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The surfaces of the grown p-InSe and n-SnS2.Se: layered crystals were studied by means of atomic
force microscopy. By the method of optical contact we have created p-InSe — n-SnSz..Sex heterojunctions
and investigated their spectral and current-voltage characteristics.
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1. INTRODUCTION

Solid solutions based on porous SnSz — SnSe2 crys-
tals [1] allow to smoothly change the bad gap during
the transition from one compound to another, and, so,
photosensitivity band on their basis can be changed
within a wide range. To this end, SnS2..Se: (0<x<1, x
defines the composition of SnS2 — SnSe: solid solutions)
crystals were grown, and n-SnSs.Ser— p-InSe hetero-
junctions were produced by the optical contact method
[2]. The effect of “window” and concentration of deple-
tion region in basic InSe provide the maximum current
due to gathering of photogenerated carriers by hetero-
junction. This is because of the fact that in comparison
with InSe, solid solutions have lower resistivity and
wider band gap.

2. EXPERIMENTAL TECHNIQUE

SnSs..Sex (0<x<1) single crystals were grown by
the method of chemical transition reactions in quartz
ampoules. The product was grown in the form of chao-
tically oriented along ampoule plates of different sizes
and thickness. All plates had mirror surface. Based on
the Hall effect, it is established that at x = 0 samples
had the n-type conduction with concentration of the
majority charge carriers n ~ 1016-10'7 cm~3 and mobility
e~ 20 cm?(V-s), where C is the crystallographic axis

which coincides with the normal to the layer plane.

InSe crystals of the p-type conduction were grown
by the vertical Bridgman method. Ingots of crystals
had 16-18 mm in diameter, and the length was equal to
6-10 cm. Because of the porous structure, thin plates of
these ingots were cut using a razor blade. Additional
detachment of layers by adhesive tape allowed to ob-
tain the samples with mirror surface without scratches
and other damages. Since specially non-doped crystals
always have the n-type conduction, then in order to
change it they were doped by cadmium impurity with
0,1-0,5 wt.%. The Hall measurements allowed to deter-
mine that concentration of the majority charge carriers
is equal to p ~5:1014-1015 cm=3, and their mobility is
e~ 80-100 cm?(V s).

Freshly cleaved SnS2..Sex and InSe plates were pla-
ced into intimate mechanical contact. Confinement of
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these dissimilar plates is the same as the connection of
layers in each porous crystal which is provided by the
Van der Waals forces. For the wide band-gap frontal
semiconductor, thin (20-30 pm) SnSz2.Sex plates of the
thickness of 200-400 um were used as of basic p-InSe.
Pure indium was used for current contacts. The area of
the produced samples was equal to 0,08-0,12 cm?2.

Photosensitivity spectra of the produced heterojun-
ctions were studied using the monochromator MDR-3
with the resolution of 2,6 nm/mm. All spectra were nor-
malized relative to the number of incident photons.

Current-voltage characteristics (CVC) of heterojunc-
tions were investigated on the plant “Schlumberger SI
1255” with computer interface.

Surfaces of InSe, SnSs, and SnSSe layered crystals
were studied using the atomic force microscopy (Nano-
scope IITa Dimension 3000 SPM (Digital Instruments,
USA)). For InSe surface in the plane (001) the mean-
square value of its roughness is equal to ~ 0,053 nm.
This value implies high quality of the crystal cleavage
(see Fig. 1a).

It is well seen in Fig. 1b that SnSz surface consists
of the bands of substance stratifications which have a
stepwise character with the step of about ~ 0,345 nm.
Such picture of the surface is conditioned by the growth
of the crystals themselves — by the method of chemical
transition reactions. This implies that formation of the
crystal of separate SnS2 molecules during the growth
does not have a planar behavior. Surface of SnSSe cry-
stals is quite similar to the surface of SnSg, but, in the
given case, the step is equal to ~ 0,539 nm.

3. INVESTIGATION RESULTS AND
DISCUSSION

Spectral dependences of the quantum efficiency of
photocurrent of the studied heterojunctions are shown
in Fig. 2.

Photosensitivity band of the heterojunction is de-
termined by the light absorption in the corresponding
semiconductors. The long-wave side of the spectrum of
different heterojunctions in all cases is conditioned by
the light absorption in InSe, whose band gap E; at the
room temperature is equal to 1,2 eV [7].

Wide band-gap frontal semiconductor does not pre-
vent light transmission until quantum energy Av does
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not reach the value of E; of SnSs..Sex. In this case, light
is absorbed in the near-surface region, does not reach
the heterojunction boundary, and distribution of the
photogenerated carriers is stopped. We note that band
gap of solid solution can be changed from 0,97 eV for
SnSes to 2,07 eV for SnS2 [8]. In Fig. 3 we represent the
dependence of the value of photosensitivity band AE on
the composition x of SnS2.xSex solid solution.

It is well seen that changing x, one can create selec-
tive photodetectors of different photosensitivity bands.

Photoelectric parameters of SnSz..Sex — InSe hetero-
junctions are presented in Table 1.

C

Fig. 1 — AFM-images of the surface fragments of the crystals:
InSe (a), SnS2 (b), SnSSe (c)
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Fig. 2 — Spectrum of the quantum efficiency of photocurrent of
SnSa..Sex — InSe (x = 0; 0,4; 1) heterojunction. 7= 293 K
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Fig. 3 — Dependence of the photosensitivity band width on the
value of x

Table 1 — Photoelectric parameters of SnSz-xSex—InSe hete-
rojunctions. 7'=293 K

x Ue, V Jse, mA/lem?|  @p, eV AE, eV
0 0,5 6,8 0,75 1
0,4 0,33-0,35 1,25 0,35 0,8
0,5 0,3-0,35 1,0 0,35 -

1 0,34-0,4 0,33 0,4 0,32

Measurement results of the capacity-voltage charac-
teristics (CapVC) of heterojunctions have shown that in
coordinates 1/C? versus U they have a linear behavior.
This indicates a sharp type of all produced p-n-hetero-
junctions. The value of the potential barrier height ¢s
obtained from the CapVC allowed to qualitatively analyze
the energy diagram of heterojunction. The values of s
are given in Table 1. Because of the difference in the
concentrations of the semiconductor carriers, depletion
region and a whole fold of energy bands take place for
more high-resistance InSe. @» < Eg/2 at x >0 (Table 1)
in all cases of the studied heterojunctions. However, for
x =0, inversely, @y > Eo/2. In this case, we have the
appearance of the inversion layer near the interphase
boundary of heterojunction and shift of the p-n-junction
in depth of InSe. Detailed characteristics of heterojunc-
tions with high potential barrier are considered in the
work [9]. Obtained values of @» agree well with the me-
asurements of saturation photo-electromotive force of
heterojunctions which are also represented in Table 1.
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Quality of the produced heterojunctions was tested
based on the temperature measurements of their CVC.
As an example, the CVC of SnSs.xSex — InSe heterojunc-
tion at x = 1 are represented in Fig. 4.
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Fig. 4 — Temperature dependences of the CVC of SnS2..Sex—
InSe heterojunction for x = 1: 1 — 300; 2 — 270; 3 — 240 K

As seen from Fig. 4, there are two linear regions on
the dependences I(U) in semi-logarithmic coordinates.
The first of them, extended one, is characterized by the
diode coefficient of CVC n which considerably exceeds 1.
This region of heterojunction CVC is usually connected
with loss currents [10], since low values of the current
correspond to this region, and CVC slope, which defines
the values of n, depends on the carefulness of sample
production. For the second, short, CVC region, experi-
mental points are compared with theoretically calcula-
ted CVC of perfect diodes (dashed line), for which n =1
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