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In tunnel field-effect transistors, trap-assisted tunngling AT one of the prob-
able causes for degraded subthreshold swing. The ’ﬂo-quantum—mechamcal
(QM) assessment of TAT currents also requires @ QM treatment of phonon-assisted
tunneling (PAT) currents. Therefore, we presént a multi-band PAT current for-
malism within the framework of the quan(‘zzl‘;tr smitting boundary method. An

envelope function approximation is used td construc electron-phonon coupling
terms corresponding to local Frohlich- honown-assisted inter-band tunneling
in direct-bandgap III-V semiconductors. “lChe PAT«current density is studied in up
to 100nm long and 20nm wide p-n digdes withthe 2- and 15-band material descrip-
tion of our formalism. We obserw M t electron-phonon coupling across
the tunneling junction. We further dem te the dependence of PAT currents
sistent formalism which neglects changes
in the electron distribution function, caused by the electron-phonon coupling. Fi-

nally, we discuss the differeneg: - dependence between direct band-to-band
tunneling and PAT currgnt.

Keywords: Phonon-

Wﬂneling, electron-phonon coupling, Frohlich interac-
tion

I INTRODUC /

efficient ising a sub-60mV /decade subthreshold swing (SS) for future low power
or Si TFETS, the large indirect-bandgap results in low drive-currents,
there tlng the pursuit of other possible device structures and materials* 0. Be-
r effective bandgap, the direct band-to-band tunneling (BTBT) in het-
erostrigtiire IM-V TFETs offers higher drive currents''. Despite promising predictions,

The tunn -effec rans1stor (TFET) is one of the favorable candidates as an energy
pro
§1-3.

rrents§1ke trap-assisted tunnehng (TAT)*?7*) phonon-assisted tunneling (PAT)!®, tun-
via Auger-recombination'® and high doping-induced band-tail states!'".

wever, TAT is seen as one of the most probable causes for SS degradation in

erformance. A fundamental mechanism underlying TAT in a semiconductor device is

\ Ts'419  and therefore it requires an in-depth study in order to improve the device

phonon-assisted tunneling (PAT)?%:21. Moreover, recent advances have shown the need to

include electric-field induced effects on the quantized trap levels into a robust TAT model??.
Therefore, as a first step towards an accurate TAT description in a semiconductor device,
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the quantum-mechanical (QM) modeling of PAT is required. Such modeling of PAT has
been done in small devices, but in large-size semiconductor devices, it demands enormous
computational resources and so far has received little attention'®. Hence, we present a
multi-band single-phonon based PAT formalism suitable for direct-bandgap semiconductor
devices and optimized for low computational efforts. The content of this paper is organized
as follows. In Section II, we derive the PAT current density formalismd® and discuss the
numerical implementation by applying it to an Ing 53Gag 47As p-n diodg¢'fer which the PAT
current density is expected to be observable??. The inefficiency of th elecNonon cou-
pling strength across the tunneling junction is detailed in Section
the impact of the device length on the PAT current density. The co
BTBT and PAT current density for different doping concentrations is
V. Finally, we conclude this paper in Section VI.

Il. FORMALISM b

To allow for simulations of the PAT current i hom structure I1I-V dev1ces we fol-
low the framework of Zener tunneling in indire —b ap mlconductors (I1. A), while
using a k.p-based envelope function approximation to éalculate the electron-phonon cou-
pling strength (II. B). We implement the formg
k.p-based full-zone (30-bands) QM simulator, Pharos
rents (II. D). Note that PAT calculatigns willonly be shown for a 2-band and 15-band
model. This implementation choice is e haros’ ability to simulate large device
structures, while efficiently filtering iQus solutions through spectral decomposition
and demanding low computational e

. Seetion discusses
rison between the
;ussed in Section

In this article, we study the ices
transmitting boundary method
whereas confinement is pre along the.z-direction (see Fig. 1).

6 s

gimul ted homostructure Ing s3Gag.a7As p-n diode configuration. Dopant profiles are

ugiform. The device dimensions are Ly and L, in z- and z-direction respectively.

nalinvariance is assumed in the y-direction. The origin of the xyz-coordinate system is
the figure.

S ““A. PAT current equation

For a non-interacting boosted electron system, the many-electron Hamiltonian He) in the
framework of second quantization is defined by

T = / dr ' (r) Ha 9(r) (1)
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where H. represents the one-electron Hamiltonian, which includes external electrostatic
potential profiles. The electron field operators 1(r) in Eq. (1) are defined as:

D) = i) ; d(x) = Z 1;(r)é; (2)

J

where é;, ¢; are the creation and annihilation operators for an electté i the j*" state,
respectively, and ;(r) is the 4t state one-electron wavefunctio 16 wing anti-
commutation relations apply for the fermionic electron creation ané annihilation operators

of Eq. (2):
{éi’é;r‘}:éij; {éiyéj}:(); {@Tvé \ (3)

where the indices 7,7 can denote any one-electron state

In QTBM, an electron state consists of a mode which is injetgf rom either of the two
contacts (Fig. 1) into the active region, combined with allighe corresponding reflected and
i s 1

transmitted modes. Here, a single-electron state denti by the following quantum
numbers: the wave vector k; and spin o; of th ection mode. The complete set of
electron states of the non-interacting electron system is then split up in an a-set and a
(B-set which correspond to the electron statés identified with respectively the right-going
and the left-going injected modes, whereb t‘}&{c‘i modes are electron plane waves in
the z-direction, modulated by a function in - z-direction.

Substituting Eq. (2) in Eq. (1) and includi ossible state combinations while keeping
in mind that all electron states identified with injected modes from the same contact are
orthonormal®” and identified with i ?&$i modes from different contacts are orthogonal,
results in the following descriptign: =

L .
koo T Z Ekﬁffﬂckﬂaﬁckﬁaﬁ
kf(go',(g

(4)

where Ey, o, and Ejje, are the energies for which a contact eigenvalue problem is solved
in the left contact and the right contact, respectively, resulting in the determination of
the injected mo t a continuous range of energy values FEy_ o, and E,,, is
available. Noté als e electrons in each of the two contacts are in equilibrium and
can be exchf wit external reservoir, thereby fixing the chemical potential of these
26,28

th = Z mql/&j{udqu (5)

qv

ere q& the phonon wave vector and the index v specifies the phonon branch (acoustic
or optieal) as well as the polarization (longitudinal or transverse). The commutation rules
for Bhonons are:

~ AT _ . ~ ~ _ .
\ ~ [aql”l’a‘h”’é‘ = da,q, 00102 Oqyvr Qapua | = 0;

(00,0 ] =0 (6)

The second quantization Hamiltonian for the system of both non-interacting electrons
and free phonons is then:

Ho = Ha + ﬁph (7)
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Since PAT currents result from a time-dependent perturbation, as will be discussed later,
we also describe the density matrix of the electron and phonon system. The density ma-
trix allows to readily determine the statistical average of a time-dependent observable.
In the framework of the grand canonical ensemble, the density matrix of the system of
non-interacting electrons and free phonons, in which the phonon system has zero chemical

potential, is given by: /

- exp (— (Ho - NN) /kBT) 5\ )

Z

where kp is the Boltzmann constant, T is the temperature, u and N cerrespend to the chem-

ical potential and the electron number operator, respectivelyl an is the grand canonical

partition function defined by Tr (exp (— (ﬁo — ,u]\Af ) /kpT ) | whiche“Tr” represents the

trace operation. The electron number N can be separ@ted into sum of the left (N,)

and the right (Ng) contact electron numbers, which arécharacterized by their respective

number operators and respective density matrices with chemical‘potentials o and pg. Us-
Q )

ing Eqs. (4), (5) and (7), the density matrix of Eq.\(8).xéduces to the direct product of the
electron and phonon density matrices and is wrigten
L

EO = ® @p (9)

The electron-phonon interactions are i ro&bd‘ in the framework of perturbation theory,
by adding an electron-phonon interaction Ramitenian to Ho of Eq. (7), which is defined in

second quantization by
) <
Hing
_ 4 R ot
= Z JkSgakosar CryoyChaoa (G T 0 qu
kaoakgop

es thelelectron-phonon coupling strength related to interband tran-
ron-phonon interactions (see Section I1.B) and where “h.c.” stands

)
)

s

+h.c. (10)

where gkaaakgaﬁqu
sitions mediated
for hermitian aj‘ corresponding time-dependent electron-phonon interaction
Hamiltonian il the ingeragfion picture is represented by?*

JUT .
Z (gk&aﬂkﬁgﬁqy Ckﬁaﬁckaaa aqu €xXp
popqy

h

0 (E o - F o +mV t

<i (Bryos — Broon — wgy) t)

h

-

S

The"steady-state phonon-assisted current can then be calculated by taking the statistical
average of the rate of change of the number of electrons in either of the contacts. The number
ectrons is derived from the number operator Ny gy = . % : é,:aaa(kﬁaﬁ) ékaaa(kﬁaﬁ).
ada(kpop
“Th the framework of the density matrix approach, the current is then

In = —e lim L?t {Tr (Nag(t)) }} (12)

t—o0

with e the elementary charge and g(t) representing the time-dependent density matrix,
which is constructed by a recursive expansion of the von-Neumann equation combined with
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iterative time integrations®*. The perturbative approximation consists of taking the first-
order expansion of 9(#)?%, which is**

.t

~ 1 ~ R

o (t) ~ 60 — %/ dty |:Hint(t1)a Qo] (13)
0

Inserting Eq. (13) in the PAT current equation Eq. (12) while removing the first term, as it
corresponds to the direct-BTBT current, and applying cyclic permutati under the trace
operation results in?*: \

t RS

Iy = %tlggo / dt, Tr (Hﬁa,ﬁim(t)}  Hine (80 20 (14)
0

Eq. (14) is simplified in a similar way as in Vandenberghe e

.;D r example, the double
commutator in Eq. (14) results in numerous terms associated wi

trace of one such combination is Tr éLaag C, / 50) and it is evaluated

o

[
by making use of Eq. (9), while remembering that t densi{ﬁmatrix 0o describes the system
of non-interacting electrons and phonons, and subsequently/applying Eqgs. (3) and (6),

[

st 4 5 st oAt 4 =~ \ _ P ~ P st~ oAt -
Tr (Ck,aoacka%aql’aq’u’Ck;ggck;o; Qo> = T\M Qﬁ) Tr(cka%ck;a; Qa) Tr (aquaq'l/ gph)
(15)

" ! 5(Ek66ﬁ)5kaaak;a,a (1 - fa(Ekach)) 5qq/5yy/ (U(mqu) + ]‘)

(16)
The individual traces in Eq. (15) ‘ atistical averages of the single particle occupation
number characterized by th Fer\%: statistics f(q,)(E) for electrons and the Bose-
Einstein statistics v(FE) for Mdefined as:

1 1
fap)(B) =4 > (B = figap) /kpT) V) = o (E/kpT) — 1

Under steady statefcondition, fthe time-dependent exponential factors in the PAT current
equation are ap oxi&ate with an energy-conserving delta function, resulting in the fol-

lowing expression%&3%
27re/
Ioh = —
Bo’akgo’ qr

(17)

2
|gkaaak505qu‘ .

1- fB(Ek;ao@) (hwqu) +1) _fB(Ek;sU;a) (1~ fa(Eroo.)) U(hqu)}

V. (18)

in Eq. (18) corresponds to the current contribution due to the excitation of
ron from an « state in the left contact to a § state in the right contact, mediated

by p n absorption. The second term refers to the phonon-emission current contribution

run&ing in opposite direction between the same « and [ state.

S “B. Electron-phonon coupling strength

For a given electron state from the a-set and a given electron state from the (-set, the
electron-phonon coupling strength in Eq. (18) is defined by

gkao'ockBO'BqV = Mql//dr /l)[};:BG_ﬁ(r)eiqgsze'iny ZSin (qzz)wkaga(r) (19)
Q

) El - fﬁ(Ekgoa); ( U(h‘*’qu) _fﬁ(Ek/aU/s) (1~ fa(Eroo.)) (U(ﬁqu) +1)} 5(Ek565 — Eypo, —

5(Ekﬁgﬁ — Ekaga + fu
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where Mg, refers to the bulk electron-phonon coupling strength, where each phonon wave
vector g consists of its individual components (q — ¢z, ¢y, ¢.) and where  is the device
volume. For the phonons, box normalization is assumed with periodic boundary conditions
over large lengths Ly pon (> Lx) and Ly,n = Ly (representing a large uniform vibrational
system in z and y) and with Dirichlet boundary conditions over the confined direction
L, pn = L, (representing an abrupt transition to vacuum beyond L, ,n)*'. The phonon
wavevectors ¢, and g, are therefore continuous variables running from to +o00, while g,
is discrete with allowed values q, = nw/L, with n = {1,2,3,...}. Sin ti}tqﬁials under
study are polar III-V semiconductors, the Frohlich-interaction is ghe deminant electron-
phonon interaction®2. Since we solely consider the longitudinal bran the polar optical
phonons, the index v in Egs. (18) and (19) is disregarded for the*sgmainder of the article.
Therefore, Mq in Eq. (19) is described by the bulk polar coupli ST units given

by32:
My = — o*fwg <1_1
|q| 2Qph €0 €0
where 71 is the reduced Planck constant, wq is the phonen frequency, {2ph is the volume of
the total vibrational system of which the devicelis ) @and go are the high frequency

(20)

and static dielectric constants, respectively2. wavéfunctions corresponding to states
from the a- and (-set, are expanded using following homostructure envelope function
approximation,

Vhsos () = D Un(O)F i@ iy (1) = D Froran (£) Ui (1) (21)

whereby Fj_,.m(r) are slowly varyi %elQpe functions, whose Fourier components lie
within the first Brillouin zone, U () represent the bulk wavefunctions, thereby pro-
viding a complete set of orthono basis functions with lattice periodicity®?, where m
represents the band index. W . (21) in Eq. (19) results in the following electron-
phonon coupling strength expresgion:®

Jkaoakposa = Mg U (0) Fy g (1) €4 €M V2510 (022) Fito o (1) Ui (r) - (22)

L 9)

For the crystallifiec semiiconductors, we can replace the position vector r by a linear com-
bination of thé unit*eell vyétor R, and the lattice vector R, which transforms the volume

integral in t ew— onon coupling (Eq. (22)) into

where is thé volume of the unit cell. By further making use of the lattice periodicity of
¢ basis funttions and assuming that the envelope functions are approximately constant
wver thedunit cell, the basis and envelope functions can be simplified in the following way

Fy (R) ; Fkaoam(Ru +R) ~ Fkaaam(R)

kgogn

r:Ru+R:>/dr:Z/dRu (23)
Q R ¢,

(24)

Q|

3 Fl::kﬁagn(RU +R)

stituting Eqgs. (23) and (24) in Eq. (22) leads to the separation of the envelope functions
““from the basis functions:

Jkaoakposq = Mq E Z Fl;kﬁtwn(R) eiqu eiqu ﬁe;iqzz Fkaoam(R) f dRu U;{(Ru) eiqmX“ eiqu“ 7\/§ei{{zzu U,
mn R

Q.

21

21

. . —iqz Z % i i e~ 14z 2u
—My S %;F,:Mn(R) X oY V2 T g (R) [ AR, Uz(R,,) €% Xu eiaYu2e 20
mn

of
(25)

m(Ru)
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The phonon wave vector q in Eq. (22) is not necessarily restricted to the first Brillouin
zone. However, a low-wave vector approximation is applied to the phonons, in line with
the larger coupling strength at low wave vectors of the polar coupling. This allows to
fully exploit the efficiency of the envelope function approximation. Mathematically, this
implies 4R+ ~ 1 in Eq. (25). Making use of the orthonormality of the basis functions

/ dR, U (Ry) U (Ry) = Qe |, we find that the electronphonc‘(m&ling strength
is determined by the phonon-mediated overlap of same-band envel e@ctions

gkaoakﬁdgq = MOIQCZZFI;;UBN,(R) X iqu 2 sin (q Fk&aan(R) (26)

""'--.

, we regain the spatial

By the inverse transformation of the lattice vector

dependence of the slowly varying envelope funct1 ns, the electron—phonon coupling
strength becomes:

Jkaoaksosa = MqZ/ dr F’:‘*Jﬁ‘{
Y \

where the envelope functions for a semi Mevice with dimensions L, (transport),
L, (translationally invariant), L. (cénfined)sare of the following form?*

\T~

* * kP ik
Fklgoﬁn(r) = Fkgagn Z)e v ) Fkaaan(r) =€ knykaaan(x7z) (28)

iMSm (¢2:2)Fr,0.n(r) (27)

since normalization of the corses mg wavefunctions to a Dirac delta function has been

apphed in z- and y—dlrectlons an ronecker delta in the confined z-direction. Inserting
(28) in Eq. ( the ab lute square and solving for the integral along the y-
dlrectlon results 1n
2
sm kﬁ +4qy / 2

Z/dx/dz Pkoaksosal®: 2)| (29)

|gk oaka o’aq
ph kﬁ + Qy)/2

where @} ' q(az z) denotes the overlap function for a given (g, ¢.) and is defined by

4

— /¢Zaaakﬂaﬁq(x7 Z) = Fl;k[;o'ﬁn(x’ Z) eiqmm\/iSin (qzz)FkaUan(x7 Z) (30)

e PAﬁcurrent of Eq. (18) involves the summation over all possible phonon wave vectors.
““The on wave vector component along the (z, y)-directions can have a continuous range
of values within the first Brillouin zone, therefore the summations over (g;, g,) are converted

S 1 integrals ( o= ’ph y’ph / dq, / dqy> The confinement along the z-direction

qz,q9y
splits the electron continuous bands into sub-bands and also the discrete nature of ¢, is
retained, hence the summation over ¢, is maintained. With these transformations, the
summation of Eq. (29) is

2 L o
Z |gka0ak305q| = ﬁ/dqg:/d%; )\(ky - k'5 + Qy)ZGkaaakgog (qgcaanQ.z) (31)
a

9z


http://dx.doi.org/10.1063/1.5044256

! I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishing
where (k" — k5 + ¢y) is the weight function defined by

sin (kg = K + ,)/2)Ly)
(kg = &5 +a)/2)

A(k; - kf + Qy) = SinC(((kg - k5 + ‘Jy)/2)Ly)

Gkaoakgag(QaquyCIz - | q‘h Z/dx/dz¢kaaakg03q(x Z)
Z,p

In the limit L, — oo, the first factor in the weight function A b S h a delta function
276 (ka kﬁ —|— qy) As a consequence, the second cardina fun n only matters if

ky — kyﬁ + gy = 0, which results in a value of one:

2
Z'gkaaakﬁ03q| /sz/de _k6+qy Gk} kgog q:mq?;vq,z) (33)
q

The inner integral over dg, in Eq. ( can b arrie ,)c trivially thanks to the delta
function, leading to

Z |gkaaak505q’2 = Q_yK Gk a0akpog Qma y aQZ) (34)
q

=
C. PAT current density for semic \ vices
Combining the two previous sec substituting Eq. (34) in Eq. (18), the PAT current

equation is of the form;

Gkaa&kﬁaﬁ (qam kg - k;, q.z)~

{falE :{k[m); ( v(hwq) —fﬁ(EkBag)(l—jza( woa)) (V(wg) + 1)} 0(Eryop — Bk, — g
1

Ey
+ {fa fﬁ Ekﬂtfg) U(ﬁwq) + 1) _fﬁ(EkBtfg) ( - Oé(EkatTa)) U(ﬁwq)} 5(Ek/305 EkaUa + ﬁ’wq
35)
Duetto t nslatl al invariance along the y-direction and the planewave-like envelope func-

transport z-direction, the summations of the electron wave vector along
ions are transformed into integrals. The summation of the electron quantum

=To7 / dkg / dk? / dk2 / dk? (36)

koo k:Ba 'yaaa'yﬁalg

= Bryos (37)
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and applying the transformations of Eq. (36) and dividing both sides of Eq. (35) by L, the
PAT current density is:

__ € o 8
Jph_m/dky/dky

/dEk? /dEks Z AkaoaBkﬂaﬁ/dqm ZGkaaakBa%quz)
9z
I(E,
(a3,

{FalBis) (1= 15(B) vz;i;:;ﬂiﬁfﬁ(Ekg) (1-fa(Bry) wWQ
+ / dEyg / dEs > Akao,Bryo, / dg, x\

ok 4z, y _k';j;qz)

YaTaVB0B

5
| {FalBig) (1= 15(Byp)) (lhwa) + 1) — fa(By) (1 gl

The inner integrals over E, s in Eq. (38) are solved by usin following sifting property
Y
of the delta function L ’)

;
+ gy = D(Eyg + huwg) (39)
1 C

/ dE, s D(E,)0(E,p — Kd
This reduces the complexity of the PA’ e

L%A-f.zzl v equation to a single energy integral
over Eja and results in the final form of rrent density equation,

e o -
o = o7 / dkg / k) \X
/dEkg Z o Wk, QB:BUB ZGkaaaklgo‘g (Qx7k5 - k;#]z)

YaOaYBOoB gz
{faBrg) (1= f5(E ,ﬁfn) iwq) = fo(Bry + liwq) (1= fa(Eg) ) (v(fq) +1)}
+/ kijx% de Akao'a Bk:_[goyg ZGkaUngo'ﬁ (Q:u k»g - k§7 QZ)

f?mq>) (o) 1)~ T3 B ) (1= falBrg) ) vliwq) }

thereby, 'Dthe conversion factors in the g,-integral accordingly as,
£
dk? dk?
w N\ o= ———| B = ——— (41)
BIB BOB
A(Erg + g d(Eng — hq)
Y RELF] Y RELE

)

D. &\Iumerical implementation

-

S “. To calculate the PAT currents with Eq. (40), we first determine the envelope functions

F sy00mn(r) from Pharos®® for each energy E,(s) and kg(’g). We then calculate the
overlap function densities ¢} , ., o(z,2) and repeat the calculations for each injected
mode v, and for all available vg modes, ¢, ¢., Eq, kg and kj/-values, while correspondingly
determining the integrations of Eq. (40). The integrations consist of 40 adaptively chosen
points in energy F, and 10 points in k, to cover all relevant «, 3-states. Additionally,

the mesh points for the g,-integral are adaptively discretized, from ¢, ~ 0 till 25% of the

¥ — By — Fug)
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FIG. 2. The direct-BTBT and PAT current densitigs of the tructure Ing s3Gag.a7As p-n
diode of Fig. 1 as a function of applied voltage. The 'diodeé is“60nm long and 20nm wide and is
uniformly doped with a concentration of 5x10'® [afem”]. FB (RB) stands for forward (reverse)

bias.

0.75

5, 0.00
B3
)
=
[Sa]
75

/§ /20 < [gm] 20

a%lagram along the indicated cut-line of the Ing s53Gag.47As p-n diode of Fig. 1 for
—0.2V. The black lines correspond to valence band maximum and conduction band
miniplum energigs. The grey-dashed vertical lines indicate the limits of the region where PAT

Is

b and Epy,.

)

hedongitudinal branch of the polar optical phonon.
he formalism of the PAT current density is applied to an up to 100nm long and 20nm
“Wide Ing 53Gag.47As p-n diode as shown in Fig. 1. The simulated device’s mesh size is 0.1nm
along the z- and 0.2nm along the z-direction. The device is assumed to exhibit translational
symmetry along the y-direction.

The PAT current density based on Eq. (40) is compared with the direct-BTBT?® for a
60nm long and 20nm wide Ing 53Gag.47As p-n diode in Fig. 2. The comparison is made for
both the 2-band and the 15-band model of the formalism. As expected, the PAT current
density is increasing relative to the BTBT current density in forward bias. This is mainly

" first Brillouin zone. For the sake of numerical efficiency, the Frohlich model for electron-
phonon interaction is considered®? with a constant energy fiwg of 34meV corresponding to
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over the unit cell at specific energies F, and Eg, indicated ig. 3. T he blue (red)- ohd curve
corresponds to an electron injected at F, from the |
black-solid line represents the corresponding coupling
region, shown in Fig. 3, are repeated here and
region is highlighted with a magenta-dashed elipse.“Ihe_contribution of the PAT process in the
near-tunneling regions is indicated with magenta-das oxes.

FIG. 4. The 2-band envelope function densities foréhe lowes k and k. values, averaged

con act Egs from the right contact). The
blche limits of the tunneling junction

because of the smaller available dir % unneling window, whereas PAT offers an
additional transmission path baged on'th gﬁh of phonon energy. Moreover, the observed
PAT currents are comparable to i
several direct-bandgap matefials. "
the 2-band model is mostly ideuti Note that the 15-band implementation is shown until
Vap=0.4V, beyond which the indigect bandgap results in complications of the numerical
implementation. Owi he faster‘calculation, more straightforward implementation and
limited difference between the 2- and 15-band PAT currents, the 2-band model is applied
for the remainder @f thevarticle.

£
1. INEFFIY/T& 'I’<ON-PHONON COUPLING ACROSS TUNNELING JUNCTIONS

: we band*diagram of a 60nm-long Ing 53Gag 47As p-n diode is shown at the
ine of Fig. 1, where the probability density of the electron wavefunction is
envelope function densities for a 2-band model (n=2 in Eq. (29)), averaged
fl , are plotted along the transport z-direction in Fig. 4. These densities are
nergies (E,, Eg) indicated in Fig. 3. The corresponding coupling density (see
(30)) is shown as a solid-black line in Fig. 4. A drop in coupling density, indi-
magenta-circle in Fig. 4, implies that the electron-phonon coupling is inefficient

e tunneling junction.
is inefficiency can be explained by examining the envelope functions. The real and
hedmaginary components of the envelope function corresponding to each band of a 2-band
model, at energies (E,, Eg), are presented along the z-direction in Fig. 5. It is evident
}hat the conduction band component (band 2) exhibits a 90°-phase shift relative to the
valence band component (band 1) of the envelope function, which can be shown to result
from the different parity of the conduction and valence bands’ basis function, and which
is valid as long as there is limited transmission of electron wavefunction through the for-
bidden bandgap. This 90°-shift in both « and § states transforms the summation of the
individual band’s coupling ¢} Bq(:c, Zeenter) iNtO their subtraction, thereby explaining the dip
in Fig. 4. Note that the dip in coupling density is also observed in a 15-band model, due to
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FIG. 5. The real (solid) and imaginary (da% ents of the EF's corresponding to each
e

band for an electron injected from each contact. e (red) lines correspond to the valence

(conduction)-band contributions of the EF Mn injected from the left contact. The pink
(green) lines refer to the valence (conduction)-band contributions of the EF of an electron injected

from the right contact. The grey-dashedyvertical lines of Fig. 3 are repeated here and indicate the
limits of the tunneling region. ~

the 90°-phase shift found be @&ence X and the conduction S band?”.
/Q
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IV. PAT VERSUS DEVICE LENGTH

The finite transmission of an electron’s envelope function at the given energies (E,, Eg)
into the region beyond the tunneling junction (called near-tunneling region), is noticeable
in the PAT current density as shown in Fig. 4 (indicated by magenta boxes). Consequently,
this PAT process in the near-tunneling regions causes a dependence ?/ the PAT current
densities on the device length L,. This is illustrated in Fig. 6, where tlie

ect-BTBT and
PAT current densities are compared for a 60nm and 100nm long In ag.47As p-n diode.
As expected, the BTBT current densities (blue) do not depend4on deyice length. How-

_.
<

3r E . I I C a "__‘ e \

—

]
&

—

S
_EBTBT\G%LO,OUm) !
BTI;"L :60nm)
\ pL(-L :100nm)

. (L:60nm) | 1

—

<
)

-

Current Density [A(um)™]

—
)
N
—

—
:|

—_

—_

0.00 ozmé)?o 075 1.00

FIG. 6. Dependence of 2-band di
along the transport direction.
L. and a constant 20nm width

T and PAT current densities on the device length L,
he simulated‘device is an Ing.53Gag.4a7As p-n diode with varying
ly doped with a concentration of 5x10'® [at/cm?].

ever, the PAT current sities show*substantial dependence on the device length, which is
due to the observablé contribution of the near-tunneling regions. An accurate calculation
would include the i of the electron-phonon coupling on the electron distribution func-
tion in a self-consiStentappreach3®. It is expected that this will reduce the total PAT current
increase with idcreaging dewice length presented in Fig. 6. Such a calculation, however, is
beyond the Je of thig 2’

rticle.

V. PAT QJS DOPING CONCENTRATIONS

b{nd diagrams of a 60nm long and 20nm wide Ing53Gag47As p-n diode, taken

the centerfof the z-direction, are shown for different doping concentrations in Fig. 7.

he incgease in tunneling length with decrease in doping concentration is apparent. In

ig. 8, ‘Se electron envelope function densities, taken at the energies (E,, Eg) of Fig. 7,

decrease in transmission after tunneling in the moderately doped diodes, which

e to the increase in tunneling length L;. Subsequently, the coupling densities decrease
with decreasing diode doping, as detailed in Fig. 9. The resulting PAT current density
ependence on the doping concentrations is illustrated in Fig. 10.

Tt is observed that the PAT current density is close to the BTBT current density in
forward bias for high doping concentration (5x10%° [at/cm®]), and both in forward bias
and at the onset of reverse bias for moderately doped p-n diodes (5x10*® [at/cm’]). For
a given voltage (see Fig. 7), the effective direct-BTBT tunneling-energy window, which
is determined by the doping-dependent Fermi levels, is much larger for the 5x10'° diodes
than for the moderately doped diodes. This 1mphes that the PAT current in the 5x10°
[at /cm®] diode will only become relevant compared to BTBT at a more negative bias where
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FIG. 7. Band diagrams for the different doping concedtrations a the indicated cut-line of the
p-n diode of Fig. 1. The solid-(dot-, dashed-) lines corréspotid-teithe band-edge energies for 5x10"°
(5x10'®, 5x10'7) [at/cm®] doping concentrations, réspectively. The blue (red)-solid line refers to
the energies E, (Eg).
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h@%) solid (dot,dashed) curves indicate the envelope function density for the

nd k. values at the energies E, (Eg) of Fig. 7, averaged over the unit cell in a
d for doping concentrations of 5x10'° (5x10'®, 5x10'7) [at/cm®], respectively. The

FIG. 8.
lowest
2-ba

is eﬁ"e?ve tunneling energy window becomes sufficiently small compared to the phonon-
he shift towards more positive voltages in Fig. 10 of PAT being close to BTBT for
the@x10'® [at/cm®] diode versus 5x10'° [at/cm®] diode can be ascribed to the occurrence
of ajsmaller effective BTBT tunneling window counteracted by a lower contribution of the
process in the near-tunneling region (see Fig. 9). In case of the lowest doped diode
“6x10'7 [at/cm®)), the reduction of the near-tunneling regions leads to smaller PAT relative
to BTBT current densities. Hence, the combination of the effective tunneling-energy window
and the length of the near-tunneling regions determines the observable doping dependence
of the PAT current density.
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£

I. CONCLUSIONS

esent a multi-band PAT current density formalism applicable to direct-bandgap

—
dev?es and implement it with high computational efficiency. We study the PAT current
ensi

ty in up to 100nm long and 20nm wide Ing 53Gag.47As p-n diodes with a 2- and 15-

band implementation of the formalism. We observe that the PAT currents are comparable
“to BTBT and find that there is limited difference in PAT current densities between the 2-
and 15-band model. We discover that the electron-phonon coupling is inefficient across the
tunneling junction which originates from the difference in parity between the basis functions
of the coupled valence and conduction bands in the transport direction. We determine that
the PAT current densities increase with device length along the transport direction owing to
PAT contributions in the near-tunneling regions. This increase is an overestimate given the
lack of impact on the current densities from electron redistributions based on the electron-
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phonon coupling. We further unravel that the combined effects of tunneling-energy window
and near-tunneling region length result in the doping dependence of the PAT current density.
We expect that the PAT current density formalism can eventually be applied to study PAT
in heterostructure p-n, p-i-n diodes and TFET configurations. We further expect that it
can be extended to multi-phonon assisted tunneling and eventually to QM assess TAT in
devices.
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