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Among numerous 2D materials (like 
boron nitride, molybdenum disulfide, 
borophene, or a new class of 2D materials 
called MXenes,[15] discovered in 2011) we 
can distinguish single-layer black phos-
phorus (BP) called phosphorene.[16,17]

It has high-carrier mobility (up to 
103  cm2  Vs−1),[18] a high on-off ratio (≈105 
for monolayer),[19] and a refractive index 
of n ≈ 2.3–2.7 (@1330 nm).[20] Black phos-
phorus direct bandgap is tuned by the 
number of layers and varies from 0.3 to 
2  eV.[21] A puckered honeycomb structure 
of phosphorene is characterized by strong 
anisotropy. These properties make phos-
phorene a useful material for the devel-
opment of elements such as photodetec-
tors,[22] solar panels,[23] absorbers,[24] and 
linear polarizers.[25]

Although BP exhibits the aforemen-
tioned advantages, it degrades under 
environmental conditions.[26] Based on 
the literature studies,[27] the degradation 
process has two stages: oxidation of the 

phosphorene, and further reactions with water leading to acid 
formation. In the first step, chemical adsorption of oxygen and 
formation of dangling bonds occur, then a series of phosphorus 
oxides on the surface appear. The degradation process is espe-
cially rapid in the first hours, after the production of phos-
phorene, in contact with the ambient environment (oxygen, 
moisture). Wang et al.[28] report that during the first 4 h phos-
phorus oxide (P2O5) is formed, which blocks the surface and 
slows down the degradation process. The second step begins in 

Few-layer black phosphorus (FLBP) is a 2D material that gains worldwide 
interest for its possible applications, mainly in electronics and optoelec-
tronics. However, as FLBP is prone to a degradation process under envi-
ronmental conditions, there is a need for a monitoring method allowing 
investigation of its surface quality. Among many techniques, optoelectronic 
ones have unique advantages of fast response, non-contact, and non-invasive 
operation. In this paper, a photonic method is presented for this purpose 
with a focus on the earliest stages of the degradation process. Measurements 
are performed using a fiber-optic interferometer working at the wavelength 
of 1310 nm. Series of material characterization measurements, including 
scanning electron microscopy, X-ray photoelectron spectroscopy, and Raman 
spectroscopy investigations are performed to examine the FLBP using a well-
established methodology. Two samples—with liquid exfoliated FLBP and with 
layers of supernatant—prepared in two different production processes are 
investigated over 3 h. A detailed presentation of the degradation process is  
provided. The results prove that the surface monitoring of FLBP is possible 
by registering optical signal changes correlated with the changes in optical 
parameters caused by the proceeding degradation process.
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1. Introduction

The discovery of graphene in 2004 has started a worldwide 
interest in two-dimensional (2D) materials: extensive research 
on their development, characterization and potential applica-
tions is carried out. The set of optical and electrical parameters 
of the 2D materials motivates studies on their applications in, 
e.g., sensing,[1–4] flexible electronics,[5,6] detectors[7] and emit-
ters,[8] photovoltaics,[9] supercapacitors,[10] and many more.[11–14] 

Adv. Mater. Interfaces 2023, 10, 2202289

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202202289&domain=pdf&date_stamp=2023-03-28


www.advancedsciencenews.com

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2202289 (2 of 11)

www.advmatinterfaces.de

the next hours and days, as a result of the hygroscopic nature of 
the phosphorus oxide, dry phosphoric acid (H3PO4) and phos-
phorous acid (H3PO3) are formed.[29,30] It should be noted that 
unoxidized phosphorene, according to the results of simula-
tions, does not react with H2O—for this to occur, phosphorene 
must be oxidized first.[31] The formation of surface oxides pro-
motes further degradation due to their exothermic reaction 
with water. It was shown that environmental factors like expo-
sure to light and temperature can speed up the degradation of 
phosphorene.[32–34]

Improved and real-time evaluation of the quality of 2D 
material should help overcome the barriers that potentially 
hinder research and progress toward applications. Clearly, 
more information on phosphorene changes during research is 
desirable, especially at the early stage of aging, when the pro-
cess progresses very quickly. The most important methods are 
atomic force microscopy (AFM),[28,33,35] transmission electron 
microscopy (TEM),[36] scanning electron microscopy (SEM),[37] 
Phosphorus-31 nuclear magnetic resonance (31P NMR),[28] and 
Raman spectroscopy.[38,39] However, most of the methods used 
to assess the BP surface and its changes require sophisticated 
and expensive equipment. The monitoring is based on chemical 
analysis or visual subjective evaluation. Moreover, Raman spec-
troscopy or microscopy can reveal mostly long-term changes.

In this work, a fiber-optic interferometer was used to observe 
the degradation of freshly produced FLBP (few-layer black 
phosphorus) with a focus on the initial stage. This device is 
highly sensitive,[40–42] resistant to electromagnetic interfer-
ences,[43] moreover, its physical dimensions are small and the 
design is relatively simple, reducing the overall cost of imple-
mentation.[44] The interferometer allows observing changes in 
the optical signal in real-time.[43,45] If the system works under 
constant measurement conditions, changes in the optical signal 
result only from changes in the properties of the reflecting 
layer.[46] This allows monitoring of the chemical process 
dynamics via changes in absorption and refractive index.[47,48] 
Despite the undoubted advantages of this methodology, to date, 
it has not been used for FLBP degradation process investiga-
tion. This paper describes the measurement setup, experiments 
and results of FLBP monitoring by photonic measurements 
using the fiber optic interferometer.

2. Experimental Section

2.1. Few-Layer Black Phosphorus

Few-layer black phosphorus (FLBP) was prepared by solvent-
assisted exfoliation from 35  mg pre-ground black phosphorus 
(BP, Smart Elements) dispersed in 8 mL of deoxygenated 95% 
ethanol (Sigma Aldrich) by purging with the highest purity 
class argon (Air Liquid). The BP dispersion was sonicated 
under an argon stream using a horn probe ultrasonicator (Ban-
delin Sonopuls HD2200, 20 kHz), where the temperature was 
maintained in the range from 0 to 3 °C with the use of an ice-
cooled bath. The sonication tip was operated at 40  W power 
with a 0.5/0.5 s ON/OFF time for 4 h to break the van der Waals 
bonds in the BP crystal. The as-prepared suspension has been 
divided into two parts.

One part was centrifuged at 6000 rpm for 15 min to remove 
the residual unexfoliated BP, yielding supernatant. Superna-
tant and liquid exfoliated FLBP (without centrifugation) were 
used for the spin coating of the silicon substrate. The silicon 
(Si) substrate was treated by the rolling circle amplification 
(RCA) process to clean its surface. The 20 µL of the superna-
tant and exfoliated BP without centrifugation were applied on 
the Si wafer. Then, the sample was rotated at a speed of up 
to 1000  rpm for 30  s using a spin coater. The procedure was 
repeated 7 times, and as a result, the FLBP layer was deposited 
on the Si substrate from an FLBP solution with a total volume 
of 140  µL. The sample naming convention was presented in 
Table 1.

2.2. Deposited FLBP Layers Characterization

In order to provide reference measurements for the presented 
method, the prepared samples were characterized by well-estab-
lished methodology in the field. Characterization of the sam-
ples was performed using X-Ray Photoelectron Spectroscopy  
(XPS), Raman Spectroscopy and Field Emission Scanning  
Electron Microscopy.

XPS studies were carried out using Escalab 250Xi (Ther-
moFisher Scientific), utilizing AlKα X-ray spot with a diameter 
of 500 µm. The procedure applied was explained in detail else-
where.[49] Adventitious carbon C1s (284.6 eV) was used for the 
peak calibration.

The FLBP coating was characterized by a Raman spectrom-
eter. The Raman spectra were recorded by a confocal micro-
Raman spectrometer (InVia, Renishaw, United Kingdom) with 
a 532 nm excitation laser (Ar ion laser) operating at 1% of its 
total power (50  mW). The Raman shift was in the range of 
300–550 cm−1.

The morphology and distribution of FLBP on the surface 
were characterized by the Schottky field emission scanning 
electron microscopy (Quanta FEG 250, FEI, USA) with ET sec-
ondary electron detector. The beam accelerating voltage was 
kept at 20 kV.

2.3. Photonic Measurement Setup

The measurement setup was constructed as a fiber optic inter-
ferometer working in a reflective mode. A 1310 nm light source 
(SLD-1310-18-W, FiberLabs Inc., Japan) was used in this study. 
The light was guided through the single-mode optical fibers 
(SMF-28, Thorlabs, USA). The measurement head was created 
by the polished fiber optic end-face placed above the reflective 
surface—measured FLBP sample. The two parallel surfaces 
constituted an interferometric cavity which transfer function 
can be described by a two-beam approximation. The incident 
light splits on the first surface, partially reflecting back and 

Table 1. Sample naming convention.

Sample A Sample with liquid exfoliated FLBP (without centrifugation)

Sample B Sample with layers of supernatant (with centrifugation)
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partially transmitting. The transmitted light travels through 
the cavity and reflects back on the second reflective surface 
(Figure 1).

The two reflected beams interfere giving a resultant meas-
urement signal recorded by an optical spectrum analyzer 
(OSA—Ando AQ6319, Tokyo, Japan). Changes occurring within 
the cavity lead to optical signal modulation. The measurement 
setup parameters are presented in Table 2.

The schema of the experimental setup is presented in 
Figure 2.

The registered optical signal contains information about the 
parameters of the sample: its absorption and refractive index.[50] 

The degradation process of the FLBP causes the fluctuations of 
the optical parameters of the sample, such as refractive index 
and absorption, which can be detected by the tracking the 
changes in the measured spectra. The proposed optical method 
is able to detect these changes and a fast, real time monitoring 
set-up of dynamic sample changes can be performed.

3. Results and Discussion

3.1. Morphology Analysis of FLBP Layers

The morphology differences between the prepared sample 
layers were performed by scanning electron microscopy. 
Noticeable differences between the samples can be observed in 
the SEM images presented in Figure 3a–h. Dark spots around 
flakes are due to water adsorption, phosphorene decomposi-
tion, formation H3PO4 and H3PO3 and subsequent drying. For 
sample B already at time 0 (Figure  3c,d) degradation effects 
are visible due to temporary exposure to air and moisture 
during sample preparation for SEM measurement. After 24  h 
(Figure  3e–h), the spots are larger, some of the flakes have 
completely disappeared, and only the larger ones remain. With 
flakes of greater thickness (Sample A), the process is slower 
and less visible on SEM images.

Figure 1. Measurement head operation principle. The interfering beams 
reflected from the fiber end–face/air interface and air/sample interface 
are transmitted back through the fiber to the detector.

Table 2. Measurement setup parameters.

Parameter Value

OSA resolution band 0.1 nm

OSA dynamic range 60 dB

Light source bandwidth ≥52 nm

Light source power ≥ 18 mW

Light source wavelength 1310 ± 20 nm

Light source full-width at half maximum [FWHM] 108 nm

Figure 2. Measurement setup: 1—light source, 2—fiber-optic coupler, 3—optical spectrum analyzer, 4—measurement head placed in the microme-
chanical setup.
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Sample A has significantly larger particles of phosphorus 
flakes on the surface than sample B, which can be confirmed 
by the statistical distribution. Greater particles appearing 
could be agglomerates of many smaller flakes. Figure  3i,j 
shows the flake size distribution for investigated samples. 
For sample A, the largest number of flakes was counted for 
1 µm, the other significant group of flakes is those with a size 
of 1–2 µm. The distribution of flake size for sample B is dif-
ferent, the majority lies in the range <1  µm. The two largest 
groups are those with a size of 0.4–0.6 and 0.6–0.8  µm. The 
centrifugation process significantly influenced the size of the 
flakes on the surfaces.

The surface of the FLBP layer is non-uniform, its thick-
ness depends on the arrangement of the flakes. Based on SEM 
images, the layer thickness values for sample A ranged from 
660 to 2.42  µm, and the average thickness was 1.28  µm. The 
thickness of Sample B was from 170 to 315 nm, and the average 
thickness was equal to 240 nm.

Thanks to the use of centrifugation during the preparation 
of sample B, not only the diameter of the flakes decreased, but 
also the thickness of the layer formed on the surface of the sil-
icon substrate. The average thickness of the sample was deter-
mined by averaging the thickness of 6 locations in two cross-
section SEM images of the sample (Figure 4).

Figure 3. SEM measurements: a,b) SEM image of sample A in 0 time, c,d) SEM image of sample B in 0 time; e,f) SEM image of sample A after 24 h 
exposure in ambient conditions and g,h) SEM image of sample B after 24 h exposure in ambient conditions. i) Flake size distribution of sample A; 
j) flake size distribution of sample B. Sample A is the sample with liquid exfoliated FLBP (without centrifugation), and sample B is the sample with 
layers of supernatant.
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3.2. XPS Surface Chemistry Analysis of FLBP

The XPS analyses reveal a significant difference in the surface 
chemical composition of the samples depending on the fabrica-
tion procedure. Figure 5 shows the P2p binding energy range 
XPS spectra.

For sample B, the phosphorous is primarily gone from the 
surface, with some P2O5 remnants.[51]

On the other hand, for sample A, a strong peak doublet, 
with P2p3/2 at 130.1 eV was observed. The energy range is char-
acteristic of phosphorene,[52] also previously reported by our 
group.[49] It should be noted that both of these samples were 
kept in Ar atmosphere, and were only exposed to air during 
transport and mounting at the spectroscope. Nevertheless, the 
time appears to be sufficient for partial phosphorene oxidation, 
with several oxidation forms emerging and identified as P-O-P 

and O-P  =  O.[52] The share composition of each phosphorous 
moiety was summarized in Table 3.

3.3. Raman Analysis during Degradation of FLBP

FLBP was first observed in ambient conditions at different 
aging times using Raman spectroscopy (Figure 6a) to see its 
stability. In Raman spectra, there are three peaks at about 359, 
437, and 464 cm−1 corresponding to the three vibration modes 
Ag

1, Ag
2, and Bg

2.[50,53,54] After FLBP preparation (aging time 0), 
FLBP had a peak Ag

1 higher than Ag
2, but within the first 3 h a 

change is noticeable and the Ag
1/Ag

2 intensity ratio is below 1. 
Ag

1/Ag
2 ratio intensity of the Raman peaks reduces with time 

(Figure 5b) and confirms the instability of FLBP in the ambient 
environment.[55]

Figure 4. Scanning electron microscopy study of few-layer black phos-
phorus flakes. a,b) Images of a layer of black phosphorus flakes on a 
silicon substrate—cross-section of sample B.

Figure 5. The P2p XPS spectra of the studied sample with the proposed 
deconvolution mode.

Table 3. Surface chemical composition of FLBP coatings based on XPS 
analysis.

Sample P-P 
130.1 eV

P-O-P 
132.4 eV

O-P = O 
133.0 eV

P2O5 
133.9 eV

Sample A 74% 12% 14% –

Sample B – – – 100%

Figure 6. a) Raman spectra and b) the Raman Ag
1/Ag

2 intensity ratio of 
FLBP after different aging time.

Adv. Mater. Interfaces 2023, 10, 2202289
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3.4. Photonic Measurements

The optical investigation was performed for both samples—
spectra were recorded immediately after sample preparation 
(0 h), then after 1 h, 2 h, and 3 h. Interval time measurements 
allow observation of changes in optical properties caused 
by the degradation process of the samples. In the presented 
methodology, the optical signal visibility is considered as a 
parameter describing the proceeding degradation process. It 
is possible to track changes occurring in the FLBP sample via 
investigation of the measured signal visibility value because 
it is dependent on the reflectivity of the surface. The reflec-
tivity is directly connected with refractive index.[56] Therefore, 
information about signal visibility allows us to conclude about 
the progressing degradation process, that changes sample 
refractive index due to changes in the chemical structure. The 
measured signal visibility can reach a maximum of 1, where 
an optical spectrum shows good contrast manifested through 
clearly distinguishable peaks. The lower the signal visibility, 
the worse contrast and the more difficult or even impossible 

differentiation of maxima in the spectrum. Visibility is defined 
as follows:[57]

V
I I

I I
= −

+
max min

max min

 (1)

where Imax is the maximum intensity in the optical spectrum 
and Imin is the minimum value neighboring to the peak with 
maximum intensity. Figure 7 shows normalized optical spectra 
taken for sample A in its central point.

The optical spectra changed over time. After 1  h since 
sample preparation, the optical spectra show a significant drop 
in signal visibility. The worsening of this parameter can be 
attributed to the absorption increase indicating changes in the 
optical properties of the sample. This may be the effect of the 
formation of an oxide layer on the surface, as well as hydroxide 
ions (OH−) that exhibit high absorption in the considered wave-
length range.[58,59] Significant changes in the measured sample 
surface after 1  h are following the results of Koenig et  al.[60] 
An increase in the FLBP surface roughness was observed with 

Figure 7. Normalized optical spectra of sample A (FLBP without centrifugation) after a) 0 h, b) 1 h, c) 2 h, d) 3 h after film preparation.
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AFM, showing rapid oxidation over a short time. Analogical 
measurements were taken at the central point of Sample B, 
Figure 8 presents acquired optical spectra.

Sample B presents the same behavior, changes in optical 
parameters are occurring with time. There is a significant 
signal visibility drop registered after the first hour from sample 
preparation indicating the fast-progressing aging process 
appearing shortly after sample preparation.

Changes in the modulation of the spectra indicate dynamic 
chemical changes in the prepared samples. Figure 9 presents the 
visibility of the measured signals plotted as a function of time.

The initial signal visibility for both samples is comparable, 
showing good surface quality. The degradation process is the 
most rapid in the first hour of exposing samples to environ-
mental conditions, and a significant drop appears. However, 
after 1  h, the signal visibility for Sample A is higher than for 
the Sample B. It can be attributed to a small amount of phos-
phorus and the presence of more decomposition products for 

Figure 8. Normalized optical spectra of sample B (FLBP with centrifugation) after a) 0 h, b) 1 h, c) 2 h, d) 3 h, after film preparation.

Figure 9. Time-varying interferometric signal visibility for few-layer black 
phosphorus a) sample A—without centrifugation and b) sample B—with 
centrifugation.
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the latter, which is in agreement with XPS and Raman results. 
Progressing degradation of both samples results in higher vis-
ibility values of the measured signals which can be explained by 
the significant impact of the substrate on the reflection of light. 
As the absorption values of FLBP change over time, which is 
an effect of long-term exposure to environmental conditions, 
the acquired signal modulation and the fluctuations of signal 
visibility values[61] appear, proving the correct operation of the 
proposed photonic sensor.

The results of the performed experiments were compared 
with computer simulations. A model of a two-beam interfer-
ometer was implemented, following the experimental setup 
of the measurement head. The calculations were based on the 
Fresnel equations for each interface between different optical 
media. Simulated results are presented in the form of signal 
spectra on the output of the system, assuming ideal Gaussian 
shaped spectrum of the light source. A series of simulations 
were made to find values of signal absorption and cavity refrac-
tive index that gave the most similar results to the measured 
ones in terms of signal intensity and visibility. Theoretical and 
measured signals are shown in Figures 10 and 11.

It can be noted that the signals registered during experi-
ments follow theoretical modeling as there is a satisfying fit 
between the results: the corresponding maxima are in agree-
ment and overlap. Hence, the model is correct enabling estima-
tion of absorption and refractive index in the cavity. Final values 
of estimated parameters are shown in Tables 4 and 5.

The obtained values show that the absorption significantly 
rises during the sample degradation. As mentioned before, 
layer absorption increase can be explained by the formation of 
phosphorus oxides reacting with H2O and forming phosphorus 
acid. In both cases, the absorption value exceeds 0.9 and drops 

after 3 h for sample A, and after 2 h for sample B as a result of 
their degradation. As the estimated refractive index tends to the 
value characteristic for water, it can be concluded that oxygen 
and hydrogen molecules are present in the cavity, confirming 
formation of phosphorus acid with progressing degradation of 
FLBP.

4. Conclusions

A fiber-optic interferometer was used to observe changes in 
optical spectra during the FLBP degradation process. A light 
source operating at the wavelength of 1310  nm was used as 
a high OH− absorption appears in this region, increasing the 
system’s sensitivity to FLBP surface degradation. The study 
included two samples, differing in the preparation method. 
Optical measurements were performed within 3  h during 
which FLBP was exposed to environmental conditions. Changes 
in optical parameters within the initial stage of the degrada-
tion process were registered: the value of signal visibility was 
alternated due to changes occurring in the measured sample, 
indicating progressive degradation. The measurement and the-
oretical results were compared showing high agreement, that 
enabled optical parameters estimation. Well-established meth-
odology for chemical analysis was used to provide a reference 
and present the FLBP degradation process in detail. Series of 
material characterization investigations, including SEM, XPS, 
and Raman spectroscopy. The progressing degradation of both 
samples was presented. The sample prepared in the process 
with centrifugation exhibited faster phosphorus decomposition.

The experiments have shown that assessment of FLBP sur-
face is possible using a photonic method, advantageous to 

Figure 10. Comparison of the simulation and measurement results for Sample A after: a) 0 h, b) 1 h, c) 2 h, d) 3 h.
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known alternatives presented in Table 6, because of its sensi-
tivity, cheap implementation, and real-time non-destructive 
monitoring.
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Figure 11. Comparison of the simulation and measurement results for Sample B after: a) 0 h, b) 1 h, c) 2 h, d) 3 h.

Table 4. Optical parameters estimated for sample A.

Time [h] Absorption Refractive index in the cavity

0 0 1

1 0.9 1.26

2 0.92 1.28

3 0 1

Table 5. Optical parameters estimated for sample B.

Time [h] Absorption Refractive index in the cavity

0 0 1.05

1 0.965 1.245

2 0.1 1.1

3 0.325 1.2

Table 6. Comparison of measurement methods.

Method Analysis Ref.

Fiber-optic interferometer Interferometric surface analysis [N/A]

Atomic force microscopy Atomic structure analysis [28,33,35]

Transmission electron 
microscopy

Atomic structure analysis [36,39]

Scanning electron 
microscopy

Surface imaging, observation [37,39]

Phosphorus-31 nuclear 
magnetic resonance

Quantitative structural analysis [28]

Raman spectroscopy Chemical structure analysis [38,54]
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