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Single crystals of SnS,, crystallizing with the hexagonal Cdl, structure, were grown by vapor transport
and chemical vapor transport. Electronic, optical, and infrared properties were studied, as well as
thermal stability in flowing oxygen. The impact on the electrical properties of slight deviations from
stoichiometry and halogen impurity were investigated. Crystals free of halogen impurity can be grown
by vapor transport. The sign of the majority carriers of crystals grown by vapor transport is dependent
upon the growth conditions. If higher growth temperatures are used (750-700°C), vapor-grown crystals
are n-type semiconductors and exhibit low resistivities (p = 4.5(5) Q cm at 25°C). Annealing of
vapor-grown crystals in sulfur at 600°C increases the resistivity to 2 X 10°  cm. When the charge-
growth temperatures are lowered to 650~600°C and 5% excess sulfur is included in the charge, the
crystals are p-type semiconductors with high resistivities (p > 10’ @ cm). Crystals grown in the
presence of halogen (Cl,) contain 22(6) ppm chlorine and are n-type semiconductors, p = 5 {2 cm at
25°C. The resistivity is not altered by annealing in sulfur. The chlorine impurity acts as donor states in

this material. © 1988 Academic Press, Inc.

Introduction

SnS, is a semiconductor which crystal-
lizes in the layered hexagonal CdI, struc-
ture (space group C6). The structural unit
can be described as two layers of hexag-
onal, close-packed sulfur anions with a
layer of tin cations sandwiched between
them. The tin cations are octahedrally co-
ordinated by six sulfur anions. Adjacent
sulfur layers are bound by weak van der
Waals interactions.

There have been numerous studies (/-9)
of SnS, crystals prepared by chemical va-
por transport, in which iodine was the pre-
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dominant transport agent used. These in-
cluded structural investigations (6-9) of
polytypes formed from different stacking
arrangements of the tin and sulfur layers, as
well as electrical studies. The electrical re-
sistivities of crystals from these reports
varied several orders of magnitude from
10>-10"2 Q cm, and the activation energies
ranged from 0.1 to 0.05 e¢V. There are no
reports of p-type SnS,.

The incorporation of halogen during the
growth process and nonstoichiometry in
the crystal have not previously been stud-
ied and may have a pronounced effect on
the electrical properties. Because of incon-
sistencies in the electrical data in these re-
ports, this study addressed the possibilities
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of incorporation of transport agent and sul-
fur deficiency by comparing the electrical
properties of crystals grown under various
conditions. The impact of the growth tem-
perature, the stoichiometry of the charge,
and the presence of halogen transport agent
were investigated.

The infrared transmission spectrum and
thermal stability of SnS, were also deter-
mined in order to ascertain the suitability of
this material as an infrared window.

Experimental

(1) Growth by Vapor Transport

The p-type single crystals of SnS; were
grown by vapor transport. Freshly sub-
limed sulfur (Gallard and Schlesinger,
99.999%) and purified tin (Atomergic,
99.999%) were used. Charge compositions
in the molar ratio 1:2.1 (5% excess sulfur)
were introduced into silica tubes which
were evacuated to 4 um Hg. The transport
tube was placed in a three-zone furnace and
the charge was prereacted at 600°C for 24 hr
with the growth zone maintained at 970°C
in order to prevent transport. The furnace
was then equilibrated to give a constant
temperature zone across the reaction tube
and was programmed to give, in 24 hr, the
temperature gradient necessary for single-
crystal growth to take place. A charge-
growth gradient of 650-600°C was em-
ployed. Crystals grew at the cooler zone in
5-7 days. When the growth period was ex-
tended to 14 days, the crystals obtained
were large plates measuring 10 X 5 x 0.1
mm’.

The n-type crystals were also prepared
by vapor transport using a similar growth
procedure. In this case, enough Sn and S to
satisfy the stoichiometry of SnS, was used
as a charge; no excess sulfur was added.
Charge-growth gradients of 750-700°C and
640-590°C were used for a growth period of

187

7 days. Plates as large as 10 X 5 x 0.1 mm’®
were obtained.

2) Growth by Chemical Vapor Transport

Single crystals (n-type) of SnS, were syn-
thesized by chemical vapor transport using
chlorine as the transport agent. The proce-
dure is similar to that described for vapor
transport; however, 100 Torr of chlorine
was added to the transport tube prior to
sealing. Charge-growth gradients of 640-
590°C and 730-680°C were used. Crystal
growth was considerably faster; 80% of the
charge was transported during a 5-day ex-
periment using chlorine as the transport
agent, whereas only 10% of the charge was
transported by vapor transport under the
same conditions. Flat, yellow-orange crys-
tals of the size 10 X 5 X 0.1 mm® were
grown in this manner.

X-ray diffraction analysis. X-ray diffrac-
tion patterns of ground crystals were ob-
tained using a Philips diffractometer and
monochromated high intensity CuKa; radi-
ation (A = 1.5405 A). The diffraction pat-
terns were taken in the range 12° < 26 < 80°
with a scan rate of 0.25 26/min and a chart
speed of 30 in./hr. In order to avoid pre-
ferred orientation in the diffraction patterns
of this layered material, Pyrex was intro-
duced before grinding the single crystals.
The X-ray patterns could always be in-
dexed on the basis of a simple (2H) hexago-
nal unit cell.

Annealing experiments in sulfur. Crys-
tals were loaded into a silica tube which
contained excess sulfur and evacuated to 3
am prior to sealing. The tube was heated
isothermally at 500 and 600°C for 5 days
and then cooled at a rate of 50°C/hr to room
temperature. The amount of sulfur added
was sufficient to produce a pressure of 2
atm at 500°C and 3 atm at 600°C.

Thermal stability. Temperature-pro-
grammed oxidation of ground crystals was
performed using a Cahn System 113 ther-
mal balance. The temperature was in-
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creased to 1000°C at a rate of 60°C/hr in 60
sccm of oxygen.

Infrared, optical, and electronic mea-
surements. Infrared measurements were
performed at room temperature on a
Perkin-Elmer 580 single-beam scanning in-
frared spectrophotometer. The measure-
ments were performed in the transmission
mode over the range 2.5-25 pum. Trans-
mission through the sample was normalized
to the signal obtained in the absence of
sample.

Measurements of the absorption coeffi-
cient were made with an Oriel Model 1724
monochromator, an Oriel 6672-5400 long
pass filter, and a calibrated silicon diode de-
tector. Absorption values were calculated
from the response with and without the
crystal in the beam.

Resistivity from 77 to 330 K and dc Hall
effect were measured in the basal plane of
single crystals using the van der Pauw tech-
niqiue (/0). Contacts were made by paint-
ing a colloidal mixture of graphite and iso-
propanol (Electrodag 154, Port Huron, Ml)
to the edge of the crystal. Ohmic behavior
was established by measuring the current—
voltage characteristics. A qualitative See-
beck voltage measurement was made to de-
termine carrier type.

Results and Discussion

Single crystals were grown in this study
by vapor transport and by chemical vapor
transport using chlorine as the transport
agent. Chemical vapor transport was the
procedure predominantly used in previous
reports on the preparation of SnS; crystals.
There are large discrepancies in the electri-
cal properties of crystals in those studies.
Two important factors which may cause
these discrepancies are (1) the inclusion of
halogen impurity in the SnS, crystal and (2)
slight departures from stoichiometry, i.e., a
metal to sulfur ratio greater than 1:2. This
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TABLE I
X-RAY AND PREPARATIVE DATA FOR SnS,

Cell parameters
Gradient

Process 0 a(d) c (&)
CVT (chlorine) 730-680 3.649(2) 5.902(2)
CVT (chlorine) 640-550 3.649(2) 5.900(2)
Vapor transport 650-600 3.652(2) 5.902(2)
(5% excess sulfur)
Vapor transport 750-700 3.651(2) 5.904(2)
CVT (Ref. (/) 800-700 3.639(5) 5.884(5)
CVT (Ref. (20} 700-600 3.644(4) 5.884(4)
CVT (Ref. 30 690-650 Not reported  Not reported

comparative study examines the impact of
these two factors on the properties of SnS,.

Crystals prepared by both vapor trans-
port and chemical vapor transport can be
indexed on a simple hexagonal unit cell,
with a = 3.649(2), ¢ = 5.902(2) or 5.900(2)
A, as shown in Table I. These values are in
close agreement with those of Mikkelsen
(I1) (a = 3.649, ¢ = 5.899 A) and White-
house and Balchin (6) (a = 3.643(2), ¢ =
5.894(5) A). However, they differ from
those reported by Greenway and Nitsche
() (@ = 3.639(5), ¢ = 5.884(5) A) and
Conroy and Park (2) (@ = 3.644(4), ¢ =
5.884(4) A).

The electrical properties of crystals
grown by vapor transport under different
conditions were investigated initially, since
crystals grown by this method are free of
halogen impurities. Therefore, any anoma-
lies in the electrical properties can be di-
rectly attributed to slight deviations from
stoichiometry. SnS, is a low resistivity
n-type crystal when grown with charge-
growth temperatures of 750-700°C, as indi-
cated in Table II. In these reactions, stoi-
chiometric amounts of sulfur and tin were
used as the charge. The material exhibits a
resistivity p = 4.5(5) Q cm at 25°C. When
the charge and growth temperatures are
lowered to 640 and 590°C, respectively, the
resistivity increases to p = 10* Q cm. Crys-
tals can be prepared in which the majority
of carriers are p-type when grown at 650—
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TABLE II
ELECTRICAL AND OPTICAL PROPERTIES
Gradient  p (25°C) Carrier
Process (°C) (€ cm) Ea (eV) type Eg (eV)
Vapor transport 750-700 4.5 n 2.28(5)
Vapor transport 640-590  10* — n —
Vapor transport 650-600 >107 — p 2.28(5)
(5% excess sulfur)
CVT, Cl, 730-680 3 0.06(1) n 2.22(5)
640-590 5 0.06(1) n 2.22(5)
CVT (Ref. (1)) 800-700 — — — 2.21
CVT (Ref. (2)) 700-600 10° — n 2.20
CVT (Ref. (3)) 690-650 102-10"2  0.05-0.4 n —

600°C with 5% excess sulfur added to the
charge. The p-type crystals showed high re-
sistivity (p > 107 Q cm) at 25°C. The high
resistivity of p-type SnS; indicates that this
material is stoichiometric, whereas the
lower resistivity of n-type SnS, samples
shows that the tin to sulfur ratio deviates
from 1:2. As shown in Table 111, the n-type
crystals were annealed at 500 and 600°C in a
sulfur atmosphere in order to produce a
more stoichiometric material. The resistiv-

ity was shown, in fact, to increase from 4.5
to 2 x 10° Q cm, demonstrating that non-
stoichiometry is predominantly responsible
for the low resistivity of SnS; prepared at
higher temperatures. This shows that both
the temperature used in the growth and the
stoichiometry of the charge affect the de-
gree of nonstoichiometry in SnS;.

The electrical properties of crystals
grown by chemical vapor transport were
also measured in order to determine the ef-

TABLE III
ELECTRICAL PROPERTIES OF ANNEALED SnS; VAPOR-GROWN CRYSTALS

Resistivity Mobility
p (25°C) (25°C)y Carrier
Process Anneal (Q cm) (cm?/volt sec) type
Vapor transport As grown 4.5(5) 26(5) n
(750-700°C)
500°C
(<1 atm sulfur) 6.9(5) 46(5) n
500°C
(2 atm sulfur) 8 x 10* — n
600°C
(3 atm sulfur) 2 x 10° — n
CVT, ClL, As grown 5.0 21(1) n
(640-590°C)
500°C
(<1 atm sulfur) 4.5(5) 19(1) n
500°C
(2 atm sulfur) 6.9(5) 9.0(1) n
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FiG. 1. Resistivity as a function of temperature for
SnS, crystals as grown by vapor transport and by
chemical vapor transport with the indicated charge-
growth gradients.

fect of the halogen transport agent (Cly)
(Table II). Crystals grown by CVT are
n-type semiconductors with p = 5 ) cm at
25°C and are not appreciably affected by
the growth temperature. Neutron activa-
tion analysis shows 22(6) ppm chlorine is
present in crystals grown where the charge-
growth temperatures are 640-590°C. Crys-
tals grown by this method, when annealed
under the same conditions as those used for
vapor transport crystals, show no signifi-
cant change in resistivity (Table 1II). This
indicates that nonstoichiometry does not
contribute appreciably to the magnitude of
electrical resistivity. Instead, the presence
of halogen impurity must account for the
low resistivity of this material.

Further differences between the electri-
cal properties of crystals grown by CVT
and vapor transport are shown by the tem-
perature dependence of the resistivity (Fig.
1). Crystals grown by vapor transport, 750—
700°C (Fig. 1), show resistivities which de-
crease with decreasing temperature, indica-
tive of a degenerate semiconductor. Such
resistivities are due to scattering rather
than carrier activation. The donor states in-
troduced by slight deviations in stoichiome-
try lie close to the conduction band edge
and are ionized. In contrast, crystals grown

KOURTAKIS ET AL.

by chemical vapor transport show classical
semiconductive behavior; i.e., the resistiv-
ity increases with decreasing temperature
(Fig. 1). It has already been noted that
these materials are not sulfur deficient,
since their resistivities are unaffected by
annealing experiments in sulfur. This is fur-
ther borne out by the graph of log p vs 1/T
(Fig. 1), which shows no deviation from the
ideally linear case of a classic semicon-
ductor. If donor states arising from nonstoi-
chiometry were also present in this mate-
rial, then the linearity of this plot would be
affected. The activation energy obtained
from these plots for crystals grown by
CVT is 0.06(1) eV. This suggests that the
chlorine impurity is solely responsible for
the donor states, and these states lie
slightly below the conduction band. These
results, therefore, explain the discrepancies
in the electrical properties which were re-
ported in the literature.

Figure 2 shows the decomposition
(weight loss) curve of SnS, in flowing oxy-
gen as a function of temperature. The onset
occurs at 400°C and oxidation is complete
by 800°C. The final oxidation product is
Sn0,, as determined by X-ray diffraction.
The programmed oxidation was stopped
before and after the plateau region and the

Decomposition of SnS,
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Fi1G. 2. Variation with temperature of the relative
weight of coarsely ground crystals of SnS, (grown by
CVT) when heated in flowing oxygen. The phases
identified by X-ray analysis at various stages of the
decomposition are indicated.
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F1G. 3. Infrared spectrum of a typical crystal of SnS;
as grown by CVT,

materials obtained were analyzed by X-ray
diffraction. Prior to the plateau, sharp (001)
reflections were observed for SnS,, show-
ing order in the c-direction. Immediately
following the plateau, only the SnO, phase
was visible, indicating that the remaining
SnS, is present as an amorphous phase with
no long-range order in the c-direction. This
demonstrates that the plateau is due to a
kinetic effect related to the layered struc-
ture, a phenomenon previously observed
for MoS, (12).

The optical band gaps obtained are given
in Table II. The value of 2.22 ¢V measured
for crystals grown by chemical vapor trans-
port is in agreement with the reported val-
ues of 2.21 and 2.20 eV for an indirect gap
(I, 2). The crystals grown by vapor trans-
port, in the absence of halogen, show a sim-
ilar optical gap of 2.28 eV. The infrared
spectrum of SnS; is displayed in Fig. 3,
showing infrared transparency to 16 um.
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The absorption bands are centered at 16.5,
18.2, and 23 um. Despite the high trans-
mission in the infrared, the lack of thermal
stability restricts the usefulness of this ma-
terial.
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