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Abstract: In double barrier resonant tunneling diodes (DBRTD) as well as in other small period number structures coherent electron transport dominates
the total current through the structure. Since coherent transport is a result of a resonant tunneling phenomenon we can use transmission spectra to derive
current density vs. voltage characteristics. The topic of our study is to improve an initial DBRTD by increasing two of the most important parameters of
RTDs: peak current density and peak-to-valley ratio (PVR) defining a negative differential resistance region. In order to provide assistance in experimental
efforts to design resonant tunneling systems with optimal peaks, both in the transmission spectrum and the current density, we attempt to explore whether
the observations seen for the DB diode hold as well for the triple barrier (TB) diode. In this paper we show that by using TBRTDs with an increased barrier
height improvements of the initial DBRTD structures are possible. We show the influence of broad resonant peaks of an anti-reflection coating in TBRTD
structures on the increase of the peak current density. This extra current density can further compensate an increase of the barrier height that increases
the PVR and the operating temperature of the structure.

Koherentna tokovno-napetostna karakteristika diode z
resonanénim tuneliranjem s tremi barierami kot izboljsava
standardne diode z dvema barierama

Kjuéne besede: Resonandéno tuneliranje, dioda z dvema barierama, dioda s tremi barierami, tokovno-napetostna karakteristika, negativna diferenciaina
upornost

lzvleéek: V strukturah z dvema barierama (DBRTD - Double Barrier Resonant Tunneling Diode) kakor tudi v ostalih strukturah z majhnim stevilom period,
katerih osnovni naéin delovanja temelji na principu resonanénega tuneliranja, previaduje koherenten nadin transporta elektronov po strukturi. Ker je
koherentni transport plod fenomena resonanénega tuneliranja, lahko na osnovi prepustnostnega spektra strukture dolo¢imo odvisnost tokove gostote od
napetosti. Predmet nase raziskave je izboljsati lastnosti neke zacetne DBRT diode tako, da povecamo dva najpomembnejsa parametra diod z resonancn-
im tuneliranjem: vrhnjo tokovo gostoto in razmerje med vrhnjo in dolinsko vrednostjo tokove gostote (PVR - Peak-to-Valley Ratio). Oba parametra v najvedii
meri dolocata obmodje negativne diferencialne upornosti. Z namenom zagotavljanja pomo¢i eksperimentalnim naporom pri nacrtovanju sistemov z reso-
nanénim tuneliranjem, ki bi imeli optimaine vrhove tako v prepustnostnem spektru kot vrhove tokove gostote, smo poskusali raziskati, ali lastnosti DB diod
veljajo tudi za diode s tremi barierami (TB). V tem delu predstavljamo, da lahko z uporabo TBRT diod s povidanimi barierami izboljsamo lastnosti zaCetne
DBRT diode. Prikazujemo vpliv sirokih resonanénih vrhov TBRT diode s protiodbojno zadéito na poveéanje vrhnje tokove gostote, ki omogoci povecanje

vidine barier ter s tem PVR-ja. Diode z vigjimi barierami pa lahko delujejo pri visjih temperaturah.

bandgap, e.g. GaAs, (Fig. 1a). These layers comprise the
emitter and collector region on both sides of the DB, re-
spectively. Barriers are made from a semiconductor with a

1. Introduction

Despite the fact that approximately 30 years have passed

since the pioneering theoretical and experimental work on
resonant tunneling in semiconductor heterostructures by
Esaki, Chang, and Tsu /1, 2/, there is still a significant
amount of research in this field, which is being sparked by
new technical advances in the nanofabrication of these
semiconductor heterostructures /3/ and the potential ex-
ploitation of the physics of resonant tunneling in produc-
ing solid-state devices.

The basic resonant tunneling diode (RTD) device configu-
ration is a double barrier (DB) heterostructure of nanome-
ter dimensions, including two heavily doped semiconduc-
tor contact layers to provide low-resistance made from a
degenerate n-type semiconductor with a relatively small

relatively large bandgap, e.g. AlxGaixAs, and in particular
a positive conduction-band offset Eg with respect to the
smaller bandgap semiconductor. Between the two barri-
ers is the quantum well made again from the smaller band-
gap semiconductor. The structure is explained in terms of
a conduction-band energy diagram since we are interest-
ed in the electron transport process. Because the charac-
teristic dimensions of the DB structure are comparable with
the electron wavelengths, the wave nature of electrons
leads to quantum phenomena such as interference, tun-
neling, energy quantization, etc. /4/. As aresult, resonant
tunneling phenomena occur and form the basis of RTD
operation.
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Conduction-energy-band diagram of (a)
DBRT and (b) TBRT structure. b and w
denotes the barrier and well width,
respectively, while Eg is the barrier height.
For the emitter and collector region Fermi
energy Er is shown. In (b) b’ denotes the
outermost barriers width. z is spatial
coordinate.

Figure 1:

While much of the initial research efforts lie in understand-
ing the physics of resonant tunneling in DB structures, there
has been increased experimental /5/ and theoretical /6/
research on resonant tunneling in triple-barrier (TB) semi-
conductor heterostructures (Fig. 1b). The physics of reso-
nant tunneling in these systems is much more than an ex-
tension of the results of the DB case, since it involves the
coupling of quasibound states between the two adjacent
quantum wells in the semiconductor heterostructure /7,
8/. In particular, while there have been a number of theo-
retical calculations on the physics of resonant tunneling in
DB semiconductor heterostructures in an effort to under-
stand the experimental results /1, 2, 9/, there has been
very little theoretical work on systematic understanding of
the effects of non-equality of barriers and wells (width and
height, respectively) in TB systems /10/. We show that a
colorful range of the transmission spectra and correspond-
ing current densities of different TB structures can be con-
structed. Performed calculations attempt to explore wheth-
er the observations seen for the DB diode also hold for the
TB diode, while providing theoretical assistance in experi-
mental efforts to design resonant tunneling systems with
optimal peaks, both in the transmission spectrum and cur-
rent-voltage characteristic, respectively.

In this paper we study electron transport by using a coher-
entmodel /4, 11, 12/, where particles maintain their phase
coherence across the whole structure before losing ener-
gy in the contacts (transversal energy and phase coher-
ence during the tunneling process are conserved). As a
further approximation we assume that the contacts are
perfectly absorbing. This means that when a particle in-
jected from one side reaches the contact region of the
other side its phase coherence and excess energy are lost
through inelastic collisions with the Fermi sea of electrons
in the contact. Thus we assume that an electron injected

2

from one contact at a certain energy E has a certain prob-
ability T(E) of being transmitted through the barriers, exits
with the same energy and transverse momentum, and fi-
nally is absorbed in the opposite contact, where it loses
the energy and memory of its previous state. In coherent
models electronic conduction in quantum systems is rep-
resented by the Landauer and Blttiker /13, 14/ formula-
tion based on the transmission coefficient T(E,). In this work
we use a scattering matrix model /11/ to calculate T(E,).
The transmission T(E;) as a function of the longitudinal elec-
tron energy is the probability ratio of transmitted and inci-
dent waves of a particular electron state, which is equiva-
lent to the ratio of the transmitied and incident electron
flux, T(Ez) can be calculated from the wave functions avail-
able in the solution of the Schrédinger equation. Current
flow in this picture is essentially the net difference between
the number of particles per unit time transmitted to the right
and those transmitted to the left. The current density can
be evaluated using the Tsu-Esaki formula /2/ that is ob-
tained by summing the current density of each state over
the occupied states multiplied by their transmission proba-

bility:
e 1+exp(%:TEz ]
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(1)
where g is elementary charge, m* effective mass, kg Boltz-
mann’s constant, T temperature, h Planck's constant/ 27,
Er Fermi energy, Ez electron’s energy in the longitudinal
direction, Vapplied bias, and E¢ bottom of the conduction
band. The logarithmic term is sometimes called a supply
function /15/, since it more or less determines the relative
weight of available carriers at a given perpendicular ener-
gy and is obtained by integrating over the transverse mo-
mentum. This results in a three-dimensional treatment of
electron states. In our model space-charge effects are not
considered.

In real devices the difference between the measured and
calculated results for Jp and PVR can become quite signif-
icant, and the voltage range for the occurrence of the Neg-
ative Differential Resistance (NDR) does not correspond
exactly /16/. Part of the latter problem may be explained
by including a series resistance /17/. However, this does
not rectify the other discrepancies, particularly the magni-
tude of Jp which becomes larger than in ideal - coherent
- model /16/. The physical processes involved in RTD
operation are actually much more complex than the pre-
ceding simple description and are especially complicated
by the electron’s interaction with its environment. The ex-
tra valley current represents contributions due to scatter-
ing of electrons /18/. Elastic scattering in RTDs may be
nominally associated with interface roughness at the het-
erojunction interfaces, unintentional doping in the tunneling
region, impurities, and alloy disorder. Inelastic scattering
via phonons and collective excitations do not only break
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the assumption of electron energy and transverse momen-
tum conservation but lead also to loss of total phase co-
herence /11/. The tunneling in both cases can be nolonger
characterized as coherent, since scattering allows relaxa-
tion of the parallel-momentum conservation rule and thus
increases the amount of current that may flow
off-resonance. Therefore, it can be concluded that the or-
igin of the NDR requires energy and momentum conserva-
tion as a condition.

Nevertheless, coherent models representations are in
general sufficient to reveal the idea of RTDs operation,
especially when small period (barrier + well) number struc-
tures /7, 10/ with thin wells and barriers are considered,
sometimes when symmetric structures are studied /19/,
and in all structures where the mean free path of the elec-
trons is larger than the dimensions of the RT structure (long
scattering times) /19, 20/. In these cases scattering can
be neglected and coherent models may be applied /8, 20/.

2. DBRT Diodes

et us start with two DBRT diodes comprised of GaAs/
AlyGai.xAs layers, where the Al composition x was equal to
0.30 and 0.45, respectively. The conduction band offset
(barrier height Eg) for those materials is equal to 0.288
and 0.432 eV, while the widths of one well w (GaAs) and
two barriers b (AlxGai-xAs) were chosento be 3.0 and 3.5
nm, respectively. To account for non-parabolicity due to
the multiband effects present in the structures /21/ we
included in our numerical model energy dependent effec-
tive masses memlE) /22/. The temperature and the differ-
ence between the Fermi energy and the bottom of con-
duction band in a degenerate semiconductor were set to
4.2 K (temperature of liquid helium) and 46 meV, respec-
tively. Throughout this work present set of parameters is
used unless specified differently.

As seenin Fig. 2, with a positive bias applied to the collec-
tor relative to the emitter (contact emitting electrons), the
resonant energy level in the quantum well (E+) approaches
the Fermi energy in the emitter increasing the number of
electrons that can tunnel. By increasing the bias, the Fer-
mi energy passes through the resonant state making a large
current flow due to the increased transmission from the
emitter to the collector. At the same time, the back flow of
carriers from the collector to the emitter is suppressed as
electrons at the Fermi energy in the collector see only a
large potential barrier. At a point where the resonant ener-
gy aligns with the bottom of the emitter conduction band
(Fig. 2b) the number of tunneling electrons per unit area
reaches a maximum. Further bias pushes the resonant level
under the bottom of the emitter conduction band (Fig. 2¢)
and cuts-off the electrons coherently tunneling through this
resonant state. The supply of electrons is than cut-off. The
tunneling current density has therefore a sharp drop from
its peak value giving rise to a pronounced region of NDR.
Afurtherincrease of the bias enables the enhancement of
tunneling through higher resonant levels increasing the

number of current density peaks. Those current peaks are
much higher and wider due to much broader resonant
peaks (RPs), which broaden with increasing energy and/
or bias. For that reason, the NDR region can become very
small. In real devices where scattering is present the NDR
region for higher resonant peaks is rarely observed /16/.
The current peaks are additionally affected by an increas-
ing temperature that lifts up the electron distribution in the
emitter and leads to an increased electron thermionic
emission and tunneling through and above the top regions
of the barriers /23/. Therefore, we concentrated our study
around the first current peak followed by the first NDR re-
gion. This is where RTDs are usually used /16, 24/.
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Figure 2: Conduction-energy-band diagram of DBRT
structure with three different applied
biases.
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Calculated coherent J(V) characteristics of
DBRTD (w =3 nm and b = 3.5 nm) with Al
compositionx = 0.30 (Eg = 0.288 eV) and
x=045(Ep=0432¢eV)atT=4.2Kare
shown by solid and dotted line,
respectively.

Figure 3:
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In Fig. 3 we show the calculated current density vs. volt-
age characteristics for two DBRTDs with different Al com-
positions (x =0.30 and x =0.45) at T = 4.2 K. We can
see that the higher the barriers the smaller the peak cur-
rent density Jp and the higher the Peak-to-Valley Ratio
[PVR = Jp/Jy, where Jy is the valley current density (the
minimum current density following Jp by increasing the
voltage)} (Table 1). The reasons can be found in the trans-
mission spectrum (TS) of the structures. They show that
higher barriers (HB) lead to sharper resonant peaks, al-
though the number of resonant peaks in the quantum well
is increased /12/. For most applications /24/, NDR de-
vices such as RTDs should exhibit high Jp and PVR. They
both depend physically on the Fermi energy in the emitter
and hence the doping there as well as on the temperature
/12, 23/. By increasing either of them Jp would increase,
while the PVR would decrease until the NDR effect would
completely vanish. The reason is in an increase of the res-
onant tunneling current through higher energy levels,
non-resonant currents between the resonant levels, and
thermionic emission over the barriers /12/.

For RTDs basically three parameters are important: Jp, PVR,
and Voltage Peak-to-Valley Ratio (VPVR) (Table 1). The lat-
ter is defined as a ratio between the voltage at Jp (peak
voltage Vp) and at Jy (valley voltage V) (VPVR = Vp/Vy,).
Therefore, the higher the VPVR (approaching toward uni-
ty) the steeper the NDR region (with respect to the PVR). A
high VPVR is very important for fast logic circuits /25, 26/.

Table 1: Jp, PVR, Vp, and VPVR of DBRTDs from Fig. 3.

x 1 Jp[10° AJem?] PVR  Vp[mV]  VPVR

030 093 2018 238 | 064

0.45 0.27

9620 296 | 0.67

By using the coherent model we studied different TBRTDs
and compared them to DBRTDs. Our main goal was to
find a structure, either with two or three barriers, where at
the same time the Jp and the PVR would be higher than in
the initial (first considered) DBRTD. If possible, in the real
device scattering mechanisms should be reduced also
compared to the initial DBRTD.

3. TBRT diodes

By studying the coherent picture of TBRTDs the operating prin-
ciples of DBRTD can be followed. Usually, TBRTDs are used
for generating muitiple NDR characteristics for multiple-valued
logic circuits /25, 26/. In our study the TBRTDs were used in
ordertoimprove the coherent J(V) characteristic of the DBRTDs.
The novel idea was to vary the width of the two outermost bar-
riers b’ of TBRTD structures (Fig. 1b).

In coherent models most of the physical behavior is repre-
sented by the transmission spectrum. Fig. 4 shows the

4

transmission spectrum of GaAs/Alg.3Gag 7As TBRTDs,
where the outermost barriers width b’ is varied from 0.4 to
4 nm. From the figure it is evident that for thicker outer-
most barrier widths there are two resonant peaks with a
transmission probability equal to unity. As b’ decreases,
the two peaks forming a quasi-miniband gain stronger cou-
pling. This means that the peaks lie closer to each other,
while the valley value between them increases. At a point
where b’ becomes equal to one half of the central barrier
width (b" = b/2 ~ in our case 1.75 nm) both peaks join
and form a single resonant peak with a transmission prob-
ability equal to unity. Such a b’ was presented as an
Anti-Reflection Coating (ARC) /27 /. We name the whole
structure “ARC-TBRTD”. By further decreasing b’, the two
resonant peaks coupled in one peak start loosing their high
transmission probability as well as their sharpness (loos-
ing Lorentzian line-shape /28/).
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Transmission spectrum for GaAs/
Alo.3Gap.7As TBRTDs withw = 3 nm,

b = 3.5 nm and b’ varies from 0.4 to 4 nm
(no applied bias).

Figure 4:

Another very important parameter for studying TBRTDs is
the area under the resonant peaks. In Fig. 5 the area is
shown for the structures in Fig. 4 (the area is taken be-
tween the energies where the transmission coefficient
equals 15%). For real device applications the structure
should exhibit the highest Jp with respect to as high PVR
as possible. Since a high area under the resonant peaks
results in a high Jp the ARC structures with the highest
area are one of the most promising structures. Beside that,
the ARC structures can have a relatively high PVR. The
reasons lie in the TS. In the ARC structure two coupled
resonant peaks form one resonant peak that is much broad-
er than the single resonant peak of the DBRTD, while it is
still very steep and has a high transmission probability (Fig.
4). This has many effects on J(V) characteristics of real
devices. First of all, the structures can operate at higher
temperatures while still exhibiting an NDR region [for
x = 0.30 structures, going from 4.2 to 300 K, the PVR of
the ordinary (b’ = b = 3.5 nm) TBRT device decreases by
57%, while for the ARC-TBRTD (b’ = b/2 = 1.75 nm) it
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decreases for only 9%; the PVR of the DBRT decreases
by 63%] /23/. Next, since elastic scattering additionally
broadens the resonant peaks in the TS, real devices with
broader peaks are relatively less affected by the scattering
/12/. For this reason, the operating temperature of the
ARC-TBRTD devices can be further increased. In the con-
trary, for outermost barrier widths smaller than b/2, the
shape of the resonant peaks (Fig. 4) changes in a way that
non-resonant currents are increased (currents not pass-
ing through the resonant peaks). The structures can be
therefore used only at low temperatures /23/. Finally, b’
of the structure should not be too small in order to main-
tain a steep NDR region (Fig. 6).

Resonant peaks area [meV]

5 A + t ¢ } t : 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Qutermost barrier width 4’ [nm]

Figure 5: Area of resonant peaks from Fig. 4 vs. b’ at
zero bias.
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Figure 6:

In Fig. 6 we show coherent J(V) characteristics of TBRT
diodes with different b'. It is evident that as b’ decreases
the NDR region gets less pronounced, making the struc-
tures less interesting as RTD devices /29/ (Table 2).

Table 2: Jp, PVR, Vp, and VPVR of TBRTDs from Fig. 6.

blnm] |Jp [10° A/em?] | PVR | 5 [mV]| VPVR
0.4 6.85 222 | 480 0.57
0.65 7.30 3.49 | 488 0.58
1.25 6.00 2.71 480 0.85
1.75 4.22 376 | 464 0.86
2.5 2.18 6.14 436 0.86
35 0.80 10.32] 402 0.85
4 0.46 12.49| 388 0.84

Since the VPVR of the DBRTD that we use in our study as
an initial device is not a critical parameter (0.64 forx = 0.3
and 0.67 for x = 0.45) and can be easily obtained with
TBRTDs, our detailed analyses concentrate on Jpand PVR,
respectively (Fig. 7).

From the study of Jp in Fig. 7a it can be concluded that by
changing b’ the current density peak varies. By decreas-
ing b’ the Jpincreases until it reaches a maximum and starts
decreasing. For small temperatures /23/ (like in our case
where T = 4.2 K) the maximum Jp is not necessarily
achieved for the ARC structure (Fig. 7a). This is due to the
splitting of the coupled resonant peaks, although the area
of the peaks for zero field has a maximum there (Fig. 5).
The same holds for the PVR /23/. From Fig. 7b it is evi-
dent that by decreasing b’ the PVR decreases up to a point
where it has a sudden and sharp increase, and after which
it decreases again. For TBRTD structures with x = 0.30
the increase of the PVR is at approximately b’ = 0.85 nm,
which means that the best trade-off between the Jp and
PVR is not achieved for an ARC structure (b’ = b/2). By
increasing the height of the barriers (in order to maintain a
direct semiconductor x must not be higher than 0.45 in
the AlxGa1.xAs system) the increase of the PVR shifts to
higher b’. Our detailed analyses showed that by increas-
ing x the highest PVR is achieved for b’ = b/2 (in our case
b =1.75 nm for x = 0.45). This means that also for lower
temperatures the ARC structures can exhibit the best
trade-off between the Jp and the PVR.

The reason for the sudden increase of the PVR can be
again found in the TS. We have already explained that in
the TBRTDs the two resonant peaks couple and form sin-
gle peak. When a bias is applied these coupled peaks start
to split. For that reason the J(V) characteristics can exhibit
more current peaks with different heights and widths. These
peaks shift their position by changing &', All this has a big
influence on the valley currents. They are composed of
the resonant currents as well (the calculated coherent char-
acteristics match better to the measured results) /30/. In
this way for a range of b’ higher PVRs can be achieved.
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Figure 7: (a) Jp and (b) PVR vs. b’. In both plots the

horizontal lines show values of the DBRTDs
with diff>rent Al composition (different Eg),
while symbols connected with an
eye-guide line represent the values
calculated for the TBRTDs (again for two
different Eg). Gray shaded areas show the
outermost barrier widths region

(0.9 nm <b’< 1.75 nm), where the TBRTDs
with x = 0.45 exhibit an improved
characteristics with respect to the DBRTD
withx = 0.3. (T =4.2 K)

4. Comparison of structures

Consider the DBRTD with x = 0.3 (solid horizontal line in
Fig. 7a and b) as an initial structure and compare it to the
TBRTDs with different b’ and x = 0.3 as possible improve-
ments (circles in Fig. 7 connected with a solid eye-guide
line). We can see that for b’ < 3.35 nm the Jp of the TBRTD
is higher than 93 kA/cm? but the PVR is in the whole stud-
ied range smaller than 20.18 (values of Jp and PVR are for
the DBRTD - Table 1). The same is for higher b’, where
the PVR of the TBRTDs becomes higher than in the DBRTD
(not shown in the Fig. 8) but the Jp becomes smaller. There-
fore, it can be concluded that from a coherent point of
view by changing only b of the TBRTDs it is not possible to

6

construct a structure that would exhibit higher Jp and PVR
(at the same time) as they are in the DBRTD with the same
b, w, and Ep.

In order to find a structure with improved J(V) characteris-
tics we increased the barrier height. The dashed horizon-
tal lines in Fig. 7 show Jp and PVR of the DBRTD with
x = 0.45 (Table 1). While the PVR of the latter structure
equals 86.20 and is much higher than in the DBRTD with
x = 0.3 this is not true for the Jp, which is now only 27 kA/
cm?. So again, the DBRTD with x = 0.3 cannot be improved
by increasing £ alone.

Finally, we increased Eg of the TBRTDs (x = 0.45) (dia-
monds in Fig. 7 connected with a broken eye-guide lines).
It can be seen that the peak current densities decrease
andthe PVRs increase (a linearly increasing Eg resulis in a
linearly decreasing Jp and an exponentially increasing PVR.
This makes structures with higher barriers more interest-
ing as devices /23/). The results of the comparison show
again that no TBRTD with x = 0.45 has higher Jp and PVR
at the same time than the DBRTD with x = 0.45. But on
the other hand, a comparison between the TBRTDs with
x = 0.45 and the initial DBRTD with x = 0.3 shows that for
b’ between 0.9 nm and 1.75 nm the Jp as well as the PVR
are higher. Only in this way we have at the same time man-
aged to increase the Jp and the PVR of the DBRTD with
x = 0.3 by using the ARC-TBRTD with x = 0.45 from 93 kA/
cm? and 20.18 to 220 kA/cm? and 46.22, respectively.
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Figure 8: Calculated coherent J(V) characteristics of

DBRTD, TBRTD, and ARC-TBRTD all with
x = 0.3, and ARC-TBRTD with x = 0.45
(HB); T=4.2K.

Fig. 8 shows the final comparison of the coherent J(V)
characteristics between the initial DBRTD with x = 0.3 and
the different TBRTDs that were studied in order to find an
improved RTD [TBRTD and ARC-TBRTD both with x = 0.3,
and ARC-TBRTD(HB) with x = 0.45]. It can be seen that
for all TB structures the current density peak emerges at
higher biases than for the DB structure and that for the
structure with higher barriers the peak lies at even some
additional bias. It is important to note that all TBRTDs ex-
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hibit steeper NDR region than the DBRTD, which is advan-
tageous in fast logic circuits /29/.

Our quest to find an improved structure treated many RTDs
with different well and barrier widths. The results show that
an improvement of J(V) characteristics is possible only for
structures where the barrier width slightly exceeds or is
approximately equal to the well width.

5. Conclusions

The most important parameters of RTDs are a high Jp and
a high PVR. Both are usually predefined by the device spec-
ifications and are especially hard to meet at higher tem-
peratures (200 K and more). The key idea of this paper is
how to use TBRTDs in order to improve the coherent J(V)
characteristics of DBRTDs. For that reason we have stud-
ied different double and triple barrier structures by means
of coherent modeling approach, which is applicable for
low temperatures. From our analyses it can be concluded
that the coherent current-voltage characteristic of the
DBRTD cannot be improved only by using the TB struc-
tures by itself, nor only by increasing the barrier height. In
order to increase both, the Jp and the PVR of the DBRTD,
TB structures with different outermost barrier widths and
increased barrier height have to be considered.
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