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Effects of different back contacts (Al, Cr, ZnO/Ag, Ag) have been measured on hydrogenated amorphous
silicon (a-Si:H) p–i–n solar cell performances and are interpreted in terms of changing recombination
kinetics. Dc and frequency-resolved photocurrent measurements in a-Si:H p–i–n solar cells have been
carried out experimentally. In particular, the J–V characteristics in the dark and light, the external quan-
tum efficiency spectra, the intensity-, temperature-, bias voltage- and frequency-dependence of photo-
current were obtained. Fill factor (FF) values were determined from J–V characteristics for p–i–n cells
with different back contacts under various illumination levels. The exponent m in the power-law relation-
ship, Iph / Gt , between generating flux density and photocurrent were determined at different bias volt-
ages (dc) and modulation frequencies. The activation energies were obtained from the temperature-
dependence of photocurrent measurements. The integrated external quantum efficiencies were calcu-
lated from the spectral photoresponse distributions under reverse bias conditions. The modulation-fre-
quency effects on spectral distributions were also investigated. The results were compared for all cells
which have different back contacts and excitation intensity.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years electricity generation from renewable resources
has been counted upon to bridge the gap between global demand
and supply of power. Solar has good potential and the direct con-
version technology based on solar photovoltaics has several posi-
tive attributes [1–3].

The main research activities in the photovoltaic field are related
to materials development, which can be obtained at relatively low
cost and to improve the conversion efficiency [4–7]. Owing to its
many exciting technological applications, hydrogenated amor-
phous silicon, a-Si:H, became the most intensively studied amor-
phous semiconductor [8,9].

The performance of the solar cell was characterized by the J–V
curves, the frequency-, intensity- and temperature-dependent
photocurrent, and the spectral photoresponse. The spectral photo-
response and thus the quantum efficiency have been used to char-
acterize the ability to collect charge carriers generated by different
wavelengths of the sun spectrum, which are powerful tools for the
development and calibration of solar cells, due to the fact that the
light is absorbed differently in each layer, and it allows monitoring
the layers properties.
ll rights reserved.
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).
An important parameter for the high efficiency solar cells is that
back contacts combine low resistivity with a low recombination
velocity for minority carriers and a high optical reflectance in order
to enable efficient light trapping [10–12].

The aim of this paper is to optimize the radiation and recombi-
nation losses by investigating four types of p–i–n solar cells which
have the same a-Si recipe but different back contact materials. The
enhancement of the reflection from the rear contact of p–i–n a-Si
solar cells using Al, Cr, ZnO/Ag and Ag as a back reflector was dem-
onstrated experimentally. In particular, the effects of using differ-
ent back contacts on the fill factor FF, the external quantum
efficiency QE(�1V), the short-circuit current density Jsc, and the
exponent m in the intensity-dependent power-law relationship
Iph / Gm were investigated and compared.

2. Experimental details

In this work, we used four of samples which are 1 � 1 in. sub-
strates of a-Si:H p–i–n devices. These devices were obtained from
the Institute of Energy Conversion (IEC), University of Delaware. All
devices have the same SnO2 substrates, the same deposition condi-
tions, but different back contacts. The cells have a layer-sequence
of glass/TCO/p–i–n/back contact. The back contact material used
and J–V results for all cells are given in Table 1. These measure-
ments were taken under �1 sun illumination by using 4-terminal
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Table 1
Illuminated J–V results (AM1.5 global light from an Oriel simulator) for a-Si:H p–i–n solar cells with different back contacts. ROC is the resistance at open circuit. Also shown are
values of the QE integrated with the AM1.5 spectrum.

Sample Back contact Voc (V) Jsc (mA/cm2) Vmp (V) Jmp (mA/cm2) FF (%) ROC (X cm2) Integrated QE (mA/cm2)

4729-12 Al 0.83 14.79 0.62 11.63 58.6 7.87 14.70
4729-11 Cr 0.84 13.22 0.64 10.56 60.4 9.82 12.90
4729-21 ZnO/Ag 0.86 15.10 0.65 12.79 64.0 6.83 14.80
4743-21 Ag 0.83 15.27 0.57 12.38 55.6 16.77 14.90
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configuration due to the high resistance. The cell area is 0.4 cm2,
and the substrate contact is along the side. The i-layer thickness
is about 0.5–0.6 lm for all devices.

As seen from the table given above, the values of ROC are almost
close each other for the back contacts of Al, Cr and ZnO/Ag, but it is
large for Ag back contact. It may be due to different dark current
curve obtained in Fig. 1. For the back contacts of Ag and ZnO/Ag,
the values of integrated QE are larger than those of others due to
larger Jsc measured.

A HeNe laser (632.8 nm, 0.65 mm beam diameter, 10 mW o/p
max.) was used as the excitation light to obtain J–V characteristics,
intensity- and frequency-dependences of photocurrent. Neutral
density filters (NDF) were used to vary the intensity of light inci-
dent on the p–i–n solar cell to between 20 lW and 10 mW. The
incident light was chopped at the frequencies between 10 Hz and
4 kHz. The modulated signals were detected by pre- and lock-in
amplifiers. For dc measurements, an electrometer (Model 6514)
was used.

The quantum efficiency (QE) was measured from 400 to 750 nm
using the same lock-in detection system chopped at 70 Hz, illumi-
nated through a monochromator having 12 nm width at half max-
imum. The system was calibrated using a filtered (Schott KG5)
crystalline Si device as was used to calibrate the Oriel solar
simulator.

Only the best results for solar cells with different back contacts
(Table 1) are reported in the following.
3. Results and discussion

Fig. 1 shows a comparison of I–V characteristics of four p–i–n
solar cells with different back contacts. As seen, the reverse bias
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Fig. 1. A comparison of dark I–V characteristics (dc) of four a-Si:H p–i–n solar cells
which have different back contacts.
characteristics are almost the same and close to ideal diode charac-
teristics for all back contacts. However, there is difference between
the Ag back contact and others under forward bias condition.

Fig. 2 shows the I–V characteristics of Al back contact for vari-
ous levels of illumination. As well known, the electrical character-
istics of a solar cell is described by the relation between the current
density J (=I/A, where I current, A cell area) flowing through the cell
and the potential V across it, while the cell is illuminated. A conve-
nient way to characterize the electrical performance of a solar cell
is to specify its open circuit voltage Voc, its short-circuit current
density Jsc and its fill factor FF. The latter is a measure of the rect-
angularity of the J–V curve and is defined by

FF ¼ VmJm

VocJsc
; ð1Þ

where Vm and Jm are the voltage and current density at the maxi-
mum power point respectively, and (VmJm) is the maximum power
per unit of area Pm. The graphical interpretation of Pm is the area of
the largest rectangle below the J–V curve; (VocJsc) is the area if the
curve was a true rectangle. From the definition of FF, it follows that
Pm = FF(VocJsc). The efficiency of a solar cell g is in fact the efficiency
at maximum power delivery, so that g = Pm/Pin, where Pin is the inci-
dent light intensity. It is clear that any loss in FF will reduce the effi-
ciency of the solar cell. One must note that Voc, Jsc and FF are not the
fitting parameters and do not depend on any model describing the
solar cells. From the fourth quadrant of Fig. 2, the calculated values
of FF are also shown in the figure. A comparison of FF for different
back contacts is given in Fig. 3, as a function of laser power and back
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Fig. 2. I–V characteristics (dc) of a-Si:H p–i–n solar cell with Al back contact in dark
and under various illumination levels.
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Fig. 3. A comparison of fill factor, FF, as a function of laser power for a-Si:H p–i–n
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contact type. As seen, there is a decrease in FF at low powers
(63 mW). However, above this power, the FF increases gradually
with increasing powers, and then it decreases slowly again. The val-
ues of FF are large at low powers (<1 mW) due to high recombina-
tions. Obviously, the FF for Al and ZnO/Ag back contacts is higher
than that of Cr back contact. The small value of FF may be due to
the high excitation intensity used [13]. According to a model pro-
posed by Crandal [14], for the weakly absorbed light, the shape of
J–V curve is completely specified by electron and hole drift lengths.

Fig. 4 shows a comparison of the short-circuit current densities,
Jsc, as a function of laser power for three back contacts. As seen, the
Jsc is the highest for the ZnO/Ag back contact. However it is the
lowest for the Al back contact. However, Jsc has a linear dependence
on intensity for all back contacts as expected.
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Fig. 4. A comparison of short-circuit current, Jsc, as a function of laser power for
a-Si:H p–i–n solar cells with different back contacts.
An important feature of the transport properties of amorphous
semiconductors such as a-Si:H p–i–n and chalcogenide glasses is
the recombination of photogenerated charge carriers via recombi-
nation centers. This affects the photocurrent, as well as being of
importance for device applications of such materials. The recombi-
nation usually occurs through the intermediary of the impurity or
defect levels in the gap. In general, these levels correspond to local-
ized electronic states and act as ‘‘traps” for the electrons or holes in
the band states. When a carrier makes a transition and is trapped
at these localized levels, it no longer contributes to the conductiv-
ity. However, the carrier can be released and return to the band. If
the probability, for recombination, at the level, with a carrier of the
opposite sign, is greater than the probability of release to the band,
the level is called a recombination center. Conversely, if the prob-
ability for release is greater than recombination, the level is simply
called a trap. The distinction is mainly based on the proximity of
the level to the band edge.

The recombination process comprises mainly two sequential
steps in which electrons and holes can recombine so as to reestab-
lish the equilibrium that has been distributed by photoexcitation.
The excited electron or hole first loses energy by many transitions
within the band, in which the energy decrements are small and fre-
quent. This process is known as thermalization. The thermalization
rate decreases as the electron moves into the localized band-tail
states and the density of available states is lower. Eventually the
electron completes the recombination by making a transition to
a hole with the release of a large energy. Recombination lifetimes
are generally much longer than the thermalization times, so that
the two processes usually takes places on distinctly different time
skales. Recombination at low temperatures mostly occurs by tun-
nelling, because there is not sufficient thermal energy to excite car-
riers from the band-tail states to the mobility edge. Thermal
excitation becomes significant at higher temperatures and changes
the recombination mechanisms.

Measurement of photocurrent as a function of excitation light
intensity, temperature, wavelength, modulation frequency and ap-
plied electric field provides valuable information on the transport
properties of photocarriers. The dependence of photocurrent Iph

on the photogeneration rate G (which is linearly proportional to
the incident light intensity) is given by the power-law,

Iph / Gm: ð2Þ

It is differentially defined by

m ¼ d lnðIphÞ
d lnðGÞ : ð3Þ

It is now well-known that the value of the exponent m differs in
various semiconductors and has quite complicated variations with
temperature, applied electric field, photon frequency and light
intensity [15–17]. It is common practice to attribute m between
0.5 and 1.0 to a mixture of two limiting recombination mecha-
nisms [18]: a monomolecular recombination type occurring
through recombination centers (dangling bonds, midgap, localized
levels) which would correspond to m � 1.0 and a bimolecular
recombination process, in which the excess charge carriers recom-
bine directly from the band tails (m � 0.5). An alternative model
proposed by Rose [19] considers an exponential distribution of
density of states (DOS) whose states are increasingly converted
from trapping to recombination states as the light intensity in-
creased. Different m values between 0.5 and 1.0 are obtained from
this model, which depend upon the slope of DOS being swept by
the steady state Fermi level, and on temperature. In past, the ana-
lytical work on photoconductivity in a-Si:H by Bube [20] demon-
strated that a relative simple model for recombination via
dangling bonds may produce superlinear photocurrent (m > 1) in
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undoped material. On the other hand, a sublinear characteristics
with exponent m as low as 0.4 has been observed by numerous
groups [21–23]. However, a complete model covering the modula-
tion frequency-dependence of m has not emerged.

Fig. 5 shows a comparison of the exponent m as a function of
modulation frequency for four back contacts. As seen, there is no
strong dependence of m on the modulation frequency. However, m
values are larger (m > 1) for Cr and ZnO/Ag back contacts than those
of Al and Ag back contacts (m < 1) on the whole modulation fre-
quency range.

Fig. 6 shows the photocurrent, Iph vs. 103/T for four back con-
tacts. In the thermally activated region, the Iph increases almost lin-
early with increasing temperatures. It is produced by the thermal
activation of photocarriers, following the exponential relation,

Iph ¼ I0 exp
�Ea

kT

� �
; ð4Þ

where I0 is a prefactor, k is the Boltzmann’s constant, and Ea is the
activation energy. A small average activation energy value of about
15 m eV was found at low temperature (200 K 6 T 6300 K) for Al,
Cr and ZnO/Ag back contacts. For the Ag back contact, however
we have not obtained a good curve in order to calculate an activa-
tion energy. At low temperatures, the photocurrent, Iph depends
only weakly on temperature. Iph depends linearly on the generation
rate G, (Eq. (2), m � 1) and varies only little with the defect density
or doping level. Such behavior suggests a mechanism of photocon-
duction which is pretty well universal and indeed quite similar
behavior has been observed in many very different disordered
materials [24].

At high temperatures (300 K 6 T 6360 K), the photocurrent is
thermally enhanced. In this temperature range, an activation en-
ergy value of about 0.40 eV can be determined for the ZnO/Ag back
contact only. The dependence on the generation rate, here shown
by the exponent, m, of the power-law dependence (Eq. (2)), the
magnitude of Iph and the kinetics are determined by the Fermi level
position and the density and occupancy of the localized gap states.
In other words, at high temperatures, the transport depending on
the contact occurs in the extended states and the carrier lifetime
is controlled, as in crystalline photoconductors, by multiple trap-
0 500 1000 1500 2000 2500 3000 3500 4000
0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

 Al back contact
 Cr back contact
 ZnO/Ag back contact
 Ag back contact 

Ex
po

ne
nt

, 

Modulation Frequency (Hz)
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a-Si:H p–i–n solar cell with different back contacts.
ping mechanisms and the occupancy and capture cross-sections
of the deep gap states which act as recombination centers [9].

Spectral response measurements determine the wavelength
dependence of the quantum efficiency (QE) of solar cell devices.
The external quantum efficiency at a given wavelength is defined
as the number of minority carriers collected per incident photon

QEðkÞ ¼ JcollecðkÞ
qCðkÞ ; ð5Þ

where q is the electronic charge, Jcollec is the light-generated current
density resulting from monochromatic illumination, and C is the
incident flux given by

C ¼ Pðk� 10�9Þ
hc

; ð6Þ
350 400 450 500 550 600 650 700 750 800

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

 Al back contact; IQE=14.50 mA/cm2

 Cr back contact; IQE=13.01 mA/cm2

ZnO /Ag back contact; IQE=14.54 mA/cm2

Q
ua

nt
um

 E
ffi

ci
en

cy
. Q

E 
(-1

 V
)

Wavelength (nm)

Fig. 7. A comparison of quantum efficiency, QE(�1V) vs. wavelength for
a-Si:H p–i–n solar cell with different back contacts. IQE stands for integrated
quantum efficiency.



26 R. Kaplan et al. / Solid-State Electronics 54 (2010) 22–27
where P is the incident optical power density (in J s�1 cm�2), k is the
wavelength (in nm), h is Planck’s constant (in J s), and c is the veloc-
ity of light (in m s�1).

JcollecðkÞ is a complex function of several optical and electrical
device parameters. Optical device parameters include front- and
back-surface reflectivity, optical distribution, absorption coeffi-
cient and total thickness. Electrical device parameters include
front- and back-surface recombination velocity, p–i–n doping pro-
files, minority carrier diffusion length and p–i–n layer thicknesses.

The light-generated current density is calculated by integrating
the product of the external quantum efficiency and the solar spec-
trum over wavelength

JL ¼
Z

QEðkÞUðkÞdk; ð7Þ

where UðkÞ is the solar spectrum expressed in mA/cm2 (lm)�1. This
calculation, as in our case, is commonly performed numerically.

Fig. 7 shows a comparison of the external quantum efficiency,
QE(�1V) as a function of wavelength for three different back con-
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Fig. 8. Dc (a) and modulated (b) photocurrent of a-Si:H p–i–n solar cell with the Cr
back contact vs. wavelength for different modulation frequencies and various
illumination levels respectively.
tacts. As seen, it is peaked at a wavelength near 600 nm for all back
contacts. The integrated quantum efficiency (IQE) values were also
shown on the plotting for all back contacts. Although IQE values are
close each other, the ZnO/Ag back contact has the largest value. As
seen from the figure, QE(�1V) spectrum of all back contact is al-
most the same at longer wavelengths (k > 600 nm).

However, at shorter wavelengths (k < 600 nm) the values of
QE(�1V) for cells with Al and ZnO/Ag back contacts are larger than
those of Cr back contact due to absorption of light.

Fig. 8a and b shows the modulated and dc photocurrent re-
sponses respectively, as a function of wavelength for the Cr back
contact. Similar results were also observed for other back contacts.
As seen, the modulation frequency and illumination intensity level
have no important effects on the spectral distributions, except for
magnitude. As well known, higher light intensity excitation and
modulation frequency produce a larger fraction of photocarriers
from deep trapping levels (defects) in the energy gap, and thus
these contribute to the photocurrent.
4. Conclusion

Electrical transport and recombination mechanisms in hydroge-
nated amorphous silicon, a-Si:H p–i–n, are determined by localized
band-tail states and deep defects. These were investigated from dc
and modulated photocurrent measurements under different exter-
nal conditions. We examined and compared the effects of four dif-
ferent back contacts (Al, Cr, ZnO/Ag and Ag) on the photocurrent
response of a-Si:H p–i–n solar cells. Al back contact gives high FF,
but low Jsc; while Cr back contact gives low FF, but high Jsc, under
the same excitation light intensity. For the ZnO/Ag back contact,
both FF and Jsc were found to be high and more stable. Their inte-
grated QE(�1V) values were found to be very close each other (13–
14.5 mA/cm2). However the Ag back contact lonely among them is
found to be the worst for all comparisons. We must report that the
modulation frequency and low illumination levels have no impor-
tant effects on the spectral distributions of photocurrent, and thus
QE(�1V), except for magnitude.

The exponent m, in the power-low relationship Iph / Gm, is found
to be high (m > 1, superlinear recombination) for Cr and ZnO/Ag
back contacts; while m is small, but close to 1 (monomolecular
recombination) for Al and Ag back contacts. However, m is found
to be almost independent of modulation frequency. On the other
hand, the ZnO/Ag back contact among others gives a good activa-
tion energy value of about 0.40 eV at high temperatures. It means
the photocurrent almost increases linearly with increasing
temperatures.

It is well established that FF, Jsc, QE(�1V), and the exponent m in
the power-law, Iph / Gm, are sensitive to the material of different
back contacts which have influences on the cell structure. They
can be improved on a-Si:H p–i–n devices by the optimization of
the back contact material which acts as a reflector allowing some
of the passing light to reflect into the i-layer.
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