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Band structure and its temperature dependence for type-lll HgTéHg,_,Cd, Te superlattices
and their semimetal constituent
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Intersubband transitions in HgTe/Hg,Cd, Te superlattices and their dependence on temperature have been
investigated for a large number of superlattices with widely different parameters. It has been shown by means
of the envelope function approximation using the fulk 8 Kane Hamiltonian, that the valence band offset is
primarily responsible for the separation between lie-E1 andL1-E1 intersubband transition energies of
semiconducting HgTe/Hg ,Cd,Te superlattices with a normal band structure. To a good approximation, all
other relevant superlattice parameters have little or no effect on this energy difference. This leads to an
unequivocal determination of the valence band offset between HgTe and Cdhéch is 57060 meV at 5
K for both the(001) and the (112)B orientations. The temperature dependence of both intersubband transition
energies can only be explained by the following conditiokhss also temperature dependent as expressed by
dA/dT=—0.40+=0.04 meV/K; the anisotropic heavy hole effective mass has a significant temperature depen-
dence; andey(HgTe,300 K)= — 160+ 5 meV which is appreciably lower than the extrapolated values found in
the literature.

[. INTRODUCTION tration profile across the interfaces. A profile described by an
error function similar to an experimental profile according to
The band structure of type-lil superlatticéSL's) and  Kim et al® is assumed and leads to a consistent description
their related properties are largely determined by that of th@f the experimental results. Finally, the width of this inter-
quantum well. Conversely, an investigation of the opticalface,d;, has been shown to be a convenient variable for the
and electrical properties of type-Ill superlattices can lead tgtudy of interdiffusion in these superlattices.
information about the zero gap or semimetallic material used [N order to accomplish the above, one has to determine
in the quantum well. Hence one has the unique opportunitjﬂe relevant_experlmenta! !ntersubbanq transition energies.
to investigate properties of the semimetal which cannot eag1OWeVver, this is not a trivial undertaking due, to a large
ily be investigated by other methods. extent, to a lack of kr)owledge about the position of a par-
For example, the band gap of HgTe and its temperaturQCUIar band gap relative to the frequency of photolumines-

—7 .
dependence directly influences the temperature dependen%%nce peaks;or that of the absorption edgéJhe method

of the superlattice subbands and thus the temperature dep YNe Propose and demonstrate here, is to determine the posi-

! o . —tion of the absorption edge and then its position relative to
dence of the intersubband transition energies. The magmtu_ Re intersubband transition energy itself. This can be accom-

of the hegative band_gap of HgTe 5_“ room tempe_ra_lture_ "Blished by calculating the transition energies as well as the
_subject to Iarg_e experimental unt_:ertalntles due to difficultie orresponding absorption coefficient. Finally, by fitting the
in the conventional magneto-optical method at temperatureepretical and experimental absorption coefficients, one can

1 . .
above 100 K. Another such property is the deformation po- getermine the experimental intersubband transition energies
tential of HgTe relative to that of CdTe, which has only yejative to their absorption edges.

recently been experimentally determined by means of an op-
tical absorption investigation of HgTe/ljgCdy ¢gTe Super-
lattices under hydrostatic pressér€urthermore, it will be
shown that the valence-band offset is to a good approxima- Epitaxial growth was carried out in a Riber 2300, molecu-
tion primarily responsible for the energy difference betweerar beam epitaxial system that has been modified to permit
the first heavy-holéi 1 and the first light-holé 1 subband of the growth of Hg-based materials as has been described
a HgTe/Hg_,CdTe superlattice with normal band struc- elsewheré.After the growth of a thin CdTe buffer layer, the
ture. This energy difference is nearly independent of otheHgTe/Hg _,Cd,Te superlattices were grown d001) and
superlattice parameters, and consequently leads to a preci§EL2)B oriented CgloeZngosTe and CdTe substrates at
determination of the valence-band offset between HgTe an@80 °C with the exception of three (112)B SL'’s at 188 °C.
CdTeA. The substrate temperature was determined with an accuracy
The band structure and consequently the optical propemf + 2 °C by means of a thermocouple which was in physical
ties depend on the band structure of the quantum wells ancbntact with a molybdenum substrate holder. The thermo-
barriers, i.e., HgTe and Hg,Cd,Te, their widths, and the couple was carefully calibrated at the melting points of in-
potential energy differences between these two componentdium and tin.
The latter depends in turn on their composition, the valence- The composition of the barrier material has been deter-
band offset as well as the shape and width of the Cd concemined by means of transmission measureniamisthick test
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layers of Hg_,Cd, Te grown under identical conditions with Where T andd are the transmission and sample thickness,
the exception of the absence of the HgTe layers. At a growttiespectively. Hence a good approximationAaef, see Fig. 4,
temperature of 180 °G=0.68+0.02 andx=0.95+0.02 for ~ can be obtained merely from a ratio of the transmission spec-
the (001) and (112)B orientations, respectively. This valuetra without the complications and uncertainties in calculating
has been corroborated by a determination of the barrier Tdhe absorption spectrum of the SL in a multilayer structdre.
phonon frequency for sever&D01) SL's!® Cd has been If the temperature difference is kept smallT=20-40K,
found in some thin layers of HgTe grown under similar con-residual interference effects can be effectively reduced near
ditions by means aih situ x-ray photoelectron spectroscopy. the transition itself and nearly elliminated at other frequen-
If the Cd is evenly distributed throughout the layer then ancies. The index of refraction undergoes a change of up to
average concentration in the Wgul can be calculated. Usu- about 5%-10% near an intersubband transition, however,
ally this value was below the sensitivity of the spectrometerthis has been shown to result in a negligible shift of the
i.e., much less than 0.5%, however, 3.0% was determined ofXperimental absorption edge sf 1 meV.

one occasion. The latter value was shown to be due to sub- The transmission spectra of most of the SL's were mea-
limation from the hot CdTe shutter, which depends on whasured at various temperatures. In most cases this was done
was grown previously. Nonlinear diffusibhmay also ac- from 5 to 300 K with a temperature interval of 10 K, in order
count for the presence of small amounts of Cd in the HgTd0 improve the statistical significance of the data.

wells.

The superlattice period is readily accessible by x-ray dif-
fraction experiments; however well and barrier thicknesses
are not so eaSin determined. HiStoricaIIy well and barrier A |arge number ok - p band structure calculations using
thicknesses have been inferred from the growth parametershe  envelope  function  approximation  for  the
measured by transmission electron micros¢épyr deter- HgTe/Hg _,Cd,Te superlattice have been published during
mined by means of a simulation of high resolution x-raythe last decad®2*Wood and Zungéf have compared the
diffraction results™>** In this investigation we have deter- predictions of a pseudopotential approach, which includes all
mined the well thickness and hence that of the barrier obands and their dispersion throughout the Brillouin zone and
(001 superlattices via a dynamic simulation of #¥2 and  produces wave functions with full Bloch symmetry, with
(004 Bragg reflections measured in a five crystal x-ray dif-predictions of an & 8 multibandk - p approach in the enve-
fractometer. The rather strort902) Bragg reflection in these |ope function approximation. The authors conclude that the
superlattices is caused primarily by the HgTe layer: Theatter model works well for heterostructures when their states
structure factor for th€002 Bragg reflection is much larger are derived from bulk states which aveell described by
for HgTe than for CdTé3 This is due to the Iarger Hg atom k. p, i.e., from states near thE point_ Ram-Mohan, Yoo,
with its greater number of electrons. In fact the structureand Aggarwal® employed the envelope function method and
factor goes to zero for Hg ,Cd,Te with anx value of about  developed a transfer matrix procedure to calculate the super-
0.88. A simulation of(001) oriented superlattices results in |attice states. They accounted for the fulk8 Kane Hamil-
an accuracy as low as 1 A but which is usually+2 A, tonjan including ail second order terms representing the far-
depending on the number of satellites and the position of thgand contributions, but did not apply their results to a
first order zero points relative to the satellites. calculation of the optical constants. On the other hand

X-ray diffraction in (112B oriented heterostructures is Jjohnsonet al!® applied a slightly different version of the
more complicated and the results less accurate. First of alenvelope function method, and deduced optical constants
there is only one useful reflectia@24) which is not stronger  from their superlattice energies and eigenfunctions. But in
for either HgTe or CdTe. Second, shear strain results in gheir approach they used a simplified band model, which
monoclinic distortion which must be taken into account be-omits all the second order far-band contributions, with the
fore the data can be correctly simulaféd? exception of a finite heavy hole mass. In order to overcome

Optical transmission and reflection measurements werghese shortcomings, we have combined the essential aspects
carried out in the middle and near infrared with a Fourierof both approaches This enables us to calculate the optical
transform spectrometer, Bruker IFS88. A LiTa@etector constants based on a realistic band structure model, which
was usually employed rather than a liquid nitrogen cooledncludes all second order higher band contributions.
detector, e.g., Hg ,CdTe, because of its better linearity.  The bands of both bulk HgTe and CdTe are described by
The aperature was kept as small as possible for the sameane’s four-band model (8 8k-p) including second order
reason, i.e., a diameter of 2-3 mm. The absorption coeffiremote band contributions. The envelope function method in
cient was determined by fitting the experimental transmisthe axial approximation is widely used to calculate the band
sion spectra to a theoretical description of the multilayer sysstructure of the HgTe/CdTe SI:1°The axial approximation
tem using standard matrix procedufés. gives exact results for the band gaps(601) oriented sys-

It can be easily shown that a transmission spectrum ditems, because nonaxial terms in the Hamiltonian vanish for
vided by a slightly different spectrum, e.g., measured at & =0. It is well known that the axial approximation is not
different temperature, is proportional to the correspondingxact for growth directions other th4f01] and[111] even
change in the absorption coefficient for k,=0.2* Therefore we have taken the approach of Los,

Fasolino, and Catellafi and transformed the Hamiltonian
AT T into symmetry adapted basis functions for fi4.2] growth
~ =2 1~dAa, (1)  direction. We then compared the band structure using this
T T adapted Hamiltonian with an axial approximation for the
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[112] direction. The results of the axial approximation are 0.7 . . . 14
not exact, however, they give a good approximation, within 8‘1‘5;}1;5:/‘% P
1 or 2 meV, for the subband energieskat0 as well as for 0.6 bn d,/dy (AL A/8954) 1 P

——- Transmission
— «

an average of the subband dispersion ovekgallirections.
Consequently all absorption coefficient calculations and
most intersubband transition energy calculations were car- 05
ried out using this adapted Hamiltonian in the axial approxi-
mation, in order to reduce the calculation time. Moreover ourg 04 |
band structure model is equivalent to that used by Schultz$
et al® to calculate Landau levels in (112)B HgTe quantum
wells.

The effects of strain due to lattice mismatch were also
taken into consideration. The lattice mismatch between g2
HgTe and its environment is less than 0.1% which results in
a shift in intersubband transition energies of less than 3 meVv
and can therefore be neglected. In contrast to [(b@l]
direction? the strain tensor for th§l12] direction has a
shear strain component. This results in a piezoelectric field in 0.0
the growth directiorf’ We have calculated the strain for a . . . : : ' .
free standing, strained (112)B SL and a fully strained 100200 300400 = 500 600 700
(112)B SL on a CglggZng osTe substrate. From these results Energy (meV)
the piez?&electric field has been calculated to be less than 5 FIG. 1. Transmission and absorption spectra of the
mV/100 A whose influence on intersubband transition ener S :
gies is less than 1 meV and can therefore be neglected in tf%lz)B HoTe/Hg.oCch ssTe superlattice Q943 at 5 K.
calculations. frequencies of interest in this investigatiery(w)~10. The

A revised set of values for the band parameters deduce : - . . i
from measurements on bulk HgTe and ;HgCd.Te by (gomplex dynamic conductivityy(w), is determined by mak

Weiler’® were employed which nevertheless reproduce thé?c?eﬁ?sog;i\}jgr? %; formulé? and finally the absorption coef-

same bulk band structurd&1.0eV, y;=4.1, y,=0.5, v
=1.3,F=0, andE,=18.8¢eV):

—_
=)

/

E

& 03 ~— -
= N
=

~————]

0.1

(=23
Absorption coefficient « (103 cm

(@) 1) V2e,(w) )
3 -1 ()= — ———————,
miy(112) = 71—272—5(73—72) my=0.53mg, C Vey(w)+le(w)

2 wheree (w) ande,(w) are the real and imaginary compo-
2

nents ofe(w), respectively.
M (00D =(y;—27,) 'my=0.32m; at 5 K. (3)

The SL band structure is primarily determined by that of the IV. RESULTS AND DISCUSSION

quantum well and is influenced to a much lesser degree by A. (112 B orientation

the band structure of the barrier. Therefore the above values o )

were employed for both the HgTe quantum wells and the 1he transmission and absorption spectra for a (B12)
Hg, ,Cd,Te barriers. According to Weilgtthe only param- H9T€/Hg oCdhgsTe SL at 5 K are shown in Fig. 1. Three
eter that changes significantly with alloy composition angdistinctive steps are observed which we have assigned to the
temperature is the energy gap. The energy gaps of HgTe afgl-EL L1-E1L, andH2-E2_|ntersubband transitionsi, L,

Hg, ,Cd.Te were taken from the empiric&,(x,T) rela- andE are the heavy hole, light hole, and electron subbands,
tionship according to Laurengt al® with the gexception of respectively. In contrast, _Yamg; _alf attributed the first two
HgTe at temperatures greater tha K asdiscussed in the Steps at lower energies in a similar SL to tHé-E1 and
following sections. The valence band offset between HgTé12-E2 transitions, and the weak shoulder near 240 meV to

and Hg_,Cd,Te is employed as an adjustable variable and-1-E1. In order to insure a correct assignment, there must be
is assumed to vary linearly with for Hg, ,CdTe, i.e. agreement between the calculated transition probabilities and

xA.%° An interface widthd, which results during growth or the observed absorption coeffiqient spectrum as well as b(—;—
from interdiffusion of the two types of layers was integrated Ween the calculated and experimental frequencies. That this
into the theory. The concentration profile across the interfac® the case here, is demonstrated in Fig. 2 where the experi-
is described by an error function similar to an experimentafne”tal and theoretical absorption as well as the calculated

profile according to Kimet al® absorption for the three individual transitions are plotted ver-
The complex dielectric constant can be written as sus energy. The relati\_/e heights of the three ;teps are in good
agreement with experiment, even though their absolute mag-
o(w) nitudes are underestimated due to the neglect of Coulomb
e(w)=er(@)+i——, (4)  interaction between electron and héfeThe energies of the

0 H1-E1 and L1-E1 transitions are in good agreement

whereeg(w) is the residual contribution of the lattice and whereas agreement is only fair at higher energies, e.g., for
higher subbands which is assumed to be constant over th¢2-E2, as expected for a perturbation theory. The weak
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Energy (meV) FIG. 3. Experimentalthick line) and theoreticalthin line) ab-

sorption coefficients, and their first derivativéghick and thin
FIG. 2. Experimental and theoretical absorption coefficients ofd@shed lines, respectivelyior the (112)B HgTe/HgoCdhy osTe

the (112)B HgTe/HgoCch osTe superlattice Q943 at 5 K. Also SL Q943 at 5 K. The intersubband transition energies are indicated
shown are the individual contributions of th&l-E1. L1-E1. and PY Vertical lines and their dispersion fafiz, the miniband width,
H2-E2 intersubband transitions. by the width of these vertical lines.

In the second method the absorption edge is determined
from the change in the absorption coefficient according to
Eqg. (1). The near equivalence of these two methods of deter-
?nining the band edges and consequently the intersubband
transition energies are demonstrated in Fig. 4. In this figure
the dashed line represerda/dE at 40 K and the solid line
1. Intersubband transition energies represents & «/Took— 1 whose effective temperature is 40

shoulder near 240 meV is due to tH2-E1 transition which
is allowed only fork>0. For these reasons and others which
will become apparent below, we shall concentrate on th
H1-E1 andL1-E1 transitions.

The absorption edges have been determined by two dif-

ferent methods. In the first method, the absorption edge is 07— ' VAL

defined as the energy at the maximum value of the first de- I 812)i3 HTe/Hgp o CogsTe 5
rivative of the absorption coefficient. This is schematically 0.6 duy/dy (41.5 4/89.5 A)
demonstrated in Fig. 3 foR943 at 5 K. The full widths at I ; — Toox/Taoi - 1

half maximum FWHM of the derivative for thel1-E1 and 0.5 == da/dE 14 ~
L1-E1 transitions are 8.5 and 13 meV, respectively. Also %
shown is a theoretically calculated and its derivative, to- — 0.4 E
gether with the calculated intersubband transition energies .. 13 H'g
The dispersion for these transitions is indicated by the width & (3 3
of the two vertical lines, i.e~0.5 and~1.8 meV for these & | 1, =
two transitions. A small energy dispersion and hence a wide g 0.2 ~
barrier is desired in order to minimize uncertainties in the = [
transition energies. The barrier widths of most of the SL’s in o1 =
this investigation are=80 A, which result in a dispersion of ’ S
<1.0 and=<3.5 meV, respectively. The shape and width of

the experimentakr andd«/dE of Q943 were simulated by 0.0

assuming a Gaussian distribution of quantum well widths

with I'=1.5A.3! As can be seen, the absorption edges coin- -1

cide with the intersubband transition energies to withith 100 ' 150 ' 200 ' 250 ' 300
meV. In this investigation an uncertainty sf+2 meV holds
for all samples, with one exception in which a systematic
discrepency of 4 meV fokL1-E1 is observed. This is due to FIG. 4. Ratio of transmission T spectra®t 60, andT =20 K
interference effects which have not been completely re{solid line) is compared with the first derivative of (dashed ling
moved but being known can be taken into account. for Q943 at 40 K.

Energy (meV)
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TABLE |. Average value of the valence-band offset between
HgTe and CdTeA, necessary to predict the experimental value of
Ey1—E 1 and its standard error for a range of all feasible superlat-
tice parameters for thel12)B and(001) orientations at 5 K.

d; (A) Xu A (meV)

(112B 18 0.02 55612
24 0.00 5617

24 0.01 57%8

30 0.00 59a7

(001 18 0.03 5469
24 0.02 5527

30 0.00 5527

30 0.01 5657

36 0.00 58%8

K. The experimental transition energy defined as the energy
at the maximum value of gh/T,ok—1 is in good agree-
ment with the corresponding energy fie/dE, in this case
the energy difference iss1 meV for both transitions.

The energies of thel1-E1 andL1-E1 transitions at 5 K
for all of the investigated (112)B SL’s are plotted versus
quantum well widthd,,, in Fig. 5. Also shown is the energy
difference between these two intersubband transitions, i.e.,
En1-EL1=E|1.e1-En1.e1. Obviously both transitions have
a strong inverse dependence dy, whereaskEy-E 4 is
nearly independent ad,,. On the other hand;4-E,; de-
pends nearly linearly on the valence band offseHence a
determination ofA is possible which is not influenced by
uncertainties ird,,. The three sets of lines in Fig. 5 are the

6 x T * T . T * T x T
Q943; T = 160 K 45
i (112)B HgTe/Hgg 4Cdg g5 Te /\
~ . dy/dy (41.5 A/89.5 A) /\
g | 14
on it
5, 2
g
6 \1 1 3 v—<l\
4
:
13} N
= 5 =
o SN—r
o —
O ——- da/dE
o =
.S N
+ 41 &
3 ) =
™
B /’// \\\\
= S A
P NG— !
I " 1 " 1 N 1 " 1
150 200 250 300 350

Energy (meV)

FIG. 7. Experimentalthick line) and theoreticalthin line) ab-
sorption coefficients, and their first derivativéthick and thin
dashed lines, respectivelyfor the (112)B HgTe/HgoCdygsTe
SL Q943 at 160 K. The intersubband transition energies are indi-
cated by vertical lines and their dispersion fgirz, the miniband
width, by the width of these vertical lines.
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FIG. 8. ExperimentaH1-E1 andL1-E1 intersubband transi- FIG. 9. Linear temperature coefficients fdE,,. g, (filled

tion energies as well aEH_l— E,, are plotted as a function of t_em- circles, E ;.g; (empty circley, as well asEy;—E,; (empty
perature. Values determined froniay/dE are represented by filled squaresare plotted vsE,; £, at 5 K for all (112)B SL’s. Calcu-
symbols and those from the transmission ratio by empty symbolSated results fod,=24 A, x,,=0.00,A =560 meV and taking\ to

The lines are the results of theoretical calculations using the Slpe independent of temperaturdA/dT=0.0 meV/K, are repro-
parameters indicated in the figure and discussed in the text. duced as solid lines.

;Z‘Q;i%ltss ocf)fvgl]ﬁ e;h}aci{yafsosrumieri; thefg\Jt;bn%r;(d ercl)eégles for <’éldges as defined W /dE are shifted to higher energies and
t_ W_ . .

Even though the growth conditions for these SL’s were a re slightly broader V.V'th a FWHM of 15 end 22 meV fqr the
similar as possible, with the exception of the growth tem- 1-E1 and L.l'El mtersubpar]d transitions, respectively.
perature for three SL’s, a variation in SL parameters such a§OWever their shapes are similar to thogesaK and the
x,, and d, is possible. A number of superlattice parameter'”terSUbb_ar?d transition energies coincide with the peaks of
sets give good to acceptable agreement with the experimefe/dE within =2 meV. This is true up to room temperature,
tal values, howeverA is nearly independent of the set cho- therefore, an accurate temperature coefficient for these tran-
sen. This is schematically illustrated in Fig. 6. As can besitions can be determined. Thel-E1 andL1-E1 intersub-
seen the experimental and calculated energies fodthdEl ~ band transition energies f@943 are shown as a function of
andL1-E1 intersubband transitions agree within the experi-temperature in Fig. 8. Values determined from the transmis-
mental uncertainties in these energies and,jn In addition  sion ratio are indicated by empty circles and those from
the experimental values fd,,-E _; agree with the calcula- da/dE by filled circles. The energies from these two meth-
tions employing the values of shown in Fig. 6. The above ods are nearly equal: Most of the latter symbols are obscured
is true for this range of superlattice parameters. SL paramby the former. As can be seen there is less scatter in the data
eters which do not fulfill this criterion have been excludedfrom the transmission ratio method. A small Burstein-M8ss
from the following statistical analysis. shift of about 2 meV can be seen at temperatures below 50

Because the values af, andd, and their variations are K.
uncertain, an analysis for each feasible set of parameters has Experimental values oE.;-E, ;, which are plotted ver-
been carried out. The calculated value dfnecessary to sus temperature as empty and filled squares, display a sig-
reproduce the experimental valuel®yi,-E, ; for each of the nificant temperature dependence. Therefore according to the
16 SL'’s has been averaged. This average valué ahd its  conclusions presented abovk,is also temperature depen-
standard error are tabulated for each set of parameters glent. Linear temperature coefficients have been calculated
Table I. TheA values for each SL have been weighted infor these three energies using the SL parameters determined
inverse proportion to the experimental uncertainties inbelow, and are displayed in Fig. 8 as three lines. Obviously,
Epi-EL 1 shown in Figs. 5 and 6. The results may be sum-the calculated results are in excellent agreement with the
marized as a range of possible valuessaK expressed as experimental values. Because the temperature dependence of
A=570£26 meV. En1-EL 1 is linear within experimental uncertainties, we pro-

pose that this is also the case fbr
2. Temperature dependence
Spectra of the absorption coefficient and its derivative for

dA
Q943 at 160 K are reproduced in Fig. 7. The absorption A(-I-):Aodl—d_TT' ©
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FIG. 10. Linear temperature coefficient fdf, ;g (empty
circles is plotted vsE, ;g1 at 5 K for all (112B SL'’s. Calculated
results are shown for the following values &f(0,300K) and
dA/dT:—140meV and 0.0 meV/K(dashed ling respectively;
—160 meV and 0.0 meV/Kdotted ling; —160 meV and—0.40
meV/K (solid line).

In order to determine the magnitude of this temperature
dependence, we have employed a procedure which relies

only on experimentally determined energies and naodpior

other SL parameters. This is illustrated in Fig. 9 where the

temperature coefficients fd€y1.g1, EL 1.1, @andEy1-E( 4

are plotted versug&,;.g; (5 K) for the (112)B SL's. The
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the temperature dependence of both the HgTe band gap and
A:

dEise _ (dEg(O,T) dA). -

dT dT  'dT

The calculated temperature dependence&Epf g, is com-
pared with experiment in Fig. 10. Calculated values for
E 1.1 approach zero for very wide quantum well widths,
i.e., pure HgTe, and consequently this is also true for
AE| ;1.g1/AT. Shown in Fig. 10 are calculations assumikg

to be independent of temperature together with both
E4(0,300 K)= — 140 and—160 meV, dashed and dotted line,
respectively. Decreasing this energy fronil40 to —160
meV improves the fit at low energies whereas the shape at
higher energies is increasingly determined by the value of
dA/dT. A least square fit of Eq(7) to the experimental
values, shown as a solid line in Fig. 10, results in
E4(0,300 K)= — 160+ 2 meV and dA/dT=-0.40
+0.04 meV/K, which are listed in Table Il. This value for
E4(0,300K) differs appreciably from literature values of
—140 and—120 meV®*® which clearly lie outside of the
experimental uncertainties in this investigation. However,
these two values are not experimental values: They have
been determined by extrapolating experimental results for
T<100K up to room temperature. The empirical relation-
ship for the band gap of Hg,Cd,Te according to Laurenti

et al® has been modified as follows in order to incorporate
our value for HgTe:

Eg(X,T)=—3031—x)+1606— 132(1—X)
+[4.951—x)+3.25«—3.9%(1—x)]
X 10 1T?/[11(1—x)+ 78.7%+T] 8

in units of meV. This empirical equation reproduces the

curves are results of the theory whénis assumed to be Ey(x,T) values of Laurentet al? to within 2 meV for allx
temperature independent and the energy gap of HgTe allues and low temperatures as well asxor0.6 and tem-

room temperaturet4(0,300 K), is taken to be-140 meV33
Even though the temperature dependence oHtheE1 tran-

peratures up to 300 K. In particulaEy(1,T) is unchanged
for CdTe.

sition can be reproduced, this is clearly not the case for either On the basis of x-ray photoemission spectroscopyS)
L1-E1 or the energy separation between these two transiand ultraviolet spectroscopyUPS Sporkenet al®® con-
tions, Ey4-E| 1. Consequently the results of previous inves-cluded that the valence-band offset between CdTe and HgTe

tigations, which are based merely on tH4-E1 transition

was independent of temperature between 50 K and room

can be misleading. For example the conclusion of vortemperature with an uncertainty af0.25 meV/K. However
Truchsesset al>* that A is temperature independent, is ob- the valence-band offset was not determinedkat0: Their

viously incorrect.

UPS samples were sputtered and they employed theakig

It will be demonstrated below that the temperature depenHell emission lines whose energies correspond to a position
dence of the.1-E1 intersubband transition is determined by in the Brillouin zone far removed frork=0.%

TABLE Il. Experimentally determined values together with their uncertaintie€£fo(0,300 K), Ay, A
(300K), dA/dT, andmy;, (300 K) for the (112B and (00J) orientations.

dA
E4(0,300K) Ao A (300 K) dT mi (5 K2 mp, (300 K)

(meV) (meV) (meV) (meV/K) mo mo
(1128 —160+2 572626 452:32  —0.40:0.04 0.53 0.79:0.04
(001) —157+4 56627 45834  —0.41+0.10 0.32 0.40:0.11

aAfter Ref. 28.
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FIG. 11. Linear temperature coefficients f&f,.¢; (filled FIG. 12. Experimental values fdfy; g; (filled circles, E ;.

circles, E ;g (empty circles, as well asE,—E,, (empty (empty circles, andEy;—E(; (empty squaresfor all (001) SL's
squares are plotted vsE; g, at 5 K for all (112B SL’s. Calcu-  together with theoretical results at 5 (nes) are plotted vsd,, .
lated results ford,=24 A, x,,=0.00, A;,=560meV, anddA/dT  Calculated results usingy=30 A andx,,= 0.00 for possible values
=—0.40meV/K are reproduced as dashed lines, and the resulf A are shownd is the interface width.
when in additionmy, is temperature dependent as solid lines.

B. (001) orientation

The experimental temperature dependencé, e, , and This more symmetric surface has a number of advantages
that of Ey; g1, @s will be demonstrated below, cannot bey, ;5150 gistinct disadvantages. For example, the more sym-
explained unless\ is temperature depende_nt. Slnc_e the enynetric Hamiltonian does not lead to a monoclinic distortion
ergy gaps of HgTe and CdTe as well as either their conduc(-)r a piezoelectric effect as is the case fbt2).216 As men-

tion bands, valence bands, or a combination of both, depeng, o4 above, values for the well and barrier widths via x-ray

on temperature, it would be a remarkable coincidence if thgjitrraction are more accurate, however, the Cd concentration
valence-band offset between the two were independent

A , : the barriers is appreciably lower, 0.68 instead of 0.95.

temperature. Particularly since the band gap of HgTe inhis has two important consequences. First, due to the lower

creases with temperature and that of CdTe decrea_ses. energy barrier the useful experimental data are limited to a
The results forEyy g1, Eiier, @nd Enp-Ey USINg @ ggjier energy range. Second, the absorption edges are at

linear temperature coefficient fok of —0.40 meV/K are g5t 4 factor of 2.5 broader, apparently due to greater alloy
displayed in Fig. 11 by the dashed lines. Agreement withy ,~tuations in the barrierd

experiment at lower values &, g, (5 K) is good as pre- The experimental energies for th¢l-E1 and L1-E1
viously reported’ however, at higher energies this is not the transitions &5 K for all of the investigated001) SL's are
case. Better agreement With experiment over the entire iotted versus quantum well width in Fig. 12. The energy
ergy range can only be achieved by assuming that the heatarence between these two intersubband transitions is aiso

hole effective mass is also temperature dependent: One Qfq\yn. Both transitions display a strong inverse dependence
more of the band structure parametets y,, andys are  onq  wherea,,;-E, , is nearly independent a,, . As is

temperature dependent. Analogous to the _above treatmento case for the (112)B SL'E,,,-E,  is, within experimen-
the temperature dependence of the-E1 intersubband 5 error, linearly dependent on the valence-band offset
transition can be expressed as which permits a determination of independent of uncer-
tainties ind,,. The three sets of lines in Fig. 12 are the
results of the theory for these intersubband energies for a
series of values foA assumingd,=30A andx,,=0.0.

As demonstrated above for (112)B SL'’s, good to accept-
The first two temperature coefficients have been determinedble agreement with the experimental valueggf-E, ; can
above and will be held constant. A least square fit of @)]. also be achieved fdi001) SL’s with a number of SL param-
to the experimental values &y, g;, which is shown as a eters, howeverA is nearly independent of the set chosen.
solid line in Fig. 11 results i, (112)=0.79+0.04m, at  This is schematically illustrated in Fig. 13. The calculated
300 K, see Table II. value of A for each set of SL parameters necessary to repro-

dEuier  (dEGOT) dA dmi,

aT dT 'dT’ dT /-

©)
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400 1 T 1 T 1 1 0-4 T T 1 1
(001) HgTe/Hgg3,Cdy gsTe SLs | (001) HgTe/Hgp 30Cdg g5 Te superlattices
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FIG. 13. Experimental values fd#,; ¢, (filled circles, Ej ;.1 _ FIG. 14. Linear temperature coefficients féf.g, (filled
(empty circley, andEy; —E,, (empty squaresfor all (001 SL's ~ circles, Eie; (emply circles, as well asEy,—E., (empty
together with theoretical results at 5 (dnes) are plotted vsd,, . squarepare plotted veEy;.g; at 5 K for all (001) SL's. Calculated
Calculated results for possible values/ofand superlattice param- esults fordt::SOA, %y =0.00 andA o =560 meV together with the
eters are shown. presumption that\ and mj, are independent of temperature are

reproduced as dashed lines and results of a least square fit in which

duce the experimental value Bf;;-E, ; for the 12 SL’s has A andmy, are temperature dependent as solid lines.

been averaged. These average values ahd their standard ) o )

errors are tabulated for each set of parameters in Table I. TH8VOr Of the largerA, demonstrating that with increasing

A values for each SL have been weighted in inverse propor-'dT€/CdTe superlattices would change from semiconduct-
tion to the experimental uncertainties fy;-E,; shown in "9 behavior to semimetallic and back to semiconducting

Figs. 12 and 13. A range of possible values which can gen€havior due to crossing and uncrossing of ke andE1
erate the experimental results at 5 K is given hy:564 subbands. The authors showed that the electron cyclotron

+27 meV. mass observed in previous magneto-optical experirients
The experimental linear temperature coefficients forcmoé’\l/d 'kl)'ﬁee)ri?ézltn\?v?dgg[tzrcc\:lélgt]eggj\(l)amgvh :SS t?ggr?sa?got(r)n:?/
Eni.e1, EL1.g1, @ndEy;-E| 1 together with calculations as- '
HIEL TLLEL HLEL 100 from XPS and UPS measurements, however, valuea fiop

suming a temperature-independefit and Eq(0,300 K)= to 800 meV have been subsequently reported for magneto
~130meV are displayed in Fig. 14 by the dashed lines tical experiment&? An offset of 550 meV at liquid helium

Agreement with experiment for the temperature dependencg® .
g b b P temperatures have been deduced from photoluminescence

of Eyq1.g1 is reasonable, however, that is obviously not the ) . .
case for eithelE, ,.g; of Eqy—E, ;. A least square fit of and magneto-optical spectra, howevgr, this valug is the offset
E to the calculated relationship of E¢?) and that of between HgTe and HaCdygsTe which scales linearly to
LL-EL o U I fTé& magneto-
Ep1.e1 to EQ. (9), which is shown in Fig. 14 as solid lines, about 650 meV between HgTe and CdT 9
results in dA/dT=—0.41+0.10meV/K, E,(0,300K)= optical |.nvest|gat|on of the electrqn effective mass at the
157+ 4 meV, andm?,(001)=0.40+0.11m %t 300 K. as conduct|on_ band edge togeth.e.r with the energy of all four
listed i_n Table,ll hh T 0 ' observed intersubband transitions for(@1) SL by von
: Truchses=t al X resulted in a value of 55050 meV at 4.2
. K. From the crossing of a Landau level from the conduction
C. E4(0,300K), A(T), and mgy(T) subband with one from the valence subband in an (112)B
The valence-band offset between HgTe and CdWehas HgTe/CdTe quantum well with inverted band structure,
been the subject of a long standing controversy, which haSchultzet al?® obtained a value of 610 meV fok.
been reviewed by, for example, Meyet al® In early In the present investigation we have demonstrated that
magneto-optical experiments on semiconducting superlatA =570=30meV at 5 K for both th¢001) and the (112)B
tices, both a small offset of 40 meV and a larger value oforientation, by taking advantage of the fact that the valence
approximately 350 meV were deduc&d?In contrast, x-ray  band offset between HgTe and CdTe is primarily responsible
and ultraviolet photoelectron spectroscopy have provided #r the separation between thl-E1 andL1-E1 transition
consistent value of approximately 350 mé&#>2°Johnson, energies of HgTe/Hg ,Cd,Te superlattices with a normal
Hui, and Ehrenreictt resolved the apparent controversy in band structure. Values for eith,.g; or E;;.g; can be
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simulated by varying one or more of the many superlatticeseen in Figs. 11 and 14. Meyet al.” have determined the
parameters, however, to a good approximation, all relevartemperature coefficient of the photoluminescence peak for
superlattice parameters have little or no effect on this energgeveral (112)B HgTe/Hg dy ooT€ SL’s. These values are
difference, with the exception of. This leads to an unam- also in reasonably good agreement with our model within the
biguous value or range of values far. This range of pos- uncertainty in the position of the peak relative to th&-E1
sible values,=30 meV, is due to a weak dependence onintersubband transition enery.
other superlattice parametexg andd; and uncertainties in The band gap of HgTe has been determined by conven-
their values. According to Wood and Zunéethe accuracy tional magneto-optical methods only for temperatures up to
of subband energies near tRepoint for thek-p method in  approximately 100 K. These values have been combined
the envelope function approximation primarily reflects thewith Hg,_,Cd,Te band gap energies for=0.23 and tem-
accuracy of the&k-p band parameters for the bulk constitu- peratures up to room temperature in empirical
ents, weighted by the magnitude of their presence in theelationships>°which extrapolate to values fd,(0,300 K)
superlattice. Consideration of the experimental uncertaintiesf —140 and—120 meV, respectively. These values are sig-
in the parameters for the bulk constituéfitas well as the nificantly larger than the experimentally determined value in
uncertainties in the superlattice parameters discussed abouhis investigation, i.e.E4(0,300 K)= —160+5 meV.
result inA =570+ 60 meV for(001) and (112)B at 5 K.

In most UPS investigation® A was not determined &t V. CONCLUSIONS
=0 and XPS experiments average overkallalues. Disper- » ]
sion ink space is quite different in HgTe and CdTe, and the Intersubband transitions and their dependence on tem-
extrapolation method of determining the valence band maxiPerature in semiconducting HgTe/HgCd,Te superlattices
mum can be less accurate fior= 0.° In spite of the possi- with normal band structure have been investigated for a large
bility of large systematic errors due to these facts, a value opumber of superlattices. It has been demonstrated Ahiat
~350 meV at 300 K has been consistently obtained. Thrimarily responsible for the separation betweenliieE1
study of Eichet al®® at k~0 is a notable exception which andL1-E1 transition energies of HgTe/kg,CdTe super-
reports a value of 53930 meV at 300 K. The room tem- lattices with normal band structure. To a good approxima-
perature value determined here, 4580 meV, lies between tion, all other relevant superlattice parameters have little or
these two values. no effect on this energy difference. This leads to a value for

The temperature dependence of bbth-E1 andL1-E1 the valence band offset between HgTe and CdTe given by
intersubband  transitions can only be explained, ifA=570=60meV at5 K for both th¢001) and the (1128
E4(0,300 K)=—160+5 meV and if bothA andm¢, have a orientations. This uncertainty in is due to uncertainties in
significant temperature dependence. This requisite depef€K-P band parameters of the bulk constituents as well as
dence in both cases can be expressed as a linear dependerf{4§ 1© & weak dependence xpandd; and uncertainties in
In the former case,dA/dT=—0.40+0.04meV/K for theirvalues.
(112)B and, even though there is r@opriori reason that\ An explanation of the temperature dependence for both of

and its temperature coefficient must be equivalent for thesi€S€ intersubband transition energies leads to the following

two orientations, within experimental error, this is the casein@mbiguous conclusiona. is temperature dependent as de-

ie., dA/dT=-0.41+0.10meV/K for (001). Sporken scribed by the linear temperature coefficient ©f0.40
etal® concluded from an XPS and UPS study that the™ 0-04 and—0.41=0.10meV/K for (112)B and00J), re-
valence-band offset between HgTe and CdTe was indeperfPectively. Within experimental error, these values are
dent of temperature between 50 K and room temperaturdUivalent. Thus\ =450=60meV at 300 K for both orien-
with an uncertainty of+0.25 meV/K. However, the authors tations. Second, the energy gap (.)f HgTe at_SOO Kis given by
did not determine the valence-band offsek at0, which can ~ Eg(0,300K)=—160+5meV. This value is appreciably
lead to large systematic errors according to the argument@Wer than the extrapolated values found in the literature.
given above. In the latter case(112)=0.79+0.04m, at Finally the anisotropic heavy hole effective mass for HgTe
300 K when the literature valdof m*(112)=0.53m, at 5 was shown to have a significant temperature dependence,

K is employed, andn* (001)=0.40+0.11m at 300 K com- however, the anisotropic componentmf,(112) is, within
pared to the \;alue g?nployed .at g K.’q:h(ogl)=0 32m,, 28 experimental uncertainty, independent of temperature.

see Table Il. If these values fanf,(001) according to Eq.

(3) are inserted into Eq(2) then the resulting anisotropic ACKNOWLEDGMENT
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