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Influence of the sulfur doping on the structural, optical, electrical and magnetic properties of ZnMnO thin films fabricated using the
ultrasonic spray pyrolysis technique was investigated. Our study reveals that increasing sulfur content leads to a noticeable shift in the
band gap energy towards the red spectrum, an indicator of altered electronic states and potential for enhanced spintronic functionalities.
The strong reduction in the band gap for the sulfur doped ZnMnO alloys is the result of the upward shift of the valence-band edge. As
a result, the room temperature bandgap of ZnMnO1xSx alloys can be tuned from 3.2 eV to 2.97 eV for x < 0.2. The observed large
bowing in the composition dependence of the energy bandgap arises from the anticrossing interactions between the valence-band of
ZnO and the localized sulfur level above the ZnMnO valence-band maximum. The doping process significantly modifies the
ferromagnetic properties, with an observed increase in Curie temperature correlating with higher sulfur concentrations. These changes
are attributed to the increased free holes concentration, which facilitates a more robust exchange interaction between the magnetic ions.
Additionally, the structural assessments via scanning electron microscopy confirm the uniform integration of sulfur into the ZnMnO
matrix, resulting in distinct nanocrystalline formations. This study contributes to the understanding of doping mechanisms in
semiconductor materials, especially for highly mismatched alloys, where the anions are partially substituted with isovalent atoms of
considerably different size and/or electronegativity, offering insights into the tunability of their magnetic and electronic properties for
potential future applications in spintronic devices.

Keywords: Diluted magnetic semiconductors;, Mn-doped p-type ZnO; Isovalent anion alloying, ZnO-ZnS alloy; Sulfur-doped ZnMnO;
Resistivity anomaly; Valence band (VB) offset bowing; Defined hysteresis loop; Critical point; Curie temperature

PACS: 61.72.uj

INTRODUCTION

Diluted magnetic semiconductors (DMSs) have attracted increasing attention in last 20 years [1]. The exchange
effect between magnetic ions and carriers in semiconductors gives DMSs novel magneto-electric and magneto-optical
properties. In addition, DMSs take advantage of both the charge and spin properties of electrons, making them potentially
widely useful in spin field effect transistors (spin-FETs), high-density nonvolatile memory and spin qubits for quantum
computers [2]. There are two main factors that limit the practical application of DMSs in equipment. The first is that the
Curie temperature of DMS material is lower than room temperature, and the second is whether the ferromagnetism in
DMS material is intrinsic, that is, mediated by free carriers, or purely from the local secondary phase of magnetic dopants,
such as clusters or precipitates. If ferromagnetism is not mediated by free carriers, spin polarization cannot be carried
by them.

In the seminal paper by T. Dietl et al. [3] it was theoretically predicted a room temperature ferromagnetism (RTFM)
in at 5% Mn-doped p-type GaN and ZnO, with free holes concentration about 10?%cm. ZnO suffer from a low
concentration of free holes and isovalent anion alloying can improve this problem. ZnO and ZnS alloy exhibits a very
strong valence band (VB) offset bowing as a function of sulfur content [4]. The VB-bowing can be utilized to enhance p-
type doping with lower formation energy and shallower acceptor state in the ZnO-ZnS alloy.

In this work, structural, optical and magnetic properties of Zn;..Mn,O,.,S,, additionally doped with nitrogen, thin
films grown by ultrasonic spray pyrolysis system are reported.

EXPERIMENTAL PART

Sulfur-doped ZnMnO thin films were deposited on Si [100] substrates using the ultrasonic spray pyrolysis method
(USP). Aqueous chemicals were utilized during the solution preparation. Zinc acetate dihydrate (Zn(C,H30,), 2H,0) and
manganese acetate tetrahydrate (Mn(C,H30,), 4H,O) were used as sources of zinc and manganese, respectively. Thiourea
(SC(NH»),) and ammonium acetate (C,H;NO,) were added in appropriate quantities for the sulfur and nitrogen doping.
The substrate was cleaned for 10 min in hydrofluoric acid, acetone, ethanol and D.I. water to remove impurities and
organic solvents. Molar ratio of zinc acetate dihydrate was 0.3 mol/l while manganese concentration was kept same 5%
of Zn for all samples. We employed an ultrasonic nebulizer with 2.4 MHz frequency for atomizing prepared solution. The
substrate temperature was set 400 °C while growing thin film. All samples were annealed after grows at 500°C for
15 minutes. Thickness of the samples was approximately 500 nm.
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The morphology was studied with the scanning electron microscope (SEM). The crystallographic properties of the films
were analyzed by Rigaku Miniflex X-ray diffractometer (XRD) using the CuKa radiation. The optical properties of the
films were measured with a UV/VIS spectrometer. The magnetic properties were measured by using the superconducting
quantum interference device (SQUID) magnetometer (Quantum design MP MS XL).

RESULTS AND DISCUSSION
Figure 1 shows SEM images (a) top and (b) side views of hexagonal-shaped nanocrystals, whose sizes were
estimated between 150-200 nm. From the side view, thickness of sample could be seen around 500 nm.
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Figure 1. SEM images (a) top and (b) side views of the nitrogen doped Zno.9sMno.0sO0.90S0.1 thin film

Figure 2 shows the XRD patterns for the pure ZnO and the Zn;MnsO1,Sy, with 5% of Mn and different
concentrations of S thin films grown on a silicon substrate by using the USP method. A dominant diffraction peak for
(002) indicates a high degree of orientation with the c-axis vertical to the substrate surface. The shift of the (002)
diffraction peak to the lower angle demonstrates a successful incorporation of the sulfur into ZnO lattice since the lattice
constant ¢ = 6.26 A for ZnS is larger than 5.21 A for ZnO [5]. It is also seen from Fig. 2, that the (002) peak is widening
with increasing of the sulfur concentration which is due to the decreasing of the average size of crystal grains and the
alloying effect. The diffraction peaks shown in Fig. 2 by star symbol demonstrate the existence of the Mn,Oj3 precipitates,
even so the concentration of Mn in the samples was limited to the 5 %.
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Figure 2. X-ray diffraction spectra of a) pure ZnO, b) Zno.9sMno.0500.9S0.1, and ¢) Zno.osMno.0s00.80S0.20 thin films, respectively.
The diffraction peak of Mn203 shown by star symbol

The band gap energy of ZnMnO, 10% and 20% sulfur doped ZnMnOS can be determined from the Tauc plot
(ahv=A(hv-E4)""*) equation [6]. Figure 3 shows (ahv)? vs. phonon energy and each extrapolation represent the band gap
energy of the thin film grown on Si substrates. Results show successfully incorporation of sulfur into ZnMnO films.

Band gap energy is decreasing with sulfur concentration increasing. The Zng9sMngsO08So.> sample has the band
gap of 2.97 eV, while Zng.9sMng 05O thin film remains almost 3.2 e} as same as pure zinc oxide. So, overall red shift was
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observed in band gap energy. This directly reduced activation energy of the nitrogen acceptors. And, the Hall
measurements show 5.1x10'° ¢m> and 4.85%10'7 ¢m™ of the free holes’ concentrations in 10% and 20% of sulfur doped
samples, respectively. ZnO,..Sx alloys are classified as highly mismatched alloys (HMAs), semiconductor compounds
where the anions are partially substituted with isovalent atoms of considerably different size and/or electronegativity.
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Figure 3. Tauc plots of the Zno.9sMno.0sO1.+SxN for 1) 0%, 2) 10% and 20 % of the sulfur concentrations, respectively.

Due to the high mismatch, the bandgap of these materials cannot be easily predicted with the virtual crystal
approximation (VCA) model or modified VCA models [7]. The bandgap of HMA drastically decreases by the substitution
of a small fraction (few percent) of anions with an isovalent element. The electronic band structure of HMAs is well
described by the band anticrossing (BAC) model that considers an interaction between localized states introduced by the
minority anions and the extended states of the host conduction/valence band in the dilute alloy composition limit [7].

Applying external magnetic field to the 10% and 20% sulfur doped samples at 10 K shows well-defined hysteresis
loop for both samples (Fig. 4). Results represent both sample are ferromagnetic at 10 K. The magnetization completely
saturated at 1000 Oe (Oersted). It is obvious that sulfur is not a magnetic element, but 20% sulfur doped sample represent
higher saturation magnetization value than that of 10% sulfur doped thin film. This could be explained by increase in the
concentration of free holes. Because, the exchange interaction between magnetic ions is mediated by free holes, which
are increased by adding more sulfur into ZnMnON thin film.
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Figure 4. Magnetic field dependence of the magnetization (Hysteresis loop) at 10 K for
a) Zno.95Mno.0500.9S0.1 and b) Zno.95sMno.0500.8S0.2 thin films.

Figure 5 shows the magnetization dependence on temperature for a) Zng.9sMng 0500.9S0.1 and b) Zng 9sMng 95005502
thin films in the temperature range from 10 K to 300 K. Results show that the value of magnetization for the
Zn09sMng0s009S0.1 and Zng9sMngs005So2 samples is higher than zero until temperature reached 170 K and 200 K,
respectively. These measurements demonstrate the increasing the sulfur concentration in ZnMnO causes some increase
in the Curie temperature. In the low temperature region < 50 K, the magnetization value is significantly high.

This could be explained by existing of the manganese oxide precipitates. Because of the low growing temperature,
Mn;30, ferromagnetic phase of the manganese oxide was formed, with Curie temperature near 47 K [8]. So that reason,
the magnetization value enhances below 50 K.

In the ferromagnetic state (below T¢), the spins of magnetic ions become aligned, resulting in less scattering of the
spin polarized charge carriers and low resistivity. As the temperature approaches the critical point, the most disordered
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state of spins is formed. For ferromagnets with a small concentration of free carriers the 7¢ is attributed to the maximum

of resistivity as it follows from the theory of the resistivity anomaly at 7T¢ in ferromagnets given by de Gennes and
Fridel [9].
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Figure 5. Magnetization dependence on temperature
a) Zn0.9sMno.0500.9S0.1 and b) Zno.9sMno.0s00.8S0.2 thin films in temperature range from 10 K to 300 K

Figure 6 shows the resistivity peaks near 170 K and 200 K for 10% and 20% sulfur-doped ZnMnO, respectively.
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Figure 6. Temperature dependence of the resistivity
a) Zn0.9sMno.0500.9S0.1 and b) Zno.9sMno.0500.8So.2 thin films, respectively

From these results the ferromagnetic to paramagnetic phase transition can be observed, and the Curie temperature
also can be determined by finding the highest resistivity point. These critical temperatures values determined from the
resistivity peaks coincide well with critical temperatures found by the magnetization measurements presented above in
Fig.4. When temperature is higher than T, resistivity decreases again as the material loses its magnetic ordering.

CONCLUSIONS

This study systematically explores the impact of sulfur doping on the properties of ZnMnO thin films, synthesized
using ultrasonic spray pyrolysis. Our findings confirm that sulfur doping effectively shifts the band gap energy towards
the longer wavelengths, thereby enhancing the magnetic properties of the films. We observed a notable increase in Curie
temperature as the sulfur concentration increased. The enhanced hole concentrations facilitate stronger exchange
interactions between magnetic ions.

The Curie temperature was determined for both 10% and 20% sulfur-doped ZnMnON by magnetization
measurements, with hysteresis loops observed at 10 K. Near the Curie temperature, resistivity peaks were observed. The

critical point, marking the ferromagnetic to paramagnetic phase transition temperature, was determined from the
resistivity peak.
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BILIMB KOHIEHTPALIl CIPKA HA MATHITHI TA EJTEKTPUYHI XAPAKTEPUCTUKH TOHKIX ILJIIBOK ZnMnO
Asamar O. Apciaanos?, [llaekar Y. I0agames™P, HMonrxe KBoH¢, AH L1b-Xo0¢
“Hayionanvnuil ynieepcumem Ysoexucmany imeni Mipszo Yayzoexa, Tawxenm, Y30exucman
bIJenmp poseumxy nanomexnonoaiii, Hayionanonuii ynisepcumem Yzbexucmany, Tawxenm, Ysbexucman
“Yuieepcumem [Jomneyx, Ceyn, ITlieoenna Kopes

JlociipkeHO BIUIMB JIETYBAaHHs CIPKOIO Ha CTPYKTYpHi, ONTHYHI, €NEKTPUYHI Ta MarHiTHI BIACTMBOCTI TOHKHMX ILTIBOK ZnMnO,
BHUTOTOBJICHHX METOJIOM YJIBTPa3BYKOBOI'O PO3MMIIIOBAJIBHOIO Mipoiizy. Harte mociimpkeHHs mokasye, Mo 301IbIICHHS] BMICTY CipKU
MIPU3BOAUTH 10 TOMITHOTO 3MIlLICHHsI eHeprii 3a00pOHEHOI 30HU B OiK 4Y€PBOHOTO CIIEKTPY, IHAUKAaTOpa 3MIHEHUX €IEKTPOHHUX CTaHIB
1 MOTeHIiany Uist HOKpalleHnX QyHKIiN crmiHTpoHiky. CHIbHE 3MEHILIeHHs 3a00pOHEHOT 30HH [T JIErOBaHUX CipKoro cruiaiB ZnMnO
€ Pe3yJbTaTOM 3CyBY Bropy Kparo BaJICHTHOI 30HH. Y pe3yNbTaTi MKpUHA 3a00pOHEHOI 30HM MPH KIMHATHIN TeMIlepaTypi CIUIaBiB
ZnMnO1xSx Mo>ke OyTH HanamroBaHa Bix 3,2 eB 1o 2,97 eB mma x < 0,2. CriocTepexxyBaHe BEIMKE BUKPUBIICHHS B 3aJIEKHOCTI Bif
ckirany 3a00poHEHOI 30HM BHHHUKAE Uepe3 aHTHKPOCHHIOBI B3a€MOJIl MiXK BaJICHTHOIO 30HOI0 ZnO Ta JIOKaJIi30BAaHUM PiBHEM CipKH
BUIIE MakcHUMyMy BajeHTHOi 3oHH ZnMnO. IIpomec ieryBaHHS CyTTEBO 3MiHIOE ()EpOMArHITHI BIIACTHUBOCTI, CIHOCTEpIrarodu
migBUIIEHHs TeMneparypu Kropi, 1o Kopemioe 3 BHIIMMH KOHIEHTpauissMu Cipk. Lli 3MiHHM TOSCHIOIOTBCS 301IBLIICHHSM
KOHIIEHTpaLii BUIBHUX JiPOK, IO CIpHsiE OiIbII MillHIl 0OMiHHIH B3aeMoii MiXk MarHITHUMHU ioHaMH. KpiM TOro, CTpyKTypHi OIIIHKH
3a JIOMOMOTIOI0 CKaHyIOuOi €IEeKTPOHHOI MIKPOCKOMIi MiATBEpAXKYIOTh PIBHOMIpHY iHTerpamiro cipku B Mmarpumoo ZnMnO, mio
OPU3BOAUTE A0 UITKMX HAHOKPHUCTATIYHUX YTBOpeHb. lle MOCHi[KeHHS COpHUs€ PO3YMIHHIO MEXaHi3MiB [OIyBaHHS B
HaNIBIPOBIIHUKOBHUX MaTepianax, 0cOOIMBO AJIs CIUIABIB 13 CHIIBHOIO HEY3TOKEHICTIO, [Iec aHIOHH YaCTKOBO 3aMilIeHi 130BaJICHTHUMU
aToMaMd 3HAYHO PI3HOTO PO3Mipy Ta/abo eNeKTPOHETATHBHOCTI, MPOIOHYIOUM PO3YMIHHS PETYIIOBAaHOCTI IXHIX MAarHiTHHX Ta
SJICKTPOHHUX BIACTUBOCTEH IS MOTEHIIiaTy. MalOyTHI 3aCTOCYBaHHS B CIIHTPOHHHUX HMPUCTPOSX.

KunrouoBi ciioBa: posuuneni macnimui nanienpogionuxu, Mn-necosanuii ZnO p-muny, ne2ysanms i3o08aienmuum anionom,; cniag ZnO-
ZnS; necosanuil cipkoio ZnMnQO; anomanis numomozo onopy; 3cye sanenmuoi 30uu (VB); usnauena nemis cicmepe3ucy; KpumuyHa
mouxka; memnepamypa Kiopi





