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ABSTRACT

Silicon photodiode detectors with multilayer coatings were characterized using synchrotron radiation. The coatings
were composed of thin layers of metals and other materials and were designed to provide wavelength bandpasses in
the 17-150 A wavelength region. The measured transmittances of the multilayer coatings are in good agreement with
the calculated transmittances. The modeling accounts for the transmittance of the multilayer coating and the
deposition of the radiation energy in the underlying silicon photodiode. Detectors with the following layer materials
(and wavelength bandpasses) were characterized: Fe/Al (17-30 A), Mn/Al (19-30 A), V/Al (24-35 A), Ti/C (27-40
A), Pd/Ti (27-50 A), Ti/Zr/Al (27-50 A), Ag/CaF2/Al (36-50 A), and Ti/Mo/C (50-150 A).
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1. INTRODUCTION

Silicon photodiode detectors with thin metallic coatings have been developed for the purpose of providing
wavelength bandpasses in the extreme ultraviolet and soft x-ray spectral regions.' The bandpass is essentially
determined by the transmittance of the coating. The coating is deposited on the surface of the photodiode during the
photodiode fabrication process at the wafer level. This approach preserves the low noise level of the photodiode
detector while providing a robust filter that is superior to a fragile free-standing filter. The sensitivity stability of the
coated photodiodes depends primarily on the stability of the layer materials with regard to interdiffusion and
redistribution of the layer materials, surface contamination, oxidation, and other possible chemical effects.

Coated photodiode detectors previously have been absolutely calibrated using synchrotron radiation and line
emission sources. A photodiode detector with a 3000 A aluminum coating was used to measure the absolute solar
flux in a wavelength bandpass extending from the aluminum L absorption edge at 170 A to approximately 600 A.2 A
photodiode with a beryllium coating was used to measure the absolute emission from laser-produced plasmas in a
wavelength range extending from the beryllium K absorption edge at 1 1 1 A to approximately 400 A.3

In this work, we report the characterization of photodiode detectors with multilayer coatings that establish
wavelength bandpasses in the 17-150 A region. The multilayer coatings are the following: Fe/Al, Mn/Al, V/Al,
Ti/C, PdITi, Ti/Zr/Al, Ag/CaF2/Al, and Ti/Mo/C. For each coating, the last material that is listed is the topmost
layer. The sensitivity of each coated photodiode was measured relative to an identical photodiode but having no
coating. The measured result is essentially the transmittance of the multilayer coating that establishes the
wavelength bandpass of the coated photodiode detector.

The coatings were deposited onto silicon photodiode wafers by Lebow Company, Goleta CA, except for the
Ti/Mo/C coating which was deposited by Scientific Coating Laboratory Inc., Santa Clara CA. The layer materials
and thicknesses were specified to provide bandpasses in the 17-150 A wavelength range and to provide good visible
light blocking. The photodiodes were of the type AXUV-100G (lOxlO mm2 sensitive area) or AXUV-96G (6x16
mm2 sensitive area). These photodiodes have negligible surface recombination losses, a thin (60 A) silicon oxide
dead layer, and thermal nitridation that provides a stable surface layer.47 For wavelengths less than approximately
300 A, a self-calibration model has been developed for the uncoated photodiodes that does not depend on the use of
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a calibration standard.8'° The photodiode efficiency is determined by the optical properties of the photodiode
detector and the silicon electron-hole pair creation energy.

2. MEASUREMENT TECHNIQUE

The measurements were performed using the Naval Research Laboratory beamline X24C at the National
Synchrotron Light source, Brookhaven National Laboratory. The synchrotron radiation was dispersed by a double-
element monochromator that had a resolving power of approximately 600.1112 The wavelength scale was established
by the geometry of the monochromator and the absorption edges of beamline filters. The incident radiation was
approximately 90% polarized with the electric field vector in the plane of the synchrotron. The photodiode currents
were registered by a Keithley Model 617 precision electrometer.

The coated photodiodes were characterized using two different monochromator configurations. The first group of
photodiodes, listed in Table 1 , were characterized using two 2400 groove/mm gratings in the monochromator. The
second group of photodiodes, listed in Table 2, were characterized using a gold mirror and a 600groove/mm grating
in the monochromator. In the latter case, additional beamline filters were utilized to block higher harmonic radiation
from the monochromator. The degree of higher harmonic radiation from the monochromator under these two
monochromator configurations was previously characterized using transmission gratings and was found to be
negligible.

Table 1 . Photodiode coatings and measured currents for the first group of photodiodes.

No. Expected
Coating'

Modeled
Coatingb

Density
(g/cm3)

Current

Room
Illuminationc

Vacuum
IIlumination' ZeroOrdere Dk

I Uncoated 166 pA 0.83 pA 5.5 ptA 10.0 pA

2 4500 A Fe
4000 A Al

4000 A Fe
500 A Fe203
3900AA1
looAAl2o3

7.9
5.2
2.7
4.0

1.7 nA 10.2 pA -5.1 pA 0.5 pA

3 5000 A Mn 5500 A Mn 7.4 2.4 nA 21.0 pA -4.4 pA 1.2 pA
s000AAl 4900AA1

looAAl2o3

2.7

4.0

4 6000 A v
4000AA1

6500 A v
3900AA1
looAAl2o3

6. i
2.7
4.0

2.2 nA 20.9 pA - 1 1 .0 pA 0.6 pA

5 5000 A Ti
sooAC

5500 A Ti
300AC

4.5
2.5

1 .8 nA 29.3 pA - 1 1 .2 pA 1 . 1 pA

6 1000 A Pd 800 A Pd 12.0 1.5 nA 25.7 pA -35.0 pA 1.2 pA
2000ATi 3500ATi

looAC
4.5
2.5

aExcted layer thicknesses.
bLayer thicknesses derived from the modeling.
CCuffeflt with bright room light illumination.

dCunent in vacuum with illumination through a window port.
eCu.ent fl vacuum with zero-order monochromator beam illumination (continuum >1 100 A).
Current in vacuum with no illumination.
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For each photodiode measurement, the top surface (the cathode) of the photodiode was grounded, and the current
was registered by the electrometer from the photodiode anode that was electrically isolated from ground. Listed in
Table 1 are the photodiode currents measured under various visible-light illumination conditions. Under room
illumination conditions (column c), the currents from the uncoated and coated photodiodes were positive. The
currents from the coated photodiodes were a factor of iO smaller than the current from the uncoated photodiode. In
vacuum (<5x107 Torr) and when illuminated by visible light through a window port in the vacuum chamber, the
currents (column d) from the uncoated and coated photodiodes were positive and lower owing to the weaker
illumination.

The size of the beam from the monochromator was approximately 2x2 2 Each photodiode was positioned so that
the beam was incident on the center of the photodiode's sensitive area. Column e in Table 1 lists the currents
measured when the photodiodes were illuminated by the monochromator's zero diffraction order beam with
wavelength >1 100 A. The currents from the coated photodiodes are negative and in the range —4.4 pA to —35.0 pA.
By comparison, the dark currents are positive and in the range 0.5 pA to 1 .2 pA. The small negative currents when
the coated photodiodes were illuminated in vacuum by the zero-order monochromator beam are attributed to
photoelectrons resulting from radiation absorption near the surfaces of the metal coatings that were collected by the
photodiode.'3

The wavelength of the monochromator was scanned under computer control. Each photodiode was illuminated at
the center of the sensitive area by dispersed radiation. The current from each coated photodiode was compared to the
current from an identical photodiode but having no coating.
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Fig. 1. (a) The current recorded by the uncoated photodiode. The
transmittances of the coatings on the coated photodiodes: (b) Fe/Al, (c)
Mn/Al, (d) V/Al, (e) Ti/C, and (t) Pd/Ti. The data points are the measured
values, and the curves without data points are the calculated transmittances.
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Fig. 2. (a) The current recorded by the uncoated photodiode. The
currents recorded by the coated photodiodes: (b) Ti/Zr/Al and (c)
Ag/CaF/Al. The data points are the measured values, and the
curves without data points are the calculated transmittances.
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The current from the uncoated photodiode, as a function of wavelength, is shown in Fig. 1(a). Absorption edge
features associated with oxygen (at 23.3 A), nitrogen (31.0 A), and carbon (43.6 A) are observed in the current from
the uncoated photodiode. The oxygen and nitrogen features result primarily from absorption in the nitrided silicon
oxide surface layer of the photodiode. These features are much less prominent in the current recorded by a GaAsP
photodiode detector. The carbon absorption feature results primarily from surface contamination on the beamline
optics.

The currents from the five coated photodiodes in the first group of photodiodes, divided by the current from the
uncoated photodiode, are shown by the curves with data points in Fig. 1(b)-(f). These curves represent the measured
effective transmittances of the coatings.

3. EFFECTIVE TRANSMITTANCES OF THE COATINGS

It has been shown that essentially the entire energy of photons that penetrate the 60 A Si02 surface layer of the
photodiode is converted to electron-hole pairs in the underlying silicon, and the resulting current is collected by the
photodiode's electrode structure.4° Thus the ratio of the currents collected from the coated and uncoated
photodiodes, at a fixed incident photon energy, is directly related to the ratio of the flux penetrating the metal layers
and the 60 A Si02 surface layer of the coated photodiode and the flux penetrating the 60 A Si02 surface layer of the
uncoated photodiode. This ratio is the effective transmittance of the coating.

The effective transmittances of the coating was calculated using the formalism of Ref. 14. The complex Fresnel
coefficients of reflectance and transmittance were calculated at each layer interface. The attenuation in each layer
was calculated. The modeled layers included the layers comprising the coating on the photodiode as well as the
underlying 60 A Si02 photodiode surface layer. The optical constants were derived from the compilations of Ref. 15
and using the material densities listed in Table 1.

The transmittance of the coated photodiode, calculated in this manner, was divided by the transmittance of the 60 A
Si02 surface layer of the uncoated photodiode. The resulting calculated effective transmittances of the first group of
coated photodiodes are shown by the curves without data points in Fig. 1(b)-(f). The metal layer thicknesses were
adjusted to give the best fit to the data. The expected and modeled layer thicknesses are listed in columns a and b in
Table 1 , respectively.

For the three photodiodes with an aluminum top layer, the uppermost 100 A of the aluminum layer was assumed to
be A1203. It was found that the effective transmittances of the Mn/Al, V/Al, and Ti/C photodiodes could be
accurately modeled by assuming that the Mn, V, and Ti layers were 500 A thicker than expected. In addition, the
carbon K edge feature in the Ti/C data was fitted by assuming a 300 A carbon thickness rather than 500 A.

In order to fit the 0 K absorption feature in the Fe/Al photodiode data, it was necessary to assume that the Fe layer
was partially (1 1 %) oxidized. In the case of the Pd/Ti photodiode, the observed Pd M edge and Ti L edge features
determined the Pd and Ti layer thicknesses with values somewhat thinner and thicker than expected, respectively.
The C K absorption feature observed for the Pd/Ti photodiode indicated the presence of 100 A of carbon.

In general, the layer thicknesses (column b in Table 1) determined by the observed spectral features and the
modeling are in good agreement with the expected layer thicknesses (column a). The discrepancies may be
attributed to inaccuracies in the deposited layer thicknesses and to inaccuracies in the optical constants derived from
Ref. 15.

The second group of photodiodes, those characterized using the gold mirror and the 600 groove/mm grating in the
monochromator, are listed in Table 2. The Ti/Zr/Al and Ag/CaF2/Al photodiodes were characterized using a 1600 A
thick titanium beamline filter to attenuate higher harmonic radiation from the monochromator. The current recorded
from the uncoated photodiode, shown in Fig. 2(a), has titanium L edge (27.2 A), nitrogen K edge (3 1 .0 A), and
carbon K edge (43.6 A) absorption features that are associated with the titanium beamline filter, the photodiode's
nitrided silicon oxide surface layer, and carbon contamination on the beamline optics, respectively.

The measured effective transmittance of the Ti/Zr/Al and Ag/CaF2/Al photodiodes are shown by the curves with
data points in Fig. 2(b) and (c). For the Ti/Zr/Al photodiode, the measured data have prominent Zr M11 (36.0 A) and



M111 (37.6 A) absorption features that do not appear in the calculated transmittance. This implies that the Zr optical
constants of Ref. 15 do not have accurate Zr M edge data.

Table 2. Photodiode coatings and measured currents for the second group of photodiodes.

No. Expected
Coatinga

Modeled
Coating'

Density
(g/cm3)

Current
.___________________________________________

Room
Illuminationc

Vacuum
Zero-Order' Darke

1 Uncoated 68.5iiA 2.OitA 2.OpA

2 2500 A Ti
1000 A Zr

2600 A Ti
1000 A Zr

4.5
6.5

3.2 nA -5.4 pA 0.1 pA

I 000 A Al 900 A Al
looAAl2o3

2.7
4.0

3 2500AAg
iooooACaF2

2500AAg
11000ACaF2

10.5
3.2

1.2nA -4.3pA 1.7 pA

2000 A Al 1900 A Al

looAAl2o3
500AC

2.7

4.0

2.5

4 Uncoated 64.2 iA 10.9 nA 1 1 .9 pA

Sf soo A Ti
2000 A Mo

500 A Ti
2000 A Mo

4.5
10.2

0.14 nA 0.1 pA 0.3 pA

700AC sooAC 2.5

6g A Ti
2000 A Mo

soo A Ti
2000 A Mo

4.5
10.2

2.1 nA 0.1 pA 0.5 pA

700AC sooAC 2.5

aEXcted layer thicknesses. eCuffent in vacuum with no illumination.
h_yer thicknesses derived from the modeling. 1Unheated.

with room light illumination. Heated at a temperature of 155 C for 54 days.
dCuent in vacuum with zero-order monochromator beam illumination (continuum >1 100 A).

Similarly, the Ag M1 (33.2 A) and M (33.7 A) edge features that appear in the measured effective transmittance of
the Ag/CaF2/Al photodiode in Fig. 2(c) are not accurately modeled, and the calculated position of the Ca L111 edge
near 36 A is inaccurate. The C K absorption feature in the measured effective transmittance of the Ag/CaF2/Al
photodiode indicated a 500 A thickness of carbon that was unexpected.

Two Ti/Mo/C photodiodes were characterized. One was heated to a temperature of 155 C for a period of 54 days,
and the other was unheated. These photodiodes were characterized using the gold mirror and the 600 groove/mm
grating in the monochromator. Data were recorded in three wavelength regions using titanium, boron, and silicon
beamline filters. The measured effective transmittances of the two Ti/Mo/C photodiodes are shown in Fig. 3 by the
data points. The measurements are practically identical within the uncertainties of the measurements. This implies
that the heat treatment did not significantly affect the effective transmittance of the Ti/Mo/C coating. The curve in
Fig. 3 without data points is the calculated transmittance. The calculation disagrees with the measurements is some
wavelength regions. This disagreement may result from inaccurate optical constants for Ti, Mo, and C in these
wavelength regions, or from a change in the optical constants resulting from the mixing of Ti, Mo, and C. The
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disagreement between the measured and calculated transmittance of the Ti/Mo/C coating will require further studies
to resolve.

4. CONCLUSIONS

The effective transmittances of metal coatings on silicon photodiodes were measured using synchrotron radiation in
the 17-150 A wavelength region. Based on the modeling of the effective transmittances using tabulated optical
constants, it was found that small adjustments to the expected layer thicknesses had to be made to achieve good
agreement with the measured transmittances. In addition, for some of the coated photodiodes, the observed spectral
features and the modeling indicated a small but significant degree of oxidation and carbon contamination.

In general, this work demonstrates that it is possible to design and deposit metal coatings on silicon photodiodes that
have bandpasses in the 17-150 A wavelength region. The precision of the design of the transmittance bandpasses
will be improved as empirical experience is gained regarding the stability of the layer materials. It may be possible
to design and fabricate coated photodiodes that function as a Ross filter set, where the signals recorded by
photodiodes with different coatings are subtracted to isolate the signal in narrow wavelength bandpasses of
interest. 16

A similar study of coated photodiodes with bandpasses at longer wavelengths, up to 1200 A, is in progress. Those
coated photodiodes will be deployed on the next series of GOES spacecraft to record the absolute solar x-ray flux
dispersed by free-standing transmission gratings.
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