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Single crystals of the solid solution 50 mol.% AgGaGeS4 + 50 mol.%
AgGaGesSeg 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 (Eg4 =~ 2.30 ¢V at T' = 300 K).

AgGaGeaSey 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
AgGaSs and AgGaSes 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 COy lasers. Tetradic compounds AgGaGeS,; and
AgGaGezSeg are analogs of AgGaS,; and AgGaSes, 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.
AgGaGeS,; and AgGaGesSeg compounds are isostruc-
tural, and they form a continuous series of solid solutions
[1].

The AgGaGeaSoSey phase is a part of this series with
a content of 50 mol.% AgGaGezSes. 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
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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 AgGaGeySsSes phase belong to spatial group
Fdd2, with lattice parameters a = 1.22746(5) nm, b =
2.3541(1) nm, and ¢ = 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 AgGaGe;S2Sey 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 AgGaGeaSaSey single crys-
tals grown by us. These single crystals are high-
resistance substances with the dark electric conduc-
tivity 0 ~ 2 x 107® Q7 lem™! at room temperature
T ~ 293 K. Low values of thermal e.m.f. coefficient
(v = 10 + 20 pV/K) and o testify to a deep position
of the Fermi level Er (namely, near the middle of the
energy gap) in solutions with close contributions of elec-
tron and hole components to « [3]:

o= Qppp — CnfinT (1)
HpP + tnnt

where p,, and p, are the mobilities of holes and elec-
trons, respectively, in the bands; p and n are, respec-
tively, the hole and electron concentrations; and «;, and
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Fig. 1. (A) Temperature dependence of the electric conductiv-
ity in AgGaGe2S2Ses single crystals; (B) the distribution of elec-
tron defect states in a disordered semiconductor (the Davies—Mott
model). E. and E, are boundary energies that separate localized
and non-local states; 1.i.s.b. — localized-impurity-state band

an are the corresponding partial thermal e.m.f. coef-
ficients. For the majority of semiconductor materials,
tp < fn. Therefore, the small positive value of a testi-
fies to the conductivity of the p-type in AgGaGeaSoSey,
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, o(T'), for AgGaGesSaSey single crystals
is shown. As is seen from the figure, in the temperature
intervals denoted as I and II, the function o(T") can be
presented as the exponential dependence

E
0 = 0gexp (_k;) , (2)

which is typical of the disordered semiconductors [4].
The activation energy E 4 for the electric conductivity in
region I (T" > 270 K) determined from Eq. (2) is equal
to Far =~ (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 op in Eq. (2) turned out to be equal
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Fig. 2. Spectra of the optical absorption of light in AgGaGeaS2Ses
single crystals at temperatures of 100 (1), 150 (2), 200 (3), 250 (4),
and 300 K (5)

to oo1 ~ (5 x 102+ 1 x 10%) Q7 lem™! 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 a-value and
the low conductivity of specimens (compensated) — the
thermal width of the energy gap can be estimated to
equal Egr ~ 2E 41 = (2.28 £0.03) eV.

In low-temperature section II (7' < 200 K), the activa-
tion energy of electric conductivity equals Earp & (0.07+
0.03) eV, and the preexponential factor ooir < ogr. This
behavior of o(T) is typical of the hopping mechanism of
conductivity between the nearest neighbors through the
impurity-defect band, which makes Fr fixed. The hop-
ping activation energy, Far, 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 (v), at the fun-
damental absorption edge (FAE). As is seen from Fig. 2,
the dependence K (v) in the FAE region is described well
by an exponential dependence, which is often referred to
as the Urbach rule [2],

E,—h
K(v) ~ exp (—gAOV) . (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
AgGaGezSa2Sey single crystals
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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 €V (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 Ay and its temperature inde-
pendence evidence a considerable presence of defects in
AgGaGeyS2Sey 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 A, we applied theoretical for-
mulas presented in work [2] —e.g., Ag = 2,2(nsa%)?/°Ep
— 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 ny ~ (1 +2) x 10'8. While calculating ny,
we took the effective mass of an electron in the conduc-
tion band to equal m. & 0.2mg (my is the free electron
mass), which is valid for many binary chalcogenide semi-
conductors.

AgGaGeyS5Se, 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, Va,, the concentration of which, in accordance
with the results of X-ray diffraction studies, amounts to
N ~ 10%° cm~3. Cation vacancies in chalcogenide com-
pounds play the role of acceptors. For a lot of binary
chalcogenides of group ATBV! — in particular, these are

1052

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 AgGaGesSaSey 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 Va,. The acceptor character of
Vag may probably be responsible for the p-conductivity
in AgGaGeyS2Sey single crystals and the FAE smearing.

As was indicated above, the magnitude Ay = 0.07 eV
is determined by the concentration of single-charged de-
fects, ny ~ 10'® em ™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 Vag: 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, (X/A;fD“‘)O7
or a Va, -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 ™! 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 hv (for K = 350 cm™1!) at the FAE
turned out to equal Ego =~ 2.52 eV at the temperature
T=77Kand Eg ~ 2.39eV at T = 300 K, which agrees
with the thermal width E,r ~ 2.28 ¢V (T' = 300 K)
determined above from the dependence o(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 coeflicient of £ -variation,

Ey77 — Eg300
_ —Zgrr  —g°u0u 4
s 300 —77 (4)

amounts to 5.8 x 1074 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),

Ey = Egr7 — B(T — 77 K).
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Fig. 4. Photoconductivity of AgGaGe2SaSes single crystals at
T =300 K

In Fig. 4, the spectral distribution of the photocon-
ductivity in AgGaGesSoSe, single crystals is depicted.
Here, It and Ig 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
Am /= 0.563 nm agrees well with the optical, Fy, =
2.39 eV, and thermal, Ey = 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 Ix. The low photosensitiv-
ity of AgGaGesS2Sey 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, AgGaGeyS3Sey solid solutions belong to defect
semiconductors with a distribution of electron energy
states N(F) that confirms well the Davies-Mott model
with a narrow (A & 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, £ = 1.14 eV,
AgGaGeySsSey crystals are a promising material for
various temperature-sensitive elements and thermistors
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intended for functioning at temperatures close to the
room one. Being photosensitive and radiation-resistant,
AgGaGeySySey crystals can find applications in elec-
tronic and optoelectronic devices that are used in media
with elevated nuclear radiation levels.
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EJIJEKTPUYHI I OIITUYHI BJIACTUBOCTI
MOHOKPUCTAJIIB AgGaGeaSaSeq

I'JI. Muponuyx, I.€. Jlasudiok, O.B. Ilapaciox, M.B. Illesuyx,
O.B. Axumuyx, C.II. Jarnusrvuyx

Peszowme

Iocinzxeno pozunnis 50 wmon.%
AgGaGeSy + 50 mon.% AgGaGeszSeg. Bmacmimok crarucTud-

HOIO PO3MIIEHHsI y By3Jlax KPHUCTaJIi4HOI r'paTku aroMmiB Ga

MOHOKPHUCTAJINA TBEpAUX

i Ge, a Tako)X HAsBHOCTI By3JIiB He 3allOBHEHHX aroMamu Ag,
TBEPZi PO3YMHU IIPOSABJISIOTH BJIACTHUBOCTIL

HaHiBHpOBiLI\HI/IKiB 3 MaKCHUMaJIbHOIO TYyCTHUHOIO JIOKAJII30BAHUX

HEBIIOPSITKOBAHNUX
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€HEPreTUYHUX CTaHiB Oijisg cepemuuu 3abopoHeHOl 30HU. Bcra-
HOBJIGHO ONTHYHY 1 TepMidHy MHMPHHY 3a00POHEHOI 30HU Ta IX
TemneparypHy 3anexsicts (Eg &~ 2,30 eB npu T = 300 K).
Monokpucraiu posunHy AgGaGesSeq BusBUIMCA (HOTOUYTIIU-
BUMH HAIliBIPOBIJHUKAMHU p-THUILYy IIPOBIIHOCTI 3 IIOJIO?KEHHAM
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piBus @epwmi 6inst cepenuuu 3abopoHenHol 3ouu. JlociigzkeHo
0COBJIMBOCTI €JIEKTPOIIPOBITHOCTI 1 CIIEKTPAJIBLHOTO PO3MOALTY ho-
TONPOBIIHOCTI 3pa3KiB PO3YnHY. 3aIPOIOHOBAHO HECYIIEPEUIUBY
GdizuuHy MoOnesb, sKa HO3BOJISE IOSCHUTH €KCIEPUMEHTAILHO
oeprKaHi pe3yIbTaTH.
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