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The Synchrotron Ultraviolet Radiation Facilit@URF IIl) at the National Institute of Standards and
Technology provides a unique research opportunity in precision measurements with its continuous
and calculable radiation stretching from the soft x ray to the far infrared. In response to the rapid
development of ultraviolet photodetectors for applications ranging from industrial photolithography
to astrophysics, we have developed measurement capabilities to characterize photodetectors with
high accuracy. The absolute measurements at SURF Il are based on a high-accuracy liquid-helium
cooled cryogenic radiometer for measuring the power of the dispersed radiation from SURF Il
through a monochromator. Typical detector calibration uncertainties achieved at SURF 1ll using
cryogenic radiometer is better than 0.5% in the ultraviolet. Equipped with such a tool, we were able
to study a variety of ultraviolet detectors and determine their spectral responsivities, surface
reflectivities, and the effects of radiation damage. Due to the accuracy of these measurements, the
internal quantum efficiencies of the photodetectors can be derived and theoretically modeled to
provide information on the mechanism of photo detection.2@2 American Institute of Physics.
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I. INTRODUCTION tions. In addition, the data generate insights into the
detector’s internal photon detection mechanism. For ex-

The Synchrotron Ultraviolet Radiation FacilifsURF ample, with the measured detector spectral responsivity and
1! at the National Institute of Standards and Technology bie, P P y

(NIST) is dedicated to setting the radiation measuremenf‘urface reflectance, the internal quantum efficiency, defined
standards for radiometry. Because of the relatively low elec@S the number of electrons generated per absorbed photon,
tron energy and highly uniform magnetic field of the storagecan be derived. The internal quantum efficiency of a detector
ring, SURF Il is especially suitable for UV measurementsas a function of wavelength in turn can be modeled for the
with high accuracy. Beamline %> operated by the Optical depth profile of charge collection efficiency. This article de-
Technology Division, is one of the SURF Il radiometric scribes various measurement methods for detector character-
beamlines for UV detector characterization that covers thgzation with examples to demonstrate the capability of beam-
spectral range from the visible down to about 130 nm. UVjine 4.

detectors in this range have important technological applica-

tions, such as medical procedures, UV curing, and semicorll: BEAMLINE DESCRIPTION

ductor photolithography where intense research and develop- Beamline 4 consists of two grazing-incidence mirrors, a
ment efforts are underway for the use of 193 and 157 NM_m-normal incidence monochromat@yIM) and an imag-

Ia;ers as light sourcésNew .UV detectors are 'co'nstantly ineg system downstream of the monochromator. The sche-
being developed to address issues such as radiation damage,,. ~ . . : .
atic diagram of the beamline 4 components is shown in

solar blindness, linearity, and spatial and time resolution. The_, .
purpose of beamline 4 is to characterize UV detectors witH:'g' 1. The ACR connected at the very end of the beamline
an emphasis on absolute and accurate measurements. This is

achieved by establishing an UV scale through a high-
accuracy absolute cryogenic radiomet&CR). The UV
scale on beamline 4 enables measurement of detector spe swem a
tral responsivity with an uncertainty as low as 0.8%he -

low uncertainty achieved for detector calibration forms the
basis for further detector characterization.

In addition to detector calibration, the end station of
beamline 4 can also measure quantities such as spatial un
formity, radiation damage, and detector surface reflectivity at o ) )

e L FIG. 1. Schematic diagram of beamline 4 for UV radiometry at the Syn-
specific angles of mCIdence'_The result_s of all th_ese _measur%ﬁrotron Ultraviolet Radiation FacilitySURF Ill) showing grazing inci-
ments performed on beamline 4 provide practical informagence preopticga) and (b), shutter(c), monochromator entrance sli),

tion in applying the detector under test for specific applica-grating(e), plane mirror(f), CaF, window (g), quartz filter(h), monochro-
mator exit slit(i), spherical mirror(j), monitor photodiodék), plane mirror
(1), CaF, beam splitter(m), test detectokn), and absolute cryogenic radi-
¥Electronic mail: shaw@nist.gov ometer(ACR) (0).
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measures the incident radiant power by using electrical sub- 0.16

stitution at liquid helium temperatuté and serves as the 0.14

primary standard for detector responsivity measurements. % 0.12

Cryogenic radiometers are the most accurate radiant power = 0.1

detectors currently available and are widely established at ‘5 0.08

national laboratories as primary standards. At beamline 4, the £ 006 |

typical uncertainty is 0.2% for power measurement by the £ 0.04

ACR. A detailed discussion of the beamline 4 components, a 0.02

the UV scale establishment by the ACR, and an uncertainty 0

analysis was given elsewher@ Here, we only give a brief 120 320
description of measurement configurations for test detectors. Wavelength (nm)

The test detector is placed inside the detector chamber

and mounted on ax-y translation stage and a rotation stage.FlG' 2. Measured UV spectral responsivities of three photodiodes, UV Si
. . -onN, SiC, and GaN.

The linear motions are used to raster scan the test detectBr
for spatial response mapping and the rotation stage is used to
set the incidence angle of the radiation on the test detector.
The reflected light from the test detector is measured by &, RADIATION DAMAGE
second calibrated photodiode placed inside the detector
chamber facing the test detector photodiode. Care was taken QOne of the major challenges for UV detector metrology
so that the reflected light from the reflectance-measuremeng the change in detector responsivity caused by high-energy
photodiode does not go back to the test diode and interferghotons or particles. Radiation damage of detectors is a con-
with the responsivity measurement of the test detector. Theern when the detectors are used to monitor wafer-plane dos-
signals from the test detector and the reflectanceage of UV laser radiation in photolithography.
measurement photodiode are simultaneously recorded using |t is well known that the standard $n junction pho-
a computer. All measurements from both detectors are notodiode is prone to radiation damage for wavelengths as long
malized by a monitor diode upstream of the beamline toas 250 nnf Recently, a number of photodiodes were devel-
eliminate the effects of the gradual decay of the electrorbped to improve the radiation hardness of Si photodiodes.
beam in the storage ring and any fluctuations of the beam.These improved detectors include photodiodes witlp

To induce radiation damage on a test detector, we usefdinction, nitrided SiQ window layer, and the replacement of
either the monochromatized radiation from beamline 4 or anhe top SiQ window layer with more inert materials like

external UV source such as a 157-nm-excimer lasempts;?®
The radiation from beamline 4 is somewhat lower in power We have studied the radiation damage effect for several
(~1 uW) but can be useful at shorter wavelengths. For thejifferent types of photodiodes with a 157-nm-excimer
157 nm laser, an UV window port on the side of the detectoaser!® The 157 nm laser was used to induce radiation dam-
chamber allows the laser beam to enter the detector chambgfie and beamline 4 radiation was used as a probe beam to
and irradiate the test detector. After irradiation, the spectraionitor the change of the detector spectral responsivity. Fig-
responsivity of the test detector can be measured and congre 3 shows the change in responsivity at 157 nm as a func-
pared with the spectral responsivity prior to irradiation.  tion of the dosage for three types of Si photodiodes: UV Si
p-on-n, nitrided Si, and Si photodiode with PtSi front win-
dow. The effect of radiation damage is clearly demonstrated
IIl. DETECTOR CALIBRATION in Fig. 4 where; a spat!al uniformity scan was performed at
157 nm on a Si photodiode that was subjected to a total dose
The calibration of the spectral power responsivity of aof 1 J/cnf of 157 nm laser pulses.
detector measured on beamline 4 has units of A/W. The cur-
rent from the detector is measured by a precision picoamme-
ter and the power of incident radiation is measured indirectly
by the ACR. We have calibrated a variety of UV detectors
currently available using beamline 4 as part of our effort to
find stable detectors that are candidates for better UV work-
ing standards. A UV working standard detector at NIST is
calibrated against the primary standard and subsequently

120%
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Relative Responsivity at 157 nm

used for routine calibration of other detectors. For UV, the ‘H'\

working standard must have good radiation hardness, spa- 20% o

tially uniform responsivity, and low noise. Figure 2 shows 0%

the spectral power responsivity of several photodiodes in- 1o 100 1000 10000 100000 1000000
cluding: UV Si p-onn (Hamamatsu 5227 SiC, and GaN Dose (mJ/cm’)

(APA) phOtOdeJOdeg.The typlcal measurement uncert.amty IS FIG. 3. Radiation damage of three types of Si photodiodes, Up-8h-n
less than 0.5% _fOI’ 157 and 193 nm exqmer laser _Ilnes tha(tcrosse}; nitrided Si(squares and Si photodiode with PtSi front window
are of the most interest to the UV photolithography industry.(circles, by a pulsed 157-nm-excimer laser.
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FIG. 4. Spatial responsivity of a photodiode damaged by a 157-nm-laserFiG. 6. Penetration depth for silicon crystal as a function of wavelength.
measured at 157 nm.

value throughout the visible to near ultraviolet. This effect,

also known as the self-calibration of Si photodiode¥ is

one of the foundations for detector-based radiometry using Si
The end station of beamline 4 can be easily adapted fdphotodiodeé.Beyond the near ultraviolet and on to the x-ray

detector reflectance measurements, similar to a reflectometéggion, the internal quantum efficiency increases roughly

with an additional photodiode to measure the reflected lighproportional to the photon energy because of the impact ion-

from the test detector. The angle of incidence can be adjusté@ation from excess photon energyThe near 100% internal

to an accuracy of-1°. With this setup, both the detector quantum efficiency in the visible and near ultraviolet indi-

spectral responsivity and reflectance can be measured. Figu¢ates very efficient conversion of photons to electron-hole

5 shows the result of such a measurement for a Si photodiod@airs and the collection of electrons to the external circuit

with a PtSi front window. inside the photodiode. This is not the case for photodiodes
With the measured spectral responsivity and reflectancébricated with defects or trap states and the internal quan-

of a detector, the detector internal quantum efficiencytum efficiency will clearly indicate such problems.

Qine(N), in number of electron per absorbed photon, can be In addition, it is of interest to note that the penetration

V. DETECTOR REFLECTANCE AND INTERNAL
QUANTUM EFFICIENCY

readily calculated: depth into a silicon substrate is a strong function of the
wavelength, even in the wavelength range from the near ul-

S(N) hce 1 traviolet to the visible. As shown in Fig.'8,the penetration
Qint(N) = m ' (T a) depth in silicon changes more than two orders of magnitude

from 300 to 600 nm. Such an effect suggests that scanning

whereS(\) is the spectral responsivity in A/W,(\) is the  the wavelength in this region constitutes a tool for depth

detector reflectancé,c/\ is the energy of a photon in Joules, profiling of a silicon photodiode. Similar effects can only be
andq is the charge of the electron in Coulumbs. found by using x rays with a comparable penetration depth.
The internal quantum efficiency renders its importanceHowever, the use of x rays to probe a silicon photodiode is

for typical modern Si photodiodes because of the near 100%omplicated by higher quantum efficiency from impact ion-
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Wavelength (nm) FIG. 7. Internal quantum efficiency of a Si photodiode with PtSi front win-

dow derived from the data of Fig. @liamond$. The line is the simulated
FIG. 5. Responsivity and reflectivity of a Si photodiode with PtSi front internal quantum efficiency based on a modeled charge collection efficiency
window measured at beamline 4 with an incidence angle of 10 degrees. as a function of the depth inside the photodiode.
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