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Abstract
Electron capture cross sections, σc, in standard hydrogenated amorphous
silicon deposited at 150 ◦C are determined from photoconductivity (PC) and
space-charge-relaxation (SCR) measurements. A good correlation is observed
between the values obtained by the two techniques. The validity of the methods
used is tested by varying σc over a large range by light-soaking. It is shown
that the capture cross sections depend strongly on the density of states at the
Fermi level N(EF ); in fact, σc increases by nearly two orders of magnitude
when N(EF ) increases by only a factor of five. The PC and SCR studies both
account for this large increase.

1. Introduction

There is considerable scatter of the values of the cross sections σc for capture of electrons
by the mid-gap density of states in undoped hydrogenated amorphous silicon (a-Si:H) in the
literature. Values of σc ranging from 10−18 cm2 to 10−15 cm2 have been obtained depending
on the samples and experiments [1–11]. The first aim of this paper is to compare the values
of σc derived for n+–i–n+ a-Si:H samples by two completely independent techniques, one
appealing to photoconductivity and the other to space-charge relaxation. It will be shown
that two mathematical approaches to the same physical model can be used to describe space-
charge relaxation. Following on from this, the second aim of this work is to decide which of
the mathematical approaches is better on the basis of a comparison of the σc-values derived
from the two experimental techniques. Finally, in order to check against merely fortuitous
coincidence of σc-values, these values will be determined by the two techniques and compared
while a treatment is given to the samples as a result of which σc is varied by about two orders
of magnitude.
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2. Samples and experimental procedure

Standard a-Si:H films are obtained by rf (13.56 MHz) glow discharge decomposition of pure
silane in a multiplasma monochamber reactor described elsewhere [12]. n+–i–n+ sandwich
structures are deposited with SnO2 on the bottom electrode and 2 mm diameter Al dots as
the top electrode; the thicknesses of the n+ and i layers are 50 nm and in the range 4–7 µm
respectively. As SnO2 reduction can occur at 250 ◦C contaminating the i layer, the substrate
temperature is kept at 150 ◦C. The experiments were all performed in a vacuum of 10−6 Torr:
the dark conductivity σd and the activation energy Ea of σd are derived from conductivity–
temperature characteristics (DC), the densities of states at the Fermi levelN(EF ) are extracted
from space-charge-limited-current (SCLC) I–V characteristics at 306 K, and the electron
capture cross sections, σc, are deduced from two independent techniques: measurements of
the photoconductivity (PC) at λ = 750 nm and the space-charge relaxation (SCR), both
at 306 K. Experimental details related to all of these measurements are given in previous
papers [3, 13, 14]. The absorption coefficient α is determined from photothermal deflection
spectroscopy and transmission measurements performed on a ∼1 µm i layer deposited under
the same conditions. First, samples are annealed at 150 ◦C for three hours (state A); then they
are exposed to 40 mW cm−2 water-filtered white light produced by a 1 kW halogen lamp for
400 min at 30 ◦C (at certain time intervals the illumination is interrupted to make the series of
electrical measurements). After this light-soaking (state B), they are subjected to successive
thermal dark annealings, a1, a2, a3, . . . , a8; the temperature and duration of each of these are
specified later on. The DC, SCLC, PC, and SCR are measured for samples in state A, at
different stages of light-soaking, in state B, and at different stages of annealing.

3. The models used to derive the cross sections σc for capture of electrons by the
mid-gap density of states

3.1. Determination of σc in n+–i–n+ structures from dc photoconductivity (PC) measurements

3.1.1. Calculation of the volume carrier generation rate G in the i layer. A Corning-glass–
SnO2 n+–i–n+ Al structure is illuminated through the Corning glass. The number of electron–
hole pairs excited per second at the distance x from the n+–i interface is

G(x) = αNph exp(−αx) + αRNph exp(−2αL) exp(αx). (1)

Nph is the incident photon flux corrected for reflection and absorption in the SnO2 and n+ layer,
α is the coefficient of absorption in the i layer of thickness L, and R is the reflectivity at the
back a-Si:H/Al interface.

In order to be able to derive the photoconductivity of the i layer easily from the photo-
current when using a sandwich structure, one must manage to keep the excess-carrier density
and the rateG nearly constant as functions of x. We chose to measure the photoconductivity at
the wavelength λ = 750 nm for which α = 300 cm−1 and αL = 0.15. Under these conditions,
equation (1) with R = 0.8 leads to G(0) = 1.59αNph and G(L) = 1.55αNph, so we took
G(x) = G = 1.55αNph as a good approximation.

3.1.2. The expression for the photoconductivity. In undoped a-Si:H the photoconductivity is
dominated by electrons and is given by

σph(x) = eµn �n(x) = eµnG(x)τ(x) (2)

which for the experimental situation described above reduces to

σph(x) = σph = eµnGτ (3)
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where �n = n− n0 is the excess-electron density in the conduction band, n0 the equilibrium
density of electrons, µn and τ their mobility and lifetime, respectively.

With N(E) the density of states in the gap of a-Si:H, according to Taylor and Simmons
[15] one has

τ =
[
σcv

∫ Etn

EF

N(E) dE

]−1

(4)

where v is the thermal velocity of electrons, σc the capture cross section of the gap states for
electrons (assumed to be independent of energy), EF is the Fermi level. The quasi-Fermi level
Etn for trapped electrons is given by

Etn = EF + kT ln

[
σpp + σcn

σcn0

]
(5)

where σp and p are the capture cross section for holes and the free-hole density respectively.
In a-Si:H one has σcn � σpp [8], so equation (5) reduces to

Etn = EF + kT ln
n

n0
(6)

which shows that Etn coincides with the quasi-Fermi level for free electrons EFn, and then

τ =
[
σcv

∫ EFn

EF

N(E) dE

]−1

. (7)

Let us assume that the shape of the density of states above the Fermi level is given by

N(E) = N(EF ) exp[(E − EF )/E0]. (8)

The parameter E0 characterizes the shape of N(E) [16].
From equations (7) and (8), one immediately gets

τ−1 = σcvN(EF )E0
[
exp(�EF/E0)− 1

]
(9)

with �EF = EFn − EF .
From equation (6) one obtains

n

n0
= 1 +

�n

n0
= exp(�EF/kT )

and

�n = Gτ = G

σcvN(EF )E0

(
1 +

�n

n0

)−kT /E0

. (10)

Our experimental situation corresponds to �n/n0 � 1; thus

(�n)(E0+kT )/E0 = G

σcvN(EF )E0(n0)−kT /E0
. (11)

Two important consequences follow from equation (11). First

σph = eµn �n ∝ Gγ (12)

with

γ = E0

E0 + kT
. (13)

Second, the capture cross section σc can now be deduced from photoconductivity and cond-
uctivity measurements. Indeed with σd = n0eµn the dark conductivity, the calculation of σc
is straightforward:

σc = G

(
σd

eµn

)(1/γ−1)/[
vN(EF )E0

(
σph

eµn

)1/γ]
. (14)

Hence provided that µn and v are known and the value of N(EF ) is obtained from SCLC
measurements, the value of σc can be calculated.
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3.2. Determination of σc from space-charge-relaxation (SCR) measurements

3.2.1. The model of Solomon [17]. Let us just recall the principle of the measurement. A
space charge is first electrically created in the i layer of an n+–i–n+ structure by a high voltage
VH ; it is due to injected electrons that have been trapped on gap states above the Fermi level
in the intrinsic layer. At time t = 0, the bias VH is dropped to a very low value; the potential
barrier due to the space charge decreases the conductivity of the device. The trapped electrons
will be thermally re-excited in the conduction band, decreasing the barrier over time, and the
current imposed by the low voltage will increase to its equilibrium value. Let us now describe
the relaxation of the space charge. At time t the negative density of charge ρ(t) is supposed to
be uniformly distributed along the i layer and the integration of Poisson’s equation gives the
value of the potential produced by the trapped charges between the two extremities x = 0 and
x = L of the i layer. The height of the potential barrier at x = L/2 is easily derived and the
current is given by

i0

i(t)
= exp

[
−1

8

eρ(t)L2

εε0kT

]
(15)

where −e is the electron charge and i0 is the current at equilibrium, without a space charge.
ρ(t) is now calculated by considering the kinetics of release of trapped electrons into the
conduction band.

NT (E, t) is the density of electrons trapped on gap states of energy E, at a given time t ;
these electrons will be excited into the conduction band at a rate ν(E). The electrons are then
swept out of the intrinsic region by the electric field due to space charge, so retrapping by gap
states can be neglected and one has

∂NT (E, t)

∂t
= −ν(E)NT (E, t) (16)

where

ν(E) = ν0 exp[−(EC − E)/kT ] (17)

and ν0 is the ‘attempt-to-escape’ frequency, EC the conduction band mobility edge.
The solution of equation (16) is

NT (E, t) = NT (E, t = 0) exp[−ν(E)t]. (18)

ρ(t) is given by

ρ(t) = −e
∫ EC

EV

[NT (E, t)−NT 0(E)] dE (19)

where NT 0(E) is the normal density of electrons in gap states at equilibrium.
Solomon [17] now gives

ρ(t) = −e
∫ EC

EV

[NT (E, t = 0)−NT 0(E)] exp[−ν(E)t] dE (20)

which, providing that ν(EF )t > 3, leads to

ρ(t) = −eN(EF )kT /ν(EF )t. (21)

From equations (15) and (21), the relaxation of the current is now obtained:

1/ ln[i0/i(t)] = 8εε0ν(EF )t

e2N(EF )L2
. (22)
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The values of σc are then derived as follows. From the experimental value of ν(EF ) and
equation (17), the value of ν0 is derived using EC −EF = Ea , Ea being the activation energy
of the dark conductivity. Now from detailed balance consideration one immediately gets

ν0 = σcvN(EC)kT (23)

and σc is calculated with the usual values of v and N(EC) [18].

3.2.2. The model of Solomon revisited [19]. For the sake of simplicity Solomon [17] chose
to derive ρ(t) from equation (20); however, we observe that equations (18) and (19) impose
in fact

ρ(t) = −e
∫ EC

EV

[
NT (E, t = 0) exp(−ν(E)t)−NT 0(E)

]
dE. (24)

Therefore in a recent paper [19], we re-examined this model. Relaxation at long times
was calculated taking retrapping of electrons into account, with the result that equation (16)
has been replaced by

∂NT (E, t)

∂t
= −ν(E)NT (E, t) + σcvn(t)[N(E)−NT (E, t)] (25)

where n(t) is the electron density in the conduction band of the i layer.
Equation (25) was then integrated leading to

ρ(t) = −eN(EF )kT
[
exp(−ν(EF )t)

]
ν(EF )t

and

i0/i(t) = exp

[
e2L2N(EF )

8εε0ν(EF )t
e−ν(EF )t

]
. (26)

The values of ν(EF ) are then derived from plots of ln[i0/i(t)] on a logarithmic scale
versus time and σc is calculated as in the previous paragraph.

4. Results and discussion

4.1. Annealed and light-soaked states

The aim of this work is to determine the capture cross sections in standard a-Si:H using the
above-described techniques, to compare them, and so to test the validity of the methods used. To
check against merely fortuitous coincidence of values obtained, we varied the electron capture
cross sections over a large range by light-soaking and annealing, and we first characterized
the sample state using the parameters σd , Ea , and N(EF ). Initially (state A), the measured
N(EF ) is 7 × 1015 cm−3 eV−1, independent of the applied voltage polarity. Samples were
then irradiated through the SnO2; N(EF ) increases with time of irradiation faster on the SnO2

side than on the Al side, but the difference between the values obtained at different stages of
irradiation does not exceed a factor of two. After a 40 mW cm−2 irradiation for 400 min,
we obtained N(EF ) = 3.5 × 1016 cm−3 eV−1 (state B); the irradiation was stopped and the
samples were annealed; finally N(EF ) was 9 × 1015 cm−3 eV−1 (state C). We note that the
values ofN(EF ) determined from state B to state C are similar whatever the electron injection
is from the SnO2 or the Al electrode. In the following we only consider the results concerning
samples having a nearly homogeneous distribution of defects—that is to say, the samples in
state A, in state B, and in the states obtained after annealings a1, a2, . . . , a8 (i.e. from state B
to state C). The parameters σd , Ea , N(EF ) determined for each sample state are reported in
table 1. As expected from the standard Staebler–Wronski effect, σd decreases andEa increases
when N(EF ) increases.
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Table 1. Characteristics of samples measured in state A, state B, and after successive thermal dark
annealings, a1, a2, . . . , a8, from state B to state C. The annealing temperature and time are indicated
for each of them.

State A State B a1 a2 a3

180 min 400 min 60 min 60 min 30 min
150 ◦C 40 mW cm−2 65 ◦C 95 ◦C 125 ◦C

σd (306 K) (S cm−1) 1.9 × 10−9 6.3 × 10−11 6.1 × 10−11 7.5 × 10−11 1.6 × 10−10

Ea (eV) 0.7 0.81 0.78 0.77 0.76

N(EF ) (cm−3 eV−1) 7 × 1015 3.5 × 1016 3 × 1016 3 × 1016 3 × 1016

a4 a5 a6 a7 a8, state C
60 min 180 min 180 min 180 min 180 min
125 ◦C 150 ◦C 150 ◦C 150 ◦C 150 ◦C

σd (306 K) (S cm−1) 2.5 × 10−10 1.3 × 10−9 2 × 10−9 2.9 × 10−9 3.6 × 10−9

Ea (eV) 0.74 0.7 0.68 0.68 0.68

N(EF ) (cm−3 eV−1) 2.7 × 1016 1.6 × 1016 1.2 × 1016 1.1 × 1016 9 × 1015

4.2. σc-values deduced from photoconductivity measurements

Typical photoconductivity variations measured at 750 nm for a carrier generation rate between
1014 and 1018 cm−3 s−1 are given in figure 1 for different states of the sample. We observe
a power-law behaviour: σph ∝ Gγ with 0.68 < γ < 0.8 for a photon flux varying by four
orders of magnitude. Such variations are expected if the shape of the density of states above

Figure 1. Photoconductivity measured at λ = 750 nm against volume generation rate G for
different sample states: (+) initial state (state A), (�+ ) after 40 mW cm−2 white-light irradiation
(state B), (�) after a1, (�) after a2, (•) after a3, (
) after a4, (�) after a5, (�) after a6, ( ) after
a7, (◦) after a8 (state C). a1, a2, . . . , a8 are successive thermal annealings. The temperature and
time of each of them are given in tables 1, 2, 3.
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the Fermi level is given by

N(E) = N(EF ) exp
E − EF
E0

where E0 is a characteristic parameter of the distribution; in this case γ = E0/(E0 + kT )
(equations (12) and (13)). γ and E0 can be deduced from figure 1. Taking into account all of
the parameters given in table 2 and assumingµn = 10 cm2 V−1 s−1 and v = 1.1×107 cm s−1,
we have calculated σc from equation (14) and figure 1 (table 2).

Table 2. σc-values obtained from PC measurements reported in figure 1 and equation (14). γ , E0,
σd , N(EF ): parameters used for the calculation.

State A State B a1 a2 a3

180 min 400 min 60 min 60 min 30 min
150 ◦C 40 mW cm−2 65 ◦C 95 ◦C 125 ◦C

γ 0.69 0.785 0.80 0.8 0.8
E0 (meV) 55 95 97 104 104
σd (306 K) (S cm−1) 1.9 × 10−9 6.3 × 10−11 6.1 × 10−11 7.5 × 10−11 1.6 × 10−10

N(EF ) (cm−3 eV−1) 7 × 1015 3.5 × 1016 3.1 × 1016 3 × 1016 2.7 × 1016

σc[PC] (cm2) 1.7 × 10−18 3.2 × 10−17 3 × 10−17 8.8 × 10−18 1.2 × 10−17

a4 a5 a6 a7 a8, state C
60 min 180 min 180 min 180 min 180 min
125 ◦C 150 ◦C 150 ◦C 150 ◦C 150 ◦C

γ 0.79 0.76 0.75 0.74 0.72
E0 (meV) 96 82 78 75 68
σd (306 K) (S cm−1) 2.5 × 10−10 1.3 × 10−9 2 × 10−9 2.9 × 10−9 3.6 × 10−9

N(EF ) (cm−3 eV−1) 2 × 1016 1.6 × 1016 1 × 1016 1 × 1016 9 × 1015

σc[PC] (cm2) 9.7 × 10−18 3 × 10−18 2.9 × 10−18 2.6 × 10−18 2.3 × 10−18

4.3. σc-values deduced from space-charge-relaxation measurements

The relaxation of the conductivity of our films after different electrical injections of electrons
as well as the experimental details have been reported in previous papers [3, 19]. In a
first approach, we considered Solomon’s model [17] and plotted 1/ ln[i0/i(t)] versus time
(figure 2). The evolution given by equation (22) is verified by the experiment for long
times. N(EF ) being known, the slope of the straight line (figure 2) and equation (22) lead
to the experimental ν(EF ). We then derive the σc-values from equations (17) and (23) using
EC −EF = Ea , v = 1.1 × 107 cm s−1, andN(EC) = 2 × 1021 cm−3. The σc-values obtained
are reported in table 3.

The second approach [19] more rigorously predicts a different variation of space-charge
relaxation with time; it seems interesting to re-examine our experimental data on the basis of
these new theoretical calculations. As expected from equation (26), a plot of ln(i0/i(t)) on a
logarithmic scale versus time leads to a straight line for long times (figure 3). The values of
σc are derived from fitting the long-tail relaxation using equation (26).

4.4. Discussion

A comparison of the σc-values derived from PC and SCR measurements is given in figures 4
and 5. A good correlation is observed between the values obtained with the two techniques.
However, figure 4 shows that the values derived from the SCR with Solomon’s model are much
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Figure 2. An example of relaxation of the current i(t) after electrical injection of electrons into the
intrinsic layer. This plot can be analysed in terms of equation (22). Applied voltage V = 20 mV.
Sample thickness = 5 µm.

Table 3. σc-values obtained from SCR measurements. σc[SCR1]: values calculated with equation
(22) (Solomon’s model); σc[SCR2]: values calculated with equation (26) (Solomon’s model re-
visited). Ea and N(EF ): parameters used for the calculation.

State A State B a1 a2 a3

180 min 400 min 60 min 60 min 30 min
150 ◦C 40 mW cm−2 65 ◦C 95 ◦C 125 ◦C

σd (S cm−1) 2.5 × 10−9 6.3 × 10−11 6.1 × 10−11 7.5 × 10−11 1.6 × 10−10

Ea (eV) 0.7 0.81 0.78 0.77 0.76

N(EF ) (cm−3 eV−1) 7 × 1015 3.5 × 1016 3.1 × 1016 3 × 1016 2.7 × 1016

σc[SCR1] (cm2) 9.4 × 10−17 3.4 × 10−14 1.3 × 10−14 5.5 × 10−15 4.9 × 10−15

σc[SCR2] (cm2) 7.7 × 10−19 5.2 × 10−17 4.3 × 10−17 1 × 10−17 9.5 × 10−18

a4 a5 a6 a7 a8, state C
60 min 180 min 180 min 180 min 180 min
125 ◦C 150 ◦C 150 ◦C 150 ◦C 150 ◦C

σd (S cm−1) 2.5 × 10−10 1.3 × 10−9 2 × 10−9 2.9 × 10−9 3.6 × 10−9

Ea (eV) 0.74 0.7 0.68 0.68 0.68

N(EF ) (cm−3 eV−1) 2 × 1016 1.6 × 1016 1 × 1016 1 × 1016 9 × 1015

σc[SCR1] (cm2) 1.6 × 10−15 4.7 × 10−16 2.8 × 10−16 7.3 × 10−17 7 × 10−17

σc[SCR2] (cm2) 4.3 × 10−18 1.7 × 10−18 1.2 × 10−18 6 × 10−19 6 × 10−19

higher than those derived from the PC measurements, while our version of the SCR model
leads to a good agreement between σc-values derived from the PC and SCR (figures 5 and
6). It is remarkable that techniques so different lead to practically identical results. However,
the fact that the two techniques give a good agreement between σc-values is not so surprising.
Indeed, according to equations (11) and (12), σph is dominated by those states with the lowest
σc, and according to equations (17), (22), (23), and (26), it is clear that long-tail relaxation is
also dominated by those states with the lowest σc-values.
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Figure 3. The same relaxation of the current i(t) as in figure 2. The long-tail variation given by
equation (26) is verified.

Figure 4. Comparison of the values of the capture cross sections derived from the photocurrent
(σc[PC]) and from the space-charge relaxation (σc[SCR1]) calculated from equation (22). The line
is a guide for the eyes.

The σc-values measured in our standard films (state A), (1–5)×10−18 cm2, are lower than
the values generally estimated for a-Si:H, but it must be recalled that the distribution of capture
cross sections given in the literature spans three or more decades, 10−18–10−15 cm2 [1–11].
Our measured σc-values, though low, are not in contradiction with results obtained earlier by
other authors.
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Figure 5. Comparison of the values of the capture cross sections derived from the photocurrent
(σc[PC]) and from the space-charge relaxation (σc[SCR2]) calculated from equation (26). The line
is a guide for the eyes.

Figure 6. Variations of capture cross sections σc as a function of the density of states at the Fermi
level N(EF ). •: σc[PC]; ◦: σc[SCR2].

The aim of this paper was not to study light-soaking effects in a-Si:H, since a considerable
amount of work has already been carried out in this field. However, we note in passing that the
results in figure 1 fully confirm that a moderate increase of the defect density by a factor of 3–4
can decrease the photoconductivity σph by two orders of magnitude. Clearly, other parameters
and especially an increase of σc must be invoked to give an account of the observation; in fact,
σc increases by a factor of about 50 whenN(EF ) increases by a factor of 5 (figure 6). Kounavis
and Mytilineou observed an increase of σc/µ by a factor of about 10 when the defect density
increased by a factor of about 2 [10]. This all seems to confirm the accuracy of the σc-values
determined for our films.
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5. Conclusions

Faced with two mathematical approaches to space-charge relaxation (SCR) in n+–i–n+ a-
Si:H structures, we chose to compare the electron capture cross sections σc of mid-gap states
deduced from the SCR techniques and from a completely independent one, namely the photo-
conductivity (PC) technique. A good correlation between σc-values has been observed using
the SCR and PC; however, better agreement was obtained when a rigorous treatment of the
SCR taking retrapping of electrons into account was used.

For a-Si:H deposited and annealed at 150 ◦C, havingN(EF ) = (7–9)× 1015 cm−3 eV−1,
we have obtained σc = (1–5)×10−18 cm2 from PC and SCR measurements. For light-soaked
a-Si:H, having N(EF ) = (3.5–4) × 1016 cm−3 eV−1, again PC and SCR studies give quite
similar values: σc = (3–6) × 10−17 cm2. It must be underlined that the two techniques both
account for this large increase. This result is in agreement with the observation of Kounavis and
Mytilineou [10]: from investigation of the modulated photocurrent they found that σc increased
by one order of magnitude upon light-soaking while the defect density increased only by a
factor of two. For all of these reasons, we are inclined to be confident of the procedure used
to determine electron capture cross sections in our films.
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