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Valence band structure of HgTeÕHg1ÀxCdxTe single quantum wells

K. Ortner, X. C. Zhang, A. Pfeuffer-Jeschke, C. R. Becker,* G. Landwehr, and L. W. Molenkamp
Physikalisches Institut der Universita¨t Würzburg, Am Hubland, 97074 Wu¨rzburg, Germany

~Received 19 February 2002; published 15 August 2002!

Properties of the valence-band structure of modulation-doped type-III HgTe/Hg12xCdxTe(001) quantum
wells ~QW’s! have been studied by means of magneto-transport experiments and self-consistent Hartree cal-
culations using the full 838 k•p Hamiltonian in the envelope-function approximation. A metallic top gate was
used in order to investigate the band structure by varying the hole concentration or the Fermi energy. This
resulted in direct experimental evidence of an indirect band gap in a quantum well with an inverted band
structure. The Kramers degeneracy for finitek is removed, and only one spin-orbit split valence subband is
occupied due to the indirect band structure. The fourfold symmetry of theH2 valence band at finite values of
ki is also reflected in a QW with a normal band structure, whoseH1 valence band has four occupied secondary
maxima at finite values ofki in addition to the central maximum.
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I. INTRODUCTION

HgTe/Hg12xCdxTe heterostructures are type-III structur
which are formed by a semiconductor and a zero-gap se
conductor or semimetal. By variation of the width of th
HgTe well, dw , it is possible to fabricate a semiconduct
with either a normal or an inverted subband structure.n-type
modulation-doped HgTe/Hg0.3Cd0.7Te(001) single quantum
wells ~SQW’s! have been successfully grown in rece
years,1 exhibiting large Hall mobilities, pronounce
Shubnikov–de Haas~SdH! oscillations and well-develope
quantum Hall plateaus. Typical electron effective masses2 as
low as 0.02m0, as a result of the small energy gap and
Landég factor3 of about220, have been determined. Inte
esting phenomena have been observed including a l
Rashba spin-orbit splitting in quantum wells~QW’s! with an
inverted band structure4 and the persistence of quantum Ha
plateaus up to 60 K.5

Magnetoabsorption3,6 and absorption7 investigations have
yielded information about intersubband transitions which
volve both the conduction and valence bands. As mentio
above, the band structure of the conduction bands has
the subject of recent investigations; however, to date no
tailed experimental, e.g., magnetotransport, results forp-type
HgTe QW’s have been published which could give dire
information about the valence-band structure. The lack
magnetotransport results is primarily due to the fact t
heavy-hole effective masses are larger than electron effec
masses, and as a result samples have lower carrier mobil
On the other hand, transport investigations of high-qua
p-type QW’s are highly desirable in order to elucidate t
complex valence band structure of the type-
HgTe/Hg12xCdxTe system. This valence-band structure h
been the subject of investigations of mixed conductivity
HgTe/Hg12xCdxTe multiple quantum wells and
superlattices.8–10Using the modulation doping technique it
now possible to manufacture two-dimensional hole gase
HgTe/Hg12xCdxTe(001) QW’s with sufficiently high
mobilities.13

In the present investigation, magnetotransport data for
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system have been quantitatively described using s
consistent Hartree calculations based on Kane’s 838 k•p
model.11,12 Evidence of a multiple valley structure of th
valence band of HgTe/Hg12xCdxTe quantum wells with an
inverted band structure is presented. Stormeret al.14 reported
a distribution of holes between two spin split subbands i
p-type GaAs/AlxGa12xAs heterojunction, due to lifting of
the Kramers degeneracy at finitek. In the present investiga
tion the Kramers degeneracy is also removed; however, o
one spin split subband is occupied due to the indirect b
structure.

II. EXPERIMENTAL AND THEORETICAL DETAILS

The QW structures were grown by means of molecul
beam epitaxy in a Riber 2300 system which has been m
fied to permit the growth of Hg-based materials, as descri
elsewhere.5,7,13 CdTe, Cd, Te, Hg, and Cd3As2 were used as
source materials with typical beam equivalent pressu
~b.e.p.’s! of 631027, 1031027, and 2.031024 Torr for
CdTe, Te and Hg, respectively. The Cd3As2 b.e.p. was varied
between 731029 and 431028 Torr. All samples were
grown on~001!-oriented Cd0.96Zn0.04Te substrates. After the
growth of a 100-nm-thick CdTe buffer layer, a 40-nm-thic
arsenic-doped CdTe layer was grown at the extremely
substrate temperature of 170 °C in order to enhance ars
incorporation. This is necessary because of the low
strongly temperature dependent sticking coefficient of
senic as reported by Yanget al.15 Thereafter, a thermal acti
vation step under a Cd flux was employed at temperature
to 340 °C. The subsequent growth of the QW structures
substrate temperatures between 165 and 180 °C was sim
to that ofn type SQW’s.1 The QW’s consist of a HgTe laye
embedded between two Hg0.3Cd0.7Te barriers. According to
high-resolution x-ray-diffraction~HRXRD! measurements
layer compositions and thicknesses agree well with expe
values obtained by the growth of thick epitaxial layers. A
heterostructures were fully strained which was confirmed
HRXRD utilizing the asymmetric~115! Bragg reflection.

Hall bars were fabricated by means of wet chemical et
ing. The electrical properties of the heterostructures w
©2002 The American Physical Society22-1
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determined via Hall-effect measurements using a stand
Hall bar geometry at temperatures between 0.1 and 1.
and magnetic fields up to 14 T. In order to fabricate ga
Hall bars, a 300-nm-thick TiO2 layer was deposited by
electron-beam evaporation, which serves as an insula
layer, before an Al layer was deposited which forms the
electrode. The QW contacts were soldered with indi
whereas the top gate contact was formed with silver past
order to avoid deterioration of the underlying heterostr
ture.

Transport measurements were carried out in He4 and He3

cryostats, as well as a He3/He4 dilution cryostat at tempera
tures between 0.1 and 1.6 K. Standard lock-in techniq
using a current of 1mA were employed. Figure 1 shows th
quantum Hall effect and SdH oscillations for ap-type asym-
metrically modulation doped QW, Q1441, with a well wid
dw of 20 nm at temperatures of 0.4 and 1.6 K.

In order to understand the experimental results, s
consistent Hartree calculations were carried out. The co
sponding band-structure calculations are based on Kane
38k•p model including all second-order terms represent
the remote-band contributions.2,4 The intrinsic inversion
asymmetry of HgTe and Hg0.3Cd0.7Te is neglected, which is
known to be extremely small.16 The envelope function ap
proximation is used to calculate the subband dispersion
the heterostructure. The influence of the induced free carr
has been included in a self-consistent Hartree calculat
For the solution of Poisson’s equation it is assumed that
free carriers come from the arsenic doped CdTe layer.

For the valence band offsetL, between CdTe and HgTe,
value of 570 meV was employed,7 and was assumed to var
linearly with barrier composition,17 i.e., xL. The relevant
band structure parameters of CdTe and HgTe atT50 K are
listed in Table I. The energy gap for Hg0.3Cd0.7Te used in

FIG. 1. The Quantum Hall effect and SdH oscillations for
p-type asymmetrically modulation-doped QW, Q1441, withdw

520 nm at temperatures of 0.4 and 1.6 K.p52.931011 cm22 and
m51.03105 cm2/(Vs) at 0.4 K.drxx /dB at low B is displayed in
the inset.
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Laurentiet al.18

III. RESULTS AND DISCUSSION

As alluded to above, a HgTe/Hg0.3Cd0.7Te quantum well
with a thicknessdw , less than approximately 6 nm is a sem
conductor with a normal band sequence. But at larger va
of dw the QW is a semiconductor with inverted band stru
ture as shown in Fig. 2, i.e., theH1 subband is now the firs
conduction subband, theE1 subband is one of the valenc
subbands, and theH2 subband is the first valenc
subband.9–11 Here we shall concentrate on the inverted ba
structure regime.

Results of theoretical calculations11,12 shown in Fig. 2
demonstrate that in QW’s with a wide HgTe layer the fi
valence subband displays an electron like dispersion
small ki vectors, whereas for largeki vectors the dispersion
is hole like. Consequently, instead of a valence subb
maximum at the center of the Brillouin zone, maxima wi
fourfold symmetry are found at finite values ofki . Due to
the asymmetric doping of the heterostructure the charge
tribution is also asymmetric which results in a lifting of th
spin degeneracy for each subband for a givenki vector. As a
consequence of the large heavy-hole effective mass and

TABLE I. Band-structure parameters for HgTe and CdTe e
ployed in the calculations atT50 K in the 838k•p Kane model.

Eg

~eV!
D

~eV!
Ep

~eV! F g1 g2 g3 k e

HgTe 20.303 1.08 18.8 0 4.1 0.5 1.320.4 21

CdTe 1.606 0.91 18.820.09 1.47 20.28 0.03 21.31 10.4

FIG. 2. The inverted band structure of ap-type asymmetrically
modulation-doped QW, Q1441, withdw520 nm at a temperature
of 0.4 K.
2-2
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resulting large density of states, only one spin componen
the H2 subband in Q1441 is occupied by holes even
large hole densities, as shown in the inset in Fig. 2. Using
resulting potential, the Landau-level spectrum has been
culated, taking into account the full fourfold symmetry of th
QW structure. This symmetry results in an anticrossing
havior for Landau levels with the same symmetry, and the
fore in a very complicated spectrum for small magne
fields.19 At higher magnetic fields a more regular sequence
Landau levels is expected.

The hole concentration and Hall mobility for Q1441 a
2.931011 cm22 and 1.03105 cm2/(Vs), respectively. Well
developed quantum Hall plateaus are visible, andrxx van-
ishes for the filling factor of 2 at a temperature of 0.4 K a
a magnetic-field strength of about 6 T; see Fig. 1. The la
behavior is evidence of the absence of conduction due
carriers other than the two-dimensional~2D! holes in the
quantum well. SdH oscillations, albeit irregular, can be se
in drxx /dB shown in the inset at magnetic-field strengths
low as 0.2 T. In agreement with our calculations, the irreg
lar behavior of the SdH effect at low magnetic fields tur
into regular oscillations above 2 T which is characteristic
all investigatedp-type HgTe QW’s with an inverted ban
structure, i.e., a well width.6 nm. Noteworthy is the large
increase in magnetoresistance at low magnetic fi
strengths, i.e., the magnetoresistance has increased by a
tor of two at B50.2 T. This large increase in magnet
resistance has been observed in allp-type HgTe QW’s with
an inverted band structure.

In weak-localization studies of the 2D electron gas
HgTe/CdTe superlattices and heterojunctions, Moyleet al.20

observed a logarithmic anomaly in the transverse magnet
sistance nearB50 which arises from coherent backscatte
ing effects with dominant spin-orbit scattering. The behav
of the transverse magnetoresistance of the 2D hole gas in
present investigation is appreciably different;rxx at low val-
ues ofB is nearly temperature independent between 0.1
1.6 K, see Fig. 1@rxx(0.1 K) is not shown#, and is not a
logarithmic function of magnetic field, even though its ma
nitude of Drxx /DB is considerably larger. This interestin
phenomenon requires further study.

Whereas quantum effects inn-type samples can be ob
served at temperatures as high as 60 K, SdH oscillation
invertedp-type SQW’s are strongly temperature depend
as a consequence of the large effective mass of the h
holes. Figure 1 shows the temperature dependence o
SdH oscillations for sample Q1441 at temperatures of
and 1.6 K.

Illumination with a red light-emitting diode at low tem
peratures converts thep-type conductivity of QW Q1441 ton
type with an electron concentration and mobility of
31010 cm22 and 2.03105 cm2/(Vs), respectively. Since
the n-type conductivity persists several hours until t
sample is warmed up, we assume that persistent photo
ductivity is responsible for this behavior,21 which is beyond
the scope of this investigation.

In experiments with a gated Hall bar from sample Q16
with a QW width of 15 nm, we have been able to control t
hole concentration via the gate voltage almost linearly
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tween 3.731011 and 1.131012 cm22. Simultaneously, the
Hall mobility increases with gate voltage due to screen
effects to a maximum value of 63104 cm2/(Vs). Fourier
analysis of the SdH oscillations results in a peak denotedp2
in Fig. 3 which coincides with the total hole density, as d
termined from the Hall coefficient at low magnetic field
~filled circles! and is thus further evidence that no oth
charge carriers are present. A second peakp1 is visible at
small gate voltages, i.e., low hole densities.

Within experimental uncertainties,p2 is a factor of 4
larger thanp1. In addition, thep1 peak vanishes when th
total hole concentration exceeds 531011 cm22. This behav-
ior can be understood by means of our theoretical mo
according to our band-structure calculations,12 the Fermi
contour, which represents the occupancy of theH2 valence
subband for an inverted QW, undergoes a transition betw
four equivalent areas at finite values ofk shown in Fig. 4 to
a region resembling a distorted ring~see Fig. 5! when the
hole concentration exceeds a certain value. This transitio
expected to occur at a total hole density of about
31011 cm22 for a 15-nm-wide well. The disappearance
the p1 peak can therefore be interpreted as evidence o
transition from the fourfold occupied areas or Fermi conto
to that of a distorted ring. Secondary valence band max
have been predicted by a number of investigations involv
band-structure calculations;9,10 however, previously there ha
been no direct experimental evidence of their existence.

In addition to this transition at relatively low hole conce
trations, the behavior of SdH oscillations at higher densit
is of interest. Since the maximum of the valence subban
located at finitek values, an increase in the carrier conce
tration is expected not only to result in an increase in
SdH oscillation frequency due to the net hole density
also in a decrease in the frequency caused by the densi

FIG. 3. FFT of SdH oscillations for the gated Hall bar fro
Q1645 withdw515 nm at 0.45 K. The filled circles represent th
total hole density from the Hall coefficient. The peak at the f
quency p1 vanishes when the hole concentration exceeds
31011 cm22.
2-3
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confined electrons. The former frequency corresponds to
negative dispersion of the outer Fermi contour,~cf. Fig. 5!,
whereas the latter corresponds to the positive dispersio
the inner Fermi contour. Furthermore, these two frequen
in the SdH oscillations are expected according to the pre
tions of density of states calculations of Landau levels i

FIG. 4. Contour plot of theH2 valence band with the occupie
states indicated by the gray area for a 15-nm-widep-type QW,
Q1645, with p5331011 cm22. The occupied region is crescen
shaped and fourfold degenerate.

FIG. 5. Contour plot of theH2 valence band with the occupie
states indicated by the gray area for a 15-nm-widep-type QW,
Q1645, withp5831011 cm22. Here the occupied region has th
shape of a distorted ring ink space.
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low order, cumulant approach~LOCA!.11,22However the lat-
ter frequency in the SdH oscillations was clearly not o
served in the corresponding fast Fourier transformat
~FFT! in experiments with a gate-controlled Hall bar. Th
may be due to both experimental difficulties and the lack
a comprehensive transport theory. The expected oscillat
of the confined electrons occur at higher carrier densities
consequently are accompanied by the higher oscillation
quency due to the hole concentration which tends to mas
obscure them. Even though the low frequency oscillation
not visible in the FFT, it can be seen in the plot ofrxx(B) at
a gate voltage ofVg525 V shown in Fig. 6. Here only two
periods of a low frequency oscillation are visible before t
oscillations are totally obscured.

For a comparison between inverted and normal semic
ducting heterostructures, magnetotransport investigat
have been performed on a 5.8-nm-thickp-type single QW,
Q1664. In this case, band structure calculations predic
direct energy gap of about 12 meV between theH1 valence
subband and theE1 conduction subband. Figure 7 shows t
QHE effect and SdH oscillations measured at 1.6 K.rxx goes
to zero for filling factors of one and two, indicating the lac
of conduction due to carriers other than the 2D holes in
quantum well. This behavior was observed for all inves
gated samples. Q1664 remainsp-type up to a temperature o
150 K as a consequence of the larger energy gap compar
the 20-nm-wide QW Q1441 which is converted ton type
when a temperature of 30 K is exceeded.

A Fourier analysis of the SdH oscillations~see the inset in
Fig. 7! shows three distinct peaks corresponding to hole d
sities of 1.00, 1.95, and 2.9560.0531011 cm22. The third
peak is the sum of the first two peaks. Furthermore, this s
frequencypSdH is equivalent to the total hole concentratio
which was determined from the Hall coefficientpHall53.0
31011 cm22, and is indicated by the arrow in the inset
Fig. 7.pSdH andpHall have been found to be equivalent in a
QW’s in this study.

Self-consistent Hartree calculations depicted in Fig. 8

FIG. 6. SdH oscillations of ap-type QW, Q1645, withdw515
nm at a gate voltage of25.0 V. The dashed curve which repre
sents the mean amplitude values of the high frequency SdH o
lation reveals a low-frequency oscillation.
2-4



-
is
ri-

the
o

n-

en-

of

uld

ds

ear
pu-

-
in-
this
ensi-

e
op-

a-

r a

te

th

ad

VALENCE BAND STRUCTURE OF HgTe/Hg12xCdxTe . . . PHYSICAL REVIEW B 66, 075322 ~2002!
sult in hole concentrations of 1.01 and 0.9731011 cm22 for
the H12 andH11 subbands atki'0, respectively. More-
over, the hole concentration of theH12 subband at the sec
ondary maxima atki'0.5, according to these calculations
0.9731011 cm22. For these calculations the total expe

FIG. 7. Quantum Hall effect and SdH oscillations at 1.6 K fo
p-type QW, Q1664, withdw55.8 nm and a direct band gap.p
53.031011 cm22 and m51.53104 cm2/(Vs). The FFT of the
SdH oscillations is shown in the inset, in which an arrow indica
the total hole density as determined from the Hall coefficient.

FIG. 8. Self-consistently calculated band structure of
HgTe/Hg0.3Cd0.7Te QW, Q1664, withdw55.8 nm and p53.0
31011 cm22. Although this structure has a direct energy gap,
ditional H12 states are occupied at finitek.
07532
mental hole concentration of 2.9531011 cm22 has been
taken as an input parameter. It must be mentioned that
subbands are mixed atki'0.5, and hence this subband is n
longer the pureH12 subband, even though we shall co
tinue to use this designation.

In agreement with the above calculations, the experim
tal peak corresponding top51.0031011 cm22 is due to the
H12 and H11 subbands atki'0 as well as theH12
subband atki'0.5. Finally the peak corresponding top
51.9531011 cm22 is the sum of the hole concentrations
the spin-orbit splitH12 and H11 subbands atki'0. A
peak due to the four secondary maxima atki(1,1)'0.5
shown in Fig. 9 could be expected; however, this sho
occur at a very low frequency corresponding top50.24
31011 cm22 and is therefore not observed.

It is noteworthy that the population difference depen
on the direction ink space. In the~1,0! direction the popu-
lation difference is negligible since only the subbands n
k'0 are occupied. As can also be seen in Fig. 8, the po
lation difference is large in the~1,1! direction. Here only the
H12 component atk'0.5 nm21 is occupied. Since the 5.8
nm-thick QW is near the transition between normal and
verted band-structure regimes at 6 nm, the magnitude of
k-space-dependent occupancy of the subbands is very s
tive to the well width in this region.

IV. CONCLUSIONS

High-mobility p-type modulation-doped HgTe singl
QW’s have been successfully grown with arsenic as the d
ant. Hole concentrations between 1.831011 and 6
31011 cm22 and Hall mobilities up to 1.060.1
3105 cm2/(Vs) have been achieved. SdH oscillation me

s

e

-

FIG. 9. 3D plot of the self-consistently calculatedH1 subband
dispersion of a QW, Q1664, withdw55.8 nm and p53.0
31011 cm22. The four secondary maxima at finitek are clearly
visible.
2-5
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surements at variable hole densities of ap-type QW with an
inverted band structure show clear evidence of the existe
of an indirect band gap at finitek. Furthermore, experimenta
observations are in agreement with the predicted transi
between four equivalent, unconnected Fermi surfaces a
region resembling a distorted ring. A quantitative agreem
between magnetotransport and band-structure calculat
has also been achieved for a narrowp-type SQW with a
normal band structure and consequently a direct energy
In this case the pronounced experimental difference in oc
,
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pation of the subbands is dependent on the direction ik
space due to the presence of multiple secondary valleys
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