with the VBM, which
contrasts with compound semiconductors.®¥] Regarding the
valence band, crystal field splitting and spin—orbit coupling
jointly lift the valence band degeneracy at I" in 2H-Ge, result-
ing in three distinct states: Ty, I'7,, and I'7, with energies of
0eV, —0.129 eV, and —0.457 eV, respectively. Although both
the VBM and CBM are located at the I point in 2H-Ge, in
contrast to the indirect band gap of 3C-Ge, the interband tran-
sition (I'g, to IT‘;V) remains several orders of magnitude weaker
than that of a true direct band gap semiconductor.[°%1! This
renders 2H-Ge a pseudodirect band gap material. Neverthe-
less, the interband transition between the second conduction
band state I, and the valence band states is much stronger,
implying the possibility of improving the optical properties by
band engineering.

3.2. Quantum confinement effects in 2H-Ge NW

We then investigate the quantum confinement effect on
2H-Ge by focusing on its NW structure. The inset of Fig. 2(a)
displays a structural model of a d = 4 nm 2H-Ge NW ori-
ented along the [0001] direction with a regular hexagonal
cross-section, where the diameter d is defined as the diago-
nal length of the hexagon. To eliminate in-gap surface states,
the NW is embedded in an artificial lattice-matched barrier
material that passivates the surface dangling bonds; the pas-
sivating pseudoatoms are omitted for clarity in the illustration.
Generally, surface states and defects are detrimental to emis-
sion. However, for 2H-Ge NWs, the dominant /3-type stacking
faults do not introduce states within the band gap.[%?! And the

(63

low surface recombination!®3! combined with effective passi-
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vation strategies!®4!

mitigates the surface impact. Our ideal
model thus simulates a best-case scenario, corresponding to a
high-quality 2H-Ge NW grown on a thin GaAs core using the
crystal transfer method, *?! which minimizes lattice mismatch
and strain-induced defects. This d =4 nm NW is chosen as
a representative system for studying the electronic and opti-
cal properties of 2H-Ge NWs due to its pronounced quantum
confinement and lower formation energy compared to the 3C
polytype.5!]

Figure 2(a) shows the calculated band structure near the

band gap along the I'-A path. One observes that both the
VBM and CBM reside at I" with a direct band gap of 0.885 eV.
Since the main symmetry operations are retained at I, we la-
bel the relevant conduction band states as L', I'’, and X', as
evolved from the bulk states. The valence subbands are labeled
as vi, v, v3, etc., in order of decreasing energy at the r point.
The conduction band around I'” shows an ideal parabolic s-
like band behavior with a higher dispersion than that around
I, whereas the valence band exhibits non-parabolic behavior
that is attributed to the coupling between valence subbands.

(a) 1.50 (b) 2-00pg Bk NW (c) Bulk
] - oL | 100} ] - L'tow
S\ 1.00 />\ 1.50 a D[:' 1 I'" to vy
L L AX' S\ 10-2 ] NVY
> > o ¢L towv
E" 0.50 EJJ 1.00 \-; 4 = e L' to vy
q": 3 g ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, g 10 X L' to v
M= 0 = 0.50 ) Ij’ to vy
-‘\ e 10-6 F' to vy
_— 0 ) ) ) R I to vy
I A 2 4 6 8 10 0 5.0 10.0
d (nm) d (nm)

Fig. 2. (a) Calculated band structure for a [0001]-oriented 2H-Ge NW with a diameter of d = 4 nm. The inset shows the atomistic model with
passivating pseudoatoms omitted. The evolution of energy levels (b) and the optical transition strength (total Kane energy) (c) for active band
states as a function of the d in 2H-Ge NWs. The L', I'/, and X’ states in NWs are marked by red circles, cyan squares, and green triangles,

respectively. Dashed lines show bulk counterparts.

The degree of quantum confinement effect depends on the
NW diameter, which can engineer the band edge energies and
the resulting band gap. We thus extract the energy levels of
the L/, T/, and X’ states for NWs with different diameters and
plot the results in Fig. 2(b). All energies are referenced to the
VBM of the NW at each respective diameter. We find that, as
the diameter increases, the band gap decreases, resulting in a
red shift of both absorption and emission edges in NWs. The
band gap of 2H-Ge NWs follows a power-law dependence on
diameter,*3%%) described by Exw = Epux + Cd~%, with fit-
ted parameters C = 3.726 and o = 1.270. For large diame-
ters, we see that quantum confinement becomes negligible and
the band gap approaches the bulk value. This enables tuning
of the emission energy from approximately 1.4 eV to 0.3 eV
by varying the NW diameter, covering a broad range relevant
for infrared optoelectronic applications. On the other hand, as
the diameter is reduced, these three conduction states, L/, I/,
and X', all increase, but at different rates. The energy differ-
ence AErp = E(I'’) — E(L’) remains nearly constant, indicat-
ing that the relative positions of the L’ and I"’ states cannot
be effectively tuned by size reduction alone. In contrast, the
indirect character AE)p = E(X’) — E(L") decreases with de-
creasing diameter and becomes negative for diameters below
2.4 nm. In this regime, the NW becomes an indirect band gap
semiconductor, with the X’ state lying 0.021 eV below L’ at
d=2.4nm.

The characteristic that the energy of the I'/ state remains
higher than that of L’ for different diameters indicates a pseu-
dodirect band gap nature in 2H-Ge NW. This is corroborated
by the calculated interband transition matrix elements using

Eq. (4) in Fig. 2(c). It shows the dependence of transitions
from the conduction states L’ and I"’ to the three highest va-
lence subband states v;, vo, v3 at the I point on different NW
diameters. For comparison, dashed lines indicate transitions
to the VBM in bulk 2H-Ge.
tion strength from the I'/ state to specific valence subbands

One observes that the transi-

approaches that of canonical true direct-bandgap semiconduc-
tors, e.g., 28.8 eV for GaAs, [®) exceeding transitions from the
L’ state by two to three orders of magnitude. This substantial
disparity means intrinsically low interband luminescence effi-
ciency. Consequently, the interband luminescence efficiency
is fundamentally limited by these small band edge transitions.

3.3. Optical gain for 2H-Ge NW

We next plot the DOS in Fig. 3(a), which exhibits sharp
peaks in both the valence and conduction bands within a rel-
atively low energy range. The quasi-Fermi levels can be de-
termined from the DOS and carrier concentration according to
Egs. (6) and (8) for a given temperature. Figure 3(b) presents
the quasi-Fermi levels E, and Ef, as a function of electron and
hole concentrations 7 and p, respectively, at T = 300 K under

3 is used as

zero doping conditions. Here, ng = 1 x 10'® cm™
the unit carrier concentration. In the absence of doping, where
the donor and acceptor concentrations (Ng and N,) are zero,
the general relations n = Ng 4 An and p = N, + An simplify to
n = p = An. Thus, the injected carrier concentration An dom-
inates the carrier concentrations. We see that, at An = Sny,
Ey. resides at approximately 0.864 eV, remaining below the
CBM, while Ey, lies at about 0.030 eV, above the VBM. When

the concentration increases to 20ng, E¢. reaches 0.928 eV and
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enters the conduction band, whereas Ef, shifts to —0.018 eV,
crossing the valence band. Under this condition, population
inversion is achieved, with electrons primarily occupying the
L' state at I". At An = 65ny, Ef, further increases to 1.028 eV
and Ey, decreases to —0.106 eV, leading to partial occupation
of the indirect X valley at 1.026 eV.

Having obtained the DOS along with the quasi-Fermi lev-
els for 2H-Ge NWs, we then evaluate the optical gain g(E),
which is an important parameter for measuring the perfor-
mance of a laser. The optical gain g(E) is computed using
Eq. (3), taking into account only vertical interband transitions
between the 10 lowest conduction bands and 10 highest va-
lence bands. Owing to the weak transition strength of the z-

component near the band edges, its contribution to the gain
component g, is positive yet negligible. Therefore, only the
gain spectra along the x-direction under various injected car-
rier concentrations An are presented in Fig. 3(c). Generally,
the NW obtains a positive gain component g, when the car-
rier injection concentration is about 20ng, and it continues to
be enhanced with increasing concentration. The g, spectrum
exhibits a single peak near 935 meV, originating from L’-to-v,
transition. Notably, this energy exceeds the 886 meV band gap
associated with L’-to-v; transition, which does not contribute
visibly to the gain. In larger-diameter NWs, the electron and
hole states become dense, which may lead to more complex
gain spectra featuring multiple peaks.

T T e 20 T T T T
1. ~ 1.50F ‘ 2210 60 T
1 Zg =1 % . 25| “Bel § 2000 T0n) © 15.0f = o
o - ) & 15 30ng---80ng l/ ‘K»\\ 1 = ’
> 1.00 g - g 40n9-=-90ng - o 125}
L 3 ---50mg 1 NN
.. 0.75 - g o 70 M NN = 10.0
o0 g I y =2
E 0.50 E £ g 75
0.25 s sl Vi
= o L g‘) o J fg 5.0
0 § 8 o & 2.5k
0 10 20 30 0 40 80 g 850 875 900 925 950 975 1000 0 20 40 60 80 100

DOS (102 cm—3.eV~1) Carrier concentration (ng)

Photon energy (meV)

Injected carrier concentration An (ng)

Fig. 3. (a) DOS. (b) Quasi-Fermi levels Ef, and Ey, as a function of the carrier concentrations n and p. (c) Optical gain spectra for x-components.
(d) Peak gain versus injected carrier concentration An. The diameter d of 2H-Ge N'W is set to be 4 nm. Results are obtained at 7 = 300 K and

An is given in units of np = 1 x 10'8 cm =3,

Figure 3(d) shows the peak gain g, for the z- and x-
polarization components as a function of An. g, , consistently
exceeds g, ; at any given injection level, confirming the polar-
ized nature of the emission. Compared with cubic Ge NWs,
which exhibit no positive optical gain even at injected carrier

161 dque to their indirect band structure,

densities up to 40ng
the positive gain in 2H-Ge NW emerges around An = 20ny.
Furthermore, a distinct trend is observed: the peak gain rises
with the injection electron concentration and eventually satu-
rates. This saturation, which reaches about 17 cm™! for gy at
high injection beyond 65ny, is attributed to the occupation of
indirect X’ valleys and represents a limiting factor for light-

emission efficiency.

3.4. Strain-enhanced gain spectra for 2H-Ge NW

Although light emission is achievable, the relatively high
threshold carrier concentration required for positive optical
gain and the weak emission intensity are limiting factors. This
renders small pure 2H-Ge NWs suboptimal for highly effi-
cient light-emitting applications. Strain has long been known
as an effective mechanism for tuning photoelectric properties
of semiconductors, which is particularly useful for low dimen-
sional systems thanks to the sustainability of larger strains than
their bulk crystals. Figure 4(a) illustrates the evolution of rel-
evant conduction band state energies relative to the VBM in
a d =4 nm 2H-Ge NW under uniaxial tensile strain &, ap-
plied along the [0001] direction. With increasing strain, the

states L' and I’ respond differently to strain: I/ is pulled
down while L’ is pushed up, partially due to their different
bonding characters. Band inversion between L’ and I'” occurs
just above 3% strain. Meanwhile, the X' state is insensitive to
strain, which becomes the lowest conduction state at €, from
2.2% to 3.7%, resulting in an indirect bandgap. A true direct
bandgap, with I/ as the CBM, is achieved at approximately
4% strain, which is within the experimentally available range
for low-dimensional materials.[%>%°! Such a transition implies
that a significantly-enhanced optical gain can be realized at a
relatively low carrier concentration for strained NWs.

The corresponding optical gain spectra under these strains
are shown in Fig. 4(b). The spectra clearly show that they re-
semble the unstrained case but exhibit a blue-shifted gain peak
due to the elevated L’ state at a 1% or 2% strain. At a 2% strain,
the X’ and L’ states become nearly aligned, leading to simul-
taneous carrier filling and thus a significant increase in the
carrier concentration threshold for positive gain from approxi-
mately 20ng to 35ny. At &, = 3%, carriers initially populate the
X' state prior to occupying L’ and I/, further raising the thresh-
old to about 45n( and inducing a blue shift in the gain peak.
The energy proximity between L’ and I'/ under this condition
drives the optical gain to arise predominantly from I"’-to-VBM
transitions. These transitions exhibit polarization character-
istics distinct from those associated with L. At An = 50no,
the peak gain reaches ~ 170 cm™! for the x-component and
~ 5200 cm™! for the z-component, scaling nearly linearly with
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further carrier injection. This behavior stands in stark contrast
to the L’-dominated regime, where g, > g. and peak gains
are typically limited to tens cm™!. At &, = 4%, X’ and T’ be-
come nearly equal, causing carriers to populate both states and
reducing the threshold carrier concentration to approximately
10ng. At An = 12ng, the peak gain is ~ 6400 cm~! for the
z-component, which is ~ 60-fold larger than the x-component
(~ 110 cm™1). As I'7 descends to become the CBM, transi-
tions from I’ to the valence band dominate the gain spectrum,
resulting in a red-shifted gain peak and a rapid increase in op-
tical gain with rising carrier injection. This trend continues
at a 5% strain, where a further lowering of T results in an
additional red shift and a remarkably low threshold, enabling
efficient light emission with g attaining ~ 6700 cm™! even at
An = 3ny.
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Fig. 4. (a) Strain-dependent energy evolution of conduction band states
and (b) corresponding optical gain spectra for a d = 4.0 nm 2H-Ge NW
under uniaxial strain €; along the [0001]-direction. All gain spectra are
calculated at 7 = 300 K and An is given in units of ngp = 1 x 10'8 cm =3,

For carrier concentrations of ~ 10'3-10'9 cm™3, free-
carrier absorption (FCA) losses are estimated at 500-
2000 cm~!.116:33.68.691 After accounting for these losses, the
net gain of our strain-enhanced 2H-Ge NWs still reaches sev-
eral thousand cm™!, which is sufficient for lasing. The above

discussion considers undoped NWs. In experiments, how-

ever, n-type doping of 2H-Ge is commonly employed.3!-3?]
Heavy n-type doping provides a carrier reservoir near the ac-
tive states, further lowering the lasing threshold. Nevertheless,
it also increases FCA losses and ionized impurity scattering,
which can partially offset the gain enhancement. Hence, prac-
tical device optimization requires a careful balance between

these factors.

Therefore, the gain characteristics can be directly corre-
lated with the relative energy ordering of the L', X', and I’
states. The peak gain magnitude is primarily determined by
the competition between L’ and I''. When I’ lies below or
close to L/, strong I"’-to-valence band transitions yield a high
gain with pronounced polarization g, > gy, suitable for effi-
cient light-emitting devices. Otherwise, gain is limited by
the weaker matrix elements of L’-based transitions, accom-
panied by g, > g,. The spectral position of the gain peak
corresponds to the dominant transition energy. The threshold
carrier density is strongly influenced by the indirect X’ state:
when X’ lies below or approaches the zone-center CBM in en-
ergy, whether L’ or I/, carriers preferentially or partially oc-
cupy this state, thereby raising the injection level required for
population inversion and positive gain. The mechanism eluci-
dated here is generalizable to other systems with multi-valley
bands, such as 3C-Ge, 1% GeSn alloys, 701 2H-SiGe alloys,[33]
or heterostructures’! (e.g., quantum wells, cascade lasers),
where strain engineering can induce band inversion for en-
hanced gain.

The two-to-three-order-of-magnitude enhancement in op-
tical gain triggered by band inversion is a universal feature of
2H-Ge NWs, independent of diameter. The underlying mech-
anism is that the intrinsic transition strengths associated with
the L’ and T’ states exhibit no significant variation with either
strain or diameter. Specifically, the transition strength E,, for
transitions from the L’ and I’ states to the valence band edge
states is on the order of 10°=10! eV and 103-10* eV, respec-
tively. Consequently, once the strain is sufficient to switch the
dominant transition from the L’ state to the I’ state, this mag-
nitude of gain enhancement is universally realized.

S
e -o- ID NW
w2.5¢ -& PD NW A
--- ID bulk
20FL --- PD bulk ]
4 6 8 10
d (nm)

Fig. 5. The evolution of critical strain S;F for band inversion as a func-
tion of the d in 2H-Ge NWs. Red squares and blue circles represent
the strains required for the L’ to I/ transition (PD) and for the X’ to T
transition (ID) in NWs. Dashed lines indicate the corresponding critical
strains for bulk 2H-Ge.

We further examine the size dependence of the criti-
cal optimal strain, which involves the relative magnitudes of
the pseudo-to-direct transition strain (PD) and the indirect-to-
direct transition strain (ID). Figure 5 presents the extracted
transition strains 83 (%) as a function of diameter for both
bulk and NWs of 2H-Ge. We see that, in the small-diameter
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regime (d < 7.2 nm), PD increases gradually with increas-
ing diameter, with the rate of increase slowing as the diam-
eter grows. As the diameter further increases, PD is expected
to gradually decrease and converge toward the bulk PD value
of approximately 3%. In contrast, ID decreases progressively
with increasing diameter for diameters above 4 nm, and then
converges toward the bulk ID value (below 2%). In the small-
diameter regime (d < 7.2 nm), ID consistently exceeds PD,
and thus ID is identified as the critical optimal strain. Within
the diameter range of 4-7.2 nm, ID decreases as the diameter
increases, with the maximum critical optimal strain of approx-
imately 4% occurring at d = 4 nm. For diameters larger than
7.2 nm, PD is expected to exceed ID, making PD the critical
optimal strain, with a value of approximately 3.2%. Therefore,
for 2H-Ge NWs of any diameter, the application of a uniaxial
tensile strain in the range of 3%—4% is sufficient to achieve
efficient light emission.

4. Conclusion

We point out that previous studies have demonstrated
that strain engineering in bulk 2H-Ge can induce a band in-
version between the first (I'g,) and second (I'5.) conduction
bands, transforming the material from a pseudodirect to a true
direct bandgap semiconductor.!*4%1 However, for bulk 2H-
Ge, this transition requires the application of a hydrostatic
tensile strain of approximately 6% or, alternatively, a uniax-
ial tensile strain of approximately 2% along the z-axis.*]
For NWs, the expected 3%—-4% tensile strain required for
band inversion is difficult to achieve via lattice mismatch
alone in core/shell heterostructures. Such strains are more
readily obtained through external methods such as micro-
electromechanical systems (MEMS),”!-73] piezomanipulator
tips,[7+7>! and flexible substrates.>76! In spite of the avail-
ability of such strains in an experimental setup, their long-term
reliability after device packaging remains a challenge, which
deserves a further study.

Experimental validation of our predictions will require
the synthesis of high-quality 2H-Ge NWs with controlled di-
ameters, followed by the application of uniaxial tensile strain
using MEMS or flexible substrates. ! Key experimental sig-
natures include a sharp increase and polarization switching in
photoluminescence upon band inversion, and direct measure-
ment of enhanced optical gain.!33! These observable features
will serve as a valuable guide for future experimental efforts
toward realizing efficient 2H-Ge NW-based light sources.

In conclusion, we have conducted a detailed computa-
tional study using the SEPM method to evaluate the poten-
tial of 2H-Ge NWs as efficient light sources for Si-integrated
photonics. The diameter-dependent evolution of key conduc-
tion band states, L/, I'/, X’ in unstrained [0001]-oriented 2H-
Ge NWs is revealed. Although quantum confinement enables

effective bandgap tuning across the infrared spectrum from
0.3 eV to 1.4 eV, the associated interband transitions remain
so weak that a high carrier injection is required to achieve
positive optical gain. We identify uniaxial tensile strain along
the [0001] axis as a powerful means to dramatically tailor the
band structure and optical response. As the applied strain in-
creases from 0% to 5%, the NWs undergo a sequence of tran-
sitions: from a pseudodirect gap, through an indirect gap at
~ 2% strain, to a true direct-gap semiconductor at a critical
strain of ~ 4%. Correspondingly, the gain spectrum exhibits a
characteristic blue-shift followed by a red-shift with increasing
strain, accompanied by a band inversion that occurs between
the L’ and I'”. Such a band inversion triggers a profound en-
hancement in optical gain: the peak gain increases by more
than two orders of magnitude, and the emission becomes po-
larized along the NW axis (g; > g.). These results establish
a clear strain-engineering pathway toward efficient light emis-
sion based on 2H-Ge NWs.
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