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Abstract

We have included Shockley-Read-Hall (SRH) generation/recombination in

Non-equilibrium Green’s function (NEGF) calculations via a multiphonon

relaxation model. The model has been used to study how the presence of

defects affects the current-voltage characteristics of GaAs p-i-n diodes, and

of an InGaAs tunnel diode. Regarding p-i-n diodes, we show that SRH

generation/recombination is responsible for ideality factors approaching the

theoretical value of two in the forward bias regime, while in reverse bias the

recombination current density varies slowly with the applied voltage. In all

the considered cases, the defects located in the center of the active region

proved to be the most effective in allowing trap-assisted tunneling from the

valence to the conduction band. Finally, the inclusion of SRH recombination

in NEGF simulations of Esaki tunnel diodes permits to predict a realistic

degradation of the peak-to-valley current ratio.
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1. Introduction

Trap assisted generation/recombination of electron and holes occurring

in the active region of electron devices is known to be a limiting factor of

their electrical performance. For instance, the dark count rate of single pho-

ton avalanche diodes (SPADs) is largely influenced by impact ionization of

thermally generated carriers that, at large electric fields, trigger undesired

avalanche multiplication and induce false photon detection [1, 2]. At the

same time, empty traps can be filled during the avalanche subsequent to the

generation of electron-hole pairs induced by photon absorption. Detrapping

of these charged states at a later time is the cause of secondary pulses in the

current waveform (after pulsing) that are erroneously interpreted as photon

counts [1, 3]. On the other hand, in Esaki diodes, recombination induced

by defect states is one of the main contributors to the degradation of the

peak-to-valley current ratio in the forward bias regime [4, 5].

An accurate modeling of defect-mediated generation/recombination is

therefore of fundamental importance for the correct assessment of the be-

havior of semiconductor diodes and, in the literature, many models to treat

this problem can be found, ranging from semiclassical [6] to full-quantum

approaches [7, 8, 9]. Recently, a model to include Shockey-Read-Hall (SRH)

type recombination [10, 11] via nonradiative multiphonon relaxation [12] in

NEGF calculations has been proposed in [13], and successfully applied to

study forward biased p-i-n junctions [13] and LEDs [14]. In this paper, we

use the model of [13] to study the impact of SRH recombination occurring at

different device regions on the forward and reverse current-voltage charac-

teristics (I −V ) of GaAs p-i-n junctions and of an InGaAs Esaki diode. The
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paper proceeds as follows: Section 2 briefly describes the model of [13] and

its implementation. Results obtained by simulations of bulk GaAs, GaAs

p-i-n diodes, and of an InGaAs Esaki diode are shown in Section 3. Finally,

Section 4 reports our concluding remarks.

2. Model Description

The model for the treatment of SRH recombination via multiphonon re-

laxation in NEGF calculations [13] assumes that the defect density is strongly

localized in space and energy, and, in the case of a structure with confinement

along the z direction, it is therefore represented by a Dirac’s delta function

at z = zdef and E = Edef .

Here, as in [13, 14], the Dyson’s equation for the retarded Green’s function

of the defect (Gd) is not solved, but, instead, the lesser-than and greater-

than Green’s functions (G<
d and G>

d , respectively) are computed by using

the quasi-equilibrium expressions

G<
d (E) = ifd(E)Ad(E), (1)

G>
d (E) = −i(1− fd(E))Ad(E), (2)

where Ad is the defect’s spectral function and fd describes the defect’s oc-

cupation. The value of fd(E = Edef ) can be derived from the balance at

steady-state between the capture and emission rates [13], namely

fd(Edef ) = −iΣ
<
dc(Edef ) + Σ<

dv(Edef )

Γdc(Edef ) + Γdv(Edef )
, (3)

where Γ = i(Σ> − Σ<).
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In the case of electrons, the self-energies that describe carrier capture/emission

into/from the defect state and into/from the bands are computed with Eqs. (4)

and (5), respectively.

Σ≶
dc(zdef , E) =

1

A
∑
k‖

∑
l≥0

Mem/capt(l)

∫
dzG≶

c (k‖, z, z, E + l~Ω0)δ(z − zdef )

(4)

Σ≶
cd(z, z, E) = ρd

∑
l≥0

Mem/capt(l)G
≶
d (E − l~Ω0)δ(z − zdef ) (5)

Mcapt(l) =M0
dc

(l − S)2

S
e−S(2fBE+1)

(
fBE + 1

fBE

)l/2

Il(2S
√
fBE(fBE + 1))

(6)

where ρd is the defect density, Ω0 is the phonon frequency, l identifies the

number of phonons involved in the recombination process, S is the Huang-

Rhys factor, fBE is the phonon occupation given by the Bose-Einstein dis-

tribution, Il is the modified Bessel function of l-th order, and Mem(l) =

Mcapte
−l~Ω0/kBT . Expressions similar to Eqs. (4), (5) are used to compute

the self-energies (Σdc and Σvd) for the coupling between the defect and va-

lence band states. The constants M0
dc and M0

dv are linked to the carrier

thermal velocities (vth,n/p) and capture cross sections (σn/p) as described in

[13].

Finally, current conservation is obtained by self-consistently solving the

equations for the retarded and the lesser(greater)-than Green’s functions.

3. Results

This section reports the results of the simulations of bulk GaAs, GaAs

p-i-n diodes and an InGaAs p-i-n diode when the method reported in Sec. 2 is
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used. In the following, the parameters reported in Tab. 1 have been employed.

Defect states have always assumed to be located at midgap.

Material me [m0] mh [m0] Eg [eV] S ~Ω0 [meV]

GaAs 0.067 0.51 1.42 3.5 [12] 36

InGaAs 0.041 0.45 0.74 0.4 [15] 34

Table 1: Parameters used throughout this paper.

3.1. Bulk GaAs

As a validation of our implementation, we have verified that the recom-

bination rate computed by using the aforementioned approach (Eq. (7)) is

equivalent to the semiclassical expression (Eq. (8)) [10] when the the carrier

lifetimes are τn/p = ρdσn/pvth,n/p and the electron and hole densities are ob-

tained from NEGF calculations. The results in Fig. 1, obtained by using an

effective mass Hamiltonian with two parabolic bands (see Tab. 1), and for a

defect density ρd = 1014 cm−3 show an excellent agreement between Eqs. (7)

and (8).

USRH = ρd

∫
dE

2π~
[Σ<

dc(E)G>
d (E)− Σ>

dc(E)G<
d (E)] (7)

USRH =
np− neqpeq

τp(n+ n1) + τn(p+ p1)
(8)
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Figure 1: Recombination rate in bulk GaAs as a function of the applied bias voltage.

Results obtained by using the NEGF formalism (Eq. (7), symbols) are compared to the

semiclassical expression [10] (Eq. (8), lines) for σn=σp=10−14 cm2 and ρd=1014 cm−3.

3.2. GaAs p-i-n Diodes

We have employed the model to simulate the recombination current char-

acteristics of GaAs p-i-n diodes with different thickness of the intrinsic re-

gion (L = 40 nm and L = 80 nm). A doping concentration Nd = Na =

1017 cm−3 has been assumed in both contact regions and a linear potential

profile across the intrinsic layer has been considered. For the two diodes,

five different traps configurations have been analyzed: a single midgap de-

fect located at zdef = L/4, L/2, or 3L/4 and two random distributions of

five traps, namely R140 = [4 nm, 7.6 nm, 10 nm, 23.3 nm, 39.2 nm], R240 =

[10 nm, 15 nm, 20 nm, 25 nm, 30 nm] for the 40 nm diode, andR180 = [10 nm,

11.6 nm, 15.2 nm, 32.8 nm, 57.2 nm], R280 = [20 nm, 30 nm, 40 nm, 50 nm,

60 nm] for the thicker diode. Recombination currents are shown in Fig. 2. As

expected, in forward bias the recombination current increases with ideality

factors that approach or exceed two (see Fig. 3). Ideality factors larger than

two arise from the enhancement of the trap-assisted tunneling process pro-
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vided by the band bending; this phenomenon is particularly relevant for thin

diodes. On the other hand, in reverse bias configurations the recombination

current is slowly varying with the applied bias, except for those cases where

a single defect is located far from the center of the intrinsic region. In fact,

by looking at the spectral current densities in Fig. 4, we notice that, due to

the position of the defect with respect to the Fermi levels of the contacts,

tunneling mediated by traps located at the center of the intrinsic region is

the one that mostly affects the recombination current, while recombination

at other locations becomes significant only for large applied bias voltages.

-1 -0.5 0 0.5 1
Voltage [V]

10
-1310
-1210
-1110
-1010
-910
-810
-710
-610
-510
-410
-310
-210
-110
010
110
210
3

J re
c

[A
/m

2 ]

GaAs
L = 40 nm

z
def

= L/4
z

def
= L/2

z
def

= 3L/4
5 Traps, R1
5 Traps, R2

-1 -0.5 0 0.5 1
Voltage [V]

GaAs
L = 80 nm

a) b)

Figure 2: Recombination current as a function of the applied voltage for GaAs p-i-n diodes

with intrinsic regions thickness (a) L=40 nm and (b) 80 nm. Different configurations have

been considered: single midgap defects located at L/4 (black circles), L/2 (red triangles),

3L/4 (green squares) and two random distributions of five traps (blue plus signs and

magenta crosses). σn=σp=5× 10−14 cm2 and ρd=1013 cm−3.
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Figure 3: Ideality factors in forward bias for the p-i-n diodes and the trap configurations

of Fig. 2.
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Figure 4: Spectral recombination current density at (a) V=0.48 V, (b) V=0.84 V, (c)

V= − 0.6 V, and (d) V= − 1.2 V of a 40 nm long GaAs p-i-n diode when five midgap

defects from z=10 nm to z=30 nm are simulated (blue circles). σn=σp=5 × 10−14 cm2

and ρd=1013 cm−3.
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3.3. InGaAs Esaki Diode

Finally, we have simulated a typical InGaAs Esaki diode composed of two

degenerate contact regions (Na=3×1019 cm−3, Nd=1019 cm−3) separated by

a 3 nm thick undoped layer. A two-bands k · p Hamiltonian has been used

to simulate the coupling between the VB and the CB [16]. The coupling

term has been treated as an adjustable parameter and it has been chosen in

order to yield the correct curvature of the bands at the minimum/maximum.

The potential profile has been derived from the self-consistent solution of the

Poisson-NEGF equations. Figure 6 compares the diode’s I−V characteristics

with and without the SRH recombination. We notice that the inclusion of

recombination in the simulations translates into a higher current peak, a

larger lobe of the I − V curve and also into a larger valley current. The

effect of SRH recombination is illustrated by Fig. 6: while at V=0.1 V (i.e.

close to the peak-current voltage) both the recombination and the tunneling

component contribute to the current density, only the former one determines

the valley current.
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Figure 5: I − V characteristics in (a) linear and (b) log scales of an InGaAs Esaki diode

when SRH recombination is neglected (solid black line) or included (dashed red line).

σn=σp=10−15 cm2 and ρd=2× 1011 cm−3.
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Figure 6: Spectral current density at (a) V=0.1 V and (b) V=0.5 V for the InGaAs Esaki

diode of Fig. 5.

4. Conclusions

We have employed a quantum model to include SRH recombination in

NEGF simulations. The model has been used to study how the defect lo-

cation in the active region of p-i-n diodes affects the characteristics of these

devices, showing that SRH generation/recombination via multiphonon relax-

ation mostly occurs at defects located close to the center of the diode’s active

region, due to the relative position of these trap states with respect to the

Fermi levels of the contacts. In the simulation of Esaki tunnel diodes, the

inclusion of the SRH recombination is able to predict the increase of the val-

ley currents and the corresponding degradation of the peak-to-valley current
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ratio (from 3400 to 22). Therefore, this model can shed light on the role

played by traps in the current characteristics of low-power devices such as

the tunnel-FET.
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