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We present a comprehensive study of buckled honeycomb germanene functionalized with alternately 
bonded side groups hydroxyl (–H), methyl (–CH3) and trifluoro methyl (–CF3). By means of most 
modern theoretical and computational methods we determine the atomic geometries versus the 
functionalizing groups. The quasiparticle excitation effects on the electronic structure are taken into 
account by means of exchange-correlation treatment within the GW framework. The Bethe–Salpeter 
equation is solved ab initio to derive optical spectra including excitonic and quasiparticle effects. Band 
edge excitons are investigated in detail. The binding properties are compared with those resulting from 
model studies. The functionalization leads to significantly modified band structures compared with 
pristine germanene. The Dirac bands near the K point are destroyed and direct gaps appear at the Γ 
point. Together with the many-body effects, quasiparticle gaps of 2.3, 1.8 or 1.0 eV result for –H, –CH3 
and –CF3 functionalization. Totally different absorption spectra are found for in-plane and out-of-plane 
light polarization. Strongly bound excitons are visible below the quasiparticle band edge with binding 
energies of about 0.5, 0.4 or 0.3 eV. The nature of these band-gap excitons is investigated via their 
wave function, the contribution of various interband combinations and the dipole selection rules.

Two-dimensional (2D) monoelemental group-IV materials beyond graphene1, the so-called Xenes, i.e. silicene, 
germanene and stanene, gained enormous interest because of their exotic properties and potential applications 
in novel electronic, optoelectronic or photovoltaic devices2–4. They have been mainly prepared by deposition 
on metal substrates5. In Xenes, a gap is opened by spin-orbit coupling (SOC) at the corner point K of the 2D 
hexagonal Brillouin zone (BZ), but it remains small2. Covalent functionalization with side groups, e.g. hydrogen 
–H, paves the way for significant tuning of their fundamental gap and, consequently, of their electronic and 
optical properties6.

A pronounced example is germanene, whose properties have been modified by many different side groups7–10, 
giving the possibility to imagine a large amount of different applications ranging from electronics to optical 
devices to solar cells to biomedical ones11. Recent investigations have shown that germanene can even be a 
promising anode material for lithium-ion batteries because of its high capacity and conductivity12,13. Unlike 
graphene, it cannot be exfoliated from bulk crystal. Its top-down synthesis is based on a chemical exfoliation of 
a Zintl phase by means of divalent ions, e.g. alkali earth metal ones Ca2+ 14. The chemical etching of the Ca2+ 
ions may lead to hydrogenated germanene, GeH2, where the Ge atoms in their buckled honeycomb arrangement 
are H-terminated in an alternating manner15,16 or even alkyl chains, e.g. methyl side groups –CH3

17, resulting 
in methyl-substituted germanene GeCH3

14,18,19. Fluorogermanene GeF is sometimes investigated20. In any case, 
the bonding to these side groups increases the tendency to a nonplanar sp3-hybridized framework of Ge atoms 
with half of the side groups pointing below and the other half above the plane of the buckled 2D Ge layer. As 
an analogue to the methyl group, other side groups such as trifluoromethyl –CF3

9 are also under discussion. 
However, the replacement of the hydrogen by fluorine atoms in the –CF3 side group leads to expect significant 
differences because fluorine has a much higher electronegativity, 4.0, than carbon, 2.6, whereas hydrogen has a 
lower electronegativity, 2.2, than carbon, but higher than germanium (2.0)21. Many other different side-groups 
can also be studied for achieving significant fine tuning of the electronic properties of germanene22

Optical properties of hydrogenated, methyl-substituted or fluorinated germanene have been studied in a 
few theory papers applying approximate19 or full many-body approaches20,23–27. In a full many-body treatment, 
the single-quasiparticle excitation aspect is taken into account within the GW framework, while the electron-
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hole interactions, the excitonic effects, are described solving the Bethe–Salpeter equation (BSE) for the two-
particle response functions28. From the experimental side, optical properties of germanane, methylgermanane 
or fluorogermanane have been investigated by different spectroscopies: fluorescence7,29, absorbance8,10,14 or 
time-resolved photoluminescence17.

Nevertheless, a clear and systematic study of the spectrally resolved optical conductivities including the 
dependence on light polarization and many-body effects, as well as the spectrum-band structure relation, are 
missing. Thermodynamic and thermoelectric studies of functionalized germanene layers are limited to the 
GeCH3 case30.

In the current manuscript we investigate the favored atomic geometries of buckled 2D germanene with 
various side groups –H, –CH3 and –CF3 and their relation to the electronic structures, the optical conductivities, 
and the electron-hole-pair excitations, the excitons. The theoretical and numerical methods used are described 
in the following section. Then the structural data are presented and discussed together with the resulting band 
structures in GW quality, whereas the optical spectra including many-body effects and the bound excitons below 
the absorption edge are described in the last section. Finally, a summary and conclusions are given.

Theoretical and numerical methods
The atomic geometries and the starting electronic structures are calculated in the framework of the density 
functional theory (DFT)31,32. We use the QUANTUM ESPRESSO package33,34 with the semilocal Perdew–
Burke–Ernzerhof (PBE) exchange-correlation (XC) functional35. The electron-ion interaction is described by 
normconserving pseudopotentials28 taking the valence s and/or p electrons of Ge, C, F and H atoms as well as 
the semicore Ge 3d electrons into account. The single-particle wave functions are expanded in plane waves up to 
a cutoff of 90 Ry. The cutoff has been carefully tested to converge the total energies. A superlattice arrangement is 
applied to simulate the isolated 2D objects with their thickness of about 2.5 Å and 25 Å vacuum in between. Two 
Ge atoms and two sidegroups –H, –CH3 and –CF3 are arranged in a lateral hexagonal unit cell in an alternating 
manner to keep the honeycomb symmetry of basal plane of the buckled germanene. The BZ sampling is 
performed with a 21×21×1 Monkhorst–Pack (MP) k-point grid centered at Γ36.

The many-body quasiparticle (QP) effects on the original Kohn-Sham (KS) band energies32 are described 
within a well-converged G0W0 treatment28. The screened Coulomb interaction is computed with a 54×54×1 
k-point grid and up to 400 empty bands. In the correlation part of the self-energy Σc we use 6000 plane waves, 
whereas in the exchange part Σx we use 30000 plane waves. The GW corrections are explicitly computed at 76 
k-points in the 2D BZ for four valence and four conduction bands. Additionally, more precise computations 
were performed at five high-symmetry points in the 2D BZ and nine valence and nine conduction bands. The 
GW corrections for arbitrary k-points and bands are finally obtained by an interpolation technique using cubic 
splines.

The calculations of the single-particle optical and dielectric properties are performed with a dense 120×
120×1 k-point mesh and 400 bands. Together with a Gaussian convolution with a broadening parameter of 
0.1 eV, this mesh gives excellent spectra within the Random Phase Approximation (RPA). The dielectric function 
tensor of the superlattice arrangement is applied to derive the tensor of the optical conductivities with the in-
plane and out-of-plane components σ∥(ω) and σ⊥(ω), respectively37. Details are given in the Supplementary 
Material, section II. The low-frequency behavior of the in-plane component is used to calculate the static 
electronic polarizability α2D as2:

 
α2D = − lim

ω→0

1

ω
Imσ∥(ω). (1)

It is determined within the independent-particle regime by means of the KS eigenvalues and eigenfunctions38 
and used to calculate the excitonic binding energies and radii within the Rytova–Keldysh model39,40.

Based on the G0W0 calculation for QP band eigenvalues and independent-particle screening of the Coulomb 
attraction, the BSE for the optical response function is solved. We apply the EXC code41, where the homogeneous 
BSE is solved within the Tamm-Dancoff approximation and with a BSE kernel containing the statically screened 
electron-hole attraction and the repulsive unscreened electron-hole exchange interaction28. The bands involved 
in the optical transitions are restricted to four occupied and four empty bands, giving excitonic spectra converged 
till 5 eV. A 54×54×1 k-point mesh is applied to obtain converged absorption spectra. The Coulomb matrix 
elements in Fourier space take 1005 reciprocal lattice vectors into account. A cutoff of the long-range Coulomb 
potential is introduced to avoid the interaction between excited particles in 2D objects in different supercells.

Structural and electronic properties
Atomic geometries
Figure 1 displays the optimized atomic structures of germanene functionalized with the side groups –H, –CH3 
and –CF3, i.e., germanane, methyl-germanane and a structurally analogue material, where the methyl group is 
substituted by the trifluoromethyl one. The point-group symmetry with the three different side groups arranged 
on the buckled honeycomb structure is slightly reduced from D3d for germanane to D3 for the more complex 
ligands. Thereby, the energy optimization leads to the high-symmetry orientation of the methyl groups. We have 
also considered lower symmetries such as the C2h group realized by the hydroxyl –OH or benzyl –C6H5 ligands. 
However, because of the resulting too small gap (–OH) or the complexity for many-body calculations (–C6H5) 
we did not further follow the functionalization with these side groups. A small gap also results for the pure –F 
side group, the fluorogermanene with D3d symmetry42.
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The structural parameters of GeH, GeCH3 and GeCF3 are listed in Table 1. For the purpose of comparison 
also characteristic lengths of clean germanene and fluorogermanene are given. The parameters of the latter 
ones are in close agreement with other DFT-PBE results2. The lattice constant a exhibits an increase from Ge 
to GeCF3 with the size of side group –H, –F, and –CF3. The largest bucklings show that the transition from 
the sp2 to the sp3 bonding fully develops for the larger ligands. A similar trend is visible for the bond lengths 
dGe−X of a Ge atom in the basal plane and the central atom X = H, F, C. The bond lengths dGe−X and dC−Y (Y 
= H, F) are in good agreement with the sum of the corresponding covalent radii rGe = 1.22 Å, rC = 0.77 Å, and 
rH = 0.32 Å21. In the cases where fluorine (rF = 0.72 Å) is involved, instead, its larger electronegativity adds 
a polar contribution to the bond and makes it stronger. Despite their bonding to the germanene basal layer, 
the tetrahedra –CH3 and –CF3 possess angles which are close to those of an ideal bonding tetrahedron with a 
tetrahedron angle of 109.47° and a dihedral one of 70.53°.

Band structures
The quasiparticle band structures of GeH, GeCH3 and GeCF3 are displayed in Fig.  2. For comparison and 
characterization of the QP effects, also the KS bands are shown. The side groups have a drastic effect on the bands 
known from the clean buckled germanene basal plane, in the region of the fundamental gap between valence and 
conduction bands2. The Dirac cones at the K points are destroyed and a huge gap of the order of 6–7 eV (in DFT) 
is there opened. In Fig. SM1 in the Supplementary Material the localization of the corresponding band states 
is illustrated. The direct gap of the functionalized germanene systems appears at the Γ point. The two highest 
valence bands form at Γ a twofold (fourfold with spin polarization) state, while still a non-degenerate (without 
spin) conduction band remains. In the GeH and GeCH3 cases also the known lower valence bands forming a 
Dirac cone near −8 eV remain, while different bands due to the side group are visible for GeCF3. However, two 
compressed Dirac cones are still visible in GeCF3 at K at approximately −6 and −8 eV. In general, the uppermost 
two Ge-derived dispersive valence bands cross below the VBM and are modified by rather dispersionless bands 
related to the side groups. Moreover, the lowest conduction band, its energy position and dispersion, remains 
similar for the three functionalized systems, especially with a pronounced conduction band second minimum at 
M above a local maximum in the highest valence band. Mainly the lower groups of valence bands are influenced 
by the –CH3 and –CF3 side groups.

Figure 2 illustrates the strength of the QP shifts. After the alignment of the GW and DFT band structures 
at the VBM, the QP effects on the valence bands related to the germanene basal planes are small. They lead, 
however, to significant shifts of the rather weakly dispersive bands derived from orbitals at the side-group atoms. 
This is especially true for the flat bands between −5 and −6 eV (−3 and −4 eV) in the GeCH3 (GeCF3) case, 
where QP shifts of the order of 1 eV toward larger binding energies are observable. The lowest germanene-related 
conduction bands show QP shifts of about 1.3 (GeH), 1.1 (GeCH3) or 0.7 (GeCF3) eV toward higher energies 
with respect to an alignment of VBM in DFT and QP approach. These shifts exhibit a wave-vector dispersion 

Material a ∆ dGe−X dC−Y ∢GeCY ∢GeGeCY

Ge 4.065 0.674 – – – –

GeH 4.074 0.735 1.552 – – –

GeF 4.291 0.589 1.767 – – –

GeCH3 4.122 0.776 1.997 1.095 110.20 76.41

GeCF3 4.439 0.619 2.060 1.351 111.44 89.38

Table 1. Structural parameters of functionalized germanene in comparison to pure germanene (Ge): 2D lattice 
constant a, buckling of Ge basal plane ∆, bond lengths dGe−X (X = H, C, F) and dC−Y (Y = H, F) (all in Å), 
bond angle ∢GeCY and dihedral angle ∢GeGeCY (all in °).

 

Fig. 1. Top and side views of germanene derivates functionalized with the side group (a) –H, (b) –CH3, and 
(c) –CF3. The Ge (C, H, F) atoms are represented by red (black, white, green) spheres of different sizes. Only 
one unit cell is displayed.
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with maximum (minimum) values near K (Γ). The average QP shifts of the lowest conduction band amount 
to 1.8, 1.8 and 1.3 eV for the three materials. In previous GW calculations similar valence bands and energy 
gaps have been observed for GeH20,23,27. Interpreting the GW shifts and the modified band widths, one has to 
take into account the chemical nature and the localization of the wave functions. In all three functionalized 2D 
crystals the uppermost three valence bands exhibit an increase of the bandwidth due to the GW shifts toward 
deeper energies, i.e. stronger binding energies. According to Fig. SM1, the corresponding mostly p-like band 
states are mainly localized in the germanene basal plane. The two lower more Ge s-like bands show, at least 
for GeCH3, an increased GW shift toward lower energies. The deeper valence bands with wave functions from 
the side groups show somewhat larger GW shifts due to their localization in or around the side groups. In all 
cases, the wave-vector dependence of the QP shifts is much larger for the lowest conduction band than for the 
uppermost valence bands.

It seems that a scissors-operator approximation28 would not be sufficiently accurate for any of the three 
functionalized germanenes. The GW shifts toward higher energies in the conduction bands depend on the band 
index and the band dispersion. This is obvious comparing the lowest conduction band with the higher ones.

The dispersion of the uppermost valence bands and lowest conduction bands in Fig. 2 show minima and 
maxima at the high-symmetry points Γ, M, and K but also on the ΓM  high-symmetry line. This fact should lead 
to van Hove singularities of different character in the interband density of states (DOS) near the QP gaps at Γ 
listed in Table 2 but also at higher energies near 4.5 (4.6, 3.7) eV on ΓM  line, 5.1 (4.5, 4.0) eV at M or 9.4 (9.3, 
7.7) eV at K for GeH (GeCH3, GeCF3). Apart from excitonic effects they will be important for understanding the 
spectral behavior of the absorption discussed below.

Band parameters: gaps and effective masses
The direct gaps Eg visible in Fig. 2 are listed in Table 2 with (QP) and without (DFT) quasiparticle corrections 
in GW approximation. In the germanane case the gap values of Eg = 1.02 eV (DFT) and Eg = 2.29 eV (QP) 
are in almost agreement with other calculations16,20,23,24,27, especially with the values in Refs.24,27. Discrepancies 
are induced by the use of the local-density approximation for XC32 in the DFT case or different approaches 
and convergence stages to compute the QP gap corrections within GW. Experimental values show somewhat 
smaller values, 1.8 eV from photothermal deflection spectroscopy but lower values in photoluminescence14,43. 
One reason for the values smaller than the GW values is related to excitonic effects, which we will discuss later 
but here illustrated by the optical gap Eg(opt). Another reason may be related to a not complete hydrogenation 
of germanene in experiments. The functionalization with –CH3 (–CF3) leads to somewhat smaller gap values in 

Material Eg     (DFT) Eg   (QP) Eg   (opt) EB

GeH 1.02 2.29 1.84 0.45

GeCH3 0.75 1.81 1.41 0.40

GeCF3 0.30 0.95 0.68 0.27

Table 2. QP and excitonic effects on the direct gaps Eg at Γ.  The exciton binding energies EB, calculated as 
the difference between the QP and the optical gap, are also listed. All energies are in eV.

 

Fig. 2. Quasiparticle GW band structures (red lines) of (a) GeH, (b) GeCH3 and (c) GeCF3 are plotted 
along high-symmetry lines in the hexagonal BZ of the underlying honeycomb lattice. For comparison also 
the corresponding DFT bands (thin black lines) are shown. The GW density of states (in arbitrary units) is 
reported in the right part of the panels. The VBM is used as energy zero and as alignment level for the band 
structures calculated within the DFT-PBE and the GW approaches.

 

Scientific Reports |        (2024) 14:25182 4| https://doi.org/10.1038/s41598-024-75620-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Table 2 compared to the effect of the –H side group. It can be observed that the gap trend is inversely related to 
that of the lattice constant, reported in Table 1.

Other electronic structure parameters as electron (hole) masses me (mh) defined by the dispersion of the 
lowest conduction and the two highest valence bands around Γ are listed in Table 3.

Only a small k-point region around Γ is chosen, of radius of 0.1 a−1
B  (with aB as the Bohr radius of a hydrogen 

atom), to make a parabolic fit to the KS bands displayed in Fig. 2. Surprisingly, we do not find a mentionable 
mass anisotropy along the directions ΓM  and ΓK  in this small surrounding around Γ. However, we have to 
mention the sensitivity of the mass sizes to the chosen fit interval. Larger surroundings around Γ tend to give 
rise to larger mass values. For the effective masses me of the electrons and light holes mlh (from the second 
valence band) we find extremely small values around 0.05 m (with m the free electron mass) or lower. The heavy 
hole masses mhh from the highest valence bands are by one order of magnitude larger. There are pronounced 
chemical trends with decreasing masses me and mlh and slightly increasing heavy-hole ones mhh along the side 
groups –H, –CH3 and –CF3.

Optical spectra and excitonic effects
Single-particle spectra and van Hove singularities
The optical properties of the freestanding 2D crystals, here the chemically functionalized germanene sheets, are 
ruled by the optical conductivity tensor for light polarization parallel or perpendicular to the basal plane37. Its 
relation to the frequency-dependent dielectric tensor of the superlattice arrangement of the 2D crystals is given 
in Eqs. (SM1) and (SM2) in the Supplemental Material. The real and imaginary parts of the frequency-dependent 
conductivity are displayed in Fig. 3. They have been calculated within the independent-particle approximation38, 
also called random phase approximation, i.e. without excitonic and quasiparticle effects, and illustrate the optical 
absorption and dielectric properties for in-plane and out-of-plane light polarization in a wide range of photon 
energies ℏω. The real parts clearly show the absorption edges, which are given by the DFT band gaps in Table 2 
at least for in-plane polarization. The corresponding spectra for out-of-plane polarization are shifted to higher 
photon energies, because of local-field effects discussed elsewhere37,44,45 and especially the low-energy optical 
transitions of π → π∗ character, which are almost forbidden for perpendicular polarization.

The σ∥(ω) spectra in Fig. 3 exhibit spectral features, e.g. peak structures, near the van Hove singularities 
already discussed in the paragraph on the electronic properties. The lowest-energy major peaks in the in-plane 
absorption spectra Reσ∥(ω) are located at a position slightly below ℏω = 4 eV independent of the side group. 
The main contributions are due to transitions near the M point and on the ΓM  line indicated by the pronounced 
minimum in the lowest conduction band. Transitions at Γ from the highest valence bands into the second and 
higher conduction bands in the same energy range possess a low oscillator strength because of the germanene-
derived character of the valence bands but the localization of the conduction states at the side groups. The 
next peak somewhat below ℏω = 8 eV is mainly due to transitions around K between states related to the side 
groups. In the case of the out-of-plane polarization the absorption edge is significantly blueshifted to photon 
energies above ℏω = 4 eV, even in the RPA spectra. These shifted spectra show van Hove singularities in the 
higher energy range. The peak intensities in σ⊥(ω) are of the same order of magnitude as in σ∥(ω) as in the 
case of other 2D crystals38. Near the singularities in the absorption spectra, the imaginary parts of the optical 
conductivities exhibit zeros. They are most pronounced in Imσ⊥(ω) for GeH and GeCH3, indicating strong 
plasmon-like excitations in the resulting energy loss functions (not shown). Independent of the side group, all 
these spectra emerge with negative values linearly increasing to vanishing values for vanishing frequencies. Their 
linear behavior allows to extract the static electronic polarizability α2D from Eq. (1). The resulting values are 
listed in Table 3. They are in the range of other 2D materials with similar gaps29 but are smaller than for Xenes 
with extremely small gaps2,46. Indeed, an analytical model gives α2D = 2e2/(3πEg)2 and, consequently with the 
DFT gaps in Table 2, α2D =3.00 Å (GeH), 4.05 Å (GeCH3), and 10.28 Å (GeCF3). These values are close to the 
ab initio estimated ones in Table 3.

Many-body effects on absorption spectra
The effects of the quasiparticle shifts in the GW framework and the excitonic effects considered solving the BSE 
for the optical response function are illustrated in the Supplemental Material in Fig. SM2 for the real part of the 
optical conductivity σ∥(ω) with in-plane light polarization.

Material me (m) mhh (m) mlh (m) α2D (Å) Emod
B  (eV) rmod

exc  (Å) EB  (eV) rexc (Å)

GeH 0.051 0.508 0.050 3.64 0.46/0.45 20.7/21.7 0.45 15.9

GeCH3 0.045 0.555 0.044 4.73 0.38/0.37 24.6/25.5 0.40 16.7

GeCF3 0.028 0.663 0.029 8.27 0.23/0.22 40.0/40.8 0.27 18.5

Table 3. Electronic structure parameters as electron (me), heavy hole (mhh) and light hole (mlh) masses 
around Γ, in units of the free-electron mass m, the static electronic polarizability α2D of the 2D system, 
the resulting excitonic parameters Emod

B  and rmod
exc  as well as the ab initio calculated binding energy EB 

of the lowest-energy bound exciton and its in-plane radius rexc.  The first values of Emod
B  and rmod

exc  have 
been computed with the heavy hole mass mhh, while the second ones account for an arithmetic average 
(mhh +mlh)/2 of the two hole masses.
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In general, one observes similar qualitative effects as found for other 2D systems2,23,47. As already mentioned, 
the optical response functions calculated within the independent-particle approximation, here called RPA, 
where only Kohn-Sham eigenvalues and eigenfunctions of the DFT are used, exhibit low-energy absorption 
edges and the occurrence of van Hove singularities at higher energies with pronounced peaks around ℏω = 3 eV, 
mainly due to transitions near M and the ΓM  line of the Brillouin zone.

The quasiparticle effects treated within the GW approximation give rise to general blue shifts of the entire 
spectrum by about 1.5–2.0 eV for GeH and GeCH3 or 1.0–1.5 eV for GeCF3. However, the effect on the lineshape 
remains small. Including the excitonic effects there is a tendency for a somewhat smaller redshift with the 
tendency to recovering the peak positions in the RPA spectra. The inclusion of excitonic effects is accompanied 
by an increase of the oscillator strengths and, hence, the formation of strong peaks at the absorption edges, which 
will be discussed below.

The many-body effects are most important for the position and the lineshape of the absorption edges. The 
results of the solution of the homogeneous BSE based on quasiparticle eigenvalues in GW quality and KS wave 
functions are plotted in Fig.  4a. Again the strong blue shifts of the edges for out-of-plane light polarization 
compared to those for in-plane light polarization are visible, together with a large reduction of the intensity of 
the out-of-plane component due to local-field effects. Most important, however, is the appearance of optical 
absorption by bound excitons with two-particle excitation energies below the QP gaps Eg(QP). Its position 
can be interpreted as optical gap Eg(opt) of the corresponding 2D material. The difference of the two gaps 
EB = Eg(QP)− Eg(opt) delivers the characteristic binding energy EB of the lowest-energy bound excitons 
below the QP absorption edge. All these values are also listed in Table 2. The complete set of bound excitonic 
states is listed in the Supplementary Material in Table SMI.

For germanane GeH our results are in excellent agreement with the GW+BSE studies of27 who report 
Eg(opt) =  1.87  eV and EB =  0.56  eV, whereas other studies deliver values fluctuating around ours with 
Eg(opt) = 2.06, 1.8, 1.45 eV and EB = 0.75, 0.6, 0.92 eV20,23,24. The gap values and the binding energies for 

Fig. 3. Single particle calculation: real part (left panels) and imaginary part (right panels) of the optical 
conductivity versus photon energy of (a–b) GeH, (c–d) GeCH3 and (e–f) GeCF3 for in-plane (∥) (blue lines) 
and out-of-plane (⊥) (red lines). The spectra are normalized to the conductance quantum σ037.
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the other two functionalized germanene layers GeCH3 and GeCF3 are drastically reduced because of the 
increase of the screening due to the larger side groups as described by the 2D static electronic polarizability 
α2D (see Table 3). The majority of experimental values seems to tend to optical gaps of the order of magnitude 
of the computed ones. The absorption edge is found to be 1.66 eV (GeH) and 1.76 eV (GeCH3) for exfoliated 
layers8. Fluorescence measurements of methyl-functionalized germanene exhibit peak maxima close to 2 eV29. 
Time-resolved photoluminescence show an above-band-gap emission at 1.97  eV, while the band gap should 
be 1.62  eV17. However, multilayer stacks have been investigated, which are influenced by some hydrogen 
intercalation or hydration. Absorbance measurements estimate a fundamental gap of GeH in the range of 
Eg(opt) = 1.4-1.6 eV14,48,49. Previously reported measurements of thin films of GeH proposed a direct gap of 
1.8 eV from photothermal deflection spectroscopy but found photoluminescence at 0.45 or 1.35 eV43, an energy 
range for which no luminescence has been observed in later studies14 and also much below of the predicted 
interband distances.

Analysis of band-edge excitons
In order to better understand the origin of the bound exciton peak below the QP gap Eg(QP) in Fig. 4a, this 
peak in the Reσ∥(ω) spectra is displayed in more detail in Fig. 4b. In particular, the broad peak generated with a 
Lorentzian broadening of 0.1 eV is resolved by a series of dipole-allowed excitons with almost decreasing (toward 
higher energies) oscillator strengths as indicated by the vertical lines within the broad peak. The peak, especially 
its position and intensity, is dominated by the dipole-allowed lowest-energy electron-hole-pair excitation with 
an energy close to the values Eg(opt) listed in Table 2. In all cases, GeH, GeCH3 and GeCF3, the peak maximum 
is dominated by a bright exciton degenerate with a dark exciton. This excitonic excitation is built by a mixing of 
transitions from the top two valence bands to the bottom of the lowest conduction band in a k-region around Γ
. For GeCH3 and GeCF3 the main peak is also followed by a series of bound states, which however significantly 
deviate from the 2D hydrogenic Rydberg series of s-like excitons, where the electrons and holes are attracted 
by a statically screened Coulomb potential. Such a behavior of nonhydrogenic exciton states is explained in the 
literature by a non-local screening50–53. In addition to the exciton binding energy EB (see Tables 2 and 3) the 
character of the first excitonic bound state can be best illustrated by its two-particle wave function in real space. 
Its square modulus |Ψ(xe,xh = RGeGe)|2 is displayed in Fig. 5 for the three functionalized germanene layers 
under consideration. Thereby, because of the heavy holes with a mass larger by a factor 10 than the electron mass, 
the hole motion can be neglected. The hole is assumed to be localized in the middle of a bonding state along a 
Ge–Ge bond in the basal plane, RGeGe, so that a wave function square modulus in Fig. 5 gives the probability 
function to find an electron in the surroundings of the hole localized in a Ge-Ge bond center. The lateral extent 
of the wave function only weakly varies with the functional group –H, –CH3 or –CF3. However, while for GeH 
and GeCF3 the vertical extent of the wave function is almost restricted to the germanene basal plane, it is also 
spread over the functional groups in the GeCH3 case. The excitonic wave function is used to calculate an average 
excitonic radius rexc according to the procedure described in Ref.47. It characterizes the average distance between 

Fig. 4. Excitonic calculation: (a) 2D in-plane (blue line) and out-of-plane (red line) optical conductivities 
of GeH, GeCH3 and GeCF3 near the corresponding absorption edges. The position of the quasiparticle gap 
in GW quality is indicated by a vertical dashed line. (b) Bound exciton peaks within the fundamental gap. 
Contributions from various bright exciton bound states are indicated by red vertical lines. In all panels, the 
blue and red curves give the spectra after Lorentzian convolution with a 0.1 eV broadening. The spectral 
coverage from IR through visible light up to UV is indicated by colored horizontal stripes. All spectra are 
normalized to the dc conductivity.
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electron and hole in the internal motion of the corresponding two-particle excitation. The resulting ab initio 
values rexc = 15.9, 16.7 and 18.5 Å do not vary much with the side group.

The ab initio calculated values rexc in Table 3 are much larger than the Ge–Ge bond length in the basal plane 
that is a fraction of the 2D lattice constant (see Table 1). This fact indicates that in reciprocal space only a small 
k-region around Γ contributes. Consequently, the kinetic energy of the internal motion of the electron-hole pair  
can be described in effective-mass approximation (EMA) through ℏ22µk

2 where the interband mass µ is given 

by 1µ = 1
me

+ 1
mh

 with the electron mass me from Table 3. The hole mass mh could be the heavy hole one mhh 
or some combination with the light hole one mlh. To account for the non-local screening of the electron-hole 
attraction we apply the Rytova–Keldysh potential39,40, whose screening is ruled by the 2D static electronic 
polarizability α2D

2. In the free-standing case this screened potential varies between a logarithmic behavior with 
the electron-hole distance and the bare 2D Coulomb potential, depending on the material. Assuming a 2D 
1s-like wave function, the exciton binding energy and the excitonic radius, Emod

B  and rmod
ex , of this model can 

be described by analytical formulas2,25,46,47. The results are also listed in Table 3 when choosing mh = mhh and 
mh = (mhh +mlh)/2 to model the contribution of only the upper valence band or both upper valence bands. 
The exact hole mass value does not really play a role, since the reduced mass is dominated by the electron mass, 
µ ≈ me. The model gives binding energies Emod

B  in excellent agreement with the ab initio calculated values 
EB. The excitonic radii, however, seem to be slightly overestimated by the model. In any case, these results 
suggest that the lowest-energy excitons in the functionalized germanene layers can be analytically described 
with a kinetic energy as those of the Wannier-Mott excitons28 and a 2D Coulomb potential that is screened by a 
function (1 + 2πα2Dq) in reciprocal q-space.

Summary and conclusions
By means of state of the art theories based on first principles, the density functional theory for the ground state 
and the many-body perturbation theory for one- and two-particle electronic excitations, we have investigated 
the bonding behavior, the atomic geometries, the quasiparticle band structures, and the optical properties, 
including excitonic effects, of a new class of 2D materials based on the functionalization of germanene layers 
with different side groups –H, –CH3 and –CF3. The resulting geometries and electronic structures show that the 
arrangement of Ge atoms in the germanene basal plane almost survives independent of the side group. However, 
the functionalizations destroy the Dirac bands near the K points and lead to an opening of large gaps, whose 
band edges are dominated by the electronic side-group states, while the bands around the Γ point, forming the 
fundamental gap of functionalized germanene, are dominated by electronic wave functions localized in the basal 
plane. The gap values decrease along the series –H, –CH3 and –CF3 in accordance with the bond strength to the 
side group centres X = H or C, expressed by the bond length and its ionicity, i.e., the degree of electron transfer 
between the central side group atom and the neighbored Ge atom.

Many-body effects dominate the electronic and optical properties. The quasiparticle effects open the KS gap at 
Γ by factors of 2–3 . The excitonic interactions affect the optical spectra by a tendency to partially compensate the 
blue shifts due to the QP effects. The optical gaps, characterizing the true absorption edges, are redshifted toward 
the red (GeH), near infrared (GeCH3), or the mid-infrared (GeCF3). The screened electron-hole attraction leads 
to the formation of exciton bound states, which enhance the effective optical oscillator strengths and make the 
emission lines more narrow in comparison to the case without these effects. Finally, we have demonstrated that 
the bound excitons can be interpreted as 2D Wannier–Mott excitons with spatial extents larger than the typical 
lateral bond length but with a screened interaction that may be described by Rytova–Keldysh-type potentials.

Fig. 5. Cross section of the wave functions square modulus for the lowest-energy exciton bound state shown 
together with a side view of the atomic geometries. Colours indicate intensity in a log10 scale.
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