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The performance of amorphous and microcrystalline silicon based electronic devices is highly dependent on the
density of states present in the band gap. The density of states in these materials contains two exponentially de-
creasing tails and a high number of deep states. Charge trapping and the recombination of electron–hole pairs
through gap states are usually described by the Schockley–Read–Hall (SRH) formalism. The equations derived
in the SRH formalism can be highly simplified by using the Simmons–Taylor's algorithms, especially the one so
called “0 K” approximation, which allows a quasi-analytical derivation of the current–voltage characteristics.
Although the validity of these algorithms were discussed in the literature on semiconductor materials, there is
not a systematic study where these algorithms were included in a computer code that numerically solves the
governing semiconductor device equations in order to compare the characteristic curves predicted by these sim-
plificationswith the ones obtainedwith the SRH formalism. This paper is an attempt to fill this void. The approx-
imations of Simmon–Taylor were implemented in our code D-AMPS and the current–voltage and spectral
response curves were evaluated under different conditions: with and without bias light, at forward and reverse
bias voltages, at different temperatures, for various intrinsic layer thicknesses and for different key electrical pa-
rameters. To simplify the discussion we have assumed a uniform density of states along the intrinsic layer. Our
results indicate that the Simmon–Taylor approximation is acceptable when the device is working under illumi-
nation. Under dark conditions the approximation is also satisfactory when the device is forward biased but
slightly overestimates the dark current when the device is reverse forward. Although the 0 K approximation
leads us to unacceptable results when the device is reversed biased and operates under dark conditions it can
also be used in device modeling taking some precautions.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Amorphous materials do not show long-range structural order like
their crystalline counterparts. Their atoms, at best, display only short-
range order that produce the semiconducting properties. Small devia-
tions in bond angles and lengths result in a randomdisordered network.
Particularly in hydrogenated amorphous silicon (a-Si:H) defects are
present in the form of silicon atoms with only three covalent bonds
connected to their neighbors. The fourth bond is hanging and is usually
called a Dangling Bond (DB). Instead of the sharply defined edges like
for crystalline materials, two exponential tails extend into the band
gap. Amorphous solids are described by a bandpicturewith a large den-
sity of localized gap states: intrinsic states are composed of tail states
that are more numerous near the band edges and by DB or deep states
that aremore numerous nearmid gap. Extrinsic localized states are cre-
ated by impurities. The description of the electrical transport is highly
simplified by the concept of conduction and valence band mobility
+54 342 450944.
.G. De Greef).
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edges that define the mobility gap and separate extended states from
localized states. Microcrystalline silicon (μc-Si:H) is a material that
contains two solid phases: small volumes (in the order of 10 nm of di-
ameter) of crystalline material embedded in an amorphous network
being the fraction of crystalline material dependent of the deposition
conditions. The density of gap states also contains two exponentially
decaying tails and deep states that are usually described in both mate-
rials with Gaussian distributions.

The performance of amorphous and microcrystalline silicon based
electronic devices is highly dependent on the density of gap states.
The quasi-continuous density of states present in these materials
highly influences the trapping and recombination of free carriers.
The electric field, that separates the generated free carriers, is serious-
ly altered by trapping that in turn impacts in the recombination rates.
The electric field profile of a device under operation can depart from
its shape at thermodynamic equilibrium by injection of carriers
through contacts or by electron–hole (e–h) pair generation by illumi-
nation. Hence, careful evaluation of charge trapping, recombination
rates, and the electric field is essential to accurately describe and
model these devices.
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Fig. 1. Schematic illustration of the capture and emission processes of the SRH formal-
ism for a single trap. EC and EV are the conduction band edges. The rates of these
processes are listed in Table 1.

Table 1
Processes associated with single-electron trapping, and their rates.

Process Rate

1 Electron capture r1 = n vth σn Nt (1 − f)
2 Electron emission r2 = en Nt f
3 Hole capture r3 = p vth σn Nt f
4 Hole emission r4 = ep Nt (1 − f)
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In disordered semiconductors the total trapped charge density
and the recombination rate can be computed by integrating over all
gap states present between the band edges using the conventional
Schockley–Read–Hall (SRH) model that was developed for crystalline
semiconductors where usually only few discrete energy levels control
recombination [1]. The SRH model describes charge trapping and re-
combination processes using simple electron traps. Simmons and
Taylor derived an elegant approximation (STA) [2] of the SRH formal-
ism reducing the corresponding equations to much simpler expres-
sions. This simplicity usually makes the physical interpretation of
results obtained with the simulations easier. The so called “0 K”
(0KSTA) approximation was widely used in solar cell modeling be-
cause the analysis of the characteristic curves could be sometimes
reduced to simple analytical models [3].

Although the goodness of these approximations has been discussed
in semiconductor materials [1,4–6] we could not find a discussion in
the literature where the errors introduced by these simplifications
were quantified directly in electronic devices using numerical computer
codes. In this paperwe compare in single and double injection electron-
ic devices the results obtained with our computer code D-AMPS [7]
when either the SRH formalism or the algorithms derived in the STA
and the 0KSTA are used to calculate the trapped charge densities and
the recombination rate. The device characteristic curves are initially
fitted with D-AMPS using the SRH algorithm. The STA and 0KSTA ap-
proximations are tested with respect to the results obtained with the
SRH formalism that will be used as our reference in this paper. The cur-
rent voltage (J–V) and Spectral Responses (SR) of solar cells and optical
detectors were evaluated for different scenarios.

Our paper is organized as follows: in Section 2we briefly describe the
SRH statistic and the Simmons–Taylor approximations; in Section 3 we
describe the main features of our computer code D-AMPS and show our
fittings of p–i–n a-Si:H and μc-Si:H based solar-cell characteristics; in
Section 4 we discuss the results obtained with D-AMPS when the STA
and 0KSTA approximations are implemented; and finally we move to
our conclusions. We will soon submit an additional contribution where
the impact of these approximations are discussed when the Defect Pool
Model (DPM) is invoked in the description of the density of DB in a-Si:
H devices. In the current paper we focus our effort in discussing results
of general applicability not only for a-Si:H-based semiconductor devices
but also for μc-Si:H structures. On the top as the STA was developed for
decoupled (donor-like and acceptor-like) gap states and the DPM was
derived for amphoteric-like gap states. This use of decoupled states
within the DPM requires a separate discussion.

2. Short description of the statistic and the approximations

2.1. Shockley–Read–Hall statistic

In the theory developed by Shockley, Read and Hall [8,9] (SRH) four
basic processes, characterized by their respective rates ri, compete in
order to define the occupation function f at the gap state located
at the energy Et: (1) electron capture from the conduction band (r1),
(2) electron emission to the conduction band (r2), (3) hole capture
from the valence band (r3) and (4) hole emission to the valence band
(r4). The SRH theory assumes decoupled gap states; i.e. they could
behave as either donor-like or acceptor-like traps. The equations in
our paper will be expressed in general terms without specifying the
charge state of traps in cross-sections and emission coefficients for
donor and acceptor states.

The four processes are illustrated in Fig. 1 and theirs rates are
listed in Table 1, where n and p are the free carrier concentrations,
vth is the thermal velocity, Nt is the trap density, fn and fp = 1 − fn

are the occupation function for electrons and holes, σn and σp are
the electron and hole capture cross-sections, and finally en and ep
are the emission coefficients for electrons and holes respectively. At
thermal equilibrium no net recombination occurs so r1 = r2 and
r3 = r4 (see Table 1). Using the Fermi–Dirac statistics valid at thermal
equilibrium the emission rates (r2 and r4) can be expressed as:

en ¼ vthσnNcexp
Et−Ec
kT

� �
ð1Þ

ep ¼ vthσpNvexp
Ev−Et
kT

� �
ð2Þ

where EC and EV are the conduction and valence band edges. Under
non-equilibrium and at steady-state conditions the recombination
process involves one electron and one hole, so the recombination
rate is given by R = r1–r2 = r3–r4. From these equations the follow-
ing expressions for the steady-state occupation functions and the re-
combination rate (cm−3 s−1 eV−1) can be obtained at a gap state of
energy Et:

f n Etð Þ ¼ nvthσn þ ep
nvthσn þ pvthσp þ en þ ep

ð3aÞ

f p Etð Þ ¼ 1−f n Etð Þ ¼ pvthσp þ en
nvthσn þ pvthσp þ en þ ep

ð3bÞ

R Etð Þ ¼ Nt v
2
th σn σp

np−n2
i

nvthσn þ pvthσp þ en þ ep
ð4Þ

where ni is the intrinsic carrier concentration.
The trapped charge residing at the gap state (C cm−3 eV−1) of en-

ergy Et is given by the product of the trap density Nt, the correspond-
ing occupation function and the electron charge. The expressions for
acceptor- and donor-like states are respectively:

ρA Etð Þ ¼ −qNtf
n Etð Þ ð5Þ

ρD Etð Þ ¼ þqNtf
p Etð Þ ð6Þ

In disordered semiconductors the total trapped charge density ρ
(C cm−3) and the total recombination rate R (cm−3 s−1 eV−1) can
be computed by integrating the expressions (5–6) over all the gap
states.
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2.2. Simmons–Taylor approximation (STA)

The STA has been derived for materials containing a continuous
distribution of gap states. The authors define the trap class Rσ where
all traps have identical electron and hole cross-sections independently
of their energy. If there are more than one species of traps the approx-
imation can be applied to each class of traps and the total recombina-
tion and space charge density can be obtained by summing up the
contributions of the different species. In our case the different species
correspond to the states of the conduction band tail, the valence band
tail and the Gaussians distributions used to represent deep states.

Simmons and Taylor defined the intrinsic trap level, ET0, as the en-
ergy where the emission rates of electrons to the conduction band
and holes to the valence band are equal; i.e. en(ET0) = ep(ET0). Since
the emission rates exponentially increase or decrease with the trap
energy Et either en or ep can be neglected few kT away from ET0.
Using this argument the electron and hole occupation functions can
be rewritten as [3]:

f n Etð Þ ¼ nσn

nσn þ pσp
1þ exp

Et−Efnt
kT

� �� �−1

for Et > Et0 ð7Þ

f p Etð Þ ¼ 1−f n Etð Þ ¼ pσp

nσn þ pσp
1þ exp

Efpt−Et
kT

� �� �−1

for EtbEt0 ð8Þ

where Efnt and Efpt are the quasi-Fermi levels for trapped electrons
and trapped holes respectively. The energies Efnt and Efpt correspond
to the energy levels Et where a trapped electron (hole) has the same
probability of being emitted to the conduction (valence) band than
to recombine with a hole (electron) of the valence (conduction) band.

The Eqs. ((7)–(8)) resemble the form of the Fermi–Dirac function.
The equilibrium Fermi level is replaced by the trapped quasi-Fermi
levels and there is a pre-factor that is absent in the Fermi–Dirac statis-
tics. The main characteristic of the Simmons–Taylor occupation func-
tion f(Et) is that f is a smooth function with two steps [2]. Going from
the valence towards the conduction band edge f decreases from 1 to
the pre-factor of Eqs. ((7)–(8)) around Efpt, and from this pre-factor
to 0 around Efnt; being approximately constant between Efpt and Efnt
few kTs away of them. Similarly the recombination rate can be ap-
proximated by [3]:

R Eð Þ ¼ Nt Eð Þvth
σnσpnp

nσn þ pσp
1þ exp

Et−Efnt
kT

� �� �−1

for Et > Et0 ð9Þ

R Eð Þ ¼ Nt Eð Þvth
σnσpnp

nσn þ pσp
1þ exp

Efpt−Et
kT

� �� �−1

for EtbEt0 ð10Þ

In these equations only the traps located between the quasi-Fermi
levels for trapped carriers Efpt and Efnt are acting as recombination
centers.

In the Simmons and Taylor 0 K Approximation (0KSTA) the elec-
tron occupation function f is approximated by 0 at energies Et > Efnt
and by 1 at energies Et b Efpt. Therefore, the hole occupation functions
1 − f results 0 for Et b Efpt and 1 for Et > Efnt. Hence both occupation
functions f, 1 − f and the recombination rate R show abrupt transi-
tions at the quasi-Fermi levels for trapped charges becoming double
step functions:

f Etð Þ ¼
1 for EVbEtbEfpt

nσp

nσn þ pσp
for EfptbEtbEfnt

0 for EfntbEtbEC

8>><
>>:

9>>=
>>; ð11Þ
R Etð Þ ¼
0 for EVbEtbEfpt

Nt Eð Þvth
npσnσp

nσn þ pσp
for EfptbEtbEfnt

0 for EfntbEtbEC

8>><
>>:

9>>=
>>; ð12Þ

Hence the total recombination results as:

R ¼ vth
npσpσn

nσn þ pσp
∫Efnt
Efpt

N Eð ÞdE ð13Þ

The trapped charge concentration in acceptor- and donor-like
traps becomes:

ρ ¼ −q ∫
Efpt

EV
N Eð ÞdE þ nσn

nσn þ pσp
∫

Efnt

Efpt
N Eð ÞdE

 !
ð14aÞ

ρ ¼ þq
pσp

nσn þ pσp
∫

Efnt

Efpt
N Eð ÞdE þ∫

EC

Efnt
N Eð ÞdE

 !
ð14bÞ

3. Methodology

Our simulations were performed with the computer code D-AMPS
(Analysis of Microelectronic and Photonic Devices) that solves the
system of three non-linear equations with the finite differences
method and the Newton–Raphson method: Poisson's equation and
continuity equations for free electrons and holes [6]. The independent
variables are the electron potential and the quasi-Fermi levels.
D-AMPS is an updated version of the well-known software AMPS
released by the Pennsylvania State University that includes extra fea-
tures like amphoteric states, the Defect Pool-model, the Pool–Frenkel
effect, a simplified treatment of light scattering, etc.

The basic device that was initially selected to evaluate the accura-
cy of the STA approximation with D-AMPSwas the a-Si:H based p–i–n
junction. Our code was appropriately calibrated by fitting the mea-
sured dark and light current–voltage (J–V) characteristic curves. Sam-
ples were deposited in a multi-chamber RF-PECVD deposition facility
and characterized with appropriate equipment at Delft University of
Technology. The device structure is as follows: TCO/p-a-SiC:H/i-a-Si:
H/n-a-Si:H/Al with a 5 nm thick silicon carbide buffer layer between
the p- and i-layers. The front contact is an Asahi U-(SnO2:F) type sub-
strate with a textured surface. The p- and n-layer thicknesses are
10 nm and 20 nm, respectively. The Al back contact is 300 nm thick.
The selected data correspond to a-Si:H based p–i–n junctions with in-
trinsic layer thicknesses of 200 and 600 nm.

The optical parameters were obtained from measured reflection
and transmission spectra on a-Si:H films. The global density of states
and the Urbach slope were extracted with the Dual Beam Photocon-
ductivity. The other electrical input parameters were conveniently
adjusted to reproduce the experimental data. The Uniform Density
Model (UDM) that assumes a constant DB density in each device
layer was adopted to simplify the discussion. The density of deep
states in the UDM is described by three Gaussian distributions, recog-
nized as D−, D0 and D+. The peak energy of these Gaussians and their
standard deviations are listed in Table 2 together with the most sig-
nificant parameters that were obtained from our fittings. The correla-
tion energy U was assumed equal to 0.2 eV [10–12]. In the p- and
n-layers the doping densities were adjusted in order to reproduce
the experimental activation energies.

In the optical model the intensity, I, of the incident light was
shared among N sub-beams with intensity I/N and with different inci-
dent angles. The model accounts for light scattering on rough surfaces
by angles different from 90o with respect to the incident sub-beams.
These angles can vary between a maximum and a minimum value
that can be selected at each interface by the user. The total generation



Fig. 2. Fitting of the experimental dark and light J–V characteristics of an a-Si:H based
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rate G(x) of electron–hole (e–h) pairs results from adding the e–h
pairs generated by each sub-beam.

Figs. 2 and 3 show our fittings of the dark J–V characteristics mea-
sured at 40 °C, and the light J–V characteristics measured at room tem-
perature and under AM1.5 illumination of the a-Si:H based p–i–n
devices already described. A similar procedure was followed to model
and fit J–V curves of μc-SI p–i–n devices. The resulting electrical param-
eters and fittings can be found in a previous publication [13].

The calculation of the trapped carrier concentrations and recombi-
nation rate with the algorithms derived by Simmons and Taylor (STA
and 0KSTA approximations) were included in D-AMPS. The user can
choose the appropriate formalism, i.e. SRH, STA or 0KSTA by just chang-
ing the value of a single input parameter. In the 0KSTA approximation
the direct implementation of abrupt step transitions at the quasi-
Fermi levels for trapped carriers lead us to some convergence problems
and instabilities. To circumvent this drawback the step transitions were
realized with high-order low- and high-pass Butterworth filters [14].
Our results became insensitive to the order n of the Butterworth filter
for n higher than 20.
p–i–n junction with a 200 nm thick intrinsic layer.
4. Results of Implementating the Sta and 0ksta Approximations

4.1. Simmons–Taylor approximation

The test of the STA approximation performed on the a-Si:H based
p–i–n devices of Figs. 2 and 3 gave us excellent results: the predicted
J–V and SR curves evaluated with the SRH and the STA formalisms
were on top of each other. The accuracy of the STA was explored at
forward and reverse voltages that are the operation situations of
solar cells and optical detectors respectively. Under illuminated con-
ditions the STA precisely reproduces the curves obtained with the
SRH formalism but this is not the case for the reverse-bias dark J–V
characteristics. Actually this results was expected because the STA
was designed to approximate the description of trapping and recom-
bination rates when the quasi-Fermi levels move away from the
Fermi level at thermodynamic equilibrium towards the respective
band edges driven by either generation of e–h pairs by illumination
or by carrier injection when the device is forward biased.
Table 2
List of electrical input parameters resulting from fitting dark and light J–V curves. The
meaning of the symbols are as follows: W is the layer thickness, EG is the mobility gap,
Nc and Nv are the effective density of states at the conduction and valence band respec-
tively, μN and μP are the electron and hole mobilities, ED and EA are the valence and the
conduction tail slopes, tN and tP are the cross sections for electrons and holes in tail states,
D−,D0 andD+ are the densities of states enclosed by the three Gaussians, E−, E0 and E+ are
the peak positions of these Gaussians, σD are the standard deviations, σN and σP are the
cross sections for electrons an hole inmid-gap states. The superscript+, 0 and−indicates
the charge state of the cross sections.

Parameters p i N

W (nm) 10 200/600 20
EG (eV) 1.9 1.72 1.72
Nc, Nv (cm−3) 3 × 1020 2.5 × 1020 3 × 1020

μN (cm2 V−1 s−1) 5 30 5
μP (cm2 V−1 s−1) 1 3.5 1
ED (meV) 80 45 50
EA (meV) 30 25 30
tN+ tP− (cm2) 1 × 10−15 1 × 10−15 1 × 10−15

tN0 tP0 (cm2) 1 × 10−17 1 × 10−17 1 × 10−17

D− (cm−3) 2.14 × 1018 2 × 1015 3.06 × 1018

D0 (cm−3) 1.07 × 1018 1 × 1015 1.55 × 1018

D+ (cm−3) 2.14 × 1018 2 × 1015 3.06 × 1018

ED− (eV) 0.7 0.55 0.6
ED0 (eV) 1.0 0.85 0.9
ED+ (eV) 1.3 1.15 1.2
σD (eV) 0.13 0.13 0.13
σN
+ σP

− (cm2) 2 × 10−14 2 × 10−14 / 1.2 × 10−14 2 × 10−14

σN
0 σP

0 (cm2) 2 × 10−16 3 × 10−15 / 1.2 × 10−15 2 × 10−16
Although the approximation was developed only for forward bi-
ased devices, it is interesting to check how the STA behaves when
the same device is operating under reverse biased conditions. The
dark J–V curves predicted by the STA were again compared using
the SRH as a reference. Surprisingly the STA is still is able to reproduce
quite well the shape of the dark J–V curve at reverse voltages, but
overestimating the current by no more than 20%.

Our results for different temperatures for a-Si:H p–i–n device with
a 600 nm thick intrinsic layer and for a μc-Si:H p–i–n device with a
1300 nm thick intrinsic layer at room temperature [13] are shown
in Fig. 4a and b. Similar results are obtained for other intrinsic layer
thicknesses and operating temperatures.

The dark current in a-Si:H based p–i–n is controlled at low-
forward biases by recombination [15], at intermediate forward volt-
ages but still inside the exponential region by a mixture of recombi-
nation and carrier diffusion, and at high forward voltages over the
knee of the exponential the current is limited by the electron Space
Charge Limited Current (SCLC) mechanism [16]. At these high volt-
ages the virtual cathode limits the injection of electrons into the in-
trinsic layer. At reverse biases the current is controlled by thermal
generation of electron–hole pairs. Under illumination and below the
open circuit voltage (Voc) the current is defined by the difference be-
tween the photo-current and the recombination losses taking place in
the intrinsic and doped layers. Under illumination but above Voc the
SCLC mechanism also plays a role but the virtual cathode and anode
Fig. 3. Fitting of the experimental dark and light J–V characteristics of an a-Si:H based
p–i–n junction with a 600 nm thick intrinsic layer.
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a

Fig. 4. Predicted J–V curves by D-AMPS (a) at dark condition for an a-Si:H p-i-n based
device at different temperatures (250 K, 310 K, and 400 K) and for a μc-Si:H p-i-n
junction at room temperature and (b) under AM1.5 illumination for an a-Si:H based
device at different temperatures (250 K, 300 K, and 400 K), for an a-Si:H alloy p-i-n
device with a mobility gap of 1.48 eV and for a μc-Si:H p–i–n device, the last two at
room temperature. In both Figs. the a-Si:H mobility gap was assumed to be EG =
1.72 eV. The J-V curves were evaluated with the SRH, STA, and 0KSTA formalisms.
The intrinsic layer of the a-Si:H p-i-n device is 600 nm thick and the intrinsic layer of
the μc-Si:H p-i-n device is 1300 nm thick. The J–V curves of the μc-Si:H p-i-n structure
result from using the parameters of our reference [13].

Fig. 5. Recombination rate profiles predicted by D-AMPS for an a-Si:H based device at
300 K under AM1.5 illumination and at different voltages. The intrinsic layer is 600 nm
thick. Only the recombination rate profile in the intrinsic layer is shown.
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are also tailored by the photo-generated carriers trapped along the
whole device. Hence trapping and recombination have an important
impact on the final shape of the dark and light J–V characteristics [16].

In Fig. 5 the recombination rate profiles evaluated with the SRH and
STA formalisms are shown for different voltages under illuminated con-
ditions. The recombination rate R(x) is given in cm−3 s−1; i.e. after the
integration with respect to the density-of-states distribution in the
band gap. The STA departs from the SRH equations only near the intrin-
sic trap level Et0 where either the neglected hole or electron emission
coefficients are comparable. When we move further than few kTs
from Et0 one of the two emission rates becomes negligible in the SRH
formalism. Fig. 6a shows the band diagram of our 600 nm thick p–i–n
device under dark conditions and with an applied forward voltage of
0.2 V. Besides the band edges and the quasi-Fermi levels for free car-
riers, this figure also shows the quasi-Fermi levels for trapped carrier
and the intrinsic trap energy ET0 as defined by Simmons and Taylor.
It can be observed that the regions where recombination dominates
over re-emission back into the bands is quite well defined in the bulk
by the quasi-Fermi levels, but when either the p/i or the i/n interfaces
are approached the energy range in which recombination takes place
becomes much wider than the energies enclosed by the quasi-Fermi
levels. When the device is illuminated, and either a forward or a reverse
voltage is applied, or when the device is operating under dark condi-
tions and a forward voltage is applied, the energy range in the band
gap where capture rates are favored over the emission rates in the
SRH formalism becomes wider. For instances Fig. 6b shows the band di-
agramof a device under AM1.5 illuminated and subjected to a small for-
ward voltage. The higher the applied forward bias or the more intense
the illumination intensity of the light source the wider the energy
range where the emission rates are smaller than the capture rates.
Hence the trapped carrier concentrations and the recombination rates
are well reproduced by the STA, because the energy ET0 is located well
inside the region where the emission rates are clearly smaller than
the capture rates. Only when the forward applied voltage is very low
(i.e., near the scenario of thermodynamic equilibrium) or when the ap-
plied voltage is reverse and the device operates under dark conditions
or under low light intensities the neglected emission rate in the STA
could lead to some errors. To be more specific the J–V curve predicted
with the STA departs from the one resulting from the SRH formalism
at flux intensities below 8x109 photons/cm2/s when a red bias light
(cut-off wavelength λC of ~ 0.68 μm) is impinging on the front contact
as can be seen in Fig. 7. At very low forward voltages the region where
the emission are not correctly evaluated is quite narrow (~ 0.01 V) lead-
ing to a departure of the dark J–V curve of at most 5%.

Under dark conditions and when a forward bias is applied to the
device or under illuminated conditions, the electron quasi-Fermi
level positions is above the hole quasi-Fermi level. On the other
hand at reverse biases thermal generation of electron–hole (e–h)
pairs is associated with inverted quasi-Fermi levels, i.e. the electron
quasi-Fermi level is below the hole quasi-Fermi level. Interestingly
as it can be seen in Fig. 8 the quasi-Fermi levels for trapped charge
are also inverted, but only in the region where thermal generation
of e–h pairs is really taking place and not in the whole device as
the quasi-Fermi levels are. In this region of the intrinsic layer the
emission rates are larger than the capture rates (see Fig. 8). The
level ET0 crosses the region of inverted trapped quasi-Fermi levels.
By neglecting one of the emission rates (for holes below Et0 and for
electrons above ET0) the occupation of traps that are located between
the inverted quasi-Fermi levels for trapped charge is altered (see
Eqs. (7) and (8)). For instance the occupation of traps by electrons



Fig. 7. Predicted J–V curves by D-AMPS using the SRH, STA, and 0KSTA formalisms for
an a-Si:H based device illuminated by different bias light intensities. The bias light is
red with a cut-off wavelength of 680 nm. The intrinsic layer is 600 nm thick.

Fig. 8. Thermal generation and band diagram predicted by D-AMPS for an a-Si:H based
device at room temperature and dark conditions and with a reverse voltage of 0.5 V.
The intrinsic layer is 600 nm thick. The quasi-Fermi levels, the quasi-Fermi levels for
trapped carriers, and the intrinsic trap level ET0 for the trap species of acceptor-like
deep states (Gaussians) are shown.

a

b

Fig. 6. Band diagram predicted by D-AMPS for an a-Si:H p-i-n based device (a) at dark
conditions and (b) under AM1.5 illumination conditions. In both Figs. The device is op-
erating at room temperature and subjected to a forward voltage of 0.2 V. The intrinsic
layer is 600 nm thick. The quasi-Fermi levels, the quasi-Fermi levels for trapped car-
riers, and the intrinsic trap level Et0 for the trap species of acceptor-like deep states
(Gaussians) are shown. CB and VB are the conduction and valence band respectively.
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is overestimated by the STA below ET0 because the emission of elec-
trons to the conduction band is forbidden. Simultaneously the occu-
pation of traps by electrons is underestimated above ET0 by the STA
because holes that are not allowed to be emitted to the valence
band are lowering the occupation of traps by electrons. Similar state-
ments can be made about holes. The net result is that more electrons
in the traps above ET0 and more holes in the traps below ET0 are pro-
moted to the conduction and valence bands by the STA approxima-
tion given rise to a higher dark current than the SRH formalism.
Detailed simulations that are not included in this paper indicate
that higher thermal generation rates are predicted by the Simmons–
Taylor approximation at all localized gap states (either donor-like or
acceptor-like, shallow or deep states).

In order to see how general these result could be the differences in
the predicted device characteristic by D-AMPS with the SRH and STA
formalisms on different a-Si:H p–i–n based scenarios were explored:
higher and lower temperatures, thicker intrinsic layers, alloys with
several mobility gaps and μc-Si:H structures. Our results indicate
that the difference between the SRH and STA is still remarkably
small when the p–i–n junction is subjected under illumination to
either forward voltages or reverse voltages and under dark conditions
when the p–i–n junction is subjected to forward voltages only. The
comparisons were made for different intrinsic layer thicknesses,
temperatures, mobility gaps, and charged and neutral cross sections.
We covered a temperature range of 250 K–400 K, mobility gaps from
1.45 eV to 2.0 eV, that can be found in a-Si:H and its alloys samples,
(μc-Si:H p–i–n devices with a mobility gap of 1.25 eV gap were also
inspected), intrinsic layer thicknesses between 500 nm and 3000 nm
and different charged and neutral cross section ratios (100–0.01).
Smaller gaps and higher temperatures increase the recombination
losses. Higher kTs, increase the energy range around intrinsic trap
level ET0where the STA approximation could be questionable [3]. How-
ever, the STA algorithm still performs very well for any temperature,
mobility gap, cross section ratios (even assuming neutral cross sections
higher than charged cross sections), and intrinsic layer thicknesses
inspected in this paper.

Using the parameters obtained from our fittings of J–V curves in
p–i–n devices we have also explored the accuracy of the STA in single
injection devices. These devices result an interesting test for the STA
because as recombination is negligible the J–V and SR curves are
only sensitive to carrier trapping. Also in single injection devices,
like n–i–n, p–i–p structures, one junction is forward biased while
the other junction is reverse biased for any applied external voltage.
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However similar results were obtained for the predicted dark and
light J–V when the SRH equations or the STA approximation were
implemented. Our results are shown in Fig. 9.

The spectral responses (SR) of double injection devices is also well
reproduced by the STA, because the incident light used in these mea-
surements open the quasi-Fermi levels guarantying that recombina-
tion prevails over emission near ET0.

4.2. Simmons–Taylor 0 K approximation

The 0KSTA assumes abrupt steep transitions at the trapped quasi-
Fermi levels. The considerable simplifications obtained in the calcula-
tion and interpretation of the J–V curves [3] is accompanied by higher
risks of introducing significant errors in the simulations [4,5].

Our results indicate that the 0KSTA still gives rise to acceptable dark
J–V curves when the p–i–n device is forward biased (see Fig. 4a). Under
AM1.5 illumination the 0KSTA slightly overestimates the current densi-
ty J at already small forward voltages as result of underestimating the
recombination rate when compared to the predictions obtained with
the SRH formalism adopted as reference. Near the short circuit condi-
tions the current densities predicted by the SRH and 0KSTA are quite
similar but differences become visible near the maximum power point
and also around Voc in μc-Si:H samples that leads to some errors in
the estimation of FF and Voc. Higher forward voltagesweaken the inter-
nal electric field inside the intrinsic layer that in turn increases the time
that the photo-generated carriers remain in the device before being col-
lected at contacts. This scenario favors the recombination at gap states
located a bit outside of the energy region delineated by the quasi-
Fermi for trapped carriers becoming non-negligible. The 0KSTA approx-
imation ignores the contribution of these states (see Eq. (12)). In the
SRH formalism states near the quasi-Fermi levels for trapped carriers
make a non-negligible contribution to the recombination especially in
semiconductors with lower mobility gaps where the quasi-Fermi levels
for trapped carriers come closer to the band edges. States between the
valence band edge and the quasi-Fermi level for trapped holes are
able to capture a non-negligible amount of electrons from the conduc-
tion band that contribute to the overall recombination. Similarly, but
to a less extent, states between the conduction band edge and the
quasi-Fermi level for trapped electrons are able to capture holes from
the valence band that also contribute to the overall recombination.
Hence the 0KSTA leads to an underestimation of the recombination
rate (see Fig. 5). However our results indicate that in p–i–n junction
Fig. 9. Predicted dark J–V curves and light J–V curves (under AM1.5 illumination) by
D-AMPS for an a-Si:H p–i–p device using the SRH, STA, and 0KSTA formalisms. The
intrinsic layer is 600 nm thick. The characteristic curves obtained for a-Si:H n–i–n
devices are similar.
with mobility gaps above 1.7 eV that are subjected to AM1.5 illumina-
tion the 0KSTA approximation can be considered still acceptable. A de-
parture of the SRH model by no more than 4% in the predicted current
when the mobility gap is 1.72 eV or higher was found in the scenarios
studied in this paper.

At reverse-bias voltages the dark J–V predicted by the 0KSTA show
significant and unacceptable errors in all cases that were studied (see
Fig. 4). The thermal generation rates predicted inside the intrinsic
layer by the 0KSTA are misleading. Fig. 8 shows that Eq. (12) selects
regions located closer to the p/i and i/n interfaces where a net recom-
bination is occurring. The 0KSTA is not able to detect in the intrinsic
layer bulk the region where thermal generation of e–h pairs is really
taking place because the quasi-Fermi levels for trapped carriers be-
come inverted in energy and the 0KSTA sees a null net generation
rate. On the other hand the STA formalism, that does not contain
the approximation of sharp energy transitions at the quasi-Fermi
levels for trapped carriers, is able to recognize this region where ther-
mal generation is taking place. Actually the STA also accounts for the
net recombination occurring near the interfaces but they are lower in
comparison with the thermal generation present in the bulk. Fig. 9
shows that under low light level illumination the 0KSTA give rise to
errors for flux intensities below 8 × 1010 photons/cm2/s when a red
bias light is shining on the front contact (λC ~ 0.68 μm).

The 0KSTA leads also to inaccurate predictions of the J–V charac-
teristics in single injection devices like n–i–n and p–i–p structures
under either dark or illuminated conditions. The fact that one junc-
tion is always reversed biased for any external applied voltage plays
against the accuracy of the 0KSTA approximation. Our results are
shown in Fig. 8.

5. Conclusions

The Simmons–Taylor approximation (STA) can be used to simplify
the description of the electrical transport in solar cells and optical de-
tectors without losing accuracy. The current–voltage characteristics
and spectral responses of double injection devices are quite well
reproduced under illuminated conditions for any applied voltage
and under dark conditions when the device is forward biased. The
STA is found to be acceptable for a wide range of temperatures, intrin-
sic layer thicknesses and mobility gaps. The STA only overestimates
by no more than 20% the current of double injection devices at re-
verse biases but properly reproduces the shape of the current–voltage
curve. In detectors operating under low-light level illuminated condi-
tions this error decreases when the light intensity increases and en-
tirely vanishes at intensities of ~ 1010 photons/cm2/s or higher. The
STA formalism also predicts current–voltage characteristics of single
injection devices in good agreement with the SRHmodel under either
dark or illuminated conditions for either positive or negative voltages.
The “0 K” STA (0kSTA) can also be used in device modeling under
similar restrictions to the ones found for the STA but taking some
extra precautions. The 0KSTA overestimates the Fill Factor especially
in solar cells with low mobility gap intrinsic layers and/or when they
operate at lower temperatures. The 0KSTA also leads to important er-
rors in the evaluation of current–voltage characteristics of single injec-
tion devices and it is entirely unacceptable when a double injection
device is reversed biased and operates under dark conditions. Under
low-level illumination the approximation becomes unacceptable
below intensities of ~ 1011 photons/cm2/s.
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