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Resonant tunneling in magnetic fields: Evidence for space-charge buildup
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The standard model of double-barrier resonant tunneling structures inadequately describes the
experimental current-voltage curves. When applied to experiments on resonant tunneling in quan-
tizing magnetic fields, it leads to incorrect values of the electron effective mass in the well. We
show that the space-charge formation, both in the electrodes and in the well, not considered previ-
ously, is, in fact, very important. We present a model which takes into account these effects. The
calculations, based on our model, are in good agreement with the experimental results.
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FIG. 1. The I-V curve of the Al Gat —„As/GaAs DBRTS's at
4.21 K. The CB energy diagram is shown in the inset.

Presently, there is substantial interest in the physics and
device applications of semiconductor-based double-barrier
resonant tunneling structures (DBRTS's). ' The origi-
nal Tsu-Esaki picture of the DBRTS as a Fabry-Perot
resonator for electrons was developed further by Ricco
and Azbel. In this essentially one-dimensional approach
a beam of monoenergetic electrons is incident upon the
potential profile created by the conduction-band (CB)
bottom of a DBRTS. The resonant enhancement of the
transmission coefficient occurs when the incident electron
energy coincides with the bottom of the subband in the
well, Ep As a p.ractical means to observe this phenom-
enon Tsu and Esaki proposed to dope heavily the regions
on both sides of the DBRTS thus creating the emitter and
collector electrodes. They assumed that if a bias voltage
V is applied to the emitter and the collector the current
peak occurs when the bottom of the subband approaches
the Fermi level EF of the emitter and that the bottom of
the well shifts by one-half of the voltage for a symmetrical
DBRTS (Fig. 1).

Recently, however, it has been pointed out by Luryi
that the negative differential resistance (NDR) observed
in DBRTS's can be explained as due solely to the tunnel-
ing of electrons from the three-dimensional states in the

emitter to the two-dimensional (2D) states in the well.
Subsequently, the electrons leave the well by tunneling
through the collector barrier. In this latter picture, the
current through a DBRTS starts to rise when the bottom
of the subband coincides with the emitter EF, continues to
rise as the bias is increased, and then drops suddenly when
the bottom of the subband is biased just below the CB bot-
tom of the emitter since the component of the electron
momentum transverse to the direction of tunneling is con-
served. This more realistic approach to the electron trans-
port in the DBRTS is supported by the experimental ob-
servation of the NDR in tunneling through a single bar-
rier into a quantum well.

The experimental I-V curves, however, diN'er appreci-
ably from those expected in either approach. EF and Eo
calculated from the experimental data are significantly
greater than those calculated from the dimensions and
compositions of the DBRTS, using simple quantum
mechanics. In the presence of a quantizing magnetic field
B, oscillations due to Landau levels in the well are observ-
able. " In this Rapid Communication we report a sys-
tematic study of this effect; our data, if analyzed within
the standard model, give the electron effective mass m* a
factor of 2 smaller than its true value. Then we present a
picture of the DBRTS which takes into account, self-
consistently, the space-charge layers formed in the elec-
trodes of a biased device as well as the quite substantial
electron population in the well. A simplified model calcu-
lation gives results in good agreement with experiment.

Our DBRTS's were grown on an n+ (100) GaAs sub-
strate and have a 56-A GaAs well sandwiched between
two 85-A.-thick Alp 4pGap 6pAs barriers. The GaAs
emitter and collector regions were doped with Si to ND =2
x10' cm . The devices were defined by 110-pm-diam
Au-¹iGe Ohmic contacts which served as masks for
mesa etching. The I-V characteristics (Fig. 1) of the
device reported here display a current peak-to-valley ratio
exceeding 13:1 at 77 K and 17:1 at 4.2 K, the highest
values reported for a DBRTS, to our knowledge. This in-
dicates the high purity of the barriers and the quality of
the interfaces.

The differential conductance dIjdV of the device was
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measured using the conventional ac technique with a
modulation voltage of 0.5 mV rms. The lowest trace in
Fig. 2(a) shows dI/dV as a function of V at 4.21 K and
8 =0. At small biases V & 0.1 V, the dI/dV is extremely
small. It rises at the onset of tunneling, and as the bias is
increased further, remains approximately constant and
then drops sharply corresponding to a roughly triangular
I-V curve. An instability of the device can be seen at the
high-bias end of the trace. When a quantizing 8 is ap-
plied perpendicular to the interface planes the dI/dV
curve displays oscillations as a function of V. Alternative-
ly, oscillations can be seen in dI/dV vs 8 curves at fixed
biases [Fig. 2(b)].

The origin of the oscillations is quite clear. The mag-
netic field induces Landau quantization of the 2D elec-
tronic states in the well so that the density of states peaks
at the allowed values of energy, Eo+hru, (N+ —,

' ), as
measured from the bottom of the well, where co,
=eB/rn*c is the cyclotron frequency and N=0, 1, . . . is
the Landau index. At a fixed 8, as the bias is increased,
the resonant tunneling sets in when the energy of the
N =0 level in the well matches EF in the emitter. As V is
increased further, the tunneling current does not change
rapidly until the next Landau level crosses EF in the emit-
ter. This process continues until the N =0 level passes the
bottom of the emitter CB. For higher V, direct tunneling
is no longer possible due to the conservation of the trans-
verse component of the momentum (i.e., the conservation
of Landau index in the presence of 8). The steps in the
I-V curve translate into peaks in the dI/dV vs V depen-
dence. In GaAs the electron effective g factor is
sufficiently small to neglect the spin splitting of the Lan-
dau levels. The broadening effects are significant, howev-
er, and they are expected to lead to the dI/dV vs V curves
shown in Fig. 2(a). The case when V is fixed to a value at
which the resonant tunneling takes place and 8 is raised
from 8 =0 is similar and the only major diff'erence is that
the N 0 Landau level does not cross EF in the emitter.

e V =e (Vj+ V2+ V„)+ d j +h2+EF . (2)

Next we consider the accumulation layer in the emitter.
The Poisson equation for this region is a 2D Thomas-
Fermi nonlinear differential equation which can be solved
only numerically. " We use a simplification in which the
electrostatic potential changes linearly across B~ and the
resulting electric field is equal to that in the emitter bar-
rier:

Figure 3(a) gives the fan diagrams of the positions of
the maxima (integers) and the minima (half-integers) of
the oscillations for both bias polarities. A least-squares fit
gives m* of electrons with energies just above the bottom
of the subband in the well. In this fit we used the assump-
tion that the bottom of the well shifts under the bias by
—,
' eV. The obtained m*-0.03m, is about a factor of 2

smaller than expected, and, surprisingly, the difference
between the values of m * for the positive and the negative
V (Ref. 8) far exceeds the experimental uncertainty.

These discrepancies have led us to reexamine the phys-
ics of the DBRTS under bias. Simple estimates show that
two previously neglected effects are quite substantial in

practically all experimentally studied DBRTS's. The first
is the formation of the accumulation and depletion lay-
ers' in the emitter and the collector electrodes, respec-
tively, in the biased device [Fig. 3(b)]. The areal concen-
tration of electrons and ionized donors is —5 x 10"cm
The depletion layer reduces the electric field in the bar-
riers and the well thus increasing the bias required to
align Eo and EF. The accumulation layer lowers the CB
edge in the emitter close to the barrier, thus lowering Eo,
relative to EF, in contrast to the depletion layer, and also
extends the range of energies from which the electrons can
tunnel.

The second phenomenon is the formation of the space
charge created by the tunneling electrons in the well.
Once an electron has tunneled into the well it occupies a
resonant state with kinetic energy of just above Eo. If we
denote the transmission coefficient of the collector barrier
as T2, then the lifetime in the well is z=h/T2Eo. Since
the number Aux of electrons passing through the well in
the steady state is —J/e, where J is the tunneling current
density, the areal concentration of the electrons in the well
is n„=h J/eT2Eo, and the areal space-charge density in
the well is

—Z= —I't J/TpEo .

Consequently, the electric field in the collector barrier
V2/d is appreciably greater than Vj/d [see Fig. 3(b)]. A
simple estimate gives n —1 x 10"cm

We now proceed to the equations describing the pro-
cesses in the DBRTS at low temperatures. First of all, we
note that the voltage drops across the different regions of
the structure add up to the applied bias:

0
6j/Bj =eVj/d (3)
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(b)

10
The areal charge density required to produce this electric
field is

FIG. 2. Differential conductance dI/dV of the DBRTS device
(a) as a function of bias V (B fixed) and (b) as a function of
magnetic field B (V fixe).

(4)

where e is the static dielectric constant of GaAs. Since o.
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FIG. 3. (a) Positions of the maxima (squares) and the minima (circles) in the differential conductance for both polarities of V.

Most of the points are the average of the extrema from dI/dV vs V and dI/dV vs B dependences. The lines are the result of a least-
squares fit with the constraint that the B 0 intercepts must match. The slopes of the lines, divided by 2/e are plotted vs Landau in-
dex N in the insets. The least-squares fits shown in the insets give m . (b) The CB energy diagram of a DBRTS under bias. hi and
BI are the parameters of the accumulation layer in the emitter; h, 2, 62, and 63 describe the depletion layer in the collector. The electro-
static potential drops across the emitter barrier, the well and the collector barrier are, respectively, V&, V„, and V2. The rest of the no-
tation is explained in the text. The hatching shows the electron occupation. (c) Same as (a), but instead of V is the shift of the bot-
tom of the subband in the well relative to the emitter EF, e(Vi + —, V„)+hi, calculated as described in the text.

is produced by all the extra electrons in the accumulation
layer we can approximate

cr =eN (EF)5 i Bi, (s)

where N(EF) is the density of states at Fermi energy. If
we neglect the penetration of the tails of the wave function
of the electrons in the well into the barriers, Gauss's law
gives

layer can be solved easily and gives

I)q/e = V262/d —(2z/e)eND82 .

The 63 region of the depletion layer presents the same
computational difficulty as the accumulation layer; there-
fore, we used a similar simplification with the linearly
changing electrostatic potential, which gives

6=~2EF/~2,

and

V„/w =Vi/d+ (2x/e) Z, (6)
and

o +Z =eND (b2+ —,
' 83) (IO)

V2 Vi+ (4z/e)Zd . (7)

The Poisson equation for the 8'2 region of the depletion
The areal charge density Z is given by Eq. (1) with T2 cal-
culated in the following quasiclassical approximation: '

EpT2=16
U

1 — exp — [(U Ep eV ) (U Ep eV —eV ) l
Ep 4d(2m*) '/'

32 32
U 36eV2

2 2 w

where U is the Al„Gai -„As/GaAs CB edge discontinuity.
The self-consistent transcendental system of Eqs.

(1)-(11)can be solved numerically using the experimen-
tal I-V curve and the material constants. ' In order to ac-
count for the bias polarity dependence of the I-V charac-
teristic we assumed that, while the outside GaAs electrode
has ND 2x10' cm, the substrate-side electrode has
ND 3x10' cm . This assumption is based on the
well-known phenomenon of Si diffusion in the molecu-

lar-beam-epitaxy growth direction, the diffusion in
Al„Ga~ —„As, however, being much slower than in
GaAs. ' The value of 3x10' cm was found to equate
the values of Ep obtained from the fits for both polarities
of V, as discussed in the next paragraph.

Having solved the equations for a bias V, we calculate
the energy shift of the bottom of the subband in the well
relative to the emitter EF at this bias e(Vi+ 2 V„)+hi.
These energy shifts for the data of Fig. 3(a) are plotted in
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Fig. 3(c). A least-squares fit gives m* =0.070m, . This
value is -5% greater than m* in bulk GaAs due to the
nonparabolicity of the CB and is in excellent agreement
with the cyclotron resonance results. ' The 8=0 inter-
cepts of the fits in Fig. 3 should give Eo, and indeed, they
agree very well with the calculated' value of 75 meV.
The model also gives very reasonable values for the biases
corresponding to the current threshold and the current
valley: 175 and 420 mV, respectively, for the positive and
160 and 390 mV for the negative polarity.

In conclusion, we note that in our energy diagram [Fig.
3(b)] we assumed that upon doping, CB edge E, moves
down relative to the CB bottom in the undoped well, rath-
er than that the EF moves up. This assumption is con-
sistent with the limited experimental and theoretical evi-
dence for the energy gap reduction in heavily doped semi-

conductors. ' lf we assume that E, is aligned in all GaAs
regions of the unbiased device, our model gives somewhat
worse values for m", Eo, and EF. The band bending due
to the residual doping of the barriers and the well is es-
timated to produce a negligibly small shift of the subband
bottom in the well relative to EF. '

Note added. The electron-electron scattering in the
well may provide the mechanism destroying the Fabry-
Perot interference in DBRTS's. It tends to thermalize the
"initial" distribution of tunneling electrons in a very short
time. For n —1 x10" cm the electron-electron scat-
tering is faster than 10 ' sec. '
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