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The boundary between electric-field domains in semiconductor superlattices represents a tunneling
barrier. While most of the superlattice is coupled resonantly the current through the superlattice is lim-
ited by nonresonant tunneling at the domain boundary. The emitter and collector are purely two dimen-
sional and the system therefore acts as a model system for tunneling between 2D systems. For magnetic
fields applied parallel to the layers the average current through the single barrier increases, in contrast to

3D and quasi-2D emitters.

PACS numbers: 73.20.Dx, 72.20.My, 73.40.Gk

Tunneling experiments in a magnetic field parallel to
the layers have been performed on single-barrier struc-
tures (SBS) [1-5] with 3D or quasi-2D contact regions.
In these cases the electrostatic confinement is very small,
leading already above a magnetic field of 1 T to a dom-
inating magnetic-field confinement. In all these experi-
ments a decrease of the tunneling current with increasing
magnetic field was observed above 1 T. Theoretical cal-
culations of tunneling through SBS in parallel magnetic
fields also predicted a decreasing current with increasing
magnetic field [6].

Tunneling resonances are observed in semiconductor
superlattices with several subbands of energy E; (i
=1,2,...) when an electric field F; =(E;, —E)/ed is ap-
plied perpendicular to the layers, where d is the superlat-
tice (SL) period [7,8]. At large carrier densities the ap-
plied voltage breaks up into domains of resonant coupling
between different subbands in adjacent wells with
electric-field strength F; separated by a domain boundary
[9-12]. Although most of the SL is resonantly coupled,
the transport at the domain boundary is nonresonant and
limits the current. The domain boundary has a spatial
extent of the order of one SL period and constitutes a
single-barrier structure with purely 2D emitter and col-
lector contacts. Because of the strong confinement of the
quantum wells a magnetic field applied parallel to the
layers reaches a comparable confinement only at field
strengths above 12 T.

The samples are GaAs-AlAs SLs grown by molecular-
beam epitaxy with a well width dy =9 nm (GaAs), a
barrier width dz =4 nm (AlAs), and N =40 periods
sandwiched between two highly doped layers of
AlpsGagsAs. In the n*-n-n" diode each GaAs well is
Si doped at 3%x10'7 ¢cm 3 in the central 5 nm, while two
other samples with undoped SLs in n*-i-n* and p™*-i-
n*t configurations are used as reference samples. The
diodes are processed into mesas of 0.01 mm? area and
Cr/Au contacts are alloyed on the top and AuGe/Ni con-
tacts on the substrate side. The energy spacing between
the first and second conduction subband is calculated
with a Kronig-Penney model to be 135 meV, in agree-
ment with photocurrent spectra [13] obtained on the
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pt-i-nt diode. The width of the lowest electronic mini-

band is well below 1 meV. The current-voltage charac-
teristics are recorded with a Hewlett Packard 4140 pA
meter. For zero magnetic field the experiments are per-
formed at 6 K, while for the magnetic-field experiments
the sample is at 1.8 K. The photoluminescence (PL) ex-
periments are done at 6 K with the 647-nm line of a Kr*
laser in single-line mode.

In Figs. 1(a) and 1(b) the dark currents of the n*-i-
n* and n*-n-n* diodes at 6 K are plotted versus the ap-
plied voltage V4. The applied electric field F, is calcu-
lated from the applied voltage by F,=|V,|/Nd. The
dark current of the n ¥ -i-n* diode [Fig. 1(a)] is continu-
ously increasing as the applied electric field becomes
larger. The I-V characteristic of the n*-n-n* diode
[Fig. 1(b)] exhibits a totally different behavior, a plateau-
like region between —0.6 and —4.6 V with 35 very regu-
larly spaced discontinuities. The number of jumps in the
current is comparable to the number of periods of the SL.
The jumps in the current can be understood as a move-
ment of the boundary between electric-field domains by
one SL period. At the domain boundary a certain charge
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FIG. 1. Dark current of the (a) n*-i-n* diode and (b) n*-

n-n* diode vs applied voltage. Inset: Schematic diagram of the
voltage distribution in the presence of domains.
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density is needed to account for the change in the electric
field. In the n-n-n* diode the doping of the wells sup-
plies the space charge, while the undoped n *-i-n* diode
does not exhibit domain formation in this field range.
The maximum field strength of the plateau region in Fig.
1(b) (V4= —4.6 V) divided by the number of jumps re-
sults in a voltage drop of 131 mV per period, in excellent
agreement with the spacing between the first and second
conduction subband.

The conclusion of the existence of two regions with
different, but well-defined electric-field strengths is so far
rather indirect. PL spectroscopy gives a more direct
identification of the regions away from the domain
boundary [11,12] because of the quantum-confined Stark
effect (QCSE) [14]. In an electric field the band-gap
transition is shifted to lower energies. If two regions with
distinctly different electric-field strengths are present in a
SL, two PL lines should be observable. In Fig. 2 the PL
spectra of the n*-n-n* diode are shown for the same
field range as in Fig. 1. The optically excited carrier den-
sity is well below the doping level. The relatively large
linewidth is due to the doping level. Two distinct PL lines
are observed which do not shift in energy, but only
change their relative strength. Comparing the energy po-
sitions of these lines with the Stark shift of the band-gap
transition as determined by photocurrent spectroscopy in
the p*-i-n* diode, the electric-field strengths of the
domains are identified as F; and F, in agreement with
the indirect conclusion drawn from the 7-V characteristic.
However, in the nt-i-n* diode only one PL line is ob-
served in this field range at low photoexcited carrier den-
sity, and it shifts quadratically in energy, indicating a
homogeneous field distribution.

The existence of the plateau region in Fig. 1(b) indi-
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FIG. 2. Photoluminescence spectra of the n *-n-n* diode at
different applied voltages: curve a, —1 V; curve b, —2 V; curve
¢, =3 V;curve d, —4 V; and curve ¢, —5 V. The spectra are
shifted vertically for clarity.

cates that the current is limited by the domain boundary.
Taking the numerical derivative of the logarithm of the
current with respect to the applied voltage [dIn(I)/dV
=] ~'dI/dV, the conductivity normalized by the current]
leads to 35 spikes with a rather constant value between
the spikes, varying from 2.9 to 1.3 V™! as the applied
voltage is changed from —0.6 to —4.6 V [cf. Fig. 1(b)].
If the current is limited by the domain boundary, it
should be described by nonresonant tunneling [15],

I=10exp{—2d3[2m1}"(Vg—El)]'/z/h}, (1)

where mj is the effective electron mass of the barrier ma-
terial and Vj is the barrier height. An increase of the
electric field between two discontinuities only affects the
barrier height at the domain boundary, i.e., Vz(F)
=Vp(0) —eFdz. Assuming a width of the domain
boundary of 1 SL period the electric field becomes
F=V/d, where V=V, 4—mF>d and m is the number of
periods already in the high-field domain. Since Vp is very
large in AlAs (V3 =0.982 eV), the derivative of the loga-
rithm of 1/I¢ can be approximated by

dn(I/Iy) _ edp 2mp
dVv hd | V(0)—E,

Inserting the parameters of the GaAs-AlAs SL into Eq.
(2) with mg =0.15m¢ and E; =44 meV results in a value
of 2.52 V™', in excellent agreement with the experimen-
tal values of 2.9-1.3 V~'. We conclude that the current
is limited at the domain boundary by nonresonant tunnel-
ing, while most of the superlattice is resonantly coupled.
The experimentally observed variation of the derivative
leads to a width of the domain boundary between 0.9 and
1.8 SL periods (note that 1.7d =2dy +dpg), correspond-
ing to a single barrier at the domain boundary. At a
minimum of the absolute current in the plateau region
the barrier does not exhibit a significant voltage drop,
while at a maximum of the current the voltage drop
across the barrier is the largest.

The tunneling through SBS is strongly influenced by a
magnetic field applied parallel to the layers [1-5], i.e.,
the electric and magnetic fields are perpendicular to each
other. The I-V characteristic of the n *-n-n* diode for 0,
9, and 12 T at 1.8 K is shown in Fig. 3. For O T the
domain formation sets in at a larger electric field com-
pared to Fig. 1(b) because the contacts display a higher
resistance, i.e., the system has a lower conductance [e.g.,
dIn(I/Iy)/dV =1 V~'1 than in Fig. 1(b). There are
three significant effects of the magnetic field on the I-V
characteristic displayed in Fig. 3. The curves shift to
higher electric fields, the plateau current increases, and
the fine structure disappears around 12 T. While the ori-
gin of the change in the periodicity at 9 T is not very well
understood, the disappearance of the fine structure at 12
T can be directly related to the cyclotron radius r.
=+/h/eB, which has a value of 7.4 nm at 12 T. Resonant
coupling between adjacent wells is expected to be

1/2
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FIG. 3. Dark-current characteristic of the n *-n-n* diode for
several magnetic fields parallel to the layers (BLI). The
characteristics for B=9 and 12 T are shifted by —40 and —80
uA, respectively. For B=0 T the onset of electric-field domain
formation is shifted to larger electric fields as compared to Fig.
1(b) because of a higher contact resistance.

suppressed when r. becomes of the order of half the SL
period, in agreement with the observation. The shift of
the I-V characteristic can be understood within a pertur-
bative treatment of the magnetic field leading to a detun-
ing of the energy levels in neighboring wells of [16]
2.2
Ap =2tz >Bz, 3)
2m*
where {z2) =d?, since the expectation value has to be tak-
en in the neighboring well, i.e., one period away from the
center of the wave function. Because most of the SL is
resonantly coupled, an additional field AF =AE/ed is
necessary to achieve the same situation as without the
magnetic field. This leads to a shift of the onset voltage
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|Avp=%§{}ﬂ2. )
m

The experimentally observed |AV| is plotted in Fig. 4(a)
as a function of the square of the magnetic-field strength.
The shift is quadratic in B as predicted by Eq. (4) and
the slope has a value of 9.9%10~3 VT ™2 in excellent
agreement with the slope of 8.9%10 ™3 VT ~2 calculated
from Eq. (4). At a fixed applied voltage on a branch in
Fig. 1(b) the magnetic field reduces the voltage drop at
the domain boundary by an amount given by Eq. (4).

In Fig. 4(b) the saturation current I, i.e., the max-
imum current, of the plateau region is plotted versus the
square of the magnetic field. Two regimes are present,
between 0 and 6 T and from 6 to 11 T. The derivative
din(I./10)/dB? has a value of 1.2x10 "2 T ~? between 0
and 6 T and of 4.3%x107% T "2 between 6 and 11 T, as
determined from least-squares fits to the data points. The
increase in the current and the existence of the two re-
gions can be understood in terms of the dependence of the
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FIG. 4. (a) The voltage shift of the onset of domain forma-
tion and (b) the maximum current in the plateau region vs the
square of the magnetic field for the parallel configuration. The
solid lines are least-squares fits to the data points. The values of
the slopes are given in the text.

subband energies on the center coordinate z in a parallel
magnetic field [16]:

2

E\(B)=E,(0)+ 5 (zD+2z3)B2. (5)

e
m *
For zero electric field the parabolic dependence of the en-
ergy on the center coordinate [Eq. (5)] leads for adjacent
wells to an intersection of the magnetic dispersions of the
two wells at the center of the barrier for all magnetic-
field strengths. However, for a finite electric field across
the domain boundary the intersection point of the mag-
netic dispersions is not fixed at the center of the barrier
anymore, but depends on the electric- and magnetic-field
strengths. In our sample, the magnetic dispersion below
6 T is not sufficient to cause the energies between the two
wells at the domain boundary to intersect. Nevertheless,
a channel for tunneling between two wells separated by
more than one barrier is opened when the magnetic field
is turned on. This does not contradict the earlier state-
ment that the domain boundary only involves one barrier.
The magnetic field opens up new tunneling channels
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FIG. 5. Magnetic-field sweep of the dark current for two ap-
plied voltages. The curve for V,;=—6.5 V is shifted by —40
uA.

which lead to a larger current than the nonresonant tun-
neling through the single barrier at the domain boundary.
Above 6 T the magnetic field leads to a restriction of tun-
neling at the domain boundary of less than 2 SL periods,
i.e., only one barrier is involved again.

In Fig. 5 a magnetic-field sweep at two applied voltages
is shown. Again two regions are observed. Between 0
and 6 T very flat steps are seen with a relative variation
of less than 1%. Above 6 T the steps become curved.
The magnetic field, on the one hand, increases the current
at the domain boundary as discussed above [dIn(I,/Io)/
dB*>0]l. On the other hand, it shifts the I-V charac-
teristic to larger electric fields, i.e., for a fixed bias volt-
age on a branch in Fig. 1(b) the current decreases
[dIn(1/1y)/dV >0 and dV/dB?><0). These two effects
compensate each other between 0 and 6 T. The experi-
mental values for these derivatives demonstrate this com-
pensation in this magnetic-field range since dIn(I,/I¢)/
dB?=1.2x10 "2 T ~2 and the product

[dn(1/19)/dV1dV/dB?=—9.9x10 3T 2.

For B> 6 T the quantity dIn(Is/Io)/dB? is about a fac-
tor of 3 smaller and the decrease of the current dom-
inates.

In summary, we have demonstrated that electric-field
domains in GaAs-AlAs superlattices can be employed to
study tunneling through a single-barrier structure with
purely 2D emitter and collector. The domain boundary
between the different electric-field regions acts as the bar-
rier system which limits the current by nonresonant tun-
neling. Magnetic-field experiments in the parallel
configuration lead to an increase in the current, in con-
trast to observations with 3D or quasi-2D emitters.

Furthermore, to maintain resonant coupling within the
domains the electric field at the domain boundary is re-
duced. A cancellation between the increase of the cur-
rent and the reduction of the electric field at the domain
boundary is observed in magnetic-field sweeps between 0
and 6 T.
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