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ABSTRACT

The reflectivity of epitaxial PbS films ha*rbeeJn compared with the
reflectivity of bulk PbS in the energy rarge 2.1to 6.2 eV and found to
agree in both magnitude and structure withis a few percent at energies
where interference effects can be neglected. The transmission of sev-
eral films with thicknesses varying from 335 A to 550 A has been
measured and the structure and shape of the spectra shown to be the same
for the films with different thicknesses. The reflectivity of bulk PbS
between 2.1 and 6.2 eV has been combined with measurements made by
other workers outside of this range to compute optical constants from
the Kramers Kronig relation. ine optical constants obtained in this
manner appear to agree qu:te well with those dtained from the reflec-
tivity and transmission of the films, considering the experimental
difficulties experienced ir measuring filin thickness and the absolute

magnitude of the reflectivity.
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I. Introduction.

The high absorpticn coefficient and the difficulty in preparing very
thin crystalline samples ha&s, until recently, made it impoesible to use
transmigsion to study the optical properties of semiconducting materials
at energies above the fundamenta) gap. Information on tr: optical properties
above the gap has, thus, had to be obtained from analyses of reflectivity
measurements only. Such roflectivity analyses have been made by Avery
(.4 to 3.0 eV)1 and Cardona and Gteennwayz(.i to 25 eV). Transmission
data in addition to reflec:ivity data, can, however, be obtained from thin
films grown epitaxially on appropriate traasparent substrates. Several

3,4,5.6

workers have shown that PbS can o. grown epitaxially on NaCl sub-

strates. A number of recent papers have reported the use of PbS films to
obtain optical data?’s’g’lo’ll’lz 0f specific interest here, the optical
constants have been calculated from reflectivity and transmission measure-
ments on epitaxial films in the region .1 to 1.3 eV by Schoolar and Dixonn
and in the regior 1 to 5 eV by Hessel?z The values obtained differ con-
siderably from those reported by Cardona and Greenaway?

We have grown epitaxial films of PbS on both NaCl and KCl1l substrates
and compared the reflectivity to that of bulk PbS. We have found agreement
to within a few percent at wzvelengths where interference is not impnrtant.

Our reflectivity measurements, although having an estimated error

larger than that claimed by Wesseal, indicate, as do Wessel's, that the

reflectivity of PbS is higher than that reported by Cardona. We have
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calculated n and k from the Kramers Kronig relation using our bulk reflectivity

measurements in the energy range 2.1 to 6.2 eV and those of other workers
The optical constants obtained in this manner &gree

outside this range.,
quite well with opticzl constants obtained from cur rs €lectivity and

transmission measurements and with those of Wessel.

II. Experim:ntal.

A. Sample Preparation.
The PbS films were prepared in a manner similar to that described

by Schoolar and Zemel? Powidered natural PbS was evapcrated in a vacuum of

about 5 x 10-6 mn Hg from a boron nitride crucible held in a tantzlum resis-

The temperature of the PbS was measured by a platiaum -

tance heater.
The

platinum rhnodium thesuwocouple placed within the boron nitride crucible.

substrate was clipped to a tantalum plute 20 cm above the evaporation crucible
A thermo-

and heated by & tantalum wire heater located just above the plate.

couple attached to the tantalum plate was used to wonitor the substrate
Some evaporations were also made directly

temperature during evaporation.
We were not able to detect any effect of tantalum

from a tantalum bcat.
contamination on either the film optical properties or electron diffraction

patterns.
We used substrates 1 cm x 1 cm x about 3mm. thick, cleaved in air within

a few minutes preceding an evaporation run. The films were grown at a
substrate temperature of 300°C, the substrate heater being energized for

about 45 minutes before beginning the evaporation to insure ejuilibrium
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conditions. For all samples reported here except one on KCl, the source
temperature was approximately 750°C which yielded evapoxation rates between
40 eni 80 A/minute. The film on KC1 (the scurce temperature was not recorded)
was deposited at an evaporation rate of about 200 A/minute. Our method nf
film preparation appears to be essentially the same as that of References

5, 6, 11 and 12.

We used electron Jdiffraction to determine the crystalline quality ox the
films. Figure 1 shows the .eflection diffraction pattern for sample 1, the
pattern being typical of that of a (100) cubic face. Figure 2 shows che
pattern from a much thicker film (>1700 A) and demonstratss that the pattern
is not coming from electrons penetrating the film to and from the substrate.

A further demonstration of this latter fact is given by Figure 3, which shows
the transmission diffraction pattern of a film removed from the substrate by
dissolving the substrate in water. Films grown on KCl were studied by electron
reflection diffraction, the patterns being identical to those of Figures 1

angd 2.

Approximately 25 £ilms were grown by the method described above on
substrates of NaCl, KCl and c-rz. At least partial optical analyses were
made on approximately 10 of these films. The results reportad nere for four
films appear to be representative of epitaxial PoS films.

B. Optical Measurements.

The optical system is that described by Grant13 and is shown in

Figure 4. The dotted line shows the path from sample to phototube during.
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FIG. 1

ELECTRON REFLECTION DIFFRACTION PATTERN OF 335A

FILM (SAMPLE 1).




FIG. 2

EJ.LECTRON REFLECTION DIFFRACTION PATTERN
FILM.

OF 1000A.
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FIG, 3

ELECTRON TRANSMISSION DIFFRACTION PATTERN Or FiLM

REMOVED FROM NaCl SUBSTRATE.
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FIG. 4 OPTICAL SYSTEM. S, AND S, ARE SPHERICAL MIRRORS
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tiausmission, and the solid line shows the path during reflectiou. The beam
trom the exit slit is focussed on the small plane mirror M2 by spnerical
mirror Sl. Spherical mirror S2 then focusses the light on either M3 or M4
depending upon wihether reflection or transmission is to be measured. The
beam is nearly in focus at the sample since the distance from the sampl: to
mirrors M; and Ma is small (1.5 cm). The total path length between the
sample and phototube is kept small to minimize the effect of any scattering
bv tne sample. Tne beam strikes mirror M3 (or NA) at an angle cf alout 45°.
‘rovision is made for moving the sample along a line connecting M3 and M4

in order that tne reflecting surface can be positioned half way between the
mirrors. The sample is moved in a vertical plane out cf the oeam for measuring
I0 and then into the beam for either reflection or transmission, the light

to M, being blocked during reflectivity measurements and the light to M

4 3

being blocked during transmission measurements. To insure that they would
nave identical reflectivities, mirrors M3 and Ma were deposited commercially
during the same evaporation.

Tne beam is defocused slightly at the pnototube and, thus, the radiation
falls on almost the entire sensitive area of the tube cathode minimizin~ any
error in reflectivity measurements due to different regions of the cathode
naving different seisitivities. Tne reflectivity of the bulk sample was
measured with mirrors M3 and M, in their normal position and with the rwo

mirrors interchanged. It was determined that the mirrors had nearly identical

reflectivities. In addition, measurements were taken witn the tube rotated
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170° about its axis and corrections applied to all reflectivity data to
partially account for variations in cathode sensitivity and image intensity
es a function of position on the cathode. The corrections applied to the
reflectivity as a result of turning the pnhototube 180° were quite large
(of the order »f 104) and were wavelength dependent. We, thus, consider
the major source of error in our raeflectivities to ’e due to variations in
phototube sensitivity across the céthode. The reflectivity spectra of all
the films and of the bulk sample were measured with the phototube in the same
orientation. An identical correction based on turning the tube 180° was then
applied to all data. Thus, an error in tae reflectivites due to varistion
in the sensitivity of the cathode with position will affec. all data in the
same manner and will not affect the a’reement in reflectivity betweea the
films and the bulk.

C. Thickness Measurement.

It was originally noped that a direct measurement of the film
thicknesses could be made using the interferomet+ic technique of fringes of
equal chromatic order}a'ls’ d We expected this method to be accurate to
within 110%. We were unable to use “.he technique, however, because the
cleavage planes of the substrates made it impossible to interpret the inter-
ference pattern. Therefore, we determined the thicknesses by measuring the
t -ansmission at 1, 1.5, and 2 microns and by assuming the optical constants
of Schoolar and Dixon}l Several methods of cross-checkiang were added. We
deposited two films on neated (to ~ 300°c) microscope slides and compared
the thickness obtained from .he infra-red transmission against a direct
measurement using fringes of equal chromatic order. The values agreed
within our estimated error in using the fringes of equal chromatic order

(~ + 10%). The films on the microscope slides were approximately 450 A thick.

[tk s,
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Tne transmission of one of Lhe {ilms was found to be near!y ideuntical with
that of au epitaxial film at 2, 1.», 1, .6, and .5 microns. At wavelengtns
less tnan 3000 A the transmissiou [ell somewhat more rapidly tnhau that for
au cpitaxial film pres'mably due to scattering by the crystallites in the
film. The minimum at 3.5 eV wnicnh occurs in the epitaxial films (see Figure
6), nowever, was quite clearly present.

A small zrror in tue weasurement of the infra-red transmission can give
quite a large error in the tnickness. The cleavage planes in the substrate
and/or pinholes in the films caused variations in transmission at different
points on tne same sample. We, therefore, made our transmission measurements
witn (he beam focussed on what appeared to be the best portion of tne sample
(ninimum pinholes and cleavest substrate). We used consistency of results
amci: the samples as well as agreement with the Kramers Kronig values to
further insure that we were measuring the infra-red transmission at a point
on eacn sample where pinnoles and cleavage nlanes would have a minimum effect.
We consider the thickness values obtained to be accurate to approximately
tlii. The largest portion of any error is undoubtedly systematic and will
affect all the thickness measurements in the same way.

We tad two films on NaC. and one on a glase wicroscope slide chemically
analyzed by a commercial company to determine the tctal lead content. Frrm
this, and a measurement of the film area we hoped to obtain a check on the
measurement of thickness by infra-red transmission. The company performing
the analysis claimed an accuracy of + 2. Tne thickness of the films on

NaCl determined in this way were considerably smaller (~30-40") than the
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thicknesses obtained by use of tne infra-red transmission. The thickness

of the film on the glass sii'e, nowever, was larger by about 15% than the
thickness obtained by infra-red transmission and the thickness obtained

from the fringes of equal chromatic order. 1In view of tre inconsistencies

in the results of the chemical analyses, we chose to disregard them.

III. Results and Discussion.

A. Reflectivity and Transmission.
Reflectivity and “ransmission measuy ments were made on four
selected films ranging in thickness, t, from 335 A to 550 A (Sample 1,

t = 335 A, Sample 2, t = 410 4, Sample 3, t » 475 A, and Sample 4, t = 550 A)

Samples 1 through 3 were grown on NaCl substrates and Sample 4 on KCl. In
addition, the reflectivity of a cleaved bulk sample was measured. The

results are shown in Figures 5 and 6.

The reflectivities agree within about 4% in magnitude (except at low
energies where interference effects occur), all samples showing a peak between
3.6 and 3.7 eV and a peak between 5.1 and 5.5 eV in agreement with the
results for the energies reported by Cardona and Greecaway? Our reflectivi-

ties are nhigher than those of Cardona and Greenaway, but agree within a few
percent with those of Wessel}2 The agreement between the film and bulk

reflectivity is a measure of the quality and smoothness of the films. Tae
reflectivites were repeatable to within 134 and we estimate the total error

from the optics including aligrment, differences in the reflectivities of

mirrors M, and M, and variations in sensitivity across the phototube cathode
-+
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to be + 5% absolute. In addition, small errors can occur due to distortion
of the beam by the reflecting surface of the sample. For example, the
nigher reflectivity of Sample 2 may not be entirely due to opticai aligument.
As pointed out earlier, the largest source of error is in the wavelength
dependent correction applied to our data to account for differences in reflec-
tivity occurring when tne tube was turned 180°. The same correction was
applied to all data and dones not affect the agreement between the film
reflectivities and the bulk reflectivity.

Tne transmission shows minima near 3.2 eV and 3.5 eV again in agreement

&

with the results reported by Cardona and Greenaway. ‘the iotal error in
transmission is estimated to be between 10 and 25ﬁ. including errors caused by
scattered lignht from otner wavelengths in the thicker samples and errors
caused by imperfections in the films and film substrates. 1In particular,
the cleavage planes of the two surfaces of tne substrate cau reduce the
transmission and anwy sma’'l pinholes in the films can cause an increase in the
transmission. Tie errors are no doubt greatest in tne thicker samples near
3.5 eV where tne effect of any pinholes would be the largest and above 3.4 eV
where the signal to noise ratio «ing transmission was tne smallest and where
scattered lignt must be most significant. 1ne effect of scattered light would
be to cause the measured transmission to rise more rapidly than the true
transmission between > and 6.2 eV, since this is the region where the light
source falls rapidly in intensity with increasing energy. As one approaches
6 eV, the transmission of the thin (~ 3 mm) NaCl and KCl substrates falls
several percent, thus aleo distorting the transmisslon curves somewhat at

the high energies. The measurements were made on the area of eacrh film
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appearing to have the fewest cl avage planes and pinholes. The consistency
of shape in the transmission curves as well as the consistency in the k
values derived from the various films indicates that any errors due to
pinholes, scattered light, etc., are probably small.

In the course of our work, we measured the transmission of 10
films on substrates of NaCl, KCl, and Can. Measurements were made on
a Cary l4 spectrometer and a McPherson model 225 spectrometer as well
as the Jarrel Ash jnstrument used for the measurements of Figure 6.
Considering all of the measurements made, we concluded that neither the
substrates, pinholes, or scattered light has had a significant effect on
the structure shown in the transmission curves. The ten transmission
curves are shown in Figure 7 plotted against the wavelength in microns.
The substrate material and !nstrument on which the meassurements were
taken is indicated for each film. The film on CaF2 measured on the
McPherson instrument shows a higher transmission at 3500A in relation
to that at 2200A than would be expected from the other film results.

The same result was obtained for this film when measured on the Cary

14 and is therefore, not a peculiarity of the McPherson instrument,

but 1is probably due to pinholes in the film. The transmission curves

of the other films agree with one another remarkably well. There are

two pairs of films which have almost identical transmissions. The
minimum at about 3500A 18 shifted to shorter wavelengths in the thinner
films due to interference. It should be noted that the structure appears
in all the results and thus can not be due to either the substrate or

the instrument used in making the measurements.
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B. n and k from Kramers Kronig Analysis.
Gx'ant13 has prepared a computer program to calculate n and
k from the bulk reflectivity using the Kramers Kronig relation.

r.and k can be obtained from the veflectivity R and phase @ as

follows:z’ 17, 18
. _a-R
14+ R - 2/R cos 8
k 2VR sin ©

1+R- 2/R cos @

The phase 8 1i¢ given by

8(E) = %J' [¢n R(E') - 2n R(E)] (IE2 - E.z) -1 dE'
[o]

and requires the reflectivity values at all energies. The computar program

approximates the integrand through each set of adjacent three points by

]

parabola and is such that it will accept experimental values of reflectivity

2t unequal energy intervals as irput. The integral from O to a cutoff
energy Emax is computed by adding the contribution from each parabolie
segment. Above Emav the reflectivity spectrum is approximated by

R Emax P where R is the value of reflectivity at E and P is
max \—p= max max

an edjustable parameter, the specification of which will be discussed
shortly. The integration of the phase integral from Emax to » has the

following value:

— B T p— e T

R
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2 {/ 3,
\ bmax

ﬁl'ﬂ

o T R(E [E__ - tf

X k + E \ |
=Ly R(E) i poaX + 2_‘ (2a + 1)
max) max

n

The sum is compiied to 50 terms.

In t'ie Kramers Kronig Analysis, our measured bulk reflectivity
vilues were used between 2,07 eV and 6.2 e.. Trom O to 1.2 eV the
reflectivity was computed from the values of n and k reported by
Schoolar and Dixon,11 k bei.g .ssumed U below the guap and n extrapolated
to 4.1 at U energy. Cardona and Greenway's2 values of R were adjusted to
agree :Ath the reflectivity cor puted as indicated above at 1.2 eV and with
our measured value ot 2.07 eV to cover the range 1.7 to 2.07 eV. The
values of Cardona and Greencway were multiplied by a factor to make
them agree w.th our results at 6.2 <V and usec oztween 6.2 and 20 eV.
Above 20 eV R was extrapolated as R = R20 (z%)li P was "' =n adjusted
tc give values cf k nearly equal to 0 below thé energy gap and agreeing
witl the values of Schoolar and Dixor in the rezion just above the gap.
The final value of P = 3 was used.

The final values of n and k obtained are shown in Figure 10.

The effect of the extrapolation parameter P on the values of n and k

between 2.1 and 6.2 eV is shown fa Figure 8 and the effect on the values

-~

of k near the energy gap is shown in Figure !
The transmission of a 550 A film on a NaCl substrate has been

calculated from the Krawers Kronig ralues of . and k and is shown in

Figure 4. The computed transmissions can be compared with that measured

for the films and in particular, car be coupiced with the transmission of
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thie {ilm on NCi which has a measured thickness of 550 . One sees that
there is rcasonable agreement in the shape of the transmission curves as
computced from the Kramers Kronig analysis values of n and k and the
measured film transmissions. It does, however, appecai that Lliere is
some error in the shape of the k curve as computed from the Kramers
kronip analysis since the transmission predicted by the Kramers Kronig
values is either low at low energies or high at hieh energies when
compared with the film results.

C. n and k from Film Reflectivity and Trznsmission.

r and k were computed from the measured vaiues of R and 1
usinz a cumputer prepram written by Grant.13 The program uses the Newton-
Raphson itcrative procedure to solve the equations given by Hali and
Fcrguson.z1 The equations account for muitiple reflections in the film
and multiple reflections in the substrate, using intensity addition for
the latter. Ali roots of n and k lying betweern O and 10 are found. The
correct physical root was taken to be the one nearest the Kramers Kronig
result.

. 20
As indicated by Grant, there is an energy range for most
semiconductors where the values of n and k are such that small errors
in reflectivity give quite large errors in n. Furthermore, small
errors in reflectivity can in some cases result in there being no
roots of n and k corresponding to the measured values of reflectivity
and trancmission. The energy range where this occurs in iead sulfide

is in the region between ~ 2 and ~ 3.2 eV. We found less difficulty

in obtaining solutions for %he semple of thickness 335 A than for the
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thicker ones. In addition, a computation of the %% indicates that the
errors in this energy region should be smaller for the thinner film.

The final values of n and k obtained from the films and the
final values obtained rrom the Kramers Kronig analysis are shown in
Figure 10. For three of the four films, the values of n at low energies
exceeded 5 and coniinued to rise. The roots where n > 5 were not plotted.
Roots reasonably near the Kramers Kronig values were obtained for the
thinnest film except in the region between 2.8 and 3.2 eV.

Figure 11 shows the results of the Kramers Kronig analysis and
the results from the thinnest (335 A) film along with errors in the
results obtained from the film. The computed errors are based on the
first order effects of errors in measured reflectivity, transmission,
and thickness. The upper and lower values of n and k were computed
on a computer assuming that the errors in reflectivity, transmission
and thickness simultaneously cause errors in the same direction. The
error bars are based on errors of + 3% (absolute) in reflectivity, + 10%
(relative) in transmission, and + 25 A in thickness. These errors are
somewhat smaller than the worst case errors which we have previously
indicated. However, this is offset by the fact that the absolute
magnitude of the errors from the various measurements have been added
in lieu of obtaining a root mean square value of the error. Furthermore,
our main interest in giving the error bars is to indicate the energy
region in which the errors are largest and to indicate the large effect
of errors in reflectivity, transmission, and thickness on the final

values of the optical constants obtained from the films.
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We also atterpted to calculate the optical constants from the
transmission measurements and thickness of two films, viz., the 335 A and
475 A films. We were, however, not successful. 7The values of n obtained
appeared to be extremely sensitive to the thickness of the films used in the
calculation. For example, a change of 5 A in the thickuness of one of the
films gave a large change in n., We did not check other pairs of filme to
determine if the particular films which we used had thicknesses such that
the sensitivity of n to errors in thickness was extremely large.

In Jdrawing conclusions from the agreement of our Kramers Kronig
resclts, our film results, and Wessel's film results, one should keep in
mind the fact that all of the results depend to some extent on the infra-
red values of Schoolar and Dixon. These were used to obtain the thickness
of the films and to evaluate the reflectivity extrapolation in the Kramers
Kronig analysis. Errors in the thickness as a result of errors in the infra-
red values of Schoolar and Dixon or as a result of errors in measuring the
infra-red transmission will certainly affect the film thickness measurements
in a systematic way.

Tihe possibility also exists that errors in the infra-red vzlues
can, by changing the extrapolation at high energles required to give
agreement in the infra-red, cause the Kramers Kronig results to be in
error in the same direction as the film results. Furthermore, errors
in the reflectivity magnitude resulting from the variation in phototube
sensitivity may #ffect all the optical constants in the same way.

Regardless of the accuracy of the optical constants, there is, however,
strong evidence from the agreement. of the film reflectivities with the
bulk reflectivity and fros the agreement in shape of the transmission
curves for films of various thicknesses that the films have the same

optical properties as the bulk material.
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