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Peculiarities of Photoelectron Spectra of Ge Implanted with Na+ Ions
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Using the methods of Auger electron and photoelectron spectroscopy and light absorption spectroscopy, the

composition, densities of state of electrons in the valence band, and parameters of the energy bands of Ge (111)
implanted with Na+ ions with an energy of E0 = 0.5 keV at a dose of Dsat = 6 · 1016 cm−2 and a thin layer of

NaGe2 obtained by annealing ion-implanted Ge. It is shown that a narrow n-type band (∼ 0.2 eV) appears in the

Ge valence electron spectrum after ion implantation near the bottom of the conduction band, which is explained

by the presence of a large number of unbound Na atoms in the ion-implanted layer. NaGe2 nanofilms with a band

gap of ∼ 0.45 eV was obtained for the first time by annealing ion-implanted Ge.
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Germanium nanostructures have potential applications

for electronic flash memories [1,2] and light emitters in

visible [3] and near-infrared [4] ranges, making this indirect-

gap semiconductor attractive for novel electronic and optical

devices. Compared to bulk Ge, nanocrystals exhibit a

tunable emission wavelength [5] and increased oscillator

strength due to the quantum confinement of excitons.

The composition, structure, and photovoltaic and optical

properties of nanoscale systems based on Ge nanofilms and

quantum dots produced by molecular beam epitaxy [1,6,7],
thermal deposition [8,9], and ion implantation [10–13] have
already been studied thoroughly. Specifically, the feasibility

of production of a plasmonic composite Ag:GeSi material

on a c-Si substrate under sequential high-dose implantation

of Ge+ and Ag+ ions has been examined for the first time

in [11]. The implantation with Ge+ ions is accompanied by

amorphization of the Si layer surface with the formation of a

fine-grain composite GeSi layer. It was demonstrated in [8]
that the bandgap width of nanocomposite Ge films may

be adjusted in a controlled manner without any additional

processing (annealing, irradiation, etc.) by varying the

percentage ratio of amorphous and crystalline phases in

these films, which is done by setting a specific film

fabrication regime.

The electronic structure and physical properties of

nanoscale MeSi2-type structures produced in Si by ion

implantation [14–18] and molecular beam epitaxy [19] are

also characterized well at this point. However, results

of experimental studies into the influence of low-energy

implantation of ions of active metals on the composition,

the densities of states of valence electrons, and the band

parameters of Ge are still lacking.

The present study is focused on the process of production

and on the electronic and crystal structure of nanoscale

NaGe2 objects formed on a Ge surface by Na+ ion

implantation with subsequent annealing.

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. Prior to ion bombardment, the surface of Ge

was degassed at T = 1000K for 4−5 h in combination with

short-term annealing to T = 1200K in vacuum no worse

than 10−7 Pa.

Na+ ions with energies ranging from 0.5 to 5 keV at

saturation dose D = Dsat = (6−8) · 1016 cm−2 were used

for implantation. Nickel boats filled with sodium chromates

served as sources of sodium. Sodium vapor was produced

when these nickel boats were heated, and a certain fraction

of it reached the surface of a hot tungsten spiral and became

ionized. The main study was carried out at E0 = 0.5 keV.

Auger electron spectroscopy (AES), ultraviolet photoelec-
tron spectroscopy (UVPS), and measurements of the inten-

sity of light transmitted through a sample (light absorption
spectroscopy) were performed. Photon energy hν varied

within the 0.2−1.5 eV range (λ ≈ 6200−800 nm). The

depth (h) distribution profiles of atoms were determined

by AES in combination with layer-by-layer etching of the

surface by Ar+ ions with E0 = 2 keV under an angle of

5−10◦ to the sample surface. The depth of AES and UVPS

analysis is ∼ 5−10 Å.

The spectra (energy distribution curves, EDCs) of photo-

electrons of
”
pristine“ p- and n-type Ge samples obtained at

hν = 10.8 eV are shown in Fig. 1. Electron binding energy

Eb was measured from valence band top Ev . The positions

of Fermi level EF were determined relative to the Fermi

level of pure Pd mounted within the target assembly. It

follows from Fig. 1 that these curves have a well-pronounced

structure. They represent approximately the distribution

of density of states of valence-band electrons. The main
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Figure 1. Normalized energy distribution of photoelectrons for

Ge single crystals. 1 — p-type, 2 — n-type. hν = 10.8 eV. SS —
surface states.

Table 1. 8, ϕ Eg , and χ values (in eV) for p- and n-type Ge

Parameter
Ge(111)

p-type n-type

8 5.3 5.1

ϕ 5.0 4.8

Eg 0.7 0.7

χ 4.6 4.4

No t e. Parameters of energy bands were determined with an error of

∼ 0.05 eV.

features for both p- and n-type Ge may be associated with

the excitation of electrons from 4s , 4p, and hybridized

4s and 4p states of valence electrons of Ge. The feature

within at Eb = 0−0.5 eV is attributable to the process of

photoemission of electrons from surface states. These

spectra were used to determine the main parameters of

energy bands, which are listed in Table 1 (8 = Ev is the

photoelectric work function, ϕ = EF is the thermionic work

function, Eg is the bandgap width, and χ is the electron

affinity). The value of 8 was calculated as 8 = hν−1E ,
where 1E is the total EDC width of photoelectrons.

Figure 2 shows the EDCs of photoelectrons for face

(111) of p-type Ge implanted with Na ions with energy

E0 = 0.5 keV at D = 6 · 1016 cm−2 before and after anneal-

ing. It is evident that ion implantation induces significant

changes in the structure and shape of the spectrum. These

changes are related primarily to disordering of surface layers,

the formation of nonstoichiometric NaxGey germanides, and

the presence of unbound Na and Ge atoms. The area

under the EDC (i.e., the quantum yield of photoelectrons)
increases by a factor of almost two as a result, and well-

marked features at energies Eb = −5.9, −4.3, −2.9, −1.2,

−0.3, and +0.4 eV relative to the valence band top emerge

in dependence N(E). The obtained spectra suggest that the

detected peak at Eb = −5.9 eV corresponds to germanium,

while the peak at −0.3 eV is related to unbound sodium

atoms. Maxima in the Ge bandgap with Eb = 0.4 eV

are also attributable to the presence of excess Na atoms,

which leads to the formation of a narrow n-type band near

the conduction band bottom (Ec) of germanium. All the

remaining peaks (−4.3, −2.9, and −1.2 eV) correspond

to nonstoichiometric sodium germanide. The majority

(60−70%) of sodium atoms form chemical compounds

with matrix atoms. Following 30−40min of annealing at

T = 800K, almost all Na atoms form chemical bonds with

Ge atoms, and a NaGe2-type germanide with a thickness of

25−30 Å is produced. Intense peaks with Eb = −1, −3.2,

and −5.1 eV and features in the region of −1.8 eV emerge

in the process in EDCs of photoelectrons, while the peak

associated with the impurity band vanishes. The probable

interpretation of peaks is indicated next to curves.

Figure 3 presents the dependences of relative intensity of

light transmitted through the sample (absorption spectrum)
on photon energy hν within the 0.2−1.0 eV interval for Ge

and Ge with a NaGe2 film. It can be seen that intensity

I(hν) for Ge (111) remains virtually unchanged through

to hν = 0.6 eV, but then drops rapidly to zero within the

hν = 0.6−0.8 eV interval. Extrapolating this section of

the curve to axis hν , one obtains an estimate of Eg . In

the case of a NaGe2 film, I decreases rapidly within the

hν = 0.4−0.5 eV interval. It can be seen from Fig. 3 that

Eg assumes a value of 0.71 eV for Ge (111) and 0.45 eV for

NaGe2. The I(hν) spectrum also provides an opportunity to

estimate light reflection coefficient R = 1−I . The value of
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Figure 2. EDCs of photoelectrons for
”
pristine“ Ge (1)

and Ge (111) implanted with Na+ ions with E0 = 0.5 keV

at D = 6 · 1016 cm−2 before (2) and after annealing at

T = 800K (3).
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Figure 3. Dependences of light intensity I transmitted through

the sample on photon energy hν . 1 — Ge (111), 2 — NaGe2/Ge

film.

Table 2. Values of the main parameters (in eV) of the band

structure of Ge (111) implanted with Na+ ions with E0 = 0.5 keV

at D = 6 · 1016 cm−2 before and after annealing

Parameter Ge
Na+

→Ge

T = 300K T = 850K

8 5.1 2.4 3.85

ϕ 4.7 2.4 3.8

χ 4 2.4 3.4

Eg 0.7 0 0.45

No t e. Parameters of energy bands were determined with an error of

∼ 0.05 eV.

I is taken from the straight-line section of I(hν). It can be

seen that RGe = 0.22 and RNaGe2 = 0.26.

The main macroscopic parameters of
”
pristine“ and ion-

implanted Ge were determined by analyzing these spectra

(Table 2). It follows from Table 2 that the emergence of

a narrow n-type band near Ec in ion-implanted Ge results

in a reduction in the averaged value of Eg , which drops

to ∼ 0.2 eV. The properties of near-surface layers become

closer to the characteristic of metals. A p-type narrow-band

NaGe2 semiconductor with bandgap width Eg = 0.45 eV

forms after annealing.

Thus, the effect of Na+ ion implantation and subsequent

annealing on the composition and the electronic structure of

surface layers of single-crystal Ge (111) has been examined

for the first time. It was demonstrated that approximately

60−70 at.% of sodium form various compounds with Ge

atoms in the process of ion implantation, while the rest of

Na atoms remain unbound, leading to
”
metallization“ of ion-

implanted layers. A uniform highly stoichiometric NaGe2
film with a thickness of ∼ 25−30 Å formed after annealing

at T = 800K. The energy-band parameters and densities of

states of valence electrons of NaGe2 nanofilms have been

determined for the first time.
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