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The optical properties of HgSe grown by molecular-beam epitaxy have been studied over a wide
range of frequencies covering the Ey, E1, and E; + A; gaps. Theoretical calculations of the dielectric
function are used in deriving fundamental material parameters for HgSe. The refractive index has
thus been determined at room temperature up to 1 eV. A comparison of temperature-dependent
measurements of the fundamental absorption in HgSe with theoretical calculations using various
sets of band structure parameters has yielded an estimate of the temperature shift of the E, gap.
The carrier concentration as derived from van der Pauw measurements was shown to be inconsistent
with optical determinations of the Fermi energy. Differences in the absolute values of the absorption
coefficient compared to theoretical spectra have been observed and compared to data reported for
bulk HgSe. The critical point energies F; and E; + A; could be determined in the temperature
range 5-300 K by fitting reflection measurements to theoretical spectra derived from the dielectric
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function.

I. INTRODUCTION

Recently HgSe was grown successfully by molecular-
beam epitaxy (MBE).'™ The original motivation for
these studies was to make Ohmic contacts to p-type ZnSe
with the help of HgSe.*5 Besides this technological as-
pect, HgSe is of special interest for fundamental studies
because of its inverted band structure. But apart from
some electrical transport measurements, the properties of
epitaxial HgSe layers have not previously been studied in
detail. In this work we have extensively investigated the
optical properties of MBE grown HgSe. The correspond-
ing frequency range covers the fundamental absorption
region (Eo gap) as well as higher critical points in the
band structure (E; and E; + A; gaps). The results are
compared with data for bulk HgSe samples reported in
the literature. In order to interpret the measurements,
theoretical calculations have been carried out. This en-
ables us to find out to what extent the reported band
structure parameters are valid in describing our exper-
imental results and to determine fundamental material
parameters for epitaxial HgSe, e.g., €, dEo/dT, E;(T),
and A;.

II. EXPERIMENTAL DETAILS

The epitaxial HgSe layers under consideration were
grown on (001) CdTe, ZnTe, or GaAs substrates. Details

are described in Refs. 2 and 3. The layer thickness var-
ied from 0.2 to 4 pm and the free electron concentration
at helium temperature as determined from van der Pauw
measurements was in the range of 1 x10'7—4 x 108 cm—3.
Transmission and reflection were measured in a Fourier
transform spectrometer IFS 88 from Bruker. Unpolar-
ized light was employed and the angle of incidence for
the reflection measurements was about 9-10° from the
perpendicular.

III. CONTRIBUTION NEAR THE E, GAP
A. Theory

The complex dielectric function €(w) near the Eq gap
can be written as a sum of an interband contribution
€inter (w) near the I' point of the Brillouin zone, an intra-
band contribution €;n¢ra(w), a contribution from phonons
€phonon(w), and €, which contains the contribution of all
higher band transitions (E{,E1,E>,...).

E(UJ) = €0 t+ 6inter(‘—'-") + €intra(w) + fphonon(w) . (1)

In the frequency range under consideration, €., is as-
sumed to be real and constant whereas the phonon contri-
bution is neglected. Within the framework of the random
phase approximation, the interband contribution can be
written as (see, e.g., Ref. 6)

_J
€inter (W) = 2me?h bi:n / B f(Ei(k)) —
4’“0 mgw o (2m)° AEin(K)
x| (W1 (k)| - Pl (k)|
0163-1829/95/51(8)/4915(11)/$06.00 s

f(Em(k)) { 1 1 }

Fio ¥ ABE(k) +i0 | w — AEyn (k) + T
(2)
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where AE;,, (k) = Ei(k) — E(k), E;(k) and E,,(k) are
the energies of the [ and m bands at the wave vector k,
f is the Fermi-Dirac distribution, (¢;(k) |7 - p| ¥m (k)) is
the momentum matrix element for the optical transition
between the | and m energy bands, and T' is the phe-
nomenological broadening parameter of the bands. The
integral is to be carried out over the first Brillouin zone
(BZ).

The intraband contribution for the approximation of
isotropic bands in Ref. 7 is given by

e? 1
6eohi?m? w(w + 1/7)

, OB (k) 8f(Ei(k))
xZAZ dk k ,  (3)

€intra (w) =

ok . Ok

where 7 is the average relaxation time of free charge car-
riers and the summation is again over all energy bands.
Only contributions near the Fermi energy, which always
lie in the I's conduction band for HgSe, contribute to the
integral in Eq. (3).

The Fermi energy is calculated by fulfilling the neu-
trality condition for the charge carriers

n_P=ND_NAa (4)

where n and p are the concentrations of free electrons and
holes, respectively, and Np and N, are the concentra-
tions of singly ionized donors and acceptors, respectively.
The free electron and hole concentrations are given by

1 3
= é‘ o /B I (Ben(k)ak, (5)
=3 ﬁ /B - f(Bu ()] &k, (6)

where CB and VB stand for the summation over all con-
duction and valence bands, respectively.

For the description of the band structure we use the
Kane model.®®° In this model, k - p and spin-orbit inter-
actions for three bands (I'g, I'7, and I's) are described ex-
actly by neglecting any influence of higher bands (“three
band approximation”). Subsequently the k - p interac-
tions with all higher bands are treated by first-order per-
turbation theory. The anisotropic warping term in the
energy bands is taken into account by setting k, = 0 and
averaging over k; and k, in agreement with the (001) ori-
entation of the samples (“axial approximation”). For the
momentum matrix element we have used the expressions
given in Ref. 8 which neglect all higher bands. We chose
the band model described above because it is the most
widely used model in the HgSe literature. Unfortunately
previous publications on the HgSe band structure are to
some extent contradictory in relation to the large differ-
ences in the values of the band parameters. Therefore
we have summarized the most important results of the
literature in Tables I and II.

Sufficiently high doping levels in HgSe samples re-
quire a renormalization of the band structure due to the
Coulomb interaction. This effect has been neglected in
the HgSe literature and only the Kane band model has
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been used to describe the properties of all samples inde-
pendent of their doping levels. We have also followed this
procedure and used the Kane model without any correc-
tions. This can be justified by the fact that although
the carrier interaction is not explicitly considered it is
implicitly contained in the published Kane band param-
eters listed in Table I. Furthermore, the results of the
renormalization should be small compared to the prin-
cipal inaccuracy of the HgSe band parameters in Table
I

A computation of the integral in Eq. (2) for a given
frequency w results in a significant contribution to the
real part of €jter(w) in the Brillouin zone far removed
from the I' point, e.g., at Ecg(k) — Evs(k) > Aw. How-
ever, this band structure model is only an approximation
for small values of |k| and the integration interval has to
be restricted accordingly. The resulting error in the real
part of €jpter (w) is estimated to be about 10%. It is worth
mentioning that this problem also occurs in the calcula-
tion of the real part of €jyter(w) from the imaginary part
by means of the Kramers-Kronig transformation.

Once €(w) has been calculated, the refractive index
n(w), the extinction coefficient x(w), and the absorption
coefficient a(w) can be determined by means of

n(w) + ik(w) = n(w) +iia(w) = Ve, (7
where c is the velocity of light.

For a given set of band parameters, optical spectra
have been calculated for various temperatures as shown
in Fig. 1. At lower temperatures two significant ab-
sorption edges are to be seen which correspond to the
[yB - I'$B and TYB — 'S8 (E, gap) interband transi-
tions, respectively. The transition I'Y2® — I'S® occurs at
about 0.8 eV but cannot be observed in the absorption
spectra because of its corresponding small momentum
matrix element. The strong increase of the absorption
at low photon energies is due to intraband absorption of
free charge carriers. The refractive index shows the ex-
pected anomalous dispersion (dn/dw < 0) in the region
of band to band transitions. The abrupt decrease and
subsequent increase in the refractive index for decreasing
photon energies is once again a consequence of the free
charge carriers. It should be mentioned that the spectra
in Fig. 1 were calculated by assuming the value for €, to
be independent of temperature.

The calculated absolute values for the absorption coef-
ficient and the refractive index differ considerably for the
various sets of band structure parameters listed in Table
I; the resulting absorption coefficient differs by up to a
factor of 2 and the refractive index up to 10%. The reason
for this is the very large variation in the reported Lut-
tinger parameters which influence the density of states of
both the conduction and valence bands.

B. Experimental results

The refractive index for HgSe was determined at 300 K
as described in Appendix B for a large number of samples
with carrier concentrations in the range 2 x 1017 — 1 x
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TABLE II. Optical constants for HgSe. The experimental method is given in Table I.

T €oo T h/T

Ref. (K) (meV) (meV)
10 RT 12*

43 RT (n=2.4,A>5 pum)

14 350 9°

19 4.2 — 300 8.25

20 95 — 300 12°

25,28 10 — 295 [n(0) = 4.3 — 2.7 x 10 °T/K]

26 2 — 300 11 6 04-29
27 10 — 295 58—172

29 2 — 300 65175 0.7—3.7
37,38 10 Ref. 27 2

2The interband contribution was not considered in the determination of these values.

108 cm~3 at 4.2 K as derived from van der Pauw mea-
surements, assuming n = 1/eRy (where Ry is the Hall
coefficient). The results are shown in Fig. 2. The rela-
tively large scatter of the experimental points is probably
due to the inaccuracy of the corresponding layer thick-
nesses because of the roughness of the as-grown epitaxial
HgSe surface (see Ref. 3 for details). The resulting refrac-
tive index clearly shows an abrupt increase near 0.1 eV
due to a decrease in the intraband absorption as well as a
following decrease due to interband transitions. Theoret-
ical curves of the refractive index for three different values
of €0 are also plotted in Fig. 2. Since the absolute values
for the calculated refractive index depend significantly on
the set of band structure parameters employed [see Sec.
III A], the uncertainty in the derived values for €, is con-
siderable. Based on all sets of band structure parameters
listed in Table I, we estimate that €x, = 7.5 £ 1. This
value is compatible, within the estimated error, with the
literature values of 8.25,1° 6.6 &+ 0.5,27 and 7.3 + 0.3,%°

Wave number v (cm-l)

0 2000 4000 6000 8000
40000 T T T n 4

_1)
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Refractive index n

10000

Absorption coefficient o (cm

1 1 L L 1

0
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Photon energy hAw

0
0.0

FIG. 1. Theoretical absorption coefficient and refractive in-
dex for HgSe with Np — N4 = 3 X 10*® ¢cm~3. Band struc-
ture parameters have been taken from Ref. 19 together with
€00 = 8.0, /T =3 meV, and ' = 10 meV.

but is considerably smaller than 11 + 1 according to Ref.
26. Other values as reported in Refs. 10, 14, and 20 (see
Table II) are not comparable because the interband con-
tribution was not taken into account explicitly.

The absorption coefficient of several epitaxial HgSe
layers was determined at several temperatures as de-
scribed in Appendix B. Thereby we used the refractive
index derived at 300 K independent of the actual tem-
perature. Data reported in Refs. 25 and 27 and an ex-
trapolation of the values for Hg;_,Cd.Se in Ref. 39 to
HgSe show a rather strong temperature dependence of
the refractive index. However, the use of the different
values for the refractive index results in absorption co-
efficients which are merely shifted by a nearly constant
offset. In particular, the shift of the absorption edges

Wave number v (cm™)

0 2000 4000 6000 8000
! I ! I ! I ' ]
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1
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'\ ————— €co = 8.0
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0.0 0.2 0.4 0.6 0.8 1.0

Photon energy hw (eV)

FIG. 2. Refractive index for HgSe at 300 K. Band struc-
ture parameters according to Ref. 19 together with A/7 = 3
meV and I' = 10 meV have been employed for the theoretical
curves.
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discussed later in this section is not affected by this ap-
proximation. Figure 3 shows the results for a sample with
a relatively high carrier concentration of 3.7 x 10 cm—3
as determined from van der Pauw measurements at 4.2
K.Boththe [y® — 'S8 and I'YB — I'$B interband tran-
sitions can clearly be seen as absorption edges at lower
temperatures. We define the positions of the absorption
edges by

2(1(4}
dT(z) =0. ®)

Wedge

It should be mentioned that Awegge according to Eq. (8) is
not equivalent to the transition energy at the Fermi wave
vector k(EF) but depending on temperature is shifted by
a few meV to higher energies. The shift of the absorption
edges with temperature as determined with Eq. (8) for
the sample shown in Fig. 3 is displayed in Fig. 4. Both
absorption edges shift linearly with temperature and the
corresponding temperature coefficients are included in
the figure. The resulting shift of the Ty® — I'S® transi-
tion nearly coincides with the data given in Ref. 15 for a
sample with a carrier concentration of 4 x 10*® cm™3 (300
K) which is similar to that of our sample whose results
are shown in Figs. 3 and 4. It should be mentioned that
the temperature dependence of 1 x 10~% e¢V/K accord-
ing to Ref. 15 was determined by means of a different
definition of the absorption edge than Eq. (8).

The shift of the absorption edge is primarily due to the
temperature dependence of the Fy gap which is not very
well known for HgSe. Therefore we have used the results
shown in Fig. 4 in order to determine dEy/dT. Since
HgSe is a semimetal and not a semiconductor, the fact
that dEo/dT # d(Fwedge)/dT has to be considered. For
this reason we have calculated the absorption coefficient
using dFEo/dT as a variable until the temperature depen-

Wave number v (cm’)
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30000 — , , . r . .
- 1. T= 5K Te"° — Ty
g 25000 - | 2. T'= 50K
= L | 3: T=100K |
3 4: T=200K
20000 = | 5. 7= 300K 7
-
=] L 4
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(]
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8
o | i
—
2
2 5000 1/eRy (4.2K) —
= = 3.7x10%m?®
0 | ! 1l | L
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Photon energy hw (eV)

FIG. 3. Absorption coefficient of a HgSe sample at several
temperatures. The van der Pauw measurement for this sam-
ple results in 1/eRy (4.2K) = 3.7 x 10'® cm™3.
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1 190 = - (429.7 4+ 0.1) meV + - 1
@ l. (0.1207 + 0.0009) T - meV /K @
"o 180 . ] . 1 . 1 . ] 425 >Q°
0 50 100 150 200

Temperature T (K)

FIG. 4. Positions of the absorption edges versus tempera-
ture for the sample displayed in Fig. 3. The dotted curves are
merely a least squares fit to the experimental data.

dence of the I'yB — I'S® absorption edge [d(Fwedage) /dT]
coincided with the experimental value. We applied this
fit procedure on the Ty 2 — I'S® and not the Iy ® — I'TE
absorption edge because of its larger temperature shift
and the ability to more accurately determine the position
of this edge. The net free donor concentration Np— N, is
used as an adjustable parameter to fit the theoretical to
the experimental I'Y® — I'S® absorption edge at T = 4.2
K. In order to reduce the number of fit parameters, we
assumed a linear dependence for Eo(T') instead of a non-
linear one as predicted, for instance, by Varshni.?® This
can be justified by our calculations which demonstrate,
for the temperature range shown in Fig. 4, that a lin-
ear shift in the Fy gap with temperature also results in
a nearly linear shift of the Iy2® — I'S® absorption edge
which is consistent with our measurements. It should be
mentioned that the shift of the T¥2 — I'S® absorption
edge can contain a considerable nonlinear component de-
pending on the band structure parameters employed.

In Table III our results for dEo/dT are summarized for
the most important of the different sets of band structure
parameters listed in Table I. For most band parameter
sets we obtained dFEy/dT = 0.70 —0.77 meV /K, however,
the net free donor concentration had to be varied between
2.1 and 3.1 x 10'® cm~3. The extremely low value de-
termined with the band structure parameters from Ref.
19 is caused by the additional temperature dependence
of the band parameter P assumed therein. The fourth
and fifth columns of Table III list the differences and ra-
tios between theory and experiment for the I‘XB - I§B
absorption edge which was not included in the fit pro-
cedure. At T' = 0 K the calculated absorption edge is
displaced by up to 37 meV to higher energies and its
temperature dependence can differ by up to a factor of
9 from the experimental value. Only the band struc-
ture parameters of Ref. 19 describe a reasonable fit of
the temperature dependence of the I'y® — I'SP transi-
tion. On the other hand, the low value of approximately
0.5 meV /K for dEo/dT as determined using these band
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TABLE III. Temperature dependence of the E¢ gap (dEo/dT) as determined from the tempera-
ture dependence of the I'y © — I'S® absorption edge in Fig. 4 for the different sets of band structure
parameters. Np — N4 gives the net free donor concentration used in fitting the absorption edge at
4.2 K. The last two columns compare the results of the fit with the experimental position of the
T'Y® — I'S® absorption edge (difference between theory and experiment) and its temperature de-

pendence (ratio of experiment to theory). It should be emphasized that the

edge was not included in the fit procedure.

I'yB - I'S® absorption

ry® - rge

Source of band dE,/dT Np — Ny Fwedge (0 K) d(Fwedge)/dT
parameter (meV/K) (108 cm™%) theor.—expt. expt./theor.
(Ref.) (meV)

16,17 0.671 2.31 15 7.6

19 0.493 2.85 37 1.03

24 0.719 3.05 14 1.556
25,28 0.704 291 14 1.73

30 0.748 2.68 9 2.5

31 0.765 2.15 3 9.2
34-36 0.759 2.87 11 2.1

parameters is not consistent with the extrapolation from
Hgi_.Cd,Se to HgSe.#":3? A definite conclusion about
the validity of our results for dEo/dT (0.70—0.77 meV /K)
is difficult because of the large scatter in the values for
dEy/dT reported in the literature [0.26 meV/K,!® 0.5
meV /K,?? approximately 0.6 meV/K,!® 0.72 meV /K,
0.737 meV/K,3° 0.83 meV/K,?%2® and approximately
1.02 meV/K (Ref. 30)]. But it should be noted that the
perhaps more reliable values reported in Refs. 41 and 39
from direct measurements of the Eo gap of Hg;_,Cd,Se
fit our results very well.

By analyzing the shape of the experimental absorp-
tion edges it is possible to determine the broadening pa-
rameter I'. It can be easily shown that the distance be-
tween the zero points of d3a(w)/dw® near the absorption
edges at very low temperatures (kT < I') is approxi-
mately 2I". For most of our investigated samples we find
that T' = 3 — 5 meV for the I'y? — I'$E transition.
Only a few samples have I' values as large as 9 meV. No
correlation between I' and other parameters describing
the structural quality of the layers such as x-ray rocking
curve width could be observed. However, HgSe grown
on nearly lattice matched ZnTe substrates usually has
smaller values for I' compared to that grown on highly
lattice mismatched CdTe substrates.

At a given temperature the positions of the absorp-
tion edges are determined by the Fermi energy, i.e., the
carrier concentration. An increase in the carrier concen-
tration causes the Fermi energy and consequently the ab-
sorption edge to shift to higher energies (Burstein-Moss
shift). Therefore a measurement of an absorption edge
is a sensitive and direct method to determine the car-
rier concentration. Figure 5 shows the position of the
TYB — I'§B absorption edge for several samples with dif-
ferent Hall concentrations according to the van der Pauw
method. The experimental values do not follow any of
the theoretical curves. In contrast they are independent
of the corresponding Hall concentration. Because the
Fermi energy is directly determined by the positions of
the absorption edges we assume that the optical measure-

ments are correct and conclude that the van der Pauw
measurements do not yield the correct carrier concentra-
tions according to n = 1/eRp. The usual interpretation
of the van der Pauw results might be incorrect due to
inhomogeneities in the HgSe layers.#? This supposition is
confirmed by the fact that the magnetoresistivity of some
samples shows a linear instead of the expected quadratic
dependence on the magnetic field. Furthermore, because
the samples included in Fig. 5 were grown under differ-
ent conditions, we conclude that the carrier concentration
does not depend significantly on MBE growth parame-
ters. In particular the observed dependence of the carrier
concentration on the Hg/Se flux ratio as reported in Ref.

0.6

0.5

I‘6VB — I‘ch Absorption edge hw(5K) (eV)

02 -
0.1 ® experiment o
~~~~~~~ theory
0.0 PSR S S [ ST ST SR S NN TR N ST S N S
0 5 10 15

Hall concentration 1/eRg (4.2 K) (1017cm'3

FIG. 5. Position of the Ty® — I'S® absorption edge at
5 K versus Hall carrier concentration at 4.2 K. The dotted
lines are calculated using the band structure parameters of
Refs. 16, 19, 24, 25, 28, 30, 31, and 34-36 by assuming that
n=1/eRy.
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Wave number v (cm_l)
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FIG. 6. Absorption spectra at 300 K. A typical expe-
rimental curve is compared with a theoretical calculation
based on the band structure parameters of Ref. 19 for
Np =6 x 10*7 cm™2 and €. = 8.0.

1 is based on van der Pauw measurements and does not
coincide with our results based on optical absorption ex-
periments.

In Fig. 6 a typical absorption spectrum at room tem-
perature is plotted together with a theoretically calcu-
lated spectrum in order to compare the corresponding
absolute values. All our measurements yield absorption
coefficients which are larger than theoretically expected
according to our calculations. This discrepancy between
theory and experiment increases at larger photon ener-

gies. It is not possible to eliminate the discrepancy with
any of the sets of band structure parameters as listed
in Table I. Even the parameter set with the highest re-
sulting absorption coefficient results in a ratio between
experiment and theory of at least a factor of 1.5 at 1
eV. Furthermore, according to the HgSe literature, the
experimental values for the absorption coefficient differ
extremely from one investigation to the next. Com-
pared to our experimental spectra the values of Refs.
43 and 44 are similar even though the samples of Ref.
43 are more highly doped, the values of Refs. 25 and 28
are smaller (nearly compatible to our theoretical calcula-
tions), whereas the spectra of Refs. 15 and 45 give much
higher absorption coefficients. Other investigations have
been carried out at lower photon energies and cannot be
compared to our experiments.*6"%8 At present we do not
have an explanation for the inconsistency in the absorp-
tion data in the literature.

IV. E, AND E, + A, GAPS
A. Theory

In the energy range from 2 to 4 eV the dielectric func-
tion for HgSe is dominated by transitions along the (111)
directions (A) of the Brillouin zone. A doublet struc-
ture due to spin-orbit splitting corresponds to the FE;
(AY2 — ASB) and Ey + A, (AJB — AFP) critical points
(CP). The values for E; and E;+A; for HgSe as reported
in the literature are summarized in Table IV. Usually the
E; and E; + A, critical points are assumed to be nearly
of type 2D My, i.e., the energy difference between the two
corresponding bands is a two dimensional saddle point in
k space.*® The contribution of these 2D critical points to
the dielectric function can be described by the following
line shape function:5°

TABLE IV. Literature values for E; and E; + A; gaps of HgSe. The experimental method is

given in the second column.

T E1 El +A1
Ref. Expt. (K) (eV) (V)
51 reflection 297 2.82° 3.13*
52 absorption 295 2.87° 3.20°
53 reflection 12 A; = 0.30 eV
44 transmission/refl. RT 2.8
54 reflection 290 2.8
55 electroreflectance RT 2.85 3.15
. 295 2.89 3.21
56 reflection 20 3.03 334
57 reflection RT 2.88 3.21
58,63 reflection 295 2.85 3.17
59 ellipsometry RT 2.90 3.15
RT 2.85 3.17
60 electroreflectance 77 2.946 3.923
61,63 ellipsometry RT 2.781 3.120
62,63 ellipsometry RT 2.797 3.159
1 reflection RT 2.863 3.06

*dE, /dT = d(E1 + A1)/dT = —0.43 meV/K.

Y4B, /dT = —0.46 meV /K, d(E1 + A1)/dT = —0.38 meV/K.
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€(w) = epg(w) — Z Acpe’®c? In(hw — Ecp + ilcp) ,
CP

(9)

where the summation in Eq. (9) is carried out over the
two critical points Ecp = F; and Ecp = E; + A;. By
neglecting excitonic effects the phase angle ® is equal to
m/2 for a pure two dimensional saddle point. The back-
ground component €pg is a complex function and arises
mainly from higher critical points (e.g., E{,E2).

B. Experimental results

Figure 7 shows a typical reflection spectra for HgSe in
the E; and E; + A; region at two different temperatures.
Equations (9) and (7) together with the reflectivity R,,
(see Appendix A) were used to fit the reflection spectra.
Since the line shape is not known for the higher transi-
tions (i.e., for E{,F>,...) we assume a dispersion free epg
in Eq. (9). During the fit procedure we found that es-
pecially at higher temperatures the result is ambiguous
as far as epg and Acp are concerned. Various combina-
tions of these parameters yielded equally good fits. The
reason for this is that at higher temperatures the shape
of the reflection spectra does not contain sufficient struc-
ture to fit all of the parameters. But this disadvantage
is not very important because the results for the most
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FIG. 7. Experimental and theoretically fitted reflectivity
spectra of HgSe at 300 K and 5 K. The experimental and the-
oretical spectra for 300 K fall close together and consequently
are nearly indistinguishable.
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interesting parameters, F1 and E; + Ay, did not depend
significantly on the rest of the parameters. The mean
values at room temperature for eight HgSe samples are

E; = (2.80 £0.02) eV,
E; + Ay = (3.05£0.03) eV,
FEI ~ FE‘1+A1 = (0.11 + 0.01) eV .

The above value for F; is in excellent agreement with
ellipsometric measurements.5163 It is worth mentioning
that most of the published values listed in Table IV were
determined from reflection measurements by merely as-
suming that the position of the reflection maximum co-
incides exactly with the critical point energy. It can be
easily shown that the reflection maximum is shifted away
from the critical point energy by a few meV to higher en-
ergies because of the strong dispersion of the real compo-
nent of the dielectric function (see Fig. 7). This explains
why most of the values in Table IV with the exception of
the ellipsometric data are higher than our values. Fur-
thermore, our value for F; + A; as well as the corre-
sponding value reported in Ref. 1 for epitaxial HgSe is
approximately 10 meV lower than all other values in Ta-
ble IV for bulk HgSe. Also our value for I listed above
is smaller than those reported in Refs. 61-63.

We have measured the reflectivity of HgSe as a function
of temperature and determined the temperature depen-
dence of the E; and F; + A; gap as shown in Fig. 8.
Within the accuracy of our measurements and fit proce-
dure both gaps have quantitatively the same temperature
dependence as judged by the near parallelism of the two
sets of the experimental points in Fig. 8. Therefore we
conclude that the spin-orbit splitting A; is independent
of the temperature as is the case of other zinc blende
materials (see, e.g., Ref. 64 for GaAs). The temperature
dependence of E; and E; + A; can be described either
by the empirical relationship according to Varshni,*®

305 7T — 1T — T 3.25
3.0 3.2
I -
2 295 € 315 ©
o
I oy
(o)) a0
?}) 29 3.1 <—<
) L +
[€a
2.85 3.05
2.8 3.0
1 L 1 L 1 L 1 L 1 1 l 1
0 50 100 150 200 250 300

Temperature T (K)

FIG. 8. E; and E; + A1 gaps of HgSe versus temperature.
The lines are least squares fits to the experimental data using
Eq. (10) (solid line) and Eq. (11) (dotted line). These two
curves are nearly indistinguishable.
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oT?
T+8’
or by an average Bose-Einstein statistical factor for
phonon emission and absorption,®®

E(T) = E(0) — (10)

E(T) = FEp —ap [1 + ﬁ] . (11)

A least squares fit of the values displayed in Fig. 8 based
on Eq. (10) results in

E1(0) = 2.949 £+ 0.002 €V ,
A; =0.270 £ 0.002 eV,
o =0.58 £0.02 meV/K ,
B=60+12K,

whereas the fit with Eq. (11) provides

Ep =2.971£0.003 eV,

A1 =0.270 £ 0.002 eV ,

ap = 0.024 £+ 0.004 eV ,
©=87+14K.

The above errors are the standard deviation of these pa-
rameters from the corresponding fit. Figure 8 displays
the results of these two fitting procedures, which are al-
most indistinguishable. The derived temperature depen-
dence coincides very well with the data from Refs. 51
and 56. Contrarily the corresponding values determined
at 295 and 77 K in Ref. 60 suggest that the tempera-
ture dependences for the F; and E; + A; gaps are dif-
ferent; their value for the temperature dependence of the
E; + A; gap is less than 50% of our value. However, we
consider our results more reliable because our fit proce-
dure is based on a larger number of data points.

Because of the above mentioned ambiguity in our fit
procedure it is difficult to make quantitative statements
about the temperature dependence of the line shape pa-
rameters (except the critical point energies) in Eq. (9).
But by decreasing the temperature the resolution of the
two maxima in the reflection spectra, which corresponds
to the two critical points, increases distinctly as can be
seen in Fig. 7. This is due to a decrease in the broadening
parameters (I') with falling temperature. At 300 K the
spectra can be described by I'g, = I'g, +a, = 0.11 €V,
whereas at 5 K, I'g, = 0.05 ¢V and I'g, 1A, =~ 0.06 eV
were obtained.

V. CONCLUSION

The optical properties of epitaxially grown HgSe have
been studied in detail over a wide range of frequencies
covering the Ey, E;, and E; + A; gaps. In order to
interpret the experimental transmission and reflection
spectra, theoretical calculations of the dielectric function
were carried out. This enabled us to derive fundamental
material parameters for HgSe. The refractive index was
determined at room temperature in the energy range up
to 1 eV and thereby the background dielectric constant
could be estimated. Absorption spectra from 5 to 300
K were derived in the energy region of the Ey gap and
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yielded a linear temperature dependence for the observed
absorption edges. Calculations based on several sets of
band structure parameters yielded an estimation of the
temperature dependence of the Ey gap. Furthermore,
we have observed and discussed differences in the carrier
concentrations as determined from van der Pauw and op-
tical measurements. Based on reflection measurements in
the visible and ultraviolet region, critical point energies,
E; and E; + A, could be determined as a function of
temperature and fitted to empirical relationships.
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APPENDIX A:
TRANSMISSION AND REFLECTION
OF EPITAXIAL LAYERS

The transmission and reflection of a multilayer system
is usually described with a matrix formalism, see, e.g.,
Ref. 66. For a single layer on a substrate it is also possi-
ble to reduce the matrix equation to explicit expressions
for the transmission and reflection. In the following we
use the subscripts v, I, and s to denote vacuum, layer,
and substrate. The sequence of the subscripts for a trans-
mission or reflection coefficient defines the incidence di-
rection of the light: e.g., the reflection coefficient of the
system (v,l,s,v) for the light falling on the layer is denoted
by Ryisv» Whereas R, 1, corresponds to the reflection co-
efficient of the same system but for light incident on the
substrate. Furthermore we restrict our considerations to
the case that the incident light is perpendicular to the
interfaces. The deviation of < 10° in our system was
shown to have a negligible effect.

We do not describe the complete system (v,l,s,v) by a
single matrix equation because this would lead to many
narrowly spaced oscillations in the calculated transmis-
sion and reflection spectra corresponding to interference
effects in the thick substrate. These interference fringes
are usually not seen because a low spectral resolution is
normally chosen. Therefore we use the matrix formalism
to first calculate the transmission and reflection of the
subsystem (v,l,s) corresponding to a substrate of infinite
thickness. With these results we can describe the com-
plete system (v,l,s,v) as a new system with only two inter-
faces; the simple (s,v) interface and an effective interface
with reflection and transmission coefficients of the (v,l,s)
system. By using intensities instead of electric fields in
this calculation for the complete system, we automati-
cally suppress any interference effects in the substrate.
Thus for this complete two layer system
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_ TvlsTavAs
T'ulsv - Tvslv - 1— RslvRavAg ’
T,T, R, A2
Rv o = vaa + vils~ slv*rsv‘’s ,
! 1-R, R, A2
TyeT,,R,;, A2
R’UE v = R'vs + - — ’
! 1- R, R,A2’
where
T = 4 nf + n§
T m, (n, +1)2 + k27
T = 4n, ,

= ()7 1 A2
(ns - 1)2 + K’,E

R,=R,, = (n, F1)2 + 2 .

8V

The following parameters which occur in these equations
result from the matrix formalism for the (v,l,s) system:

2

T, = _ "
vls — 9 2
ng + K

_1.16(n2 + &%) (n? + k?)A,
T n, C,+CA +CAZ
_Cy+Cs A + C A}

Ve T O+ CA + C A

Cs + C A + C A}

sV T O+ CA; + Cz A2

slv >

T

slv

C, = [(nl + 1)2 + ""'12] [(nl + ns)z + (K‘l + Ka)z] )
C, = [(n, F1)2 4+ n,z] [(n, +n,)% + (k£ na)z] ,
Cy = —2cos gyf(nf + K — 1)(nf + K — n? — K2)
—4K2n, + 4nyKk,] ,
+asin g {[r;(n, + 1) — nyk,](nf + &7 — n,)
+K:a(nl —nyng — K’IK’s)} )

Cs = —2cosg[(nf + k] — 1)(n] + £} — n? — k2)

8
+4K?n, — dnyKK,)
Fdsin [k (nf + k] —n] — K3)

+(’l’712 + "‘"12 - 1)("‘1"“’3 - Nlns)]a

2w

Y1 = Tnldl )

A; = exp(—a,d;) , A, = exp(—a,d,) ,
2w w

al = 'c—/ﬁll N Cls = ?K’a

It is worthwhile mentioning that the above expression for
T,s, coincides with the result given in the appendix of
Ref. 67, however, we believe that the expression for T,,,

according to Ref. 67 is not correct.

APPENDIX B: DETERMINATION
OF OPTICAL CONSTANTS
OF EPITAXIAL LAYERS

With the help of the equations derived in Appendix A
it is in principle possible to determine the optical pa-
rameters n;(w) and o;(w) of an epitaxial layer if the
layer thickness d; and the optical constants [n,(w) and
o, (w)] of the substrate are known. To accomplish this
one has to measure the transmission T[7$2*(w) and the
reflection R7}$2%(w) and subsequently determine the zero

in the (n;, ;) plane of a function f;(n;, a;) defined by

frln, o) = [T35355° = Totaw (g, )]

+Ryse — Rutsw(ny, al)]z

for each frequency w. In practice, use of the above for-
mula leads to refractive indexes with physically absurd
oscillations. The most probable reason for this is that
the absolute reflection cannot usually be measured with
a sufficiently high accuracy. Therefore n,(w) and o;(w)
have to be determined separately whereby only the fre-
quencies of the interference extrema in the reflectivity
spectra are used. A first approximation for n;(w) at the
position of the reflection extrema wey, is obtained by
mmrc

2d;wex ’

where m is the order of the interference extremum. This
formula is strictly valid only for zero absorption and zero
dispersion of both layer and substrate. With the result-
ing n;(w), o;(w) can be determined from the zero of the
function

ny(wex) =

fa(ay) = [Toies® — Tvlev(nlaal)]z .

With the resulting a;(w), n;(wex) can be corrected in a
first approximation by An;(wex) according to

delsv (nl + Anh al)
dw

=0.

Wex
The last two steps involving f(a;) and dR,,, /dw are re-

peated until the values for both n;(w) and a;(w) converge.
This was usually achieved after only two iterations.
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