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Short-wavelength-infrared (SWIR; 1.4–3.0 µm) photodetection is important for various applications.
Inducing a low-cost silicon-compatible material, such as germanium, to detect SWIR light would be
advantageous for SWIR applications compared with using conventional (III-V or II-VI) SWIR materials.
Here, we present a scalable nonequilibrium method for hyperdoping germanium with gold for dopantmediated SWIR photodetection. Using ion implantation followed by nanosecond pulsed laser melting, we
obtain a single-crystal material with a peak gold concentration of 3 × 1019 cm−3 (103 times the solubility
limit). This hyperdoped germanium has fundamentally diﬀerent optoelectronic properties from those of
intrinsic and conventionally doped germanium. This material exhibits sub-band-gap absorption of light
up to wavelengths of at least 3 µm, with a sub-band-gap optical absorption coeﬃcient comparable to that
of commercial SWIR photodetection materials. We show that germanium hyperdoped with gold exhibits
sub-band-gap SWIR photodetection at room temperature, in contrast with previous doped-germanium
photodetector studies, which only show a low-temperature response. This material is a potential pathway
to low-cost room-temperature silicon-compatible SWIR photodetection.
DOI: 10.1103/PhysRevApplied.14.064051

I. INTRODUCTION
Many emerging technologies, including industrial and
medical imaging, astronomy, biological and chemical sensing, LIDAR, and surveillance, rely on shortwavelength-infrared (SWIR; 1.4–3.0 µm) photodetection
[1–5]. The elemental semiconductors silicon (Si) and germanium (Ge) do not absorb over the majority of the
SWIR spectral range, which consists of photons that have
energies below the band gap of these materials. Currently, state-of-the-art commercial SWIR photodetectors
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use narrow-band-gap III-V or II-VI semiconductors [1]
[e.g., In1−x Gax As, InAs, Pb1−x Sex , Hg1−x Cdx Te] that are
heterogeneously integrated with Si CMOS electronics.
Three main issues limit the applicability of such photodetectors [1,6,7]. First, III-V and II-VI semiconductors are
chemically incompatible with Si CMOS processing, limiting the size of ﬁnal photodetector focal plane arrays,
and are often expensive or toxic. Second, their heterogeneous integration is a complex low-throughput process that
further increases the ﬁnal device cost. Third, photodetectors made from the majority of these materials must be
cooled to low temperature to attain satisfactory signal-tonoise ratios. Recent reports present alternative approaches
to using III-V or II-VI materials for SWIR photodetection. These reports utilize recently developed materials,
ranging from two-dimensional materials [8–12] to metasurfaces [13,14] to nanocrystals [10,15] to organic [16] and
bioinspired [17] materials. It is not clear, however, how
these materials might be integrated with existing Si-based
devices. The lack of a low-cost nontoxic Si-compatible
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material capable of room-temperature SWIR photodetection constrains applications of SWIR photodetection.
Conventional low-cost and nontoxic semiconductors,
such as Si or Ge-on-Si, do not absorb the majority of
the SWIR spectrum, which consists of photons that have
energies below the band gap of these materials. However,
absorption in Si or Ge-on-Si can be extended to longer
wavelengths by redshifting the conduction band to valence
band transitions through strain or alloying, or by creating sub-band-gap extrinsic absorption transitions between
sub-band-gap states and the conduction and valence bands
through the incorporation of lattice defects or dopants
[18–21].
Here, we report dopant-mediated sub-band-gap photodetection in Ge doped with supersaturated concentrations of gold (Au). We use a scalable nonequilibrium
hyperdoping method [22], consisting of ion implantation
of Au in Ge followed by nanosecond pulsed laser melting
(PLM) induced rapid solidiﬁcation. This process results
in a single-crystal material with a peak Au concentration
of 3 × 1019 cm−3 , a factor of 103 greater than the Ge:Au
solubility limit [23]. Supersaturation increases the dopantmediated sub-band-gap absorption coeﬃcient, α, to values
comparable to those of commercial SWIR III-IV and II-VI
materials [4,24]. Using hyperdoped Ge:Au, we demonstrate a proof-of-concept prototype photodetector with
a room-temperature sub-band-gap SWIR optoelectronic
response.
While recent sub-band-gap photodetection studies have
focused on Si, we work with Ge because of its higher
carrier mobility [18,25–28]. Previous studies of dopantmediated Ge photodetectors incorporating various dopants
(S, Te, Zn, B, Cu, Cd, Zn, Au) through various doping
methods have reported sub-band-gap responses only at low
temperature, which is impractical for many SWIR applications [27–31]. We select Au as a dopant because Ge:Au
has several properties that make it promising for a dopantmediated sub-band-gap photodetector. Au is a deep-level
dopant and, relative to Ge with shallow-level dopants
[32,33], Ge:Au demonstrates a lower thermal ionization at
room temperature, reducing background free-carrier concentrations and improving device signal-to-noise ratios
[27,28]. Among deep-level Ge dopants, Au uniquely has
self-compensating defect levels [34] (see Fig. S1 within
the Supplemental Material [35]) and a relatively high
equilibrium solubility limit [23]. Self-compensating defect
levels reduce background free-carrier concentrations, and
a higher equilibrium solubility limit permits attaining even
higher concentrations through hyperdoping [36,37], leading to a higher sub-band-gap absorption coeﬃcient.
Previous eﬀorts to develop sub-band-gap photodetection in Ge:Au have been limited by low Au-doping concentrations. These studies, primarily carried out in the
1950s–1970s, used conventional near-equilibrium doping
methods that did not produce doping concentrations above

the Ge:Au solubility limit (2.8 × 1016 cm−3 ) [23,27]. Consequently, these Ge:Au photodetectors have a very low
sub-band-gap absorption coeﬃcient (α ≈ 0.1 cm−1 ) [27,
28,35], and at room-temperature the background freecarrier concentration overwhelms the photosignal [30].
Such detectors, therefore, only operate under cooled conditions, typically between 4 and 78 K. Here, we show
that hyperdoped Ge:Au has fundamentally diﬀerent properties from those of conventional Ge:Au, namely, a much
larger sub-band-gap absorption coeﬃcient comparable to
that of direct-band-gap semiconductors and room temperature sub-band-gap SWIR photodetection [38]. We note that
signiﬁcant progress has been made on Ge-Sn alloys [39,
40], which have recently demonstrated room-temperature
SWIR photodetection [41–44] and lasing [21,45], but
which operate by a fundamentally diﬀerent sub-bandgap absorption mechanism than that of the Au-dopant
mediation investigated here. Ge-Sn alloying (∼+9 % Sn)
creates high compressive strain, which can induce a redshifted direct-band-gap transition [39,40]. Au hyperdoping
(approximately 0.07% Au in our high-dose sample) introduces a nonequilibrium concentration of sub-band-gap
defect states, which facilitate sub-band-gap absorption.
The Ge hyperdoping method used here could be transferred to an existing Si-based optoelectronic device fabrication process. Ge-on-Si photodetectors have already successfully extended the detection edge of Si-based devices
to telecom wavelengths [46]. Adding two additional steps,
ion implantation and PLM, to an existing Ge-on-Si photodetector fabrication process could further extend detection to cover the entire SWIR spectrum. As these two fabrication steps use standard semiconductor industry tools, ion
implanters and pulsed lasers, the development of hyperdoped Ge for SWIR-photodetection applications would be
relatively straightforward. Although we fabricate the prototype hyperdoped Ge photodetector presented here on a
Ge wafer, the method can be transferred to strained Geon-Si substrates with no loss of crystallinity [47]. Because
nanosecond PLM only signiﬁcantly heats the top surface
of a wafer (of order 1 µm), it can be restricted to userdeﬁned areas and applied as the last processing step of an
existing optoelectronic device fabrication process to limit
unintended Au diﬀusion [26].
II. METHODS
A. Hyperdoping experimental design
We implant two-side polished (100) Czochralski-grown
5–10  cm resistivity n-type Ge:Sb wafers with 110 keV
197
Au– ions to a dose of 1014 or 6 × 1014 cm−2 . The
projected range for both doses is 27 nm. We note
that the low dose is at least 6 times the minimumimplant dose that is shown to produce full amorphization of Ge from implant species implanted at
a comparable energy range [48,49]. We perform all
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implantations at liquid-nitrogen temperature to suppress
ion-beam-induced porosity and ion-induced annealing
[50,51]. We orient all substrates 7° with respect to the
[100] crystal axis to minimize ion channeling.
To characterize the resulting amorphous layer, we perform channeling Rutherford backscattering spectrometry
(RBS) on the samples with a 2 MeV He+ ion beam
aligned along the [100] axis. We evaluate ion-scattering
measurements by simulating RBS spectra using the SIMNRA simulation program [43]. The program, in general,
considers only single scattering events, allowing analytical
formulae to be used for the calculation of the scattering parameters, hence vastly speeding up the simulation.
Also, we choose SRIM for the electronic stopping power
data because SRIM is a semiempirical database that relies
on available experimental stopping powers. For MeV ion
scattering, the electronic energy loss provided by SRIM is
very reproducible [52]. The SIMNRA simulations indicate
that the 1014 and 6 × 1014 cm−2 implanted samples have an
amorphous layer thickness of 47 and 66 nm, respectively.
These SIMNRA simulations assume a two-layer system
(layer 1, Ge:Au; layer 2, amorphous pure Ge) and apply a
diﬀuse interface, as well as ﬁnite detector resolution, both

of which give rise to broadening of layer edges. The simulations, therefore, eﬀectively model a gradual transition
from the amorphous to crystalline layers that occurs in asimplanted samples. This gives rise to the tail at around
channel 370 in Fig. 1(b) in the simulated as-implanted case
(dashed red curve).
To restore crystallinity after implantation damage, we
then laser melt each implanted sample with a 355 nm
0.49 J/cm2 single 4 ns FWHM pulse from a Nd:YAG laser.
We choose this ﬂuence to reach a maximum melt depth
beyond the implant-amorphized region of each sample [the
melt depth is predicted to be 210 nm using numerical
solutions to the heat equation; Fig. S2(d) within the Supplemental Material [35] ]. In this scenario, the melt front
reaches the underlying crystalline substrate and leads to
single-crystal epilayer regrowth. Throughout the process,
we measure sample melt duration through time-resolved
reﬂectivity (TRR) [53], using the setup depicted in Fig.
S2(a) within the Supplemental Material [35]. TRR is
enabled by a low-power Ar+ ion probe laser and a photodiode, as shown in the setup. During melting, the probe laser
reﬂects oﬀ the sample and onto the photodiode. Molten
Ge, which is metallic, has a considerably higher reﬂectivity
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FIG. 1. Structural properties of hyperdoped Ge. (a) Schematic of the hyperdoping process: (i) ion implantation introduces the desired
dopant quantity into the host material, (ii) pulsed laser melts implantation-induced lattice damage, and (iii) epitaxial rapid solidiﬁcation traps a supersaturated dopant concentration into single-crystalline phase. (b) RBS spectra of virgin Ge and implanted high-dose
(6 × 1014 cm−2 ) Ge before and after PLM. All spectra shown are channeled measurements, except the random PLM spectra indicated
and its simulation. (c) Inferred concentration-depth proﬁles of low- (1014 cm−2 ) and high-dose (6 × 1014 cm−2 dose) hyperdoped Ge
samples. (d) XTEM and high-resolution (HR) XTEM (inset) micrographs of the high-dose hyperdoped Ge sample.
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than those of amorphous or crystalline Ge, both of which
are semiconductors [48,49]. Hence, during melting, the
amount of probe light reﬂected by the sample and collected
by the photodiode (in a melt trace) increases signiﬁcantly.
A typical TRR melt trace is shown in Fig. S2(b) within the
Supplemental Material [35].
During PLM of the implanted samples, time-resolved
reﬂectivity measurements indicate the following melt
durations: between 33 and 54 ns for the 1014 cm−2
0.49 J/cm2 samples and 39–66 ns for the 6 × 1014 cm−2
0.49 J/cm2 samples. These measured melt durations are
consistent with our numerical simulations. A typical reﬂectivity trace is shown in Fig. S2(c) within the Supplemental
Material [35].
B. Structural measurements
To examine the impact of PLM on subsurface implantation damage, we carry out bright-ﬁeld and high-resolution
cross-section transmission electron microscopy (XTEM)
at 200 keV. We prepare the samples for XTEM using a
focused ion beam and in situ lift out.
To characterize sample crystallinity and the dopant proﬁle, we perform channeled and random-mode RBS. The
random-mode measurements are performed in the same
geometry as that of the channeled measurements, but with
the sample rotated about 7° from its surface normal. We
determine the as-implanted dose and thickness of each
sample by simulating and ﬁtting the as-implanted spectra
with the SIMNRA program. For the PLM spectra, we determine the total Au concentration proﬁle by simulating the
random spectra using SIMNRA. To determine the substitutional Au concentration proﬁle, we multiply the total Au
concentration proﬁle with the substitutional factor S, which
can be calculated using the following equation [54]:


YAu/channeled
S = 1−
YAu/random

 

YGe/channeled
/ 1−
,
YGe/random

where YX /channeled and YX /random are the scattering yields
from the X elements at channeled and random geometries,
respectively. In our study, the scattering yields of the channeled and random spectra are taken at the sample depth,
excluding the surface peak.
1. Optical measurements
We characterize sample absorptance by performing
reﬂectance and transmittance measurements using a UVnear-infrared (NIR) spectrophotometer and FTIR. To minimize gas-absorption lines in absorptance data, we purge
the FTIR chamber with liquid N2 before all measurements.
We model the hyperdoped Ge:Au layer using the twolayer thin-ﬁlm-stack methodology described previously
[26]. In the model, we assume the hyperdoped Ge:Au
layer is 50 nm thick, use a measured absorptance value

of 0.027 at 2.4 µm, and assume an air-virgin Ge interface
normal-incidence reﬂection coeﬃcient of 0.3366.
C. Photodetector fabrication
We fabricate Ge:Au photodetectors as follows. To create a bottom contact to the n-type wafer substrate, we
coimplant Sb and P on one side of the wafer, rapidly thermal anneal the sample, and perform metal evaporation, as
described elsewhere [55]. On the wafer side opposite the
n+ layer, we form the p + Ge:Au layer via the hyperdoping process detailed above. Using photolithography and
SF6 reactive ion etching, we then form a mesa structure
out of the p + layer to electrically isolate the region from
the rest of the substrate. The mesas are 1 µm deep and
1 × 1 mm2 in area. We then use photolithography, electronbeam metal evaporation, and lift oﬀ to form 200-nm-thick
Al-bar contacts on opposite sides of the mesa structure to
create the top photodetector device contacts. All contacts
are ohmic, as shown in Fig. S6 within the Supplemental
Material [35]. We attach the bottom contact to a printed
circuit board (PCB) with silver paste and wire bond the
top contacts to the PCB. We fabricate Ge:Sb control photodetectors in a similar procedure to that of the Ge:Au
photodetectors, with the hyperoped-Au layer replaced with
Ge:Sb implanted with an energy of 65 keV.
D. Optoelectronic response measurements
We take precautions to avoid a false sub-band-gap photosignal in the laser measurement setup details described
above. To this end, we place a 300-µm-thick Ge wafer in
the laser path to ﬁlter out above-band-gap light. To prevent ambient light from inducing a false photoconductive
signal, we perform measurements in complete darkness.
To determine the spectral photoresponse of the photodetectors, we substitute each photodetector for the detector
in a FTIR spectrometer. In this FTIR photoconductivity
setup, we connect a photodetector to a transimpedance
ampliﬁer (TIA) for ampliﬁcation of the photocurrent. No
bias voltage is applied to the photodetector during measurements. The FTIR resolution is set to 100 cm−1 . To
reduce noise, we set the band-pass ﬁlter of the TIA to the
range from 0.1 to 10 kHz. We obtain the photoconductive spectrum in arb. units, since the incident power from
the Globar light source is unknown. The measured photoresponse of each detector is normalized to the emission
spectrum of the Globar light source. When measuring dark
noise, we block illumination from the FTIR spectrometer
just before the objective lens to ensure that no light reaches
the photodetector.
III. RESULTS
A. Germanium hyperdoping process
To fabricate hyperdoped Ge [Fig. 1(a)], we ﬁrst implant
n-type (100) Ge wafers with 110 keV 197 Au− ions to
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a dose of 1014 or 6 × 1014 cm−2 . In the implanted
1014 cm−2 samples, implanted Au is distributed throughout the entire the 47-nm-thick amorphous layer. In the
implanted 6 × 1014 cm−2 dose samples, Au is distributed
within the ﬁrst 50 nm of a 66-nm-thick amorphous layer.
To restore crystallinity after implantation-induced amorphization, we laser melt each implanted sample with a
355 nm 0.49-J/cm2 single 4 ns FWHM pulse from a
Nd:YAG laser. We choose this ﬂuence to reach a melt
depth of 210 nm (predicted by numerical solutions of the
heat equation, as shown in Fig. S2(d) within the Supplemental Material [35], which is expected to be safely
beyond the deep tail of the implant distribution and beyond
the implant-amorphized and implant-damaged regions of
each sample [56]. In this scenario, the melt front reaches
the underlying perfect crystalline substrate, permitting
defect-free single-crystal epitaxial regrowth. The laser irradiation conditions are chosen so that the subsequent solidiﬁcation speed is in the order of 1 m/s, which is slow enough
to permit defect-free crystal growth, but fast enough to
cause solute trapping, or nonequilibrium impurity incorporation during rapid solidiﬁcation [57], resulting in a
hyperdoped supersaturated single-crystal material.

B. Structural properties
To characterize Au distribution in the hyperdoped samples, we carry out channeling and random-mode RBS measurements on virgin, as-implanted, and hyperdoped (after
PLM) Ge wafers. To quantify the structure and composition of the samples, we ﬁt the results of simulations, using
the SIMNRA simulation program, to the experimental spectra. The experimental RBS spectra of the 6 × 1014 cm−2
Au samples are shown in Fig. 1(b). All RBS spectra are of
channeling-mode measurements, except the random PLM
spectrum (speciﬁcally indicated in the legend) and the SIMNRA simulation [58]. The SIMNRA simulation (described
in Sec. II) is performed to obtain the amorphous layer
thickness and Au proﬁles. In RBS measurements, the channeling mode probes crystal defects and atomic location of
Au, whereas the random mode probes the total distribution
of atoms, including interstitial and substitutional atoms. In
the channeling-mode as-implanted spectrum (red circles),
two scattering peaks are visible. The ﬁrst peak, from channels 380 to 420, is the scattering yield from Ge atoms
within the implanted layer. The second peak, from channels 425 to 459, is the scattering yield from Au atoms. The
simulated spectrum (red dashes) indicates that Au is distributed within the ﬁrst 50 nm of a 66-nm-thick amorphous
layer. For the hyperdoped spectrum taken in the channeled
mode (green triangles), the minimum scattering yield of
the Ge substrate (χmin/Ge ) is very close to that of a virgin
Ge wafer (black squares), suggesting that the hyperdoped
samples after laser melting are of excellent crystalline

quality. Regarding the distribution of Au, between channels 425 and 459, the signiﬁcant diﬀerence in Au scattering
yield between the random and channeled spectra (blue diamonds vs green triangles) indicates that the majority of
implanted Au atoms are located on substitutional Ge lattice
sites after PLM. From the Au peak towards lower channel
numbers, the channeled and random PLM scattering yields
decay quickly and reach a minimum near channel 425 (just
before the Ge substrate peak). This decay indicates that the
majority of Au in the hyperdoped sample is trapped within
the top 50 nm.
Figure 1(c) shows the total and substitutional Au
concentration-depth proﬁles for the low- (1014 cm−2 ) and
high-dose (6 × 1014 cm−2 ) samples. The depth proﬁles
are obtained from simulating the RBS spectra. Since any
Au signal beyond 50 nm in depth is overwhelmed by the
large Ge substrate signal, small concentrations of Au are
to be expected beyond 50 nm, as explained below. The
total Au concentrations about 10 nm below the Au surface peak for the low-dose and high-dose samples are
4 × 1018 and 3 × 1019 cm−3 , respectively. These values are
several orders of magnitude higher than the Ge:Au solid
solubility limit of 2.8 × 1016 cm−3 and the highest previously reported Ge:Au concentration, which is obtained by
rapid quenching at 1131 K, of 1.5 × 1017 cm−3 [23]. In
the observable depth range from below the surface peak to
50 nm, we ﬁnd that 100% and 70% of the incorporated Au
atoms are substitutional in the low- and high-dose samples,
respectively.
Directly after implantation, the RBS proﬁle of the highdose sample indicates that all implanted Au is distributed
within the ﬁrst 50 nm of an amorphous layer 66 nm
thick (as described in Sec. III A). Dividing the integrated
total concentration depth proﬁle after PLM by the measured implanted dose from RBS suggests that (59 ± 1)%
of the implanted Au dose is retained between 0 and
50 nm. The missing fraction, (41 ± 1)%, of the implant
dose (i.e., 2.6 × 1014 Au atoms/cm−2 ) either ends up at
a depth beyond 50 nm or evaporates from the surface
during the PLM process. Notably, the maximum layer
thickness to which Au can diﬀuse during PLM is equal
to the melt depth, which is predicted to be 210 nm from
the numerical solution of the heat equation. The hyperdoped layer thickness is therefore likely to be somewhere
between 50 and 210 nm thick. To probe the Au distribution beyond the RBS depth-resolution limit, we carry out
secondary ion mass spectrometry (SIMS) using a 7.25 keV
Cs ion beam and collect 197 Au− secondary ions (Fig. S10
within the Supplemental Material [35]). The SIMS measurements are less accurate than the RBS measurements
due to SIMS depth-resolution issues, but qualitatively conﬁrm the redistribution of Au after laser melting and allow
an upper bound of the retained Au dose beyond 50 nm to
be established. We estimate that the Au dose beyond 50 nm
for the low-dose and high-dose laser-melted samples are
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less than 5.8 × 1012 (5.8% of the implanted Au) and
5.4 × 1013 cm−2 (9.0% of the implanted Au), respectively.
XTEM micrographs of the high-dose hyperdoped sample [Fig. 1(d)] show that the entire sample is single crystalline. No extended defects, secondary phases, or cellular
breakdown features are visible in the micrograph. Furthermore, the entire region above the predicted melt depth,
which includes the hyperdoped Ge:Au layer, appears identical to the virgin substrate beneath the melt depth. The
micrographs demonstrate that PLM fully restores the crystallinity of the implantation-damaged region; this conclusion is supported by the RBS spectra in Fig. 1(b).
Two other features of the micrograph are worth noting.
First, a mottling of small dark spots is visible throughout the micrograph. These spots are characteristic of the
focused-ion-beam damage produced during Ge XTEM
sample preparation [59,60]. Because these spots are found
throughout the specimen and beyond the melt depth, we
conclude that they do not arise from the hyperdoping process. Second, the continuous dark surface layer visible at
the top of the micrograph can be attributed to a surface
oxide producing image contrast.

By modeling the sample as a two-layer thin-ﬁlm absorbing
stack, we can obtain lower and upper bounds for the subband-gap absorption coeﬃcient, α, of the high-dose sample from data in Fig. 2. Assuming the hyperdoped Ge:Au
layer uniformly absorbs sub-band-gap light, we obtain, for
sub-band-gap α for hyperdoped Ge:Au at a wavelength
of 2.4 µm, an upper bound of 5200 cm−1 (taking the
layer thickness to be 50 nm; see Sec. II for details) and
a lower bound of 1200 cm−1 (for a 210-nm-thick hyperdoped layer). This range of values is comparable to that of
commercially available direct-band-gap semiconductors at
the same wavelength [4,24].
We can independently estimate the sub-band-gap α
of the high-dose sample from the photoionization cross
section of Ge:Au and the measured dopant concentration.
Sub-band-gap dopant-mediated extrinsic-absorption coefﬁcients scale as α = σ N , where σ is the photoionization
cross section and N is the concentration of incorporated
dopants [29]. The A1, A2, A3, and D1 Ge:Au energy
levels [19] have photoionization cross sections [29,34]
of 4 × 10−17 , 5 × 10−18 , 3 × 10−18 , and 3 × 10−18 cm2 ,
respectively. Assuming, for simplicity, that (1) the levels
do not interact with one another (i.e., ignoring potential band formation) and absorb light independently, (2)
only substitutional Au atoms create mid-band-gap states
that absorb sub-band-gap photons (i.e., ignoring possible
absorption from interstitials or clusters), (3) all substitutional atoms are optically active, and (4) the average
Au-layer substitutional concentration is 2 × 1019 cm−3 , the
expected extrinsic sub-band-gap α is 1100 cm−1 . Alternatively, preserving assumption (1) above, and assuming
that (2) both substitutional and interstitial atoms absorb
sub-band-gap photons, (3) all these atoms are optically
active, and (4) the average-layer total concentration is

C. Optical properties
To quantify absorptance, we measure transmittance (T)
and reﬂectance (R) using a UV-vis-NIR spectrophotometer
and a FTIR spectrometer. Figure 2(a) shows the diﬀerence between the sub-band-gap absorptance (A = 1–T–R)
of hyperdoped Ge:Au and that of a virgin Ge wafer,
AGe:Au –AGe . Figure 2 shows that the Au-doping concentration in the low-dose sample is too small to cause a measurable increase in sub-band-gap absorptance. In contrast, the
high-dose sample does show sub-band-gap absorptance.
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FIG. 2. Sub-band-gap absorptance of hyperdoped Ge. (a) Diﬀerence between the sub-band-gap absorptance A (absorptance = 1–transmittance–reﬂectance) of hyperdoped Ge samples (processed with a 0.49 J/cm2 Nd:YAG laser ﬂuence) and that of
the virgin Ge wafer, AGe:Au –AGe , measured with a UV-NIR spectrophotometer and FTIR. Crossover between spectrophotometer and
FTIR spectrometer measurements is at 2.5 µm. Low-dose (1014 cm−2 , red line) sample shows no sub-band-gap absorptance, whereas
high-dose (6 × 1014 cm−2 , blue line) sample shows signiﬁcant sub-band-gap absorptance. (b) Calculated αd product (left axis) and
absorption coeﬃcient (right axis) for the high-dose hyperdoped sample. In estimating the absorption coeﬃcient α, the absorber layer
thickness, d, is approximated as 50 nm.
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3 × 1019 cm−3 , the expected extrinsic sub-band-gap α is
approximately 1600 cm−1 . Both of these estimates agree
well with the lower and upper bounds obtained from
measured absorptance data, as discussed above.
We can use the same approach to estimate the expected
sub-band-gap α for the low-dose sample, yielding a subband-gap α of approximately 200 cm−1 (using either the
substitutional or total concentration). This value is an
order of magnitude below that of commercially available
direct-band-gap semiconductors at the same wavelength,
and therefore, consistent with the lack of sub-band-gap
absorption for the low-dose sample observed in Fig. 2.
In Fig. 2(b), we show the nondimensional αd product
(left axis) of the high-dose hyperdoped sample, where d is
the unknown (eﬀective) thickness of the absorbing hyperdoped layer. The αd product is estimated as described
previously [26], using measured transmittance data [shown
in Fig. S4(c) within the Supplemental Material [35]], and
assuming hyperdoped samples have a reﬂection coeﬃcient
at 2.4 µm equivalent to that of a virgin Ge-air interface (0.366 at 2.4 µm). Based on the Au-layer-thickness
discussion above, we conclude that an incorporated Au
dose between 3.7 × 1014 and 6 × 1014 atoms/cm−2 , distributed across a hyperdoped layer of 50–210 nm, produces
the measured sub-band-gap αd product. The right axis of
Fig. 2(b) shows the absorption coeﬃcient α, assuming the
absorber layer thickness, d, is 50 nm.
D. Room-temperature sub-band-gap optoelectronic
response
To test whether hyperdoped Ge exhibits a roomtemperature sub-band-gap optoelectronic response, we
fabricate prototype photodetectors using the high-dose
samples. In the planar device structure, shown in Fig. 3(a),
the hyperdoped Ge:Au layer sits atop a raised mesa structure. This structure is isolated from the substrate to reduce
leakage currents and to ensure that the applied voltage
produces a current through the device’s p + -n junction.
We choose a planar device structure for its simplicity and
potential suitability for SWIR-imaging-array applications.
Top and bottom photodetector contacts are ohmic (Fig.
S6 within the Supplemental Material [35]). We also fabricate control photodetectors doped with the shallow-level
donor Sb. Detailed device conﬁgurations for the hyperdoped Ge:Au and Ge:Sb photodetectors are shown in Figs.
S6 and S8 within the Supplemental Material [35], respectively. In the Ge:Au photodetector, the hyperdoped Ge:Au
layer forms a rectifying junction with the n-type substrate,
as shown in the dark I-V curve in Fig. 3(b). Because the
hyperdoped Ge:Au layer forms a rectifying junction only
on an n-type substrate and not on a p-type substrate [compare the dark I-V curves in Fig. 3(b) and Fig. S7(b) within
the Supplemental Material [35] ], we conclude that holes
act as majority carriers in the hyperdoped Ge:Au layer.

We test the photodetectors using the photoconductivity setup shown in Fig. 3(a). We illuminate the photodetectors with chopped light from a continuous-wave
laser diode (Brolis semiconductor) at wavelengths of 2.0
and 2.4 µm. The laser light is mechanically chopped at
23 Hz and focused on a 20 µm spot size in the middle
of the mesa-structure surface. Using a lock-in ampliﬁer,
we measure the ac current generated between the photodetector’s two top bar contacts and the bottom contact.
Figure 3(c) shows the diﬀerence between the I-V curves
obtained under 2.0 µm laser illumination and no illumination. This photocurrent diﬀerence demonstrates a subband-gap photocurrent. Increasing reverse bias across the
junction increases (and then saturates) the sub-band-gap
photocurrent due to enhanced collection of charge carriers
excited by sub-band-gap light. Under 2.0 µm illumination, the Ge:Au photodetector exhibits a responsivity of
2.5 × 10−4 A/W and an external quantum eﬃciency (EQE)
of 1.6 × 10−4 . Under 2.4 µm illumination, the device
exhibits a responsivity of 2.7 × 10−6 A/W and an EQE of
1.4 × 10−6 .
Figure 3(d) shows the broadband response of the Ge:Au
photodetector, which is obtained by substituting the Ge:Au
photodetector for the detector in a FTIR spectrometer. The
response of each detector is normalized to the intensity
spectrum of the FTIR Globar light. Because we do not
know the incident power per unit wavelength of the FTIR
Globar light illuminating the photodetectors and because
the response is obtained from a Fourier transform of the
phase-corrected time-domain interferogram, we report the
normalized photoconductive response in arb. units. For
comparison, we also show the normalized photoconductive response of the Ge:Sb photodetector. Between 2.0 and
3.0 µm, the response of hyperdoped Ge:Au consistently
exceeds that of the Ge:Sb photodetector. The dark noise
is 2.0 × 10−5 for the Ge:Au photodetector and 1.0 × 10−5
for the Ge:Sb photodetector. The Ge:Au photodetector
exhibits a room-temperature sub-band-gap response up
to 3.0 µm, which is well beyond the detection edge of
extended In1−x Gax As (with a band gap of 2.6 µm).
IV. FUTURE WORK
Figure 3 demonstrates the proof-of-concept roomtemperature sub-band-gap absorption and optoelectronic
response in hyperdoped Ge:Au. The low EQE of our
device could be increased by optimizing hyperdoping fabrication to enhance sub-band-gap absorptance (i.e., the
αd product, given that the current Ge:Au layer we fabricate uses only approximately 3% of sub-band-gap light)
and by maximizing carrier collection through improved
device design and fabrication. Four possible paths to
enhance device sub-band-gap absorptance are (1) increase
the Au-implant dose, (2) increase the Ge:Au layer thickness, (3) optimize the PLM laser ﬂuence, and (4) improve
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FIG. 3. Room-temperature sub-band-gap optoelectronic response of hyperdoped Ge. (a) Schematic of the cw-laser photoconductivity measurement setup used to measure the optoelectronic response of the high-dose (6 × 1014 cm−2 ) hyperdoped Ge photodetectors
at 2.0 and 2.44 µm. CH in the diagram stands for chopper. (b) Hyperdoped Ge photodetector’s dark I -V curve. (c) Diﬀerence between
the hyperdoped Ge photodetector’s 2.0-µm-laser illuminated and dark I -V curves. (d) Measured room-temperature normalized photoresponse of a zero-biased hyperdoped Ge:Au photodetector and Ge:Sb control photodetector also made with implantation and PLM.
Response is obtained from substituting each photodetector for the detector in a FTIR spectrometer and illuminating with Globar light.
Response of each detector is normalized to the intensity spectrum of the FTIR Globar light.

photon management. Increasing the Au-implant dose
would increase the concentration of trapped Au dopants
after PLM. This higher Au-dopant concentration, in turn,
would increase the dopant-mediated sub-band-gap α in the
hyperdoped Ge layer. For a ﬁxed implant dose, increasing the implant energy and laser ﬂuence used to melt
the amorphous implanted region increases the thickness,
absorptance, and optical path length of the hyperdoped
layer. We note that the current hyperdoped-Ge:Au layer
thickness, between 50 and 210 nm, can likely be increased.
In Si, for example, single-crystal layers with implant doses
of 1016 cm−2 and thicknesses up to 500 nm are achieved.
Optimizing the PLM laser ﬂuence will increase the substitutional fraction and optical activation of dopants, further
increasing sub-band-gap α. Preliminary results indicate
that laser melting the implanted samples studied here
with a lower laser ﬂuence greatly enhances sub-bandgap absorption (Fig. S9 within the Supplemental Material
[35]). In addition to optimizing the hyperdoped layer,
absorption can be increased through photon management
strategies, such as surface structures and antireﬂection
layers. Passivation layers, a smaller device size, and an

optimized device architecture could further enhance the
EQE. In particular, a future device architecture, where the
device depletion layer encompasses as much of the hyperdoped layer as possible, by managing the p-type doping
or use of MOS structures, for example, may lead to much
improved photocollection and higher EQE.
Future development of hyperdoped Ge:Au should also
investigate how its properties compare to those of state-ofthe art Ge-Sn alloys. Critical properties to compare should
include sub-band-gap absorption (absorption coeﬃcient
and wavelength-dependent edge) and properties that currently limit Ge-Sn devices (thermal metastabilty [61,62]
and relatively high leakage current [43,44]) compared with
commerical III-V and II-VI semiconductor devices.
V. CONCLUSION
We present a scalable method for hyperdoping Ge with
Au that opens the door to low-cost room-temperature Sicompatible SWIR photodetection. Using ion implantation
followed by nanosecond PLM, we obtain a single-crystal
material with a peak Au concentration of 3 × 1019 cm−3
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(103 times the solubility limit). The high nonequilibrium
gold concentrations we obtain give rise to fundamentally diﬀerent optoelectronic properties than those reported
previously at much lower concentrations. The resulting
hyperdoped Ge:Au exhibits dopant-mediated sub-bandgap absorption of light up to wavelengths of at least
3 µm, with an optical absorption coeﬃcient comparable
to that of commercial SWIR photodetection materials. In
contrast to previous dopant-mediated Ge-based photodetectors, which exhibit sub-band-gap responses only at low
temperature, we present a hyperdoped Ge:Au photodetector for sub-band-gap SWIR photodetection that works at
room temperature.
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