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Abstract
We report a study investigating the effects of thermal annealing on the optical properties of Si-Ge alloy-core silica-cladded 
fibers. Low temperature fiber draw was performed with a laboratory-made draw tower at 1760 °C that minimizes impurity 
diffusion from cladding to the core. As a post-drawing process, Si–Ge core fibers were annealed in a box furnace to alter the 
core structure. Microstructural and optical properties of fibers were investigated, and transmission losses were measured as 
28 dB/cm at 6.1 µm. Numerical studies were performed to analyze the experimental results and to find the optimum structure 
for low loss semiconductor-core glass-cladded fibers.
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Introduction

Transmission in mid-infrared (IR) spectral region has 
numerous applications in spectrometry, biomedical sur-
gery and remote chemical sensing owing to the vibrational 

fingerprints of the various molecules in the targeted spectral 
region [1–3]. The opaqueness of conventional silica fibers 
above 3 µm gives rise to the necessity of alternative materi-
als for the mid-IR spectrum. Material groups such as fluo-
rides, chalcogenides, heavy metal oxides and halide crys-
tals have been investigated for nontoxic, easy-to-fabricate 
and low transmission loss fibers in the mid-IR spectrum 
[4]. The promising low transmission losses in the targeted 
region make them suitable materials, however mechanical 
and chemical problems such as devitrification at room tem-
perature, water absorption and photodarkening under visible 
light limit their practical usage [5]. Semiconductors such as 
Si and Ge have wide transmission windows in the mid-IR 
along with low bulk transmission losses and they possess 
mechanical and chemical stabilities making them suitable 
candidates for fiber materials. Various methods have been 
proposed to draw semiconductor fibers such as high-pressure 
chemical vapor deposition (HP-CVD) [6], powder-in-tube 
[7] and rod-in-tube [8]. Among these methods, only rod-
in-tube is amenable for long fiber drawing, and it allows 
control over fiber parameters such as outer diameter (OD), 
inner diameter (ID), core/cladding ratio, and polymer coat-
ing. To date, various semiconductors have been proposed 
as core materials to draw semiconductor-core glass-cladded 
fibers with rod-in-tube method and various structural and 
optical characterizations were performed with the drawn 
fibers [9–12].
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The alloying of different semiconductors can combine the 
individual properties of fibers and can produce fibers with 
tailored optical properties such as transmission windows 
and refractive indices. Also it can form graded-index fib-
ers that have not been reported in the mid-IR spectrum yet. 
Several studies were aimed to develop semiconductor alloy-
core fibers with various elements and compositions [13–17]. 
Recently, Si and Ge were used to form alloy-core fibers, how-
ever, the structural inhomogeneity of the alloy-core fibers 
causes high transmission losses, requiring post-fiber drawing 
processes [14, 15]. Laser recrystallization [14] and thermal 
annealing [15] were performed to increase the homogeneity 
of the fiber core and to improve the optical performances.

In this paper, the effect of thermal annealing to the opti-
cal and structural properties of Si–Ge alloy-core silica 
glass-cladded fibers were investigated. Fibers were drawn 
in a laboratory-made mini draw tower at 1760 °C by rod-in-
tube method that is amenable for long fiber drawing. Fibers 
were characterized in the mid-IR spectrum with a Quan-
tum Cascade Laser (QCL) at 6.1 µm. Fibers were further 
annealed in a box-type furnace with controlled heating rate 
in air to increase the core uniformity that affects the optical 
performance of the fibers. The transmission loss of high Ge 
percentage (9.5 at%) alloy fiber was 28 dB/cm at 6.1 µm. 
Additional numerical studies were performed to investigate 
the optimum structure for Si–Ge alloy-core fibers.

Experimental Details

An 8 mm long, 1.9 mm OD Ge rod was core-drilled from 
a 10 × 10 × 50 mm3 monocrystalline Ge sample of 99.999% 
purity (Lattice Materials LLC, Bozeman, MT, USA). A Si 
tube with 2 mm ID, 3 mm OD and 10 mm length was manu-
factured from a 10 × 10 × 50 mm3 monocrystalline Si sample 
of 99.999% purity (Lattice Materials LLC, Bozeman, MT, 
USA). One side of the silica tube was not drilled and a cup-
like structure was formed to cover the Ge rod in the pre-
form. During the heating of the preform to reach the drawing 
temperature, the Ge rod melts earlier than the Si tube since 
the melting point of Ge is much lower than Si (Ge melts at 
938 °C and Si melts at 1414 °C.). By forming this structure, 
molten Ge was kept away longer times from the cladding that 
may increase the diffusion of oxygen. The Ge rod-Si tube 
combination was placed inside a silica tube (Technical Glass 
Products, Inc., Painesville, OH, USA) with 3 mm ID and 
9 mm OD. Additional silica tube with 10 mm ID and 15 mm 
OD was added concentrically to increase the ratio of cladding 
with respect to the core. The semiconductor core was sealed 
with silica rods from the top and bottom sides to prevent 
oxidation at the elevated drawing temperatures. The rod-in-
tube method was selected to draw Si–Ge alloy-core fibers. A 
more detailed explanation of the drawing can be found in the 

literature [9, 18]. Fibers were drawn in a laboratory-made 
mini draw tower at 1760 °C in the Department of Mechani-
cal Engineering at Boston University, USA. The typical draw 
temperature of silica glasses is around 2000 °C, but since 
1760 °C is higher than the softening temperature of silica and 
melting points of Si and Ge, fibers can be successfully drawn 
at this temperature. The fibers were then annealed to adjust 
the core structure with a box furnace (Thermo Scientific, 
Waltham, MA, USA) under normal atmospheric conditions.

Microstructural characterization of the Si–Ge alloy-core 
silica-cladding fiber was carried out by scanning electron 
microscopy (SEM)-based energy dispersive x-ray (EDX, Zeiss 
Supra 55P, Jena, Germany). EDX dot maps of each element 
and composition profiles across the core-cladding interface 
were obtained both before and after the post-draw annealing.

Results and Discussion

Microstructure of the Fibers

The cross-section image of the fiber can be seen in Fig. 1a. 
The core diameter of the fiber is 27 µm and cladding diam-
eter is 245 µm. Figure 1b–d show dot maps of the fiber’s 
cross-section for different elements, indicating the elemental 
segregation at multiple locations, respectively. This is due 
to the nucleation at multiple locations during the solidifi-
cation of the molten alloy core. The formation of Si-rich 
solid grains occurs at the nucleation sites, and the remaining 
liquid becomes Ge-rich. A more detailed elemental compo-
sition through the core and cladding was obtained by EDX 
line scan across the core as shown in Fig. 1a, and the result 
can be seen in Fig. 1e. The atomic percentage of the ele-
ments at two particular regions (region A and B; Fig. 1a) that 
exhibit visual contrast differences in the SEM image, were 
calculated. Region A had 77.6 at% Si and 19.4 at% Ge, while 
Region B had 91.3 at% Si and 5.7 at% Ge. Both regions had 
approximately 3 at% O content.

Post‑draw Annealing

The elemental segregation was not controlled during the 
fiber draw since the cooling is a rapid process. In order to 
improve the core uniformity, drawn fibers were annealed 
and several recipes were used to find the best core struc-
ture. After performing different recipes, a multi-step cool-
ing procedure with a hold at a temperature between the 
solidus and liquidus lines of the alloy composition was 
found to be the optimum recipe to create a uniform fiber 
core. Between these lines, the alloy-core is a mixture of 
solid and liquid Si–Ge with different elemental composi-
tions. By dwelling, the diffusion between the grains can 
improve the uniformity of fiber-core. After heating the 
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as-drawn fiber to 1465 °C, where the core is completely 
molten, the sample was kept at this condition for 6 min 
(i.e. the minimum dwelling time set by the box furnace). 
The fiber was cooled to 1350 °C, which is between the 
liquidus and solidus temperature of the alloy composition 
with 15 °C/min cooling rate, and held at 1350 °C for 6 min. 
Later, the fiber was slowly cooled with 2 °C/min to 900 °C 
after it was removed from the furnace to air-cool to room 
temperature. Figure 2a–d shows an SEM micrograph of 
the fiber cross-section along with the O, Ge and Si dot 
maps. The images clearly indicate that the uniformity of the 
alloy-core increased, and the core turned into a step-index 
(SI) structure. Furthermore, Fig. 2e shows the composition 
profile across the fiber core-cladding interface, reinforcing 
the evidence of the uniformity in the core. The oxygen 
presence remains same suggesting the effect of annealing 
on the diffusion of oxygen from cladding to the core is 

minimal. Similar to the previously characterized fiber in 
“Microstructure of the Fibers” section, regions A and B 
were selected on the fiber core (Fig. 2a), and the atomic 
percentage of Si and Ge were calculated. Region A had 
87.5 at% Si and 9.5 at% Ge, and region B has 87.4 at% Si 
and 9.6 at% Ge. Both regions preserved the oxygen content, 
and it was found approximately 3 at%. Thus, this fiber can 
be characterized as a Si–Ge SI alloy-core fiber. Further-
more, several other recipes of post drawing annealing of the 
Si–Ge alloy core fibers are discussed in the supplementary 
materials.

Optical Characterization

Optical characterization of the Si–Ge alloy-core fibers was 
performed with a QCL (Daylight Solutions, CA, USA) at 
a single wavelength (i.e. 6.1 µm) for a robust measurement 

Fig. 1  a SEM micrograph of the core region. EDX elemental dot maps of fiber elements: b O, c Ge and d Si. e Composition profile of the 
selected line across the fiber core in a 

Fig. 2  SEM and EDX images of the fiber after the thermal annealing. a SEM micrograph of the core. Elemental dot maps of b O, c Ge and d Si. 
e Composition profile of the selected line across the core-cladding interface in a 
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and a reliable comparison with other similarly made fibers. 
Output light of the fiber was collected with a mercury cad-
mium telluride (MCT) detector and appropriate glass absorp-
tion filters were used to prevent saturation of the detector. A 
more detailed explanation of the optical setup can be found 
in our previous work [11]. The optical transmission losses 
of the Si–Ge SI fiber were calculated by the standard cut-
back method, and three fiber lengths were used; 7.90 mm, 
6.60 mm and 5.42 mm, with the latter two polished down 
sequentially from the previous length after the optical meas-
urement. The average transmission loss at 6.1 µm was found 
to be 28 dB/cm. The transmission losses of the non-uniform 
Si–Ge alloy-core fiber was also calculated using the same 
method, and it was calculated 75 dB/cm at 6.1 µm. Although 
homogenizing the alloy-core reduced the refractive index 
variation and noticeably improved the transmission losses 
(75–28 dB/cm), the losses are still more than the Ge-core 
and Si-core fibers that were drawn with the same setup and 
method as depicted in Table 1. One of the reasons for the 
high transmission loss in the Si–Ge SI alloy-core may be 
due to the presence of numerous cracks that formed in the 
cladding after the post-drawing annealing. Increasing the 
dwelling time at temperature above 1100 °C accelerates the 
devitrification of silica glasses. Devitrified silica glasses are 
fragile to mechanical stresses, and easily form cracks that can 
penetrate to the cores of the fibers. Figure 3 shows the cracks 
that are formed in the silica cladding of the Si–Ge SI fiber as 
a result of the post-drawing heat treatment. It is possible that 
some of these cracks may propagate across the core/cladding 
interface, thereby increasing the transmission losses.

Simulation Results

The confinement loss of the fabricated Si–Ge alloy core fiber 
with the same geometrical and elemental composition was also 
numerically calculated through modal analysis using Com-
sol Multiphysics. Refractive indices of the core and cladding 
materials were modeled based on the previous studies in the 
literature [19, 20]. The simulation was run between the optical 
wavelengths of 2 µm and 14.8 µm and the results were shown 
in Fig. 4 along with the experimental studies. The significant 
increase of the calculated losses around 10 µm is due to the 

increased absorption of the silica cladding. The impact of the 
cracks and fabrication based geometrical differences could 
be the reasons behind the differences between the numeri-
cal and experimental results. The numerical studies include 
perfect elemental structures without any cracks which leads 
to minimal confinement losses for the wavelength regime of 
4–8 µm. The electromagnetic modes can be further manipu-
lated by adding extra inclusions of different alloy composition 
islands in the core and cladding area to mimic the impact of 
alloy non-uniformity. This further examination should show a 
significant increase in the confinement loss and irregularity in 
the geometrical layout of the electromagnetic mode structure.

Future Prospect

Although the low drawing temperature limits the impurity and 
oxygen diffusion from cladding to the core, the large coeffi-
cient of viscosity of silica decreases the fiber drawing speed, 

Table 1  Experimental and/or numerical transmission losses of fibers 
with different semiconductor cores at 6.1 µm

Fiber core Core diameter 
(µm)

Loss (dB/cm)

Ge [11] 40 4.6
Si [25] 60 11.6
Si–Ge SI (present work) 32 28
Si–Ge GRIN (simulation) 32 0.21

Fig. 3  Si–Ge alloy-core fiber with the cladding after the post-draw 
annealing. Cracks in the silica cladding are due to devitrification dur-
ing the heat treatment

Fig. 4  Comparison of simulation and experimental results of Si–Ge 
alloy-core silica-cladded fibers
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and likely causes an increase in the surface roughness between 
the core and cladding. The non-uniform elemental segrega-
tion and random nucleation at multiple sites of the core are 
the known reasons behind the high transmission losses with 
the Si–Ge core fibers [14]. On the other hand, the annealed 
Si–Ge SI fibers suffers from devitrification of the silica clad-
ding during the homogenization process even though the 
homogenization process sharply decreased the transmission 
losses. Further exploration of post-drawing processes that do 
not cause structural changes in the cladding could improve the 
transmission properties of these semiconductor fibers. Recent 
findings on the necessity of a suitable cladding materials [11, 
21] for semiconductor-core fibers can be alternatively solved 
by modifying the core structure. Graded-index (GRIN) have 
been used for conventional multimode silica fibers to decrease 
the modal dispersion [22]. The light can be tightly confined 
in the core center, and the interaction of the evanescent field 
and the cladding will be minimized. To compare the losses 
between an SI and a GRIN fibers, multiple layers of Si–Ge 
alloys with different compositions were replaced with the 
Si–Ge SI alloy-core to model a simplified GRIN structure. 
Figure 5 shows the numerical comparison of the losses for SI 
and GRIN structures, and the cross-section of the simulated 
fiber structures. SI fiber has a 32 µm alloy-core with a similar 
composition to the drawn SI fiber and GRIN fiber has a core 
with five layers. The most outer layer that is 100 at% Si, has 
32 µm diameter and the most inner layer that is 100 at% Ge, 
has 16 µm diameter. The intermediate layers are formed of 
Si–Ge alloys and have the following compositions and diam-
eters: (1) 75 at% Ge-25 at% Si with 20 µm diameter, (2) 50 
at% Ge-50 at% Si with 24 µm diameter and (3) 25 at% Ge-75 
at% Si with 28 µm diameter. The cladding diameter was kept 
constant on both of the simulations. Although the SI fiber has 

lower losses at 3–7 µm region than the GRIN fiber, the trans-
mission losses of the GRIN structure are uniform through the 
2–14.8 µm region and it is around 30 dB/m that is at the same 
range with the SI fiber. Moreover, the GRIN structure fea-
tures the suppression of the absorption peak of glasses around 
10 µm which can be a promising fiber structure for longer 
wavelength applications such as the optical transmission of 
 CO2 lasers that have emission at 9–11 µm region.

Table 1 shows the experimental transmission losses of dif-
ferent fibers and numerical results of the GRIN Si–Ge alloy-
core fiber. Fibers in this table were drawn with similar setups 
and they were optically characterized at the same setup. High 
transmission losses of Si–Ge SI alloy-core fiber could be due 
to the following points: devitrification of the cladding glass 
during the post-draw annealing, oxygen presence in the core 
and surface roughness at the core-cladding interface. Rapid 
post-draw annealing can minimize the devitrification of the 
cladding however the homogenization of the core will be 
limited (see Supplementary data). Surface roughness could 
be related to the lower drawing temperature (~ 1760 °C), but 
in the same time lower oxygen ratio in the core is attributed 
to the drawing temperature. This can be seen with the Si-core 
silica-cladded fiber that has higher losses but lower oxygen 
presence in the core than the literature [25]. Numerical stud-
ies suggest that uniform low transmission losses are possible 
with the GRIN structure that can extend the application areas 
of the semiconductor-core fibers. One important application 
area could be related to the exploitation of the nonlinear 
properties of the semiconductors since semiconductors such 
as Si and Ge have much higher nonlinearity than the silica-
based glasses. Successful experimental demonstrations of 
various nonlinear properties of semiconductor-core fibers 
are encouraging for the future studies [23, 24].

Fig. 5  a Comparison of the transmission losses of Si–Ge SI and GRIN fibers. b The structures of the simulated fibers. GRIN fiber has multiple 
core layers with increasing Si/(Si + Ge) ratio from the core center to the core/cladding interface
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Conclusions

In conclusion, Si–Ge alloy core fibers were successfully 
drawn and their optical transmission losses were character-
ized at the mid-IR spectrum. The thermal annealing were 
applied the fibers to enhance the core structure. SI Si–Ge 
alloy-core silica glass-cladded fibers were acquired and the 
transmission losses were found 28 dB/cm at 6.1 µm. The fib-
ers have high Ge content (9.5 at%) in the core and exhibited 
good mid-IR transparency. Furthermore, simulation results 
suggest that GRIN fibers should have better performance 
than the SI fibers in the mid-IR spectrum. Improvements in 
the experimental process can be done with better tempera-
ture control to form a GRIN structure.
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