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Abstract

Six semiconductor detectors (Si(Li) and HPGe) are calibrated in the 1-10 keV energy range by means of tunable
monochromatized synchrotron radiation. Significant improvement in the quality of the response is observed in very
recent detectors. A peak shape calibration is established using a modified Hypermet-type function to model the detector
response for each energy step; a strong enhancement of the peak tail is shown above the binding energy for each detector
material. Fano factors for both semiconductor materials are experimentally derived. This characterization will allow the
improved processing of low-energy X-ray spectra by providing the intrinsic response of either kind of detector. © 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

Owing to their excellent energy resolution,
semiconductor detectors play a major role in en-
ergy dispersive spectroscopy of photons. With its
high density, germanium is traditionally used for
high-energy spectrometry; its frontal absorbing
dead layers has tended to reduce its use for low
energies. The silicon detector is then preferably
employed in the soft X-ray energy region. However,
as a result of manufacturing technology improve-

* Corresponding author, Tel.: + 33 1 69 08 47 75; fax: + 33
1 69 08 95 29; e-mail: marie-christinelepy@cea.fr.

ments, dead layers of germanium detectors are
becoming thinner thus allowing these devices to
detect lower energies; moreover, as the Fano factor
of germanium is lower than that of silicon, better
resolution is expected. It is important both in auto-
matic spectrum analysis programs and traditional
spectrometry to carefully characterize the response
of the detector for each specific measurement. This
must include both the efficiency and the peak shape
calibration as they depend on the incident energy.
A number of experimental studies concerning the
response of silicon detectors in the 1-10 keV energy
range have been published in the last few years
[1-3]. However, as they have not yet been used in
this energy range no such information is available
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for the germanium detectors. It has been shown
that tunable monochromatized synchrotron radi-
ation is a very convenient tool for examining the
response of a photon detector versus the incident
energy [2]. It is thus worth using this source to
compare performances of silicon and germanium
detectors.

2. Experimental arrangement
2.1. Calibration setup

The experimental arrangement has been pre-
viously described [2]. It uses the beam line SB3 of
the storage ring Super ACO, at the Laboratoire
pour P'Utilisation du Rayonnement Electromag-
nétique (LURE), in Orsay, France. The calibration
station is inside a vacuum chamber and includes
a double crystal monochromator which selects
a monoenergetic radiation in the continuous syn-
chrotron beam. The detector to be calibrated is set
at the end of the beam line, and the selected radi-
ation impinges on the detector window connected
to the vacuum of the calibration chamber. The
detector can be moved in the plane orthogonal to
the incident radiation: this allows checking that the
beam arrives exactly at the center of the active
crystal. A reference proportional counter (PC) can
be interposed in the monoenergetic radiation path
to measure the incident beam intensity. Two kinds
of characterization can then be performed. First,

Table 1
Characteristics of the studied detectors

the efficiency calibration is obtained by comparing,
for the same monoenergetic radiation, the count
rates on the detector and on the PC, whose efficien-
cy is easily computed. This comparative method
can also be used to study the discontinuities at the
absorption edges of the detector materials and to
determine the thickness of the absorbing layers in
front of the crystal active volume. Second, the study
of the spectrum shape versus energy allows charac-
terization of the response of the detector to each
monoenergetic line. This shape calibration is mainly
of interest for processing complex X-ray spectra.

2.2. Detector characteristics

Six different detectors are characterized using the
above setup. They use two kinds of semiconductor
material: lithium-drifted silicon (Si(Li)) and high-
purity germanium (HPGe). They are all equipped
with an entrance window: these are traditional ber-
yllium or special “low-energy” windows consisting
of a light element polymer on a grid. These low-
thickness, vacuum-tight windows are often limited
to small diameter crystals. Some simple character-
istics are measured using 6 keV monoenergetic
radiation: they give information about the ability
of the detector to separate two close lines and
to detect low-intensity peaks. The resolution
(FWHM) of the main peak is determined by
fitting its shape by a Gaussian function. The peak-
to-background ratio is the ratio of the intensity
of the peak to the mean intensity measured in

Detector number Si(Li) 1 Si(Li) 2 Si(Li) 3 Si(Li) 4 HPGe 5 HPGe 6
Active area 30 mm? 30 mm? 12 mm? 12 mm? 10 mm? 20 mm?
Thickness (mm) 5 3 3 3 2.5 5
Window material Beryllium  Beryllium Beryllium Beryllium Composite  Composite on a Si grid
Window thickness 10 pm 25um 7.5 pm 10 um

Contact Au Not given  Au-20nm Au Not given  Not given
Assumed dead layer No Si-0.2um No

FWHM at 6 keV 161 eV 138 eV 170eV 113eV 147 eV
Peak-to-background (6 keV) 1870 25800 2500 3650 15900 8200
FWHM with *°Fe 165¢eV 140 eV Not measured 171eV 115eV 148 eV
Peak-to-background (*°Fe) 680 14080 Not measured 2970 10800 3540
Peak-to-valley (*°Fe) 330 490 Not measured 280 620 390

IV. INFORMATION PROCESSING
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the 900-1100 eV energy range. Both characteristics
are also obtained using a traditional *°Fe source.
The corresponding performances are slightly differ-
ent from those obtained with the monochromatic
radiation, due to the complex shape of the *°Fe
spectrum [1]. A further characteristic is the peak-
to-valley ratio: like resolution, it indicates the abil-
ity distinguish overlapping peaks, taking account of
the peak tailing (s), far from the peak center. Indi-
vidual characteristics are given in Table 1.

3. Spectra processing
3.1, Qualitative description

As there are different resolution and peak-
to-background ratios, it is worth examining the
relevant peak shapes in detail. In general, for
a monoenergetic radiation, three main components
are distinguished in the spectrum: the peak itself, its
tailing and a low-energy background. The general
peak shape is Gaussian, and its width depends on
the energy. The peak tailing is highly dependent on
the technology of the detector and its electrical
contact. For the oldest Si(Li) detectors, there is
a strong enhancement of the low-energy tail inten-
sity above the silicon K binding energy, attributed
to a “partially active dead layer™ at the silicon
discontinuity, the depth penetration is significantly
reduced and the incoming photon interacts very
close to the contact layer and part of the secondary
electrons are lost [3]. For germanium detector 6,
the peak shape has been recorded for energies just
around K (11.10keV) and L (1.22-1.25 and
1.41 keV) binding energies: in any case, the same
change is noted as the spectrum background is
enhanced. Moreover, for energies above the
K binding energy, a germanium fluorescence peak
appears which would indicate the presence of a true
front dead layer. The background is attributed to
events corresponding to escape of both photo-
electrons and Auger electrons to and from the con-
tact layer. This has been experimentally confirmed
as in most recent detectors it is possible to distin-
guish the corresponding edges [4]. Finally, for
photon energies above the binding energies, the
spectrum also includes escape peak (s): the silicon

K escape peak is 1.74 keV under the main peak,
with an intensity of about 1% in the 1-5keV en-
ergy range;, in the same region, the germanium
L escape is about 1.1 keV under the main peak
with a relative intensity of about 1%, whereas
for energies above 11.1keV, the Ka and Kp
escape peaks intensity represents about 10% of that
of the main peak, and rises, respectively, at energies
9.9 and 11 keV below the main peak. The shape of
the silicon K escape peak is quite complex and
strongly asymmetric as it contains silicon satellite
lines [1]. The case of germanium L escapes is still
more complicated as it includes Lo, LB and Ly
lines.

3.2. Mathematical fitting

To derive more information about the detector
response and to establish its shape calibration, it is
usual to fit a mathematical function to experi-
mental data. This is currently done using a Hyper-
met-type function [ 5], including a main peak, tail(s)
and background. In this work, the COLEGRAM
software [6] fits the so-called “XLOW?” function,
taking account of a possible strong truncated step
above the semiconductor binding energy:

XLOW(E) = G(E) + T(E) + S(E) + ST(E),

where G(E)is the Gaussian part of the peak, T(E) an
exponential tailing, S(E) a continuous step and
ST(E) the truncated step. This function is well
adapted to the case of X-ray lines in silicon de-
tectors with quite high low-energy tailing but is no
longer optimal for the recent detectors where back-
ground is very low and reveals different continuous
shapes that reflect electron transport between the
detector, its contact and any dead layer [4]. How-
ever, the spectra are processed with this well-estab-
lished function, the parameters relative to the peak
width and to the tail intensity remaining pertinent:
only the continuous part of the tail, S(E) does not
have exactly the right shape, nevertheless its mean
amplitude gives useful information.It must be
noted that the truncated step, ST(E) need not be
included for germanium detectors nor for higher
energies in the case of silicon detectors. Fig. 1
shows the intensity of the tail area relative to that of
the total peak for two detectors, with the marked
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Table 3
Comparison of some Fw values

Silicon Germanium
This study (weighted mean value) 0.426 (15) 0.304 (12)
Alig [9] (Computation) 0.411 0.377
Owens [7] (170K) 0.49 -
Croft [10] (77 K) - 0.333
Lowe [11] (77 K) 0.4423 (4) 0.317
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Fig. 1. Relative intensity of the tail area (T(E) + S(E) + ST(E)
to the total peak area (XLOW(E)) for Si(Li) detector number
3 (a) and for HPGe detector number 6 (b).

enhancement of its contribution above the
semiconductor binding energy.

4. Fano factor

It is generally admitted that the peak width in-
cludes two main contributions: a constant part
mainly due to electronic noise and an energy-de-
pendent component resulting from the statistical
scattering of the number of charge carriers created
in the bulk of the semiconductor. The statistical

Table 2
Resolution compounds of the studied detectors

variation of the number of electron-hole pairs de-
pends on the incident energy, on the Fano factor of
the semiconductor material, F, and on the mean
pair creation energy w. The standard deviation of
the Gaussian representing the main part of the
relevant peak, can then be expressed as a function
of the energy, E:

o*(E) = 63 + FwE.

Thus, for each studied detector, the linear fitting of
o” versus the energy allows deriving the value of
Fw. Assuming no significant variation of Fw in the
1-10 keV energy range, Table 2 shows the values
obtained using the present experimental arrange-
ment with the combined standard uncertainties in
parenthesis. Moreover, with the hypothesis of
a constant pair creation energy of 3.81 eV for sili-
con and 2.97 eV for germanium (at the detector
working temperature of 77 K), the relevant Fano
factors are, respectively, between 0.106 (detector 1)
and 0.120 (detector 3), and 0.099 (detector 5) and
0.108 (detector 6). Table 3 compares some recent
measurements and computations of Fw for the
1-10 keV energy range. The present silicon mean
value is consistent with previously published data,
however, for germanium, it appears rather lower.
As different kinds of detectors (CCD, Si(Li}), ... ) are
used at different temperatures and for different inci-
dent energies, it is difficult to draw any conclusion

Detector number Si(Li) 1 Si(Li) 2 Si(Li) 3 Si(Li) 4 HPGe 5 HPGe 6

a2 2250 (15) 911 (56) 748 (6) 2671 (10) 530 (7) 2085 (16)

Fw 0.4070 0.4240 04571 04236 0.2953 0.3208
(48) (108) (52) (25) (16) (23)

IV. INFORMATION PROCESSING
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from the scarce published data. It would thus be
of interest to perform systematic measurements to
improve our knowledge of both the pair creation
energy and the Fano factor for the two semicon-
ductors.

5. Conclusions

This summary of the characteristics of some
low-energy semiconductor detectors points out the
wide range of response quality that can be achieved
in the current experimental setups. These results
have to be weighted by the detector size, as the
efficiency can be a major parameter, depending on
the objective of the experiment. Moreover, the
technology is still evolving and the presented char-
acteristics are expected to be improved in the near
future. As stated above, the classical mathematical
model appears insufficient to accurately describe
spectra obtained with the most recent detectors:
a more sophisticated mathematical description
would require the inclusion of shapes due to weak
physical effects such as escape electron humps.
Monte Carlo simulations will help to accurately
describe these phenomena [4], leading to the better
understanding of the secondary electrons interac-
tion in the different parts of the detectors. To our
knowledge, this study is one of the first character-
izations of germanium detectors in the soft X-ray
range and their capability is clearly demonstrated;
however, as their use in the low-energy region is
new, complementary experimental studies need to

be undertaken to obtain their detailed response
with special attention to the vicinity of the germa-
nium K and L binding energies. This information
will be of major interest in the study of complex
X-ray spectra, taking account of secondary phe-
nomena such as radiative Auger effect and satellite
lines [1]. Germanium detectors could be further
used in X-ray emission analysis systems and their
automated software suites, to take advantage of
their superior resolution and excellent overall re-
sponse.
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