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Abstract  

Magnetotunnelling spectroscopy combined with the application of uniaxial stress has been performed on a p-type 
S i /S i  1 _xGex double barrier resonant tunnelling structure. Large effects of the strain are seen both in the intensity of the 
resonances, in the position of the resonance voltages, and on the curvature of the hole-subband dispersions. The change in 
intensity is indicative of the bandmixing taking place in the barriers. The observed voltage shifts cannot be explained by a 
simple four-band model for an isolated quantum well. 

The large built-in strain is one of  the most promi- 
nent features of  S i / S i  1_ xGex heterostructures. In the 
conduction band, a large, usable offset is only pre- 
sent in the case of  strained Si-layers, where the 
two-fold degenerate A-minima are pushed down well 
below the conduction band minima in the S i l_xGe x 
layers. In the valence band, the built-in strain lifts 
the degeneracy of  the light-hole and heavy-hole 
bands: in alloys with compressive strain, the heavy- 
hole states are at the valence band edge, whereas in 
the case of  tensile strain, the band edge consists of  
light-hole states. Thus, the electronic and optical 
properties of  the heterostructures are largely affected 
by the strain, and it is important to understand its 
exact role. Uniaxial  stress measurements offer the 
possibi l i ty of  changing the strain in-situ, which en- 
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ables continuous tuning of  the band-al ignment with- 
out having to rely on samples grown on different 
buffer layers. Already used for early measurements 
of  the Si valence band parameters [1], the technique 
was recently employed in conjunction with photolu- 
minescence spectroscopy, to determine the type of  
conduct ion band a l ignment  in an unstrained 
S i / s t r a ined  S i l _ x G e x / u n s t r a i n e d  Si quantum well 
[2]. However,  to our knowledge,  the valence band 
quantum well structure in S i / S i l _ x G e  x has not yet 
been explored with uniaxial stress. 

Magnetotunnell ing spectroscopy has shown itself 
to be a very powerful  tool for the investigation of  
valence band structures [3]. A double-barrier  reso- 
nant tunnelling structure (DBTRS) is placed in a 
magnetic field perpendicular to the current direction. 
The magnetic field will add to the in-plane momen- 
tum kp of  the carriers, so that they will tunnel 
through states in the quantum well with non-zero 
k v = q B A  z / h  (where A z is the tunnelling distance), 
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making it possible to directly probe the subbands. 
This has been used extensively to study p-type 
S/S i l_xGe  x DBTRS, providing insight into the 
complex anisotropic and non-parabolic valence band 
structure [4]. Nevertheless, there are still many unan- 
swered questions into the nature of the bandmixing 
effects taking place in the tunnelling mechanism. It 
is clear that these must be important: the emitter of 
the DBTRS consists of heavy holes, whereas clear 
resonances also from light-hole states can be seen in 
the I - V  characteristics. Here, we combine the mag- 
netotunnelling with uniaxial stress, to gain further 
insight into the conduction mechanism in these struc- 
tures. 

The p-Si /Si l_~G % DBTRS were grown on 
(100)-substrates using atmospheric pressure CVD. 
The details of the growth can be found in Ref. [5]. 
They consist of a 46 A wide, strained Si0.75Ge0.25 
quantum well surrounded by 50 ,~ wide, unstrained 
Si barriers, and graded Si~_xGe x emitter and collec- 
tor regions. The I - V  characteristics at T =  4.2 K 
show three resonances, corresponding to three sub- 
bands in the quantum well: HH0 (37 meV from the 
heavy-hole valence band edge), LH0 (91 meV), and 
HH1 (138 meV). The heavy-hole and light-hole po- 
tentials are separated by = 46 meV, so that, at low 
temperatures the emitter is only populated by carriers 
in the heavy-hole states. These heavy holes tunnel 
through both the heavy-hole and light-hole subbands 
in the quantum well. Using a self-consistent calcula- 
tion for the bandprofile, the resonant voltages corre- 
spond well to the energy-values of the quantum well 
states. 

Long slivers ( =  1.5 cm) of the wafer were cut 
along the easy cleavage planes {111}, with mesa 
structures of the DBRTS at one end. A beam-bend- 
ing technique [6] was employed to apply a uniaxial 
stress along the (110) direction perpendicular to the 
growth direction, and along the long axis of the 
sliver. The end close to the mesa structures was 
clamped in a copper block, while the free end was 
put into the slot of a comb-like block, that could 
carefully be moved perpendicular to the beam axis, 
thus bending the silicon sliver. As the mesa height is 
much smaller than the thickness of the sliver, the 
double barrier structure will essentially follow the 
surface of the beam, making both compressive (S < 
0) and tensile stresses (S > 0) possible. The maxi- 
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Fig. 1. I - V  and d I / d V - V  characteristics for the DBRTS at 
B = 0 T ((A) and (B)) and at 15 T, for different applied uniaxial 
stresses. Tensile stress is defined as positive. In (A), from top to 
bottom, S = 1.8 kbar, 0.7 kbar, 0 kbar, and -0 .7  kbar. Please note 
that (A), (B) and (C) have different voltage scales. 

mum stress thus obtained, before breaking the sam- 
ple, was ~ _+ 1.8 kbar. The sample was put into a 
magnetic field parallel to the stress axis, and I - V  
and d I / d V - V  characteristics were measured at T =  
4.2 K and in fields up to 15 T, using standard lock-in 
techniques. 

In Fig. 1 the conductance versus voltage is shown 
for different applied stress, at B = 0 T and B = 15 
T. The resonances are identified according to the 
calculations of the well levels f o r  kp = 0. At zero 
magnetic field, no or very small stress shifts are seen 
for the two heavy-hole resonances. The HH1 reso- 
nance in the I - V  curve becomes slightly more ac- 
centuated for compressive strain. On the other hand, 
the light-hole resonances move towards higher volt- 
ages for both compressive and tensile stress, and the 
peak current is increasing for compressive strain, 
while the valley current remains fairly constant. The 
changes in the characteristics are more apparent at 
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B = 15 T. Both heavy holes are moving towards 
higher voltages for tensile stress, whereas the light- 
hole resonance moves in the opposite direction. 
However, all three resonances become deeper for 
tensile stress. The change is quite significant, as is 
seen, for example, in the HH1 resonance, which is 
only seen as a minimum in the conductance for 
S >_ 0, but develops negative differential resistance 
for S < 0. One also notes, that the two heavy-hole 
resonances seems to develop a split structure for 
compressive strain. 

Care must be taken, that the observed changes 
really correspond to changes in the double barrier 
structure, and are not due to strain-induced changes 
in the resistance of  the contact layers, of  the develop- 
ment of  dislocations in the (already) highly strained 
Si1_xGe x layers, or simply a deterioration of  the 
ohmic contacts. For several reasons we exclude these 
possibilities: (A) The changes are reversible, as ob- 
served when passing from tensile to compressive and 
back to tensile stress again. (B) The contact layers 
are degenerately doped ( p =  10 -19 cm-3) .  Any 
changes in the resistance of  the contact layers would 
therefore be negligible compared to the total resis- 
tance of  the structure. (C) Models with additional 
series resistances (or parallel resistances) are not able 
to transform the I - V  curves for different applied 
stress into each other. (D) The fact that the HH and 
the LH resonances move in different directions indi- 
cates the non-linear nature of  the effects, and it is 
therefore reasonable to assume, that indeed, it is the 
double barrier structure that is responsible for the 
shifts 

In Fig. 2, the shift of  the different voltage reso- 
nances is shown as a function of  strain, for the two 
cases, B = 0 T and B = 15 T, respectively. Using 
the self-consistent calculations of  the bandprofile, 
one finds that, except for the lowest voltages ( <  100 
mV), the applied shift in energy of  the centre of  the 
quantum well with respect to the emitter Fermi 
energy is roughly proportional to the applied bias. At 
high magnetic field both heavy-hole resonances shift 
almost linearly with the strain, with a coefficient 
dVHH/dS = --10 m V / k b a r  = 3 meV/kbar .  For B 
= 0 T the corresponding [dVHH/dS] are less than 1 
mV/kba r .  The LH0 displays a U-shaped curve at 
B = 0 T, with a change in energy of  = 5 meV at 
S = 1.4 kbar, and = 1.5 meV at S = - 1.7 kbar. The 
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Fig.  2. The observed  s t ress- induced shifts o f  the resonant  vol tages 

for  B = 0 T and B = 15 T. The curves are connec ted  as a guide 

for  the eye. Typica l  error  bars  are shown  in the figure. 

change in resonance voltage for compressive strain 
at 15 T is uncertain as the resonance is rather weak 
in this region, making the exact determination of  the 
resonance voltage difficult. However, the strain-in- 
duced shifts at 0 T and 15 T give a far from 
complete picture, and it is necessary to study the 
experimental dispersion relations to fully capture the 
effects of  the uniaxial stress on the light-hole reso- 
nance. In Fig. 3 the resonance voltages versus mag- 
netic field are shown for S = - 1.5 kbar, 0 kbar, and 
1.5 kbar. On the righthand scale we have included 
the corresponding energy scale. Here, the LH0 dis- 
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Fig.  3. Measured  dispers ion relat ions for  the three resonances ,  for  
S = 0 kbar ,  1.8 kbar ,  and  - 1.4 kbar .  
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plays a strain-induced transition, from a positive to a 
negative in-plane effective mass. 

The changes in intensity of  the different reso- 
nances may be explained by the mixing of  the 
wavefunction that occurs in the barrier as the emitter 
heavy holes tunnel through to the quantum well 
states. Under tensile uniaxial stress, the light-hole 
barrier will be lower than the heavy-hole barrier (and 
vice versa for compressive stress). As in the case of  
crossover between F and X-barriers in a n-type 
GaAs/A1GaAs DBRTS [7], one would expect the 
carriers to see mainly the lowest barrier, and, in the 
case of  tensile stress, they would be expected to 
obtain a small but increasing light-hole character. At 
B = 0 T, this would increase the tunnelling probabil- 
ity into the light-hole state, and decrease it for the 
heavy-hole state, as is indeed observed. At B = 15 
T, the holes tunnel into states with a significant 
in-plane momentum, which are no longer pure heavy- 
or light-hole states. The barrier-induced band-mixing 
therefore leads to an increase of  the strength of  all 
the resonances under tensile stress. 

Calcula t ions  o f  the ho le - subbands  in a 
S i /S i l_xGe  x quantum well have been performed, in 
order to compare with the experimentally observed 
voltage resonance shifts. For simplicity, only the 
heavy-hole and light-hole bands were taken into 
account, and the barriers were assumed to be in- 
finitely thick. To the usual Luttinger Hamiltonian a 
strain Hamiltonian is added, given by [1] 

2 2 H e = s D . ( ( J ;  -lJ2~eS j x~+C'P')  

+~D'u((Jx, Jy}exy -I- c .p.) ,  (1) 

where { Ji, Jfl is the anticommutator, c.p. are cyclical 
permutations of  the terms, and the strain tensor e is 
given by Hooke ' s  law: e i j  = SifldSkl, where sijk~ are 
the elastic constants. A linear interpolation between 
Si and Ge was used to obtain the material constants 
of  the Sio.75Geo.25-alloy. This is expected to be a 
reasonable approximation for the range of  Ge-con- 
tent in the different layers. The analytical solutions 
for the bulk wavefunctions, together with the usual 
boundary conditions for a quantum well, were used 
to calculate the energies of  the subbands [8]. The 
result for three different levels of  stress are shown in 
Fig. 4. The energies are given from the top of  the 
Sio.75Ge0.25 valence band (including strain), in abso- 
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Fig. 4. Calculated subband dispersions for the three lowest sub- 
bands in the Si0.75Ge0.25-quantum well, for uniaxial stress S = - 2 
kbar, 0 kbar, and 2 kbar. The band offset has been assumed to be 

223 meV, and the LH-HH separation (at zero uniaxial stress) 
24 meV. (B) shows a zoom of hhe LH0 resonance, indicating a 

transition from positive to negative in-plane effective mass. 

lute values. The general behaviour of  the subband 
dispersions agrees with the observed resonances. 
Furthermore, some of  the experimentally seen 
strain-dependencies are indeed manifest in the calcu- 
lated subbands. At kp = 0 ( B  = 0), the HH-reso- 
nances do not shift. This is also what would be 
expected, since the holes will tunnel from heavy-hole 
states in the emitter, with no relative energy shift 
between the emitter and quantum well states (ignor- 
ing the slight difference in the elastic constants of  Si 
and Si0.75Ge0.25). A closer inspection of  the LH0 
subband shows, that its curvature is indeed sensitive 
to the uniaxial stress, with a compressive stress 
leading to a negative curvature (in absolute energy). 

However, there are significant qualitative differ- 
ences between the measured and calculated reso- 
nance energies, most notably at high in-plane mo- 
menta (or high B), where only small shifts of  the 
heavy-hole resonances to higher energies for com- 
pressive strain are seen, compared with the fairly 
large linear shift to lower resonance voltages ob- 
served. The calculated shifts are also what one would 
intuitively expect: a tensile stress reduces the split 
between the heavy-hole and light-hole potential, so 
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that the higher LH subbands will repel the HH 
subbands, resulting in a smaller dispersion. Nor does 
the U-shaped curve of  the LH0-shif t  at 0 T corre- 
spond to the quite large, linear shift seen in the 
calculated subband at kp = 0. The calculated shift is 
a result of  lowering or raising the light-hole potential 
with respect to the heavy-hole bulk band, for tensile 
and compressive stress, respectively. The shift to- 
wards higher voltages when applying a tensile stress 
cannot be explained by this model. 

Magnetotunnell ing spectroscopy has proved itself 
very useful in the study of  hole-subbands in GaAs 
quantum wells [3]. However,  we find here that cau- 
tion has to be taken when dealing with a highly 
strained system, such as S i / S i 1 _ x G e  x, where the 
conduction mechanism of  a DBRTS is found to be 
more complex. Our results indicate, that the strain is 
an important parameter,  and that it is not sufficient to 
consider the effects on the well subbands in an 
isolated quantum well. In a more realistic model, the 
finite size of  the barriers, the spin-split  band, and any 
effect of  band-mixing and scattering of  the incoming 
holes have to be considered. Furthermore, the com- 
plete nature of  the emitter is not taken into account. 
The graded region will reduce the band splitting at 
larger distances from the double barrier. It is con- 
ceivable, that light holes, with their lighter mass in 
the current direction, may play a role in the tun- 
nelling into the light-hole state. Further experimental  
and theoretical studies are currently being under- 

taken to elucidate the hole-conduction mechanism in 
these S i /S i~_  xGe x heterostructures. 
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