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Abstract. Heterostructures based on ZnO nanorods and CsPbBr, nanocrystals were investigated for their
potential as semiconductor SERS substrates. We found that ZnO morphology governs the efficiency
of interfacial energy transfer, leading to enhanced photoluminescence under 390 nm excitation and a noticeable
reduction of the bandgap in the composites. Raman analysis revealed a pronounced intensity enhancement
and the emergence of low-frequency CsPbBr, modes isolated via Gaussian deconvolution, which confirms
the SERS-like behavior of the hybrid structures. Our results highlight the strong prospects of ZnO/CsPbBr,
heterostructures for sensing and optoelectronic applications.

Keywords: ZnO nanorods, CsPbBr, quantum dots, SERS effect, Raman enhancement, heterostructures,
energy transfer, low-frequency phonons

Introduction

Over the past decades, rapid development of nanotechnology has opened new avenues in spectro-
scopy, among which Surface-Enhanced Raman Spectroscopy (SERS) features prominently. Based
on the resonant enhancement of the Raman scattering cross-section from molecules adsorbed on metal-
lic nanostructures, this method enables detection limits down to the single-molecule level. For instance,
in the case of certain dye molecules adsorbed onto silver colloidal clusters, SERS can provide true single-
molecule sensitivity. Moreover, local enhancement factors in specific regions (‘hot spots’) of metallic
clusters can reach values on the order of 10'°-10" (Yi et al. 2025). SERS has found widespread application
in biomedicine, chemical sensing, photocatalysis, nanolaser technology, and materials science due to its
ability to provide detailed information about the chemical composition and structural features of ana-
lytes (Ahmed et al. 2019; Kim et al. 2008; Sharma et al. 2012; Vo-Dinh et al. 2015; Song et al. 2022).
The central component of the SERS effect is the nanostructured surface, which enables both electro-
magnetic and chemical enhancement of the Raman signal. The electromagnetic contribution arises from
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the intense optical near-field generated in the vicinity of the nanostructure as a result of the resonant
excitation of localized surface plasmon oscillations in metallic clusters, which strongly amplifies
the Raman response of nearby molecules. The parameters of plasmon resonance excitation and the mag-
nitude of near-field enhancement are governed by the morphology of the nanostructure, the elec-
tronic conductivity of the metal, and the dielectric properties of the surrounding medium. Tradition-
ally, noble-metal nanostructures — such as gold and silver nanoparticles — serve as SERS-active
substrates, where localized surface plasmon resonances (LSPR) generate electromagnetic ‘hot spots’
with highly amplified optical fields. For isolated spherical silver nanoparticles, the plasmon resonance
typically lies in the ~350—450 nm range, and the corresponding electromagnetic enhancement factors
of SERS reach values on the order of 10°~107 (Jin et al. 2016; Xu et al. 2025).

For the adsorbate located in direct contact with the metal surface, an additional SERS enhancement
mechanism may arise from the coupling between the molecular electronic orbitals and the conduction-
band states of the metal. This phenomenon is referred to as the chemical enhancement mechanism, or,
alternatively, first-layer enhancement. The contribution of chemical enhancement is not universal, as it
strongly depends on the molecular species and its chemical affinity to the metal surface. The magnitude
of this mechanism is generally estimated to be no more than two orders of magnitude (Xia et al. 2014;
Zhou et al 2025).

A search for nanostructured materials that can serve as alternatives to gold and silver — while offering
lower cost, greater stability, and broader multifunctionality — has stimulated active research into semi-
conductor nanostructures, including ZnO (Kumar et al. 2021) and perovskite materials such as CsPbBr,
(Wang et al. 2023; Wang et al. 2025).

Zinc oxide, a wide-bandgap semiconductor with an energy gap of approximately 3.3—3.7 eV, has long
attracted significant research interest due to its unique optical, electronic, and structural properties.
ZnO can adopt a wide variety of morphologies, including nanoparticles, nanorods, nanoneedles, nano-
cages, and nanoflowers (Averochkin et al. 2024; Deng et al. 2009; Djurisic et al. 2012; Majee et al. 2020;
Sinha et al. 2011), which makes it a versatile material for applications in solar energy conversion, opto-
electronics, biomedicine, and chemical sensing. These structures also exhibit high biocompatibility,
pronounced photocatalytic activity, and excellent chemical stability (Kim et al. 2014; Kumar et al. 2017;
Samanta, Bandyopadhyay 2012; Shah 2008). In the context of SERS, ZnO exhibits a strong potential both
as an independent nanomaterial and as a component in hybrid systems with noble metals. Electromag-
netic enhancement in ZnO-based semiconductor structures arises from plasmonic resonances associa-
ted with transitions in the valence and conduction bands; however, this enhancement is considerably
weaker than that observed in metals, with the corresponding LSPR features typically located in the UV
and near-IR spectral regions (Han et al. 2017). To enhance this effect, ZnO is often combined with
metals such as Au or Ag (Chiu et al 2018; Dubkov et al. 2024; Novikov et al. 2021), which shifts the LSPR
features into the visible spectral range and facilitates the formation of electromagnetic ‘hot spots’ through
interparticle coupling effects.

Another promising alternative is a class of fully inorganic perovskites of the CsPbX, type (X = Br, Cl, I),
which exhibit exceptional optical properties, including high charge-carrier mobility, bright photolumi-
nescence in the visible range, and a tunable bandgap (Djurisic et al. 2012; Wang et al. 2023; Wang et al.
2025). Fully inorganic perovskites are generally more stable than their hybrid organic—inorganic coun-
terparts, in which the organic cation (e. g., methylammonium, MA?) is replaced by Cs* (Gushchina et al.
2024). Their optical characteristics, including absorption and photoluminescence, strongly depend
on composition and nanocrystal size, with bandgap energies ranging from 1.68 to 3.25 eV for CsPbBr,,
CsPbCl,, and CsPbl,, respectively (Lee et al. 2025; Miao et al. 2025; Zhao et al. 2023).

Combining ZnO nanorods with CsPbBr, offers new opportunities for SERS. By integrating a ZnO
nanorod surface with a layer of perovskite nanocrystals, it is possible to create heterostructures with
enhanced interfacial charge transfer. Such systems enable a simultaneous realization of strong elec-
tromagnetic enhancement and additional charge-transfer — mediated (chemical) amplification — while
also allowing control over molecular selectivity, since electronic interactions may arise between
the analyte molecule and the substrate (Alagurasu et al. 2025). This interaction manifests itself
in Fermi-level alignment and the formation of intermediate states that facilitate charge transfer upon
excitation. Such processes provide an additional chemical contribution to the overall SERS enhance-
ment, potentially increasing the signal intensity by one to two orders of magnitude beyond that achievable
through purely electromagnetic mechanisms (Majumdar et al. 2024). In this context, potential ‘hot
spots’ may arise at the ZnO + CsPbBr, interface due to defect-induced states in the ZnO nanorods
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(Wu et al. 2019) or resonance phenomena occurring between the coupled layers (Saran et al. 2017;
Toma et al. 2025).

The aim of this work is to fabricate ZnO + CsPbBr, heterostructures, study their optical properties
(optical transmittance and photoluminescence), examine the SERS response, and determine the key
parameters governing their enhancement behavior.

Experiment

Reagents. Cs,CO, (99.9%, Sigma-Aldrich), PbBr2 (99.999%, Sigma-Aldrich), oleic acid (OA, 97.4%,
Ruskhim), oleylamine (OLA, 98%, Sigma-Aldrich), mineral oil (VM-5c, FOXY), and toluene (reagent
grade, Khimmed) were used without further purification. Glass substrates coated with fluorine-doped
SnO, (FTO, Sigma-Aldrich), hydrogen peroxide (H,O,, analytical grade, Ruskhim), H,SO, (high purity
grade, Ruskhim), C,H,O (reagent grade, Khimmed), Zn(NO,),-6H,0 (chemically pure grade, Ruskhim),
and NaOH (chemically pure grade, Ruskhim) were also employed.

The suspensions were purified using a Sigma 3-30 KS centrifuge operated at 2,000 and 15,000 rpm.

Surface and fracture images of the samples were obtained using a Tescan Amber GMH scanning
electron microscope (SEM). SEM micrographs were acquired with Everhart—Thornley secondary electron
detectors and a backscattered electron detector at magnifications of x1,000—300,000 and an accelerating
voltage of 1-10 kV.

Absorption spectra of the colloidal solutions were recorded using a dual-beam Cary 5000 spectro-
photometer with a spectral resolution of 0.05 nm. Photoluminescence (PL) spectra were collected at room
temperature using a single-beam PerkinElmer LS-55 spectrofluorometer (0.5 nm resolution) in the emis-
sion range of 350—-600 nm, with excitation wavelengths varied from 300 to 420 nm. The slit widths were
set to 5 nm.

Electronic absorption spectra of the colloidal dispersions were acquired using a dual-beam Cary 5000
spectrophotometer, operating at a spectral resolution of 0.05 nm. Steady-state photoluminescence mea-
surements were performed at ambient conditions on a PerkinElmer LS-55 spectrofluorometer (0.5 nm
resolution). Emission spectra were collected over the 350-600 nm range, while the excitation wavelength
was systematically varied between 300 and 420 nm. Both excitation and emission monochromators were
set to a slit width of 5 nm to ensure a well-defined spectral bandwidth and high signal fidelity.

Raman spectra were recorded using a 3D scanning confocal Raman microscope (Confotec NR500,
SOL Instruments) with a laser A = 633 nm. The spectra were collected in the 50-600 cm™ range using
a 600 grooves/mm diffraction grating. A 20x / 0.45 NA dry objective was used for focusing. Signal detec-
tion was performed with a PROSCAN CCD detector (16 bit, 2048 x 122 pixels) cooled to -25 °C.
The spectra were acquired with an exposure time of 2 s and a single accumulation.

Synthesis of CsPbBr, A mixture containing Cs,CO, (0.6 mmol), mineral oil (10 mL), and oleic acid
(0.625 mL) was loaded into a 50-mL three-neck flask. The suspension was heated to 150 °C under
Ar atmosphere with magnetic stirring (500 rpm) until complete reaction of cesium carbonate with
oleic acid, yielding a clear brown solution. Separately, PbBr, (1 g, 2.7 mmol) was combined with mineral
oil (20 mL) in another three-neck flask. The mixture was degassed under vacuum (10~* mbar) with con-
tinuous stirring (1,000 rpm) and subsequently heated to 160 °C for 1 h. Oleic acid (2 mL) and oleylamine
(2 mL) were then added, and once the solution became fully transparent (=15 min), 6 mL of Cs-oleate
was swiftly injected, followed by immediate quenching in an ice bath.

The resulting dispersion was centrifuged at 15,000 rpm for 5 min. Ethyl acetate (EA) was added to in-
duce precipitation, and the mixture was transferred into cuvettes and sonicated for 10 min. The suspen-
sion was centrifuged again (15,000 rpm, 5 min), the supernatant removed, and the precipitate redispersed
in EA:toluene (2:1), followed by an additional 10-min sonication. The precipitation—centrifugation cycle
was repeated twice with EA:toluene ratios of 1:1 and 1:2. The final product was dispersed in toluene,
sonicated for 10 min, and centrifuged at 2,000 rpm for 5 min to remove large aggregates. The obtained
colloidal solution exhibited bright green photoluminescence.

Synthesis of ZnO Nanorods. FTO-coated glass substrates were first cleaned in a 1:1 mixture of H,O,
and H,SO, for 20 min. After cleaning, the substrates were sequentially rinsed with hot and cold deioni-
zed water and dried in isopropanol vapor. A chemically resistant lacquer was then applied to the FTO
surface. ZnO seed layers were deposited by magnetron sputtering for 20 min at a power of 500 W, with
the resulting film thickness varying between the samples. Argon was used as the working gas. Prior
to deposition, the substrate surfaces underwent ion cleaning for 2 min. After sputtering, the lacquer
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layer was removed mechanically. For the hydrothermal growth precursor solution, Zn(NO,),-6H,O
(0.74 g) and NaOH (3.98 g) were dissolved in 250 mL of deionized water at room temperature under
stirring at 1,000 rpm for 10 min. The solution was then heated to 80 °C for 10 min. Substrates bearing
the ZnO seed layer were immersed face-down into the solution for 30—-120 min, depending on the desired
nanorod length. During growth, the solution was stirred at 800 rpm. The initial pH of each reaction batch
was 13. All syntheses were carried out under ambient pressure. After growth, the ZnO nanorod arrays
were rinsed with deionized water and dried at room temperature under a stream of compressed air.

Results and Discussion

Four samples (Fig. 1) were investigated, each of them differing in the morphological parameters
of the ZnO nanorods (Table 1), which were grown on FTO-coated substrates and subsequently coated
with a layer of CsPbBr, quantum dots. The diagram illustrates the multilayer architecture of the FTO/ZnO
NRs/CsPbBr, heterostructure, accompanied by TEM images of the perovskite nanocrystals and SEM
micrographs of the nanorod arrays.

X pl NPs

CsPbBr,

Zn0O

FTO b
d

Fig. 1. Diagram of the FTO/ZnO/CsPbBr, heterostructure

Table 1. Description of the samples

Sample H NRs, pm S a.l., mm? V CsPbBr,, ul
ZnO + CsPbBr, (1) 1.6 +0.1 100 22
ZnO + CsPbBr,(2) 24+0.1 225 50
7Zn0O + CSPbBr3 (3) 2.7+0.1 192 43

Fig. 2 presents SEM images of ZnO nanorod arrays with various morphologies and corresponding
coatings of CsPbBr, nanoparticles (NPs). Samples a—b serve as references and display a dense, verti-
cally aligned array of pristine ZnO NRs, whereas samples c—h differ in nanorod height (1.6-2.7 pm),
which affects the degree of inter-rod filling and the surface coverage density of the deposited perovskite
NPs, clearly visible in the top-view images. Cross-sectional views (b, d, f, h) confirm the vertical align-
ment and thickness variations of the arrays, as well as the distribution of CsPbBr,across the surfaces and
side facets of the nanorods — an important factor for subsequent analysis of the optical and photoelec-
tronic properties of the composite systems.

6 https://www.doi.org/10.33910/2687-153X-2026-7-1-3-15
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Fig. 2. SEM images of the nanorods and the deposited CstBrB: a — ZnO NRs; b — ZnO NRs (fracture);
¢ — 1;d — 1 (fracture); e — 2; f — 2 (fracture); g — 3; h — 3 (fracture)

Physics of Complex Systems, 2026, vol. 7, no. 1 7
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Across all the three systems (Fig. 3), the ZnO NRs + CsPbBr, NPs heterostructures exhibit
the highest optical density. This enhancement arises from the combined contribution of three factors:
an increased effective thickness of the absorbing layer resulting from the incorporation of perovskite
NPs into the dense ZnO NR array (Wang et al. 2020); multiple scattering and an extended optical path
within the vertically aligned ZnO NRs, which guide and confine the incident radiation (Salem et al.
2025); and the formation of interfacial electronic states at the ZnO + CstBrg, which promote stronger
absorption and more efficient energy transfer (Peng et al. 2023). Together, these mechanisms lead
to an absorption response in the composites that significantly surpasses that of both pristine ZnO NRs
and isolated perovskite NPs.

(a) (B) 5.

201 ZnO NRs (H = 1.6 um)
——— CsPbBr; NPs
ZnO + CsPbBr, (1) 20+
1,54 '
> 2
= > 1,54 ZnO NRs (H = 2.4 um)
S I CsPbBr; NPs
€104 = ZnO + CsPbBr, (2)
1] 8 104
< < b
0,5
0,5
0,0 T T T T T 1 0,0 T T T T T 1
450 475 500 525 550 575 600 450 475 500 525 550 575 600
A, nm A, NM
(c)
ZnO NRs (H = 2.7 ym)
2,01 —— CsPbBr, NPs

——Zn0 + CsPbBr, (3)

Abs Intensity

0,51

0,0 \\

450 475 500 525 550 575 600
A, Nm

Fig. 3. Absorption spectra of the samples:a — 1 (H=1.6 pm); b — 2 (H = 2.4 pm); ¢ — 3 (H = 2.7 um)

The normalized spectra near the absorption edge (Fig. 4) exhibit a characteristic direct band-gap
transition with a linear region in the range of ~2.1-2.5 eV. The optical bandgap of the samples was
evaluated using the Tauc relation (Tauc, Scott 1967):

(ahv)" =B - (hv - Eg),

where a is the absorption coefficient, h is Planck’s constant (6.626 x 10-** m*kg-s™), v is the photon
frequency, n is the exponent determined by the nature of the electronic transition, and E is the optical
bandgap energy. Since both ZnO and CsPbBr; are direct-bandgap semiconductors, the appropriate
exponent in this case is n = 2 (Coulter, Birnie 2018).
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All heterostructures exhibit a reduced bandgap (Eg ~2.20-2.34 eV) compared to the pristine CsPbBr,
(2.42 eV). This decrease in Eg is attributed to the formation of additional defect-related and surface states
at the ZnO + perovskite interface, which introduce a finite density of states near the band edge and fa-
cilitate interband transitions at lower energies, resulting in the observed bathochromic shift (Leelavathi
et al. 2013).

CsPbBr; NPs

(hv+Abs)?

1,6 1,8 2,0 2,2 24 2,6
E, eV

Fig. 4. Normalized absorption spectra of samples near the absorption edge:
1—H=16um;2—H=24pm;3 —H =27 ym

The most pronounced bathochromic shift and the strongest absorption enhancement are observed
for plot 3 (2.7 pm, 50 nm) and plot 2 (2.4 pm, 100 nm), which is attributed to the greater NR height and
the more developed interfacial region. These NR arrays provide a larger contact area with the CsPbBr,
layer, including a higher density of grooves, facets, sidewalls, and microscale irregularities capable
of hosting the NPs. Collectively, these factors facilitate more efficient modification of the electronic states
and enhanced interfacial energy transfer (Leelavathi et al. 2013).

Fig. 5 presents the three-dimensional PL spectra of pristine CsPbBr, NPs (a) and the ZnO
NRs/CsPbBr, composites with different NR morphologies (b—d). The x-axis corresponds to the pho-
toluminescence wavelength, the y-axis to the PL intensity, and the z-axis to the excitation wavelength,
varied from 365 to 400 nm. Pristine CsPbBr, nanoparticles display an intense and stable emission
maximum at ~510 nm for all excitation wavelengths. In the composite samples, a substantial increase
in PL intensity is observed, accompanied by a more pronounced dependence on the excitation wave-
length: asA__increases above ~370 nm, the intensity rises sharply, indicating the involvement of an ad-
ditional excitation pathway associated with the electronic contribution of the ZnO NRs. In this region,
ZnO begins to absorb the excitation light and efficiently transfers energy to the CsPbBr, NPs through
interfacial excited-state transfer processes, leading to enhanced emission from the perovskite NPs
(Hasabeldaim et al. 2019; Wu et al. 2005). The magnitude of this enhancement depends on the ZnO NR
morphology — specifically their height and diameter — which determines the density of interfacial
states and the efficiency of energy transfer, thereby explaining the observed differences among
samples 1, 2, and 3.

Fig. 6 shows a projection of the data, equivalent to a rotation of the three-dimensional PL spectra
(Fig. 5) such that the excitation wavelength (A ) becomes the x-axis, enabling analysis of the evolution
of fluorescence as a function of excitation energy. The PL intensity was evaluated at a fixed emission
wavelength corresponding to the PL maximum (A = 509 nm). The graph reveals that the composite
samples exhibit a pronounced increase in intensity within the 370-400 nm region, significantly exceeding
the emission levels of the reference CsPbBr, NPs.

Physics of Complex Systems, 2026, vol. 7, no. 1 9
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PL Intensity

PL Intensity

Fig. 5. A series of fluorescence spectra of the samples:
a— CsPbBr;b—1(H =16 um);c —2 (H = 2.4 pm); d — 3 (H = 2.7 um)

900 ] . —
800 - yd
700
5,600+
2
§ 500+
£ Qo
=1 40040—
300 —0—Zn0 + CsPbBr; (1)
| —e—2ZnO + CsPbBr, (2)
200 - —e—ZnO + CsPbBr, (3)
1 —o— CsPbBr; NPs
100 4

T T T T T T T T T T T T T T T
3665 370 375 380 385 390 395 400

Aoy, NIM

exc’

Fig. 6. Dependence of photoluminescence intensity at a fixed emission wavelength of 509 nm on excitation
wavelength for ZnO + CsPbBr, composites and comparison with the reference CsPbBr,: green spectrum —
CsPbBr,NPs; blue — 1 (H = 1.6 um); black — 2 (H = 2.4 pm); red — 3 (H = 2.7 um)
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Among the investigated heterostructures, samples 2 (H = 2.4 um) and 3 (H = 2.7 um) exhibit the most
pronounced and reproducible dependence of photoluminescence intensity on the excitation wavelength.
Their spectral profiles are nearly identical in shape, indicating similar mechanisms of interfacial excita-
tion transfer and efficient coupling between the ZnO NRs and the perovskite NPs. Sample 1 (H = 1.6 pm)
shows a comparable trend, although its intensity behavior deviates from that of the two selected hete-
rostructures.

Increasing the NR height extends the optical path within the array, enhances light scattering, and
promotes deeper penetration of the excitation radiation. These effects raise the probability of ZnO ab-
sorption and subsequent energy transfer to CsPbBr,, thereby accounting for the higher photoluminescence
observed for the longer NR arrays, such as 2 and 3 (Table 2).

Table 2. Characteristics of the photoluminescence spectra

Sample exee390 am? T FWHM, nm Q Intensity, a.u. Eg, eV
1 509 23 22.13 802 2.30
2 509.5 20.5 24.85 479 2.18
3 509.5 20.5 24.85 869 2.19
CsPbBr, NPs 509 21 24.2 448 2.42
ZnO NRs - - - - 3.22

The same effect plays an important role in the context of SERS. Longer and denser ZnO NRs form
a highly developed nanostructured surface with an increased number of electromagnetic ‘hot spots,
thereby enhancing local fields and amplifying the Raman response of adsorbed species (Bakry et al.
2024; Korepanov et al. 2019; Thyr et al. 2021). Thus, the morphology that yields higher PL intensity
in ZnO + CsPbBr, heterostructures simultaneously creates favorable conditions for stronger SERS
enhancement, as further evidenced by the analysis of the Raman spectra.

In the Raman spectra (Fig. 7) of heterostructures 1, 2, and 3, the CstBr3 NPs do not exhibit well-
defined vibrational modes. The NPs possess inherently weak Raman activity due to their soft ionic lattice
and pronounced anharmonicity, which leads to fluorescence dominating over Raman scattering.
In contrast, the ZnO NR substrates display their characteristic phonon modes — E, (low) (~99 cm™),
2E, (~332cm™), A (TO) (~380 cm™), and the intense E, (high) (~438 cm™) (Bakry et al. 2024; Korepanov
et al. 2019; Thyr et al. 2021).

In the Raman spectra of the ZnO + CstBr3 heterostructures, a substantial enhancement of the sig-
nal is observed compared to pristine ZnO, indicating the contribution of the perovskite NPs. Addi-
tional vibrational features appearing at ~73, 127, 160, and 312 cm™ — identified through multistage
Gaussian deconvolution (Fig. 8) — are entirely absent in the spectra of pure ZnO but correspond well
to previously reported low-frequency modes of CsPbBr, (Benadia et al. 2025; Iaru et al. 2021; Li et al.
2021). These modes are typically obscured by strong fluorescence and the inherently weak Raman cross-
section of the perovskite; however, in the presence of ZnO NRs, they become enhanced due to local
electromagnetic field amplification and the formation of interfacial states at the ZnO + perovskite
boundary, consistent with a SERS-like enhancement mechanism.

Conclusions

This work demonstrates that integrating ZnO NRs with CsPbBr, NPs enables substantial modulation
of their optical and vibrational properties through the development of strong interfacial interactions.
Analysis of the absorption and photoluminescence spectra revealed that the morphology of the ZnO
nanorods — primarily their length — governs the efficiency of energy transfer and the degree of opti-
cal enhancement in the hybrid structures. Heterostructures 2 and 3, characterized by greater NR height,
exhibit a pronounced bathochromic shift of the absorption edge, the highest PL intensity, and the most
favorable conditions for the formation of interfacial electronic states. Raman spectroscopy further
confirmed the presence of SERS-like enhancement: in addition to the characteristic ZnO phonon
modes, additional low-frequency features corresponding to CsPbBr; vibrations emerge, enabled
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by local electromagnetic field amplification and defect-induced interfacial states at the ZnO/perovskite
boundary. These findings indicate that ZnO NRs + CsPbBr, NPs heterostructures represent a promi-
sing platform for the development of stable semiconductor-based SERS substrates and hold significant
potential for next-generation sensing and optical detection technologies.
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Abstract. Germanium telluride (GeTe) is a multifunctional material with a plethora of useful properties.
In particular, it is one of the best thermoelectric materials. Its thermoelectric properties are affected by intrinsic
Ge vacancies that are always present in the crystalline phase because of the low formation energy of such
defects. This work draws on ab initio molecular dynamics simulations, demonstrating that due to a very
special nature of bonding, often called ‘resonant’ and/or ‘metavalent; the materials evaporate as GeTe dimers
rather than individual molecules. We argue that this feature can be used to fabricate oriented vacancy-free
GeTe films when the material is thermally evaporated onto a heated templating substrate.

Keywords: phase-change materials, germanium telluride, ab initio molecular dynamics, resonant bonding,
evaporation, dimers

Introduction

GeTe is a multifunctional material which is (i) a semiconductor (Li et al. 2025), (ii) a superconductor
at high pressure (Cheng et al. 2024), (iii) a ferroelectric (Kolobov et al. 2014), (iv) a material with a giant
Rashba effect (Liebmann 2016), (v) one of the best thermoelectric materials (Perumal 2016) and
(vi) a prototypical phase-change material (Singh 2023). Obviously, such a plethora of useful properties
is determined by its structure. In this work, we demonstrate that despite its three-dimensional structure,
strong covalent bonding exists between pairs of atoms that form Ge-Te dimers. The interaction between
the dimers is much weaker, yet it is this weaker interaction that determines the integrity of its crystal
structure (Kolobov et al. 2011). This work shows that GeTe consequentially evaporates as dimers rather
than individual molecules. We suggest that the dimerised gaseous phase of GeTe may pave the way for
fabricating vacancy-free GeTe films.

In order to understand the function, one has to study the structure (Jones 2025). What is therefore
unusual about the structure GeTe? The first question is how a cubic structure can be formed when
Ge tends to be sp3-hybridised and tetrahedrally coordinated. The reason for the unusual geometry
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of bonds in GeTe lies in the mutual electronic configurations of Ge and Te. Germanium is a group 14
element and as such has 2 electrons located on 3 p-orbitals. Consequently, one p-orbital is empty. Tel-
lurium, on the other hand, has 4 electrons on 3 p-orbitals, so that one orbital has two electrons called
a ‘lone-pair’ This electronic configuration allows for the formation of a cubic structure where one cova-
lent bond is formed using the Te lone-pair electrons as shown in Fig. 1.

Fig. 1. Formation of a cubic GeTe building block

It is clear that all covalent electrons are consumed in the shown structure. The next question is there-
fore how a three-dimensional rock-salt structure of GeTe can be formed from these cubes (Fig. 2a).
To answer this question, Fig. 2b presents the formation of a covalent bond using two p-orbitals. When
the wave functions on the two atoms (shown as ‘+’ and ‘-’ signs in the Figure) have the same symmetry,
a covalent bond is formed. On the other hand, when the symmetry is opposite, an antibonding state
is formed. One can thus imagine that covalent bonds develop between pairs of Ge and Te atoms with
the ‘+’ symmetry of the wave functions along the ...Ge—Te—Ge-Te—Ge-Te... atomic sequence in the rock-
salt-like structure as shown in Fig. 2c. A careful examination of this linear structure reveals that the sym-
metry of the wave functions between the covalently bonded pairs is also the same (‘- as shown in Fig. 2c,
above). The same symmetry of the wave functions associated with the back-lobes of the p-orbitals used
for bonding suggests that bonding could have taken place between alternative pairs of atoms with

the ‘-’ symmetry of the wave functions as shown in Fig. 2c (below).
b

Antibonding state

Energy

(a) (b) Bonding state
DG+ ' - ¥+ - D@D+ -
(C) + - - + + = - % + - -+ + - =

Fig. 2. (a) Individual Ge,Te, cubes with all saturated covalent bonds. (b) Interaction of p-orbitals
with the same symmetry (+ and +) leads to the formation of a bonding state, while the orbitals
with the opposite symmetry (+ and -) give rise to an antibonding state. (c) Two possible bonding

configurations in a linear chain of Ge/Te atoms result in the formation of a resonant/metavalent bond
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Since the two structures have the same energy, a resonance between them is possible, and this kind
of bonding in GeTe was called ‘resonant’ in the pioneering paper (Lucovsky, White 1973). Subsequently,
the approach was developed in (Shportko 2008), and eventually the term ‘metavalent bonding’ was sug-
gested (Wuttig 2018). We shall use these terms below, although the concept of metavalency has re-
cently been debated (Jones et al. 2023). Since p-orbitals are orthogonal, the overlap between them is
minimal, and the three directions can be considered independently. Within this framework, the structure
is a one-dimensional linear chain of alternating Ge and Te atoms. As such, it is subject to the Peierls
distortion, which results in the formation of alternating shorter and longer bonds in three directions.
In other words, the structure can be viewed as Ge-Te dimers connected by weaker bonds through
the back-lobe interaction. It may be interesting to note here that due to the p-orbital bonding Se confined
in channels of cancrinite also formed dimers (Kolobov et al. 1999).

(Bragg) neutron diffraction measurements suggested that upon heating to 720 K, the rhombohedral
distorted structure with shorter and longer bonds changes to the rock-salt cubic phase with all equal
Ge-Te bonds (Chattopadhyay, Boucherle 1987). It should be kept in mind, however, that Bragg diffraction
measures the average structure that is not sensitive to local distortions (Stern 1996). Techniques that are
sensitive to local distortions, such as extended X-ray absorption fine structure (EXAFS) or pair-distri-
bution function (PDF) analysis of diffraction patterns, unambiguously demonstrated that, in fact,
the shorter and longer bonds persist through the ferroelectric-paraelectric transition (Fons et al. 2010;
Matsunaga et al. 2011). The presence of the shorter and longer bonds was further found in liquid GeTe,
which was named ‘re-entrant Peierls distortion’ (Raty 2000). We note here that this term is apparently
incorrect, since, as just mentioned above, the shorter and longer bonds never disappeared in the first
place. Since the bonding hierarchy between the shorter and longer bonds persists from low temperature
to molten phase, it is thus natural to expect that GeTe will evaporate as Ge-Te dimers when the weaker
shorter bonds break, while the stronger shorter bonds will be preserved. This hypothesis was verified
in this work by ab initio molecular dynamics (AIMD) simulations.

AIMD simulations were performed using density functional theory (DFT) within the generalized
gradient approximation (GGA) with the PBE exchange-correlation functional (Perdew 1996) and the plane
wave basis set as implemented in the pseudopotential-based CASTEP code (Clark et al. 2005; Segall
2002). To describe the electron-ionic interactions, Vanderbilt ultrasoft pseudopotentials (Vanderbilt
1990) and cut-off energy E_ . = 230 eV were chosen. The starting structure was a GeTe cube with
the Te—Ge—Te—Ge atomic sequence (i. e. two connected dimers) along each edge placed in a simulation
box with the 30 x 30 x 30 nm size (Fig. 3a). Taking into account the relatively large size of the supercell
and consequently the small volume of the Brillouin zone (BZ) used for AIMD simulations, only G-point
was used when integrating over the BZ. The GeTe cube was heated to 4,000 K, i. e. well above the melting
point (T~ 1,000 K) and held at this temperature for 15 ps. The simulations were carried out using
the NVT ensemble with a Langevin thermostat (to maintain ergodicity) with a time step of 4 fs.

As the system was heated and kept at the high temperature, the crystal structure melted, and the evapo-
ration process started. Fig. 3 shows several frames of this process. Note that the simulation box is not
shown in the figure. One can see that what is evaporated are not individual molecules but Ge-Te dimers,
which confirms the idea that the structure is formed by weakly interconnected dimers.
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Fig. 3. Ab initio molecular dynamics simulations of the evaporation of GeTe
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This finding has an important consequence and suggests a way to fabricate vacancy-free GeTe. This
is an important technological problem, since bulk GeTe crystals and crystallised GeTe films always con-
tain 5-10% vacancies on Ge sites. Below we propose a way to fabricate vacancy-free GeTe. Indeed,
RF sputtering that is usually used for thin film fabrication is a rather energetic process breaking all bonds
in the target materials and is likely to generate a flux of individual Ge and Te ions randomly arriving
at the substrate and forming a random amorphous chemically disordered network. At the same time,
thermal evaporation at elevated temperatures is likely to produce a chemically ordered phase. This

is illustrated in Figs. 4 and 5.
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Fig. 4. Vacancy formation upon crystallisation from an amorphous phase. (a) Ge and Te atoms deposition,

(b) amorphous phase, (c) chemically disordered crystalline phase. Increased electron density in Te-rich regions
(shown in light blue) leads to repulsion between Te atoms leading to the formation of a structure with vacancies
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Fig. 5. Formation of vacancy-free GeTe from Ge-Te dimers on a heated templating substrate.
(a) Dimers in the vapour phase. (b) Dimers get ordered by the substrate forming vacancy-free GeTe
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In the case of RF sputtering, upon crystallisation, there may be Ge-rich and Te-rich microregions
as shown in Fig. 4. Since Te atoms possess non-bonding lone-pair electrons, they will repel each other,
leading to the formation of vacancies. The presence of vacancies in GeTe films obtained through solid
state crystallisation has been demonstrated using EXAFS (Kolobov et al. 2003), and the low formation
energy of this process was argued to be the origin of p-type conductivity of GeTe (Edwards et al. 2005).

On the other hand, if a film is obtained by thermal evaporation onto a heated substrate acting
as a template, such as szTe3 (Simpson 2012), one can expect that dimers, at certain temperature regimes,
will arrange themselves into a vacancy-free phase (Fig. 5). Experiments to verify this idea are currently
underway. If successful, they may pave the way for creating GeTe with desired vacancy concentration,
which may be very beneficial for the fabrication of GeTe-based thermoelectric devices, where the presen-
ce and distribution of vacancies play an important role (Zhang 2018).
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Abstract. The results of structural, morphological, and chemical compositional studies of photosensitive
elements based on lead sulfide (PbS) thin films are presented. The films were obtained by chemical bath
deposition in the presence of one (potassium dichromate — K,Cr,0.) or two (ammonium iodide — NH,I
together with K,Cr,O,) precursors. The data obtained from scanning electron and atomic force microscopy
show that the surface of samples deposited in the presence of only K, Cr,O, consists of crystallites ranging
in size from 300 to 900 nm, with a cubic facet. Adding NH,I to the reaction bath results in a reduction
in grain size (more than 75% of the surface consists of crystallites between 100 and 325 nm) and in the appearance
of two percent of nanoscale structures (up to 100 nm). At the same time, the surface morphology becomes
smoother. It has been established that iodine and its compounds lead to a significant increase in dark
resistance (by 10...250 times), which in turn ensures an increase in film sensitivity.

Keywords: lead sulfide, thin films, morphology, chemical deposition method, photosensitive elements
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K. S. Makaruk, 1. N. Miroshnikova, B. N. Miroshnikov, A. 1. Popov, L. N. Maskaeva, L. S. Volkova

Introduction

Lead sulfide (PbS) is a direct-gap semiconductor with a band gap of 0.4 eV at 300 K and an absorption
coefficient of a~10° cm™ (Ravich et al. 1968). The lifetime of charge carriers in bulk crystals was measured
by Moss (Moss 1953), who obtained values from 6-10~* to 6 ps and attributed these differences to the in-
fluence of Auger recombination. According to the Pb—S phase diagram, lead sulfide has an excess of lead
atoms relative to sulfur (Nascu et al. 1996) and is therefore an n-type semiconductor.

In order to increase the lifetime of at least one type of charge carriers that determines the main pa-
rameters of photosensitive elements (PSEs), technologies for producing thin polycrystalline PbS films
have been developing since the 1960s. These films are now used to manufacture PSEs for various opto-
electronic systems operating in the IR spectral region from 1 to 3 um (Butkevich et al. 1999; Baryshev
et al. 2000; Pentia et al. 2004; Sadovnikov et al. 2013), sensors for various gases and highly selective sen-
sors for detecting toxic compounds in the air (Burungale et al. 2016; Beatriceveena et al. 2018; Chen et al.
2021), solar cells (Huo et al. 2019, Mengting et al. 2019) and obtain quantum dots (Al-Ahmed et al. 2022;
Babaev 2023; Popov et al. 2023; Ren et al. 2017; Shuklov et al. 2020).

Photosensitive polycrystalline films are deposited or sputtered using various methods, which can be
divided into ‘physical’ (thermal evaporation) (Kumar et al. 2003, Patel et al. 2017; Rosario et al. 2019;
Singh et al. 2015)) and ‘chemical’ (spray pyrolysis (Rajashree et al. 2014), SILAR (Successive Ionic Layer
Adsorption and Reaction) method (Giilen 2014) and chemical deposition (Ahmed et al. 2020; Markov
et al. 2006; Maskaeva et al. 2020; Maskaeva et al. 2019; Palomino-Merino et al. 2013; Touati et al. 2017)).

The chemical bath deposition (CBD) method has a number of advantages: simple equipment is used;
films can be deposited on various substrates (Makaruk et al. 2025); and the introduction of precursors
during the synthesis process allows for variation in the photosensitive properties of the elements (sen-
sitivity and spectral characteristics). However, none of the numerous theories explaining the behavior
of impurities in A'VBY! compounds can predict which element or precursor added to the reaction bath
will improve the basic parameters or lead to the development of unusual properties (Maskaeva et al.
2021).

The key technological step in producing highly sensitive structures is sensitization, which involves
introducing acceptor-type traps that localize electrons, thereby increasing the hole lifetime. Oxygen,
an isoelectronic impurity, is most often used, causing deformation of the PbS crystal lattice and the crea-
tion of localized electron trapping centers. The introduction of oxygen, in addition to structural disorder,
is accompanied by a violation of the stoichiometric composition, the appearance of a large number
of components and phases containing oxygen: PbO, PbSO,, PbO-PbSO,, etc. (Jiang et al. 2021; Quanjiang
et al. 2023).

It should be noted that introducing oxygen from a solution during hydrochemical precipitation does
not allow for control over the concentration of the introduced impurity. For this reason, other methods
for sensitizing the material are currently explored and developed. Common methods for increasing
the lifetime of charge carriers include annealing samples in the air (Miroshnikov et al. 2014; Miroshnikov
et al. 2015; Mohamed et al. 2014) or two-step annealing: first in an oxygen-containing environment and
then in nitrogen (Fan et al. 2023).

To obtain elements with high sensitivity after their synthesis, oxidizing agents are added to the reac-
tion bath beside the main components, which promote inclusion of oxygen atoms in the crystal lattice:
H,0,,K;S,0, (Blount et al. 1973; Ghamsari et al. 2006; Kul 2019; Nascu et al. 1996; Wolten 1975), or ac-
tivators in the form of salts of various metals (silver, mercury, copper, calcium, cadmium, iron (II), gal-
lium, magnesium) (Maskaeva et al. 2017; Simic et al. 1968; Venkoba Rao et al. 1963).

Halogen-containing compounds (for example, with iodine) are able to control the penetration
of oxygen into the microcrystallites of the thin-film structure or promote the inclusion of oxygen into
the lattice during chemical deposition. In addition, iodine-containing compounds can act as a catalyst,
accelerating the formation of oxide phases in the film and ensuring high sensitivity of the PSE due
to the penetration of oxygen deep into the grain, which leads to a change in the type of conductivity
(Markov et al. 2000; Suh et al. 2016; Maskaeva et al. 2025). As follows from the above studies, doping
PbS with iodine changes the photovoltaic parameters due to the formation of point defects in the form
of Pbl,. This leads to an inversion of the conductivity type (n — p) with optimization of the charge car-
rier concentration in the semiconductor layer.

Sensitization of PbS films with both oxygen and iodine is accompanied by a change in the conductivi-
ty type (from n-type to p-type) and an increase in the concentration of quasi-free holes (Espevik et al.
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1971), while the hole lifetime, dark conductivity, and the sensitivity of the photosensitive element also
increase.

The chromium (Cr) contained in the precursor (potassium dichromate — K, Cr, O.) is a transition
metal that can also influence the parameters of PbS-based photosensitive elements. It was found (Mas-
kaeva et al. 2021) that chromium can use not only the electrons of the outer shell to form chemical bonds,
but also d-electrons, which allow changing the concentration of electrons in d-states and having a vari-
able valence (II, III, IV). Information on the photoconductivity of thin-film PbS:Cr cell is presented
in the work (Huo et al. 2019), which found that the introduction of chromium leads to an increase in its
photoconductivity.

Another study (Maskaeva et al. 2021) showed that the introduction of NH,I and CrCl, precursors
into the reaction solution preserves the cubic B1 structure of lead sulfide and leads to an increase in the gap
width (Eg) by 0.16-0.20 eV, a decrease in the dark resistance R, and an increase in the voltage sensitivity
(U). The dependences of Eg and U on the chromium salt concentration in the reaction bath exhibit
an extreme character with a maximum at 0.016 mol/l, which is due to the non-monotonic incorporation
of chromium into the PbS lattice. The results of studies of the current-voltage characteristics of PbS(I)
and PbS(I, Cr) thin-film layers are in good agreement with the results of structural, optical, and photo-
sensitive properties.

This work seeks to investigate and compare the morphology, composition, and dark resistance
of chemically deposited lead sulfide films obtained in a solution with precursors: potassium dichromate —
K, Cr, O, and ammonium iodide — NH,L.

Materials and methods

Thin lead sulfide films were synthesized by chemical precipitation from an ammonia-citrate reaction
bath containing lead acetate Pb(CH3COO)2, sodium citrate Na,C H,O., ammonium hydroxide NH,OH,
and thiourea N,H,CS (source of sulfide ions), with varying concentrations of the oxidizing agent potas-
sium dichromate (K,Cr,0.) in a molar content from 10> mol/l to 10~* mol/l and ammonium iodide
(NH,I) in a molar content of 0.2 mol/l. Film deposition was carried out for 90 min at a temperature
of 353 K in sealed molybdenum glass reactors into which degreased glass slide substrates (72.2% SiO,,
14.3% Na,O; 1.2% K,O, 6.4% CaO, 4.3% MgO, 1.2% Al ,O,, 0.03% Fe,O,, 0.3% SO,) fixed in fluoroplastic
fixtures were immersed. The reactors were installed in a TS-TB-10 thermostat with a temperature con-
trol accuracy of +0.1 K. All films were deposited on pre-degreased glass substrates. After synthesis,
the samples were rinsed with distilled water and air-dried. The film thickness did not exceed 400 nm.
The contacts were formed by electron beam evaporation of a nickel target with a preliminary stage of ion
cleaning of the surface from the oxide layer and contaminants.

Film composition was analyzed at five different points on the surface (with subsequent averaging)
using X-ray microanalysis on a Vega II SBU scanning electron microscope (Tescan, Czech Republic)
equipped with an Inca X-act energy-dispersive spectrometer (Oxford Instruments, UK). The accelerating
voltage was 10 kV; the detector acceptance angle, 15°; the working distance, 15 mm; and the data acqui-
sition duration, 60 s.

The morphology of the film samples was studied using scanning electron microscopy (Vega II SBU,
Tescan) and atomic force microscopy (AFM) using an INTEGRA Prima NanoLaboratory probe (NT-MDT,
Zelenograd). The images were taken using a semicontact scanning technique with an NSGO1 cantilever
(rigidity 1.45-15.10 N/m). Crystallite size analysis was performed using Gwyddion v. 2.67 software.

The electrophysical parameters of the elements, their current-voltage characteristics, and their con-
tact quality were studied using the ASEC-03E automated measurement system (SKB IRE RAS, Fryazino).
The dark resistance of the elements was calculated from the experimental current-voltage characteristics.

Results and discussion

The study of the composition of lead sulfide film samples obtained by chemical deposition from
a reaction bath containing the oxidizer K,Cr,O. at concentrations of 10~ mol/l and 10~* mol/l and NH,]I
at a concentration of 0.2 mol/l for the main elements (lead, sulfur, and iodine) was carried out using
the method of X-ray spectral microanalysis. The atomic oxygen content of the samples was not included
in the analysis because the method under consideration is unable to separate the oxygen incorporated
into the lead sulfide lattice from the oxygen contained in the glass substrate.
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The results of measurements averaged over five points for samples obtained only in the presence
of potassium dichromate (samples 2 and 4) and for those obtained in the presence of potassium dichro-
mate at concentrations of 10> mol/l and 10~* mol/l and ammonium iodide (5 and 7) are given in Table 1.

The table demonstrates that all the film samples obtained with an oxidizer have the sulfur content
of 51.77-52.22 at.% and the lead content of 47.78—-48.23 at.%, at a rough ratio of 1.08. When ammonium
iodide is added to the reaction bath, the sulfur content ranges from 51.04 to 51.71 at.% and lead, from
46.77 to 47.42 at.%. The atomic content of iodine changes insignificantly with variations in the oxidizer
concentration in the reaction bath. The sulfur to lead ratio is 1.09. According to data available in litera-
ture (Suh et al. 2016), lead iodide (PbI,) and oxide phases PbI,O,, Pb,O, are formed in samples deposited
with the NH,I precursor. A slight decrease in the atomic sulfur content in the samples prepared
with the additional ammonium iodide precursor, relative to samples obtained using only the oxidizer
(potassium dichromate), may indicate the replacement of atoms of the main substance with iodine
and/or oxygen.

The stoichiometry between the metal and the chalcogen is not observed in all cases, which indicates
the p-type conductivity of the considered groups of samples as a result of a lack of lead.

Table 1. Elemental composition and dark resistance of lead sulfide films obtained
using different concentrations and combinations of precursors

Composition Dark resistance
No. of the reaction bath, mol/l [Pb], at. % [S); at. % [1], at. % (R,, kOhm
K,.Cr,0,=10" 48.23 + 0.53 51.77 £ 0.53 - 3.3
2 K,Cr,0, =10" 47.78 £ 0.47 52.22 £ 0.47 - 15
K Cr,O, =107
2207 42 £ 0. 04 £ 0. 04 1 0.
3 NH,I = 0.2 47.42 + 0.46 51.04 £ 0.21 1.54 + 0.27 820
K,.Cr,0,=10"
+ 0. 021 0.
4 NH,I = 0.2 46.77 £ 0.52 51.71 £ 0.85 1.52 £ 0.43 216

The efficiency of photosensitive elements depends largely on the reflectivity of the incident radiation.
Reflectivity, in turn, is determined by the surface morphology of the samples (grain size and shape).
Scanning electron microscopy was used to study the effect of the reaction bath composition used for
PSE deposition on their surface morphology. Typical images of the PSE surface for the studied sample
groups at various magnifications are shown in Figs. 1 and 2. As suggested by the figures, the surface
of the samples obtained in the presence of potassium dichromate (Fig. 1) consists of crystallites with
a pronounced cubic faceting, characteristic of lead sulfide, which has a face-centered cubic structure
of the NaCl (rock salt) type with the space group Fm3m (Seghaier et al. 2006). Adding ammonium iodide
to the reaction bath smooths the crystallite facets, but individual globules up to one micrometer in size
form (Fig. 2). Maskaeva et al. (2021) noted that a similar surface appearance was also observed for
chromium-containing samples.

mag O det mode HV a | — 1L —
100000x TLD SE_ 5.00kV 21pA 4.2mm 52.0° VOLKOVA LIDIYA [INME RAS|

T WD tilt

Fig. 1. Electron microscopic images of the surface of a typical sample obtained in a solution with K Cr,O,
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Fig. 2. Electron microscopic images of the surface of a typical sample obtained
in a solution with K, Cr,O_ and NH I

Electron microscopy studies were supplemented by atomic force microscopy (AFM) measurements.
The resulting AFM images confirmed the surface morphology data obtained using scanning electron
microscopy for two groups of samples (Fig. 3).

(b)

Percentage content, %
Percentage content, %

Particle size, nm Particle size, nm

Fig. 3. AFM images of the surface of photosensitive elements based on PbS films
chemically deposited in the presence of K,Cr,O, (a) and K,Cr,O, with NH,I (b).
The insets show histograms of the grain size distribution on scans of 5x5 um?

The histogram in Fig. 3a was calculated based on the faces of cubic grains. The grain size distribution
shows that the samples synthesized in the presence of only the oxidizer are quite homogeneous, as evi-
denced by the uniform distribution of the percentage of grains ranging in size from 300 to 900 nm.
Adding NH, I to the reaction bath results in a decrease in particle size (histogram in Fig. 3b). Over most
of the surface, crystallites range in size from 100 to 325 nm, with approximately two percent of particles
smaller than 100 nm present. The presence of nanoscale crystallites can influence the band gap width
of the material and, consequently, the spectral dependence of photosensitivity. The obtained data are
consistent with the results presented in a study (Markov et al. 2022) in which PbS film samples were
deposited in a reaction bath in the presence of ammonium iodide alone. The authors demonstrated that
the PSE exhibited a broadening of the band gap and a shift in sensitivity toward higher energies (shorter
wavelengths).

Table 2 shows the results of calculating the microrelief parameters of the studied groups of samples,
obtained as a result of processing their AFM images.
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Table 2. Microrelief parameters of the studied groups of samples

Sample number
Microrelief parameter
1 2 3 4
Roughness average (R ), nm 35.63 40.33 12.81 12.17
Root mean square roughness, (R ), nm 45.51 53.02 18.76 17.65
Maximum average profile height (P ), nm 228.20 248.50 97.02 116.10

A comparison of the microrelief parameters (roughness (R and R ) and maximum average profile
height (P,)) can indicate that samples 1 and 2, deposited in the presence of only an oxidizer, have a height
difference 2.8—3.3 times greater than samples 3 and 4 with ammonium iodide, which suggests a smoother
surface of the latter despite the presence of globules.

Changes in the type and concentration of precursors affect not only the chemical composition and
morphology of the resulting samples, but also their electrophysical properties. Table 1 thus shows that
elevating the oxidizer (potassium dichromate) concentration in the reaction bath from 10~ mol/L
to 10~* mol/L increases the dark resistance of the samples by a factor of 4.5 (from 3.3 to 15 kOhm).
The addition of ammonium iodide increases dark resistance by orders of magnitude. Augmenting
the oxidizer concentration in the presence of ammonium iodide, however, decreases dark resistance
from 820 to 216 kOhm.

The rise in resistance with increasing oxidizer concentration can be explained by the incorporation
of more oxygen atoms into the lead sulfide crystal lattice, as well as the possible formation of the oxygen-
containing thin layers observed before (Mohamed et al. 2014). Our previous works showed that the pres-
ence of ammonium iodide during the deposition of lead sulfide films leads to a decrease in the dark
resistance (R,) compared to samples obtained with the participation of sodium dithionite — Na,S,O,
or sodium sulfite — Na,SO, oxidizers. However, this combination demonstrates an increase in dark
resistance by 10...250 times at the same concentrations of K,Cr,O.. It should be noted that high R . (low
dark conductivity o,) contributes to an increase in the sensitivity of the PSE; the sensitivity criterion is
not the increase in conductivity (photoconductivity — Ao), but Ao/(g, @), where @ is the effective
value of the radiant power. A decrease in dark conductivity leads to an increase in the sensitivity
of the PSE.

Previous results of a study of lead sulfide films deposited in the presence of ammonium iodide using
Auger spectroscopy and high-resolution transmission microscopy showed that iodine and oxygen atoms
are concentrated to a greater extent near the PSE substrate. Consequently, iodine-containing compounds
are formed at the initial stage of film deposition simultaneously with the formation of lead hydroxide
crystallization centers — Pb(OH),. Due to this, the introduction of the ammonium iodide precursor into
the reaction bath leads to the formation of a p-type conductivity layer near the substrate. As a result,
a p-n junction is formed, the depth of which depends on the thickness of the iodine-enriched lower
layer. This leads to a decrease in the effective cross-section of the n-type material and increases the dark
resistance of the elements, which explains the significant change in the resistance of the photosensitive
element described above.

Conclusion

Polycrystalline films of lead sulfide obtained in solutions with one (potassium dichromate) or two
(potassium dichromate and ammonium iodide) precursors were studied.

We showed that the introduction of chromium salt into the reaction mixture neither changes the cubic
crystalline structure of lead sulfide nor has a significant effect on the morphology of the films: the crystal-
lite sizes are from 300 to 900 nm and are uniformly distributed over the entire surface of the PSE.

The simultaneous use of potassium dichromate and ammonium iodide precursors leads to a change
in the crystallite faceting to a smoother one, a decrease in the particle size (sizes from 100 to 325 nm
in the presence of about two percent of particles smaller than 100 nm) and the formation of segregate
globules up to one pm in size.

It was established that iodine and its compounds formed at the early stage of thin film deposition lead
to a significant increase in the dark resistance of photosensitive elements, which in turn contributes
to an increase in their photosensitivity.
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The obtained results indicate that the combined use of the precursors K Cr,O. and NH,I during
the deposition of lead sulfide layers is an effective method for improving the technology of producing
photosensitive elements for photoelectronic devices. Further studies of lead sulfide films obtained
in a solution containing potassium dichromate will focus on investigating their magnetic properties,
as chromium is a d-element, important for the development of spintronics.
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Abstract. This paper presents the results of X-ray diffraction and Raman spectroscopy studies of Cu-doped
PbSb, Te, crystals grown by the Czochralski method. Electrophysical properties such as carrier concentration
and thermoelectric Q factor ZT are discussed. A rationale is provided for introducing a donor impurity
to optimize the properties of crystals as a potential thermoelectric material, and doping features are observed.
The Bramfitt heterogeneous nucleation model is applied to calculate disregistry between the parameters
of the crystal lattices of the phases occurring in crystals during the growth process. Possible copper-rich
phases are predicted. The presence of chemically bound copper atoms forming new phases and their predominant
location in the van der Waals gap between the septuple and quintuple layers is confirmed experimentally.

Keywords: semiconductors, PbszTe » thermoelectricity, Czochralski method, carrier concentration, doping
mechanism, Bramfitt heterogeneous nucleation model, X-ray diffraction analysis, Raman spectra, septuple
layers

Introduction

Tetradymite-like ternary compounds PbSb, Te,, which belong to the homologous series nPbTe-mSb, Te,,
initially sparked interest among researchers as a basis for obtaining a medium-temperature thermoelec-
tric material of p-type conductivity (Shelimova et al. 2004).

The compound has a complex structure formed from septuple layers (TeSbTePbTeSbTe). The bonds
inside the septuple packages are ion-covalent, and the bond between the packages is carried out mainly
by weak van der Waals forces. The presence of heavy elements in the composition of the material and
the effective scattering of phonons by potential barriers at the boundaries between the layer packages
ensure a decrease in lattice thermal conductivity (Shelimova et al. 2008), which is important for achieving
high thermoelectric Q-factor (ZT) values (Ioffe 1956).

More interest in these compounds is generated by theory assuming that an ideal periodic structure may
have protected surface states that can be localized in both surface and subsurface blocks (Menshchikova

31


https://www.elibrary.ru/DVYYWY
https://www.doi.org/10.33910/2687-153X-2026-7-1-31-35
https://crossmark.crossref.org/dialog/?doi=10.33910/2687-153X-2026-7-1-31-35&domain=pdf&date_stamp=2026-03-30
https://orcid.org/0000-0001-7673-6899
mailto:nemov_s@mail.ru
mailto:apov@inbox.ru
mailto:avd2007@bk.ru
mailto:alyabjev_au@mail.ru
https://www.doi.org/10.33910/2687-153X-2026-7-1-31-35
https://www.elibrary.ru/DVYYWY
https://creativecommons.org/licenses/by/4.0/deed.ru

Features of copper doping of PbSb Te, crystals

et al. 2013). Such unusual surface properties — the state of a topological insulator — ensure the flow
of spin-polarized current without loss of energy, which has the potential for application in quantum com-
puters, spintronics and magneto-electric devices (Jayan, Rakesh 2022).

The first massive single crystals of this compound were grown by the Czochralski method with liquid
phase feeding from a floating crucible in the late 2000s at the Institute of Metallurgy of the Russian
Academy of Sciences by a team led by L. E. Shelimova. The grown crystals had a diameter of 20 to 30 mm
and a length of about 100 mm.

X-ray studies on a Bruker D8 Advance diffractometer in Bragg—Brentano geometry (Cu-Ka radiation
with a nickel filter) showed a complex crystal structure with the presence of two phases: the main PbSb, Te,
(about 70-80%) and Sb, Te, (up to 20-30%). The main phase has rhombohedral symmetry and the spa-
tial group R3m and the parameters of the hexagonal cell a = 0.435 nm and ¢ = 4.171 nm (Nemov et al.
2024). The noted multiphase feature of the crystal structure is presumably caused by the fact that the syn-
thesis of the compound PbSb,Te, occurs by a peritectic reaction.

In non-cubic crystals most of the physical properties are tensor ones. The tensors of the main ki-
netic coefficients, such as electrical conductivity (o) and thermal conductivity (%), Seebeck coefficients («)
and Hall coefficients (R), are in particular characterized by two components, which are measured
in the direction of the inversion-rotation axis of the third order 3 and in the cleavage plane perpendicu-
lar to axis 3.

Both components of the Seebeck coefficient tensor in the studied crystals are positive in the tem-
perature range of 77—-450 K (Nemov et al. 2012), which corresponds to the hole-like nature of the con-
ductivity. The hole concentration was determined from the larger component of the Hall coefficient
tensor at a temperature of 77 K, as is usually done in the study of chalcogenides of elements in group V
of the periodic table (Goltsman et al. 1972). It was found that the PbSb, Te, crystals have a hole concen-
tration p = (eR)™' equal to 3.2x10* cm™>. Such a high concentration of holes in the PbSb,Te, indicates
a large number of acceptor-type point defects in the crystal lattice caused by a deviation from stoichio-
metry. Such defects in chalcogenides are vacancies in the metal sublattice. Interestingly, the deviation
from the stoichiometric composition of the compound does not lead to a noticeable change in the Hall
concentration of holes. ato

An estimate of the thermoelectric Q factor ZT equal to ZT =

gives the value of ZT~0.3

K
at 675 K (Shelimova et al. 2006), which shows that the hole concentration in PbSb,Te, is nonoptimal
from the point of view of thermoelectric energy conversion. Therefore, to optimize the thermoelectric
properties, a significant reduction in the hole concentration is required by modifying the PbSb, Te, crys-
tals with electroactive impurities. Copper, which is a donor in lead chalcogenides, was chosen as such
impurity. The effect of copper doping of PbSb,Te, crystals on their electrophysical properties is studied
in this work.

Experimental results and their discussion

As part of optimizing the electrophysical properties of the studied compound, a series of Cu-doped
samples with the compositions (PbTe+Sb,Te,),,,,.Cu, . and (PbTe+Sb,Te,) ,,,Cu, , Was synthesized
and studied (Nemov et al. 2025). Introduction of copper slightly increases the lattice parameter
to ¢ = 4.173 nm. At the same time, even a small amount of copper (0.5 atm.%) significantly increases
both components of the Hall tensor. It results in almost half as much the concentration of holes compared
to the non-doped crystal. Increment of the proportion of the dopant additive in the initial mixture does
not lead to a reduced hole concentration.

This fact may be due to a change in the mechanism of the incorporation of dopant atoms into the struc-
ture of the initial crystals with dopant proportion. Copper atoms initially fill vacancies in the metal
sublattice (Pb, Sb), which leads to a decrease in the hole concentration. With a further increase in the pro-
portion of Cu atoms in the mixture, these atoms begin to settle in the gaps between the septuple and
quintuple layers and react with weakly bound Te atoms (the outermost atoms in septuples and quintuples),
forming new copper-containing phases.

To calculate the probability of phase formation in doped crystals containing copper chemically bound
to the atoms composing the initial compound, as well as to analyze the crystal growth sequence on a tem-
perature scale, we used the Bramfitt nucleation model (Bramfitt 1970) for high-temperature alloys.
The Bramfitt heterogeneous nucleation model is a further development of the Turnbull-Vonnegut
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approach for evaluating the crystallographic interaction at the phase boundary during growth. From
the formula

1 d i cosf— d[uvw];

(hk])x _ 3 [uvw]
é:(hkl)” - E Zi:l -100%

[ww],

it is possible to determine the degree of disregistry between the parameters of the crystal lattices
of the phases that occur in crystals during the growth process.

The formula uses the following notation: € is the lattice disregistry, (hkl), is alow-index plane of the sub-
strate, (hkl) is a low-index plane of the nucleated solid, [uvw] is a low-index direction in (hkl), [uvw]_
is alow-index direction in (hkl) , 6 is the angle between [uvw] and [uvw] ,d is the interatomic spac-
ing along [uvw], and d, is the interatomic spacing along [uvw] .

According to the Bramfitt model, in copper-doped samples, only phases with copper compounds can
be observed, the coefficient of disregistry of the lattices with the lattices of the main phases for which
does not exceed 6.

[uvw]s

Table 1. Bramfitt phase lattice disregistry parameters of the PbSb,Te,:Cu system

Phase PbSb, PbSb, Sb,Te, PbTe PbTe Cu,Te Cu,Te Cu, (CuSb)
Te, Te, Te, Te,
Symmetry | R-3m R32 R-3m Fm-3m | Pn-3m F4-3m |P6/mmm | P3ml R-3m
Cell type Rhombohedral cubic hexagonal rhombohedral
d 4.35 4.35 4.25 4.57 5.04 4.364 4.25 4.32 4.22
et 800 622 924 900 773
4.7 on 13.50n 2.3 on - - 4.5 on 7.0 on 5.4 on 7.54 on PbTe
PbTe PbTe PbSb, PbTe PbTe PbTe Fm-3m
Fm-3m Pn-3m Te, Fm-3m Fm-3m Fm-3m
7.0 on - - 13.50n 15.8 on 13.30n | 16.3 on PbTe
€% PbTe PbTe PbTe PbTe Pn-3m
Fm-3m Pn-3m Pn-3m Pn-3m
13.50n - - -0.3 on 2.3 on 7.0 on 3.0 on PbSb,
PbTe PbSb, PbSb, | PbSb,Te, Te
Pn-3m Te, Te, !

Calculations of the disregistry parameter for the main and copper-containing phases are shown
in Table 1. Phases with a value of £ more than 6, the existence of which is possible based on the phase
diagram, could be detected on radiographs in significantly smaller quantities.

The results of X-ray diffraction analysis are shown in Fig. 1. Calculated disregistry values allowed us
to estimate the probability of formation of phases with copper that correlates with the experimental results.

CPS

(CuSb)Te2
] CuzTe CuTe CuTe
1 (CuSb)Te2
lu. nhﬂ; T ‘hm-‘h“‘l} Al ‘A M Jn‘ fAn) .llﬂ“.|| B AL M b o e
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Fig. 1. Radiograph of the PbSb, Te,:Cu system
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The reflexes of the copper-containing phases, despite their significantly lower intensity than those
of the main phases PbSb, Te, and Sb, Te,, are determined on the radiograph and interpreted using the ICDD
PDEF-2 powder database and the Rietveld method using Bruker TOPAS4 software. The sizes of the cohe-
rent scattering regions were determined using the Scherrer formula: Cu,Te up to 120 nm, CuTe
up to 95 nm and (CuSb)Te, up to 75 nm.

Since copper-containing phases are recorded on the X-ray at the trace level, measurements of the Raman
spectra were performed to confirm the existence of additional copper-containing phases in the crystals.

The Raman spectra were measured using a LabRam HR800 spectrometer (Horiba) equipped with
a confocal microscope. The use of a single monochromator in the spectrometer caused the introduction
of an edge filter into the recording channel, cutting off the laser excitation line, which limits the possibi-
lity of measuring spectra in the region of less than 100 cm™. A continuous laser with a wavelength
of 488 nm and a power of 100 mW was used as the source of exciting radiation. The laser radiation was
focused on the sample surface using a 50x micro lens in an area of about 4 mm?. Each spectrum was
recorded with an accumulation of 30 seconds and averaged over 9 spectra. To measure the Raman spec-
tra, fresh fragments were prepared along the planes of layered structures.

Raman spectra of two types were obtained (Fig. 2): in the cleavage plane and in the plane perpen-
dicular to the cleavage plane (the end face). The two peaks at 121 cm™ and 139 cm™ are known as A'
and E? vibrational modes of Te respectively (Lal et al. 2020). The peak at 161 cm™! is closely related
to the Sb, Te, A" mode (Guo et al. 2016). The wide peak with a maximum of about 268 cm™" which refers
to the vibrational modes of the CuTe or Cu,Te crystal phase (Park et al. 2011) is clearly visible, clearer
on the spectrum taken from the end surface.

1.0+

o
[e¢}
1

cleavage plane
end face

o
(o))
1

Raman Intensity (arb.un.)
o
'
|

o
N
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0.0
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—
125 150 175 200 225 250 275 300 325 350
Wavenumber (cm™)

Fig. 2. PbSb,Te,:Cu crystals Raman spectra

The presence of a peak related to a copper-containing phase on the Raman spectra of the samples
confirms that the studied crystals contain chemically bound copper atoms. Clearly expressed maximum
when measuring the spectrum from the end surface confirms the assumption of localization of the phase
with copper mainly in the van der Waals gap between the septuple and quintuple layers.

Conclusions

The mechanism of the copper doping of PbSb, Te, crystals has been studied. X-ray diffraction analy-
sis and Raman spectroscopy have shown that copper phases are present in doped crystals, the formation
of which indicates the chemical bonding of copper atoms to Te atoms. With a relatively low copper
content, there is a decrease in the concentration of holes, associated with filling vacancies in the metal
sublattice. As the concentration of the alloying additive increases, copper atoms chemically bond
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to Te atoms to form new phases, which does not lead to a decrease in carrier concentration. The assumed
location of CuTe (Cu,Te) phase in the van der Waals gaps between the septuple and quintuple layers
is validated by the Raman spectra of the end surface of the PbSb, Te,:Cu crystalline samples.

We would also like to note that the complex multiphase composition of PbSb,Te, crystals grown
by the peritectic reaction by the Czochralski method and doped with copper, in our opinion, indicates
that the melt is apparently structured and contains all the phases observed by us. The resulting crystals
are a ‘frozen melt’
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Abstract. Modern cosmology is based on the ACDM model, in which the Universe’s accelerated expansion
is driven by dark energy with equation of state w = —1. While ACDM agrees well with observational
data — from CMB anisotropies to large-scale structure — both theoretical considerations and emerging
observations suggest that dark energy may be dynamical, with w(z) that evolves over time. A scenario
of particular interest is a potential transition from standard dark energy (w = —1) to phantom energy
(w < —1), which violates the strong energy condition and may lead to a ‘Big Rip’ Planck data (Aghanim
et al. 2020) confirm that, as of today, dark energy dominates () . ~ 0.685) and w is consistent with —1;
however, combined analyses (Planck + BAO + supernovae) permit slight deviations into the phantom
regime (w =~ —1.03 + 0.03). Though marginal, this possibility motivates the study of models where w(z) crosses
the w = —1 barrier. Moreover, recent JWST observations reveal unexpectedly massive galaxies at z > 10,
challenging ACDM predictions of structure formation and hinting at modified expansion histories that
may involve evolving — or phantom — dark energy. This work investigates whether phantom energy can
act as a future attractor in a flat FLRW cosmology. Using autonomous dynamical systems, we analyse
the evolution of density parameters Q) (z) and w(z) in a model that permits crossing the w = —1 divide.

Keywords: cosmology, dark energy, phantom energy, FLRW model, dynamical systems, equation of state

Einstein’s field equations

In 1905, Albert Einstein formulated the special theory of relativity (STR), which unified space and
time into a single four-dimensional spacetime and rejected Newton’s concept of absolute space and time
(Blau 2024). However, STR is restricted to inertial reference frames and does not incorporate gravity.

Seeking to include gravitation into the relativistic worldview, Einstein completed the general theory
of relativity (GTR) in 1915 — a geometric theory in which gravitational interaction is interpreted not
as a force, but as a manifestation of spacetime curvature induced by the distribution of energy and
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momentum (Blau 2024). The foundation of the theory is given by Einstein’s equations, which in their
modern form read:

8nG
Gpw + Aguv = 7Tuv' (1)

where G,=R, - §R g, 1s the Einstein tensor, expressing spacetime curvature via the Ricci tensor R,

and Ricci scalar R; g, is the metric tensor, defining intervals and angles; T, is the energy—momentum
tensor, describing the densities and fluxes of energy, momentum, and stresses; G is the gravitational
constant, ¢ is the speed of light, and A is the so-called cosmological constant (Adler et al.1995; Blau 2024).

A crucial feature of the left-hand side is that, owing to the Bianchi differential identity (V* G, = =0)
and metric compatibility (V#¢g = 0), Einstein’s equations automatically imply the law of local energy—
momentum conservation:

VAT, = 0, (2)

This ensures that GTR remains consistent with fundamental physical principles, even within curved
spacetime (Perko 2001).

As early as 1916, Karl Schwarzschild found the first exact vacuum solution (TW = 0) to Einstein’s
equations, describing spacetime around a spherically symmetric body — a result that later became
the cornerstone for the theory of black holes (Blau 2024). However, as it turned out, local solutions were
only a first step: to describe the Universe as a whole, a solution satisfying the new physical principle
of large-scale homogeneity and isotropy was required (Coley 2003).

A significant difficulty then arose: the original field equations (with A = 0) admit no static, homoge-
neous, and isotropic solution — any such model is necessarily dynamical, either expanding or contracting.
This conflicted with the early-20™-century view of a static, eternal Universe (Weinberg 1989).

To resolve this inconsistency, Einstein in 1917 introduced the additional term Ag, into the field equa-
tions. Initially, A had no physical interpretation — it was a geometric pammeter introduced ad hoc
to allow for a static cosmological solution. In his paper ‘Cosmological Considerations in the General
Theory of Relativity; he showed that the condition

4tGp

: (3)

where p is the average mass density in a homogeneous Universe, yields a static model (later termed Ein-
stein’s Universe — a closed three-dimensional hypersphere of finite radius). Thus, A functioned as gravi-
tational repulsion, precisely compensating the attraction of matter (Adler et al. 1995; Weinberg 1989).

Importantly, the term Ag , was mathematically permissible — it preserved general covariance and
automatically satisfied V”(Ag ) 0, thereby not violating energy—momentum conservation (Blau 2024).
However, in 1922-1929, A. A Friedmann, G. Lemaitre, and E. Hubble demonstrated the Universe’s
expansion, rendering the static model obsolete. Einstein soon abandoned A, calling it ‘the greatest blun-
der’ of his life.

Paradoxically, observations of the Universe’s accelerated expansion from Type Ia supernovae data
in 1998 revived A as central to modern cosmology (Dungan, Prosper 2011; Riess et al. 1998). It is now
interpreted as the simplest model of dark energy — a homogeneous vacuum energy with an equation
of state p = —pc* (Carroll 2001; Peebles, Ratra 2003; Weinberg 1989). Thus, the parameter introduced
to salvage an outdated cosmological picture proved essential for describing the observed accelerated
expansion. It is with this modern interpretation that A enters the subsequent stage: constructing a dy-
namical cosmological model.

The Friedmann metric

The expansion of the Universe, discovered by Hubble, necessitated a transition from static to dy-
namical cosmological models (Aghanim et al. 2020). Already in the 1920s, A. A. Friedmann, and inde-
pendently G. Lemaitre, H. Robertson, and A. Walker, showed that assuming the cosmological principle —
homogeneity and isotropy of the Universe on scales 2 100 Mpc — uniquely determines spacetime
geography via the Friedmann—Robertson—Walker (FRW) metric (Coley 2003).
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Although the Universe is structured on small scales (galaxies, clusters, filaments, and voids), avera-
ging over sufficiently large volumes allows its description as a smooth medium (Barreiro et al. 2000;
Nunes, Mimoso 2000). Based on this, the most general spacetime metric consistent with the cosmo-
logical principle is:

2

dr
2 _ _ 2942 2
ds® = —c“dt +a(t)[1—kr2

+ 1r2(d6? + sin 2 0 d¢?)], (4)
where: ds? is the spacetime interval squared; ¢ is cosmic time, measured by an observer comoving with
the average matter flow; a(t) is the scale factor, a dimensionless function of time that determines the rela-
tive change in distances between comoving points (e. g., unbound galaxies); (r, 8, ¢) are comoving
spherical coordinates (‘attached’ to the expanding medium); & is the dimensionless spatial curvature
parameter, taking one of three values:

+1 — closed (spherical) space,
k= 0  — flat (Euclidean) space, (5)
—1 — open (hyperbolic) space.

The scale factor a(t) itself has no absolute physical meaning — it may be normalised arbitrarily (e. g.,
a(t,) = 1 at the present epoch). Observable quantities depend only on its derivatives. Hence, the key
dynamical characteristic in cosmology is the Hubble parameter:

H(t) = Cl_ (6)

where the dot denotes differentiation with respect to cosmic time ¢. The quantity H = H(t ) characterises
the current expansion rate (Aghanim et al. 2020).
Consider the physical meaning of the three possible values of k:
® k= +1 (closed Universe). Spatial sections have positive curvature and the topology of a three-
sphere S$°. The volume is finite and unbounded. If the total energy density p exceeds the critical
density

3H?(t)
8nG ’

Per(t) = (7)
gravitational attraction will eventually halt expansion, and the Universe will recollapse into a singula-
rity — the ‘Big Crunch’ (Coley 2003).
o k=0 (flat Universe). Space is Euclidean (R?) and infinite. In the absence of dark energy, expansion
continues forever but gradually decelerates. Modern CMB data (Planck, 2018) indicate a high
degree of flatness:

_ ke? +0.010
‘Qk = —m = —0.011_0:012, (8)
consistent with k = 0 at the 1% level (Aghanim et al. 2020).
® k= —1 (open Universe). Space has negative curvature (Lobachevskian geometry), is infinite, and
geodesics diverge. This model occurs when p < p_, and expansion proceeds indefinitely. The sum
of angles in a triangle is less than 180 °, and the volume of a sphere of radius R grows faster than
R? (Coley 2003).

Thus, the FRW metric is not an arbitrary choice, but the only form compatible with the cosmological
principle. It provides the geometric ‘stage’ on which cosmic dynamics unfolds. To ‘activate’ these dyna-
mics — that is, to determine how exactly a(t) evolves with time — one must substitute the FRW metric
into Einstein’s equations and specify the material content of the Universe. This step leads directly
to the system of equations governing cosmological evolution.
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Dynamics of cosmic expansion: From Einstein’s equations to the evolution of the scale factor

Our primary objective is to determine the time evolution of the scale factor a(t) — i. e., to describe
the dynamics of cosmic expansion (or contraction). To this end, we begin with the fundamental equa-
tions of general relativity — Einstein’s field equations in their general form:

8nG
G + Mgy = i Ty )
Here: GW = R - —R & is the Einstein tensor, expressing spacetime curvature; & is the metric tensor

(in this context, the Frledmann metric); A is the cosmological constant, introduced to describe homo-
geneous vacuum energy; T, is the energy—momentum tensor, describing the distribution and motion
of matter and energy; G and c are fundamental constants (Blau 2024).

Since matter on cosmological scales can be modeled as a perfect fluid (dust, radiation, dark energy),
we adopt

p
Tuv =+ ﬁ)uuuv +P 9w (10)

where p(t) is the energy density, p(¢) is the pressure, and u* is the four-velocity of a comoving observer
(Coley 2003).

Substituting the FRW metric and this form of T, into Eq. (9) — a technically cumbersome but
straightforward procedure — yields two independent differential equations for a(t), known as the Fried-

mann equations:
(d)z (87TG) . c? (4 c?

a <4n6)( +3p)+AC2 .
a 3 J\P T 3 (12)

The first equation (often called the Hubble equation) links the current expansion rate to the total
energy content and geometry of the Universe. The second equation shows that acceleration is determined
not only by density but also by pressure: when p + 3p/c? < 0, gravity becomes effectively repulsive — this
is the precise mechanism driving the accelerated expansion observed today (Copeland et al. 2006; Feng
et al. 2005).

However, the system (11)—(12) contains three time-dependent unknowns: a(t), p(£), and p(t). To ob-
tain a unique solution, the system must be closed by an additional relation.

This relation emerges naturally from the structure of Einstein’s equations. As noted earlier, the left-
hand side of (9) is identically conserved: V"(G + Ag ,) = 0, and therefore Einstein’s equations imply
the local energy—momentum conservation law*

vV, TH = 0. (13)

For a perfect fluid in the FRW metric, Eq. (13) reduces to a single nontrivial scalar equation — the con-
tinuity equation:

a
p+3H(p+ )_OH_E (14)

Physically, it expresses energy balance in an expanding volume: as the scale factor grows (a 1), the volu-
me increases as a°, thereby decreasing density; the pressure p determines whether additional energy loss
occurs (e. g., photons lose energy not only due to dilution but also due to cosmological redshift) (Coley
2003).
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Despite the presence of Eq. (14), the system remains underdetermined: p and p are still independent.
To resolve this, we introduce an equation of state — a physical relation derived from the microscopic
nature of the matter:

p =wpc?, (15)

where w is a dimensionless parameter characteristic of the given component:
e w =0 — non-relativistic matter (‘dust’): p < a3
o w= % — radiation: p < a%;
e w=-1— cosmological constant: p = const;

® w<—1— phantom energy: p increases with expansion (Cai et al. 2010; Garcia-Salcedo et al. 2013).
Substituting (15) into (14) yields the explicit dependence:

p(a) = poa™30*W), (16)

which, when inserted into the first Friedmann equation (11), transforms it into a closed differential equa-
tion for a(t). Thus, from fundamental Einstein equations — through geometry (FRW), matter (TW ), and
microphysics (w) — we arrive at a complete description of cosmic evolution.

Dynamical systems method in cosmology

Consider a homogeneous and isotropic Universe described by the Friedmann—Robertson—Walker
(FRW) metric with zero spatial curvature (k = 0). The first Friedmann equation then takes the form:

&) =3

where a(t) is the scale factor, H = d/a is the Hubble parameter, and p is the total energy density. We as-
sume the Universe consists of four components:

e radiation (r),

e non-relativistic matter (m),

e standard dark energy (DE),

e phantom energy (ph).

Consequently,

p = Ppr + Pm + PoE + Pph- (18)

The evolution of each component is governed by the continuity equation, derived from energy—mo-
mentum conservation in the FRW metric:

pi+3H(p; +p;) =0, (19)

where p, is the pressure of the i-th component. Introducing the equation-of-state parameter w, = p./p,,
Eq. (19) becomes

pi = —3H(1 +w;)p;. (20)
For convenience, we define
yi =1+ w;, (21)
so that
pi = —3Hy;p;. (22)
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The specific values of y, for the components under consideration are determined by their physical
nature:

4 2
:§,Vm:1,OSYDE<§,}/ph<O. (23)

Vr

Direct integration of the system (17)—(22) is difficult, as p, (a) are governed by nonlinear differential

equations. Therefore, for qualitative analysis, we employ the dynamical systems method. We introduce
dimensionless density parameters

P

%=

,i =1r,m,DE, ph, (24)
and substituting (18) into (17) yields the normalisation condition:
Qp + Qp + Qpg + Qpp = 1. (25)
Thus, only three variables are independent. We choose as phase-space coordinates:
X = QY = Qpg, 2 = Qpp, (26)
from which it follows that
Q. =1-x—-y-—2z (27)

To obtain an autonomous system, we differentiate (26) with respect to the logarithm of the scale fac-
tor, N = Ina (noting that d/dN = H™'d/dt). For example, for x:

dx _1d pn. 1 pm  2pmH._ pm _ pmH
av " HatGr? " x¢ BEETEE (28)

H'3H? 3H3 )= 3H3 3H*

Substituting p, = —3Hy, p _from (22) and expressing H via the second Friedmann equation:

Z(pl +p)=-3 Z YiPi, (29)

and using p, = 3H*(). and (27), we obtain:

) 3
H = —EHZ[yr(l —x—Y—27)+ YmX + YpeY *+ YpnZl (30)

Insertion of (22) and (30) into (28), together with y, =1, y = 4/3, yields after simplification:

dx

oy = X1 —x+yBype = 4) +2Bypn — 4] (31)

Analogously, the equations for y and z are:

dy

aN = y[4 —3ypg + x + yBypg — 4) + zBypn — 4], (32)
dz
aN - z[4 —3ypn + x + y(Bype — 4) + zBypn — D] (33)

The system (31)—(33) is autonomous (right-hand sides depend only on x, ¥, z), allowing the applica-
tion of dynamical systems theory (Boehmer, Chan 2014; Boehmer et al. 2012; Coley 2003; Perko 2001).
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Critical points and the Jacobian matrix

Critical points are obtained from % = y = Z = 0. Nontrivial solutions yield four physically meaningful
points:

P. =(0,0,0) — radiation domination,

P, =(1,0,0) — matter domination, (34)
Ppg =1(0,1,0) — standard dark energy domination,

P,n =(0,0,1) — phantom energy domination.

To analyse their stability, we compute the Jacobian matrix / = (9f;/ 8xj), where f, = dx/dN, etc. Deno-
ting for brevity A = 3y, — 4, B=3y,, —4, C=4 -3y, D =4 -3y, , we obtain:

1-2x+Ay+ Bz Ax Bx
J(x,y,2) = < y C+x+2Ay+ Bz By ) (35)
z Az D+x+ Ay + 2Bz
Substituting the coordinates of each critical point:
1. Point P_= (0, 0, 0)
1 0 0
J®) =0 4—3ypg 0 : (36)
0 0 4 — 3¥pn
Eigenvalues: A, = 1,4, =4 -3y, A, =4 -3y,
ForO<y,. <2/3andy, <0,alll>0.
Conclusion: P_is an unstable source (repeller), corresponding to the initial state.
2. Point P, = (1,0, 0)
-1 3ypg—4 3yph —4
J®PR)={ 0 5-—3ypg 0 : (37)
0 0 5= 3Ypn
Eigenvalues: A, = -1, 1, = 3(1 — y.), 4, = 3(1 - Y, ).
Fory,. <landy, <0, wehavel <0,4,>0,1,>0.
Conclusion: P is a saddle point, corresponding to an intermediate epoch.
3. Point P = (0, 1, 0)
3)pe—1) O 3Vph —4
J(Ppg) = 1 0 0 (38)

0 0 3(}’DE - Vph)

Eigenvalues: A, = 3(y,. — 1) < 0,4, = 3y, — 4 <since (y,, < 2/3),A,=3(y,, - yph) >0as ()/ph <0<y,
Conclusion: P is a saddle point.

4. Point P, = (0,0, 1)

3(yyn—1) 3ype—4 O
J(Ppp) = 0 3(Yph —¥pe) O |- (39)
1 3)/DE —_ 4’ 0

Eigenvalues: A, =3(y,, — 1) <0,4,=3(y,, — ¥p) < 0,4, =3y, —4 <0, for all admissible y , <0,y >0.
Pph is a stable node — a future attractor (Garcia-Salcedo et al. 2013).
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Phase portrait description

This phase diagram (Fig. 1) illustrates the dynamical evolution of the Universe in the y-z plane, where
y = Q, (the density parameter of standard dark energy) and z = Q |, (the density parameter of phantom
energy), under the constraint x + y + z= 1 (withx = Q_ fixed or negligible).

Da3loBan AUarpamma y-z

0.0001
0.001%
W= =-0.0%

Fig. 1. Phase portrait

The trajectories (colored curves) represent cosmic evolution for different values of the phantom
equation-of-state parameter y , =1+ w, . All trajectories originate near the origin (y=0,z=0) — cor-
responding to matter/radiation domination — and converge toward the point (y = 0, z = 1), which
is the phantom attractor (Garcia-Salcedo et al. 2013).

The vector field (gray arrows) confirms that the phantom-dominated state is globally stable: all flows
are directed toward the upper-left corner. The shape of the trajectories shows that as y o becomes more
negative (i. e, phantom energy becomes ‘stronger’), the transition from standard dark energy to phantom
dominance occurs earlier and more rapidly.

This visualization supports the key result: phantom energy acts as a future attractor, regardless
of its initial abundance or the specific value of W, < —1 (Ashmita et al. 2024; Cai, Saridakis 2009).

Conclusions

The results indicate the following sequence of cosmological epochs:

1. evolution begins near P, (radiation domination),

2. passes through the saddle point P (matter era, structure formation) (Nunes, Mimoso 2000),

3. then through P (standard dark energy era) (Copeland et al. 2006),

4. and inevitably approaches P . (phantom energy domination) (Garcia-Salcedo et al. 2013).

Phantom energy domination (w < —1) implies monotonic growth of its density, with p , oc a=+p
(where the exponent is positive), leadmg to a divergence of the scale factor, density, and curvature in ﬁ-
nite cosmic time — the ‘Big Rip’ scenario (Copeland et al. 2006).

Thus, within the considered non-interacting four-component model, phantom energy is a globally
stable future attractor. This is rigorously proven: all eigenvalues of the Jacobian at P , are negative for
physically admissible y,, < 0 (Garcia-Salcedo et al. 2013). Although the model is prlmarlly pedagogical
(due to the absence of interactions and potential tensions with H and S, measurements), it demonstrates
the fundamental possibility of realising the phantom phase as the natural endpoint of cosmological
evolution (Ashmita et al. 2024; Nojiri et al. 2017).
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Abstract. The paper reports the results of a theoretical study of the optical response of a two-dimensional
supercrystal composed of quantum emitters with a doublet excited state (V-emitters) to a monochromatic
external Gaussian pulse. The response dynamics are studied as a function of the input field’s pulse area.
It is shown that the field pulses interacting with the supercrystal lead to the generation of single, double,
triple, and arc pulses with durations ten times shorter than those of the exciting pulses. The generation
of single ultrashort pulses is shown to be independent of the magnitude of population excitation and can
be realized in the presence of phase relaxation. The properties and effects of the optical response considered
in this system suggest it may prove promising for applications in nanophotonics and quantum technologies.

Keywords: 2D superlattice, supercrystal, metasurface, three-level quantum emitters, quantum dots, self-
oscillations, V-circuit, interaction of light pulses with 2D crystals, generation of optical pulses, phase
relaxation

Introduction

Active research into metamaterials began following the discovery of graphene (Castro Neto et al.
2009; Novoselov et al. 2004). In recent decades, numerous reviews have been written on metamaterials
and their applications in quantum photonics (Baimuratov et al. 2013; Bekenstein et al. 2020; Boneschan-
scher et al. 2014; Ding, Bozhevolnyi 2023; Solntsev et al. 2021; Soukoulis, Wegener 2010; Zheludev 2010).
Ensembles of two- and three-level quantum systems represent the most widely used models for the theo-
ry of resonant laser-matter interactions. Within such models, foundational results have been obtained
concerning various phenomena, such as photon echo (Kopvillem, Nagibarov 1963; Kurnit et al. 1964),
self-induced transparency (McCall, Hahn 1967), electromagnetically induced transparency (Marangos
1998; Kasapi et al. 1995; Bloch 1946), optical nutation (Abragam 1963; Brewer, Shoemaker 1971), super-
radiance (Bonifacio et al. 1971; Bonifacio, Lugiato 1975a; 1975b; Dicke 1954; Trifonov et al. 1979), and
the coherent amplification of light pulses (Basov, Letokhov 1965; Frantz, Nodvik 1963; Hopf, Scully 1969;
Kryukov, Letokhov 1970; Icsevgi, Lamb 1969; Varnavskii et al 1984), etc.
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Interaction of ultrashort light pulses with an ensemble of quantum V-emitters

The discovery of new materials in the form of metasurfaces with lattices of regular quantum emitters
(superlattices or supercrystals) has prompted intensive study of the optical response properties of su-
percrystals for two- and three-level electronic transition schemes (Basharov 1988; Vlasov et al 2013;
Malikov, Malyshev 2017; 2025; Ryzhov et al 2019; 2021; Bayramdurdiyev et al. 2020; Timoshchenko
2023).

In this paper, we investigate the nonlinear optical response of a supercritical structure consisting
of ordered quantum emitters (quantum dots) with an excited-state doublet to an external field pulse.
A pertinent example is semiconductor quantum dots with a degenerate valence band in a magnetic field
(Efros et al. 1996). The high density and oscillator strength, along with the dipole-dipole interaction
of the quantum emitters, play a significant role in the optical response of the supercrystal. Since the ave-
rage dipole moment is directly dependent on the instantaneous quantum state, their interrelation is
state-dependent. This relationship, combined with the intrinsic nonlinearity of the quantum emitter,
provides positive feedback leading to highly stable dynamics, as observed in single layers of quantum
emitters with ladder (Ryzhov et al. 2019) and lambda (Ryzhov et al. 2021) configurations. These systems
exhibit monolayer responses characterized by self-oscillations, dynamic chaos, and high reflectivity
within their operational frequency bands (Bayramdurdiyev et al. 2020; Ryzhov et al. 2019; 2021).

Model

The energy level and transition scheme for isolated, identical V-type quantum emitters is shown
in Fig. 1. It is assumed that a plane wave with a frequency quasi-resonant to the optical transitions
of V-quantum emitters falls on the monolayer. Here, |1> is the ground state with energy €, |2> and |3>
are the doublet states with energies €,and ¢,, respectively. Optically resolved transitions are |1> and |2>,
|1>and |3>, characterized by transition dipole moments d, and d,,. The excited states |2> and |3> spon-
taneously decay into the ground state |1> with decay constants y, and y,, respectively. Non-radiative
relaxation within the doublet is accounted for by the constant y,,.

3) —

T
|
1
I
12) -

d:il 731 !’1'-21 Y21

1) Y ‘/ 0

Fig. 1. Energy level diagram of a V-type quantum emitter

Basic equations

The optical dynamics of the quantum V-emitters within the supercrystal is described by the following
system of equations for the density matrix (Bayramdurdiyev et al. 2020):

P33 = —(p3102" + p" 5, ) — (V31 + V32)P33, (1a)
P2z = —H(P" 5 2 + p2127) — (Y21 + ¥V32)P33> (1b)
P11 = P 3 2+ p3ald” + px (p7 2+ p21027) + V31033 + Va1P22 (1o
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P32 = —ilzyp30 — 2p*, — 312" — 0.5(y31 + V21 + V32)P32 — 217 P33 (1d)
P31 = —id31p3q + 02231 + ups; — 0.5(y31 + ¥32)P31 — ' P31, (1e)
P21 = —idy1p21 + P02y + 0p*,, — 0.5y21021 — I P21, (1f)

where the dot above P, denotes the time derivative, A 5,18 the doublet splitting, A 5 =0, — @, and A 5 =@, — @
are the detuning frequencies of the external field w, from the resonant frequencies of the transitions
3«1 and 32, respectively; u=(y, /y, )", and I'is the parameter corresponding to for the dephasing
of the energy states. The diagonal elements of the density matrix p,, p,,, p,, represent level populations,
while the off-diagonal elements p,, and p,, correspond to the radiative transitions of the emitter,
and p,,describes the coherence between the quantum radiative transitions. The radiation field is described
by the Rabi amplitude Q of the active field, which is the sum of the external field (), and the field radia-
ted by all other quantum emitters at the location of a given emitter (the second term):

2

N = 0o+ (Yr —141)(P31 + UpP21) » (2)

Here, y,and A, are the amplitudes of the secondary field in the far and near zones, respectively. The first
term determines the collective dynamic broadening, while the second determines the dynamic shifts
of the quantum emitter energy levels, both of which depend on the population differences.

An optical oscillation generator

Figure 2 presents stationary solutions of equations (1)—(2). The left panel shows the dependence
of the absolute Rabi amplitude |Q| within the monolayer on the Rabi amplitude |Q | of the external
field. The right panel shows the dependence of the senior Lyapunov exponent of the solution on |Q].
In Figure 2 (b, c), for the case of monolayer excitation at the center of the V-quantum emitter’s doublet
splitting (A, = A, /2, A, = 40, A,, = -20), the dependence of |2 on [, | is unambiguous within a cer-
tain range of | |. However, for other considered values of the doublet splitting, the dependence
of |Q2| on |Q,| is ambiguous, indicating multistability in the monolayer response of an isolated
V-quantum emitter.

Let us consider the interaction of light pulses with the supercrystal when the quantum emitter system
is in its ground state (p,, = 0, p,,= 0, p,, = 1). Excitation of the electronic system by an external field can
be carried out on the second, third or at the center of the doublet splitting. In this study, we consider
the case where the supercrystal’s electronic system is excited at the center of the doublet (4,,= 4, /2),
corresponding to the stationary solution shown in Fig. 2 (b, c).

(a) 10 (b) (c)
3;_ -3 100 ¢ s Ll g
-—r-- b Ay =40 7 ]
|2)—T—¢2 / ‘
: Mg I d \
! 50 ¢ il P N~
1 [ e \:
1y—— < | l 7=
0 50 100 0 10 20
Q| max{Re[A]|}

Fig. 2. Stationary solutions of equations (1)—(2)
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We perform calculations for supercrystal parameters when the doublet width of the energy system
is A,, = 40. As follows from the stationary solutions, instabilities in the dynamic mode lead to the gene-
ration of oscillatory radiation, which eventually settles into the attractor (Fig. 3). The oscillatory optical
response mode is realized at input field values in the range [Q, | = 26-100.

Ref2 ReQ

Q2 20 "
40

] E EA AN AN AT,
30 64.2 B4.4 B4, 10
20 0
10 -10 5

0 -20 '

0
0 20 40 60 8O T 20 0 0 10 20 ImQ o 25 5 75  101mQ

Fig. 3. Optical dynamics of a monolayer during the interaction of a field pulse with a supercrystal
at the center of the doublet of V-quantum emitters (4,, = A, /2). The field pulse magnitude
is constant Re Q) = 26, ImQ = 0. g,, = 0.01, A, = 40 A, =-20,4,=1000,y,=100

Figure 3 shows the dynamics of the field response and the corresponding phase portrait, illustrating
an optical field generator. The system evolves into a periodic mode in the attractor (see inset); other
modes of optical field generators can be found in (Malikov, Malyshev 2025). The first graph in Fig. 3
shows the response field dynamics |Q(2)|, the second shows the phase portrait of the dynamical system
on the plane (Re[Q], Im[Q]), and the third shows the phase portrait of the attractor, which is a limit
cycle. All quantities with dimensions of frequency are given in units of y, , time is given in units of y~/_ .

Interaction of a short field pulse with a monolayer

Let us consider the interaction of short light pulses with a supercrystal when the quantum emitter sys-

tem is in the ground state (p33 =0,p,=0,p,=1 ), and the emitters are excited at the center of the doublet
A, =A4,/2A,=40A, = —20). The field pulse interacting with the supercrystal is defined as a Gaussian

function with a temporal width 7 .

Here, 7,is the time of the pulse maximum. The integral of this function is equal to the pulse area 6,
which in the coherent interactions is measured in units of © and is given by 6, = [ReQ (1)dQ = Q .
Figure 4 shows numerical solutions for different values of the pulse area interacting with the supercrys-
tal, with a pulse width of r=1

In all subsequent ﬁgures, the first graph shows the input field pulse |Q (t)| and the supercrystal re-
sponse |Q(t)|; the second shows the dynamics of energy level populations; and the third shows the phase
portrait on the plane (Re[Q2], Im[Q]). All quantities with dimensions of frequency are given in units of y,,
time is given in units of y~, .

As a result of numerical experiments, we found that when excited by a Gaussian pulse, the mono-
layer generates an optical response in the form of single, binary, ternary, etc. pulses. The optical response
of the supercrystal in these modes becomes evident at pulse area values of 6, = 407. Moreover, the dura-
tion of the generated field pulses is ten times less than that of the exciting pulse. Studies with different
doublet splitting values A,, have shown that stable generation of single, double, and triple pulses is ob-
served even at lower values of the unput pulse area and duration.

The simulation results indicate that the duration of the generated pulses depends on the magnitude
of the doublet splitting. Smaller splitting leads to shorter generated pulse durations. Within the duration
of the exciting pulse, one, two, three, etc. pulses are generated, corresponding to periods of the optical
generator. We cut out the corresponding oscillations from the optical pulse generator (Fig. 3) using
an external field pulse of finite duration (3). As follows from the calculations, the optical response
of the supercrystal takes the form of either a single pulse or a pulse cluster.

The generation of single pulses does not depend on the population state (ground or excited)
of the overall system (see Fig. 5)
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Fig. 4. Optical dynamics of a monolayer during the interaction of a field pulse of different areas
with a supercrystal, with system excitation at the center of the V-quantum emitters

(4,,=4,/2),A,,=40, A, = =20 in the absence of phase relaxation g2 = 0,7p = 1, A, = 1000, y,= 100
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Fig. 5. Optical dynamics of a monolayer during the interaction of a field pulse with a supercrystal,
with system excitation at the center of the doublet of V-emitters (4,,=A, /2) in the absence of phase relaxation
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The effect of phase relaxation on pulse generation

The influence of phase relaxation was studied for the three cases shown in Fig. 4. Figure 6 below
presents numerical calculations of the effect of a short pulse on a supercrystal with phase relaxation
g,=1land 12.

As the calculations show, phase relaxation affects the peak intensity and ultimately suppresses
the single pulse generation.

o) Hell
30
®lg=05
20
40 0
20 o
10
) 20 .
0 2 4 6 8 7 10 0 10 20 30 40 ImQ
(9] ReQ2
&0

9:=10 ! 18
%0 0.8 10
0.8
20 0.4 A

0 2 4 6 8 r 0 35 0 5 10 ImQ

Fig. 6. Effect of phase relaxation on pulse generation by a supercrystal. The field pulse area is 6 = 40,
with a duration of r,=1 The supercrystal parametersare A, = A, /2, A, =40, A, = -20, A, = 1000, y, = 100

For the second case, where a binary pulse is observed, an increase in the magnitude of phase relaxation
leads to the suppression and disappearance of the second pulse, i. e., the binary pulse is converted into
a single pulse (see Fig. 7).

For the third case, shown in Fig. 4, an increase in phase relaxation initially leads to the formation
of a pulse train, then to the fusion of these pulses, resulting in a shortened pulse with a significantly
steeper leading edge compared to the incident Gaussian field pulse (Fig. 8).
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Fig. 7. Effect of phase relaxation on pulse generation by a supercrystal. The field pulse area is 6= 50,
with a duration of 7, = 1. The supercrystal parametersare A, = A, /2, A, = 40, A, = =20, A, = 1000, y,, = 100
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Fig. 8. Effect of phase relaxation on pulse generation by a supercrystal.
The supercrystal parametersare A, = A4, /2, A, =40, A, = -20, A, = 1000, y, = 100

Conclusions

Previous studies (Basov, Letokhov 1965; Frantz, Nodvik 1963; Kryukov, Letokhov 1970; Icsevgi, Lamb
1969; Hope, Scully 1969; Varnavskii et al. 1984) examined the propagation of a light pulse through a dense
absorbing (or amplifying) medium. In such a medium, the propagation of an ultrashort light pulse alters
the entire population of the electronic subsystem, leading to various coherent effects — coherent absorp-
tion, coherent amplification, self-induced transparency, photon echo, and others. All of them depend
critically on the sample length.

In contrast, the interaction of a light pulse with a constant field amplitude and a supercrystal results
in the generation of an optical response in the form of self-oscillations and dynamic chaos (Bayram-
durdiyev et al., 2020).

When a Gaussian pulse interacts with a supercrystal, we observe the generation of single, double, and
finite pulse trains whose durations are tens of times shorter than the exciting Gaussian pulse. This gene-
ration stems from the multistability and instability of the supercrystal’s electronic quantum subsystem
(Bayramdurdiyev et al., 2020), which arise from collective spontaneous emission (Arkhipov, Rozanov
2021), and, in our specific case, from both collective emission Yz and the dipole-dipole interaction be-
tween quantum emitters A . Notably, the latter condition is an order of magnitude stronger than the col-
lective interaction (superradiance) (4, = 1000, y, =100).

The generation of a single ultrashort light pulse remains possible even in the presence of phase re-
laxation.

Thus, the results of this study on light pulse interaction with a supercrystal suggest that a V-type
supercrystal can be recommended as a component in laser systems for generating single, binary, and
train field pulses with durations tens of times shorter than of the input external pulse. The properties
and effects of the supercrystal’s optical response discussed here indicate that an ordered system of V-type
quantum emitters holds considerable promise for applications in nanophotonics and in optical-based
quantum computing.
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Summaries in Russian / VIHpopmayus o crmambax Ha pyCCKOM S3biKe

Ousuka IMOAYIIPOBOAHUKOB

SERS-O®®EKT HA IIOBEPXHOCTU HAHOCTEP)XHEN ZnO, ITOKPbITbIX CsPbBr,

Baaepust AHatoabeBHa ['ymuna, Esrennii IlaBaosna ABepoukny, Mapust AaekcaHApoBHa TernAoHOroBa,
Erop Aaexkcanpaposuu Aebepes, Cepreit ArekcanpopoBud Koswoxux

AnHoTanus. [eTepocTpyKTypbl Ha OcHOBe HaHOocTepskHeit ZnO u Hanoyactul, CsPbBr, 6b1an uc-
CA€AOBAHBI C LIEABIO OLIEHKM MX IIOTEHIIMaAa B KaUeCTBe MOAYIIPOBOAHMKOBBIX SERS-cybcTpaToB. Bbiro
BBISIBAEHO, UYTO Mopdoaorus ZnO onpeaeasieT 3pdeKTMBHOCTb MeXXbasHOTro IepeHoca SHEPIUH, yBe-
ANuMBasi POTOAIOMUHECLIEHLIMIO TIPU AAMHE BO30yKAeHMs 390 HM U BbI3bIBasi CHIDKEHME IIMPYUHBI 3a-
IpeleHHO 30HbI B KOMIIO3UTaX. AHaAU3 CIIEKTPOB KOMOMHALIMOHHOTO PaCCEesTHMS BBISIBUA 3HAUNUTEAD-
HO€ yCUAEHMe MHTEHCUBHOCTU U MOSIBAeHMEe HU3KOYacTOTHbIX MOA CsPbBr,, Bbia€AeHHBIX C TTOMOIIbIO
rayCcCoOBOM AEKOHBOAIOLINY, YTO MOATBep>kAaeT SERS-mopo0HOe noBepeHre TMOPUAHBIX CTPYKTYP.
IToAyueHHbIe pe3yAbTaThl AEMOHCTPUPYIOT NepcreKTUBHOCTh ZnO/CsPbBr,-reTepocTpyKTYp AAS CeH-
COPMKY U OIITOSAEKTPOHHBIX IIPUAOXKEHNI.

Karouesbie caoBa: HaHocTepHM ZnO, HaHouacTuupbl CsPbBr,, SERS-abdekt, kombuHalmonHoe
paccesiHue CBeTa, IeTepPOCTPYKTYPBI, IEPEHOC SHEPTUY, HU3KOYACTOTHBIE (POHOHDI

Aas nqutupoBanus: Gushchina, V. A., Averochkin, E. P, Teplonogova, M. A., Lebedev, E. A., Ko-
zyukhin, S. A. (2026) SERS effect on the surface of ZnO nanorods coated with CsPbBr.. Physics of Com-
plex Systems, 7 (1), 3—15. https://www.doi.org/10.33910/2687-153X-2026-7-1-3-15 EDN SOAOFH

®OPMINPOBAHUE AVIMEPOB B TA3OOBPA3HOI ®A3E GeTe KAK CITOCOB
N3TOTOBAEHIA TOHKUX KPUCTAAANYECKIX MAEHOK BE3 BAKAHCUI

AaexcaHpp Baapumuposuu Koro6os

Annorauus. Teaaypup repmanns (GeTe) — MHOTOQYHKIIMOHAABHBI MaTepraA, 00AAQOIIMIT MHO-
YKECTBOM ITOAE€3HBIX CBOJVICTB. B YaCTHOCTH, 3TO OAVH M3 AYUILIMX TEPMO3AEKTPUYECKMX MaTepPUAAOB.
Ha tepmosaexTpudeckue ceorictBa Gele BAMAIOT BakaHCUM Ha y3Aax Ge, KOTOpble BCerAa IPUCYTCTBY-
I0T B KPUCTAaAAMYECKOI (ase 13-3a HU3KOI sHepruu obpasoBaHus Takux AepekToB. B aToit pabore,
VICTIOAB3YSI MOAEAVPOBaHVE MOAEKYASIPHOM AMHAMUKM ab-initio, MbI AéMOHCTpUpYeM, UTO OAaropapst
0co00J1 IpUPOAE CBsI3ell B 9TOM MaTepuaAe, YaCTO Ha3bIBaeMOIl Pe30HAHCHOM /A MeTaBaA€HTHOA,
TEAAYPUA T€PMaHMsI UCTIAPSIETCS B BUAE T€TEPOAVMEPOB, @ HE OTAEABHBIX MOAEKYA. DTa 0COOEHHOCTD
GeTe MOXeT ObITh CITOAB30BAHA AASI UBTOTOBAEHUS OPMEHTUPOBAHHBIX MAeHOK GeTe 6e3 BakaHCumit,
KOTAQ MaTepyaA TEPMUYECK! MCIAPSIETCS HA HATPeTYIo IaOAOHHYIO TOAAOXKKY.

KaroueBbie caoBa: pasonepeMeHHble MaTEPUAABL, TEAAYPUA T€pMaHMsl, IEPBOIPUHLIUITHAS MOAE-
KYASIpHasi AVVHaMMKa, pe30HAHCHAsI CBSI3b, CIIApEeHYE, AVIMEPBI

Aast putuposanus: Kolobov, A. V. (2026) The formation of dimers in the gaseous phase of GeTe
as a way to fabricate vacancy-free crystalline thin films. Physics of Complex Systems, 7 (1), 16—21. https://
www.doi.org/10.33910/2687-153X-2026-7-1-16-21 EDN YXMPGU

BAVIAHUE INPEKYPCOPOBK,Cr,O, INH,IHA COCTAB, MOP®OAOTVIO U TEMHOBOE
COIIPOTUBAEHUME ®OTOYYBCTBUTEABHBIX DAEMEHTOB HA OCHOBE PbS

Kpucruna CepreeBna Maxkapyk, VpnHa HukoaaeBHa MupourHnkosa, bopuc Hukoaaesia MupoIHuKos,
Amnatoauit Mropesnu I'lonos, Aapuca HuxkoaaeBHa MackaeBa, Anaus Cepreesna Boakosa

AnHoTanus. IIpeacTaBAeHBl pe3yAbTaThl UICCAEAOBAHUSI CTPYKTYPbI, MOPDOAOTMM U COCTaBa
($OTOYYBCTBUTEABHBIX DAEMEHTOB HAa OCHOBE TOHKUX MAEHOK CyAbduaa cBunia (PbS), moayuyeHHbIx
XMMUYECKIM OCXXAEHMEM B IPUCYTCTBUM OAHOTO (Anxpomara Kaausa — K Cr,O.) nan AByx (itopnpa
ammonusa — NH,I coemectho ¢ K,Cr,0,) npexypcopos. [To AaHHBIM, HOAYYEHHBIM C TIOMOII[bIO Pac-
TPOBOI1 9AEKTPOHHOM ¥ aTOMHO-CHAOBOJ MUKPOCKOIINY, TOBEPXHOCTb 00Pa3L[0B, 0CAXXAEHHBIX B IIpH-
cyrcteun ToAbko K, Cr O, coctont us kpucraaautos pasmepom ot 300 oo 900 nm, ob6Aaparommx
Kybuueckoit orpaHkoi. AobaBaeHne B peakMoHHyio BanHy NH, [ IpMBOAUT K yMeHbIlIeHIo pa3Mepa
3epeH (6oaee 75 % MMOBEPXHOCTH COCTOUT M3 KPUCTAAAUTOB OT 100 A0 325 nm), MOSIBAEHUIO ABYX
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IPOLIEHTOB HAHOpPa3MepHbBIX CTPYKTYP (A0 100 nm) 1 n3aMeHeHMI0 MOPGOAOrMM TOBEPXHOCTU Ha 60-
Aee CTAQKEHHYI0. YCTAaHOBAEHO, YTO I0OA M €T0 COEAMHEHMS IPUBOAST K CYI[€CTBEHHOMY YBEAUYEHUIO
TeMHOBOTO conpoTuBAenus (B 10...250 pas), 4To, B CBOI 04YepeAb, obecrieynBaeT yBeAUYEHME YyB-
CTBUTEABHOCTU ITAEHOK.

KaroueBblie cA0Ba: CyAbpUA CBUHILIA, TOHKVE ITA€HKY, MOP(OAOTHSI, XMMUYECKUI METOA OCKAEHMS,
($OTOYYBCTBUTEABHDBIE 9AEMEHTHI

Aas putupoBanust: Makaruk, K. S., Miroshnikova, I. N., Miroshnikov, B. N., Popov, A. 1., Maskae-
va, L. N., Volkova, L. S. (2026) The effects of the precursors K,Cr,O, and NH,I on the composition,
morphology and dark resistance of photosensitive elements based on PbS. Physics of Complex Systems,
7 (1), 22-30. https://www.doi.org/10.33910/2687-153X-2026-7-1-22-30 EDN JKAFHD

OCOBEHHOCTU AETMIPOBAHUA MEADBIO KPVICTAAAOB PbSb,Te,

Ceprent AaexcanppoBud Hemos, Aaexcert BaaepreBuu IToBoaonkuit, BaaenTuHa AMutpueBHa
AnppeeBa, Aaexcert FOpbeBuy AasiobeB

AnHoTanus. B cTaTbe peacTaBAeHbI pe3yAbTAThI ICCAEAOBAHMUIT METOAOM PEHTTEHOBCKOM AMG-
PaKL1M 1 CMIeKTPOCKOMMY KOMOMHALIMOHHOTO paccesiHus Kpuctaaros PbSb, Te,, AeruposanHbix MeabIo,
BbIpallleHHbIX 110 MeToAy Hoxpaabckoro. OOCYKAQIOTCS Takue 3AeKTpopu3nuecKyie CBOMCTBA KpU-
CTAaAAOB, KaK KOHILIEHTpalMsl COOCTBEHHBIX HOCUTEAEN 3apsipad I TEPMODAEKTpUYecKas AOOPOTHOCTD
ZT. ObocHOBaHa HEOOXOAVMOCTD BBEAEHUS AOHOPHOI IIPUMECU AASI ONTUMM3aLMUM CBOVICTB KpHU-
CTAAAOB KaK MTOTEHLMAABHOTO MaTepuaAa AASl TEPMOIAEKTPUIECKOTO PeoOpa3soBaHMsI SHEPIUNL.
OrMeueHbl 0COOEHHOCTM MeXaHM3Ma AermpoBaHusi. MoaeAb reTeporeHHol Hykaeauuu bpamourra
NpUMeHEeHa AASL pacuyeTa OTKAOHEHUS MapaMeTPOB KPUCTAaAAMYECKUX peleTok ¢as, KoTopbie obpa-
3YIOTCSI B KPUCTAAAAX B Ipoliecce pocTta. [Ipeacka3aHbl BO3MOKHbIE Ga3bl, CoAepiKallile MeAb. DKC-
NePUMEHTAABHO TIOATBEPXKAEHO HaAUYMe XMMUYECKY CBSI3aHHBIX aTOMOB MeAM, 00pa3yIoLX HOBbIe
¢daspl, 1 UX IpeUMYIeCTBEHHOE PaClIOAOKeHIEe B BAH-AeP-BaaAbCOBOM 3a30p€ MEXKAY CEMU- U MIATU-
CAOVIHBIMU TTAKeTaMMU.

Karouesbie caoBa: oAynposopHuky, PbSb, Te,, TepmoasexTpuyuectso, MmeTop H0XpaAbCKOro, KOH-
LeHTPaLMsl HOCUTEAEN, MEXaHU3M AeTMPOBaHMsI, MOAEAb T€TEPOTEHHON HyKAealuuu 1o bpamourry,
PEHTTEeHOCTPYKTYPHBIN aHAAU3, CIIEKTPbl KOMOVHALMIOHHOTO PACCesIHMSI, CEMUCAOJHBIE TTAKeThI

Aast mutupoBanusi: Nemov, S. A., Povolotskiy, A. V., Andreeva, V. D., Aliabev, A.]. (2026) Features
of copper doping of PbSb,Te, crystals. Physics of Complex Systems, 7 (1), 31-35. https://www.doi.
org/10.33910/2687-153X-2026-7-1-31-35 EDN DVYYWY

Teopernyeckas ¢pusnka

BO3MOXHOCTD [TIEPEXOAA OT CTAHAAPTHOU TEMHOV SHEPT UM K ®PAHTOMHOMN
®A3E BKOCMOAOTUYECKOV MOAEAU FLRW: AHAAU3 AUHAMUYECKNX CUCTEM

Butaann Amutpuesny BepTorpapos, YabsHa BapuMoBHa fIMaATAMHOBA

AnHoTanusA. B pabore nccaeayeTcs: AMHAMMKa KOCMOAOTMYECKOI 9BOAIOLIY B paMKaX MeTPUKU
Opupmana—Aemerpa—PobeprcoHa—Yokepa (DAPY) ¢ HyAeBoI KpUBU3HOI TPOCTpaHCTBA. Paccmarpu-
BAaEeTCS YeThIPEXKOMIIOHEHTHAsA MOAEAb BceAeHHONI, BKAIOYAOIAS M3AYUYEHME, HEPEASITUBUCTCKYIO
MaTepUI0, CTAHAAPTHYIO TEMHYIO SHEPIUio (C ypaBHEHMEM COCTOSIHUA W = —1) 1 GaHTOMHYIO SHEPIUI0
(w < —1). C ucroar3zoBannem popmMarn3Ma aBTOHOMHbBIX AMHAMUYECKMX CUCTEM [TOKa3aHO, YTO (aH-
TOMHasI SHEPIUS SIBASIETCSI TAOOAABHO YCTOMYMBBIM OYAYILIMM aTTPAKTOPOM: HE3ABUCUMO OT HAYAABHBIX
YCAOBMIA, 3BOAIOLMS BceAeHHO HEN30EXKHO CTPEMUTCS K PEXXUMY AOMUHMPOBaHUS GaHTOMHOM KOM-
IIOHEHTBI, YTO BEAET K CUHTYASIPHOCTHU TUIMA «BOABIIOI pa3pbiB». AHAAM3 COOCTBEHHBIX 3HAYEHUI
MaTpuLbl KOO MOATBEPKAQET YCTONYMBOCTb GAHTOMHOI TOYKY ITPU GU3NYECKY AOITYCTVIMBIX ITapa-
MeTpax ypaBHEHMsI COCTOSIHMSL. Pe3yAbTaThl COrAaCyIOTCs C COBpEMEHHBIMM HaOAIOAQTEABHBIMY YKa3a-
HUSIMM Ha BO3MO)XHOE IlepecevyeHe bapbepa w = —1.

KaroueBbie cAOBa: KOCMOAOTHsI, TEMHasI oHeprusi, paHTOMHast sHeprust, MoAeAb DAPY, pounamuye-
CKI€e CUCTeMBI, ypaBHeHMe COCTOSIHUA

Aast ygutupoBanus: Vertogradov, V. D., Yamaltdinova, U. V. (2026) Potential for a transition from
standard to phantom dark energy in the FLRW cosmology: A dynamical systems analysis. Physics of Com-
plex Systems, 7 (1), 36—44. https://www.doi.org/10.33910/2687-153X-2026-7-1-36-44 EDN DMXJNM
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B3AVIMOAEVNCTBUE YABTPAKOPOTKIX UMITYAbCOB CBETA C AHCAMBAEM
KBAHTOBBIX V- IBAYYATEAEN

AaByT fAsmypaTtosuu baitpamaypableB, Pamuab @apykosud Maaukos

AnHoranus. [TpoBOAUTCS TeOpeTUYECKOE ICCAEAOBAHNE ONITUYECKOT0 OTKAVKA 2D cynepkpucraa-
Ad KBaHTOBBIX M3AyuaTeAell C AyOAeTOM B BO30Y)XAeHHOM cocTostHuM (V-1U3AyyaTeAeii) Ha BO3AENCTBIE
MOHOXPOMAaTM4YeCKOIO BHEIIHETO IOASI B BUA€E TayCCOBCKOTO MMITyAbCa MOASL. VI3yuyeHa AMHaMUKa OT-
KAMKA B 3aBMCHMOCTY OT IAOIIAAM BXOAHOTO MOAsL. [ToKadaHO, 4YTO VMIMITyABCBI BO3AENCTBYIOLIETO
Ha CYNMEPKPUCTAAA TIOASI TIPUBOASIT K T€HepaLy OAMHOYHBIX, ABOVHbBIX, TPOVHBIX U LIyTa MMITYAbCOB
C AAUTEABHOCTSIMU B AECSITKYM Pa3 MEHbIIVMMY, YeM AAUTEABHOCTb BO30Y>KAQIOIIMX MMITYABCOB IIOASL.
[TokazaHo, YTO reHepaLys OAMHOYHBIX YABTPAKOPOTKIX MMITYABCOB He 3aBUCUT OT BEAUYMHBI BO30YXK-
AEHISI HACEAEHHOCTEIT I MOXKET PEaAM30BaThCs U IpU HaAnIuu Gpa3oBoi peaakcaumn. PaccMoTpeHHbie
cBoviCTBa 1 3¢ PeKThI ONTUYECKOTO OTKAMKA CYITEPKPUCTAAAA TO3BOASIIOT HAAESTHCS, UYTO AQHHAS CU-
CcTeMa MOXKET OKa3aThCs MEPCIEKTUBHON AASI TIPUAOXKEHUI B 00AACTY HAHOPOTOHUKYM 1 KBAHTOBBIX
BBIUVICAEHUIL.

KaroueBbie caoBa: 2D-cBepxpeléTka, CynepKprUCTaAA, METAIIOBEPXHOCTb, TPEXYPOBHEBbIE KBaH-
TOBBIE M3AYYaTeAM, KBAHTOBbIE TOUKY, aBTOKOA€OaHMsI, V-CXeMa, B3aIMOAEVICTBYE VIMIIYABCOB CBETA
C ABYMEPHBIMU KPVICTAAAAMY, TeHEPALIMsI ONITUYECKUX UMITYAbCOB, (ha3oBasi peaaKcalys
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