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Room-temperature current-voltage characteristics in AlAs-GaAs-AlAs double-barrier
structures: Calculations using a bond-orbital model
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This paper reports the current-voltage characteristics of the AlAs-GaAs-AlAs double-barrier structures
(DBS’s) grown along th¢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 dominateld-bgllthe
electrons instead df-valley electrons for an AlAs-GaAs-AlAs DBS with barrier widths €8 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 fh&1] direction, due to thd'- and L-point
orientation effects|S0163-182809)03727-3

[. INTRODUCTION modef (TBO is a misprint in Ref. 8.is also a good and
efficient model for calculating th@-V characteristics of the
The AlAs/GaAs material systems have been investigatedlAs-GaAs-AlAs DBS at room temperature; however, it can
intensively for potential device applications of resonant-not very accurately describe the AlAs light-hole band aniso-
tunneling phenomen&a® Most of studies to date of AlAs/ tropic behavior, which is very important for studying the
GaAs resonant-tunneling devices have considered materialspoint orientation effect. The theoretical calculations,
grown along thd001] direction, that is, on substrates with which included only the elastic-tunneling current contributed
the [001] crystal orientation. Recently, Luet al® reported  from theI'-valley electrons, may yield much smaller valley
that a[111]-oriented AlAs-GaAs-AlAs double-barrier struc- current than the experimental results and, therefore, ex-
ture (DBS) consisting of 2.8 nm barriers and an 8 nm well tremely overestimate the PVR by about a factor of 100 or
shows a significant improvement in the peak-to-valley ratiomore at room temperatufe!! Even for those theoretical
(PVR) at both 77 K and room temperature, compared to thenethods™’ that take into account both elastlzI-I' and
[001]-oriented DBS’s with similar well and barrier layers. I'-X-I" tunneling currents, as we know, they may also yield
The above phenomenon was attributed to the increased efuch smaller valley current than the experimental results at
fective mass of theX minima that contribute to the inelastic room temperature. In this paper, we shall also illustrate the
I'-X-T tunneling current,i.e., theX-point orientation effect. ~physical origin for the appearance of a shoulder structure in
This orientation effect is clearly very important, since thethe J-V characteristics of thf001]-oriented DBS as shown
inelastic (and elastig I'-X-I" tunneling may give dominant in Fig. 2(c) of Ref. 3; we shall also explain why the best
contribution to the valley current at low temperatuteSRe-  room-temperature PVR in the pseudomorphic
cently, we found that not only thE electrons but also the  Ing58Ga 47/AS/AIAS/INAs diodes is much better than that in
electrons may give dominant contributions to the tunnelinghe GaAs/AlAs diode$;'? and why the negative differential
current at room temperatufeThus, to understand why the resistance may not be observed at room temperature in an
[111]-oriented DBS is superior to tHO01]-oriented DBS at  AlAs-GaAs-AlAs DBS with thick AlAs barriers(e.g., >3
room temperature, we calculate the current-voltageVy nm).°
characteristics at room temperature for f@81]- and[111]-
oriented AlAs-GaAs-AlAs DBS’s, and compare our results Il. THEORETICAL METHOD
with those as reported in Ref. 3. We find that at room tem-
perature not only the peak current but also the PVR can be To calculate the]-V characteristics of the AlAs-GaAs-
significantly improved by orienting the materials along theAlAs DBS’s grown alond 001] and[111] directions at room
[111] direction, due to thd'-point andL-point orientation temperature, we use the five-band FBO model that describes
effects. the lowest conduction band and valence bands in terms of
To study the resonant-tunneling characteristics of thdinear combination of antibonding and bonding orbitals. One
AlAs-GaAs-AlAs DBS's at room temperature, we develop as-like antibonding orbital, one-like bonding orbital, and 3
five-band fourth-neighbor bond-orbital mod&BO). In this  p-like bonding orbitals per unit sité.e., per bulk unit ce)l
paper, we shall demonstrate that this model is a very gootbr a face-centered cubic lattice are used. The Hamiltonian
model for studying the resonant-tunneling characteristics oHo(k) for a bulk semiconductor is given in the Appendix. It
the AlAs-GaAs-AlAs DBS at room temperature, since it canshould be noted that in the Hamiltoniatg(k), the third-
reproduce very accurate lowest conduction-band structureeighbor interactions are not taken into account. This will be
near thel’ and L points. The unpublished four-band FBO discussed later in the Discussions section.
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In our model, a DBS can be viewed as a stack of infinite
number of diatomic layers along the growth direction. A | e g
Bloch sum with in-plane wave vectdt;, of bond orbital
within the Ith diatomic layer is denoted by «a,k;), where
a=5s',5,X,y,z denotes the symmetry type of bond orbital.
We divide the DBS into three regions: a semi-infinite bulk-
like region on the left, a semi-infinite bulklike region on the
right and a central double-barrier region. Siiges a good - N L
guantum number, the eigenstate of the entire structure may
be written agW¥)=3, ,F,,|l a,k;). Since the FBO model is a
second-layer orbital mod€l for [001]- and [111]-oriented r
DBS'’s the Schrdinger equationkl —E)|¥)=0 can be writ-
ten in the layer-orbital basis as

_ _ _ _ _ FIG. 1. Schematic potential profiles for an AlAs-GaAs-AlAs
Hij—2F -2+ Hy - 1F g+ H B+ H R+ H R DBS.

=0, @ is similar, but complicated by the existence of fourth-
neighbor (or second-layérinteractions-> The transmission
coefficient for an incident plane-waykbeledi) now can be
found by the expression

whereﬁ,,, andﬁw are 5x5 matrices and they are truncated
at a fourth-neighbor distanceF, denotes a five-
dimensional column vector whose componentskgre The

elements of matrix H;;, are (H);)aa=(lak|H Np Vi(Ek R
—Ella’ky). TEk)=2 IHEKPI= = @
The boundary conditions for this problem are such that j=1 IVi(E ky;L)|

there is a known incoming plane wave from the left, un- hereNp is the total number of transmitted bulk plane-wave
known bulk states transmitting or decaying to the right, andslxates ::n@-(E ki:R) andv (E.k, L) are the rop eloci-
unknown bulk states reflecting or decaying to the left. A bulk ' AL VilEKy, group veloc

St associatedvih enrandcomplo veo maybe. e o 1 POHENt andvahemited bl propageng siaes
described bylks)=3,,B;.|la.k,), where the tight-binding 9 y

. _ o coefficient by”®
coefficients B;, must obey the relationB,=¢e'*s* B,_,

wherea’ is the distance between two adjacent diatomic lay- e

ers. Using this relation and E€lL), the complex wave vector J= mf T(E.k)[f(E)—f(E+eV]dE, d%k,, (5)
and their associated bulk states can be obtained by solving

the related eigenvalue problem for the transfer mattix. whereV is the voltage difference across the DBEE) is the

For a given incoming plane waveenoted byi) incident  Fermi distribution of the incident electron population.
from the left, the wavefunctions in the lgft) and right(R)

bulk regions can be expressed in terms of the bulk states: . RESULTS
N - - For an AlAs-GaAs-AlAs DBS, not only thé& point but
[WiL)=lilks; ’L>+,§L r‘|k3'1 L), 2 also theL-point profiles show a double-barrier configuration

(see Fig. J; and theL-point offset between AlAs and GaAs
is about 0.1 eV while thé-point offset between AlAs and
[W;Ry= 2 tjlks;;R), (3 GaAs is about 1 eV. Thg001]-oriented AlAs-GaAs-AlAs
IR DBS studied in this pape(i.e., the[001]-oriented sample
where£ andR denote the sets of outgoing waves that propa-consists of 2.8 nn10 diatomic layer barriers and a 7.9 nm
gate(or decay to the left and right, respectively. The trans- (28 diatomic layerwell; and the[111]-oriented DBS studied
mission and reflection amplitudésandr; can be solved by here(i.e., the[111]-oriented sampleconsists of 2.9 nm(9
substituting Eqs(2) and (3) into Eq. (1) and matching the diatomic layef barriers and a 7.8 nni24 diatomic layer
boundary conditions. An efficient numerical method to solvewell. For convenience, in this paper we denote the tunneling
the problem can be found in Ref. 11 for a bond-orbital modelcurrent densities due to the incidelivalley electrons and
with nearest-neighbor interactions. Here the procedure usddvalley electrons as thd_ andJr, respectively. We also

TABLE I. Interaction parameters for GaAs and AlAs. All parameters are in units of eV.

Es’ Ep u s's’ U s’x Uzz Uxx ny Vs’s’ Vs’x st
GaAs 2148 —3.048 -0.054 0.443 -0.069 0.419 0.450 0.030 -0.349 -0.1
AlAs 2822 —2.723 —0.020 0.340 —-0.074 0.368 0.415 0.071 —0.266 0.1

Ws’x Wxx sz Es Uss Vss Wss st Ws’s’
GaAs 0.070 -0.039 0.070 -10.3 —0.170 0.008 -—-0.02 0.210 -0.014
AlAs 0.094 -0.053 0.124 -10.0 —0.138 0.004 -0.02 0.200 -0.003
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FIG. 3. Complex band structures of bulk AlAs.

its an anisotropic behavior: For a fixed energy, the imaginary
L r X 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 the

FIG. 2. Real band structures of bulk GaAs calculated from five-ISOtrOpIC conduction band and anisotropic light-hole band.

band FBO modelsolid lines and eight-band FBO modétiotted 1 1€ C'1|-1|1'|_ band anisotropy is strong in AlAs since in

Wave vector k

lines). AlAs miitis much smaller tham®*. The effective masses
in AlAs are taken to bemy=0.15m, m{ ;=1.9my, m{
. - _ 001_ 111_ 16
use the conduction-band minimum energy of bulk Gédes = 0-096n,, mj,™=0.15m,, andmjy"=0.1mg. ™ N
notedES*Y as our reference energy. The interaction param- Figure 4 shows the calculated transmission coefficients
eters for AlAs and GaAs materials are listed in Table .~ (T) caused by the incidenf-valley electrons withk,

In Fig. 2, the solid lines represent the real band structures (0,0), for the [00T]-oriented (solid lines and [111]-
of bulk GaAs calculated using the five-band FBO model. It isoriented (dotted lineg samples. The resonance-peak struc-
clear that this model can reproduce fairly accurate valencéires are labeled as, (n=1,2,...), whereI', represents
band structures in the whole Brillouin zone, and very accuth I'-point quasibound state. It is clear that for edchl’;
rate lowest conduction-band structure near fheand L  Of I'2) resonance-peak structure, the integrated transmission
points. This indicates that the tunneling currents contributegoefficient(transmission coefficient integrated over the inci-
from theT-valley andL-valley electrons are included in this dent electron energigf the [111]-oriented sample is sig-
model for the calculations of tha-V characteristics. How- Nificantly larger than that of thE0O1]-oriented sample, due
ever, thel-X-T" tunneling cannot be included in the calcu- 0 the AlAs C-LH band anisotropic behavior. This implies
lations, since theX-point conduction-band minima are not that for an AlAs-GaAs-AlAs DBS, the resonant-tunneling
accurately described by the five-band FBO model. Fortufurrent caused.by_ 'Fhe |nC|_dent electrons .den.ved fromlthe
nately, for the present DBS's, tH&-X-T" tunneling does not vglley_ can be significantly improved by orienting the growth
give very important contribution to thiV characteristics at  direction from[001] to [111]. We refer to this phenomenon
room temperature and, therefore, the five-band FBO model &S the AlAs C-LH band anisotropic effect, or tiiepoint
a good approximation for calculating tdeV characteristics ~©rientation effect. o o
at room temperature. This will be further discussed later. It Figure 5 shows the calculated transmission coefficients
may be worth pointing out that, as shown by the dotted lines
in Fig. 2, the eight-band FBO modékhich is unpublished 0.0 ' '
can reproduce a very accurate lowest conduction band in the .r  —I[001DBS T, ]
whole Brillouin zone; however, it takes extremely long com- 2ok S R [111]DBS 3
puter time for calculating th@-V characteristics. The effec- T P ]
tive masses in GaAs are taken to bg =0.065n,, m{

=
=1.9mg, mf =0.075my, and m{°’=0.076n,.'® Here m} = 40¢
is theT valley electron effective massyy | andm{ , are the 3 .
longitudinal and transverse_ -valley electron effective 60

masses, respectively; ami}’! is the light-hole band effec-
tive mass in001] direction.

In addition to the real band structures of bulk Alfslid -8.0
lines), the purely imaginary conduction to light-hole band
(labeled C-LH, which connects the conduction-band mini-
mum with the light-hole band maximum, are also shown by FIG. 4. Calculated transmission coefficierfi® caused by the
dotted lines in Fig. 3. Evidently, the AlAs C-LH band exhib- incidentT-valley electrons witthk,=(0,0).

0.0 T .,0.1 ' o2
Energy (eV)
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FIG. 5. Calculated transmission coefficients caused by the inci- FIG. 6. The current-voltage characteristics @ the [001]-
dent electrons derived from thelL-valley located at k oriented and(b) the [111]-oriented AlAs-GaAs-AlAs samples at
=(m/a)(1,1-1). 300 K. Here,V denotes the voltage across the DBS.

caused by the incident electrons derived from thealley  oriented sample is larger than that in th@01]-oriented
located atk=(w/a)(1,1,—1). The solid line is obtained sample simply because the tunneling effective mass in a
with k,=(=/a)(0.5,0.5) for the[001]-oriented sample, [111]-oriented DBS is smaller than that in[@01]-oriented
while the dotted line is obtained with = (#/a)(2/\/6,0) for ~ DBS.

the[111]-oriented samplé€Please refer to Fig. 1 of Ref. 13 Figure 6 shows thg-V characteristics ofa) the [001]-

The resonance-peak structures are labeled Las (n oriented and (b) the [111]-oriented AlAs-GaAs-AlAs
=1,2,...), where L, representsnth L-point quasibound samples at 300 K. The dashed line stands forJfheompo-
state. Please note that, due to symmetry, the transmissiarent; the dotted line represents the component; and the
spectra associated with three other equivalewdlleys in the  solid line is theJg, i.e., the sum of the two contributions.
[001]-oriented sample[which are located atk=(w/a) The chemical potential used here is 0.04 eV. In Fig) 6t is
(-1,1,1), (@/a)(1,—1,1), and @/a)(1,1,1)] are identical clear that the solid curve exhibits a double-peak structure in
to the solid curve, and those associated with two othewhich the first one is stronger than the second one. The
equivalentL valleys in the[111]-oriented sampléwhich are  stronger one is caused by the tunneling viakhe while the
centered atk=(w/a)(—1,1,1) and @/a)(1,—1,1)] are weaker one is caused by the tunneling via the (please
identical to the dotted curve shown here. As for the transmisrefer to Figs. 4—bh We believe that the weaker one may be
sion probability of the incident electrons derived from the replaced by a shoulder structure as shown in Fig. 2 of Ref. 3,
valley located atk=(w/a)(1,1,1) in the[111]-oriented if inelastic tunneling effects are also taken into account in
sample, it is very weak since the tunneling effective mass igur calculations. The weaker peak struct(wethe shoulder

as heavy as 1rfi,. Thus, we conclude that in fl11]-  structur@ cannot be observed in tHd11]-oriented sample
oriented AlAs-GaAs-AlAs DBS only threk valleys, instead [see also Fig. @) of Ref. 3|, since the background current
of four in a[001]-oriented DBS, give significant contribution due to resonant tunneling via tig, increases very rapidly

to the tunneling current. near the second peak voltage of thecomponent.

In Fig. 5, it is seen that in ead001]- or [111]-oriented In Fig. 6, it is found that the peak current density of the
sample, the integrated transmission coefficient for ithe in the [111]-oriented sample is significantly larger than that
resonance-peak structure is much larger than that fot.the in the [001]-oriented sample, even though the peak current
resonance-peak structure. This means that in each samplignsity contributed from thd_ component in thg111]-
the J, is dominated by the resonant-tunneling via the  oriented sample is smalléabout 90 A/cri smallej than that
quasibound state. It is also seen that the integrated transmik the [001]-oriented samplgsee the dashed linesThis
sion coefficient for thel, resonance-peak structure in the clearly results from thd'-point orientation effect, since the
[111]-oriented sample is larger but not much larger tifian peak current density of thdr component in the[111]-
about 1.4 times as large)abat in the[001]-oriented sample. oriented sample is much larg@bout 390 A/crflargen than
This indicates that thé valley located atk=(w/a)(1,1, that in the[001]-oriented samplésee the dotted lingslt is
—1) in the[111]-oriented sample provides stronger but notalso found that in each samplg001]-oriented or[111]-
much stronger tunneling current than that in tf@01]-  oriented sample the valley current density of thés is
oriented sample. Moreover, in [d11]-oriented DBS only nearly the same as the second peak current density df the
threeL valleys give significant contribution to the tunneling component. This can be understood by the fact that in each
current. Thus, we expect that the second peak current densisample, the valley current density of thgis dominated by
(i.e., the peak current density due to resonant-tunneling vithe J, component and the second peak voltage of iphe
the L,) of the J in the [111]-oriented sample should be component is very close to the valley voltage of djecom-
larger, but only slightly larger than that in th@01]-oriented  ponent. In addition, the second peak current density odthe
sample. We refer to this phenomenon aslthgoint orienta- componenti.e., peak current density due to tunneling via the
tion effect. Note that the integrated transmission coefficient.,) in the[111]-oriented sample is only slightly larger than
for eachL (L; or L,) resonance-peak structure in fiel1]-  that in the[001]-oriented samplgsee dashed lingsas a
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result of thelL-point orientation effect. Thus, due to the creasing barrier widths, because theoint barrier height
L-point orientation effect, the valley current density of the (AE, ~0.1eV) is much smaller than thE-point barrier

in the [111]-oriented sample should be approximately equalheight (AE;~1 eV). Thus, we conclude that for an AlAs-
to that in the[001]-oriented sample. As expected, in Fig. 6 GaAs-AlAs DBS with thick barrier widthg§>3 nm), the

we do find that the valley current of thés in the [111]-  resonant-tunneling current is indeed dominated by the elastic
oriented sample is about the same as that in [0@l]-  |-L-L tunneling instead of thE-I'-T" tunneling at room tem-
oriented sample. From the above discussions, we concludgerature. This explains why the NDR may not be observed at
that at room temperature not only the peak current densityopom temperature in an AlAs-GaAs-AlAs DBS with thick
but also the PVR in @l11]-oriented AlAs-GaAs-AlAs DBS  A|As barriers(>3 nm).° Note that in AlAs-GaAs-AlAs DBS
are better than those in [@01]-oriented DBS with similar  system, thel-valley electrons have significant contribution
well and barrier layers, due to thépoint andL-point orien-  to the valley current at room temperature, mainly because the
tation effects. This conclusion is confirmed by the fact that| -valley minimum is only about 0.29 e¥éee Ref. 18higher

our PVR’s (2.1 for [111]- and 1.3 for[001]-oriented DBS  than thel-valley minimum in GaAs bulk regions. This ex-
are in very good agreement with the experimental resultlains why the best room-temperature PVR in the GaAs/
(1.8 for[111]- and 1.2 fo{001]-oriented DB$ as reported in  AlAs diodes(3.5) is much smaller than that in the pseudo-
Fig. 2 of Ref. 3. This satisfactory agreement also indicatesnorphic In, sGa, ,As/AlAs/InAs diodes (30),%*? since in
that the elasticL-L-L and I'-I'-I" tunneling currents give INg 548Ga 4AS the L-valley minimum is about 0.7 eV higher
dominant contributions to thé-V characteristics for the than thel-valley minimum.

present DBS’s at room temperature. Certainly, the satisfac- From the above discussions, we understand fi&),

tory agreement in PVR'’s also implies that the five-band FBODQOS, and ITC are three dominant factors for calculating the
elastic-tunneling model, which can very accurately describg-\/ characteristics at room temperature. Our FBO model
the lowest conduction-band structure near bothIthend L reproduces very accurate band structures neail'taed L

points, is a very good approximation for studying thepoints and, therefore, provides very accuratéE,),
resonant-tunneling characteristics of the AlAs-GaAs-AlAs(DQS),, and (ITC), (a=L,T'). This explains why our

DBS at room temperature. model works so well with experimental results in AlAs-
GaAs-AlAs DBS system at room temperature. In fact, bond-
IV. DISCUSSIONS orbital models have been demonstrated to be a very good

method for studying the band-structure effe(sy., aniso-

In Ref. 8, we predicted that, due toelectron effect, the  nic and nonparabolic effects of the lowest conduction
tunneling current at room temperature may be dominated b%and.l&l?—lgln our recently published paper, as shown in

the L electrons instead df electrons, if the AlAs barriers
become_ thick enougte.g.,>3 nm). As expected,_ inFig. 6 he second-neighborsp® bond-orbital (SBO), nearest-

we do find that the §egqnd peak current densﬂy of the neighborsp® bond-orbital(NBO), and two-bandk-p mod-
[denotedJ,(L,)] is significantly larger than the first peak gi5°in Fig. 3 of Ref. 17, it is clear that the thraéeV curves
current density of thdr [denoted],(I',) ] in the J-V char- 56 quite similar. This indicates that all three models are
acteristics of the001]-oriented samplebarrier width: 2.8 4,4 models for studying the intravalley tunneling character-
nm). This clearly confirms our prediction reported in Ref. 8. igtics In Fig. 3 of Ref. 17, it is also seen that thé/ curve

To understand why the resonant-tunneling current at ro0Myained from the SBO model is better than those obtained
temperature is indeed d_omlngted by_ﬂheel_ectrons for an from the NBO andk- p models, because the band structures
AIAs-GaAs-AIAs DBS W,'th thick barrier widthg>3 nm), reproduced by the SBO model are better than those obtained
we shall estimate the ratio 0f(Lo) to Jp(I'y) for the[001]- g5 the NBO and thé- p models(please see Fig. 1 in Ref.

oriented sample. It is known that the current densitg not 1) £yigently, the four-band semiempirical SBO model is a
only related to integrated transmission coefficidiiC) but very good band-structure model for studying fhoint in-

also related to the tyvo-dimenional density of staB©S) travalley tunneling characteristics in AISb-InAs-AlSb
and thermal occupatiof(E) [please refer to ES)]. Thus,  pgg's ‘However, it is not a very good band-structure model
Jp(L2)/Jp(I';) at room temperature can be easily estimateGq sy dying the intravalley tunneling characteristi€sI'-I

by® andL-L-L) in AlAs-GaAs-AlAs DBS'’s, since it cannot re-

Fig. 3 of Ref. 17, we calculate the V characteristics using

produce very good band structures nearlthgoints. Due to

GaAs
Jp(La) e B 7“(T)]/kTX(DOS)L ><(|TC)L this reason, by adding some small fourth-neighbor interac-
Jp(T'y) - 1 (DOS; " (ITC)p tions to the SBO model, we develop a FBO model. Clearly,
_ (280-40130 the FBO model is a very good band-structure model for
_ € X@Xﬂg 1 ©6) studying the intravalley tunneling characterist{€sI’-I" and
- 1 11 ' L-L-L) in AlAs-GaAs-AlAs DBS'’s, since it can reproduce

] o very good band structures near theandL points. The five-
where the GaAs conduction-band minimum energyLat pand FBO model is slightly better than the four-band FBO
point (EF*Y is about 290 meVt? and the chemical potential model since, as mentioned above, the five-band FBO model
w(T) are assumed to be 40 meV. Clearly, at room temperacan describe the light-hole band anisotropy more accurately
ture theL electrons are very important in AIAs-GaAs-AlAs than the four-band FBO model.

DBS system, because (DQ$)(DOS):, (ITC). It should be noted that the third-neighbor interactions are
>(ITC)r, and EF*® is only about 0.29 eV higher than not included in our FBO model. Now, we shall ude . as
E?""AS. Moreover, (ITC) /(ITC)y increases rapidly with in- an example to explain why the third-neighbor interactions
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can be removed in our present calculations. Note lthag, Among bond-orbital, tight-binding, effective-mass, aad
is the most important matrix element for reproducing accu-methods, bond orbital, and tight binding are the best two
rate lowest conduction-band structure along Ehé direc-  methods for studying the band-structure effects. We choose a
tion. When the third-neighbor interactions are also includedond-orbital model because it is much simpler and much
in our calculationsHg/ ¢ in the Appendix can be written as more efficient than a tight-binding model. It may be worth
pointing out that a five-band or even an eight-band bond-
Hss=Es T UgsTst Voo Cst Qo Dst WororRs. orbital model may not be a good model for studying the
() intervalley tunneling(e.g., T-X-I', X-I'-X, and I'-L-T")
characteristics in semiconductor DBS'’s, since it may not be

Here,Eg is the on-site orbital energy for theelike antibond , ) o
orbital; U, denotes the nearest-neighbor interaction be@Pl€ to describe the intervalley mixing effects very accu-

tween anslike antibond orbital at the origin and aslike rately. In order to describe Fhe intervalley mixing effects very
. . 1 ) accurately, a more realistic but complicated band-structure
antibond orbital at £,3.0); Voo denotes the second- o (e.g.,s%d%o° tight-binding modef® may be needed:
neighbor interaction between ariike antibond orbital at the 5 \ever, the calculations require extremely long computer
origin and ans-like antibond orbital at (1,0,&; Qs's' 1€~ {ime  Please note that for intervalley tunneling, a band-
resents the third-neighbor interaction betweers#ike anti-  g¢,cture model cannot provide an accurate ITC, if it cannot
bond orbital at the origin and aslike antibond orbital at accurately describe the intervalley mixing effects.
(3,3,1)a; and Wy represents the fourth-neighbor interac-
tion between ars-like antibond orbital at the origin and an

. . . V. CONCLUSIONS
slike antibond orbital at (1,1,&. The k-dependent param-

eters are In summary, we develop a five-band fourth-neighbor
bond-orbital model to study the current-voltage characteris-
Ts=4[cog k,a/2)cogkyal2) + cogk,al2)cog k,a/2) tics of the AlAs-GaAs-AlAs DBS'’s grown along th@01]

and[111] directions at room temperature. We demonstrate
that at room temperature the resonant-tunneling current is
dominated by thé.-valley electrons instead @f-valley elec-
trons for an AlAs-GaAs-AlAs DBS with barrier widths of
~3 nm or more. We also demonstrate that at room tempera-
ture not only the peak current but also the peak-to-valley

+cogk,a/2)cogk,al2)],
Cs=2[cogk,a)+cogk,a)+cogk,a)],

Ds=8[cog k,a)cog kya/2)cog k,al2)

+cogk,a)cog k,a/2)cogk,a/2) ratio can be significantly improved by orienting the materials
along the[111] direction, due to thé'- andL-point orienta-
+cogkza)cogk,al2)cogkyal2) ], tion effects. In this paper, we also explain why the best
room-temperature PVR in the pseudomorphic
Rs=4[cogk,a)cogk,a) +cogkya)cogk,a) INg.sdGa 4AS/AIAs/INAs diodes is much better than that in

+ cogk.a)cogk.a)] the GaAs/AlAs diode$? explain why the negative differ- _
z x=4 ential resistance may not be observed at room temperature in

It is clear that atL pointS,TS: 0, CS: —6, DS: 0, and RS an AlAs-GaAs-AlAs DBS with thick AlAs barrier@.g.,>3

—12. This implys that the second- and fourth-neighbor internmM),” and explain why a shoulder structure appears in the

actions are much more important than the first- and thirdJ-V characteristics of thed01]-oriented sample as shown in

neighbor interactions near thepoints, sincdJy o T~0 and  Fig. 2c) of Ref. 3.

Qs sD¢=~0. As a matter of fact, the fourth-neighbor interac-

tions may be as important as the second-neighbor interac- ACKNOWLEDGMENT
tions near thel points, sinceCs=—6 andR,=12. In addi- . ) ) )
tion, due to the fact thadll,s; andVg: ¢ are larger tha®g This work was supported in part by the National Science

and Wy, , the first- and second-neighbor interactions areCouncil of the Republic of China.

much more important than the third- and fourth-neighbor

interactions near thé&' point. Thus, we conclude that the APPENDIX

third-neighbor interactions can be removed in our calcula- . o o o .

tions, since in our present paper we concentrate on the stud- The tight-binding Hamiltonian within the bond-orbital ba-
ies of thel-electron and_-electron effects. Clearly, we did Sis for a bulk semiconductor with an fcc lattice can be writ-
not assume thaQ. =0 (i.e., 1st-2nd>4th>3rd=0); tenas

however, due to symmetry effe€, D does equal O &t

points. In fact, even the third-neighbor interactions are also [Hye Hgx Hgy Hg, 07

included in our calculations, same results must be obtained; H* H H H H*

however, the calculations will become much more compli- s'X X Xy Xz Tosx

cated. Ho(k)= H:,y H:y Hyy Hy; H:y , (A1)
Generally speaking, any modée.g., five-band bond- . . . N

orbital, eight-band tight-binding, effective mass, or two-band Hyo, H Hy, Hz Hg

k-p) can be a good band-structure model for studying the L O Hex Hsy Hsz Hssl

a-a-a (a=T", L, or X) intravalley tunneling characteristics,
if it can reproduce good band structures near éhpoint.  where
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Hy s =Eg+Ug g T+ Ve Cst+ W o R,
Hee=E+ UgT o+ Ve Lo+ W Rs,

He ,=UgyT,t Ve S, T We iR, (a=X)y,2),
Hoo=UsxT ot WeR,  (a=X.y,2),
Hao=Ept U Tst+ (U= U )T, + W, Rg
T (Wix—W2)R,  (a=X,y,2),

Hop=UxTas (@=X.Y,Z:B8=XY,Z;a#B).

E. is the on-site orbital energy for thelike antibond or-
bital; Es andE, are the on-site orbital energy for tiseand
p-like bond orbitals, respectively.U,; (¢B=s',s,X,y,2)
denotes the nearest-neighbor interaction betweei-tke
bond orbital at the origin and @-like bond orbital at
(1,1,00/2; V., (aB=s',s,x,y,z) denotes the second-
neighbor interaction between aglike bond orbital at the
origin and ag-like bond orbital at (1,0,09; andW,z (a8
=s',5,X,Y,2) represents the fourth-neighbor interaction be-
tween ana-like bond orbital at the origin and g-like bond
orbital at (1,1,0a. We, thus, have 19 adjustable parameters

R,=4i sin(k,a)[cogk,a) + cog k,a)],
R,=4i sin(k,a)[ cogk,a) + cogk,a)],
R,=4i sin(k,a)[ cog k) +cogk,a)],
Ryx=4 cogk,a)[cogkya) +cogk,a)],
Ry,=4 cogk,a)[ cog k.a) + cogk,a)],
R,=4 cosk,a)[ cogk,a) +cogkya)],

Rs= 3(RexT Ryy T R;).

Along special directionsI{-X andI'-L) the 5x5 Hamil-
tonian can be diagonalized easily, and we obtain simple re-
lations between the interaction parameters and the band en-
ergies:

Uss=[Es(I') —E4(X) /16,

Ugrsr=[Eq (I~ Eq/(X)1/16,

Please note that the third-neighbor interactions are not in- Vss=[Es(I') —Eg(L) —12U¢]/12,
cluded in our FBO model, since they are not important for

reproducing accuratke-point conduction-band minima. The
k-dependent parameters in H&1) are

Tx=4i sin(k,a/2)[ cogkya/2) +cogk,a/2)],
T, =4i sin(kya/2)[ cogk,a/2) + cogk,a/2)],
T,=4i sin(k,a/2)[ cogk,a/2) +cogk,al2)],
Tu=4 cogk,al2)[ cog kya/2) +cogk,al2)],
T,y=4 cogk,a/2)[ cogk,a/2) +cogk,a/2)],
T,,=4 cogk,a/2)[ cogk,al2) +cogk,a/2)],
Tyy=—4 sink,a/2)sin(k,a/2),
T,,= —4 sink,a/2)sin(k,a/2),
T,,= —4 sinkja/2)sin(k,a/2),
Ts= 3 (Tt Tyy+ T30,
S,=2i sin(k,a),
Sy=2i sin(kya),
S,=2i sin(k,a),
C,=2 cogk,a),
Cy=2cogk,a),
C,=2 cogk,a),

Ce=C,+C,+C,,

Vyrg =[Eg(I) —Eg (L)~ 12U 4]/12,
E=E{(I')— 12U~ 6Vs— 12W,,,
Eg=Eg(I')—12Ugyg—6Vgy—12Wy/o ,
Uyx=[Ex(I)—Ex(X)]/16,

U= [Ex(T) —EZ(X)—8U/8,
U,y =[Ex(L)—Ex(L)]/12,
W,,= —[(A2/Mypa®) + Uyt U+ 4W,, /4,
Ep=Ex(I)—4U,,— 8U,,—4V,,— 2V, — 4W,,~ W,

(2Ugx+ Vot 4Ws,)2=[Eg (1) — E(D) ][ (A*/mca?)
+ 2USIS/ +2VS/S/ + 8WSIS/:|/8-

Here, mf is the effective mass of thE-point conduction-
band minimum andn% is the heavy-hole band effective
mass in[001] direction; E¢(I'), Eg(X), andEg(L) are the
energies of thes-like valence band at’, X, andL points,
respectivelyEg (I'), Es/(X), andEg (L) are the energies of
thes-like conduction band dt, X, andL points, respectively;
ERX(X) andEJ(L) (n=1,2) are the energies of timeh p-like
valence band aK and L points, respectively, wherg2(v)
>E§(v) (v=X,L); andE,(I") is energy of the valence-band
maximum. With the above twelve relations, we are left with
seven independent parameters. We note thgtandW;, do
not enter in the previous relations; thus, they can be adjusted
independently to fine tune the light-hole band effective
masses in both001] and[111] directions.
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