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Table 8.7 Tpical Primary Beam Filters and Range of Use in EDXREF Systems
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B2 71 Semucosdiecror Derectors

Whenan X-ray falls on a semiconductorn, it generates an clectron {—¢) and a hale {+¢) ina
fshion analogous to the formation of a primary ion pair in a proponional counter, Based
an this phenomenon, semiconductor detectorns have boen developod and ane now of prime
importance in EDXRF and scanning clectron microscopy. The principle i similar to that
af the gas ionization detector as used in a propontional counter, exoept that the materials
wed are in the solid-state. The total ionization caused by an X-ray photon siriking the
detector is proporional to the cnergy of the incident photon.

The st commaen semiconduwctor detector for laboratory EDXREF systems is the
Hifeliene-alrgTed silicon diode, represcmted as SiLin. (It is called a “silly™ detector for
shoni. A schematic diagram of a silicon lithium-drifted detector is shown in Fig. 830,
A cylindrical picce of pure, single crystal silicon is wsed. The size of this piece is
4= 1% mm in diameter and 3-5 mm thick. The density of free electrons in the silicon is
very low, constituting a p-ype semiconductor. IF the density of free electrons is high in
a semiconductor, then we have an n-type scmicondwetor. Semiconducior diede detectors
always operate with a combination of these two types.

The digde iz made by plating lithivm onto one end of the silicon. The lithium is
drified ino, that is diffused into, the silicon crystal by an applicd voltage. The high con-
cenration of Li at the one end creates an n-type negion, Inothe diffusion process, all elec-
mon accepiors are newiralized in the bulk of the crystal, which becomes highly
nonconducting. This is the “wreiesie " material. The lithium drifting is stopped before
eaching the other end of the silicon crystal, leaving a region of pure 5i {p-iypel, as
shown in Fig. 8.30. Submicron gold layers anc applicd at cach end as clectrical contacts.
The detector is reversc-hiased, emoving any free charge camiers from the indrinsic
region. Under this condition no cument should Aow since there are no charge camicrs
in the indrinsic region, However, the band-gap betwoen the valence band and the comduc-
tion band is amall, only 1.1 eV for Si{Lil At seom temperature, thermally generated
charge camiers cross this bamicr casily and bocome conductive even with no X-ray
potons striking the detector. This causes a high mise level. To docrease this noisc
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Figure 8.30 The 5i(Li} semiconducor detector. {a) Schenatic shows the n-{ype 54 region on one
el ol the 51 crysital, a central charpe depleted mirinsc repson and p-Aype 51 on the ather encd. {h) The
atual detector has 200 & bvers ol pokl as elecinc comacts on each end ol the orystal. An Xeray
phodion sinking the inrinsic region generales elecmon=haole pars within the dimle. |[Fig. 8 300h)
wamesy ol Thermo ARL (www hermoA RL oom) |

and increase the sensitivity of the detoctor, the temperature of the system must be
decreased significantly. This is accomplished by cooling the detector to 77 K with
liguid nitrogen, which must be replenished regularly. In exactly the same fashion, ger-
manium, also in growp [V of the pericdic table, can be used instead of silicon, making a
Gefli) drfted doetector {vou might gucss this & called a “jelly” dewector). The
CeedLiy detector also reguines liguid nitregen conling, since its band gap is only 0066 2.

Ao X-ray photon striking the detector prosduces multiple electron—hale pairs in the
intrinsic region [Fig, £.300h)]. The number of clectron—hale pairs produced is propontional
i the photon energy. The energy required o make an clectron—hole pair is 386 ¢V in
SifLilL a0 the number of clectron—hale pairs formed is approcimately

E )

£ 365

where s i the number of clectron—hole pairs; £, the energy of the incident X-ray photon
{in eV} and £, the cnergy to fomn an cleciron—hale pair inc'.
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For a similar Ge lithiuvm-drifted detector, the cnergy required for ionization is
2% eV, This 5 much kis than the encrgy required for ionization in a propsontional
ocoumder or & MNal{ Tl scintillation dete cior,

Lieder the infuence of an applicd voltage, the clectrons move toward the positive
cnd and the holes towand the negative end of the detector. The total charge collected
at the positivie contact is:

0 =hdge (B 18]

where (2 & the total charge in coulombs (O s, the number of electron—hale pais =
Efe: and g, the charge on one cleciron = 169 = 1) C fdectron.

The caollection of charge resulis in a voltage pulse. Since the total charge is pro-
pornticnal to the energy of the incident photon, the amplitude of the voliage pulse produced
s also directly proporional to the energy of the ncident photon. The voltage pulses an
amplificd and “shaped™ cloctronically and sent 1o a sediichveniel pdse Telghe amalvper
1o be soned by pulse height and counted.

The operation of a multichanne] analyzer can be modeled in a simple fashion.
Assume that we have a pulse height analyvzer of a given wotal voltage range with the
ability to change the woltage in amall increments, As an example, the total voltage
mnge is 10Y and the interval of change is 001 %, X-rays of shont wavelengths {high cner-
gics) must be separated from X-rays of long wave lengths (low energics). That is what a
pulse height analyzer docs; it iejocts encrgy signals that ane higher or lower than a selected
cnergy window . If the analyzer window can be changed in small encrgy increments, only
phatons with that energy will pass through, Those photons are counded and stored in that
cnergy window location in the analyzer memaory. Each cnergy window location is called a
clienprel. Then the encroy window (voliage) is changed by 0.1 % and only photons ¢ome-
aponding to the new energy window will pass through and be counted and stored in a
seoond chanmel. Sweeping the veltage range in steps of L1V permits us 1o distinguish
between X-ays of varnous cnergies. [ the X-ray photons are counted by energy, we
can obtain §, the X-ray imensity st given energy. This permits ws to plot £ va, wavelength
{cnergyl, which gives us an energy apecirum of the XREF from the sample. An EDXRF
specirum is in the form of a histogram, wsually plotted as “counts™ on the v-axis, whene
copunts means the number of photons counted in a given channel, v, energy on the
r-axis, In practice, an EDXRF is equipped with a pulse height analyzer with many chan-
mels and complicated signal processing circuwitny, A typical multichannel pulse height
analyzer may have 1024 channels, cach comesponding to a different energy imerval.

Fesplution in a semiconductor detector EDXRF sysiem is a function of both the
detector characteristics and the ¢lectronic pulse processing. The energy resolution of semi-
conductor detectors is much better than cither propontioral counters or scintillation
coumers. Their exocllent resolution is what makes it possible s climinate the physical
dispersion of the X-ray beam; without the cnergy resolution of semiconductor detecions,
EDXEF would not be possible.

While SiLiy is still the mest commeon semiconductor detector material fior
laboratory-hased EDXREF aystems, Gef Lid, high-purity O, mercuric iodide {Hgla), and
compound materials such as GaAs and CdTe have beenused. The lithium-dri fied detectors
it e maintained st ligpeid nitrogen femperstones at all times, o mindmiee noiae and
i prevent Li migration in the crystal. High-purity Ge and the other compound materials
oy et require d constant cooling, Signal-te-noise is often improved by operating these detec-
wors at subambicnt temperatures, bt mercunic icdide detectors waork well at ambicnt temp-
craturcs. This makes mercunc iodide an excellent detector for portable, handhe 1d EDXEF
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Fe Sum and Escape Peaks
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Figure 8.31 Anilacts inan EDXRF spectrum. The specirum of pure iron, messunsd with a Sili)
detector, shows a peak lower in energy tham the Fe K peak by am amount esactly equal 1o the energy
al the 51 K Ine. Some ol the Fe photon energy 15 translerred o the 51 detector stons; the amaunt ol

anergy ahxarhed by an 51 alom has eveaped Iram the Fe photon. This type ol peak is called an escape
peak. Sum peaks ako appear in EDXRE specina when two miense phadons ammive s the detector sime
ulameously . A sum peak mom two K photons is shown along with a sum peak Irom one K and one
Ky fhoton, [Courtesy ol Therma ARL (woww dherme ARL com).|

analyzers where carmying around a large dewar {a fancy thermes botlle ) of ligquid nitrogen is
ot practical and for the X-ray spectrometers send on space missions, where nefilling the
liguid nitrogen dewar cvery weck is nat possible.

RE72 Escape Peaks and Sion Peaks
Spectrum antifacis may appear in the cnergy dispersive spectmum. These are peaks that ane
ot Trom clements in the sample. The Si cscape peak, from the Si B, line, results inan
artifact poak 174 e% lower than the paremnt peak when a Si(li) detector is used. Such
an cacape poak is shown in the EDXEF spectrum of an iron sample in Fig, £.31.
Similar cacape peaks at different energics appear for Ge if a Ge detector is used.,
Sum peaks inthe EDXRF spoctnum oo wr when two high-intensity peaks amive soclose
i time theat the signal processing e loctronics canmot scparaic them. A single peak is registered
at an energy that is the sum of de two peaks, Figune 831 displays this type of anifact. The
meajor clements in the sample {e.g., iron in steel) are usually the source of the sum peaks.
Most EDXEF systems come with software that automatically comects for cscape
amd sum poaks.

8.3. AMNALYTICAL APPLICATIONS OF X-RAYS

There are three distinet felds of X-ray analysis; X-ray absorption, which varies with
atomic weight; XED, which depends on the crystal propenics of solids; and XEF,



