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Introduction

Thermal evaporation fabrication of UV-NIR p—i—n
photodetectors based on highly tensile-strained
Ge via incorporation of Pb rather than Sn and As

Mohamed A. Nawwar,*® Abdelhamid El-Shaer,” Mohamed Y. Saeed,
Magdy S. Abo Ghazala,” Ahmed Mourtada Elseman @ € and
Abd El-Hady B. Kashyout*®

Direct band gap strained germanium (Ge) is one of the promising materials that have been used in
various applications in the last decades, with elements such as Sn, As, and Pb being used to modulate
the Ge band gap. In this work, we compared the effect of the content of three metals (Sn, As, and Pb)
on the Ge structure and optoelectronic properties and demonstrated the advantages of Pb content over
Sn. We fabricated p-i—n based poly-Ge by Sn-, As-, and Pb-induced crystallization of thermally
deposited Ge annealed at 400 °C under vacuum. Raman spectroscopy and X-ray diffraction were used
to investigate the impact of the incorporation of metals on the strain in the Ge network. We investigated
the direct transition of the prepared samples using UV-Vis-NIR spectroscopy and photoluminescence.
We measured the charge carrier lifetime using time-resolved PL. We investigated the diode quality and
dark current using /-V characteristics in dark conditions. Photoresponsivity measurements were per-
formed to measure the spectral response of the prepared junctions. The results reveal that the GePb-
based p—i—n junction has a higher tensile strain than GeAs and GeSn. GePb has many direct transitions
in the UV, NIR, and mid-IR regions of the spectra. GePb has a longer carrier lifetime than GeSn and a
low dark current and a quality factor near the ideal value compared to the other prepared junctions. The
fabricated GePb-based photodetector (PD) has a higher responsivity in the UV and NIR regions
compared to GeSn- and GeAs-based PDs. This makes the fabricated GePb-based PD more suitable than
GeSn for photodetection applications in multiple regions of the spectrum.

extensively than GePb compounds since Pb has a lower solubi-
lity in Ge than Sn because of the lattice mismatch with Ge.*

Germanium has recently attracted great interest because it is
used in optoelectronics, photonics, and infrared telecommuni-
cation applications." Unfortunately, Ge has an indirect
band gap that is not preferred in emission and detection
applications.” There are many ways to modulate the Ge band
gap, including indirect and direct methods, such as strain
engineering in the Ge network and incorporation of large metal
atoms such as Sn and Pb.? GeSn alloys have been studied more
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Thus, few trials have examined the incorporation of Pb inside
Ge networks. Single-crystalline GePb was prepared for the first
time by Qian Zhou et al., who used pulsed laser-induced epitaxy
followed by laser annealing to generate a GePb compound with
3% Pb content.” M. C. J. Weiser et al. used different fluencies of
the pulsed laser to incorporate Pb inside the Ge network. They
investigated the impact of laser fluencies using Raman
spectroscopy.® Single-crystalline GePb alloys were prepared for
the first time via magnetron sputtering by Xiangquan Liu et al.”
Jiayin Yang et al. used a 2 x 10" cm ™2 implantation dose with
an energy of 20 keV followed by rapid thermal annealing at
400 °C, 550 °C, and 700 °C to obtain good-quality GePb crystals.®
Hakimah Alahmad et al. employed Pb-induced crystallization of
thermally evaporated amorphous Ge for the first time to obtain
(004) GePb crystallites.” Xiangquan Liu et al. reported another trial
in which they prepared GePb/Ge multiple quantum wells to
enhance the radiative emission via quantum confinement." The-
oretical investigations of the GePb band structure and optical and
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Fig. 1 Schematic of the fabrication of p—i—n based poly-Ge junctions via MIC.

electronic properties using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm have been demonstrated.'"'> Xiang-
quan Liu et al. also fabricated a p-GePb/i-GePb/n-Ge photo-
detector with a dark current of value 10~ to 10~* A and a cut-
off photoresponsivity at 1600 nm."? Jiulong Yu et al. fabricated
a p-Ge/GePb/n-Ge photodetector with a SiO, passivation layer.
This p-i-n GePb photodetector exhibited a dark current of
107° A and a cut-off photoresponsivity at 1800 nm."™

In this work, we were motivated to find a way to replace Sn
with Pb and consequently obtain a germanium alloy with a
highly strained, directly tunable band gap, and to utilize the
GePb alloy in the fabrication of optoelectronic devices using
fluorine-doped tin oxide (FTO)/glass as the substrate. The
band gap of the GePb compound can be adjusted by changing
the Pb content. This work is mainly aimed at overcoming
the low solubility of Pb in germanium by using the MIC
process to generate a highly strained direct band gap Ge
crystalline thin film with lower dark current and higher
responsivity in the NIR region compared to the Ge thin films
doped with Sn or As. We also employed low-vacuum annealing
during the MIC process to facilitate the oxidation of germa-
nium. This results in band-to-band transition corresponding
to GeO, in the UV region of the spectra, in addition to the
response of Ge with Pb content in the NIR region. The
fabricated p-i-n junctions constructed by this technique are
the first GePb junctions to exhibit photoresponsivity peaks in
both UV and NIR regions.

We performed comparative experimental studies on GeAs,
GeSn, and GePb alloys that were prepared by metal-induced
crystallization of thermally evaporated a-Ge thin films. We
investigated the higher strain effect of Pb content rather than
Sn or As. We confirmed the advantages of using Pb over Sn for
the preparation of direct transition strained Ge. We then
studied the effects of the annealing time on the optical band
gap, decay lifetime, dark current, and photoresponsivity of the
fabricated p-i-n based GePb photodetectors.

266 | Mater. Adv., 2026, 7, 265-276

Experimental procedures
Thermal deposition of metal/semiconductor multilayers

Three different semiconductor and metal layer configurations
were deposited on the fluorine-doped tin oxide (FTO)/glass
substrates using the thermal vacuum evaporation technique
(Edwards E306A). The fabricated layers were deposited under a
vacuum of 6.5 x 10> mbar as follows: a 50 nm layer of As, Sn,
or Pb was deposited separately on FTO/glass substrates. Then,
each metal layer was covered with a 500 nm layer of Ge followed
by 10 nm of Al as a p-dopant on Ge/(metal layer) above the
n-type FTO substrates (see Fig. 1).

Fabrication of p-i-n based poly-Ge junctions via metal-induced
crystallization (MIC)

The multilayers with different configurations on the above-
mentioned substrates were annealed at 400 °C under low-
vacuum conditions (4 x 107> mbar, Edwards rotary pump)
inside a vacuum cylindrical chamber. The deposited Pb/Ge/Al
layers were annealed for 1, 3, and 5 hours. The As/Ge/Al layers
were annealed for 5 hours, and the Sn/Ge/Al layers were
annealed for 5 hours. Metal-induced crystallization of
amorphously deposited Ge occurred via the incorporation of
As, Sn, and Pb separately. Al dopant represents 2% and Pb
represents 10% of the 500 nm germanium layer. After the
annealing, p-i-n junctions were formed, then Al metal electro-
des were deposited for the electrical and photoresponsivity
measurements (see Fig. 1).

Investigation of the strained Ge structure obtained via the
incorporation of As, Sn, and Pb atoms

A Witec alpha300 Raman confocal microscope with an excita-
tion laser wavelength of 352 nm, and a Brucker D8-Advance
X-ray diffractometer were employed to investigate the strain
in the Ge network introduced by the incorporation of As, Sn,
and Pb.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Direct band-gap investigation

Direct transitions and band-gap values of the prepared hetero-
structures were investigated using a UV-Vis-NIR absorbance
spectrophotometer (JASCO, Model V-770) at a range of wave-
lengths (200-1800 nm), and a photoluminescence spectrometer
(PicoQuant) with a 418 nm excitation diode laser source and a
UV-Red photomultiplier tube to detect the sample’s emission.

Current-potential (I-V) characteristics

I-V characteristics of the fabricated junctions and diode parameter
calculations were obtained using a potentiostat (Metrohm Autolab
87070).

Charge carrier lifetime

The charge carrier lifetime of the prepared samples was calcu-
lated using a time-resolved photoluminescence spectrometer
(FLuoTime 300). A 50-picosecond pulse duration laser source
was used to excite the samples, and a nanosecond time-
resolved camera was used to determine the time of charge
carrier decay at the main emission peak of each sample.

Spectral responsivity and cutoff wavelength measurements

The spectral responsivity of the prepared p-i-n junctions was
measured using a PVE300 system. A 75 W xenon lamp with a
spectral range of 300-1100 nm and 1100-1800 nm was used. Two
reference calibration detectors were used for the measurements: a
silicon photodetector with a detection range of 300-1100 nm and a
Ge photodetector with a detection range of 800-1800 nm.

Results and discussion

Impact of Pb, Sn, and As incorporation on Ge network strain
determined using Raman spectroscopy

The large Sn, Pb, and As atoms dissolve in the Ge network and
cause a modulation in the I' direct valley and the L indirect valley
in Ge. Another effect that enhances the directness of the Ge band
gap is the tensile strain in the Ge network, as it alters the indirect
valley energy and modulates the band gap.">'® Here, Pb, Sn, and
As were dissolved in the Ge network by thermal treatment under
vacuum. Raman spectroscopy measurements were carried out to
investigate the strain in the Ge network due to Pb or Sn incorpora-
tion. Fig. 2 shows that there is a Raman peak due to the phonon
mode of GeSn at 295 cm ™. There is a lower shift in wavenumber
compared to bulk Ge (at 300 cm ™) because of the solubility of the
large Sn atom (0.141 nm) in the Ge network."” Fig. 2 also shows a
broad Raman peak due to the phonon mode of GePb at 254 cm ™.
This large shift to a lower wavenumber is due to the incorporation
of larger Pb atoms (0.175 nm),"® which causes high tensile strain.
There is no peak observed for GeAs. The explanation for the
disappearance of the GeAs mode is the high melting point of
arsine (814 °C)."® The GeAs can be obtained at a higher tempera-
ture than the annealing temperature of the prepared sample
(400 °C). This causes more incorporation of Sn in the Ge network
at such annealing temperature than Pb incorporation of large Pb
atoms in the Ge network.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Raman spectra of the prepared Ge thin films with As, Sn, and Pb
contents annealed for 5 h.

X-ray diffraction

XRD analyses were carried out for the prepared samples to
compare the strain in the Ge network caused by Pb, As and Sn
content. Fig. 3 shows the XRD patterns of GePb-, GeSn-, and
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Fig. 3 XRD patterns of GePb-, GeSn-, and GeAs-based junctions annealed
for 5 h.
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Table 1 Lattice constant, d-spacing, and strain values of the strained Ge
with Pb, Sn and As content grown under different directions

d-Spacing Lattice FWHM  Strain

Sample Orientation  (A) constant (A) (%) (e
GePb (5h) GePb (111)  3.35 5.8 0382 0216
GePb (311) 1.77 5.87 0.387 0.092
GePb (331) 1.35 5.88 039  0.047
GeSn (5h) Gesn (111) 3.27 5.66 0376  0.206
GeSn (220) 1.97 6.57 0.348 0.142
Gesn (311) 1.75 5.8 0.385  0.089
GeAs (5h) Ge (111) 3.24 5.61 0331  0.172

GeAs-based junctions annealed for 5 h. It is observed that there
are many strained Ge peaks as a result of Pb or Sn incorpora-
tion in different orientations, and only one Ge peak for As
content. These strained Ge directions are (111), (311), and (331)
at 20 = 26.54°, 51.71°, and 71.34°, respectively, for the GePb-
based sample (see JCPDS card No. 4-545).”" The strained Ge
growth orientations that appeared for the GeSn-based sample
are (111), (220), and (311) at 26 = 27.28°, 45.96°, and 52.33°,
respectively (see JCPDS card No. 01-089-5011).* Only one peak
is observed for the Ge grown crystallites in the (111) direction
for the GeAs-based junction at 26 = 28.43°. It is also observed
that some peaks of SnO, appear at directions (101), (200), (220),
(310), (301), and (321) (see JCPDS card No. 01-0657)** for
both GePb- and GeSn-based samples, as they are prepared on
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the FTO substrate. The lattice constants and d-spacing of the
strained Ge at different orientations were calculated using
Bragg’s equation ni = 2dsin 0.** Deformations in the crystal-
lization of Ge will occur as a result of Pb or Sn incorporation
inside the Ge network. The relative deformation is known as
strain, and it is equivalent to variations in the d-spacing. Strain
¢ in Ge structures doped with Sn, As, and Pb is quantified using
the Williamson-Hall formula:*®

B
= 4 tano (1)

Here, f and 0 are the full-width-at-half-maximum and the
diffraction angles of the XRD peaks, respectively. Table 1
summarizes the lattice constants, d-spacing, and strain of the
strained Ge grown under different directions.

From their positions, it is seen that the diffraction peaks
corresponding to the grown Ge crystallites with Pb content in
directions (111) and (311) shift to lower diffraction angles
compared to those of the grown Ge crystallites with Sn or As
contents in the same directions. This lower shift in 260 values
and larger lattice constant values of GePb crystallites confirm
that the GePb crystallites are more expanded and have higher
tensile strain compared to the GeSn,*® as discussed in the
Raman spectroscopy analysis. The lattice constant values (see
Table 1) show that the GePb crystallites have larger values of
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Fig. 4 Plots of hv against (xh1)? for the (a) GeAs, (b) GeSn, and (c) GePb thin films annealed for 5 h at 400 °C.
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Table 2 The direct transitions of the prepared samples

Time 1st 3rd

annealing transition 2nd transition transition
Sample (h) (ev) (ev) (ev)
GePb 1 0.62 (GePb) 1.76 (Ge nano particles) 2.21 (GeO,)
GePb 3 0.62 (GePb) 1.75 (Ge nano particles) 2.17 (GeO,)
GePb 5 0.71 (GePb) 1.74 (Ge nano particles) 2.18 (GeO,)
GeSn 5 — 1.88 (Ge nano particles) 2.27 (GeO,)
GeAs 5 — 1.98 (Ge nano particles) 2.28 (GeO,)

5.8 A corresponding to the (111) orientation and 5.88 A corres-
ponding to the (311) orientation compared to GeSn crystallites,
with lattice constant values of 5.66 A and 5.8 A for the (111) and
(311) orientations, respectively. The lattice constant of the
grown Ge crystallites with As content is 5.61 A, which is
approximately the same as the lattice constant of pure
germanium.® This indicates that As is not incorporated inside
the Ge network. This is due to the high melting point of arsine
(814 °C),*® which is higher than the annealing temperature of
the prepared sample (400 °C). This annealing temperature
cannot initiate the incorporation of As inside the Ge network.
The calculated strain values, summarized in Table 1, show that
the strain value of the GePb crystallites for the (111) orientation
is 0.216. The strain value of GeSn crystallites for the (111)
orientation is 0.206. The strain value of Ge crystallites of As
for the (111) orientation is 0.172. This indicates that the Pb
incorporation inside the Ge network causes higher tensile
strain than Sn and As, which causes a modulation of the
indirect Ge band gap to the direct one.

Direct band gap investigation using UV-vis-NIR spectroscopy
measurements

UV-Vis-NIR spectroscopy measurements were carried out to
investigate the band gap modulation of Ge from indirect to
direct. This modulation was obtained because of the separate
incorporation of tin, arsine, and lead content in the Ge net-
work. We made a comparison between the impacts of Sn, As,
and Pb contents in the Ge network and their impact on the Ge
band gap. We also compared the different annealing times of
Ge with Pb content to illustrate the effect of increased solubility
of Pb in the Ge network on the band gap value of the GePb

seP
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alloy. From the absorbance data, we calculated the absorption
coefficient ¢, using the following equation:*’

A
% =23037 ®

where A is the absorbance, and ¢ is the thickness of the sample.

We applied Tauc plot to investigate the direct band gap of
Ge. The Tauc plot exhibited a linear fitting when /v was plotted
against («Av)®, as shown in Fig. 4. This confirmed the direct
band gap of Ge with the different As, Sn, and Pb contents.”®?*°

Fig. 4 shows that the GePb sample absorbs more than GeAs
and GeSn. This gives GePb a good chance for optoelectronic
and photonic applications rather than GeSn and GeAs.’
Fig. 4(a)-(c) showed that the samples have two band gap values.
The transition value in the range 2.18 eV-2.28 eV corresponds to
GeO due to oxidation of Ge during the low-vacuum annealing.**"
The transition value in the range of 1.74 eV-1.94 eV corresponds
to Ge incorporated with As, Sn, and Pb, separately.32 It is seen that
the GePb sample with Pb incorporated in the Ge network has a
lower band gap value (0.71 eV) than the GeSn and GeAs samples,
as shown in the band gap values of the three samples in Fig. 4(a)-
(c). This makes GePb alloys suitable for application in IR photo-
nics and optoelectronics.*?

Fig. 4(c) and 5 show a plot of hv against (¢hv)* for GePb thin
films annealed for annealing times of 1, 3, and 5 h, respectively.
The figures show an insignificant variation in the band gap
values owing to the increase in annealing time from one to five
hours, with the band gap values decreasing by 0.03 eV (Table 2).

Photoluminescence measurements

PL measurements were carried out to determine the transitions
of the prepared samples. Fig. 6(a) and (b) shows the emission
peaks of the prepared Ge thin films with As, Sn, and Pb
contents annealed for 5 h. It is seen that there are two emission
peaks of the prepared sample at 563 nm and 750 nm. They
coincide with the transitions at ~2.2 eV and 1.7 eV obtained
from the UV-vis-NIR spectroscopy absorbance measurements.
This observed blue shift of the emission peak values is due to
the oxidation under low-vacuum annealing during the MIC
process. It is observed that the GePb sample has higher emis-
sions than the GeAs and GeSn samples. A red shift is observed

GePb 3h
x4 O

Encrgy gap (Eg) = 2.17 e\
Energy gap (Eg) = 1.75 ¢V
Energy gap (Eg) = 0.62 ¢V

T T T
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Fig. 5 Plots of hv against (zh1)? for the GePb thin films annealed for annealing times of (a) 1 and (b) 3 h at 400 °C.
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Fig. 6 Photoluminescence emission spectra of the prepared Ge thin films with As, Sn, and Pb contents annealed for 5 h, (a) in visible, (b) in NIR region of

spectra.

at the emission peaks of the GePb sample, which matches the
UV-vis-NIR spectroscopy analysis as the value of the GePb band
gap is red-shifted compared to the GeSn and GeAs samples.

I-V characteristics of the prepared junction under dark conditions

The I-V characteristics of the prepared junction were measured
with a Metrohm Autolab 87070 potentiostat under dark
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conditions in the range +2 V. The junction parameters were
calculated using the Schottky equation:**

eV
Ip =I5 [em — 1:| (3)

where I, is the dark reverse current, I5 the saturation current, e
is the charge of the electron, V is the applied potential, 7 is the
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Fig. 7 Plots of current / against the applied potential V for the (a) GeAs-, (b) GeSn-, and (c) GePb-based p—i—n junctions.
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ideality factor, K is the Boltzmann constant, and T is the
operating temperature in Kelvin.

Fig. 7 and 8 show the current I plotted against the applied
potential V. The turn-on voltage was determined from the
intercept of the linear fit of the forward biasing plot with the
x-axis. The turn-on voltage of the prepared junctions is listed in
Table 1. It is equal to 0.59 V for the GeAs-based p-i-n junction,
due to the low solubility of As in the Ge network as described in
the discussion of the Raman measurements. This metal
reduces the depletion of the diode. The turn-on voltage of the
GePb- and GeSn-based p-i-n junctions is around 1 V. The turn-
on voltage of the GePb-based p-i-n junctions varies from 1.12 V
to 0.94 V as the annealing time increases from 1 h to 5 h. As the
annealing time increases, the incorporation of Pb in the Ge
network increases, and a reduction in the depletion region
occurs.*® The dark current values were determined from the
reverse biasing plot. The dark current value at reverse biasing
voltage (V = —2 V) was 2.22 x 10~* A for the GeAs-based
junction. This value is considered a high value of dark current,
because of the remaining low solubility as metal that doesn’t
incorporate in Ge network.>® This increases the thermally
diffused backward current. Fig. 9 and 10 show the plot of
In(I) against the biasing voltage V. The slope of the graph in
both regions 1 and 2 is equal to e/nKT, and the ideality factor of
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the diodes is calculated using the Schottky equation.>” As a
result of high dark current, the ideality factor of this junction
(n) for the low-voltage region (region 1) is equal to 2.06, which is
far from the ideal diode factor of 1.3®

It is observed that the GePb-based p-i-n junction has a
lower dark current of 3.16 x 10~> A compared to those of GeSn-
and GeAs-based junctions, and, hence, the ideality factor in the
low-voltage region is 1.146, which is very close to the ideal
value. The ideality factor of the GeSn-based junction is 1.57,
which is far from the ideal value. This makes the GePb alloy
more suitable for Ge-based junction fabrication than GeSn. It is
also observed that the dark current value decreases and thus
the ideality factor approaches the ideal value for the GePb-
based junction with increasing annealing time from 1 h to 5 h.
This is due to the increased incorporation of Pb inside the Ge
network, which reduces the metal clusters that cause the
conduction electrons of Pb to contribute to backward diffusion
current.*

The calculated ideality factor for region 2 varied greatly from
26.95 to 141.6. These values, which are very far from the ideal
value, arise because the high applied voltage causes tunneling
of the conduction electrons of the metals As, Sn and Pb.*°
Table 3 summarizes the calculated parameters of the prepared
junctions.
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Fig. 8 Plot of current / against the applied potential V for the GePb-based p—i—n junctions annealed for (a) 1 h, (b) 3 h, and (c) 5 h.
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Table 3 The calculated parameters of the prepared junctions

Parameter

Turn-on L
Sample voltage (V) I, (A) Region 1 Region 2
n-FTO/GeAs/Al-GeAs (5 h) 0.59 2.22 x 107* 2.06 141.6
n-FTO/GeSn/Al-GeSn (5 h) 1 4.11 x 107> 1.57 33.86
n-FTO/GePb/Al-GePb (5 h) 0.94 3.16 x 107 1.146 32.7
n-FTO/GePb/Al-GePb (3 h) 0.99 491 x 107° 2.11 34.01
n-FTO/GePb/Al-GePb (1 h) 1.12 6.03 x 107° 2.15 26.95

Charge carrier lifetime measurements

Charge carrier lifetime measurements of the prepared samples
were obtained using the time-resolved photoluminescence
technique. Fig. 11 shows the charge carrier lifetime of the
GeAs-based p-i-n junction annealed for 5 h, the GeSn-based
p-i-n junction annealed for 5 h, and the GePb-based p-i-n
junction annealed for 1 h, 3 h, and 5 h. It is observed that the
GePb-based p-i-n junctions annealed for different times have
higher charge carrier lifetimes (4.64 ns) than the GeSn-based
p-i-n junction, which has a carrier lifetime of 4.53 ns. This
higher charge carrier lifetime value makes the fabricated GePb-
based p-i-n junction a promising semiconductor junction that
can be utilized in efficient optoelectronic devices rather
than GeSn.

Photoresponsivity measurements of the prepared junctions

Photoresponsivity measurements were carried out to investi-
gate the detection region of the prepared p-i-n GePb-based
junctions compared to the GeAs- and GeSn-based junctions.
The spectral responsivity of the prepared heterojunctions was
measured using a PVE300 system with 75 W xenon and quartz
halogen lamps with spectral ranges of 300-1100 nm and 1100-
2500 nm, respectively. Fig. 10 shows the photoresponsivity of
the prepared GeAs-, GeSn-, and GePb-based p-i-n junctions
annealed for 5 h. The measurements reveal that the prepared
heterostructures have a response near the UV portion of radia-
tion, as seen in Fig. 12. This can be explained by considering
that the Ge networks doped with Pb, Sn, or As in the prepared
samples contain oxygen vacancies forming GeO,, owing to the
heat treatment under low-vacuum conditions. Germanium
oxide has a wide band gap that pushes UV spectrum to generate
photocurrent as discussed in photoluminescence and UV-vis
spectroscopy.

Fig. 12 shows that the response decreases from the near UV
region to the visible, with a cut-off wavelength of 550 nm. This
allows the prepared p-i-n GeSn heterojunction to be utilized as
a UV photodetector. The responsivity then increases in the NIR
region from 700 nm to 1200 nm. This response in the NIR
region corresponds to the Ge doped with As, Sn, or Pb metals. It
is seen that the responsivity of the GePb-based junction then
increases to a high value from 1500 nm to 1800 nm. We could
not measure the responsivity at wavelengths longer than
1800 nm due to the limits of the responsivity system. However,
from the UV-vis-NIR spectroscopy measurements, we could
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Fig. 13 The photoresponsivity of the prepared GePb-based p-i—n junctions annealed for 1, 3, and 5 h.

estimate that there will be a peak at 2000 nm. This increase in the
responsivity over the NIR-IR region is because the Pb content
reduces the Ge band gap to very low values.*' This makes the GePb
alloy more suitable than the GeSn compound for the fabrication of
Ge-based photodetectors in the NIR and Mid-IR regions.*>

We demonstrated the photoresponse of the GePb-based p-i-n
junctions annealed for different annealing times (1, 3, and 5 h) to
investigate the impact of increasing Pb incorporation inside the Ge
network on the photoresponsivity. Fig. 13 shows the photorespon-
sivity of the prepared GePb-based pjunctions annealed for 1, 3, and
5 h. It is observed that the responsivity of the GePb-based
p-junctions annealed for 1 h is lower than that annealed for 5 h.
The increase in the annealing time from 1 to 5 h enhances the
responsivity because Pb metal is incorporated with higher ratios
with higher annealing times. This enhances the direct transition in
Ge with higher Pb content™ and the photocurrent and photore-
sponsivity increase. It is seen that the cut-off wavelengths in
different regions of the spectrum are shifted toward longer wave-
lengths with higher annealing time. This is due to the incorporation
of Pb metal inside the Ge network, which reduces the band gap.
This work is the first trial to fabricate a GePb p-i-n photodetector
via a MIC process that can operate in both UV and NIR regions.

Conclusion

In our work, we compared Ge networks containing different
contents of As, Sn, and Pb. Thin films of the semiconductor

274 | Mater. Adv., 2026, 7, 265-276

and metal layers were thermally deposited under a vacuum of
4.6 x 107" mbar. A 50 nm layer of As, Sn, and Pb was deposited
separately on FTO substrates, then each metal layer was cov-
ered with 500 nm of Ge, followed by 10 nm of Al as a p-dopant
on Ge/(metal layer) above n-type FTO substrates. The deposited
films were then annealed under low-vacuum conditions (5.4 x
107 bar) at 400 °C. The Ge/As layers were annealed for 5 hours,
the Ge/Sn layers were annealed for 5 hours, and the Ge/Pb
layers were annealed for 1, 3, and 5 hours. The p-i-n junctions
were formed via MIC. Raman spectroscopy showed a peak due
to the phonon mode of GePb at 254 cm ™. This large shift to a
lower wavenumber is due to the incorporation of a larger Pb
atom (0.175 nm), which causes higher tensile strain compared
to the GeSn-based sample (Sn radius 0.141 nm), which has a
lower peak shift at 295 cm™'. XRD measurements reveal that
GePb crystallites have larger lattice constants of 5.8 A, corres-
ponding to the (111) orientation and so higher tensile strain
compared to the Ge crystallite lattice constant, with Sn and As
values of 5.66 A and 5.61 A for (111) orientations, respectively.
UV-Vis-NIR spectroscopy revealed that the samples have two
band gap values. The transition value at a range of 2.18 eV-
2.28 €V corresponds to GeO, as a result of the oxidation of Ge
during the low-vacuum annealing. The transition value in the
range of 1.74 eV-1.94 eV corresponds to Ge doped with As, Sn,
and Pb, separately. GePb has a third transition at 0.6 eV. It is
observed that the GePb-based p-i-n junction has a lower dark
current of 3.16 x 10> A compared to those of the GeSn- and
GeAs-based junctions, and, hence, the ideality factor in the low
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voltage region is 1.146, which is very close to the ideal value.
The ideality factor of the GeSn-based junction is 1.57, which is
far from the ideal value. Time-resolved PL measurements
showed that the GePb-based junction has a charge carrier
lifetime of 4.64 ns, whereas the corresponding value for the
GeSn-based junction is 4.53 ns. The photoresponsivity mea-
surements reveal that the prepared heterostructures have a
response near the UV region due to oxygen vacancies forming
GeO, because of the heat treatment under low-vacuum condi-
tions. The material can thus be used as a photodetector in the
UV region. The responsivity then increases in the NIR region
from 700 nm to 1200 nm. This response in the NIR region
corresponds to the Ge doped with As, Sn, or Pb metals. The
responsivity of the GePb-based junction then increases to a
high value from 1500 nm again compared to GeSn-based
junctions because the Pb content reduces the Ge band gap to
very low values, as confirmed by UV-vis spectroscopy analysis.
This demonstrates for the first time that the GePb-based
junctions are more suitable than GeSn alloys for the fabrication
of Ge-based photodetectors operating in both the UV and NIR-
IR regions and opens the way for GePb alloys to replace GeSn in
future optoelectronic applications.
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