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Single crystals of the solid solution 50 mol.% AgGaGeS4 + 50 mol.%
AgGaGe3Se8 are studied. Due to a statistical distribution of Ga
and Ge atoms over the relevant crystal lattice sites and the pres-
ence of vacancies at Ag sites, the solid solution exhibits properties
of disordered semiconductors with the maximum density of local-
ized energy states near the middle of the energy gap. The optical
and thermal bandgap energies, as well as their temperature de-
pendences, have been determined (Eg ≈ 2.30 eV at T ≈ 300 K).
AgGaGe2Se4 single crystals are found to be photosensitive p-type
semiconductors with the Fermi level locating near the middle of
the bandgap. The peculiarities in the conductivity of the samples
and the spectral distribution of their photoconductivity have been
examined. A consistent physical model that explains the experi-
mental results has been suggested.

1. Introduction

At present, the single crystals of ternary compounds
AgGaS2 and AgGaSe2 are ones of the most widespread
substances used for the parametric generation of light in
the middle-infrared range. The largest scope of appli-
cation of the parametric crystals includes powerful CO
and CO2 lasers. Tetradic compounds AgGaGeS4 and
AgGaGe3Se8 are analogs of AgGaS2 and AgGaSe2, re-
spectively. They were discovered, while attempting to
improve the parameters of ternary phases by adding ger-
manium dichalcogenides. Besides that their resistance to
the action of laser irradiation is twice as high, the mag-
nitude of birefringence in tetradic compounds is larger,
the transparency region increases, and the melting tem-
perature diminishes, which is favorable for the tech-
nology aimed at fabricating the good-quality crystals.
AgGaGeS4 and AgGaGe3Se8 compounds are isostruc-
tural, and they form a continuous series of solid solutions
[1].

The AgGaGe2S2Se4 phase is a part of this series with
a content of 50 mol.% AgGaGe3Se8. To grow the cor-
responding crystals, we used the Bridgman–Stockbarger
technique. The growth zone temperature in a two-zone
furnace was 1170 K, and that of the annealing zone was

750 K, so that a temperature gradient of 3 K/mm was
created at the crystallization front. The crystal was an-
nealed for 200 h. Afterwards, it was cooled down to
room temperature at a rate of 5 K/h. Single crystals fab-
ricated in such a manner were light-red colored. Their
average dimensions were 35 mm in length and 9 mm in
diameter.

X-ray diffraction researches showed that the crystals
of the AgGaGe2S2Se4 phase belong to spatial group
Fdd2, with lattice parameters a = 1.22746(5) nm, b =
2.3541(1) nm, and c = 0.70539 nm. In this structure,
sulfur and selenium atoms occupy three sixteen-fold po-
sitions 16b in the 1:1 ratio. The same position is occupied
by Ag atoms with a probability of 56.3%. Ga and Ge
atoms statistically occupied two crystallographic posi-
tions, 8a and 16b, with probabilities of 37.5 and 62.5%,
respectively. The statistical distribution of Ga and Ge
atoms over the crystal lattice of the AgGaGe2S2Se4 solid
solution brings about a random fluctuation of the electric
potential and makes the solution closer to a disordered
state [2].

2. Experimental Results and Their Discussion

In this work, we studied some electrical, optical, and
photo-electrical properties of AgGaGe2S2Se4 single crys-
tals grown by us. These single crystals are high-
resistance substances with the dark electric conduc-
tivity σ ≈ 2 × 10−8 Ω−1cm−1 at room temperature
T ≈ 293 K. Low values of thermal e.m.f. coefficient
(α ≈ 10 ÷ 20 µV/K) and σ testify to a deep position
of the Fermi level EF (namely, near the middle of the
energy gap) in solutions with close contributions of elec-
tron and hole components to α [3]:

α =
αpµpp− αnµnn

µpp+ µnn
, (1)

where µp and µn are the mobilities of holes and elec-
trons, respectively, in the bands; p and n are, respec-
tively, the hole and electron concentrations; and αp and
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Fig. 1. (A) Temperature dependence of the electric conductiv-
ity in AgGaGe2S2Se4 single crystals; (B) the distribution of elec-
tron defect states in a disordered semiconductor (the Davies–Mott
model). Ec and Eν are boundary energies that separate localized
and non-local states; l.i.s.b. – localized-impurity-state band

αn are the corresponding partial thermal e.m.f. coef-
ficients. For the majority of semiconductor materials,
µp < µn. Therefore, the small positive value of α testi-
fies to the conductivity of the p-type in AgGaGe2S2Se4,
which may be associated with a certain excess of the hole
concentration in comparison with the electron one.

In Fig. 1, the temperature dependence of the dark elec-
troconductivity, σ(T ), for AgGaGe2S2Se4 single crystals
is shown. As is seen from the figure, in the temperature
intervals denoted as I and II, the function σ(T ) can be
presented as the exponential dependence

σ = σ0 exp
(
−EA

kT

)
, (2)

which is typical of the disordered semiconductors [4].
The activation energy EA for the electric conductivity in
region I (T > 270 K) determined from Eq. (2) is equal
to EAI ≈ (1.14± 0.03) eV.

In defect crystals, owing to the random distribution
of the potential of the electric field induced by a static
distribution of Ga and Ge atoms over sites of the crys-
tal lattice of a solution and by fluctuations in the con-
centration of charged structural defects, there emerge
tails in the density of electron states, which adjoin the
edges of allowed energy bands and create the bands of
localized defect states in the forbidden gap. The density
of states in those bands is so high that the Fermi level
becomes pinned [4] (Fig. 1). The magnitude of preex-
ponential factor σ0 in Eq. (2) turned out to be equal

Fig. 2. Spectra of the optical absorption of light in AgGaGe2S2Se4
single crystals at temperatures of 100 (1), 150 (2), 200 (3), 250 (4),
and 300 K (5)

to σ01 ≈ (5 × 102 ÷ 1 × 103) Ω−1cm−1 at T ≥ 270 K
for various crystals. According to the model of elec-
tron states in disordered systems [4], this fact testifies
to the thermally induced excitation of holes from the
levels close to EF into non-localized states in the va-
lence band. Adopting that the Fermi level lies near the
middle of the energy gap (Fig. 1,B) – as was marked
above, this suggestion follows from the low α-value and
the low conductivity of specimens (compensated) – the
thermal width of the energy gap can be estimated to
equal EgT ≈ 2EAI = (2.28± 0.03) eV.

In low-temperature section II (T < 200 K), the activa-
tion energy of electric conductivity equals EAII ≈ (0.07±
0.03) eV, and the preexponential factor σ0II � σ0I. This
behavior of σ(T ) is typical of the hopping mechanism of
conductivity between the nearest neighbors through the
impurity-defect band, which makes EF fixed. The hop-
ping activation energy, EAII, is close to half the band-
width of the localized defect state band [4].

An important information on the defect state of a
semiconductor is given by researches of the frequency de-
pendence of the absorption coefficient, K(ν), at the fun-
damental absorption edge (FAE). As is seen from Fig. 2,
the dependence K(ν) in the FAE region is described well
by an exponential dependence, which is often referred to
as the Urbach rule [2],

K(ν) ∼ exp
(
−Eg − hν

Δ0

)
. (3)

If dependence (3) is obeyed, this means that the optical
transitions in the FAE region are formed with the partic-
ipation of tails of the density of states (their emergence
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Fig. 3. Temperature-induced variation of the energy gap width in
AgGaGe2S2Se4 single crystals

is associated with the crystal imperfection) adjacent to
the edges of allowed bands [2].

The characteristic energy, which is responsible for the
degree of crystal lattice disordering, when being calcu-
lated from the exponential dependence (3), is equal to
about 0.07 eV (as it takes place in amorphous semicon-
ductors [5]) and does not change within the temperature
interval 77–300 K. Accordingly, the FAE undergoes a
parallel displacement if the specimen temperature varies
(Fig. 2). A large value of Δ0 and its temperature inde-
pendence evidence a considerable presence of defects in
AgGaGe2S2Se4 single crystals, namely, static structural
defects of a technological origin. Assuming the impurity
centers to be single-charged and using the experimen-
tally determined value of Δ0, we applied theoretical for-
mulas presented in work [2] – e.g., Δ0 = 2, 2(nta

3
B)2/5EB

– to evaluate the concentration of single-charged point
defects that are responsible for the smearing of the fun-
damental absorption band. The corresponding obtained
value equaled nt ≈ (1÷ 2)× 1018. While calculating nt,
we took the effective mass of an electron in the conduc-
tion band to equal mc ≈ 0.2m0 (m0 is the free electron
mass), which is valid for many binary chalcogenide semi-
conductors.

AgGaGe2S2Se4 solid solutions belong to single crys-
tals with a deficiency of Ag atoms at the crystal lattice
sites in position 16b, which was mentioned above. As
a result, the solutions contain stoichiometric vacancies
of silver, VAg, the concentration of which, in accordance
with the results of X-ray diffraction studies, amounts to
N ≈ 1020 cm−3. Cation vacancies in chalcogenide com-
pounds play the role of acceptors. For a lot of binary
chalcogenides of group AIIBVI – in particular, these are

solid solutions CdS–CdSe, which are analogs of the solu-
tions under consideration – the energies of cation vacan-
cies are close to the middle-gap energy [6, 7]. If it is true
for single crystals of AgGaGe2S2Se4 solutions, the most
probable hypothesis is that the band of localized states
near the middle of the energy gap in the solution, which
pins EF, is coupled with VAg. The acceptor character of
VAg may probably be responsible for the p-conductivity
in AgGaGe2S2Se4 single crystals and the FAE smearing.

As was indicated above, the magnitude Δ0 ≈ 0.07 eV
is determined by the concentration of single-charged de-
fects, nt ≈ 1018 cm−3, which is lower than the concentra-
tion of stoichiometric vacancies VAg (about 1020 cm−3)
in the solution.

Evidently, not all stoichiometric Ag vacancies play the
role of single-charged acceptors V −Ag. Some of them, by
interacting with various structural defects, which com-
plex semiconductor compounds are rich in, form neutral
complexes, which do not affect the random distribution
of the electric field potential stemming from concentra-
tion fluctuations of charged defects. As an example of
such neutral complexes, donor–acceptor pairs can serve,
in which the acceptor is an Ag vacancy, and the role of
donor is played by a shallow ionized defect, (V −Ag–D

+)0,
or a VAg -aggregate. Such defects can act as centers of
quick recombination, by reducing the photosensitivity of
a substance, as well as centers of light absorption and dis-
persion, which increases the absorption coefficient in the
range of transparency windows for light, the latter be-
ing equal to K ≈ 5÷ 7 cm−1 in the solutions concerned.
Similar phenomena were observed in other chalcogenide
compounds as well [8, 9].

The optical width of the energy gap evaluated from
the energy of quanta hν (for K = 350 cm−1) at the FAE
turned out to equal Eg0 ≈ 2.52 eV at the temperature
T = 77 K and Eg0 ≈ 2.39 eV at T = 300 K, which agrees
with the thermal width EgT ≈ 2.28 eV (T = 300 K)
determined above from the dependence σ(T ).

In Fig. 3, the temperature-induced variations of the
optical width of the energy gap are exhibited. The cal-
culated value for the thermal coefficient of Eg-variation,

β =
Eg77 − Eg300

300− 77
, (4)

amounts to 5.8× 10−4 eV/K, the magnitude being typi-
cal of the majority of semiconductors. The temperature
dependence of the energy gap width in solid solutions
has a linear character in the interval from 77 to 300 K
(Fig. 3),

Eg0 = Eg77 − β(T − 77 K).
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Fig. 4. Photoconductivity of AgGaGe2S2Se4 single crystals at
T = 300 K

In Fig. 4, the spectral distribution of the photocon-
ductivity in AgGaGe2S2Se4 single crystals is depicted.
Here, IT and IΦ are the current values measured in dark
and in light, respectively. A wide photoconductivity
maximum observed in the FAE range evidently corre-
sponds to the intrinsic photoconductivity. The energy
gap width in the solid solution at T = 300 K evalu-
ated from the photoconductivity maximum located at
λm ≈ 0.563 nm agrees well with the optical, Eg0 =
2.39 eV, and thermal, Egt = 2.28 eV, widths obtained
at the same temperature. In its maximum, the elec-
tric conductivity changed by a factor of about two at an
illumination intensity of 100 lx. The low photosensitiv-
ity of AgGaGe2S2Se4 single crystals in comparison with
their binary analogs may probably be associated with
the presence of a high concentration of quick recombina-
tion centers connected, as a rule, with structural defects
in the crystal lattice, which is confirmed by the large
halfwidth (about 230 nm) of the intrinsic photoconduc-
tivity peak (Fig. 4)

3. Conclusions

Hence, AgGaGe2S2Se4 solid solutions belong to defect
semiconductors with a distribution of electron energy
states N(E) that confirms well the Davies–Mott model
with a narrow (Δ ≈ 0.1 eV) maximum of localized states
near the middle of the energy gap (Fig. 1,b). The energy
gap width in the examined solid solution has been de-
termined.

According to the high thermal stability and the
electroconductivity activation energy, E = 1.14 eV,
AgGaGe2S2Se4 crystals are a promising material for
various temperature-sensitive elements and thermistors

intended for functioning at temperatures close to the
room one. Being photosensitive and radiation-resistant,
AgGaGe2S2Se4 crystals can find applications in elec-
tronic and optoelectronic devices that are used in media
with elevated nuclear radiation levels.

1. M.V. Shevchuk, V.V. Atuchin, A.V. Kityk, A.O. Fe-
dorchuk, Y.E. Romanyuk, S. Calus, O.M. Yurchenko, and
O.V. Parasyuk, J. Cryst. Growth 318, 708 (2011).

2. V.L. Bonch-Bruevich, R. Enderlein, B. Esser, R. Keiper,
A.G. Mironov, and I.P. Zvyagin, Elektronentheorie Unge-
ordneter Halbleiter (Deutscher Verlag der Wissenschaften,
Berlin, 1984).

3. L.S. Stilbans, Physics of Semiconductors (Sovetskoe Ra-
dio, Moscow, 1967) (in Russian).

4. N.F. Mott and E.A. Davies, Electronic Processes in Non-
Crystalline Materials (Oxford University Press, Oxford,
1979).

5. N.A. Vainshtein, A.F. Zatsepin, V.S. Kortov, and
Yu.V. Shchapova, Fiz. Tverd. Tela 42, 224 (2000).

6. Physics and Chemistry of AIIBVI Compounds, edited by
S.A. Medvedev (Mir, Moscow, 1970) (in Russian).

7. V.E. Lashkarev, A.V. Lyubchenko, and M.K. Sheinkman,
Nonequilibrium Processes in Photoconductors (Naukova
Dumka, Kyiv, 1981) (in Russian).

8. G.E. Davydyuk, A.P. Tretyak, V.V. Bozhko, V.V. Bu-
latets’kyi, and O.V. Parasyuk, Nauk. Visn. Volyn. Nats.
Univ. Ser. Fiz. Nauky 6, 28 (2010).

9. V.V. Bozhko, L.V. Bulatets’ka, G.E. Davydyuk,
O.V. Parasyuk, V.P. Sachanyuk, and A.P. Tretyak,
Ukr. Fiz. Zh. 55, 208 (2010).

Received 06.09.11.
Translated from Ukrainian by O.I. Voitenko

ЕЛЕКТРИЧНI I ОПТИЧНI ВЛАСТИВОСТI
МОНОКРИСТАЛIВ AgGaGe2S2Se4

Г.Л. Мирончук, Г.Є. Давидюк, О.В. Парасюк, М.В. Шевчук,
О.В. Якимчук, С.П. Данильчук

Р е з ю м е

Дослiджено монокристали твердих розчинiв 50 мол.%
AgGaGeS4 + 50 мол.% AgGaGe3Se8. Внаслiдок статистич-
ного розмiщення у вузлах кристалiчної ґратки атомiв Ga
i Ge, а також наявностi вузлiв не заповнених атомами Ag,
твердi розчини проявляють властивостi невпорядкованих
напiвпровiдникiв з максимальною густиною локалiзованих
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енергетичних станiв бiля середини забороненої зони. Вста-
новлено оптичну i термiчну ширину забороненої зони та їх
температурну залежнiсть (Eg ≈ 2, 30 еВ при T ≈ 300 К).
Монокристали розчину AgGaGe2Se4 виявилися фоточутли-
вими напiвпровiдниками p-типу провiдностi з положенням

рiвня Фермi бiля середини забороненої зони. Дослiджено
особливостi електропровiдностi i спектрального розподiлу фо-
топровiдностi зразкiв розчину. Запропоновано несуперечливу
фiзичну модель, яка дозволяє пояснити експериментально
одержанi результати.
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