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inAs/AlISb/GaSh single-barrier interband tunneling diodes with high
peak-to-valley ratios at room temperature

J. F. Chen, M. C. Wy, L. Yang, and A. Y. Cho

AT&T Bell Laboratories, Murray Fill, New Jersey 07974

(Received 16 January 1990; accepted for publication 23 May 1990)

We have fabricated an InAs/AlSb/GaSb singie-barrier interband tunneling diode by
molecular beam epitaxy. In this structure, a large tunneling current can be obtained by
taking the advantage of the large heterojunction-conduction band to valence band overlap
(0.15 eV) between InAs and GaSb which offers flexible designs of the AlSb barrier
thickness and the doping concentrations. We have obtained a negative differential resistance
with a peak-to-valley current ratic as high as 4.7 and a peak current density of 3.5

kA/cm’ at room temperature with a 1.5-nm-thick AISb barrier. The current transport
mechanism in this tunneling structure will be discussed according tc the J-V characteristics

as a function of temperature.

Since the discovery of the negative resistance in the
tunnel dicdes (Esaki diodes),! they have been extensively
studied due to their applications in microwave and high-
speed digital circuits. The physical basis of a pn-tunnel
diode is the interband tunneling, from the conduction band
into the valence band and vice versa. Negative resistance
can also result from resonant tunneiing,2 where electrons
tunnel through a guasibound state of a guantum well.
There has been a growing interest in the development of
resonant tunneling diodes owing to the rapid advances in
semiconductor growth technology, such as molecular beam
epitaxy (MBE} that makes it possible to controi the com-
position and doping of the grown material on an atomic
scale.’ Most of the resonant tunneling structures were
studied in the AlGaAs/GaAs (Ref. 4) or InGaAs/InAlAs
(Ref. 5) matenial system.

Recently, the AISb/GaSb/InAs material systern was
used in tunneling applications®'® due to its unique band
alignment. For example, AlSb/InAs provides a large bar-
rier for electrons (1.8 eV),'! which is expected to provide
high peak-to-valley ratio (PVR) in double barrier diodes.
Perhaps the most interesting feature in this material system
is that the conduction band of InAs is 0.15 eV (Ref. 12)
lower in energy than the valence band of GaSb. The elec-
trons can flow from the conduction band of the InAs to the
valence band of the GaSb. By using AlISb as a barrier layer
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between the InAs and the GaSb, a negative resistance sim-
ilar to homojunction pn-tunnel diode can be obtained.
However, in a homojunction tunnel diode, degenerate dop-
ing is required to make the tunneling barrier thin encugh
to obtain significant interband tunneling. In the InAs/
AlSb/GaSh structure, the interband tunneling is provided
by the band overlap between the InAs and the GaSb. This
relatively large band overlap will provide a large tunneling-
current flow. With the optimal contro! in design parame-
ters such as the thickness of the AlSb barrier and the
growth conditions, a large PVR and a large peak-current
density can be realized. It should be noted that this struc-
ture offers a flexible design in device parameters, such as
independent control of the barrier thickness and doping
concentrations. The interband tunneling based on the
InAs/AlSb/GaSbh material system was first demonstrated
by Takacka et al.'® Recently, Luo et al.'* report their ex-
perimental measurements of a InAs/AlSb/GaSb interband
tunneling. A peak-to-valley ratio of 2.7:1 and a peak cur-
rent density of 10 A/cm” at 77 K was reported in their
case. In this communication, we report on the room-
temperature operation {PVR =4.7 and a peak-current
density = 3.5 kA/cm?) of the InAs/AlSb/GaSb single-
barrier interband tunneling diode and their current-
voltage-temperature characteristics.

Figure 1 shows the band diagrams of a single-barrier
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InAs-AlSb-GaSb heterostructure under different bias con-
ditions, The band alignment in this structure was first stud-
ied by Esaki et al.'® The GaSb/AiSb valence-band offset is
assumed to be 0.4 eV. The valence band edge of AlSb is
assumed to be aligned with that of the InAs for simplicity,
since their relative locations are not accurately known at
present.!’ The InAs and GaSb form a broken-gap hetero-
junction, with the conduction band of InAs 0.15 eV lower
in energy than the valence band of GaSb. Provided the
AlSb barrier is thin enough, the electrons can tunnel from
the conduction band of the InAs, through the AISb barrier
intc the valence band of the GaSb, as indicated by an
arrow directed from left to right in Fig. 1(a). Under a
forward bias less than the band overlap, this relatively
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FIG. 1. Energy-band diagram of the InAs/AlSb/GaSb single-barrier in-
terband tunneling diode. {a) At forward bias, the electrons tunnet from
the conduction band (CB) of the InAs layer, through the AlSb barrier
inio the valence band (VB) of the Ga$Sb layer. (b) The bias is increased
to the point that the valence band of the (GaSb layer is pushed down below
the conduction band of the InAs layer. (¢) With ferther increase of the
forward bias, the CB-CB {or VB-VB) tunneling current begins to domi-
nate.
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large band overlap will provide a large tunneling-current
flow. Figure 1{b) shows that as the bias is increased, the
valence band of GaSb is pushed down below the conduc-
tion band of InAs. The electrons of the InAs experience a
very thick barrier to tunnel through, thus reducing the
interband tunneling current. This current transport mech-
apism is qualitatively similar to the homojunction pn-
tunnel diode. With further increases of the forward bias,
tunneling as indicated in Fig. 1{c}, or thermionic-
tunneling current may begin to dominate.

The epitaxial layer structure of our device shown in
Fig. | was grown on a S-doped InAs (100} substrate in
Riber-2300 MBE systern. The system is equipped with a
standard As cell producing As tetramers, and a cracked Sb
cell producing 8b dimers. The substrate was chemically
polished and etched using diluted Bromine-Methanol solu-
tion prior to the epitaxial growth. A 0.5-um-thick InAs
buffer layer was grown at a substrate temperature of 400 °C
with & growth rate of 0.5 pm/h. The flux ratio of As:In was
adjusted to make the reflection high-energy electron
(RHEED) pattern show a streaky (1) reconsiruction.
This conditicn, corresponding to that of intermediate be-
tween {2x4) As-stabilized and (4X2) In-stabilized re-
construction, provides good electrical properties.'® The un-
doped InAs layers show n-type background concenttrations
on the order of 5% 18"° cm ~°. With such a growth condi-
tion, the grown sample exhibits good surface morphology.
After the completion of InAs buffer layer, the substrate
temperature was raised to 450-500 °C and the whole diode
structure was subsequently grown. The diode structure
consisted of 2 5-nm undoped-InAs spacer layer, a 1.5 nm
undoped-AlSb barrier, a 5-nm undoped-GaSb spacer layer
and a 8G-nm Be-doped (2-5> 10" cm ™) GaSb top layer.
Transmission electron microscopy (TEM) measurements
showed that the dislocation density around the active re-
gion in the grown structure ranged from 10° to 10’ cm ~ 2,
which was nearly the same order of density as that of the
starting substrate we used. AlSb and GaSh were grown at
a growth rate of 0.5 pum/h with beam equivalent pressure
{BEP) ratic of Sb to Al or Ga about 3:1. The undoped-
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FIG. 2. Current-Voltage characteristic of the single-barrier tunneling di-
ode at room temperature, showing a peak-to-valley current ratio of 4.7.
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GaSb layers were found to be p-type with a typical carrier
concentration of 10'® cm ™3, Undoped AISb has a rela-
tively high resistivity on the order of 10° & cm. Mesa iso-
lation was formed using chemical etching after alloyed
Au/Be contacts were deposited.

Figure 2 shows the room temperature /-J characteris-
tics for the sample with a 1.5-nm-thick AlSb barrier. The
current bump in the negative differential resistance
(NDR} region results from the circuit oscillation in the
testing set-up. Unlike the double-barrier tunneling struc-
ture, a negative resistance can only be seen at the forward
bias. Under the reverse bias condition, the current is dom-
inated by the electrons tunneling from the valence band of
GaSb through the AlSb into the conduction band of the
inAs. Designations of (a), (b), and (¢} in Fig. 2 corre-
spond to the different forward biases as indicated in Fig. 1.
In Fig. 2, a peak-current density of 3.5 kA/cm® and a
peak-to-valley ratio (PVR) as high as 4.7 at room temper-
ature has been obtained for the diodes with a 60-um-diam
dots. Note that the NDR occurs at about .25 V which is
relatively low compared with that of the resonant tunnel-
ing diode. This low dc operation point reduces the dc
power dissipation, when the device is operated in high-
speed circuits. After the correction for the probe-contact
resistance (typically 1 {1}, the peak current occurs at about
0.12 V. This value is consistent with a band overlap ¢f 0.15
eV between InAs and GaSb.

To study the current transport mechanism in more
detaiis, the 7-¥ characteristics as a funciion of temperature
were measured. Figure 3 shows the variations of the for-
ward currents with temperature ranging from 77 to 300 K
for several different biases in the tunnel dicde. Among the
five biases, 100 and 200 mV correspond to the biases below
the peak-current voltage. As indicated in Fig. 3, the tem-
perature dependence of currents for these two biases is very
weak, suggesting that the current {ransport is dominated
by the tunneling process. This corresponds to the current
component that the electrons from the conduction band of
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FIG. 3. Current-Voltage characteristics as functions of temperature for
five different forward biases.
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the InAs tunnel through the thin AlSb barrier into the
valence band of the GaSb, as indicated in Fig. 1(a). At the
bias of 250 mV (close to the peak-current voltage}, the
current slightly increases with decreasing temperature.
This temperature-dependence can be interpreted by the de-
crease of thermal spreading (in energy) of the electrons,
which would aliow more electrons to participate in the
tunneling process at lower temperature.

At the bias of 450 mV (slightly higher than the valley-
current voltage), the current increases with increasing
temperature. But the temperature-dependence is not as
strong as that of the thermal diffusion process. Since the
barrier in the conduction band is high (1.8 eV), thermionic
currents over the barrier will only give a very small current
contribution. Also as indicated in Fig. 1(b), the electron
tunneling process from the InAs layer is impeded by the
band gap of the GaSb layer (no available states). However,
in the valence band, due to a guite large band bending in
the InAs layer in conjunction with its small band gap, it is
possible that the light holes in the GaSb layer could easily
tunnel through this potential barrier into the valence band
of the InAs layer. This suggests that the hole tunneling
process then is likely the dominating current transport pro-
cess at the bias of 450 mV. At higher bias (560 mV), a
Fowler-Nordheim-type of tunneling may begin to domi-
nate. With an increase in the forward bias, the current is
dominated by electron tunneling from the valence band of
the AlSb to the unoccupied states of the valence band of
the GaSb."?

According to the above analysis, we could suppress the
valley current by growing anocther material, such as
InAlAs, with a larger band gap than InAs on top of the
InAs layer and let the InAs layer be about only 20 nm
thick. In this approach, the band overlap between InAs
and (GaSb is maintained while the effective band gap of the
n-type electrode is enlarged.

In summary we have demonstrated the room-
temperature operation of the InAs/AlSb/GaSb single-
barrier tunnel diode. The current transport mechanism by
the interband tunneling in this structure is similar to that
of a homojunction pn-tunnel diode. However, this struc-
ture eases the need for very heavy doping concentrations
and offers a fiexible control of the barrier thickness. In this
early stage, we have obtained a peak-to-valley current ratio
as high as 4.7 and a peak-current density of 3.5 kA/cm? at
room temperature. We also studied the temperature-
dependence of the current which suggests an improvement
of the peak-to-valley current ratio can be achieved by using
a multilayer " electrode, such as InAlAs/InAs, to sup-
press the valley current. The device performance is ex-
pected to improve by using optimal AlSb barrier thickness.

The authors would like to thank R. J. Fischer, Y. H.
Wang, and W. T. Tsang for providing helpful suggestions
and D. L. Sivco for her help in the crystal growth.
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Photoresponse of ion-beam-deposited Y-Ba-Cu-0 thin films

K. Li, R. Hsiao, and C. Tang
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(Received 8 January 1990; accepted for publication 1 June 1990)

We report on the microstructure and photoresponse of ion-beam-deposited ¥-Ba-Cu-O
granular thin films. High-temperature superconductor thin films of the average composition
YBa, ;Cu, 0, were ion-beam deposited onto yitria-stabilized zirconia and strontium

titanate substrates from a composite target. Post-annealing processes were used to control the
degree of granularity in these films, and led to films which varied in superconducting
behavior. The microstructures of these films were studied by secondary electron microscopy
and Auger analysis. Photoresponse and resistivity were measured as a function of
temperature. We found that the degree of granularity in our films correlates with their
resistivity and photoresponse which are similar to those of epitaxial or granular films.

Sensitive broadband detectors which can operate at
liquid-nitrogen temperature have many technological ap-
plications, but few such detectors are available. Recent
works!™ on thin-film superconductors have the potential
to meet these requirements. In these studies, magnetron
sputtering, electron beam evaporation, and laser ablation
deposition were used to fabricate the thin films, and re-
sulted in films with varying superconducting properties.

Naturally occurring grain-boundary Josephson junc-
tions were reported’ in low-temperature superconductor
BaPbyg 4Big 30, thin films. Most of the current studies on
high-temperature superconductor (HTS) Y-Ba-Cu-O thin
films’™ were on epitaxial films which do not have grain
boundaries. In another approach,’ weak intergrain cou-
plings were reported in granular Y-Ba-Cu-O thin films.
The occurrence of weak links® in a Y-Ba-Cu-O granular
film depends on its favorable microstructure for which few
details have been reported.

In this communication, we looked for favorable micro-
structures for weak-link formations in HTS thin films with
an average composition of YBa, 4Cu, 0,. These films were
fabricated by the ion-beam-deposition approach that
generically’ was used to tailor thin films with unique prop-
erties. We used post-annealing processes to segregate the
nonsuperconducting phases from the superconducting
phase of the films, and this led to films varying in granu-
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farity. The microstructures of these films were analyzed
with scanning Auger microscopy.

Thin films used in this work were sputter deposited
from a sintered oxide target'® of composition
YBa,Cu, O, by a Kauffiman ion-beam source onto yitria-
stabilized zirconia (YSZ) and strontium titanate sub-
strates. The deposition rate was 7 nm/min. The thickness
of the films was 600 nm. The argon pressure during sput-
tering was 9% 107° Torr and the substrates were not in-
tentionally heated during deposition. The as-deposited
films were amorphorous and insulating. Their composition
was YBa,; ;Cu; 0, as determined by inductive coupled
plasma spectroscopy {ICPS)

The microstructure of YBa, sCu; (O, thin films were
changed by controlling the grain nucleation rate and grain
growth rate'! using two different post-annealing processes.
In the siow growth process, films were slowly heated up in
argon to 800 °C over a 50-min time period, and maintained
at 800 °C in oxygen for 4 h, then slowly cooled to room
temperature in 5 h. In the fast growth process, films were
heated up rapidly in helium to 900 °C in 3 min, maintained
at 900 °C for 10 min, and then cooled in oxygen to room
temperature in 5 h. The samples were then coated with
150-nm silver contact pads, and standard four-terminal re-
sistivity measurements were performed in a closed-cycle
cryostat with windows. The photoresponse of current-
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