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Abstract

In this paper we compare the performance of the textured SnO2:F and Mo contacts with the p-type layer in p–i–n hydrogenate amor-
phous silicon (a-Si:H) solar cells. We use standard current–voltage (I–V) electrical characterization methods coupled with forward bias
small signal impedance analysis. We show the efficacy of this technique to determine the effective carrier lifetime in photovoltaic cells. We
show that such effective lifetimes are indeed directly connected to the respective dark diode saturation currents. We also find that the
effective lifetime is constant with the temperature in the 0–70 �C range and it is significantly better for the solar cell with Mo diode con-
tact. This also explains well the higher open circuit voltage Voc found under illumination in the Mo/p–i–n cell compared to the SnO2:F/p–
i–n one.
� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The importance of the contact between Transparent
Conductive Oxide (TCO) and p-type a-Si:H has been inten-
sively studied (Smole and Furlan, 1996; Dutta and Chatter-
jee, 2004; Dao et al., 2010) and it was demonstrated that at
this interface the presence of a small barrier height at this
interface, causes a decrease in the Voc value and therefore
in the solar cell performances (Dutta and Chatterjee,
2004). We have already studied the properties of the Mo
and SnO2:F interface with the p-type a-Si:H by studying
the barrier height at the respective interface (Cannella
et al., 2011a). We have demonstrated that the barrier height

at the interface between Mo/p-type a-Si:H is 20 meV lower
than that of SnO2:F/p-type a-Si:H and that the Voc of the
Mo solar cell is 100 mV greater than that obtained with
SnO2:F as front contact (Foti et al., 2011). Moreover, in
Lombardo et al. (2012) we have shown that the addition
of an ultra-thin molybdenum film between the p-type a-
Si:H film and the TCO/glass substrate in p–i–n a-Si:H solar
cells causes an improvement of 10% in the internal quan-
tum efficiency, due to the excitation of surface plasmon
polariton modes at the a-Si:H/Mo interface.

In this work we perform an accurate electrical character-
ization under dark condition, by using current–voltage and
forward bias small signal impedance, of the textured
SnO2:F and Mo contacts with the p-type layer in p–i–n
a-Si:H solar cells. The small signal impedance under
forward bias was used to determine the effective carrier life-
time seff (Caverly and Ma, 1989; Schlangenotto and
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Gerlach, 1969; Gatard et al., 2007; Caverly, 1998; Caverly
and Hiller, 1990). Methodologies for the evaluation of the
carrier lifetime in solar cells are important to characterize
the carrier recombination mechanisms in photovoltaic
devices. Different methods use the forward bias impedance
of solar cells, even under illumination, to determine the car-
rier lifetime of the dominant recombination processes that
occur in the device (e.g. Raniero et al., 2006). Although
these methods allow to distinguish among different recom-
bination mechanisms (e.g. bulk and interface states), they
need detailed circuit models for assessing the mechanisms
involved, especially in the case of the amorphous silicon,
which has a complicated defects structure. In fact, the
recombination is one of the main transport mechanisms
in p–i–n a-Si:H solar cells (Deng and Wronski, 2005; Kind
et al., 2011; van Berkel et al., 1993) and under dark forward
bias it depends on the a-Si:H defects in mid-gap states just
as in the case of photogenerated carrier recombination
(Deng and Wronski, 2005). In p–i–n diode structures this
recombination current depends on the injected carrier den-
sity in the intrinsic region and/or at the interface with the
doped regions (Caverly and Ma, 1989; Schlangenotto and
Gerlach, 1969). On the other hand, the DC forward bias
current density (J) depends on the total injected charge
density Q into the p–i–n diode through an effective carrier
lifetime seff, defined as Q = Jseff. The seff is the average time
during which the electron–hole pair exists in the intrinsic
layer (Caverly, 1998) and in the doped regions (Gatard
et al., 2007).

In this work we determined the effective carrier lifetime
in p–i–n a-Si:H photovoltaic cells with two different con-
tacts with the p-type a-Si:H layer, Molybdenum (Mo)
and textured SnO2:F. We demonstrated that such mea-
sured effective lifetimes are indeed very well correlated to
the relative DC dark recombination current values and to
the performances of the photovoltaic cells under
illumination.

2. Experimental procedures

The investigated SnO2:F/p–i–n a-Si:H/ ZnO:Al (Alumi-
num doped Zinc Oxide, AZO) and Mo/p–i–n a-Si:H/ AZO
structures were designed and realized by ST-Microelectron-
ics (Catania, Italy). The two samples have different sub-
strates: the former is the AGC ASAHI GLASS VU-type
substrate with �700 nm thick SnO2:F as TCO. The latter
is composed by a an n-type Si wafer covered with SiO2

for isolation on which a 700 nm nominal thickness Mo film
is deposited by sputtering. The p–i–n a-Si:H cell were
deposited on the two different substrates by plasma
enhanced chemical vapor deposition (PECVD) at 255 �C.
The top contact is a 1 lm nominal thickness AZO film
deposited by sputtering. The final geometries were defined
by photo-lithography and selective etching. The sheet resis-
tances of SnO2:F, AZO and Mo are, respectively, 5.0, 6.0
and 0.1 X/h. The cells are circular, with the following
diameters: 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, and 0.64 cm.

In the rest of the paper, the Mo/p–i–n a-Si:H/AZO diode
will be called Mo diode, while SnO2:F/p–i–n a-Si:H/AZO
will be called SnO2:F diode.

The solar cells were first analyzed by measuring the J–V

curves in dark condition with the two-points probe config-
uration in a probe station (Cascade), with the voltage vary-
ing in the �1 to 1 V range by using a HP 4156B
semiconductor parameter analyzer. We studied also the
J–V curves under illumination by using AM 1.5G solar
simulator in the same voltage range and by using a Suss
Microtech probe station. The impedance measurements
were performed with an Agilent HP 4284A LCR meter,
working in the 2T shielded configuration and with 30 mV
rms A.C. signal. In particular, at fixed forward bias volt-
age, varying in the 0.4–0.85 V range, we selected the equiv-
alent series resistance (Rs) and the reactance (X) of the
LCR measurement parameters with the frequency varying
in the range 102–106 Hz. From the values of Rs and X, for
each bias voltage and frequency, we obtained the real and
the imaginary part of the impedance, i.e. Re(Z) = Rs and
Im(Z) = X. We also measured the capacitance of the solar
cells at 0.5 V reverse bias by configuring the LCR with the
parallel conductance and capacitance measurement
parameters.

All the measurements were performed in the 0–70 �C
temperature range by using a thermostatic chuck with a
Temptronic thermal controller working under N2 flux.

3. The impedance model for the forward biased p–i–n diode

The small signal impedance method allows to evaluate
the effective carrier lifetime in p–i–n device structures by
the analysis of the impedance versus frequency measure-
ments at different forward bias voltages. The p–i–n diode
frequency dependent impedance Z is composed by three
terms: Z = ZPI + ZI + ZNI, where ZPI and ZNI are the
junction impedances and ZI is the impedance of the intrin-
sic layer of the p–i–n diode. To derive the expression of Z it
is necessary to solve the ambipolar carrier transport equa-
tion with the boundary conditions at the PI and NI inter-
faces. The solution of the transport equation and
expression of Z is given in Gatard et al. (2007). Z is a com-
plex function of some diode physical and technological
parameters, such as the ambipolar lifetime in the i-region
(sI) and the width of the intrinsic region (W). At low fre-
quencies (xsI� 1) Z is essentially resistive and is given by

Z � RLF ¼ gV T=J ; ð1Þ

where VT is the thermal voltage and g is the ideality factor
of the diode. On the contrary, at high frequency (xsI� 1),
the injected carrier density is concentrated close to the
doped regions and the i-layer contribution to Z dominates.
It mainly depends on the W/L ratio, where L is the ambi-
polar diffusion length. In particular, when W/L > 2 then
the imaginary part of impedance is inductive, while if
W/L < 2 then it is capacitive because the diffusion capaci-
tance dominates. In the latter case the reactance versus
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frequency shows a minimum (fmin) (Caverly and Ma, 1989;
Gatard et al., 2007; Varshney et al., 1974). The inverse of
fmin is the effective carrier lifetime seff, hence

seff ¼ 1=2pfmin: ð2Þ

Assuming that the lifetimes in the two doped regions are
equal and denoting them with sE, the effective p–i–n diode
lifetime may be written as Schlangenotto and Gerlach
(1969):

1

seff
¼ 1

sI
þ QE

QIsE
; ð3Þ

where QE(I) is the charge stored in the doped (intrinsic) re-
gion. In particular at high carrier injection levels, the effec-
tive lifetime is (Caverly and Ma, 1989):

1

seff
¼ 1

sI
þ 2hJsI

qW 2
; ð4Þ

where h ¼
ffiffiffiffiffiffiffiffiffiffi
DEsE
p

=NE is a parameter that takes into ac-
count recombination in the doped regions (Caverly and
Ma, 1989; Schlangenotto and Gerlach, 1969; Gatard
et al., 2007), DE and NE are the diffusion coefficient and
the doping in the doped regions, respectively.

4. Results and discussion

Fig. 1 shows the scanning electron micrograph (SEM)
images of the SnO2:F (a) and Mo (b) diode. The Mo diode
shows an almost planar structure, while the layers of the
SnO2:F diode are not flat, because each of the layers depos-
its conformally over the textured SnO2:F layer. The cross
section images of both devices approximately confirm the
nominal thickness of the AZO and Mo layer and show that

the overall p–i–n a-Si:H thickness is about 300 nm. To bet-
ter investigate the surface morphology of the SnO2:F layer
atomic force microscopy (AFM) was used. Fig. 2 shows the
AFM image taken on a SnO2:F/glass sample. The rms
roughness is 29 nm, which is a typical value for SnO2

ASAHI layers used in thin film silicon solar cells (Zeman
et al., 2000).

Fig. 3 shows the measured capacitance normalized with
respect to the nominal area pd2/4, where d is the nominal
circular pad diameter, as a function of frequency at reverse
bias of 0.5 V and at room temperature. We note that at low
frequency the SnO2:F diode has a higher capacitance com-
pared to that of the Mo diode, with a ratio of the low fre-
quency capacitances CSnO2

=CMo ffi 1:1. This difference may
be due to a larger effective area in the SnO2:F diode caused
by the textured surface of the SnO2:F as shown in Fig. 2.

In the SnO2:F diode the reverse capacitance decreases at
frequencies higher than 500 kHz and for device diameters
greater than 800 lm. Indeed, the impedance (admittance)
of the solar cells is measured with metal probes, which con-
tact the TCO. The TCO resistivity can cause a voltage drop
along the TCO layer. In our case the SnO2:F TCO resistiv-
ity is one order of magnitude higher than that of the
Molybdenum and causes the capacitance drop at high fre-
quencies and for large area pads (Principato et al., 2010;
Cannella et al., 2011b). To avoid the effects of the TCO
sheet resistance on the impedance measurements we have
studied only devices with diameters less than 800 lm and
at frequencies lower than 500 kHz.

Fig. 4 shows the real part of the impedance versus fre-
quency at different voltages for the Mo diode (a) and for
the SnO2:F diode (b). In both devices for voltages higher
than 0.65 V and 0.55 V for the Mo and the SnO2:F diode,
respectively, we can estimate the low frequency resistance
RLF because Re(Z) shows a plateau. The measured value

Fig. 1. SEM images of the SnO2:F (a) and Mo (b) diode.
Fig. 2. AFM picture taken on a SnO2:F/glass sample. The rms roughness
is about 29 nm.
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of Re(Z) at 100 Hz is very close to that estimated from Eq.
(1) by using the ideality factor determined from D.C. cur-
rent–voltage measurements. However, both for the Mo
and the SnO2:F diode, we are not able to evaluate the high
frequency resistance of the p–i–n diode since in the former
Re(Z) does not show any plateau, while in the latter the

plateau at about 0.8 X cm2 is due to the SnO2:F sheet resis-
tance, because this value increases with the device diameter
(not shown).

Fig. 5 shows �Im(Z), i.e. the imaginary part of the
impedance changed of sign to be positive, measured at
room temperature as a function of frequency at different
voltages for the Mo (a) and the SnO2:F diode (b). At the
lowest voltages �Im(Z) does not have any maximum in
the 102–106 Hz frequency range, but when the bias voltage
increases, the maximum of Im(Z) is clearly observed and
the fmin value increases for both diodes. At high frequency,
for both the types of diode, �Im(Z) decreases with fre-
quency and it tends to collapse in a single curve for all volt-
ages. Fig. 6 shows the inverse of the effective carrier lifetime
obtained by using Eq. (4) as a function of the current den-
sity for both the Mo and SnO2:F diodes. We noticed that
the effective lifetime in the Mo diode is higher than that
found in the SnO2:F diode. By using Eq. (4) we performed
a linear fit of the data to the relationship: 1/s = A + B J,
where A and B are fitting parameters (black lines in
Fig. 6). We found for the Mo diode B = 2.35 ± 0.2 � 108

s cm2/A and A = 470 s�1 and for the SnO2:F, B = 4.33 ±
0.4 � 108 s cm2/A and A = 244 s�1. The absence of a
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Fig. 3. Capacitance versus frequency measured at a reverse bias of 0.5 V
for Mo (red) and SnO2:F (black) diode for different cell diameters: 200 lm
(*), 400 lm (�) and 800 lm (+). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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plateau at low current density causes a high error in the
determination of the parameter A, thus the sI cannot be
determined. Hence, the ratio of the effective lifetimes at
same bias current of the Mo and SnO2:F diodes is approx-
imately given by the ratio between the two values of B

found from the previous fitting:

seff ;Mo

seff ;SnO2

ffi BSnO2

BMo

¼ 1:84:

We have also studied the effective lifetime at different
temperatures and at fixed current. Fig. 7 shows the life-
times obtained in the 0–70 �C temperature range for the
Mo (black) and the SnO2:F diode (red) at a forward bias
current density of 80 lA/cm2. The measured lifetime values
are 33.8 ± 3.2 and 22.1 ± 3.6 ls for Mo and SnO2:F diodes
respectively, and are both almost constant with the temper-
ature. The lack of a clear temperature dependence of the

effective lifetimes is likely due to the limited investigated
temperature range, hence the lifetime variations are proba-
bly hidden within the experimental uncertainty. The repro-
ducibility of these results was also demonstrated not only
on solar cells made on the same wafer but also on different
wafers to test the goodness and the uniformity of the used
deposition processes. By considering Eq. (4) such a differ-
ence may be due either to a different intrinsic region life-
time parameter sI or to a different recombination
parameter h related to the different structure of the p+

regions, planar in the Mo diode and textured in the SnO2:F
device.

To better understand the difference of two types of solar
cells we analyzed the diode ideality factors. Fig. 8 shows
the values of the ideality factor as a function of the bias
voltage and at different temperatures of the Mo (a) and
SnO2:F (b) diodes. In general, the ideality factor as a func-
tion of the bias shows some artifacts at low and high volt-
ages due to the effects of the leakage and series resistance,
respectively. We note that, in voltage range where these
artifacts are negligible, compared to the Mo diode, the
SnO2:F device shows lower values of the ideality factor
reaching values down to about 1.5. Indeed, the ideality fac-
tor in such devices has a strong relationship with the charge
transport mechanisms. If the carrier recombination in the
p–i–n is dominated by the p/i or n/i interface the current
is ruled by the interface recombination velocity and the
current in this case has an exponential shape with the
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Fig. 6. Inverse of the effective lifetime measured at different values of J for
Mo (black star) and SnO2:F (red star) diodes at room temperature. The
continuous lines are obtained with the fitting of Eq. (4). (For interpre-
tation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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g � 1 and almost independent of bias (van Berkel et al.,
1993). On the contrary, when the transport mechanism is
dominated by recombination through a single defect level
in the i-layer, the ideality factor g � 2 as predicted by
SRH theory (Sze, 1981). Hence, the lower value of the ide-
ality factor of the SnO2:F diode, suggests that the recombi-
nation at the interface is more relevant in this structure
with respect to the Mo diode. In other words the recombi-
nation rate at the p/i interface is lower in the Mo diode.
Such conclusion is confirmed by the results of the imped-
ance analysis. In fact, if we assume that the carrier lifetimes
sI and the mobility in the doped region are similar for both
diodes and by taking into account for the expression of the
parameter h, the ratio between the effective lifetimes of two
investigated structures can be expressed as (from Eq. (4))

seff ;Mo

seff ;SnO2

ffi
ðhsIÞeff ;SnO2

ðhsIÞeff ;Mo

ffi
ffiffiffiffiffiffiffiffiffiffiffiffiffi
sE;Mo

sE;SnO2

r
ffi 1:84:

Hence, the minority carrier lifetime in the doped region
of the SnO2:F diode is lower than that of Mo diode. The
better quality of the Mo/p-aSi:H contact respect to that
of the SnO2:F/p-aSi:H is also confirmed by the dark J–V

curves for both diodes as shown in Fig. 9. The current at
the same voltage is lower in the Mo diode, indicating a
lower carrier recombination rate. The better quality of
the TCO/p-type and p/i interfaces of the Mo diode is also
confirmed by the values of Voc and short circuit current
densities Jsc measured under standard illumination condi-
tions. In fact, we measured 0.88 V and 6.0 mA/cm2 for
the Mo diode and 0.78 V and 9.0 mA/cm2 for the SnO2:F
(Foti et al., 2011). In order to better understand the Jsc dif-
ference we estimate the value of the series resistance from
the measured J–V curves in dark. The values of the series
resistances are very similar and �12 X cm2 for both diodes.
Generally, the series resistance of p–i–n solar cells is the
sum of two contributions: one due to the resistivity of the
p and n layers and the other due to the sheet resistance
of the TCO and/or Mo layers. The latter predominate for
large area cells, of diameter above 1600 lm (Principato

et al., 2010). Hence, the series resistance, in our case, for
sizes equal or below 800 lm, is mainly due to the p-type
and n-type a-Si:H layers for both Mo and SnO2:F diodes.
Hence, the Jsc difference between the two type of diodes
cannot be explained by series resistance differences. Thus,
we attribute the large Jsc variation to the textured surface
of the SnO2:F layer, which produces some light trapping
effect (Zeman et al., 2000).

The higher Voc in the Mo diode can be explained by con-
sidering the well known expression of the open circuit
voltage

V oc ¼ g ln
J sc � J rec

J 0

� �
; ð5Þ

where J0 is the saturation current density and Jrec is the
recombination current (Merten et al., 1998). Thus,
although the solar cell with the SnO2:F contact has a higher
value of Jsc than that of the Mo contact, the higher value of
the SnO2:F interface recombination rate increases both Jrec

and J0, thus reducing Voc. We conclude that the Voc differ-
ence between the two types of cells is mainly caused by the
minority carrier lifetime difference in the p-type a-Si:H due
to the contacts with Mo or SnO2:F. We have already dem-
onstrated that there is a barrier height difference of 20 mV
between Mo and SnO2:F/p interface (Cannella et al.,
2011a). This different barrier height contributes to the low-
er Voc in SnO2:F diode, but it is reasonable to think that the
two devices differ mainly for the p/i interface of the a-Si:H
film since the PECVD conditions are identical in the two
cases, only the substrates are different, and the PECVD
of the a-Si:H starts with the deposition of the 20 nm thick
p-type layer. This process is more aggressive in the case of
the SnO2:F compared to the Mo substrate, since the Mo is
a refractory metal.

5. Conclusion

We have studied the influence of the Mo and SnO2:F
contacts with p-type a-Si:H in a-Si:H p–i–n solar cells.
We have performed Z � f measurements in dark condition
and at different temperatures (0–70 �C) and forward bias
voltages to study the effective lifetime in these diodes by
applying a model originally developed for RF and micro-
wave p–i–n diodes (Caverly and Ma, 1989; Schlangenotto
and Gerlach, 1969; Gatard et al., 2007; Caverly, 1998;
Caverly and Hiller, 1990). In this work we applied this
small signal impedance method to p–i–n a-Si:H solar cells
with two different contacts with the p-type a-Si:H layer.
The effective lifetimes as a function of the forward bias cur-
rent density actually follow quite well the linear depen-
dence predicted by the model of Eq. (4). We found that
in the investigated current range the Mo diode has a higher
effective carrier lifetime. This is consistent with the lower
saturation current J0 observed from the dark J–V charac-
teristics and the higher Voc measured under standard illu-
mination conditions in the Mo diode compared to the
SnO2:F diode.
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Fig. 9. Current–voltage curves for Mo (black) and SnO2:F (red) diodes at
T = 55 �C. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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We conclude that the method of analysis of the Z versus
frequency data applied to the case of a-Si:H solar cells is an
useful, effective, and simple tool to evaluate the effective
carrier lifetime and the overall quality of the p–i–n materi-
als for solar cells.
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