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Abstract

Modeling the current density—voltage (J-V) curve of a-Si:H p-i-n diodes requires a group of input physical pa-
rameters that have to be previously determined. Some of them can be determined directly from experiment, while
others, as the trap cross-section, have to be indirectly determined or assigned. We present a simple procedure to es-
timate trap cross-section using computer simulation and parameter extraction. The experimental J-V forward char-
acteristic of the p-i-n diode, dark and illuminated, is used to determine the ideality factor n and the short circuit current
density Jsc. The charged trap cross-section and its relation to the neutral trap cross-section are determined by fitting to
tabulated and graphical results from simulation. Determined values of trap cross-section are used to simulate the re-
verse current of diodes under illumination and results compared with experimental curves. © 2001 Elsevier Science

Ltd. All rights reserved.

1. Introduction

a-Si:H p-i-n diodes have been investigated as radia-
tion detectors, where incident radiation can go from
visible light to high energy radiation. The p-i-n diode is
usually made by depositing an n*-layer, followed by an
intrinsic and a p*-layer. The doped n*- and p*-layers
are usually less than 400 nm, but the intrinsic (i-layer)
can go from tenth to tens of micrometers, in dependence
of the application.

Photodiodes and image sensors have up to several
micrometers of i-layer, while particle and nuclear radi-
ation detectors need much thicker i-layers, of tens or
hundreds of micrometers. The reverse dark current at
the operating voltage defines the threshold of detection.
This dark current as well as the selection of the oper-
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ating voltage will depend on a high extent on the electric
field distribution inside the structure, which is tightly
related to the density and energy distribution of local-
ized states inside the mobility gap, as well as other
physical parameters of the a-Si:H structure. The reverse
diode current also depends on the trap cross-section.
Analytical and numerical modeling of the current
density—voltage (J-¥) characteristic of a-Si:H p-i-n have
been presented in many works (see e.g. Refs. [1-3]),
specially related to solar cells. Simulation provides a
mean to study and understand the behavior of the device
and the factors that limit its efficiency, if the model used
to describe the device behavior is sufficiently precise and
physical input parameters required by the simulator are
known. Mobility (i, and up); charged and neutral cross-
sections of deep and tail states (6cq, ONg> Oct, ONt); AC-
tivation energy of states; band gap E, and constant
density of charged states at full depletion Ny must be
known. Technological and geometrical parameters are
also required. Some of these parameters can be deter-
mined by different electrical and optical measurements,
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while others, as the trap cross-sections have to be indi-
rectly determined or assumed. The characteristics of
a-Si:H devices are deeply related to trapping and re-
combination mechanisms, due to the presence of a rel-
atively high density of localized traps inside the mobility
gap of the material, so the model used in simulation
must include a correct characterization of these traps.
Since the trap cross-section is highly dependent on fab-
rication technology, it must be determined for the
technological process in use. Indirect methods of trap
cross-section determination can introduce inaccuracies
because different structures from the one to be evaluated
have to be specially prepared for them. Method pro-
posed in this work has the advantage of allowing the
determination of the trap cross-section in the same de-
vices that are to be characterize as photodetectors.
Simulation, once validated, can be also used to see how
variations on the technological process affect the trap
characteristics and device behavior.

In this work we present a procedure to determine the
neutral and charged cross-section of deep states using
parameter extraction from the experimental J-V curves
in conjunction with results from simulation. An example
is presented to demonstrate that estimated parameters fit
well with expected.

2. Simulation of a-Si:H p-i-n devices

The forward and reverse current, both dark an under
illumination, of amorphous p-i-n diodes with intrinsic
layer thickness W from 0.7 to 17.5 pm were simulated in
ATLAS [4]. In a previous work [5] we showed problems
found when simulating these devices using ATLAS. The
gaussian distribution of states (DOS) distribution used
in the default model locates the Fermi level at the middle
of the gap, instead of the normally reported location
around 0.2 eV above it. For this reason the electric field
distribution inside amorphous a-Si:H devices resulted
very similar to that of a crystalline diode with a substrate
concentration of impurities equal to the constant density
of charged states at the a-Si:H layer at full depletion and
a band gap corresponding to the a-Si:H material. All
other electrical characteristics simulated will differ from
reality since they are based on the electric field distri-
bution. To take into account features inherent to amor-
phous materials, the default model has to be disabled
and the expected DOS in the amorphous material must
be introduced in the program using Silvaco’s tool “C-
Interpreter”. The activation energy, cross-section and
density of acceptor tails, donor tails, acceptor deep and
donor deep states must be independently described for
each species. These parameters are quite sensitive to
device fabrication.

Among different descriptions of trap distribution we
selected the exponential dependence of tails and deep

states reported in Ref. [6]. The energy distribution of
acceptor and donor tail states is given by Egs. (1) and (2)
respectively, while the distribution of deep acceptor and
donor states is given by Egs. (3) and (4).

8at = 8o eXP(—(Ec — E)/Ew), (1)
ga = gawo eXp(—(Ev — E)/Ea), (2)
ad = Gado eXp(—(Ec — E)/Eaa), (3)
aa = Zado eXP(—(Ev — E)/Eqa), 4)

where Ec and Ey are the conduction and valence band
energy.

The density of acceptor and donor tail and deep
states were taken as in Ref. [3]: guo = a0 = 2 x 10%
cm ™ gudo =4 x 10" cm™ and gago = 6 x 10" cm3.
The activation energy for acceptor and donor tail and
deep states was also taken as [3]: E,, = 0.034 eV; E4 =
0.054 eV; Eqq = 0.1289 eV and E,q = 0.0879 eV to fit
experiment. Other features of the model used in this
simulator can be found in Ref. [4].

To analyze how some of the above mentioned pa-
rameters (activation energy, cross-section and density of
each trap species) affected the J-V characteristic of the
device, we made simulations varying their values in
ranges usually reported in literature. Values of charged
ocq and neutral cross-section ong of deep states were
varied from 10~ to 107! cm~2; the ratio of ¢ =
ocd/onag Was varied from 10 to 1000. Simulation was
also made for values of hole mobility u, varying from
0.005 up to 0.5 cm?/Vs. The ratio of electron to hole
mobility was varied from 10 to 1000. The intensity of
light was varied from 0.001 up to 30 mW/cm?. The im-
purity concentration in both p*™- and n'-regions was
considered of 10" ¢m™ from experimental data. The
energy gap of 1.72 eV and the Fermi level located 0.2 eV
above the middle of the gap, were obtained from ex-
perimental data for devices fabricated in our laboratory.
The constant density of charged states in the amorphous
diode at deep depletion, Ny, was estimated to be
10" ¢cm™3 using previously reported methods [7].

In Ref. [8] it was shown that the reverse dark current
of a-Si:H p-i-n diodes starts to increase more rapidly
with voltage above a critical electric field of 4 x 10* V/
cm, due to field enhanced factors affecting it. Atlas does
not take into account these effects so the J-V curve
obtained from ATLAS must be post-processed using the
expressions presented in Ref. [8]. The typical exponential
dependence of the Pool-Frenkel effect was described as:

J) = VI g 0, 5)

where = 0.008835 (cm/V)"® is the Pool-Frenkel con-
stant normalized to k7T and where y = gs/kT (V/cm) is
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the factor due to multiple emission from centers located
at a distance s.

3. Results from simulation

Once the trap distribution is selected, from simula-
tion results for different input data, the influence of the
trap cross-section on the J-V characteristic can be ob-
tained. The ideality factor n, the saturation current Jy,
the open collector voltage Voc and the short circuit
current density Jsc were calculated for different set of
input parameters.

3.1. Forward J-V curve without illumination

Results from simulation indicate that the ideality
factor n depends mainly on ocg4 and {. A small depen-
dence with g is also observed for p, < 0.01 cm?/V's and
there is practically no dependence with u,. Cross-section
of charged and neutral tail states have very little influ-
ence on both # and J;.

Fig. 1 shows the dependence of n with oc4 and {; that
allows us to interpolate and estimate the values that best
fit experiment. This result from simulation could be
expected from the physical processes that affect .

3.2. The J-V curve under illumination

This curve has two important parameters for our
purpose, the open collector voltage Voc and the short
circuit current density Jsc. Both of them depend on the
light power density Py in mW/cm?, o¢q in cm? and { as
indicated in Figs. 2 and 3.

Analyzing the behavior of Voc as function of trap
cross-section and light power density Py and fitting the
proposed dependence to the simulated curves, the fol-
lowing analytical relationship was found:

=10 .
2ol (=100
: —+— £=1000
c
/-/
/
151

T T T T T
1E-16 1E-15 1E-14 1E-13 1E-12
Ocd [cm2]
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Fig. 2. Dependence of Voc with light power density for dif-
ferent pairs of values of ocq and (.
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Fig. 3. Dependence of Jsc with light power density for different
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Voc V() log <1 + Cl O‘Cd>’ (6)
where 7, = 0.093 V and C; =2 x 107 mW/cm* for and
¢ =100, g, = 0.001 cm*/V's and p,/u, = 100.

Fig. 3 shows that Jsc depends linearly with Py,
where the value of the slope for different pairs of ocq and
{ is indicated in Table 1. Table 2 shows the values of d
Jsc/dacq for different light power densities, An analyti-
cal expression was also found to relate Jsc with ocq and
{ to simplify the adjustment procedure. For example for
& =100, g, = 0.001 cm*/V's and p,/u, = 100:

Jsc = G, Py {1 +7 log(;—o) +114 log2<&)}7
cd

(7)

where C, = 4.3 x 10’ A/mW and ¢, = 10~'? cm?

Simulation also indicates that increasing u, again
slightly increases Jsc, but variations on p,, practically
have no influence.
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Table 1

dJsc/d Py for different values of o¢q and (
ocd C dJSC/dPW
10712 100 52 %1077
10~ 10 3.1 x10°°
- 100 5.9 x107¢
- 1000 8 x 107°
10714 10 1.8 x 1073
- 100 2.7 %1073
- 1000 29 x 1073
10-13 100 52 %107

Table 2

dJsc/dacq for different values of light intensity and u, and p,

Py (mW/cm?) dJscldocy Py Uy
0.1 —2.38 x10°° 0.01 1
0.2 —4.6 x10°° 0.01 1
0.3 —6.8 x 107° 0.01 1
0.4 —8.98 x 10°° 0.01 1
0.5 —1.14 x 10°° 0.01 1
0.5 —1.5x10°° 0.05 1
0.5 —1.14 x 10~° 0.01 0.5

4. Procedure for estimating basic parameters

First step in determining trap cross-section consists in
calculating the ideality factor n from the experimental
dark J-V curve. Fig. 1 is then used to determine pairs of
values of ocq and { that can correspond to the calculated
value of n.

It should be noticed that, since the amorphous device
can have a very low current density for V' < 0.4 V, the
measurement installation or the leakage though the
borders of the device structure, can give rise to a shunt
resistance. The effect of the shunt resistance must be
eliminated in order to calculate correctly the value of n.
Poor ohmic contacts can also give rise to an undesirable
non-linear series resistance. These effects alter the form
of the measured forward J-V curve as can be seen in
Fig. 4. There are several methods to calculate the correct
parameters even in the presence of these non-desired
effects [9-11]. Since in the presence of a series non-linear
resistance the value of the saturation current J; is altered
due to the parallel displacement along the y-axis of the
J-V curve, we will only use the determination of the
ideality factor » in our procedure.

Afterwards, the short circuit current Jgc is deter-
mined from the experimental illuminated J-V curve,
where Py is known. Using Fig. 3 as well as Tables 1, 2
and Eq. (7), for same values of ocq and {, Jsc is deter-
mined from simulation results for the measured light
intensity Pw (Fig. 2 and Eq. (7)). Finally, the pair of
values of ocq and that best fit experiment is selected.
Further adjustment can be made varying y,.
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Fig. 4. Forward J vs Vp diode characteristic showing: (a) the
effect of the diode series resistance; (b) the effect of a shunt
resistance in parallel to the diode; (c) same as (a) plus the effect
of non-ohmic contact.
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Fig. 5. Forward current vs voltage of an a-Si:H diode showing
the effect of a shunt resistance.

The procedure for estimating the trap capture cross-
sections is shown in the example of an a-Si:H diode 0.7
um thick. The forward J-V current of an a-Si:H diode is
shown in Fig. 5. At the origin, a small effect of shunt
resistance and non-ohmic contact already indicated is
seen. Using the procedure indicated in Ref. [9], a value
of the ideality factor of the a-Si:H diode n = 1.6 was
determined.

The procedure in Ref. [9] consists in solving the value
of the current 7 for a circuit consisting of a shunt resis-
tance in parallel to two diodes including their series re-
sistance, one representing the non-ohmic contact and the
other the a-Si:H diode. For low voltages, usually the
non-ohmic contact is limiting the current in this branch
and its basic parameters (n; and Jy;) can be determined
directly or using the procedure indicated in Ref. [10] if a
shunt resistance is present. For higher voltages, it is
demonstrated that the current through the two diodes
can be expressed as:
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n n n ny /(n n V q
I %]011/( 1+n2) ]Oi/( 1+n2) exp [(nl +n2) ﬁ:| (8)

So the value of n,, corresponding in our case to the
ideality factor of the a-Si:H diode, can be determined
from the measured -V curve.

From Fig. 1, three pairs of values of ¢4 and { can
be chosen for the measured n: ocq =8 x 10716 cm?,
E=10; 6cqg =8 x 107 cm?, ¢ =100 and o¢q = 1.6%
107 cm?, ¢ = 1000.

Experimentally Jsc was determined to be 8.9 x 1076
and 2.22 x 10~* A/cm? for two light intensity. The de-
vice was illuminated with a filtered, collimated, 68 nm
wavelength light though a optical fiber. The smaller light
intensity generating e-h pairs at the i-layer was of
approximately 0.3 mW/cm? and the higher of approxi-
mately 10 mW/cm?. The incident light intensity illumi-
nating the device was measured using a semiconductor
“Smartsensor” coupled to a “FieldMaster” meter; the
intensity absorbed at the i-layer was estimated after
considering losses in the Cr, and p-region as well as back
metal reflection. For typical values of u, =1 cm?/Vs
and u, =0.01 cm?/Vs the measured and simulated
reverse J-V characteristics are compared. Determined
values of o¢, and { were used to simulate the reverse
current of the illuminated photodiode. Fig. 6 shows the
comparison between experimental and simulated reverse
current curves for the diode. For the low power curve,
the correspondence is excellent, indicating that the esti-
mated values of the trap cross-section represent quite
well the trap characteristics of the device. For higher
light intensity, there is a small deviation indicating that
some other factor is also affecting.

The procedure indicated above, can be used for any
a-Si:H p-i-n diode, with an i-layer thickness W for which
the mean electric field across the i-layer Fem > 3 x 103
V/cm in the absence of external bias. As indicated in Fig.
7 for smaller Fyean, the Jsc will decrease as the field is

5 2
op=8x10%em’
=100

P,=10 mW/cm®
o experimental
- simulated

P,=.3 mW/cm®
X experimental
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VD [V]

Fig. 6. Comparison of experimental and simulated reverse
current under illumination for an a-Si:H diode after determi-
nation of the trap cross-section by the present method.
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Fig. 7. Dependence of the short circuit current on the mean
electric field present across the i-layer of the p-i-n diode.

decrease, or what is the same, will decrease with in-
creasing W. This can be understood from the discussion
of the electric field distribution inside these diodes,
presented in Ref. [8].

Determination of oc; and oy has been previously
done using Voc [12]. However authors use it to deter-
mine the cross-section of tail states. Our results indicate,
on the contrary, that tails states have very little influence
on Voc, compared to deep states, as should be expected
also from physical interpretation of their influence. In
addition the simulated and experimental values of Voc
also differ even when the illuminated reverse current is
quite satisfactorily simulated indicating the presence of
other effects mentioned by same authors.

5. Conclusions

A procedure to estimate trap capture cross-section in
a-Si:H is presented. The experimental J-V forward
characteristic is used to determined the ideality factor n
and the short circuit current Jsc. Charged and neutral
trap capture cross-sections are obtained from tabulated
and graphical results from simulation, looking for best
values that fit the experimentally determined values of n
and Jsc.

Simulated reverse current under illumination using
the trap cross-section determined by this method shows
very good correspondence with experiment, indicating
that validity of the procedure.

Since these parameters are quite important for the
correct description of the a-Si:H devices the above
described procedure has the advantages that, once tab-
ulated and graphical results from simulation are avail-
able, the procedure is simple and precise without loosing
the physical understanding of the behavior of the de-
vices.
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