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Probing the Hole Dispersion Curves of a Quantum Well
Using Resonant Magnetotunneling Spectroscopy
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We describe a novel magnetotunneling spectroscopy technique for probing the complicated dispersion
curves of hole states in the quantum well of p-type double-barrier resonant-tunneling structures. Strong
mixing between light- and heavy-hole states is observed. Some of the states clearly exhibit a negative
hole eA'ective mass for motion in the plane of the quantum well.

PACS numbers: 73.20.Dx, 73.40.6k

In bulk semiconductors, the low-energy dispersion
curves of the light- and heavy-hole valence bands are
parabolic. ' However, when a quantizing magnetic field
(Bllz) is applied to a bulk semiconductor, the quantized
hole energies, or Landau levels, are complicated func-
tions of wave-vector component k, . ' A confining
quantum-well potential also produces complicated hole
dispersion curves as a function of the in-plane wave-
vector component k~~, even at zero magnetic field. In
both cases the complexity is due to the admixing of
light-hole (LH) and heavy-hole (HH) states due to the
spin-orbit interaction. There have been relatively few
experimental investigations of the hole dispersion curves
in quantum wells because spectroscopic techniques tend
to average over k space.

In this Letter we describe a novel experimental tech-
nique, namely, resonant magnetotunneling spectroscopy,
for probing directly the resonant-magnetotunneling spec-
troscopy, for probing directly the dispersion curves of
holes in a quantum well. We study the eA'ect of a large
magnetic field applied parallel to the plane of the bar-
riers on the current-voltage characteristics, I(V), of p
type double-barrier resonant-tunneling structures. Tun-
neling holes acquire a large k~~ due to the magnetic field.
The resulting shift in the voltage positions of the reso-
nant peaks in 1(V) reveals the light-hole-heavy-hole ad-
mixing and shows clearly that some states correspond to
a negative hole eA'ective mass for motion in the plane of
the quantum well; i.e. , increased hole momentum in the
plane of the barriers corresponds to decreased kinetic en-
ergy. Some evidence of light-hole-heavy-hole mixing
has been reported in a previous study of resonant tunnel-
ing in the p-type GaAs/A1As system. Recent calcula-
tions of hole states in resonant-tunneling devices have
shown that the complicated nature of the valence band
strongly influences I(V).

Here we consider two devices grown by molecular-
beam epitaxy. The composition and valence-band-bend-
ing diagram of device 1 at an applied voltage V are

shown schematically in Fig. 1. At low temperatures a
degenerate two-dimensional hole gas (2DHG) forms in

an accumulation layer in the undoped region adjacent to
the emitter barrier. The quasibound states in the quan-
turn well are given their conventional notation at k~~ =0,
where there is no mixing between light and heavy holes.

Device 1 comprises the following layers in order of
growth on a GaAs substrate: 3-pm-thick GaAs lower
contact layer, Be doped to p=2X10' cm; 100-nm
GaAs, p =1 x10' cm; 100-nm GaAs, p =5 & 10'
cm; 5.1-nm undoped GaAs spacer layer; 5.1-nm un-
doped A1As barrier; 4.2-nm undoped GaAs quantum
well; 5. 1-nm undoped A1As barrier; S.1-nm undoped
GaAs spacer layer; 100-nm GaAs, p =5x10' cm
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FIG. 1. Schematic diagram of the valence-band profile of
p-type resonant-tunneling device 1 under an applied voltage V.
Note that a two-dimensional hole gas forms in the accumula-
tion layer adjacent to the emitter barrier. Device 2 is identical
except that the quantum well is 6.8 nm wide.
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FIG. 2. Logarithmic plots of the I(V) characteristics of de-

vice 1 (quantum-well width 4.2 nm) at various in-plane
magnetic-field values, T=4.2 K. The logarithmic vertical axis
gives the current for B=0. For clarity, the curves for 10, 18,
and 26 T are displaced upwards by 1, 2, and 3 orders of magni-
tude, respectively.
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100-nm GaAs, p =1&&10' cm; GaAs top contact lay-
er, 0.6 pm, p=2&&10' cm . Device 2 differs only in

the quantum-well width (6.8 nm). Both devices were
processed into 100-pm-diam mesas.

Figure 2 shows the I(V) characteristics for device 1 at
4.2 K. Six peaks are observed in I(V), corresponding to
resonant tunneling from the emitter 2DHG into the vari-
ous quasibound states of the quantum well. Peak-to-
valley current ratios of up to 3:1 are observed. The
figure shows the variation of l(V) with transverse mag-
netic field (B perpendicular to the current Aow J) up to
26 T. Figure 3(a) plots the voltage positions of the
peaks V~ as a function of B. The different resonances
have quite diH'erent magnetic-field dependences. The
HH1 and LH1 resonances shift very little, whereas the
HH2 and HH3 resonances shift appreciably in opposite
senses and "anticross" at 8 = 26 T. This behavior
differs markedly from the effect of a transverse magnetic
field on the I(V) characteristics of n-type resonant-
tunneling devices: For electrons the resonant peaks shift
to higher bias, ' quadratically with 8, in accordance
with the effective-mass approximation. " ' The shape of
the V(8) curves of Fig. 3(a) shows a remarkable resem-
blance to the s(k~t) dispersion curves of hole states in a
quantum well. Such a curve is shown in Fig. 3(b) for a
4.2-nm-wide isolated AlAs/GaAs/A1As quantum well in

zero electric and magnetic fields, calculated using a
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FIG. 3. (a) Variation in the voltage position of the peaks in

IIV) as a function of in-plane magnetic field for device 1. The
value of ki is obtained from Eq. (1) in the text. (b) Calculated
hole dispersion curves for an isolated A1As/GaAs/A1As quan-
tum well 4.2 nm wide in zero electric and magnetic fields.
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four-component envelope-function formalism. The dis-
persion curves for an isolated hole quantum well do not
differ appreciably from those for a well with finite bar-
riers if the two barriers are su%ciently wide, as is the
case here. A comparison between Figs. 3(a) and 3(b)
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reveals the qualitative similarity between the calculated
e(k~~) curves for the HH1, LH1, HH2, and HH3 states
and the corresponding V(8) curves. The only major
difference is the larger dispersion obtained from theory
for the LH2 resonance.

The essential principle underlying our experiments is
that the applied voltage tunes the energy of the occupied
hole states in the emitter 2DHG to that of the quantum-
well states, while the magnetic field allows us to probe
different values of ki. The V(8) plots therefore map out
the e(k~~) dispersion curves of the hole states in the quan-
tum well.

Quantum mechanically, the effect of a magnetic field
(Bllz) on the motion of a particle (electron or hole) of
charge q is found by replacing the canonical momentum
operator p~ by p~

—qBx, using the Landau gauge A
=(0,8x,0). The extra term, qBX, give—s rise to a mag-
netic contribution to the effective potential governing
motion along the x direction, normal to the barrier inter-
faces. ' However, it does not affect the plane-wave na-
ture of the states in the k~ and k, directions, so that
p~ =6k~ is a constant of motion. For the localized
quasibound states in the emitter accumulation layer and
quantum well, the magnetic field can be treated as a per-
turbation. This is equivalent to replacing 6k~ by 6k~—qB(x), where (x) is the position coordinate averaged
over the localized state. Thus, comparing the in-plane
dispersion curves of the emitter accumulation layer and
quantum-well states, we see that there is a relative dis-
placement along the k~ axis by an amount

k i =ski, =eB&s/6,

where hs is the average separation between the bound
states of the accumulation layer and quantum well. Tak-
ing the particles to be localized in the middle of the
quantum well, we have ds =X,+b~+w/2, where k is the
average standoff distance of the accumulation-layer
charge from the barrier interface (which may be es-
timated from the Fang-Howard variational model' ), b~

is the emitter barrier width, and w is the quantum-well
width. The occupied states below the Fermi level in the
emitter accumulation layer are centered around k~ =0
(Ref. 16) and k, =0. In the absence of scattering k~,
k„and energy are conserved in the tunneling transi-
tion. ' ' ' The available set of states in the quantum
well are shifted in k~ by an amount given by Eq. (1).

For the case of resonantly tunneling conduction elec-
trons, this change in k~ broadens the resonance in I(V)
and shifts it to higher voltages. The peak of the reso-
nance corresponds to electrons with k~ =0 and —kF
~ k, ~ kF in the emitter accumulation layer. '' ' The

shift is given by the simple quadratic e(k) dispersion
curve of the conduction electrons and can be understood
as follows: The magnetic field does no work on the elec-
trons and, to maintain the resonance condition, any gain
in kinetic energy corresponding to increased k~ must be
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FIG. 4. Variation in the voltage position of the peaks in
1(V) as a function of in-plane magnetic field for device 2. The
HH1 resonance is too weak to be observed in the 1(V) charac-
teristics of this device, though a weak feature is observed in
C(V).

compensated by an additional applied voltage.
We now consider the more complicated case of holes

and use Eq. (1) to determine the in-plane momentum k~~

acquired by a resonantly tunneling hole in a magnetic
field 8. These values of k~~ are plotted on the upper hor-
izontal axis of Fig. 3(a) and 4, assuming k =5 nm for the
hole accumulation layer. ' The large shift of the HH3
resonant peak to lower voltage with increasing 8 agrees
qualitatively with theory and reveals the negative effec-
tive mass of these states. We also observe a much small-
er negative-effective-mass behavior for the LH1 reso-
nance over a range of k~( from 0 to zx10 cm ', again
in agreement with theory. Note also that the HH2 and
HH3 curves are strongly dispersed in opposite senses, ap-
proaching each other at low 8 (low k~~) and starting to
repel each other at 8=26 T (k~~=1.5rrx106 cm ').
Such an anticrossing interaction is expected at this
value of k~t (= z/iv) for a well width of 4.2 nm. Note
from Fig. 2 that the strengths of these two resonances in
I(V) become comparable as the admixing increases.

The holes tunnel into a quantum-well state of energy
eV„where V, is the potential difference between the
emitter and the center of the well (see Fig. 1). Neglect-
ing the charge in the quantum well, we obtain the follow-
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ing relation between V, and the applied voltage V:

V/V, =1+(w/2+bp+u+7, )/(X+bi+w/2),

where A,, is the V-dependent collector screening length,
b2 is the collector barrier width, and u is the thickness of
the undoped GaAs layer near the collector barrier. We
estimate that this ratio takes the values V/V, =2.9, 3.4,
4.3, and 5.0 for applied voltages V=0.5, 1.0, 2.0, and 3.0
V, respectively. Given the uncertainties in this esti-
mate, ' these values are comparable with the scaling fac-
tor (=5) between the vertical axes of Figs. 3(a) and (b).
They indicate that our method provides at least a quali-
tative measure of the energy dispersion of the hole states
in the quantum well.

To further test the validity of Eq. (1) for hole tunnel-

ing, we have repeated the measurements for several de-
vices with a variety of well and barrier widths. The
V(8) plot of the resonances for a well width of 6.8 nm

(device 2) is shown in Fig. 4 and reveals the anticrossing
of the HH2 and HH3 dispersion curves at a lower value
of k]i = 1.2z &10 cm ', as expected for the wider well.

We have also investigated the anisotropy of the reso-
nances when the magnetic field is rotated in the plane of
the barriers. Only very small diAerences are observed
for 8 parallel to the [100] and [110] axes, indicating
that anisotropy eA'ects are relatively small for hole reso-
nant tunneling in the GaAs/A1As system. This indi-
cates that the eA'ect of the cubic symmetry term in the
Luttinger Hamiltonian is small and partly justifies the
use of Eq. (1) for holes. We have found no evidence in

the I(V) curves for spin splitting of the hole states due to
applied magnetic and electric fields.

In conclusion, we have investigated resonant tunneling
of holes in double-barrier structures in the presence of a
magnetic field applied parallel to the plane of the bar-
riers. The resonances in I(V) have a much more compli-
cated dependence on 8 than is the case for electrons. A
quantitative comparison of our experiments with theo-

ry requires a knowledge of the distribution of charge
throughout the device. A detailed model of hole reso-
nant tunneling in a transverse magnetic field should in-
clude the split-oA' band, especially for higher bound
states. It should also describe the states in the emitter
2DHG, taking into account the finite spread of the in-

plane wave vector, and should consider the effect of the
large electric field ( & 10 V/m) on the hole states in the
quantum well. At fields 8 & 20 T, a nonperturbative ap-
proach is necessary since the magnetic length (6/eB) '/

is comparable with the electrical confinement length w.

However, despite the complexity of the system, we be-
lieve our measurements provide a new method of investi-

gating the complicated in-plane dispersion curves and
the negative-effective-mass behavior of hole states in
quantum-weil heterostructures.
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