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Transport properties of bismuth sulfide single crystals
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Impurity levels and electron scattering mechanisms in bismuth sulfide have been investigated by
means of resistivity and Hall-effect measurements in the 30—500-K temperature range. Lattice
scattering is predominant in this range and the temperature dependence of the electron mobility, in

the crystallographic directions a and c, has been quantitatively interpreted through Fivaz-Schmid
and Brooks-Herring models for homopolar optical phonon and ionized impurities scattering, respec-

tively, yielding the energy of the phonon mode (%co = 14 meV) and the electron-phonon coupling con-
stant (g )0.4&. The density-of-states effective mass in the conduction band has also been deter-
mined from Seebeck-effect measurements at room temperature.

I ~ INTRODUCTION

Bismuth sulfide (Bi2S3) is a layered semiconductor that
crystallizes in the orthorhombic system (Pbnm space
group) and is isostructural to Sb2S3 and Sb2Se3. ' Its ener-

gy gap is about 1.45 eV at room temperature, then near to
the optimum for photovoltaic conversion. It has been
proposed as a good electrode for liquid-junction solar
cells.

The transport properties of Bi2S3 single crystals are
poorly known. Only a few reports on this subject have
begn published up to now. Gildart et al. have performed
thermopower, thermal conductivity, and resistivity mea-
surements in the 300—400 C range, but do not conclude
anything about scattering mechanisms. Vinogradova
et al. investigated transport properties of Bi2S3 between
100 and 300 K and reported a temperature dependence of
electron mobility in the form p~ T™with m varying
from 0.5 to 1. The electron concentration of their samples
being very high (of the order of 10 cm ), their discus-
sion and conclusions about scattering mechanisms, in
terms of the theory for nondegenerate semiconductors, do
not seem to be well founded. Glatz and Meikleham re-
port Hall-effect and resistivity measurements, ranging
from 78 to 300 K in temperature, with current flowing
along the c axis, and thermopower and thermal conduc-
tivity measurements at room temperature. No anisotropy
of electron mobility is observed and its temperature
dependence is found to be p ~ T ' but no interpretation
is proposed. Heckman and Mattox report resistivity and
Hall-effect measurements between —60 and 80'C. They
point out that their results are irreproducible. We have
not found any reference to anisotropy in transport proper-
ties of Bi2S3.

In this paper we report resistivity and Hall-effect mea-
surements in oriented single crystals of Bi2S3 between 30
and 500 K and thermopower measurements at room tem-
perature in Sec. III. Section IV is devoted to the interpre-

tation of these results by means of the Fivaz-Schmid
theory for homopolar optical-phonon scattering in layered
semiconductors ' and Brooks-Herring theory for ionized
impurity scattering. "'

II. EXPERIMENTAL

Bismuth sulfide single crystals used in this work have
been grown by the Bridgman method from a
stoichiometric polycrystalline melt, with a temperature
gradient of 120'C/cm and a growth velocity of 0.5
mm/h. The purity of the elements was 99.9%%uo for Bi and
99.9998%%uo for. S.

Samples were prepared by cleaving from the ingot with
a razor blade. It must be pointed out that mirror surfaces
parallel to the a-c plane are obtained only when the cleav-
ing strength is applied in the direction of the a axis, oth-
erwise the surface of the sample appears as grooved in the
c-axis direction. The samples obtained in this way are
parallelepipedal shaped and so easily oriented, because
BizS3 also cleaves in the b-c plane. Ohmic contact in the
classic configuration for parallelepipedal samples were
prepared by vacuum deposition of bismuth. The current
density was parallel to the c axis or to the a axis. It was
not possible to prepare slabs with faces parallel to the b
axis due to the weakness of bonds in this direction. ' The
size of the samples was typically 3X6 mm . The thick-
ness ranged between 70 and 140 pm and it was obtained
from the interference fringe pattern in the infrared
transmission spectrum (between 2 and 2.5 pm in wave-
length).

Measurements between 30 and 300 K were carried out
in a closed-cycle Leybold cryogenic system with a mag-
netic field strength of 0.6 T. Measurements at high tem-
perature (300—500 K) were made only for one of the sam-
ples in a standard system, the magnetic field strength be-
ing 0.4 T. The noise level was very high and the Hall-
effect measurement was not accurate. So the carrier con-
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30 (K) 70 (K) 300 (K)
Crystal

Sample direction n (10' cm ) pH (cm /V s) m n (10' cm ) pa (cm /Vs) m n (10' cm ) pH (cm /Vs) m

Bi-1
Bi-2
Bi-3
Bi-4
Bi-5
Bi-6

2.9
2.2
5.6
3.7
1.9
3.75

110
107
120
370
480
400

1.6
2.03
1.63
1.71
1.67
1.76

6.35
4.46
8.47
3.85
3.03
6.34

8.6
7.9

1 1.0
31.2
25.0
28.0

1.8
1.55
1.82
1.63
1.81
1.61

1.23
2.68
1.61
1.44
1.98

239
516
889

1001
1058

0.6
1.54
0.57
1.1
0.76

centration at high temperature was calculated from the
experimental resistivity and extrapolated values of mobili-

ty, calculated from the complete formula that fits them in
the 30—300 K temperature range.

For Seebeck-effect measurements the sample was
mounted between two aluminum blocks. The cold one
remained in thermal contact with the cold head of the
cryogenic system at a stabilized temperature. The hot one
was thermal and electrically insulated from the cold head
and was heated with a carbon resistor. The temperature
difference was measured with a copper-Constantan ther-
mocouple. The Seebeck coefficient was obtained by an
improved slope method. '

cuss in Sec. IV.
Figure 1 shows the electron concentration as calculated

from expression (1) versus the inverse temperature for
several samples. The behavior of all the samples is simi-
lar. There is a first zone from 30 to 40—50 K in which n
increases with temperature, a second zone, from 50 to 100
K in which n is nearly constant and a third part for tem-
perature higher than 100 K in which n increases again
with temperature. No linear zone in the Arrhenius plot
appears in the explored temperature range for any sample.

B. Mobility

Figure 2 shows the electron Hall mobility results for six
samples of Bi2S3. The electron Hall mobility in the a-
and c-axis directions was obtained from the resistivity and
Hall-coefficient results in samples where current flows
parallel to a and c axes, respectively. Around a given
temperature T0„p~ can be expressed in function of T in

III. RESULTS

A. Carrier concentration

Hall mobility pH is less than 1000 cm /Vs in the mea-
sured temperature range and the strength of the magnetic
field was 0.6 T. The product pHB is always lower than
4&(10 and we can neglect pHB in front of 1. In that
approximation, carrier concentration is
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FIG; 1. Electron concentration for six samples of Bi2S3 as a
function of temperature. 0, Bi-1; 0, Bi-2; Cl, Bi-3; 4, Bi-4; ~,
Bi-S; Q, Bi-6.

FICx. 2. Hall mobility of Bi2S3 vs temperature. ~, Bi-1; 0,
Bi-2; 0, Bi-3; 4, Bi-4; Q, Bi-S; Q, Bi-6.

TABLE I. Comparison between electron concentration, Hall mobility, and the slope of p~ at 30, 70, and 300 K.
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TABLE II. Seebeck coefficient and electron concentration
used in the least-square procedure for obtaining md*.

Sample

a
Bi-1
Bi-4
Bi-6
Bi-7

n (10' cm )

25
8.5
5
4
1.5

~ (~vyK)

550
600
650
690
750

'From Ref. 5.

the following form:

pH( T) =pH ( To )( T/To )™. (2)

In that expression m represents the slope of the double
logarithmic plot pH(T). The slope m increases from 1.7
to 2. 1 as temperature decreases from 300 to 70 K. Below
70 K m decreases but does not change sign in the studied
temperature range.

The electron Hall mobility turns out to be anisotropic.
The higher value corresponds to the c,direction and the
anisotropy ratio is pH, /pH, ——3.0+0.5. Table I shows
the values of electron Hall mobility, carrier concentration,
and the slope m at 30, 70, and 300 K. It must be pointed
out that the electron Hall mobility and the slope do not
necessarily increase for lower electron concentration.

C. Thermoelectric power

IV. DISCUSSION

A. Impurity levels

Table II shows the Seebeck coefficients measured at
room temperature for several samples of Bi2S3, and the
electron concentration, as obtained from Hall-effect mea-
surements through Eq. (1) with A =1.

it does not give more information than the qualitative
analysis attempted in this section.

The optical-absorption edge of Bi2S3 at 30 K exhibit an
exciton peak whose binding energy is of the order of 30
meV. ' On the other hand, the ionization energy of an
hydrogenoid impurity should be of the same order or
higher than the binding energy of the exciton (depending
on the ratio of electron effective mass to hole effective
mass). According to our analysis in the last paragraph,
the ionization energy of shallow donors in Bi2S3 should be
lower than 10 meV. The presence of compensating accep-
tors may explain this anomaly through the formation of
donor-acceptor pairs in which the ionization energy may
be much lower than in the isolated donor. '

The deep donor level may be related to an impurity ab-
sorption band centered at a photon energy of 321 meV
that is observed in the infrared transmission spectrum of
these samples at room temperature. ' The onset of the
ionization of a deep donor with such ionization energy is
compatible with the increase of the electron concentration
above 200 K.

As regards the acceptor impurities, a weak impurity ab-
sorption band is observed at low temperature just below
the fundamental absorption edge at a photon energy of
1.37 eV at 30 K, ' which may correspond to a transition
from an acceptor level (located 170 meV above the valence
band) to the conduction band.

A word must be said about the influence of purity of
the elements used in the synthesis of the compound. Us-
ing low-purity Bi does not degrade the optical and trans-
port properties of the crystal due to the high-impurity
segregation coefficient of layered materials. ' In fact, the
electron mobility in the samples here studied is higher
than in other references in literature and has been found
to be determined by lattice vibrations and not by ionized
impurities between 30 and 300 K (Ref. 15) which con-
firms the quality of these crystals. This is also the case
for the optical-absorption edge where intensity and width
of the exciton peak that appears below 100 K is also lat-
tice controlled. '

The fact that n is nearly constant between 40 and 100
K and no linear region appears in the Arrhenius plot
below and above those temperatures, indicates that the
impurities contained in the Bi2S3 crystals here studied are
near to complete ionization or starting the ionization in
that temperature range. The low-temperature region
should then correspond to the exhaustion of a shallow lev-
el with low ionization energy (lower than 10 meV). The
high-temperature region may be related to the onset of the
ionization of a deep donor level with ionization energy
higher than 100 meV. The last value was obtained from
the slope of the Arrhenius plot for the sample Bi-6 at 500
K (see Fig. 2). The presence of compensating impurities
in those samples is revealed by the fact that electron mo-
bility is not necessarily lower for higher electron concen-
tration at 30 K (see Table I). A model including two
donor levels and an acceptor level would then be necessary
to fit the experimental results. Nevertheless, given the
smooth temperature dependence of n, the interval of vari-
ation of the parameters that fit the results is so large that

B. Electron scattering mechanisms

Layered semiconductors have in general low structural
symmetry, so homopolar optical phonons can produce
very strong deformation potentials and then be strongly
coupled to electrons. The Fivaz-Schmid model ' for
homopolar optical-phonon scattering is based on this hy-
pothesis, and has been proved to explain quite well the
temperature dependence of electron and hole mobility in
III-VI layered semiconductors. ' ' In the case of BizS3
the site symmetry is much lower than in the III-VI com-
pounds; then we have used that model to interpret the
temperature dependence of electron mobility in Bi2S3.
But given that the Fivaz-Schmid model foresees a con-
tinuous increase of the slope m with decreasing tempera-
ture, we must also take into account the ionized impurity
scattering, that we incorporate through the Brooks-
Herring relaxation time. '

The electron drift mobility in the i direction for both
scattering mechanisms would be
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pd; =e(r) /m,
*

=(4e/3VYrm;* J r(u)exp( —u)u du,

where

(3)

u =E/kT,
m;* is the electron effective mass in the i direction and

1/w = 1/wBH+ 1/wI:s,

(4)

~BH and ~zs being the relaxation times corresponding to
the models of Brooks-Herring' and Fivaz-Schmid, '

respectively.
The electron Hall mobility can be expressed by

and

PH S =~Pd I

a= (2)/(r)'.

(6)

N; =n+2N, , (8)

where we have introduced N, compensating acceptors.
The ionized donors must compensate the free electrons as
well as the ionized acceptors, according to the neutrality
condition, which justifies the factor 2 in Eq. (8). The
presence of the acceptors is also necessary in order to give
quantitative account of the fact that electron mobility can
be lower in samples with lower electron concentration. In
the explored range of temperatures the fit is quite unsensi-
ble to relatively large variations of the parameters includ-
ed in the screening term of the Brooks-Herring relaxation
time. We have chosen the trial value of Ep to be the high-
frequency dielectric constant and md* to be the rough
value of the effective mass as obtained from thermoelec-
tric measurements without taking into account the
scattering term in Eq. (9). With this assumption, four fit-
ting parameters must be determined: g m, Acoph
and e (md )'~ /m;*. The first approximation can be es-
timated as follows. From the slope of the double logarith-
mic plot hco~h may be obtained. With this value, the

We assumed the Hall factor 2 to be a unit in order to
calculate the electron concentration. As the electron Hall
mobility increases with decreasing temperature in the
whole studied range the predominant mechanism must be
the phonon scattering. For the Fivaz-Schmid relaxation
time, A =1 for kT « fico„h and 3 =1.18 for kT &&fico~t,
Taking into account the temperature dependence of 3
would introduce a very small change in the slope of the
double logarithmic plot, which is the most significative
parameter in order to study the scattering mechanisms,
and m is, in this case, determined by the phonon energy.
Therefore, taking 3 =1 would practically not affect this
fitting parameter. The error introduced by taking A =1
in the phonon energy, which gives the absolute value of
the electron mobility, would be lower than the dispersion
of experimental results. Thus we have fitted the theoreti-
cal Eq. (3) to the experimental results for the samples with
a maximum mobility in both directions. In this calcula-
tion we have used the measured values of the electron
concentration in each sample. The ionized impurity con-
centration has been taken to be

a=(k/e)[(rE)/kT(r)+1nN, /n] .

We have calculated (rE)/kT(r) at room temperature
and for n and N; in the range of values found here. It
turns out to be constant. Given that n is known in each
sample from Hall-effect measurements we can calculate,
N, and determine the density of states electron effective
mass that is mq ——(0.68+0.05)mo. With this value and
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FICx. 3. Theoretical fitting of pH(T) curves from expression
(3).

300-K electron mobility gives an estimation of g m;*.
The reduction of low-temperature mobility with respect to
the value in absence of impurity scattering gives N, and
e (md )' /m;". With this first analysis a X procedure
leads very quickly to the best-fit parameters that appear in
Table III for the samples with highest electron mobility in
each direction (Bi-2 and Bi-6 in Table I). In Fig. 3 we
compare the experimental results with the theoretical mo-
bility as calculated through Eq. (3) with the parameters
given in Table III. The calculated mobility perfectly fits
the experimental results through the whole temperature
range here explored.

In order to extract some physical information about
fundamental parameters of BizS3, Seebeck-effect results
must be interpreted. Once we have found a scattering
mechanism model to give account of pH(T) results, it is
possible to obtain the conduction-band density of states
effective mass from thermopower measurements. The
Seebeck coefficient for a nondegenerate n-type semicon-
ductor is given by
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TABLE III. Parameters obtained from the fitting of mobility curves using the F-S and B-H models.

Sample

Bi-2
Bi-6

Crystal
direction g m;*

0.876
0.240

Rcoph (meV)

14.0
14.0

N (10' cm )

8.5
5.0

e (my*)'/ /m*

96.4
352

the results of mobility fit, several consequences can be ex-
tracted.

(i) The pH(T) curves for a and c directions are nearly
identical, especially between 300 and 100 K besides the
absolute value. It seems reasonable to attribute the mobil-
ity anisotropy to electron effective-mass anisotropy, being
the anisotropic ratio m,*/m,*=pH, /p~, ——3.0+0.5.
This result is consistent with the fact that chemical bonds
in Bi2S3 crystals are very anisotropic. Covalent bonds are
directed along the c axis. Along the a and b directions
binding is made by weaker ionic and Van der Waals
forces.

(ii) From optical measurements a mean value of the
high-frequency dielectric constant of BizS3 has been ob-
tained, ' e =10.9. Given that the static dielectric con-
stant must be higher than e, we can give an upper limit
for both effective masses from the fit parameter
e (m~ )' /m;* given in Table II. We obtain m,

* &0.6mo
and m,* &2.2mo.

(iii) With these results and the fitting parameter g m;*

given in Table II (column 2), we can give a minimum
value for the electron-phonon coupling constant g ~ 0.4.

(iv) The low electron mobility in this material appears
then to be an intrinsic property due to the high electron
effective mass and strong electron-phonon coupling.

V. CONCLUSIONS

Transport properties of bismuth sulfide single crystals
have been investigated. The smooth temperature depen-
dence of electron concentration has allowed only an es-
timation of the ionization energy of donor levels. One
shallow level at less than 10 meV below the conduction
band and one deep level with ionization energy higher
than 100 meV has been identified in these samples. On
the opposite, the strong temperature dependence of elec-
tron mobility could be quantitatively interpreted through
the Fivaz-Schmid model for homopolar phonon scattering
(which is the predominant mechanism) and the Brooks-
Herring model for ionized impurity scattering which must
also be taken into account. The anisotropy can be attri-
buted to the electron effective-mass anisotropy
(m,*/m,*= 3). The energy of the homopolar phonon
mode coupled to electrons has been determined as well as
the electron-phonon coupling constant. Density of states
electron effective mass has also been determined from
Seebeck-effect measurements. The main conclusion of
this work is that the low electron mobility is not due to
the presence of defects in the material but seems to be an
intrinsic property of this semiconductor.
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