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1 Introduction

Incident photon to current efficiency (IPCE) is an important technique to
characterize solar cells and photoelectrodes. Traditionally, a solar simulator in
combination with a chopper is used for IPCE measurements. The solar simulator
illuminates the solar cell under investigation and the chopper is used to
restrict/allow the light illumination at the solar cell. Such an experiment usually
results in a square wave photo-current response (see Fig. 1). Thereby, the dark
current as well as the photocurrent are measured and the IPCE is calculated from
the magnitude of the absolute photocurrent and the intensity of illuminated light.
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Fig. 1: Square-wave photocurrent response from a traditional IPCE measurement setup using a
chopper.

A mechanical chopper has frequency limitations and cannot be operated at very
high frequencies. For the IPCE measurement, the solar cell is illuminated with a
light of a specific wavelength. To get a light peak with a narrow wavelength
distribution, monochromators are used in combination with the solar simulators.
Monochromators drastically reduce the light intensity of the solar simulator, making
it difficult to carry out IPCE measurements on solar cells with long time constants
of electron transfer, i.e., dye-sensitized solar cells (DSSC) or on solar cells with a
high light intensity threshold for the onset of photocurrent.

The traditional solar simulators do not provide a constant light illumination over
time and degrade constantly. Also, solar simulators generally are prone to drifting
and aging, influencing the IPCE measurements. Zahner's CIMPS-pcs system is
specially designed for IPCE measurements. It uses an LED-based tunable light
source (TLS03) with a robust feedback system. This feedback system ensures
constant illumination over time and allows for an in-situ correction of the drifting
and the aging effects. Further information can be found in the application note C in
CIMPS. The robust feedback system of the TLS03 also allows for the controlled
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frequency modulation of its LEDs light intensity output, similar to the CIMPS-IMPS
system.

In the IPCE measurements, the CIMPS-PCS system illuminates the solar cell under
investigation with a sine wave of light intensity (signal). The light induces sinus-
shaped photocurrents (response) in the solar cell. In analogy to electrochemical
impedance spectroscopy (EIS), the excitation signal (light intensity) and response
signal (photocurrent) may show a phase shift in the time domain relative to each
other. This phase shift contains further information about the system under
investigation (solar cell).
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Fig. 2: Frequency-modulated light intensity and corresponding photo-current response. Zero on the
light intensity axis indicates dark (absence of light). The light sine wave is superimposed to the
applied constant light. The maximum amplitude of the sine wave excitation must be less than the
applied (background) light intensity.

The phase shift indicates resistive and/or reactive (conductive/inductive) behavior
of the system under investigation. To measure the true IPCE of a solar cell, the
modulation frequency should be adjusted in a way that the phase shift is close to
0° (resistive or ohmic behavior). If a solar cell exhibits capacitive behavior (e.g.,
due to defect/interface states, where the photo-charge carriers get trapped), the
phase shift will not amount to 0°, but somewhere between 0° and -90°. In such a
situation, not all the photo-generated charge carriers can be extracted from the
solar cell and the true IPCE value cannot be determined. This crucial piece of
information contained in the phase shift is completely neglected in the traditional
IPCE setup, which uses a chopper.

The superiority of the Zahner frequency modulation system becomes evident by
the application of the in-situ discrete Fourier transformation (DFT). It demonstrates
that the excitation signal (light intensity) as well as the photocurrent response
signal each consists of a single sine frequency.
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CIMPS: photocurrent spectroscopy with TLS03
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Fig. 3: (Red) Excitation and response signals are displayed in both time and frequency domain
during the IPCE measurement. Single lines in the frequency domain indicate single frequency sine
and are not affected by any drift or artifact. (Green) IPCE is measured at a suitable frequency to
ensure that the phase shift is close to 0°.
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2 Back ground light

The TLSO3 light source has multiple LEDs which provide high light intensity output
over a broad wavelength range. To achieve better resolution, the TLS03’s built-in
monochromator can also be used for IPCE measurements. As in traditional IPCE
setups, the monochromator decreases the maximum light intensity output, which is
problematic for solar cells with high light intensity threshold of the photocurrent or
for solar cells with long time constants. The latter usually requires a sufficiently
long settling time, which in-turn increases the total IPCE measurement time. To
compensate for the decrease in light intensity caused by the monochromator, the
TLSO3 is equipped with an additional background white light source. With the
background light turned on, the overall light intensity output increases, which is
necessary for DSSC. As for DSSC the time constant depends upon the light
intensity, a high light intensity leads to decreased time constants and thereby to
faster IPCE measurements.

The background light has constant light intensity and the influence of the
background light can easily be removed from the IPCE spectrum (similar to the
constant applied voltage/current in EIS). This is evident by Fig. 4, measured for a
solar cell with sufficiently short time constants.
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Fig. 4: Exemplary IPCE curves with (blue) and without (black) background light, showing that
background light does not affect the IPCE measurement of solar cells with short time constants.

In Fig. 4, both IPCE spectra perfectly overlap. This can be explained, as in CIMPS-
PCS the IPCE is measured from the sine excitation and photocurrent response and
not from the overall light intensity. The same is true for the IPCE measured with
and without a monochromator, provided that the solar cell under investigation has
a short time constant.
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3 Bias voltage

To measure the IPCE, a bias voltage is applied to the solar cell under investigation.
A bias voltage with the highest achievable photocurrent response should be
chosen for the IPCE measurement. Fig. 5 shows the change in photocurrents with
applied voltage. At anodic voltage (in forward bias), the magnitude of photocurrent
is small, which increases with a further decrease in voltage. After a specific voltage
(here V2), the magnitude of the photocurrents becomes constant and does not
increase with a further decrease in voltage.

In Fig. 5, three voltages (V1, V2 and V3) are shown. At V1, the magnitude of the
photocurrent is low, hence the measured IPCE at V1 will also be low. At the
voltages V2 and V3, the magnitude of the photocurrents is approximately the
same, so (in theory) the IPCE measured at these voltages should be equal.
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Fig. 5: Photocurrents measured for a Si-based solar cell at different applied voltages using chopped
light voltammetry.

When a current (I) flows through a system with a resistance (R), a voltage drop
(AV = IR) occurs across this resistance. A certain (high) photo-current through a
solar cell causes a corresponding voltage drop. In Fig. 5, this voltage drop shifts
the applied voltage into the direction of V1. E.g., if V2 is selected for the IPCE
measurements, the voltage drop may lead to a voltage shift from V2 to V2* during
the IPCE measurement. Now at the voltage of V2*, the magnitude of photocurrent
is small, leading to a low IPCE.

To compensate for the voltage drop caused by a high photocurrent, it is always
good practice to measure the IPCE in reverse bias conditions (at voltage V3). If the
initially applied voltage is V3, the resultant voltage will be higher than V2 even
considering the high photocurrent, and consequently the IPCE value will be
correct.
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4 Modulation frequency

Moreover, choosing a correct modulation frequency is very important for the IPCE
measurement. Fig. 6 shows an intensity-modulated photocurrent spectrum of a
solar cell under investigation at the bias voltage V3 (c.f. Fig. 5). With an increase in
phase shift, the magnitude of photocurrent decreases as not all photo-generated
charge carriers can be immediately extracted out of the cell. A portion of the
charge is captured by the defects/interface states in the solar cell, inducing the
capacitive behavior. The maximum photocurrent can be measured for frequencies

with a phase amounting to 0°.

From Fig. 6, it is evident that at frequencies above 1 kHz the phase shift deviates
from 0°. Therefore, it is essential to select a frequency below 1 kHz to obtain

correct IPCE data from the measurement.
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Fig. 6: Intensity-modulated photocurrent spectrum of a Si-based solar cell.
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Fig. 7: IPCE measurements at different modulation frequencies.
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Fig. 7 compares the two IPCE spectra measured at different modulation
frequencies (black: phase shift = 0°, red: phase shift different from 0°). This clearly
demonstrates that this single parameter can drastically affect the IPCE spectrum
and the true IPCE of the solar cell cannot be determined any more.

5 Measuring true IPCE

To measure the true IPCE value, stick to the following steps:
1) Determine the bias voltage value (V), at which with highest photocurrent
response is measured.
2) Determine the frequency value (f) where the phase shift is close to 0°.
3) Measure IPCE at the voltage V and the frequency f.
i. Setan appropriate settling time.
ii.  Turnthe background light on for solar cells with long time constants.
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