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Summary:

Few-layer black phosphorus (FLBP) degrades rapidly in ambient conditions, hindering its practical ap-
plications. We demonstrate that a nitrocellulose encapsulation film enables real-time optical monitoring
of FLBP while protecting it from degradation. Optical transmission measurements performed over 3
hours confirm the stability of encapsulated samples compared to unprotected references. This approach
enables the integration of FLBP in photonic devices under ambient conditions.
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Introduction

Few-layer black phosphorus (FLBP) is a promis-
ing 2D material with strong potential for optoe-
lectronic applications due to its anisotropic opti-
cal response and broadband absorption [1,].
However, its practical implementation is hin-
dered by rapid degradation under ambient con-
ditions, where oxygen and moisture induce
chemical breakdown and surface roughening [2].

To address this limitation, we propose an encap-
sulation strategy based on nitrocellulose protec-
tive films. These transparent films not only shield
FLBP from air and humidity but also enable real-
time optical measurements to be performed di-
rectly on the protected material. The primary aim
of this study is to evaluate the efficiency of this
encapsulation in maintaining optical stability
over time and to explore its feasibility for use in
practical photonic platforms.

FLBP-nitrocellulose film preparation

FLBP was prepared by liquid-phase exfoliation
of black phosphorus crystals (Smart Elements).
38 mg of ground BP was dispersed in 8 mL of ar-
gon-purged 95% ethanol (Sigma-Aldrich) and
next the mixture was ultrasonicated using a Ban-
delin Sonopuls HD2200 (20kHz, 40W, 0.5s
ON/OFF pulses) for 4 hours at 0-3 °C under con-
tinuous argon flow. This method followed estab-
lished literature protocols [3]. To fabricate the
FLBP-nitrocellulose film, 5 yL of FLBP suspen-
sion was drop-cast onto interdigital electrodes
five times in an argon-filled glove box, with 30-
minute drying intervals at room temperature. A

protective nitrocellulose layer was then applied
from an ethanol solution. The composite film was
dried under argon for 24 hours, then under re-
duced pressure for 2 hours.

Optical Measurements

The interference spectra were recorded by the
Optical Spectrum Analyzer. A measurement
setup consists of a 1320 nm light source, a fiber
coupler, a sample, and a spectrum analyzer. The
light emitted from the source is coupled into the
fiber and directed towards the sample. The re-
sulting signal observed in the analyzer displays
an interference spectrum. The optical analysis
was conducted on two samples, with spectra be-
ing recorded immediately after sample prepara-
tion (0 hours), as well as after 1 hour, 2 hours,
and 3 hours. By measuring at different time in-
tervals, it becomes possible to observe changes
in the optical properties resulting from the degra-
dation process of the samples. In this case sig-
nificant difference between successive meas-
urement from unprotected samples can be ob-
served. On the other hand, as one can note the
optical spectra have not changed after measur-
ing time, which can mean that the process of
degradation did not occur and did not influence
the optical spectra of the measured signal.
Measurement Results

The optical stability of FLBP was evaluated by
monitoring interference spectra over time using
a fiber-optic setup and an optical spectrum ana-
lyzer. Two sets of samples: one encapsulated
with nitrocellulose nitrate and one left unpro-
tected were analyzed immediately after
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preparation (0 h), and subsequently at 1 h, 2 h,
and 3 h intervals.The results, shown in Fig. 1, re-
veal a clear difference in the behavior of pro-
tected versus unprotected FLBP. For unpro-
tected samples, significant spectral changes oc-
curred within the first hour, including a reduction
in fringe visibility and a shift in baseline intensity,
both of which indicate rapid degradation of the
material due to environmental exposure.
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Fig. 1. Optical spectra of the samples of unpro-
tected and protected with nitrocellulose FLBP, after
a) Oh b) 1h, ¢) 2h and d) 3h.

In contrast, the encapsulated samples main-
tained stable interference patterns over the en-
tire measurement period. No measurable spec-
tral shifts or amplitude variations were detected,
suggesting that the nitrocellulose nitrate layer ef-
fectively prevents oxidation and moisture-in-
duced damage. This confirms the suitability of
the encapsulation for maintaining long-term opti-
cal performance of FLBP under ambient condi-
tions.

Simulation results

Parameters for simulation with nitrocellulose
setup were as follows, note that this was setup
consisting of 3 layers with different refractive in-
dex (n) and thickness (I): no=1.47 (fiber core);
n1=1 (air), 11=100 pm (distance from the sample);
n2=1.46 (FLBP), 12=5*10 ym (FLBP thickness) ;
n3=2.5 (nitrocellulose), 13=1280 um (nitrocellu-
lose thickness). To compare the results with or
without nitrocellulose parameter n2 was simply
set to 1. Fig Y shows compared results for setup
with FLBP and FLBP covered with nitrocellulose.
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Fig. 2 Simulation results for setup with FLBP and
FLBP covered with nitrocellulose (protected).

As can be observed on Fig. Y similar phase shift
as on measurement results can be seen. This
proves that additional layer of nitrocellulose is re-
sponsible for phase shift. This proves that addi-
tion of nitrocellulose film did not affect optical
properties of FLBP. Nitrocellulose, as demon-
strated here, provides a straightforward and ef-
fective means to overcome the primary barrier to
FLBP's technological adoption, paving the way
for its use in advanced optoelectronic and pho-
tonic systems.
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