PHYSICAL REVIEW B

VOLUME 15,

NUMBER 8 15 APRIL 1977

Thermoreflectance spectra of rf-sputtered epitaxial single-crystal films of Pb,Sn;_,Te
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Thermoreflectance spectra of radio-frequency sputtered epitaxial single-crystal films of Pbgg;Sng;;Te from 1.5
to 6.0 eV, at room temperature and 100 K, have been measured and studied. A€, and A€, have been obtained
through a Kramers-Kronig analysis of the experimental room-temperature AR/R spectra. A line-shape
analysis of the E, structure has been performed in conjunction with an exact derivative procedure of the
interband dielectric function at Van Hove singularities. Temperature coefficients have been measured and

reported.

I. INTRODUCTION

For more than twenty years the lead-sulfide
group has been the subject of considerable re-
search effort, due both to the technological im-
portance of these materials as detectors of infra-
red radiation, and to the interest in the basic phy-
sics of these narrow-gap semiconductors.!

Lead salts are extremely interesting semicon-
ductors, exhibiting properties which are unusual,
and probably unique, relative to other semicon-
ductors, as reported by various review articles
and papers.

Much information about the band properties of
lead chalcogenides has been obtained by means of
electrical,?? optical*"® magneto-optical,® cyclo-
tron-resonance,” recombination radiation,® pres-
sure measurements,® and photoemission studies.'®
Energy-band parameters near the fundamental
absorption edges based on the above measure-
ments and reflectivity measurements for higher-
lying transitions, permitted band-structure calcu-
lations which have given a fairly extensive picture
of the energy-band structure of these materi-
318.4'11-17

Modulation techniques have been employed in
recent years in studying the band structure of
semiconductors, yielding much greater sensitivity
and resolution than that obtainable in direct mea-
surements of the reflectance.'® Because of their
high dielectric constants and high carrier con-
centration, in the IV-VI compounds the inherent
difficulties of extracting meaningful line shapes
from electroreflectance derivative techniques
are very much enhanced, and owing to the
simplicity of analyzing experimental results,
scalar first derivative techniques such as
wavelength-modulated reflectance and thermo-
reflectance are especially appealing for study-
ing critical points in the energy-band struc-
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ture of these materials,'®!® Epitaxial IV-VI films
are moreover especially suited for thermoreflec-
tance measurements since temperature modula-
tion is achieved simply by varying the current
through the samples.

Previous modulation optical studies of interband
transitions of the Pb, Sn,_;Te alloy system are
sparse. Electroreflection measurements were
performed on the Pb,Sn,_ Te ternary compounds
by Seraphin,? who found however electroreflectance
spectra of Pb_Sn,_,Te to be extremely sensitive to
dc bias, modulation depth, and modulation fre-
quency. These difficulties have been circumvented
using a wavelength-modulation-derivative-reflecti-
vity technique, as recently shown by Korn and
Braunstein.?!

In this work we have measured, for the first
time, the thermoreflectance spectra of Pb, Sn,_ Te
alloy films grown epitaxially by radio-frequency
sputtering technique, from 1.5 to 6 eV at room
and liquid-nitrogen temperatures. The resulting
AR/R was used to obtain A¢, and Ag, through
Kramers-Kronig analysis. We focused our atten-
tion on the prominent E, structure present in re-
flectivity spectra, identified with the critical points
in the energy-band structure of these compounds
on the basis of the exact derivative treatment of
the interband dielectric function at Van Hove sin-
gularities reported by Rabii and Fischer,?? and
more recently by Mondio, Saitta, and Vermiglio.?

II. THEORY

In order to investigate the modulated-reflectance
line shapes associated with different critical points
in scalar first-derivative spectra, Batz!® consid-
ered only that part of the dielectric function €(w)
that most strongly contributes to the derivative
spectrum, namely,

€(w)~ i (w - w)' 1)
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where [ is the order of the critical point and w,
the corresponding energy-gap value. The real and
imaginary parts of the derivative of Eq. (1) were
expressed as a function of the dimensionless vari-
able x=(w - w,)/T after introducing a phenomeno-
logical broadening parameter I'. To explain the
line shapes obtained in wavelength and thermal
modulation experiments, the resulting “universal
functions” were then used.’® The hyperbolic ex-
citon theory of Toyozawa et al.?® was invoked to
explain the mixing of different critical-point line
shapes, when the experimental ones did not fit the
universal functions.

Recently Rabii and Fischer?? examined the effect
of neglecting the nonresonant terms present in
the dielectric function, finding many significative
differences between the approximate universal
line-shape functions and those obtained by exact
derivative calculations. One of the major con-
clusion is that wavelength and temperature modula-
tion no longer have identical line shapes. In their
paper, Rabii and Fisher examined the effect of
neglected terms on the derivatives of the complex
dielectric function with respect to wavelength,
de/dw, obtaining results directly applicable to
wavelength modulation and to the modulation of
the broadening energy I', de/dT, but not to energy
gap modulation, de/dw,, which is the most im-
portant mechanism in giving rise to temperature-
modulated optical spectra.

In order to interpret our derivative spectra ob-
tained by thermal modulation we performed the first
derivative of the exact interband complex dielectric
function with respect to w,. As a result of this
calculation we obtained the exact line shapes of the
quantities de,/dw, and de,/dw, for the four differ-
ent types of critical points.

The complex dielectric function near a three-
dimensional M, Van Hove singularity,? in the ran-

J

OF (w) _ 1[ [ (w=-w)+[(w=-w)+T2]1/2
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€(w) = 12 [=i™/(w +iT)?][2i(w,)! /2 = (~w + w+iT)* /2
—i(w, + w+3T)H /2. )

To obtain the first derivative of the real and imag-
inary parts of Eq. (2) with respect to w, it is use-
ful to rearrange the previous equation in the form
€(w) = 1= —i"*[y, (W)F (w) + 7, () Fy(w)]
+i[1(W)F () = 7,(W)F (W) ]}
= -i"[B(w)+iA(w)], (3)

where

7 ()= (? - T?)/(w?+ T?)?;

Yo(w) = 20T/ (w?+ I3)?;

F(w)=-G{(w - w,)+ [(w - w,)?+ T2/} /2
+(=2{(w+ w) + [(w+w, )2+ T2} /272

Fi(w)=2Vw, - (-0 - w,) +[(w - w,)?+ T2 /2}) /2
—FHw+w)+[(w+w, P+ T2 2,

and the prefactor —i'*! assumes the values -i, 1,
i, =1, for the four kinds of critical points, M, to
M,, respectively. The functional dependences of
quantities F (w), F;(w), A(w), and B(w) versus
the dimensionless variable 7 (w - w,)/T are shown
in Fig. 1, for the particular case w,=1.0 eV,
I'=0.01¢eV.

In order to evaluate the first derivative of Eq. (3)
we recall that

22
(4)
agg:) =7 (w) a—-%j,f) +7,(w) —M;"::) ,

where a straightforward calculation permits one
to obtain the results:

1

dw, 2

dom-phase approximation, is
)1 /2
2 [

= (w+w,)+[(w+w,)?+T2]*/2

(w=-w P+ 2172

1

(
( )y

)

2 [(w+wP+T7]7
F () 1 l[(-(w—w,)+[(w—w,)2+r2]1/2 172 1
0, 2 2 ) [(w-wP+T2] 72

(w+w)+[ (w+w )2+ 2]1/2

1

“{

In Fig. 2 the exact derivatives d¢,/dw, and de, /
dw, obtained for the four critical points by taking
into account the results of Eqs. (4) and (5) are
shown, for the above-mentioned particular case
w,=1.0 eV and I'=0.01 eV.

>1/2

2

()

|

IIl. EXPERIMENTAL

[(w+w,)?+T%]172

I

The experimental arrangement which has been
used is the standard one in the technique of tem-
perature-modulated solid-state spectroscopy.'®?*
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FIG. 1. Spectral dependence of functions F, (w),
F;(w), A(w), and B(w) versus the dimensionless variable

I(w—-w,)/T. Curves are computed for w,=1.0 eV and
I'=0.01eV.

Light from a xenon lamp was focused on the
entrance slit of a double-grating monochromator.
The monochromatic light was focused on the sam-
ple, reflected at an angle of about 8°, and re-
focused on a photomultiplier. The dc portion of

K] ]
17 (d€)/dwg) | H7(d€, /dwyg)
_llflllll TIIFIIIII__

0 M

- 0
SN AV
‘4;1|L11|¢1|||111||F
4___IIIIIITII l|lllllT'_
2f J\ M, ]
0_ —
-2 \/ .
4 AR
AI_ITIIIIIII T
2k /\ M, J\ E
o < n
G
25 M3 /\ E
oF ]
ok \/ ]
-4r Litr vt rr gy
-6-8 0 816-16-8 0 8 16
f(w-wg)

FIG. 2. Exact line shapes for the four types of three-
dimensional Van Hove singularities. Curves are com-
puted for w, =1.0 eV and I'=0.01 eV.

the output current from the photomultiplier, pro-
portional to the reflectance of the sample R, was
kept constant throughout the experiment. The ac
component, proportional to the reflectance change
AR induced by the periodic temperature modula-
tion, was detected by a lock-in amplifier, whose
reference signal was supplied by the same wave
generator that determines the modulation fre-
quency (7.7 Hz) and supplies power to heat the
sample.

A multicathode rf-sputtering system, capable of
simultaneous or sequential sputtering from three
different targets, was used to deposit Pb,Sn,_, Te
layers.?'26 This system allowed us to deposit
high-crystalline-quality films on large substrate
areas. The nucleation and growth of the Pb_Sn _,Te
films took place via the mechanism of heteroepit-
axial growth. Evidence for epitaxial growth has
been obtained by Laue diffractometry, electron
diffraction, and Debye-Scherrer methods. Ther-
moreflectance spectra were obtained on epitaxial
films of composition Pb, 4,Sn, ,,Te obtained on
(111) BaF, substrates held at a temperature of
340 °C. These films presented an n-type con-
ductivity, with carrier concentration of 1.5 x 107
cm™3 and carrier mobility of 1.3 X 10¢ ¢m?/V sec.
Ohmic contacts have been obtained by evaporating
gold electrodes on the substrates before the deposi-
tion of Pb,Sn,_,Te films. For the temperature
modulation an indirect heating system was then
employed by passing square-wave current pulses
through these electrodes. The BaF, substrate
acted as a heat sink when mounted on the copper
cold finger of a metal cryostat fitted with quartz
windows. "The dc temperature of the samples was
measured by a thermocouple attached to their sur-
faces, away from the incoming light beam; a
value of about 100 K was measured. The ampli-
tude of the temperature modulation AT, although
not accurately measured in our experiment, did
not exceed 3 K.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The thermoreflectance spectra AR/R for the
Pb,, g;Sn,,,,Te sample studied are shown in Fig. 3.
For comparison, the absolute reflectivity spec-
trum of Pb, 4,Sn, ,,Te is shown as measured by
Korn and Braunstein® at room temperature and
in the same spectral region; four peaks are
labeled E, — E, according to convention of Ref. 4.
Except the E| structure, which is beyond the ener-
gy range of our experimental apparatus, all other
peaks are strictly correlated to structures present
in our AR/R results. In Fig. 3 it is possible to
observe the characteristic pattern in which re-
flectivity responds to the temperature changes.
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FIG. 3. Room-temperature absolute reflectivity
spectrum (Ref. 21), and thermoreflectance spectra
AR/R of rf-sputtered epitaxial single-crystal films of
Pby, 350, 17 Te.

The extent to which this characteristic pattern

can be evaluated in terms of type and location of
critical points will depend upon a theoretical under-
standing and a subsequent analysis of the effect.
The basis of such an analysis is provided by the
relation between the periodic variation of tempera-
ture and the corresponding change of the density-
of -states function induced in the neighborhood of
critical points by this variation. The measured
values of AR/R are related to the variation Ag,

and Ag, of the real and imaginary parts of the com-
plex dielectric constant by the well-known rela-
tion'®:

AR/R=a(n, k)A€, +B(n, k)Ag, . (6)

On the other hand, the quantities A¢, and Ae,,
whose physical meaning is more direct, may be
deduced from the experimental values of AR/R
by means of the Kramers-Kronig dispersion rela-
tions.

The values of » and k, necessary for this com-
putation, are shown in Fig. 4 as obtained by Korn

—
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FIG. 4. Spectral dependence of the optical constants
n and k for Pby gsSng, ;Te, as obtained by Korn and
Braunstein processing the room-temperature absolute
reflectivity spectrum shown in Fig. 3.

and Braunstein processing the experimental abso-
lute reflectivity curve shown in Fig. 3. As it is
shown in Eq. (6), the overlapping of the contribu-
tions of Ag,, and Ag, to give the experimental re-
sults for AR/R, may generate accidental struc-
tures in AR/R, not directly correlated to band-
structure critical points. Before proceeding to a
discussion of the experimental results we will
separate these terms by performing a Kramers-
Kronig analysis of AR/R to extract from it the
Ag,, and Ag, quantities.

If we represent the complex amplitude of re-
flection 7 by 7= R/2¢%, the phase angle 6 is
related to the normal incidence reflectivity R
through the Kramers-Kronig relation:

ow>=20 [ IR o (1)

By differentiation with respect to temperature we
obtain:
Ab(w) 2w ®

AT 7 J,

“1aR _aw
R AT w” - w?

@®

This integral can be transformed?® into

9)
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where 7w, and 7w, are the limits of the experi-
mental energy range. The value of ZAw used was
chosen such that the error in A8/AT was about
0.1%. The corresponding changes Ag, and Ag,
can be evaluated from the experimental values

of (1/R)(AR/AT) and the computed values of A8/
AT taking into account the expressions relating
the optical constants ¢, and ¢, to R and 6.

Since Kramers-Kronig relations call for integra-
tion from 0 to «, extrapolation techniques have to
be generally used to extend AR/R beyond the
rather narrow experimental range of energies.
However, due to the sharpness of the AR/R lines,
contributions of the extrapolation region to A6
are nonsingular and limited to the immediate
neighborhood of critical points. Hence the extra-
polation is not necessary, Ag, and A¢, are ob-
tained with the expressions

A€1=A1(€1, €2)AR/R+A2(€1, €2)A6 b

) (10)
A= -3 A,(¢, )AR/R+24,(¢,, €,)A0 .

This computation was carried out for all the ex-
perimental data, using the computed values of ¢,
and ¢, to deduce the coefficients A, and A,.

The computed values Ag, and Ag, obtained pro-
cessing the room-temperature thermoreflectance
spectrum of Fig. 3 are shown in Fig. 5. In Fig. 6
the obtained spectral dependence of the fractional
coefficients a and g of Eq. (6) are shown. In order
to achieve a phenomenological interpretation of the
observed experimental results we focused our at-
tention on the spectral dependence of the change

| 1 |
S 6
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FIG. 5. Ae, (solid line) and A€, (dashed line) for
Pby,g3Sn,, ;Te at room temperature as obtained from
the Kramers-Kronig analysis of the data of Fig. 3.

of the imaginary part Ae, of the dielectric function
induced by the temperature modulation of the sam-
ple, this quantity being the more strictly corre-
lated to the theory of the optically induced direct
interband transitions, as sketched in Sec. II. As
is evident from Fig. 5, a strong dispersionlike
line shape in Ag, appears in correspondence with
the strong negative peak (E,) present in the ther-
moreflectance spectrum in the neighborhood of

2.3 eV, followed by weaker structure corre-
sponding to the E; and E, peaks, present also in
the thermoreflectance spectrum. Structures in
Ag, and Ag, are typically shifted down in energy
from the reflectivity AR/R spectrum.

Korn and Braunstein, in their analysis of wave-
length-modulated reflectance line shapes of the
complete Pb_Sn,_, Te alloy series, attribute the
strong E, transition to accidentally degenerate
M, and M, singularities along A and T axes in the
Brillouin zone as predicted by the recent band-
structure calculations of Herman et al.'* For the
sample composition we are interested in, these
authors found a critical point energy of 2.33 eV at
80 K. Rabii and Fischer?® compared, however, the
same experimental results with only the exact M,
theoretical line shape for the appropriate w,, nor-
malized to make the theoretical and experimental
negative peaks in del/dw coincide, concluding that
a pure M, singularity was not a bad assumption
for the origin of this transition, calling into ques-
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FIG. 6. Fractional coefficients a(n,k) and g(n,k),

calculated from the values of » and 2 of Korn and
Braunstein (Ref. 21).
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FIG. 7. Comparison between the experimental tem-
perature-induced change in €, for Pbg_g3Sn, ;;Te at
room temperature (black points) and the change cal-
culated for a pure M, critical point (dashed line), an
accidental degeneracy of M and M, singularities (dot-
dashed line), a nondegenerate overlapping of M, and
M, critical points (solid line).

tion the possibility to extract numerical values
from detailed curve fits to the approximate deriva-
tive functions. Focusing our attention on the E,
region, a nonlinear least-squares curve-fitting
technique based on the Rosenbrock® method has
been used by us to compare our Ae, experimental
results and the theoretical line shapes obtained by
application of the exact derivative procedure out-
lined in Sec. II. We studied three distinct cases,
corresponding to (i) a pure M, critical point, (ii)
an accidental energy degeneracy of M, and M,
singularities, and (iii) an overlapping contribution
of M, and M, critical points positioned at different

energies.

The free parameters (wg)Ml, (wg)Mz, Ty, and
1"‘,2 were varied by the computer in order to mini-
mize the rms error function. The results of this
fitting procedure are shown in Fig. 7. Critical-
point energies and I' values obtained in the three
cases are summarized in Table I. It is easily seen
that the best fit of the experimental Ae¢, results is
obtained at a temperature of 300 K, assuming the
existence of nondegenerate M, and M, critical
points.

We gave up trying to quantitatively describe the
remaining weaker structure in A¢, because they
seemed to us too vague for a definite assignment;
their energy positions are, however, in reasonable
agreement with those reported by Korn and Braun-
stein in wavelength-modulation reflectivity mea-
surements.

Displayed in Fig. 3 is the nominally liquid-nitro-
gen temperature (actually 100 K) AR/R spectrum
obtained on the temperature-modulation spectrom-
eter. Many peaks and structures appear which
had no observable correlation with the room-tem-
perature absolute and temperature-modulated
reflectance spectra. The more striking differences
are related to (i) the appearance of a doublet in
the region of the E, peak, (ii) the existence of
many more structures in the 3.5-4.5 energy re-
gion, and (iii) the disappearing of the strong posi-
tive maximum at about 5.5 €V present in room-
temperature measurements.

A formal Kramers-Kronig analysis was not
undertaken due to the inherent difficulties in inter-
preting A€, and Ag, line shapes obtained by the
complicated low-temperature AR/R spectrum and
to the lack of knowledge of the spectral depend-
ence of the optical constants of the Pb, ¢,Sn, ,, Te
films at the measured temperature.

The temperature dependence of the energy posi-
tions of the prominent structures in thermoreflec-
tance spectra was measured. The E, peak of
Pb, 4,Sn,,,,Te had a positive temperature coeffi-
cient dE,/dT of about (2.8 +0.5)%X 10™ eV/K, in
good agreement with the value obtained by Korn
and Braunstein. The temperature coefficient for
the E, peak was reported to be practically zero,

TABLE I. Critical-point energies (w,) and broadening parameter values (I') obtained by the
fitting procedure used to obtain the results displayed in Fig. 7.

(we)y (@e)y, T, T,
Critical point assignments (eV) (eV) (meV) (meV)
M, 2.17 - 50 e
M+ M, 2.28 2.28 53 53
My, M, 2.16 2.43 51 52
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and this could explain the small relevance of this
structure to the thermoreflectance spectrum (a
shoulder clearly visible only in the low-tempera-
ture measurements at about 3.5 eV). On the con-
trary a very large negative temperature coefficient
(=1.7+0.5)x 10~ eV/K was observed for the struc-
ture positioned at about 5.5 eV.

V. CONCLUSIONS

Epitaxial layers of lead chalcogenides have been
extensively studied following the demonstration
by Zemel et al.® that growth on alkali halides gave
films with bulklike optical properties and large
carrier mobilities. Bogacki et al.’? performed
thermoreflectance measurements on epitaxially
grown thin films similar to those described by
Zemel, but only for the extremal composition
values x=0 and x=1. Holloway et al.3® have shown
that growth on the fluorite-structure substrate
BaF, yields IV-VI layers with exceptional quality.
These layers are truly single-crystalline and the
improvement in the quality is reflected in larger
low-temperature mobilities.

We measured and studied for the first time the
temperature-modulated reflectance spectrum (up
to photon energies of 6 eV) of epitaxial single-
crystal films of the Pb, 4,Sn, ,,Te pseudobinary
alloy obtained on (111) BaF, substrates by a multi-
cathode radio-frequency-sputtering system. Low-

temperature spectra resulted in much richer
structures than previously reported thermoreflec-
tance spectra obtained on films similar to those
grown by the Zemel technique, and than wave-
length-modulation-derivative reflectivity spectra
of (100) Czochralski-grown bulk samples of
Pb,Sn,_,Te.

In the E, reflectivity peak region, a quantitative
line-shape analysis of the derivative spectra Ag,
has been performed using the exact procedure of
derivative of interband dielectric function at Van
Hove singularities. One of the most striking dif-
ferences found between the approximate universal
line-shape functions and the exact results obtained
by including the nonresonant terms is that wave-
length and temperature modulation no longer have
identical line shapes. Our derivative spectra
del/dwg and dez/dwg are actually quite similar to
those obtained by Bogacki et al.?? while they are
substantially different from the de,/dw and de,/dw
functions computed by Korn and Braunstein. The
fitting procedure used has moreover clearly indi-
cated that two saddle-point singularities give rise
to the main E, structure, according to recent band-
structure calculations.

Positive temperature coefficients were measured
in good agreement with those previously reported
except for the structure at about 5.5 €V, where a
large negative coefficient was measured.
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