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Abstract 

We report magnetotunneling measurements on strained p-Si/Si, _XGex double-barrier resonant tunneling 
structures in fields up to 30 T. In the ICI/, B,,) characteristics of the first heavy-hole peak we observe satellite 
resonances corresponding to tunneling with An = 1 and An = 2 changes in Landau index n. The relative intensity of 
the satellite peaks excludes scattering as a possible mechanism and we attribute the An = 1, 2 peaks to elastic 
tunneling made possible by Landau level mixing. The observed strong An = 2 mixing could arise from the large 
E(k I) anisotropy in the Si, _XGe, quantum well, which we probe by Z(V, B L) measurements. From the shifts in the 
heavy-hole peak with in-plane B I orientation we find that at large k I the in-plane mass varies strongly between the 
(110) (heavy) and (100) (light) crystallographic directions. 

Resonant magnetotunneling in double-barrier 

resonant tunneling structures (DBRTS) has be- 
come a powerful technique for probing two-di- 
mensional (2D) subband states in quantum wells. 
If the tunneling carriers are described by a single, 
isotropic, parabolic band, like electrons in III-V 
heterostructures, the effects of a magnetic field 
parallel (B,,) and transverse (B I) to the tunneling 
direction are well understood. In a B,, field, the 
states are constrained into evenly spaced Landau 
levels with in-plane harmonic oscillator wavefunc- 
tions 4n(r I). The energy E and transverse mo- 
mentum k I conservation rules that govern tun- 
neling from the emitter into the well at B = 0 [l] 
are transformed into the conservation of E and 
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Landau index n [2,3]. As Landau levels succes- 
sively align, the peak acquires a weak staircase- 
like structure [31, but in the absence of scattering 
or LO-phonon emission [4] B,, cannot produce 
any structure in Z(V, B,,) beyond the resonant 
peak. Conversely, in a B i field, the energies and 
densities of states of the 2D subbands in the well 
are not strongly affected if the magnetic length is 
larger than the well width W. The main B, - 
induced effect is the peak broadening and shift- 
ing to higher bias due to the Ak I = eB I (2)/h 

change in k I as the carrier tunnels a distance 
(2) from the emitter into the well [5&l. If the 
in-plane dispersion E(k I> is isotropic, the peak 
shift AI’ is obviously independent of B, orien- 
tation in the plane; from E and k I conservation 
Al’- B: [5-71. 

If the tunneling carriers cannot be described 
by a parabolic band, as in the case of p-type 
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III-V [8,9] and Si/Si,_.,Ge, [lO,lll DBRTS, 
magnetic field effects are more complex. Hole 
states in quantum wells belong to interacting 
heavy-hole (HH) and light-hole (LH) bands with 
llonparaboli~ and anisotropic dispersion; there 
arc additional strain-induced complications in 

Si/Si , ~ ,Gc,, structures. We have measured 
1( V. 13,,) to elucidate the valence band HH Lan- 
dau level structure and I(V, RI) to probe the 
in-plane valence band anisotropy of strained 
Si, ~ ,Ge_, quantum wells. In Zf V, Bill characteris- 
tics we find strong Landau index-nonconserving 

satellite peaks in the first heavy-hole (HH,,) reso- 
nance, which we interpret as the first observation 
of Landau level mixing [12-141 in transport. In 

the I( V, 8 i 1 data we find a strong dependence 
of peak bias on L3, orientation with respect to 
crystatlographic axes: in the HH,, subband the 
in-plane mass m T is heavy along the (1 IO) and 
light along the (100) axes. 

Our p-Si/Si, _,Ge, DBRTS wer: grown by 
atmospheric pressure CVD, with 50 A Si barriers 
cladding the Si,r,,Gc,,.zs wells of thickness W = 35 
and 23 .& and the double-barrier structure in 
turn surrounded by graded Si, _,,Ge ~ emitter and 
collector regions (see Ref. [15] for details of the 
sample design and growth). The c$culated 
DBRTS band diagram of the W= 35 A device 
under bias is shown in Fig. la: the zero-field I( Vl 
characteristics of the two structures at T = 4.2 K 

are shown in Fig. lb. Since the heavy-light hole 
strain splitting in Si,,,,, Ge,,,,,Ae = 40 meV Z+ kT, 
only the heavy-hole states are occupied in the 
emitter, and the I( I/l curves exhibit resonant 
peaks corresponding to the tunneling of emitter 
heavy holes into the HH,, and LH,, subbands in 
the well. The peak-to-valley ratios are high fat 
p-type DBRTS, reaching 4: 1 for LH,, peaks. The 
expected threshold and peak voltages for the 
resonances are also shown in Fig. 1 b: we em- 
ployed int~rpoIated SiGe valence band paramc- 
tcrs to calculated the energies of the HH,, and 

LH,, subbands; assumed the same parabolic 
E(k I 1 for the emitter and the HH,, subband; 
took the LH,, subband to be dispersionless [16]; 
and applied the standard E and k i conservation 
rules 111. Even in this naive model the agreement 
between the calculated and measured HH,, peak 
positions is excellent. For the LH,, peak the 
agreement is poor and a proper calculation of the 
LH,, dispersion is clearly necessary. 

The 1(P’, Be1 characteristics of the HH,, peak 
in the W= 3.5 A DBRTS for increasing up to 30 
T are shown in Fig. 2. While the main HH, peak 
position remains nearly unchanged at VP = 140 
mV, already at B,, = 7.5 T a weak shoulder ap- 
pears at higher bias. As B,, increases. this shoul- 
der deveiops into a strong satellite that shifts to 
higher I/ and dominates the main peak when 
B,, = 30 T, while for t),, 2 20 T another, weaker 
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Fig. 1. (a) Calculated potentiai distribution of W= 35 A DBRTS under bias V= 140 mV, with schematic E(X- ) dispersion in the 
emitter and the EiH,, 2D subhand (occupied emitter states are hatched). (bf Tunneling Z(c’, B = 01 characteristics at ‘f = 1.2 K of 

structures with W= 23 and 35 A. Arrows show the calculated threshold and peak voltages for the HH,, and LH,, peaks. 
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Fig. 2. ICE/‘, $1 characteristics at T = 4.2 K of the W = 35 A 

structure at B,, = 7.5, 15, 20 and 30 T (curves displaced by 6 

@A for clarity). Solid (An= 2) and open (An = 1) arrows 

mark the Landau index nonconserving peaks. 

sOatellite feature appears in between. The W = 23 
A structure exhibits analogous behavior, with a 
stronger and a weaker satellite peaks shifting to 
higher bias with increasing B,,. 

The main and satellite peak positions of the 
HH, lineshape are summarized in Fig. 3. Since 
the satellite peaks occur at higher bias than the 
main HH, peak, they must arise from Landau 
index-nonconserving processes. From the B,,-in- 
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Fig. 3. Bias positions of the main (triangles) and satellite 

(An = 1, open circles; An = 2, filled circles) peaks versus B,,. 

At right is the c$culated energy scale of the Landau spectrum 

for the W = 35 A device; the zero of energy is arbitrarily set to 

the HH, peak position at B,, = 0. 

duced shifts in satellite peak positions, we at- 
tribute the stronger satellite to An = 2 tunneling 
and the weaker satellite to An = 1 tunneling. A 
possible mechanism for these index-nonconserv- 
ing peaks is scattering, which was invoked by 
Schuberth et al. [17] to explain weak features 
observed in the conductance of the LH,, peak in 
similar p-Si/Si,_,Ge, DBRTS. Yet the strength 
of the An = 2 satellite, which exceeds the main 
peak at high B,,, together with the relative weak- 
ness of the Ahn = 1 satellite make a scattering 
mechanism unlikely. Although interface and im- 
purity scattering can relax k i conservation or, 
equivalently, Landau index coI]se~ation [17], it is 
unlikely to produce satelhte peaks comparable in 
strength to the main, index-conserving peak. 
Moreover, the Ahn = 1 satelIite is much weaker 
than An = 2, although the required change in k I 
for An = 2 tunneling is much larger if scattering 
is responsible. Consequently, instead of scatter- 
ing-assisted tunneling, we interpret our data in 
terms of valence band Landau level mixing, which 
allows An # 0 tunneling. 

Essentially, our DBRTS in a B,, field is de- 
scribed by an effective 4 X 4 Hamiltonian Hji in 
the / Jmj) basis [12-141: J = 3/Z; the quantiza- 
tion axis is z /I B,,; i, j = 1, 2, 3, 4 label the states 
mi = 3/2, l/2, - l/2, - 3/2 in that order; uniax- 
ial strain contributes only to diagonal elements 
Hij and splits the 13/2 k 3/2) (HH) and 13/2 f 
l/2) (LH) bands by AE [13]. In a magnetic field, 
all HiI elements can be expressed in terms of 
harmonic oscillator raising and lowering opera- 
tors II and a +. If the anisotropy term (y3 - y2)at 
is ignored in the Hamiltonian, the four-compo- 
nent Landau level eigenfunctions ‘Pn can be writ- 
ten as a superposition of harmonic oscillator 
wave~nctions +,,(r il [12,14]: 

where &Jzl are linear combinations of products 
ci(z) I J ryj), with c,(z) determined by the bound- 
ary conditions on W,. The diagonal Hi, terms 
have the form (au + + l/2) and would give rise to 
separate sets of heavy and light-hole Landau lev- 



els with linear B,, dependence, while the off-diag- 
onal terms cause Landau level mixing. The rele- 
vant terms for An = 2 level mixing are H,, N (y3 
+y,)u'+Cy,-y&J',; for An = 1 mixing they 
are HI2 - k,a [14]. These terms mix oscillator 
functions 4,(r il into the nth Landau level 
wavefunctions, where m = II, n + 1, n 2 2 (the 
closed form wavefunction (1) is no longer valid 
when the anisotropy term is included, but c$J,$~ .i, 1 
remain the basis from which the Landau level wl, 
are constructed~. In a bulk crystal the common 
#,,, of different Landau levels are multiplied by 
different orthogonal j J m,) functions, making FZ 

a constant of motion, but in a DBRTS the bound- 
ary conditions at the barrier interfaces [14] make 
{,,,,f z 1 nonorthogonal at different Z, altowing 
elastic tunneling from emitter to well between 
Landau levels with An = 12. 

The It V, B,,) curves of Fig. 2 make it possibIe 
to obtain the separation between Landau levels 
by converting the voltage splitting between the 
main and satellite peaks into an0 energy scale, as 
done in Fig. 3 for the W= 3.5 A device. At low 
and moderate f3,, the An = 2 peak shifts linearly 
with B,,. If we take this energy separation as a 
measure of heavy-hole in-plane mass we obtain 
m: = 0.29 i: 0.04, heavier than predicted by in- 
terpolated valence band parameters, but in 
agreement with recent cyclotron resonance mea- 
surements on Si, _,Ge, quantum wells [lS]. 

Without a true calculation of the mixed Lan- 
dau level wavefunctions (1) in the quantum well 
our understanding of the relative strength of the 
An f 0 satellite peaks remains qualitative, From 
the data in Fig. 2, we find that mixing with 
An = 1 is about an order of magnitude weaker 
than An = 2. The weakness of An = 1 satellite is 
consistent with the relevant N,, - k,a term, since 
the resonant peaks occur when the 2D subbands 
arc nearly aligned with the top of the band in the 
emitter (see Fig. la), so kz is small [I]. The 
strong An = 2 mixing we observe could imply a 
strong in-plane anisotropy described by the (ri - 
yZ)“) term, especially since An = 2 tunneling 
was not observed in III-V DBRTS [91. We tested 
this hypothesis by performing I( V, B i > measure- 
ments versus in-plane B, orientation, analo- 
gousIy to the earlier study by Gennser et al. [19] 

100 

80 

Fig. 3. ICI/‘. H , = 25 T) HI-I,, peak of the W = 35 ;i DBKTS 

versus angle cb between R i and the (100) axis (curves 

displaced for clarity). inset contains the measurement geome- 

try. 

who reported 8 i orientation dependence of peak 
positions in MBE-grown Si/Si r _.rGe, DBRTS. 

Fig. 4 shows the strong variation in the HH,, 
peak as a function of the angle C$ between B, = 
25 T and the (100) axis in the W = 35 A DBRTS, 
together with the measurement geometry (inset). 
The B i -induced peak shift Al’ varies from Al’ 
= 110 mV when 4 = 00 (~~ll(lOO) axis) to AI/‘= 
75 mV when C$ = 50” i B i /I (1 IO)). The observed 
$nisotropy, which is summarized for the W = 3S 

A structure in Fig. 5, follows the crystal symme- 
try, with the largest AV occurring whenever R , 
is aligned with a (100) axis. By the simple geo- 
metrical construction in the inset of Fig. 5, show- 
ing schematically the states that can tunnel con- 
serving E and k I, assuming parabolic E(k L 1 

dispersion with different curvature (different m “, 1 

along (100) and (1 lo), we immediately find that 
the effective heavy-hole mass m*, away from the 
k = 0 band edge is markedly heavier along the 
(110) than the (100) axes. Due to band non- 
parabolicity further calculations are required to 
convert magnetotunneling data into real disper- 
sion curves, but the E(k I) constant energy con- 
tour obtained by converting AV(4) into an cn- 
ergy scale is consistent with the rn: =L 0.29 result 
obtained from I(V, B i) measurements that aver- 
age over all k i . 
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Fig. 5. HH, 0 peak position I’, versus 4 for B L = 20, 25, 30 T 

in W= 35 A DBRTS. Inset, schematic alignment of emitter 

and HH, states with parabolic E(k I) of different curvatures 

for two crystallographic directions. States that can tunnel 

elastically are shown in boldtype. 

In conclusion, we have experimentally ob- 
served satellite peaks in the heavy-hole Z(V, BJ 
characteristics of Si/Si,_,Ge, DBRTS due to 
index-nonconserving tunneling between Landau 
levels that cannot be attributed to scattering. We 
attribute these index-nonconserving peaks to 
strong Landau-level mixing and use the data to 
map out the energy spacing between Landau 
levels in strained Si, _XGe, quantum wells. A 
possible explanation for the surprising strength of 
the An = 2 level mixing is the large in-plane 
anisotropy of Si, _XGe,, which we measured using 
Z(V, B I) magnetotunneling as a function of B i 
orientation in the plane. We find the HH, sub- 
band to be highly anisotropic, with significantly 
smaller E(k *> curvature (heavier in-plane mass) 
in the (110) direction. 
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