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Employing a multiband scattering formalism for ballistic tunneling currents, a systematic theoretical study of
the current-voltage characteristics of metal-insulator and insulator-based resonant-tunneling diodes is pre-
sented. We predict ultrathin metal(CgRinsulator(Cak) and insulator(Cdf)/insulator(Cak) heterostruc-
tures on silicon substrates to be excellent candidates for room-temperature quantum-effect devices. The scat-
tering formalism in the framework of tight-binding theory is cast in a particularly compact and transparent
form that is applicable to long-range tight-binding interactions and complex unit cells. The results are in good
agreement with experimental data. The physical origin of the distinct current resonances, particularly in the
metal/insulator structures, is explained in detail and found to originate in the localized character of the
transition-metald states. Furthermore, the stability of the resonance characteristics with regard to layer thick-
ness variations, substrate orientations, and interface roughness is predicted.

[. INTRODUCTION emphasis on the interface properties. In Sec. IV we present
results for a RTD’s involving Co$iCaF, heterostructures
Silicon-compatible quantum-effect devices that have theand compare them to available experiments. In Sec. V
potential to operate at room temperature are of considerablouble and triple barrier CgiFCaF, heterostructures are dis-
relevance to semiconductor research. Promising candidatesissed. Finally, the paper is concluded in Sec. VI.
that have recently attracted attention are heterostructures
consisting of metallic CoSiand insulating Caj-or CdF,
layers. These fluorite structure materials can be grown Il. MODEL
pseudomorphically on top of each othéas well as on sili- _ . i
con substrate of various orientatich®articularly, the het- This paper focuses on ultrathin nm-scale tunneling struc-
erostructure bandoffsets of the Co&laR,, CdF,/Cak tures consisting of metallic and insulating lay&tave as-
and Cak/Si interfaces are sufficiently large to provide quan-SUme these structures to be sufficiently thin that the coherent
tum confinement at room temperature. Recently, it wa<ontribution to the tunneling current dominates so that the
shown that resonant tunneling diod@TD) can be success- incoherent parts can be neglected. In order to adequately
fully fabricated with these materiafs” In contrast to stan- model the complex electronic structure of the constituent
dard semiconductor RTD% 415 however, very few de- materials, a multiband, multichannel transfer-matrix-type of
tailed theoretical studies have been performed for these typ@®Proach within the empirical tight-binding the8tys used.
of metal-insulator RTD's so fa Early variants of the transfer-matrix method were developed
In this paper, we predict that double and triple barrierin Refs. 9-12. Later refinements made it possible to compute

resonant-tunneling diodes based on GéSak and large structures up to micrometer lendthl* In materials

CdR,/CaF, heterostructures can lead to distinct currentVith 1arge unit cells, however, transfer matrices often be-
peaks with a high peak-to-valley ratio at room temperature?ome singular rendering the standard approach inapplicable.
proper generalization of the method that allows the calcu-

We show that the metallic and insulating heterostructures’ " p ¢ bi has b developed
lead to sharp current resonances that originate in the detailg@ton Of currents for arbitrary structures has been develope

electronic structure of the constituent materials. The preserty Boyk|n_.1_7'18 Analytical approximations of the t[g‘”sm's'
theory illustrates the physics of these resonances and predicin coefficient have been developed by Boveeral:

the influence of key parameters such as well and barrier
widths or interface roughness on the current-voltage charac-
teristics.

Here the standard LandaueriBker formalism for the To set up the notation and briefly review the basic calcu-
ballistic tunneling current is employ&8:2?The transmission lational procedure, consider a thin pseudomorphically grown
matrix is determined in terms of the extended transfer-matrixheterostructure along the direction that is sandwiched in
method within the tight-binding framewok***""®*We  between two semi-infinite bulk contadithat may be differ-
present a compact and concise formulation of this techniqueny. The Bloch states of these contacts are ithend out
including several numerical improvements, which makes itstates of the scattering problem and are characterized by the
particularly suitable for complex metal/insulator structures. reservoir(L for left and R for righy, the energyE, and the

The paper is organized as follows: In Sec. Il we briefly lateral wave vectok; that are conserved during this ballistic
describe the theory and numerical implementation of the calscattering process, and the wave vedtpalong the growth
culations. Section Il discusses the electronic structure of thaxis. By solving the Schainger equation of the whole de-
metallic and insulating materials that form the RTD’s, with vice with scattering boundary conditiotfs!"*8one can cal-

A. Complex band structure

0163-1829/2000/62.1)/72899)/$15.00 PRB 62 7289 ©2000 The American Physical Society



7290 C. STRAHBERGER AND P. VOGL PRB 62

culate the transmission probabilifly for an in-propagating and the opposite by, , respectively. We now order these
Bloch state from the left contact to tunnel into aoyt  pulk eigenvectors, normalized to+f2d,, columnwise such
propagating state of the right contact. It is convenient tohat the firstVl eigenvectors correspond to the stdtes; ),
vertically subdivide the whole device into slices that consistyhereas the remaining columns are the statés,k; ). For

. . 1Yz "
of a few atomic layers. They can be chosen in such a wag,ch of these 2 types of states, the propagating states are
that tight-binding matrix elements are nonzero only betweerérranged before the evanescent ones. In this way, a
neighboring slices and one lattice vector lies alongzlte- 5\ 2\ eigenvector matri€ is formed. The normalization
rection and is perpendicular to the other two. We enumeratg arantees current conservation in the case where the slices
the slices within the heterostructure Isy=1,... N. The i, the left and right reservoir have different widths.
slices that lie completely within the leftight) bulk are la- We discuss the procedure only for the left bulk; the right
beled bys<0 (s>N). The tight-binding basis that is used to |k solutions are treated analogously. The key point is that
represent all scattering states is the set of two-dimensiong,q inversec ~* acts as a projector onto any scattering wave
Bloch states that are characterized Ky the basis orbitals  nction of the device and decomposes its components into

within the lateral unit cell in a given slice, and the slice indeXgi5teg propagatingr decaying to the right and to the left
s. By expanding the wave function of the left bulk in terms '

of these basis states, its coefficie@tsobey the Schrdinger (L k| ) D
equation in the form of r )=C‘l =( _’) , 4
(Hintra = E)Cot Hinte Co- 1+ Hinie Cor1 =0, (1) which follows from1=C ~*C or 1, =C ~*C,. in component
. .y i j
together with the Bloch condition form for the k;th eigenvector. Correspondingly;,~* has
e been decomposed into its upper- and lower-half, which de-
Cs=e"Cs-1, (2 fines theM x 2M matricesD_, andD._, respectively.

wheres<0 andH ;s andH;, are the intra- and interslice The scattering problem for thg_ total device that prpperl_y
bulk Hamiltonian matrices for the left bulk. Note that the incorporates the boundary conditions can now be written in
dimensionM of the vectorCy is determined by the number the form

of orbitals within the lateral unit cell and, is the length of

the slices in the left bulk. Analogous equations hold for the C
right bulk. Equationg1) and(2) can only be converted into DL o...0 Co
an eigenvalue equation f&y, if H;,e, iS @n invertible matrix. -

As pointed out recently’*®however, this is almost never the Haeice—E1 : =| 0. (5)
case for realistic tight-binding models. Nevertheless, one can 0...0DR ‘ 0

transform Egs.(1) and (2) into a generalized eigenvalue . Cn+1

equation of dimension 2 X 2M that does not involve the (CN+2)

inverse ofH;,er, "8

Here, Hyeyice(K)) is the Hamiltonian matrix inside the
Cs ~Hinter 0} Cs device including the coupling to the first bulk slice at each
(Cs+1) - ( 0 1) ( Cs+1> contact anck is the given energy. The vectdu;Z is a unit
vector of dimensioM that contains its only nonzero element
(3 in arow that corresponds to the propagating Bloch state
wherex =e~ k4L with 2M complex solution, that corre-  The zeros in the last row of the vector on the right-hand side
spond to the left bulk. These\ solutions are linearly inde- guarantee that the solution contains|fRok; ) states. In ad-
pendent since the kernels of both matrices in@yhave no  dition, the zeros inl, exclude states of the left bulk that

( (Hintra_ E) HiTnter
1 0

nonzero element in common as one can easily show. decay exponentially towards the heterostructure. Equation
(5) must be solved for each propagating bulk statek;").
B. Scattering formalism The transmitted amplitude coefficients can be written in the

Based on this scheme of the complex band structure, wi®!lowing compact form,
now calculate the transmission coefficient in a particularly
compact and transparent form. This method generalizes the t(E,k;,k;")=(DR) CNH) 6)
approach of Refs. 14 and 18 to situations where the right and T - '
left contact materials are different. This requires a careful
normalization of the asymptotic scattering states. Finally, the probability current from théth incoming
The first step consists in calculating the group velocity  Bloch statek,; to the jth outgoing Bloch staté, is ob-
normal to the slice for each bulk. The latter allows one totained by weighing the square of the corresponding ampli-
classify the M solutions of Eq.(3) into M bulk solutions  tude ratios with the normal group velocity ratio of the out-
that propagatey,=0 if Imk,=0) or decay (Ink,=0) to  going and incoming wave,
the right and the remaininlyl bulk states that propagate or
decay to the left. Since the eigenvectors of E).occur in oR
pairs (,,—k,) this splitting into two parts of equal size is T(EK| ,k;i—>k;’j)=|t(E,k” ,k;i_>k;'j)|2%_ (7)
always possible. We will denote the first type of statekpy Uz,

Cn+2
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By summing this transmission probability over all pos- TABLE |I. Layer sequences (stacking near the
sible in and out statesk, and integrating it over energy and (111)-Cak/CoS} interface as assumed in the present calculations
lateral wave vector, weighted with the Fermi distribution and in previous work.
functions, one finally obtains the curréftFor the evalua-

tion Eq. (7), the group velocity component in growth direc- COSk/CaR Si Co Si F Ca F
tion must be computed frequen.tly. The fo_rr_nalism outlined s paper  type B cC A B A C B
above a_IIows one to compute it very efficiently as a by- Akai et al?  type A c A B A B C

product in terms of the bulk quantiti€y, andH;,e, in EQ.

), Reference 26.

. B 2d, . o Si-F interface distance slightly in such a way that the Ca-Si

vZ(E Ky, K, ) == ——=IM(CoHinterCo€™z 2),  (8)  distance across the interface equals its bulk value of 3.1 A.
1| Col We note that recent total-energy calculatiSrassumed an
unrelaxed type-A interface, which implies an extremely
compressed Ca-Si distance of only 2.3 A.
A type-A interface is much more plausible for the
CaFk,/CdF; interface since both solids have quite similar
Due to the complex band structure of the metallic GpSi properties. Thus, we have assumed a perfect continuation of

the calculated transmission coefficients shows many share fluorite lattice across the interface even though other ori-
peaks over the whole energy range and wave-vector-space.dhtations have also been observed in some sarfiples.
requires some care to properly integrate these tunneling “hot Optimized empirical tight-bindingTB) parameters en-
spots.” Therefore, the three-dimensiond, k|) integration  able us to obtain numerically efficient and realistic band
in the Landauer-Bttiker expression for the current density structures. In addition to that the effects of elastic strain were
has been performed with an adaptive integration scheme. Fancorporated into the calculation by scaling the so-called
the lateral momentum integration, the irreducible wedge ohopping matrix elements according to the universal law
the projected Brillouin zone is first covered by a square gridfound by Harrisori®3! Since at the various interfaces these
Subsequently, the mesh is tightened recursively around theopping matrix elements are unknown, universal coupfthgs
highly transmitting regions. In each of these refining stepsyere adapted to the measured or expected interface
grid points are added locally in such a way that the gridgeometry?*?° The local electrostatic potentid(r) as well
alternates between simple square and face centered to ensase experimental band offsets have been incorporated by the
that all previously included lattice points are taken into ac-substitution of the orbital “on-site” energies:
count. This efficient procedure is typically equivalent to
230000 integration points on a fixed grid. E.—Ea—ed(r). 9)

which follows from the Hellman-Feynman theorem.

C. Numerical details

The tight-binding parameters for CgSand for the con-
IIl. BAND STRUCTURE AND BAND OFFSETS tact materials Si and Al were taken from Refs. 34, 35, and

We consider heterostructures consisting of the compound3®: respectively. For CaFwe have developed sp°s*-TB _
CoSi,, Cak, and Cdk. All of them possess the same cubic model b_y f|tt||jg tlhe band structure at hlgh-symmetry points
fluorite (OF) crystal structure. Furthermore, they are Si com-POth to first-principles resuftand experiments? For CdF,
patible in the sense that they can be grown pseudomorphft model with a singles band proved sufficient to fit the
cally on S{111) substrates with very small lattice mismatch; K"own conduction-band dafd.Table Il lists the resulting

their lattice constants are given by 5.356 A, 5.462 A, anonearr(]ast neighbor TB paramdete[)s. 4 by band off
5.388 A, respectively. The precise atomic positions at the The TB parameters need to be augmented by band ofsets

interface are well established for Ga5Si 24?but less so for to align the band structures with respect to one another. In

CoSi,/CaF, and Cdf/CaR, ' Table 1ll we compare experimental and previously obtained
The symmetry in the cése of stoichiometric growth Oftheoretical band offsets. For the Si/GdhRterface as well as

CoSj, on Cak, as well as total energy calculatidisuggest for the Cak /CdF, interface these results are seen to be con-

the interface layer of CosiCaF; to contain Si and F, which

implies that the layer sequence aldid 1] consists of com- bulk Cak, and CdF in eV. The conventional notation for the ma-

plete Si-Co-Si and F-Ca-F triple Iayer.s' In addltlon, GOB1 iy elements in the two-center approximation is ugBef. 35.
the Cak substrate can have 2 plausible orientations: either

the lattice is continued across the interfdtgoe A) or the
crystal structure of CoSiis rotated by 180° in the growth
direction with respect to the underlying substrétgpe B. Ca—F —-1.139 0.360 1.086 3.776 —0.088 0.604
Several experiment§?®indicate that the Co$iCaR, inter- Cd—F  —2.6178

TABLE Il. The nearest-neighbor tight-binding parameters for

sso spo psoc  ppo ppm  sS'o

face possess a type-B orientation. Therefore we have as- E(s) E(p) E(s*)
sumed a type-B interface throughout. In addition, there is Ca 5.75 10.4
another degree of freedom, i.e., three possible types of layeTar, F -30.91 -8.0 7.0
stackings above the interface. Only one of them fits all bulk cd 13.8

distances closely. Table | gives this optimum type-B stackingcgF, F 44.35

sequence along thigl11] direction. We have increased the
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TABLE IIl. Conduction-band offsets and Schottky barrier 20
heights of interfaces studied in this work in electron volts.
. —
Interface Experiment Models o 15
This paper Previous g
Si/Cak 2.32.22.4 2.2 < 10 |
Cak/CdF, 2.9 2.9 bt
Si/CoS) 0.66"¢ 0.66 =
CaR/CoSi, 3.0 2.0, 8.6 5 g
aReference 2. ‘Reference 49.
bReference 46. ‘Reference 40. 0 1 ‘2 ; 4

‘Reference 47.

9Reference 26.

upv 3

FIG. 1. Current-voltage characteristics of the double barrier
sistent with one another. The Schottky barrier hei@BH) CoSj, /CaR, resonant tunneling diode. The CegS8iell and the Caf
between Si and Cogis also well established. Since we are barriers consist of 6 and 4 triple layers, respectively. The inset
not aware of experiments for Cg3CaF,, we have com- indicates the band lineup for an applied bias U in volts schemati-
bined the known Si/Co$iSBH and the Caj7Si conduction-  cally. Dark- and light-shaded areas represent occupied states in
band offset, assuming that theses are values are transitiveéoSk and the valence band of the silicon substrate, respectively.
The resulting 3.0 eV offset is somewhat higher than a previThe dashed arrows show a resonant-tunneling path through a qua-
ous estimat® of 2 eV, which was based on bulk work func- Sibound statehorizontal lines.
tions and electron affinities but much smaller than the huge ) ) ) )
offset of 8.6 eV predicted by recent linear augmented planethat the metallic quantum well supplies a quasicontinuum of
wave calculationd® This large value is caused by the as- €Nergy- and momentum-conserving tunneling states. The
sumption that the difference between the experimental erfurrent ;h(_)ws some negative differential resistance effects
ergy gap and the theoretical value of 7.8 eV within the local-2ut no distinct resonances. . _
density approximatiofLDA) can be accounted for by a rigid The situation is very dn‘fgarent .for resonant tnple—barngr
upward shift of the conduction-band edge by 4.3 eV. How-C0Sk/Cak, resonant-tunneling diodes. In accordance with
ever, previous calculations beyond LDA have shown that thé&xperimentally fabricated structufé§ we have theoretically
error of LDA lies mostly in the valence-band edge that gets@nalyzed a structure with a barrier thickness of 0.9 (@m
shifted downwardé~431f one corrects the LDA results of triple layers, and well widths of 6 and 9 triple layers for the

Ref. 26 in this way, one obtains a Schottky barrier height thafi'st and second Cogivell, respectively. For an applied bias
is close to our value given above. of 3.6 V, the corresponding band-edge energies are depicted

in Fig. 2. Figure 3 compares the present theory for the
current/voltage characteristics with the experimental &ta.

dReference 48.

IV. RESULTS AND DISCUSSION:

RESONANT-TUNNELING STRUCTURES
ON CoSh-BASIS

Strikingly, we find this tunneling diode to produce a very
distinct resonance near 3.6 V in good agreement with experi-
ment. Even the magnitude of the current density is in fair

In this section, we present studies of double- and triple-

barrier tunneling diodes consisting of CeSjuantum well E[eV]
layers and Caf-barriers. Since Cogiis metallic and has a 3
complex Fermi energy, it is far from obvious whether the 2
electronic structure supports momentum and energy-

conserving tunneling processes and it is even less cle 1 CoSi,

whether the current-voltage characteristics exhibits shar ,L°
resonances. Concretely, we first consider a double-barrie -1
tunneling diode, consisting of a 1.9 nn=6 triple layers
CoSh quantum well in between two 1.2 nm=@ triple lay-

erg CaF, barriers. A CoSi cap layer on the top and an
n-doped Sil111)-substrate serve as contacts. In the inset of
Fig. 1, we show a schematic picture of the band profile of
this structure, whereas the main part of the figure depicts the
calculated current-voltage characteristics. Under forward
bias, the metallic emitter on the left-hand side provides elecfesonam_tunne”ng diode for an applied bi&sf 3.6 V. The thick-
trons at nearly all lateral wave vectoks below the Fermi  ness of the layers is indicated on the abscissa in nm. Dark- and
energy. The doped Si on the right-hand side, on the othegnt.shaded areas represent occupied states in,Gosi the va-
hand, accepts electrons only for wave vectors near th@nce band of the silicon substrate, respectively. The dashed arrows
conduction-band minimum at and consequently acts as a indicate schematically a resonant-tunneling path through two qua-
momentum filter for low bias. Nevertheless, the calculatedsibound states indicated by horizontal lines at this particular volt-
current reflects a high density of open channels that showsge.

0 0.9

2.8 3.7

657.4 z[nm]

FIG. 2. Band-edge diagram of the triple barrier CoSiaF,
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FIG. 3. Calculatedtop) and measure@Refs. 44 and b(lower
two plot9 current-voltage characteristics of the triple barrier
(CaR,)3/(CoShb)e/(Cak)3/(CoSh)qe/(CaR); heterostructure.
The temperature is 77 K in all three cases.

accordance with the experimental data, taking into account
the fact that any tunneling current depends exponentially on
the barrier width and height. Our calculations predict a  FIG. 4. (a) The calculated bulk band structure of Co8i the
peak-to-valley ratio for the current of about 32 for the struc-sp3d®s* - tight-binding model(b) and(c) show the lateral energy-
ture in Fig. 3. Experimentally this ratio varies from sample band dispersion fronf —M for CoSh quantum wells that are em-

to sample and shows a maximum ratio of 25 at liquid nitro-bedded into bulk Cafand consist of 6 and 9 atomic triple layers,
gen temperature. respectively. The zero of energy is the Fermi level. The dotted
circle and the arrows indicate flat bands that give rise to pronounced
resonant tunneling peaks.

A. Origin of the resonance

In order to understand the origin of the very narrow reso-above the Fermi level and are marked with an arrow in Fig.
nance peak close to 3.6 V in the triple barrier structisee  4(b). These states are sufficiently localized so that their en-
Fig. 3, it is useful to consider the bulk CoSband structure ergies do not change in broader quantum wells. These states
shown in Fig. 4a) and the lateral dispersion of the electronic are also depicted as horizontal lines in Fig. 2.
states in isolated Cosiquantum wells with 6 and 9 triple In the resonant-tunneling structure, the interface states in
layers embedded in bulk CaFas shown in Figs. @) and the first (leftmos) quantum well become aligned with the
4(c). The bulk band structure exhibits several peaks in thédulk resonance in the second quantum well at a bias of 3.6
density-of-states and we have marked one in particular by &. In total, the spatially localized character of ttestates in
circle in the band structure of Fig(& that has a predomi- CoSi, cause the 2 metallic quantum wells to behave analo-
nantly Cod character. States of similar character in the two-gously to semiconductors with two quasibound states that are
dimensional density-of-states of the 9-layer Co§iantum separated energetically by 1.2 eV. An important differ-
well are depicted in Fig. @). These states possess a veryence is that these states, originating in localizkdtates
small lateral dispersion and therefore give rise to a narrowather than extendeslp-like states, only weakly depend on
tunneling resonance at 1.3 eV above the Fermi energy. Thithe well width. Close inspection of all of these band struc-
resonance is indicated schematically by a horizontal line irtures shows that there are many more peaks in the density-
the band-edge diagram of Fig. 2. In addition, the presenof-states that, however, do not become mapped onto each
calculations reveal that the pseudomorphic interface leads tother in energy and space in the tunneling structure. To
localized interface states that also have predominantlyl Co-illustrate this, Fig. 5 shows the transmission coefficient as a
character and possess a very small lateral dispersion for lardenction ofk| for the resonance bias and energy. They lead
k. These states have an energy of roughly 50 to 100 meYb countless small resonances that lead to the moderate peak
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PRy e m=5TL,n=7TL

[
ST i e-meemn=7| [§ ]
NE4 i1 —m=6TL,n=9TL ]
o H
< 3 P
2 H
-2 ]
1 _}
0
5.0
F M FIG. 6. Calculated current-voltage characteristics of the
CoSi, /CaF, heterostructure depicted in Fig. 2 for different widths

of the first(labeled bym) and the second quantum wékbeled by
n), where the width is given in multiples of triple layers of CoSi

(TL).

well have been varied betweem=4...6 TL andn

=7 ...9 TL,respectively. This stability is a consequence of
the localized nature of thd-states discussed before. Thus,
fluctuations of roughly one TL in the metallic layers do not
affect the functioning of the device adversely.

If we change the width of the central barrier, on the other
hand, we alter the relative voltage drops in all barriers and
. - therefore shift the main resonance. In particular, a thicker

FIG. 5. The calculated transmission coefﬂment_ of the central barrier shifts the current peak to a lower voltage. A
CoSi, /CaF, heterostructure depicted in Fl_g. 2 as a function of thethinner barrier, on the other hand, enhances the tunneling
lateral wave vectok for the resonance p'as (6.6 V) and the rate, broadens the resonances due to stronger wave function
energy of ~1.3 eV below the left Fermi energy. The pattern re- overlap, and therefore tends to smear out the peak ih-the
flects theCg, symmetry in the[111] direction. White and dark P, anc . P .
areas correspond to high- and low-transmission coefficients on hqrapter|st|cs. In Fig. 7, we ShO,W the effect ,Of a thlckr_less
logarithmic scale, respectively. variation of the C(_antral CaFbarrier. When this barn(_ar is

reduced to two triple layers, theV curve has very little
o o . . structure and practically no negative differential resistance.
to valley ratio in thel-V characteristicsFig. 3) in spite of A central barrier that consists of 4 triple layers, on the other
the fact that the present calculations only take into accounhand, shows a pronounced resonance near 3.0 V. This value
the ballistic current. is consistent with the assumption that the electric field is
evenly distributed over the three barriers in the structure.

B. Stability of th
abllity of the resonance V. RESULTS: RESONANT-TUNNELING STRUCTURES

Since a fluctuation of at least half a triple layer is un- ON CdF, BASIS

avoidable experimentally, it is essential to know whether the )
predicted resonances may actually get smeared out by The second class of tunneling structures that we have ana-

In addition, we can mimic part of the temperature effects s
by using a Fermi-Dirac distribution function at elevated tem- 10
peratures. We note, however, that inelastic-scattering effects 10
are neglected in the scattering formalism employed here. It 3
turns out that these temperature effects do not significantly =
alter the results due to the high-barrier energy that amounts E 10°
to more than 100 kT at room temperature. Our comparisons < 10’
with experiment have therefore been consistently calculated ';' .
with a Fermi distribution function for 77 K. 10

By changing the width of one of the metallic quantum 10" |5
wells, one alters the folding of the bulk band structure into 2F

. | | | I
the quantum well. Fortunately, our calculations show that a 10 25 3.0 35 4.0 45 5.0
small variation of the well thickness by one or two triple i ’ Y [V] ) ) )
layers(TL) (each 0.31 nm thickdoes not shift the position
of the resonance significantly. Figure 6 depicts Ithé char- FIG. 7. Calculated current-voltage characteristics of
acteristics of triple barrier resonant-tunneling dio@efsFig.  CoSj,/CaF, heterostructure as shown in Fig. 2 for central barrier
2) where the well widths of the first and second quantumthicknesses of 2, 3 and 4 Cafiple layers, respectively.

4
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E[eV] CaF, Cdf  CaF, Al 10° ‘
A = =
24si(111)[ | 10° || ST
d4 T b L | ---- Si (001)
RN
g r i
1 = 10°F
-1 | ! T T > i I”’ Dt
-9 ]
0 0.9 4.1 5.0 z[nm] 10° F
a1 |
FIG. 8. Band-edge diagram of an unbiased g/dFaF, hetero- 10 0.0 0.5
structure. The electrons tunnel from theloped Si substrate on the
left to the aluminum contact on the right. The thickness of the
Iﬁyersdls indicated on”thg z(ajpsmssa Iln Tm' The @ﬁbtted climes in FIG. 9. Calculated current-voltage characteristics at 77 K of the
the c E;Iqualntum Wells in kllcate ca_clu at?duase ound states. planar Cdk/CaF, heterostructure depicted in Fig. 8 grown on a
The dashed line indicates the Fermi level. (111)-oriented (solid line) or (001)-oriented Si substratédashed

line).
have also been fabricated and studied experimentally
before®” These experiments used pseudomorphically growioo1]-growth axis. These results indeed show distinct reso-
layers of Cdk and Cak on a highlyn-doped Si111) sub-  nances in the current.
strate with top aluminum contacts. The compounds Catd In contrast to these results, distinct current resonances and
CdR, are insulators with band gaps of approximately 12 eVnegative differential resistance has been observed even in
and 8 eV, respectively. Since the conduction-band edge cfome samples grown along the11] direction® In order to
CdF, lies approximately 2.9 eV below that of CaRhe see how effective interface roughness can relax the
former acts as a “quantum well” in this structure. The con- momentum-selective resonant-tunneling process, we have re-
duction band of Cdfis dominated by a singlestype para- Peated our tunneling current calculations for thé1) het-
bolic band with its minimum at thE poinf® and an effective ~ €rostructure, albeit with CgFCaF, interfaces with a
mass of 0.4 electron masses. The electronic band-edge strud®ughness” pattern that has been impressed onto them. For
ture of such a device is drawn in Fig. 8; there is a singlg'umerical reasons, we have modeled the roughness by a
CdF, quantum well embedded in between Gafarriers. In regular pattern that correspondsa 4 by llateral superlat-

the experiment, the substrate has been biased negativetliﬁe' The rim is 1t_rip|e layer high and 1 primitive translation
against the metallic contact. Thus, in contrast to the goSiWide (along the[110] direction so that the momentum con-

case in the previous section, the electrons get injected frof€rvation gets reduced to multiples of a superlattice vector.
the n-doped Si. This implies that the emitted electrons origi- | IS modification of the geometry has a dramatic impact on

nate from one of the six conduction-band minima along thdhe current densitysee Fig. 19 that now shows a d'St'r.]Ct
A axis. Since the Si substrate hikL1] orientation, all 6 resonance close to where it appears experimentally. Still, the

. : . . calculated current density is smaller than the experimental
minima provide electrons with largey values and willnot s - ;

o one. This is not surprising since we have broken the symme-
be able to tunnel resonantly through the gd¥ell with its

k;=(0,0) conduction-band minimum. The aluminum con-

tact, on the other hand, has a Fermi surface that covers nearly 100 T T
the entire projected Brillouin zone and does not act as a CdF,/ CaF, [111]
momentum filter. Thus, altogether no negative differential
resistance is expected for a GdEaF, heterostructure when Experiment (300K)
electrons are injected from andoped Si111) substrate and —
this is indeed confirmed by a detailed calculation of the tun- < Theory (0K)
neling current. In Fig. 9, we show the calculated current- E, 50 |-

voltage characteristics of a (Cak/(CdR,)qo/(Cak,)5 het- —_—
erostructure witi 111]-growth axis(solid ling). As can be

seen, this structure is highly resistive up to a bias of roughly

22 V.

The situation is completely different if one imagines an 0
emitter that consists af-Si but with a(001) orientation. In 0 1
that case, two of the conduction-band minima that lie along U [Volt]
the growth direction get projected onto thepoint of the
two-dimensional Brillouin zone. This opens a channel for  gig. 10. Experimentalsolid line) and theoretica(dashed ling
momentum- and energy-conserving resonant tunnelingyrrent-voltage characteristics of the heterostructure shown in Fig.
through the quasibound states of the quantum well that alsg with an impressed interface roughness corresponding to a single
lie at the center of the Brillouin zone. The dasHed char-  atomic triple layer, respectively. The temperatures are indicated in
acteristics represent the results for a heterostructure witparentheses.
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try rather artificially only along one direction. CoSi, quantum wells. At room temperature the peak-to-
Finally, we would like to point out that many more tun- valley ratio of the coherent current decreases by a factor of 5
neling structures can be designed where momentum consef comparison to F0 results.
vation does not restrict the tunneling process significantly. If As a result O]kH conservation, the tunne”ng current of the
one S|mply reverses the bias in the structure discussed abO\ﬂbume barrier CdE/Can-heterostructure exhibits a strong
for example, electrons get emitted from the aluminum condependence on the substrate orientation. For substrates with
tact and will have a broad spectrum of initiglvalues. How- g (111) surface, negative differential resistance is predicted
ever, one then needs a second quantum well that acts as @loccur only due to interface roughness, which was simu-
energy selectof. lated by a lateral superlattice. The symmetry breaking in-
duced by this imperfection, may account for the discrepancy
VI. CONCLUSIONS between experimental data and calculations that assume flat
.interfaces. The same structure with an additional well and

EF“.P'Oth'.”gtab’? g\pr?ved scat:(ermg sclhelm;a mhthe S€Miteversed bias shows theoretically as well as experimentally
empirical ight-binding framework, we calcula ecoherent negative differential resistance at room temperature around
current-voltage characteristics of various triple and doubles-1 5V

barrier RTD’s on the basis of CoSiCaF, and Cdk/Cak
heterostructures. For the metal(Cg%insulator(Cak)
structure, we found in agreement with experiments a sharp
resonance around 3.6 V bias, which is stable under moderate The authors gratefully acknowledge fruitful discussions
variations of the well thickness, but may be displaced bywith J. A. Majewski, K. Hofmann, J. Wollschigr, and A.
inhomogeneous barriers. The origin of the resonance coulllust. This work was supported by the Deutsche Fors-
be traced back to the alignment of flat @obands of the chungsgemeinschaft under Contract No. VO 483/4-1.

ACKNOWLEDGMENTS

*Electronic address: Strahberger@wsi.tum.de 2w, A. Harrison,Elementary Electronic Structur@Norld Scien-
TElectronic address: Vogl@wsi.tum.de tific, Singapore, 1999
LA, 1zumi, K. Tsutsui, and N.S. Sokolov, Jpn. J. Appl. Phgg,  24J. Zegenhagen and J.R. Patel, Phys. Re¢1B5315(1990.
295(1998. 25R.M. Tromp and M.C. Reuter, Phys. Rev. L&, 1756(1988.
2A. lzumi, Y. Hirai, K. Tsutsui, and N.S. Sokolov, Appl. Phys. 26K, Akai and M. Matsuura, Phys. Rev. 80, 5561 (1999.
Lett. 67, 2792(1999. 273.M. Phillips and W.M. Augustyniak, Appl. Phys. Le#8, 463
3L.J. Schowalter and R.W. Fathauer, Scied&e367 (1989. (1986.
*T. Suemasu, M. Watanabe, J. Suzuki, Y. Kohono, M. Asada, and®R.w. Fathauer, B.D. Hunt, and L.J. Schowalter, Appl. Phys. Lett.
N. Suzuki, Jpn. J. Appl. Phy83, 57 (1994). 49, 64 (1986.
5T. Suemasu, M. Watanabe, M. Asada, and N. Suzuki, Electror?®N.S. Sokolov, N.N. Faleev, S.V. Gastev, N.L. Yakoviev, A.
Lett. 28, 1432(1992. Izumi, and K. Tsutsui, J. Vac. Sci. Technol.18, 2703(1995.
SA. Izumi, N. Matsubara, Y. Kushida, K. Tsutsui, and N.S. °W.A. Harrison, Phys. Rev. B4, 5835(1981).
Sokolov, Jpn. J. Appl. Phy86, 1849(1997). 31w.A. Harrison, Phys. Rev. B8, 550(1983.
M. Watanabe, Y. Aoki, W. Saito, and M. Tsuganezawa, Jpn. J32p, Vogl, H.P. Hjalmarson, and J.D. Dow, J. Phys. Chem. Solids
Appl. Phys.38, L116 (1999. 44, 365(1983.
8R. Tsu and L. Esaki, Appl. Phys. Le®2, 562(1973. 33M. Graf and P. Vogl, Phys. Rev. B1, 4940(1995.
9K.V. Rousseau, K.L. Wang, and J.N. Schulman, Appl. Phys. Lett3*S. Sanguinetti, C. Calegari, V.R. Velasco, G. Benedek, F.
54, 1341(1989. Tavazza, and Leo Miglio, Phys. Rev. !, 9196(1996.
10D H. Lee and J.D. Joannopoulos, Phys. Re234988(1981).  3°J.-M. Jancu, R. Scholz, F. Beltram, and F. Bassani, Phys. Rev. B
113.N. Schulman and Y.-C. Chang, Phys. Rev2B 2346(1983. 57, 6493(1998.
127 B. Boykin, J.P.A. van der Wagt, and J.S. Harris, Jr., Phys. Rev®®D.A. Papaconstantopoulosiandbook of the Band Structure of
B 43, 4777(199)). Elemental Solid¢Plenum Press, New York, 1986
13J.N. Schulman and D.Z.-Y. Ting, Phys. Rev4B, 6282(1992.  °’F. Gan, Y.-N. Xu, M.-Z. Huang, W.Y. Ching, and J.G. Harrison,
14p.z.-Y. Ting, E.T. Yu, and T.C. McGill, Phys. Rev. B5, 3583 Phys. Rev. B45, 8248(1992.
(1992. 383, Barth, R.L. Johnson, and M. Cardona, Phys. Re¥1B3291
15e.0. Kane, inTunneling Phenomena in Solidsdited by E. (1990.
Burstein and S. LundqvigPlenum, New York, 1969 p. 1. 39T, Mattila, S. Pgkko, and R.M. Nieminen, Phys. Rev. B, 15
16C. strahberger and P. Vog|, Physica2B2, 160 (1999. 665 (1997).
17T B. Boykin, Phys. Rev. B4, 7670(1996. 4OM. Asada, M. Watanabe, T. Suemasu, Y. Kohno, and W. Saitoh,
18T B. Boykin, Phys. Rev. B54, 8107(1996. J. Vac. Sci. Technol. A3, 623(1995.
1%R.C. Bowen, W.R. Frensley, G. Klimbeck, and R.K. Lake, Phys.*'M. Stadele, M. Moukara, J.A. Majewski, P. Vogl, and A @ing,
Rev. B52, 2754(1995. Phys. Rev. B59, 10 031(1999.
20R. Landauer, IBM J. Res. De®2, 306 (1988. 42y Hatsugai and T. Fujiwara, Phys. Rev.38, 1280(1988.
2M. Biittiker, IBM J. Res. Dev32, 317(1988. 43A. Svane and O. Gunnarsson, Phys. Rev. L&5}.1148(1990.

22pAldo Di Carlo, P. Vogl, and W. Pa, Phys. Rev. B50, 8358 %M. Watanabe, T. Suemasu, S. Muratake, and M. Asada, Appl.
(1994. Phys. Lett.62, 300(1993.



PRB 62 MODEL OF ROOM-TEMPERATURE RESONANT. . . 7297

“SWe note that the experimental current density has been extractédP. Avouris and R. Wolkow, Appl. Phys. Le5, 1074(1989.
from Refs. 5 and 44 by dividing the measured current by the*®H. Sirringhaus, E.Y. Lee, U. Kafader, and H. vonréh J. Vac.
specified contact area. Sci. Technol. B13 (4), 1848(1995.

“°D. Rieger, F.J. Himpsel, U.O. Karlsson, F.R. McFeely, J.F.4°T. Meyer and H. von Kael, Phys. Rev. Let{78, 3133(1997.
Morar, and J.A. Yarmoff, Phys. Rev. 84, 7295(1986.



