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INTERNATIONAL
Standard Test Method for
Calibration of Primary Non-Concentrator Terrestrial
Photovoltaic Reference Cells Using a Tabular Spectrum’
This standard is issued under the fixed designation E1125; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (¢) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This test method is intended to-be-tsed-for calibration and characterization of primary terrestrial photovoltaic reference cells
to a desired reference spectral irradiance distribution, such as Tables G173. The recommended physical requirements for these
reference cells are described in Specification E1040. Reference cells are principally used in the determination of the electrical
performance of photovoltaic devices.

1.2 Primary photovoltaic reference cells are calibrated in natural sunlight using the relative speetralresponsequantum efficiency
of the cell, the relative spectral distribution of the sunlight, and a tabulated reference spectral irradiance distribution. Selection of
the reference spectral irradiance distribution is left to the user.

1.3 This test method requires the use of a pyrheliometer that is calibrated according to Test Method E816, which requires the
use of a pyrheliometer that is traceable to the World Radiometric Reference (WRR). Therefore, reference cells calibrated according
to this test method are traceable to the WRR.

1.4 This test method is a
Test Method E1362-Fhis e i ik q A § eHund e hieh
fabﬂ-}ated—data—af&ava-ﬂab-}e—rl:hehse}ee&en may be used to cahbrate secondary and non-primary reference cells (these terms are
defined in Terminology E772ef-the-specifiereference—speetrum-isteft-to-theuser:).

1.5 This test method applies only to the calibration of a photovoltaic cell that shows a linear dependence of its short-circuit
current on irradiance over its intended range of use, as defined in Test Method E1143.

1.6 This test method applies only to the calibration of a reference cell fabricated with a single photovoltaic junction.
1.7 The values stated in SI units are to be regarded as standard. No other units of measurement are included in this standard.

1.8 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety and health practices and determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:*

E490 Standard Solar Constant and Zero Air Mass Solar Spectral Irradiance Tables

E772 Terminology of Solar Energy Conversion

E816 Test Method for Calibration of Pyrheliometers by Comparison to Reference Pyrheliometers

E927 Specification for Solar Simulation for Photovoltaic Testing

E948 Test Method for Electrical Performance of Photovoltaic Cells Using Reference Cells Under Simulated Sunlight

E973 Test Method for Determination of the Spectral Mismatch Parameter Between a Photovoltaic Device and a Photovoltaic
Reference Cell

E1021 Test Method for Spectral Responsivity Measurements of Photovoltaic Devices

E1040 Specification for Physical Characteristics of Nonconcentrator Terrestrial Photovoltaic Reference Cells

"' This test method is under the jurisdiction of ASTM Committee E44 on Solar, Geothermal and Other Alternative Energy Sources and is the direct responsibility of
Subcommittee E44.09 on Photovoltaic Electric Power Conversion.
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E1328E1143 Termin i © Ate—So verstornTest Method for Determining the Linearity of a
Photovoltaic Dev1ce Parameter w1th Respect To a Test Parameter—(—Wrﬁ‘rd-raWﬂ—29-1—2-)

E1362 Test Methods for Calibration of Non-Concentrator Photovoltaic Non-Primary Reference Cells

E2554 Practice for Estimating and Monitoring the Uncertainty of Test Results of a Test Method Using Control Chart Techniques

G138 Test Method for Calibration of a Spectroradiometer Using a Standard Source of Irradiance

G173 Tables for Reference Solar Spectral Irradiances: Direct Normal and Hemispherical on 37° Tilted Surface

G183 Practice for Field Use of Pyranometers, Pyrheliometers and UV Radiometers

2.2 WMO Document:*

WMO-No. 8 Guide to Meteorological Instruments and Methods of Observation, Seventh ed., 2008.

3. Terminology

3.1 Definitions—Definitions of terms used in this test method may be found in Terminology E772-and-TFerminotogy-E1328.

3.2 The followmg symbols and umts are used in th1s test method Symbots:

3.3 Symbols:
3.3.1 A —collimator aperture identifiers (non-numeric).

3.3.2 C—calibration value, reference cell (Am*W™).

3.3.3 C—array of calibration values, reference cell (Am*W ™).

3.3.4 D—as a subscript, refers to the reference cell to be calibrated; as a variable, distance from collimator entrance aperture
to reference cell top surface, or to spectroradiometer entrance optics (m).

3.3.5 E—total irradiance, measured with pyrheliometer (Wm™2).

3.3.6 E—array of measured total irradiance values (Wm™>).

3.3.7 E(})—spectral irradiance (Wm™2um~' or Wm >nm™").

3.3.8 E¢(A)—measured solar spectral irradiance (Wm 2um~' or WM 2nm™").

3.3.9 E,(1)—reference spectral irradiance distribution (Wm2um~' or WM 2nm™).

3.3.10 F—spectral correction factor (dimensionless).
3.3.11 FOV—field-of-view (°).
3.3.12 [—short-circuit current, reference cell (A).

3.3.13 I—array of measured short-circuit currents, reference cell (A).

3.3.14 i —as a subscript, refers to the ith current and irradiance data point (dimensionless).

3.3.15 j —as a subscript, refers to the jth calibration value data point (dimensionless).
3.3.16 L—collimator length (m).
3.3.17 n—number of current and irradiance data points measured during calibration time period (dimensionless).

3.3.18 m—number of calibration value data points (dimensionless).

3.3.19 M—spectral mismatch parameter (dimensionless).

3.3.20 O,(A,T)—quantum efficiency, reference cell (%).

org-Available from World Meteorological Organization (WMO), 7bis, avenue de la Paix,
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3.3.21 r—collimator inner aperture radius (m).

3.3.22 R——collimator entrance aperture radius (m).

3.3.23 R,—pyrheliometer to integrated spectral irradiance ratio (dimensionless).

3.3.24 RNG—as a subscript, refers to the minimum-to-maximum range of an array of values.

3.3.25 s—sample standard deviation, reference cell calibration value (Am*W™").
3.3.26 T—temperature (°C).
3.3.27 T,—calibration temperature, reference cell (25°C).

3.3.28 Z,(A)—pyrheliometer spectral transmittance function (dimensionless).

3.3.29 A—wavelength (um or nm).

3.3.30 6,—collimator opening angle (°).

3.3.31 H—collimator slope angle (°).

3.3.32 @,(A)—partial derivative of quantum efficiency with respect to temperature (%-°C™)).

4. Summary of Test Method

4.1 The calibration of a primary photovoltaic reference cell consists of measuring the short-circuit current of the cell when
illuminated with natural sunlight, along with the totaldirect solar irradiance using a pyrheliometer—pyrheliometer (see Terminology

E772). The ratio of the short-circuit current of the cell to the irradianee-irradiance is called the responsivity, which, when divided
by a spectral correction factor similar to the spectral mismatch parameter deﬁned in Test Method E973, is the calibration
constantvalue for the reference cell. Als e .
to25°C-The spectral correction factor also corrects the cahbratlon value to 25°C (see 4.2.2).

4.1.1 The relative spectral irradiance of the sunlight is measured using a spectral—trradiance—measurement—instrument
spectroradiometer as specified in Test Method G138 and Test Method E973.

4.1.2 A pyrheliometer measures direct solar irrradiance by restricting the field-of-view (FOV) to a narrow conical solid angle,
typically 5°, that includes the 0.5° cone subtended by the sun. This calibration method requires that the same irradiance measured
by the pyrheliometer also illuminate the primary reference cell to be calibrated and the spectroradiometer simultaneously. Thus,
both are required to have collimators (see 6.2).

4.1.3 Multiple calibration values determined from /,E, and E(A) measurements made on a minimum of three different days, are
averaged to produce the final calibration result. Each data point corresponds to a single E(A) spectral irradiance.

4.2 The following is a list of measurements that are used to characterize reference cells and are reported with the calibration
data:

4.2.1 The speetral-response-relative quantum efficiency of the cell is determined in accordance with Test Methods E1021.

422 %Temperature sensrtrvrty of the cell’s short—crrcurt current temperatufe—eeeﬁ%etem—ls determlned experimentally by
measuring the o seepartial derivative of
quantum efficiency with respect to temperature as specrﬁed 7—2—2)—1n Test Method E973

4.2.3 Linearity of short-circuit current versus irradiance is determined in accordance with Test Method E1143.

4.2.4 The fill factor of the reference cell is determined using Test Method E948. Providing the fill factor with the calibration
data allows the reference cell to be checked in the future for electrical degradation or damage.

5. Significance and Use

5.1 The electrical output of a photovoltaic device is dependent on the spectral content of the illumination source, its intensity,
and the device temperature. To make standardized, accurate measurements of the performance of photovoltaic devices under a
variety of light setirees;-sources when the intensity is measured with a calibrated reference cell, it is necessary to account for the
error in the short-circuit current that occurs if the relative speetral-respensequantum efficiency of the reference cell is not identical
to the speetratresponsequantum efficiency of the device to be tested. A similar error occurs if the spectral irradiance distribution
of the test light source is not identical to the desired reference spectral irradiance distribution. These errors are accounted for by
the spectral mismatch parameter (described in Test Method E973), which is a quantitative measure of the error in the short-circuit
current measurement. It is the intent of this test method to provide a recognized procedure for calibrating, characterizing, and
reporting the calibration data for primary photovoltaic reference cells using a tabular reference spectrum.

5.2 The calibration of a reference cell is specific to a particular spectral irradiance distribution. It is the responsibility of the user
to specify the applicable irradiance distribution, for example Tables G173. This test method allows calibration with respect to any
tabular spectrum.

5.2.1 Tables G173 do not provide spectral irradiance data for wavelengths longer than 4 um, yet pyrheliometers (see 6.1)
typically have response in the 4-10 um region. To mitigate this discrepancy, the Tables G173 spectra must be extended with the
data provided in Annex A2.

5.3 A reference cell should be recalibrated at yearly intervals, or every six months if the cell is in continuous use outdoors.
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5.4 Recommended physical characteristics of reference cells can be found in Specification E1040.
i H1gh qual1ty s1l1con pr1mary . uponinitiat

qte hanQ

W mreference cells are _expected to be stable devices by nature, and as such can be considered? feH—h—pﬂer—to—m-rt-ra-l
characterization—in-Seetioncontrol samples. Thus, the calibration value data points (see 79.3<) can be monitored with control chart
techniques according to Practice E2554, and the test result uncertainty estimated. The control charts can also be extended with data
points from previous calibrations to detect changes to the reference cell or the calibration procedures.

6. Apparatus

6 1 Pyrhellometer— A secondary reference pyrhellometer that is cahbrated in accordance w1th Test Method E816-Amnabsotute
: 6 a p omete d nst-, or an absolute cavity
fad-remefer—radmmeter See also World Radrometnc Reference in Termmology E772fh&tefa-l—tmeertamt—y—rn—and the World
Meteorologwal Organ1zat1on (WMO) gu1de WMO No.8, Chapter 7. Practice G183the-primary-reference-eel-ealibration-constant

ed: provides guidance to the use of pyrheliometers for direct solar irradiance

measurements.
6.1.1 Because secondary reference pyrheliometers are calibrated against an absolute cavity radiometer, the total uncertainty in

the primary reference cell calibration value will be reduced if an absolute cavity radiometer is used.

6.1.2 The spectral transmittance function of the pyrheliometer must be considered. For an absolute cavity radiometer without
a window, Z,(A) can be assumed to be one over a very wide wavelength range. Secondary reference pyrheliometers typically have
a window at the entrance aperture, so Z,(A) can be assumed to be the spectral transmittance of the window material.

6.1.2.1 Test Method E816 requires absolute cavity radiometers to be “nonselective over the range from 0.3 to 10 um”, and
secondary reference pyrheliometers to be “nonselective over the range from 0.3 to 4 um.”

6.1.2.2 Commercially available secondary pyrheliometers use a variety of different window materials, and many do not meet
the 0.3 to 4 um requirement of Test Method E816. The transmittance of fused silica (SiO,), for example, has significant variations
in the 2 to 4 um region that depend on the grade of the material (ultraviolet or infrared grade). Sapphire (Al,O,) transmits beyond
4 um, but its transmittance is not entirely flat over 0.4 to 4 um. Crystalline quartz (Si0,) is very flat over 0.25 to 2.5 um, but the
transmittance falls to zero by 4 um. The pyrheliometer manufacturer should be consulted to obtain the window transmittance data.

6.1.2.3 The calibration procedure in Test Method E816 places restrictions on allowable atmospheric conditions and does not
adjust calibration results with spectral information: all pyrheliometers are calibrated with the same procedure regardless of the
window material.

6.2 Cottimator—Collimators—A-—eotimator-Tubes with internal baffles, intended for pointing toward the sun, that restrict the
FOV and are fitted to the reference cell during-ealibration-thathas-the-same-field-of-viewto be calibrated and the spectroradiometer
(see 6.3as-thepyrheliometer—Amn-); an acceptable collimator design is desetibedprovided in Annex Al. The collimators must match
the FOV of the pyrheliometer (see Al.4.1).

6.2.1 Eliminate or minimize any stray light entering the collimators at the bottoms of the tubes.

6.2.2 The receiving aperture of the reference cell collimator shall be sized such that the entire optical surface of the primary
reference cell to be calibrated is completely illuminated, including the window (see Specification E1040). Thus, for a reference
cell with a 50 mm square window, the collimator would require a receiving aperture radius equal to:

50°+50*/2=35.4 mm

6.3 Spectrat-frradiance-MeasurenmentEquipment,-Spectroradiometer, as required by Test MethodMethods G138 and E973- for

direct normal solar spectral irradiance measurements.

6.3.1 The speetralwavelength range of the spectral irradiance measurement shall be wide enough to ineludespan the speetral
responsewavelength range of the quantum efficiency of the cell to be eatibrated—calibrated (see 6.7.3) and the spectral sensitivity
function of the pyrhehometer (see 6.1.2).

6.3.2 If the spectral irradiance measurement is unable to measure the entire wavelength range required by 6.3.1 and 6.3.2, it is
acceptable to use a reference spectrum, such as Tables G173, to supply the missing wavelengths. The reference spectrum is scaled
to match the measured spectral irradiance data over a convenient wavelength interval within the wavelength range of the spectral
irradiance measurement equipment. It is also acceptable to calculate the missing spectral irradiance data using a numerical spectral
irradiance model.

6.3.2.1 Note that the reference spectrum is also requ1red to 1nclude the Wavelengths spec1ﬁed by 6 3 1: see 5 2.1.

6.4 Normal Incidence Tracking Platforms—ra ' W 6
or glatforms that hold the reference cell to be cahbrated the pythehometer-the-collimato ke
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within—=0-5-during-the-ealibrationproeedure-pryheliometer, and the spectroradiometer during the calibration procedure. Using

two orthogonal axes, such as azimuth and elevation (that is, altazimuthal mount), the platforms must follow the apparent motion
of the sun such that the angle between the sun vector and the normal vector is less than 0.1° (that is, the tracking error). The
collimators (including that of the pyrheliometer) define the normal vector and shall be parallel to each other within +0.25°.

6.4.1 The tracking error tolerance is dependent on the FOV and slope angle of the pyrheliometer and the collimators (see
Al.4.1); WMO-No. 8 states that 0.1° is acceptable for the recommended FOV of 5° and slope angle of 1°.

6.5 Temperature Measurement Equipment—AnThe instrument or instruments used to measure the temperature of the reference
cell to be ealibrated;-that-hascalibrated must have a resolution of at least 0.1°C, and a total erreruncertainty of less than *1°C of
reading:reading when such uncertainty is combined with the uncertainty of the sensors themselves.

6.5.1 Sensors such as thermocouples or thermistors used for the temperature measurements must be located in a position that
minimizes any temperature gradients between the sensor and the photovoltaic device junction.

6.6 Electrical Measurement Equipment—Voltmeters, ammeters, or other suitable electrical measurement instruments, used to
measure the short-circuit current, /,--of the cell to be calibrated and the pyrheliometer output, #hatE, must have a resolution of at
least 0.02 % of the maximum current or voltage encountered, and a total erreruncertainty of less than 0.1 % of the maximum
current or voltage encountered.

6.6.1 The electrical measurement equipment should be able to record a minimum of 50 to 100 data points during the calibration

time period (see 8.1).

6.7 SpectratResponseQuantum Efficiency Measurement Equipment, as required by Test Method E1021-for spectral responsivity
measurements and the following additional requirements:

6.7.1 The wavelength interval between speetral-response-successive quantum efficiency data points shall be a-maximum-of-50
am:10 nm or less.

6.7.2 For reference cells made with direct bandgap semiconductors such as GaAs, it is recommended that the wavelength
interval be no greater than 5 nm.

6.7.3 The low- and high-wavelength endpoints of the quantum efficiency measurement shall span all wavelengths for which the
measured quantum efficiency are greater than 1 % of the maximum quantum efficiency.

6.7.4 The full-width-at-half maximum bandwidth fo the monochromatic light source shall be 10 nm or less.

6.8 Temperature Control Block (Optional)—A device to maintain the temperature of the reference cell at 25 * 1°C for the
duration of the calibration.

7. Characterization

7.1 Prior he-character wWBecause some silicon
solar cells are suscepuble to a loss of short c1rcu1t current upon initial exposure to lrght newly manufactured reference cells=2 for
his18 5 0 bratton-shall be light soaked prior to initial

character1zat1on as follows

7.1.1 Measure the short-circuit current and the cell area of the reference cell to be calibrated according to Test Method E948,
with respect to standard reporting conditions corresponding to the reference spectral irradiance distribution (see 5.2 and Table 1
of Test Method E948).

7.1.2 Connect the reference cell to the electrical measurement equipment (see 6.6) and prepare to record short-circuit current
versus time.

7.1.3 Illuminate the reference cell with either natural sunlight or a solar simulator (see Specification E927); the spectral
irradiance is not critical, nor is the cell temperature.

7.1.4 Record the short-circuit current of the reference cell when the current is greater than 85 % of the current measured in
7.1.1.

7.1.5 Integrate the short-circuit currents recorded in 7.1.4 with time to calculate the total charge generated.

7.1.6 Discontinue the illumination when 22 MCm > have been generated. For an Si solar cell with a short-circuit current density
of 300 Am~2 at 1000 Wm™>, this amount of charge requires approximately 20 h of illumination.

7.2 Characterize the reference cell being-to be calibrated by the following methods:

7.2.1 Speetrat-Response—Quantum Efficiency—Determine the relative speetral-response;quantum efficiency Rx);(optionally
the absolute speetral-response)quantum efficiency) of the reference cell to be calibrated at 25°C in accordance with Test Methods
E1021 and the requirements of 6.7.

7.2.1.1 Repetition of 7.2.1 is optional if the quantum efficiency has been previously measured in accordance with 7.2.1.

7.2.2 Femperature-Coeffictent—Partial Derivative of Quantum Efficiency with Respect to Temperature—Determine the working

temperature eeeffietent;range eof the reference cell to be calibrated asfelows:and measure its @,(A) according to Annex Al of
Test Methods E973.
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Note 1—Test Method E973 requires all quantum efficiency measurements needed for O, (A, T,) and @, (L) be measured with the same multiplicative
calibration or scaling factors.

7.2.2.1 Pivideeachvalae-Repetition of 7.2.2 is 0pt10nal if O, -byhthe-nﬁrmahzedﬂﬂstaﬂtaﬂeeus-rﬁadtaﬂee—}ewi—aﬂk) has been

previously measured in accordance with 7.2.2

7.2.3 Linearity—Determine the short-circuit current versus irradiance linearity of the cell being calibrated in accordance with
Test Method E1143 for the irradiance range 750 to 1100 Wm ™.

7.2.3.1 For reference cells that use single-crystal silicon solar cells, or for reference cells that have been previously
characterized, the short-circuit current versus irradiance linearity determination is optional.

7.2.4 Fill Factor— Determine the fill factor of the cell to be calibrated from the I-V curve of the device, as measured in
accordance with Test Methods E948.

8. Procedure

8.1 Select the time period for a single calibration data point. Two factors must be considered: (/) the response time of the
pyrheliometer, and (2) the time required for the spectroradiometer to measure a single spectral irradiance.

8.1.1 Pyrheliometers have response times (defined as the time required for the instrument to indicate 95 % of a step change of
input irradiance) on the order of 1 to 30 s. It is recommended that the calibration time period span the manufacturer’s specified
response time by a factor of at least five.

8.1.1.1 Absolute cavity radiometers are self-calibrating instruments that rely on periodically blocking all light with shutters; the
blocked periods must be considered when selecting the calibration time period.

8.1.2 Spectroradiometers that use mechanically rotated diffraction gratings can require as much as 60 s to scan a single spectral
irradiance, while those that employ photodiode arrays can reduce the measurement time to tens of milliseconds.

8.1.3 Use the larger of either 8.1.1 or 8.1.2 as the calibration time period.

8.2 Mount the reference cell to be calibrated, the colimator,—the—pyrheliometer, and the speetral-irradtance—measurement

equipmentspectroradiometer on the tracking ptatferms:platforms, and orient the collimating tubes parallel to the sun vector within
the tracking limits of the platforms (see 6.4).

8.3 Measure-the-relative—speetral-irradiance—of-the—sun;Collect data for a single calibration data point E(x);during using—the
Sﬁeefra-l—rffadiaﬂee—meaﬁifemeﬁ{—msffumenf—fsee-thc calibration tlmc perlod as follows:6-6)-and-the-procedure-of TestMethod-E973-

8.3. 1 Measure fhe—pyfhehemefereu-t-put—an array of Ereference cell short-circuit current values, where n and-verify-that the-totat
irradtanee-ts-between-is the number of current values:

1=[11,..1] @8]

750 Wm 2 =

8.3.2 Measure the-short-eirenit-etirrent-an array of the referenee-eel;-pyrheliometer output values, where #n - is the number of
irradiance values:

E=[E,E,..E] 2

8.3.3 Measure-thereference-cel-temperature;Depending on the speed of the Felectrical measurement equipment (see 6.6), the
numbers of current and irradiance values obtained in 8.3.1 and 8.3.2 might not be identical, and they are not required to be
identical. However, the time periods over which the Values are obtalned must be 1dentlcal

8.34 Repea-tMeasure
irradiance meas
=*=9—2—%—d-uﬂ-rrg—t-h&1=epct-rﬁeﬂs-for the cahbratlon tlme perlod using the spectroradlometer

8.3.4.1 If the spectroradiometer measurement time is less than the calibration time period, collect multiple spectra and average
them to obtain a single spectral irradiance.

8.3.5

m-Measure the reference cell temperature, 8:2-4-to-obtaint

8.4 Perform a minimum of fivesix replications of §:28.3: on at least three separate days; more repetitions are recommended.



https://standards.iteh.ai/catalog/standards/sist/593fad24-f61a-41dd-8597-350828a67c4a/astm-e1125-16

