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Full-band simulations of indirect, phonon assisted, interband tunneling are used to calculate the
current—voltage response of a low-temperature molecular-beam-epitaxy-grown silicon tunnel diode
with delta-doped contacts. Electron confinement in the contacts results in weak structure in the
current—voltage characteristic. The structure is lost when finite lifetime effects are included. The
approach uses the nonequilibrium Green function formalism in a second-neigh®st planar

orbital basis. ©2001 American Institute of Physic§DOI: 10.1063/1.1343500

Modern versions of the silicon interband tunnel diodemagnitude of the current. In response to these questions, we
fabricated with low-temperature molecular-beam epitaxypresent full-band calculations of indirect, phonon assisted
have recently been demonstrated in Si&& , and all Si tunneling. The results show where in the-V curve the
devices:™® One common feature of these tunnel diodes isstructure occurs, how the magnitude of the current is af-

K 7 .
their deltg-dop_ejd“ or heavily dopef contacts. The delta  fected, and how the structure is removed from finite lifetime
doping gives rise to potential wells on either side of the¢acts.

tunnel junction. The electron transport is an indiregt ( Our approach uses the nonequilibrium Green function

—TI'), phonon assisted, interband tunneling process. It hafsormalism with a second neighbaspds* planar orbital
not been understood how the potential wells in the contactB ‘1 9-11 - .
asis!”** The sp3s* parameters are optimized using a ge-

affect the current-voltagel (- V) response compared to that i ) | .

e - : L netic algorithmt> The Green function formalism allows us to
of a traditional tunnel diode with bulk doping in the contacts. e R . i

If confined levels existed in the potential wells, one mightmOde| the finite lifetime in the quasi-2D contacts using the
expect to see structure in the-V as the levels uncross, but generalized boundary conditions described in Refs. 10 and
it was an open question as to where in theV the structure  13.

would appear. It also seemed possible that the quasi-two- The deformation potential phonon assisted tunneling
dimensional(2D) nature of the contacts might affect the current is given by the following expression:

J_e(DtK)z d%k, [ d%kg
17 2pwa 472 472

f dE A L R
Z; {tr[GL,l(kE!E)Fl,l(kﬁlE)Gl,L(kL!E)][fﬂ(E)(l_ fR(E_ﬁw))(nB(ﬁw)+1)

XtrAf (kg ,E—fw)+f(E)(1—fr(E+hw))ng(ho)trAf (kg ,E+hw)—(1—f(E)fr(E—fhw)ng(fho)

XtrAf (kg ,E—fiw)—(1—f (E)fr(E+ o) (ng(hw)+ DtrAf (kg ,E+ A w)]}, 1)
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FIG. 1. Band profile and quasi-Fermi level for RITD biased at 0.1 V. Inset,FIG. 2. Three RITD current components: TA phonon assisted, TO phonon
6 X valleys of the conduction band. assisted, and direct. The scattering lifetime in the contacts is 165 fs. Inset,
2D electron and hole dispersions.

WhereA7,_2 is the component of the spectral function injected

from the right contact Ss-doped contacts, we will refer to this device as a resonant

interband tunnel diodéRITD).: To compare the calculated
Af(kg ,E)= GEN(kR ,E)Fﬁ,m(kn vE)Gﬁ,L(kR E). (2 | —V of this device with a traditional tunnel diode with bulk-
like contacts, which we will refer to as an Esaki diode, we
Equation(1) is Fermi’s Golden Rule in Green function form modify the band profile shown in Fig. 1 by attaching flat-
calculating the overlap of the wave function envelopes. Théands at the deepest point in the electron well and the highest
subscript or superscripgt and R indicate that the quantity is point in the hole potential well. Thus, the deep wells are
injected from the left or right contact, respectively. The wavereplaced with equivalently deep three-dimensional regions.
vectorsk . andky, are transverse, two-dimensional wave vec-This comparison can be viewed as a numerigatlanken
tors in thex—y plane.E is the total energy. The sum over experiment since the delta doping is used precisely for the
is a sum over monolayers in the growth direction lyingreason that equivalently heavy bulk doping has not yet been
within the nonequilibrium region indexed left to right from 1 achieved.
to N. I' is obtained from the surface Green functions of the  To observe the structure in the RITID-V and its dis-
contact regiond® GR andG* are the retarded and advanced appearance with finite lifetime broadening, the RITD con-
Green functions, respectivelyr{ } indicates a trace over tacts are modeled using five different values for the scatter-
the 20 orbitals in thesp®s* basis,f, andf are the Fermi ing lifetime resulting from the heavy doping: 165, 66, 33,
factors of the left and right contacts, respectivelyjs the 7.3, and 4.3 fs. The measured Hall mobility in the Sb-doped
phonon frequencyng(% w) is the Bose-Einstein factopis  well is 30 cnf/V s’ which, using the relation.=er/m*,
the density of Si, 2.328g/cina is the lattice parameter, results in an estimate for of 4.3 fs. The Esaki diode is
5.431 A, andDK is the interband deformation potential.  modeled with the 165 fs lifetime.
Equation(1) is calculated independently for each pho- The calculated components of the RITB-V with the
non type. The direct tunneling current from the two longitu- 165 fs lifetime are shown in Fig. 2. Note that the axis for the
dinal X valleys of the conduction bandhe two valleys la- direct current is in units of mA/cfy whereas the axis for the
beledX, in the inset of Fig. 1to thel valley of the valence phonon assisted components is in units of Alcifhe direct
band is also calculated using the approach described in Refomponent of the current is approximately five orders of
10. magnitude smaller than the phonon assisted components.
Two different phonons provide the main contribution to Low-temperature measurements made on similar de¥ices
the current, the transverse acougfié\) phonon with an en- show that the ratio is significantly larger than that observed
ergy of 18.4 meV and the transverse opti&D) phonon in the alloyed tunnel diodes of the 196thowever, it does
with an energy of 57.6 me¥ Using the simplest deforma- not appear to be more than two orders of magnitude. The
tion potential concept, and values from Ref. 15, one camiscrepancy could be the result of elastic intervalley scatter-
estimate a value dD;K for the interband100 TA phonon ing processes which are not included in these simulations.
to be 2.4510°eV/cm. There exists no similar method to Structure is observed in tHe-V components, most no-
estimate the matrix element for the TO phonon. Howeverficeably in the negative differential resistan®DR) region.
we know experimentally that the contribution to the total This is different than that observed for intraband 2D-2D tun-
current from the TA and TO phonons is almost eqf§ave  neling where the features occur on the positive differential
use this fact to estimate a value@fK for the TO phonon by section of thel —V curve (compare, for example, Fig. 4 of
comparing the two numerically calculated current contribu-Ref. 13. Roughly speaking, the difference lies in the fact
tions. We estimate the value to be %.60° eV/cm. that the quantized states are the bottom of 2D subbands
The band diagram shown in Fig. 1 of the Silicon tunnelwhich are now inverted from each other as illustrated in the
diode reported in Ref. 4 is calculated from Poisson’s equainset of Fig. 2.
tion using the secondary ion mass spectrosd@ylS) dop- The total currents for the Esaki diode and the RITDs
ing profile measured after a 700 °C rapid thermal anneal aswith contact lifetimes of 165, 33, 7.3, and 4.3 fs are shown in
suming complete dopant activatidrAll calculations use a Fig. 3. The 66 fs RITD is left out for clarity. Weak structure
temperature of 300 K. Because of the confinement in th@ppears in the 165 and 66 fs RITD-Vs. Some cancellation
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1400 —— and geometry can account for the discrepancy in the calcu-

1200 lated and experimental current.
1000 In conclusion, we have presented simulations of tradi-
g tional Si tunnel diodes and RITDs using modern full-band
< 800 quantum device modeling methods. The quasi-2D nature of
g 600 &-doped contacts gives rise to weak structure in the current-
E 400} voltage curve mostly in the NDR region. However, the struc-
o 200 - . ture quickly disappears when realistic finite lifetime effects

i are included in the contacts.
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