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The results of theoretical and experimental studies of oxygen and water adsorption effect on thermoelectric 
work function for GeS single crystals are presented. Surface bending of the energy bands under oxygen 
and water molecules adsorption has been determined in terms of the theoretical approach developed by 
W.A. Harrison based on LCAO and pseudopotential methods. Calculated values of surface bending of the 
energy bands under oxygen and water adsorption for GeS single crystals are in quantitative agreement 
with experimental values for thermoelectric work function changes obtained from the measurements of 
contact potential difference. 

 

INTRODUCTION 

The steady interest to the investigation of 
AIVBVI narrow-band-gap semiconductors during last 
decades is due to the specific optoelectronic proper-
ties of these materials allowing their use in crystal-
line, glassy, colloidal nanostructure forms for optical 
data recording and storage, sensors, switching de-
vices, etc. [1, 2]. In recent years intensive theoretical 
works on the effect of adsorption on the surface con-
ductivity and work function for the semiconductor 
substrates are carried out (see, e.g., [3] and references 
therein). This interest is determined by the increased 
attention to the development of sensor electronic de-
vices. The lack of experimental data for verification 
of different theoretical models is mentioned by many 
authors. Germanium sulphide attracts special atten-
tion being in the intermediate state between a true 
layered structure and a three-dimensional one [2]. 
The present work is intended to clarify the effect of 
ambient gases adsorption on the band gap structure 
for germanium sulphide layered single crystals. 

COMPUTATION 

The procedure of simulation of the energy 
bands and electronic states in the band gap was based 
on the combination of tight-binding and pseudopo-
tential picture proposed by W.A. Harrison [4] and 
developed by us for binary chalcogenides [5, 6]. The 
energy values have been determined in the centre of 
the Brillouin zone. When constructing the energy 

band diagrams, we used the atomic terms within Har-
tree-Fock approximation and intra-atomic Coulomb 
repulsion energies. The surface bending of the energy 
band was calculated as a difference between the en-
ergy of surface states before reconstruction and the 
Fermi level. Fermi level was determined with ac-
count of position of the levels formed by homopolar 
bonds, non-bonding and hybrid orbitals according to 
the procedure described in Ref. [7]. 

The energy positions of valence band maximum 
(Ev) and conduction band minimum (Ec) for GeS 
were determined using the universal tight-binding 
parameters from the expressions: 
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where ∆Epd is the upward shift of the valence band 
due to pd-coupling in terms of the lowest order per-
turbation theory: 
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In these equations εs, εp, and εd are Hartree-Fock 
terms, rp and rd are p- and d-state radii [4, 8]; the me-
tallic bond energy V1 = (εs - εp)/4, covalent bond en-
ergy V2 = 2.96ℏ2/md2 [9] and energy of polar bond 

V3 = (εp
Ge–εp

S)/2; ℏ is Planck’s constant divided by 

2π, m is the electron mass, d is interatomic distance. 
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The values for the intra-atomic Coulomb repulsion 
energy, U, and spin-orbit splitting, ∆Es-o, were deter-
mined as mean value for two components [10]. 

Changes in the Fermi level, EF, and work func-
tion, ∆Φ, under adsorption of oxygen and water were 
calculated following the equations 
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In the simulation of surface electronic structure 
under adsorption of oxygen and water molecules we 
have accounted for the interatomic distances and dif-
ferent state types reported in [11, 12, etc]. 

EXPERIMENTAL 

The starting GeS material was synthesized in 
sealed to 133 Pa silica ampoules by melting high-
purity (5N) Ge and S components [13]. Germanium 
sulphide single crystals were grown by Bridgman-
Stockbarger technique in vertical two-zone fur-
nace at a temperature gradient in the growth zone 
of 3–5 K/mm and a pulling rate of 0.12–0.18 mm/h. 
The studies of the oxygen and water molecules ad-
sorption effect on the crystal properties were con-
ducted by means of the device providing specified 
pressure of adsorbing substances. Thermoelectric 
work function was determined from the measure-
ments of the contact potential difference. Reference 
electrode was made of gold. All the measurements 
were conducted at 300 K. 

RESULTS AND DISCUSSION 

Calculated energy parameters for GeS single 
crystals and for O2 and H2O molecules are given in 
Table 1 and Table 2, respectively. Fig. 1 illustrates 
energy bands formation from Ge 4p and S 3p atomic 
terms via antibonding, σ*, and bonding, σ, states for 
GeS with account of spin-orbit splitting and 
pd-coupling. Fermi level is fixed between Ge sp3 
hybrid and Ge 4p/S 3p levels. It is assumed that 
Fermi level for O2 and H2O molecules is formed by 
the shift of O 2p and H 1s/O 2p hybrid levels for the 
respective U/2 values (see, Table 1). 

Table 1. Interatomic distance and energy parameters 
for GeS single crystals 

 d, 
nm 

V1, 
eV 

V2, 
eV 

V3, 
eV 

U/2, 
eV 

∆Es-o, 
eV 

∆Epd, 
eV 

GeS 0.286 2.53 2.77 2.14 4.24 0.06 0.08 

Table 2. Interatomic distance, energy parameters, 
theoretic (∆Φtheory) and experimental (∆Φexp) 
values of work function shift for oxygen and 
water molecules 

 d, 
nm 

V2, 
eV 

V3, 
eV 

U/2, 
eV 

EF, 
eV 

∆Φtheory, 
eV 

∆Φexp, 
eV 

O2 0.120 6.77 – 7.23 9.54 0.16 0.12 

H2O 0.153 4.00 1.59 6.02 9.17 -0.21 -0.25 
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Fig. 1. Illustration of the energy bands formation from 

the atomic terms for GeS and Fermi level for-
mation for O2 and H2O molecules 

Fig. 2 shows electronic states in the band gap of 
GeS single crystals attributed to the intrinsic defects, 
possible band-to-band transitions, and Fermi level in 
GeS single crystal. Numbers in parentheses are given 
for the comparison of the calculated energy values 
with the experimental data on electroreflectance and 
photoluminescence in GeS single crystals presented 
in Ref. [14]. Close quantitative agreement of the cal-
culated gap states with experimental data is seen. 
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Fig. 2. Electronic levels, band-to-band transitions, 

Fermi level in GeS single crystal 

Oxygen and water adsorption effect on the en-
ergy bands for the surface of GeS single crystal is 
shown in Fig. 3 a, b, respectively. Dotted lines corre-
spond for the perfect GeS surface. 

Calculated values for the electronic states of 
GeS and energy positions of the states attributed to 
oxygen and water molecules in the band gap suggest 
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that adsorption of the oxygen decreases the work 
function and thus, increases the conductivity, when 
water adsorption tend to increase the work function 
and to respective decrease in conductivity. 
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Fig. 3. Energy band diagram under oxygen (a) and 
water (b) adsorption for GeS surface 

For the verification of theoretical results ob-
tained within the proposed procedure we have 
conducted the experiments on oxygen and water 
adsorption effect on conductivity and thermoelec-
tric work function for GeS single crystals. Similar 
behaviour for both dark current and work func-
tion under oxygen and water adsorption was ob-
served. Opposite sign changes in thermoelectric 
work function with pressure under oxygen 
(curve 1) and water (curve 2) adsorption is shown 
in Fig. 4a for GeS single crystals. Work function 
increases with pressure up to ~5·103 Pa and than 
is kept stable. Fig. 4b shows the kinetics of work 
function changes under oxygen (curve 1) and wa-
ter adsorption at a pressure of 1.3·103 Pa (curve 2) 
for GeS single crystals. 

It is assumed that the increase observed in 
conductivity and work function and their time 
dependences for the investigated single crystals 
under chemisorption of oxygen takes place via strong 
acceptor-type bonding. The decrease in conductiv-
ity and work function along with their kinetics un-
der water adsorption indicate that its chemisorption 
takes place via strong donor-type bonding. 
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Fig. 4. Thermoelectric work function changes versus 
pressure (a) and versus time at a pressure of 
1.3·103 Pa (b) for GeS single crystals under 
oxygen (curve 1) and water (curve 2) adsorption 

CONCLUSIONS 

Surface bending of the energy bands under 
oxygen and water adsorption has been calculated 
within modified theoretical approach developed 
by W.A. Harrison. The thermoelectric work func-
tion for GeS single crystals under oxygen and 
water adsorption has been measured by contact 
potential difference. Opposite sign effect of oxy-
gen and water molecules adsorption on the sur-
face bending of the energy bands and thermoelec-
tric work function for GeS single crystals has 
been found. A quantitative agreement has been 
revealed between the calculated values of the sur-
face bending of energy bands and the experimen-
tal work function values for GeS single crystals 
under oxygen and water molecules adsorption. 
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Вплив адсорбції кисню і води на термоелектричну роботу виходу монокристалів GeS 
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Представлено результати теоретичних та експериментальних досліджень впливу адсорбції молекул кисню 
та води на термоелектричну роботу виходу монокристалів GeS. Поверхневий вигин енергетичних зон при 
адсорбції кисню та води визначався в рамках теоретичного підходу, розробленого У.А. Харрісоном на основі 
методів ЛКАО та псевдопотенціалу. Розраховані значення поверхневого вигину енергетичних зон при адсорбції 
молекул кисню та води для монокристалів GeS кількісно узгоджуються з експериментальними значеннями 
зміни термоелектричної роботи виходу, одержаними з вимірів контактної різниці потенціалів. 

 
Влияние адсорбции кислорода и воды на термоэлектрическую работу выхода  

монокристаллов GeS 
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Приведены результаты теоретических и экспериментальных исследований влияния адсорбции молекул 
кислорода и воды на термоэлектрическую работу выхода монокристаллов GeS. Поверхностный изгиб 
энергетических зон при адсорбции молекул кислорода и воды определялся в рамках теоретического подхода, 
разработанного У.А. Харрисоном на основе методов ЛКАО и псевдопотенциала. Рассчитанные величины 
поверхностного изгиба энергетических зон при адсорбции молекул кислорода и воды для монокристаллов 
GeS количественно согласовываются с экспериментальными значениями изменения термоэлектрической 
работы выхода, полученными из измерений контактной разности потенциалов. 


