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ABSTRACT

Transport properties are very important for solar cells. The efficiency of solar cells is determined by the
competition of carrier collection and recombination. The most important parameter is the carrier mobility-lifetime
product. However, methods commonly used for measuring transport parameters require specially designed samples.
The results are often not easily correlated to solar cell performance. In this paper, we present our studies of
extraction of material properties from conventional current-voltage characteristics and quantum efficiency curves.
First, we carried out analyses of shunt resistance as a function of the light intensity. For solar cells with no clear
parasitic shunt resistance, the shunt resistance is inversely proportional to the short-circuit current, and its
proportionality coefficient is related to the effective carrier mobility-lifetime product. For an a-Si:H solar cell made
under an optimized condition with high hydrogen dilution, the effective mobility-lifetime product was estimated to
be 1.2x10° em?V. For a-SiGe:H solar cells, the effective mobility-lifetime product depends on Ge content. For
optimized a-SiGe:H bottom cells used in high efficiency a-Si:H/a-SiGe:H/a-SiGe:H triple-junction structures, their
values are ~5.0x10” cm?/V. For high efficiency nc-Si:H solar cells, the effective mobility-lifetime product is
~5.0x107 cm*/V. Second, we measured the quantum efficiency as a function of electrical bias and developed an
analytical model to deduce the effective mobility-lifetime product. The results obtained from the second method are
consistent with the values from the first method. We will present detailed analyses and interpretations of the
transport parameters and their correlation to solar cell performance.
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1. INTRODUCTION

Hydrogenated amorphous silicon (a-Si:H), silicon-germanium alloy (a-SiGe:H), and nanocrystalline silicon
(nc-Si:H) have been widely used in thin film solar cells because of the low cost and suitability for large volume
mass production.’ In recent years, multi-junction solar cells made with these materials have been improved by
using nc-Si:H as an absorber layer in the bottom cell.”® In order to improve solar cell efficiency further,
understanding the material properties is important. However, there is not always a direct correlation between
material properties measured by specially designed characterization methods and solar cell performance.’
Recently, Schiff and his colleagues have studied the relation of material properties and solar cell performance using
simulation and experimental methods. They found that the hole mobility (u;) is one of the dominant factors for
determining the initial solar cell efficiency.*’ The solar cell efficiency of an n-i-p (or p-i-n) structure is determined
by the competition of extraction of the photo-generated carriers from the intrinsic layer by the built-in potential and
their recombination through defects such as dangling bonds. Therefore, a rapid motion of photo-generated carriers
out of the intrinsic layer and a low probability of recombination result in high solar cell efficiency. Because hole
mobility is much lower than electron mobility in a-Si:H based materials, it is one of the limiting factors for a-Si:H
based solar cell efficiency as shown by Schiff ef al..*’ On the other hand, a shorter carrier lifetime (t), increases
the chance of recombination and reduces a-Si:H solar cell performance. Evidence for this is that prolonged light-
soaking creates metastable defects, which act as recombination centers and thus degrade the solar cell performance.
This seems to make the hole mobility-lifetime (ut), product the dominant factor governing the solar cell efficiency.
However, the amount of extracted photo-electrons and photo-holes must be equal during a steady state operation of
a solar cell for maintaining a steady state charge distribution in the solar cell. Because of the unbalanced electron
and hole mobility-lifetime products, electrons move out from the intrinsic layer easier than holes, if they experience
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the same electric field. With consideration of the steady state charge distribution, and the unbalanced transport
properties, one would expect to have non-uniform distribution of electric field, where it should be much stronger in
the region near the p/i interface than in the region near the i/n interface. The non-uniform electric field and its
correlation with the electron and hole mobilities were studied by simulation in the early 80’s by Hack and Shur.'
The increased electric field by space charges in the p/i region enhances the hole extraction and the weakened
electric field in the i/n region slows down the electron movements. Therefore, both the electron and hole mobility
products are important for solar cell performance.

There are only a few methods to measure the carrier mobility, lifetime, and mobility-lifetime product in a-
Si:H based materials. The time-of-flight method is commonly used for that purpose.''* Here the carrier mobility
is deduced from the transit time and the lifetime from the reduction of collected charge as a function of delayed
time under different electric bias voltages. Unfortunately, for these measurements, one needs a relatively thick
material to observe a clear transient time and a large charge collection without being significantly influenced by the
displacement current from the geometric capacitance. Moreover, the a-Si:H based materials are typically non-
uniform along the growth direction, especially for a-Si:H deposited close to the amorphous/nanocrystalline
transition region.'* This issue is even more serious in nc-Si:H because the nanocrystallites grow with film
thickness when a constant hydrogen dilution is used.””"” Photoconductivity and steady-state photocarrier grating
are two other useful methods to obtain carrier mobility-life products in a-Si:H based materials.'"™" However, both
methods use co-planner sample structures and measure the electron lateral transport instead of the vertical transport
in solar cells. For solar cell researchers, a simple method to extract the carrier transport properties from solar cells
directly is very desirable, especially from the conventional measurement method such as current density versus
voltage (J-V) characteristics and quantum efficiency curves. For this purpose, several methods had been proposed
by different groups. In the early stage of a-Si:H based solar cell study, Crandall ef a/. measured the photocurrent as
a function of bias voltage and determined the collection length of carriers in a-Si:H solar cells.**** He found a
correlation between the collection length and fill factor (FF) in a-Si:H solar cells.”’** He first used a uniform
electric field approximation, and then presented a non-uniform modeling.”” In the late 90s, the groups of
University of Neuchatel and University of Barcelona did a comprehensive analyses of the mobility-lifetime
products in a-Si:H solar cells. They proposed effective mobility-lifetime product, which was proven to be a factor
that has a clear correlation to the solar cell performance.”>’

In this paper, we first use a method proposed by Merten et al.’® and Asensi et al.,”’ where the shunt
resistance as a function of illumination density is used to deduce the effective carrier mobility-lifetime product.
Second, we use a method similar to Crandall’s approach,”' where the photocurrent as a function of bias voltage is
measured and used to calculate the effective carrier mobility-lifetime product based on a new proposed analytical
approach.

2. EXPERIMENTAL

Various n-i-p solar cells made with RF and VHF glow discharges were characterized. The intrinsic layers
include a-Si:H, a-SiGe:H, and nc-Si:H. Stainless steel (SS) and Ag/ZnO back reflector (BR) coated SS were used
as substrates. Indium-Tin-Oxide (ITO) dots were deposited on the top of p layer as top transparent contacts. Light
J-V characteristics were measured under an AM1.5 solar simulator at 25°C. QE curves were measured in the
wavelength range between 300 to 1200 nm under the short-circuit condition, or under various electrical biases. For
light intensity dependence of J-V characteristics, neutral density filters were used to vary the light intensity.

3. RESULTS AND DISCUSSION
3.1.  Extraction of mobility-lifetime product from shunt resistance

Merten et al.*® did an analysis of solar cell performance parameters and their correlations to transport
properties. A correlation between the shunt resistance (Ry;) and short circuit current (/,.) was deduced as,
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where V), is the built-in potential, d the thickness of the intrinsic layer, and (u7).; the effective carrier mobility-
lifetime product. The definition of (u7) is given by,
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where ,uno and ,upo are the band mobilities of electrons and holes, respectively, and 7! andz'po are capture time of
electrons and holes, respectively.”*?’ If the parasitic shunt resistance is much larger than the internal shunt
resistance, one can measure the J-J characteristics under different light intensities and plot the shunt resistance as a
function of short-circuit current density (Ji). From the slope of the Ry, versus 1/J., (u7),; can be calculated if a
linear relation is obtained.

We measured the J-V characteristics of many a-Si:H, a-SiGe:H, and nc-Si:H single-junction solar cells
under different light intensities. Here, we present the results from two a-Si:H solar cells as an example. These two
solar cells were deposited on SS using VHF glow discharge at high rates of 8-10 A/s. The performance
characteristics of these two solar cells are listed in Table I. Figure 1 plots (left) the J;. versus light intensity and
(right) the V. versus Jg. for the two a-Si:H solar cells, where one cell (18150) was deposited with high hydrogen (H-
H) dilution and the other (18152) with low hydrogen dilution (L-H). The linear relation between J, and light
intensity is because the photocurrent is a primary current. The different slopes of the two lines could result from two
factors. First, the high hydrogen diluted cell is slightly thinner than the low diluted one; second the bandgap of the
high hydrogen diluted one is slightly wider than that of the low hydrogen diluted one.”® The linear relation between
V.. and In(Js.) indicates that the superposition of the photocurrent and dark-current can still be used in a-Si:H solar
cells as a first order of approximation although the photocurrent is a function of bias voltage and it is different under

Table I: J-V characteristics of various solar cells and the estimated effective carrier mobility lifetime products (£7)ep J. is
the short-circuit current density, V. the open-circuit voltage, FF the fill factor, Eff the efficiency, and d the thickness of the
intrinsic layer. H-H and L-H denote high hydrogen dilution and low hydrogen dilution, respectively.

Sampl Type Comments Jse Ve FF Eff d Vi (D)o
e mA/em?) | (V) ©) | @m) | V) | (emv)

18150 a-Si:H On SS, H-H 9.43 1.010 | 0.743 | 7.08 204 1.20 1.2x10*®

18152 a-Si:H On SS, L-H 10.04 0.971 | 0.605 | 5.90 228 1.17 8.3x10”

17067 a-SiGe:H | On SS, H-H 16.95 0.662 | 0.646 | 7.25 156 0.75 5.6x10”

17066 | a-SiGe:H | OnBR,H-H 23.11 0.668 | 0.617 | 9.52 156 0.75 5.0x10”

17076 nc-Si:H On SS 16.86 0.545 | 0.671 | 6.16 1500 0.65 9.0x107

17078 nc-Si:H On BR 25.69 0.512 | 0.610 | 8.02 1500 0.65 5.7x107
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Figure 1. (left) J, versus light intensity and (right) V. versus J. for two a-Si:H solar cells on SS substrates, where one
cell was deposited with high hydrogen dilution and the other with low hydrogen dilution.
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Figure 2. (left) R, versus J. and (right) Ry, versus J for the two a-Si:H solar cells as displayed in Fig. 1.

the open-circuit and short-circuit conditions. The slightly difference in the slopes is from the different quality factor
(n); and the difference in the intersection is mainly from the saturated reverse current in the dark J-V characteristics.

Figure 2 plots the series resistance (R,) and Ry, versus Jy for the two a-Si:H solar cells shown in Fig. 1.
Both R and Ry, show a linear relation in the double logarithmic plot. R is normally contributed by the internal
resistance and the external resistance. The internal resistance is mainly from the resistance of the intrinsic layer,
where the photoconductivity has a sub-linear relation with the light intensity. As pointed out in the previous
paragraph, the photocurrent is a primary photocurrent in n-i-p solar cells, where the photocurrent intensity is linearly
proportional to the light intensity as shown in Fig. 1. Therefore, the sub-linearity of R, versus J reflects the light
intensity dependence of photoconductivity of the intrinsic layer. The exponent should be related to the exponent of
the conductivity versus light intensity, which should be 0.5 for bi-molecular recombination and 1.0 for mono-
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Figure 3. R, versus Jg. for (left) two a-SiGe:H bottom cells and (right) two nc-Si:H solar cells. In each pair, the deposition
conditions were the same except for the different substrates.

molecular recombination. As shown in the left plot of Fig. 2, the exponent is around 0.8 for most solar cells studied
in this paper. The most important result is the linear relation between Ry, and 1/J,. as shown in the right plot of Fig.
2, where the exponent is very close to one within experimental errors. This result proves that eq.(1) is applicable for
(17)p estimation. The calculated (7). values for the two a-Si:H solar cells made with high and low hydrogen
dilution ratios are 1.8x10™ cm?/V and 8.3x10” cm?/V, respectively. The smaller ( 11)ey in the low hydrogen diluted
sample indicates a poorer material quality than the high hydrogen diluted sample. In the calculation, ¥} is needed.
However, we do not have accurate values for V, in each sample. We assumed V,=1.20V for the high hydrogen
diluted sample and 1.17 V for the low hydrogen diluted sample. Because of the uncertainty in ¥V, the estimated
(17)er might have a large error bar. We used the same method for a-SiGe:H and nc-Si:H solar cells. The
performance characteristics of the a-SiGe:H and nc-Si:H solar cells are also listed in Table I. Figure 3 plots the R,
versus J. for (left) one pair of a-SiGe:H solar cells and (right) one pair of nc-Si:H solar cells. For each pair, the
deposition conditions were the same. The only difference was the substrates. For the a-SiGe:H solar cells, the
(1t values are 5.6x10° em?/V and 5.0x10™ cm?/V, for the substrates of SS and Ag/ZnO BR, respectively. For
the nc-Si:H solar cells, the corresponding values are 9.0x10” cm?/V and 5.7x10” ¢cm?/V, which are about two orders
of magnitude larger than those of a-SiGe:H solar cells. The Ag/ZnO BR causes a reduction in the (u7).; for both a-
SiGe:H and nc-Si:H solar cells. As a result, the FF of solar cells on the Ag/ZnO BRs is poorer than that on SS. The
difference becomes larger for nc-Si:H solar cells. Yue ef al. did a systematic study and found the nc-Si:H material
quality deteriorates with the textures of Ag/ZnO substrates. This is responsible for the low FF in nc-Si:H solar cells
on Ag/ZnO BR.* The estimated (| ut)yr values of nc-Si:H solar cells are consistent with the previous solar cell
analysis.

For a-Si:H based solar cells, the FF is normally believed to be an indication of intrinsic material quality.
Generally speaking, the FF depends on the light intensity, because the splitting of electron and hole quasi-Fermi
levels increases with the light intensity. The defects between the two quasi-Fermi levels are recombination centers
for photo-generated carriers. Therefore, if the cell performance is limited by deep defects in the intrinsic layer, one
would observe a strong light intensity dependence of FF. If the cell performance shows a weak light intensity
dependence, the cell performance may not be limited by deep defects. In this case, the cell performance could be
limited by the band tails as proposed by Schiff ez al.’ The left plot in Fig. 4 shows FF as a function of J.. One can
see that the a-Si:H solar cell deposited with high hydrogen dilution has a very weak light intensity dependent FF,
indicating a low defect density; while the a-Si:H solar cell deposited with low hydrogen dilution has a strong light
intensity dependence of FF, indicating a high defect density. With a simplified mind, the FF of a solar cell shall
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Figure 4. (left) FF as a function of J. for the two a-Si:H solar cells shown in Figs. 1 and 2. (right) FF versus Ry/R, for all solar
cells listed in Table 1.

have a strong relation with the R, and Ry, as well. The R, determines the sharpness of the J-V curve at the open-
circuit condition and the Ry, reflects the flatness of J-V curve at the short circuit condition. The smaller the R, and
the larger the Ry, the better the FF should be. Therefore, we would like to investigate whether this predication is
generally true or not. As a test, we show the FF as a function of R;/R, on the right plot of Fig. 4 for various solar
cells. For most of the solar cells, the FF increases with the increase of R,/z,, except for the a-Si:H and nc-Si:H solar
cells on SS substrates. For these two solar cells, the FF does not show a clear correlation with the R,;,/R,. The FF
values are very high in these two solar cells. It appears that the effective series resistance and shunt resistance are
no longer the limiting factor for the FF. A more careful analysis in this regime is in process. One hypothesis is that
the FF in these good solar cells is not limited by the recombination through defects. The bandtail recombination
could be the dominant factor.

3.2 Extraction of mobility-lifetime product from biased quantum efficiency
Similar to the attempt by Crandall er al.,*"** we describe an estimation method to extract the (17)ey from
the light J-V characteristic under weak illumination, which we measured using our quantum efficiency setup. First,
we present the physical basis of the method. Considering an a-Si:H solar cell with an n-i-p structure under
illumination, the carrier densities (both free carriers and trapped carriers) and current densities are normally
calculated by solving Poisson’s equation and carrier continuity equations as described by Hack and Shur."
However, the calculation is complicated and results are not very straightforward to be used by solar cell researchers.
Here we provide a simplified approach.

Under illumination, carrier generation in a solar cell is a function of its location in the i layer, noted as
G(x). The electron and hole densities are also functions of locations, noted as n(x) and p(x). For simplicity, we use
the average carrier densities (n and p) and average generation rate (G). In the steady state, we assume the average
electron and hole densities are equal in the 7 layer. Therefore, we are dealing with one type of carrier only. The
average electron density shall satisfy the following equation,

@:G_E_i’ (3)
dt Tt

ex
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where is the carrier lifetime and 7., the extract time of carriers from the intrinsic layer. For simplicity, t., could be
the average transit time (¢7) of carriers moving out of the i layer. It is well known that electrons and holes have
different mobilities, therefore, the extraction time for electrons and holes could be different. However, in the steady
state condition, the charge distribution in the intrinsic layer creates an electric field distribution such that it is much
stronger in the p/i interface. The non-uniform electric field accelerates the movement of holes and slows down the
movement of electrons. As a net result, the amount of elections and holes moving out of the device must be equal.
Therefore, the extraction time of electrons and holes must be equal as well. In addition, the amounts of electrons
and holes lost through recombination are the same. Therefore, the lifetimes of electrons and holes must be equal as
well, even though the real mobilities and lifetimes measured by conventional methods are different for electrons and
holes. In this case, we use effective mobility similar as discussed in the previous section. Logically speaking, the
extraction time shall be proportional to the thickness (d) of the i layer and inversely proportional to the average
electric field (E) and effective carrier mobility (). We define the extraction time as an average transit time
to=d/(1E). We assume the average electric field E=(V,+V,)/d, where V, is the magnitude of reverse bias voltage
and V3, the built-in potential. We define an effective lifetime 7,4,

Tty
Ty =, )
TW~+Q

to describe the time that carriers stay in the i layer before they recombine or are extracted. In a steady state, Eq. (3)
becomes

T%d

()
n=Gr, =G—L "= : )
i Ty +1; (ut); E+d
In this case, we assume that the current density is proportional to carrier density and effective mobility, then
J=gnuf. Using Eq. (5) with E=(V,+V,)/L, we obtain

V +V,
J =4GL (/Jz')eff( V) . ©)
(ut)y V, +V,)+d

For a positive bias, the sign of V, is negative.

Fitting the photocurrent density as a function of applied voltage to Eq. (6) yields (u#7).: There are two
limiting cases for Eq. (4). The first is that when a very high reverse bias is applied, such that (17).y(V,+V3) is much
larger than d’, then the current J=¢Gd does not depend on the bias voltage, indicating a generation limited
photocurrent. Second, when the applied voltage is close to the built-in potential, the current is close to zero (open-
circuit). Under this condition, the electric field is very weak for carrier collection.

We use a conventional QE setup to measure the current density by integrating the measured QE values with
the AM1.5 solar spectrum. Because the QE curves were measured with a lock-in method using a low chopping
frequency (~30Hz), the influence of the dark current and of the transient response were minimized. Let O(V,)
denote the J(V,) measured under a bias of ¥, from the QE setup and normalize the data to a fixed bias V) (say -1.0
V), then,

Q) _ Vo +V ) un)y Vg +V,) +d’}
O, (Vo) (Vo +V){(u0) sV, +V,)+d?}

(7

Experimentally, we measured the QE curves under various biases and calculated the current density with a built-in
function of the measurement system. Then, we fit the measured data with Eg. (7) to obtain the effective mobility-
lifetime (1 7). product and the built-in potential (V).
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Figure 5. Quantum efficiency, QE, as a function of light wavelength of an a-Si:H solar cell measured under various
electrical biases. From the bottom curve to the top, the electrical bias changes from +1.0 to -1.0V.

Table II: Solar cell performance characteristics and corresponding effective mobility-lifetime products and average built-in
potential (Vy;). Jg is the short-circuit current density, V. the open-circuit voltage, FF the fill factor, and n the efficiency. d
is the thickness of the intrinsic layer.

Sample Type Joe Vee FF n d Vi (1D ey
#
(mA/em?) | (V) %) | (@m) | (V) | (cm?/V)
16677 | a-Si:H on BR 1403 | 1.009 | 0.693 | 981 | 220 | 1.05 | 8.0x10°

17066 a-SiGe:H on BR 23.11 0.668 | 0.617 9.52 156 0.70 3.1x10°

16413 | a-SiGe:H on BR 24.55 0.686 | 0.618 | 10.40 170 0.72 4.0x10°

15454 nc-Si:H on BR 27.69 0.529 | 0.632 9.26 1500 0.60 6.4x107

We measured several a-Si:H, a-SiGe:H, and nc-Si:H single-junction solar cells deposited on Ag/ZnO BR
coated SS. Because the back reflector enhances the light trapping effect, the long wavelength light can travel many
paths in the intrinsic layer. Therefore, the uniform absorption approximation is close to the real situation for long
wavelength illumination. Table II lists the cell performance parameters, calculated (u 7). product, and Vj; values.
Figure 5 shows (left) an example of QE curves measured under different electrical biases ranging from +1.0 V to -
1.0 V. The bottom curve corresponds to +1.0 V. The QE curves increase with increasing negative bias until the
changes saturate. This implies a generation rate limited photocurrent. Figure 5 also shows (right) the normalized
current as a function of applied bias for the a-Si:H solar cell shown in the left plot, where the open squares are data
obtained from the entire AM1.5 spectrum, while the solid squares are only from the long wavelength (>610 nm)
region of the AM1.5 spectrum. Essentially, the long wavelength data are lower than the entire spectrum data. This
is because under a white light illumination, the short wavelength light generates electron-hole pairs close to the p/i
interface, and under which condition, the photo-generated holes travel a shorter distance than those generated by
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long wavelength photons. Therefore, the short wavelength generated holes are easier to collect than those generated
by long wavelength photons. The solid line in the Fig. 1 is calculated from Eg. (7) with the parameters
(u7), f=8.0><10'9 cm?/V and V,=1.05 V. This (u1)ey value is very close to the values obtained in the previous section.
The V; is close to the open-circuit voltage (V,.) and smaller than that used in the previous section. The smaller V,
in this calculation is believed to be due to
the non-uniform distribution of the electric
field, which results in a weak field region.
When the electric field in the weak field
region is reduced to zero by an applied
voltage, the photo-current will drop to zero.
Therefore, the V), obtained by this method
should be smaller than the real V, generated
by the different Fermi levels in the doped
layers.

We also determined the hole (u7).
product in a-SiGe:H and nc-Si:H solar cells.
Figure 6 shows (top) the QE curves of a nc-
Si:H solar cell measured under various
electrical biases and (bottom) the
normalized long wavelength QE current as
a function of electrical bias, respectively.
By fitting the experimental data, we
obtained ur of 5.0x107 cm?V, which is
significantly larger than the value in the a-
Si:H and a-SiGe:H solar cells as listed in
Table II. The hole drift mobility of nc-Si:H 1.2
measured by the time-of-flight method is
around 1.0 cm?Vs, *° which is about 2
orders of magnitude larger than that in a- 1.0 <
Si:H. Our measurements show that the
(1t)er product is about 80 times larger in

Wavelength (nm)

the nc-Si:H cell than in the a-Si:H cell. It a 0.8 1
appears that the major increase in the (17)qy <
products from a-Si:H to nc-Si:H is from the w 06
enhancement of the hole drift mobility. g |
One can consider that nc-Si:H is a mixture >

of nanocrystalline phase, amorphous g 04 -

tissues, and grain boundaries. The carrier
transport mainly takes place in the
crystalline phase, because the carrier 0.2
mobility in c-Si is much larger than in a-
Si:H. This explains the enhanced drift

mobility in nc-Si:H. However, the grain 0.0 ‘ ‘

boundaries and amorphous tissues cause -02 0 0.2 04 0.

bond angle and bond length distortions and

lead to defects and band tail states. V()

Consequently, both the carrier mobility and Figure 6. (top) QE curves of a nc-Si:H solar cell measured under

the lifetime are lower in nc-Si:H than in c- various electrical biases. From the bottom curve to the top, the

Si. electrical bias changes from +0.5V to -1.0V. (bottom)

normalized (to -0.2V) long wavelength (>610 nm) QE current

Schiff and his colleagues have density as a function of bias voltage for the nc-Si:H solar cell.

extensively studied the carrier transport in The solid symbols are the measurement data and the solid line is

a-Si:H and nc-Si:H materials and solar cells calculated based on (4 7),yproduct of 6.4x107 em?/V.
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both theoretically and experimentally.*® Their conclusion is that the solar cell efficiency in a-Si:H based solar cells
is mainly limited by the hole mobility. However, we believe that the solar cell efficiency should be limited by the
effective carrier mobility-lifetime product because the carrier collection by the external circuit is the result of
competition between the drift and recombination. The longer the lifetime and the faster the carriers move, the lower
the probability that photo-carriers are lost via recombination. In addition, both electron and hole transport
contributes to the carrier collection. A large difference in the electron and hole mobility generates a high non-
uniform electric field, which accelerates the hole movements and slows down the electron movements. Therefore,
the effective carrier mobility-lifetime product is the most important parameter for the solar cell performance. Any
one carrier transport parameter only may not necessarily be the dominant factor for limiting the solar cell
performance. Therefore, the lack of correlation between one single material property and solar cell efficiency is not
surprising.

4. SUMMARY

The effective carrier mobility-lifetime products in a-Si:H, a-SiGe:H, and nc-Si:H solar cells are estimated
by the shunt resistance as a function of the light intensity. The effective carrier mobility-lifetime product includes
the transport properties of both electrons and holes because the same amount of electrons and holes should be
collected by the external circuit. The experimental results are reasonably good and show a correlation with the
material quality and solar cell performance. As reported in the literature, the electron mobility is much larger than
the hole mobility. The un-balanced electron and hole mobilities creates non-uniform electric field distribution in the
intrinsic layer, which accelerates the hole movement and slows down the electrons. Therefore, the solar cell
performance is determined by both types of carriers. We also developed a method to deduce the effective carrier
mobility-lifetime product by fitting the photocurrent as a function of voltage. A new analytical approach is
introduced. Using this method, we have also studied a-Si:H, a-SiGe:H, and nc-Si:H solar cells. In general, the two
methods give similar results.
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