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Room-temperature current-voltage characteristics in AlAs-GaAs-AlAs double-barrier
structures: Calculations using a bond-orbital model

Jiann-Shing Shyu
Physics and Chemistry Department, Chinese Military Academy, Feng-Shan, Kaohsiung, Taiwan, Republic of China

Jih-Chen Chiang
Department of Physics, National Sun Yat-sen University, Kaohsiung, Taiwan, Republic of China

~Received 19 October 1998; revised manuscript received 5 February 1999!

This paper reports the current-voltage characteristics of the AlAs-GaAs-AlAs double-barrier structures
~DBS’s! grown along the@001# and@111# directions at room temperature, within a fourth-neighbor bond-orbital
model. We demonstrate that at room temperature the resonant-tunneling current is dominated by theL-valley
electrons instead ofG-valley electrons for an AlAs-GaAs-AlAs DBS with barrier widths of;3 nm or more.
We also demonstrate that at room temperature not only the peak current but also the peak-to-valley ratio can
be significantly improved by orienting the materials along the@111# direction, due to theG- and L-point
orientation effects.@S0163-1829~99!03727-3#
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I. INTRODUCTION

The AlAs/GaAs material systems have been investiga
intensively for potential device applications of resona
tunneling phenomena.1–3 Most of studies to date of AlAs
GaAs resonant-tunneling devices have considered mate
grown along the@001# direction, that is, on substrates wit
the @001# crystal orientation. Recently, Luoet al.3 reported
that a@111#-oriented AlAs-GaAs-AlAs double-barrier struc
ture ~DBS! consisting of 2.8 nm barriers and an 8 nm w
shows a significant improvement in the peak-to-valley ra
~PVR! at both 77 K and room temperature, compared to
@001#-oriented DBS’s with similar well and barrier layer
The above phenomenon was attributed to the increased
fective mass of theX minima that contribute to the inelasti
G-X-G tunneling current,3 i.e., theX-point orientation effect.
This orientation effect is clearly very important, since t
inelastic ~and elastic! G-X-G tunneling may give dominan
contribution to the valley current at low temperatures.4–7 Re-
cently, we found that not only theG electrons but also theL
electrons may give dominant contributions to the tunnel
current at room temperature.8 Thus, to understand why th
@111#-oriented DBS is superior to the@001#-oriented DBS at
room temperature, we calculate the current-voltage (J-V)
characteristics at room temperature for the@001#- and@111#-
oriented AlAs-GaAs-AlAs DBS’s, and compare our resu
with those as reported in Ref. 3. We find that at room te
perature not only the peak current but also the PVR can
significantly improved by orienting the materials along t
@111# direction, due to theG-point andL-point orientation
effects.

To study the resonant-tunneling characteristics of
AlAs-GaAs-AlAs DBS’s at room temperature, we develop
five-band fourth-neighbor bond-orbital model~FBO!. In this
paper, we shall demonstrate that this model is a very g
model for studying the resonant-tunneling characteristics
the AlAs-GaAs-AlAs DBS at room temperature, since it c
reproduce very accurate lowest conduction-band struc
near theG and L points. The unpublished four-band FB
PRB 600163-1829/99/60~3!/1799~8!/$15.00
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model8 ~TBO is a misprint in Ref. 8.! is also a good and
efficient model for calculating theJ-V characteristics of the
AlAs-GaAs-AlAs DBS at room temperature; however, it ca
not very accurately describe the AlAs light-hole band ani
tropic behavior, which is very important for studying th
G-point orientation effect. The theoretical calculation
which included only the elastic-tunneling current contribut
from theG-valley electrons, may yield much smaller valle
current than the experimental results and, therefore,
tremely overestimate the PVR by about a factor of 100
more at room temperature.9–11 Even for those theoretica
methods5–7 that take into account both elasticG-G-G and
G-X-G tunneling currents, as we know, they may also yie
much smaller valley current than the experimental result
room temperature. In this paper, we shall also illustrate
physical origin for the appearance of a shoulder structure
the J-V characteristics of the@001#-oriented DBS as shown
in Fig. 2~c! of Ref. 3; we shall also explain why the be
room-temperature PVR in the pseudomorph
In0.53Ga0.47As/AlAs/InAs diodes is much better than that
the GaAs/AlAs diodes,2,12 and why the negative differentia
resistance may not be observed at room temperature in
AlAs-GaAs-AlAs DBS with thick AlAs barriers~e.g., .3
nm!.9

II. THEORETICAL METHOD

To calculate theJ-V characteristics of the AlAs-GaAs
AlAs DBS’s grown along@001# and@111# directions at room
temperature, we use the five-band FBO model that descr
the lowest conduction band and valence bands in term
linear combination of antibonding and bonding orbitals. O
s-like antibonding orbital, ones-like bonding orbital, and 3
p-like bonding orbitals per unit site~i.e., per bulk unit cell!
for a face-centered cubic lattice are used. The Hamilton
H0(k) for a bulk semiconductor is given in the Appendix.
should be noted that in the HamiltonianH0(k), the third-
neighbor interactions are not taken into account. This will
discussed later in the Discussions section.
1799 ©1999 The American Physical Society
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1800 PRB 60JIANN-SHING SHYU AND JIH-CHEN CHIANG
In our model, a DBS can be viewed as a stack of infin
number of diatomic layers along the growth direction.
Bloch sum with in-plane wave vectorki of bond orbital
within the l th diatomic layer is denoted byu la,ki&, where
a5s8,s,x,y,z denotes the symmetry type of bond orbita
We divide the DBS into three regions: a semi-infinite bu
like region on the left, a semi-infinite bulklike region on th
right and a central double-barrier region. Sinceki is a good
quantum number, the eigenstate of the entire structure
be written asuC&5( laFlau la,ki&. Since the FBO model is a
second-layer orbital model13 for @001#- and @111#-oriented
DBS’s the Schro¨dinger equation (H2E)uC&50 can be writ-
ten in the layer-orbital basis as

H̄ l ,l 22Fl 221H̄ l ,l 21Fl 211H̄ l ,lFl1H̄ l ,l 11Fl 111H̄ l ,l 12Fl 12

50, ~1!

whereH̄ l ,l andH̄ l ,l 8 are 535 matrices and they are truncate
at a fourth-neighbor distance.Fl denotes a five-
dimensional column vector whose components areFla . The
elements of matrix H̄ l ,l 8 are (H̄ l ,l 8)aa85^ la,kiuH
2Eu la8,ki&.

The boundary conditions for this problem are such t
there is a known incoming plane wave from the left, u
known bulk states transmitting or decaying to the right, a
unknown bulk states reflecting or decaying to the left. A bu
state associated with energyE and complex vectork3 may be
described byuk3&5( laBlau la,ki&, where the tight-binding
coefficients Bla must obey the relationBl5eiksa8Bl 21 ,
wherea8 is the distance between two adjacent diatomic l
ers. Using this relation and Eq.~1!, the complex wave vecto
and their associated bulk states can be obtained by sol
the related eigenvalue problem for the transfer matrix.14

For a given incoming plane wave~denoted byi! incident
from the left, the wavefunctions in the left~L! and right~R!
bulk regions can be expressed in terms of the bulk state

uC;L&5I i uk3,i ;L&1 (
j PL

r j uk3,j ;L&, ~2!

uC;R&5 (
j PR

t j uk3,j ;R&, ~3!

whereL andR denote the sets of outgoing waves that pro
gate~or decay! to the left and right, respectively. The tran
mission and reflection amplitudest j andr j can be solved by
substituting Eqs.~2! and ~3! into Eq. ~1! and matching the
boundary conditions. An efficient numerical method to so
the problem can be found in Ref. 11 for a bond-orbital mo
with nearest-neighbor interactions. Here the procedure u
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is similar, but complicated by the existence of fourt
neighbor ~or second-layer! interactions.13 The transmission
coefficient for an incident plane-wave~labeledi! now can be
found by the expression

T~E,ki!5(
j 51

NP

ut j~E,ki!u2
uv j~E,ki ;R!u
uv i~E,ki ;L !u

, ~4!

whereNP is the total number of transmitted bulk plane-wa
states, andv i(E,ki ;R) andv j (E,ki ;L) are the group veloci-
ties of the incident and transmitted bulk propagating sta
The tunneling current density is related to the transmiss
coefficient by15

J5
e

4p3\ E T~E,ki!@ f ~E!2 f ~E1eV!#dE'd2ki , ~5!

whereV is the voltage difference across the DBS,f (E) is the
Fermi distribution of the incident electron population.

III. RESULTS

For an AlAs-GaAs-AlAs DBS, not only theG point but
also theL-point profiles show a double-barrier configuratio
~see Fig. 1!; and theL-point offset between AlAs and GaA
is about 0.1 eV while theG-point offset between AlAs and
GaAs is about 1 eV. The@001#-oriented AlAs-GaAs-AlAs
DBS studied in this paper~i.e., the @001#-oriented sample!
consists of 2.8 nm~10 diatomic layer! barriers and a 7.9 nm
~28 diatomic layer! well; and the@111#-oriented DBS studied
here ~i.e., the@111#-oriented sample! consists of 2.9 nm~9
diatomic layer! barriers and a 7.8 nm~24 diatomic layer!
well. For convenience, in this paper we denote the tunne
current densities due to the incidentL-valley electrons and
G-valley electrons as theJL and JG , respectively. We also

FIG. 1. Schematic potential profiles for an AlAs-GaAs-AlA
DBS.
TABLE I. Interaction parameters for GaAs and AlAs. All parameters are in units of eV.

Es8 Ep Us8s8 Us8x Uzz Uxx Uxy Vs8s8 Vs8x Wsx

GaAs 2.148 23.048 20.054 0.443 20.069 0.419 0.450 0.030 20.349 20.1
AlAs 2.822 22.723 20.020 0.340 20.074 0.368 0.415 0.071 20.266 0.1

Ws8x Wxx Wzz Es Uss Vss Wss Usx Ws8s8
GaAs 0.070 20.039 0.070 210.3 20.170 0.008 20.02 0.210 20.014
AlAs 0.094 20.053 0.124 210.0 20.138 0.004 20.02 0.200 20.003
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PRB 60 1801ROOM-TEMPERATURE CURRENT-VOLTAGE . . .
use the conduction-band minimum energy of bulk GaAs~de-
notedEG

GaAs) as our reference energy. The interaction para
eters for AlAs and GaAs materials are listed in Table I.

In Fig. 2, the solid lines represent the real band structu
of bulk GaAs calculated using the five-band FBO model. I
clear that this model can reproduce fairly accurate vale
band structures in the whole Brillouin zone, and very ac
rate lowest conduction-band structure near theG and L
points. This indicates that the tunneling currents contribu
from theG-valley andL-valley electrons are included in thi
model for the calculations of theJ-V characteristics. How-
ever, theG-X-G tunneling5 cannot be included in the calcu
lations, since theX-point conduction-band minima are no
accurately described by the five-band FBO model. Fo
nately, for the present DBS’s, theG-X-G tunneling does not
give very important contribution to theJ-V characteristics a
room temperature and, therefore, the five-band FBO mod
a good approximation for calculating theJ-V characteristics
at room temperature. This will be further discussed later
may be worth pointing out that, as shown by the dotted lin
in Fig. 2, the eight-band FBO model~which is unpublished!
can reproduce a very accurate lowest conduction band in
whole Brillouin zone; however, it takes extremely long com
puter time for calculating theJ-V characteristics. The effec
tive masses in GaAs are taken to bemG* 50.065m0 , mL,l*
51.9m0 , mL,t* 50.075m0 , and mlh

00150.076m0 .16 Here mG*
is theG valley electron effective mass;mL,l* andmL,t* are the
longitudinal and transverseL-valley electron effective
masses, respectively; andmlh

001 is the light-hole band effec
tive mass in@001# direction.

In addition to the real band structures of bulk AlAs~solid
lines!, the purely imaginary conduction to light-hole ban
~labeled C-LH!, which connects the conduction-band min
mum with the light-hole band maximum, are also shown
dotted lines in Fig. 3. Evidently, the AlAs C-LH band exhib

FIG. 2. Real band structures of bulk GaAs calculated from fi
band FBO model~solid lines! and eight-band FBO model~dotted
lines!.
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its an anisotropic behavior: For a fixed energy, the imagin
k of AlAs C-LH band in @111# direction is clearly smaller
than that in@001# direction. The C-LH band exhibits an an
isotropic behavior because its state is a mixing state of
isotropic conduction band and anisotropic light-hole ba
The C-LH band anisotropy is strong in AlAs since
AlAs mlh

111 is much smaller thanmlh
001. The effective masses

in AlAs are taken to bemG* 50.15m0 , mL,l* 51.9m0 , mL,t*
50.096m0 , mlh

00150.15m0 , andmlh
11150.1m0 .16

Figure 4 shows the calculated transmission coefficie
~T! caused by the incidentG-valley electrons withki

5(0,0), for the @001#-oriented ~solid lines! and @111#-
oriented ~dotted lines! samples. The resonance-peak stru
tures are labeled asGn (n51,2, . . . ), whereGn represents
nth G-point quasibound state. It is clear that for eachG (G1
or G2) resonance-peak structure, the integrated transmis
coefficient~transmission coefficient integrated over the in
dent electron energies! of the @111#-oriented sample is sig
nificantly larger than that of the@001#-oriented sample, due
to the AlAs C-LH band anisotropic behavior. This implie
that for an AlAs-GaAs-AlAs DBS, the resonant-tunnelin
current caused by the incident electrons derived from thG
valley can be significantly improved by orienting the grow
direction from@001# to @111#. We refer to this phenomeno
as the AlAs C-LH band anisotropic effect, or theG-point
orientation effect.

Figure 5 shows the calculated transmission coefficie

-

FIG. 3. Complex band structures of bulk AlAs.

FIG. 4. Calculated transmission coefficients~T! caused by the
incidentG-valley electrons withki5(0,0).
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caused by the incident electrons derived from theL valley
located atk5(p/a)(1,1,21). The solid line is obtained
with ki5(p/a)(0.5, 0.5) for the @001#-oriented sample,
while the dotted line is obtained withki5(p/a)(2/A6,0) for
the @111#-oriented sample~Please refer to Fig. 1 of Ref. 13!.
The resonance-peak structures are labeled asLn (n
51,2, . . . ), where Ln representsnth L-point quasibound
state. Please note that, due to symmetry, the transmis
spectra associated with three other equivalentL valleys in the
@001#-oriented sample@which are located atk5(p/a)
(21,1,1), (p/a)(1,21,1), and (p/a)(1,1,1)# are identical
to the solid curve, and those associated with two ot
equivalentL valleys in the@111#-oriented sample@which are
centered atk5(p/a)(21,1,1) and (p/a)(1,21,1)# are
identical to the dotted curve shown here. As for the transm
sion probability of the incident electrons derived from theL
valley located atk5(p/a)(1,1,1) in the @111#-oriented
sample, it is very weak since the tunneling effective mas
as heavy as 1.9m0 . Thus, we conclude that in a@111#-
oriented AlAs-GaAs-AlAs DBS only threeL valleys, instead
of four in a@001#-oriented DBS, give significant contributio
to the tunneling current.

In Fig. 5, it is seen that in each~@001#- or @111#-oriented!
sample, the integrated transmission coefficient for theL2
resonance-peak structure is much larger than that for theL1
resonance-peak structure. This means that in each sam
the JL is dominated by the resonant-tunneling via theL2
quasibound state. It is also seen that the integrated trans
sion coefficient for theL2 resonance-peak structure in th
@111#-oriented sample is larger but not much larger than~is
about 1.4 times as large as! that in the@001#-oriented sample.
This indicates that theL valley located atk5(p/a)(1,1,
21) in the @111#-oriented sample provides stronger but n
much stronger tunneling current than that in the@001#-
oriented sample. Moreover, in a@111#-oriented DBS only
threeL valleys give significant contribution to the tunnelin
current. Thus, we expect that the second peak current de
~i.e., the peak current density due to resonant-tunneling
the L2) of the JL in the @111#-oriented sample should b
larger, but only slightly larger than that in the@001#-oriented
sample. We refer to this phenomenon as theL-point orienta-
tion effect. Note that the integrated transmission coeffici
for eachL (L1 or L2) resonance-peak structure in the@111#-

FIG. 5. Calculated transmission coefficients caused by the i
dent electrons derived from theL-valley located at k
5(p/a)(1,1,21).
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oriented sample is larger than that in the@001#-oriented
sample simply because the tunneling effective mass i
@111#-oriented DBS is smaller than that in a@001#-oriented
DBS.

Figure 6 shows theJ-V characteristics of~a! the @001#-
oriented and ~b! the @111#-oriented AlAs-GaAs-AlAs
samples at 300 K. The dashed line stands for theJL compo-
nent; the dotted line represents theJG component; and the
solid line is theJS , i.e., the sum of the two contributions
The chemical potential used here is 0.04 eV. In Fig. 6~a!, it is
clear that the solid curve exhibits a double-peak structure
which the first one is stronger than the second one. T
stronger one is caused by the tunneling via theG1 , while the
weaker one is caused by the tunneling via theL2 ~please
refer to Figs. 4–5!. We believe that the weaker one may b
replaced by a shoulder structure as shown in Fig. 2 of Re
if inelastic tunneling effects are also taken into account
our calculations. The weaker peak structure~or the shoulder
structure! cannot be observed in the@111#-oriented sample
@see also Fig. 2~a! of Ref. 3#, since the background curren
due to resonant tunneling via theG2 increases very rapidly
near the second peak voltage of theJL component.

In Fig. 6, it is found that the peak current density of theJS
in the @111#-oriented sample is significantly larger than th
in the @001#-oriented sample, even though the peak curr
density contributed from theJL component in the@111#-
oriented sample is smaller~about 90 Å/cm2 smaller! than that
in the @001#-oriented sample~see the dashed lines!. This
clearly results from theG-point orientation effect, since the
peak current density of theJG component in the@111#-
oriented sample is much larger~about 390 Å/cm2 larger! than
that in the@001#-oriented sample~see the dotted lines!. It is
also found that in each sample~@001#-oriented or @111#-
oriented sample!, the valley current density of theJS is
nearly the same as the second peak current density of thJL
component. This can be understood by the fact that in e
sample, the valley current density of theJS is dominated by
the JL component and the second peak voltage of theJL
component is very close to the valley voltage of theJG com-
ponent. In addition, the second peak current density of theJL
component~i.e., peak current density due to tunneling via t
L2) in the @111#-oriented sample is only slightly larger tha
that in the @001#-oriented sample~see dashed lines!, as a

i- FIG. 6. The current-voltage characteristics of~a! the @001#-
oriented and~b! the @111#-oriented AlAs-GaAs-AlAs samples a
300 K. Here,V denotes the voltage across the DBS.
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PRB 60 1803ROOM-TEMPERATURE CURRENT-VOLTAGE . . .
result of the L-point orientation effect. Thus, due to th
L-point orientation effect, the valley current density of theJS
in the @111#-oriented sample should be approximately eq
to that in the@001#-oriented sample. As expected, in Fig.
we do find that the valley current of theJS in the @111#-
oriented sample is about the same as that in the@001#-
oriented sample. From the above discussions, we conc
that at room temperature not only the peak current den
but also the PVR in a@111#-oriented AlAs-GaAs-AlAs DBS
are better than those in a@001#-oriented DBS with similar
well and barrier layers, due to theG-point andL-point orien-
tation effects. This conclusion is confirmed by the fact th
our PVR’s ~2.1 for @111#- and 1.3 for@001#-oriented DBS!
are in very good agreement with the experimental res
~1.8 for @111#- and 1.2 for@001#-oriented DBS! as reported in
Fig. 2 of Ref. 3. This satisfactory agreement also indica
that the elasticL-L-L and G-G-G tunneling currents give
dominant contributions to theJ-V characteristics for the
present DBS’s at room temperature. Certainly, the satis
tory agreement in PVR’s also implies that the five-band F
elastic-tunneling model, which can very accurately descr
the lowest conduction-band structure near both theG andL
points, is a very good approximation for studying t
resonant-tunneling characteristics of the AlAs-GaAs-Al
DBS at room temperature.

IV. DISCUSSIONS

In Ref. 8, we predicted that, due toL-electron effect, the
tunneling current at room temperature may be dominated
the L electrons instead ofG electrons, if the AlAs barriers
become thick enough~e.g.,.3 nm!. As expected, in Fig. 6
we do find that the second peak current density of theJL
@denotedJp(L2)# is significantly larger than the first pea
current density of theJG @denotedJp(G1)# in the J-V char-
acteristics of the@001#-oriented sample~barrier width: 2.8
nm!. This clearly confirms our prediction reported in Ref.
To understand why the resonant-tunneling current at ro
temperature is indeed dominated by theL electrons for an
AlAs-GaAs-AlAs DBS with thick barrier widths~.3 nm!,
we shall estimate the ratio ofJp(L2) to Jp(G1) for the @001#-
oriented sample. It is known that the current densityJ is not
only related to integrated transmission coefficient~ITC! but
also related to the two-dimenional density of states~DOS!
and thermal occupationf (E) @please refer to Eq.~5!#. Thus,
Jp(L2)/Jp(G1) at room temperature can be easily estima
by8

Jp~L2!

Jp~G1!
'

e2@EL
GaAs

2m~T!#/kT

1
3

~DOS!L

~DOS!G
3

~ ITC!L

~ ITC!G

'
e2~290240!/30

1
3

20

1
3

300

1
.1, ~6!

where the GaAs conduction-band minimum energy aL
point (EL

GaAs) is about 290 meV,16 and the chemical potentia
m(T) are assumed to be 40 meV. Clearly, at room tempe
ture theL electrons are very important in AlAs-GaAs-AlA
DBS system, because (DOS)L@(DOS)G , (ITC)L

@(ITC)G , and EL
GaAs is only about 0.29 eV higher tha

EG
GaAs. Moreover, (ITC)L /(ITC)G increases rapidly with in-
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creasing barrier widths, because theL-point barrier height
(DEL'0.1 eV) is much smaller than theG-point barrier
height (DEG'1 eV). Thus, we conclude that for an AlAs
GaAs-AlAs DBS with thick barrier widths~.3 nm!, the
resonant-tunneling current is indeed dominated by the ela
L-L-L tunneling instead of theG-G-G tunneling at room tem-
perature. This explains why the NDR may not be observe
room temperature in an AlAs-GaAs-AlAs DBS with thic
AlAs barriers~.3 nm!.9 Note that in AlAs-GaAs-AlAs DBS
system, theL-valley electrons have significant contributio
to the valley current at room temperature, mainly because
L-valley minimum is only about 0.29 eV~see Ref. 16! higher
than theG-valley minimum in GaAs bulk regions. This ex
plains why the best room-temperature PVR in the Ga
AlAs diodes~3.5! is much smaller than that in the pseud
morphic In0.53Ga0.47As/AlAs/InAs diodes ~30!,2,12 since in
In0.53Ga0.47As theL-valley minimum is about 0.7 eV highe
than theG-valley minimum.

From the above discussions, we understand thatf (E),
DOS, and ITC are three dominant factors for calculating
J-V characteristics at room temperature. Our FBO mo
reproduces very accurate band structures near theG and L
points and, therefore, provides very accuratef (Ea),
(DOS)a , and (ITC)a (a5L,G). This explains why our
model works so well with experimental results in AlAs
GaAs-AlAs DBS system at room temperature. In fact, bon
orbital models have been demonstrated to be a very g
method for studying the band-structure effects~e.g., aniso-
tropic and nonparabolic effects of the lowest conduct
band!.13,17–19 In our recently published paper, as shown
Fig. 3 of Ref. 17, we calculate theJ-V characteristics using
the second-neighborsp3 bond-orbital ~SBO!, nearest-
neighborsp3 bond-orbital~NBO!, and two-bandk•p mod-
els. In Fig. 3 of Ref. 17, it is clear that the threeJ-V curves
are quite similar. This indicates that all three models
good models for studying the intravalley tunneling charact
istics. In Fig. 3 of Ref. 17, it is also seen that theJ-V curve
obtained from the SBO model is better than those obtai
from the NBO andk•p models, because the band structur
reproduced by the SBO model are better than those obta
from the NBO and thek•p models~please see Fig. 1 in Ref
17!. Evidently, the four-band semiempirical SBO model is
very good band-structure model for studying theG-point in-
travalley tunneling characteristics in AlSb-InAs-AlS
DBS’s. However, it is not a very good band-structure mo
for studying the intravalley tunneling characteristics~G-G-G
andL-L-L) in AlAs-GaAs-AlAs DBS’s, since it cannot re
produce very good band structures near theL points. Due to
this reason, by adding some small fourth-neighbor inter
tions to the SBO model, we develop a FBO model. Clea
the FBO model is a very good band-structure model
studying the intravalley tunneling characteristics~G-G-G and
L-L-L) in AlAs-GaAs-AlAs DBS’s, since it can reproduc
very good band structures near theG andL points. The five-
band FBO model is slightly better than the four-band FB
model since, as mentioned above, the five-band FBO mo
can describe the light-hole band anisotropy more accura
than the four-band FBO model.

It should be noted that the third-neighbor interactions
not included in our FBO model. Now, we shall useHs8s8 as
an example to explain why the third-neighbor interactio



cu

e
s

be

-

c-
n
-

er
ird

c-
ra

r
o

e
la
tu

ls
e
li

n
th
,

wo
se a
ch
th
nd-
he

be
u-
ry
ure
;
ter
d-

not

or
ris-

ate
t is

f
era-
ley
als

est
ic

in

re in

the
n

ce

-
it-

1804 PRB 60JIANN-SHING SHYU AND JIH-CHEN CHIANG
can be removed in our present calculations. Note thatHs8s8
is the most important matrix element for reproducing ac
rate lowest conduction-band structure along theG-L direc-
tion. When the third-neighbor interactions are also includ
in our calculations,Hs8s8 in the Appendix can be written a

Hs8s85Es81Us8s8Ts1Vs8s8Cs1Qs8s8Ds1Ws8s8Rs .
~7!

Here,Es8 is the on-site orbital energy for thes-like antibond
orbital; Us8s8 denotes the nearest-neighbor interaction
tween ans-like antibond orbital at the origin and ans-like

antibond orbital at (12 , 1
2 ,0)a; Vs8s8 denotes the second

neighbor interaction between ans-like antibond orbital at the
origin and ans-like antibond orbital at (1,0,0)a; Qs8s8 rep-
resents the third-neighbor interaction between ans-like anti-
bond orbital at the origin and ans-like antibond orbital at

( 1
2 , 1

2 ,1)a; and Ws8s8 represents the fourth-neighbor intera
tion between ans-like antibond orbital at the origin and a
s-like antibond orbital at (1,1,0)a. The k-dependent param
eters are

Ts54@cos~kxa/2!cos~kya/2!1cos~kya/2!cos~kza/2!

1cos~kza/2!cos~kxa/2!#,

Cs52@cos~kxa!1cos~kya!1cos~kza!#,

Ds58@cos~kxa!cos~kya/2!cos~kza/2!

1cos~kya!cos~kxa/2!cos~kza/2!

1cos~kza!cos~kxa/2!cos~kya/2!#,

Rs54@cos~kxa!cos~kya!1cos~kya!cos~kza!

1cos~kza!cos~kxa!#.

It is clear that atL points, Ts50, Cs526, Ds50, andRs
512. This implys that the second- and fourth-neighbor int
actions are much more important than the first- and th
neighbor interactions near theL points, sinceUs8s8Ts'0 and
Qs8s8Ds'0. As a matter of fact, the fourth-neighbor intera
tions may be as important as the second-neighbor inte
tions near theL points, sinceCs526 andRs512. In addi-
tion, due to the fact thatUs8s8 andVs8s8 are larger thanQs8s8
and Ws8s8 , the first- and second-neighbor interactions a
much more important than the third- and fourth-neighb
interactions near theG point. Thus, we conclude that th
third-neighbor interactions can be removed in our calcu
tions, since in our present paper we concentrate on the s
ies of theG-electron andL-electron effects. Clearly, we did
not assume thatQs8s850 ~i.e., 1st.2nd.4th.3rd50);
however, due to symmetry effect,Qs8s8Ds does equal 0 atL
points. In fact, even the third-neighbor interactions are a
included in our calculations, same results must be obtain
however, the calculations will become much more comp
cated.

Generally speaking, any model~e.g., five-band bond-
orbital, eight-band tight-binding, effective mass, or two-ba
k•p) can be a good band-structure model for studying
a-a-a (a5G, L, or X! intravalley tunneling characteristics
if it can reproduce good band structures near thea point.
-

d

-

-
-

c-

e
r

-
d-

o
d;
-

d
e

Among bond-orbital, tight-binding, effective-mass, andk•p
methods, bond orbital, and tight binding are the best t
methods for studying the band-structure effects. We choo
bond-orbital model because it is much simpler and mu
more efficient than a tight-binding model. It may be wor
pointing out that a five-band or even an eight-band bo
orbital model may not be a good model for studying t
intervalley tunneling~e.g., G-X-G, X-G-X, and G-L-G)
characteristics in semiconductor DBS’s, since it may not
able to describe the intervalley mixing effects very acc
rately. In order to describe the intervalley mixing effects ve
accurately, a more realistic but complicated band-struct
model ~e.g.,s2d10p6 tight-binding model!20 may be needed
however, the calculations require extremely long compu
time. Please note that for intervalley tunneling, a ban
structure model cannot provide an accurate ITC, if it can
accurately describe the intervalley mixing effects.

V. CONCLUSIONS

In summary, we develop a five-band fourth-neighb
bond-orbital model to study the current-voltage characte
tics of the AlAs-GaAs-AlAs DBS’s grown along the@001#
and @111# directions at room temperature. We demonstr
that at room temperature the resonant-tunneling curren
dominated by theL-valley electrons instead ofG-valley elec-
trons for an AlAs-GaAs-AlAs DBS with barrier widths o
;3 nm or more. We also demonstrate that at room temp
ture not only the peak current but also the peak-to-val
ratio can be significantly improved by orienting the materi
along the@111# direction, due to theG- andL-point orienta-
tion effects. In this paper, we also explain why the b
room-temperature PVR in the pseudomorph
In0.53Ga0.47As/AlAs/InAs diodes is much better than that
the GaAs/AlAs diodes,2,12 explain why the negative differ-
ential resistance may not be observed at room temperatu
an AlAs-GaAs-AlAs DBS with thick AlAs barriers~e.g.,.3
nm!,9 and explain why a shoulder structure appears in
J-V characteristics of the@001#-oriented sample as shown i
Fig. 2~c! of Ref. 3.
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APPENDIX

The tight-binding Hamiltonian within the bond-orbital ba
sis for a bulk semiconductor with an fcc lattice can be wr
ten as

H0~k!5F Hs8s8 Hs8x Hs8y Hs8z 0

Hs8x
* Hxx Hxy Hxz Hsx*

Hs8y
* Hxy* Hyy Hyz Hsy*

Hs8z
* Hxz* Hyz* Hzz Hsz*

0 Hsx Hsy Hsz Hss

G , ~A1!

where
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Hs8s85Es81Us8s8Ts1Vs8s8Cs1Ws8s8Rs ,

Hss5Es1UssTs1VssCs1WssRs ,

Hs8a5Us8xTa1Vs8xSa1Ws8xRa ~a5x,y,z!,

Hsa5UsxTa1WsxRa ~a5x,y,z!,

Haa5Ep1UzzTs1~Uxx2Uzz!Ta1WzzRs

1~Wxx2Wzz!Ra ~a5x,y,z!,

Hab5UxyTab ~a5x,y,z;b5x,y,z;aÞb!.

Es8 is the on-site orbital energy for thes-like antibond or-
bital; Es andEp are the on-site orbital energy for thes- and
p-like bond orbitals, respectively.Uab (ab5s8,s,x,y,z)
denotes the nearest-neighbor interaction between ana-like
bond orbital at the origin and ab-like bond orbital at
(1,1,0)a/2; Vab (ab5s8,s,x,y,z) denotes the second
neighbor interaction between ana-like bond orbital at the
origin and ab-like bond orbital at (1,0,0)a; andWab (ab
5s8,s,x,y,z) represents the fourth-neighbor interaction b
tween ana-like bond orbital at the origin and ab-like bond
orbital at (1,1,0)a. We, thus, have 19 adjustable paramete
Please note that the third-neighbor interactions are not
cluded in our FBO model, since they are not important
reproducing accurateL-point conduction-band minima. Th
k-dependent parameters in Eq.~A1! are

Tx54i sin~kxa/2!@cos~kya/2!1cos~kza/2!#,

Ty54i sin~kya/2!@cos~kxa/2!1cos~kza/2!#,

Tz54i sin~kza/2!@cos~kxa/2!1cos~kya/2!#,

Txx54 cos~kxa/2!@cos~kya/2!1cos~kza/2!#,

Tyy54 cos~kya/2!@cos~kxa/2!1cos~kza/2!#,

Tzz54 cos~kza/2!@cos~kxa/2!1cos~kya/2!#,

Txy524 sin~kxa/2!sin~kya/2!,

Txz524 sin~kxa/2!sin~kza/2!,

Tyz524 sin~kya/2!sin~kza/2!,

Ts5
1
2 ~Txx1Tyy1Tzz!,

Sx52i sin~kxa!,

Sy52i sin~kya!,

Sz52i sin~kza!,

Cx52 cos~kxa!,

Cy52 cos~kya!,

Cz52 cos~kza!,

Cs5Cx1Cy1Cz ,
-

.
n-
r

Rx54i sin~kxa!@cos~kya!1cos~kza!#,

Ry54i sin~kya!@cos~kxa!1cos~kza!#,

Rz54i sin~kza!@cos~kxa!1cos~kya!#,

Rxx54 cos~kxa!@cos~kya!1cos~kza!#,

Ryy54 cos~kya!@cos~kxa!1cos~kza!#,

Rzz54 cos~kza!@cos~kxa!1cos~kya!#,

Rs5
1
2 ~Rxx1Ryy1Rzz!.

Along special directions (G-X and G-L) the 535 Hamil-
tonian can be diagonalized easily, and we obtain simple
lations between the interaction parameters and the band
ergies:

Uss5@Es~G!2Es~X!#/16,

Us8s85@Es8~G!2Es8~X!#/16,

Vss5@Es~G!2Es~L !212Uss#/12,

Vs8s85@Es8~G!2Es8~L !212Us8s8#/12,

Es5Es~G!212Uss26Vss212Wss,

Es85Es8~G!212Us8s826Vs8s8212Ws8s8 ,

Uxx5@Ex~G!2Ex
1~X!#/16,

Uzz5@Ex~G!2Ex
2~X!28Uxx#/8,

Uxy5@Ex
2~L !2Ex

1~L !#/12,

Wzz52@~\2/mhha
2!1Uxx1Uzz14Wxx#/4,

Ep5Ex~G!24Uzz28Uxx24Vzz22Vxx24Wzz28Wxx ,

~2Us8x1Vs8x14Ws8x!
25@Es8~G!2Ex~G!#@~\2/mca

2!

12Us8s812Vs8s818Ws8s8#/8.

Here, mG* is the effective mass of theG-point conduction-
band minimum andmhh

001 is the heavy-hole band effectiv
mass in@001# direction; Es(G), Es(X), and Es(L) are the
energies of thes-like valence band atG, X, and L points,
respectively;Es8(G), Es8(X), andEs8(L) are the energies o
thes-like conduction band atG, X, andL points, respectively;
Ex

n(X) andEx
n(L) (n51,2) are the energies of thenth p-like

valence band atX and L points, respectively, whereEx
2(n)

.Ex
1(n) (n5X,L); andEx(G) is energy of the valence-ban

maximum. With the above twelve relations, we are left w
seven independent parameters. We note thatUsx andWsx do
not enter in the previous relations; thus, they can be adju
independently to fine tune the light-hole band effecti
masses in both@001# and @111# directions.
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