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a b s t r a c t

Multi-junction solar cells have the potential to provide higher efficiencies than single junction devices

and to reduce the impact of Staebler–Wronski degradation on amorphous silicon (a-Si) devices. They

could, therefore, reduce the cost of solar electricity. However, their characterization presents additional

challenges over that of single junction devices. Achieving acceptable accuracy of any current–voltage

calibration requires correction of the current–voltage data with external quantum efficiency

measurements and spectral mismatch calculations. This paper presents voltage-dependent EQE curves

for both single junction and double junction a-Si solar cells, along with dispersion curves extracted from

these data. In the case of single junction a-Si devices the mismatch factor is known to be voltage-

dependent and a similar trend is shown to apply to multi-junction devices as well. However, the error

introduced into current–voltage calibrations due to this bias dependence is found to be o1% for

spectral mismatch calculations.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Multi-junction photovoltaic devices have the potential to
provide higher efficiencies than single junctions and could
therefore reduce the cost of solar electricity [1]. In the case of
amorphous silicon (a-Si) devices, they could also reduce the
impact of Staebler–Wronski degradation [2]. However, the
characterization of multi-junction solar cells presents additional
challenges over that of single junctions [3] and their indoor
current–voltage (I–V) calibration is affected by greater uncertain-
ties. Accurate I–V calibration requires the I–V measurements to be
corrected with external quantum efficiency (EQE) measurements
and spectral mismatch calculations. However, EQE is not
independent of applied bias and so, in the context of carrying
out measurements for use in energy rating standards, there is
some debate on how to bias amorphous silicon solar cells to get
an appropriate assessment of their quantum efficiency.

This paper aims to contribute to improvement of multi-
junction device calibration by reporting the effects of bias on
the EQE of a-Si single and double junction devices. It is shown that
the bias voltage leads to small changes in the spectral mismatch
correction factor. This might further complicate the accurate
characterization of multi-junction devices as the mismatch factor
may need to be calculated on a point by point basis. On the topic

of multi-junction characterization, a-Si double junction devices
are particularly interesting as the junctions ‘share’ certain
wavelengths. This is shown to result in a different behaviour
than previously reported for III–V devices.

2. Experimental methods

The EQE measurement system used during this work is based
on a dual-lamp light source and a series of narrow band-pass
interference filters [4]. Measurement systems based on filters are
optically more efficient than those based on grating monochro-
mators and can therefore provide larger illumination areas. This
allows complete illumination of devices, which minimises edge
effects during EQE measurements. For this system, an area of
15�15 cm2 is illuminated by the monochromatic illumination,
allowing both the device under test and a calibrated reference
device (c-Si photodiode) to be measured side-by-side. The
monochromatic illumination was chopped at 175 Hz and the
resulting photocurrents were measured simultaneously for both
devices with lock-in amplifiers connected across 1 O shunt
resistors. A programmable four quadrant source meter was
connected in series with the device under test to allow control
of the device operating voltage during the EQE measurements.
The system is flexible and can deal with all kinds of different
technologies, as long as devices are within the specified size of
illumination. The size limitation is required because the system’s
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calibration is based on over-illuminating devices homogeneously
as compared to spot measurements carried out more commonly.

The reference device used during this work was a crystalline Si
photodiode quantitatively calibrated at ESTI. The optical design of
the measurement system reduces the inhomogeneity of the
monochromatic illumination to less than �10% across the
illuminated area. However, since the EQE measurements pre-
sented here were not corrected for the precise irradiance
distribution across the measurement area, they should be treated
as qualitative.

Since multi-junction devices consist of two or more current
sources in series, one of the junctions will normally be acting as the
current limiting junction during operation. An accurate assessment
of the EQE of the individual junctions requires that the junction
under test be the current limiting junction in the stack. As
described previously [3], this may be achieved by tuning the
spectrum of the bias light used during measurement. Bias lighting
was provided during this work by LED arrays driven from a high-
stability programmable power supply. The bias lighting was able to
provide sufficient irradiance for the a-Si devices under test to
produce approximately 10% of their one-sun short-circuit currents
(Isc). The EQE setup allowed I–V measurements to be made in situ

under the bias lighting. This permitted a spectrometric [5,6]
characterization of multi-junction devices to be performed prior
to EQE measurements, allowing easy identification of the bias light
conditions necessary to measure each sub-cell.

This paper reports the measurements of two types of
amorphous silicon devices, single and double junction technolo-
gies, of 50 mm�50 mm of the same manufacturer. The single
junction device is a single cell, the multi-junction has three cells
in series.

3. Results and discussion

Initially, a single junction, single cell a-Si device was measured
using the EQE system under fixed LED bias lighting and varying
bias voltage conditions. The resulting set of EQE curves is shown
in Fig. 1, labelled with the voltage applied (in volts). It can be seen
that the EQE of the device decreases slowly for biases from �1 to
+0.5 V and then much more rapidly as the applied bias
approaches then passes the maximum power point voltage
(0.58 V under the bias light level used for these measurements).
The lower plot in Fig. 1 shows the same data plotted on an
expanded vertical axis in order to show clearly the behaviour of
the device at high forward biases. At biases above approximately
+1.3 V, the photocurrent is observed to reverse direction above a
certain wavelength, leading to negative values of EQE. The
transition wavelength is observed to decrease with the applied
voltage. This effect of applied bias has been observed before for a-
Si devices [7], though at much lower voltages with respect to the
open-circuit voltage (Voc). Numerical simulations of the carrier
transport equations [8] show that this shift to higher voltages is
consistent with a decreased i-layer thickness. It is noted that the
change in direction of the photocurrent now occurs at such high
forward biases as to be largely irrelevant for the normal operation
of such devices.

Comparison of the EQE curves measured at �1 and 0 V shows
that the EQE of the device is higher at larger reverse biases. If the
absolute EQE were used to correct the short-circuit current of an
I–V measurement of this device, using the �1 V reverse biased
EQE in place of the 0V EQE would lead to a 3% overestimation of
the Isc. If the same two data sets were used to perform a
spectral mismatch correction, the error in miss-match factor
would be only 0.1% since it is the relative shape of the EQE that
matters and not the absolute scaling. This effect is of particular

importance when measuring multi-junction devices as the
limiting junction will operate at approximately the bias
voltage applied to the device minus the Voc of the non-limiting
junction [3].

Prior to measuring the EQE of tandem junction mini-modules,
it was necessary to establish appropriate bias lighting conditions.
This was achieved by performing a series of I–V measurements at
fixed blue and varying amber LED intensities. The Voc, fill factor
(FF) and Isc values extracted from one such set of I–V curves are
shown in Fig. 2. This method for finding the matching point of two
junctions in a multi-junction device was previously presented for
constant total irradiance as spectrometric characterization [5,6].
Here, the total irradiance is not kept constant and so the Isc and Voc

values increase continuously as the intensity of the longer
wavelength source is increased. However, the local minimum in
FF and the change in the rate of increase in Isc are still clearly
visible. It was previously reported that a-Si tandem devices
exhibit the FF of the limiting junction [3], a phenomenon that was
reported only for badly shunted III–V devices [6]. However, our
measurements show that the a-Si devices measured during this
work do exhibit the same local minimum in FF as III–V devices,
consistent with solution of the single-diode-model equations for
two (non-shunted) series connected devices. The bias light
conditions used for the measurements reported below were
approximately 0.1 and 0.7 amber intensity, respectively, as
defined by Fig. 2.
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Fig. 1. (Top) Variation in EQE of an a-Si single junction, single cell device. (Bottom)

The same data, plotted on an expanded y-axis to highlight the behaviour at high

forward bias. Labels indicate the bias voltage in Volts.
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