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Hyperdoping germanium with gold is a potential method to produce room-temperature short-wavelength-infrared
(SWIR; 1.4—3.0 um) photodetection. We investigate charge carrier dynamics, light absorption, and structural prop-
erties of gold-hyperdoped germanium (Ge:Au) fabricated with varying ion implantation and nanosecond pulsed laser
melting conditions. Time resolved terahertz spectroscopy (TRTS) measurements show that Ge:Au carrier lifetime is
significantly higher than that in previously studied hyperdoped silicon systems. Furthermore, we find that lattice com-
position, sub-band gap optical absorption, and carrier dynamics depend greatly on hyperdoping conditions. We use
density functional theory (DFT) to model dopant distribution, electronic band structure, and optical absorption. These
simulations help explain experimentally observed differences in optical and optoelectronic behavior across different
samples. DFT modeling reveals that substitutional dopant incorporation has the lowest formation energy and leads to
deep energy levels. In contrast, interstitial or dopant-vacancy complex incorporation yields shallower energy levels that
do not contribute to sub-band gap light absorption and have a small impact on charge carrier lifetimes. These results
suggest that, it is promising to tailor dopant incorporation sites of Ge:Au for SWIR photodetection applications.

Short-wavelength-infrared radiation (SWIR, A=1.4—3.0
um) photodetection is important for numerous applications
in medicine, industrial imaging, agriculture, telecommunica-
tions, and surveillance.! Conventional SWIR photodetectors
are fabricated from narrow band gap III-V or II-VI semicon-
ductors (e.g., InGaAs, InAs, Pb;_,Se,, Hg;_,Cd,Te) that are
heterogeneously integrated with Silicon-CMOS electronics.
These approaches result in photodetectors that are expensive,
toxic, or require low- temperature to function.!= Develop-
ment of novel semiconductor materials that overcome these
limitations could greatly enhance the applicability of SWIR
photodetection. In this study we investigate Ge:Au as a mate-
rial candidate for Ge-based photodetectors for entire SWIR.

It has recently been shown that Ge: Au is a potential material
candidate for low-cost, silicon-compatible room-temperature
SWIR photodetection.* Ge:Au is Ge supersaturated with high
concentrations of Au in a single-crystalline phase. Ge with
a band gap energy of 0.67 eV (or 1.66 um) does not absorb
a large fraction of SWIR photons, but the absorption can be
red-shifted through Au-dopant-mediated sub-bandgap absorp-
tion. Au dopants in Ge produce energy levels that lie near
the center of the band gap> resulting in a low rate of thermal
ionization,®’ and hence room temperature SWIR photodetec-
tion is possible. Gandhi et al. show that Ge:Au exhibits sub-
band gap room temperature optoelectronic responses, and the
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sub-band gap absorption coefficient is comparable to those of
commercial SWIR III-V and II-VI materials.?

In this work, we fabricate Ge:Au by ion-implantation
followed by pulsed laser melting (PLM) and rapid
solidification.”!° First, Au ions at high concentrations are in-
troduced by ion-implantation. The high dose of dopant ions
implanted in Ge results in structural damage and, at high
doses, an amorphous surface layer. A single laser pulse is
used to melt the defective surface layer. The melt depth ex-
tends beyond the damaged layer, and upon cooling, the ma-
terial resolidifies epitaxially from the substrate into a high-
quality single crystal.”!? The rapid solidification process must
be slow enough to ensure high-quality epitaxial growth and, at
the same time, it must be fast enough to trap Au at ultra high
concentrations.'! The properties of hyperdoped-materials de-
pend on the parameters used in ion implantation and laser
melting processes.

Previous studies on hyperdoped systems were mainly
focused on Si.!>?" One carrier recombination study in
chalcogen-hyperdoped Si reveals lifetimes decrease with in-
creasing dopant concentrations.'® One ongoing study of
Au-hyperdoped Si (Si:Au) shows very short charge carrier
lifetimes on the order of 10 ps,?! but another study re-
ports sub-band gap photodetection out to 2200 nm at room
temperature.'® DFT calculations have previously been ap-
plied to Si:Au to investigate the defect formation energy, band
structure, and absorption coefficients.!”?° The DFT results
show that the substitutional Au defects in Si are more ener-
getically favorable than the interstitials.”® Similar to previous
Si studies, for hyperdoped Ge, structural and property studies



and theoretical modeling of defect energetics are important for
developing sub-band gap optoelectronic devices.

In this work we use a combination of experimental mea-
surements and first principle DFT modeling to characterize
and explain the origin of the unique structural and optoelec-
tronic properties of Ge:Au. Specifically, we investigate the
charge carrier dynamics, light absorption, and structural prop-
erties of Ge:Au fabricated with varying ion implantation and
PLM processing conditions. TRTS measurements show that
Ge:Au carrier lifetime is significantly higher than that in pre-
viously studied hyperdoped silicon systems. We also find that
optical and optoelectronic properties of Ge:Au critically de-
pend on the Au lattice position, which can be controlled by
specific fabrication conditions.

Il. METHODS:
A. Sample fabrication and characterization

In preparing hyperdoped Ge:Au samples, Au ions are im-
planted at two doses 1 x 10'* or 6 x 10'* cm~2 using a 110-
keV ion implanter. The samples were tilted 7 degree off
the axis normal to avoid channeling and kept at liquid ni-
trogen temperature during the implants. Heavy ion implan-
tation is commonly known to induce severe morphological
change, such as porosity, to Ge substrates. However, keep-
ing the substrate at liquid nitrogen temperature can suppress
the porosity up to the dose of 10'® cm~2.2 As a result, the
Ge substrate is free of porosity yet amorphized after Au im-
plantation. Following ion implantation, PLM is used to re-
store the crystallinity. For PLM, a single ns-laser pulse is
used to melt the samples at two different laser fluences, 0.24
or 0.49 J/cm?. The laser wavelength is 355 nm from the 3rd
harmonic of a Nd:YAG laser, and the pulse duration is 4-ns
FWHM. Previous work showed that the resulting material is
single crystalline.* The samples are prepared with combina-
tions of the two ion doses and two laser fluences, namely: high
dose-high fluence (HD_HF), high dose-low fluence (HD_LF),
low dose-high fluence (LD_HF) and low dose-low fluence
(LD_LF).

We use TRTS to perform non-contact photoconductivity
decay measurements and study carrier recombination dynam-
ics. An amplified Ti:Sapphire femtosecond laser (with 800-
nm central wavelength and 2-mJ pulse energy at 1kHz repeti-
tion rate) is used for the TRTS experiment. The laser output
is split in three by beam splitters where one path generates
THz pulses via the air-plasma THz generation method, one
path is doubled to 400 nm with a 0.5 mm beta-barium bo-
rate (BBO) crystal as an optical pump to excite the charge
carriers in the sample, and the last path is used for THz detec-
tion using a 1-mm ZnTe electro optical sampling and balanced
photodiodes.?>** The excited carrier density is 1.9 x 10'°
cm~> at which we verified the photoconductivity decay dy-
namics to be independent of carrier density. After photoexci-
tation by the pump pulse, the excited charge carriers interact
with the THz probe pulse and attenuate the THz signal. The
time separation between the pump pulse (duration of 35 fs)

and the probe pulse (duration of 1.2 ps) is controlled by a 300-
mm delay stage achieving a time window of 2 ns. The time
evolution of THz transmission allows us to measure transient
photoconductivity decays and evaluate carrier lifetimes with
picosecond time resolution.

Rutherford backscattering spectrometry (RBS) is employed
to characterize the implanted Au profile, the amorphous layer
thickness and the crystal properties of the as-implanted and
the post-PLM samples. A monoenergetic 2 MeV He™ ion
beam backscattered from the samples is detected by a solid-
state detector at an angle of 100°. For the as-implanted sam-
ples, only the channeling geometry, in which the ion beam is
parallel to the [100] axis of the substrates, is employed. This
allows us to study the Au distribution and the thickness of
the amorphous layer. For the post-PLM samples, both ran-
dom and channeling geometries are employed for the quan-
tification of the Au redistribution, the crystal quality and, the
substitutional/institutional fraction of the implanted species.
Analysis of the RBS spectra was done using the SIMNRA
simulation program.>> Considering most scattering events at
2 MeV are single-scattering, the program can use analytical
formulae to speed up the simulation. For the electronic stop-
ping power, we chose the SRIM option because it is a semi-
empirical database relying on existing experimental data and
provides more reliable stopping values.

The optical absorptance (A) of each sample is determined
by the measured transmittance (7)) and the reflectance (R),
and calculated using the relation A = 1 — T — R. The trans-
mittance and reflectance of each sample were measured using
a UV-VIS-NIR spectrophotometer equipped with an integrat-
ing sphere. The optical absorptance of the Ge substrate was
also measured for comparison purposes.

B. Computational methods

We simulate Ge:Au using DFT?%?7 employing the
Vienna Ab-initio Simulation Package (VASP).”?®? The
screened hybrid functional of Heyd, Scuseria, and Ernzerhof
(HSE06)%3! is implemented for the description of exchange
and correlation. This is necessary since standard functionals
such as LDA?’ and PBE®>33 close the band gap in Ge. We
used the standard parameters for exchange mixing and range
separation with HSEO06.

Projector augmented wave (PAW) pseudopotentials are
used, and the orbitals are expanded in a plane wave basis
set with kinetic energy cutoff of 460 eV. Our optimized lat-
tice constant of bulk Ge, 5.65A is similar to the experimental
value of 5.658A.3* The HSE06 obtained indirect (direct) band
gap, 0.81 eV (0.90 eV) slightly overestimates the experimen-
tal band gap, 0.66 eV3> (0.80 eV*). For defect calculations,
128 atom supercells are used and the Brillouin zone is sam-
pled with a Monkhorst-Pack 2 x 2 x 2 k-point mesh. Total en-
ergies are converged within 0.01 eV and atomic coordinates
are relaxed until the forces on each atom are less than 0.01
eV/A.

We consider Au-related defects that are most likely to ap-
pear in Ge:Au. Although Au energetically prefers substi-



tutional sites in Ge,3® both substitutionals Aug, and tetra-
hedral interstitials Au; ;. were considered since the laser-
implantation process may result in non-equilibrium defect dis-
tributions. Additionally, there is evidence that ion implanta-
tion followed by PLM can leave behind a substantial, non-
equilibrium population of vacancies that can trap or other-
wise interact with the dopant atoms.'® Therefore, we also con-
sider complexes that may form between Au and vacancies.
Amongst the large set of possible interactions, the most com-
mon is a single vacancy that traps a diffusing interstitial Au
resulting in a divacancy-interstitial Au complex Au;-2V.37-38

For Aug,, Au; e, and Au;-2V, defect formation energies
are obtained by

AEpg=(Epg—Epers) — Y nibli+q(E,+Er) (1)
i

where Ep , is the DFT total energy of the defect incorporat-
ing supercell, Ep,, is the total energy of the supercell with no
defect present, n; is the number of added (n; > 0) or removed
(n; < 0) species i (i = Ge, Au) for generating the defect, and
U is the atomic chemical potential of the participating species.
The chemical potentials Ug, and gy, reflect Ge and Au rich
experimental conditions, and are obtained by assuming equi-
librium with the elemental bulk phases of Ge and Au respec-
tively. The electron chemical potential Er (Fermi level) is
referenced to the DFT valence band maximum E,.

The optical absorption coefficient & is obtained from the
imaginary part of the dielectric function £ (®) using linear
response theory.® The real part of the dielectric tensor can
then be obtained from the Kramers-Kronig relations.* Since
the calculated o considers only direct excitations, there may
be discrepancies with experimental measurements which also
include indirect phonon-assisted transitions.

Ill. STRUCTURAL AND OPTOELECTRONIC
PROPERTIES

A. Carrier decay dynamics and structural analysis

Figure 1 (a) shows photoconductivity decay dynamics for
the four samples. The half life of photoconductivity decays
are 0.86, 1.00, 0.95 and 0.18 ns for LD_HF, LD_LF, HD_HF,
and HD_LEF, respectively. The HD_HF sample shows similar
decay dynamics as the two LD samples, and on the contrary,
HD_LF exhibits a significantly shorter lifetime. Figure 1 (b)
shows light absorption of each sample with wavelengths rang-
ing from visible to SWIR. Both the substrate and LD_HF has
near zero absorptance in the SWIR region. Also in this region,
the HD_LF sample shows the highest absorptance compared
with the other samples.

The properties of Ge:Au make it more suitable for appli-
cations in advanced optoelectronic devices. Ge:Au exhibits
long charge carrier lifetimes compared to other hyperdoped
materials. Considering Si:Au, a system with demonstrated
room-temperature photoresponse to wavelengths as long as
2200 nm, has dopant concentration of 102 atoms/cm?® and
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FIG. 1. (a) Photoconductivity of Ge:Au as a function of time.

HD_LF (thin red line), HD_HF (thick red line), LD_LF (thin black
dashed line) and LD_HF (thick black dashed line) are different sam-
ples with different Au doses and PLM fluences. HD_LF has a signif-
icantly shorter lifetime than the rest of the samples. (b) Wavelength
dependent light absorptance of each sample. The Ge substrate is op-
tically inactive in the sub-band gap region while Ge:Au is optically
active and HD_LF has the highest sub-band gap light absorption.

sub-band gap absorption less than 2%.!9 The dopant concen-
tration and sub-band gap light absorption of Si:Au in Ref. 10
are comparable to properties of Ge:Au in this work. Si:Au,
however, exhibits charge carrier half-life of 0.005 ns 21 while
the Ge:Au in this work has half-life two orders magnitude
longer. In addition, the lifetime of Si:Au is a strong function
of incorporated Au dose,*? with lifetime decreasing monoton-
ically with increasing Au concentration. On the other hand,
carrier lifetime of Ge:Au samples in our study is additionally
impacted by different PLM conditions.

Structural differences in Au atom location between these
samples are investigated by RBS to shed light on the differ-
ences in the charge carrier lifetimes. Figures 2 (a) and (b)
show the total and substitutional Au concentrations as func-
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FIG. 2. Structural analysis of Au atom location from RBS measure-
ments. The raw RBS data are shown in Figure S1 in the supplemen-
tary material.*! HD_LF sample has the highest substitutional con-
centration, and the HD_HF substitutional concentration is similar to
LD samples.

tions of depth, respectively. Figure S1 in the supplemen-
tary material shows the RBS spectra. The concentration is
obtained up to 40 nm, and beyond which the Au spectrum
overlaps with the Ge spectrum, limiting our resolution. The
structural data, however, is sufficient for us to understand the
trends in light absorption and carrier recombination proper-
ties. In detail, when performing THz photoconductivity mea-
surements, only the top 14 nm is excited due to the high ab-
sorption coefficient of Ge at the optical pump wavelength (400
nm). Comparing the two HD samples, HD_HF is highly seg-
regated towards the surface in both total and substitutional
concentration profiles. Considering the substitutional concen-
tration profile, HD_LF has a higher substitutional concentra-
tion. Deeper into the sample, HD_HF has concentrations sim-
ilar to LD samples.

Figure 3 summarizes the experimental results. Figure 3 (a)
represents the recombination rate as the inverse of half-life as
well as the averaged sub-band gap absorptance from 2.0 to 2.5
um. Both the recombination rate and the absorptance exhibit
similar trends across samples. According to the Shockley-
Reed-Hall (SRH) recombination model for defect-assisted
carrier trapping and recombination, carrier lifetime should de-
crease as dopant concentration increases.*> The SRH model is
based on statistics of charge carrier capturing process by deep
level trap states which are, in this case, the Au dopants. As-
suming a trap state has carrier capture cross section ¢ and is
not filled, the carrier capturing rate is N;V;;, 0, where N, is the
density of the traps and Vj;, is the thermal velocity of elec-
trons. Therefore, the recombination rate would increase with
increasing dopant concentration. When the PLM fluence is
low (filled triangle symbols), recombination rate indeed in-
creases with Au dose. When the PLM fluence is high (filled
circle symbols), on the other hand, the lifetimes of the two
samples are comparable and does not exhibit trends predicted
by the SRH model. To understand why the recombination

rate for HD_HF is slower than expected, we analyze structural
properties of the samples in detail.

Figure 3 (b) shows the total and substitutional Au dose by
integrating the concentrations depth profile from 0 to 40 nm.
The total dose of the two HD samples is approximately one
order magnitude higher than the total dose of the two LD
samples. Both LD samples are highly substitutional, where
the substitutional fraction is 80% and 65% for LF and HF, re-
spectively. The substitutional fraction for HD_LF is 60% and
HD_HF is lower at 30%. In the RBS analysis shown in Fig-
ures 2 and 3, we find that the amount of substitutional incor-
poration is strongly dependent on laser fluence. In particular,
the HD_HF sample has a significant amount of Au dopant seg-
regated toward the surface, resulting in a lower substitutional
incorporation.
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FIG. 3. (a) The inverse of half-lives (filled symbols) and sub-band
gap absorptance (unfilled symbols) show similar trends. Triangles
and circles represent LF and HF, respectively. (b) Total and substi-
tutional dose of Au in hyperdoped Ge samples from RBS analysis.
The unfilled bars and filled bars represent the total and substitutional
doses, respectively. HD_LF has the most substitutional Au incorpo-
ration, while substitutional Au incorporation in the HD_HF sample

is similar to the two LD samples.

Figure 3 (a) shows that the light absorption and carrier re-
combination rate are both highest in HD_LF, and both prop-
erties for HD_HF are similar to the LD samples. Even though
the total dose of HD_HF sample is one order magnitude larger
than the LD samples, both the recombination rate and the light
absorption properties are closer to the LD samples. Compar-
ing the two HD samples, there is a significant difference in
substitutional dose. In the HD_HF sample, the majority of the
Au dopant resides in sites that are not substitutional, and the
non-substitutional dopant has a small impact on charge car-
rier lifetime or absorption (Supporting Figure $2).*! To shed
light on how the Au atom location site influences properties,
we study defect energetics.

B. Defect energetics

Figures 4 (a)—(c) show the three types of defect sites con-
sidered in this work, Aug,, Au; e, and a Au;-2V. Figure 4



d
(d) 4
c
O~
5
S8
522
8
1 .
O_ SRR
Aug, -V AU -2V AU tetr
O Ge OAu {_*Vacancy

FIG. 4. (a) isolated substitutional, Aug, (b) tetrahedral interstitial, Au; ¢, (¢) gold-vacancy complex, Au;-2V and (d) the DFT deduced defect
formation energies, Ep 4 of the substitutional Aug,, interstitial Au; ;¢;» and impurity-vacancy complex Au;—2V.

(d) is the calculated formation energies. Formation energies
of different defects indicate relative possibility of defect for-
mation. The most possible defect is the one with the smallest
formation energy. Due to the ultra-high concentrations, the
hyperdoped samples, however, are not in an equilibrium state,
and thus other high energy defects can also form. The forma-
tion energies are 1.61 eV for Aug,, 3.25 eV for Au; . and
2.80 eV for Au;-2V. Aug, has the lowest Ep , and thus is the
most favorable defect in Ge:Au system.

Although Aug, has the lowest formation energy, the for-
mation of the other defects remains possible. For example,
despite its high energy, Au; ., may form via kickout or dis-
sociative mechanisms, as believed to occur for Si:Au upon
thermal annealing.44 Also, Au;-2V can form when a substi-
tutional Au and monovacancy are placed side by side and al-
lowed to relax; the Au atom is attracted towards the vacancy
resulting in the lattice distortion as shown in Figure 4 (c). In
the final geometry, the Au atom sits in an interstitial site just
between two silicon vacancies. Details of the geometries can
be found in Ref. 20, where Au;-2V was shown to play a role
in the thermal relaxation of Si:Au. A previous study on Si:Au
showed that PLM introduces a high vacancy concentration.*>
If vacancies are also present in hyperdoped Ge, then defect
reactions between isolated vacancies and Aug, can result in
Au;-2V. The binding energy between an Aug, and a vacancy
is determined here to be 1.74 eV.

It is possible to roughly estimate how different defects may
impact carrier lifetimes based on their electronic band struc-
ture shown in Figure 5. The defect-induced bands are shown
in red in all cases. Due to computational resource limitations
defects are simulated at a fixed concentration (in 128 atom
supercells) of 0.78 % at. Au, a factor of three higher than the
experimentally observed HD_LF sample of 0.23% at. This af-
fects the dispersion in the defect levels shown in Figure 5, but
it is still possible to capture the main features of the physics
from the qualitative nature (Supporting Figure $3).4! Details
of the origin of bands (similar to Au related defects in Si) can
be found in Ref. 20.46

From Figure 5 (b) we see that Aug, introduces three (two
of which are degenerate) mid gap defect bands. For the 128
atom supercells these bands appear to slightly merge with the

valence bands, although this is likely the result of the high
simulated concentrations. The Fermi level lies within the de-
fect bands, meaning they are partially filled. Aug, therefore
may serve as a trap for photoexcited electrons in the conduc-
tion band or holes in the valence band.

Were it to be present, the isolated defect level of Au; ¢, in
Figure 5 (c) would suggest that it may act as a trap, partic-
ularly for electrons in the conduction band. These traps are
taken as an indication of loss of carrier lifetime.

In Figure 5 (d), the electronic structure of Au;-2V shows
defect levels away from mid-gap, offset towards both the con-
duction and valence bands. There are no mid-gap defect lev-
els present. We expect that such a defect complex, were it to
be present, would have a more benign effect on carrier life-
times. Although this study provides no direct evidence of
Au;-2V in particular, prior experimental evidence of an Au;—
vacancy complex was found using Au radiotracer diffusion
experiments.*” We note that Au;-2V is one simple example
of a defect complex that may form in Ge:Au, considered here
only based on our prior experience with Si:Au. The experi-
mentally realized systems are expected to show a richer phase
space of defect complexes. However, this example shows that
reduced substitutional fraction may result in complexes, some
of which are more benign to transport than the substitutionals
defects.

Figure 6 shows the computed absorption spectra for all
three defects. Note two main sources of discrepancy between
the calculated absorption coefficient and experimentally mea-
sured values: the exclusion of indirect phonon-assisted tran-
sitions and the large defect concentrations used in the simu-
lations. Our calculated results therefore provide a qualitative
understanding.

As Figure 6 shows, the substitutional Aug, provides the
largest sub-band gap absorption, consistent with the partially
filled, dispersive mid gap states in the electronic structure.
Thus, large incorporation of substitutional Au into our sam-
ples would correlate to large optical enhancement. In con-
trast, Au;..;, shows the least sub-band gap absorption, due
to the presence of only one mid gap defect level. Compared
to substitutional Au, the optical response turns on at higher
photon energies, since the mid gap level is completely empty
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FIG. 5. (a) Band structure of pure Ge, (b) showing localized trap states of Aug,, (c) isolated single energy state from Au; s¢;r, and (d)
delocalized bands coming from Au;-2V. The results are shown for 0.78 % at. concentration of Au. The fermi level is shown by the dashed

black horizontal line, below which all bands are filled.

Absorption coefficient

0 05 1 15 2
Photon energy (eV)

FIG. 6. DFT-HSEO6 obtained absorption coefficients of Auge,
Au; s¢rr, and Au;-2V comparing them with the absorption coefficient
of bulk Ge. The HSE06 direct band gap is 0.88 eV.

and allows transitions only from the VB to the defect level it-
self. Meanwhile, Au;-2V shows sub band gap absorption in
between that of Aug, and Au; ¢, arising from transitions be-
tween the defect bands near the VB and the CB. For these
more delocalized defect bands, the optical transitions again
turn on at higher photon energies than that of Aug,. The boost
in absorption below band gap is due to the fact that simulated
high concentration causes dispersed defect bands that yield
increased defect-defect interaction. The important fact is that
the Au;-2V defect bands are not intermediate bands, but are
bulk-like bands that will generate absorption near the band
edges. For that reason, Au;-2V is not expected to yield sub-
band gap absorption and we should focus on the low photon
energy region of Figure 6 for qualitative comparison. Note
that the HSEO6 band gap of Ge is at 0.88 eV, and in Figure 6,
the sub-band gap absorption shown for bulk Ge arises as an
artifact of the Gaussian smearing used to numerically smooth
the behavior. Due to the band gap overestimate in DFT, the
precise numerical values where the optical response turns on
for each defect may not numerically match the corresponding
experimental value. Even so, the trends described with respect
to the relative optical activity of the different configurations
are expected to hold.

IV. DISCUSSION

Many observed properties of Ge:Au samples can be ex-
plained by the DFT simulation results. Most of the samples
studied are highly substitutional (above 60% Au substitutional
site incorporation), which is consistent with DFT predicting
that substitutional Au has the lowest formation energy.

Experimentally we also find correlations between substitu-
tional fraction, lifetime, and absorption strength across sam-
ples. First, there is a clear correlation between substitutional
dose and sub-bandgap light absorption across samples, where
the absorption increases with increasing substitutional dose.
Second, the half-life of the samples decreases with increasing
substitutional dose. DFT simulations explain these findings
by illuminating the different energy levels produced by Au-
dopants incorporated on different lattice sites. We find that
substitutional Au in Ge produces deep energy levels, whereas
interstitial and dopant-vacancy complexes yield shallower en-
ergy levels near band edges. Substitutional Au-dopants there-
fore reduce carrier lifetime and produce strong sub-bandgap
light absorption, while non-substitutional dopants have a min-
imal effect on both carrier lifetime and sub-bandgap light ab-
sorption.

This study reveals that controlling defect incorporation site
is critical in optimizing Ge:Au optoelectronic properties for
SWIR photodetection. The hyperdoping process used is a
highly non-equilibrium fabrication method, and PLM fluence
affects dopant incorporation. With increasing PLM fluence,
the resolidification speed is slower, and less Au dopants are
incorporated. Simulations carried out in Ref. 4 show that
both melt depth and melt duration increase with fluence. The
maximum resolidification velocity decreases at high fluence,
leading to less Au trapping (Supporting Figure S4).*! In our
experiment, the HF samples show more segregation in the
dopant profiles (Figure 2) with HD_HF mostly segregated to-
ward the surface, whereas the HD_LF sample shows a much
more uniform concentration profile. As a result, the HD_HF
sample has only 30% of the Au dopants in substitutional sites,
lower than the HD_LF sample at 60%, while both the sam-
ples have comparable total Au dose. Our results show that



optimizing PLM fluence is crucial for placing Au dopants in
substitutional sites.

V. CONCLUSIONS

In summary we carry out experimental and computational
analyses to characterize and explain the unique optoelectronic
properties of Ge:Au for SWIR photodetection. Ge:Au fab-
ricated using ion-implantation followed by PLM yields high
quality materials with high substitutionality for a set of sam-
ples with varying Au doses and laser fluences. Sub-band
gap absorption is experimentally observed, and the measured
charge carrier lifetime is significantly longer than hyperdoped
Si. First-principles DFT is employed to find the reason be-
hind high absorption and low carrier lifetime of the HD_LF
sample. The formation of isolated intermediate bands for sub-
stitutional Au is suggested to give rise to high absorption co-
efficient while serving as the carrier recombination site. Our
study suggests that performance of Ge:Au SWIR photodetec-
tors can be optimized by tailoring the Au implantation and
PLM hyperdoping processes to minimize carrier recombina-
tion and maximize sub-bandgap absorption.
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