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Abstract. The present study employs the FTIR spectroscopy methods, such as polarized
transmittance measurements and the reflectance anisotropy spectroscopy technique, to
characterize the optical properties of black phosphorus - a layered semiconductor with a narrow
band gap. Our results reveal a notable crystal absorption anisotropy within the 0.26-0.42 eV
range with strong linear dichroism, wherein a polarization-dependent feature is observed in
the reflectance anisotropy spectra with a maximum near 0.33 eV. This feature is believed to
be related to a direct interband transition E, which is permitted for linearly polarized incident
radiation along the AC crystal direction and forbidden for the ZZ direction.
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Andoranug. Metonamu WK @ypbe-CreKTpoCKONMUM, TaKUMM KakK TIOJSIpU30BaHHOE
MPOIyCKaHUE M aHM30TPOITHOE OTpaxkKeHHe, OXapaKTepU30BaH KPHUCTaL1 yepHoro docdopa
— Y3KO30HHOTO CJIOMCTOTO TOJympoBOMHUKA. IlojgydeHBl pe3yJabTaThl CYIIeCTBEHHOM
AHW30TPOITMU BOJIM3M Kpas IMOTJIOIICHUS MaTepHaia, a TaKKe IOJIIpU3alMOHHO-3aBUCUMBII
CUTHAJI TIPY SHEPTUU, COOTBETCTBYIOIIEH MPIMOMY MEK30HHOMY IIEPEXOIy.

KmoueBbie cioBa: 4yepHbIii (ocdop, CHEKTPOCKOMUSI aHU3OTPOMHOro otpaxkeHus, MK
Gypbe-CITeKTPOCKOTINSI, Y3KO30HHBIE TTOTYIIPOBOTHUKN, CIOUCTHIC ITOJIYITPOBOIHUKHA

®unancupoBanue: Pabora BbinonHeHa Ipu momuepxkke Poccuiickoro HayyHoro ¢hoHa
(rpaHT Ne 22-29-20141) u Cankrt-IleTepOyprckoro HaydHoro (oHnaa (rpaHT MO JOroBOpy Ne
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Introduction

Black phosphorus is a direct-gap layered semiconductor crystal with an interband transition
energy of approximately 0.3 eV [1], which corresponds to the mid-IR range. The crystal consists
of atomic layers connected to each other by weak van der Waals forces, enabling the production
of single semiconductor layers via exfoliation. As the number of layers in the structure decreases,
the material’s band gap increases, with a monolayer having a value of approximately 2 eV. This
property makes it possible to create photonic devices with a broad optical range from mid-IR to
visible using black phosphorus layers [2, 3].

In the plane of layer, the black phosphorus crystal has two orthogonal nonequivalent crys-
tallographic directions known as ‘zigzag’ (ZZ) and ‘armchair’ (AC). Differences in chemical
bond lengths and atomic arrangement [4] result in significant anisotropy of optical properties.
According to literature data, when the incident radiation is polarized along the AC direction, the
absorption of optical radiation is orders of magnitude more intense [1]. This feature is crucial for
creating polarization-sensitive emitters, detectors and modulators of optical radiation based on
the material under consideration [5].

Despite the extensive research on the optical properties of black phosphorous, recent studies
[6, 7] using photoluminescence have yielded varying bandgap energy values. The application of
transmittance and reflectance spectroscopies [1, 8] in the corresponding studies has been limited
due to the smooth nature of the spectra, making it challenging to obtain precise information about
optical transition values.

As a result, we present an investigation of the optical properties of black phosphorus near
its absorption edge using various Fourier-transform infrared (FTIR) spectroscopy methods with
linearly polarized probe light. Additionally, to improve the accuracy of measurements and obtain
more detailed information we use a novel modulation method of FTIR reflectance anisotropy
spectroscopy (RAS).

Materials and Methods

In this work, a synthetic black phosphorus crystal bulk manufactured by HQGraphene was
studied. To study the practically significant band structure characteristics of semiconductor black
phosphorus, we employ polarization-sensitive optical spectroscopy techniques. Specifically, we
utilize transmittance and reflectance spectroscopy while varying the direction of incident radia-
tion polarization along the AC and ZZ crystallographic directions. By utilizing these methods, we
are able to determine the absorption edge of black phosphorus and analyze its dependence on the
polarization direction of the incident radiation.

To obtain detailed information regarding the in-plane anisotropy of black phosphorus optical
properties, we employ a novel method of modulation FTIR reflectance anisotropy spectroscopy
[9]. This method involves modulating the direction of probe radiation linear polarization within
the sample plane along two orthogonal directions, namely x and y. Consequently, the measured
value in this technique is the normalized difference in reflectance coefficients, expressed as
AR/R=2(R_— Ry)/(Rx + Ry). In the case of black phosphorus, the two orthogonal directions are
AC and ZZ.

All measurements were carried out using the Vertex 80 FTIR spectrometer. An InSb photode-
tector with the effective spectral range of 0.23—1.55 eV (0.8—5.4 um) was employed. ZnSe wire
grid polarizers, operating within the spectral range of 0.062—0.827 eV (1.5—20 um), were utilized.
Modulation of linear polarization was achieved with a ZnSe photoelastic modulator PEM-100
manufactured by Hinds Instruments.

© Xaxynun C.A., Jlakyuuosa O.E., @upcos [1./1., Komkos O.C., 2023. U3natenn: Caukr-IletepOyprckuii moauTeXHUIeCKUii
yHuBepcutet I[lerpa Benaukoro.

229



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 3.2 >
I

Results and Discussion

The obtained transmittance spectra of black phosphorus are presented in Fig. 1. There are two
different absorption edges for different polarization directions of the incident radiation. A sharp
absorption edge was observed within the range of 0.26—0.3 eV with the position of linear polariza-
tion along the AC direction (Fig. 1, dash-dotted line). In the case of the ZZ direction, a uniform
decrease was obtained within the range of 0.32—0.44 eV (Fig. 1, dotted line).
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Fig. 1. Transmittance spectra of black phosphorous crystal. Spectrum obtained
with direction of polarization along AC is dot-dashed, along ZZ is dotted.
Spectrum with unpolarized probe radiation is solid

The dissimilarity in the transmittance curves’ behavior is attributed to the variance in previ-
ously discussed oscillator strength, leading to intense absorption in the AC direction. Similarly,
the polarized reflectance curves exhibit analogous behavior when the polarization of the incident
radiation aligns with the corresponding crystallographic directions. As a result of such strong
linear dichroism, transmittance spectrum with unpolarized incident radiation has a complicated
form (Fig. 1, solid line). It should be noted that the spectrometer radiation is partially polarized,
and the corresponding transmittance spectrum has a slightly reduced amplitude compared to the
average of the spectra obtained for the AC and ZZ polarizations.

The presented transmittance spectra exhibit weak spectral features near an energy of 0.29 eV,
which is attributed to the absorption of carbon dioxide CO, in the atmosphere. The state of the
surface of industrially obtained black phosphorus crystals poses a significant challenge in the reg-
istration and interpretation of ordinary reflectance spectra, as well as the specifics of the mid-IR
range in which studies are conducted. For this reason, reflectance spectra with linearly polarized
probe light exhibit low signal-to-noise ratio wherein demonstrate the same spectral behavior with
strong linear dichroism as transmittance spectra.

The use of a FTIR reflectance anisotropy spectroscopy modulation technique significantly
enhances the signal-to-noise ratio and enables the detection of relatively small changes in the reflec-
tance coefficient. This is made possible by modulating the direction of linear polarization along two
in-pane orthogonal crystallographic axes described earlier in the Materials and Methods section.

The reflectance anisotropy (RA) spectrum obtained by the FTIR RAS method has a broad
negative peak in the range of 0.26—0.42 ¢V (Fig. 2). This signal is associated with a signifi-
cant anisotropy of the reflectance coefficients of black phosphorus in two orthogonal directions,
77 and AC. This result correlates with polarized transmittance and reflectance measurements
discussed earlier.
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Fig. 2. Reflectance anisotropy spectrum of black phosphorous crystal.
The peak associated with the main direct interband optical transition
E, is marked by arrow

A relatively narrow peak of a different sign stands out against the background of a broad
spectral line in the RA spectrum. An extremum of that peak is at an energy of 0.33 eV. Such a
feature with an amplitude about several percent can be associated with a direct interband transi-
tion, which is allowed when the polarization of the incident light is along the AC direction and
forbidden in the case of ZZ. In the study by Chen et al. (2019) [6], the energy of this transition
was determined via photoluminescence and found to be 0.334 eV, while Zhang et al. (2020) [7]
reported it to be 0.343 eV.

Conclusion

Thus, we have experimentally characterized the optical properties of black phosphorus that are
related to the anisotropy of optical transitions in this material by methods of FTIR spectroscopy
including the FTIR-RAS method. Within the 0.26—0.42 eV range, there exists a pronounced
linear dichroism, accompanied by a polarization-dependent characteristic at 0.33 eV associated
with the direct interband transition. The information obtained is in great demand for the develop-
ment of polarization-sensitive photodetectors and light emitters in the mid-IR range based on
black phosphorus.
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