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PROGRESS        KEPORT 

(Twelve Months) 

1 June 1971 - 31 May 1972 

IMTHODUCTION 

During the past years,  research on the pseudobinary alloys 

has  rapidly grown out of tie  initiating stage and into a fully 

productive phase.    The "parting layer" and the  "hot wall" techniques 

of opitaxic film growth have been extensively and successfully tested 

and are now in operation.    The research on the P^JS,      has been 

extended to photoconductivity measurements,  irdicating a significant 

enhancement of photoconductivity as a result of introduction of oxygen. 

Use of modulation spectroscopy techniques for the study of the optical 

properties of the films was initiated and extensive taermoreflectance 

measurements were carried out on the IV-VI compounds and the resulting 

structures were  identified with the critical points in their energy 

band structure.    The surface wave studies have progressed with gener 

ation of 200 MHz Rayleigh waves using transducers of aluminum inter- 

digital arrays on quartz.    The experimental system for the physio- 

chemical studies of PbS-PbO system was completed and a large number of 

kinetic studies were carried out. 

In the theoretical area,  a full-:relativistic APW program 

based on the Dirnr,p equation has been developed and successfully 

■mm^- 
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Uicted on Sn'Ite.    The calculation of the deformation potential for the 

•; cxtrema of the lead chalcogen.ldes and SnTe was  completed. 

The formal interaction with the Naval Ordnance Laboratory 

within this project and the  informal interaction with the Physics 

Department and the School of Metallurgy and Materials Science of the 

Univorclty of Pennsylvania has been successfully continuing.    On 

^-£■5 March 1972,  a Topical Conference of the American Physical 

Society on the Physics of IV-VI Compounds and Alloys was held at the 

University of Pernsylvania and sponsored by The Moore School of 

EJcctrlcai Engineering and the Laboratory for Research on the 

Structure of Matter. 

KXPEHIMENTAL FILM PROGRAM 

1.     Pb.    Cd S,  PbS and PbSe  1-x    x  ■  

n)    Growth;  Parting Layer Technique.    The problem of thermal 

expansion coefficient mismatch between alkali hallde substrates and 

cpltaxic IV-VI compounds grown on these substrates has been known for 

Dometirae.    In the past few years, there has been increasing attention 

paid to matching of the expansion coefficients by using CaF- and BaFp 

which has lead to the marked improvement in the low temperature 

electrical properties of PbTe and Pb,    Sn Te epitaxic films. 

We began with a bulk crystal of PbS, cleaved to form a 

regular parallelipiped. In our case, the crystal was a piece of 

natural galena.    The apparatus used for the film deposition was similar 
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to that uDCd by Bis et &1. for growing alloy films of the lead salts 

vuln^  two sources isolated from each other by a water cooled jacket 

(see Ref. 2).    The two sources were used for evaporating NaCl and 

PbS onto the galena substrate. The substrate temperature war about 

2T50C. A layer of NaCl was deposited on PbS using identically the same 

procedure employed by Schoolar and Zcmel^ for the deposition of PbS on 

NaCl. Then the chamber was let up to atmospheric pressure for a 

couple of hours to allow the NaCl to be exposed to atmospheric moisture, 

Thorc is some indication that this procedure assists epitaxy. Typical 

operating conditions are listed in Table I. 

TABIE I 

Substrate (Galena) Temperature 2750C 

NaCl-Source Temperature 6750C 

PbS-Source Temperature T00OC 

Deposition Rate of NaCl WÄ/minute 

Deposition Rate of PbS 4oX/minute 

Thickness of NaCl Layer 0.5-1.0 [i 

Thickness of PbS Layer 1\X'7V 

The thermal mismatch between NaCl and PbS is approximately 

2x10"''. When PbS films are grown on NaCl substrates, a strain of 0.1$ 

in the PbS film must be relieved by plastic deformation of either the 

NaCl substrate or the film itself.  It is not a trivial matter to 

relieve such a large strain and some of the lifetime problems found by 
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2^ 
various   inveotigators may result from this strain relief.      The use of 

a parting  layer of NaCl on a PbS substrate causes the strain to occur 

In the NaCl layer (Fig. l).    The subsequent overgrowth of PbS should 

not be subjected to any thermal mismatch strain upon cooling. 

The PbS films grown had thicknesses ranging from l\i to 7M.. 

There does not seem to be any inherent Imitations on the growth of 

very thick epitaxic films using this method. The PbS films were 

removed from the substrate by immersion in HgO. The NaCl layer dis- 

solved, thereby freeing the PbS film from the galena substrate. The 

PbS substrate showed no sign of clouding or secondary crystal growth 

and could be used again for further deposition after drying. 

The PbS films deposited under these conditions were examined 

for their single crystal nature using Bragg and Laue x-ray diffraction 

measurements.    Figure  2 shows the Bragg dlffractometer recording for 

(600) planes of PbS film.    The doublet showing reasonably good single 

crystal behaviour. 

A rough measurement of the electrical properties was under- 

taken.    The film was transferred to a glass slide using an optical 

cement.    The parting layer was dissolved in water separating the sub- 

strate from the film which was firmly attached to the glass slide. 

The measurement indicated that mobility at room temperature was 80 

n ,   ., „18 /   3 
em /volt-sec, and the hole concentration was .1X10   /cm . 

The free growth surface of the thinner films were of optical 

quality.    Thicker films showed a patchiness suggestive of a corres- 

ponding patchiness on the NaCl filmB,    However,  the ifetCl-PbS film 
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Interraw was smooth and shiny. This fact is supported by scanning 

electron microscope pictures. Some thin samples were observed under 

iranüinicsion. Electron microscope moire fringes were observed due to 

the difference in PbS and NaCl lattice spacing. Also, edge disloca- 

tions were observed whose burgers vector was » [110], 

This technique of growing epitaxic films without thermal 

otrain still requires considerable additional work. However, it 

promises to be a useful method of producing single crystal layers 

suitable for technological developments. 

Investigators: A. K. Sood and J. N. Zemel 

b) There oreflectance. The purpose of theoe experiments was 

to get a deeper insight into various higher order transitions taking 

place in PbS and Pb Cd, S using the techniques of modulation spectro- 

scopy and to see their correlation with the calculated band structure 

of PbS. The technique used for these measurements was to modulate the 

temperature of the sample and detect the change in reflectivity vs. 

reflectivity (AR/R) of these samples. 

The samples prepared for these measurements were in the form 

of thin films grown by evaporation techniques on NaCl ranging from 

thickness of l\x-l\i.    A piece of sample of the order of {kam x to) was 

taken and two strips of Ag-paste were put on the surface to pass ac 

current through them. The frequency of modulation was picked to be 

26 Hz. Some samples were prepared using Scotch-Cast (nonoptlcal cement) 

to see if there was any effect due to strains built up in the sample 

during evaporation. The measurements were taken at 30° K and 77 K. 

. ... 



The structures were found to be much more sharp at 77 K. Some new 

structures were observed at 770K which requires some theoretical 

ralcuiation to explain them. 

Similarly, temperature modulation experiments were performed 

on thin fiims of PbSe using the same technique. The structure found 

in this case is very much similar to that of PbS. The experimental 

pxots of AR/R for the PbS and PbSe are shown in Figs. 3-6. 

Electric field modulation technique was also used to get 

AR/R VS. photon energy using samples with MOS configuration. The 

resuits obtained were not very conclusive due to bad quality of MOS 

samples. 

5 
The reflectivity measurements of Cardona and Greenaway on 

PbS and PbSe yield the energies for the first three peaks in units of 

eV as listed in Table II. 

TABLE II 

PbS 1            PbSe           | 

300OK 770K 3000K 770K 

El 

E2 

E3 

1.88 

3.67 

5.3 

1.85 

3.^9 

5.23 

1.55 

3.12 

^.50 

1.59 

2.95 

h.65 

It is difficult to decide from their experimental data whether the 

shift of these peaks with temperature is real or due to experimental 

errors. Identification of the above peaks with our thermoreflectance 
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jpertnun of PbS and PbSe leads to the energies in Table III. 

TABLE  III 

E, 

E, 

E, 

FbS 

300OK 

1.92 

3.72 

1.90 

3.72 

PbSe 

770K 300OK 

1.58 

3.22 

^.70 

^.70 

770K 

1.58 

3.20 

1^.80    Sample 20(a) 

1^.85    Sample 20(b) 

Thus, the E.  and E2 transitions are in quite good agreement with the 

reflectivity spectrum.    But the E_ transitions shows a significant 

shift from sample to sample. 

Certain trends are recognizable in the spectrum of PbS and 

PbSe.    The peaks E1, Eg, E3 shift towards higher energy as we go from 

PbSe to PbS.    Both in PbS and PbSe the Eg-peak at room temperature 

splits up into three peaks at 770K which implies that E2-peak is made 

up of more than one transition at that energy.    The splitting is due 

to different values of their defomation potentials.    In the region 

where the E_ transition occurs, again we see the splitting into a 

doublet at liquid nitrogen temperature.    But this region has also been 

found sensitive to the ambients.    The spectrum shows a significant 

pump-dovm effect, which would require more work to pinpoint the 

detail of the mechanism. 

.....■„   ■ . ■-•:■  . ..,.; ;..A,1. . 



(las effect measurement and the effect of carrier concentration 

on the structure in the 3.5-6 eV range may give us more insight into 

the origin of these structure. Similar experiments of Ft^^Cc^S will 

be carried out in the future. 

Investigators: A. K. öood and J. E. Fischer 

2. Sn. Ge Te and SnTe 

a)    Grovrth and Physical Properties.    Epitaxial films have 

been Rrown for the Sn,    GteTe alloy system under near equilibrium 

conditions employing a modified hot-wall technique.    Figure 7 is a 

schematic diagram of the system designed to achieve the required quasi- 

equilibrium conditions for the epitaxial growth,    übe essential part 

of the system is two separate coaxial tubes made of fused quartz 

fitted loosely one into the other.    One of the tubes contains the 

source material and the other, the chimney,  is used to guide the 

evaporated molecular beam toward the substrate.    The baffle and the 

neck in the chimney part serve to prevent the evaporant from striking 

the substrate directly.    The oven around the chimney is made of a 

fused quartz cylinder wound with the nichrome wire as the heater.    By 

carefully controlling the current flowing through the heaters, the 

right temperature profile can be found such that single crystal fllfflS 

can be grown onto the substrate successfully. 

Following is the procedure used to grow the single crystal 

Sn,    Ge Te films: 
X^X  X 

1) The source tube is loaded with approximately 5 grems 

of Sn,  Ge Te. 
XWX  X 



2) The substrate  is placed onto the sample holder and the 

shutter closed. 

3) The heaters are turned on to keep the temperatures of 

the substrate,  the baffle and the source at 3W)0C, k^cPc 

and k00oC respectively. 

k)    The shutter is opened and the substrate lowered down to 

the top of the chimney and the outgrowth starts. 

5) The substrate  is raised up and the shutter closed at 

the end of the evaporation. 

6) Heaters are then turned off and the system is let to 

cool down to room temperature before the film is taken 

out of the system. 

The end-point material SnTe and the Sn,  YG€ Te alloy films grown on 

both NaCl and KC1 substrate are single crystal in nature.    X-ray 

diffraction techniques and scanning electron microscopy have been 

employed to study the epitaxial films grown. 

Figure 8 is a dlffractometer recording trace of a O.kk \m 

thick SnTe film.    Three lines, from (200), (400) and (600) planes 

respectively, are observed.    Lack of peaks from other atomic planes is 

an evidence of the monocrystalline nature of the films.    The lattice 

constant calculated is 6.315S.    Figure  9   is the x-ray data for a 

single crystal Sn0 J»Q*Q 2oTe fi1-m (d = 1.8 urn) grown on KC1.    Because 

of the comparatively high vapor pressure of GeTe, the growth condition 

for GeTe is different from that for SnTe and SnTe-rich alloy films. 

Tolycrystalline films, however, have been grown by lowering both the 
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QUbstrate arid source temperature. 

Envestigators:    K. Duh and J.  N.  Semel 

u)    Electrical Properties.    Table IV is the result of some 

of the galvanoatagpetic measurements of the Sn,     Ge Te films.     All of 

the raeasured films are p-type.    Figure 10 is the temperature dependence 

of the Kali  coefficient,  mobility and conductivity for a .3 um thick 

3nTe film.    The Hall- coefficient increases as the temperature is 

raised.     For the  lov carrier concentration films the change of Hall 

constants   is even more significant which is expected as a result of the 

existence of a second band.    For the high carrier concentration 

material,  so many carriers are in the lower band even at the nitrogen 

temperature that no significant change  is observed with increasing 

temperature.    This  is not so for the low carrier concentration material 

since most of the holes are  in the upper band at low temperature.    When 

temperature  is  increased, holes are transferred to the lerer band.    The 

low carrier concentration films are grown with Sn-rich source material 

19 and films have been successfully grown with p = 1.^x10    , the lowest 

ever reported. 

The dependence of the galvanomagnetic properties on the 

growth conditions has also been studied.    Figures  11   and  12   are 

the results elfter measuring a series of films grown at different 

source temperatures while the baffle and substrate temperatures were 

kept constant at ^500C and 250 C, respectively. 

As the source temperature  is raised both the hole mobility 

and the conductivity increase,  reach to a maximum at around 3^0 C 
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above whifli both the hole mobility and conductivity do not change 

very much.    Maximum mobility is obtained when the film is grown at an 

optimum temperature profile. 

Investigators:    K.  Duh and J.  N.  Zemel 

c)    Optical Properties.    Both the  intraband and interband 

optical properties of the material have been studied. 

1. Intraband Optical Effects - In the infrared region 

the  reflectance and  oransmittance are measured by a Perkl -Elmer Model 

h'yj grating  infrared spectrophotometer.    Figure  12   -d thvi typical 

spectrum obtained. 

2. Interband Optical Effects - The interband optical 

efTects are studied by e..iploylng the modulation spectroscopy.    The 

experimental setup is the standard one for this kind of work.      Kono- 

chromatic radiation is reflected at near normal incicenci from ths 

.-surface of the sample  into a detector photomultiplier tube is used in 

the range from 1 eV up to 5.6 eV.    For the lower energy range, from A 

to 1.5 eV, a PbS detector is used.    The modulation is achieved by 

passing a modulating current through the sample.     In order to obtain a 

higher modulation efficiency a 26 Hz square wave is used. 

Figure lh is the thermoreflectance spectrum of SnTe at 

room temperature. This spectrum is richer in identifiable structure 

than previously obtained electroreflectance results obtained by Aspnes, 

. 
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F'Uio.   I'; and  L6 are the thermoreflectance of the GeTe and Gen 0-,Snn     Te 

üamples.    This work  is still under progress.    Kramers-Kronig analysis 

LD being undeitaken to better identify -ehe structure and to better 

understand the optical properties of these materials, 

investigators:    K.  Duh and J.  E.  Fischer 

J.    PbO s, 
X  1-x 

Films of PbO 3,       of various compositions were grown during 

this period.    Wie physical properties of the films ware  characterized 

by x-ray analysis,  electron microscopy,  a;d Auger spectrescopy.     If is 

difficult  at the present time to obtain exact values for oxygen con- 

centration although it  is hoped that Auger spectroscopy will yield 

this  information. 

Photoconductivity measurement on the PbO S,       films showed 

the appt-arance of a strong peak on the  long wavelength side of the PbS 

peak.    The strength of this peak is proportional to the oxygen concen- 

tration (Figs.   17-19).    Tables V and VI give some of the electrical 

and photoconductlve data obtained on these films.    The sensitivity was 

measured bo-öh at the PbS and the oxygen generated peaks.    The film Iß 

25 was pure PbS and the rest are PbO 3        with D2 and D-3 having the 

lowest and highest oxygen concentration respectively.    All except D3 

were n-type. 

The photoconductivity data, appear to Indicate the oxygen 

introduces  localized trapping levels  in the band gap jf PbS.    The 

considerable   increase  in the  responeivlty cannot be explained by 
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variation of PbS lifetto».    A resulting Impurity type band,  caused 

by the overlap of these localized levels car. explain the behaviour of 

the photoconductivity.    The same model was used to explain the 

temperature dependence of the carrier concentration for both n- and 

p-type materials (Fig.  20). 

The variation of the absorption coefficient with wavelength 

(Figs. 21, 22), exhibits regions corresponding to direct and indirect 

transitions,  consistent with  .he proposed model. 

Extensile work is being carried out no^ to obtain more 

information regarding the nature of these localized states. 

■THEORETICAL RESEARCH 

1..    Band Structure of IV-VI Alloys 

A full-relativistlc augmented-plane-wave program (D) has 

been developed which solves the Dirac's equation.    ThlB program has 

been successfully tested on SnTe and the results compared with those 

of the previous APW calculations where the relativistic corrections 

were introduced bj  perturbation technique (P).7'8    In order to compare 

the nonrelBtivistic results obtained by the two different methods 

(ED    and EP  ) the velocity of light was set equal to infinity in the 

full-relativistic calculations to obtain E^.    Th^n the relativistic 

resaits (E? and E*) were  compared to check the relativistic corrections, 
R K 

The results for points  r and L in the Brillcuin zone are given in 

Table VII.    Although the seme potential was u^d in both calculations, 

the new formalism requires the potential on a logarithmic mesh while 
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the previous program uses it on a semilimjar mesh.    Thus the original 

potential ha^ to be interpolated to convert it to a logarithmic mesh. 

The other difference was a slight change in the radii of APW sphere, 

again necessitated by the difference in the radial mesh required by 

the two programs.    The error introduced by the above two factors is 

in all likelihood responsible for the difference between the two set 

of nonrelativistic results.    The upper limit for this discrepancy is 

.1 eV.    The relativistic correctl ns show a larger discrepancy, how- 

ever the limiting difference is 10^ of the size of the relativistic 

correction and is generally mach less.    Again the  bwc  sources of error 

in comparison may be responsible for part of this discrepancy.    Thus 

we see that the original band calculations for the IV-VI compounds 

were   "ndeed quite accurate.    The only need for going to the ne; 

formalism is its appropriateness for the alloy band calculation. 

Tests are also in progress to aatermine the effect of using 

Waber's    relativistic atomic wavefunctions in the construction of the 

periodic crystal potential in contrast to the presently used, non- 
10 

relativistic atomic wavefunctions of Herman and Skilljnan. 

We are now in a position to BtlTl   4:he "virtual crystal" 

band calculations for the  IV-VI alloys 

Investigators:    R.  Lasseter, S.  Habil 
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TADIE VII. Comparison of the energy bands for SnTo and T and L 
obtained by the Dirac'a equation and the perturbation technique. 
Energies are In units of Rydbergs. 

itusia 
GROUP 

NONRELATIVISTIC REIATIVISTIC REIATIVISTIC CORRECTION 
D0UBI£ 
GROUP 4 E0 EP 

ER $ «, « 

S -.k86 -.1*88 -.50^ -.507 -.018 -.019 h'h 
-.&* -.530 -.039 -.01*2 h 

Ll -.1*85 -.1*89 -.568 -.580 -.063 -.091 $ 

K -.562 -.565 -.617 -.621* -.055 -.059 *i 
H -.651 ^.652 -.679 -.682 -.028 -.030 <*; 

-.720 -.727 -.069 -.075 %+ 

ri -.Oik -.035 -.111 -.121 -.077 -.086 n 
ra -.230 -.231 -.230 -.231 0 0 

^ 
r25 -.257 -.259 -.261* -.267 -.007 -.006 1 

-.261* -.863 -.007 -.001* r7+ 

rl5 
-.26U -.272 -.291 -.298 -.027 -.026 n 

-.3^3 -.357 -.07i» -.065 re 

^ -.655 -.659 -.681* -.689 -.029 -.030 ^8 

-.71*3 -.755 -.088 -.096 rg 
rx -.738 -737 -.891* -.910 -.156 -.173 $ 
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2.    SnTe and the Lead Chalcogenldes 

The calculation of the deformation potentials for E extrema 

of these expounds has been concluded.    We .^an thus predict the 

behaviour of these extrema under various strains.    The matrix elements 

have been calculated for isotropic,   [111],  [ill],   [100], and [001] 

deformations.    These results are being applied to identify the peaks 

in the modulation spectra of the IV-VI compounds and will be used to 

explain the temperature dependence of their galvanomagnetic properties. 

Investigator:    S.  Rabii 

PHYSIOCHEMTHAL STUDIES OF THE FbS-FbO SYSTEM 

In the past year significant progress has been made in the 

understanding of the PbS-PbO system.    The experimental system has 

been completed and a large number of infonnative kinetic studies have 

been performed. 

The bulk of the experimental work has been in the measuring 

of the weight gain of pressed pellets of PbS in various oxidizing 

environments.    The PbS used to date, has included reagent grade, high 

purity "5r, and naturally occurring PbS (galena).    The pellets have 

been prepared by pressing PbS powder of known grain size.    The "as 

pressed pellets" are approximately 86^ theoretical density.    Scanning 

electrode microscopy has clearly shown that these pellets have a true 

surface area much greater than the geometric area.    Our best estimates 

indicate that the surface area of the "as pressed pellet"  is approx- 

imately 100 times greater than the geometric surface area. 
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Kinetic studies have been performed to date, below 800 C 

since the sublimation of PbS becomes significant above 800 C.    The 

kinetic data has been reproducible within ±1^ over a 400-800 cc/min. 

flowrate of gai mixtures,    k number of interesting preliminary results 

have been observed from the kinetic studies involving the PbS pellets. 

Under gas flowing conditions at which PbO.pbSO^ is stable,  a direct 

dependence on oxygen pressure  is observed.    This normally expected 

type of behavior la  in direct contradiction to previously reported 

work in the literature.    The oxidation of PbS pellets  in a simple 

oxygen atmosphere  indicates that the  impurity content of the PbS has 

a significant effect on the initial weight gain kinetics. 

Some X-ray work has been performed in an attempt to identify 

the various reaction products.    To date, the X-ray analysis work has 

not been conclusive.    The major problems have been the facts that 

very little reaction product is obtained and the product is difficult 

to remove from the partially reacted PbS pellet.    Further X-ray work 

will be performed on the reaction products formed on both pellets and 

single crystals of PbS. 

Future experiments contemplated at the present time include 

weight gain measurements of single crystals of PbS and weight change 

measuremsnts in which the starting material will be one of the 

reaction products such as PbSO^ or PbO. 

Investigators:    G. Belton and W. Kreuger 
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W1ASTIC SURFACE WAVE STUDIES 

This project has eB  its overall scientific objective the 

mvesti^ation of various electronic and elastic properties of seni- 

conductors  in the form of epitaxial films u.ing surface acoustic 

waves  (such as Rayleigh waves). 

Our initial research has been mainly Evolved with tne 

fabrication of interdigital transducers and the launching of surface 

waves  into semiconductor fiüns.    So far we have been able to generate 

200 MHz Rayleigh waves with transducers of aluminum interdigital 

arrays on quartz.    A good deal of time has been spent learning the 

techniques of working with photoresist and mechanical masks, two 

different methods of evaporating the aluminum arrays onto the quartz. 

The electrical characteristics of these transducers have been 

thoroughly studied. 

We are presently learning the techniques of growing CdS 

films and growing IV-VI compounds on CdS for the generation of 

Rayleigh waves into the  IV-VI films.    This development stage is nearly 

completed. 

Investigators: T. E. Taompson and F. J. Bogacki 
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