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We have constructed and characterized a simple probe that is suitable for accurate measurements of
irradiance in the UV to the vacuum UV spectral range. The irradiance meter consists of a PtSi detector
located behind a 5-mm-diameter aperture. The probe was characterized at various wavelengths ranging
from 130 to 320 nm by use of continuously tunable synchrotron radiation from the Synchrotron Ultra-
violet Radiation Facility III. We determined the irradiance responsivity by scanning a small monochro-
matic beam over the active area of the irradiance meter and measuring its response on a grid with regular
spacing. The angular response was also determined and shown to be suitable for applications such as
photolithography. In addition, we studied the radiation damage using a 157-nm excimer laser and found
that the irradiance meter can endure more than 100 J�cm2 of 157-nm radiation before a noticeable change
occurs in its responsivity. Many industrial applications such as UV curing, photolithography, or semi-
conductor chip fabrication that require accurate measurement of the irradiance would benefit from
having such a stable, accurate UV irradiance meter.

OCIS codes: 120.5630, 120.0280, 040.6070, 040.7190.
1. Introduction

Irradiance meters are well developed and widely used
over the spectral range from the infrared to the UV.
In the UV, considerable effort has been devoted to
irradiance meter development and calibration due to
a wide range of applications for which accurate UV
measurements are required.1 Recently, industrial
applications, such as UV curing and semiconductor
photolithography, have pushed the measurement
needs into the vacuum-ultraviolet �VUV� region.
The UV and VUV regions pose significant complexi-
ties2 in the development of irradiance meters com-
pared with their counterparts in the near UV to the
infrared because detectors are susceptible to radia-
tion damage; there are only a few optical components
�filters, diffusers, etc.� available; and calibration tech-
niques do not have the necessary accuracy. To im-
prove the accuracy of UV and VUV irradiance
measurements, we have designed, constructed, char-
acterized, and calibrated an irradiance meter based
on a recently developed UV solid-state photodiode.
The instrument was calibrated at a number of UV
wavelengths including several excimer-laser wave-
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lengths, e.g., 157 and 193 nm, that are important for
the semiconductor and UV-curing industries.

The characterization and calibration of this new
irradiance meter were performed at a detector-based
radiometry beamline by use of continuously tunable
synchrotron radiation from the Synchrotron Ultravi-
olet Radiation Facility �SURF�3 at the National In-
stitute of Standards and Technology �NIST�. This
beamline4,5 was designed primarily to calibrate the
power response of UV detectors from 130 to 320 nm.
Typically, the calibration of irradiance responsivity
requires radiation sources with uniform power distri-
bution across the entrance area of the irradiance
meter. For example, NIST’s Spectral Irradiance
and Radiance Responsivity Calibrations with Uni-
form Sources �SIRCUS� Facility6 uses lasers with an
integrating sphere to produce a uniform irradiant
distribution at a reference plane. Irradiance meters
are placed in the uniform field and the responses from
the meter under test are measured. The wave-
length range of SIRCUS, however, is ultimately lim-
ited by the laser system to wavelengths longer than
200 nm. Furthermore, the throughput of the inte-
grating sphere decreases dramatically into the UV
region, which results in a much less uniform radia-
tion output that could affect the accuracy of calibra-
tion.

An alternative technique for irradiance responsiv-
ity calibration is to use a monochromatic and colli-
mated beam to raster scan the entire active area of
1 December 2002 � Vol. 41, No. 34 � APPLIED OPTICS 7173



the irradiance meter. This technique for irradiance
calibration was demonstrated previously for near-UV
and visible radiation.7–9 Utilizing the UV and VUV
radiation available at the SURF, we were able to use
this calibration technique to calibrate irradiance
meters at wavelengths as short as 130 nm.

In addition to the irradiance responsivity calibra-
tion, we also studied the effects of UV exposure on the
responsivity of the irradiance meter and its angular
response to the incident radiation. Deviation from
an ideal cosine response usually occurs at large inci-
dent angles, thus limiting the useful viewing angle of
the irradiance meter to the incident radiation.2

The important issue peculiar to UV and VUV stud-
ies involves the stability of the detectors under irra-
diation. The changes in the response of an
irradiance meter affect the measurement accuracy.
Radiation damage resistance must be studied to de-
termine the frequency of recalibration of the specific
detector required to achieve the necessary accuracy.
The more resistant a detector is to damage from UV
radiation, the more reliable it is in radiation mea-
surements. For our design of the UV irradiance
meter, we used a PtSi-windowed silicon photodiode
with much improved radiation hardness as the de-
tector. We tested this detector to assess radiation
resistance quantitatively by using a 157-nm excimer
laser. The response of the detector was measured as
a function of the total amount of irradiation.

2. Irradiance Meter and Characterization Facility

The irradiance meter was constructed with an UV
photodiode from International Radiation Detectors,
Inc.10 This photodiode is a silicon photodiode with a
thin PtSi front window instead of the traditional SiO2
front window to increase its hardness against UV
radiation.11 The photodiode has an active area of 10
mm � 10 mm. An aperture with a diameter of 5 mm
was attached immediately to the front of the photo-
diode. The close proximity of the aperture and the
detector surface reduces the effect of incident radia-
tion multireflecting between the detector surface and
the aperture.

The facility used to calibrate and characterize the
irradiance meter is the cryogenic radiometry beam-
line at SURF III.4 The beamline consists of a 2-m
monochromator followed by refocusing optics, a de-
tector test chamber, and a liquid-helium-cooled cryo-
genic radiometer. The cryogenic radiometer serves
as the primary standard for detector calibrations.
The overall relative uncertainty achieved is less than
0.5% for spectral power responsivity calibrations in
the range from 130 to 320 nm. A detailed descrip-
tion of the beamline components and uncertainty
analysis can be found elsewhere.4

Inside the detector chamber, the test detector is
mounted on an x-y motorized stage and can be accu-
rately positioned and scanned in the plane perpen-
dicular to the incident beam. The test detector can
also be rotated to change both the incident angle and
the polarization state of the incident beam since syn-
chrotron radiation is highly polarized. In addition,

the test detector can be irradiated with a 157-nm
laser beam for damage studies. The laser beam en-
tered the chamber through a MgF2 window port on
one side of the chamber.

3. Methodology of Irradiance Responsivity Calibration

The irradiance responsivity of an irradiance meter, R
�A�W cm2�, is defined as

R �
i
E

� ��
A

s� x, y�dxdy, (1)

where i �A� is the current from the irradiance meter,
E �W�cm2� is the irradiance, and s�x, y� �A�W� is the
power responsivity of the detector at location �x, y� of
the detector surface. The integral is over the area of
the irradiance meter’s aperture A since s�x, y� van-
ishes outside the aperture area. For irradiance
meters with a uniform power responsivity, s0, across
its active area, the irradiance responsivity of Eq. �1�
reduces to the power responsivity s0 multiplied by the
area of its aperture.

To measure R for more general cases, we used a
probe beam to raster across the entire detector sur-
face �see Fig. 1� while we measured the response of
the detector. Assuming that the probe beam has the
same relative intensity distribution or a normalized
flux density �n�x � x�, y � y��, and the total power of
probe beam P�x�, y�� relative to reference point �x�,
y��, the function �n�x � x�, y � y�� is normalized such
that

��
S

�n� x � x�, y � y��dxdy � 1, (2)

where the area of integral S is over the infinite x-y
plane to include the entire beam.

With the probe beam at a position �x�, y�� during
the raster scan, the response of detector s��x�, y��
�A�W� is a measurable quantity determined by

s�� x�, y�� �
i� x�, y��

P� x�, y��
, (3)

Fig. 1. Beam scanning technique for irradiance responsivity cal-
ibration.
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where i�x�, y�� is the measured current from the de-
tector. Furthermore, current i�x�, y�� can be ex-
pressed as

i� x�, y�� � ��
S

P� x�, y���n� x � x�,

y � y��s� x, y�dxdy. (4)

From Eq. �4�, Eq. �3� becomes

s�� x�, y�� � ��
A

�n� x � x�, y � y��s� x, y�dxdy. (5)

The area of the above integral reduces to the area of
the irradiance meter’s aperture A, since s�x, y� van-
ishes outside the aperture area. Assuming infini-
tesimal rastering steps, the integrated response of
s��x�, y�� from the detector is

��
S

s�� x�, y��dx�dy� � ��
S
���

A

�n� x � x�,

y � y��s� x, y�dxdy�dx�dy�.

(6)

By changing the order of integration, we have

��
S

s�� x�, y��dx�dy� � ��
A
���

S

�n� x � x�,

y � y��dx�dy��s� x, y�dxdy,

(7)

or

��
S

s�� x�, y��dx�dy� � ��
A

s� x, y�dxdy, (8)

since the integral of the normalized beam intensity
distribution is 1 as defined by Eq. �2�. Using Eq. �1�,
Eq. �8� becomes

R � ��
S

s�� x�, y��dx�dy�, (9)

and from Eq. �3� we have

R � ��
S

i� x�, y��

P� x�, y��
dx�dy�. (10)

Note that the spectral irradiance response is inde-
pendent of the probe beam intensity distribution.

In practice, we scanned the irradiance meter with

finite steps and we approximated Eq. �10� with the
sum of responses induced by each step as

R � �
x�,y�

i� x�, y��

P� x�, y��
	x�	y�, (11)

with a large enough rastering area of the probe beam
such that the probe beam induces negligible detector
response when it is outside the rastering area.
Equation �10� is a good approximation if the step size
is small compared with the dimensions of the active
area of the irradiance meter, and the spatial response
of the meter is reasonably smooth across the active
area.

4. Irradiance Responsivity Calibration

To determine the irradiance responsivity, the irradi-
ance meter was scanned in the x-y plane inside the
test detector chamber, as shown in Fig. 1. The beam
size at the detector plane was set to be 2 mm � 2 mm
by adjustment of the exit slit of the monochromator.
To ensure that the scan of the beam covers the entire
active area of the irradiance meter, which is 5 mm in
diameter, we scanned the beam in a matrix enclosing
an area of 10 mm � 10 mm. The step size was
typically 0.4 mm although finer steps were used in
some scans to check for measurement accuracy. We
measured the irradiance responsivity at three wave-
lengths, 157, 193, and 320 nm with a 2-nm resolution.

The result of the raster scan at 157 nm is shown in
Fig. 2. At the peak of the measured power respon-
sivity, a small plateau of approximately 1-mm dimen-
sion indicates the condition of a complete underfill of
the beam inside the aperture. The 1-mm dimension
is consistent with a 5-mm-diameter aperture scanned
by a 2-mm beam.

The responsivity measured outside the central
area shows a monotonic decrease when scanning out-
ward, because the probe beam is eclipsed by the ap-
erture and results in a convolution between the beam
size and the aperture edge.

Fig. 2. Measured power responsivity of the irradiance meter by
the scanning technique with a 2 mm � 2 mm beam at 157 nm.
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We calculated the irradiance responsivity of the
irradiance meter by summing all the responsivities of
the raster scan following Eq. �11�. The results are
shown in Table 1. Also shown in Table 1 is the
power responsivity measured at the center of the ir-
radiance meter and the effective area, or the ratio of
the irradiance response and the center responsivity.
The measured effective areas are in good agreement
with the actual area of the aperture. The fractional
differences are less than 0.15% for 157 and 193 nm
and 0.4% for 320 nm. This is to be compared with
the 0.2% relative uncertainty for the actual area of
the aperture. This result validates the scanning
technique used for this study and also indicates good
spatial uniformity of the photodiode across its active
area. The latter was confirmed by a separate mea-
surement of a PtSi photodiode without an aperture in
which the uniformity can be scanned for the entire
5-mm-diameter active area of the irradiance meter
without being clipped by the aperture. Such good
agreement further suggests that irradiance respon-
sivity of the irradiance meter of this study can be
derived from the measured central power responsiv-
ity of the irradiance meter avoiding the need for ras-
ter scanning at each wavelength. Shown in Fig. 3 is
the irradiance responsivity of the irradiance meter
calculated by the measured power responsivity of the
PtSi photodiode and multiplied by aperture area A.

To estimate the uncertainty of the measured irra-
diance responsivity, we note that the relative uncer-
tainty of the power responsivity is 0.5% �Ref. 5� for
the three wavelengths measured by raster scanning.
This, combined with the estimated 0.4% relative un-
certainty in scanning for aperture area, suggests an

estimated relative uncertainty of 0.6% in measured
irradiance responsivity.

The irradiance responsivity of the irradiance meter
at the longer wavelengths—around 320 nm—was
compared with two other NIST calibration facilities9:
the Spectral Comparator Facility �SCF� and the
SIRCUS Facility. The result from the SCF was in
relative agreement with the irradiance responsivity
shown in Fig. 3 to within 0.6% around 320 nm. The
SIRCUS measurements of irradiance responsivity at
325 nm agreed with the SCF results to within 0.2%.
Note that all the measurements discussed above
were performed with radiant power well below the
saturation region of the photodiode to avoid nonlinear
response from the photodiode.

5. Angular Response

Ideally, a cosine response from the irradiance meter
is followed when the incident angle of the incoming
radiation is changed. This implies that any reflec-
tance from the irradiance meter has to be a constant
independent of the incident angle. However, in the
case of our instrument, the reflection loss is a func-
tion of the angle of incidence and the polarization
state determined by the optical properties of the PtSi
window and the substrate silicon. Measuring the
spectral reflectance at different angles and polariza-
tion states provides a direct assessment of the devi-
ation from an ideal cosine response.

We studied the angular response of the irradiance
meter by measuring the spectral response of a PtSiFig. 3. Irradiance responsivity of the irradiance meter.

Fig. 4. Angular response of a PtSi photodiode measured at both p
polarization and s polarization at 10°, 20°, 30°, 40°, and 50° relative
to normal incidence.

Table 1. Irradiance Responsivity of the Irradiance Meter

Wavelength
�nm�

Irradiance
Responsivity
�A cm2�W�

Central
Detector
Power

Responsivity
�A�W�

Effective
Area
�cm2�

Physical
Area
�cm2�

157 4.879 � 10�4 2.482 � 10�3 0.1966 0.1963
193 5.687 � 10�4 2.900 � 10�3 0.1961 0.1963
320 1.324� 10�3 6.772 � 10�3 0.1955 0.1963
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photodiode as a function of incident angle up to 50°.
In addition, synchrotron radiation is highly polar-
ized, enabling the angular response for both polar-
ization states to be measured. Figure 4 shows the
results of this measurement for both p polarization
and s polarization. At an incident angle of 30°, the
relative response is increased by up to 7% for p po-
larization whereas the relative response is decreased
by up to 12% for s polarization for the spectral range
between 157 and 320 nm.

For most industrial applications, the sources, such
as discharge lamps or excimer lasers, typically have
little or no degree of polarization. Shown in Fig. 5 is
the result for unpolarized radiation. Here, the re-
sponse is decreased by less than 4% at an incident
angle of 30° for the spectral range between 157 and
320 nm. Radiation with an incident angle of 30° is
at the edge of a solid angle subtended by a numerical
aperture of 0.5. Such a large solid angle is often
used in commercial photolithography instruments.
Poor angular response of an irradiance meter from
the ideal cosine response can lead to large uncertain-
ties in measured irradiances. To estimate the un-
certainty caused by the angular response of the
irradiance meter under study, we assume a uniform
irradiation over the solid angle subtended by a nu-
merical aperture of 0.5. In this case, the readings of
the irradiance meter decrease by only 2% relative to
normal incidence.

Finally, it is of interest to note the excellent angu-
lar response from 300 nm to the visible as shown in
Fig. 5. In most of the visible, there is a less than 2%
change in relative response for incident angles as
large as 50°.

6. Radiation Damage

It was shown previously that typical silicon photo-
diodes exhibit damage effects when exposed to radi-
ation at wavelengths below 250 nm.12 The damage
effects become drastically more pronounced with
higher irradiation and at shorter wavelengths. To
demonstrate the radiation damage resistance of our
irradiance meter, we used a 157-nm excimer laser to
induce damage to the photodiode.13 The excimer la-
ser delivers approximately 1 mJ�cm2�pulse to the
detector with a maximum repetition rate of 100 Hz.

Our procedure for this study was as follows: The
detector was placed in the test chamber with the
monochromator tuned to 157 nm and the response of
the detector was measured. We note that the typical
power at 157 nm from the monochromator was less
than 1 
W, which caused negligible damage to the
PtSi photodiode used in this work. Afterward, the
photodiode was irradiated with a fixed dose of 157 nm
by the excimer laser. Following laser irradiation,
the low-power radiation of 157 nm from the mono-
chromator was applied to remeasure the photodiode
response. We repeated this cycle until we observed
a significant change in the photodiode response.

The measured change of the PtSi photodiode re-
sponse at 157 nm as a function of irradiation is shown
in Fig. 6. No noticeable change in 157-nm respon-
sivity was observed until approximately 100 J�cm2,
which is significantly better than the performance of
typical silicon photodiodes4 although at the expense
of much lower responsivity.4

For longer wavelengths, such as 193 nm, much
higher irradiation is required to reach the damage
threshold.13 Our study at 157 nm provides a limit-
ing case for the PtSi photodiode used as the irradi-
ance meter for this study.

7. Conclusion and Future Studies

A simple irradiance meter was constructed and char-
acterized by use of a cryogenic radiometer-based
beamline coupled with synchrotron radiation from
the SURF. The irradiance responsivity of the meter
was measured from the UV to the VUV by use of the
aperture scanning technique. The irradiance meter
exhibited reasonable radiation resistance as we dem-
onstrated by using a 157-nm excimer laser. Al-
though the meter does not include a diffuser to
improve the angular response, we found an excellent
angular response that is well suited for applications
such as photolithography for which the typical nu-
merical aperture is 0.5. This meter can be used for
many other industrial and environmental applica-
tions in the UV and the VUV.

We are in the process of testing more state-of-the-
art photodiodes for use in irradiance measurements.
Even though the irradiance meter in this study is a
broadband detector, it is possible to incorporate filter

Fig. 5. Angular response of a PtSi photodiode with unpolarized
radiation at 10°, 20°, 30°, 40°, and 50° relative to normal incidence.

Fig. 6. Degradation of the PtSi photodiode response �at 157 nm�
caused by 157-nm excimer laser radiation.
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devices. Furthermore, it is also possible to modify
the PtSi window of the photodiode by altering its
thickness or chemical composition to tailor the irra-
diance responsivity, angular response, and radiation
damage for specific applications.

The authors thank Steven W. Brown, George P.
Eppeldauer, and Thomas C. Larason for their helpful
discussions and suggestions.
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