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Using methods for measuring the dependence of the true secondary electron yield 8 on the primary electron energy Ep, as well as
Auger-electron and photoelectron spectroscopy, the effects of Cs deposition with thickness 6 from 0.2 to 4 monolayers on the
composition, valence-electron density of states, and energy-band parameters of NiO and MoQOj; films were studied. It is shown that at
0 = 1 monolayer (ML), the largest decrease in the electron affinity y, the largest increase in the secondary electron yield §, and the
photoelectron quantum yield Y occur. At the same time, the band gap width E¢ and the positions of peaks in the valence-electron
spectra remain practically unchanged. It was shown for the first time that, for NiO, at 6 = 1 ML, the surface electron affinity
approaches zero. It is found that at 6 > 1 ML, changes in the composition, structure, emission, and optical properties of the Cs—NiO
system begin to be influenced by the thickness of the Cs film.
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INTRODUCTION
Transition metal oxides such as NiO and MoOjs attract considerable interest due to their numerous applications in
various fields [1-6], including electrochemical energy storage and photoelectrochemical devices, catalysis and sensing,
lithium-ion batteries, flame-retardant materials, optical devices, and other electrochemical applications.

NiO is a wide-band-gap p-type semiconductor with a band gap in the range of 3.6-4.0 eV, depending on the oxide
preparation technique and the measurement method [7-9]. MoO3 is an indirect-band-gap n-type semiconductor with a
band gap ranging from 2.8 to 3.6 eV, depending on the phase state and structure (bulk material, film, or nanostructure),
as well as on the measurement technique [10—12].

Nickel and molybdenum oxide nanostructures can be fabricated by various methods, including thermal
evaporation [13, 14], solution combustion [15], hydrothermal synthesis [16, 17], co-precipitation [18], wet-chemical
methods [19], sol-gel processing [20, 21], and pyrolysis [22, 23]. In recent years, low-energy ion implantation has been
widely employed to control the composition, structure, and properties of materials of various types [24-35].

In Ref. [24], nanometer-scale MoO3 films were fabricated on a Mo single-crystal surface by thermal oxidation and
ion implantation. The dependence of the Mo surface coverage by MoOs3 cluster phases on ion dose was determined.
Films with a thickness of approximately 100 A were obtained by sequential implantation of ions with energies of 5, 3,
and 1 keV. It was established that thermal oxidation forms homogeneous MoOs films with good stoichiometry and
thicknesses ranging from 50-60 to 600-700 A, whereas ion implantation yields films with thicknesses ranging from
25-30 to 100 A.

In Ref. [28], it was shown that implantation of MoOj3 with Ba* ions leads to the formation of an ion-modified layer
consisting of Mo—O, Mo—Ba—0, and Ba—O compounds. This results in a significant modification of the valence-band
density of states, a reduction of the work function @ to 2.7 eV, a decrease in the band gap E, by approximately
1.5 times, and a 1.5-fold increase in the maximum secondary electron emission coefficient om.

In the present work, the effect of Cs atom adsorption with a thickness 0 ranging from 0.2 to 4 monolayers (ML) on
the composition, electronic structure, emission, and optical properties of the wide-band-gap semiconductors MoOj3 and
NiO is investigated for the first time.

EXPERIMENTAL TECHNIQUE

All technological treatments (thermal annealing, oxidation, and ion implantation) and investigations of
composition, electronic structure, and physical properties were carried out in the same ultrahigh-vacuum (UHV) system.

The elemental and chemical composition of the nanofilms was determined by Auger electron spectroscopy (AES),
while the electronic structure was studied using ultraviolet photoelectron spectroscopy (UPS). Depth profiles of
impurity distribution were obtained by layer-by-layer Auger analysis by sputtering the sample surface with Ar* ions at
1 keV and an incidence angle of approximately 80° to the surface normal. The etching rate was approximately
(3 £ 1) A/min. The uncertainty in determining atomic concentrations was approximately 56 at.%.
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The photoelectron quantum yield Y was measured at a photon energy of 4v = 10.8 eV. The energy dependence of
the secondary electron emission (SEE) coefficient ¢ was measured in the primary electron energy range
E,=100-1500 eV. Optical measurements were performed using AGILENT Cary 5000 UV-Vis-NIR spectrophotometer.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the dependence of the true secondary electron yield (TSE) & on the primary electron energy Ep in
the range 1-15 eV for NiO with Cs films of different thicknesses. It can be seen that at 6 = 0, a sharp increase in
begins at E, = 5.21 eV, corresponding to the onset of electron emission from the top of the valence band, Ev, to the
vacuum level, Evac. At 0 = 0.5 ML, a sharp increase in 6 is observed starting from E, = 4.3 eV; at 6 = 1 ML from
E,=3.6eV;and at 0 =2 and 4 ML from £, =4.0 eV. At 0 > 1 ML, the value of § at all £, values is lower than that for
pure NiO. This is due to the fact that at 6 > 1 ML, true secondary electrons originate not only from NiO but also from
the Cs film.
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Figure 1. Dependences d(Eyp) in the range Ep = 1-15 eV for NiO with Cs films of thickness 6, ML: 1 —0; 2 —-0.5;3-1.0; 4 -2

Since the emission efficiency of Cs is significantly lower than that of NiO starting from 6 = 1 ML, the value of &
decreases over the entire E, range as the thickness of the Cs film increases. In the initial part of the 8(£,) dependence for
NiO films, weak features associated with the presence of impurity levels are observed. With the shift of the spectrum's
lower end toward lower E;, values during Cs adsorption, the positions of impurity levels also shift in parallel. It can be
assumed that during Cs adsorption at 6 < 1 ML, the positions of the impurity levels remain unchanged. However, at 6 >
1 ML, these impurity levels are poorly detected.
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Figure 2. Dependences of Y'/? on hv for NiO with Cs films of thickness 0, ML: 1 -0;2-0.5;3-1.0; 44

At the same time, spectral distributions of the photoelectron quantum yield were recorded for the studied samples.
Figure 2 shows Fowler plots (dependences of Y'/2 on Av) for NiO with Cs films of different thicknesses. It can be seen
that the photoelectron work function values at the top of the valence band (Ev) for NiO and NiO with Cs films of
thicknesses 0.5, 1.0, and 2 ML are in good agreement with the data in Fig. 1.

Figure 3 shows the dependence of the light transmittance coefficient T on photon energy hv for pure NiO and NiO
with Cs films of thickness 6 = 0.5 and 1 ML. It is observed that the value of T remains nearly unchanged up to
hv=3.5¢V, then decreases sharply to zero. Extrapolation of the second part of the curve to the Av axis gives an
approximate value of the band gap E,. For NiO, E; = 3.72 eV. After Cs deposition with thicknesses of 0.5 and 1 ML,



393
Effects of Adsorption of Submonolayer Cs Coatings on the Electronic Structure... EEJP. 3 (2026)

the value of T slightly decreases in the range 4v from 7.0 to 3.2 eV, but the value of £, remains practically unchanged.
This shows that for Cs deposition with 6 < 1, the band gap E,; does not change significantly, and the decrease in the
photoelectron work function @ is mainly due to a decrease in the electron affinity y.
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Figure 3. Dependences of the light transmittance coefficient T on photon energy Av for NiO with film thickness 6, ML: 1 — 0;
2-0.53-1.0

Based on these data, we determined the work function ®@ of NiO with a thin Cs film (Fig. 4). One monolayer was
taken as the reference, corresponding to the minimum e@ value. From Fig. 4, it can be seen that during deposition for
1.2 min, the dependences ®(t) and y(t) pass through a minimum, decreasing by about ~ 2 eV. At t = 2.4 min, 0 equals 2
monolayers; at t = 4.8 min, 6 = 4 ML. At 6 = 2 monolayers, the values of ® and y slightly increase and then remain
practically unchanged with further increase in 6, i.e., the value of @ characteristic of a thick Cs film is established.
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Figure 4. Dependence of the photoelectron work function @ and electron affinity y on the Cs deposition time on the NiO surface

Table 1 presents the energy-band parameters for NiO with Cs films of different thicknesses, determined from
Figs. 1 and 3.

Table 1. Energy-band parameters and emission parameters for NiO with submonolayer Cs coverage

Parameters 0, ML d=FE,eV Eq eV x> eV Om Y (at hv=10.8 eV)
0 5.21 3.72 1.49 3.1 6-107
0.5 4.3 3.72 0.58 4.1 9-1073
1 3.82 3.72 0.10 4.9 3102
2 3.71 3.72 -0.01 3.9 8-10°

From the table, it is evident that up to 8 =1 ML, as y decreases, the values of Y and o, increase significantly.
At 8 =1 ML, the value of y approaches zero (Fig. 5).

Similar studies were also conducted on MoOs; films. The results are summarized in Table 2. It can be seen that, in
this case as well, Cs deposition does not change E,, while Ev and  decrease, and o, and Y increase noticeably. Unlike
NiO, in the case of MoO3, Cs adsorption with 6 < 1 leads to a much larger decrease in ® and y, but the effect of
negative electron affinity does not occur.
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Figure S. Energy diagrams of the surface: 1 — NiO; 2 — NiO with a Cs film of thickness 0.5 and 1 ML.

Table 2. Energy-band parameters and emission parameters of MoO3 with submonolayer Cs coatings

Cs? — MoO:3 Parameters
Ev, eV Eq, eV % eV Om Y
6=0ML 7.9 34 4.5 34 4.5-10°
6=0.5ML 6.2 34 2.8 - -
6=1.0ML 5.5 34 2.1 5.8 6-10?
6=2.0 ML 5.7 34 2.3 4.5 2-1072

w

— measurements were not performed.

It should be noted that in the case of Cs® — NiO, at = 1 ML the value of y approaches zero; however, a very
sharp (10 times or more) increase in om and Y, which is typical for semiconductors with negative electron affinity, is
not observed. In addition, during Cs adsorption with 6 = 1 ML for binary semiconductors (GaAs, GaP) and wide-band-
gap semiconductors (MgO, WO3), the value of y decreases by 2.5 eV or more. In the case of NiO, this decrease is only
about ~1.4 eV. These issues require further experimental and theoretical investigation.

CONCLUSIONS

1. For the first time, the influence of submonolayer Cs coatings on the electronic structure, emission, and optical
properties of NiO and MoOj; oxides has been investigated. It has been shown that at 8 < 1 monolayer, the values
of om and Y increase significantly, which is explained by a decrease in y to 1.61 eV (NiO) and 2.4 eV (Mo0O3).

2. It has been shown that during Cs adsorption at 6 < 1 ML, the composition of the surface layers remains
practically unchanged; the band gap width and the valence-electron density-of-states structure also remain
unchanged.

3. In the case of NiO, during Cs deposition at 0 = 1 ML, a Cs? — NiO system close to negative electron affinity is
formed. However, in this case an increase in 6, and Y is not observed.
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BILIUB AJCOPEIIIi CYBMOHOIIIAPOBUX IIOKPUTTIB Cs HA EJIEKTPOHHY CTPYKTYPY TA ®I3UYHI
BJIACTHUBOCTI NiO TA MoO;
A.Y. XyxanisizoBa, [I.A. Tamumyxamenosa, B.E. Ymip3akos, M.B. IOcymkonoBa, 3.P. Cainaxmenona, I1I.K. ConieBa

Tawkenmcoxuii 0eporcasnuti mexuiynuil ynigepcumem imeni Icnama Kapimosa, Tawkenm, 100095 Pecnybnika Y36exucman
3a DONOMOroI METOHIB BHUMIPIOBaHHS 3aJIC)KHOCTI CHPaBXHBOTO BHXOAY BTOPHMHHUX CJEKTPOHIB O BiJ €HEPrii IepBHHHHUX
€JIeKTPOHIB Ep, @ TAKOXK CHEKTpocKoIii Oke-eNeKTPoHiB Ta (POTOETEKTPOHIB, JOCIIIKEHO BILIHB ocamkeHHs Cs ToBmuHOIO 0 Bix 0,2
10 4 MOHOWIApiB Ha CKJaJ, LIUIBHICTH CTAHIB BAaJCHTHHX EJEKTPOHIB Ta MapaMmeTpu eHepreTWdHuX 30H IIiBoK NiO ta MoOs.
INokazano, mo npu 6 = 1 ML BinOyBaeTbcst HalOiNbIIe 3MEHIICHHS €IEKTPOHHOI CIOPIAHEHOCTI ) Ta HalHOLIbIIE 30LTBIICHHS
BUXOJy BTOPHHHHX €JEKTPOHIB O 1 KBaHTOBOro Buxomy @otoenekrpoHiB Y. Ilpu mpomy mmpuHa 3a0opoHeHOi 30HU Ejy Ta
TIOJIOKEHHSI MIKIB y CIIEKTpax BAICHTHHUX EJEKTPOHIB NMPAaKTHYHO HE 3MiHIOIOTHCS. Breprue nokasano, mo st NiO npu 6 = 1 ML
3HAUECHHS TTOBEPXHEBOI €JIEKTPOHHOI CHOPITHEHOCTI j HaONKaeThesi 0 Hyssi. BeraHomnmeno, mo 3a 6 > 1 ML 3Minu cxiany,
CTPYKTYPH, eMICIHHHUX Ta ONTUYHHX BiacTuBocTeil cucteMu Cs—NiO NOYMHAIOTH 3ae)KaTH BiJ TOBIIMHE UTiBKH CS.
Knrouosi cioBa: oxcuou nepexionux memanie;, aocopoyis yesiio; eneKmpoHHA CHOPIOHEHICIb, eMiCifi MOPUHHUX eNIeKMPOHIE;
¢omoenmicis



