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Nonequilibrium Green’s function picture of nonradiative recombination
of the Shockley-Read-Hall type
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A quantum-kinetic picture of Shockley-Read-Hall-type (SRH) defect-mediated recombination is derived
within the nonequilibrium Green’s function formalism for an optoelectronic device with selectively contacted,
current-carrying extended states and a localized deep defect state in the energy gap. The theory is first tested
for recombination from bulk band states and then implemented for defective bipolar homo- and heterojunction
thin-film devices with realistic spatial variation of the band edge profile. While the quantum-kinetic treatment
reproduces the semiclassical characteristics for a bulk absorber in flat-band and quasiequilibrium conditions, for
which the conventional SRH picture is valid, it reveals nonclassical features such as recombination enhancement
by tunneling into field-induced subgap states in the presence of large fields, or the complex recombination
current flow at heterointerfaces. Being fully compatible with the rigorous treatment of electron-photon and
electron-phonon scattering in the nonequilibrium Green’s function (NEGF) formalism, the approach enables
a consistent inclusion of defect-mediated nonradiative recombination in comprehensive NEGF simulations of
nanostructure-based quantum optoelectronic devices such as quantum well lasers, LEDs and solar cells.
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I. INTRODUCTION

Many state-of-the-art architectures for optoelectronic de-
vices ubiquitous in developed and sustainable societies, e.g.,
LEDs, lasers, and solar cells, rely on nanostructure compo-
nents providing specific functionalities that are tunable via
configurational parameters such as composition, size, and
shape. However, the introduction of spatial inhomogeneities
tends to promote the formation of structural or chemical
defects, with detrimental impact on device performance when
acting as recombination centers. Defect-mediated recombi-
nation hence needs to be considered in any device simu-
lation approach aiming at the performance assessment of
optoelectronic components under realistic conditions. Indeed,
nonradiative recombination such as the one described by
the Shockley-Read-Hall (SRH) formalism [1,2] is routinely
included in conventional semiclassical simulations of bulk
devices, e.g., by drift-diffusion models, for which the rates
can even be obtained accurately from first principles, using
density functional (perturbation) theory (DFT) [3-10] or,
more recently, nonadiabatic molecular dynamics in combi-
nation with time-dependent DFT [11]. On the other hand,
defect-mediated recombination processes are still missing in
the more advanced and fundamental quantum device simu-
lation approaches required to tackle the effects of confine-
ment and tunneling present in nanostructure-based quantum-
optoelectronic device architectures with complex potential
landscapes, like the nonequilibrium Green’s function formal-
ism (NEGF) [12-26].
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quantum-optoelectronic devices [27,28] beyond the radiative
limit by treating nonradiative, SRH-type recombination on
equal footing with optical transitions and inelastic quantum
transport. The basic idea—as presented first in Ref. [29]—is
to couple isolated, localized defects via an inelastic scattering
process to the system of current carrying extended states,
and is thus similar to the NEGF theory of phonon-assisted
optical transitions [30], where indirect excitations are enabled
due to the modification of the charge carrier propagators
in a self-consistency iteration procedure, or the description
of two-step photogeneration via the photofilling of an
intermediate state [28]. The resulting self-energy expressions
are fully compatible with the self-consistent self-energy
schemes for both the coherent and incoherent coupling of
electrons to photons required for the description of stimulated
and spontaneous radiative processes dominating the operation
of solar cell devices, as described in Ref. [31], and the
self-energies for electron-phonon scattering required for
the consideration of intraband carrier relaxation processes
relevant for inelastic quantum transport [32,33].

The paper is organized as follows. In Sec. II the descrip-
tion of defect-related quantities within the NEGF formalism
is introduced. Based on this description, a general steady-
state defect recombination rate is formulated in Sec. III.
In Sec. IV the equivalence of this rate to the conventional
SRH recombination rate is demonstrated for the special case
of a bulk semiconductor with quasiequilibrium occupation.
In Sec. V the theory is implemented and verified for the
specific case of defect occupation mediated by multiphonon
relaxation, first for bulk states and then for a homogeneous
p-i-n device, before it is used to study the recombination
current at an AlGaAs-GaAs heterointerface as encountered in
high-efficiency GaAs solar cells [34].
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II. NEGF DESCRIPTION OF DEFECTS

Here an ensemble of strongly localized point defects will
be considered. Electrons occupying such defect levels labeled
by v may be described by the field operator [35]

dr,t) = ¢ (r)d;, (1), (1

idV

where ¢gv is the defect wave function for defect iy, which is
localized around r;, and will thus be approximated by

o, (0 ~ ¢ 8(r—r), 2)

where ¢ | = 1 for nondegenerate states. Since the electrons
in defect states are localized, the Hamiltonian of the isolated
defect system consists merely of an on-site term,

N Lo n
Hy ) = Zfl;,udi;v - (3)

idv

For simplicity we will consider in the following a single
defect level only, at energy &,. For a general nonequilibrium
situation, the corresponding Green’s functions, which are the
Fourier-transformed steady-state version of the real-time com-
ponents of contour-ordered object G(¢,t') = — % dn)d @),
are the scalar quantities

Gl (E) = {E £ in —e4)"", 4)
G 0)(E) = ifa(E)Ad 0)(E), (5)
Gy o)(E) = —i{l = fa(E)}Aq,0)(E), 6)
where
Aa.0)(E) = i{Gy )(E) — G )(E)} )
= i{G o) (E) — G o)(E)} (8

is the spectral function of the defect, and f; describes the
occupation of the defect, which in quasiequilibrium is given
by Fermi statistics with a suitable quasi-Fermi level. The
density of electrons on defect levels follows as

na = —i/d—EG;(E>, ©)
\% 2

where V is the volume.

In the presence of interactions such as coupling to phonons,
which may change the occupation of the defect via scattering
from and to the extended states, the Green’s functions are
modified according to the Dyson and Keldysh equations

. -1
GRME) =[E £in—es— ZHNE)] . (10)
< <
G7 (E) =GN(E)ZT (E)G4(E). (11)
The (de)population of the defect via scattering from and

to extended states in both conduction (¢) and valence (v)
bands may now be described by corresponding scattering

self-energies, which have the general form

SS(E) = $5(E) + =5(E) (12)
= Z/dr/dr’[/\/ldc,i(a,k, r,r)
o,k

x GS(k,r,v, E +E,)
+ My 5@, k1, V)G (K, v, ¥, E — E,)], (13)

where k and r, 1’ label the periodic and nonperiodic spatial di-
mensions, respectively, and « denotes the degrees of freedom
involved in the scattering process, e.g., phonon modes, with
M the associated coupling. On the other hand, the population
of the extended states is also modified as a consequence of the
coupling to the defect, which amounts to the renormalization
of the extended state Green’s functions due to the defect-
related self-energies

Sk E) =Y Myz(o.k v, ¥)G5 (E — Ey), (14)
S5k E) =Y Myl k1, v)G5 (E + Ey),
(15)

which enter the steady-state equations (at fixed k, E) for the
extended-state Green’s functions (b = ¢, v):

/drl[{G},}O}*l(r, r) — IR, r)]GR(ry, ¥) = 8(r — 1),

(16)

GS(r,r') = f dr f draGR (e, 1) S35 (11, 12)Gi (02, ).
(17)

The corresponding self-consistency iteration process is shown
in Fig. 1, where also the scattering mediating only between
band states (i.e., intraband electron-phonon and interband
electron-photon) is included. This representation highlights
again the compatibility of the defect-scattering scheme with
the conventional self-energy treatment of scattering in band
states, such as, e.g., the popular self-consistent first Born
approximation (SCBA).
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FIG. 1. Self-consistent computation of Green’s functions and
scattering self-energies enabling the description of nonradiative
transitions via midgap defect states in a fully interacting quantum
transport picture, where the band states are renormalized due to inter-
and intraband scattering as well as coupling to contacts.
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III. GENERAL STEADY STATE DEFECT
RECOMBINATION RATE

For the derivation of a general expression for the rate of
recombination via defects, we rewrite the band self-energies
in terms of an effective emission and capture process, which
results in

Z;(k,r,r’,E)zdeM k&, r, v, E)G;(E — E),
(18)
2>k, r, v, E) =[dEM;‘§"(k, r,v',E)G;(E - E) (19)

for the scattering of conduction band electrons due to emission
from and capture into the defect state, and

E:d(k,r,r’,E)zdeM k,r, v, E)G;(E + E),
(20)
>k, r, v, E) =/dEM;“vP‘(k, r,v',E)G;(E+E) (21)

for the valence band, where M ™™ is the square of the
absolute value of the matrix element for emission (capture) of
an electron from (into) the defect state into (from) an extended
state in band b. Similarly, the defect self-energy for carrier

capture from the conduction band into the defect becomes
Y(E)= Z / dr/dr’ / dEM;P (k1,1 E)
k

x GZ(k,r,r',E+E), (22)

and the defect self-energy for carrier emission from the defect
state into the conduction band is written as

EdC(E)_Z/dr/dr /dEM k,r,r',E)

x G>(k,r, v E+E). (23)

Inserting these self-energy terms into the general expression
for the electron-capture rate yields, according to the general
expression for the /ocal scattering rate from band into defect
state in the NEGF-formalism [30],

dE

RL._>d(r)=Z/dr’/nEc>d(k, r,v,E)G (k, v, 1, E).
" T

24

Inserting the explicit expression for the self-energy in the
equation for the global scattering rate

Reod = / drR._q(r) 25)

dE . N
frd d d/ b dE Captky b} /aE
;/r/r/m/ [MEP (&, v, ¥/, E)

x G;(E —E)G:(k,r,r,E)] (26)
=/d—EG>(E/)Z/dr/dr’ /dE[M"aP‘(k r,r, E)
27‘[}71 d - de s 4y )

x Gk, v, r,E' +E)| 27

/ Gd (ENE(E) (28)

= Rd<—c (29)

reproduces the total capture rate for a single defect.

IV. THE “QUANTUM SRH” RECOMBINATION

Within the NEGF formalism introduced above, it is pos-
sible to derive an effective (bulk) recombination rate along
the lines of the semiclassical equivalent of Shockley and
Read [1]. As derived above, the expressions for the volume
rates of carrier capture and emission in terms of NEGF and
self-energies read

dE
Teapt = Rcapt/v = pd/ ' th (E)Edc(E) (30)

dE
remERem/Vzpd/ 3D

2rh
where p; = N, /V is the spatial density of defects. In the case
of negligible contribution of (tail) states in the energy gap,
the lower integration limit of the defect self-energies in (22)
and (23) is set to Ec — &4, Wwhere E¢ denotes the conduction
band edge:

Gy (E)E.(E).

(E) _Z / dEMSP(k, E)GS(k,E +E), (32)
Ec—¢4

27 .(E) _Z/ dEMS™(k, EYG (k,E + E). (33)
EC Ed

In quasiequilibrium conditions, where the occupation of band
and defect states is given by Fermi statistics with correspond-
ing quasi-Fermi levels, e.g., fqu = f,,,, we can use Egs. (5)
and (6) together with Eq. (8) and the equilibrium expressions
for the conduction band state GFs

G, (k, E) =ifp(E)Ap(K, E), (34)

G, (k. E)=—i{l — fL(E)Ap(k,E), befc,v} (35

to write the capture volume rate as follows:

1 o0
e = 2al[1 = fuu )] ; /E AEMEKE —e)

X fu (E)Ac(K, E) (36)
and similarly
1
Fem =7 Pafp(6a) ) fE dEMG (K, E — £4)
k
x [1 = fu (E)]Ac(K, E). 37)

If we neglect the dependence of the transition matrix element
from crystalline momentum, M5 (k, E — &4) ~ MSP(E),
the momentum integration is restricted to the spectral functlon
and provides the density of conduction band states,

NAE) = 2nV) ™' ) Ack, E). (38)
k
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Thus, in this case, the net capture volume rate can be written

2V o0
”m/cMMw>
Ec

Fcapt,net = 7

x ([1 = fuse)] fu E)MGP(E)
— fua D1 = fu (E)]JMEME)).  (39)

From the requirement of detailed balance, i.e., vanishing
net rate in equilibrium, where ©; = ., follows the relation
between the matrix elements for capture and emission,

MaeE) _ -pe-e) B

capt ( E) ?
Using the relation 1 — f,,(E) = fu.(E YePE=1) | the net rate of
carrier capture form CB into trap states is obtained as

27V
Tcapt,net = Tpd[

= (kgT)7". (40)

- fl’-d(gd)](l — eﬁ(l&d—u())

X/CMmemwww> (1)
Ec
which is identical to the result obtained by Shockley and
Read in Ref. [1], with the spectral capture rate ¢,(E) =

MGP(E)(2mV/1). The same process applies for the capture
of holes from the valence band, for which the self-energies
read

Edv(E)_Z/

e4—Ey

ZiB)=% [

ea—Ey

dEMGP'(k, E)G; (K, E — E), (42)

dEMS(k, E)G; (k,E —E). (43)

Here the matrix element for the emission of an electron into
the valence band equals the element for the capture of a hole
from the valence band, i.e., M = M. The ratio of the
matrix elements for electron capture and emission from and
to the valence band is again fixed by the detailed balance
requirement of the equilibrium situation,

v em(E)
capt(E)

where the effective matrix elements are related to the coupling
functions in the self-energies via the relation M (k, &4 —
E)~ M P(E), and to the spectral capture rate in Ref. [1]
via c,(E) = ./\/l T(EYQ2nV /).

eﬁ(&z—E), (44)

V. DEFECT RECOMBINATION VIA
MULTIPHONON RELAXATION

An efficient process for carrier capture into localized states
is the multiphonon relaxation mechanism [36]. Here we will
follow the approach of Ref. [37] to implement the correspond-
ing recombination mechanism within the NEGF picture for
both spatially uniform and nonuniform situations with finite
fields.

A. Coupling of flat bulk bands to an isolated defect

We will first consider the situation without spatial variation
in the active device region, i.e., the scenario on which the

(a) (b) g%
o 102 semiclassical (Schenk) !
g NEGF (one-shot) &
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FIG. 2. (a) Schematic representation of nonradiative carrier re-
combination via coupling of the contacted states to defects states
in the band gap through multiphonon relaxation. (b) Volume re-
combination rate for bulk GaAs as obtained from the semiclassical
approach in Ref. [37] and from the NEGF treatment, for a single
iteration of the self-consistency iteration (one shot — Born approx-
imation) and the full scheme. The bulk band and defect parameters
used are given in Table I, and a defect concentration p; = 10'* cm™3
is assumed.

original SRH model is based. The two bulk bands for electrons
and holes are selectively coupled to bulk electrodes with finite
bandwidth, such that no intraband current, but only interband
current flow is possible, via the corresponding interband
scattering process, either direct and radiative, or nonradiative
via the midgap defect state. This situation is represented in
Fig. 2(a).

The self-energies for multiphonon scattering entering
the equations for the defect Green’s function follow from
Egs. (32) and (33) and Eqgs. (42) and (43) together with the
matrix elements given in Appendix A,

SiE) =Y Mae()GI (K, E +17Q),  (45)
k >0
TiE) =) Ma(De "G (K, E + 17Qp)  (46)

k 120

for the coupling of the defect to the conduction band
states, and

SiE) =" May()e PG5 (k, E — IhQ),  (47)
k >0

S E) =" Mu()G; (k,E —1hQ)  (48)

k 120

for the contribution of the valence band states to the defect
scattering functions. The modification of the carrier Greens
functions of the band states due to scattering into and from a
single defect are encoded in the self-energies

ok E)~ Y Mac(De PG5 (E — 1), (49)

>0

Lk E) =) Mu(D)G;(E — 7). (50)

>0
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TABLE I. Material parameters used in bulk simulations.

m:‘ mj Ep() EU() Eq O’,,/,, hQ()
(mo) (mo) eV) eV) (eV) (cm?) (meV)
0.067 0.1 1.42 0 0.71 1075 36
and

Sk E)~ Y My ()G (E +17Q),  (51)

>0

Sk E) =Y My (e P" NG (E + 17Q0).  (52)

>0

In a first approach we assume that the defect DOS is not
affected by the coupling to band states. We therefore do not
solve Dyson’s equation for the retarded Green’s function of
the defect, but use the form given in Egs. (5) and (6) for the
correlation functions based on a phenomenological spectral
function A;(E’), which is not renormalized. While this spectral
function can have arbitrary shape, we here first consider the
simplest case of a delta distribution as in Expression (8).
The equation for the steady-state defect occupation function
f4 is obtained by inserting the explicit expressions for the
phenomenological Green’s function into the expressions for
net electron and hole capture and emission rates:

Rel — Rel _ Rel

dc,net dc,capt dc,em

53)
_ dE2<EG>E > (E)GS(E 54
_/h—h[ﬁ()dm—dc()d()] (54)

= —%[z;(ed){l — fae)} + Sie) fae)] (59
and, similarly,

hl __ phl
Rdv,net - Rdv,capt

_RH

dc,em

(56)

dE
/E[EZJ(E)G(?(E)— TH(E)G(E)]  (57)

= %[E;v(gd)fd(gd) + T Efl — fa(ea)}].  (58)

The balance of these rates at the steady-state requires R¢!

de,net —
Rcl}lv ner» Which provides the following expression for the defect
occupation function in terms of the scattering self-energies

and the defect DOS:

zs x5

fulea) = —i e oD ¥ Za(Ca)
ch(gd) + qu(gd)

where I' = i(X¥~ — X <) is the lifetime broadening function
associated with the respective scattering process.

Using the explicit analytical quasiequilibrium expres-
sions (34) and (35) for the band GFs in the self-energy ex-
pressions (45)—(48), the occupation function acquires the form
obtained from the standard semiclassical analysis in Ref. [1].
The numerical evaluation of the volume recombination rate is
shown in Fig. 2(b) for capture cross sections obtained from
the multiphonon relaxation formalism of Ref. [37] using the
parameters in Table I, for monoenergetic defects at a density
Pad = 10" c¢cm™3. In this case, where a flat-band bulklike
density of states is considered explicitly also in the NEGF

(59)

approach, there is a close agreement of the semiclassical
result (line) and the NEGF data (symbols), with only marginal
impact of the additional cascade capture due to the scattering
with LO-phonons in the bands (circles) over the one-shot
result based on an unmodified DOS (squares).

B. Thin film devices

To include the defect-mediated recombination in realistic
thin film devices, a model with spatial resolution in transport
direction is required. For that purpose, the Green’s functions
and self-energies are written in a real-space basis reflecting
the deviation from periodicity in transport direction. In this
situation, the most general expression for the self-energy of
carrier capture into the defect state d reads

SE) =) f dzf dZ’f dE[MGP k), 2.2, E)

K
x G (ky,z,Z, E + E))]. (60)

While integration over the entire longitudinal space still en-
sures nonlocal coupling, the off-diagonal elements of the
extended-state Green’s functions encoding coherence ef-
fects are not considered by using the matrix elements from
Ref. [37], in which case the above self-energy acquires the
following form:

TaE) =Y Mac(l) / dz G: (k. z, 2, E + 11iS).

K (>0
(61)

This self-energy, together with its counterpart for coupling to
valence band states, is again used to compute the occupation
function of a specific defect (at a specific location) accord-
ing to (59). From the general form of the self-energies for
extended states, we find the expressions corresponding to the
quasi-1D situation, e.g.,

5Ky, z,7,E) = /dEMZ‘f(k”,Z,Z/,E)G;(E —E),

(62)

where the spatial dependence is limited to that of the defect
Green’s function. In the case of local coupling to the defect at
position zy, the self-energy can be approximated as follows:

ok, 2,7, E)~ Z.Mdc(l)e”glm‘)G;(E — 1)

1>0
X 8(z — 20)8(z — z0). (63)

In analogy to the procedure for bulk states, the local SRH
volume rate at the defect position zy can be recovered if the
local quasiequilibrium approximation is used for the Green’s
function in (61):

rrotnet(20) X £a(20)/ QAW = fu,c0[€a(20)]}

x (1 — Plira@o)—pe Zo)]) dE M;ﬂpt(E)

Ec(z0)

X fML-(Zo)(E)-/\[C(Z()» E)s (64)
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FIG. 3. (a) Band profile and schematic recombination process in
a 100-nm-thick GaAs p-i-n diode with a single defect state located
in the center of the intrinsic region (zo = 50 nm), displayed for
a doping density of Ny, = 10'® cm™ and at 0.6 V forward bias.
Electron and hole effective masses were set to m; = 0.067 m, and
m’ = 0.22 my, respectively. (b) Recombination characteristics for
g4 = 0.75, ps = 10" cm™>, and 0,, = 0, = 107 cm~2. For Ny, =
10'8 cm~? (filled squares), the large built-in electrostatic field leads
to deviations from the semiclassical characteristics (triangles) due to
the enhancement of recombination by tunneling into field-induced
band tails. At reduced doping of Ny, = 107 cm™ (filled circles),
the lower field moves the characteristics closer to the ideality factor
of 2 (dashed line) observed in the semiclassical result.

where A is the (local) density of states given by

Ne@ Ey=Qr A" Y Ak, z.2.E),  (65)

K

with A the cross section area. The spectral function itself is
again related to the correlation function in the usual way for
quasiequilibrium (also known as generalized Kadanoff-Baym
ansatz in quantum transport [38,39])

Go (K, 2,2, E) = ifu.)(E)Ac(K), 2, 2, E). (66)

The energetic position of the defects thereby needs to be
adjusted for the local electrostatic potential affecting the band
profile, i.e., €4(z) = €4,0) + U(z), where U is the electro-
static potential energy obtained from the solution of Poisson’s
equation.

spectral current density j(E) [mA/(cm2 eV)]
2.2 ‘ ‘ :

energy E (eV)
o

-0.2

1.8 foooonnnnnpee00000000000000000000000800-

1.6 |
1.4 | 1
19 electron —e-
hole —=-

total
0.8

0.6 |
04|
02| (b)

. .
0O 2 4 6 8 10 12 14 16 18

position z (nm)

current density j (mA/cm2)

FIG. 4. (a) Spectral recombination current flow at a defective
AlGaAs-GaAs heterointerface (band edge profiles indicated as gray
lines). While electrons tunnel to the defect location unhindered, the
holes have to overcome an injection barrier, and a reverse flow at
lower energies is generated. (b) The current density as obtained
from integrating the spectral current flow over energy perfectly
obeys current conservation in the digital form as expected from
semiclassical simulations.

As atest case we consider the recombination current gener-
ated in the dark by the presence of an ensemble of monoener-
getic isolated defects in the center of the intrinisc region of an
ultrathin GaAs p-i-n diode with large built-in field. The band
profile of the device (for doping density of Nyop = 10'8 cm™
and at 0.6 V forward bias) is displayed in Fig. 3(a), together
with the location of the defect levels and a schematic depiction
of the multiphonon recombination process. The correspond-
ing current-voltage characteristics are displayed in Fig. 3(b)
(filled squares). Comparison with the characteristics obtained
from the semiclassical drift-diffusion approach (using the im-
plementation in AFORS-HET [40]) reveals an increase of the
ideality factor that originates in the tunneling of carriers into
field-induced band-tail states with lower energetic separation
from the defect state. Indeed, the characteristics for lower
doping density of Ngop = 10" cm~3—corresponding to a
lower built-in field—approach again the semiclassical ideality
factor.
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FIG. 5. (a) Spectral current flow at the heterojunction in the ab-
sence of recombination, but under illumination with monochromatic
photons of energy E, = 1.45 eV and at an intensity /, = 10 kW/m?.
(b) Integrated electron, hole, and total current; the latter is again
conserved over the entire structure.

Finally, and in order to apply the model in a relevant
nonbulklike situation, the recombination current flow at a
defective AlGaAs-GaAs heterointerface is investigated both
in the dark and under illumination. The band profile of the
heterointerface is shown as gray lines in Fig. 4(a). The ma-
terial parameters are the same as for the p-i-n homojunction,
with the exception of the defect density, which was increased
to pg = 10'® cm™3. As can be inferred from Fig. 4(a), which
displays the spectral recombination current in the dark and
a forward bias voltage of Vi, = 1.1 V, the electron current
flows unhindered and assisted by field-induced tunneling into
the gap, while hole flow proceeds via hot carrier tunneling
injection through the barrier, relaxation, and near-band-edge
reverse flow to the heterointerface. In spite of the spectral
picture of hole flow turning out to be unexpectedly com-
plex and feature rich, the energy-integrated current density
displayed in Fig. 4(b) perfectly obeys current conservation
(i.e., the total current, which is the sum of electron and hole
currents, is constant over the entire device) and appears in the
digital form known from the semiclassical picture. In contrast
to the semiclassical drift-diffusion picture that corresponds to
solving a balance equation, observation of the microscopic

spectral current density j(E) [mA/(cm2 eV)]
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FIG. 6. Current flow at the heterointerface in the presence of both
defect-mediated recombination and photocurrent generation: (a) The
spectral current flow shows complex patterns due to the superposition
of generation and recombination components. (b) The integrated
current reflects in the electron and hole components the competing
processes of carrier injection and extraction, while the total current
is again perfectly conserved.

conservation law is a nontrivial feature and an excellent
verification of the NEGF approach and its numerical imple-
mentation. The photocurrent generated in the same structure
(without recombination) and under illumination with photons
of energy E, = 1.45 eV and intensity /, = 10 kW/m? is
displayed in Fig. 5. The nonlocal self-energy with coupling to
the classical vector potential as derived in Ref. [31] is used to
describe the electron-photon interaction. While multiphonon
scattering is absent in this situation, the effects of sequential
intraband electron-phonon scattering is clearly visible in the
photocurrent spectra in Fig. 5(a). Again, the total integrated
current is perfectly conserved. Finally, Fig. 6 displays the
spectral and integral current flow at the heterointerface with
both defect-mediated recombination and photocurrent gen-
eration considered. This time, the superposition of the two
current components leads to a complex pattern in the spectral
flow of electrons [Fig. 6(a)]. The integral current flow reflects
the generation and recombination components, with the total
current nonetheless observing perfect current conservation
[Fig. 6(b)].
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VI. CONCLUSIONS

In this paper we developed a nonequilibrium quantum-
statistical description of nonradiative charge carrier recom-
bination via localized deep defect states identified as a per-
formance limiting process in a wide range of optoelectronic
devices. Based on a conserving scattering self-energy de-
fined within the NEGF framework, it is fully compatible
with NEGF simulations of charge carrier photogeneration,
radiative recombination, and transport, and thus represents
an essential element of a comprehensive NEGF picture of
quantum-optoelectronic device operation. Numerical simula-
tions based on the formalism reveal nonclassical behavior
even for simple structures, such as recombination enhance-
ment due to tunneling into field-induced band-tail states, or
tunneling injection and complex reverse carrier flow close
to defective heterointerfaces. This enables the rigorous as-
sessment of nonradiatively limited device architectures that
are not accessible to semiclassical simulation approaches.
In the photovoltaic application field for instance, it permits
the investigation of selectivity, i.e., the competition between
carrier recombination and extraction, in contact configurations
where transport relies largely on tunneling, as in the tunnel
oxide passivated contact scheme (TOPCon) relevant for the
implementation of high-efficiency silicon solar cells [41].
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APPENDIX A: MULTIPHONON MATRIX ELEMENT

The matrix elements for multiphonon relaxation (MPR) are
defined as in Ref. [37]. There the local element for electron
capture into a defect state localized at z = z4 is derived as the
global quantity [42]

MGP (K, E) ~ fic,[E + £4(24)] (A1)
(SHS — E)?
= Ticyo (rléyﬂ - W@OL(E), (A2)
with
ey —amneseen 3 (B0
l=—00 fB
x Li[28/ fa(fs + DI — E), (A3)

where S is the Huang-Rhys factor [43], /; is the modified
Bessel function, rg, and rp,, are matrix elements of the
nondiagonal electron-field and electron-phonon coupling, re-
spectively, and 2 is the frequency of the vibrational mode
with occupation fz. The prefactor ¢,y contains various un-
known quantities, such as the impurity potential strength, the
symmetry of the wave function, etc., and will thus be used as
an adjustable parameter to reproduce experimentally observed
recombination rates.

The resulting effective matrix elements to be inserted in the
expressions for the self-energies are then approximated as

MGP (K E)~ Y~ Mac(DS(IhQ — E), (A4)
>0
with
1 —58)>
Mae(l) = Mg, (rl%,n + %’ﬁh,n)l‘(l)a (A5)

where MY = 277> and

12
L() :emfﬁl)(%) 125V e + DI (A6)

The matrix element for thermal emission of an electron from
the defect into the conduction band is obtained from the
capture element via the equilibrium relation (40), which yields

MK, E) = M5 (k, E)e PE. (A7)

Similarly, the hole capture matrix element is expressed as

Mgk, E) ~ hicyleq(zq) — E] (A8)
=Y Ma (D8R + E),  (A9)
>0

with

2
(+5) r§h7p>L(l), (A10)

May(l) = MY, (rép +
where ./\/lgv = 2nhzcg. The matrix element for hole emis-
sion from the trap to the valence band follows again via
MGP(K, E) = MM (K, E)ePE.

APPENDIX B: PARAMETRIZATION

Here the extraction of the unknown material constants in
the MPR matrix element is performed via the fitting to
experimentally determined capture cross sections from the
literature. In the original paper by Shockley and Read [1], the
recombination rate is parametrized in terms of carrier-specific
rate coefficients Cy = N;{c;) (s = n, p), where the average
capture coefficients (with units of m3s~!) are given by the
following expressions:

(ca) = / OodE{e(Ef*E)/“‘B”cn(E)M(E)}/M,eff, (B1)
E,

c

E,
(cp) = / dE{eEE WD e (EYNL(EN /Nyetr.  (B2)

The microscopic expressions for the energy-dependent cap-
ture coefficients ¢, ,(E) can be inferred from Egs. (Al)
and (AB), respectively. If the assumption of small ratio rg/rpn
from Ref. [37] is used, the unknown material parameters
of the interaction with the defect can be absorbed into a
single parameter MY, Jdv = Mdc/dvrgh,n /p- This is then fixed
by experimental values of capture cross sections o/, via the
relation (c,/p) = Vih,n/pOn/p, Where vy, is the thermal velocity.
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