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The SbSI/Sb2Ss single heterostructures as well as SbaSs/SbSI/SbeSs and SbSI/SbaSs/SbSI double het-
erostructures have been produced by applying CO» laser treatment of p-type SbSI single crystals. The current—
voltage and transient characteristics of these heterostructures have been measured in temperatures below and above
the SbSI single crystal Curie temperature (T, = 293 K). The results have been fitted with appropriate theoretical
formulae to determine the following types of the investigated heterojunctions: P—p SbSI/Sb2Ss, p—P—-p SbaSs3/
SbSI/SbySs and P—p—P SbSI/SbyS3/SbSI. Influence of the illumination on electrical properties of SbSI/SbaSs
single and double heterostructures has been reported. Fabricated new structures may be potentially applicable in
electronics and optoelectronics as a new type of metal-ferroelectric-semiconductor devices.
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1. Introduction

The antimony sulfoiodide (SbSI) single crystals are
ferroelectric semiconductors having many useful proper-
ties. Among them, there are pyroelectric, pyrooptic, elec-
trooptic and photoferroelectric effects. The crystalline
SbSI has a chain structure and is one of the best piezo-
electric crystals with high volume piezoelectric modulus
d, =1x 107 C/N and extremely high electromechani-
cal coupling coefficient k33 = 0.90. The main properties
of SbSI have been reviewed in a few monographs [1-3].
However, the properties of this material are still investi-
gated [4, 5].
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Fig. 1. Photographs of single SbSI/Sb,S3 heterojunc-
tion (a) as well as double SbaS3/SbSI/SbsSs (b), and
SbSI/Sb2S3/SbSI (c) heterostructures. Insets present
schemes of the junction heterostructures with a band
edges alignment and Fermi level position at 7' = 288 K
(Egl = 1.85 eV; EFl = 0.62 eV; Egz = 1.62 eV;
FErs = 0.66 eV; indices 1 and to 2 correspond to SbSI
and Sb2Ss, respectively).

Recently a new type of heterostructures has been pro-
duced in SbSI single crystals [6]. The SbSI/SbaSs het-
erojunctions (Fig. 1) have been fabricated by CO5 laser
irradiation of selected sections of SbSI single crystals.

This irradiation evokes melting and chemical decompo-
sition of SbSI. Laser treated sections of SbSI are com-
posed of amorphous antimony (III) sulphide (Sb2S3) with
energy gap 0.3 €V smaller (in room temperature) than
that of SbSI [6]. Optical properties of the SbSI/SboSs
heterostructures and results of their investigations using
scanning electron microscopy, energy-dispersive X-ray
spectroscopy, and X-ray diffractometry have been pre-
sented in [6]. In this paper electrical properties of
SbSI/SbQSg, SbSI/SbQSg/SbSI and Sngg/SbSI/Sngg
heterostructures are reported.

2. Experimental details

The technology of sample preparation was the same as
the described in [6]. The DC current—voltage character-
istics of the fabricated SbSI/SbsS3 heterostructures have
been determined at various temperatures using the vac-
uum optical D2209 chamber equipped with R2205 Cryo-
genic Microminiature Refrigeration II-B System and K20
temperature controller (MMR Technologies, Inc.). Vac-
uum (p = 10~* mbar) has been obtained by TSH 071E
turbomolecular drag pumping station (Pfeiffer). The
Keithley 6517 A electrometer has been used as the bias
source. The sample has been illuminated by cw laser
diode to determine the influence of illumination on elec-
trical properties of SbSI/SbsSs heterostructures. Mea-
surements have been performed below and above SbSI
single crystal Curie temperature (7, = 293 K).

3. Results and discussion

Figures 2 and 3 present DC current—voltage (I-U)
characteristics of SbSI/SboS3 single heterojunction. The
sample is polarized in forward direction when higher po-
tential is applied to SbyS3 part of the heterostructure.
An important parameter, the ideality factor (n) that de-
scribes the ratio of recombination and diffusive currents
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in a junction, can be determined from [-U characteristics
of heterostructures by fitting appropriate exponential de-
pendence [7-9]:

I =1 [exp (nquT> - 1] : (1)

where [ is the measured current, I; is the preexponential
constant, ¢ is the electron charge, U is applied voltage,
k is the Boltzmann constant, and 7T is the temperature.
Solid curve in Fig. 2 presents the fitted theoretical de-
pendence (1). The evaluated value of n = 207(74) is
relatively high. It might be caused by the crystalline-
-amorphous junction type, properties of the junction ma-
terials, as well as by inhomogeneity of the investigated
junction [10]. The minimum values of the ideality fac-
tor for both non-illuminated and illuminated SbSI/SboS3
junction is observed at temperature 7" = 293 K, i.e. at
the Curie point of SbSI.
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Fig. 2. Typical DC current—voltage characteristics of
SbSI/Sb2S3 heterojunction (points) recorded at temper-
ature T' = 263 K with visible ferroelectric effects. Solid
curve presents the fitted theoretical dependence (1). Ar-
rows show directions of bias changes.
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Fig. 3. Typical DC current—voltage characteristics of
SbSI/Sb2Ss heterojunction for forward (a) and reverse
polarization (b) measured (points) at different tempera-
tures. Solid curves present the fitted theoretical depen-
dence (2). Arrows show directions of bias changes.

Below T; displacement of I-U characteristics has been
observed (Fig. 2) due to initial poling by a DC voltage.
This initial polarity determines direction of internal po-
larization of the SbSI. Namely, I at a given U is larger
for decreasing than for increasing the voltage. Similar ef-
fect has been observed in ferroelectric (Pb,La)(Zr,Ti)O3/
SrTiO3:Nb diodes [10]. The influence of SbSI ferroelec-

tric phase on I-U characteristics of SbSI/SbsSs het-
erostructures can also be recognized in noticeable dis-
continuities appearing at U = £25 V after repolarization
(Fig. 2). These discontinuities correspond to coercive
field in crystalline SbSI (E. = 10 kV/m [11]). This ef-
fect disappears in temperatures greater than the Curie
temperature of SbSI.

To determine the type of SbSI/SbsS; heterojunctions,
the I-U characteristics have also been fitted (Fig. 3) with
power function [12]:

I = (],Um, (2)
where a is proportionality factor. The exponent m should
have a value approximately 2 for isotype (p—p or n—n)
heterojunctions or greater than 2 for anisotype (p—n)
heterojunctions [12]. Fittings the forward part of I-U
characteristics of SbSI/SbyS; heterojunctions with for-
mula (2) have given values of m from 1.91(4) to 2.04(5)
in the temperature range from 253 K to 333 K. Therefore,
one can recognize that the investigated SbSI/SbyS3 het-
erojunctions are isotype. The p-type SbSI single crystals
have been used for laser fabrication of the investigated
SbSI/SboSs3 heterostructures. Hence, it leads to conclu-
sion that fabricated heterojunctions are p—p isotype. The
p-type of amorphous Sh,S3 has been confirmed by elec-
trical investigations of it.

Current flowing through SbSI/SbaS; heterojunction
for reverse polarization depends linearly on applied volt-
age and is characterized by the absence of breakdown
even for high voltages (Fig. 3). Activation energy E, =
0.417(22) €V of conductivity for reverse polarization has
been determined.
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Fig. 4. Photosensitivity coefficients versus bias voltage
for single SbSI/Sb,Ss (m) and double SbSI/Sb,Ss3/SbSI
(A) heterostructures (A = 652 nm; illumination inten-
sity Io = 10?% photon/(m? s); T = 313 K).

Figure 4 presents typical photosensitivity (7), i.e. pho-
tocurrent to dark current ratio, of the fabricated het-
erostructures. In the case of single SbSI/SbyS3 het-
erostructure (Fig. 1a) only the junction has been illu-
minated. During investigations of double SbSI/SbsS3/
SbSI (Fig. 1c) heterojunctions the SbySs part of the het-
erostructure has been illuminated. For negligible bias
voltages one can see the influence of photovoltaic effect
on 71 open circuit voltage of an illuminated single SbSI/
SbaSs junctions was about 2 V). For larger bias volt-
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ages photosensitivity of a single SbSI/SboS3 heterostruc-
ture is greater for reverse polarization than in the case
of a typical photodiode. For forward polarization, pho-
tosensitivity of double SbSI/SboS3/SbSI heterostructure
is higher than n of a single SbSI/ShoS3 heterostructure.
For reverse polarization, photosensitivity of SbSI/SbsS3/
SbSI heterostructure decreases with increasing the neg-
ative bias voltage. It is caused by the carriers traveling
through two junctions oriented oppositely (Fig. 1c).

Fig. 5. Transient characteristics of Sb2S3/SbSI/Sb2Ss3
double heterostructure recorded for different Ucg volt-
ages (T = 303 K).

Static electrical properties of SbaS;/SbSI/SbySs and
SbSI/SbyS3/SbSI heterostructures have been measured
in a two-port network electrical circuit configurations
OE, OB and OC appropriate for bipolar transistors.
Typical transient characteristics in OB circuit have been
presented in Fig. 5. Using such characteristics the
common-base current gain factor a = I¢/Ig can be cal-
culated. In the case of SbyS3/SbSI/SboSs heterostruc-
ture a ~ 0.5 for not polarized collector-base junction
and a ~ 1 for polarized junction have been determined.
These values are comparable with those of commercially
available transistors. Analyzing characteristics presented
in Fig. 5, one can notice that the ratios Ig/Ucp for dou-
ble Sb2S3/SbSI/SbySs heterostructure are significantly
smaller than in the case of commercially available tran-
sistors. Simultaneously, the voltages applied to SbsS3/
SbSI/ShyS3 heterostructures can be significantly higher
than in the case of commercially available transistors. It
is caused by the high resistance of fabricated heterostruc-
tures.

4. Conclusions

Electrical properties of CO2 laser fabricated SbSI/
SboSs3, SbaS3/SbSI/SbySs and SbSI/SbeS3/SbSI het-
erostructures have been determined for the first time.
These structures are similar to diodes, transistors, as
well as photodiodes and phototransistors under illumina-
tion. Current—voltage characteristics of the investigated
structures have been fitted with theoretical formulae to
determine the following types of the heterostructures:
P—p SbSI/SbsS3, p—P—p SbaS3/SbSI/SbsS3 and P—p—P
SbSI/ShyS3/SbSI. However, the relatively large ratios of
recombination and diffusive currents in the junctions sup-
pose the eventual inhomogeneity of them. Hence, the

technology of laser preparation of single and multijunc-
tions in SbSI single crystals needs additional investiga-
tions.

Hysteresis of the current—voltage characteristics of
SbSI/ShyS3 single junctions has been observed due to fer-
roelectric properties of SbSI below its Curie temperature
(T = 293 K). Also the influence of coercive electric field
on current—voltage characteristics of SbSI/SbySs single
junctions has been observed for T' < T..

The fabricated double SbaS3/SbSI/SbyS3 heterostruc-
tures have high common-base current gain factor. Simul-
taneously, the ratios of Iy/Ucp for double SbhoS3/SbSI/
SboS3 heterostructures are significantly smaller and the
voltages applied to these heterostructures can be signifi-
cantly higher than in the case of commercially available
transistors. Electrical properties of the COs laser fabri-
cated SbSI/SbsS3, SbaS3/SbSI/SbyS; and SbSI/SbeS3/
SbSI heterostructures are photosensitive. It may lead to
potentially new applications in electronics and optoelec-
tronics.
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