
excess of Si. The incidence of balls decreased when
metallic solvents, including Si, were deliberately added,
and this, coupled with the morphological observations,
suggests that the balls were incidental to the 2II
whisker growth mechanism. In fact, it would appear
that nucleation of cubic SiC and subsequent formation

of a ball on the tip of a M crystal very likely stops
whisker growth. This is borne out by the observation
that the short whiskers usually ended with a ball,
whereas the longest whiskers were always free of bag
terminations. Thus, the VLS mechanism does not
appear to provide an explanation of our observations.
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Fundamental Optical Absorption in SnS& and SnSe&*
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Optical absorption m single-crystal n-type SnS2 and SnSe2 has been studied at 300'K throughout the
wavelength range 0.26 to 6.5 p. Samples suitable for optical measurements were prepared by various vapor-
deposition techniques. The electrical characteristics of the samples used in the absorption measurements
were as follows: for SnSe2, conductivity 3.6 (0 cm) ' electron concentration 10' per cm3, mobility
2"/ cm'/V sec; and for SnS2, conductivity 10 r (0 cm) '. From transmittance and reflectance measure-
ments, the absorption coeKcient and index of refraction were determined for light polarized perpendicular
to the crystallographic symmetry axis. From an analysi. s of the data in the high-absorption region, direct-
transition band gaps of 1.62 and 2.88 eV were found for SnSe2 and SnS2, respectively. A threshold for possible
indirect phonon-assisted transitions was found to occur at 0.97 eV for SnSe2 and at 2.07 eV for SnS2. Photo-
conductivity data for SnS2 are also presented.

INTRODUCTION

KCENT studies of the various physical properties
~of the tin chalcogenide system have been chieQy

concerned with the Sn(X)-type compounds. Very little
information is now available concerning the physical
properties of the anisotropic compounds of the type
Sn(X)„ in particular, for properites of SnSs and SnSe, .
Mooser and Pearson' predicted that SnSe2 would ex-
hibit semiconductor behavior. Busch et al. verihed this
prediction from conductivity, Hall effect, and thermo-
electric measurements. Similar results were obtained by
Asariabe' from conductivity and Hall measurements.
Electrical measurements for SnS2 have not been
reported.

Both SnS2 and SnSe2 belong to the hexagonal-CdI2-
structure type (designated the C6 type in Sfruktlr-
bericht) The characte. ristic layer-type growth of the
materials crystallizing in this system has made it pos-
sible to prepare excellent single-crystal specimens which

have suitable geometry for optical measurements. The
other principal compound of the Sn(X)s-type chal-

cogenides, Sn02, crystallizes in the tetragonal rutile-

*This research was supported by the Advanced Research
Projects Agency of the Department of Defense through the
Northwestern University Materials Research Center.

/Present address: Northrup Institute of Technology, Ingle-
wood, California.

~ E. Mooser and %'. B. Pearson, Phys. Rev. I{)I,492 (1956).
~ G. Busch, C. Frohlich, and F. Hulliger, Helv. Phys. Acta B4,

359 (1961).' S. Asanabe, J. Phys. Soc. Japan 16, 1789 (1961}.

type structure. Recent optical studies of Sn02 have been
reported in two papers by SuInmitt e$ a1.4 ' In view of
the limited information available in the literature for
SnS2 and SnSe2, it seemed desirable to study additional
properties by optical techniques especially since such
measurements have not as yet been reported for these
C6-type semiconductors.

EXPEMMEÃTAL

Polycrystalline ingots of SnS2 and SnSe2 were pre-
pared by melting stoichiometric amounts of the com-
ponent materials' in evacuated quartz tubes. In the
case of SnS2 which has a melting point at approximately
870'C, a 3-mm wall tubing was employed, since at this
temperature the vapor pressure of sulfur is over 40 atm.
The entire synthesis tube was encased in a stainless
steel bomb for further explosion protection. The tern™
perature was increased slowly over a 24-h period to
950'C, held constant for 72 h, and then allowed to slow
cool to room temperature. In all preparation trials in-
spection of the ingot showed some evidence of an in-
complete reaction with traces of SnS and unreacted
sulfur still present in the tube.

4 R. Summitt, J. A. Marley, and N. F. Borrelli, J. Phys. Chem.
Solids 25, 1465 (1964).

~ R. Summitt and N. F. Borrelli, J. Phys. Chem. Solids 26, 921
(1965).' Sulfur and selenium were obtained from the American Smelt-
ing and Reining Company, purity: 0.99999+; tin from the
Consolidated Mining and Smelting Company, of Canada,
purity: 0.999999.



Since the melting point of SnSe, is at 657'C, the
selenium VRpor prcssure wRs Qot R reaction proMcm lQ

this synthesis. The temperature of the synthesis tube
was increased over Rn 8 h period to 730'C, held constant
for 20 h, and then slow cooled to room temperature.

To promote single-crystal growth, various vapor-
deposition techniques werc employed. Vapor transport
in evacuated quartz tubes was accomplished by placing
the tubes in specially prepared two stage ovens with con-
trolled temperature gradients. ' The best results for
SQS2 werc obtained with thc high-temperature side Rt
880'C and the low-temperature side at 620'C, the cor-
lcspondlng vRlucs fol SQSc2 bclng 660 C Rnd 625 C,
respectively. The growth habit for both materials was
ln thc form of thin slnglc RDd polycrystalline plRtclcts
generally developing in clusters along the tube walls.
The thickness of the single crystals varied from 10 p to
j. mm with the largest having an effective diameter of
6 mm.

Crystal growth by means of iodine transport as de-
scribed by Nitschcs was also employed. For SnS2 trans-
port conditions were similar to those given by Nitschc
eI, al.9 except that the high-temperature region of the
oven was maintained at 700'C, For SDSeq temperatures
of 500'C at the ingot position and 400'C in the region
of crystal growth provided the best temperature gra-
dient. Thc duI'Rtlon of thc gromth period wRs VRI'lcd

from 2 to 72 h in both transport methods. For these
Inatcx'lais thc crystals obtalncd fI'OIQ 'thc lodlnc tlRQS-

port method werc generally found to have fewer surface
defects and growth irregularities than those obtained
fxom transport without R carrier gas. Efforts to obtain
thicker specimens by the Stockbarger method werc
unsucccssf Ql.

An x-ray analysis conhrmed the reported structures
of SQS2 and SnSe2 to be hexagonal C6 type. 'O' Thc
growth orientation of the single-crystal platelets are in
planes pcrpcndlcular to the hexagonal Rxls of sym-
metry. The crystals are easily cleaved in planes parallel
to the growth faces.

Conductivity and Ha11 Effect

Thermal-probe tests indicated all SDSc~ material pre-
pared in the present investigation to bc e-type. AQ

average electrical conductivity of 3.6 (ohm cm) ' was
found for single-crystal material at 300'K with the
direction of current Bow normal to the t," axis. For the
samples used in the absorption measurements a nega-
tive Hall coeKcient of 7.4 cm'/C at 300'K was obtained
with the magnetic 6eld along the c axis. The average
electron concentration was 10's/cms, and the Hall mo-
blllty was 27 cnl /V sec wlllcll were calculated llslllg

G. BoBllngo~ M.s, theslss North%'estern UQlverslty~ 1965
(unpublished).' R. Nitsche, J. Phys. Chem. Soiids 17, t63 (1960).

9 R,. Nitsche, H. U. Bolsterli, and M. LichtensteIger, J. Phys.
Chem. Solids 21, 199 (1961}."I.Oftedal, Norsk Geol. Tidsskr. 9, 225 (1926).

RII= —3s./Sel. where XII is the Hali coefficient. These
values arc lD good RgrccmcQt with thc representative
measurements reported by Asanabee for I-typc material
and also with those reported by Susch eI ul.'; homever
in the Bosch work all single-crystal material studied was
p-type. All SnSs crystals were also found to be Is-type
wltll all Rvel'Rge conductlvlty of 10 (ohm c111)
Grimm and Nasledov" have also prepared both SnS2
and SnSel and found only I-type conduction.

Throughout the wavelength range 0.2 to 2.5 p ab-
sorption and reQcction measurements merc made with a
zclss 3II3f j.2 double monochromator with lntclchangc-
able optics. The standard Zeiss sources and spectro-
photometer detector units were employed. The sample-
in—sample-out technique was used to obtain the percent
transmission with the samples mounted over various
circular apertures ranging in diameter from 3 to 60 mils.
For wavelengths greater than 2.5 p, a Hilger mono-
chromator with rock salt optics was used in conjunction
with a Nernst glower source and a Schwarz thermopilc
detector. Data mere taken for the most part on a point
by point basis for greater accuracy. Over most of the
vlslblc Rnd DcRr infrared I'cgloQ thc IcsolutloQ wRs
better than 10 mp. Reproducibility of the transmission
data was to within s jo.

Transmission data were analyzed to obtain thc ab-
sorption codFicient 0. using the relation'2

where T is the percent transmission, d is the sample
thickness, k is the absorption index, e is the index of
refraction, and Ris the refiectivity: R. = L(e—1)s+ksj/
p(Is+1)'+k'j. The absorption index is related to the
absorption coeS.cient and the wavelength by the ex-
pression: oI= Ark/X. Except in the region of very high
absorption, the absorption index can be neglected in
the numerator of the above transmission equation since
k2/ge2.

Reflectance data for SnSe2 were taken relative to
standard rejecting surfaces whose optical character-
istics were known. These surfaces merc primarily com-
mercially prepared evaporated balms of aluminum. The
reQectance characteristics of these 6lms were found to be
within 1% agreement with the data presented by Hass"
for surfaces prepared in a'similar manner. As a check on
the measurement technique, the method was employed
using a polished disk of silicon with known electrical
characteristics; the results merc in agreement with those
quoted in the literature for material with similar char-

"&. R. G™ms»d D. N. Nssiedov, ph. Tehhn. Fis. 26, 7N
(t956) LE»ghsh tlsllsl. :Soviet phys. —Tech. phys ] 687 (]957)jH. Y. Fan, Rept. Progr. Phys. 19, 107 {1956}."G.Bass, J. Opt. Soc. Axn. 48, 945 {1955).
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proximately 100 p in thickness, which are of sufhcient
thickness that the interference pattern was not resolved.
The y branch shows a rather unusually high transmis-
sion region throughout the wavelength interval 1 to 3 p.
Samples showing this behavior were cleaved single-
crystal sections from ingot material with thicknesses
generally greater than 300 p. All microscopic and x-ray
examination of these samples showed nothing unusual
in their composition and no evidence of internal voids.
Beyond 3 p there were no pronounced differences in the
wavelength dependence of the absorption coefficient
between samples of types P and y. The fundamental ab-
sorption edge for both SnS2 and SnSe2 was found to
shift toward shorter wavelengths as the sample tempera-
ture was lowered to 77'K.

The index of refraction for SnSe2 was computed from
the reQectivity data; the results are shown in Fig. 3 and
compared with those of Kostyshin and Romanenko. '4

Their samples were evaporated 61m-type layers. Since
efforts to produce such films in the present investigation
for photoconductivity work were unsuccessful because
of the partial decomposition to free selenium and SnSe,
it is proposed that the somewhat higher value for the
refractive index at 0.6 p may be due to the possible
heterogeneous composition of the 61m-type samples.
Refractive index data in Fig. 3 for SnS2 were obtained
primarily from the interference fringe pattern in the
transmission data for wavelengths greater than 0.8 p.

Photo conductivity

Both grown and cleaved single-crystal samples of
SnS2 showed a photoconductive response. Samples were
mounted at the exit slit of the monochromator with the
entire sample being illuminated. Figure 4 shows the
photocurrent for a typical sample normalized to a peak

"M. T. Kostyshin and P. R. Romanenko, Qpt. i Spektroskopiya
12, 627 {1962) I English tranel. : Opt. Spectry. (USSR) 12, 349
(1962)g.

I I I I I I I I
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Fro. 3. The index of refraction versus wavelength for both
materials. Data from Kostyshin and Romanenko (see Ref. 14)
are presented for comparison in the SnSe2 plot.

response of unity with all incident radiation along the c
axis. A S-V potential difference was applied to the crystal
and all current measurements were made with a
Keithley 610B electrometer. The dark conductivity of
the particular sample shown in Fig. 4 was 3&&10 '
(0 cm) '. The peak response is at 0.53 p. Coblentz"
attributed the change in resistance of SnS2 pressed-
powder-type samples to a temperature rise rather than
to a photoconductive eGect. His rise and decay times
were in the order of several minutes. The response re-
ported here is photoconductive in nature with a rise
time much less than 1 sec and a decay to 5% of the peak
response in less than 10 sec at room temperature. Single
crystals of SnSe2 showed no measurable photoresponse;
attempts to prepare high-resistance Glm-type layers in
evacuated cells resulted in various degrees of chemical
decomposition.

DISCUSSION
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FIG. 4. Photoconductivity of a single crystal of SnS2 as a
function of wavelength at 300 K.

"%.W. Coblentz, Sci. Papers Bur. Std. 18, 585 (1922)."J.Bardeen, F. J. Blatt, and L. H. Hall, Ehotocoeductivity
Coriference, edited by R. Breckenridge, B. Russell, and E. Hahn
(John Wiley Bz Sons, New York, 1956), p. 146.

In accordance with the analysis of optical-absorption
data discussed by Bardeen et ul."the region of high ab-
sorpti. on was investigated for evidence of either direct-
allowed or direct-forbidden transitions. For values of o
greater than 10' cm ' no region in photon energy greater
than 0.1 eV showed any evidence of a fit for either
material to the allowed-direct-transition dependence on
photon energy, hv, of n ~ (hv —E,)'"/hv, where E, is the
direct-transition band gap. However, as shown in Fig. 5,
there appears to be a good 6t for forbidden-direct tran-
sitions where nre (hv —E,)'~'/hv for both materials. The
extrapolated values of E, for SnSe2 and SnS2 are 1.62
and 2.88 eV&0.02 eV, respectively. Above the region
of direct transitions both absorption curves show a
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definite upward trend which may possibly indicate a
change in the nature of the predominate type of ab-
sorption mechanism for even higher photon energies.
Samp1es of suKcient thickness with optical quality
surfaces were not available to study absorption with the
incident radiation polarized parallel to the hexagonal
axis.

Below 0. values of 10' cm ' the absorption data were
examined for evidence of phonon-assisted indirect tran-
sitions. For such transitions n n (hv 8,'&Ev) "/hv-
where r = 2 for allowed-indirect transitions and r =3 for
forbidden-indirect transitions; E, is the indirect-tran-
sition band gap and Ev is the absorbed (+) or emitted

(—) phonon energy in the transition. "Attempts to fit
the data to the more theoretically preferred dependence
for the allowed-indirect transitions werc unsuccessful
for both mater'ials. The regions of agreement for the
allowed-indirect transitions were so narrow ((0.05
eV) that allowed transitions apparently are not the
predominant mechanism in the low-absorption region.
A fairly close fit to the energy dependence for the
forbidden-indirect transitions vras made as shown in
Fig. 6 which is in somewhat better agreement for SnSC&

than for SnS2. The extrapolated energy values are 0.97
and 2.07 CV&0.02 eV for SnSe2 and SnS2, respectively.
Thus the minimum energy band gap E,' for SnSe2 is
&0.97 eV and &2.07 eV for SnS2. The energy of the
phonon participating in the transition could not be de-
duced from the present range of absorption data.
Broadening CGects at the threshold of the absorption
curve imply that possibly more than a single phonon
frequency may be invo1ved.

Asanabe' states that the variation of electrical con-
ductlvlty with temperature gives R bRnd gRp of RppI'oxl"

mately 1.0 CV for SnSe2. Busch et ul. ' from similar meas-
urements report the value to be 1.0+0.1 eV. Thus the
indirect optical band gap of 0.97 CV is in good agreeInent
with the electrica1 measurements, Electrical conduc-
tivity data for SnS2 have not been reported in the
literature. The peak of the photoconductive response at

I ) I
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»o 6. (nhv)'~' versus photon energy for both materials with the
curves extrapolated to the threshold energy for indirect phonon-
assisted transitions.

'~ J. W. Rau, M.S. thesis, Northwestern University, 1965
(unpublished).

2.3 eV for SnS2 lies between the E, and E,' values a full
0.5 cV lower than the direct band gap which cannot be
satisfactorily explained on the basis of the absorption-
curve analysis. The absorption curve exhibits no un-
usual slope change ln thc nclghboI'hood of 2.3 cV. In
the region of the direct band gap no photoconductive
response was detected with the crystals now available.

The absorption data of SnSC2 were examined in the
long-wavelength region for free-carrier absorption.
Beyond 3 microns 0, is approximately proportional to
X'" and does not follow any of the established wave-
length dependencies for free-carrier absorption.

In view of the absorption analysis we conclude that
SnSe2 is a semiconductor with an energy-band con-
figuration such that the lowest minimum in the con-
duction band occurs at a position in momentum space
away from the highest maximum in the valence band
since an indirect-transition-type mechanism has been
identified for this material. The strong evidence for
direct transitions indicates either a higher minimum in
the conduction band in the vicinity of the valence-band
maximum, or a lower maximum in the valence band in
thc vicinity of thc conduction-bRnd minimum this
transition most likely occurring near the midpoint of
the zone.

The general similarities in the features of the absorp-
tion RQRlysls bctwccn SQS2 Rnd SDScg stI'ongly suggest
that these same basic features are present in the energy-
band configuration of SnS2 although the photoconduc-
tive response peak is in disagreement with the direct
band-gap value. Measurements by Rau" on si1icon
ditelluride, which also belongs to the C6 class, indicate
a much better agreement between thc photoconductive
response peak and the direct band-gap value from ab-
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sorption data for the same experimental conditions as
described here for SnS2. More extensive measurements
in the infrared wavelength region are being carried out
to identify a free-carrier-absorption mechanism in
SnSe2 and its correlation to carrier concentration.

Note added irt srtartgscrspt Ar. eport on the present in-
vestigation was recently given by Itoga et ul."Subse-
quent to this report, Greenaway and Nitsche" have
published optical data on several C6-type compounds
including some absorption data for SnS2 in the low-
absorption region. The general profile of their absorp-
tion curve appears to be in good agreement with that
obtained in the present investigation. However, in the

"R. S. Itoga, G. Domingo, and C. R. Kannewurf, Bull. Am.
Phys. Soc. 10, 681 (1965).

» D. L. Greenaway and R. Nitsche, J. Phys. Chem. Sohds 26,
1445 (1965).

analysis of the photon energy dependence for the
indirect-transition mechanism a preference for a quad-
ratic dependence on energy is shown with more than a
single slope indicated. Such structure was not observed
in the present investigation. Their mean value for E,
of 2.21 eV is slightly greater than the corresponding
value of 2.07 eV determined here. Absorption data for
0,&10' cm ' were not presented so that a comparison
of results in the direct-transition region could not be
made.
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We present computations of the electric Geld gradient at the cation sites in the Cr, Fe, Ti, and V sesqui-
oxides isomorphous to corundum. We include dipolar as well as monopolar contributions. Except for n-Fe20g
we Gnd that the dipolar and the monopolar Geld-gradient contributions are opposite in sign and roughly of
the same order of magnitude. In so far as existing data permit, we have used these tabulations to determine
the electric nuclear quadrupole moment (Q) of the odd isotopes. The Q values found here seem to be some-
what larger than the results of others. In the cases of Cr" and V" existing data are such that only ~Q~ can
be determined. Our calculation for Al' has been given previously. In 0;-Fe203 the dipolar Geld-gradient
term has the same sense as the monopolar, and is comparatively small, We Gnd Q(Fe57~) to be 0.41 b. A re-
cent n-Fe203 Geld-gradient calculation which yielded a Q(Fe57~) value of 0.277 b is believed to be in error.

INTRODUCTION

E present in this paper the results of computa-

~

~

tions of the electric field gradient at the cation
sites in a number of transition-metal sesquioxides.
Crystallographically, the structures considered (those
of Cr, Fe, Ti, and V) are isomorphous to n-A1~0s
(corundum). We include the presence in the lattice of
point dipoles as well as point monopoles. In view of the
nuclear quadrupole data which increasingly are becom-
ing available we believe that such held-gradient evalu-
ations are of current interest. In the cases of Cr" and
V" we are able to evaluate only the absolute value of
the nuclear quadrupole moment Q; in the case of FeN™
we evaluate both the magnitude and sign. Our previous
results for AP' are also listed.

The corundum lattice can be decomposed into a
sequence of bipyramids, each consisting of three 0'

' A preliminary account was given by J. O. Artman and John
C. Murphy in Bull. Am. Phys. Soc. 10, 488 (1965).

ions located on the vertices of an equilateral triangle
with the trivalent cations disposed above and below. '
(See Fig. 1.) From symmetry, both the electric 6eld and
the electric field gradient at a cation site must lie along
the hexagonal (c) axis. The fields at the 0 sites lie in the
basal plane (perpendicular to the c axis) and are directed
along the bisectrices of the oxygen triangles.

At a cationic position the field gradient qx can be
written as the sum

gx =Ilm +pa-x px+tfa-p po, (1)
where q

' is the usual monopolar contribution; qz z',
q~o' are the normalized contributions from the dipoles
at the X and 0 sites; and px, pp are the values of the
induced dipoles at these sites. These p values follow
from solution of the equations

px(1 nxltr) pp(nxl~s) =nxExp
—Px(npEs)+Pp(1 —npE4) =npEp, (2)

' J. O. Artman and John C. Murphy, Phys. Rev. DS, A1622
(1964).


