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In this work, experimentally determined values of electron spectroscopic shifts induced by nitrogen
in Ge core levels of substoichiometric amorphous germanium-nitr@&eN) alloys are discussed

and presented. X-ray photoelectron spectroscdiiPS) and x-ray excited Auger electron
spectroscopy(XAES) are employed to study the behavior of the &kand LMM spectra,
respectively, and combined the corresponding XPS and Auger core levels shifts to det&arhine

the modified Auger parameter shift, which is exempt from problems inherent in the interpretation of
XPS and XAES shifts. It is demonstrated how one can Aiaé to reliably estimateAng,, the

change in Ge valence charge in the alloys, and how one can calibrate XPS shifts of Si and Ge based
alloys in terms of approximate values &hg.. © 1995 American Institute of Physics.

This letter, reports the results of XR$-ray photoelec- measured line shape in terms of two components, also iden-
tron spectroscopyand XAES (x-ray excited Auger electron tified as Gel and Ge2. The component energies relative to
spectroscopystudies of the effects of N atoms on the elec-that in pure G&1144.9 eV},? or AK, are presented in Table I.
tronic levels of amorphous Ge. In particular, we show how  The resulting values ofAB and AK of the component
Aa’ can be used to estimate the change in valence charge tifie shapes, Gel and Ge2 in Table | do not scale with nitro-
the photoexcited Ge atom in the alloy with a fair degree ofgen content, even though, from Fig. 1, it is clear that the
reliability. The uncertainties intrinsic to the XPS and XAES higher the N content of the sample, the greater the intensity
shifts do not affect the Auger parameter. Furthermore, wef the higher binding energy Gl components. Because of
illustrate an empirical linear relation between the XPS shiftthis shift invariance, we associate each of these components
andAc«’ in a wide range of compounds based on crystallinewith a new chemical state. Since the Gel and Ge2 lines are
and amorphous Si and Ge networks, which permits an apl.5 eV apart and 1.6 eV wide, we expect, from the ,SiN
proximate calibration of G8d XPS shifts in terms of charge
transferred upon alloying.

A detailed discussion on deposition conditions and on
the structural and optoelectronic properties of the samples
being reported here can be found elsewHeFae XPS mea-
surements were performed on Arccleaned samples in an
ultrahigh vacuum system using unmonochromatized Al
Kay , radiation(hr=1486.6 eV, FWHM=1.2 eV).

Figure 1 shows the normalized XPS intensity of the
Ge3d;), 3/2 core levels of soma-GeN alloy samples after
Ar* bombardment. The figure indicates that as more nitrogen
is added into th@-Ge network, clear and significant shifts of
B, the 3d binding energy, and total line broadening due to
new types of bonding appear. In the inset, we illustrate de-
composition of the measured intensity in terms of Gaussian
component line shapes, denoted by Gel and Ge2. The ener-
gies of these components in our samples relative to that in
pure Ge(29.3 eV}, or AB,? are given in Table I. In analyzing
the line shapes, a third, weak component appears, which we Lo .

identify with id ¢ of iunfe 26 28 30 32 34 36
identify with an oxide component of germaniuite.g., o
GeQ)? P g g Binding Energy (eV)

Normalized Intensity (arb. units)

The A_nger Ge LMM transﬂ;ons were also meisurgd arlc1:IG. 1. Normalized XPS data for four differeatGeN samples. The ob-
analyzed in terms of théG and®F sets of doubletd*As in  served features correspond to Gi3 5/, core levels and N-induced shifts.
the case of the XPS spectra, it was possible to decompose tligserve the shift in the center of gravity of the core level and also the total
line broadening as more nitrogen atoms are added ta-tBe network. The
inset shows the contribution of new Ge bonding configuratiol® to the
¥Electronic mail: ivanch@ccvax.unicamp.br presence of Nthrough a Gaussian components deconvolution.
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TABLE I. Values of the energy of the component lines Gel and Ge2 of thebecause of differences in chemical environment mentioned
measured spectra for the samples presented in Fig. 1 relative to the corrgbove in our discussion of the XPS and XAES shifts do not
sponding energies in pure G29.3 eV and 1144.9 eV, respectively, for the pertain. The only contribution tAa’ comes from that region

pure Ge3d and LMM (*G,)]. These shifts are the same for all the samples . . . .
presented in Fig. 1. The Auger parameter shift is definedAas= of thg charge density which responds differently, in the alloy
— AK—AB. The quantityAng, represents the change in valence charge of @Nd in the reference sample, to the charge state of the pho-

the Ge atoms calculated from the expressiba’=—SUAng,, where  toionized atom. Changes in the ground state valence charge
=15 eV for Ge. produced by alloying on neighbors of the photoionized atom
cancel.

The simplest approximation is to suppose that the core
hole behaves like an extra protofthe equivalent core
Gel — Gez  Gel Gez  Gel Gez Gel Gez mode). Itis also convenient to separately consider contribu-
0.4 1.7 -1.0 -33 06 16 -04 -11 , , : -

tions to Aa’ from the region of the photoionized atom,
whose atomic number &, and from its neighborhood. The

5 ) o contribution, Aai, from the region of the photoion
model? for Gel to incorporate the contributions of Ge atomsy, o g me&13-15

having, in our case, zero and one nitrogen bond and for Ge2
to correspond to a higher number of - G&l bonds. The data

for AB and AK in Table | allow us to determine, for each Aa
sample, the shift of the modified Auger parametar’),
wherea’=—(B+K),® a quantity which is convenient for in- =-6U,An,, (©)

terpretation of the shifts, as is shown below. . . .
P where U, is the Coulomb integral of the photoion valence

One of the principal challenges in extracting electronic lectrons. an atomi ntit which vari roximatelv lin
structure from electron spectroscopies is that of derivinge ectrons, an atomic guantity which varies approximately
arly withZ, n,(Z) is its ground state valence occupation,

atomic electron occupation changes from spectroscopi _ - )
shifts. In order to appreciate the difficulties of interpretation,inf 55U{’/11‘19%UU|{:‘9£' ta pos];mve qqantl_tyg]or Ge, 5U’B th
we display the expressions for the shifts in terms of funda-, ~* € : € ype of screening IS the same in bo

mental quantities. The most commonly measured quantity i%e sample of interest and the reference, then the only term in

the XPS shift, which can be writtéms in Eq.(1), where we @ ¢ which survives is proportional t n,(Z). In our case,
use atomic uhit$|e|=h=m=1) ’ both the alloy and the pure Ge behave like insulators, so that

we assume the type of screening to be unchanged in measur-
1 3 o ing the shift.
AB:_L dn, fd rAp(ni,n=10r "+Au, (1) The contribution toAa’ from the neighborhood of the
photoion comes from changes in the wave functions and

where the spatial integral extends over all space and all erchanges in quantity of valence charge. Modification of the
ergies are referred to vacuum. The quanitis the chemical  charge density by the positive core hole charge depends on
potential andp denotes the self-consistent valence electrornthe interatomic distanc® asR™*, so that this modification
density of the solid, which is a function of the core electron

Ge3d shifts Ge LMM shifts Ao’ Ange
(eV) (eV) (eVv) (el./atom

L=— fldni[uv(z+ 2-n)=U,(Z+1-n)]An,(Z)
0

occupations 1§;) of the photoionized atoniGe herg. The . 40
integral overn; represents the transition from the system A Sihoss T '
ground state to the core ionized final state of XP¥.The L @ Ge hosts
Auger kinetic energy shift for a transition involving only 4L O thiswork I y 3
core levelsAK is given by a similar expressidh. g 17° 5
The difficulties in interpretind\B andAK arise from the o
difference in surface and chemical environment incorporated> 3 %D
in Ap and the difference in energy reference represented by& i 6
Aup when a range of compounds containing the photoionized z =
species are compared. Analysis/f’ is much simpler than < 00 g
that of the XPS and XAES shifts. From its definition we can 1T =~
expressAa’ as in Eq.(2).81

1 I R L . 1 . L . L L L
Aa’Z—A(J’ dni f d3r[p(ni ,njzo;r) 0.0 0.5 1.0 1.5 2.0 2.5
0 Local Electronegativity (Sanderson's Scale)

2 FIG. 2. Shifts of the modified Auger parameter induced in Si and Ge core
levels as a function of the local electronegativity of the bonded impurity.
The Ge—N data error bars correspond to values given by samples having

In Eq. (2), there are two subtractions: the usual one betweeaifferent nitrogen content. Other error bars correspond to data dispersion

the sample of interest and the refere@e, in our caseand from the literature(Ref. 3. A general trend is evident in the figure, the

. ; greater the local electronegativity the greater the corresponding chemical
represented by the symbAI, the other one is between the shifts. The right vertical axis indicates the partial charge to Ge derived from

_elfe_ctron_ dgnsities in the same sample corresponding t(_) &fY. (3) for the nonstoichiometric compounds in the solid phase. The lines in
initially ionized Ge and to a neutral Ge. The uncertaintiesthe figure are linear regression fits of experimental data.

—p(ni,nj=1;)]r 1.
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correlation betweeha’ and the local electronegativigven

| A Sihosts in nonstoichiometric materials'he validity of such a corre-
g| @ Gehosts SieH T lation depends on a statistically significant number of
| O thiswork ] samples. In Fig. 2, we presefitr’ measured in a variety of
6L | samples containing either Si or Ge. The error bars associated
—_ | with the data taken from the literature correspond to the dis-
% Al Si-o‘,"‘" i persion of the reported valuéSince the shifts correspond to
é " Ge-0 | quite different materialgdifferent deposition methods and/or
N SNy different impurity contents, for examplewe take the point
Si-Si A sic i of view that the means of these shifts corresponds to some
o | Ge'G‘,e.‘f}?_N ] “average” environment. The value afa’ corresponding to
",,»‘ ) Ge—N, as determined in this work has been plotted in Fig.
e e T 2. As can be seen, the higher the local electronegativity, the
Ad' (eV) larger the value of\a’'.

The preceding considerations suggest the possible use of
FIG. 3. XPS shifts of Si and Ge core levels as a function of the correspond-, . o ;
ing modified Auger parameteiia’). The possibility of calibrating XPS Aa’ to define an electronegativity scale. In order to test this

shifts in terms of a scale based on the modified Auger parameter is clear./d€8@, We plot the XPS shift versuse’ in Fig. 3 for the
compounds in Fig. 2. The resulting linear correlation indi-

) ) o . cates first, the possibility of calibrating XPS shifts in terms
should have little effect. There remains the possibility of in- ¢ partial charges by use of E¢3) and second, thata’

complete screening of the photoion by its neighbors. In thl%night furnish a reasonable scale of electronegativities in
case, each neighborhood atom would lose the valenc

. ; X ) T Such nonstoichiometric solids.
charge, which might be important. This contribution is un-

known, however, partially because of the nonstoichiometricOf f;rsnmaanr('jZ'r;?Aégthri:;:S(::;:noék y:]e ;e?,c;:f):[:ﬁoﬁz:ﬁ
character of the alloys and partially because of difficulties in o u in su cni !
-GeN alloys, with nitrogen contents ranging from 0~480

calculating such charge changes accurately. Since the consid- %. We sh d hat ci ¢ t of
ered materials have insulator characteristics, we assume th@ Y- We show under what circumstances measurement o

there is no such loss of valence charge, and ignore this coft®@ PErmits the determination of the partial charge transfer
tribution. In the following, we examine the consequences of® Si and Ge induced by different impurities in solid envi-
this assumption to see whether they agree with other, indgonments. The possibility of usinjja’ as an electronegativ-
pendent, considerations. It should be noted that the results 8 scale in solid Si and Ge compounds and as a calibration
electronic transport measurements on the sam@eN Of XPS shifts is discussed and the limitations on such usage
sample$ and the widening of the pseudogap as the samplegre outlined.
become nitrogen richer are in agreement with a diminishing ~ This work has been partially supported by FAPESP and
ability of the host networka decreasing number and/or mo- CNPq of Brasil.
bility of electrons to shield the created core holes.

Application of Aa’=—8UAng. (where we drop the
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