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Single crystals of n- and p-WS, were obtained by chemical vapor transport using chlorine and bromine
as transporting agents. The best niobium-doped WS; crystals were obtained when the concentration of
the charge (formulated (1 — x)WS, - (x)NbS,) was =37 mg charge/ml of tube, and x = 0.01 t0 0.03. A
thermodynamic analysis of the crystal growth process is consistent with the observed doping concen-
tration and other properties of the crystals obtained by this process. The crystals grown are character-
ized by electrical transport and surface photovoltage measured capacitance techniques.

Introduction

The most serious problem associated
with the use of semiconductor electrodes in
photoelectrochemical devices is their sus-
ceptibility to photodecomposition. The
transition metal dichalcogenides are attrac-
tive semiconductor materials for use in
photoelectrochemical energy conversion
processes because they are not as suscepti-
ble to photocorrosion as are many other
materials whose band gaps are in the region
of maximal solar conversion efficiencies.

Tributsch (I) concluded in 1977 that
these materials should be resistant to pho-
tocorrosion because their highest valence
band and lowest conduction band are
formed by nonbonding d-electronic states
of the transition metal atoms. He suggested
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that electronic excitation would not affect
the bond between the metal and the chalco-
gen atoms leading to Kkinetic stability of
these materials.

These layered compounds indeed show
unusual resistance against photocorrosion
under some circumstances. However, their
corrosion sensitivity increases if the sur-
face contains structural defects such as
steps. It also has been pointed out that the
corrosion resistance of chalcogenide mate-
rials is due to the fact that the electronic
states of the highest valence band and low-
est conduction band are largely shielded
from interaction with possible reactants in
solution by the compact layers of the chal-
cogen atoms (2). At defects in the surface
and at steps, however, this shielding is lost
and the transition metal as well as chalco-
gen atoms can easily interact with the com-
ponents from the electrolyte. There are two
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important consequences of these defects.
First, corrosion begins at such sites and,
second, these unsaturated bonds result in
electronic states which appear to be located
within the band gap and act as recombina-
tion sites. The presence of surface states
together with the anisotropic mobilities of
these compounds are normally used to ex-
plain the poor power characteristics and
conversion efficiencies of crystals contain-
ing imperfect surfaces (3).

While there have appeared several publi-
cations on the growth of MoSe,, MoS,,
WSe,, and WS, compounds, a review of the
published work reveals that there are criti-
cal problems associated with the growth of
single crystals of MY; compounds. While
crystals have been grown by chemical va-
por transport using chlorine, bromine, and
iodine as transport agents, difficulties were
encountered in reproducibly preparing
good quality crystals of a single crystallo-
graphic modification and controlled doping
concentrations (4-10). While previous
studies (10, 11) have discussed the electro-
chemical properties of n-WS; and have pre-
sented some of the procedures that were
used in growing these crystals, nothing has
been published on the growth of p-WS, or
p-MoS,. In this paper, the techniques used
to grow n-WS, will be described. The modi-
fications that are necessary to grow p-WS,
and p-MoS; will be presented. A correlation
of growth temperatures, niobium doping
concentrations, and predictions from ther-
modynamic analysis with analytical electri-
cal transport and electrochemical data is
presented to help create a better under-
standing of the growth process.

Experimental Procedures

Crystal growth. The single crystals of n-
and p-WS, were grown in fused silica am-
poules by halogen vapor transport. The sil-
ica tube (1.1 cm diam X 25 ¢cm length) was
normally loaded with 37 mg of polycrystal-
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line charge/ml of tube formulated as (1 —
xX)WS, - (x)NbS, with x = 0 for n-WS, and x
= 0.005 to 0.05 for p-WS,. The polycrystal-
line charge was previously prepared by
heating tungsten powder (Spex Industries,
metal impurities <10 ppm), sulfur (Gallard
Schlesinger 99.999%), and niobium (Ato-
mergic Chemetals 99.8%) in an evacuated
and sealed silica tube, to 1000°C. The pro-
cedures that were used to grow n- and p-
MoS; are the same as those used for WS,
with the molar concentrations of the
charges being identical. Molybdenum pow-
der (Atomergic Chemetals 99.99% exclud-
ing W) was used for the synthesis of MoS,.

The crystal growth of n-WS; (MoS,) was
accomplished by vapor transport with ei-
ther Br; with concentration 5 mg/ml of tube
or Cl, with concentration of 3 or 0.3 mg/ml
of tube. The growth of p-WS,; (MoS,) was
best accomplished by chlorine transport of
a niobium-doped charge (concentration
range x = 0.01 to 0.03) with the chlorine
concentration at 3 mg Cl,/ml of tube. In sev-
eral cases, WO, (Materials Research Cor-
poration 99%) was used as an oxygen
source (see Single Crystal Growth below).
In addition, a stoichiometric amount of sul-
fur to form WS, was added to the reaction
tubes. The typical temperature profile of
the three-zone furnace that was used during
the growth of both n- and p-WS; is shown in
Fig. 1. The procedures for evacuating and
filling the silica tubes, as well as those asso-
ciated with pre-growth temperature profil-
ing, have been described previously (/1). In
all cases, the growth process was termi-
nated before all of the charge was trans-
ported.

Thermodynamic analysis. A thermody-
namic analysis of the growth process in-
volved the use of a NASA chemical equilib-
rium computer program (/2). This program
considers all reactants and possible prod-
ucts contained in its data set, and mini-
mizes the free energy under mass balance
constraints to obtain equilibrium composi-
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F1G. 1. Temperature profile of three-zone furnace.

tions. The thermodynamic data supplied
with the original program has been up-
dated. References include JANAF thermo-
chemical tables (13, 14) and others cited
(15-18).

In several instances, only the room tem-
perature values of the thermodynamic
quantities are available. In order to obtain
values of AHr, S1, and C, 1, up to =1500 K,
it was necessary to estimate AC, versus T.
The extrapolation of C, from room temper-
ature data to those at higher temperatures
was accomplished by assuming that the
change in heat capacity with temperature
paralleled that of similar compounds. Be-
cause of the uncertainties associated with
the data, the equilibrium constants calcu-
lated from these data sets may be in error
by an order of magnitude or more. The
results of the thermodynamic analysis are
not given quantitative significance, but are
used as a guide to understanding the growth
process. The substances considered in the
equilibrium calculations include the car-
bides, elements, halides (bromides and
chlorides), oxides, oxyhalides, oxyhydrox-
ides, and the sulfides. There are, however,
no data available for niobium oxybromides
or oxyhydroxides. Hence, calculations
based on the combined metal, oxide,
halide, and sulfide systems were limited to
chlorine as the halogen when niobium was
included as one of the metallic components.

Capacitance voltage and electrochemi-
cal techniques. The capacitance as a func-
tion of the electrode potential (Mott-
Schottky plot) was measured using the sur-
face photovoltage measured capacitance
(SPMC) technique. This method permits
the space-charge capacitance to be deter-
mined from the changes of the surface po-
tential barrier, which is induced by chopped
light of photon energy exceeding the
bandgap of the semiconductor. At low in-
tensity, the measured SPMC signal is pro-
portional to the reciprocal of the semicon-
ductor surface space-charge capacitance
Cs.. The proportionality factor is entirely
determined by the modulation frequency of
the light, the incident photon flux, and the
reflection coefficient of the semiconductor
rn.

In the depletion region, when Cy? is pro-
portional to the electrode potential, the
slope of the Mott-Schottky plot gives the
doping concentration in the space-charge
region. In estimating the doping concentra-
tion of WS,, a value of 10 for the dielectric
constant has been used. The techniques
used in photoelectrochemical investiga-
tions of these materials include cyclic
voltammetry and steady-state current volt-
age measurements in nonaqueous and
aqueous electrolytes containing redox
couples which span the energy positions of
the band edges (II). Electrical contacts
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were made between the crystal and copper
wire using Ga-In alloy plus silver epoxy.

Hall effect. The Hall effect was mea-
sured by the van der Pauw method, using a
Varian 4-in. electromagnet (Model V-4004)
to produce a magnetic field of 6.7 kQOe. A
constant current of 0.1 mA from a PAR ref-
erence source (Model TC-100.2 AR) was
passed through the sample, and the result-
ing voltages were detected with a Hewlett—
Packard autoranging digital voltmeter
(Model 3450A). Electrical contacts were
made with colloidal graphite (Electrodag,
Acheson Colloids Co.).

Results and Discussion

Nature of Polycrystalline Charge

X-Ray diffraction analysis of polycrystal-
line samples, formulated as (1 — x)WS, -
(x)NDbS,, prior to their use in the halogen
transport process, indicated that, within the
range of interest x = 0 to x = 0.3, these
disulfides form a series of solid solutions.
The crystal structure of these samples was
found to be hexagonal (2H), while poly-
crystalline niobium sulfide prepared under
similar conditions was found to form with
the rhombohedral (3R) structure (19). The
diffraction patterns from the solid solutions
broadened with increasing concentration of
niobium. This broadening was not limited
to those reflections (H —~ K =3Nx 1; N =
0 or integer) normally attributed to stacking
faults in these materials (20). The broaden-
ing was, therefore, interpreted as indicat-
ing some inhomogeneous distribution of
niobium within WS,.

X-Ray diffraction and compositional
(emission spectrographic and spark source
mass spectrographic) analyses of the poly-
crystalline materials that remained in the
charge zone, subsequent to being subjected
to the (Cl,) vapor transport growth process,
demonstrated sharp diffraction peaks and
at least an order of magnitude decrease in
the niobium concentration. Results indi-
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cated that niobium is preferentially being
depleted from the polycrystalline charge
during the growth process. In the thermo-
dynamic analysis described below, it will be
shown that niobium remains in the vapor
phase. X-Ray diffraction and compositional
analysis further demonstrated that SiO,
(from the silica transport tube) was being
transported to the higher temperature
zones.

Single Crystal Growth

Aggarwal et al. (8) have reported that
single crystals of WS; can be grown by a
sublimation method without the addition of
atransporting agent. According to these au-
thors, polycrystalline WS, powder was
heated at temperatures between 1020 and
1050°C with a gradient of approximately
20°C across the 21-cm tube length. Their
crystals were reported to be in the form of
large (10 X 4 x 0.2 mm) platelets and were
distributed throughout the ampoule. At-
tempts to use this technique to grow crys-
tals of sufficient quality to be used as elec-
trodes in photoelectrochemical cells were
unsuccessful. The crystals were small and
gave poor photoelectrochemical response
with large dark currents. The crystals were
subsequently grown by chlorine and bro-
mine transport techniques.

As shown in Table I, the quality of n-type
single crystals was strongly affected by the
temperature of the growth process and not
strongly dependent on either the nature or
the concentration of the transporting
agents. This was not found to be true for
the growth of p-WS,. In this case, it was
found that the nature and concentration of
the transporting agent was also critical for
the growth of good quality single crystals.
Earlier attempts to grow single crystals of
p-WS; using iodine as the transporting
agent with x = 0, as has been accomplished
with MoSe; (4), were unsuccessful. The
best p-type crystals were subsequently ob-
tained by chlorine vapor transport of the (1
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TABLE
CRYSTAL GROWTH CONDITIONS

Temperature profile

Chlorine (4]
Charge concentration Time Dimensions Comments
@® (mg/ml of tube) Charge  Growth End (hr) (cm) (quality)s
WS,(1.1) 3.0 1200 1140 1210 100 (1.0 x 1.0 x 0.01) Good
WSy(1.1) 0.3 1200 1140 1210 160 (0.5 x 0.6 x 0.01) Good
WS(1.1) 3.0 1070 1030 1080 200 0.2 x 0.2 x 0.01) Poor
WS,(1.1) 0.3 1070 1030 1080 250 0.2 x 0.2 x 0.01) Poor
W+S(1.84, 5.5 (Bry) 1175 1125 1175 120 (0.4 x 0.5 x 0.01) Good
0.64)

Note. Tube fused silica (30 cm long, 1.1 cm O.D.) prepumped to 1 x 10-° atm.
¢ Good—equivalent to low dark currents and single crystal diffraction patterns. Poor—equivalent to large dark

currents and polycrystalline diffraction patterns.

— x)WS, - (x)NbS, materials. Niobium was
not detected in the single crystals that were
obtained under the preferred conditions
(i.e., with37 mg (1 ~ x)WS; - (x)NbS,/ml of
tube, with x = 0.005 t0 0.05; and 3 mg Cl,/ml
of tube). Since tungsten lines strongly inter-
fere with the mass spectrographic analysis
for niobium, the result is interpreted to
mean that the niobium concentration in
peeled samples (to remove surface impuri-
ties) was less than 40 ppm. In order to as-
sure ourselves that niobium could indeed be
incorporated into the crystals as a dopant,
single crystals of p-MoS, were grown under
the identical conditions as the tungsten ana-
log. Molybdenum lines do not interfere
with the determination of niobium. With
composition of the (1 — x)MoS, : (x)NbS,
charge at x = 0.02, the mass spectrographic
analysis indicated that the concentration of
niobium in the peeled sample was =5 ppm.
Moreover, it was found that either an addi-
tion of large amounts of niobium (i.e., x >
0.10) to the 37 mg of charge/ml of tube, or
an increase in the concentration of the
charge in the tube to 150 mg/ml of tube
while maintaining the mole fraction of NbS,
constant (i.e., x = 0.03), caused the trans-
port of WS, to stop.

In order to optimize the growth process
and help explain some of these observa-

tions, a thermodynamic analysis was un-
dertaken. A major uncertainty associated
with this analysis is the unknown influence
of the growth chamber (silica tube) on the
nature and concentration of the vapor
phase species. In view of the analytical data
indicating that SiO, transports under the
conditions used to grow n- and p-WS,, the
silica tube was considered an active species
in the thermodynamic analysis. Figure 2
shows the partial pressures of all compo-
nents (above 10~ atm) in the vapor phase.
The solid phases (which are not shown)
were obtained from this analysis, and con-
sist of WSy and SiOy). All niobium is cal-
culated to be in the vapor phase. The
results shown in Fig. 2 demonstrate that the
major components of the vapor phase con-
sist of S,, WO,Cl,, SiCly, and NbOCl;, and
the minor components include WCl, SO,,
Cl,, and Cl, as well as NbCls. The important
conclusions drawn from this analysis are:
all the niobium is in the vapor phase, with
the only solid phases being SiO, and WS,,
with Si0, transported in the opposite direc-
tion from WS,. Increasing the concentra-
tion of niobium in the charge, or increasing
the amount of charge in the tube, increases
the relative concentration of NbOCl; and
NbClIs in the vapor phase compared to
WO,Cl, and WCl, (see Fig. 3). In Fig. 3, the
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solid phases consist of only WSy, and
SiOy) with all of the niobium calculated to
be in the vapor phase. Finally, when the
concentration of niobium in the tube is in-
creased to a point where solid NbS, is cal-
culated to be transported (as NbOCl; and
NbCls), the concentration of WO,Cl,g) and
WCly, goes to zero. Hence, at this point,
the transport of WS, ceases (see Fig. 4). In
Fig. 4, the solid phases (which are not
shown) consist of WSy, SiOy) as well as
NbS, below 1400 K. Above 1400 K, all
niobium remains in the vapor phase. Con-
sequently, under the conditions used to
grow good single crystals of p-WS,, the
niobium concentration in the crystal would
be limited to that of a minor impurity even
though relatively large amounts are added
to the charge.

In order to show that these conclusions
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are not strongly influenced by the uncon-
trolled amount of silica that is transported,
two further experiments were performed.
First, a thermodynamic analysis was car-
ried out assuming either chlorine or bro-
mine as the transporting agent and silica as
an inert container. The results from this
analysis demonstrated the same phenom-
ena; i.e., under the preferred conditions for
growth of WS, all the niobium remains in
the vapor phase and, when NbS, begins to
be transported, the growth rate of WS, goes
to zero. The major vapor species in these
cases are S,;, WCly, and NbCls, or WBr;
and NbBrs when chlorine or bromine is
used as the transporting agent, respec-
tively. The second experiment was the ad-
dition of oxygen to the growth tube by
means of WO, + 2S. The number of moles
of oxygen added by this method was
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F1G. 4. Thermodynamic analysis of system containing 13.08 mmole WS, 0.5 mmole of NbS;, 1.18
mmole Cl,, and 3 mmole SiO,. Total pressure 5 atm. Pressure of S,Cl, and S,0 (log P ~ —3.5) not

shown.
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slightly less than that of chlorine, in order
to keep the pressure in the tube at less than
10 atm (at 1200°C). Under these conditions,
the major components of the vapor phase
are calculated to be S,;, WO,Cl,, and
NbOClL;, whose concentrations are almost
independent of the formation of SiCl,
within the silica tubes. It was found that
good quality single crystals of both n- and
p-WS, were formed by this process and that
the change in carrier type was accom-
plished by the addition of niobium to the
charge.

The thermodynamic analysis was also
used to investigate the sublimation process
described by Aggarwal et al. (8). The first
assumption was that the transition metal
sulfides would transport via the reaction
MSy) = MS(,) + $Sy). Niobium sulfide was
used as the model compound for this study,
since there are thermodynamic data avail-
able for NbSZ(S), NbS(s), and NbS(g), while
none are available for the WS¢, counter-
part. The results shown in Table II demon-
strate that even at 1450 K, where niobium
disulfide decomposes to NbS(, and S,
negligible amounts of NbS, exist in the va-
por phase. Consequently, the transport
of NbS, via NbS(, should be extremely
slow. Schafer and Schulte (16) previously
reported that the chemical transport of

MoS; and WS, in the presence of
iodine proceeds via the oxyiodides MoOsl,
TABLE II
THERMODYNAMIC CALCULATION FOR NbS,;, ARGON
SYSTEM

Output
Input (mole fraction)®

Chemical (mole

formula fraction) 1450 K 1400 K
Ar 2.2 x107% 1.5 x 107 2.2 x 1073
NbS,; 0.99998 0.0 0.99998
NbS,, - 6.7 x 107! 7.9 x 1077
NbS,, — 1.0 x 10710 1.1 x 101
S — 7.4 x 1074 3.5 x 10°°
Sae) —_ 3.3 x 107! 3.9 x 10~7

2 Total pressure = 1 x 107 atm.
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TABLE III

THERMODYNAMIC CALCULATION FOR WS,, NbS,,
H,0 SYSTEM

Input Output (mole fraction)?

Chemical (Mole

formula fraction) 1450 K 1400 K 1350 K
WS 0.9648 0.9679 0.9682 0.9685
NbSy) 0.00966 80 x 10°* 78x107% 7.5x107¢
H;0 0.02556 3.4 x 1077 34x107% 33 x107?
H, — 69x 103 63 x 1073 58 x 1073
H,S — 1L5x 1072 1.6x 1072 1.7 x 1072
S2 - 12x 1073 90 x 107 6.4 x 1074
WOOH)y g — 56 x 1071 24 x 107" 9.3 x 1012
Nb:2Osg — 44 %1073 45x 1077 45x 1073

¢ Total pressure = 5 atm.

and WO,I,. The oxygen is being obtained
from H,O which is liberated from the walls
of the quartz tubes. In view of this, a ther-
modynamic analysis was also performed on
the system WS,, NbS; (1 atomic%), H,O.
The results (shown in Table III) demon-
strate that, even when a relatively large
concentration of H,0O is assumed to be
present in the tube, transport by WO,(OH),
type species is negligible. Consequently,
transport of WS, by sublimation is not veri-
fied by these analyses.

Characterization of Single Crystals

A strong correlation was found to exist
among estimates of crystal perfection, elec-
trochemical performance, and the tempera-
ture of the growth zone (with the tempera-
ture gradient maintained at 50°C). The best
crystals were obtained when this tempera-
ture was at =1150°C. Under these condi-
tions, the crystals usually grew in the form
of flat plates whose dimensions were up to 1
X 1 x 0.02 cm thick. The larger dimensions
are controlled by the diameter of the silica
tube (1.1 cm). X-Ray diffraction data taken
from these crystals (as exemplified in Fig.
5) indicate that they are single crystals of
the hexagonal (2H) modification. Optical
and electron microscopic examinations of
these crystals indicated that they contained
a low density of steps, and electrochemical
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analysis showed that peeled samples re-
vealed negligible dark currents. From Au-
ger analysis of the surface of the as-grown
crystals, the silicon concentration was esti-
mated to be as large as 20 atomic%, and the
oxygen concentration up to 40 atomic%.
Nondetectable amounts of silicon and O, in
the sample were obtained by either peeling
=20 pum off the sample with adhesive tape
(which exposes a fresh surface) prior to

analysis, or by sputter etching =1500
from the sample. The emission spect:
graphic analysis of peeled samples (sho
in Table IV) indicates the level of impurit
that are normally observed in these sern
conductors.

Crystals prepared at lower temperatu

e

7]

w

(<1100°C) grew in the form of rose peta ..

The X-ray diffraction patterns of the
crystals indicated polycrystalline regic

w
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TABLE IV
IMPURITY LEVELS IN MoS; AND WS, SINGLE
CRYSTALS
ppm wt

Element A’ B¢ Ct D?
Na 5.8 9.2 2.4 5.4
Al 0.36 0.20 0.2 0.4
Sic 3.5 1.1 1.4 2.2
CIF 77 33 48 76
K 0.91 90 0.7 1.3
Ca 1.9 1.8 1.2 2.0
Cr 34 0.19 0.4 0.5
Mn 0.21 ND ND ND
Fe 18 1.5 0.8 2.0
Co ND 6.2 ND ND
Se 1.7 ND ND ND
Nb 4.1 1.6 ND ND
Cd 1.9 0.99 ND ND
In 0.12 0.12 ND ND
Ba 0.06 ND ND ND
W(Mo) 24 64 ©0.5) 0.5)
Pb ND ND ND ND
Bi ND ND ND ND

9 Peeled crystals of MoS,.
b Peeled crystals of WS,.
¢ Less than.

and/or twinning. Optical microscopic ob-
servations of these crystals revealed the
presence of many steps, while electrochem-
ical results demonstrated poor photoelec-
trochemical behavior and large dark cur-
rents.

Electrical Transport Properties

As shown in Fig. 6, the net doping and
carrier concentration increases with in-
creasing the number of moles of niobium in
the tube. The net carrier concentrations
were obtained from Hall-effect measure-
ments, and the net doping concentrations
from surface photovoltage measured capac-
itance data (11, 12). Table V shows the ef-
fect of niobium on room temperature con-
ductivity and mobility. In most cases, the
mobility (Llc-axis) was higher for p-WS,
than n-WS, which indicates that the mobil-
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ity of holes is somewhat greater than elec-
trons in these materials. At high concentra-
tions of niobium (x = 0.5), the mobility
decreases. This is attributed to the large
concentration of defects (steps) which were
found in crystals that were prepared from a
charge containing such high molar concen-
trations of niobium.

It was also found that crystals grown
from (1 — x)WS, - (x)NbS, with x = 0 and x
= (.01 to 0.03 are uniform, with low density
of steps. Crystals with x = 0.004 had non-
uniform doping concentrations, as demon-
strated by the presence of both p and n do-
mains.

Figure 7 compares the net hole concen-
tration with net doping concentration in p-
WS,. For doping concentrations above =
10" (atomic% Nb = 1 in Fig. 6), the slope of
the straight line indicated that the hole con-
centration is proportional to the square root
of the net doping concentration. This result
is consistent with the behavior expected for
noncompensated materials (22).

The temperature dependence of mobility

TABLE V

CHARACTERIZATION OF WS, :Nb“ By HALL AND
CONDUCTIVITY MEASUREMENTS

Nominal
concentration  Conduc-

of Nb tivity Conductivity  Mobility
(atomic%) type Q'cm™) (cm?¥Vs)

0 n 0.63 135

0? n 0.03 150

0 n 0.04 103

0.4 p? 0.1 250

0.5 P 0.9 270

1.0 p 2.2 290

2.0 P 4.8 270

4.5 p 6.7 70

4 Normally grown using 3.0 mg Cl/ml of tube as
transporting agent, temperature 1200 to 1150°C.

b Transporting agent Cl, (0.3 mg Cly/ml of tube).

¢ Transporting agent Br, (6.7 mg Bro/ml of tube).

4 Nonuniform n + p domains.
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n-WS, AND NIOBIUM-DOPED p-WS, SINGLE CRYSTALS

in both n- and p-WS; is shown in Fig. 8. The
results demonstrate that at higher tempera-
tures, the mobility increases with decreas-
ing temperature; this result is similar to
those found in other layered compounds.
This behavior can be associated with
phonon scattering (22). At lower tempera-
tures, the mobility increases with increas-
ing temperature, which is consistent with
an ionic scattering model (22). Such scat-
tering is also associated with the presence
of growth steps in the crystal. Quantitative
interpretation of low temperature transport
data, which were strongly dependent on the
sample quality, is unreliable. Qualitatively,
we have found that, assuming noncompen-
sated materials, the activation energy of do-
nor impurities in n-WS, is =0.25 e¢V. The
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activation energy of acceptors in p-WS; is
=().1 eV. These results are consistent with
an effective mass (m*) of both electrons
and holes as 0.5 = m* = 1.

Conclusions

Single crystals of n-WS,; are grown by
chemical vapor transport in 30-ml silica
tubes containing 37 mg/ml of tube of WS,,
with either bromine (5.5 mg/ml of tube) or
chlorine (0.3 to 3.0 mg/ml of tube) as trans-
port agents. The most important parameter
is the temperature of the growth zone, and
this should be kept =1150°C. The nature or
concentration of the transporting agents
and the amount of charge within the trans-
port tube are important. Single crystals of
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F1G. 8. Mobility versus temperature for n- and p-WS,.
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p-WS, can also be grown by chlorine vapor
transport at the same temperature by pre-
paring a charge containing a relatively high
concentration of niobium. Using =37 mg((1
— x)WS, - xNbS,)/ml of tube with 3 mg Cl,/
ml of tube, the best crystals were obtained
when 0.005 < x < 0.05. Thermodynamic
analysis explains the nature of the trans-
porting species and the observation that sil-
icon is not a significant contaminant in
WS,. Also, the thermodynamic analysis
demonstrates why an appreciable concen-
tration of niobium in the charge is ne-
cessary to form ppm doping levels in the
crystals.

Transport measurements demonstrated
that the doping and carrier concentrations
in p-WS, are dependent on the niobium
concentration. The heating of a charge (=
37 mg WS,/ml of tube and transport agent of
3 mg Cly/ml of tube in a 30-ml silica tube) to
temperatures =1200°C with AT = 50 results
in the formation of n-WS,. The net doping
concentration of n-WS, is 3 X 10!¢, while
the carrier concentration is =2 x 10, Sub-
jecting samples formulated as (I — x)WS; -
xNbS, to the same conditions as with n-
WS, resulted in p-type crystals. The net
doping concentrations increased from =5 X
106 to 1 X 10", while the carrier concentra-
tions increased from 2 x 10 to 1 x 10'®
when x was increased from 0.005 to 0.05.

At doping levels above 10'7 (x > 0.01) the
conductivity of the crystals is dominated by
acceptor levels (not compensated) which
are located about 0.1 eV above the valence
band. These levels are attributed to
niobium substitution into tungsten sites
within the structure. The donor states in n-
WS, are located at about 0.25 eV below the
conduction band. The nature of these states
has not been established. It is believed that
donor states are associated with sulfur defi-
ciencies which in turn are favored at higher
temperatures, viz., WS, = WS,_, + xS. At-
tempts to correlate the change in carrier
concentrations in single crystals with

BAGLIO ET AL.

changes in S/W ratio within the charge
were, however, unsuccessful. Finally,
these compounds have been used in pho-
toelectrochemical systems and have dem-
onstrated encouraging conversion efficien-
cies with reasonable stability against
corrosion (11).
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