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Abstract

Broadband optical amplifiers operating in the 2 pm spectral region are critical for advancing
mid-infrared photonic systems, yet achieving high gain with low noise remains challenging.
In this work, we demonstrate a high-performance tapered fiber amplifier incorporating
PbS quantum dots (QDs) as the gain medium. By optimizing the tapering geometry and
QD doping concentration, we achieve a broadband on-off gain of >15 dB across a 200 nm
bandwidth (1900-2100 nm). The unique combination of PbS QDs’ size-tunable bandgap
and the tapered fiber’s enhanced evanescent field interaction enables efficient pump-probe
overlap, resulting in a broader gain bandwidth compared to conventional rare-earth-doped
fiber amplifiers. This work establishes a promising platform for compact, high-bandwidth
mid-infrared light sources and amplifiers.

Keywords: 2 um; broadband amplification; PbS quantum dots; quantum dot fiber amplifier;
mid-infrared photonics; tapered fiber

1. Introduction

The 2 um wavelength window has emerged as a critical region for applications in
laser surgery, gas sensing, and free-space communication due to its eye-safe operation
and strong molecular absorption features [1-5]. Recent advances in hollow-core photonic
bandgap fibers (HC-PBGFs) provide the basis for low-loss transmission of optical signals
at the 2 um wavelength [6]. Consequently, research has focused on the 2 um wavelength
band, encompassing free-space optical communication systems [5], fiber lasers [7,8], and
photodetectors [9,10]. Recently, there has been a growing interest in the 2 um fiber amplifier,
particularly rare-earth ion-doped fiber amplifiers, such as those doped with holmium
ions [11] and thulium ions [12,13], as well as Raman fiber amplifiers [14]. However,
their limited gain bandwidth (<100 nm) and complex pump requirements hinder their
application, for example, in wavelength-division multiplexing systems [15]. Additionally,
the gain achieved through Raman scattering is constrained by the necessity to match
the pump wavelength with the signal wavelength, typically requiring high-power pump
sources [16]. Therefore, efforts are still underway to explore gain media for achieving a
2 um fiber amplifier.
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At present, quantum dots (QDs) such as CdSe, PbS, PbSe, and PbTe, which offer
a compelling alternative to gain media due to their size-dependent bandgap tunability,
broad emission profiles, and compatibility with solution-based fiber functionalization, have
demonstrated remarkable optoelectronic properties, making them suitable for applications
in fiber amplifiers, bio-imaging, solar cells, and fiber lasers [17-25]. Previous studies have
demonstrated the feasibility of employing QDs for optical amplification in the mid-infrared
region. For instance, efficient amplification was achieved at wavelengths of 3 um and
5 um using InAs;_Sbyx/ZnS QDs of different sizes, with maximum switching gains of
14.3 dB and 12.9 dB, respectively [26]. In addition, doped TIBr QDs have been investigated,
showing high gain at 800 nm and 3000 nm [27]. Furthermore, numerical simulations
have reported that an InAsg 4Sbg ¢ /InP quantum dot semiconductor optical amplifier (QD-
SOA) can achieve efficient amplification at 6 pm with a gain of approximately 8.9 dB [28].
Collectively, these findings confirm the excellent amplification capability of QDs in the
mid-infrared spectral range. However, most of these studies have focused on quantum
dot semiconductor optical amplifiers, whereas reports on quantum dot fiber amplifiers
operating in the mid-infrared region remain relatively scarce. Notably, PbS QDs exhibit
a large exciton Bohr radius (~18 nm), enabling them to maintain pronounced quantum
confinement effects even at larger sizes. The optical bandgap of QDs can be precisely
tuned by adjusting their size, making them adaptable for applications across a wide range
of wavelengths. PbS QDs also display broad-spectrum absorption characteristics due to
their relatively narrow bandgap (~0.41 eV) [29]. The quantum confinement effects, broad-
spectrum absorption, and ease of fabrication position PbS QDs as an excellent candidate
gain medium for a 2 um broadband fiber amplifier.

Currently, several methods have been developed to integrate QDs into fiber amplifiers.
One method involves mixing colloidally synthesized QDs with a gel medium, such as
UV-curable gel, and subsequently filling the mixture into hollow-core fibers [21]. Another
method utilizes high-temperature melt spinning to fabricate glass fibers, followed by
annealing to induce QDs to crystallize within the fiber structure [30]. Additionally, atomic
layer deposition (ALD), combined with modified chemical vapor deposition (MCVD),
has been employed to incorporate PbS QDs into silicon fibers [31]. Our team has also
developed a simple coating method in which a polymer film doped with QDs is applied
to the surface of tapered optical fibers. This configuration facilitates signal amplification
through the interaction between the QDs and the evanescent wave [32]. Guo et al. [33]
conducted a theoretical analysis of such amplifiers, predicting a gain spectrum centered
at 1530 nm with a bandwidth of 240 nm and a maximum gain of 10.5 dB under a pump
power of 500 mW. To enhance the surface density of QDs coated on the tapered region, we
have encapsulated PbS QDs into mesoporous silica nanoparticles, resulting in improved
amplifier gain [34]. Additionally, we fabricated polymer-modified PbS/CdS core-shell QD
fiber amplifiers and oleic acid-capped PbS QD fiber amplifiers, which exhibited enhanced
thermal stability [35,36]. However, integrating QDs into fiber amplifiers while maintaining
high pump efficiency remains unresolved, as conventional step-index fibers exhibit weak
overlap between the QD gain medium and the propagating signal mode.

Here, we address the challenge through a tapered fiber geometry that enhances evanes-
cent field interactions with PbS QDs. We synthesized PbS QDs that exhibit fluorescence
peaks at 1997 nm using an improved organometallic method combined with a multiple
injection technique. The PbS QDs were subsequently deposited onto the surface of tapered
optical fibers via a photodeposition method. By systematically engineering the taper profile
and the QDs’ deposition parameters, we demonstrate a 2 pm broadband amplifier with
a record gain bandwidth. To characterize the amplifier, a broadband light source was
utilized as the signal source, while a 976 nm laser diode (LD) served as the pump source.
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The signal and pump light were simultaneously injected into the tapered fiber using a
980/2000 nm wavelength division multiplexer (WDM). The PbS QDs on the surface of the
taper were excited by the evanescent pump field, resulting in signal amplification within
the 1900-2100 nm range, with a maximum on-off gain of 15.2 dB. This approach opens new
pathways for the design of compact, wavelength-agile mid-infrared fiber devices.

2. Experiments
2.1. Synthesis and Characterization of PbS QDs

The organometallic method is extensively employed for the synthesis of PbS QDs.
The nucleation process can be described as follows: when the sulfur precursor is rapidly
injected into the heated lead precursor, a nucleation burst occurs, forming nanocrystal
nuclei. The formation of these nuclei depletes the precursor concentration, reducing it
below the nucleation threshold. At this point, no new nanocrystal nuclei are formed, and
the existing nanocrystals transition into the growth phase, during which their size remains
uniform. However, later, the nanocrystals grow through the Ostwald ripening process [37],
which increases size dispersity, as shown in Figure 1a. To obtain QDs with uniform size, the
reaction time was constrained to 100 min (the growth phase). Notably, using this method,
PbS QDs with an absorption peak of approximately 1631 nm can be synthesized within
100 min, as shown in Figure 1b.
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Figure 1. (a) Stages of QD growth as a function of time and precursor concentration. (b) Changes in
QD absorption peak with growth time.

Thus, a multiple-injection method [38,39] was employed to synthesize PbS QDs of
the desired size by separating the nucleation and growth processes. The initial injection
of the sulfur precursor regulates the number of nuclei, while the growth of the QDs is
achieved through subsequent injections of the sulfur precursor. The detailed preparation
process is as follows: sulfur and lead precursors were separately dissolved in oleylamine at
a controlled temperature to form precursor solutions. A precise amount of sulfur precursor
was rapidly injected into the lead precursor solution (lead-to-sulfur-precursor molar ratio
of 24:1) under vigorous stirring at 120 °C in a nitrogen atmosphere. After a growth period
of 30 min, the absorption peak of the PbS QDs was observed at 1617 nm. Subsequent
injections of sulfur precursor at concentrations below the nucleation threshold were made
every 10 min, facilitating further growth of the PbS QDs without inducing new nucleation
sites. As shown in Figure 2a, the growth process demonstrated high reproducibility. This
method exhibited excellent control over the size of the PbS QDs, with tunable absorption
peaks ranging from 1617 to 1998 nm, as depicted in Figure 2b. The PbS QDs also exhib-
ited good stability, which was further confirmed by the consistent performance of the
fiber amplifier.
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Figure 2. (a) Illustration of the two-step synthesis process. The first step is the formation of initial
seed crystals from the first injection of sulfur precursors. The second step is multiple injections of
small-dose sulfur precursors that grow crystals from the seeds. (b) Plot of the absorption peak of PbS
QDs versus the number of injections of sulfur precursors.

Ultimately, the required PbS QDs were synthesized by injecting the sulfur precursor
seven times, with the characterization results illustrated in Figure 3a. The absorption peak
and fluorescence peak of the PbS QDs were measured using a spectrophotometer (Hitachi
U-4150, Hitachi Scientific Instruments (Beijing) Co., Ltd., Beijing, China) and a fluorescence
spectrometer (Edinburgh FLS-980, Edinburgh Instruments Ltd., Livingston, Scotland, UK),
yielding values approximately 1962 nm and 1997 nm, respectively. Furthermore, trans-
mission electron microscopy (TEM, JEOL JEM-2010 F, Jioulu (Beijing) Technology & Trade
Co., Ltd., Beijing, China) was employed to characterize the structure, diameter, and size
distribution of the PbS QDs. The results (Figure 3b) indicate that the PbS QDs have high
uniformity, with an average diameter of approximately 9.4 nm.
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Figure 3. Characteristics of PbS QDs: (a) Absorption spectrum of PbS QDs dispersed in tetra-
chlorethylene (inset: photoluminescence spectrum of PbS QDs). (b) TEM image of PbS QDs (inset:
corresponding size histogram).

The absorption and fluorescence peaks undergo a redshift as the particle size increases.
The size of the PbS QDs can be estimated from the position of the absorption peak with the
following equations [40]:

1
0.039242 + 0.114d

Eg = 041 + 1)

hc
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where Eg is the energy level of the first absorption peak, expressed in electron volt (eV); d is
the diameter in nanometers of the QDs; A is the wavelength of the first absorption peak; & is
the Planck constant, i = 4.13566 x 107 1% eV-s; and ¢ is the speed of light, c =3 X 108 m/s.
Using Equations (1) and (2), the diameter of PbS QDs was calculated to be 9.3 nm, which
closely matches that measured by the TEM image.

2.2. Fabrication and Characteristics of Optical Fiber Amplifier Based on PbS QDs

The standard flame-brushing technique was utilized to fabricate a tapered fiber sup-
porting a guided mode with an evanescent field, which could strongly interact with the
PbS QDs coated on the fiber. The polymer coating was meticulously removed; the central
segment of the fiber was thoroughly cleansed through controlled heating with a hydrogen
flame, and the standard single-mode optical fiber (SMF28) was drawn into a tapered optical
fiber. Taper ratios (1:3 to 1:6) were controlled via motorized stages (50 um/s) while moni-
toring transmission at 2000 nm with an insertion loss <0.2 dB. The diameter of the uniform
central portion of the tapered fiber was measured to be 5.21 pm (Figure 4a), and the length
of this region was approximately 2 cm. Subsequently, UV-cured glue was applied to fix the
tapered optical fiber within a U-shaped groove.

(a) (b),,
Before deposition
— After deposition |
15 4
=
] 1 = 10 -
5281 Im 8
54
0- e s e
1900 1950 2000 2050 2100

Wavelength (nm)

Figure 4. (a) Microscope image of the uniform center portion of the tapered region of the fiber after
deposition of PbS QDs. (b) Loss after and before deposition for 10 min.

The photoluminescence (PL) lifetimes of PbS QDs differ markedly between dispersed
and aggregated states. Dispersed QDs exhibit a single-exponential decay with a lifetime of
approximately 1.83 ms, whereas aggregated QDs show shorter lifetimes and deviate from
single-exponential behavior. This difference is primarily attributed to Forster resonance
energy transfer (FRET) between adjacent nanocrystals [41]. When the inter-dot spacing
is small or the QDs are arranged in a disordered manner, FRET can transfer excitation
energy from an emissive QD to a lower-energy or trap-rich QD and can reduce gain. FRET
facilitates non-radiative processes that compete with stimulated emission. If the FRET rate
is high, a greater proportion of excitations are lost through non-radiative pathways instead
of contributing to stimulated emission. Therefore, improving the dispersion of PbS QDs
on the tapered region via optical deposition effectively suppresses non-radiative energy
transfer and enhances fluorescence yield.

During the photodeposition process, when the laser traverses the tapered region of
the fiber, the QDs are propelled toward the taper by the evanescent wave optical field.
Subsequently, under the influence of van der Waals forces, the PbS QDs adhere to the
surface of the tapered fiber [42]. This process is initiated by immersing the tapered fiber in
a sealed tube containing a tetrachloroethylene solution of PbS QDs (2 mg/mL). The front
and back ends of the fiber are connected to a 976 nm LD and a power meter, respectively.
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The LD is activated to initiate the optical deposition process, during which the power of
the LD determines the concentration of QDs adhering to the tapered region. The entire
deposition process should not exceed 30 min, as prolonged exposure of the UV-curable
adhesive to the tetrachloroethylene solution may cause the tapered fiber to detach from
the U-groove.

The loss in the tapered region (Figure 4b) was measured at 0.2 dB prior to the com-
mencement of photodeposition. After the deposition of QDs on the fiber (deposition power:
250 mW), the total system loss was approximately 16.3 dB. The elevated insertion loss
observed after deposition in the tapered region is primarily attributed to the high refractive
index of PbS QDs (3.4—4.3), which exceeds that of the fiber material (~1.46) [33]. This
mismatch hinders effective confinement of the signal light within the taper, leading to
partial optical leakage. In addition, the presence of small-sized QDs (~9.4 nm) on the taper
surface introduces light scattering, further contributing to the overall loss. In the final step
of the fabrication process, the PbS QD-coated fiber tapers were desiccated under vacuum
conditions to evaporate any residual liquid on the surface.

To verify the successful deposition of PbS QDs on the tapered region, scanning electron
microscopy (SEM, Hitachi Regulus 8100, Hitachi Scientific Instruments (Beijing) Co., Ltd.,
Beijing, China) and energy-dispersive spectroscopy (EDS, Bruker XFlash 6, Bruker Corpo-
ration, MA, USA) analyses were conducted. The SEM images (Figure 5a) demonstrate that
the tapered region of the fiber is uniformly coated with a layer of PbS QDs. The presence of
sulfur and lead elements, as shown in the EDS spectrum (Figure 5b), further confirms the
successful deposition of PbS QDs.
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Figure 5. (a) SEM micrograph of tapered fiber after deposition of PbS QDs. (b) EDS spectrum of the
tapered area of the fiber (inset: the content of different elements).

3. Results and Discussion

The structure of the 2 pm fiber amplifier based on PbS QDs and the corresponding
test setup are illustrated in Figure 6. The Broadband Source (BBS, NKT Photonics) served
as the signal source, while a 976 nm LD acted as the pump source. Signal light and pump
light were simultaneously injected into the tapered fiber through a 980/2000 nm WDM.
The 976 nm pump source was utilized to excite the QDs coated on the tapered region of
the fiber. The broadband signal interacts with the excited QDs to achieve signal amplifi-
cation. The amplified signal was characterized using an optical spectrum analyzer (OSA,
Yokogawa AQ-6375). A second WDM was employed to protect the OSA from the 976 nm
pump source.
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Figure 6. Structural diagram of the fiber amplifier based on PbS QDs.

Figure 7 illustrates the output spectra of QD fiber amplifiers fabricated with LD
deposition powers of 50-300 mW and amplifier pump powers of 0 to 500 mW. With a
gradual rise in deposition power from 50 to 300 mW, there was a corresponding increase in
the maximum on-off gain, which had values of 6.5 dB, 10.4 dB, 12.8 dB, 14.6 dB, 15.2 dB,
and 15.2 dB at 50 mW, 100 mW, 150 mW, 200 mW, 250 mW, and 300 mW, respectively.
For all cases, the deposition time was 10 min. The gain of the PbS QD fiber amplifier did
not increase significantly for deposition powers higher than 250 mW because, at higher
deposition power, the limited active region of the cone fiber will cause agglomeration of a
large number of PbS QDs on the surface of the cone region, which is not conducive to signal
light amplification. Note that, owing to the multi-wavelength effect [43] of the 976 nm
pump light source, a peak appeared at 1952 nm, which does not affect the gain magnitude
and bandwidth achieved and can thus be disregarded.

The gain spectrum (Figure 7) correlates strongly with PbS QDs’ absorption profile
(Figure 3a), confirming that size distribution governs bandwidth.

The signal gain of a quantum dot fiber amplifier is primarily governed by the inversion
of the carrier density distribution within the QDs. As the pump power increases, the
interaction between the QDs and the evanescent field of the pump light leads to a significant
rise in the population of the upper energy levels. Consequently, the ratio of the excited state
to total carrier density approaches its maximum value of 1, indicating that, under strong
pumping conditions, full population inversion is achieved. As a result, the amplifier gain
reaches a steady-state level and saturates. This behavior can be described by Equations (3)
and (4) [33]:

5, P@hra 1

hv, T
N] - nq P A A 21 (3)
i 7“2;22(7’2) (Oar + 0er) + 2
e TR
N2 =1y @) i @
E/\ Ty, (Uu)\ + (Te)\) + kN

where N;j represents the population densities of the ground state (i = 1) and the upper
energy level (i = 2). Py(z) denotes the optical power at wavelength A and position
z. iy(r,z) is the normalized field intensity along the radial axis. ¢,) and 0,, denote the
emission and absorption cross sections, respectively. 4 is the total population concentration
mentioned. 72_11 is the rate of nonradiative transitions from the upper energy level to the
ground state.
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Figure 7. Amplifier output spectra at different pump powers (inset) obtained for different deposition
powers (10 min): (a) 50 mW; (b) 100 mW; (c) 150 mW; (d) 200 mW; (e) 250 mW; (f) 300 mW.

To further illustrate the dependence of gain on pump power, the signal power was
held constant, and the variation in maximum gain with a progressive increase in pump
power was plotted (Figure 8) for various deposition powers. At a pump optical power of
500 mW, the gain was nearly fully saturated.

To verify the batch-to-batch reproducibility of the quantum dot fiber amplifier, three
groups of samples were fabricated under identical conditions, with the deposition power
set to 250 mW and the pump power to 500 mW. A maximum on-off gain of 15.1 £ 0.1 dB
was observed with only minor fluctuations, as illustrated in Figure 9.

PbS QDs are susceptible to photobleaching and oxidation during extended operation.
To assess the stability of the quantum dot fiber amplifier, we measured its gain spectra over
1 h of continuous operation (Figure 10). The gain decreased by only ~0.8 dB, demonstrating
good stability. Although the observed fluctuations were minimal, long-term stability could
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likely be further improved through doping and the fabrication of core-shell structures to
suppress photobleaching and oxidation.

20

(o)}
1

[\S}
1

On/Off Gain (dB)

0 100 200 300 400 500
Pump (mW)

Figure 8. Dependence of the on-off gain on pump and deposition (inset) powers.
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Figure 9. Output spectra showing the batch-to-batch reproducibility of the quantum dot fiber
amplifier.

Finally, Table 1 summarizes the key results of this study in comparison with previous
works in terms of operating wavelength, maximum on-off gain/gain, and gain bandwidth.
Compared with references [18-20], to the best of our knowledge, this study demonstrates for
the first time switching gain using PbS QDs in the 2 pm wavelength band. In addition, relative
to references [11,13], the gain bandwidth is significantly broadened, which is beneficial for
applications in wavelength-division multiplexing systems. Compared with the mid-infrared
quantum dot semiconductor optical amplifiers reported in references [26-28], the present work
demonstrates a mid-infrared quantum dot fiber amplifier, which can be directly integrated
into fiber networks, facilitating long-distance mid-infrared signal transmission. Although
significant progress has been made in our work, net gain has not yet been achieved. This is
mainly attributed to several factors. First, the refractive index mismatch between the QDs
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and the tapered region hinders effective confinement of the signal light within the taper,
leading to partial optical leakage and increased insertion loss. Second, the highly degenerate
valence and conduction bands of the QDs make the multi-exciton processes involved in optical
amplification susceptible to non-radiative Auger recombination, which occurs on a picosecond
timescale [19]. Achieving population inversion thus requires excitation within a timeframe
shorter than the Auger recombination lifetime, necessitating ultrafast laser pumping. However,
our experiments were conducted under continuous-wave pumping conditions. To achieve
net gain, high-power ultrafast pumping is required, yet such high-intensity ultrafast lasers
may cause irreversible damage to the QDs. Therefore, modifying the QDs with polymers or
constructing heterostructures to match the refractive index with the tapered region and to
reduce surface defects represents a promising approach for realizing net gain.

Deposition power: 250 mW
} Pump power: 500 mW

} Gain: 14.3 dB
/| Gain: 14.7 dB
// f
0 Gain: 15 dB
~104]
_ -0
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Figure 10. Gain spectra of the quantum dot fiber amplifier over 1 h of continuous operation.

Table 1. Comparison with previous studies.

Maximum On-Off

Gain Medium Emission Peak Gain/Gain (dB) Gain Bandwidth References
QDs
CdSe/ZnS ~608 nm ~16.2 ~70 nm [17]
PbSe ~1316 nm ~12 ~120 nm [21]
PbS ~1400 nm ~5 ~370 nm [20]
PbS/CdS ~1500 nm ~6.5 >100 nm [19]
PbS/NaCl ~1560 nm ~9.34 ~46 nm [18]
PbS ~1997 nm ~15.2 ~200 nm This work
~800 nm
TIBr/BrCl 3000 nm - - [26]
~3 um ~14.3 ~12 THz
InAsq_Sby/ZnS ~5 um 129 15 THz [27]
InAs( 4Sbg ¢ /InP ~6 um ~8.9 ~17 THz [28]
Rare-earth ions
Holmium ions - ~56.5 ~115 nm [11]

Thulium ions

- >10 ~110 nm [13]
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4. Conclusions

In summary, we have demonstrated a tapered fiber amplifier incorporating PbS QDs
for broadband 2 pm operation. By employing the photodeposition method to load the QDs
onto the tapered region, this method offers operational simplicity and reduces the uneven
distribution of QDs on the tapered surface compared to polymer-modified QD coating
methods. At a pump power of 500 mW, the 2 um PbS QDs broadband fiber amplifier
achieved a maximum on-off gain of 15.2 dB with a gain bandwidth of 200 nm. Future
efforts will focus on polymer functionalization of QDs to achieve refractive index matching
with the tapered region, along with the implementation of core-shell structures to minimize
surface defects and suppress Auger recombination, enabling long-term stable optical gain
in quantum dot fiber amplifiers. Although net gain has not yet been achieved with this
method, the advantages of small size (active region of 2 cm), tunability of wavelength
range, and a simple preparation process provide a blueprint for merging colloidal nano-
materials with specialty fibers, with immediate applications in on-chip mid-IR sensing
and telecommunications.
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