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Abstract
Dark and illuminated current–voltage (J–V ) characteristics of the hydrogenated
amorphous silicon (a-Si:H) p–i–n diode have been simulated by solving
numerically the full set of transport equations. The dependence of the dark
current on the intrinsic layer (i-layer) thickness and on the measurement
temperature is investigated by taking into account the presence of the p/i
interface defect states. Good agreement with experimental data is obtained
when the p/i interface defect density is increased with increasing i-layer
thickness. Further, no appreciable influence was remarked for the i/n interface
states on the J–V characteristic, which is in agreement with experimental
observations. The numerical simulation also concerned the evaluation of the
diode photo-parameters, i.e. the short-circuit current density (Jsc) and the open-
circuit voltage (Voc), and reproduced, in a good manner, the light intensity
dependence of Jsc and Voc for different i-layer thicknesses.

1. Introduction

In this paper, we discuss some transport proprieties of hydrogenated amorphous silicon (a-
Si:H) p–i–n diodes, which characterize the electrical behaviour of these diodes under dark
and light steady state conditions. a-Si:H p–i–n diodes are known for their cheap fabrication
technology, the possibility of their deposition on large areas and their good optical absorption
proprieties [1, 2]. Therefore, they are widely used as solar cells and photodetectors. a-Si:H
is also known for its continuous density of states distribution in the mobility gap [3, 4] which
plays a dominant role in the electric proprieties of a-Si:H p–i–n diodes. Several methods are
employed to characterize these devices; measurements of the dark and illuminated current–
voltage (J–V ) characteristics present a relatively easy way to give information about the diode
characteristics, and thus the quality of such devices [5–8]. Also, through computer simulation,
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Table 1. Electrical parameters of the a-Si:H p–i–n diode used in the simulation.

εε0 = 1.0536 × 10−12 F cm−1 Eap = 0.47 eV
µn = 20 cm2 V−1 s−1 Ean = 0.24 eV
µp = 2 cm2 V−1 s−1 kBTc = 0.025 eV
Dn,p = µn,pkBT/q kBTv = 0.048 eV
Nc = Nv = 2 × 1020 cm−3 Cc = 5 × 10−7 cm3 s−1

Eg = 1.72 eV Cn = 10−8 cm3 s−1

Parameters of dangling bond density of states according to the defect pool model [19]

NSiSi = 2 × 1023 cm−3 σ = 0.19 eV
H = 5 × 1021 cm−3 T ∗ = 500 K
Ep = 1.25 eV U = 0.2 eV

we can understand, in a better way, the role of various parameters such as the thickness of
the intrinsic layer (i-layer), the measurement temperature, and the density of gap states in
the intrinsic and in the p/i interface layers, and then get an idea of the factors limiting the
diode performance. The presence of the p/i interface defects has been demonstrated by several
experimental measurements [9–12]. These defects can be due to the specific characteristic of
the growth process, like the formation of a contaminated or a hydrogen-rich layer between the p
and i materials. Moreover, Rothwarf [13] has suggested a mechanism based on the conversion
of empty valence-band tail states into dangling bonds which justifies the presence of defects at
a p/i junction even in the case of a homojunction. These defects have, therefore, an important
role in determining the diode performances.

In this work, numerical simulations, using a transport model [14] extended to the studied
situation, are performed in order to investigate the sensitivity of the dark J–V characteristic
to two parameters, i-layer thickness and measurement temperature, taking into account the
presence of the defect states at the interfaces. The obtained results are compared to the
experimental measures of Matsuura et al [5]. Furthermore, the dependence of the short-circuit
current (Jsc) and the open-circuit voltage (Voc) on the light intensity for different thicknesses of
the i-layer is carried out.

2. Simulation model

The a-Si:H p–i–n diode is considered here as a one-dimensional device for which the Poisson’s
equation and the two carrier continuity equations [15, 16, 14] are simultaneously solved, under
steady state conditions, using the coupled method of Newton. The simulation is performed by
taking into account the typical model of the a-Si:H gap density of states, which includes the
band tail and dangling bond states [3, 4, 17, 18]. We also consider [14] the spatial distribution
of the dangling bond density of states, which is calculated using the recent defect pool model of
Powell and Deane [19]. In order to model the effects of the interface states, we have assumed
a thin region in the i-layer next to the p/i (and i/n) interfaces with a high density of dangling
bond states [20, 21], that is, we treat as ‘interface states’ those dangling bond states which are
located in these regions. We attribute to these states capture coefficients which are identical to
those used for the dangling bond states in the bulk of the i-layer.

Following Matsuura’s parameters [5], thicknesses of the p and n layers have been fixed,
respectively, at 100 and 200 Å, while the thickness of the i-layer was varied between 770 and
7600 Å. The remaining parameters used in the simulation are listed in table 1. Respectively, ε

and ε0 are the permittivities of the semiconductor and the vacuum, µn and µp are the electron



J –V characteristics of a-Si-H p–i–n diodes 5461

Table 2. Optical parameters used in the simulation.

φ = 1010–1017 cm−2 s−1 Tr = 0.9
α = 105 cm−1 Rf = 0.9

and hole band mobilities, Dn and Dp are the electron and hole diffusion coefficients (cm2 s−1)
related to the mobilities by the Einstein relation, Nc and Nv are the effective densities of states
at the conduction (Ec) and valence (Ev) band edge energies, Eap and Ean are the activation
energies in the p- and n-type layers, Tc and Tv are the characteristic absolute temperatures of
the conduction and valence band tail, Cc and Cn are the capture coefficients for the charged
and neutral gap-states in both tails and mid-gap (dangling bond) states, and H and NSiSi are the
total density of hydrogen and the number of electrons in the silicon bonding states. Further,
kB is the Boltzmann constant, Eg is the mobility gap, Ep is the most probable energy in the
distribution of the dangling bond density of states, σ is the width of the defect pool, T ∗ is the
freezing temperature and U is the correlation energy. Moreover, the input electrical parameters
(table 1) are adopted from the literature [22, 19] and not treated as fitting entities in order to
make the model the most predictive possible. The dangling bond density of states, obtained
with these parameters, has a value of about 2.5 × 1016 cm−3 in the middle of the i-layer.

Concerning the light conditions, the device is illuminated through the p layer by a
monochromatic beam with a photon flux φ. The optical carrier generation rate G is calculated
taking into account the transmittance Tr of the glass/TCO substrate and the reflectivity Rf of
the n/metal contact. We neglect the reflection at the TCO/p contact. Then, G at the space
coordinate x of the device is given by

G(x) = Tr · α · φ[exp(−αx) + Rf exp(−α(2d − x))] (1)

where α is the absorption coefficient (cm−1) and d the thickness of the device (cm).
The optical parameters used in the simulation are listed in table 2, where the values of

Tr and Rf are taken from [20]. However, the flux φ is simply varied in order to simulate the
variation of the light intensity.

Concerning the boundary conditions, we have assumed ideal Ohmic contacts, that is, at the
semiconductor/metal interface, the carrier concentration in the semiconductor is assumed to be
equal to that at equilibrium.

With all these conditions in hand, our numerical program yields the dark and illuminated
J–V characteristics of the a-Si:H p–i–n diode, and also the spectral response if we consider
the whole solar spectrum, although the study is restricted here to the case of monochromatic
illumination.

3. Results and discussions

Figure 1(a) illustrates the i-layer thickness dependence of the simulated dark J–V
characteristics at the room temperature (T = 297.5 K) which is compared to the measurements
(figure 1(b)) of Matsuura et al [5]. Similarly, figure 2 gives the temperature dependence of the
dark J–V characteristics in the simulated case (figure 2(a)) and the corresponding experimental
one (figure 2(b)) [5]. Note that in this case the i-layer thickness is fixed at 2600 Å. Further,
we have assumed the presence of a p/i interface layer with a surface density of defect states
Np/i , and a thickness Wp/i, the latter being fixed at Wp/i = 29 Å for all diodes. We can see,
from these figures, that the simulation reproduces well the experimental tendencies. Indeed,
the magnitude of the forward current (figure 1) is independent of the i-layer thickness in the
range of low voltages where the current density J increases exponentially with the voltage.
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Figure 1. Dependence of the dark J –V characteristics on the i-layer thickness: (a) simulation;
(b) measures [5] at room temperature.

In the other ranges, the forward current decreases with increasing i-layer thickness, while the
reverse current increases over the whole considered range of voltage when the i-layer thickness
increases. We point out that the dependence on the i-layer thickness observed experimentally,
mainly for the reverse current, is obtained by the simulation when we assume an increase
of the density of the p/i interface defect states (Np/i) with increasing i-layer thickness. Np/i

was increased by taking values of 5.2 × 1012, 6.6 × 1012, 8 × 1012 and 8.8 × 1012 cm−2

respectively for the corresponding values 770, 3500, 5700 and 7600 Å of the i-layer thickness.
Moreover, the values of Np/i were chosen such that the simulated reverse current reaches the
range of magnitudes found experimentally [5]. However, if we fix Np/i at the same value
(for instance 5.2 × 1012 cm−2) for all thicknesses, as shown in figure 3, no clear thickness
dependence is discerned for the simulated reverse current. In fact, at low voltages, the dark
currents obtained for the two thicknesses 5700 and 7600 Å are the lowest and have almost the
same magnitude. By further increasing the applied voltage, the dark current of the thinnest
diode (770 Å) increases rapidly and becomes the highest.

The increase of the i-layer thickness is obtained experimentally by the rise of the deposition
time [5]. It is reasonable to expect that Np/i increases with the extension of the i-layer thickness;
i.e., more time for the sample to be exposed to deposition factors (like substrate temperature,
contact and exchange with plasma . . . etc) can increase the defect density at the p/i interface.
Therefore, it is of interest to look for the formation mechanisms of interface states, and then
obtain their evolution with the deposition time.

To understand the origin of currents presented in figures 1, 2, we have used the Chen and
Lee calculations [23], which allow us to represent the total density of current J as the sum of
two components: the recombination current JR and the drift/diffusion current JD;

J = JR + JD. (2)
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Figure 2. Temperature dependence of the dark J –V characteristics with i-layer of 2600 Å:
(a) simulation; (b) measures [5].
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Figure 3. Reverse J –V characteristics computed for different i-layer thicknesses, with Np/i =
5.2 × 1012 cm−2 and Wp/i = 29 Å at T = 297.5 K.

Figure 4 shows the variations of JR and JD together with the computed total current density
J with the applied voltage for the four diodes. We can distinguish three regions: a region (I)
at low voltages, where the total current is dominated by the recombination current JR and is
nearly independent of the i-layer thickness, then a region (II) at intermediate voltages; here J is
still a recombination current but it decreases with increasing i-layer thickness; finally, a region
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Figure 5. Total current density J and its thermal generation component JG, as functions of the
applied voltage, computed at reverse bias for different i-layer thicknesses.

(III) at high voltages, where the total current is dominated by the drift/diffusion current JD and
also decreases with increasing i-layer thickness. The width of regions (II) and (III) depends
on the i-layer thickness; when the latter increases, region (II) narrows, leading to widening of
region (III).

At reverse bias, we have a thermal generation mechanism of free carriers from localized
states instead of a recombination process; the total reverse current J is then expected to be
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Figure 6. Recombination rate as a function of position: (a) over the p/i interface layer and (b) over
the whole p–i–n diode under a forward bias voltage of 0.2 V, (c) over the p/i interface layer and (d)
over the whole p–i–n diode under a forward bias voltage of 0.36 V, with varying i-layer thickness.

dominated by the thermal generation current JG, which is effectively verified by simulation as
shown in figure 5.

To explain the independence of the forward current J on the i-layer thickness, observed at
low voltages, we present, in figure 6, the recombination rate, as a function of position, under a
forward bias voltage of 0.2 V (figures 6(a) and (b)) and of 0.36 V (figures 6(c) and (d)). The first
voltage value (0.2 V) belongs to region (I) of figure 4, while the second one (0.36 V) is in region
(II). In cases (a) and (c) of the figure, we illustrate the recombination rate profiles over the p/i
interface layer, and in cases (b) and (d) the profiles are plotted over the whole p–i–n diode. The
different curves correspond to the different thicknesses of the i-layer. It is clear, according to
this figure, that the recombination rate is dominated by the recombination at the p/i interface
layer. At 0.2 V (figures 6(a) and (b)), the recombination rate is seen to saturate to nearly the
same value for all the diodes, either in the interface layer or in the bulk of the i-layer. Since the
interface layer is the dominant region for recombination, we can expect, from figure 6(a), that
the forward current, which is a recombination current in this case, will be independent of the
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Figure 7. Thermal generation rate as a function of position: (a) over the p/i interface layer
and (b) over the whole p–i–n diode, under a reverse bias voltage of −0.2 V, with varying i-layer
thickness.

i-layer thickness. However, at 0.36 V, as shown in figures 6(c) and (d), the value to which the
recombination rate saturates, either in the interface layer or in the bulk of the i-layer, decreases
as the p–i–n diode becomes thicker, then a decrease of the forward current is expected.

At reverse bias voltage, as shown in figures 7(a) and (b) for −0.2 V, the thermal generation
rate, for the four thicknesses, saturates to nearly the same value in the bulk of the i-layer
(figure 7(b)); however, its maximum, in the p/i interface layer, increases when the i-layer
thickness increases, leading, thus, to increasing of the reverse current.

In figure 8 is plotted the electric field intensity distribution over the p/i interface layer
(figure 8(a)), and over the whole p–i–n diode (figure 8(b)), under a forward bias voltage of
0.82 V; this voltage value belongs to region (III) of figure 4 where the current is dominated by
the drift/diffusion current JD. The signs (−) and (+) in the figure indicate the regions where
the electric field is negative or positive, respectively. For the four diodes, the electric field
increases significantly at the interfaces with a peak value of ∼8 × 104–2.6 × 105 V cm−1 at
the p/i interface, and of ∼1.4–1.5 × 105 V cm−1 at the i/n one. This large interface field is
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Figure 8. Electric field intensity distribution: (a) over the p/i interface layer and (b) over the whole
p–i–n diode, under a forward bias voltage of 0.82 V, for different i-layer thicknesses.

caused by the high space charge density, at the interfaces, due to (1) the heavily doped p and n
layers, (2) the spatial variation of the dangling bond density of states distribution, which means
more defect states at the interfaces compared to the i-layer bulk, and (3) the presence of the p/i
interface defect states. One points out that the variation of the electric field at the p/i interface
(relative to the i/n one) is more appreciable because of the increasing of the Np/i density as
the i-layer thickness increases. In the middle of the i-layer, the electric field reaches nearly the
same value for all diodes, which is ∼104 V cm−1. However, it is negative along the whole i-
layer of the thinnest diode. This means that the depletion regions, resulting from the p/i and i/n
interfaces, are still overlapped under a forward bias voltage of 0.82 V. In this case, free carriers,
injected from the p- and n-sides, will diffuse into the i-layer against the negative internal field,
and they can (as they cannot) reach the opposite contact. This depends on which one of the
two mechanisms (recombination or diffusion) dominates the transport. Effectively, returning
to figure 4, we can see that, for the thinnest diode, the recombination dominates at voltages
V < 0.6 V, which means that most carriers do not traverse the i-layer but recombine via
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Figure 9. Computed J –V characteristics (symbols) compared to the two cases: (a) there are no p/i
interface defect states, (b) assuming the presence of both p/i and i/n interface defect states, with
i-layer of 770 Å, Np/i = 5.2 × 1012 cm−2, Ni/n = 4 × 1012 cm−2 and Wp/i = 29 Å.

dangling bonds in order to support the transport. With increasing the forward bias voltage from
0.6 V, the contribution of recombination is reduced, leaving room for diffusion to dominate;
in this case the carriers can reach the opposite contact only by diffusion. For the other diodes
(figure 8), we can see that, under the same value of the applied voltage, the electric field changes
its direction in the bulk of the i-layer and becomes positive. This means that the depletion
regions are well separated to give a positive field in this region. Now, drift of carriers will
dominate in the i-layer. Indeed, after their diffusion from the doped regions, the carriers will
find a positive field, which drifts them through the i-layer to the opposite contact. The total
current will be then controlled by the two mechanisms (drift and diffusion).

To illustrate more clearly the effect of the p/i interface defect states, we plot, in figure 9, the
dark J–V characteristic computed with the presence of these states, compared to the two cases
of J–V characteristic: (a) assuming the absence of the p/i interface states (figure 9(a)); (b) in
addition to their presence, we assume the presence of the i/n interface defect states (figure 9(b)).
Plotted curves are for the thinnest diode (770 Å) with Np/i = 5.2×1012 cm−2 and Wp/i = 29 Å.
We assume that the p/i and i/n interface layers have the same thickness. Since the n-layer is
thinner than the i-layer, the i/n interface will be exposed (during the deposition process) to
factors that create interface states for a time shorter than the one during which the p/i interface
defects are created. Then, the surface density, Ni/n, of defect states at the i/n interface is
expected to be lower than Np/i. We have chosen Ni/n = 4 × 1012 cm−2 (figure 9(b)). As shown
in case (a) of the figure, the p/i interface defects cause an appreciable increase of the reverse
current over the whole range of the applied voltage. The forward current, however, increases
significantly in the region where it is dominated by recombination. Effectively, these currents
are more sensitive to such parameters. From figure 9(b), we can see that there is no significant
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effect resulting from the presence of the i/n interface layer. This leads to the conclusion that
the current is more influenced by the p/i interface state rather than the i/n one, which is in
agreement with the experimental result notified on such diodes [5].

After analysing the dark behaviour of the considered p–i–n diodes, which presents the
essential aim of this work, some results concerned with the illumination case are now presented.
As mentioned previously, we assume a monochromatic illumination which creates a non-
uniform photogeneration rate along the device (equation (1)). Figure 10 shows the calculated
J–V characteristics under illumination with a photon flux φ = 1017 cm−2 s−1 (see table 2
for the remaining parameters). The different curves correspond to the different thicknesses of
the i-layer at T = 297.5 K. As shown, the illuminated J–V characteristic is characterized
by its ‘open-circuit voltage’, Voc, which is the value of the voltage V for which the current
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Figure 12. (a) Short-circuit current, Jsc, and (b) the open-circuit voltage, Voc, as functions of the
photon flux, with varying i-layer thickness.

density J = 0, and the ‘short-circuit current density’, Jsc, which is the magnitude of the
current density at which V = 0 V. Under short-circuit or open-circuit conditions, no power
is delivered to the external circuit. When the voltage across the diode rises from 0 V to Voc, a
power density P(V ) = −J (V )·V is delivered to the external circuit. The voltage–current pairs
corresponding to the maximum power Pm are indicated in the figure. In figure 11, Jsc and Voc

are plotted against the i-layer thickness. We can see, from these figures, that there is practically
no dependence of Jsc and Voc on the i-layer thickness. Figure 12 shows the Jsc and Voc as
functions of the photon flux φ. This figure clearly indicates an increase of Jsc and Voc with
rising light intensity for all diodes. However, we can discern, at low intensities (figure 12(b)),
a slight decrease of Voc with increasing i-layer thickness. The dependence of Jsc on the photon
flux φ (figure 12(a)) possesses the form of Jsc ∼ φγ , where γ ∼ 0.99, which means a linear
current–flux relation. The diodes work, thus, normally as solar cells. The obtained behaviours
of Jsc and Voc are similar to what was observed experimentally [5, 6]. No device optimization
is performed in the current paper but we envisage making this work the topic of a next paper.
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4. Conclusion

The behaviour of the dark and illuminated J–V characteristics of the a-Si:H p–i–n diodes
has been analysed by numerical simulation. We have investigated the dependence of the
dark current on the i-layer thickness and on the measurement temperature by taking into
account the presence of the p/i interface defect states. The simulation results have been
compared to the experimental measures of Matsuura et al [5]. A good agreement is obtained
when we assume an increase of the p/i interface defect density when the i-layer thickness
increases. Moreover, computations performed have allowed us to give some explanations on
the origin and the behaviour of dark currents. Recombination has been found to dominate
the forward current at low and intermediate voltages. However, at high voltages it is the
drift/diffusion component which predominates. At reverse bias, the current is limited by the
thermal generation mechanism over the whole range of the applied voltage. By analysing the
interface defect effects, we have shown that the current is more influenced by the p/i interface
states rather than those of the i/n one, which is similar to experimental observations [5].
Simulations for the illumination case of the a-Si:H p–i–n diode show behaviours similar to what
was observed experimentally [5, 6]: (1) practically, there is no effect of the i-layer thickness on
the Jsc and Voc; (2) a dependence is obtained for Jsc and Voc on the light intensity as expected
for the solar cells.
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