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Abstract—Single crystals of the n-Culns;Seg compound of hexagonal modification have been grown by direct
crystallization from melt. On the basis of the experimental study of its thermal interaction with air oxygen, a
method for fabricating new oxide/n-Culns;Seg heterojunctions is proposed. Electrical and photoelectric proper-
ties of the structures obtained have been investigated. It is shown that the interaction of n-Culn;Seg of hexagonal
modification with air oxygen makes it possible to obtain heterojunctions with high photosensitivity. The new
technology can be used in the design of broadband optical radiation converters based on n-CulnsSeg crystals.
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1. INTRODUCTION

The ternary compound Culn;Seg belongs to defect

semiconductors of the A‘BIZI,I1 N 1C;/,£ +2 type and is formed

in the quasibinary Cu,Se—In,Se; cut at n = 2 [1, 2]. Such
semiconductors, as well as their simplest ternary analog
CulnSe, (n = 0), are promising materials for designing
high-efficiency thin-film solar cells with high radiation
resistance. Currently, effective techniques for obtaining
homogeneous crystals of these peculiar semiconductor
phases and photoconversion structures on their basis
are being actively sought [3, 4]. This study continues
this important direction in semiconductor electronics
and is devoted to the development of a new technique
for fabricating heterojunctions based on the little-stud-
ied CulnsSeg compound.

2. EXPERIMENTAL

Culn;Seq single crystals were grown by direct crys-
tallization from melt (vertical Bridgman method). The
starting materials were copper, indium, and selenium
with purity above 99.999%. Taken in the stoichiometric
ratios, the elementary components, in the amount of
~25 g, were loaded into double quartz ampoules with a
tapered bottom. After evacuation of the internal
ampoule to a residual pressure of ~10 Pa, it was
placed into the second quartz ampoule of larger diame-
ter, which was also evacuated. This procedure prevents
the synthesized material from oxidizing in air if the
internal ampoule cracks during crystallization. A quartz
rod (holder) was welded to the bottom of the external
ampoule and attached to a vibrator.
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Initially, the temperature in the furnace was
increased at a rate of ~50 K/h to 1000-1020 K. At these
temperatures, isothermal holding with vibrational stir-
ring was performed for 2 h. Then, at the same rate, the
temperature was increased to 1220-1230 K (without
switching off the vibration) and held steady again for
2 h. Then vibration was switched off and direct crystal-
lization from melt was performed with a decrease in the
furnace temperature at a rate of ~2 K/h to complete
solidification of the melt. To homogenize the ingots
obtained, they were annealed at 1020 K for 150 h. The
single crystals of the CulnsSeg ternary compound
grown under such conditions had a diameter of ~12 mm
and a length of ~40 mm.

The composition of the CulnsSeg single crystals
grown was determined by electron-microprobe X-ray
analysis on a Cameca-SXIOO system.

The homogeneity and structure of the single crystals
grown were analyzed by X-ray diffraction. Diffraction
patterns were recorded on an automatic computer-con-
trolled DRON-3M X-ray diffractometer in Cuk, radia-
tion with a graphite monochromator.

3. RESULTS AND DISCUSSION

The results of the electron-microprobe X-ray analy-
sis showed that the elemental composition of the single
crystals grown corresponds to the formula composi-
tion; i.e., the component ratiois Cu:In:Se=1:5:8.

The diffraction patterns of samples cut from differ-
ent portions of the single crystals grown showed that
the compound under study is crystallized in a hexago-
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Fig. 1. Stationary [-V  characteristic of the

oxide/n-CulnsSeg heterostructure at 7' = 300 K. The for-

ward direction corresponds to the negative polarity of the
external bias on the oxide film.

nal structure. The unit-cell parameters calculated by the
least-squares method using the reflections for which
20 > 60° are a = (4.040 £ 0.005) Aand c = (3275 +
0.01) A. These values are in good agreement with the
data of [5]. The Culn;Seg crystals grown had a pro-
nounced cleavage in the (001) plane, which is indicative
of a layered structure. The (001) odd-order reflections
have low intensity; i.e., we can speak about a substruc-
ture with a doubly dlmlnlshed unit cell (c = 16.38 A). In
the same series, the reflections of the 8th, 10th, 12th,
18th, and 20th orders have high intensity. Thus, the
general character of the structure is roughly outlined: it
is composed of five-layer packets with small differ-
ences in the structure of neighboring packets; these
packets result in the doubled unit-cell parameter c.

It is noteworthy that the hexagonal structures of
CulnsSeg and InSe crystals with the unit-cell parame-
ters a = (4.040 £0.002) A and ¢ = (16.02 +0.005) A are
similar. Indeed, it turns out that the Culn;Seg structure
is an ordered analog of the InSe structure, in which the
positions of eight In atoms are substituted by 1Cu +
5In + 2 vacancies.

To fabricate the photosensitive structures, we used
freshly cleaved mirror (0001) planes of CulnsSeq single
crystals with a thickness of ~(0.1-0.2) mm. Since the
cleaved single crystals had a mirror-smooth surface,
they were not subjected by any additional treatment
before the fabrication of heterojunctions. The proposed
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method for fabricating heterojunctions on the basis of
CulnsSeg single crystals involves the thermal interac-
tion of these crystals with air oxygen. As the experi-
ments show, during the interaction of CulnsSeg wafers
with air oxygen, homogeneous interference layers are
formed on their surface; they have a light gray color in
the integral light of an incandescent lamp. The thick-
ness and, respectively, color of the CulnsSeg layers
formed on substrates can be changed by varying the
temperature and time of heat treatment. During heat
treatment in evacuated ampoules, the appearance of the
cleaved surface did not change. This fact indicates that
the changes occurring on the surface of the CulnsSeg
wafers are caused by their interaction with air oxygen.

As the first investigations showed, the layers formed
in the thin surface region of n-CulnsSeg wafers also had
n-type conductivity and their resistance was several
orders of magnitude lower than that of the surface lay-
ers in the initial state. It should be noted that the resis-
tance of layers almost does not change in the tempera-
ture range T = 80—400 K. We can suggest that heat treat-
ment of the n-CulnsSeg wafers in air is accompanied by
the formation of thin (d = 1 um) layers of native oxide
in their surface regions. Since there are three compo-
nents taken in a certain relation (n = 2) in the initial
state of the semiconductor wafers, and the environment
has a fairly complex composition, it is necessary to
continue study of the detailed mechanism of interaction
of Culns;Seg with the environment. Undeniably, the
main result obtained is that this interaction leads to the
formation of interference oxide layers in the surface
layer of the ternary compound wafers. We suggest that
the obtained contact between CulnsSeg and the oxide
layer may provide for the formation of new photosensi-
tive structures.

Measurement of the stationary current—voltage
(I-V) characteristics of the isotype oxide/n-CulnsSeg
heterostructures obtained by us for the first time
showed pronounced rectification. At bias voltages |U| =
1-2 V, the rectification ratio in the best structures is
small and reaches a value of ~5, which is characteristic
of many isotype heterojunctions [6].

Figure 1 shows the /-V characteristic that is typical
for the oxide/n-CulnsSeg heterojunctions obtained. The
forward direction corresponds to the negative polarity
of the external bias on the oxide layer. With an increase
in the voltage U > 0.6 V in the forward direction, the
dark current in all heterojunctions obtained follows the
linear law:

ey

where the cutoff voltage U, = 0.4 V, and the residual
resistance R, = 20-25 Q at 7' = 300 K. In the range of
forward and reverse biases |U|] = 2.5 V, the current
through such heterojunctions follows the power law I o< UY
with the exponent y = 1.0-1.1. Such behavior can be
determined by the tunneling of charge carriers or cur-
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rents limited by the space charge in the mode of carrier
velocity saturation [7, 8]. Apparently, the observed
large values of reverse currents and their increase with
bias (Fig. 1) are related to peripheral defects in the het-
erojunctions obtained, arising as a result of wafer split-
ting in the (0001) plane.

When an oxide/n-CulnsSeg heterojunction is exposed
to unpolarized light, the photovoltaic effect arises and
the oxide layer always has a negative charge. The pho-
tosensitivity of the heterojunctions obtained is higher
when they are illuminated from the side of the oxide

layer, and their maximum photovoltaic sensitivity S7; is

more than two orders of magnitude higher than the cor-
responding value for the In/n-CulnsSeg structures
obtained by us previously on the same starting crystals
(see table). This circumstance characterizes the new pro-
posed method for fabricating light converters on the basis
of CulnsSeg single crystals as the most effective to date.

In Fig. 2, the spectral dependences of the relative
quantum photoconversion efficiency n(®) in the range
of photon energies Zw = 1.0-2.5 eV for the oxide/n-
Culn;Se; heterojunctions obtained by oxidation (curve /)
and surface-barrier In/n-CulnsSeg (curve 2) structures
are compared. The structures under comparison were
formed on the same initial CulnsSeg crystal. This com-
parison shows that the photosensitivity spectra of such
different types of structures are almost identical.
Indeed, the spectral position of the region of maximum
photosensitivity (AZ®™) and the bandwidth at half max-

1M, arb. units
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Fig. 2. Spectral dependences of the relative quantum photo-
conversion efficiency of the (/) oxide/n-CulnsSeg and
(2) In/CulnsSeg structures at 7= 300 K. To exclude overlap,
spectra / and 2 are shifted along the ordinate axis.
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Photoelectric properties of the structures based on CulnsSeg
crystals at 300 K

m m ind d
Type of structure | SU- M‘$ ’ 61{}’ Eg .| Eg,
viw | ¢ © eV | eV
Oxide/n-CulnsSeg | 580 |1.1-1.2 | 0.78 | 0.79 | 0.92
In/CulnsSeg 1 |1.1-1.25| 0.78 | 0.79 | 0.93

imum 9,,, in these structures almost coincide (table,
Fig. 2). Analysis of the long-wavelength edge n(f®)
within the theory of fundamental absorption (Fig. 3)
[9, 10] shows that the interband absorption and the

band gap values for indirect (Eigd) and direct (EdG)
transitions in CulnsSeg crystals are insensitive to their
thermal oxidation (table, Fig. 3).

Thus, a new method for fabricating photosensitive
oxide/CulnsSe; heterojunctions has been developed
and the first photosensitivity spectra of these hetero-
junctions has been obtained for the first time in a wide
range of incident photon energies (0.8-2.5 eV). It is
established that the complex thermal interaction of the
ternary chalcogenide CulnsSe; with environment
makes it possible to fabricate heterojunctions with the
highest (for this semiconductor) photosensitivity, while
the band gap value satisfies the condition of maximum
efficiency of solar radiation conversion [11]. Therefore,
the method proposed for fabricating heterojunctions

MAw)> (n#im)?, arb. units

T 08 10 12
fio, eV

Fig. 3. Dependences (I, 3) (T]f’w))ll2 = flhw) and (2, 4)
(Mhw)? = fihw) for the (I, 2) In/CulnsSeg and (3, 4)
oxide/n-CulnsSeg structures at 7 = 300 K.
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based on the new ternary chalcogenide CulnsSeg can
find application in broadband photoconverters.
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