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Band-Edge Properties of Quasi-One-Dimensional HgTe-CdTe Heterostructures
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We discuss a number of potential advantages offered by materials with very narrow energy gaps in the
study of quasi-one-dimensional physics. Besides the expectation of quite large subband splittings, we
predict several new phenomena which have no analog in wide-gap structures, such as the opening of a
confinement-induced energy gap in semimetallic structures, a strong decrease of the gap with magnetic
field, and ballistic conductance per channel in fractional units of e%/rh.

PACS numbers: 73.20.Dx, 73.60.Cs

There has quite recently emerged an intense interest in
the properties of quasi-one-dimensional semiconductor
devices. In this Letter, we consider theoretically the
consequences of introducing lateral confinement into a
heterostructure with very narrow energy gap, such as
HgTe-CdTe. Not only does the small effective mass in
the confinement direction lead to extremely large sub-
band splittings, but we also predict the occurrence of
several new effects which do not occur in wide-gap
quasi-1D systems.

We consider a quasi-2D (quantum well) or anisotropic
3D (superlattice) system whose energy dispersion in the
absence of lateral confinement is elk,,k.], where k,
E(k,(2+ky2) 12 We next introduce infinite potential bar-
riers at x =1+ w/2, where w is large enough that the la-
teral confinement may be considered a small perturba-
tion. Resonance states may be found by assuming specu-
lar reflection each time an electron strikes one of the bar-
riers. As long as the mean free path A is much longer
than w, the electron wave function will destructively in-
terfere with itself unless k, times the round-trip distance,
2w, is an integral multiple of 2z. That is

E,P(ky,k;) = elky=(n+1)n/w,k,,k.]. (4]
For parabolic dispersion, Eq. (1) yields
E,,ID—> (Il+l)27[22h2 thyZ + hzkz2 , (2)
2m,w 2m, 2m,

whose first term is the familiar result for confinement in
an infinite square well.

An alternative method for introducing spatial con-
finement in the x-y plane of the unperturbed starting
material is to simply apply a magnetic field along the z
axis. This constrains the electrons to move in cyclotron
orbits and the energy levels become

E Rk, ro) = elk) =Qn+1%1)"/ro k.1, (3)

EP(ky,k.,ro) =~ e{k; - : ,
w ro

(n+1)%z* | (2n+1)2J'/2

1/2
i%} k! ky

where ro=(#/eB)'? is the semiclassical cyclotron orbit
radius for the lowest Landau level. We have included
spin splitting, using the small-gap relation for the Landé
factor: g==mo/m,. [For parabolic bands and ignoring
spin, Eq. (3) yields the familiar form ER=Qn+1)a?/
2m,ré+h2k?/2m,] We note that if the spin-split Lan-
dau levels for HgTe-CdTe superlattices are estimated us-
ing Eq. (3) in conjunction with zero-field dispersion rela-
tions €elk,,k.] from an eight-band k- p calculation,' the
results are in excellent qualitative agreement with the
more exact results one obtains by formally introducing
the magnetic field into the eight-band calculation. This
is because the strong coupling between the bands is
effectively incorporated through the multiband result for
€. The accuracy of Eq. (3) breaks down only when the
magnetic field becomes too large to be considered a per-
turbation. For the same reason, Eq. (1) should yield
quite reliable qualitative results for the effects of lateral
confinement on narrow-gap heterostructures as long as w
is not too small.

Since the application of a magnetic field to a quasi-1D
semiconductor leads to the gradual evolution of the sub-
bands into Landau levels,? it is useful to combine Egs.
(1) and (3) to obtain an approximate expression which
includes both lateral confinement and magnetic fields.
Besides increasing the level separation and introducing
spin splitting, a magnetic field also has the effect of “flat-
tening” out the k, dispersion. For parabolic bands this
has been discussed in terms of a field-dependent effective
mass of the form® m,(B)— m,(B=0)(1+wl/0}),
where A, is the cyclotron resonance energy and hwy is
the subband splitting at zero field. Here we alternatively
account for the field by substituting k,— k,/[1+ (w/
7ro)*1'2, which is equivalent to introducing a field-
dependent mass in the limit of parabolic bands. We ob-
tain the net result*

(4)

ré yT [1+(w/nro)4]'/2’kz}'

Work of the U. S. Government

Not subject to U. S. copyright

1963



VOLUME 64, NUMBER 16

PHYSICAL REVIEW LETTERS

16 APRIL 1990

It is easily verified that Eq. (4) reduces to Eq. (1) in the
limit of small magnetic fields (ro>w) and Eq. (3) at
high fields (ro<w).

Electron and hole dispersion relations for HgTe-CdTe
quantum wells and superlattices have been calculated us-
ing an eight-band transfer-matrix (k-p) algorithm
which has been described in detail elsewhere'® (the
valence-band offset is taken to be 350 meV). As a first
example of how the multiband ¢ obtained from this cal-
culation can be used in Eq. (4) to estimate band struc-
tures for laterally confined narrow-gap heterostructures,
we take the starting material to be a HgTe-CdTe single
quantum well with thickness dw =78 A, which the calcu-
lation predicts should have an unperturbed energy gap of
10 meV. If we then impose lateral confinement of width
w=2000 A at zero magnetic field, Eq. (4) yields the
subband structure illustrated in Fig. 1. The splittings
are much larger than those usually encountered in wide-
gap quasi-1D systems (| E;—Eo| is 6.0 meV for elec-
trons and 4.4 meV for holes). However, because of non-
parabolicity the electron bands are almost evenly spaced
rather than increasing as (n+1)? as predicted by the
simplified expression in Eq. (2). Furthermore, the non-
parabolicity of the hole band is so strong that the sub-
band spacing actually decreases with n (the extreme
nonparabolicity of the hole band in HgTe-CdTe super-
lattices has been verified experimentally®). Since the ko
dispersion for holes in the unperturbed quantum well is
double valued,® the subband energies do not decrease
monotonically with n. Similarly, the eight-band calcula-
tion verifies that in a magnetic field, the hole Landau-
level energies do not monotonically decrease with n. The
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FIG. 1. Dispersion relations along the wire (k,) and along
the growth direction (k.) for a laterally confined [100] HgTe-
CdTe single quantum well at T =4.2 K. The z-direction (dw)
and x-direction (w) well widths are indicated.
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figure shows that this leads to an extremely large density
of states at energies between —30 and — 35 meV.

In practical terms, one method for achieving lateral
confinement is physical removal (e.g., by etching) of ma-
terial outside the boundaries of the lateral wall. Howev-
er, another possibility is to employ a Hg, - ,Cd, Te alloy
layer with small energy gap in a metal-insulator-
semiconductor (MIS) device with a very narrow gate.
Quasi-2D properties of electrons in Hg, - ,Cd,Te have
been studied for some time using structures in which a
gate-controlled triangular potential well provides the
confinement in the z direction.” Merkt and co-work-
ers®® have recently successfully applied this approach to
the fabrication of laterally confined structures in InSb.
Although InSb has a relatively narrow energy gap and
hence some of the advantages discussed above,
Hg, - Cd,Te-based structures could be made to have
even smaller E;. Since Hg)-,Cd,Te-based MIS devices
with dimensions on the order of 1 um are at the limits of
what is already achievable using conventional optical
lithography, it may be possible to fabricate devices
displaying quasi-1D properties using only existing tech-
nology. Another system of materials whose energy gaps
can be tuned very close to zero are the lead and tin chal-
cogenides, e.g., PbTe-SnTe quantum wells and superlat-
tices.'© An advantage of this system is that extremely
long mean free paths (up to 30 um in high-quality
PbTe'') may be possible due to the large static dielectric
constant.
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FIG. 2. Dispersion relations along the wire (k,) and along
the superlattice growth direction (k:) for a laterally confined
HgTe-CdTe superlattice at T=4.2 K. The Fermi level Er for
Np—N4=3%x10" cm ~? and the wave vector k.. at which the
E1 and HH1 bands cross in the absence of lateral confinement
are indicated. Higher-order hole subbands have been omitted
for clarity.
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Having discussed some potential advantages of using
very-narrow-gap quasi-1D structures to study processes
which have already been identified and investigated in
wide-gap devices, the remainder of this Letter will be
concerned with phenomena which are unique to narrow-
gap and zero-gap laterally confined systems. We consid-
er in Fig. 2 the case where a semimetallic HgTe-CdTe
superlattice is employed as the starting material rather
than a single quantum well. Note that in contrast to Fig.
1, there is now dispersion in k. since the superlattice bar-
riers are thin enough to allow significant interwell in-
teractions. In fact, the lowest electronlike (E1) and the
highest holelike (HH1) subbands anticross at an inter-
mediate wave vector, k.= 0.4n/d (d is the superlattice
period). As has been discussed previously for HgTe-
CdTe superlattices without lateral confinement,>® one
finds that the conduction-band minimum extends rough-
ly between k, =0 and k,. while the valence-band max-
imum spans the region k.. to n/d. However, whereas
HgTe-CdTe superlattices with a broad range of dy are
essentially semimetallic,® lateral confinement induces an
energy gap in quasi-1D structures. Although E; is only
0.6 meV in the present example since w is relatively
large (5000 A), much larger gaps can result at smaller w
(see Fig. 3 below). For both carrier types, the effective
mass in the k, direction depends on E,(k.), which is
seen to vary considerably across the zone.® One conse-
quence of this “mass broadening” is that the subband
splittings are a relatively strong function of k..

The band structure in Fig. 3 employs the same super-
lattice as in Fig. 2 for the unconfined starting material,
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FIG. 3. Dispersion relations along the wire and along the
growth direction for a laterally confined HgTe-CdTe superlat-
tice at 7=4.2 K (only the n=0 and n=1 subbands are
shown). Dashed curves represent k. dispersion for the spin-
split subbands at a magnetic field of 1 T (for both electrons
and holes, the orderis0~,0%, 17, 1%).

but with w decreased to 1000 A. The solid curves (zero
magnetic field) indicate that both the subband splittings
(13 meV for electrons) and the confinement-induced en-
ergy gap (11 meV) considerably exceed those in Fig. 2.
These separations are so large that one expects strong
qualitative effects on the experimental properties (e.g.,
see Fig. 4 below). The dashed curves represent spin-split
k. dispersion relations at B=1 T. We find that the ap-
plication of a magnetic field leads to a significant reduc-
tion of Eg (to 4 meV in this example). Such a reduction
must occur, since in the high-field limit the band struc-
ture must revert to its form in the absence of con-
finement. [Equation (4) predicts that Eg should vanish
in the large-B limit.'?] The spin splittings are also quite
large (15 meV for the ground-state electrons) due to the
inverse dependence on effective mass. This is also why
Alsmeier, Sikorski, and Merkt® have succeeded experi-
mentally in identifying spin splitting for quasi-1D InSb,
while spin effects have been much more difficult to ob-
serve in laterally confined GaAs-based structures.
Magnetotransport studies on semimetallic HgTe-CdTe
superlattices have demonstrated that thermally generat-
ed intrinsic electrons and holes are readily observable
down to temperatures as low as 15 K.% Clearly, the en-
ergy gap induced by lateral confinement in quasi-1D
structures and its variation with magnetic field should
strongly affect the concentrations of these carriers. A
statistical calculation using the band structure shown in
Fig. 3 and assuming twenty superlattice periods yields
the temperature-dependent carrier densities illustrated in
Fig. 4. Here n and p are given in both 1D units (density
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FIG. 4. Electron and hole densities vs temperature, for a la-
terally confined HgTe-CdTe superlattice. The 3D net acceptor
concentration is taken to be N4 —Np=3x10'% cm ~3, and the
ID densities are based on a twenty-period superlattice
(r=2400 A) with lateral-confinement width w=1000 A.
Minority electron densities with and without a magnetic field
are given, and ns is the electron density for the same superlat-
tice in the absence of lateral confinement.
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per unit wire length) and equivalent 3D units (n°P
=n'D/wr, where t = 2400 A is the total thickness in the
z direction). Assuming a p-type sample, the Fermi level
has been determined by requiring that the net hole densi-
ty p'®—n'P be fixed at 7.2x10° cm ~', which corre-
sponds to a 3D net acceptor concentration of 3x 10"
cm ~? [typical unintentional doping levels in present
HgTe-CdTe superlattices® tend to fall in the range
(3x10')-(1x10'%) cm ~3]. Figure 4 shows that due to
the confinement-induced gap, the intrinsic electron densi-
ty at low temperatures and zero magnetic field [n(0)] is
orders of magnitude lower than that for an unpatterned
superlattice with the same specifications [ns.(0)]. Note
that the suppression of n in the laterally confined struc-
ture continues well into the temperature region where
the intrinsic concentration is comparable to the back-
ground doping level. On the other hand, the application
of a magnetic field leads to a strong increase in the low-
temperature minority electron concentration, due to the
decrease of E, with increasing B. The figure shows that
at T=15 K, the electron density at B=1 T exceeds the
zero-field value by well over 2 orders of magnitude.
While one also expects nsp. to increase with magnetic
field, the predicted dependence is not nearly as strong.
Such dramatic variations with w and B should provide
easily identifiable signatures of the lateral confinement.
Furthermore, the large subband splittings in the present
system should yield manifestations of the quasi-1D band
structure at temperatures much higher than those for
which 1D effects have been reported in wider-gap
lateral-confinement devices.

We finally note that the unusual band structure of
quasi-1D semimetallic superlattices will lead to an in-
teresting variation on the quantized ballistic conductance
which has been observed in laterally confined GaAs-
based structures.'>'* It is easily shown that in the ab-
sence of scattering the conductance becomes

N

-e? (5)
G= — ;f,,(EF), 5

where N, =t/d is the total number of wells in the super-
lattice, the sum is over subbands, and f,(Er) is the frac-
tion of the Brillouin zone for which the bottom of a given
band lies below the Fermi level. For a single quantum
well Eq. (5) yields the previously derived result'*'* in
which the conductance is quantized in units of e?/rh,
since NV, =1 and with no k. dispersion the sum gives an
integer equal to the number of occupied subbands. How-
ever, in laterally confined semimetallic superlattices such
as those illustrated in Figs. 2 and 3, only a portion of a
given band may lie below the Fermi level. Consider Fig.
2, in which the dashed line indicates the location of Ef
when the net 3D donor concentration is 3%10'> ¢m >,
We see that parts of four electron subbands lie below Ef,
and that typically the occupied fraction of each band is
fn=k../(x/d) (this approximation is best when w is rel-
atively wide and the energy separation of the bands is
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small). Equation (5) becomes

k 2
G = ]n'—e— , (6)

N: ”/d nh

where n' is the number of partially occupied subbands.
Thus the conductance per well is not n'e?/rh but some
fraction of that quantity, whose value depends only on
how far into the zone the electron and hole bands an-
ticross (mass broadening has little effect). For a p-type
structure, the result is the same except that k. is re-
placed by n/d — k..

We have shown that the lateral confinement of semi-
conductor heterostructures with very narrow energy gaps
leads not only to quite large subband splittings, but also
several new phenomena which have no analog in wide-
gap systems. These include the opening of a confine-
ment-induced energy gap in semimetallic structures, a
strong decrease of the gap with magnetic field, and
bz;llistic conductance per channel in fractional units of
e’/nh.
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