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Summary

A review of measurements of the current vs. voltage, temperature,
intensity and spectrum in photovoltaic (PV) devices is presented. The rela-
tive merits of manual vs. automated and research vs. production current-
voltage and current-wavelength (spectral response) instrumentation are
discussed. A summary of contacting methods and artifacts associated with
current—voltage measurements is presented.

For the PV conversion efficiency to have meaning, it must be given
with reference to a specific intensity, spectrum, temperature and PV area
definition. Consensus standards exist for the efficiency measurements,
although discrepancies in standard test conditions and area definitions are
prevalent in the PV community. A set of procedures for measuring the PV
efficiency with respect to a given set of reference conditions is presented
together with a brief summary of other performance rating methods.

1. Introduction

The evaluation and assessment of the performance of photovoltaic
(PV) devices, modules and arrays in terms of measurable parameters requires
the measurement of the current as a function of voltage, temperature,
intensity and spectrum. Most noticeable of these parameters is the PV
conversion efficiency 7, defined as the maximum electrical power P,
produced by the PV device(s) divided by the incident photon power P,
which is measured with respect to standard reporting conditions defined
by a spectrum, intensity, temperature and area definition. In this paper
the mechanisms are described which affect the repeatability and accuracy
with which P,, is measured. These mechanisms include the measurement
technique, contacting method, distributed resistance of the metallization,
temperature and intensity.

*Paper presented at the 7th Photovoltaic Advanced Research and Development
Project Review Meeting, Denver, CO, U.S.A., May 13, 1986.
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The open-circuit voltage V., short-circuit current I, and fill factor
(FF = Py.x/V,else) are obtained from illuminated current-voltage (I-V)
measurements. Other parameters which can be obtained from -V mea-
surements are the reverse-bias breakdown voltage, the slope of the charac-
teristic curve at V. and [, and the series and shunt resistances. These
parameters, together with their dependences on intensity and temperature,
are useful in determining the performance of a device, module or array.
The current conduction mechanisms of a device can be inferred from dark
I-V or illuminated I-V measurements at different temperatures. If I is
measured at different monochromatic wavelengths and the light intensity
incident on the device is measured, then the spectral response and external
quantum efficiency can be determined. The white light intensity voltage
bias, monochromatic light intensity and chopping frequency, temperature,
electrically active area and spatial non-uniformities in the photoresponse
all affect the spectral response.

For PV devices exhibiting slow response times, the measurement of
the steady state I-V characteristics is complicated by the constraint that
the bias rate of the test system should not drive the device out of the steady
state. The contacting to a PV device without ribbons or wires is perhaps the
most difficult and operator-dependent part of I-V measurements. The
contact area, distributed resistance, contact material and the contact pres-
sure can affect the measurement of P, , FF and 7.

2. Photovoltaic performance rating

The performance of a PV device, module or array can be evaluated
with respect to its peak power P, or efficiency under a set of test condi-
tions or with respect to the energy produced over a period of time. Various
rating methods used by the PV community are summarized in ref. 1 and
Table 1.

TABLE 1

Standard reporting conditions for photovoltaic devices, modules and arrays

Application Intensity Spectrum Temperature
(Wm™?) (°C)
Terrestrial 1000 ASTM E892 25
global

Concentration >1000 ASTM E891 28

terrestrial direct
Space 1353, 1372, AM O 28

1366

NOCT 800 ASTM E892 20 °C air temperature,

1

terrestrial global 1 ms ! wind velocity
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2.1. Efficiency

The PV conversion efficiency 7 is defined as 100 times Pp,, divided
by the incident power under standard reference conditions (intensity,
spectrum, temperature and area definition). The currently accepted standard
reference conditions for terrestrial efficiency measurements are given in
Table 1, row 1.

Various area definitions used by the PV community are summarized
in ref. 2. The area definitions for non-concentrator cells state that the
entire area of the cell, including the area covered by grids and contacts,
should be used. For concentrator cells, the test cell area is the area designed
to be illuminated. For modules, the entire frontal area including borders,
frame and any protruding lugs should be used. For many of the thin film
material systems, the contact area on the substrate is not included because
this area is ill defined and would result in unrealistically low efficiencies
(less than 1% for the best devices). However, many schemes of raising the
fill factor for these thin film cells by bordering the cell with thick silver
paste are being employed even in the best devices. A further deviation from
the standard cell area definition is used for amorphous silicon cells on glass
where the junction covers a large fraction of the substrate, and the cell
area used is a small aluminum contact (less than 1 cm?) deposited onto the
p layer. Thin film module efficiencies have also been reported where the
active area was used or the border and frame area was neglected.

The incident power for efficiency measurements is normally calibrated
using a reference cell whose short-circuit current is calibrated with respect
to a tabular reference spectrum. The most accurate method of calibrating
a reference cell is to use the following equation [3 - 5]

CON = I®S  JER(MSRg(N) dNJEg(N) dX (1)
Eiot  JER(N) ANfEs(A)SRg(N) dA

CN is known as the calibration number for a given reference cell and
when multiplied by 1000 W m™2 gives the short-circuit current of the ref-
erence cell under the normalized reference spectrum. The short-circuit
current I;®5 of the reference cell, the total irradiance E,,, and the relative
solar spectral irradiance Eg(\) are measured at the same time with the same
field of view. The relative spectral response is SRg()).

The term air mass (AM) in the context of eqn. (1) is almost meaning-
less since a reference cell is not calibrated with respect to an AM 0 or AM 1.5
spectrum, but with respect to an arbitrary tabular spectrum Ez(A). Figure 1
further shows that the term AM has almost no meaning in the context of
PV efficiency measurements, since almost any spectrum or intensity can
be obtained at AM 1.5. A comparison of the differences in CN (eqn. (1))
for different published AM 1.5 and AM 0 spectra is given in Figs. 2 and 3
for various cell technologies (Fig. 4). Figure 2 shows a 12% spread in the
calibration number depending on the cell technology and reference spec-
trum. As shown in Fig. 2(a), crystalline silicon is relatively insensitive to
the choice of AM 1.5 reference spectra. The calibration number for low
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Fig. 1. Graphical description of the relative optical AM.

band gap material systems (CdS/CulnSe,) is lower for global reference
spectra than it is for direct reference spectra, whereas the opposite is true
for high band gap material systems (amorphous silicon, GaAlAs, GaAsP).
The same atmospheric conditions (AM, water vapor, turbidity, albedo,
ozone etc.) and computer models were used in generating the global ref-
erence spectra in refs. 6 and 7 and the direct reference spectra in refs. 6
and 8, yet they give different calibration numbers at the 1% level. Figure 3
shows a 4% variation in the calibration number for various cell technologies
with published AM O spectra. In practice, AM O reference cells have not
been calibrated with respect to a tabular AM 0 spectrum, but have been
space flown or balloon flown and calibrated with respect to the extra-
terrestrial solar spectral irradiance incident on the cell at the time of mea-
surement. Equation (1) gives a method for accurate AM O calibration of
reference cells without costly space or balloon flights. The use of eqn.
(1) for AM 0 calibrations eliminates variations in the calibration number
arising from variations in the solar spectral irradiance (sun spots, solar
flares etc.).

Once a reference cell has been calibrated with respect to a given ref-
erence spectrum, the short-circuit current and hence I-V characteristics
can be measured. The measured short-circuit current I,,™ 5 of the test cell
under some light source (the source spectrum) can be corrected for both
the spectral mismatch factor M and the intensity using the following ex-
pression

IscT'S IscR‘R

T, —
]sc R= M ISCR‘S (2)
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Fig. 2. Comparison of the normalized calibration numbers for various cell technologies
and standard AM 1.5 spectra (EX(N), Eyo1, Isc*) with the ASTM E892 global reference
spectrum [6] (E'(N), Eyo1', Ise')-

where I,.,®*® is the short-circuit current of the reference cell under the
reference spectrum (which is the calibration number of the primary ref-
erence cell multiplied by 1000 W m ?) and I, ,®S is the measured short-
circuit current of the reference cell under the source spectrum. Then [, T}
is the short-circuit current of the test cell under the reference spectrum,
i.e. the measured short-circuit current corrected for both spectral mismatch
and intensity. The fractional error, known as the spectral mismatch factor
M (introduced because the reference cell spectral response SRy(A) differs
from the spectral response SR4(A) of the device under test, and the source
spectral irradiance Eg(\) differs from the reference spectral irradiance
Ex(\)) can be computed as follows [ 3, 16, 17]:
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Fig. 3. Comparison of the same cell technologies in Fig. 2 for various AM 0 spectra with
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Many investigators assume that M is unity for their particular test cell,
reference cell, light source and reference spectrum, which will lead to an
error in I,,™® and hence in the efficiency. For some thin film technologies
such as amorphous silicon, the spectral response will be a function of the
voltage and, for tandem cells, the spectral response will be a function of
the source spectrum. This results in the assumption that, if I,,™® is correct,
then the value of P, ,, should be invalid.

The efficiency of modules is often evaluated at a nominal operating
cell temperature (NOCT) instead of at a fixed temperature [18]. The NOCT
is the module temperature at a total irradiance of 800 W m 2, a wind veloc-
ity of 1 m s! and an air temperature of 20 °C. The module performance
may be corrected to a standard reference spectrum and intensity or may be
evaluated under the prevailing outdoor test conditions.

The measurement of the illuminated [-V characteristics under con-
centrated light is complicated by the measurement of the incident power
and non-uniform illumination of the sample. The assumption that the
calibration number of the reference cell is a linear function of intensity is
no longer valid. The increase in calibration number with intensity has been
documented by the use of calibrated neutral density filters [19, 20] to
reduce the intensity incident on the reference cell to near 1000 W m' 2.
The wavelength dependence of the neutral density filters and the variation
in the test cell’s spectral response with light intensity [10] have not been
included in eqns. (2) and (3), and M has usually been assumed to be unity.
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Fig. 4. Measured external quantum efficiencies for the state-of-the-art cells compared
in Figs. 2 and 3.

This will result in errors in the short-circuit current and in the efficiency.
The magnitude of these errors has not been evaluated but is probably less
than the error introduced by assuming that the short-circuit current varies
linearly with the intensity. A non-uniform illumination of the test device
will reduce the efficiency, and the voltage reduction in a non-uniformly
illuminated cell increases with intensity [21].

2.2, Energy rating methods

As PV technologies other than those using crystalline silicon are being
evaluated, differences in the sensitivity to variations in the solar spectral
irradiance and temperature become more important. The a.m.—p.m. energy
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rating method was proposed [22] to account for the wide range of sensi-
tivities among the various PV technologies being considered. This method
involves measuring the energy output with respect to a standard day defined
by a temperature distribution (15 - 25 °C), 30° latitude and irradiance
distribution vs. time of day (4.8 kW h m % horizontal; 5.3 kW h m ? module
normal). The spectral irradiance distribution and wind speed are not spec-
ified. Translation equations have been developed to allow the energy output
to be predicted by an a.m.—p.m. type of scheme given the spectral response,
temperature coefficients, NOCT and peak power or efficiency with respect
to standard test conditions, and the fill factor vs. intensity.

2.3. Current—voltage artifacts

Even if V., I,., FF and 7 are measured with respect to a set of standard
reporting conditions, substantial differences can be encountered. These
differences can arise because of hysteresis, light soaking and contacting.

Hysteresis is present when the /-V characteristics are not measured in
a steady state. The major change occurs near P,,,, but V. can also be
affected. Figure 5 shows an example of hysteresis for a single-crystal silicon
cell [23]. The solution to the problem is to reduce the rate of voltage bias
or to measure the current at a fixed voltage.

The I-V characteristics for CdS/CulnSe, solar cells are a reversible
function of light exposure time, as shown in Table 2. This phenomenon has
been observed in CdS/CulnSe, thin film cells from a variety of groups,
processed in a variety of ways. It appears as if the voltage is the only param-
eter that is changing with light exposure time. If the cell is biased to I
for some period of time during light exposure, then the V,., FF and n will
be reduced and rise again asymptotically to a steady state value. Similar
variations in V,, with time have been observed for CdS/CdTe, CdS/Cu,S
and ITO/InP cell structures (where ITO is indium tin oxide).

A PV device is an inherently two-terminal device. However, because
the I-V characteristics of a PV device are dependent on the series resistance

~—LAPSS
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LAPSS normal sweep
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Amps

0.4+

1 S 1
0.2 0.3 0.4 0.5 0.6

Volts

Fig. 5. Single-crystal silicon back surface field solar cell showing hysteresis [23 ].
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TABLE 2

A CdS/CulnSe, cell showing light soaking, tested at 1000 W m™2 and 25 °C (ASTM
E892-85 global spectrum)

Initial exposure After 2 h 40 min
to light light at V¢

Voe (V) 0.4023 0.4103

I;e (mA) 26.89 26.88

FF (%) 61.17 62.55

Efficiency (%) 6.6 6.9

Voe (mV) =410.4 — 1.782 exp{— 0.0273 x time(min)}.

of the device, it is desirable not to add any series resistance with the con-
nections to the measurement system. This source of error can be eliminated
with four-terminal contacts to the device which consist of a voltage and
a current connection to each terminal. However, care must be taken to
place the current and voltage probes as close as possible to each other. This
ensures that the voltage measured is the terminal voltage of the device. If
one begins to separate the two, as along a top contact bus bar, an increase
in fill factor will be observed. The fill factor will reach a maximum when
the voltage contact is as far from the current contact as possible along the
metallization (including grid lines). Table 3 shows an example of a 100%
change in efficiency with different contacting schemes. The resistance
between the voltage and current contacts was less than 1 & for all four
cases. If the resistance between the voltage and current contacts is too high
(over 10 £2), then fill factors approaching unity can be achieved. The number
of current contacts or the location of the contacts have not been stan-
dardized. Thin film structures are sometimes enhanced by bordering the
cell with silver paste and making the devices long and narrow (i.e. silver
paste on tin oxide for amorphous silicon). This results in an artificial boost
in the efficiency, since the silver paste area is not included in the cell area.

TABLE 3

Effect of contacting on light current—voltage characteristics for a polycrystalline silicon
cell of area 25 cm?

Jse FF n Contact configuration

Aem™? % %
(mA em™) (%) (%) Front Back
23.8 37.9 5.4 Kelvin Common
24.3 64.8 9.4 Kelvin Kelvin
24.3 69.3 10.0 Kelvin, three current contacts Kelvin
24.4 74.4 10.8 Separated I and V Kelvin

Reference conditions: ASTM-85 global, 25°C, 1000 W m™2 with V,, = 0.595 V in all
four cases.
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3. Instrumentation

There is a wide variety of instrumentation in use by the PV community
to measure the efficiency and other I-V parameters of a solar cell, module
or array. The cost, volume of measurements, speed, repeatability, accuracy,
versatility, ease of use and maintenance of a test system are all factors which
must be considered. If the system is required to test cells on a production
line, then speed and ease of use are major factors. If the system is to be
used as a research tool to investigate the I-V characteristics of a wide variety
of devices, then the repeatability and a wide range of current and voltage is
important.

3.1. Current-voltage systems

The basic I-V system consists of a variable load, voltmeter, current
meter, light source and intensity monitor. The variable load consists of a
voltage ramp, variable power supply or load resistors. The use of a voltage
ramp is most convenient because, once the ramp rate, initial and final
voltages are set, the I-V measurement can be initiated by pressing a single
button. A variable power supply can be useful in rapidly measuring I,
P.x or the current at a given voltage.

The current through the cell is monitored with a shunt resistor, elec-
trometer or a clamp-on d.c. probe. A shunt resistor is the most common
method of measuring the current and uses a voltmeter, X-Y recorder, or
analog-to-digital (A/D) converter to measure the voltage across the shunt.
Most I-V systems use a four-terminal shunt resistor. If a two-terminal
resistor is used, then the voltage sense wires should be connected, as close
as possible, to the resistor and the resistance measured with a four-terminal
ohmmeter. It should be noted that any error in the value of the resistance
translates directly into an error in the measured current. The power rating
on the shunt resistor should be much larger than the product of the square
of the maximum current that the system is designed to handle and the value
of the shunt resistor. This will prevent errors from being introduced by the
resistor heating. The temperature coefficient of the resistor should be as
low as possible to prevent errors arising from different ambient tempera-
tures. The value of the shunt resistor should be chosen so that the voltage
across the shunt is less than or equal to 100 mV. This will allow the voltage
across the variable load to remain close to the voltage across the cell, making
the power supply bias and current range less critical. If the voltage across
the shunt resistor is low, then resistor noise can become significant and
introduce errors in the current that is actually flowing through the cell. The
choice of a voltmeter, X-Y recorder or A/D converter to measure the voltage
across the shunt resistor is dependent on the resolution, accuracy and speed
desired. A voltmeter is the most accurate and an X-Y recorder is the least
accurate, but an A/D converter is the fastest means of measuring the volt-
age. The use of an electrometer is warranted if the system is required to
measure currents below 10 pA. Several investigators have used a clamp-on



323

d.c. probe because it is easy to use and does not load the circuit. The use
of a d.c. probe is limited to a narrow current range and may give misleading
values if not used properly.

The voltage across the cell is easily measured with any high impedance
voltmeter or X-Y recorder. The limiting uncertainty in the voltage mea-
surement is the ability to monitor and control the junction temperature
accurately. Near the maximum power point, uncertainties in the voltage
can arise from the contacting method.

The measurement of the maximum power P,,, can be performed
manually by monitoring the product of the voltage and the current. Con-
stant power curves overlayed on an I-V plot produced by an X~Y recorder
can also be used, or the I-V curve can be digitized near the maximum power
point to determine the voltage and current at P,,, . These graphical methods
are limited by the width of the line producing the I-V curve and the oper-
ator’s ability to set the zero and to determine P,,. Analog circuits have
been developed to track the maximum power point of cells, modules or
arrays. Although the accuracy of these circuits is limited by their ability
to home in on P,,, in the presence of fluctuations in the current, these
circuits can usually locate P,,, to within 10 mV, which is acceptable for
arrays or modules but may not be acceptable for devices. The cheapest
and most accurate method of measuring P,,,, is to use an X-Y recorder to
obtain the fill factor, a voltmeter to obtain V,. under open-circuit condi-
tions and a voltmeter with a four-terminal shunt resistor to obtain 1.

There is a wide variety of instrumentation available to measure the
I-V characteristics of a device which include several curve tracers suitable
for evaluating solar cells. The I-V curve is displayed on a cathode ray tube
or digital display and the I-V characteristics are available as analog outputs
or from the IEEE-488 (HPIB) or other computer interfaces. The use of
resistive loads to evaluate the I-V characteristics of modules or arrays is
common because resistor arrays can dissipate large amounts of power and
provide a convenient means for stability studies near P,,,, or I,.

Commercially available efficiency measurement systems have a wide
variety of features including the determination of V., I, and P, in addi-
tion to providing analog outputs for an X-Y recorder or voltmeter, but
they are usually incapable of measuring illuminated I-V characteristics in
reverse bias.

I-V systems based on a capacitive charging scheme that are compact,
require little power and can evaluate up to 10 kW arrays have been devel-
oped [24]. The concept is based on the charging of a capacitor by an array
which will sweep the I-V curve from I to V,, over a period of about 1 s.
The data are analyzed using high speed A/D converters, timing circuitry
and a microprocessor. A power supply is used to apply an initial reverse
bias to the array.

There are several hybrid units on the market built around a specific
solar simulator allowing production-oriented testing. Many investigators use
curve tracers to evaluate the illuminated and dark I-V characteristics of a
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device. This technique is useful in rapidly measuring the -V properties
of a device but is limited by the ability to read the voltage and current
accurately from the curve. Curve tracers can also easily damage a cell by
overbiasing if the operator is not careful.

A wide variety of automated I-V test systems have been built to suit
a range of needs. Several papers have been published describing automated
I-V measurements [4, 25 - 28]. These systems are characterized by a D/A
converter to replace the variable load and utilize A/D conversion to monitor
the voltage across the cell and the shunt resistor. Automated systems offer
graphical and tabular presentation of the data in addition to database man-
agement and numerical analysis of the data. Automated test systems are
also capable of correcting the illuminated current for fluctuations in the
light intensity about a set value which can achieve better than +0.05%
repeatability in the current with 1% intensity fluctuations, a capability
which manual /-V systems do not have. Automated systems can also employ
averaging and search algorithms to improve the precision of V., I, and
Pmax'

3.2. Spectral response

The spectral response of a solar cell or module is a valuable diagnostic
tool and is essential in calibrating reference cells (eqn. (1)) and performing
spectral mismatch calculations (eqn. (3)). A review of spectral response
measurement instrumentation and techniques is given in refs. 29-31. A
simplified spectral response measurement apparatus consists of a light
source, collimating optics, light chopper and a filter wheel or grating mono-
chromator giving narrow band monochromatic light incident on a sample.
The photocurrent is measured with a current-to-voltage converter and
lock-in amplifier or true-r.m.s. voltmeter. The photocurrent is normally
measured at zero voltage bias and a light bias of 1000 W m 2. The photo-
current divided by the incident monochromatic light intensity is the spectral
response in units of ampéres per watt, and the quantum efficiency in units
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Fig. 6. Effect of bias voltage on the quantum efficiency of an ITO/InP solar cell.
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of electrons per photon is simply the spectral response divided by the
electronic charge and the wavelength and multiplied by Planck’s constant
and the speed of light. The monochromatic light intensity incident on the
cell is usually measured with a calibrated silicon photodiode or spectrally
flat pyroelectric radiometer. The spectral response is a function of the
bias light intensity [20, 31, 32] and voltage bias. The spectral response of
multijunction solar cells is a function of voltage bias, and the intensity
and spectral content of the bias light [33]. The effect of voltage bias on
the quantum efficiency of an ITO/InP solar cell is shown in Fig. 6. Using
the GaAs cell in Fig. 4(b) as the reference cell, the global reference spectrum
in ref. 6 and the Spectrolab X-25 spectral irradiance in ref. 5, the spectral
mismatch index M (eqn. (3)) varied from 0.989 to 0.999.

This shows that, for a reasonably well-matched reference cell and
solar simulator, the error introduced by the voltage dependence of the
spectral response is negligible (about +1%). This may not be true when
the relative spectral response is a strong function of voltage or light bias
such as is the case for amorphous silicon or multijunction solar cells.

4. Conclusions

A wide variety of information can be obtained from measuring the
current as a function of voltage, temperature, intensity and spectrum. A
brief overview of illuminated -V measurements of PV devices has been
presented. The use of the terms AM 1.5 and AM 0, 1 Sun or other abbre-
viated descriptions of standard reporting conditions for the efficiency is
ambiguous and should be avoided. Large differences in the efficiency can
and do occur because of non-standard measurement techniques and defini-
tions. The instrumentation required for accurate I-V or spectral response
measurements is readily available. The ability to measure the efficiency
with respect to standard reporting conditions is more difficult, since various
temperature, spectral and intensity translation equations are required. The
measurement of the efficiency for a cell under concentration with respect
to standard reporting conditions is complicated by the difficulty in mea-
suring the temperature of the cell and the spectral irradiance incident on
the cell. The use of an energy rating method to evaluate the performance
of a PV technology eliminates many of the translation equations and allows
the performance to be evaluated in the context of its intended application.
The major drawback of an energy rating method is that it is location specific
and impractical for unencapsulated research-type devices.
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