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Influence of Ba atom adsorption and implantation of Ba+ ions on the

electronic structure of single crystalline Ge
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The effect of the adsorption of Ba atoms with a thickness of θ ≤ 3−4 monolayers and the implantation of Ba+

ions with an energy of E0 = 0.5−2 keV on the density of states of electrons in the valence band, the parameters

of the energy bands, and the emission and optical properties of Ge(111) has been studied for the first time. It

is shown that during the adsorption of Ba atoms with θ = 1 monolayer, the value of the thermoelectric work

function ϕ decreases by ∼ 1.9 eV, and the value of the secondary electron emission coefficient and the quantum

yield of photoelectrons Y increases by 1.5−2 times. In the case of implantation of Ba+ ions with E0 = 0.5 keV at an

irradiation dose D = 6 · 1016 cm−2 , the density of state of valence electrons and the parameters of the energy bands

change sharply; the quantum yield of photoelectrons increases by a factor of 2 or more. The observed changes are

explained by the formation on the surface of a thin (∼ 25−30 Å) amorphous doped layer consisting of nanoscale

phases of the Ba−Ge type (∼ 60−65 at.%). And excess (unbound) Ba and Ge atoms. In this case, the band gap

Eg decreases by ∼ 0.3 eV.

Keywords: Ion implantation, quantum yield of photoelectrons, emission efficiency, heating, band gap, amorphous

layer.
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Introduction

Si, Ge, and nanostructures based on them are now

used widely in various solid-state electronic devices [1–
4]. Specifically, nanophases and nanolayers of metal

silicides and germanides have promising applications in the

design of microwave transistors and integrated circuits, and

GexSi1−x /Si heterostructures may be used in light-emitting

diodes, photodetectors, laser sources, optical and electronic

instruments [5–12]. In view of this, the composition,

the electronic and crystal structure, and the emission

and optical properties of nanosized heterostructures and

layers produced by molecular-beam, solid-phase, and vapor-

phase epitaxy on the surface of Si and Ge have been

studied extensively in recent years [13–16]. The method

of ion implantation has been used widely in the last few

years to alter the physical properties of semiconductors

in a controlled change. Specifically, nanosized phases

and layers of Ba, Co, Ni, Na, and Rb silicides were

obtained by ion implantation in Si; their composition,

electronic structure, and properties were studied; and

the sizes of silicide phases at which quantum-dimensional

effects appear were determined [17–23]. In the case of

Ge, high-energy (E0 = 80 keV) high-dose (D = 1016 cm−2)
implantation of Sb, P, and As ions was used to modify the

band structure [24–27].

However, no reliable theoretical and experimental data on

the physical properties of nanostructures of germanides ob-

tained by low-energy ion implantation have been presented

to date.

This is the reason why the present study is aimed at

examining the composition and the electronic properties of

Ge(111) coated with Ba atoms and implanted with Ba+ ions

with energy E0 = 0.5−5 keV.

1. Research or experimental

Single-crystalline Ge(111) p- (with a boron concentration

of ∼ 5 · 1018 cm−3) and n-type (with a phosphorus concen-

tration of ∼ 1016 cm−3) samples 10× 10× 0.5mm in size

were studied. On and the same experimental apparatus

(type USU-2) with vacuum level P ≤ 10−7 Pa was used for

thermal treatment, deposition of Ba atoms, irradiation with

Ba+ ions, Auger electron spectroscopy (AES), ultraviolet
photoelectron spectroscopy (UVPS), spectroscopy of slow

elastically reflected electrons (ERE), and measurement of

the quantum yield of photoelectrons. The energy and

the dose of Ba+ ions were varied within the ranges

of E0 = 0.5−5 keV and D = 1014−1017 cm−2. Prior to

ion bombardment, the surface of Ge was degassed at

T = 1000K for 4−5 h in combination with short-term

heating to T = 1200K in vacuum no worse than 10−7 Pa.

Quantum yield of photoelectrons Y was determined at

hν = 10.8 eV in accordance with the following formula:

Y = ne
NPh

, where ne is the number of photoelectrons reaching
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the collector and NPh is the number of photons incident on

the target surface. In the present case, NPh = 5 · 1014 s−1.

The maximum value of secondary electron emission

(SEE) coefficient σm was determined based on the σ (Ep)
dependence.

Thermoelectric work function ϕ was calculated in accor-

dance with the following formula: ϕ = EVac − EF , where

EVac is the vacuum level and EF is the Fermi level. The

variation of ϕ was determined using the Anderson method.

2. Experimental results and discussion

The UVPS spectra for p-type Ge(111) coated with a Ba

film of a varying thickness deposited at room temperature

are shown in Fig. 1. Binding energy Ebind of electrons is

plotted on the abscissa; Fermi level energy EF of germanium

is determined relative to the Fermi level of pure Pd. Ev is the

upper energy edge of the valence band. In what follows, the

same vertical scale is set for all energy distribution curves

(EDCs) of photoelectrons. This scale was chosen so that the

area under the curve is proportional to the quantum yield

of electrons from samples. It follows from Fig. 1 that the

spectrum of pure p-type Ge(111) has well-marked features

at the energies of −0.8,−1.6,−3.5, and −5.1 eV. These

features are associated with the excitation of electrons from

surface states (SS) and from 4p, 4s , and hybridized 4p + 4s
Ge levels (Fig. 1, curve 1).

The curves are shifted along the vertical axis for clarity.

In the region of small thicknesses of the barium coating

(θ = 0.5−0.6) where electrons are still being emitted

primarily from germanium, the following EDC changes are

induced by an increase in θ: all Ge features become more

pronounced; the start of the spectrum and peaks associated

with the maxima of density of electron states in the valence

band shift toward lower energies; a new peak typical of

Ge emerges in the region of Ebind = −6 eV; EDCs become

wider; and the quantum yield of electrons increases. The

change in position of the low-energy EDC edge is apparently

associated with the ϕ reduction, and magnitude A of the

peak shift is equal to the change in band bending. The

increase in Y is attributable primarily to the reduction in

work function ϕ and the enhancement of band bending.

As the barium layer thickness increases further (curves 4, 5
in Fig. 1), the intensity of germanium peaks decreases

monotonically, and the structure typical of barium starts to

form.

Figure 2 presents the dependences of ϕ,Y , and σm on

the deposition time for the Ba−Ge system. The value of θ

corresponding to ϕ = ϕmin is recognized provisionally as a

single monolayer. It can be seen that the inflection point

of the σm(t) and Y (t) dependences coincides approximately

with thickness θ of a single monolayer. The values of σm

and Y of the Ba−Ge system are maximized at this point.

As θ increases further, the values of Y and σm decrease

monotonically. It may be assumed that the emission
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Figure 1. Ultraviolet photoelectron spectra of p-type Ge(111)
with a barium film with thickness θ equal to 1 — 0, 2 — 0.2,

3 — 0.6, 4 — 1.0, and 5 — 2.0 monolayers. hν = 10.8 eV (hν is

the photon energy).
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Figure 2. Dependences of ϕ, σm, and Y on the deposition time

for the Ba−Ge(111) system.

efficiency of Ba layers is significantly lower than the one

of Ge layers.

Figure 3 presents the photoelectron spectra for n-type
Ge(111) implanted with Ba+ ions with various doses at

E0 = 0.5 keV. It can be seen that the low-energy edge

of the spectrum shifts toward lower binding energies
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Figure 3. Ultraviolet photoelectron spectra of n-type Ge(111)
implanted with Ba+ ions with E0 = 0.5 keV at dose D, cm−2 :

1 — 0, 2 — 2 · 1015 , 3 — 8 · 1015 , 4 — 4 · 1016 .

(and the high-energy edge (start) of the spectrum shifts

toward higher binding energies) as the irradiation dose

increases. At D ≥ 2 · 1015 cm−2, a number of features

typical of
”
high“ doses emerge in the spectrum. The

intensities of peaks corresponding to pure Ge decrease

sharply (certain Ge peaks, including the features associated

with surface states, vanish completely). As the dose

increases further, new features become more intense and

shift somewhat toward higher Ebind values. The spectra

cease to change at D = 6 · 1016 cm−2; i.e., this value is

saturation dose Dsat . At this dose, the area under the

EDC (i.e., the quantum yield of photoelectrons) increases

by a factor of almost two, and well-marked features at

Ebind = −6.1,−4.5,−3.8,−2.5,−0.7, and +0.6 eV rela-

tive to the upper edge of the valence band emerge in

dependence N(E). The results of analysis of obtained

spectra and their comparison with the spectra of germanium

with a deposited barium film suggest that the observed peak

at Ebind = −6.1 eV corresponds to germanium, low-intensity

peaks at −4.9 and −0.2 eV correspond to unbound barium

atoms, and all the other peaks are associated with barium

germanides. The AES data revealed that the majority

(60−70%) of barium atoms form chemical bonds with

matrix atoms, producing primarily BaGe- and BaGe2-type

compounds. A modest-sized maximum at Ebind = 0.6 eV

forms in the spectrum as a result of this.

It may be assumed that a narrow impurity band of

allowed states emerges then near the lower edge of the

conduction band; therefore, the width of bandgap Eg of

Ge decreases sharply. The upper edge of this new band

overlaps with the lower edge of the conduction band, and

the properties of ion-implanted layers grow similar to the

corresponding properties of metals. Unbound barium atoms

are present in this case on the surface and near it. This

Table 1. Values of the key parameters of the band structure of

n-type Ge(111) implanted with various doses of Ba+ ions with

E0 = 0.5 keV

Studied Band parameters, eV

samples 8, eV ϕ, eV Eg , eV χ, eV

Ge(111) 4.9 3.5 0.7 3.4

Ba+
→ Ge(111),

2.4 2.4 0.4 2.4
E0 = 0.5 keV

20.015.0 30.010.0

EpF, eV
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Figure 4. ERE spectra of pure n-type Ge(111) (curve 1) and

n-type Ge(111) implanted with Ba+ ions with E0 = 0.5 keV at

D = 6 · 1016 cm−2 (curve 2).

leads to a reduction in the work function and electron

affinity χ, narrowing of the band gap, and a change in EF

positions (Table 1). The values of thermoelectric ϕ and

photoelectronic 8 work functions then become equal, and

the surface layer of the examined semiconductor assumes

the properties of a metal (Table 1).

Figure 4 shows the ERE spectra within the

EpF = 3−30 eV range for pure n-type Ge(111) and Ge

implanted with Ba+ ions with E0 = 0.5 keV at dose

D = Dsat = 6 · 1016 cm−2, where EpF is the Ep energy
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Table 2. Energy position of maxima in the photoelectron and ERE spectra for Ge samples implanted with ions

Studied UVPS −dR/dEp(Ep)

system Ebind, eV Interpretation EpF eV EpF − χ, eV Transitions

Ge(111) p-type −0.5 SS 5.9 2.5 SS→ E∗

c

−1.3 4p + SS; Ev1 8.4 5 Ev1 → E∗∗

c

−2.1 4s ; Ev2 11.4 8 Ev1 → E∗

c , Ev3 → E∗∗

c

−3.5 4s + 4p; Ev5 13.4 10 Ev2 → E∗

−4.8 4s Ev4 17.4 13 Ev4 → E∗

21.4 18 Ev5 → E∗

c

Ba+
→ Ge(111) +0.6 E∗

v 5.2 2.8 E∗

v → E∗∗

c

E0 = 0.5 keV −0.7 Ev1 7.5 5.1 Ev2 → E∗∗

c

−2.3 Ev2 , Ba+Ge 10.5 8.1 Ev4 → E∗∗

c , Ev5 → E∗

c

−3.8 Ev3 13.1 10.7 Ev5 → E∗∗

c

−4.5 Ev4 17 14.6 Ev6 → Evac

−6.1 Ev3 , 4s Ge 25 22.6 Ev6 → E∗
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Figure 5. Energy band diagram of Ge(111) implanted with Ba+

ions with E0 = 0.5 keV at D = 6 · 1016 cm−2 .

counted off from Fermi level EF . It is known that

certain minima in the EpF ≤ 25−30 eV region are roughly

coincident with the threshold energy of excitation of surface

(hωs) and bulk (hωv) plasma oscillations and their multiples

(2hωs , 2hωv), while the positions of maxima correspond to

the threshold energy of excitation of transitions between

the maxima of the density of states in valence and

unoccupied bands. In the case of pure Ge, maxima in the

indicated EpF region are observed at energies EpF = 5.9,

8.4, 11.4, 13.4, 17.4, and 21.4 eV, and minima are found

at EpF = 10.2 (~ωs ), 15.6 (~ωv ), and 21 eV (2~ωs ). In the

case of Ge implanted with ions, the values of ~ωs and ~ωv

in the ERE spectrum drop to 9 and 13 eV, respectively,

and a new minimum associated with the excitation of a

bulk plasmon typical of barium emerges at EpF = 6 eV.

The −dR/dEpF(EpF) dependence contains primarily the

maxima of compound [Ge+Ba] (EpF = 7.5, 10, 13.5, 20,

and 25 eV) and barium itself (EpF = 5 eV).

The positions of maxima observed in EDCs of photo-

electrons and curves −dR/dEp(Ep) for pure p-type Ge

and Ge implanted with Ba+ ions with E0 = 0.5 keV at

D = 4 · 1016 cm−2 are given in Table 2. The presumed

types of interband transitions of electrons with their energy

estimated as Ep = EpF − eϕ are also presented there.

The energy band diagram of Ge implanted with Ba+

ions with E0 = 0.5 keV at the saturation dose was plotted

based on Figs. 3 and 4 and Table 1 (Fig. 5). It

was assumed in plotting this diagram that the EDC of

photoelectrons matches completely the density of states of

valence electrons, and the values of interband transitions

observed in the ERE spectrum are equal to the energy

interval between the maxima of occupied (valence band)
and unoccupied (conduction band+ vacuum) states.

Conclusion

Comparative studies of the effects of deposition of Ba

atoms and implantation of Ba+ ions on the composition,

structure, and emission properties of n- and p-type single-

crystalline Ge(111) were carried out. Since the composition

of surface layers does not change appreciably in the process

of adsorption of Ba with θ ≤ 0.6 monolayers, the change

in electronic structure and the increase in coefficients σm

and Y in this θ region are attributable primarily to the

reduction in work function eϕ and the change in the

magnitude of surface band bending. Well-marked features

typical of Ba start emerging in the spectrum at θ = 1

monolayer, and all Ba features become pronounced at θ = 2

monolayers. The EDC of photoelectrons changes signifi-

cantly upon implantation of Ba+ ions with E0 = 0.5 keV at

doses higher than D = 2 · 1015 cm−2. Features typical of

Ba+Ge-type compounds and excess Ba atoms emerge at

D = Dsat = 6 · 1016 cm−2 in the EDC. The band bending

Technical Physics, 2022, Vol. 67, No. 4
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magnitude then drops to zero. The increase in σm and

Y under ion bombardment is more significant than the

corresponding change in the case of deposition of Ba atoms

with θ = 1 monolayer.
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