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CONSIDERATIONS FOR APPLICATION OF Si(Li) DETECTORS 
IN ANALYSES OF SUB-KEY, ION-INDUCED X RAYS 

R. G. Musket 
Lawrence Livermore National Laboratory 

Livermore, Cal i fornia 94550 

ABSTRACT 

Spectroscopy of ion-induced X rays i s commonly performed using l i t h ium-

d r i f t e d , s i l i con detectors, S i ( L i ) , with beryl l ium windows. Strong 

absorption of X rays with energies below 1 keV occurs i n even the thinnest 

commercially avai lable beryl l ium windows and precludes useful analysis of 

sub-keV X rays. Access to the sub-keV X ray region can be achieved using 

windowless (WL) and ultra-thin-windowed (UTW) Si (L i ) detectors. These 

detectors have been shown to be useful f o r spectroscopy of X rays with 

energies above approximately 200 eV. The propert ies of such detectors are 

reviewed with regard to analysis of ion-induced X rays. In par t i cu la r , 

considerations of detection e f f i c iency , output l i n e a r i t y , energy resolut ion, 

peak shapes, and vacuum requirements are presented. The use of ion 

exc i ta t ion fo r determination of many detector properties serves to 

demonstrate the usefulness of WL and UTW detectors fo r the spectroscopy of 

sub-keV, ion-induced X rays. 

*Work performed under the auspices of the U. S. Department of Energy by the 
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48. 



INTRODUCTION 
Although the development of windowless (WL) and ultra-thin-windowed 

(UTW) Si(Li) detectors has continued since their first use for spectral 

measurements in the early 1970s [1,2], documented applications for analyses 

of sub-keV, ion-induced X rays have been quite limited [2-10]. This fact is 

contrary to (a) the large number of studies employing beryllium-windowed 

detectors, (b) the recognized value of combining Rutherford backscattering 

(RBS) and ion-induced X-ray emission {IIXE) for analyses [3,10-12], and (c) 

the large X-ray production cross-sections for the low-Z elements by 

approximately 2 MeV protons and alphas [13], The reasons for such limited 

use are not clear, but may include the widely held perception that there are 

a variety of problems associated with such detectors. 

The main purpose of this paper is to dispel the mystique attached to 

these detectors by presenting practical considerations for their routine 

application. In particular, several properties of WL and UTW Si(Li) 

detectors are reviewed with regard to the limits they impose on performance 

and applications. Discussions of detection efficiency, pulse-height (ie, 

energy) linearity, energy resolution, peak shapes, and vacuum requirements 

provide the framework for defining the limits. Even though much of the 

material discussed here has been reviewed previously in detail [14], i t is 

reconsidered for the special case of ion-induced X-ray analysis and combined 

with some unpublished information, including several recommendations to be 

followed. The compatibility of WL and UTW detectors and ion-induced X-ray 

analysis is underscored by examples using IIXE for determination of many 

detector properties. 

- 2 -



CONSIDERATIONS 

Detection Efficiency 

The intr insic detection efficiency wi l l be defined as the probability of 

detecting an X ray incident upon the outer surface of the Si (Li) crystal. A 

Si (Li) crystal consists of a 2 - 3 mm thick sensitive region ( ie, efficiency 

= 1.0) with an X-ray entrance surface consisting of layers due to (a) 

contamination, (b) the gold contact for application of bias ( ie , a voltage 

to create an electric f ie ld to sweep out the deposited charge), and (c) 

sil icon characterized by incomplete charge collection ( ie, the dead layer). 

Thus, the efficiency n (E) of a WL detector for X rays of energy E can be 

expressed as 

nc(E) = exp(-Uc(E)m - y A u (Ek -u S i (E) t ) , (1) 

where p c(E), viAu(E)> a n d ^ s i ^ a r e t n e m a s s absorption coefficients [15], in 
o cm/g, for X rays of energy E and m, s,, and t are the thicknesses, in 

2 g/cm , of the contamination, gold, and dead layers. Although the exact 
nature of the layers is complex, an assumption of discrete and uniform 
layers with appropriate "effective" thicknesses permits assessment of the 
efficiency for various layer combinations and, conversely, the layer 
thicknesses from measured efficiencies [16], Fig. 1 shows the detector 
efficiency for a clean detector (ie, m = 0) with gold layer and silicon 
dead-layer thicknesses determined from detection efficiences of C(K) and 
0(K) X rays [17], The minimum at approximately 130 eV in the n(E) function 
of Fig. 1 is a consequence of the maxima in the energy dependencies of 
u A u(E) and ySl-(E) [15]. Fig. 1 predicts the detection of B(K) 
X rays with an efficiency of 0.14. The detection of proton-induced B(K) 
X rays was subsequently demonstrated [17]. 
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The amount of removable contamination (ie, ice) present on a ML detector 
held for one year at pressures usually less than 2 x 10" Torr (mainly 
HgO) was estimated from the ratios of efficiencies for contaminated and 
clean crystals using C(K) and F(K) X rays excited by alpha-particle 
bombardment of Teflon tape [14]. Fig. 2 compares the "iced" spectrum to 
that immediately following a temperature cycle, in an oil-free vacuum, to 
room temperature and back to the normal operating temperature. The relative 
increase in sensitivity for F(K) is greater than that for C{K), which is 
consistent with the removal of oxygen atoms from the surface of the crystal 
because oxygen absorbs F(K) X rays more strongly than C(K) X rays. Assuming 
pure ice, the relative efficiencies for F{K) and C(K) yielded m = 82 U9 

2 2 
(H,0)/cm and 62 yg (H,0)/cm respectively. The average value of 72 ug 

o (H20)/cm is equivalent to 0.72 pm of standard density ice. This thick ice 
layer was also manifested as a large discontinuity in a bremsstrahlung X-ray 
spectrum at the 0(K) edge [14]. 

Although the properties of the surface layers on Si(Li) crystals cannot 
be specified exactly, the efficiency of a WL detector can be characterized 
in terms of the effective layers on the surface of the sensitive volume of 
the crystal. Of course, this assumes that the efficiency is independent of 
radial position on the surface of the exposed crystal. There is evidence 
that the assumption may not always be true [18,19], However, this 
assumption should hold for the detectors discussed above because they have 
been collimated down to expose only the central region of the crystal. 

Pulse-Heir' * Linearity 
A detector with acceptable linearity can be defined as one exhibiting a 
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nearly l inear relat ionship between X-ray energy and the d ig i t i zed output 

pulse amplitude. Considerations of l i nea r i t y must include the ent i re 

detector system consist ing of (a) the Si (L i ) c r ys ta l , (b) the 

f i e ld -e f fec t - t rans i s to r (FET) with pulsed-optical feedback, (c) the 

preampl i f ier, (d) the pulse processor Me, l inear ampl i f ier , pulse-pileup 

re jector , and l i ve- t ime cor rec tor ) , and (e) the analog-to-d ig i ta l 

converter. L inear i ty of complete commercially available systems i s qui te 

good fo r X rays wi th energies above 1.5 keV, but documented resul ts for 

lower energies suggest that the l i n e a r i t y may not always be good [1,17,20] . 
2 

Measurements of proton-induced X-rays with a 30 mm detector 
2 

coll imated down to the center 17.7 mm have been coupled with computerized 

f i t s to the d i g i t a l data to y i e l d a X-ray energy vs. pulse-height 

re lat ionship w i th in two percent of l inear fo r C(K), 0(K), Cu(L), and A1(K) 

X rays [20 ] . Subsequently, t h i s l inear re lat ionship was extended down to an 

energy of 183 eV using B(K) X rays resolved from the steep noise t a i l 

(F ig. 3) [17 ] , Although detector systems with col l imated arrangements can 

be l inear fo r X rays with energies above 183 eV, the typical commercially 

avai lable systems have resolved C(K) and 0(K) pulse heights of about 0.9 and 

0.97 of the values expected fo r t r u l y l inear systems. Nevertheless, 

unambiguous iden t i f i ca t i on of the X-ray peaks can s i l l be made. 

Energy Resolution 

Energy resolut ion i s a measure of the a b i l i t y of the detector system to 

dist inguish c lear ly X-ray peaks with s imi lar energies. For energy 

dispersive X-ray spectrometry the resolut ion i s normally expressed as the 
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ful l-width at half-maximum (FWHM) for the Mn(K ) X-ray peak. A good 

approximation is to assume that isolated X-ray peaks are Gaussian-shaped 

with a standard deviation a, yielding FWHM = 2.355<j. Contributions to 

the FWHM can be estimated [21] from 

(FWHM)2 = A

2 ( e l ) + A2(d) , (2) 

where Mel) is the width associated with the electronic noise including 

leakage currents and microphonics and A(d) is the width intr insic to the 

detector and includes electron-hole pair creation stat ist ics. 

I f pair-creation effects dominate A(d), then 

A2(d) = {2.355)2FeE, (3) 

where F is the Fano factor ( ie , the fraction of the total photon energy 

detected in the pulse of electron-hole pairs and equals 0.11 ± 0.04 [17]), 

e = 3.81 eV is the energy required to form an electron-hole pair in 

sil icon near l iquid nitrogen temperature [22], and E is the total photon 

energy in eV. 

Since the energy difference between K-shell X rays for adjacent elements 

decreases for decreasing atomic numbers, the importance of using the highest 

resolution detectors for lew-energy X ray spectrometry cannot be 

overemphasized. The one readily adjustable parameter that affects the noise 

and, hence, the resolution is the shaping time constant of the pulse 

processing electronics. Although increasing the time constant above 8 ^s 

does not significantly change the resolution for X-ray energies above 

5.9 keV ( ie, Mn(K)), i t does have a marked effect on the resolution for the 

low energy X rays because the electronic noise term of Eq. (2) becomes more 

important at lower energies. In addition, larger time constants reduce the 
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noise t a i l of a large random noise peak located at essent ia l ly zero energy. 

Reducing th i s noise t a i l can minimize the interference between the t a i l and 

low-energy X rays (eg, C(K)) and enhance detection l i m i t s f o r low-Z 

elements. Typical ly , an 8 ys time constant fo r a high-resolut ion detector 

( i e , Mn(K) FWHM < 148 eV) gives a Me l ) = 95 eV corresponding to an 

electronic noise cutof f energy _< 200 eV. For t h i s s i t ua t i on , analysis of 

X rays with energies below 200 eV can be performed only under special 

conditions ( i e , count-rate fo r low-energy X rays comparable to that fo r 

noise t a i l at the energy of i n te res t ) , and th i s may not be consistent with 

the use of large time constants, which must be res t r i c ted to appl ications 

wi th low count-rates. 

Peak Shapes 

Although single X-ray peaks in energy dispersive X-ray spectra have 

shapes that are essent ial ly Gaussian f o r X-ray energies above 1.5 keV, the 

shapes reported fo r peaks at lower energies have varied [1,14,16,17,20,23]. 

Oata has been presented to c lear ly show C(K) peaks to be qui te symmetric 

and, by least-squares c u r v e - f i t t i n g , Gaussian [14,16,17,20]. In contrast, 

0(K) peaks are generally non-symmetric wi th a t a i l on the low energy side of 

the peak [14,23]. Since, no detai led studies of such peak shapes has been 

reported, low-energy X-ray peak shapes remain a topic fo r future 

investigat ions using low-background, ion-induced X rays. 

Vacuum Requirements 

The essential vacuum requirement for operation of a WL detector is a 
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clean, oi l- free environment. Such conditions can be achieved by combining 

proper vacuum design and materials with pumping by the detector cryostat and 

an auxiliary sputter-ion pump. In i t ia l evacuation of the detector at room 

temperature must be to the lowest possible pressure (at least < 10 

Torr) to minimize the formation of undesirable layers on the crystal after 

the l iquid nitrogen is added. Since the major condensable gas in o i l - f ree , 

unbaked vacuum systems is usually water vapor, the discussion given above on 

ice layer formation, analysis, and removal is applicable. The exclusion of 

o i l vapor is essential because i t i s not generally volati le at room 

temperture and may actually render the crystal unusable for high-resolution 

measurements, presumably because of leakage current paths on the surface of 

the biased crystal. These constraints place extreme restrictions on the 

sample and sample chamber environment for application of a WL detector and 

preclude long-term use of WL detectors on diffusion-pumped chambers. 

An attractive alternative to the WL detector is the UTW detector, which 

employs an UTW mounted with an o-ring to make a vacuum seal and completely 

isolate the detector vacuum from the "chamber vacuum. The UTW can be an 

ultra-thin parylene-N f i lm ( ie , CgHg) about 2000 A thick coated with 

approximately 2000 A of pin-hole-free aluminum on the detector side. The 

aluminum serves as a barrier for the gases that permeate through the 

parylene and for the low-energy photons generated in samples, especially 

materials with band gaps, by the incident ions. For such UTW the 

transmission probabilities are typically 0.2 and 0.5 for C(K) and 0(K) 

X-rays, respectively. Since the UTW cannot support pressures exceeding 
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about 10 Torr, the UTW detector must be deployed as though i t was a WL 

detector (eg, i t must be retracted and i t s gate valve closed before venting 

the sample chamber). UTW detectors can be operated in clean, o i l - f r e e 
-3 sample chambers having pressures less than 10 Torr or l iqu id-mtrogen 

trapped, diffusion-pumped chambers operating at less than 5 x 1 0 Torr. 

The f i r s t requirement insures that the UTW does not rupture and the second 

one minimizes contamination of the UTW by oi l -vapor from the d i f fus ion 

pump. Another version of the UTW employs the same window pressed, without 

an o- r ing , against a f l a t surface to r e s t r i c t gas conductance and stop 

low-energy photons [10 ] . 

RECOMMENDATIONS 

In addit ion to the considerations out l ined above, there are several 

recommendations to observe for proper energy-dispersive measurements of 

low-energy X-rays. Included are (a) def lect ion of charged par t ic les from 

the X-ray axis of the detector, (b) X-ray col l imat ion using apertures not 

tubes, (c) low count-rate measurements to avoid pulse-pileup a r t i f a c t s , (d) 

appl icat ion of, at leas t , the rated bias on the detector, and (e) periodic 

measurements to monitor the detector e f f ic iency. 

For most ion-induced X-ray measurements, the backscattered par t ic les are 

stopped i n the beryl l ium window; however, fo r WL and UTW detectors these 

par t ic les are of major concern because they deposit large amounts of charge 

i n the crysta l and can create noise, in ter rupt detector operation, and 

damage the c rys ta l . A magnetic def lect ion trap between the sample and the 

crystal can serve to remove the ions from the X-ray axis. An example of a 
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compact magnetic deflection unit that has been demonstrated to deflect up to 

2 MeV He+ [10] is shown in Fig. 4. 

For beryllium-windowed detectors, collimation is generally accomplished 

using an aluminum collimator with a carbon-coated tubular aperture. A1(K) 

X rays generated by higher energy X rays are absorbed in the carbon coating 

and the C(K) X rays are absorbed by the beryllium window. Consequently, 

there is no evidence of the collimator in the detected X-ray spectrum. 

Clearly such an approach is not acceptable for detector systems capable of 

detecting COO X rays. Replacing the carbon coating with a beryllium 

coating is plausible but the thickness of beryllium required to absorb an 

appropriate fraction of the A1{K) X rays is quite large and there are health 

hazards associated with beryllium coatings. An effective alternative i s 

collimation using a series of knife-edged carbon or metal apertures. This 

scheme has been demonstrated to provide the needed collimation without 

introducing extraneous X rays into the detected spectrum [6, 10, 23]. In 

fact, these apertures can be integrated with the magnetic deflection unit 

(cf. Fig. 4). 

Pulse-pi leup is the result of two X rays entering the sensitive volume 

of the Si(Li) crystal at essentially the same time and producing a total 

pulse equivalent to detection of a larger X ray. Although commercially 

available pulse-pi leup rejection systems perform quite well for pulses from 

X rays with energies above about 1 keV, performance decreases with 

decreasing X-ray energy. Thus, pileup or sum peaks are not uncommon in 

spectra containing low-energy X rays. In the absence of appropriate 

pulse-pileup rejection c i rcui t ry, true low-energy spectra can only be 
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obtained at count rates low enough to assure negligible sum peaks. Such a 
restriction on count rates is consistent with (a) using longer time 
constants for improved resolution, (b) collimating the crystal down to the 
central region, and (c) positioning the crystal far enough from the 
bombarded sample to permit installation of a magnetic deflection unit and an 
UTW. 

The reverse bias applied to the Si(Li) crystal holds the bulk leakage 
current flow to a minimum and, yet, sweeps out the charge deposited by 
X rays via photoelectrons. Generally, the manufacturers bias rating gives 
electric fields of 250 - 333 V/mm. Such fields have been shown to be 
beneficial for high detection efficiency and a linear energy-to-pulse-height 
conversion for C(K) X rays [17,20], but improved characteristics are dften 
obtained by exceeding these values. 

The buildup of contamination layers (eg, ice) on the entrance surface of 
the Si(Li) crystal should be monitored by periodic determination of the 
X-ray yield (ie, X-ray/ion) for one or more low-energy, characteristic X-ray 

peaks (eg, Ni(L) and C(K)) from bulk targets. This provides a time history 
of the detection efficiency. When the efficiency becomes unacceptably low, 
a warmup to room temperature (with all cables removed from preamp) in a 
clean, oil-free vacuum at < 10" Torr followed by return to normal 
operating temperature should return the efficiencies (and noise) to the 
original values. Contrary to popular conceptions, Si(Li) crystals can be 
held at room temperature in clean, oil-free environments for extended times 
(> 30 days) and cycled in temperature many times (at least ten) without 
measurable loss of resolution or change in background. This is a 
consequence of the diffusion of lithium in silicon being slow (especially 
with respect to lithium in germanium). 
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CONCLUDING REMARKS 

Windowless (WL) and ultra-thin-windowed (UTW) Si(Li) detectors can be 

routinely applied for analyses of sub-keV, ion-inc?uced X rays by observing a 

few restrictions. Efficiencies of 0.05-0.25 for C(K) X rays and 0.10-0.50 

for 0(K) X rays may be expected for UTW and WL detectors, respectively. The 

output l inearity for sub-keV X rays is adequate to unambiguously identify 

the X ray, and the resolution obtainable K100 eV FWHM for C(K)) permits 

analysis of adjacent low-Z elements with energies above T. 200 eV. Studies 

of low-energy X-ray peak shapes should be undertaken using low-background, 

ion-induced X rays. Hopefully, WL and UTW detectors wi l l play an 

increasingly important role in analyses using ion-excitation. 
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FIGURE CAPTIONS 

Fig. 1 : Calculated energy dependence of detection efficiency for windowless 

(WL) Si (Li) detector [17]. 

Fig. 2: Comparison of the alpha-induced X-ray spectrum of Teflon tape for a 

WL Si(Li) detector before and after removal of a 0.7 ym ice layer 

[14]. 

Fig. 3: Relationship between detected pulse height ( ie , channel number) and 

X-ray energy for a WL Si (Li) detector system [17]. 

Fig. 4: Compact magnetic deflection unit for removal of 2 MeV He+ from the 

X-ray axis of a WL or UTW Si (Li) detector. 

* 



Calculated detector efficiency 

1.0 

J 0.6 
o 
0) 

o 0.4 
o 
« 
(D 
O 0.2 

i 
0.1 0.2 

Au M 4 5 edges _ 

1 

Si K edge 

Si (Li) detector 

10 mm 2 , 2 mm thick 
220 A Au layer 
0.09 Mm Si dead layer 

i i i i 1 i i i i 
0.5 1.0 2.0 

X-ray energy (keV) 
5.0 10.0 

•« 



a-induced x-ray spectrum of teflon tape m 
16K 

C c 
(0 
o 

> 

o 

(0 

(WL Si (Li) detector) Clean detector 
Iced detector 

• . F (K) 

C(K) 
A • A >̂ 

1.28 
X-ray energy (keV) 



Detector linearity 13 
800 

600 

£ 
3 
C 
•5 400 c c 

CO 

200 

Al ( K ^ ) 

C u KJ 
l/slope = 1.99 ± 0.02 eV/ch _ 

(Ka) 

(K ) 
D i „ » a (10 mm 2 Si(Li) detector) 

0.4 0.8 1.2 1.6 
X-ray energy (keV) 

2.0 



Compact magnetic deflection unit .is 
Yoke Out(toSi(Li)) 

1.352" Dia. 

0 1 2 
Distance (inches) 


