physica status solidi (a)

| PERSPECTIVE CEIEED

W) Check for updates

a

hysica
status
solidi

Challenges in Simultaneous Microstructuring and
Hyperdoping of Germanium with Ultrafast Laser

| Sara Hamed?
| Hele Savin'

Dmytro Gnatyuk'

Pekka Laukkanen® | Xiaolong Liu'

| Masoud Ebrahimzadeh?®

| Hanchen Liu' @ | Ville Vihanissi' © |

'Department of Electronics and Nanoengineering, Aalto University, Espoo, Finland | “Department of Chemistry and Materials Science, Aalto University,

Espoo, Finland | *Department of Physics and Astronomy, University of Turku, Turku, Finland

Correspondence: Xiaolong Liu (xiaolong.liu@aalto.fi)

Received: 19 November 2025 | Revised: 26 January 2026 | Accepted: 24 March 2026

Keywords: femtosecond laser | germanium | hyperdoping | microstructuring | sub-bandgap absorption

ABSTRACT

Germanium’s compatibility with Complementary Metal-Oxide-Semiconductor (CMOS) and strong near-infrared response make
it an attractive platform for infrared photonics, but its intrinsic material properties hinder straightforward extension of absorption
beyond the band edge. In this perspective, we synthesize recent and new experiments and analyses on femtosecond-laser
approaches that attempt to combine surface microstructuring and hyperdoping of Ge in a single step. We argue that, unlike

silicon, Ge’s high optical absorption at visible/green wavelengths, shallow energy deposition, lower melting point, and reduced

thermal conductivity favor intense localized heating, evaporation, and redeposition—conditions that both produce high baseline

sub-bandgap absorption from damage and prevent effective incorporation of thin-film dopant precursors. In a case example, Ti

shows only trace incorporation from qualitative measurements. We discuss why laser-induced structural disorder, rather than

stable deep dopant incorporation, dominates the optical response, and we outline practical pathways forward: exploring longer

wavelengths or gas-phase chemistries, applying separate in situ heating, or decoupling texturing from heavy doping.

1 | Introduction

For infrared detection, materials such as HgCdTe, InSb, and PbSe
dominate due to their narrow or composition-tunable bandgaps
and high detectivity; however, their reliance on complex epitaxial
growth, cryogenic cooling, material toxicity, and limited CMOS
compatibility imposes significant constraints on large-scale, low-
cost deployment [1]. In contrast, Ge offers a unique balance
between performance and manufacturability, particularly for
short-wavelength and band-engineered extended short-wavelength
infrared (SWIR, 1-3 pm) applications, where room temperature
operation, wafer-scale processing, and monolithic integration with
Si electronics are critical [2-4]. Intrinsically, Ge is limited by its
indirect bandgap (0.67eV, ~1880nm), resulting in insufficient
optical absorption beyond the band edge and poor light coupling
in planar device geometries. Consequently, approaches that can
simultaneously trigger sub-bandgap absorption and enhance

optical coupling, while preserving CMOS compatibility, are of par-
ticular interest.

Heavily doped or hyperdoped Ge has recently garnered attention
as a promising solution to overcome the bandgap limitations, mak-
ing it particularly suitable for SWIR applications and beyond [5-9].
Heavy doping enables Ge to absorb lower-energy photons, nor-
mally beyond the reach of undoped Ge, through a combination
of several mechanisms. Firstly, the addition of dopant atoms leads
to the creation of impurity states that can overlap and form an
impurity band in the forbidden gap [10]. Secondly, interactions
between the dopants and the host lattice, including exchange
and correlation effects, further modify the band structure, contrib-
uting to the gap narrowing [11]. Thirdly, the incorporation of dop-
ants induces strain in the crystal lattice, causing shifts in the band
structure [12]. Recent work on hyperdoped Ge has demonstrated a
noticeable photoresponse at room temperature extending into the
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3.0 pm wavelength range, with a comparable absorption coeffi-
cient to those of commercial low-bandgap SWIR III-V and
II-VI materials [8]. However, the techniques used to achieve
hyperdoped Ge typically involve ion implantation with a thin dop-
ing layer and a flat surface, resulting in relatively low sub-bandgap
absorption, typically less than 7% over 2-3 pm [7, 8]. While the
material may exhibit a high absorption coefficient due to heavy
doping, this alone is insufficient for practical applications.
Efficient coupling of incident light into the material is also essen-
tial, and the planar geometry leads to significant reflectance losses
that undermine the material’s full optical potential [13]. Ideally,
both hyperdoping and surface texturing would be addressed simul-
taneously to enhance light coupling and absorption more effi-
ciently and economically.

A promising route to address the above issue is to use ultrafast-
laser-based hyperdoping, conventionally used for hyperdoping
Si. Unlike other hyperdoping approaches, ultrafast laser process-
ing has been widely considered as a potentially synergistic path-
way, in which nonequilibrium dopant incorporation and surface
texturing could emerge concurrently from the same transient
laser-matter interaction. This approach has successfully incorpo-
rated elements such as chalcogens (S, Se, Te) [14-17] and transi-
tion metals (e.g., Au, Ti, Cr, Mo) [18-22] far beyond their solid
solubility limits into Si. Our previous work indicated that this
approach could be effective for Ge as well, as femtosecond laser
irradiation of Ge with a Ti dopant precursor film clearly enhanced
sub-bandgap absorption compared to samples without the film
[13]. Although these preliminary results are promising relative
to ion-implanted Ge, further investigation is needed to fully under-
stand and optimize the underlying doping and absorption mech-
anisms, as well as the associated processing conditions. Moreover,
post-processing steps, such as solvent cleaning to remove laser-
induced debris and thermal annealing to activate dopants and
repair crystal damage, play a crucial role in tailoring the final
material performance and should be systematically investigated.

In this perspective, we first discussed the complexity of the hyper-
doping based on existing work and the rationale for selecting the
dopant. We then present experimental results on exploring the
simultaneous doping and microstructuring of Ge using femtosec-
ond laser processing in the presence of a Ti precursor film, com-
plemented by post-processing techniques such as solvent cleaning
and rapid thermal annealing (RTA). Through comparative analy-
sis of Ti-coated and bare Ge samples subjected to identical laser
conditions, we examine sub-bandgap absorption enhancements
via spectrophotometry while characterizing surface morphology
evolution with scanning electron microscopy (SEM) and probing
potential structural modifications using Raman spectroscopy, X-
ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS). Furthermore, we discuss the mechanisms in laser-induced
doping and microstructure formation in Ge through experimental
evidence and comparison with Si-related studies. Looking ahead,
we speculate on strategies to mitigate these challenges to achieve
tailored surface texturing and dopant profiles for superior infrared
optoelectronic performance.

2 | The Choice of Dopants

A wide range of dopants has been incorporated into Si at super-
saturated concentrations using nonequilibrium techniques, most

notably femtosecond-laser processing and ion implantation,
which are summarized by numerous review articles [23-27].
Interestingly, sub-bandgap responsivity often appears in hyper-
doped Si regardless of which dopant is introduced. The exact
mechanisms remain debated due to the complexity of the mate-
rials and may come from deep-level dopant states, process-
induced defect states, impurity-band formation, band tailing,
light-trapping structures, or a combination of the above.
Therefore, the term ‘hyperdoping’ is sometimes used loosely
for any supersaturated dopant process. The femtosecond laser
processing is especially messy as it often results in very high
responsivity that cannot be explained purely by the intermediate
band formation, but from textured surfaces, photoconductive
gain, carrier trapping, avalanche-like processes, etc.

Hyperdoping in Ge has been explored far less extensively than in Si.
Most reported studies focus on conventional dopants or elements
with relatively high equilibrium solubility in Ge, such as B [6], Ga
[28], Al [29], P [30], and As [31], primarily for applications includ-
ing low-temperature superconductivity [6, 28], high-conductivity
contacts [29, 31], and strain-doping band engineering [5].

For sub-bandgap photodetection, only a limited set of dopants
has been investigated to date. The materials of choice have
included chalcogens (S [32], Se [9], Te [7, 33]) and a few transi-
tion or noble metals (e.g., Au [8, 10]), almost exclusively incor-
porated through ion implantation followed by pulsed-laser
melting or flash-lamp annealing. Although these approaches reli-
ably achieve supersaturated concentrations, the resulting sub-
bandgap absorptance and device responsivity have remained
moderate, often constrained by dopant clustering, residual
defects, and shallow modified layers.

The femtosecond-laser hyperdoping of Ge has been scarcely stud-
ied, with virtually no prior systematic work before our recent
demonstration [13], despite its potential to simultaneous surface
texturing and hyperdoping for broadband absorption enhance-
ment. We primarily selected Ti as the dopant because it is widely
used in microelectronics and contact metallization, is nontoxic
and earth-abundant, and has already been successfully incorpo-
rated into Si to demonstrate extended sub-bandgap responsivity
[34] and even carrier-lifetime enhancement [35].

Unfortunately, the fundamental properties of Ti in Ge are only
sparsely documented. A data article report the maximum equilib-
rium solubility limit of Ti in Ge to be 2.3% in atomic ratio [36], but
it might be a misinterpretation of the eutectic point from Ge-Ti
phase diagram [37, 38]. Ti is a Group-IV transition metal with four
valence electrons, nominally matching the valence electron count
of Ge. Due to the differences in orbital energy, Ti can produce deep
localized states inside the bandgap. Previous deep-level transient
spectroscopy (DLTS) studies [39] have shown that substitutional
Ti in Ge introduces two well-defined deep electronic states: an
electron trap (Ti-E1, Ec — 0.228 eV) in n-type material and a hole
trap (Ti-H1, Ey + 0.025€V) in p-type material. The presence of
these mid-gap states suggests that Ti hyperdoping could, in prin-
ciple, support the formation of intermediate bands.

Nevertheless, beyond these DLTS measurements, very little is
known, experimentally or theoretically, about Ti solubility, dif-
fusion behavior, electronic activity, or defect configurations in
Ge. Modeling transition-metal impurities in narrow-bandgap
semiconductors such as Ge is intrinsically demanding [40-42].
Beyond the well-known bandgap underestimation of standard
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density functional theory (DFT), there are also significant prac-
tical constraints that limit the accuracy and feasibility of
first-principles defect calculations. Reliable defect calculations
typically require very large supercells to minimize spurious
defect—defect interactions and simulate smaller dopant concen-
trations, which in turn leads to substantially increased computa-
tional cost and prohibitively long simulation times when using
hybrid or beyond-DFT methods. As a result, obtaining quantita-
tively trustworthy defect energetics and level positions in these
systems remains computationally intensive and technically
challenging.

Despite these uncertainties, Ti remains a worthwhile candidate to
explore experimentally. As mentioned earlier, in Si, a diverse range
of hyperdoped species, regardless of their original intended role,
have consistently produced measurable sub-bandgap response,
often through mechanisms that extend beyond the idealized
‘intermediate-band’ picture. This suggests that evaluating Ti in
Ge may similarly reveal useful sub-bandgap absorption pathways,
whether arising from impurity-band formation, defect-assisted
transitions, or other nonequilibrium doping effects.

3 | Experimental Results

The schematic illustration of the fabrication process for microstruc-
tured and hyperdoped Ge is presented in Figure la, with the
detailed experimental procedure documented in Supplementary
Material. Pristine Ge wafer is either coated with Ti as dopant pre-
cursor or left uncoated as reference. The Ti precursor thickness was
fixed at 50 nm, as prior optimization showed no further improve-
ment in sub-bandgap absorption for thicker films [13]. They are
processed later with identical conditions to maintain consistent
surface morphology and minimize the influence of scattering on
the optical measurements for comparing the two samples. We
emphasize that, unlike in our earlier study [13], a solvent-cleaning
step is introduced before the RTA to remove laser-generated debris,
thereby reducing ambient contamination. This procedure is a typi-
cal practice for laser-processed Si.

Pristine Ge

(a) /

I Ti coating

| Laser processing |

| Solvent cleaning |

| RTA |

/ Ti doped Ge // Bare Ge refs. /

Figure 1b shows the total absorptance spectra (1900-2500 nm) of
bare (dashed line) and Ti-coated (solid line) Ge samples after
each processing step. Although the incorporation of Ti increases
absorptance, the difference is unexpectedly small (<3%) after
both laser processing and solvent cleaning. The difference
becomes smaller with increasing annealing temperatures
(Figure S1 in Supplementary Material) and at 600°C the absorp-
tance of Ti-coated sample even falls below the reference sample.
These marginal variations fall within experimental uncertainty
and do not indicate a systematic effect associated with Ti coating.
Furthermore, the change in absorptance appears to be more
strongly influenced by the processing conditions than by the
presence of doping (with or without Ti coating) alone. Naturally,
the key questions arising from the unexpected results are how
processing steps affect the surface morphology, whether Ti is
effectively incorporated into the microstructures, and what dom-
inates the sub-bandgap absorption mechanism that may be
inferred after laser and post-laser processing.

To address these questions, we first use SEM to confirm that a
dense, irregular array of microconical structures forms on the
Ge surface after laser processing (Figure S2 in Supplementary
Material), which are known to effectively reduce surface reflec-
tion. The morphology of the microstructures remains largely
unchanged with or without the Ti film, for thicknesses up to
150 nm [13]. However, post-laser processing steps significantly
alter the surface morphology, as illustrated in Figure 2a, which
shows the Ti-coated surface after laser processing, subsequent
solvent cleaning, and final RTA at 600°C, respectively. Post-laser
processing alters the surface roughness of the microstructures:
solvent cleaning effectively removes loosely bound nanoparticles
with diameters smaller than ~50 nm, while RTA also eliminates
the larger nanoparticles, resulting in a smoother overall surface.

Next, we use Raman spectroscopy to examine the modifications
in the crystal structure after each processing step. Figure 2b sum-
marizes the changes in the position and full width at half maxi-
mum (FWHM) of the Ge Raman main peak, corresponding to the
transverse optical (TO) phonon mode (for full spectrum refer to
Figure S3 in Supplementary Material). In Figure 2b, laser
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FIGURE 1 | (a)Schematic illustration of the sample fabrication process. (b) Absorptance spectra of the Ge samples with (solid lines) and without

(dashed lines, bare Ge) Ti coating before (pristine Ge) and after laser processing with following solvent cleaning and RTA at 600°C.
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FIGURE 2 | Characterization of the fs laser microstructured Ge. (a) SEM images of the Ti-coated Ge (top to bottom) after laser processing, after
solvent cleaning and after 600°C RTA. (b,c) Ge Raman mean peak location (b) and FWHM (c) for fs laser microstructured Ge with and without Ti coating
compared to that measured from pristine Ge. (d) XRD patterns for Ti-coated Ge samples after each processing step with pristine Ge as reference. (e) XPS
of different fs-laser-irradiated Ge samples together with a pristine Ge reference.

processing generally results in a slight redshift of the Ge Raman
peak to 299.7-300.1 cm ™", primarily attributed to tensile stress
induced by structural defects. In Figure 2c, the observed broad-
ening of the FWHM to 5.7-6.4 cm™" is not only due to structural
defects but also partly caused by the presence of amorphous Ge
phases, which exhibit a broad TO mode centered around
270 cm ™! [9] that overlaps with the sharper TO peak of crystalline
Ge. The difference between Ti-coated and uncoated samples falls
within the experimental error, suggesting that the presence of Ti
has a minimal impact under the current processing conditions.

After solvent cleaning, SEM observations in Figure 2a show that
small surface particles are effectively removed. These features are
therefore attributed to processing-related surface byproducts
rather than intrinsic laser-induced bulk lattice modification.
Following RTA, the Raman peak shifts closer to the characteristic
position of crystalline Ge for both samples, and the FWHM
decreases significantly, indicating recrystallization of the previ-
ously damaged layer and the restoration of long-range structural
order. This behavior closely parallels the observed reduction in
sub-bandgap absorptance, suggesting that structural disorder is
the primary contributor to absorptance.

XRD spectra, acquired to evaluate laser-induced modifications in
Ge crystallinity and to identify possible Ge- or Ti-related crystal-
line phases, are shown in Figure 2d. Note that for all spectra, the
peak at ~52.8° with similar intensity likely results from overlap-
ping contributions of Ge (ICSD 636 526), GeO, (ICSD 59 624), or

Ti (ICSD 192 331) phases, and therefore cannot be regarded as
definitive evidence of Ti presence and is excluded from our
analysis.

The pristine Ti-coated Ge (Ti/Ge) sample exhibits distinct diffrac-
tion peaks corresponding to metallic Ti in the (110), (002), and
(004) orientations, in addition to prominent Ge (400) and (200)
reflections, along with several peaks attributable to GeO,-related
phases; however, given the ultrashort pulse duration and the
absence of direct chemical evidence for oxidation, such assign-
ments remain tentative. Following laser processing, the intensity
of the Ti diffraction peaks significantly diminishes, with only a
weak (002) peak remaining; however, this residual peak nearly
vanishes after subsequent solvent cleaning. These observations
suggest that Ti predominantly exists as metallic Ti surface par-
ticles or residual film fragments, rather than being incorporated
into the Ge lattice, and that these metallic Ti species are largely
removed during solvent cleaning.

Besides metallic Ti, the trace formation of Ti-Ge intermetallic
compounds (e.g., TiGe,, TisGe,;, TisGes, Ti,Ge) cannot be
excluded, as such phases likely form under laser processing or
thermal annealing in Ge-based systems [43-45]. However, their
strongest diffraction peaks in the 36°-42° range would overlap
with the metallic Ti features observed in Figure 2d, and thus,
unambiguous phase identification is not possible. Notably, the
disappearance of weak Ti-related diffraction feature assigned
Ti (002) after RTA at 600°C is consistent with redistribution,
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dissolution, or transformation of residual Ti-containing phases
from the near-surface region, whether metallic or intermetallic
in nature.

Consistently, the high-resolution XPS spectra shown in Figure 2e
do not exhibit any discernible Ti 2p peaks at the expected binding
energy positions indicated by dashed lines [46] following either
solvent cleaning or RTA, with all observed peaks (likely Auger
peaks) attributable solely to pristine Ge. Additionally, there
are no additional peaks in other Ti-related core-level regions such
as Ti 3p when comparing these samples (Figure S4 in
Supplementary Material). These results indicate that the effec-
tive Ti concentration is likely at or below the detection limit of
the instrument, which is typically >0.1 at. % [47] or >4 x 10"° cm ™
in the case of cubic Ge. Such a low doping concentration may
explain that Ti doping does not significantly contribute to sub-
bandgap absorptance.

4 | Discussion and Perspective

4.1 | Hyperdoping and Microstructure Formation
Mechanism

Our results clearly show that while Ge develops microstructures
similar to those observed in Si, hyperdoping is not achieved using
a Ti film precursor. To understand the significant deviation in
results for Ge compared to femtosecond laser-hyperdoped silicon,
it is essential to revisit the underlying mechanisms that govern
the doping process and microstructure formation. While ultrafast
laser-matter interaction involves a wide spectrum of nonequilib-
rium electronic, thermal, and hydrodynamic processes, a com-
prehensive treatment lies beyond the scope of this perspective.
Instead, in the following discussion, we focus on the aspects most
directly relevant to the contrasting outcomes observed here.

Laser doping is generally regarded as a transient liquid-phase epi-
taxial process, involving localized melting, dopant incorporation
(incl. diffusion), and rapid resolidification [48]. Doping can be
achieved through the introduction of dopants, either in the gas-
eous environment or as a coated thin film (note that Sher et al.
[49] point out that surface-adsorbed molecules are the dominant
source of dopants, so the thin film provides a localized dopant
source).

The melting dynamics are highly dependent on specific param-
eters, particularly the pulse duration. During the process, laser
energy rapidly heats the dopant film and a thin surface layer
of the host material, causing them to melt. In the liquid phase,
dopant atoms exhibit significantly higher diffusivity and solubil-
ity than in the solid state. As the laser pulse ends, the molten
layer cools and solidifies rapidly, trapping dopant atoms within
the crystal lattice [48].

In the case of femtosecond lasers, the pulses are so short that the
laser energy is deposited faster than significant lattice heating
can occur, primarily exciting electrons rather than causing ther-
mal diffusion into the surrounding material [50]. At sufficiently
high pulse fluences, nonthermal melting can take place. When a
large number of valence electrons are excited into the conduction
band beyond a critical threshold (e.g., ~10** cm™), the lattice
becomes unstable and undergoes an ultrafast transition to a
liquid-like state within picoseconds, before energy transfer to
the lattice occurs via electron-phonon coupling (~1-10 ps)

[51, 52]. This results in the formation of a small, transient molten
layer where dopant diffusion occurs. The melting is confined to
an extremely thin region and for a very short duration, effectively
minimizing collateral damage.

On the other hand, microstructure formation involves material
removal, which can occur through both thermal and nonthermal
processes, depending on the material properties and laser param-
eters [48]. In silicon, when the laser fluence exceeds the ablation
threshold, laser-induced periodic surface structures form due to
melt dynamics, as the incoming light interferes with scattered
light from the material surface. With increasing pulse numbers,
self-focusing effects in the valleys may lead to the development of
larger and deeper structures within the material. During this pro-
cess, part of the surface melts and evaporates, forming an abla-
tion plume [53]. Some of the plume material redeposits onto the
microstructures in the form of mixed crystalline and amorphous
nanoparticles [54], which can be removed subsequently through
chemical cleaning.

4.2 | Challenges

Compared to Si, where femtosecond laser processing can simul-
taneously achieve microstructure formation and hyperdoping,
our results highlight that in Ge, the laser conditions required
to produce similar microstructures are too intense to allow effec-
tive hyperdoping with Ti. Interestingly, this limitation arises even
though the fluence applied to Ge is much lower than that typi-
cally used for Si [55]. Our XRD analysis shows, though not quan-
tified, a higher concentration of Ti on the Ge surface before
debris removal, with the debris being predominantly amorphous.
This indicates that Ti was incorporated into the Ge lattice
through a process of melting and resolidification. However,
the laser conditions necessary for microstructure formation in
Ge are so intense that they cause the temperature in the melting
layer to rise significantly, resulting in evaporation or gas-phase
ejection from the surface. As a result, thermal ablation is more
pronounced in Ge during microstructuring compared to Si.

Key material differences may contribute to this behavior. Ge has
small optical (0.67 eV for Ge versus 1.1eV for Si) and thermal
(0.26 eV for Ge versus 0.6 eV for Si) bandgaps, low melting point
(1210K for Ge versus 1681 K for Si) and low thermal conductivity
(60 W m~! K~! for Ge versus 156 W m~! K™! for Si at room tem-
perature) [56]. The reduced thermal conductivity in Ge can lead to
a higher heat pileup close to the surface, while the lower melting
point and lower thermal bandgap increase Ge’s susceptibility to
thermal and nonthermal ablation under these intense laser con-
ditions. More importantly, Ge has a significantly higher absorption
coefficient than Si, which, particularly at the used laser wave-
length (520 nm), is nearly 2 orders of magnitude higher than that
of Si [57]. This corresponds to an absorption depth of less than
20nm in Ge, meaning that laser energy is deposited in a much
shallower region, leading to highly localized heating, more abrupt
temperature gradients, and an increased likelihood of surface
evaporation or plasma formation.

It is worth noting that although sub-bandgap absorptance
exceeding 70% can be achieved through laser parameter optimi-
zation [13], in this study, the laser parameters were intentionally
chosen to yield relatively low sub-bandgap absorption. This deci-
sion is based on two considerations. First, as revealed by
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combined optical and structural analyses, most of the absorption
at higher levels arises from laser-induced damage, which intro-
duces free carrier absorption or tail-state absorption [58]—
mechanisms that are undesirable for optoelectronic applications.
Second, the Ti-induced enhancement of sub-bandgap absorption
is more clearly distinguishable and pronounced when the base-
line absorptance is low [13]. While we did not quantitatively
determine the doping concentration or sub-bandgap absorption
under even less intense laser conditions, we do not expect a sig-
nificant difference, as inferred from the low sub-bandgap absorp-
tion improvement after incorporating Ti. In fact, one of the few
studies attempting to obtain hyperdoped Ge [32] demonstrated
that nanosecond-pulsed laser melting (1064 nm) in an SF¢ gas
atmosphere can achieve sulfur hyperdoping with only slight
surface morphology modifications. However, the resulting
sulfur concentration remained relatively low (~2x 10" cm™
at the surface and ~1 x 10'” cm™ at a depth of 10 nm) compared
to S-hyperdoped Si, whereas no sub-bandgap response was
reported. This further supports that the observed differences orig-
inate from the intrinsic material properties of Ge, and this behav-
ior most likely extends to other dopant sources delivered via thin
films or spin-on methods.

4.3 | Prospects

While our experiments and analysis expose significant challenges
and deviations from the established paradigm of femtosecond-
laser hyperdoping in silicon, they also reveal a broad and largely
unexplored parameter space for germanium that warrants fur-
ther investigation by the wider community. A primary limitation
arises from the relatively shallow absorption depth and melt
depth in Ge under the present irradiation conditions, suggesting
that future optimization may benefit from longer-wavelength
femtosecond irradiation (e.g., centered around 1-2 pm) to pro-
mote deeper melting and more effective dopant incorporation.

It should be noted that the current strategy relies on a Ti film,
which complicates dopant incorporation: Ti has a much higher
melting point than Ge, limiting incorporation during transient
melting, and is prone to oxidation prior to laser annealing. A thin
Ge capping layer on top of the Ti could help mitigate oxidation
[29]. In addition, the pronounced evaporation of Ti during
repeated laser irradiation indicates that selecting dopant species
with lower melting or vaporization temperatures closer to that of
Ge may help mitigate dopant loss. For example, chalcogen dop-
ants such as Se or Te may offer improved incorporation efficiency
in Ge due to their lower melting temperatures and stronger ten-
dency to form deep-level states, while group-III elements (e.g., Ga
or In) or Ge-alloying species such as Sn could further reduce dop-
ant evaporation by virtue of their high solubility in liquid Ge.

Beyond thin-film precursors, alternative hyperdoping routes,
such as gas-phase or liquid-phase dopant delivery, could further
compensate for dopant depletion under high pulse accumulation.
Moreover, the large number of accumulated laser pulses required
for microstructuring may result in dopant incorporation during
early irradiation stages followed by partial removal during sub-
sequent ablation, suggesting that optimizing the laser processing
with lower pulse numbers could be a viable strategy.

If simultaneous microstructuring and hyperdoping cannot be
reliably achieved within a single laser pass, it becomes necessary

to consider more sophisticated processing strategies. One poten-
tial approach is to induce in situ melting after microstructure for-
mation, enabling dopant-bearing nanoparticles to be trapped
more effectively and tolerant to solvent cleaning. This strategy
is motivated by our earlier observation that sub-bandgap absorp-
tion improves markedly when nanoparticles are retained prior to
RTA [13] and similar in situ approach has been adopted to
anneal ultrafast laser hyperdoped Si [59]. In principle, such
in situ melting could be achieved using the same femtosecond
laser employed for microstructuring by carefully controlling ther-
mal melting [60], thereby eliminating the need for a second laser
source.

In addition to further laser-based optimization, another strategy
to enhance sub-bandgap absorption would be to decouple micro-
structuring and hyperdoping. The excess thermal ablation during
laser processing helps to remove the resolidification layer, which
typically exhibits significant lattice distortion due to rapid cool-
ing, leaving behind a lightly strained sublayer on the microstruc-
ture. This sublayer can be effectively recovered through
subsequent thermal processing, provided that the laser condi-
tions do not become so intense as to trigger microstructural col-
lapse [61]. Moreover, any minor damage from this laser ablation
is largely inconsequential if hyperdoping is later accomplished
via ion implantation, since ion implantation generally results
in complete amorphization of the affected layer when targeting
for heavy doping, which can be fully crystallized after thermal
annealing, flash lamp annealing or pulsed laser melting [9].
Therefore, further optimization of this decoupled approach could
open new avenues in tailoring microstructures and dopant pro-
files independently, achieving a more precise control of both sur-
face morphology and doping profile.

5 | Conclusion

Translating femtosecond-laser-based microstructuring and
hyperdoping methods from Si to Ge is far from trivial. Our initial
attempts with Ti-coated Ge indicate that the observed sub-
bandgap absorption arises predominantly from laser-induced
structural modification rather than from substantial dopant
incorporation. Although Ti can be detected immediately after
laser irradiation, it appears largely confined to surface nanostruc-
tures that are easily removed during subsequent cleaning, thus
contributing little to the final sub-bandgap absorption. A com-
parison with Si highlights that the intrinsic material differences,
particularly melting behavior and optical absorption, play a deci-
sive role in both microstructure evolution and dopant incorpo-
ration. These insights suggest that achieving simultaneous
microstructuring and effective hyperdoping in Ge with a single
ultrafast-laser step may be fundamentally constrained. Moving
forward, more refined strategies will be needed, including deeper
optimization of laser and post-processing parameters, the use of
additional in situ thermal assistance, or deliberately decoupling
the doping and structuring steps to allow independent control
over dopant incorporation and surface morphology.
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