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J. Phys: Condens. Matter 4 (1992) 6997-9008. Printed in the UK 

The energy profile of polymorphous PbTe films: I. Direct 
energy gaps in PbTe high-pressure phases and energies of the 
heterophase junctions 

M Baleva, E Mateeva and M Momtchilova 
Faculty of Physics University of Sofia. 1126 Sofia. Bulgaria 

Received 31 March 1992, in final form 23 lune 1992 

AbslmcL me transmittance and reflectmm spectra of polymorphous Pb% films grown 
by laser-assisted depasition on KCI substrates were investigated in the range ktween 
400 and 4ooo an-'. ?he refractive index dirpenions n( E )  were obtained bom the 
spectra. The energy gag Es of the high-pressure (HP) PbTe phases were determined 
kom Ihe maxima in Ihe dependenas n( E )  - Es = 0.23 eV for rhe BCC HP PbTe phase 
and E, = 0.42 eV for the onhohombic HP PhTe phase. ?he additional maxima in the 
" ( E )  dependences w r e  related to transitions acmu the hetemphaw junctions formed 
in the procers of gmwth. 'Illhe energy pmfiles of films grown under different lechnalogical 
conditions were obtained. 

1. Introduction 

P h R  belongs to the group of compounds with an average of five electrons per 
atom, which are well known to be highly unstable and easily undergo structural 
phase transitions even on a slight change in temperature and/or pressure. Pressure- 
induced phase transitions in the cubic A4B6 "pounds and, in particular, P b R  
have been studied by volumetric, electrical conductivity and x-ray diffraction methods 
(Chattopadhyay et a1 (1984) and references therein). PbR has been reported to 
transform from the FCC NaCI-type structure to the orthorhombic GeS-type layered 
structure at pressures between 4.5 and 6 GPa (Wakabayashi et a/ 1968). A further 
structural phase transition to the BCC CsCI-type structure takes place at pressures 
of about 16 GPa (Chattopadhyay a a1 1984, F u j i  el a/ 1984). Electron microscopy 
and x-ray studies of P b R  films grown by laser-assisted deposition (LAD) showed the 
presence of the high-pressure (HP) CsCI- and GeS-type phases together with the 
ambient NaCI-type phase (Baleva 1986, Baleva et a1 1997a, b). It was also found that 
the relative quantities of the three different crystal modifications depended on the 
technological conditions. Hence films with a prevailing content of one of the phases 
can be grown. A significant thickness of the sublayers mntaining the HP phases 
provided the possibility of studying the properties of these phases. From the study of 
the transmittance and reflectance, wme preliminaly results about the optical energy 
gap of the BCC P h R  phase have been obtained in our laboratory (Baleva 1986). In 
our recent s:udies we have obtained the frequencies of the IR-aCtiVe modes in the 
HP phases as well as the Raman-active modes in the orthorhombic phase (Baleva 
el a1 1992a, b). Apart from the determination of the existence of the HP phases 
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and their crystal structure, study of their properties has barely been undertaken in 
bulk materials under hydrostatic pressure and that is why information about them is 
comparatively rare. 

The purpose of the present work was to determine the optical energy gaps of 
the HP Phlk crystal phases from an investigation of the aansmittance and reflectance 
spectra. 

2. Sample characterization 

Films of Pblk and PbTe doped with 0.2 and 0.3 mol% Cr were grown by LAD on 
(100)-oriented KCI substrates. The technological conditions which can be varied 
are the substrate temperature Ts, the laser energy per pulse and the substrate-to- 
target distance. The carrier concentration p and the Hall mobility p were calculated 
from the Hall coefficient R, and the electrical conductivity cr, measured by the 
standard b n  der Pauw technique. The low values of p at such carrier concentrations 
(table 1) indicate the presence of potential barriers in the samples. The film 
thicknesses were determined from pictures of the cross sections taken with an electron 
scanning microscope. The data on substrate temperatures, film thicknesses and kinetic 
parameters are given in table 1. In the labelling of the samples, K stands for a KCI 
substrate and T for PbR; the notation CR means that the samples are doped with 
Cr and the number after the notation CR shows the amount of the dopant (e.g. CR3 
means that the film is doped with 0.3 mol% Cr). 

The investigation of the -tal structure has shown that all films with thicknesses 
greater than 1 p m  represent a two-layer structure consisting of a relaxed FCC phase 
upper sublayer (which was formed in the final stage of growth) and a strained 
sublayer (which consists of HP phases). These investigations have also shown that the 
content of the HP phases in the strained sublayer is most sensitive to the substrate 
temperature Ts. At T, < 5Crl0O0C, epitaxial growth of the (111)-oriented BCC 
phase takes place and the strained sublayer consists entirely of this phase, which 
is demonstrated in figure 1, sample CR2Klm. On increase in T,  the quantity of 
the orthorhombic phase increases and at a temperature T, of about 25CL3Oo0C it 
prevails to a great extent, as is seen in figure 1, sample CR2K37: X-ray structural 
investigations show that the orthorhombic phase is polycrystalline. We have not 
succeeded in obtaining films with strained sublayers containing solely orthorhombic 
phase. This can be easily understood.if one takes into consideration the volumetric 
investigations of Chattopadhyay et a1 (1984), according to which the structural phase 
transition from the orthorhombic to BCC phase is accompanied by large two-phase 
regions. In figure 2, representing the pressure-induced change in the volume of the 
various phases obtained by Chattopadhyay et a1 (1984), the regions of the BCC and 
the orthorhombic phase volume changes in our samples are shown by full and broken 
arrows, respectively. In the figure, V is the pressuredependent volume of the Pblk 
lattice, calculated with the lattice constants obtained from the x-ray investigations, 
and V, is the volume a t  the pressure p = 0. It is seen that really the strained 
sublayer may consist either of BCC phase alone or of a mixture of HP phases, hut 
never solely of orthorhombic phase. It is also worth noting that according to our 
x-ray investigations the CsCI- and GeS-type phases exist at a pressure as low as about 
2.5 GPa. The finding k not surprising if one takes into account the experiments of 
Fujii et al (1984). They have shown that on reducing the pressure the BCC phase 
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Figute I. X-ray diffmction pattem of two samples. containing different quanlities of the 
HP phases in their Strained mblayers. 

P ikborl 

Figure Z Pressuredependent change in the volume of lhe different PhTe phases, ohlained 
by Chattopadhyay et d (1984). me regions of BCC and orthorhombic phase volume 
changa in our samples are show by full and h k e n  arrows, lespectively. 

exists in the whole range between 16 GPa (the pressure of the phase transition) and 
8 GPa, but they have not carried out experiments at pressures lower than 8 GPa. 

The VIVO pressure dependence (figure 2) shows a sharp discontinuity in the 
transition from the orthorhombic to the FCC phase. The latter explains the presence 
of a well defined boundary between the strained (BCC or orthorhombic + BCC phases) 
and the relaxed (FCC phase) sublayers and, hence, the usually obsewed periodic 
modulation of the interference spectra of the comparatively thick films. Such a 
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Flgum 3. ' h e  transmittance interference speclrum of lhick (d = 5.6 pm) sample 
KTZlT. 

modulated transmittance spectrum of a thick sample (sample K217T) is shown in 
figure 3. 

We have investigated a large number of films, grown at mrious substrate 
temperatures (from mom temperature to 3Oo0C), which hence have different contents 
of the HP phases in their strained sublayem 

3. Experiment and experimental results 

The interference transmittance and reflectance spectra have been measured at room 
temperature in the range from 400 to 4ooo an-' using a UR-20 double-beam 
spectrometer. 

In the case of the thick films (d > 2.5 pm)  the energy dependence of the 
refractive index n( E) has been calculated from the minima and the maxima in the 
transmittance spectra. The energy dependence of the refractive index n( E) in the 
case of the thin films was determined from the reflectance R and transmittance T 
spectra, by solving numerically the equations for the dependences of R and T on the 
real and imaginary parts of the refractive index, n and I C ,  respectively, the wavelength 
of light, the film thickness d, the substrate thickness and the refractive index of the 
substrate, using the method described by Nilsson (1968). 

The energy dependence of the refractive index n ( E )  for samples with different 
thicknesses, containing all three Pblk crystal structure modifications are shown in 
figures 4 and 5. In the thicker films, shown in figure 4, the FCC phase prevails while, 
in the thinner films, the quantity of FCC phase is much smaller (figure 5). The n( E) 
dependence of sample CR2KlOT containing mainly BCC phase is given in figure 6. 
The same dependence for sample CR2K3T containing predominantly orthorhombic 
phase is given in figure 7. The reflectance electron microscopy studies indicate that the 
thickness of the U per FCC phase sublayer is of the order of the electron penetration 
depth (about 40 1. ) UI these samples as their electronograms show the presence not 
only of the FCC phase but also of the corresponding HP phases. 

In both methods of calculation of n( E) we have assumed a single-layer model 
which is sufficiently correct for the films consisting predominantly of one crystal phase. 
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Flgmre 4 Ihe dispersion of the refractive index in 
thick (d = 2.5-5.6 pm) samples I h e  told armws 
indicate the interband transition at 0.32 eV in the 
prevailing pa: phax. The thin a m  indicate the 
Iransitions across the junction; Er" - EPm = 
0.15 eV and 0.16 eV and E F  - E:" = 0.27 eV 
and 0.26 eV for samples K2411T and KlOlOa?: 
respectively. 
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Figure 5. The dispersion of the refractive index in 
thin (d 2 I pm) films. The told a m 8  indicate 
the interband transitions: E," = 0.32 eV and 
E,"" = 0.42 eV for samples CR3K04T and KIUT.  
E F c  = 0.23 eV and E,"" = 0.32 eV for sample 
GUKOIT 'he thin arrows indicate the transitions 
acms the junction; EEC - E:'" = 0.20 eV and 
EpMth - Emm = 0.22 eV for sample KIUT (see 
figure 11). The transition at 0.22 eV in this film 
screens the interband transition a1 0.23 eV. The thin 
a m  a1 0.30 eV for sample CR3KOIT indicates 
the transition across the junction ( E F c  - 
screening the interband transition at 0.32 eV. 

In the case of films with comparable quantities of WO or three phases the refractive 
index energy dependence has to he mnsidered in a qualitative way or, in other words, 
the behaviour of the refractive index in this sample is real, but its values are not. 
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Figure 7, me dispersion of the refractive index of a sample with prevailing onharhombic 
phase in lhe *rained sublayer. The bold arrows indicate the interband transitions in 
all three phases 0.23, 0.32 and 0.42 e V  The thin a m  mrrspond 10 the transitions 
acmss the junctions as follows: E," - EFh = 0.39 eV, EpOnh - EFc = 0.26 eV and 
Enm - End = 0.16 eV (see figure 11). 

4. Discussion 

It is well known that, in analysing the Kramers-Kronig relations, Velicky (1961) 
drew the conclusion that the maximum in the dispersion of the refractive index 
n corresponds to the strongest increase in the absorption coefficient. Thus the 
determination of the energy gap from the maximum in the energy dependence of the 
refractive index n ( E )  is a common method. In the early investigations of Zemel et a1 
(1965) the energy gap Eg of FCC PbTe at X M  K was determined to be 0.32 eV from 
the energy position of the maximum value of the refractive index, namely nm = 6.15. 
Hence the maxima at 0.32 eV, which appear in our experimental n( E) dependences 
correspond to the direct interband transitions at the L point of the Brillouin zone of 
FCC Pb%. The maximum value of the refractive index in the samples with significantly 
prevailing FCC phase (samples K217T, KlOlOaT and K2411T) is nN = 5.9, in good 
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agreement with the results of Zemel el a1 (1%5). The lower value of refractive index 
determined in our experiment may be accounted for by the presence of a strained 
sublayer, although the latter is comparatively much smaller than that of the basic 
film. The negligible thickness of the FCc phase sublayer in the films, in which the 
HP phases predominate leads to an unreal, much smaller value of n, at 0.32 eV, but 
the peak still remains clearly resolved as the FCC structure always forms the upper 
sublayer. 

4.1. Films containing BCC and FCC phases 

The highest value of the refractive index in sample CR2KlOT in which the  cc phase 
prevails, as seen from figure 6, is at 0.23 e\! The different nystal structure naturally 
implies a different electronic band structure and, in particular, a different energy gap. 
The more closely packed crystal structure (as the BCC PbR appears to he, compared 
with the FCC PbR), in general, leads to a smaller energy gap. Then one may assume 
a smaller energy gap Eg in the HP BCC phase, which has a smaller lattice constant. 
So it is quite reasonable to assign the peak in the dispersion of the refractive index 
at 0.23 eV to direct interband transitions in the BCC PbTe. AF theoretical calculations 
of the Bcc PbTe energy band structure are not available, we are not able to decide 
at which symmetry point of the Brillouin zone these transitions take place, but this 
certainly is not the p i n t  with L symmetry (as in FCC PbR), as there is no point with 
such symmetry in the BCC clystal structure. The higher value of the refractive index 
n, = 6.5 in BCC PbR compared with FCC P b R  corresponds to its smaller energy 
gap. It is worth mentioning that the values of the Bcc PbR energy gap and n, 
determined in these experiments coincide with the values obtained for very thin films 
(about 100 nm) (Baleva 1986), where the determination of the optical constants is 
highly complicated. 

Although the quantity of FCC phase in this group of films is negligible (the 
thickness of the upper sublayer is about 40 A), a maximum in the n( E) dependence 
at 0.32 eV is still clearly resolved. Then the energy rofile of sample CR2KlOT 
is as shown in figure 8 In the figure, EFcc and E!m are the energies of the 
valence band (m) to and the conduction band (ce) bottom for the BCC phase PbR,  
and E;? and E$ are the corresponding values for the FCC phase. This energy 
profile s in fact a heterophase junction, whose thickness has to be comparatively 
small as it follows from the sharp phase transition from BCC to FCC phase (see 
figure 2). In such a structure, apart from the interband transitions, transitions across 
the junction (E,"" + Erw, EFcc --t EBCC, P E:cc i Ercc and EFcc + E:") 

and -t Ercc can vary from 0 to 0.09 eV, and the energy of the transitions 
EBCC P + Ercc and Egcc -+ E;CC from 0.23 to 0.32 eV. In sample CR2KIOT 
(figure 6) the energy of the transition E:cc - (or EFcc -+ E:CC) is obviously 
0.32 eV and that of EFcc + ErCC (or EFcc - E,  BCC) is 0.09 eV; this is confirmed 
by the increase in n( E) at energies below 0.15 eY The increase in the thickness of 
the upper FCC sublayer, in general, must affect the Fermi level position and hence 
must change the heterophase junction transition energies. The latter is demonstrated 
by the n( E) behaviour of sample CR3KOlT, shown in figure 5, grown at 7'' = SO 'C 
and thus containing BCC and FCC hases. In this sample the energy of the transition 
EBCC P + Ercc (or EFcc i E+) is most probably 0.30 eV. The energy value of 

have to take place as well. The energy of each of the transitions EFcc - E, BCC 
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Flgum 8. Schematic diagram of the energy profile Figure 9. Schematic diagram of the energy profile 
of 61ms mnlaining entirely BCC phase in the of 6lms with orthorhombic phase predominating in 
strained sublayer. the strained sublayer and a sufficienlly thick upper 

RC sublayer. 

0.30 eV is very close to the FCC phase energy gap (0.32 eV); so the heterophase 
transition and the FCC phase interband transitions can hardly be detected separately. 

?b summarize, the energy profiles of the films grown at T, < SO'C are as shown 
in figure 8. In this figure the positions of the energy levels hold for sample CR3KOlT 

4.2. Films with BCC and orthorhombic phases in [he strained sublayer 

The energy dependence of the refractive index of a film with prevailing orthorhombic 
phase in the strained sublayer (sample CRZK3T) is given in figure 7. A clearly defined 
peak can be seen at 0.42 ev; where the value of the refractive index is n, = 4.5. 
The peaks that correspond to the interband transitions in the BCC and FCC phases 
are present as well, although they are not so clearly resolved. The comparatively high 
value of the refractive index at energies lower than 0.32 eV indicates some additional 
transitions. If we take into account that in this film the BCC and FCC PbR phases are 
present in comparable quantities and that the BCC and orthorhombic phases are mixed 
in the strained sublayer, the identification of the additional transitions is ambiguous. 

Identification of the transitions between the orthorhombic and the FCC phases 
becomes possible in films with a thick upper sublayer (containing FCC phase). 

Then the films with BCC and orthorhombic phases in the strained sublayer can be 
divided into two groups as follows. 

4.2.1. Samples with orthorhombic phase predominating in rhe strained sublayer and 
lhick FCC phase upper sublayer. We succeeded in identifying two of the interphase 
transitions in the films where the orthorhombic phase prevails in the strained sublayer 
and the upper FCC phase sublayer is sufficiently thick (figure 4, samples K2411T and 
KlOlOaT). In the dispersion of the refractive index of the thickest sample K217T, 
only one peak is seen at 0.32 eV. On decrease in the film thickness, i.e. on decrease 
in the quantity of the FCC phase, two lower-energy peaks appear at 0.16 and 0.26 eV 
for sample KlOlOaT and at 0.15 and 0.27 e V  for sample K2411T The resolution of 
these peaks increases with decrease in the quantity of FcC phase. Dking all this into 
account, we related the peak at 0.42 eV to the direct energy gap of orthorhombic 
P b R  and the additional peaks to transitions across the potential barrier formed in the 
heterophase junction between the orthorhombic and FCC phases. The energy profiles 
of this structure for samples K2411T and KlOlOaT are shown in figure 9 (the energies 
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of the transitions for sample KlOlOaT are given in parentheses). In this figure, E;rtb 
and E;* are the energies of the VB top and the a bottom of the orthorhombic 
phase PbTe. The transitions at the BCC and Orthorhombic phase boundaries can be 
neglected in the case of thicker films, as the quantity of BCC is negligible compared 
with the remaining two phases in figure 9. The maxima at 0.15 and 0.16 eV can 
be attributed to the transition E;" - EFcc, and those at 0.27 and 0.26 eV to the 
transition EFcc -+ E:*. The fact that the energies of these transitions vary from 
sample to sample confirms the assumption that they are not interband transitions in 
one and the same phase. The energies of the junction transitions are those which 
vary with the Fermi level position, which is different in different films. The estimated 
values of the junction transitions again give a value of 0.42 eV for the energy gap of 
the orthorhombic PbR phase. 

Such an energy profile must influence the temperature dependence of the Hall 
coefficient R, and the electrical conductivity U. The activation energy of 0.05 
(0.06) ev which follows from figure 9, has to govern the temperature dependence 
of the Hall mobility p ( T )  = a ( T ) R H ( T ) .  In figure 10 the p ( T )  dependences of 
samples K217T, K2411T and KlOlOaT are shown. The p ( T )  dependence of sample 
K217T does not vary from that typical for the bulk Fcc PhTe:, as the quantity of 
HP phases in this film is negligible (d  = 5.6 pm). The same dependence of sample 
K2A11T indicates the presence of a potential barrier with an energy A E = 0.047 ev 
which is exactly the energy difference Ercc- EFtb (figure 9). The same holds for the 
p( T) dependence of sample KlOlOaT, but the energy difference A E = E.'CC - E;"' 
in this case is determined to be 0.06 e\! Thus the electrical measurements verify the 
mrrectness of the assumed energy profile. 

Flgum 10. The lemperalure dependence of the Hall mohilily in thick samples. Here 
A E  = Ercc -E:'". 

The orthorhombic PhTe phase is intermediate between the FCC and the BCC 
phases; so it is reasonable to expect an intermediate value of the energy gap E 
but our experiment gives the highest value of Eg for this phase. This can be easi$ 
understood if we bear in mind that the lowest-energy interband transitions in the 
orthorhombic structures were determined to be either direct forbidden or indirect 
(Lukes et a1 1988). We believe that the additional low-energy peaks observed in the 



Energy profie of polymorphous PbTe flm: I 9007 

dispersion of the refractive index of our samples with orthorhombic phase are not Of 
this nature, as the absorption coefficient in the case of indirect or direct forbidden 
transitions is small and probably will not cause any apparent peculiarities. Apart from 
this, as has already been pointed out, the energy of these maxima changes from one 
sample to another, which is possible only if they are junction transitions. 

2 0 0 T  and with comparatively 
thick FCC phase upper sublayer are as schematically presented in figure 9. 

4.2.2. F h  containing comparable quantifies of all hree phases with a thin upper FCC 
phase sublayer. In the energy dependence of the refractive index n( E) of sample 
W K 3 T  the contribution of the transitions between the mixed orthorhombic and 
BCC phase in the dispersion of the refractive index has to be greater than that of 
the transitions acros the heterophase junctions, on account of the negligible quantity 
of FCC phase. The same situation must occur in samples containing comparable 
quantities of all three phases grown at Ts 100°C The energy profile of such 
structures is shown in figure 11. The behaviour of the n( E) dependence of sample 
CR2K3T (figure 7) and sample K123T (figure 5) corresponds to the transition energies 
shown in figure 11 (the values in parentheses are for sample K123T). 

Thus the energy profile of the films grown at T, 

0.23cV 0.42eV 0.39(0.4Z)eV O.ZR(0.2Z)rV 0.32rV I l l  I I 
0.03(0)&' -P 

F y l m  11. 
quanlilies of all lhree phases. 

Schematic diagram of the energy profile of films containing mmpanble 

Thus, in the samples grown at Ts zz 100nC, when the quantity of FCC phase is small 
(films with thickness of about 1 pm), the absorption is due mainly to the transitions 
acrass the potential barrier formed at the boundaries of the grains with different HP 
phases. As seen from figure 11, except for the identified transitions between the 
mixed HP phases, transitions between the BCC and the FCC phases and between the 
orthorhombic and the FCC phases can take place as well. It is complicated to identify 
each of the large variety of transitions without knowing the position of the Fermi 
level in the different phases. The strong increase in the refractive index at energies 
lower than 0.20 eV in samples CR2K3T, CR3K04T and K123T indicates the presence 
of transitions with close transition energies. 

5. Conclusion 

On the grounds of the experimental study of the transmittance and the reflectance 
of polymorphous PbTe and PbWCr films on KCI substrates we have succeeded in 
determining the energy gaps of the BCC PbTe ( E ,  = 0.23 eV) and orthorhombic 
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P b R  (Eg  = 0.42 eV) crystal phases; this to our knowledge has not previously been 
achieved. 

These investigations, together with the crystal structure studies, demonstrate that 
the films under consideration are in fact a new type of semiconductor junction, which 
can be called a heterophase junction. Such structures can be formed, obviously, 
using highly nonequilibrium techniques of growth, one of which is uu). PbTe, which 
crystallizes in three different pressuredependent modifications, offers the possibility 
of fabricating two different kinds of heterophase junction by varying the technological 
conditions. 
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