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1 Introduction - Motivation

In this document we present the photometric intercalibration of several silicon photodiodes. This
work has been motivated by our needs for the DESI project:

• The accurate measurement of the throughput of the DESI spectrograph, planned to be done
during the acceptation tests of the first DESI spectrograph [?]; the throughput measurement
will use calibrated photodiodes from GigaHertz Optik/DKD to measure the injected flux in
the spectrograph, and compare this flux to the one recorded on each of the 3 CCD cameras,
one per arm of the DESI spectrograph. These photodiodes have already been calibrated by the
seller; what we present here are cross-check measurements.

• The photometric characterization of several arc lamps and continuum lamps for the DESI in-
situ calibration system, as we need to properly estimate the illumination power delivered from
end to end by the calibration system we design.

2 Silicon photodiodes

The silicon photodiodes studied are listed in the table 1 below.

The photodiode NIST-S2281-1758 calibrated by the NIST (in charge of the definition of the optical
Watt unit) is the most precisely calibrated photodiode available to us, with relative errors of the
order of 0.2% on most of the spectral range, and it is therefore used as the main metrologic reference
in this work.

Si photodiode reference provider calibration date geometry area refs

NIST-S2281-1758 Hamamatsu NIST 2008-01-07 circular 100mm2 sect. A

DKD-MD-37-SU100-2-30853 Gigahertz-Optik DKD 2015-11-30 10× 10mm 100mm2 sect. B

DKD-MD-37-SU100-2-30854 Gigahertz-Optik DKD 2015-11-30 10× 10mm 100mm2 sect. B

Thorlabs-FDS10x10-00001 Thorlabs — — 10× 10mm 100mm2 sect. C

Table 1: Silicon photodiodes studied in this report. Detailled specifications and calibration reports are provided
in sections A, B and C.

5



Hamamatsu Silicon 
photodiode 
S2281 serial #1758
NIST calibrated
(circular, 1 cm²)

Silicon photodiode
MD-37-SU100-2 
serial #30853
calibrated by
DKD/GigaHertz Optik
(square, 10 mm x10 mm)

Figure 1: Photodiodes (NIST and DKD-30853) mounted on the sensor plateform attached to the XY motor-
ized stage on the calibration optical bench. This allow to successively center each photodiode in front of the
monochromator exit slit by moving the plateform up and down. Using the same XY motorized stage, the light
beams could also be mapped with a sub-millimetric resolution.

3 Optical setup

The calibration work presented here has be done with the spectrophotometric optical test bench orig-
inally developped for the DICE experiment [Regnault, N. et al., 2015; Guyonnet, 2012]; this facility
is located at Laboratoire de Physique Nucléaire et de Hautes Énergies (LPNHE), UMR-7585, CNRS-
IN2P3, on the main campus of Université Pierre et Marie Curie (UPMC), Sorbonne Universités, in
Paris, France.

The optical bench is presented on fig. 2. Enclosed in a 4m× 2m× 2m dedicated dark box, it consists
of a stable 2.5 m optical bench, equiped with 5 motorized stages: a XY stage to move the light sources,
and a XYZ stage to move a vertical plateform where several sensors (photodiodes, CCD camera, etc.)
may be attached (see fig. 1). The accuracy of both XY motors is of the order of 10µm.

3.1 Light sources

Several light sources may be used on this bench. For the photodiode intercalibration, we used a
highly stable multi-LED light source (see fig. 3), developped for the DICE project (SNDICE-I and
SNDICE-II at CFHT, Hawai’i, SkyDICE for Skymapper, Siding Springs, StarDICE at Observatoire de
Haute-Provence, see Regnault, N. et al. [2015]).

This light source provides 24 flat 1-degree LED beams, each beam with a narrow wavelength cover-
age of 10-30 nm. The wavelength coverage for the 24 LEDs is presented on fig. 4.

The LED current for each channel can be modulated with high precision, and the resulting light flux
is very stable (up to 10−4 in a thermalised environment).
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When mounted on the optical bench, LED beams are parallel to the bench optical axis. Using the XY
stage, each light beam can be centered on the entrance of the monochromator (see below) when the
bench is used in spectrometric mode.

DICE 24-LED ultra stable source,
attached on a XY motorized stage.

Exit holes for the 1-degree beam
for each of the 24 LED

Figure 3: The DICE calibration source, installed on a XY motorized stage.

Figure 4: Spectral coverage for the 24 LED of the DICE calibration source.
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3.2 Monochromator

To measure light power in a selected wavelength narrow range, a monochromator can be installed
on the optical bench (see fig. 2). We use a Czerny-Turner monochromator DK-240 from Spectral
Products (serial #11010), with a focal length of 240 mm (f/# 3.9). This monochromator is removed
when the optical bench is used in photometric mode; it is installed at a precise fixed position on the
bench when used for spectrometric measurements.

The monochromator has a triple grating turret, with 3 gratings from Newport described in table 2;
their efficiency is shown on figure 5. These gratings allow to cover the wavelength range from 300 nm
to 1000 nm; the resulting wavelength resolution can reach 0.01 nm (depending of the slit width used).

The monochromator is equiped with motorized entrance and exit slits, whose width is adjustable
from 30µm to 3mm. When the entrance and exit slits are set to the same width, the monochromator
dispersion relationship is 3.2nm/mm.

grating reference grooves/mm blaze angle blaze wavelength

#1 3000-4-11-6-19-4 1200 10.4 deg 302.52nm

#2 1597-5-3-9-12-4-4-7 1200 17.4 deg 507.01nm

#3 MR136-15-8-18-1-3-1-4-1-9 1200 26.7 deg 776.67nm

Table 2: Gratings used with the Spectral Products DK-240 monochromator.

In this work, the slit width has been set to 0.625mm, which corresponds to a 2nm coverage. As both
slit are rectangular, the spectral response for an very narrow spectral line is a triangular function
(convolution of the rectangular transmission functions of the entrance and the exit slits) with a half-
width of 2nm (fig. 5).

gratings efficiency

gr
at
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ef
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ie
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y 
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)

wavelength (nm)

grating #2 (500)

grating #1 (300)

grating #3 (775)

2 nm

4 nm

λ

Figure 5: Left: efficiency for the 3 gratings used with the Spectral Products DK-240 monochromator. Right:
Monochromator response for a narrow spectral line (as obtained with low pressure arc lamps for instance)
when both the entrance and exit slits are set to 0.625mm (adapted from Guyonnet [2012]).
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The monochromator wavelength calibration has been done in this slit configuration (0.625mm for
the entrance and exit slits) using a HgAr lamp (PenRay 6035 from Newport/Oriel).

3.3 Ammeters

The photocurrent of the studied photodiodes is measured with ammeters/electrometers from Tek-
tronix/Keithley, mainly several Keithley 6514 picoammeters, and a bi-channel Keithley-6482 picoam-
meter. The measured photocurrents vary between 0.1pA to 100pA, which is the photocurrent range
obtained in our optical setups, which correspond to illumination powers from approx. 0.1 pW to
1 nW.

#id ammeter model provider resolution serial calibration date

#1 Keithley 6514 Tektronix 1 fA 1118345 2008-XX-XX

#2 Keithley 6514 Tektronix 1 fA 4036939 2015-05-05

#3 Keithley 6514 Tektronix 1 fA 4131086 20XX-XX-XX

#4 Keithley 6482 (2-channel) Tektronix 1 fA 1410711 2016-01-29

Table 3: Picoammeters used to measure the photodiode photocurrent.

4 Measurement procedure

The principle of our measure is the following: to estimate the power responsivity of the studied
photodiode at a given wavelength, we produce a thin monochromatic light beam using our highly
stable light source and our monochromator: once centered on the monochromator optical axis, both
the studied photodiode and the reference photodiode (NIST) will receive the same light beam, and
we record the photocurrent measured in both photodiodes with two picoammeters.

In our setup, the exit slit of the monochromator is 0.625mm × 3.0mm wide: as the photodiodes are
placed at a distance of 25mm from the exit slit, the resulting beam is 1.1mm × 3.5mm wide on the
photodiode surface, and is entirely contained in the surface of each photodiode (see table 1) when
the photodiode is properly centered in front of the monochromator exit slit (see below).

4.1 Beam mapping

A critical assumption in this work is that the photodiodes we compare all received the exact same
amount of monochromatic light at each wavelength and LED current level. As the geometry of the
sensitive area of is not always the same for all the studied photodiodes, we map the monochromatic
light beam for each photodiode, by moving the XY plateform (where the photodiodes are attached)
perpendicularly to the optical axis and measuring the corresponding photocurrent. The beam map
have been done with a resolution of 0.5mm.

For each photodiode, the resulting beam map is the spatial convolution between the photodiode
sensitive area (circular or rectangular, depending of the model, see table 1) and the light beam spatial
distribution in the photodiode plane.

Some of the resulting maps are presented on figures 6 and 7. Each map presents a large plateau
where the photocurrent is uniform and independent of the photodiode position, which corresponds
to all the XY positions where the light beam from the monochromator exit slit is entirely contained
inside the photodiode surface.
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The beam mapping has been done at different wavelengths, and for the three monochromator grat-
ings, and produce the same beam maps.

For the intercalibration, the XY reference position for each photodiode is chosen at the center of this
plateau.
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Figure 6: Mapping of the monochromatic light from the monochromator exit slit by moving the NIST photodi-
ode with the XY motorized stage. The map has been done with a resolution of 0.5 mm. The resulting map is the
convolution of the rectangular light beam with the 1 cm2 circular sensitive area of the NIST. The photocurrent
plateau corresponds to XY position where the NIST photodiode catch the entire light beam.
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Figure 7: Mapping of the monochromatic light from the monochromator exit slit by moving the DKD-30853
photodiode with the XY motorized stage. The map has been done with a resolution of 0.5 mm. The resulting
map is the convolution of the rectangular light beam with the 10mm × 10mm square sensitive area of the
DKD-30853. The photocurrent plateau corresponds to XY position where the DKD photodiode catch the entire
light beam. (All the studied DKD and the Thorlabs photodiode have the same geometry).

4.2 Data acquisition sequence

Here we described the measurement procedure used. To measure the power responsivity of a given
photodiode, we compare its photocurrent to the one produced by the NIST calibrated photodiode,
for the same light beam (in wavelength and power).

To minimize the effects of possible variations in the source and/or the monochromator, we place suc-
cessively the two photodiodes in front of the monochromator exit slit, by moving the sensor plate-
form, for each LED, each LED current value and each monochromator wavelength, and repeating
several times the operation in a given (ILED, λ) configuration. The whole task is automatized and run
without any human intervention. By exchanging repeatedly the photodiodes, we get rid of any time
dependency of the source and/or monochromator characteristics. Furthermore, a perfect knowledge
of the monochromator throughput is not requested.

In practice, once the photodiodes are installed on the sensor plateform, we first map the light beam
from the monochromator exit slit for several LEDs and wavelengths (see above in section 4.1). Using
these maps we choose a reference XY position of the sensor plateform for each photodiode, in order
to get the whole light beam inside the photodiode surface in that reference position.

Then, for each of the 24 DICE LEDs, successively,

1. Using the XY motorized stage, the DICE source is moved to properly align the selected LED
beam (1-degree wide) with the monochromator entrance slit;

12



2. Then, we do a current ramp for the selected LED, from 1% to the full nominal current (20 mA
to 50 mA depending of the LED), following these steps:

(a) Before turning the LED on, the dark current is measured for each photodiode (NIST, DKD,
etc.);

(b) The LED is turned on with the chosen current;

(c) We wait 120 seconds for the LED thermal stabilisation at this current level;

(d) For each wavelength λ in the wavelength range of the selected LED:

i. The monochromator is set to λ;

ii. For each photodiode on the XYZ plateform:
A. Using the sensor XY stage, the selected photodiode is moved in front of the monochro-

mator exit slit, in a position where it catches the whole beam;

B. The photodiode photocurrent is measured with its connected picoammeter.

(e) The LED is turned off.

During this procedure, the ambiant and monochromator temperatures are monitored, to be able to
correct the small dependency of the monochromator wavelength calibration with the temperature.
The DICE temperature (both for the stable current source and the LEDs) is also continuously moni-
tored.

5 Modeling the photodiode dark current

As the acquisition procedure described above may take several hours (typically around 10-12 hours),
we monitor the dark current of each photodiode, to be able to subtract it from our photocurrent
measurements. This allows to get rid at the same time of the slow drift of the dark current and of
the picoammeter pedestal. To avoid increasing the noise, we model the slow variations of the dark
current by polynomials (See fig. 8).
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Figure 8: Variations of the photodiode dark current with time during the intercalibration procedure. We fit a
empirical model (polynomials) to remove the slow drift of the dark current.
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6 Responsivity ratio

For a given illumination power ϕ [W], with the monochromatic beam contained in the photodiode
surface, the photocurrent measured for photodiode PhD may be written as:

IPhD(ϕ) = Idark
PhD + sPhD(λ)ϕ(λ)

where sPhD(λ) is the photodiode responsivity (in A/W), and where

Idark
PhD = IPhD(ϕ = 0)

is the dark current of the photodiode. In practice, this will also take into account slow drifts of the
picoammeter reference.

By illuminating successively two photodiodes with the same monochromatic beam, and measuring
the resulting photocurrent for both, we may estimate the responsivity ratio r between these photodi-
odes. For instance, when we intercalibrate a given photodiode PhD with the reference NIST one, we
can estimate, at each selected wavelength λ, the responsivity ratio between both photodiodes:

rPhD/NIST =
sPhD(λ)

sNIST(λ)
=

IPhD(ϕ(λ))− Idark
PhD

INIST(ϕ(λ))− Idark
NIST

In practice, as we measured both photocurrents at a given wavelength λ for several levels of illumi-
nation by varying the LED current, once both dark currents have been subtracted the responsivity
ratio r is obtained by a linear fit of this dataset. An example of this is shown on figure 9.

This procedure also allows to check the linearity of the photodiodes and the ammeters on the used
illumination range.

This procedure is applied at all the selected wavelengths, thus producing an estimate of the respon-
sivity ratio r between each studied photodiode and the NIST one, used as the reference.

The resulting responsivity ratio for the DKD-MD-37-SU100-2-30853 (respectively for the DKD-MD-
37-SU100-2-30854) is shown on figure 12 (resp. 14) below.
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r(λ) = 0.974606 +/- 0.000695 

Figure 9: Top: DKD photo current vs. NIST photo current, for several illumination levels at λ = 390nm; Dark
currents have been subtracted before the linear adjustement of the responsivity ratio r(λ). Bottom: residuals
of the linear adjustement.

7 Removing ammeter calibration systematics

The described measurement of the responsivity ratio may be affected by calibration biases of the
picoammeter used to measure the photocurrent. Luckily, there is a simple way to get rid of calibration
biases of both picoammeters at the same time, by doing the measurements twice while swapping the
two picoammeters.
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Let suppose that both ammeters (named “1” and “2”) are slightly miscalibrated:

Imeas,1
NIST = (1 + α1)I

true
NIST + β1

Imeas,2
PhD = (1 + α2)I

true
PhD + β2

where I true is the true photocurrent, Imeas,i the current value as measured by ammeter #i, and αi, βi
the miscalibration parametrisation for ammeter #i.

As we subtract the measured dark currents, we are not sensitive to calibration biases β1 and β2, but
we may be affected by αi factors.

For a given light flux φ(λ), illuminating successively both photodiodes, the responsivity ratio rPhD/NIST
we estimate may be written as :

rPhD/NIST =
Imeas

PhD (φ)− Imeas
PhD (0)

Imeas
NIST(φ)− Imeas

NIST(0)

With the NIST photodiode connected to ammeter 1 and the other photodiode connected to amme-
ter 2, we get :

rPhD,2/NIST,1 =
Imeas,2

PhD (φ)− Imeas,2
PhD (0)

Imeas,1
NIST (φ)− Imeas,1

NIST (0)
=

(1 + α2)
[
I true

PhD(φ)− I true
PhD(0)

]
(1 + α1)

[
I true

NIST(φ)− I true
NIST(0)

]
When we exchange both ammeters, connecting the NIST photodiode to ammeter 2, and the other
one to ammeter 1, we then measure :

rPhD,1/NIST,2 =
Imeas,1

PhD (φ)− Imeas,1
PhD (0)

Imeas,2
NIST (φ)− Imeas,2

NIST (0)
=

(1 + α1)
[
I true

PhD(φ)− I true
PhD(0)

]
(1 + α2)

[
I true

NIST(φ)− I true
NIST(0)

]
Combining both measurements, we can get rid of any ammeter miscalibration by using the following
estimator of the responsivity ratio r :

√
rPhD,2/NIST,1 × rPhD,1/NIST,2 =

√
(1 + α2)

(1 + α1)
× (1 + α1)

(1 + α2)
×
[
I true

PhD(φ)− I true
PhD(0)

][
I true

NIST(φ)− I true
NIST(0)

] = [
I true

PhD(φ)− I true
PhD(0)

][
I true

NIST(φ)− I true
NIST(0)

]
The resulting estimate of the responsivity ratio is shown on figure 10 for the DKD-MD-37-SU100-2-
30853 and on figure 11 for the DKD-MD-37-SU100-2-30854 photodiode.
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8 Responsivity and quantum efficiency

Once the responsivity ratio between the studied photodiode and the NIST one has been measured,
and under the hypothesis that the NIST calibration has not changed (which is not absolutely cer-
tain, as the calibration has been done in 2008), we can use our measure of the responsivity ratio to
independently establish an absolute calibration for all the studied photodiodes:

sPhD(λ) = rPhD/NIST × sNIST(λ)

This result may also be expressed as the photodiode quantum efficiency (QE) [e−/photon] :

QEPhD(λ) =
hc

λe
× sPhD(λ)

The resulting estimates of the responsivity and quantum efficiency is shown on fig. 12 and 13 for the
DKD-MD-37-SU100-2-30853, on fig. 14 and 15 for the DKD-MD-37-SU100-2-30854, and on fig. 16 for
the Thorlabs-FDS10x10-00001.

For the DKD-MD-37-SU100-2-30853 and DKD-MD-37-SU100-2-30854 photodiodes, the power re-
sponsivity and quantum efficiency we measured are compatibles with the calibration provided by
Gigahertz-Optik/DKD.

For the Thorlabs-FDS10x10-00001 photodiode, the responsivity and QE curves are very similar with
the typical curves from the specifications of the Thorlabs/FDS10x10 products.
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9 Conclusions

Using the spectrophotometric testbench of the LPNHE, Paris, we measured the power responsivity
and the quantum efficiency of several silicon photodiodes for the DESI project. For the two photo-
diodes provided and calibrated by Gigahertz Optik/DKD, our measurements are compliants with
the provided calibration. For the uncalibrated photodiode from Thorlabs, the power responsivity we
measured is compatible with the photodiode datasheet.
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A Hamamatsu NIST S2281 1758

In this section, we include the official calibration documents for the NIST-S2281-1758 photodiode,
calibrated by the NIST, that we bought for the DICE project through the Canada-France-Hawai’i
Telescope (CFHT).

Si photodiode reference provider calibration date geometry area

NIST-S2281-1758 Hamamatsu NIST 2008-01-07 circular 100mm2
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B Photodiodes calibrated by DKD/Gigahertz Optik

In this section, we include the official calibration documents for the DKD-MD-37-SU100-2-30853
and DKD-MD-37-SU100-2-30854 photodiodes, calibrated by the Gigahertz-Optik (certified by the
German standards service, the Deutscher Kalibrerdienst aka “DKD”), that we bought for the DESI
project.

Si photodiode reference provider calibration date geometry area

DKD-MD-37-SU100-2-30853 Gigahertz-Optik DKD 2015-11-30 10× 10mm 100mm2

DKD-MD-37-SU100-2-30854 Gigahertz-Optik DKD 2015-11-30 10× 10mm 100mm2
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C Thorlabs photodiodes

In this section, we include the commercial documentation for the Thorlabs FDS10x10 photodiode, of
which we bought several items for various experiments at LPNHE. The photometric measurements
of the DESI calibration lamps are done with one of them (Thorlabs-FDS10x10-00001).

Si photodiode reference provider calibration date geometry area

Thorlabs-FDS10x10-00001 Thorlabs — — 10× 10mm 100mm2
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Description 

The Thorlabs FDS10X10, silicon photodiode is ideal for measuring both pulsed and CW fiber light with sensitivity 

from 340 to 1100 nm. The detector is housed in a ceramic package with an anode and cathode connection. 

Under reverse bias application, the photodiode anode produces a current, which is a function of the incident 

light power and the wavelength. The responsivity ℜ(λ), can be read from Figure 1 to estimate the amount of 

photocurrent per incident light energy. The photodiode current can be converted to a voltage by placing a load 

resistor (RL) between the photodiode anode and the circuit ground. The output voltage is derived as: 

     ℜ     

The bandwidth, fBW, and the rise time response, tR, are determined from the diode capacitance, CJ, and the 

load resistance, RL, as shown below. The diode capacitance can be lowered by placing a bias voltage from the 

photodiode cathode to the circuit ground.  

     
 

(  )    
,    

    

   
 

Specifications 

Specification  Value 
Wavelength Range λ 340 - 1100 nm 

Peak Wavelength λp 960 nm 

Responsivity ℜ(λp) 0.62 A/W 

Active Area  100 mm2 

Rise/Fall Time (RL=50 Ω, 5 V) tr/tf 150 ns / 150 ns 

NEP, Typical (960 nm) W/√Hz 1.50 x 10-14 

Dark Current (5 V) Id 200 pA 

Capacitance (5 V) Cj 380 pF 

Package  Ceramic 

Sensor Material  Silicon (Si) 

 

Maximum Rating 

Max Bias (Reverse) Voltage 5 V 

Operating Temperature -40 to +75 °C 

Storage Temperature -55 to +125 °C 

 

 

 

 

Silicon Photodiode 

FDS10X10 
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Typical Spectral Intensity Distribution 

 

 

 

 

Recommended Circuit 
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Drawing 
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Precautions and Warranty Information 

These products are ESD (electrostatic discharge) sensitive and as a result are not covered under warranty. In 

order to ensure the proper functioning of a photodiode care must be given to maintain the highest standards of 

compliance to the maximum electrical specifications when handling such devices. The photodiodes are 

particularly sensitive to any value that exceeds the absolute maximum ratings of the product. Any applied 

voltage in excess of the maximum specification will cause damage and possible complete failure to the 

product. The user must use handling procedures that prevent any electro static discharges or other voltage 

surges when handling or using these devices. 

Thorlabs, Inc. Life Support and Military Use Application Policy is stated below: 

THORLABS’ PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT DEVICES OR 

SYSTEMS OR IN ANY MILITARY APPLICATION WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF 

THORLABS, INC. As used herein: 

1. Life support devices or systems are devices or systems which, (a) are intended for surgical implant into the 

body, or (b) support or sustain life, and whose failure to perform, when properly used in accordance with 

instructions for use provided in the labeling, can be reasonably expected to result in a significant injury to the 

user. 

2. A critical component is any component in a life support device or system whose failure to perform can be 

reasonably expected to cause the failure of the life support device or system or to affect its safety or 

effectiveness. 

3. The Thorlabs products described in this document are not intended nor warranted for usage in Military 

Applications. 
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