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bupuHun mMapra OKOpH BakyyM KypuiMmanapuia TEpPMUK OKCUIJIAHUII WYIW OuiiaH
WO3/W(111) HaHomieHKanapu XOCHJ OYIUIIMHUHT ONTHMAaJ I[IApTIapy aHUKIAHIM Ba
onuuau. bup xun crexuomerpuk tapku6iu WO; mnenkanapu T=1100 K na kucimopoaHuHr
P=(1—5)><10‘3 [Ta maru noptoman 6ocumu octuaa W HE okcuanad onmuHIU. Oke — AIEKTPOH
CIIEKTPOCKOMHUA, yiabTpabuHadma (OTOIIEKTPpOH creKkTpockonus Ba MDD (Mkkumamun
AJIEKTPOHJIAD HMHUCCUACH) KOd(DPUIMEHTIapUHUHT SHeprus Oyiinua OOFIMKIUK E3yBU
ycymnapuaad ¢oimganannd WO3 HUHT TapkuOH, BaJIEHT AJICKTPOHJIAP 3UWIMK X0JIaTH Oyiinya
SHEPreTHK coxajap napamerpiapu ypranuiaaud. WOz HUHT BaJIEHT AJIEKTPOHJIAP 3UKIHUK
xonatuaa W HuHr 6s Ba 5d 31eKTpoHJIApU KHUCIOPOJHHUHI 2p 3JIEKTpOHJIApU OuiaH
ruOputammmy Tydaitnu E=0+5 3B nnTepBanna 3 Ta makcumymra spumanu. [lnenkanuar
TaKUKJIAHTaH coXa KeHIJIUry ~ 2,8 3B HU Tamkun Kuiaam.

Kanum cyznap: oxcuanaii, 0xe-3JIeKTPOHIap, (GOTOIIEKTPOHIIAP CIEKTPH, DIIACTHK
KaWTraH 3J€KTPOHJIAp, OPOIYAIH YCHUILL, 3UYIIMK XOJaTH, TAKUKJIAHTaH COXa KEHIJIUTH.

BriepBeie B CBEpXBBICOKOBAKYYMHOM IMPUOOPE MOIYyYEHBI M OMPEIesICHbl ONTUMAaIbHbIE
ycioBust popmupoBanusi HaHoruieHOK WO3/W(111) mMeTomoM TepMHUECKOTO OKHCIICHUS.
Haubonee cosepmennsie miaeHku WO3 nonydensl npu okuciaennn W npu T = 1100 K B
aTMocdepe KUCIopoia ¢ mapiuaibHbIM aaBieHneM P = (1 — 5)><10'3 [Ta. C ucrons3oBanremM
METOJZIOB  OK€-3JICKTPOHHOM  CHEKTPOCKONHUH,  YIbTpaduoneToBoil  (POTOINEKTPOHHON
CHEKTPOCKONUU U 3alHUCU DHEPreTUYECKUX 3aBHUCUMOCTEH KO3((UINEHTOB BTOPUYHOM
AJEKTPOHHON AMHUCCUM HU3Y4EHBI COCTaB, IUIOTHOCTU COCTOSIHUSI BAJIEHTHBIX 3JIEKTPOHOB U
napameTrpsl sHepreTuueckux 30H WOs;. VYcTaHOBIEHO, 4YTO B IUIOTHOCTH COCTOSTHHUS
BaneHTHBIX 2iekTpoHOB WO3 B mHTepBane E;; = 0 — 5 3B mMeercs Tpu Makcumyma
copMUpPOBaHHBIX BCieACTBUE rHOpuan3anuu 6S u 5d snexrpoHoB W ¢ 2p siekTpoHaMu
kuciopoja. [lluprna 3anpereHHON 30HbI TIICHKHA COCTaBsieT ~ 2,8 3B.

Kniouesvle cnoea: OKUCIEHUE, O0XE-IJIEKTPOHBI, (POTOIIEKTPOHHBIE CIHEKTPBI,
YOPYTrO-OTPaKEHHBIE 3JIEKTPOHBI, OCTPOBKOBBIH pOCT, IUIOTHOCTh COCTOSIHUS, IIUpPHUHA
3anpenieHHoN 30HbI.

For the first time in an ultra-high vacuum device, the optimal conditions for the
formation of WO3/W(111) nanofilms by thermal oxidation were obtained and determined.
The most perfect WO3 films were obtained by oxidizing W at T = 1100 K in an oxygen
atmosphere with a partial pressure of P = (1-5)*10" Pa. The composition, densities of state
of valence electrons and parameters of the energy bands of WO3; were studied using the
methods of Auger electron spectroscopy, ultraviolet photoelectron spectroscopy and
recording of the energy dependences of the secondary electron emission coefficients. It was
found that in the density of state of valence electrons of WOj; in the range of E, =0 — 5 eV
there are three maxima formed due to the hybridization of 6s and 5d electrons of W with 2p
electrons of oxygen. The band gap of the film is ~ 2.8 eV.

Key words: oxidation, Auger electrons, photoelectron spectra, elastically reflected
electrons, island growth, density of state, band gap.

230

7
<
=
O
Z
ad
<
m
<
X
0
™


mailto:Ruyo1990@mail.ru

2024-yil Ne4-son

Introduction
Semiconductor metal oxides such as

WO3;, MoOs; with increased carrier
mobility have great potential for
nanoelectronics,  photonics,  catalysis,
Nanosensors and electrochromic

applications [1 — 9]. In addition to
graphene and metal dichalcogenides, 2D-
substoichiometric  WO;—, is becoming
increasingly important as a promising
semiconductor material for devices based
on field-effect transistors [1].

WO; is known to stimulate the
interaction of various gases and vapors on
its surface and changes its properties,
which are manifested in electro- and
photochromic effects [10]: a change in the
optical refractive index that occurs during
structural rearrangement of the oxide due
to electron and ion transfer. Changes in the
optical properties of tungsten trioxide-
based systems under the influence of gas
environments are of interest due to the
need to create indicators for monitoring the
content and  utilization of  the
corresponding gases in real conditions
[10].

In addition, WOg3 is a catalyst for the
decomposition of ammonia into nitrogen
and hydrogen [11], and on the (100) faces
of the tungsten crystal lattice, catalytic
dissociation of molecular hydrogen and
nitrogen to an atomic state occurs [12].

Currently, various methods are used
to synthesize WO3: hot-wire metal oxide
deposition [13]; microwave deposition
[14], reactive magnetron sputtering [15],
and ion implantation [16, 17]. These
studies also studied the mechanisms of
tungsten oxide formation. Previously, we
obtained Si and Mo oxide nanofilms using
thermal oxidation and ion implantation and
studied their composition and electronic
structures.

This work is devoted to studying the
patterns of WOz nanofilm formation
during thermal oxidation of W in an O,
environment and studying their energy
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band parameters and the electron state
density of the valence band.

Experimental Procedure

The composition and electronic
properties of the surface of the materials
were studied using Auger electron
spectroscopy (AES), elastically reflected
low energy electron spectroscopy (-dR/dE,
dependence on the energy of primary
electrons Ep), and ultraviolet photoelectron
spectroscopy  (UPES). An  Auger
spectrometer with a small-angle analyzer
of the Hughes—Rozhansky type was used
in the work. The sensitivity of the Auger
spectrometer in detecting impurities is
0.05-0.1%. The total error in determining
the position of the Auger peaks in the
spectrum does not exceed 0.8-1 eV. The
depth of analysis by the AES and UPES
methods is ~5-10 A. The energy position
of the EPES and elastically reflected
electron peaks was determined with an
error of 2-3%. The distribution profiles of
Ba atoms were obtained by the AES
method in combination with surface
etching with Ar” ions.

Results And Discussion

To obtain WO3 nanofilms by thermal
oxidation, the W(111) surface was first
maximally cleaned by heating to T = 2100
K for 5-6 hours under a vacuum of no
worse than 107 Pa. Then oxygen was
admitted to the device compartment. Fig.
1, a shows the dependence of the oxygen
Auger peak intensity 1o on the W oxidation
time at T = 1100 K at different oxygen
partial pressures from 107 to 5x10™ Pa. It
is evident from Fig. 1 that with increasing
P_(O, ) the formation time of the WO3/W
film decreases. However, an increase in
Po2 ) to 10 Pa leads to some deterioration
in the stoichiometric composition (the
appearance of an oxide of the WO, type)
of the surface, and at Po, <10 Pa the WO3
formation rate decreases significantly. In
our case, the optimal P, was found to be
within the range of 5*10° - 107 Pa.
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Fig. 1. Dependences of the surface concentration of O at different partial pressures of
oxygen on the oxidation time of W at T = 1100 K (a) and the dependence of the
thickness of the WO3 film on the oxidation time of W(111) in an oxygen atmosphere
with a pressure of 5x10° Pa at T = 1100 K (b)

The analysis of the OES results
together with the SEM data showed that in
the initial stage of oxidation (t <50 — 60
min) island growth of the WO; film is
observed. WO3 films uniform over the
surface at Po;=5%10"° Pa with a thickness
of ~ 40 — 50 A are formed at t = 60 — 70
min. Further increase in t leads to an
increase in the thickness of the
homogeneous film. From Fig. 1, b it is
evident that the growth of d in the range t
= 60 — 120 min occurs linearly, at a rate of
~ 1 A/min. At t> 120 min the growth rate
slows down and at t = 150 min dwosz =120
A. At t > 150 min with increasing t the
value of d slowly monotonically increases.
Figure 2 shows the spectra (energy

photoelectrons of pure W and a WO3/W
film with a thickness of 200 A, measured
at a photon energy of hv = 15.6 eV. It is
known that the structure of the EDC of
photoelectrons reflects the distributions of
the density of states of the valence band
electrons. In the case of W, the spectrum
contains maxima at E, = — 0.5; — 1.8 and —
4.2 eV, apparently due to the excitation of
electrons from the surface states (SS) and
from the 6s and 5d states of the valence
band electrons, respectively. There is also
a weak feature at E, = — 8.0 eV,
characteristic of unbound oxygen atoms.
The spectrum of WO3 contains maxima at
E, =—-3.6; —5.9and — 7.7 eV, apparently
due to the hybridization of the 6s energy

distribution curves (EDC)) of levels of tungsten and 2p of oxygen.
5d(W)+2p(0)
Q
2
5d(W)+2p(0)
E., 3B -10 -8 -4 2 E.=0

Fig. 2. UV-PES of a single-crystal sample of W (111) (curve 1) and a WO3/W (111) film
with © =200 A (curve 2)
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In this case, all the maxima of W,
including the maxima associated with
surface states, completely disappear. The
main parameters of the energy bands can
be determined from these spectra. The
position of the valence band ceiling EV
was determined using the formula hv = AE
+ @ [91, 92 All]. The position of the Fermi
level Er is determined relative to Ef of
pure W. To determine the width of the
band gap, the method of recording the
R(Ep) and &(Ep) dependences in the low-
energy region was used (Fig. 3). Where R
is the coefficient of elastically reflected
electrons (ERE), E, is the coefficient of
truly secondary electrons (TSE), and Ep is
the energy of primary electrons. The
course of these dependences is directly
related to the band-energy structure of the

R, &

04t
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sample under study [18 — 20]. In all cases,
a sharp decrease in R is due to the
occurrence of an inelastic process, i.e. the
transition of electrons from the valence
band to the conduction band or to a
vacuum.

It is evident that the onset of the
inelastic process occurs at E,, = 2.8 eV,
apparently due to the transition of
electrons from the top of the valence band
Ev to the bottom of the conduction band
Ec. These values are equal to the band gap
width E4. The second sharp decrease in R
is observed at E,; = 6.2 eV, and it
corresponds to the initial sharp increase in
the coefficient of true secondary electrons
0. From this it is evident that the decrease
in R is associated with the transition of
electrons from E, to the vacuum level Eg.

0 - 8

12 16 E., aB

Fig. 3. Dependences of the coefficients R and & on Ep for WO; film

Based on the analysis of Fig. 2 and 3, the
main parameters of the energy bands of the
WO; film were determined (Table 1). For

comparison, the band parameters of the
WO, and W(111) films are also given
here.

Table 1.
Band-energy parameters of W(111), WOs/ W(111) and WO,/ W(111) with d=250 A
Parameters Ev, 5B Eg, 2B Eg, 5B ., 9B
Sample
W(111) 4,3 4,3 0 4,3
WO; 6,2 4,3 2,8 3,4
From the table it is clear that WO;
and WO, films are wide-bandgap

semiconductors.
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Conclusion

O3 films of different thickness were
obtained by thermal oxidation of W(111)
in an ultrahigh vacuum device. It was
shown that island growth of the WO3 film
is observed at the initial stage of oxidation.
The experimental results showed that the
most homogeneous WO3 films are formed
at a substrate temperature of 1100 K in an
oxygen atmosphere with a pressure of Po;
~(1-5)x10*10™ Pa. It was found that WO
films have the properties of a wide-band
semiconductor.

For the first time, information was
obtained on the density of state of the
valence band electrons and the parameters
of the energy bands of WO3/W (111)
nanofilms obtained by thermal oxidation
were determined.
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