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Abstract 

Electron diffraction investigations carried out on flash evaporated lead manganese sulphide films with lead concentration x varied in the 
range 0.16 <x ~ 0.84, grown on freshly cleaved single crystal KC! substrates maintained at temperature Ts of 65, 130, 165, 225 °C, indicate 
that these films have epitaxial growth with (100) zone axis orientation of the grains in all films and with a single phase fcc structure. The 
single phase fcc lattice indicates the presence of ternary materials of the type PbxMn~_xS in the films. The structural characteristics of the 
films are explained by the atom-by-atom condensation process. Optical absorption studies reveal the presence of a single absorption edge 
indicating the presence of a single material phase and corroborate the presence of PbxMnt_~S alloys in the films. The direct optical band gap 
of the film materials varies between 2.26 eV and 0.52 eV as the Pb concentration x is changed from 0.16 to 0.84. The room temperature dc 
resistivity of the films increases with T~ and decreases with increase in Pb concentration x. The variation of resistivity is explained on the basis 
of a predominant grain boundary conduction mechanism. 
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1. Introduction 

Lead sulphide, a IV-VI semiconductor with a narrow band 
gap (direct: 0.41 eV [ 1-3]; indirect: 0.37 eV [2,4] has been 
usefully employed for infrared detection in the range 0.7 to 
3 p,m. Alloying this with manganese sulphide is expected to 
extend the employability of the composite ternary material 
over an extended spectral range and also impart attractive 
magnetic properties [ 5 ] to the resulting dilute magnetic sem- 
iconductor (DMS). Moreover, the Pb,.Mnt _ xS materials, as 
per the prediction of Sher et al. [6] are expected to have 
higher stability than the earlier investigated Pb~ _xHgxS sem- 
iconductors [7]. Flash evaporation which has successfully 
been employed to grow stoichiometric films of ternary alloy 
systems like Pbt-xHgxS [7], Pbt _xHgxSe [8], Hgl _~ZnxSe 
[9], Hgt_ ,Zn~Te [ 10], over extended composition range of 
0.07 <x  < 0.93, has been selected to grow thin films of the 
lead manganese sulphide materials. Growth of films by the 
atomic condensation process [ 11] is expected to result in 
homogeneous thin films over an extended composition range. 

Structural, optical and electrical characteristics of the 
flash evaporated lead manganese sulphide films, which are 
expected to depend strongly upon relative concentrations of 
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lead and manganese in the films and the growth conditions 
during deposition, are investigated in the composition range 
0.16 < x_< 0.84. Results of the investigations are reported in 
this communication. 

2. Experimental 

Thin films of lead manganese sulphide with lead concen- 
tration x varied in the composition range 0.16 < x ~ 0.84 were 
deposited on optically polished quartz substrates and glass 
microslides and freshly cleaved single crystal KCI substrates 
by the flash evaporation technique [ 12]. Flash evaporation 
was carried out in a vacuum of = 10 -6  torr ( 10 -4  Pa). The 
substrates were maintained at temperatures 7", (°C) of 65, 
130, 165 and 225. A multi-temperature substrate holder was 
fabricated to simultaneously deposit films at the different 
substrate temperatures under identical conditions of evapo- 
ration. The starting materials for flash evaporation were pre- 
pared by bubbling H2S through 0.2 N aqueous solutions 
containing lead acetate and manganese acetate mixed in 
appropriate molar proportions. The precipitates were filtered, 
washed thoroughly, dried and powdered. The finely pow- 
dered materials were used for flash evaporation of the films. 
During evaporation, the starting materials were dropped 
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Fig. 1. Schematic diagram of the flash evaporation jig and boat. 

intermittently through a funnel into the entrance aperture of 
a molybdenum boat maintained in vacuum at > 1500 °C. The 
vapours produced in the boat escaped through a large number 
of small size exit apertures in the cover plate of the specially 
designed evaporation boat. This modified design of the boat 
helps in reducing splattering and preferential loss of more 
volatile components of the starting materials. Sufficient time 
between successive feeds was provided for the boat to attain 
its original temperature. 

A schematic diagram of the modified flash evaporation 
setup used is shown in Fig. 1. It consists of an evaporation 
jig produced from Messers VICO India. It consists of a res- 
ervoir R which stores the powdered materials to be flash 
evaporated. The material is transferred to the specially 
designed evaporation boat B with the help of a moveable 
shutter S, which can be manually operated from outside the 
belljar by a moveable lever arrangement. A small quantity of 
material for evaporation trapped in a small hole in the shutter 
S is transferred to the preheated molybdenum boat maintained 
at > 1500 *C by a single operation of the shutter, resulting in 
its instantaneous (flash) evaporation. A single operation 
results in film thickness of "-, 8 nm. Sufficient time was pro- 
vided between successive feeds so as to permit the boat to 
attain its original temperature. The boat B is provided with a 
cover which has a 0.003 m diameter entrance aperture through 
which the material is fed into the boat and a large number of 
exit apertures of = 0.00075 m diameter through which the 
vapours escape. This design of the boat is observed to prevent 
splattering, transport of fine evaporant material particles on 
to the substrate and preferential loss of more volatile com- 
ponents of the source material. Thickness of the films was 
measured using a Talyor-Hobson talystep instrument. 

Films 20-30 nm thick deposited on single crystal KCI 
substrates were used for transmission electron microscopic 
and electron diffraction studies. A PHILIPS CM 12 trans- 

mission electron microscope was used for these investiga- 
tions. Average grain size in a film was determined by 
projecting the electron micrograph as a raster of fixed size on 
the screen. Extension of grains was measured along four 
different lengths along both x and y directions. The procedure 
was repeated for micrographs taken from three different areas 
of a film. The average of the data is taken as the average grain 
size in the films. 

Optical properties of the 200-300 nm thick films were 
investigated in the 200--2500 nm wavelength range. Absorp- 
tion coefficient a was calculated from the transmission and 
reflection spectra of the films recorded by an HITACHI-330 
spectrophotometer. The absorption coefficient o~ at a partic- 
ular wavelength was calculated from the relation [ 13 ]: l[(1-R)2~_~(1-R)4+R2 ] 
ax = ~ In 2T 4T 2 

Films 200-300 nm thick deposited on glass microslides 
were used for room temperature de resistivity measurements. 
A Keithle) 610C electrometer was used for the purpose. 
Homogeneity and stoichiometry of source materials and flash 
evaporated films were verified by chemical analysis. 

Composition of the films and the starting materials was 
worked out from the Auger spectra. A PH1-SAM/ESCA 590 
A Auger spectrometer was used for the purpose. 

3. Results and discussion 

Electron diffraction patterns obtained from all films with 
x in the range 0 .16<x<0 .84  and grown on substrates at T~ 
of 65, 130, 165 ~md ?'~'~ °C were observed to give well defined 
single crystal spotted patterns. The films were observed to 
have structural homogeneity as indicated by identical dif- 
fraction patterns as obtained from different areas in all films. 
Typical diffraction patterns from some of the films are shown 
in Fig. 2. Analysis of the diffraction patterns indicate the film 
materials to have single phase fee lattices. The four-fold sym- 
metry as displayed by the diffraction patterns indicates the 
fihns to be epitaxial with (100) zone axis orientation of the 
grains. The lattice parameter computed from the diffraction 
data is observed to increase with increase in lead concentra- 
tion in the films as shown in Fig. 3. It may be seen that the 
lattice parameter increases linearly with the lead concentra- 
tion x for films grown at a particular substrate temperature Ts. 
The lattice parameter, however, decreases slightly with 
increase in substrate temperature in films with same x. The 
variation of lattice parameter a with x is observed to obey 
Vegard's law as per the following relation: 

a(,4) (x) = 5.60 +0.33x 

which has been computed from the single crystal values for 
MnS and PbS. It is seen that the best fit is obtained for the 
films grown at Ts of 165 °C. The average grain size in the 
films is observed to increase with substrate temperature Ts 
for a fixed lead concentration x; however, the average grain 
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Fig. 2. Electron diffraction patterns from Pb~in, _.,S films flash evaporated 
on freshly cleaved single crystal KCI substrates maintained at different 
temperatures: (a) x-O.16, Tsffi650C; (b) x=0.50, T, ffi65°C; (c) 
x-0.50, T,-. 165 °C; (d) x~0.84, 7",=65 °C, 
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Fig, 3, Variation in latti~ parameter with Pb concentration x plotted for 420 
Pb~nt _=S films at different suhstrate temperatures: (r-I) 65 °C; (x) 130 °C; 
(e)  165 "c; (4) 225 "c. 

size decreases with x for a fixed Ts. Results are summarized 
in Fig.  4. 

Structural properties like formation of a single phase fcc 140 
lattice of the type Pb: _~/ln~S, variation of lattice parameter 
and grain size with substrate temperature and epitaxy in the 
films can be explained on the basis of the atom-by-atom 
condensation process [7]. According to this process the 
material leaves the evaporation boat as a mixture of atoms of 
the constituent substances. Such atoms on approaching the 

substrate move under the predominant field of London forces 
of the substrate atoms/molecules and undergo inelastic col- 
lisions with the substrate. Depending on the substrate tem- 
perature the colliding atoms lose a certain fraction of their 
kinetic energy to the substrate and drift under the force field 
of the substrate undergoing collisions amongst themselves. 
In the case of large adatom mobilities a small number of 
stable nuclei are formed which subsequently grow as grains 
in the films. The large adatom mobilities allow the adatoms 
to attain proper relative orientations as required by their bond- 
ing orbitals to attain the minimum energy stable equilibrium 
configuration. In the case of smaller adatom mobilities 
improper angular overlap of bonding orbitals could result in 
atomic bonds with lower strength and hence larger lattice 
parameter of the resulting materials. Under conditions of well 
defined strong substrate fields and similarity between film 
and substrate lattices, the adatoms add on to the growing 
nuclei so as to follow the crystallographic orientation of the 
substrate. The resulting grains grow with crystallographic 
symmetry and zone axes orientations typical of the substrate. 
Mismatch in lattice parameters of the substrate and the film 
materials (if not large) prevents all grains from merging into 
a single grain. The grainsize under such conditions is deter- 
mined by the collective response of lattice mismatch and 
adatom mobilities of the different species. Epitaxial growth 
in the Ts of 65-225 °C films with x in the range 0.16 < x ~ 0.84 
indicates the adatom mobilities of the different species on the 
KC! substrates to be fairly large. Decrease in grainsize with 
increase in Pb concentration, as summarized in Fig. 3, indi- 
cates the lead adatoms to have smaller mobility than the Mn 
adatoms. A reasonable matching between lattice parameter 
of KCI (a--6.29 A) and the film materials (a--5.63 ,~ for 
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Fig. 4. Variation in average grain size with Pb concentration x plotted for 
Ph~Mn~ _,S films at different substrate temperatures: ([]) 65 °C; (x) 130 °C, 
(O) 165 °C; (A) 225 °C. 
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Fig. 5. Optical absorption spectra of flash evaporated Pb~Mn~ _.,S films at Ts 
of 225 *C with different lead concentration (x=) :  (11) 0.16; ([]) 0.25; 
(A) 0.50; (x) 0.66; (Q) 0.84. 
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Fig. 6. Variation in optical band gap with Pb concentration x plotted for 
Pb~Mn~ _.,S films at different substrate temperatures: ([]) 65 °C; (x) 130 °C; 
(O) 165 *C; (A) 225 °C. 

x - 0.16; a = 5.93 ,Ik for x "-- 0.84) also contributes tc epitaxy 
in the lilms. 

The optical absorption measurements carried out on these 
films show the presence of a single, well defined absoq>tion 
edge in all the films. Its position is observed to shift towards 
higher wavelength with increase in lead concentration x in 
the films grown at the same T,, as shown in Fig. 5. However, 
there is a slight shift in the edge towards the longer wave- 
lengths with increase in T~, for films of a particular compo- 
sition. Presence of a sharp, well defined absorption edge 
suggests the presence of single phase ternary alloys of the 
type Pb,,Mnl _xS in the films. Analysis of the optical absorp- 
tion data indicates that the absorption coefficient follows 
(ahv)a=A(hv-Er,) behaviour which indicates the pres- 
ence of a direct optical band gap [ 14] in these films. Variation 
of optical band gap with lead concentration x for films grown 
at various substrate temperatures is summarized in Fig. 6. It 
may be seen that the variation of optical energy gap with x is 
not linear but shows a bowing typical of the pseudobinary 
alloys [ 15]. The observed variation in band gap with com- 
position may be described by a parabolic dependence given 

by: 

Eg(x) - 2.85 - 4.23x + 1.76x 2 
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Fig. 7. Variation in resistivity with Pb concentration x plotted for Pb~Mnj _.~S 
films at different substrate temperatures: (I--I) 65 °C; (x) 1300C; (O) 
165 *C; (A) 225 *C. 

Room temperature dc resistivity measurements plotted as 
a function of lead concentration x for films grown at different 
substrate temperatures is shown in Fig. 7. It is observed that 
the resistivity decreases from 106 ~ m  to 10 z8 f~m as x varies 
from 0.16 to 0.84. This decrease in resistivity may be attrib- 
uted to the observed decrease in band gap with increase in x. 
The resistivity, however, increases with increase in substrate 
temperature for all films. The increase could possibly be 
explained qualitatively by considering the films to be made 
up of high conducting grain b3undaries and highly resistive 
grain interiors as proposed by the segregation theory [ 16]. 

4. Conclusion 

The investigations suggest that it is possible to grow epi- 
taxial single-phase PbxMn~ .xS films in the composition 
range 0.16 <x <0.84 by the flash evaporation technique on 
single crystal KCI substrates maintained between 65 *C and 
225 *C. The optical band gap can be varied from 2.26 eV to 
0.52 eV by changing the Pb concentration x from 0.16 to 
0.84. Structural, optical and electrical investigations carried 
out on these films indicate the applicability of this material 
for IR detectors and other optoelectronic devices. 
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