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Abstract

Soft X-ray beam-line applications are of fundamental importance to material research, and commonly employ high-
resolution Si(Li) detectors for energy dispersive spectroscopy. However, the measurement of X-rays below 1keV is
compromised by absorption in the material layers in front of the active crystal and a dead layer at the crystal surface.
Various Schottky barrier type contacts were investigated resulting in a 40% reduction of the dead-layer thickness and a
factor of two increased sensitivity at carbon K, compared to the standard Si(Li) detector. Si(Li) detectors were tested
on the U7A soft X-ray beam-line at the National Synchrotron Light Source and on a scanning electron microscope

(SEM).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

High-resolution lithium-drifted silicon (Si(Li))
and high-purity germanium (HPGe) detectors are
widely used to measure X-rays in the energy range
of 1-30 keV in analytical measurement techniques.
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A number of studies concerning the response of
silicon detectors in the 1-10 keV energy range have
been published [1-4]. The detection efficiency is
limited at X-ray energies below 1keV due to
absorption by the window in front of the active
detector material and an intrinsic dead layer [5]
of semiconductor material that can vary with the
strength of the electric field at the front contact of
the detector. Some calibration work has been pub-
lished that indicates the Si(Li) detector’s efficiency
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drops very quickly at X-ray energies below 1 keV
[3,6]. The development of windowless and ultra-
thin windowed Si(Li) detectors has continued since
their first use for spectral measurements in the
early 1970s [5,7], but until now, little has been
published about progress in the fabrication of
Si(Li) detector crystals for use in the sub-keV
energy range. We have developed a new fabrica-
tion process for Si(Li) detectors with significantly
improved detection efficiency for soft X-rays below
1 keV.

2. Experiment

Using different, previously untested combina-
tions of surface treatment and metallization, 26
“top hat” geometry Si(Li) detector crystals have
been fabricated Fig. 1. Fabrication of the front
contact includes chemical etching to remove
mechanical damage followed by different wet
chemistry processes, evaporation and sputtering
of semiconducting or insulating materials under
various conditions, such as either a-Ge evapora-
tion, SiO evaporation, Ozone exposure, or no pas-
sivation as surface treatment. The subsequent
metallization process to form the front electrode
has been investigated using different materials
and deposition methods. Table 1 summarizes all
surface treatment and metallization combinations.

Table 1
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Fig. 1. Experimental X-ray detector cross-section.

It should be noted that the evaporated insulating
layers are sufficiently thin (a few Angstroms) to
not form an electrically insulating barrier under-
neath the metal electrode.

The corresponding spectral characteristics were
measured and analyzed using either an >°Fe labo-
ratory source or electron beam excitation of a
silicon carbide sample. The performance of a pro-
totype 10 mm? detector fabricated using process

Spectral characteristics measured for tested Si(Li) detector fabrication processes

Process  Surface Contact TCL Tail Peak/Bg Mn FWHM C FWHM CFWTM/ C peak (eV)
treatment metal (%)  factor (%) atlkeV (eV) (eV) FWHM
Original No treatment 150 A Au/Pd 33 0.18 2.0 133 73 1.93 260
process
X002 50 A a-Ge 150 A Au/Pd 2.3 0.11 3.7 136 66 1.94 274
X003 50 A a-Ge 150 A Au/Pd 2.0 0.10 3.7 134 62 2.04 276
X004 50 A a-Ge 150 A Ni 1.8 0.14 11.7 148 95 1.91 275
X006 50 A a-Ge 150 A Au/Pd 2.2 0.13 5.0 132 66 1.91 272
X007 50 A a-Ge 300 A Ni 1.8 0.12 3.9 130 62 1.88 269
X008 Ozone exposure 150 A Au/Pd 3.1 0.17 4.3 128 65 1.85 238
X009 Ozone exposure 300 A Ni 1.8 0.13 18.3 130 67 1.87 252
X010 No treatment 300 A Ni 2.0 0.10 5.9 128 158 >2 260
X011 50 A a-Ge 150 A Pd 1.7 0.07 4.8 132 72 1.87 270
X013 50 A SiO 150 A Au/Pd 1.7 0.07 5.6 129 61 1.86 275
X015 50 A SiO 300 A Ni - - - - - - -

Processes X2, X3 and X6 differ in small changes to the size of the passivated area.
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X013 was also tested on the U7A beam-line at the
National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory (BNL). The
beam-line provides a high intensity, monochro-
matic photon source that is tunable in the energy
range from about 0.1 to 1.1 keV and thus an ideal
source for high sensitivity X-ray fluorescence mea-
surements at low energies. In order to increase the
detection efficiency while maintaining high energy
resolution, a 14-channel multi-element array detec-
tor system with multi-channel readout digital sig-
nal processors was manufactured using the
improved crystal fabrication process. This system
was also tested on the NSLS U7A beam-line.

3. Results and discussion

Fig. 2 shows the typical spectrum for detectors
fabricated by the original process and the opti-
mized process X013 using an >°Fe source. Table 1
summarizes the main spectral characteristics
resulting from the tested Si(Li) detector fabrica-
tion process. These parameters include the >°Fe
spectrum measurements of Tail Factor [8], Peak-
to-Background [9] and Total Charge Loss (TCL)
[10]. Whereas the Tail Factor measures the peak
asymmetry and the Peak-to-Background measures
the height of the plateau region below the peak,
the TCL is a measure of the total incomplete
charge collection (from all sources) below the main
peak. In addition, spectra were collected using an
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Fig. 2. Comparison of the >*Fe spectra between the original
process and the X013 process.

SEM with a Carbon sample to measure the low en-
ergy peak shape and linearity. All the measured
parameters are affected by charge loss arising from
absorption in the window region, for example by
carrier diffusion into the dead layer (weak field re-
gion) at the front contact [11,12]. The dead-layer
results from surface band bending and is depen-
dent on the surface treatment applied and the type
of contact metallization used [13-18]. The results
show that the Tail Factor is affected mostly by
the surface treatment, but the type of metallization
correlates with the Peak-to Background ratio. The
product yield for Ni metallization was generally
low and near zero for process X015. Thus process
X013 (SiO passivation + Au/Pd metallization) was
deemed to provide the best combination of the
measured parameters, offering an improvement
by a factor 2 or more in both the TCL and Tail
Factor compared to the original process.

Fig. 3 shows the comparison of SiC spectra that
have been measured with Si(Li) crystals fabricated
using process X013 and the original process,
respectively, taken under identical conditions in
an SEM. From the improvement in the ratio of
the C peak to the Si peak, it can be estimated that
the dead-layer thickness has been reduced from
about 0.1 um in the original process to about
0.06 um in process X013. The position and shape
of the Carbon peak are near ideal for the new pro-
cess crystal compared to the low energy shift and
tail of the Carbon peak detected with the old pro-
cess crystal.

20000
3000
15000 | X013 Process
2000
] Old Process Si K peak
Z 10000 1
O
07300 200 300 400 500 600
5000
C K peak
LA .
0 500 1000 1500 2000 2500

Energy (eV)

Fig. 3. Energy spectrum of silicon carbide excitation by a
10 keV electron beam in an SEM.



C.E. Cox et al. | Nucl. Instr. and Meth. in Phys. Res. B 241 (2005) 436—440 439

10000

1000

Counts

100

Incompelete Charge Collection

100 200

600 800

Energy (eV)

Fig. 4. Energy spectrum at 400 eV incident beam from the X013 process detector tested at NSLS beam-line U7A.

Measurements were performed on the U7A
beam-line at the NSLS at Brookhaven National
Laboratory with the goal of measuring the detec-
tion efficiency as a function of photon beam energy
directly incident on the detector face (highly atten-
uated) and to determine the correlation of dead-
layer thickness with spectral characteristics. Fig. 4
shows the spectrum at 400 eV beam energy, which
clearly demonstrates the flat incomplete charge col-
lection plateau in the energy range between about
140 and 260 ¢V. The edge below 140 eV indicates
the count roll-off due to the programmed digitiza-
tion threshold. The peak at 400 eV is the signal
from the primary photon beam, and the peak at
800 eV is the signal from beam harmonics. Preli-
minary analysis of the data for all measured photon
beam energies confirms the general trend of the
Peak-to-Background versus energy dependence. A
14-element detector utilizing a 2-D array of Si(Li)
crystals fabricated with the new process was also de-
signed and installed on the U7A beam-line. This
system provides 14 times larger active area (or effi-
ciency) than a single element detector but the reso-
lution is the same. The multi-element system was
first tested with an >>Fe source and provided
140 mm? active collection area with energy resolu-
tion better than 133 eV at 5.9 keV. Fig. 5 shows a
spectrum from the multi-element detector (all chan-
nels summed together) with a Boron Nitride sample
excited by a 200 eV synchrotron X-ray beam. The
excellent low energy collection efficiency, energy
resolution and peak shape are self-evident.
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Fig. 5. Energy spectrum of boron nitride at 200 eV excitation
collected by the 14-element array detector at the NSLS.

4. Conclusion

Our research resulted in the development of a
new fabrication process for Si(Li) detectors with
significantly improved detection efficiency for soft
X-rays below 1 keV. Specifically, the dead-layer
thickness was reduced by 40% and the charge
collection efficiency at 277 eV (Carbon K,) was
increased by a factor of two. The synchrotron
beam-line experiments represent the first experi-
mental observation of incomplete charge collec-
tion effects from directly incident monochromatic
tunable X-rays below 1 keV energy. These mea-
surements provide a benchmark for detector crys-
tals fabricated from further improved processes
with reduced dead layer. Ultimately, this type of
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information will form the basis of a future model
to predict the low energy detector performance
resulting from different fabrication processes. The
14-element detector system that was designed, in-
stalled and tested at the NSLS is a powerful tool
to study the characteristic X-rays of the lightest
elements.
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