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The effect of MoSe, nanoparticles on the properties
ZnO electron transport layer of organic solar cell

This study investigates the impact of MoSe, nanoparticle doping on the structural, optical, and electrical
properties of the ZnO electron transport layer (ETL), as well as its effect on the efficiency of organic solar
cells (OSCs). ZnO:MoSe, composites were synthesized using the sol-gel method, and their morphology was
analyzed by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). Optical stud-
ies revealed an increase in the bandgap width and enhanced defect-related emission, indicating improved
charge carrier dynamics. Electrical measurements confirmed increased conductivity and reduced charge re-
combination with the addition of MoSe,. Organic solar cells based on ZnO:MoSe, demonstrated enhanced
photovoltaic performance compared to pure ZnO devices. The optimal device was achieved at MoSe, concen-
tration of 8 %, where the short-circuit current density (Jsc) increased from 7.25 mA/cm? to 10.02 mA/cm?, the
fill factor (FF) improved from 0.37 to 0.52, and the power conversion efficiency (PCE) rose from 0.7 % to
3.3 %. These results confirm the potential of ZnO:MoSe, nanocomposites for high-performance optoelectron-
ic and photovoltaic devices.
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Introduction

Enhancing the performance of photovoltaic devices can be achieved by incorporating 2D materials,
which exhibit unique optical and electronic properties. Due to their ease of fabrication and processing, envi-
ronmental friendliness, stability, and chemical compatibility with other materials in composites, 2D materials
are widely used in photovoltaics as efficient transport layers. Among these 2D structures, transition metal
dichalcogenides (TMDs) stand out due to their high charge carrier mobility (10-10° cm?V~'s™), transpar-
ency in the visible spectrum, and direct bandgap at the monolayer level. Integrating such structures into or-
ganic solar cells enables tuning of the bandgap, physical and chemical properties, and formation of van der
Waals heterojunctions with other materials used in solar cells. These advantages make TMDs promising
candidates for composite photovoltaic devices [1-5].

The 2D TMDs such as MoS,, MoSe,, and WSe, offer the possibility of tuning the bandgap and
chemical properties and creating various van der Waals heterostructures with other materials. Due to their
unique monolayer structure, the unshared electron pairs of S and Se atoms can facilitate fast charge transport,
thereby increasing charge carrier mobility [6, 7].

However, using MoSe, nanoparticles alone does not form a continuous layered structure. Thus, we in-
corporated them into a ZnO layer synthesized via the sol-gel method to create a suitable composite electron
transport layer for high-performance photovoltaic devices. The effect of ZnO doped with 2D TMD nanopar-
ticles on the morphological, optical, and electrical transport properties remains insufficiently studied.

In this study, nanocomposite structures of ZnO doped with MoSe, were fabricated. The resulting
Zn0O:MoSe, thin films were used as electron transport layers (ETL) in organic solar cells (OSCs). The
influence of MoSe, content, morphology, and nanocomposite ETL structure on charge transport and
photovoltaic properties was thoroughly investigated. Few studies have been published on the fabrication of
solar cells based on ZnO:MoSe, nanocomposite films. This work demonstrates that adding MoSe;
nanoparticles to the ZnO-based ETL significantly improves solar cell efficiency.
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Experimental

The ZnO precursor solution was prepared by dissolving 98.7 mg of zinc acetate (Zn(CH3COO)2,
99.9 % purity, Sigma-Aldrich) in 1 ml of isopropanol (99.9 % purity, Sigma-Aldrich). To enhance the
solubility of zinc acetate in isopropanol, 75 pul of monoethanolamine was added to the solution. The final
solution was stirred at 60 °C for 2 hours and then left at room temperature for 24 hours.

MoSe, nanoparticles were obtained by ablation using a solid-state Nd:YAG laser (SOLAR LQ 529,
A =532 nm, E =193 mJ, T = 20 ns) in isopropanol. The concentration of MoSe, powder was 0.5 % of the
total alcohol volume. Ablation times ranged from 10 to 30 minutes. To create ZnO:MoSe, nanocomposite
films, nanoparticles were added to the ZnO solution in various concentrations from 2 % to 10 %. The nano-
particle concentration in the solution was calculated based on the density of the material according to the
formula:

mMoSe2
C C VM
CNp — MoSe, _ MoSe, _ sol Moze2 (moI/I) , (1)
Myp - N, PMose, Ve Ny Prose. 4nr N,
oSe, 3

where: Cyp — nanoparticle concentration; C,,s, — concentration of the substance in solution before laser
ablation of the substance MoSe,; m,, — average nanoparticle mass; Nx — Avogadro’s number; Pose, —
the density of matter is MoSe;,; V,, — the volume of an average nanoparticle; m,,,s, — weight of the sub-

stance MoSe,; V., — volume of solvent used in laser ablation; M Mose, —— molar mass of a substance MoSe;;

r — the radius of the average nanoparticle.
The ZnO:MoSe; nanocomposite films were deposited on substrates by spin coating at 4000 rpm. The
films were annealed at 150 °C for 10 minutes to ensure complete solvent evaporation.

Results and discussion

Figure 1 shows the SEM images of pure ZnO and ZnO:MoSe, nanocomposite films deposited on a glass
substrate. The nanocomposite structures exhibit a uniform distribution of nanoparticles across the ZnO sur-
face, indicating high synthesis quality and sample homogeneity. The average nanoparticle size ranges from
30 nm to 80 nm.
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Figure 1. SEM images of surface morphology (a) ZnO and (b) ZnO:MoSe, nanocomposite film

Morphological analysis revealed that the grain structure of pure ZnO differs significantly from that of
the doped composites. In pure ZnO, the grains exhibit a well-defined crystalline structure, while in the doped
samples, the ZnO grains become smaller. Smaller grains and increased grain boundary density enhance light
scattering, increasing its path length and absorption probability, thereby improving photogeneration efficien-
cy. Doping with MoSe, nanoparticles increases the number of nucleation sites, enhancing the distribution of
active sites and improving electron and hole generation.

The quantitative content of MoSe, nanoparticles in ZnO was determined using EDX analysis (Fig. 2).
The composite film contains elements such as Mo, Se, Zn, and O. As the nanoparticle concentration
increases, the corresponding element concentrations also rise.
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Figure 2. EDX analysis of nanoparticles MoSe,

Figure 3 presents TEM images of ZnO:MoSe, nanocomposite films, revealing that the incorporation of
MoSe, nanoparticles improves the ZnO film’s morphology and topology. The nanoparticles are well-
distributed and possess good monodispersity with sizes ranging from 3 to 6 nm.

Figure 3. TEM images of (a) pure ZnO and (b) ZnO:MoSe, nanocomposite films

The microstructure, morphology, and distribution of MoSe, nanoparticles in ZnO nanocomposite films
have been analyzed by transmission electron microscopy (TEM). Figure 3 (a and b) shows TEM images of
pure ZnO and nanocomposite ZnO films doped with MoSe, nanoparticles with a concentration of 8 %. Fig-
ure 3a shows an image of pure ZnO, which have a spherical shape, which is also confirmed by the results of
the SEM analysis. Figure 3b shows that nanocomposite films of ZnO doped with MoSe, nanoparticles have a
particle size in the range of 3-6 nm and have good monodispersity.

Figure 4 shows an AFM topographic image of ETL ZnO nanocomposite films doped with MoSe, nano-
particles. As can be seen from the figure, the MoSe, nanoparticles reduce the surface roughness.

500 nm
—

a) b)

Figure 4. AFM images of (a) pure ZnO and (b) ZnO:MoSe, nanocomposite films

AFM topographic images (Fig.4) demonstrate that adding MoSe, nanoparticles reduces surface
roughness (Ra). The Ra decreases from 2.8 nm to 0.8 nm with an 8 % MoSe, concentration, indicating
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improved surface uniformity. However, at 10 % concentration, Ra significantly increases to 5.2 nm due to
nanoparticle aggregation caused by Van der Waals forces [8].

Surface roughness reduction enhances molecular contact between the ZnO film and the active layer,
improving interfacial dipole formation and reducing charge recombination.

The absorption spectra of ZnO and ZnO:MoSe, nanocomposite films are shown in Figure 5. As the na-
noparticle concentration increases, the absorption intensity rises due to film thickness changes. Using Tauc
plots, it was determined that the optical bandgap decreases from 3.24 eV to 3.07 eV as the MoSe; concentra-
tion increases up to 8 %, indicating improved crystallinity and reduced defect density.

At 10 % concentration, the bandgap widens to 3.26 eV due to increased structural defects and non-
radiative recombination. These changes can be explained by an increase in the number of structural defects
and nonradiative recombination that occur at high concentrations of nanoparticles. According to the
study [9], such defects and recombination have a negative effect on the band gap. In addition, the possible
formation of dichalcogenide clusters leads to phase separation and deterioration of the optical properties of
the composite. Also, a high concentration of impurities can significantly change the ZnO crystal lattice,
which further reduces the band gap [9].
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Figure 5. (a) Absorption spectra and (b) Tauc plots of ZnO:MoSe, nanocomposite films

The introduction of MoSe, nanoparticles can lead to an increase in the absorption coefficient of the
composite, which causes enhanced absorption in the visible and near-infrared ranges [10]. It can also have an
effect on the intensity and position of the ZnO luminescence bands.

The photoluminescence spectra of nanocomposite films were measured using an LQ529B laser as an
excitation source with a wavelength of A = 325 nm and an angle of incidence of 45° relative to the normal to
the sample. The spectra were recorded using an Avantes AvaSpec-ULS2048CL-EVO spectrometer.

Figure 6 shows the change in the intensity of the photoluminescent (PL) peak at a concentration of 8 %
of 2D TMDs nanoparticles obtained at room temperature (300 K).

It can be seen from the figure that the obtained samples show luminescence in the visible region. For all
samples of nanocomposite films, a narrow band in the visible region of the spectrum in the range of
370-400 nm is observed in the photoluminescence spectra, which has a high luminescence intensity.

Zn0
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Intensity [a.u]
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Figure 6. Photoluminescence (PL) spectra of nanocomposite films of ZnO doped with MoSe, nanoparticles

22 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa



The effect of MoSez nanoparticles ...

Visible radiation, known as green luminescence (PL) ZnO, was observed in all photoluminescence (PL)
spectra, with a maximum at a wavelength of about 540 nm. The cause of EVIL is considered to be radiative
transitions caused by deep energy levels of intrinsic defects, in particular oxygen vacancies.

Due to trap radiation or surface recombination, it appeared near 560 nm. Very few oxygen defects were
present in the ZnO layers [11]. Therefore, we assumed that the effect of oxygen defects in the ZnO layers on
the overall performance of the device would be negligible.

The photoluminescence intensity of a ZnO film containing a small number of dichalcogenide nanoparti-
cles apparently decreased with increasing nanoparticle content, MoSe, nanoparticles with a concentration of
8 % are the lowest, which leads to better electron transfer to the FTO. Reducing the trap content in ETL solar
cell devices would reduce the likelihood of interphase carrier recombination, and increase the Jsc and FF,
thereby increasing the PCE of the device.

To study in detail the effect of MoSe, nanoparticles on the kinetics of electron transport and
recombination in Oss, the OSCs impedance spectra were measured. The fitting and analysis of the spectrum
parameters were carried out using the EIS-analyzer software package. Using this software, the values of the
capacitance C and the values of R; and R, were calculated. The analysis of the impedance measurement
results was carried out according to the diffusion-recombination model [12].

Further, Figure 7 shows the impedance spectra for nanocomposite ZnO films doped with MoSe, nano-
particles. According to the results of the study, the resistance of R; and R, for MoSe, nanoparticles also
shows a significant decrease with an increase in the concentration of MoSe, nanoparticles to 8 %. As can be
seen from Table 1, an increase in the concentration of MoSe, nanoparticles also leads to a decrease in re-
combination resistance.
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Figure 7. Effect of dichalcogenide nanoparticles on ZnO film impedance spectra

Table 1
The effect of MoSe, nanoparticles on the electrical transport characteristics of the ZnO film
sample Ry, Ohm | R, Ohm| C,10*F o ¢ (Cgffz_l) (e e
ZnO 131 5816 1.04 0.013 2.2:10° 0.8-10°
10 ul (2 %) MoSe;, in ZnO 188 3446 2.3 0.043 6.7-10 2.6:10°
20 ul (4 %) MoSe, in ZnO 143 2239 2.8 0.040 7.2:10° 2.8:10°
30 ul (6 %) MoSe, in ZnO 137 1810 33 0.045 6.4-10 7 2510°
40 pl (8 %) MoSe, in ZnO 89 954 5.4 0.048 6.0-10 2.310°
50 ul (10 %) MoSe;, in ZnO 146 13892 1.0 0.014 1.9-107° 0.7:10°

The analysis of the obtained data revealed a critical nanoparticle concentration (8 %) in the film at
which the electrical transport properties of the ZnO:MoSe, composite film exhibit optimal performance. At
this concentration, the film resistance and the charge transfer resistance at the ZnO/electrode interface
decrease by 2 and 3.6 times, respectively, while the effective charge carrier mobility increases by 2.8 times.

It follows from the fitting data of the impedance spectra that T has a maximum value for ZnO films.
ZnO:MoSe, with a nanoparticle concentration of 8 %. The impedance analysis data is correlated with the
VAC data. OSCs with ZnO:MoSe, 8 % of nanoparticles form ETL films with improved conductivity and less
structural defects. A sharp deterioration in the photovoltaic parameters of OSCs with a ZnO concentration of
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over 8 % of the MoSe, nanoparticle may be due to a violation of the integrity of the film, which causes holes
and voids to form in the film, through which current leakage occurs.

In order to determine the effect of MoSe, nanoparticles on electronic transport, a polymer solar cell
with an inverted structure was assembled in a polymer solar cell. Upon photoexcitation of the photoactive
P3HT:IC60MA layer, an electron-holepair is formed, which then forms at the ZnO interface
Zn0:MoSe,/P3HT:IC60MA and P3HT:IC60MA/PEDOT:PSS decay into free charge carriers. Electrons are
injected into the ETL layer of ZnO:MoSe; and the hole in the HTML layer is PEDOT:PSS.

Further, nanocomposite films of ZnO doped with MoSe, nanoparticles were used as electronic selective
electrodes for organic solar cells based on the photoactive layer P3HT:IC60MA. The voltage curves of the
obtained organic cells are shown in Figure 8.

J(mA/em?)

0,0 0,2 0,4 0,6 0.8
uv

Figure 8. Volt-ampere characteristics of an organic solar cell
of the structure FTO/ZnO:MoSe,/P3HT:IC60MA/Ag

Table 2 shows the photovoltaic parameters of OSCs calculated on the basis of the VAC. As can be seen
from Figure 8 and Table 2, the BAX parameters depend on the concentration of MoSe, nanoparticles. As the
concentration of MoSe, increases to 8 %, the parameters of the VAC increase. A further increase in the
MoSe, concentration leads to a decrease in the values of the VAC parameters. The data obtained correlate
with the results of the morphology of the surface of composite films.

Table 2 shows the photovoltaic parameters of organic solar cells. All organic cells with MoSe, nanopar-
ticles in the composition of ZnO showed improved values of Jsc and PCE compared to the ZnO based cell.
Among them, the most optimal device was one in which the concentration of MoSe, nanoparticles was 8 %.
Jsc increased from 7.25 mA/cm? to 10.02 mA/cm?, FF increased from 0.37 to 10.52, and PCE increased from
0.7 to 3.3 %.

Table 2
Volt-ampere characteristics of organic solar cells
Sample Uoe (V) | Jc(MA/CM?) | Umax (V) | Imax (MA/CM?) FF PCE %
Zn0O 0.27+0.01 | 7.25+0.05 | 0.27+0.01 4.07+0.05 | 0.37+0.01 | 0.7+0.05

10 ul (2 %) MoSe, in ZnO 0.45+0.01 | 8.19+0.05 | 0.31+0.01 4.76+0.05 0.40+0.01 | 1.4+0.05
20 pl (4 %) MoSe;, in ZnO 0.54+0.01 | 9.29+0.05 | 0.38+0.01 5.78+0.05 0.43+0.01 | 2.1+0.05
30 pl (6 %) MoSe; in ZnO 0.62+0.01 | 10.1+0.05 | 0.42+0.01 5.78+0.05 0.42+0.01 | 2.6+0.05
40 pl (8 %) MoSe, in ZnO 0.64+0.01 | 10.2+0.05 | 0.49+0.01 7.02+0.05 0.52+0.01 | 3.3+0.05
50 pl (10 %) MoSe; in ZnO 0.21+0.01 | 5.31+0.05 | 0.21+0.01 3.25+0.05 0.33+0.01 | 0.3+0.05

The incorporation of MoSe, nanoparticles into ZnO significantly improves the morphological, optical,
and electrical properties of the ETL in OSCs. The optimal performance was observed at an 8 % MoSe, con-
centration, where surface roughness was minimized, and conductivity was enhanced, resulting in a power
conversion efficiency of 3.3 %. Further increasing the concentration to 10 % led to performance degradation
due to nanoparticle aggregation and increased defects. These findings highlight the potential of ZnO:MoSe,
nanocomposites for advanced photovoltaic applications.
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Conclusions

The effect of MoSe, nanoparticles on the electron transport properties of the ZnO layer in polymer solar
cells was studied. At the critical concentration of 8 % MoSe, nanoparticles in the ZnO:MoSe, nanocomposite
films, the recombination rate at the ZnO:MoSe,/photoactive layer interface decreases, while the transport of
injected electrons improves. As a result, the power conversion efficiency (PCE) of the polymer solar cell
with the FTO/ZnO:MoSe,/P3HT:IC60MA/MoOx/Ag structure reached 3.3 %. The higher efficiency of the
PSC with the ZnO:MoSe; electron transport layer containing diselenide nanoparticles compared to disulfide
nanoparticles is attributed to the relative alignment of their conduction band positions.
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T.E. CeiicemberoBa, A.K. Aiimyxanos, A.K. 3eitnuaenos, A.M. Anekcees, /[.P. Abeyos

MoSe; HaHO00eJIeKTePiHiH OPraHMKAJIBIK KYH 3JIeMeHTTePiHiH
ZnO 3J1eKTPOH TachIMAJIaylIbl KA0ATHIHBIH KacHeTTepiHe dcepi

Maxkanana MoSe, HaHoOemmekTepiMeH gonupiaeHreH ZnO  3IEKTPOH-TachIMalIayIibl  KaGaThIHBIH
KYPBUIBIMIBIK, ONTHKAJBIK JKOHE SJICKTPIIK KacHeTTepiHe, COHIai-aK OpraHMKaJbIK KYH 3JIEMEHTTEpiHiH
THimMatirine ocepi 3eprrenai. ZnO:MoSe, KOMITO3HTTEpl 30JIb-TeNlb OIICIMEH CHHTE3ICTIIN, OJapIbIH
Mopdounorusicel TEM sxone COM MHKPOCKOMHSCHI apKbLIbl TaagaHabl. ONTHKANBIK 3€pTTeyJep ThIABIM
CallBIHFaH aiMakTBIH €HI KEHEWin, aKaylblK COyNeNeHYAiH KYIIEHTreHiH KepceTTi, OywI 3apsg
TachIMaJIayIIbUIApbIH TUHAMHUKACBIHBIH JKaKcapraHblH Oinmiperni. Dnekrpdusukansik emmeyiep MoSe,
€HIi3y apKbLIbl OTKI3TIIITIKTIH apTybl MEH 3apsiTaplblH PEKOMOWHALMACHIHBIH TOMEHACYIH pacTalpbl.
ZnO:Mo0Se, Herizinzeri OpraHUKalblK KyH dieMeHTTepi Ta3a ZnO Herizinaeri KypbUIFbLIapMEH
CAJIBICTBIPFAH/Ia JKOFapbl (DOTORJIEKTPIIK cunaTraMaiap kepcerri. MoSe, koHueHtpauuscsl 8 % OonraH
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KYPBUIFBI €H OHTAMJIbI JeT TAHBUIIBI, MYH/IAa KbICKA TYHBIKTAY TOTBIHBIH THIFBI3ABIFEI (Jsc) 7,25 MA/cM?-neH
10,02 mMA/cm?-re aeitin, Toateipy kodddunuenti (FF) 0,37-mgen 0,52-re neifiH, ajg SHEpPTUsHBI TYPIACHAIPY
tuimainiri (PCE) 0,7 %-nan 3,3 %-ra neliin apTTel. AnbiHFaH HOTIXReIep ZnO:MoSe, HaHOKOMIO3UTTEPiHIH
JKOFaphl THIMJI ONTOAJIEKTPOHABIK >KOHE (OTOTaTbBaHMKANBIK KYPBUIFBIIApAa KOJJaHyFa THIMII €KeHiH
pacTaisl.

Kinm ce3z0ep: ZnO, Mo0Se,, KOMIO3HUTTIK IUICHKA, OCTTIK MOpP(OJIOTHs, ONTHKAIBIK >KOHE HMIICAHC
CHEKTPOCKOIHUSICHI

T.E. CeticemberoBa, A.K. Alimyxanos, A.K. 3eiinuaenos, A.M. Anekcees, /I.P. Abeyos

Bausinue HaHOYaACTHII MOSEZ Ha CBOIiCTBa IJNICKTPOHOTPAHCIIOPTHOI'0
cjaost ZnO OPraHu4e€CKoro COTHECYHOro 3JIeMEHTa

B crartbe uccnenoBano BIUSHUE AOMMPOBAaHMS HaHOYACTUIIAaMU MoSe; Ha CTPYKTYpHBIE, ONITHYECKHE U 3JIEK-
TPUYECKHE CBOWCTBA 3JIEKTPOHHO-TpaHCHOpTHOro ciosg ZnO, a Takke Ha 3()(EeKTHBHOCTH OpraHUYECKUX
COJHEYHBIX eMeHToB. Kommo3uts! ZnO:MoSe, ObUIH CHHTE3UPOBaHBI METOJIOM 30JIb-T'€JIb, HX MOP]OIOrust
IpoaHaNu3upoBaHa ¢ ucnojib3oBanueM TEM u COM muxpockonuu. OnTuueckue UccieJOBaHUs MOKa3aiu
YBEJIMYCHHE IIVPHHBI 3alPEeNIEHHON 30HbI M YCHIICHUE IeEeKTHOH IMUCCHH, YTO CBUCTENLCTBYET 00 YIIyd-
LIEHHOH AWHAMUKE HOCHUTENEH 3apsaga. DIeKTPO(U3UUECKIe W3MEPEHHs MOATBEPAIN YBEIHMICHUE TPOBO-
IUMOCTH U CHIDKCHHE PEKOMOWHAIINH 3apsiioB IPpH BBeAeHHH MoSe,. OpraHn4ecKie CONHEYHbIC IEMEHTHI
Ha ocHOBe ZnO:MoSe, npoJeMOHCTPUPOBAH HOBBIIIEHHBIE ()OTOINEKTPUIECKUE XaPAKTEPUCTHUKHU 10 CPaB-
HEHHIO C YCTPOWCTBaMHU Ha ocHoBe ymcToro ZnO. Hambosee onTHManbHBIM OKa3aJOCh YCTPOHCTBO C KOH-
nentpamein MoSe, 8 %, re MIOTHOCTh TOKa KOPOTKOTO 3aMblkaHus (Js¢) yBenuumiachk ¢ 7,25 MA/cM? 1o
10,02 mA/cm?, koo dunment 3anonuenus (FF) ¢ 0,37 no 0,52, a 3¢ GpekTHBHOCTD MpeoOpa3oBaHus SHEPTUH
(PCE) ¢ 0,7% mo 3,3 %. I[onyueHHbIE pe3yabTaThl MOATBEPIKIAIOT MEPCHEKTHBHOCTH HAHOKOMITO3HTOB
ZnO:MoSe; s mpUMeHeHHs B BBICOKOA()(EKTHBHBIX ONTOIEKTPOHHBIX U ()OTOraIbBaHUYECKUX YCTPOUCT-
Bax.

Knioueswie ciosa: ZnO, M0Se,, KOMIIO3UTHAs TUICHKA, MOP(OIIOTHS TTOBEPXHOCTH, ONITHIECKAsT U UMIICIAaHC-
Hasl CHEKTPOCKOITHUS
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