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Temperature dependence of the interband critical-point parameters of InP
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Spectroscopic ellipsometry has been used to measure the dielectric function €(w) of InP from 30
to 750 K in the 1.3-5.5-eV photon-energy region. By performing a line-shape analysis of the
structures observed, the temperature dependence of the interband critical-point parameters
(strength, threshold energy, broadening, and excitonic phase angle) has been determined. The de-
crease in energy and the increase in broadening with increasing temperature are analyzed in terms
of averaged frequencies of phonons giving rise to the renormalization of the band states due to

electron-phonon interaction.

I. INTRODUCTION

InP has become an important material for optoelectron-
ic devices. It is used as substrate for the quarternary
compound In;_,Ga,As,P,_,, whose band gap can be
tuned between 0.75 and 1.35 eV at room temperature,
when grown lattice matched to the InP substrate.!

A basic quantity describing the linear response of the
material to the electric field of an electromagnetic wave
is the dielectric function €(w). This function, on the
other hand, is directly related to the electronic band
structure and thus allows experimental investigations of
the effects on the band structure of changes in the ma-
terial parameters and of external perturbations. Spectro-
scopic ellipsometry is highly suitable to determine the
dielectric function of many semiconductors in the
1.5-6-eV region® and to investigate the dependence of
the dielectric function on perturbations such as tempera-
ture,* 8 concentration of donors and acceptors,”!° and
composition in mixed crystals.!'~!* The structures ob-
served in the e(w) spectra are attributed to interband
critical points (CP’s) which can be analyzed in terms of

standard analytic line shapes:!>16

€lw)=C — de'Mw—E +i)" . (1)

The critical-point parameters amplitude A4, energy thresh-
old E, broadening I', and excitonic phase angle ¢ are
determined by fitting the numerically obtained second-
derivative spectra d’e(w)/dw® of the experimental €(w).
(The exponent n has the value —1 for one-dimensional
(1D), O [logarithmic, i.e., In(w—E +iI')] for 2D, and 4
for 3D CP’s. Discrete excitons with Lorentzian line
shape are represented by n = —1.) The CP’s are directly
related to regions of large or singular joint electronic den-
sity of states, so that direct information on the energy sep-
aration and broadening of valence and conduction bands
is obtained which can be compared to band-structure cal-
culations.

The band structure of InP, as calculated by Chelikow-
sky and Cohen,!” is shown in Fig. 1. Several interband
transitions related to CP’s at different parts of the Bril-
louin zone (BZ) are indicated. In order to determine the
energies of interband CP’s in InP, ellipsometric measure-
ments'"!® have been performed. Other optical tech-

36

niques such as luminescence!*~2! (for the E, transit-
jon), absorption,”> resonant Raman scattering,?
reflectance,?*~?  thermoreflectance,?®  electroreflect-
ance,zg_35 wavelength-modulated reflectance,>®3” and
wavelength-modulated photovoltaic effect® have also
been used. Concerning the temperature dependence of
the critical-point parameters, only very few experimental
data are available. The dependence on temperature has
been measured by absorption for the E, transition of
InP (Ref. 22) and for the E; CP by reflectance,** in both
cases only up to 300 K.

For a theoretical investigation of the energy shift of
CP’s the thermal expansion as well as the electron-
phonon interaction must be taken into account. Micro-
scopic calculations of the electron-phonon interaction,
including the full band structure and phonon dispersion,
have been presented recently for GaAs, another III-V
compound.’® These calculations were able to describe
the observed dependence of the broadening of CP’s on
temperature. The dependence of CP parameters on tem-
perature for some other zinc-blende-type III-V com-
pounds [(InSb (Ref. 4) and GaAs (Ref. 8)] has already
been reported.

In this paper we investigate the temperature depen-
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FIG. 1. Band structure of InP calculated by Chelikowsky and
Cohen (Ref. 17) with nonlocal pseudopotentials.

4813 © 1987 The American Physical Society



4814

dence of the optical constants and the CP parameters of
undoped InP from 30 to 750 K in the photon-energy
range from 1.3 to 5.6 eV, as measured by spectroscopic el-
lipsometry. We present data for the E,, Ey+ A, E;, and
E |+ A, transitions, and for the transitions in the uv re-
gion, mainly E; and Ey+Aj. In Sec. II we describe the
experimental procedure, in Sec. IIT we present the mea-
sured temperature dependence of the CP parameters.
These results are discussed in Sec. IV.

II. EXPERIMENTAL

The measurements were carried out on an n-type InP
sample, grown by the Czochralski method. The sample
was compensated, with n =Np —N ,=5X 10> cm~? (at
300 K) and had a (111) surface orientation. The pro-
cedure of etching the sample and mounting into the cry-
ostat has been described in Ref. 8. Details of the au-
tomatic spectral ellipsometer with rotating analyzer are
also described elsewhere.>*°

The energy mesh of the experimental points was 10
meV in the 1.7-5.6-eV photon energy region while in the
region of the edge exciton (1.3—-1.6 eV) a 2-meV mesh was
used, the spectral slit width being better than 1 meV. All
spectra were taken at an angle of incidence of 67.5°.

III. RESULTS

The quantity measured by ellipsometry is the complex
reflectance ratio p, defined as p=r, /r;, where r, and r,
are the amplitude reflection coefficients parallel and per-
pendicular to the plane of incidence, respectively. If the
two-phase model*! (ambient-medium—crystal) is valid the
dielectric function e(w)=¢€(w)+ie)(w) of an isotropic
material can be directly calculated from the measured p.
In our case, however, due to the transfer of the sample to
the cryostat and the process of outgassing, an oxide layer
was present. By assuming the three-phase model*! for the
sample and that the oxide layer has the same dielectric

-10

FIG. 2. Solid line: real (¢;) and imaginary (e,) part of the
dielectric function of InP measured at room temperature with
the sample inside our cryostat. Data are corrected for a 12.3-A
layer of GaAs oxide. Dashed line: data from Ref. 2, obtained
directly after wet-chemical processing (without mounting in cry-
ostat).
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FIG. 3. Real part of the dielectric function of InP for several
temperatures.

function as the oxide on GaAs (Ref. 42) we find that a
thickness of d =12.3 A gives at room temperature good
agreement with data from the literature.>? Figure 2 shows
the comparison of our data from the three-phase model
with those obtained directly after wet-chemical processing
techniques.?

In Figs. 3 and 4 we present the spectra obtained for the
real and imaginary parts of the dielectric function of InP
for several temperatures after a correction for 12.3 A of
GaAs oxide. The structures, corresponding to the E,
E,+A,, and E| transitions, are clearly resolved. At low
temperatures small structures due to the E,, Ey+ A, and
E{+Aj are also visible.

For the line-shape analysis and in order to obtain the
critical-point parameters, the second-derivative spectra,
d*e/dw?, of the complex dielectric function were calculat-
ed numerically.*? Figure 5 shows the numerical second-
derivative spectrum of €; at 30 K in the spectral regions
where structures are observed. The lines represent the
best fits to standard critical-point line shapes, derived
from Eq. (1):

d%e i6 -2
dwzz—n(n—l)Ae Nw—E +il)" ™%, ns0
(2)

d2€ i . -2
do? =Ae'®(w—E +il')™%, n=0.

20— ]
N i
w

10— B

0

FIG. 4. Imaginary part of the dielectric function of InP for
several temperatures.
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FIG. 5. Fits to the second derivatives of the real (solid line) and imaginary (dashed line) parts of the dielectric function of InP mea-
sured as a function of energy at 30 K. The readings from the vertical scale have to be divided by the factor given in the box under the
various structures. Note the change in the energy scale for the E, and Ey+ A, transitions.

The fit was performed simultaneously for the real and
imaginary part of d’e/dw?, using a least-squares pro-
cedure. The exponent n has the value —1 for one-
dimensional (1D), O [logarithmic i.e., In(w—E +iT)] for
2D, and 4, for 3D CP’s. If the angle ¢ in the phase fac-
tor e’ takes values which are integer multiples of 7/2,
the line shape corresponds to transitions between uncorre-
lated one-electron bands while noninteger multiples
represent the inclusion of excitonic effects by allowing a
mixture of two CP’s. 5154445

The E, and E,+ A, structures are fitted with excitonic
line shapes [n = —1 in Eq. (2)] only in the real part of the
dielectric function and up to 80 K. At higher tempera-
tures the structures become too weak and too broad to
perform a line-shape analysis, so that the energies are sim-
ply determined from the maxima in the €,(w) spectra [the
peak in €;(w) are rather symmetric at these temperatures,
a fact which justifies this definition]. The E; and E,; + A,
CP’s are fitted with a 2D line shape, both with the same
phase angle ¢ and a constant spin-orbit splitting A, =136
meV, determined from the low-temperature spectra. In
addition, the broadening I"' of both CP’s is assumed to be
the same for each temperature. The other structures

shown in Fig. 5 are analyzed with 2D CP line shapes.

The energies for the various CP’s as a function of tem-
perature are shown in Fig. 6. The energies of the E; + A,
CP are not shown. They simply run parallel to those of
E,, shifted by 136 meV. The solid lines represent the fit
of the data with an equation containing the Bose-Einstein
occupation factor for phonons:**®

E(T):EB—(IB

2
I+ 1. (3)
e®/T_1 ]

Besides the changes of the band structure by thermal ex-
pansion of the lattice, the temperature dependence is
mainly due to electron-phonon interaction. The parame-
ter ® describes a mean frequency of the phonons in-
volved, ap the strength of the interaction.*®

The temperature dependence of the Ej-+Aj structure
has been described by the linear equation

E(T)=E; —AT . 4)

The values of the parameters Eg,ap,® as well as E; ,A
are listed in Table I, together with the 95% confidence
limits.

TABLE 1. Parameters involved in the temperature dependence of the critical-point energies in InP. Values of the parameters
Ep, ap, and © from the fit with E(T)=Eg —ag[1+2/(e®/T—1)] and with E(T)=E; —AT (for Eq+ Ag). The 95% confidence lim-

it is given in parentheses.

EL A EB apg Q]
InP (eV) (10~* eVK™) (eV) (meV) (K) Line shape
E, 1.629(111) 217(113) 697(177) from maximum in €; (up to 430 K)
Eo+Ag 1.579(36) 61(38) 370(158) from maximum in €, (up to 430 K)
E, 3.348(7) 68(10) 224(30) 2D
E, 4.867(42) 163(44) 775(127) 2D
Eo+Ap 5.112(13) 4.25(45) 2D (up to 500 K)
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FIG. 6. Temperature dependence of the interband critical-
point energies of InP. The solid lines represent the best fits with
Eq. (3). Typical error bars for the experimental points are given
in Table III, the fit parameters in Table 1.

The temperature dependence of the broadening parame-
ters of the E|, E(, and E,+ A transitions are shown in
Fig. 7. We remind the reader that the broadening of the
E |+ A, CP has been chosen to be the same as that for E,.
Fits to the broadenings as a function of temperature are
performed with the equation

2

N(T)=Ty |1+ ——+—
0 e®/T_1

+T (5)

for the E transition and with
(=T, +yT (6)

for the E| and the E{+ Ay CP’s.

The resulting parameters are given in Table II with the
95% confidence limits.

The temperature dependence of the other two parame-
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FIG. 7. Temperature dependence of the broadening parame-
ters of the critical points. The solid lines represent fits to Eq. (5)

or (6). The function used and the corresponding fit parameters
are given in Table II.
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ters, describing a CP line shape according to Eq. (1) or
(2), the phase angle ¢ and the amplitude A4, are shown in
Figs. 8 and 9.

IV. DISCUSSION
A. Eg and E{ + A transitions

In InP, E; and E,+ A, represent the lowest direct
gaps and are localized at the I' point of the BZ. The
strength of these transitions is very low, they appear
only as a small peak in the real part of the dielectric
function (Fig. 3). Because of the inherent poor accuracy
of rotating-analyzer ellipsometers for small €, (Refs. 2
and 47) the increase of the absorption at the lowest band
edge cannot be observed. From the maxima in the real
part of the dielectric function the energies of the E, and
Eq+ Ag transitions could be determined up to 420 K. In
Table III the energies of interband transitions are listed
for several temperatures as measured by various tech-
niques, including the results of the present work. Linear
temperature coefficients for the CP’s are often given in
the literature. Table IV shows a comparison with our el-
lipsometric data.

B. E,; and E| + A, transitions

The E, and E |+ A, transitions take place along the A
directions of the BZ (see Fig. 1). Their line shape is best

TABLE II. Parameters involved in the temperature dependence of the broadenings of critical points in InP. Values of the parame-
ters [y, 'y, and ® from the fit with T'(7)=T[1 +2/(e®T—1)] or (T)=T, +yT. All CP’s listed have been fitted with a 2D line
shape.

Temperature
I, Iy (O] r, Y range
InP (meV) (meV) (K) (meV) (107* eVK™) (K)
E, 39.7(2.1) 1.46(5) 30-750
E, 45(12) 52(14) 384(83) 30-750
Ey+Ap 84(3) 0.22(12) 30-420
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FIG. 8. Temperature dependence of the phase angle ¢ defined
in Eq. (2) for the interband transitions in InP.

represented by a 2D CP over the whole temperature
range, although the excitonic phase angle ¢ at low tem-
peratures has a large value of about 140° and decreases to
¢=100°t3° at room temperature. As already pointed out
in Ref. 8, on the basis of the theory of the contact exci-
ton!>*%4% Eq. (1) or (2) should represent CP line shapes
only for small values of ¢. Kelso et al.'! have also found
¢=106°t4° from a fit to a 2D line shape at room temper-
ature. Because of the restriction of the contact interaction
to ¢ <<90° they suggested a 3D CP, which corresponds to
¢=>57°1t5°. The deviation of theoretical and experimental
line shapes, however, was larger for a 3D M, CP than for
a 2D M, CP.!! The temperature dependent measure-
ments reported here show that the 2D model yields a
better description of the data over the whole temperature
range.

The fit is performed with the same phase angle ¢ for
the E, and E, +A, CP’s with a constant A;=136 meV.
In addition, the broadening of the two CP’s is assumed
to be the same. The broadening of an electronic state is
roughly proportional to the electronic density of states
at its energy.*® Thus the broadening of E; +A, should

T T T T T T T
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0 200 400 600 800
T (K)

FIG. 9. Temperature dependence of the amplitudes of the
critical points, defined in Eq. (2), for InP.
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be at least as large as for E,; since for the lower split-off
valence band there is a larger electronic density of states
than for the upper one. For fits with [g and Tg o4, as

free parameters, we obtained above 150 K somewhat
smaller values for I’ E, +4, than for I“El. This is probably
an artifact of the fit procedure, because I" becomes com-
parable with the energy separation between the struc-
tures A;. Thus we set F51=F51+A1 and find no
significant worsening of the quality of the fit. In Table
ITI, a comparison of CP energies with values from the
literature is given.

The amplitudes for the E; and E;+ A, transitions can

be estimated within the one-electron approximation by>%>!
44(E, +A,/3)
Ap = -—1—21— =2.4,
! aoE
(7)
y 44(E | +2A,/3) 5
E1+Al: ao(E1+A1)2 - ’

where the lattice constant a is in A and the energies E
and E|+A,, taken at 300 K, are in eV. By taking into
account a correction for the terms linear in k for k per-
pendicular to {(111) (Refs. 52—54) and assuming the aver-
aged matrix element Il of p to be equal to that for Si
(IT~0.1 bohr~!, Ref. 52), we get Ap =2.8 and

Ag, 1a,=2.0. Experimentally, 4p =4.0 and Ag 4

=1.25 have been found at room temperature. The value
of AE1+A1/AEI=O.31 at room temperature is, however,

in good agreement with Ag ., /A =0.36 from other

ellipsometric measurements.'®  However, the ratio
Ag, a,/ A, decreases slightly with increasing tempera-

ture, as seen from Fig. 9. This decrease is possibly an ar-
tifact of the fit arising from the worsening resolution of
these structures with increasing temperature.

C. Ej and E, transitions
From the band-structure calculations of Chelikowsky
and Cohen'” four CP’s are expected in the 4.5-5.6-eV
energy region. Two of them correspond to transitions at
the " point from the highest valence band to the second
lowest conduction band: T'§—TI9 (at 4.64 eV) and
8T (at 5.13 eV, see Fig. 1). They are labeled E(T")
(4.695 eV) and Ej+Ag (5.166 eV) in Fig. 5. A further
transition, found in the calculations!”  for
(2m/ay)(0.2,0,0) for 4.80 eV, is labeled E(A) (4.836 eV)
in Fig. 5. The E, transitions taking place at an inter-
band plateau near (27/a()(0.75,0.25,0.25) are expected
at 5.0 eV.'7 The structure at 4.961 eV in Fig. 5 is as-
signed to these E, transitions. At high temperatures
only the structures labeled E; and Ey+A; can be
resolved. In earlier electroreflectance measurements the
Ey+Ay CP has been attributed to E, transitions.?!
However, following theoretical considerations about the
spin-orbit splitting of the conduction band, Ay, the struc-
ture has more recently been assigned to Ej+Aj transi-
tions.!!
In ionic materials the electronic states at the I' point
have predominant cation or anion character. Thus the
valence-band splitting A, in zinc-blende-type materials is
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mainly determined by the atomic spin-orbit splitting of
the anion, the conduction-band splitting A, mainly by
that of the cation.”® Because of its atomic origin the
spin-orbit splitting should be independent of temperature.
The temperature dependence of E and E{+ Ap, shown in
Fig. 6, however, indicates that this is not the case. The
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value of Aj=0.31 eV calculated by Chadi®’ is only found
experimentally at room temperature (see also Table III).
On this basis the assignment of the structure at higher en-
ergies to E(+ A transitions, as suggested in Ref. 11, in-
stead of the E, CP’s may be questioned. Also, the clearly
different phase angles of both CP’s, displayed in Fig. 8,

TABLE III. Energies of critical points in InP at several temperatures. All values are in eV.

Temperature
(K) E, Ey+ Ay E, E, +A, E range E, range
Experiment
2 1.4241°
1.4182°
1.4183¢
1.4185°
1.4185¢
4.2 1.423¢ 1.531¢
5 1.4182f 1.5263f 3.24P 3.38P 4.78P 5.10°, 5.77°
6 1.4205¢
20 1.42058
30 1.414(D" 1.522(5) 3.287(2)" 3.42302)" 4.695(4)" 4.836(3)" 4.961(5)
5.166(9)"
77 1.41358
80 1.413! 1.525 3.254 3.37¢ 4.70" 4.78" 4.99"
Ap=0.10" A, =0.13" 4.8 5.05"
82 1.403(4)" 1.520(8)" 3.266(2)" 3.402(2)" 4.696(5)" 5.093(13)"
100 1.509
296 1.26 3.15 3.290 5.0
1.35118
1.34% 1.45% 3.12% 3.27% 4.72% 4.79% 5.04%, 5.24% 5.6*
3.19% 3.34k
5.02%, 5.25*
5.6
1.351 1.446'
1.345' 1.465' 3.130' 3.270!
296 1.337™ 1.449™ 3.122™ 3.256™
3.158" 3.291" 4.67%, 4.79"
1.349" 1.472" 3.181" 3.326"
1.345° 1.469° 3.1584% 3.2896%
Ap=0.11° A;=0.16°
1.357(8)" 1.465(12)" 3.162(2)" 3.298(2)" 4.688(5)", 4.985(14)"
683 2.931(3)" 3.067(3)" 4.552(10)"
Theory
1.5¢ 3.2° 3.22¢ 4.88P, 5.5P 4.7°, 4.71°
5.02°, 5.77°
1.50¢ 1.714 3.13¢ 3.284 4.649, 4.89, 5.134 5.09, 5.629

‘Reference 27.
JReference 24.

2Reference 20.
YReference 19.
‘Reference 26.
dReference 21.
‘Reference 38.
'Reference 29.
EReference 22.
"Present work.

'Reference 32.

MReference 33.
"Reference 34.
°Reference 35.
PReference 36.

kReference 31. Two structures for each E; and E; +A;.

9Reference 17.
"Reference 28.
*Reference 30.
'Reference 23.
“Reference 37.
"Reference 11.
“Reference 18.
*Reference 25.
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TABLE 1IV. Linear temperature coefficients of the energies of the critical points in InP. All values are in 10~* eV K.

—dEy/dT —d(Eo+A0)/dT

—dE,/dT

—dEy/dT —d(Ey+Ap)/dT

Experiment

Between 200 and 300 K

2.9% 4.2°
5.6(1)°

3.3(5)° 2.7(5)°

4.3(5)°

Between 600 and 800 K

6.0(2)°

Theory
Between 200 and 300 K

3.6¢

3.24¢

#Reference 22.
"Present work.
‘Reference 24.

dY. F. Tsang, B. Gong, S. S. Mitra, and J. F. Vetelino, Phys. Rev. B 6, 2330 (1972).

‘For E, band gap.

are against the assumption of both CP’s being localized
around I'. On the other hand, the calculations by Cheli-
kowsky and Cohen!” support the assignment. We retain
this assignment, i.e., the two main structures between 4
and 5.5 eV are assumed to correspond to Ej and Ej+ A
transitions near the I' point of the BZ (see Figs. 1 and 5).
We should keep, however, in mind that the peculiar tem-
perature dependence of A shown in Fig. 6 must be due to
contributions of other transitions to these structures.

The temperature dependence of the E{, CP is described
by the Bose-Einstein function [Eq. (3)], whereas the CP
energy of the weaker Ej+ Ay CP, which can be resolved
only up to 500 K, shows linear behavior with temperature
(Fig. 6). The energies of the E; CP are around 200 K
slightly higher than at lower temperatures. Besides, the
mean phonon frequency ®, obtained from the fit to Eq.
(3), has an unexpected high value of 775 K (the highest
frequency of phonons in InP corresponds to 496 K). This
fact may be due to the complicated structure of the Ej
transitions and the multitude of possible CP’s in this spec-
tral region which may give rise to an averaging over
several CP’s.

The temperature dependence of the broadenings of the
E| transitions can be described with an averaged phonon
temperature of 384 K (see Table II), while the broaden-
ings of the Ej+ Aj CP are found to be nearly temperature

independent (see Fig. 7).

V. CONCLUSION

We have measured the temperature dependence of the
dielectric function of InP by means of spectroscopic ellip-
sometry in the 1.3-5.6-eV photon energy region between
30 and 750 K. From a line shape analysis we have ob-
tained the temperature dependence of the interband
critical-point parameters (energy, broadening, amplitude,
excitonic phase angle) of the E|, Ej, and E(+ Ay transi-
tions. Also, the dependence of the energy of the E, and
E,+ Ag transitions on temperature has been determined.
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