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Anomalous composition and temperature dependence of the energy gap
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Lattice constants a and c were measured in the mixed crystals AgGai „In„Se2 for 0 ~x ~1.
They showed a miscibility region from x =0.0 to x =0.4 and from x =0,8 to 1.0, and then im-

miscibility near x =0.6 in the composition dependence of the lattice constants a and c. Also, the

photoconductivity peak energy and the energy gap measured in the composition range from

x =0.0 to 1.0 showed a discontinuity near x =0.6. The temperature coefficient of the photocon-

ductivity peak energy is (1.4—2.8) x 10~ eV/K and that of the energy gap (2.3—3.8) x 10~
eV/K in the temperature range 25—75 K. The sign of the temperature coefficient reverses and

the values are —(2.4—4.1) x 10~ and —(2.4—5.1) && 10~ eV/K, respectively, in the temperature

range 100—300 K.

In recent years, the physical properties of I-III-
VI2-type compounds with the chalcopyrite struc-
ture' ' have attracted considerable interest because
the specific energy band and crystal structure of these
materials make them promising objects in solid-state
physics and semiconductor electronics. In the
present paper, we report some measurements of the
composition dependence of the lattice constants a
and c, the composition and the temperature depen-
dence of the photoconductivity peak energy, and the
energy gap from optical absorption in the mixed crys-
tals AgGa~ „In„Se2 for 0 ~x ~1.

The ingots of AgGai „In„Se2 used in this experi-
ment were prepared for high-purity (99.999%) ele-
ments in powder form. The elements were mixed
and sealed in evacuated quartz tubes at 2 x 10~ Torr.
The tubes were heated at a rate of 40'C per h, up to
890'C, held for 40 h and cooled to room tempera-
ture over 48 h. The crystal structure obtained from
the powder x-ray diffraction was chalcopyrite. The
composition dependence of the lattice constants a
and c measured in AgGaI „In„Se2 crystals is present-
ed in Fig. 1. The lattice constants a and c for x =0
(AgGaSe2) are a =5.9930 A, c = 10.8474 A and for
x =1.0 (AgInSeq), a =6.1027 A, c =11.7122 A. The
lattice constants of mixed crystals AgGaI „In„Se2 are
found to be in good agreement with Shaukat and
Singh's9 experimental data; a =5.9920 A, c =10.8863
A for AgGaSe2 and 6.0913 A, c = 11.7122 A for
AgInSe2. Figure 1 shows the miscibility regions for
x =0.0—0.4 and x =0.8—1.0 and the immiscibility
near x =0.6 which has an undefined other phase that
is probably a different kind of chalcopyrite.

The photoconductivity peak energy and the energy
gap from optical absorption were measured in the
mixed crystals AgGai „In„Se2 for 0 ~x ~1. The
composition dependence of both the photoconductivi-
ty peak energy and the energy gap is presented in Fig.

I 2.0
288K 288K

6.IO

I- I 1.5—
Z
I-
Z0o
o IIOUJ

I-
I-

oQ
0—605 I-
Z

V)
Z0o

6.00 o~

I-
I-

I I I I I I I I I I sos
I.O 08 0.6 0.4 0.2 00 I.O 0.8 0.6 0.402 00

X IN Ag Gal-X XS62

FIG. 1. Composition dependence of the lattice constants
a and c.

2. The energy gap of AgGa~ „In„Se2 increases from
1.24 to 1.78 eV with decreasing x. The energy gap in
the regions x =0.0—0.4 and x =0.8—1.0 varies linear-

ly with x. The discontinuity near x =0.6 is ascribed
to another chalcopyrite phase as in the case of the
lattice constant behavior, Fig. 1.

The temperature dependence of the photoconduc-
tivity peak energy is presented in Fig. 3. The energy
of the photoconductivity peak increases with increas-
ing temperature and the temperature coefficient is
(1.4—2.8) x 10~ eV/K in the temperature range
25—75 K. The energy of the photoconductivity peak
decreases with increasing temperature and the tem-
perature coefficient is —(2.4—4.1) x 10~ eV/K at
100-300 K.

The temperature dependence of the energy gap of
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FIG. 2. Composition dependence of photoconductivity
peak energy and energy gap.

AgGai „In„Seq is shown in Fig. 4. The energy gap
increases with increasing temperature and the tem-
perature coefficient is (2.3—3.6) & 10~ eV/K for the
temperatures 25—75 K. The energy gap decreases
with increasing temperature and the temperature
coefficient is —(2.4—5.1) x 10~ eV/K over the tem-
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FIG. 3. Temperature dependence of photoconductivity
peak energy for x =0.2, 0.4, and 0.8.
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peratures 100—300 K. Horig et al. reported that in
the temperature range 22—296 K the temperature
coefficient of CuGao 5~Ino48Se~ mixed crystals was
—1 x 10 ' eV/K. Yu et al. ' reported that the tem-
perature coefficient for AgGaS~ is 6 x 10 ' eV/K over
the temperatures 4.2—80 K and —1.8 x 10~ eV/K in
the temperature range 80—300 K. From a compar-
ison of our data with the above two and other re-
ports"" it would seem that a small value of the tem-
perature coefficient is a property of both I-III-VIq Ag
and Cu chalcopyrite compounds and the change of
temperature coefficient sign near 75—100 K is a prop-
erty of I-III-VIq Ag chalcopyrite compounds.

The temperature dependence of the energy gap in
semiconductors is caused by the thermal expansion
of the lattice and the electron-phonon interaction.
The thermal expansion represents the positive tem-
perature coefficient' and the electron-phonon in-
teraction has the negative sign. ' Therefore it is con-
sidered that in AgGai „In„Se~ the thermal expansion
is dominant below -75 K and the electron-phonon
interaction above —100 K. However, we cannot
determine the absolute magnitude of each of these
effects, since there are no band-structure calculations
and the temperature dependence of AgGai „In„Se~
lattice constants is not known. We are planning to
remedy the latter situation by carrying out lattice con-
stant measurements at other temperatures.

ACKNOWLEDGMENT

One of us (S.R.H) wishes to thank the Korea Science
and Engineering Foundation for the research scholar-
ship which made it possible to carry out this work.

1.35 I I I I I

0 50 IOO l50 200 250 300
TEMPERATURE(K)

FIG. 4. Temperature dependence of energy gap for x =0.4
and 0.6.
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