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4.3: Back to Basics

As energy of the x-ray is increased, progressively more core electrons are excited and a more atomic picture can be constructed.
Terminology:

Sub-shells (connected to the angular Momentum Quantum Number): An atom's electron shells are filled according to the following
theoretical constraints:

o FEach s subshell holds at most 2 electrons

o Each p subshell holds at most 6 electrons

o Each d subshell holds at most 10 electrons

o Each f subshell holds at most 14 electrons

o Each g subshell holds at most 18 electrons

Shells (principal quantum number): Electron shells are labeled K, L, M, N, O, P, and Q; or 1, 2, 3, 4, 5, 6, and 7; going from
innermost shell outward:

Shells s p d f g Total
K 2 2
L 2 6 8
M 2 6 10 18
N 2 6 10 14 32
(0] 2 6 10 14 18 50

As you tune the applied x-ray photons, resonances with different ionization thresholds for electrons will occur resulting in
progressively higher energy (higher energy = higher binding energy) electrons being ejected. This is a signature of the nature of the

element.
Table 1-1. Electron binding energies, in electron volts, for the elements in their natural forms.
Element K1 Ly2s La2piz LaZpyz  Mpds  Mplpyz Maldpyz Myddyy Msddsa Nyds Nzdpiz  Nadpaz
1 H 136
2 He 24.6*
3 Li 54.7*
4 Be 111.5*
5B 188*
6 C 2842*
TN 409 9+ 373*
20 543.1* 41 6%
9F 696,7*
10 Ne H570.2* 48 5= 21.7= 21.6*
11 Na 1070 8+ 63 5% 3065 3081
12 Mg 130304 887 4978 4950
13 Al 15596 1178 7295 7255
14 Si 1839 149.7*b 99 82 99.42
15 P 21455 189+ 136* 135*
16 S 2472 2309 163 6% 1625+
17 Cl 28224 270* 202 200*
I8 Ar 32059+ 326 3* 25061 2484+ 293+ 159% 157+
19 K 3608.4% 378.6* 2973+ 294.6* 348+ 183+ 183+
20 Ca 4038 5+ 438 41 3497 34621 M3t 254¢ 2541
21 Se 492 498 0* 403 6% 3987+ 51.1* 283+ 283+
22 T 4966 560.91 46021 453 8¢ 587t 326t 32.6¢
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Orbital energy levels
Assume there is one electron in a given atomic orbital in a hydrogen-like atom (ion). The energy of its state is mainly determined
by the electrostatic interaction of the (negative) electron with the (positive) nucleus. The energy levels of an electron around a

nucleus are given by :
72
En = —thoo—2
n
(typically between 1 eV and 10% eV), where R, is the Rydberg constant, Z is the Atomic number, n is the principal quantum
number, h is Planck's constant, and c is the speed of light. For hydrogen-like atoms (ions) only, the Rydberg levels depend only on
the principal quantum number n.
For multi-electron atoms, interactions between electrons cause the preceding equation to be no longer accurate as stated simply
with Z as the atomic number. Instead an approximate correction may be used where Z is substituted with an effective nuclear
charge symbolized as Z,;.
Lot

€

- (4.3.1)

En,l = —hCRoo

Hence, different atoms (higher Z) will have different effective Z.¢s that couple into Equation 4.3.1 to result in different energies
for the electrons. Note chance in energies for the S electrons below:

Counts
Peak ID Atomic % BE (eV)
rF 1s 0.5% 68719
90000 1018 38.9% 533.72 S
N1s 1.7% 402.74
rc1s 25.6% 285.43
700001-5i 2p 33.3% 99.71
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Figure 4.3.1: Wide-scan or survey spectrum of a somewhat dirty silicon wafer, showing all elements present. A survey spectrum is
usually the starting point of most XPS analyses. It allows one to set up subsequent high-resolution XPS spectra acquisition. The
inset shows a quantification table indicating the atomic species, their atomic percentages and characteristic binding energies. (CC
BY-SA 3.0; ; Bvcrist via Wikipedia)

Hence, XPS can be used for elemental analysis of unknown compounds, by measuring and check to known values for the

electronic energy levels of elements
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BE Lookup Table for Signals from Elements and Common Chemical Species
10 BI 6p1| 39 Pt 540|100 P 3p 180 A1 6s 240 Kr 4s 340 K 3s 440 Ra 68 |520Tm S5s |657 V 3s
10Ce 4140 Ir 54|00 Ti 4as 18.0 Ce Sp 240 Sn 4d |350 Re 5p3 440 U 6s |523 Yb S5s |B60 Ni 3p
10Co 3d|40 Pm 4f |00 V 4s 180 Pr Sp 250 Th 6p1 |352 Mo ap 444 Y 4s |526 Fe 3p |B60 Pt Sp1
10 Cr 3|45 Ag 4d |100 Zr 58 181 Hf NivOx |260 Bi 593 |352 W Na2WO4|450 Ta Sp1 |S30 Sn loss |678 Ta 5s
10 Fe 3d| 48 Dy 54105 BI 6s 182 C 2 260 He 18 |353 Y loss |451 As 203 534 Os 415 |68.0 Ra &d
10Ga 4|50 B 2p|107 Cd 465 184 Sr 4p 250 Rn Bs 358 W o3 455 As NtvOx|540 Os 5Sp1 |68.0 Tc 45
10 Hf 54|50 Br 4p|110 Kr 4p |187 Ga 35 |261 Lu Sp |360 Ce 5s 457 Ge loss |542 Se CdSe |685 Br 3d5
10 In Sp] 50 Ca 3d|110 Rn 6p 188 Ga 3d 268 Ta 205|360 Gd 5s 460 Re 5p1 |545 Se GeSe |685 Br KBr
10Na 3|50 Er 4 |110 Sc 45 189 Ga 3d3 |268 Zr 4p |3B6 Sr 45 463 Ga loss |549 Se 3d5 |688 Cd 4p
10 0s 5d] 50 Po 6p|111Cs 5p3 |190 Eu S5p 270 Br 4s |37 V 3p 468 Re 207 |549 Li 1s |690 Br ad
10 Pb 6p| 53 Se 4p |116 Cd 4d3 |19.0 Nd 5o |2862 Sc 3p |3TO W Sp3 |468 W Sp1 |S49 Li OH |695 Br 3d3
10 Sn S5p] 55 Cl 3p|120 Cs Sp 150 Pb 5d5 |286 In loss |37.5 Hf S5p1 |47T0 Mn 3p |545 Se 3d |700 Re loss
12 Yb 4T 58 Au 5d |120 Po Gs 19.0 Ra 6p 286 Rb 4s |30 Pm S5s 470 Rh 4p |552 Se GeSe2|71.0 Pt a7
14 Pd 4d]| 60 Ta 5d|120 Te 58 19.0 Sm S5p 200 Dy Sp1 |380 Pr 58 470 Ru 4p |653 Li CO3 |71.8 Mg loss
14Rh 4d)|60 Y 4d|120 T S05 |191 Ga Sb fract |20 Er Sp |383 Sn loss |40 Dy Ss |S56 Nb 4s |726 Pt af
20Cd Sp|62 Hg Sa)|126 Cs 5p1 194 Ga Alaselch|280 Lu Sp |39.0 Eu 58 480 Rn S5d |S557 Se 3d3 |727 Al 2p3
20Mg 38|69 Eu 4130 T 5d 195 N 2= 291 Ge 3d5 |39.0 Nd 58 480 Sb loss |568 Au Sp3 |729 A 2p
20 Mo 44|70 O 2p|132 Rb 4p 197 Ga Pfract |202 F 28 |380 Te¢ 4p 485 | 4d |S68 Lu 58 |TIT T 5p3
20Nb 40|70 Sm 41 |132Rb 4p 197 Ga Asfract [204 Ge 3d |395 Tm Sp |495 Ho Ss |5T4 Er Ss |7T32 A 2p1
20Nd 41|70 Sn 58 |14.0 Ne 2p J200 U 6p 295 Ho Sp1 |400 AL 5d 495 Mg CO3 |580 Ag 4p |738 Al N
20 Ni 3d|70 Xe 5p|140 Sc 3d 202 2n loss |207 Ge 3d3 |400 Ba 58 496 Mg (OH)2|580 Fr &d |740 Au Sp1
20 Pr 41|71 Lu 47 |142 Hf 47 205 Gd S5 |302Ge Se |400 In loss |496 Mg 2p3 |580 Hg 5p3 |742 Cr 3
208b S5p|71 Tb 41 |150 Fr 6p J207 Ga 203 |303 Na 2p |400 TR 58 497 Mg O |581 W oss |743 Al 203
20 Sc 4p| 77 Gd 4ar |150 H 1s 210 Pb 5d3 |309 Nb 4p |401 Te ad 488 Mg 2p |S82 Ti  3s |743 Al 203-nH20
20 Tc 4d| 78 Dy 4f |150 Hf af 216 Ta aff |309 Pb loss |402 Re 4f7 486 Mg 2p1 |583 Te |Ioss |744 Pt 415
20 Ti 3d|B80 A 6p|15S0Rb 4p1 |218 Tb S5p 310 Hf 5p3 |41.0 Ne 2s 500 Mg CO3 |586 Ag 4p |744 A (OH)
20 V 3d]B80 S 3p |50 T 5d3 |[220 Dy 5p3 310 Po 5d |410 Sm 58 500 Sr loss |588 Y |oss |749 Cu 3p
20 Yo 4f |83 Ho 4f |157 CI 3 220 Pm Sp M3 W 47 |412 Re 4f 503 Zr 4s |S80Co 3p |749 Se loss
20 Zr 40|83 Lu 500|159 Hf 415 223 Ao 3s 315 Ge Se2 |414 Re MNvOx |S04 Mg NvOx1|592 As loss |750 Cs 445
25 Yb 415184 |u 203|159 | 5s 27 Ta 41 37 Sb 49 |45 As 305 |S07 Os 417 |60B Ir 417 |751 Pt O2-nH20
26 Te Sp| 85 Tm 47 |160 K 3p 230 Cs 5 321 Ga loss (418 As 3d S0.7T Pd 4p |610 Mg loss |751 W 58
28 Cu 3d)86 Lu 415|160 P 3s 210 2s 323 W 4f |4a20 As S S0T7T Sc¢ 3s |620 Ir 4f |755 Al Nt Ox
28 Mn 30|89 Ar 3p|160 S 3 233 Ho Sp3 324 Ti 3p |420 Th 68 509 Mg reoid |620 Ir 02 |760 Cs 4g
28 Re 54|90 F 2p|169 In 44 2R3 Y 4p 326 Ta 5p3 |421 Ca 3s 510 I S5p3 |620 Ir Sp1 |77.8 NI loss
28 Si 3p|90 Ru 4 |1770La Sp |234 Ta 82 |330La 58 |421 Cr 3p 510 Mg NtvOx2|620 Mo 4s |783 In ap
28 W 54|90 Sb S5 |70 Th 6p3 [235 Ca 3p 332 Ge O2 |422 As 303 514 0s 4f |620 Xe 4 |790 Cs 403
30 Ge 4p| 50 SI 3s |17.0 Xe 58 235 Yo S5p 334 Lu Sp |427 Re 415 515 Pt 5p3 |623 M 58 |B0.0 Ru 4s
30 | Sp]%1 As 4p |17 1 HI 02 238 8 S5d JB5 W 45 |427 Ta loss |51.5 Mg reoxid |[627 Ir Ntv Ox|80.7 Rh 4s
30Pb 6|97 2Zn 3d|177 Pb 5d 240 Ta ars 338 Ge NtvOx]430 As 283 |517T Re loss |B33 Na 2s |810 Hg S5p1
32 Bl 6p3]100 Ba 5p |17.9 Ga InAs(ar)|240 B 5d5 |340 Fr 65 440 Os Sp3  |51.6 Mp NivOx3|638 Ir  4f5 |818 Re 58
(c) 1999 XPS International, Inc. Handbook of The Elements and Native Oxides

https://chem.libretexts.org/@go/page/367410



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/367410?pdf

LibreTextsw

4.3: Back to Basics is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.

https://chem.libretexts.org/@go/page/367410


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/367410?pdf
https://chem.libretexts.org/Courses/University_of_California_Davis/Chem_205%3A_Symmetry_Spectroscopy_and_Structure/04%3A_X-ray_Spectroscopy/4.03%3A_Back_to_Basics
https://creativecommons.org/licenses/by-nc-sa/4.0

