Observation of a negative differential resistance due to tunneling
through a single barrier into a quantum well
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We have observed a negative differential resistance (NDR ) in a single-barrier tunneling structure
in which electrons tunnel from a doped semiconductor emitter layer into a quantum well (QW)
layer and subsequently drift laterally to a specially designed contact. Pronounced NDR is seen
already at room temperature and at 77 K the peak to valley (PTV) ratio in current is more than
2:1. Our results lend support to a recent hypothesis by Luryi [ Appl. Phys. Lett. 47, 490 (1985) ]
that the NDR in double-barrier tunneling structures is not related to a resonant enhancement of
the tunneling probability at selected electron energies, but rather originates from tunneling into a
system of electron states of reduced dimensionality. For comparison we have also fabricated a
QW structure with two tunneling barriers, in which the parameters of the emitter barrier and the
QW are identical to those in the single-barrier structure. In the double-barrier structure we have
obtained current densities as high as 4 x 10* A/cm? and a NDR with PTV ratios of 3:1 at 300 K

and 9:1 at 77 K.

Double-barrier quantum well (DBQW) tunneling
structures have recently drawn a great deal of attention be-
cause tunneling is the fastest phenomenon observed in semi-
conductors. Since the first report' of tunneling in a DBQW
structure, the material quality has improved to the point that
negative differential resistance (NDR) can be observed” di-
rectly in the current-voltage characteristics at 77 K, as op-
posed to the derivative of the current. The material quality
has steadily improved making it possible to observe the
NDR at room temperature.™ Recently, peak to valley
(PTV) ratios in current as high as 2.3 were obtained at room
temperature,® in part by introducing lightly doped regions
immediately outside the barriers as reported in Ref. 3.

The NDR in DBQW structures is the consequence of
two-dimensional confinement of states in a quantum well
(QW), and the conservation of energy, and lateral momen-
tum in tunneling. In addition to that, the operation of these
structures had often been discussed in terms of resonant en-
hancement of the transmission probability for electrons inci-
dent on the emitter barrier at selected energies—an effect
analogous to that in a Fabry-Perot optical resonator. The
enhancement occurs when the amplitude of a resonant elec-
tronic mode in the QW builds up to the extent that the wave,
leaking out in both directions, partially cancels the reflected
wave. This physical picture has led to a design strategy in-
tended to optimize the Fabry-Perot resonator conditions in
a DBQW structure. In particular, Ricco and Azbel® pointed
out that achievement of a near-unity resonant transmission
requires equal transmission coeflicients for both barriers at
the operating point-—a condition not fulfilled for barriers
designed to be symmetric in the absence of an applied field.
To counter that, a resonant-tunneling structure was pro-
posed’ in which a symmetric DBQW was built in the base of
a bipolar transistor, and the Fabry-Perot conditions were
maintained through the use of minority-carrier injection.
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High-frequency operation of DBQW diodes was recent-
ly considered by Ricco and Azbel® and Luryi.® Assuming the
Fabry—Perot mechanism, they concluded that the dominant
delay results from the resonator charging time, which is of
the order of the resonant state lifetime. For a QW bounded
by 50-A-thick AlGaAs barriers, simple estimates® gave a
frequency limit in the low gigahertz range. At higher fre-
quencies, the amplitude of an electron wave function in the
QW cannot readjust itself in response to an external field
variation to provide resonant enhancement of the transmis-
sion coefficient. These estimates, contrasted with the experi-
mental results of Sollner et a/.,” in which a DBQW structure
was used as a detector and mixer of far-infrared radiation at
2.5 THz, have led one of us (SL) to the suggestion that the
Fabry—Perot resonant transmission plays only a minor role
(if any) in the operation of DBQW diodes. It was shown®®
that the NDR can arise solely due to electron tunneling into
a system of states of reduced dimensionality. In this picture,
electrons subsequently leave the QW by tunneling through
the second (collector) barrier, so that their transport
through the entire DBQW structure is described by sequen-
tial rather than resonant tunneling.

Within the sequential-tunneling model, Derkits'’ was
able to explain the terahertz results® by showing that rectifi-
cation of an external signal by a DBQW diode requires the
readjustment of only the phase of electron wave functions
and not their amplitude, so that the operation of a detector is
not limited by a Fabry—Perot charging time. Coleman and
colleagues at the University of Illinois on the basis of their
microwave admittance experiments in the NDR regime of a
DBQW diode,'' proposed an equivalent circuit which may
be consistent with the sequential-tunneling model and Der-
kits’s picture of rectification. In that circuit, the small-signal
NDR is not shorted out by the DBQW capacitance, which
allows detectors to operate at extremely high frequencies, as
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observed in Ref. 2, while active oscillation frequencies could
be limited in a fashion predicted in Ref. 8.

According to the model,” in DBQW structures the re-
moval of electrons from the QW occurs via sequential tun-
neling. Other means of electron removal can also be contem-
plated, for example recombination with holes—if the QW is
located in a p-doped material.'* In this letter we report the
first observation of NDR through a single tunneling barrier
into a quantum well bounded on the other side by a thick
nontunneling barrier, with the electron removal from the
QW via lateral drift to a specially provided contact outside
the emitter area. The principle of such a single-barrier
(SBQW) tunneling structure was first described in Ref. 9.

The structures studied were grown by molecular beam
epitaxy (MBE) using conventional growth procedures. In
order to make ohmic contact to the quantum well, a special
structure as depicted in Fig. 1(a) was grown. The structure
of Fig. 1(a) was designed with a 500-A Al,;Ga,,As “col-
lector” barrier to eliminate the possibility of tunneling
through this barrier. The 50-A-thick quantum well was
bounded on the top side with a 25-A tunneling AlAs barrier
(undoped). After growinga 31 5-A n layer above this tunnel-
ing barrier, a 100-A n * -doped AlAs etch-stop layer was in-
corporated. As the last layer on the top, a 0.3-um-thick n*
contact layer was grown. For the base contact, the 0.3-um
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FIG. 1. (a) Cross-sectional view of the single tunnel barrier device struc-
ture. The base contact is defined by self-alignment with respect to the emit-
ter. The thin 315-A-thick #-GaAs layer between the base contact and the
emitter is designed to be depleted by the surface Fermi-level pinning, and
thus does not short the emitter to the base. Electrons from the 0.3-um n*-
GaAs emitter region tunnel through the 25-A i-AlAs barrier into the 50-A i-
GaAs quantum well and are swept by the base contact. (b) Cross-sectional
view of the conventional double tunnel barrier AlAs/GaAs resonant-tun-
neling structure. Electrons from the 0.3-um n*-GaAs tunnel through the
25-A- i-AlAs barrier into the 50-A GaAs quantum well and subsequently
leave the well by tunneling through the second i-AlAs barrier.

n* cap layer was selectively removed in a GaAs etch fol-
lowed by the selective removal of the n* -AlAs layer. The
base contact (AuGe/Ni/Au) was then deposited in a self-
aligned fashion with the emitter. The contact material was
alloyed long enough for the metallization to diffuse from the
base region through the nontunneling barrier, thus shorting
the base to the conducting layer underneath. The 315-A »n
layer remaining between the base contact and intrinsic emit-
ter is designed with a proper doping level so that it is entirely
depleted by the surface Fermi-level pinning. Since both
GaAs and AlAs etch-stop layers above the tunneling barrier
are heavily doped, no rectification or any other spurious
non-ohmic effects are expected. In order to make a compari-
son, we have also examined a double tunneling barrier struc-
ture with AlAs barriers as shown in Fig. 1(b).

The current-voltage (I /V) characteristics of the struc-
ture of Fig. 1(a), obtained at 300 and 77 K are shown in Fig.
2. As can be seen, there is a pronounced NDR with peak
current density of about 3 kA/cm? in a device with 75 um
diameter. We believe that the observed NDR is due to tun-
neling of three-dimensional emitter electrons into a two-di-
mensional sysiem of states in the QW, as described earlier.*®
Since the base contact is shorted to the conducting layer
underneath the collector barrier and its lateral distance from
the edge of the emitter much exceeds the combined thick-
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FIG. 2. Typical base-emitter current-voltage characteristics obtained at 300
and 77 K in the single tunnel barrier of Fig. 1(a).
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nesses of the two barriers and the QW, application of a base-
emitter voltage results in nearly vertical electric field lines
under the emitter, which allows us to control by the applied
voltage the potential difference between the emitter and the
QW. Of course, this control is much less effective (by the
lever rule) than it would be if the second barrier were also 25
A thick.

In order to make sure that there is no tunneling through
the 500-A-thick AlGaAs barrier in Fig. 1(a), we performed
a control experiment. By carefully controlling the alloying
conditions we fabricated a structure similar to the one in Fig.
1(a) but this time the base and the 0.5-um #n* GaAs were
not shorted. The base contact was alloyed long enough to
diffuse through most of the AlGaAs barrier, nearly but not
quite touching the collector layer. This was done to ensure a
proper field distribution in the device. The base and collector
terminals were tested to verify the fact that the two were not
shorted. The I /¥ characteristics of the control structure ob-
tained at 300 K are qualitatively similar to those shown in
Fig. 2 with a peak current density of about 1.7 kA/cm? in a
device with 75 ym diameter. When subsequently alloyed
further so that the drain contact is shorted to the collector
layer, the 7 /¥ characteristics remained practically the same,
the only difference being a slight shift in the position of the
peak along the voltage axis. This indicates that the observed
NDR is not a result of tunneling through the thick AlGaAs
barrier.

For comparison we have also grown and tested a con-
ventional double-barrier structure, which contained a 50-A
well bounded by two 25-A AlAs tunneling barriers as shown
in Fig. 1(b). The doping level on the outside of the tunneling
barriers (about 250 A) was kept low to enhance the PTV
ratio, as discussed in Ref. 4. The DBQW 7 /¥ characteristics
obtained at 300 and 77 K are displayed in Fig. 3. The high
quality of the sample is evident in the PTV current ratios of
as high as 3:1 at room temperature. Improved material qual-
ity reduces the nontunnel vailey current associated with the
defects in the barrier layers. The best devices when cooled to
77 K exhibit PTV ratios of as high as 9:1. The device dimen-
sion here was 6 um in diameter and the peak current density
before the onset of NDR is 30 kA/cm?, which is only an
order of magnitude larger than that obtained in the single
tunnel barrier device of Fig. 1(a). The higher peak current in
the DBQW structure can hardly be attributed to a resonant
enhancement of the tunneling probability, since the applica-
tion of an external field leads to asymmetric energy barriers
and at least partially destroys the Fabry-Perot condition. It
is more likely that the higher current is explained by a better
uniformity of the transverse electric field across the diode
area.

It is clear that the NDR in both the DB and SB struc-
tures is of the same nature. The peak current in the SB struc-
ture occurs at a voltage which is 5.7 times higher than that
observed in the DBQW structure, which is as expected from
the lever rule. Of course, in the symmetric DB structure the
NDR is seen in both directions of the current, whereas in the
SBQW structure it occurs only when the emitter is biased
negatively. In as much as the NDR in our single-barrier
structure is obtained between the base and the emitter con-
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FIG. 3. Typical room-temperature and 77 K 7 /¥ characteristics of the dou-
ble tunnel barrier AlAs/GaAs structure of Fig. 1(b).

tacts, it is tempting to conclude that no resonant enhance-
ment of the tunneling current is involved. However, such a
conclusion would be premature since one can also describe
the operation of this structure in terms of a modified Fabry-
Perot effect, in which standing electron waves in the QW
leaking back into the emitter, cancel the reflected waves and
enhance the transmitted ones.

In conclusion, we have reported the first observation of
a negative differential resistance by tunneling through a sin-
gle barrier into a quantum well, confirming earlier predic-
tions.” It is also shown that the current densities obtained in
single tunnel barrier structures are within an order of magni-
tude of those obtained in double tunnel barrier structures.
More studies, both experimental and theoretical, are clearly
required to establish conclusively whether or not the Fabry—
Perot effect is relevant or important in the operation of quan-
tum well tunneling structures.
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