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A Direct Comparison of Ge and Si(Li) Detectors in the 2 — 20 keV Range

C. S. Rossington, R. D. Giauque and J. M. Jaklevic,
Lawrence Berkeley Laboratory,
University of California, Berkeley, CA 94720 USA

Abstrqct

The spectral response of high purity Ge (HPGe) and
lithium-drifted Si (Si(Li)) surface barrier detectors of similar
geometry has been measured over a range of x-ray energies
under identical experimental conditions. Detector characteristics
such as spectral background, escape peak intensity, entrance

~ window absorption, and energy resolution are presented and

compared. Although these characteristics have been discussed
in the literature previously, this paper represents an attempt to
consolidate the information by making comparisons under
equivalent experimental conditions for the two types of
detectors. A primary goal of the study is a comparison of the
two types of detectors for use in x-ray fluorescence
applications.
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Fig. 1 Calculated material efficiency as a function of energy
for 3 mm thick Si and Ge. No account is taken of any
reduction in efficiency from absorption by the detector and
instrument windows.

1. INTRODUCTION

High purity germanium (HPGe) and lithium-drifted silicon
(Si(L1)) are widely used as materials for the manufacture of
high resolution, low noise x- and gamma-radiation detectors.
For the detection of photons with energies >30 keV, Ge is
most often the material of choice, as it absorbs high energy

photons more efficiently than Si as shown in Fig. 1.
However, for the detection of lower energy photons, or for the
measurement of x-rays covering a broad range of energies, the
choice between Si(Li) and HPGe is not always clear. It is the
intent of this work to provide a reference to facilitate the
selection of Si(Li) and HPGe detectors for x-ray spectroscopy
applications. The properties of these devices that will be
considered and compared include entrance window absorption,
escape peaks, spectral backgrounds, detector sensitivity and
energy resolution. The two types of devices will be discussed
relative to particular x-ray fluorescence applications.
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Fig. 2 Cross-sectional schematics of the circular detectors used

for this work. The detectors were collimated at the p-type

entrance window face with a 1.5 mm diameter Mo collimator.
II. EXPERIMENTAL

The data and spectra presented here were collected using two

" 'HPGe and three Si(Li) detectors which were fabricated at

Lawrence Berkeley Laboratory. The HPGe detectors were made
from two different p-type Ge crystals and the Si(Li) detectors
were made from two different p-type Si crystals which were
lithium-drifted according to standard procedures. The
characteristics of the crystals used are listed in Tables 1 and 2.
The detectors were of similar size and geometry, and had
similar contact structures, as shown in Fig. 2. The n* contacts
consisted of diffused Li covered with a thin layer of Pd or Au,



and the p-type surface barrier entrance window contacts
consisted of ~200 A of Pd; no surface passivation coatings
were used. These detectors are similar to high quality Si(Li)
and HPGe surface barrier detectors available commercially. The
detectors were collimated on the entrance window face with a

1.5 mm diameter Mo collimator to eliminate anomalous .

effects associated with the detector periphery. The detector
properties were measured at ~80 K in two essentially identical
cryostats with similar electronics. The detectors were biased
well above the depletion voltage to ensure adequate charge
collection.

Table 1
Si material used to fabricate detectors
. . Resistivity Lifetime
Detector # | Orientation (300K) Q-cm | (usec)
Si(Li) #1 (111) 1100-1500 400-500
Si(Li) #2 (111) 1100-1500 400-500
Si(Li) #3 (111 2300-2600 1500-1600
Table 2
Ge material used to fabricate detectors
. . Net impurity concentration
Detector # | Orientation IN,-N,l, cm-3
Ge #1 113) 3x 1010
Ge #2 (100) 3x 1010

Spectra were collected over a wide range of x-ray energies .

using a variety of sources: x-rays in the 1 — 2 keV range were
produced with a Cu-anode x-ray tube in conjunction with a
crystal monochromator [1]; 4 — 18 keV x-rays were produced
using a Rh-anode x-ray tube to excite secondary characteristic
x-rays from pure metal foils and from a multi-element thin
film standard; an 2#!Am source was used to obtain multi-
energy spectra in the 8 — 60 keV range.

III. ENERGY RESOLUTION

It is well known that Ge detectors exhibit superior energy
resolution compared with Si detectors under equivalent

conditions. The two factors which contribute to the superior -

energy resolution afforded by Ge detectors are the mean energy
required for creating an electron-hole pair and the Fano factor,
which is a correction term describing the departure of the
charge production statistics from a Poisson distribution. The
mean energy required to produce an electron-hole pair is 2.97
eV in Ge and 3.76 eV in Si, at 77 K [2]. Figure 3 shows
detector energy resolution as a function of energy for Si and
Ge, assuming typical Fano factors of 0.1 and 0.08,
respectively [3]. The energy resolution of a Ge detector will be

~27% better than a Si detector, assuming the detector
capacitance and the electronic contribution to the energy
resolution are equivalent.
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Fig. 3 Energy resolution as a function of energy for Si and Ge
detectors, assuming Fano factors of 0.1 and 0.08, respectively.
No account is taken of the amplifier noise contribution to
resolution, which will dominate at low energies.

IV. ESCAPE PEAK INTENSITY

The intensities of the detector escape peaks were measured
using the spectra acquired as a result of the excitation of
characteristic x-rays from the metal foils. Examples of the
metal foil spectra acquired with the Si(Li) and HPGe detectors
are shown in Figs. 4 and 5, respectively. In Fig. 4, the Si
escape peak is clearly visible at 1.74 keV below the Se K-a
photopeak. The escape peak is a summation of the Si K-o and
Si K-B escape peaks which cannot be resolved in energy.

Similarly, the escape peak from the Se K-B cannot be resolved

from the tailing background of the Se K-a photopeak. Escape
peaks will be observable in spectra when the incident x-ray
energy is greater than the absorption edge of the detector
material; the relative intensity of the escape peak will decrease
as the incident x-ray energy increases. In the case of a Si
detector, escape peaks are observable when the incident photon
energy is above the 1.84 keV absorption edge of Si. In Fig. 5,
the Ge K-o and Ge K-8 escape peaks from the Zr K-a and Zr
K-B photopeaks are seen to comprise a significant fraction of
the spectrum. The Ge K escape peaks will be observable when
the incident photon energy is above the Ge K-absorption edge
at 11.1 keV.
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Fig. 4 X-ray spectrum from a Se metal foil using a Si(Li)
detector. The Pd L photopeak is from the Pd surface barrier
contact on the detector. '
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Fig. 5 X-ray spectrum from a Zr metal foil using an HPGe -

detector.

The experimentally measured ratios of escape peak-to-
photopeak intensities are plotted with the theoretical ratios in
Fig. 6, for the two types of detectors over the energy range 4.5
— 22 keV. The experimental intensities were calculated by
integrating the areas under the K-a escape peak and the K-a
photopeak and then subtracting the background. The measured
curves closely fit the theoretical curves and are also comparable

to previously published data [4,5]. The relative escape pcak
intensity is much larger in Ge detectors, compared with Si
detectors, due to the higher x-ray fluorescence yield and larger
linear absorption coefficients for Ge [6]. This represents a
fundamental limitation to the use of Ge detectors in the
analysis of complex x-ray spectra in the energy region above
11.1 keV. .
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Fig. 6 Relative escape peak/K-a photopeak intensities for the
Si(Li) and HPGe detectors used here. The theoretical curves are
from references 4 and 5, for Si and Ge, respectively.

V. DETECTOR WINDOW ABSORPTION

Figure 7 shows examples of the photopeak distortions
which occur at energies just above the K-absorption edge of
Si, and above the L-absorption edge of Ge. The shoulder on
the low energy side of the photopeak has been the subject of
numerous studies and is due to an incomplete charge collection
(ICC) process occurring in a transition layer at the entrance
window face of the detector. These data can be used to estimate
the thicknesses of the ICC layers using a method described
previously [7]. The results show that the ICC layers are of the
order of 0.1 um for the Si(Li) detectors and 0.2 pm for the
HPGe detectors. These values are typical and have been
reported in the literature previously [7-9]. It is emphasized that
the ICC layer thicknesses were measured in detectors with
surface barrier contacts, and may not necessarily be
representative of detectors with other types of contacts (e.g.
implanted contacts).

Two factors contribute to the more prominent peak
distortion seen at low energies in HPGe detectors, compared to
Si(Li) detectors: one factor is the larger linear absorption
coefficients in Ge which result in a larger percentage of the
photons being absorbed (and thus lost) in the surface ICC
layer, and the second is what appears to be an inherently
“thicker” ICC layer. The physical nature of the ICC layer is
not well understood, but it is generally agreed that there are




several mechanisms that can contribute to charge loss at the
entrance window contact surface. Surface and near surface
defects in the contact region are sources of charge traps which
can contribute to signal charge loss. Differences in contact and
detector processing techniques will affect the nature and
number of surface traps and thus will affect the ICC layer
thickness. For example, Si(Li) detectors with Pd surface barrier
contacts have thinner ICC layers compared to those with Au
contacts [7]; very thin ICC layers have been reported in Ge
detectors with low energy implanted contacts [10]; and
variations in the annealing treatment of B-implanted contacts
in Si have been shown to affect the thickness of the ICC layer
[11]. The amount of charge lost via surface trapping and
recombination is also determined by the number of minority
charge carriers which can reach the surface through diffusion
against the electric field; this is a direct function of the carrier
mobility [12]. In addition, backscatter of photoelectrons from
the bulk to the contact region [13], and the escape of
photoelectrons and Auger electrons from the surface [14,15] are
thought to contribute to charge loss and will affect the
apparent thickness of the ICC layer.
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Fig. 7 (a) Spectrum from a Si(Li) detector taken just above the
Si K-absorption edge; (b) Spectrum from an HPGe detector
taken just above Ge L-absorption edge. (The electronic noise
contributions to each of these spectra are not equivalent).

Although the details of the properties of surface traps for
electrons on Si(Li)/Pd and HPGe/Pd surfaces are not known, it
is possible that the explanation for the difference in ICC layer
thickness in these detectors may lie in the difference in carrier
mobility in Si and Ge. The mobility of electrons is
approximately 1.7 times higher in Ge than in Si, at 77 K (2],
which implies that a larger number of minority carriers can
reach the p-type entrance window contact through diffusion
against the drift field and recombine or be trapped there. The
higher carrier mobility may account for the thicker ICC layers
measured in the HPGe detectors compared with the Sl(Ll)
detectors studied here.
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Fig. 8 Photopeak/background ratios from the metal foil
spectra, for one representative Si(Li) detector and for one
representative HPGe detector. The other detectors from each set
exhibited essentially identical backgrounds, but were omitted
to maintain graph clarity.

V1. SPECTRAL BACKGROUND
Continuum spectral backgrounds from the two types of

detectors were measured and compared using the spectra
produced by the pure metal foils (examples are shown in Figs.

4 and 5). Photopeak/background ratios were measured by

taking the ratio of the integrated K-a. photopeak to the
integrated spectral background in ~400 eV segments, and then
subtracting the escape peaks and the background produced by
the Rh x-ray tube. Figure 8 shows the photopeak/background
ratios for a representative Si(Li) detector and for a
representative HPGe detector. (The other two Si(Li) detectors
exhibited essentially identical backgrounds as the one shown,
and likewise for the other HPGe detector, but were omitted to
maintain graph clarity). It is clear from Fig. 8 that the Si(Li)
detectors show higher peak/background ratios compared with
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the HPGe detectors at equivalent photopeak energies. As an
example, Fig. 9 shows the Cu foil spectra for a Si(Li) and an
HPGe detector, normalized to the Cu K-o photopeak intensity.
The higher background observed in the HPGe might be
expected, due to the larger mass absorption coefficients in Ge
for equivalent photon energies. However, even when
comparing the detectors more fairly at equivalent linear
absorption coefficients, the HPGe detectors still exhibit higher
backgrounds. The percent background as a function of linear
absorption coefficient is shown in Fig. 10 for each of the five
detectors.

105§
_105é n
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. \
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2 4 6. 8 10
Energy (keV)
Fig. 9 Cu foil spectra from a Si(Li) and an HPGe detector,
normalized to the Cu K-a photopeak. (The electronic noise
contributions to each of these spectra are not equivalent).

It is tempting to attribute the larger spectral background
observed in the HPGe detectors merely to the thicker ICC
layer, which may indeed be the case, however there must be an
additional charge loss mechanism present in both types of
detectors, for the following reason: if the entire spectral
background were assumed to be generated from the ICC layer,
the proportion of background would decrease as the photons
went deeper into the detector and were less influenced by
surface charge loss. However, if one calculates an “equivalent”
ICC layer thickness based on the total background according
to: '

d=-((In (1- B/(B+P))/j p) x 10* M

where d is the ICC layer thickness in um, B/(B+P) is the
number of counts in the background relative to the total
number in the photopeak plus background, and pp is the linear
absorption coefficient in cm-!, then the ICC layer would
appear to increase in thickness with decreasing photon
absorption coefficient, as .is shown in Fig. 11. This

5

observation has been reported previously in Si(Li) detectors
and has been attributed to charge loss due to trapping at bulk
defect sites in addition to surface charge loss {16]. Computer
models based only on surface charge loss mechanisms and
photoelectron range considerations have underestimated the
extent of the background [14,15,17] which lends additional
support to the supposition that charge loss at bulk defect sites
also contributes to the spectral background.
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Fig. 10 Percent background, relative to the background plus
photopeak as a function of linear absorption coefficient for the
five detectors (escape peaks and x-ray tube background have
been subtracted). '
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Fig. 11 Equivalent ICC layer thicknesses calculated from
equation (1) in the text, as a function of linear absorption
coefficient for the five detectors.



As previously stated, the above discussion on spectral
backgrounds was based on data collected from the fluorescence
of pure metal foils, in which there were only two main
photopeaks. Spectral backgrounds are also compared in the
multi-energy spectra of Figs. 12 and 13. Figure 12 is an
21 Am spectrum using a Si(Li) detector, normalized to Fig. 13
by the 14.0 keV peak of an equivalent spectrum using an
HPGe detector. As is apparent from these figures, the relative
spectral backgrounds of the two detectors in the 1 - 25 keV
range is similar to that seen with the pure metal foils. The
21 Am spectrum of Fig. 13 also demonstrates the prominence
of the Ge escape peaks.

10 °3
i w
s_| =)
Ty Ed :
3 S
. @ g 2
o
+] ~ T b
81073 g
cC ] a
| 1 ©
800 :
3_) =
105 g
3 o~
] 8
10 %3
103 10 ' 30 40 S0 60 70

20
Energy (keV)

IBL 9110-3282

Fig. 12 1 Am spectrum using a Si(Li) detector, normalized to
the 21Am spectrum in Fig. 13 by the 14.0 keV peak.

VIL. DETECTOR SENSITIVITY

The sensitivity of the detectors, as defined in terms of the
relative photopeak efficiency, was compared between 4.5 —
17.4 keV by the excitation and detection of characteristic x-
rays from a multielement thin film standard containing known
concentrations of Ti, Fe, Zn, Rb and Mo. The concentrations
of these elements were in the range 1 - 15 pg/cm?. Figure 14
shows detector sensitivity as a function of photon energy, for
the characteristic x-rays from elements in the thin-film
standard. The detector sensitivity was calculated in terms of the
integrated counts in the K-a photopeak of each element, per
unit counting time, per microgram of each element. The two
detector types are essentially equally sensitive in the 4.5 —
17.4 keV range. This would be expected, since the detector
efficiency is essentially 100% in this energy range for the
thicknesses of Si and Ge used here. The detector sensitivity
increases with increasing photon energy as both the Rh x-ray
photoelectric cross-section of the foils and the fluorescence

yield increase. The difference in spectral background observed
between the HPGe and Si(Li) detectors was not large enough
to affect the measurement of the detector sensitivity in the
energy range and concentration range studied here. However, at
lower x-ray energies, in the 1.2 — 2 keV range, a decrease in
sensitivity would be expected in HPGe devices due to the large
photopeak distortions occurring just above the Ge L-edge.
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Fig. 13 Z!Am spectrum using an HPGe detector, normalized
to the ! Am spectrum in Fig. 12 by the 14.0 keV peak.
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Fig. 14 HPGe and Si(Li) detector sensitivity in terms of K-a
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microgram-cm2, as a function of photon energy.
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VIII. DISCUSSION AND CONCLUSIONS

When choosing a detector for low-noise, high resolution x-
ray spectroscopy applications, several factors must be taken
into consideration. To facilitate the selection of such detectors,
we have compared small, high resolution Si(Li) and HPGe
detectors of equivalent size and geometry in the 2 — 17 keV x-
ray range with regard to energy resolution, escape peaks,
detector window absorption, detector sensitivity and spectral
background. As is well known, Ge offers approximately 27%
better energy resolution compared with Si, for detectors of
equivalent capacitance, and may be the detector of choice if
maximum energy resolution is a requirement. In addition to its
inherent superior energy resolution, it is possible to fabricate
thicker detectors from HPGe compared with Si(Li), which
translates directly into a lower capacitive device with lower
noise and higher energy resolution. However, there are other
characteristics of Ge that may make its superior energy
resolution of secondary importance. For spectroscopy
applications in the low energy x-ray range, below
approximately 3 keV, the photopeak distortion and higher
spectral background resulting from the thicker entrance
windows of HPGe might make Si(Li) a better choice. The
detector entrance window thickness is a direct function of the
entrance window contact processing technique and thus it is
possible that contacts other than the surface barrier contacts
studied here would yield thinner windows.

In the medium energy x-ray range, detector window

absorption is not as critical an issue as it is at low energies,

but the presence of escape peaks may be of consideration. Ge
detectors produce intense escape peaks when the incident
photon energy is above the Ge K-absorption edge of 11.1 keV,
and these may obscure other photopeaks of interest. The escape
peaks in Si are observed at lower energies (>1.84 keV) than in
Ge, but are much less intense and would obscure only weak
photopeaks. For the detection of x-rays higher than
approximately 20 keV, Ge would likely be the material of
choice, as it is a much more efficient absorber of high energy
photons; the efficiency of 5 mm thick Si(Li) starts to decrease
above ~20 keV.
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