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Starting from the Keldysh formalism, general analytical expressions are derived for the current and
the occupation of the well in the presence of inelastic scattering, both at the main peak and at the pho-
non peak. These expressions are then evaluated from a continuous coordinate representation of a
double-barrier potential profile and also from a tight-binding model of a weakly coupled central site.
The resulting expressions are similar, and the analytical expressions derived from the continuous coordi-
nate representation compare well with the results obtained from numerical simulations. The analytical
expressions and the numerical results show that unlike the main peak, the phonon peak is normally in-
dependent of the collector transmissivity. But with very opaque collector barriers, the resonant level fills
up and the current decreases because the inelastic scattering is suppressed by the exclusion principle.
An alternative but equivalent point of view is that the effective coupling I'; between the incident energy
in the emitter and the resonant energy in the well is g'T"; where g’ is the effective phonon coupling con-
stant and I'z is 7 times the tunneling rate through the emitter barrier. The total low-temperature inelas-
tic current at the phonon-peak bias is (2e /)T ;¢ /(T'z +T¢). Since g’ <1, the effective coupling Ty
determines the current until I'¢ is reduced to ~T';. The “backflow” correction to the current due to ab-
sorption of phonons is derived, interpreted, and limiting cases discussed. The approach described here
could be applied to other problems involving resonant tunneling in the presence of inelastic scattering.
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220 meV N
The effect of inelastic scattering on resonant tunneling ™ 220 meV

is a question of great interest from both basic and applied N ©
points of view.! A very clear manifestation of this effect is

the appearance of a phonon peak®’ % in the valley } Ao
current of resonant-tunneling diodes when the resonant 0
level E, is one phonon energy 7w, below the energy of the

incoming electrons from the emitter [Fig. 1(a)]. It is well N\ e

known that the magnitude of the main peak is propor-
tional to TpT/(Ty+T¢), where Ty () is the transmis-
sion probability of the emitter (collector) barrier. The
phonon peak on the other hand can be nearly indepen-
dent of T, over a range of values. In this paper, we
present a simple analytical model that explains this be-
havior. The model is based on the Keldysh formalism
and is in good agreement with detailed numerical simula-
tions. The model is quite general and should prove useful
in other problems involving quantum transport in the
presence of inelastic scattering.

The fact that the off-resonant current at the phonon
peak is independent of the collector transmission proba-
bility may seem counterintuitive since one expects the
current to decrease as the collector barrier is made thick-
er. Suppose we gradually reduce the transmissivity of the
collector so that T becomes smaller while T remains
unchanged. The main peak is reduced, but the phonon
peak is not reduced; under reverse bias, however, both
peaks are reduced since the roles of emitter and collector
are interchanged. This is evident from our detailed nu-
merical calculations based on the Keldysh formalism
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FIG. 1. The asymmetric resonant tunneling diode. T =4.2
K; m*=0.067m,, where m, is the free-electron mass. The
cross-sectional area is (2 nm)2. (a) Potential profile used in nu-
merical calculations. The conduction-band discontinuity of the
emitter barrier is 220 meV. A series of seven devices was stud-
ied with collector barrier conduction-band discontinuities of
220, 300, 400, 500, 600, 700, and 1000 meV. (b) I-V characteris-
tics for three of these devices having collector barrier heights of
220, 300, and 500 meV.
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[Fig. 1(b)]. Thus, phonon peaks should be more easily
observed if an asymmetric structure is biased such that
the collector (rather than the emitter) is weakly transmit-
ting. This is in agreement with experimental evi-
dence.3 ™6

However, this does not mean that we can make the col-
lector transmissivity arbitrarily small and still have a
phonon-peak current. That is clearly impossible since the
current ultimately has to flow out through the collector.
When the collector transmissivity gets very small, the res-
onant level fills up. This reduces the scattering rate for
electrons coming in from the emitter since there are
fewer empty states into which the electrons can scatter.
Consequently the inelastic current is reduced.

An alternative and equivalent point of view is that the
effective coupling Ty between the emitter and the reso-
nance is given by g'Ty, where g’ is the effective phonon
coupling constant. For g’ <<1, the current is determined
by Ty alone, unless the collector barrier is made large
enough so that T is reduced to Tf. This is also the
point at which the resonance begins to fill.

Experimental observations of the phonon peak occur at
low temperatures so that ‘“backflow” due to absorption of
phonons by electrons at the resonant energy is negligible.
Under such conditions, calculation of the current reduces
to a calculation of the scattering rate of electrons injected
from the emitter into the well.'>1°722 At higher temper-
atures, when absorption cannot be ignored, a “backflow”
term appears in the current expression.

The purpose of this paper is threefold. First, we
present and evaluate a simple analytical model, derived
rigorously from the Keldysh formalism,?* whose range of
applicability is broader than the specific problem of the
phonon peak considered here. Second, the previous dis-

cussion concerning the effect of barrier asymmetry on the
J
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phonon peak is put on a firm quantitative footing. Final-
ly, the “backflow” term for the current is derived and in-
terpreted, and limiting cases are discussed.

II. MODEL

The microscopic model, described in detail in Refs. 24
and 25, is repeated here for convenience. The electrons
are described by a single-particle Hamiltonian,

Hy=——(p—e AP+ V(r) @.1)
2m*
[V(r) includes the electrostatic potential and

conduction-band discontinuities], and interact with a
phonon bath maintained in thermodynamic equilibrium,

Hp=3 fioglalag+1), 2.2)
q
through the electron-phonon interaction
H'=71_;U2 eit(age ' +ate ), 2.3)

q

where a is the phonon operator, U is a fixed strength, V
is the volume, and #w,=36 meV is the optical-phonon
energy. The interaction is local in space. This model is
similar to that used by Anda and Flores,!” where it is
written in tight-binding notation, and Wingreen, Jacob-
sen, and Wilkins.!? The choice of the strength U? and
the relation between U? and the dimensionless coupling
constant g is described in Appendix C.

The electron-phonon interaction is treated in the self-
consistent first Born approximation. Within this approxi-
mation, the self-energies are local. The resulting electron
(hole) outscattering rates, 1/7,,) are given by the expres-
sions

i =27”U2{N3(hw0)NO(E +iwg)[1— f (E +#iwg) |+ [ N (Fiwg)+ 1 INo(E —fiwg)[ 1 — f(E —#ig)]} (2.42)
Tn

(IE) =—2ﬁ1U2{NB(th)NO(E —#iwg)f (E —Fiwg)+ [Ny (Fiwg)+ 1IN E +fiary) f (E +#iwg)] (2.4b)
Tp

where N (#iwy) is the Bose-Einstein factor, N is the local
density of states, and U is a constant describing the
strength of the phonon coupling. At low temperatures
(assuming fiwy>>kgT), (2.4a) and (2.4b) become

1__27

B % UNy(E —#iwy)[1— f(E —#iw)] (2.5a)
and
L__27 oy (E +iwg)f (E +Hiwg) . (2.5b)
7,(E) #
The total scattering rate 1/7, is given by
L/ E)=1/7,(E)+1/7,(E) . (2.6)
In (2.4)-(2.6), the position coordinate has been

suppressed for clarity. The scattering rates are re-

r

lated to the self-energies in the Keldysh notation
by 32<(z,2;E)=i#i/7,(z;E)8(z —2'), 3>(z,z";E)
=—iti/7,(z;E)6(z —z'), and Im3R(z,z"; E)=—#/
274(z; E)8(z —2'). ‘

For simplicity, we have considered a strictly one-
dimensional picture as in Refs. 10, 11, 14, 16, and 17. In
real three-dimensional structures, phonons provide cou-
pling between electron states with different transverse en-
ergies. We believe that the main effect of this transverse
momentum transfer is to broaden the phonon peak
feature in the I-V characteristic. This can be understood
as follows. In a one-dimensional treatment, the scatter-
ing rate 1/7,,) is enhanced only if the resonant energy
E, is exactly one phonon energy below the incident ener-
gy E (E =E,+%w,). But in a three-dimensional treat-
ment, at low temperature, the scattering rate for an elec-
tron incident with energy E (and zero transverse energy)
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is given by [cf. Eq. (2.5a)]

=27 2 . 2
T.(E) %’U‘JNO‘E A0 o

2,2

X [1—f [E—ﬁmo—’zﬂLl , 2.7

*

where U, is the coupling strength for phonons with
transverse momentum 7iq. The scattering rate is thus
enhanced over a range of energies:

% ZQ 2
E, +fiwy<E <E,+#w,+

2m*
(where Q is the maximum value of the phonon wave vec-
tor such that U, is negligible for g > Q), instead of at a
single energy E =E, +#iw,. This leads to a broadening of
the phonon peak. Indeed, if U, were independent of q, Q@
would be effectively infinite and the phonon peak would
transform into a phonon step. Calculations by Turley
and Teitsworth?>22 show that the dominant scattering for
narrow wells is due to the inner symmetric interface pho-
non mode whose coupling U, does decrease with increas-
ing g, but only as g ~!/ 222,28 Consequently, the phonon
peak in real three-dimensional structures will be broader
than the one-dimensional results presented in this paper.
This is in agreement with the experiment.?~®

III. FORMALISM

The formalism is described in detail in Refs. 24 and 25.
Here we will merely state the results. Using the self-
consistent Born approximation for the local phonon mod-
el, the Keldysh equations can be written as?’
I(z;E)=—;—fdz’T(z,z’;E)[f(z;E)—fT(z’;E)] . (3.1)
We write all of our expressions for the current and the
electron density for a single spin channel; a sum over
spins is implied. The occupation factor f(z;E) and the
scattering factor f7(z’; E) in (3.1) are defined as follows:

f(z;E)=n(z;E)/Nyz;E), (3.2)

s E) = 1/7,(z";E) (3.3)
[1z5E)= 1/74z";E) ’ )

where n is the electron density per unit energy,

n(z;E)=—iG <(z,z;E)/2m, and N, is the local density
of states which is related to the spectral function
A,Ny(z;E)= A(z,z;E)/2r=—ImGR(z,z;E) /m. GR is
obtained from the equation (in matrix notation)
(E —H,—3®)GR®=1. The kernel T'(z,z';E) is calculated
from the relation

#2|GR(z,z";E)|?

T(z,2E)= :
(2,25E) T4z, E)T4(2"; E)

(3.4)

Note that I(z;E) in (3.1) is the external current which
is nonzero only inside the contacts. Equation (3.1) is first
solved for f(z;E) and f7(z;E) inside the device subject
to the boundary condition: f(z;E)=f"(z;E)
=fo(E —u;) if z € contact ““i,” where f, is the Fermi
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function and u; is the electrochemical potential at con-
tact “i.” Once f and f7 are known everywhere, Eq. (3.1)
can be used to calculate I(z;E) inside the contacts; in-
tegrating I(z;E) over contact “i” yields the terminal
current I;.

Before proceeding, a few comments will be made con-
cerning Eq. (3.1). Equation (3.1) is derived rigorously
from the Keldysh formalism. For points lying within the
device [I(z;E)=0], it follows directly from the integral
equation G <=GRZ<G“. For points lying in the con-
tacts (which are large reservoirs in local equilibrium in
zero magnetic field), I (z;E)70 and Eq. (3.1) allow us to
calculate the external current as described above. We
have shown both analytically and numerically that this is
equivalent to a direct evaluation of the current from the
relation

—eh
*

J(z;E)= (V—=V')G <(z,z";E)

2
—F A(z)n(z;E) .

The present formulation incorporates the external
current into the same equation as that used to calculate
the occupation factor f(z;E). This has two advantages.
First, it clearly shows that current is conserved even in
arbitrary multiterminal geometries because of the “sum
rule” obeyed by the kernel.?*

hNy(z; E)

[dz'T(z,2’E)= [dz'T(2',2;E)= T z.E)
¢ ’

(3.5)

Using (3.5), we obtain, from (3.1),
en(z;E)  eNo(z;E)

[dz [dE1(z;E)= [dz [dE

T4z E) 7,(z;E)

_ en(z;E) ep(z;E)
fdzde T,(z;E) TP(Z;E) )
(3.6)

The integrand represents V-J(z;E) and as such disap-
pears on integrating over E [this can be shown explicitly
by substituting the expressions for 7, and 7, (Ref. 28)].
Thus the sum of all the terminal currents is assured to be
zero. Second, it expresses the Keldysh equations in a
form analogous to those obtained from a Laudauer-
Biittiker formalism.?>*° If we simply extend a mul-
tiprobe Biittiker formula3! to a continuous distribution of
probes,? 35 we obtain

I(z;E)=%fdz’T(z,z’;E)[f(z;E)—f(z’;E)] , (37

which is similar to Eq. (3.1). The only difference is that
the f7(z";E) in Eq. (3.1) has been replaced by f(z';E) in
(3.7). The relation between f” and f can be expressed in
the form (suppressing the arguments z, E for simplicity)

NO/Tp
n/‘r¢

Inscattering rate
Outscattering rate

f=r
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If the outscattering and inscattering are balanced in each
energy channel, then f"= f and Eq. (3.1) reduces to (3.7).
But inelastic processes can cause “vertical flow” from one
energy to another so that, in general, f"5~f within the
device.

Alternatively, the effect of inelastic processes on the
current equation can be seen by writing Eq. (3.1) as (3.7),
plus a correction factor due to “vertical flow.” This form
of Eq. (3.1) is

Iz;E)=7 [dz'T(z,25E)f (z:E)— f (2;E)]

74(2"; E)
V-J(z;E) .

—fdz T(z,z ;E)m

(3.8)
The correction term is clearly zero if current is conserved
at each energy. This form for the current with the inelas-
tic term explicitly displayed is similar to that of Eq. (5) of
Hershfield, Davies, and Wilkins.*®

IV. ANALYSIS

The numerical results discussed in this paper are ob-
tained from a direct solution of Eq. (3.1). To obtain sim-
ple analytical expressions (for the terminal current and
the occupation of the resonant level) we consider a model
structure [Fig. 1(a)] consisting of three regions: the emit-
ter contact E, the collector contact C, and the well W,
where, in each region, the occupation factor f is assumed
to be independent of position. Transmission coefficients
between the regions are defined by integrating T'(z,z";E)
over the regions. For example,

Tsc IZEEdzleecdz T(z,z";E) . 4.1)
Since we are not considering magnetic fields, the
transmission coefficients are symmetric.

With the above definitions, the current per unit energy
in the emitter contact is obtained from (3.1):

=£
h

In the well, I(z;E) is zero and (3.1) gives a general ex-
pression for the occupation of the well.

Iy (Tec(fe—f)+Tew(fe—fi)]. 4.2)

TewletTewfet Twwlw
TegwtTewt+tTyw )

fw= (4.3)

Note that all the quantities appearing in Egs. (4.2) and
(4.3) are functions of energy, E. In particular, we are in-
terested in two values of energy, the energy E; of the in-
cident electrons and the energy E, of the resonant level.

As discussed earlier, the main peak and the phonon
peak behave very differently as the collector transmissivi-
ty is reduced. This difference arises because the function
f7(z;E) is very different in the two cases. At the bias
corresponding to the main peak E;~E,, and there is
effectively only one energy channel; under these condi-
tions, f7= f as discussed earlier. For this case, Egs. (4.2)
and (4.3) yield
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e Te,wTc,w
I = = f— ++.~_ —_
= TacUs SOt 3 2 S
main peak (4.4)
and
T +Tewf
Sfw= sw/et Tewle main peak . (4.5)

TE, W+ TC, w

The coherent component of the current is given by the
first term in (4.4) and the sequential component of the
current is given by the second term. Note that the
sequential component depends on T .

In contrast, at the phonon peak E;=E, +iw, and, in
the low-temperature limit, it is apparent from Egs. (2.5)
that, f(E;)=0, since 1/7,(E;)~0, while fj(E,)=1,
since 1/7,(E,)=~0. For low temperature and high bias,
fe=0and f5=~1. Hence, from (4.2),

I(E)= %[TE,C+ Ty w] phonon peak . (4.6)
Also, noting that T, (E,)=0, from (4.3) we obtain
T -1
_ | tew
fw(E, )= | —"—+1 phonon peak . 4.7)
Ty, w

The coherent component of the current is given by the
first term in (4.6) and the current in the inelastic channel
is given by the second term. Note that this inelastic com-
ponent is independent of Ty, unlike the sequential
component in (4.4).

To obtain useful analytical expressions for Iy and f,
we must evaluate the transmission coefficients. We have
done so in two ways (the appendixes contain details of the
derivations). In the first, we calculate the Green func-
tions in (3.4) working in the continuous (coordinate) rep-
resentation for a structure similar to that of Fig. 1, except
that the potential drop is approximated as steplike occur-
ring at the two barriers. In the second, we use a one-
dimensional tight-binding model with the central site
weakly coupled to the emitter (collector) lead. This mod-
el is similar to the one investigated by Hershfield, Davies,
and Wilkins with the Hubbard U repulsion replaced by
the electron-phonon interaction.’® For both methods, we
assume that the scattering times 7, ,, and 7, are indepen-
dent of position within any one region.

From the calculation in the continuous coordinate rep-
resentation, we find

Tpc= FEFFC 4, 4.8)
E,W:'% EW > 4.9)
Tew= chr/ﬁ AFc . (4.10)

Also, from the sum rule [Eq. (3.5)],
A @.11)

TE,W+TC,W+TW,W:;_;A >
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where I'=T¢+T' g +%/7,, and 1/7, is the scattering rate
in the well. The emitter (collector) tunneling rate
T'g(c)/# is related to the transmission probability T ¢
of the emitter (collector) barrier by the relation
Tgcy=#vTg ), where v=v/2d is the attempt frequency
in the well (v is the velocity and d is the well width). The

spectral function in the well, A(E), defined by
fwe“dz A(z,z;,E), is
A(E)= L , (4.12)

[4(#v)%sin%(6/2)+ 1T?]

where 60 is the round-trip phase shift in the well;
0=2kd +¢p+¢., where ¢y is the phase of the
reflection amplitude of the emitter (collector) barrier.
The factors Fgy and Fcy depend on the propagation
and reflection phase shifts. They are of order one and
will be neglected in the following discussion. In this case
our equations (4.2) and (4.3) can be cast in a form similar
to that found by Hershfield, Davies, and Wilkins.3¢37

The tight-binding calculation yields the same result as
Egs. (4.8)-(4.11) (without the factors Fp () ), except
that the spectral function has the form

r
[(E—E,)*+1r?]

A(E)= (4.13)

Close to resonance, 4(%v)%sin%(6/2)~(E —E, )%, so that
the two expressions are equivalent, but for the off-
resonant current, using Eq. (4.12) for A4 gives much better
quantitative agreement with the numerical results.

A. Main peak

With the above results for the transmission coefficients,
Eq. (4.4) for the current per unit energy at the main peak
becomes

e FEFC

E, e
Te(E)=1, Ip+Tc

A(fg—fc) . (4.14)

Integrating over energy, assuming ' and fz(() are
slowly varying compared to A4, results in the usual ex-
pression for the current at the main peak:

Felc

[=¢ _"EC_
A Tp+T.

(fE—fc)» (4.15)

where the quantities are evaluated at the resonant energy.
If we were to use (4.14) to evaluate the off-resonant
current, we would obtain an expression identical to that
found by Biittiker.>® From (4.5), the occupation of the
resonance becomes

TefetTcfc

.16
'p+T¢ (4.16)

fW(Er)=

B. Phonon peak

First we consider the general expression for the current
and analyze the role of ‘“backflow.” Next we write the
high bias, low-temperature limits of the equation for the
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current and the occupation of the resonance, and analyze
the effect of the collector barrier asymmetry.

1. “Backflow”™

The general expression for the emitter current per unit
energy [Eq. (4.2)], yields

e A
T "/ 4.17)
E /Td, fE ﬁ/T¢ (4.

The first term in the brackets is the coherent current and
the second term is the inelastic current. Consider the in-
elastic current:

Ili?elastiC(Ei)= FE(fEﬁ/TQS_ﬁ/TP)

£
h
£

[a = a

Ceplfeti/r,—(1—fe)hi/T,], (4.18)

h T
where we have used (2.6). To give a physical interpreta-
tion to the two terms within the brackets of (4.18), we use
the expression for the occupation of the well at the in-
cident energy. From Eq. (4.3), we obtain

_ TpfetTcfc+t/7,
r ’
where all of the terms in (4.17)-(4.19) are evaluated at

the incident energy, E;. The electron density per unit en-
ergy in the well is, therefore,
A

1 4
nW(Ei):EfW=Z—IT[FEfE+FCfC+ﬁ/Tp] .

fw 4.19)

(4.20)

The first two terms in the brackets represent the contri-
bution to ny(E;) due to injection from the emitter and
collector contacts, respectively, at energy E;. The last
term represents the contribution to ny(E;) due to
“backflow” to the incident energy from the resonant en-
ergy E,. Thus we can write ny,(E;) as the sum of three
contributions:

ny(E)=ny g+nw ctnwe), we,) (4.21a)
where
nW«—E(C)zi—g_rE(C)fE(C) (4.21b)
and
LA (4.21¢)

RW(E)—W(E)T 5 ?ﬁ/Tp :

The interpretation of the first two terms is verified by in-
jecting a plane wave from the emitter and calculating the
resulting electron density per unit energy in the well (de-
tails of the calculation are shown at the ends of Appen-
dixes A and B). The result is precisely Eq. (4.21b).

This interpretation is now applied to the inelastic
current equation (4.18). We rewrite (4.18) in the trans-
parent form
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nweE g

inelastic —
Iy (E;)= TAWE)—WE) g

(1—fg)

Tn
(4.22)

The first term is the rate at which electrons injected from
the emitter are scattered down to the resonance. This is
the term calculated in the approach of Chevoir and
Vinter.!? The second term is the rate at which electrons
are scattered up to the incident energy from the resonant
energy and back out to the emitter. This is the correction
term due to “backflow.”

Field theories of many-particle systems treat electrons
and holes in the conduction band on an equal footing.
This suggests an interesting interpretation for the
“backflow” term. The hole density per unit energy in
the well due to injection of holes from the emitter is [cf.
Eq. (4.21b)]

1

S 1" (4.23)

Pw—Eg™= Cp(1—fg)
Therefore, the “backflow” term is py. g/7, and the
equation for the inelastic current takes the symmetric

form

. . Ry, —
IénelastIC( Ei Y=e _W<E _pW—E (4.24)
Th ’Tp

In this view, the “backflow” term is the outscattering
rate in the well of holes injected from the emitter.

There are three cases in which “backflow” is negligible.
“Backflow” is proportional to the hole outscattering rate
at the incident energy which, using (2.4b), is

Pw—e _2m
TP(E,-) #i

If #iwy>>kgT, then Np(#iwy)=0. Thus, *“backflow” is
negligible at low temperatures. Second, if the occupation
of the resonance is very small, f(E,)=0, then
l/Tp(Ei)zO and there is no ‘“backflow.” Finally, since
Pweg <1—fg(E;), “backflow” is suppressed if the injec-
tion energy lies 3k; T or more below the Fermi energy of
the emitter. For all three cases, the equation for the in-
elastic current reduces to the form used by Chevoir and
Vinter:!?

ZNB(th)NO( )f(Er)pW<—E .

IiEpelastic ZGM . (4.25)

Tn

2. Low-temperature limit

In the low-temperature, high-bias limit, at the bias cor-
responding to the phonon peak, Eq. (4.6) yields

e d
h T
e A
= L Tgle+Tph/r,] . (4.26)

h T

All of the quantities in (4.26) are evaluated at the energy
E; of the incident carriers. The second term in the brack-
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ets is the current in the inelastic channel. Since E; is fiw,
above the resonant energy,

A(E;)/T =[4(#v)%in%0 /2]~ (4.27)

and the current in the inelastic channel has no explicit
dependence on I'.. The inelastic current depends only
on the collector barrier through the effect of the factor of
[1—f(E,)] on the value of 1/7,(E;) [see Eq. (2.5a)].

The total inelastic current is

[dE, < ALE) 2(E)T 2 A (E,—#ieg)
h T(E;)
X[1—=fw(E;,—#w,)], (4.28)
where we have used (2.5a), we write #/7,(E;) in (4.28) as
#/T(E)=U2A(E;,—#iwy)[1 — fplE, —#wy)] . (4.29)

A(E) is given by (4.12) and U*=U?/Vy, where Vy is
the volume of the quantum box between the barriers. ¥V
accounts for the magnitude of the wave function, i.e.,
27No(z;E)=~ A(E)/Vg, where z lies in the well. Since
A (E) is strongly peaked at the resonant energy E,, the
major contribution to the integral in (4.28) will come
from values of E; ~E, +#iw,. If we assume that f(E,)
is slowly varying compared to 4 (E,) [this assumption is
confirmed by Eq. (4.35)], we can move all of the quanti-
ties outside of the integral except 4 (E; —#iw,), whose in-
tegral gives a factor of 2. Thus the emitter current in
the inelastic channel is

e A(E,+%w,)

=— Cp(E,+# 1— .

=3 TE, ) LB E 00 ULy E))]

(4.30)
We define an effective phonon coupling constant g’ as
ff 2 (ﬁa)o )2
'= = , (4.31)
& JOE) ¢ O(E)
4(#v)%sin® 4(#v)“sin

with the usual dimensionless phonon coupling constant
g =U?/(#w,y)? from Eq. (C9). Then, using (4.27), the to-
tal emitter current in the inelastic channel becomes

IE=%gTE(E,-)[1—fW(E,)], 4.32)
where E; =E, +#w, Equation (4.32) shows clearly that
the inelastic current due to optical-phonon emission de-
pends on the collector barrier only through the occupa-
tion of the resonance fy (E, )

The occupation factor f (E,) is obtained from (4.7):

SfwlE, )=

(4.33)

All of the quantities in (4.33) are evaluated at the energy
E, of the resonant level. Although Eq. (4.33) does not ex-



47 RATE EQUATIONS FROM THE KELDYSH FORMALISM . ..

plicitly contain a factor of I';, the resonance cannot be
filled if the emitter barrier transmissivity becomes very
small. The effect of the emitter barrier transmissivity on
the occupation of the resonance is contained in the
scattering rate 1/7,(E,) through the occupation factor at
the~ incident energy, f(E;). From (2.5b), ﬁ/TP(E,)
=UZ%A4(E;)fw(E,), where A (E;) is given by (4.12). Us-
ing (4.19) and (4.27) and remembering that #/7,(E;)=~=0,
we see that

UTL(E;)
ﬁ/Tp(E,)’: =g'Tg(E;) . (4.34)
E,)
4(#v)%sin®
Using (4.34), (4.33) becomes
(E,)= FelE) B (4.35)
fW r’— g'FE(E,) :

Thus, filling of the resonance at the phonon-peak bias
occurs for I'c Sg'T'%.

Substituting the expression for the occupation of the
resonance (4.35) into the expression for the current (4.32),
we obtain our final expression for the inelastic component
of the phonon-peak current:

g'r
I, e Elc

= (4.36)
g Tg+TI¢

The form of Eq. (4.36) for the phonon-peak current is
identical to the expression for the low-temperature main-
peak current [see Eq. (4.15)], with the tunneling rate
through the emitter barrier 'y scaled by the coupling
constant g’. Our final low-temperature results show that
for weakly transmitting barriers at the phonon-peak bias,
the coupling of the emitter at the incident energy to the
well at the resonant energy is the usual coupling through
the emitter barrier I'; scaled by the phonon coupling
constant g’.

V. COMPARISON OF ANALYTICAL
AND NUMERICAL RESULTS

For the analytical calculations in this paper, we have
used the values of the scattering rates obtained from the
numerical simulations. However, we have checked that a
self-consistent solution of (4.2) and (4.3) with (2.5a) and
(2.5b) yields results in agreement with the full numerical
solution. Figures 2(a) and 2(b) show the current I and the
occupation factor of the resonance f,(E,) for a series of
devices at a temperature of 4.2 K with different collector
barrier heights [Fig. 1(a)], both at the phonon peak and at
the main peak. It is apparent that there is good agree-
ment between the numerical results computed from Eq.
(3.1) and the results obtained from the analytical expres-
sions in Egs. (4.15), (4.16), (4.26), and (4.33). Figure 2(c)
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shows #i/74(E,) and #/7,(E;) calculated numerically
from Egs. (2.4) at a temperature of 4.2 K. Note that, at
the phonon-peak bias, the occupation factor fy(E,) in
the well becomes significant when I', becomes smaller
than %/7,(E,), as predicted by Eq. (4.33). At this point,
#/74(E;) decreases and the phonon peak is suppressed.
However, due to the low density of states at E;, T,(E,) is
very long [see Eq. (2.5b)] and ' has to be quite small be-
fore filling of the well affects the phonon-peak current.

It is interesting to note [Fig. 2(b)] that, while the filling
of the resonant level at the main peak is close to unity for
'y /T>10, it takes greater asymmetry, by a factor of
1/g’, at the phonon peak for significant filling to occur.
In highly asymmetric structures,’ ¢ charging could affect
the shape of the phonon peak just as it affects the main
peak.

Main Peak:
——numer.
£
(3]
< 10! -
b=
£ 103 [JPhonon Peak: ]
8 —¥—numer.
=—Eq. (4.26) (a)
102 PRI BEEETTT T T Uy BT
107" 10° 10" 102 10% 10
T /T
10°
f; L
; | /
210k
O[Main Peak:
® [—<—numer.
2 —o—Eq. (4.16) Phonon Peak:
[*] —¥—numer.
8 2 —&—Eq. (4.33)
10" 10° 10" 102 103 10°
I'e/T¢
2
11— i
c
1073 ]
s a4 f
2 10" L “X—'ﬁ/‘t¢(E|) .
> E *Bvﬁ/’%(Er)
& 10° [ —6-Tg ]
& F
10°° 1
107 il vl vl i
10" 10° 10 102 103 10*

Tg/Tc

FIG. 2. Numerical results and analytical predictions are
compared for (a) the magnitude of the current and (b) the occu-
pation of the well, at the bias corresponding to the main current
peak and at the bias corresponding to the phonon peak; (c)
Lc(E;), #i/T4(E;), and #/7,(E,) calculated numerically at the
phonon-peak bias.
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VI. CONCLUSIONS

In summary, starting from the Keldysh formalism, we
obtain Egs. (4.2) and (4.3) for the terminal current I and
the occupation factor f, in the well. The transmission
coefficients appearing in Egs. (4.2) and (4.3) are evaluated
using the continuous (coordinate) representation [see Egs.
(4.8)—-(4.11)]. Equations (4.2) and (4.3) are then used to
calculate I and fj at the main peak [Egs. (4.15) and
(4.16)] and at the phonon peak [Egs. (4.26) and (4.33)].
The results agree well with detailed numerical calcula-
tions. The expression for the low-temperature total in-
elastic current at the phonon-peak bias Eq. (4.32) shows
clearly that the inelastic current through a weakly cou-
pled well only depends on the collector barrier through
the occupation of the resonant level in the well. Substi-
tuting in the expression for the occupation of the reso-
nant level [Eq. (4.35)] gives the final expression for the
low-temperature inelastic current [Eq. (4.36)]. Equation
(4.36) shows that the effective coupling between the in-
cident energy in the emitter and the resonant energy in
the well is g'T';. Since g’ <1, the effective emitter-well
coupling is reduced. Until I' is reduced to ~g'Tg, the
current is determined by g'T'; alone. When I', <g'T',
charging of the well becomes significant at the phonon-
peak bias. The high-temperature “backflow” term can be
interpreted as the outscattering rate in the well of holes
injected from the emitter. This term is suppressed if the
injection energies lie several kg T below the Fermi level of
the emitter, if the resonant level is empty or the tempera-
ture low.

ACKNOWLEDGMENTS

We thank P. Turley and S. Teitsworth for making
available to us copies of their work and for valuable dis-
cussions. We acknowledge helpful discussions with M. P.
Anantram. This work was supported by the Semiconduc-
tor Research Corporation under Contract No. 91-SJ-089.

APPENDIX A: DERIVATION OF THE TRANSMISSION
COEFFICIENTS IN THE CONTINUOUS COORDINATE
REPRESENTATION

The Green functions are calculated for the structure in
Fig. 3. First we calculate T ¢ as defined in Eq. (4.1). As
described in Appendix C of Ref. 25, the integrations over
the contacts result in factors of velocity,

TE,C=ﬁ2|GR(ZEch;E)|2UEUc s (A1)

:
T

0 d z

FIG. 3. The potential profile used for the analytical calcula-
tions of Appendix A.
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where vg () is the velocity in the emitter (collector) con-
tact. The quantity GR(zg,z¢;E) can be calculated by
matching wave functions and derivatives at the various
interfaces. It can also be calculated more easily by sum-
ming multiple reflection paths (see Fig. 1.9 in Ref. 39).
The result is

. ikd
—] tEtce

R .
Gozg,zc;E) i2kd

= (A2)
fivg 1—rpree

where tg ) and rg (¢, are, respectively, the transmission
and reflection amplitudes through the emitter (collector)
barriers. The complex wave vector in the well is

. 172
k=L om* [E—p+ 2
ﬁ 2T¢
o E
h 2Uu/7'¢

where vy, =V2(E —V)/m* and 7, is the scattering time
in the well. Substituting (A2) into (A1) gives

e N
1+RzRce M —2v'RyRce Ncosh

TeTce N

Uc
TE,c:_|l‘E|211‘c|2
Vg

(1=V'RgRce M?*+4v/RyR e _Nsinz—g—

’

(A3)

where Ty =(vy /vp)ltg]? Te=(ve/vy)ltcl?
Rpey=|rgol® and N=d/vy7,=1/2vr,. Assuming
that

Tg, Te,N <1, (A4)
which is always the case for the structures we consider,
r.r
Tge=~ p 1E < pn LS
4(#v)’sin® 2+ — +—
(#iv)“sin >3 Fg+T¢ ™

Using the form of the spectral function, Eq. (4.12), (AS)
becomes (4.8).

To calculate the spectral function, we need GR(z,z;E),
where z lies in the well. Again, the simplest approach is
to sum multiply reflected paths. The result is

—i (1+rEei2kz)(1+rcei2k(d—z))

1+rpreei?kd (A6

GR(z,z;E)=

vy,

Now we integrate over the well region and take twice the
imaginary part to find

1 1—RzRce 2N
AV 1+RzRce =21/ R Rce  Ncosd

+Fy ,

(A7)

where Fy, is a correction term. Using (A4), the first term
of (A7) reduces to (4.12). The correction term is
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1 (rgt+rcle™ gin(kd)
FW__RC i2kd
fiv 1—rgrce’ kd

(A8)

This term is small and can be shown to be identically
equal to zero for N =0 and Ry =1.
Finally, we calculate Ty j,, where

#%
Tgw= £ f dz|GR(z,z; E)|* . (A9)
T¢ w
The Green function is
—i eikz+rceik(2d—z)
GR(z,z5;E)= t . , (A10)
E fivg © 1—rpreei

where z lies in the well. Substituting (A 10) into (A9) gives
Tew= v —2N B RN
vV 1+RzRce M —21'RgRce Ycosh

Fgpw .

(A11)

In the limit (A4), (A11) reduces to (4.9). The correction
factor is

(1—e M(14+Rce ™)

Frw= 2N
—_ _BCeIde_l
+Re{V Rce ~~xd (A12)
Again, using (A4),
Fy yw=1+cos(Bd +¢C)§—2%'5:1 ) (A13)

where B=Rek. The expression for T y is obtained from
the expression for T y by replacing the subscript E with
the subscript C.

In all of our analytical calculations, we have ignored
the factors Fy, and Fg(c) w. The good agreement be-
tween the analytical results and the numerical results (see
Fig. 2) indicates that this approximation is justified.

The calculation of the electron density in the well due
to the injection of a plane wave from the emitter begins
with the calculation of the resulting wave function in the
well:

eikz_|_rceik(2d —z)

Y(z)=tg -
l—rErCe’zkd ’

(A14)

where z lies in the well. Comparing with Eq. (A10), we
obtain

¢(z)=ihvEGR(z,zE;E) , (A15)

where zj is the point at the emitter-device interface. The
corresponding electron density per unit energy in the well
is

n(z;E)=

! )I¢(z;E)l2, (A16)

ZMUE(E

where 1/27fivg(E) is the density of states in the emitter.
Integrating n (z; E) over the well gives the final result:
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1
nWHE:Eq_T.fEhUE deZIGR(Z,ZE;E)lZ

1
= —————T .
Tk 277'ﬁ/7'¢ Ew

In the limit of (A4), Eq. (A17) reduces to (4.21b).

(A17)

APPENDIX B: TIGHT-BINDING CALCULATION
OF TRANSMISSION COEFFICIENTS

We consider a one-dimensional tight-binding model
with the electron-phonon interaction at the n =0 site
(Fig. 4). The central site is weakly coupled to the emitter
(collector) lead via the hopping matrix element Wy ().
The hopping matrix elements in the leads are identical
and equal to W. The site energies in the leads differ by
the applied voltage e| V.

The Hamiltonian in tight-binding form is

H=a3 (W;; i) +1+eli Gl
i

where |j ) is a state localized around site j, the symmetric
nearest-neighbor coupling W, is as shown in Fig. 4, and
the site energy is €;. Since the electron-phonon interac-
tion is local, we include the self-energy =% in the site en-
ergy so that ¢; contains an imaginary part —i#/27,. We
have chosen the normalization such that {j|j)=1/a.

To calculate the transmission coefficients Tg ¢, Tg w,
and Ty y, we need the Green functions GR(—1,1,E),
GR(—1,0;E), and G&®(0,0;E). First we calculate
GR(0,0;E) since it will give us the spectral function A4.
The three coupled equations centered at the sites —1, O,
and 1 are, respectively,

WG_2+(E ‘—EL )G—l + WEGOZO >
WgG_,+(E —g)Go+WcG,=1/a , (B1)
W.Gy+(E —cg)G,+WG,=0 ,

where G,-=GR(i,0;E). Since the contacts are uniform,
the Green function simply propagates as a plane wave so
that Gi2=e' i‘aGi,. This relation is used to close the
system of equations (B1). The Green function G&(i,j;E)
fori,j€{—1,0,1} is thus

® ® ©

RN N __AR N
W W W W W W W W

< ] 1 ] [l ] ] | ! ] »
%

1 T I T 1 1 T T |
-4 -3 -2 -1 0 1 2 3 4

FIG. 4. The tight-binding chain. The coupling between the
central site and the emitter (collector) lead is Wg (). The cou-
pling between all other sites is W. The lattice spacing is a.
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—i -1 r;r
—we " wy 0 Tyc=#%poclGH1, —LE’=—"=54 (B11)
1
GRl=— 14 E— W, , B2
T g " Cu . Ty y=avg T |GR(—1,0,E)[2= £/ Te (B12)
0 We —We ' c? Ew E Ty T r
where we have used the dispersion relations Similarly,
Ccti/Ty
E=¢gcy—2Wcoslkgca) . (B3) Tc,Wz“T_A (B13)
Inverting the matrix in (B2), we find Finally,
GR(0,0,E)= L/a , (B4 S L [/,
E —%y+il (T +Tc+#/7y) Ty w=a’[#/7,]’|G*(0,0;E)| =—F 4 (B14)
Wg ik.a Note that the sum Tz y + Ty + Ty, does indeed satis-
GR(—I,O;E)=——u7e #G*0,0,E) (BS)  fy the sum rule (4.11).
We now calculate the electron density in the well due
and to injection of a plane wave from the emitter. For sites
R Wg ikya We ika g n#0, the wave function is written as
. — E c . . .
GH(1, —LE)=—pre we @ (0,0;E) , (B6) ety —ikgntla o)
= . _ B15
where I»L'n tezkc(n l)a, n>0.
i 2 w2 The equations for 3; are identical to the equations for G;,
o= {EO+—2— —Vcos(kEa)-— W cos(kca) (B7) Eq. (B1), with 1/a replaced by O on the right-hand side.
T Substituting in the expressions for ¥; —y from (B15) into
(note that %, is real), t}.le th.ree equgtions for ¥, .iE {—1,0,1}, using the
dispersion relation (B3) results in
2
w fiv =; R(_1.0:
Tgo= ;;C) —i(C) , (B8) Yo=ifwyG(—1,0;E) , (B16)
with vg given by (B9) and G®(—1,0;E) given by (BS).
and The rest follows as in (A15)-(A17), with Ty now
defined by (B12).
2aW .
VE(O)T (; sin(kg(c)a) - (B9)

The spectral function A used in definitions (4.8)—(4.11)
is A(0,0;E) multiplied by the lattice spacing a (the
tight-binding equivalent of integrating over the central
site):

r

A=———
(E—%)+1iI?

(B10)

where I=Cc+Tg+#/7,

Using the definition of the transmission coefficients
(4.1), and remembering that integration over a contact re-
sults in a factor of velocity and integration over the well
results in a factor of a, relations (4.8)—(4.11) are obtained.
|

APPENDIX C: CALCULATION
OF SCATTERING STRENGTH U?
AND THE COUPLING CONSTANT g

In the self-consistent first Born approximation
(SCFBA), the self-energy =~ is defined as
dE'’
> ’. e > ’. ’ > ’. — ’
276 E)= [ D7 (5,1 ENG” (1,1 E—E")

where
D> (r,rsE)= [d(t =1 /A H (r,0H (r',1")) .

The self-energy =7, resulting from our interaction
Hamiltonian (2.3), is

37(r, 15 E)= U8 (1, —1,){ G ” (1,1 E —#iwy) [ Ng(#fiwg) + 11+ G ™ (1,15 E +7wy [Ny (fiwg)]} . (Cn

To obtain an order-of-magnitude estimate for the cou-
pling strength U?, we consider the interaction Hamiltoni-
an for bulk polar optical phonons:

1 M
Hpogp=—=F —e'%(q e
POP = 7 % p a

—im0t+atqeim01) i (C2)

where
2me 2o,
2 277 70 A1 (C3)
4me, Ko Ko
In (C3), #w,=36 meV, g,=8.854X107!2 F/m,
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K, =10.92, and k,=12.90. The self-energy =~ resulting
from (C2) in the SCFBA is

fiwy 2
3 (rprpE)=—r—r
(rLrE)=— 47re,

1 1

Ko Ko

1
|r,—r2|

X{G 7 (ry,r3E —#iwy)[ Ng(#fiwg)+1]
+G 7 (1,15 E +#iwg)Ng(fiwy)} . (C4)

We are concerned with the electron-phonon scattering
within the quantum well. Within the well, the electrons
are strongly confined. G ”(r;,r;E) provides a spatial
cutoff within the confines of the quantum well to the non-
local potential 1/|r,—r,|. We are also considering a
one-dimensional problem in which the quantum well is a
three-dimensionally confined region, a quantum box.

To choose the strength of U? in (C1), we replace the
nonlocal potential 1/|r,—r,| by a 8 function with a
strength given by the integral of 1/|r,—r,| over the
quantum box, i.e.,

— 8%r,—r,), (C5)
|r1_r2| —p 17 I

where u is defined by the relation

3 1 _ 3 3, 83(p —
fDd3r1fDd 7, =] ——,ufDd rlfud ry83(r;—1,) .
(C6)

Substituting (C5) into (C4) and comparing (C4) to (C1),
we find the value of U%:

. 7
PR u (c7

If one assumes that the spatial distribution of the elec-
tron density in the box is constant with a magnitude of
1/Vg, where V is the volume of the box, then the stan-
dard dimensionless coupling constant g defined by

2
11 o | Mplg)
= 1 (Mpld | (C8)
8 Gwo? V2| q

where p(q) is the Fourier transform of the electron densi-
ty in the well, is simply
g =1 U?
Vo (fiwg)?

(C9)

This result is obtained by interchanging the order of the
integration, performing first the integrals over r; and r,
in (C6) and then the sum over q leading to (C4).

The cross-sectional dimensions used in the numerical
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program were 2X2 nm? with hard-wall boundaries.

Since our numerical simulator always solves a three-
dimensional problem, the narrow dimensions were used
to ensure that there was no contribution to the spectral
function from the tail of the second transverse subband.
The length of the well in the longitudinal z direction was
7 nm. In the calculation of the strength (C6), the integral
was performed over a sphere with a volume equal to the
volume of the box (2 X2 X7 nm?).

Using the physical constants listed after (C3), the cou-
pling constant g calculated from (C9) is 0.18. Numerical-
ly, we found that this value for g resulted in unrealistical-
ly short scattering times 7,(E;) of ~1 fs. For this
reason, the value actually used in the numerical simula-
tions was considerably less, g =1.84 X 1073, which was
chosen to give more realistic scattering times 7,(E;) on
the order of 0.1 ps.

APPENDIX D: NUMERICAL CALCULATION
OF SCATTERING RATES

The devices we considered, with collector barriers
ranging from 220 to 1000 meV, had resonances at the
phonon-peak bias with intrinsic widths in energy,
I';=T, ranging from 0.5 meV to 0.1 ueV, respectively.
For all of the devices except the most asymmetric struc-
ture, #/74(E,) ST c(E,), so that I'(E,)~T(E,). Since
the magnitude of the spectral function at resonance is
4/T'(E,), the scattering rate at the incident energy,
#/1,(E;) < A(E,), would vary over three orders of mag-
nitude between the symmetric structure and the most
asymmetric structure. If the strength were chosen such
that the scattering rate at the incident energy for the
symmetric structure were 10'?(1/s), then the scattering
rate at the incident energy for the most asymmetric struc-
ture would be ~5X 10'(1/s), corresponding to an ener-
gy broadening #/7 of 3.3 eV. Such a rate is unrealistic.
To remove the dependence of the scattering rate at the
incident energy on the intrinsic resonant width, we re-
placed the Einstein phonon spectrum with a normalized
rectangular window function of finite but narrow width.
The scattering rates were calculated by convolving the
window function with the expressions in Eq. (2.4). The
scattering rates become independent of the resonant
widths if the width of the window function is chosen
slightly larger than the width of the widest resonance.
Unless such a procedure is used, a plot of #/74(E;) as
shown in Fig. 2(c) would not be meaningful. Since the
current is obtained by integrating over the range of in-
cident energies [see Eq. (4.28)], the current is independent
of the window width A, provided A <<#iw, Ep, where E
is the Fermi level in the emitter.
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