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Electron spectroscopic studies of highly concentrafddyers of Sb impurity atoms in epitaxially grown
Si(001 have revealed the presence of two main Sb environments. An analysis of the kinetic energies of the
core-level photoemission and Auger spectra of Sb in terms of the Auger parameter shows that the core holes
on each site are less well screened than in the pure element. A simultaneous analysis of shifts in the initial-state
and final-state Auger parameters of the two sites and bulk Sb enables one site to be identified with positively
charged donors, and the other with neutral Sb, possibly in clusters, defects, or interstitial sites. The donors are
found to contribute between 0.12 and 0.20 electrons per Sb atom, in agreement with transport measurements on
similarly prepared specimens. The on-site screening of core holes on the twal gighl, is found to be 0.82
and 0.93 for thes; and &, sites, respectively. This result is consistent with the expectation that the donor site
will be better screened by access to the electron gas of donated elef80h63-18286)05936-X

INTRODUCTION cally active, the Sb dopant atoms require either a pregrowth
or postgrowth annealing stag&.Complete incorporation is
One of the current major themes of semiconductor rean important factor in the experiments to be described here,
search is the creation of high doping levels with sharp spatialvhich are surface sensitive, and so might be confused by the
profiles for use in high-speed devices such as heterojunctioXistence of both surface and buried environments of Sb. For
bipolar transistors. The demand for these kinds of structuredhis reason we have concentrated our studies on SPE-grown
however, seems to be almost offset by the technical difficulS@mples, and have investigated the local chemical and elec-
ties experienced in their fabrication. The problems are partronic environment of the Sb dopant atoms, with particular
ticularly hard to overcome fon-type dopants in silicon, attention paid to charge 'transfer. and ]ocal screening effects.
where strong surface segregation and a low incorporatiof© our knowledge this is the first direct measurement of
probability* during growth severely limit the doping profile '0¢@l charge and screening on dopant atoms, as opposed to
attainable. Antimony is one of thetype dopants which has inféerence through electrical measurements. _
been widely used in high concentration an#idoping . In this work, we describe an approach to the determma—
studies® which, although it segregates strongly and istion of t'he ac'tllvatu_)n level, Ioc_al charge, and local screening
therefore hard to control, does have the practical advantag%n Sb impurities in ad layer in S{001). The approach is
of being easy to evaporate from a Knudsen cell. ased on the measurement by electron spectroscopy (_)f the
A number of different approaches have been made to theependence of the Auger parameter on the local environ-
problem of creating highly concentratédayers of Sb in Si, ment. We. analyze the. results in terms of a local potential
such as ion implantation of Sh, or low-temperature epitaxialdel which has previously been shown to be a good de-
growth of the SP These and other approaches to the creatiorscriPtion of ground—stat_elfharg_e transfer and local screening
of & layers have various advantages and difficulties, witdn & number of systerﬁ’_s. We find that a monolayer of Sb
perhaps the best understood so far being that of solid phad Si occupies two environments with the same depth distri-
epitaxy (SPB.*® In this technique, a complete, or near to b_utlon, which we attribute tp electrically active gnd |nact|v_e
complete, monolayer of Sb is deposited onto an epitaxiallyites: We are able to quantify the extent of on-site screening
prepared Si substrate surface followed by a layer of Si at lov?f core holes on the two sites, and determine the local charge
temperature. The Si is amorphous at the temperatures usedf! the activated impurities.
though the overlayer can be recrystallized by annealing, with
only very limited diffusion of the Sb away from the original
position of the layer. The main advantage this particular
preparation method offers is that it yields complete incorpo- Sb-dopedé layers were grown orf001) oriented 4-in.-
ration of the Sb in the Si, though this does not extend to theliameter Si substrates pftype 1000€) cm float-zone mate-
electrical activity of the dopant atoms. In order to be electri-rial. Following the thermal desorption of the native oxide, a
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buffer layer of Si was grown epitaxially at a temperature of . . .
685 °C to a thickness of 1500 A. Details of the molecular- I 8
beam epitaxy(MBE) apparatus and technique have been
published elsewher€. A layer of Sb was then deposited
from a Knudsen cell onto this prepared surface to a concen-
tration of 3.5<10™ cm 2, as measured subsequently using
Rutherford backscattering spectrometRBS). After cooling

to room temperature, amorphous Si layers of 25- and 45 A
thicknesses were deposited over the Sbh. The top layers were _
then recrystallized by ramping the temperature up to 560 °C 1444.0 14460 1448.0 1450.0 14520 1454.0
and cooling back to room temperature. No extra annealing (@) Kinetic Energy (eV)

time was needed due to the very small thicknesses of the Si
overlayers, which were chosen to permit electron spectro-
scopic techniques to be used to detect thedSayer. On \ I
removal from the MBE chamber, the samples were etched in
a 5% aqueous solution of HF to remove the surface oxide,
and any surface Sb which may have been present.

The samples were transferred to an electron
spectrometet® where the spectra from core-electron and Au-
ger features were measured. These consisted of thedSb 3
and 4d core-level photoemission peaks, and the Sb
M4 5N, N, s Auger transitions. These could all be excited by
Al K radiation, which was monchromated to a linewidth of
0.4 eV. The hemispherical electron analyzer was used in a FIG. 1. (a) A normal-emission XPS spectrum of the St dore
fixed transmission mode, giving a resolution of 0.07 eV for vel from a4 layer, buried by 25 A in $D01). The spectrum is

the_ AL_Jger features. Spectra W‘fre obtained at both norm% own fitted with two components separated by 0.85 eV in energy
emission, and at an angle of 50° between the sample norm . : e :
y, and &), which are believed to be neutral precipitate and substi-

and the electron emission in order to investigate the surfac tional donors, respectively) An XPS spectrum of the Sbai
. . . . ) /2
species and depth dlsmbu“.on of Fhe Sb. . . core level under the same conditions agah
The samples were also investigated using higher-energy

synchrotron radiation(hr=4500 eV} to excite the Sb rated in ener . :
- ) X gy by approximately 9 eV, so thé;3 is not
:‘FgéMng ?’EbtransbltlonsL. ;)I’hlstwas UpeKrf(%r;neg on bei\arrtﬂme affected significantly by the Oslemission. The fact that the
- ”a taJes.trL]lry a _(I)ra ory,l : .t tﬁ .ngﬁr electronsg, 44 spectrum does not have the form of a single spin-orbit
were collected with a similar analyzer 10 the IN-NOUSe SPEeCy, ot makes it immediately clear that Sb is present in more

trometgr, though in this case the sensitivity was enhanced hPﬁan one environment. An analysis of the peak shapes using
operating at a reduced resolution, corresponding to a Gausgi'curve-fitting routine established that botd 8nd 4d core

ian broadening of 0.6 eV. | : .
. evels consist of two components; one large péakeled
Core-level x-ray photoemission spectroscdpPS) and 81, and a smaller onés$,) 0.85 eV to higher binding energy.

M4,sNqsN45 Auger tran_sitions Of. bulk Sb were alsc_). mea- The spectral profiles of both Sb core levels can be attributed
sured from polycrystalline material grown by depositing Sbto an envelope of two identically shaped contributions, 0.85

onto a room-temperature GaAs substrate using a Knudseé\/ apart, and with a relative intensity ratio of 1.9 :5,).

cell operating at 520 °C. After a 30-min deposition, no pho-rpo parameters used in the fitting are shown in Table I, and

toemission from the substrate could be seen, indicating thq];]e fits themselves are shown by the lines in Figs) and
the thickness of the polycrystalline Sb overlayer was in ex—l(b). A number of different approaches were made to ana-

cess of 150 A. lyze the data, including more than two components in the
line shape, though the best fit was found to be for two com-
RESULTS ponents of identical form. It might be possible to interpret
the Sb 35, core-level line shape in terms of a single, highly
asymmetric component. Such an interpretation would not be
The Sb 4l and 35, core levels obtained from the sample consistent with the & line shape, however, and it would be
grown with a 25-A Si top layer are shown by the dots indifficult to account for such a large asymmetry in terms of
Figs. 4@ and 1b), and are representative of both of the the usual Doniach-Sunjic mechani¢mgiven that the line
specimens, though as expected the Sb features showed a sirape observed from metallic Sb is symmetrical. We can
duction in absolute intensity when measured for the specialso eliminate the possibility that one of the Sb components
men with the 45-A top layer of Si. The spectra shown inarises from surface-oxidized Sb, since the angle-dependent
Figs. 1@ and Xb) were collected at normal emission. studies showed no change in the relative intensity of the two
The Sb 3I;, peak is shown in Fig. (b) rather than the components with takeoff angle.
more intense 8, due to the proximity of the lattertothe O  The XPS results showed that the specimens had a thin
1s core-level photoemission line, which occurs in the specsilicon dioxide layer at the surface, and that the Sb was bur-
tral region between the two Sb spin-orbit-split componentsied in the Si. It was found that the XPS line shape of the Sb
Fortunately, the Sb @ spin-orbit-split components are sepa- core levels did not alter with emission angle, and did not

Intensity
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Intensity

9470 9430 9440 9450 9460 947.0
(b) Kinetic Energy (eV)

Core levels



7974 THORNTON, COLE, GRAVESTEIIJN, AND WEIGHTMAN 54

TABLE I. A table of the parameters used to obtain fits to the

core-level photoemission peaks shown in Figs) and Xb). Sb M, 5Ny Ny s

XPS curve-fitting parameters y

Sb Sb 4d

Lorentzian width 0.16 eV 0.18 &
Gaussian width 0.90 eV 0.99 &v ‘@
Spin-orbit splitting 9 eV 1.25 eV §
Relative intensity of 0.66 0.66 5
spin-orbit components
Binding-energy difference 0.85 eV 0.87 eV
(=0
Intensity ratio(8y/5,) 1.9 1.9
¥These Gaussian widths are broader than expected from the contri- ~ 440.0 450.0 460.0
bution arising from the resolution of the spectromete0.4 eV). Kinetic energy (eV)

We attribute the extra width to inhomogeneous broadening arising
from a statistical distribution of slightly different environments for . . .
FIG. 2. The SV 4 N, N4 5 Auger transition obtained using Al

each of the two sites, and local variation in band bending across thl%a radiation is shown by the dots, and is compared to a fit obtained

sample. by combining twoM 4 5N, SN, 5 spectral profiles separated in kinetic
energy by 0.8 eV, each of which has a spectral shape observed from

increase in intensity relative to the bulk Sp Zmission at bulk Sb. Only theMs group is shown, with a good fit due to the

grazing emission _angle_s as fpund for t_he ©dnd Si modification of the background by the 0L, 4L, 3 Auger emission
associated with SiQ This confirms the view that all the Sb .1 lose in energy. e
remains buried in the Si top layer, and did not diffuse to the
surface during growth, where it would have oxidized on re-
moval of the specimen from the UHV growth apparatus. We Auger features
note that the absence of any dependence of both thedSb 4 The SbL;M, M, 5 (~3000 eVf andM 4 N4 N, 5 (~400
and 3, core-level line shapes on emission angle indicates\/) groups of Auger features were measured using excitation
that the environments giving rise to thi& and 6, compo-  from synchrotron radiation and a conventional laboratory
nents have the same depth distribution. This view is furthek_ray source, respectively. For our purposes, measurement at
supported by the fact that although thel @nd 4d photo-  the kinetic energies of thil, N, N, s Auger series are pre-
emission peaks occur at different kinetic energies, and hengerred due to the intrinsically narrower width of the spectral
different electron escape depths, the best fits to each spefeatures and greater sensitivity of the electron analyzer used
trum yield the same’; : 6, intensity ratios(Table ). The ex-  at these energies. From these samples, however, it proved to
perimental results for the binding energies of the Sb corgye difficult to measure thél 4 N4 sN4 5 group due to the
levels for the Sbs layer and bulk Sb are shown in Table II. ¢lose proximity in energy of the oxygeNL2’3L2’3 Auger
emission. This resulted in a high background emission which
TABLE Il. A table of the measured binding and kinetic energies mgde it difficult to extract the small signal from the buried
of the Sb core-level and Auger electron features, whigrand d,  mgnolayer of Sb, and made analysis more difficult due to the
are the two components |dent|f|e_d by the _flts to the core-level peaks,tared shape of the background in the region of interest. The
The final-state Auger parametaris also given. analysis was further complicated by the existence of extra
spectral features in the region of interest when characteristic
radiation from Mg and Al anodes were used, though this

Binding and kinetic energies of Sb features in eV

Bulk Sb o % 0 problem was overcome by the use of monochromatel Al
BEF3d,,2 539.1 538.4 539.2 radiation, which, although it resulted in a significant reduc-
KEFM,P 453.2 451.4 tion of intensity, did yield a greater signal to background
KEFL® 3023.7 (Ref.15 30235 intensity ratio. Despite these difficulties, it was possible to
w=KEF +BE 992 3 989.8 990.6 collectM 4 N4 5N, 5 Spectra from the buried Sb layer due to

the high sensitivity of the instrument used, and the data are
#These measured kinetic energies may be related to core-level binghown in Fig. 2. Auger spectra were also obtained from a
ing energies referenced to the Fermi energy by the relationshigoulk polycrystalline Sb film, and the spectra were found to
BE=hy—KEANALYZER 4 where the exciting photon energy was be in excellent agreement with the known atomic multiplet
hv=1486.6 eV, and the analyzer work functignwas 3.2 eV. splittings and intensities for the components in the
PThe sharp peak associated with th@, component is taken to M, N, gN4 5 Auger group'®

represent the kinetic energy of thé;N, N4 5 Auger group. These The experimentaM 45N, N4 5 spectrum from the Sk
results are referenced to the Fermi energy usinglayer is shown by the dots in Fig. 2, and is compared to a
KEF=KEANALYZER 1 4 and are to withint0.2 eV. simulated spectrum obtained by combining tQ N4 5Ny 5

“The kinetic energy corresponds to the maximum intensity of thespectral profiles separated in kinetic energy by 0.8 eV each
L3M,4sM 4 5 Auger group, which is dominated by th&, compo-  of which has the spectral shape observed from bulk Sb. It
nent. was found that a reasonable simulation of the observed width
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. r eV to account for the resolution of the electron analyzer. The
Sb LyM, sM, 5 . data are easily fitted with a kinetic-energy shift of zero, and,
£, regardless of relative energy, a kinetic-energy difference be-

Fooa

tween the components greater than 0.4 eV gives an unaccept-
able representation of the data. A fit in the extreme case of a
0.4 eV energy difference is shown in Fig. 3 as a dashed line,
together with the two components. We conclude from the
analysis of the S, N, N, s andL3M 4 M, 5 spectra that

the data are consistent with the presence of two environ-
ments with a relative intensity of 2:1, and that the Auger
splitting AE, is <0.4 eV and possibly 0.0 eV. The experi-
mental results for the kinetic energies are shown in Table II.

Intensity

3015.0 3020.0 3025.0 3030.0
Kinetic Energy (eV) DISCUSSION

FIG. 3. The SH.3M, <M, s Auger transition obtained using syn- In seeking an explanation for the presence of two Sb sites,
chrotron radiation with an energy 4500 eV from the same bufied we note that the extremely high concentration of Sb atdhe

layer of Sb as in Figs. 1 and 2. A fit to tHe;M4sM4s Gy, layer is well above the maximum doping level achieved in

showing the maximum acceptable shift between two componentdlis Systenf, and that at higher annealing temperatures than
consisting of Lorentzian peakshe FWHM is 2.8 eV, broadened those employed here, electron microscopy has revealed pre-
with a 0.6-eV Gaussian instrumental contribution, is also showrCipitation of Sb following this preparatichlt is not clear,
overlaid. The components are offset in the vertical axis for clarity.nowever, that clusters have formed in our specimens due to
the relatively low temperature used in their preparaffon,
of the MgN,4 N4 s andM 4N, N, 5 groups could be obtained though it remains a possibility. Any clusters would be ex-
using any separation in energy of the two components from @ected to be small since there is no surface Sb, and the over-
to 0.8 eV, and a background of the Shirley form. It was notlayer is only~25 A in thickness. It is possible that signifi-
possible to reproduce both tHd, and Mg groups of the cant numbers of Sb atoms occupy interstitial positions and
Auger spectrum simultaneously, since the spectra sit on aites with imperfect coordination associated with vacancies
background which rises to higher kinetic energy and whichand other defects. Electronically, the dopant concentration is
arises from the OKL,Jl,3 Auger emission. The figure so large that it easily exceeds the concentration necessary for
shows a good simulation of the width of thés group. An  the formation of an electron g&swhich will screen the po-
equivalent simulation of tht1, group can also be obtained tential of the two-dimensional layer. In this circumstance we
by correcting for the rising background. Regardless of theexpect the donor levels to be smeared into the classical im-
intensities or separations used in the simulations, the cleguurity band. The effective charge on donor sites will then
outcome is that the observed width of thd,N,sN,s depend on the position of the Fermi level relative to the
groups limits any shift in energy between the two knownstates in thed layer, and the degree of delocalization of the
environments to 0.8 eV or less. We define the difference irwave functions of the donor valence levels. The formation of
kinetic energy of the components from the two known envi-an electron gas able to screen #kayer as a whole leads us
ronments aAE (5~ &). to expect that individual donor sites will experience near-
The higher energy SbsM, M, 5 G, Auger transition at  metallic screening. It is difficult to draw any conclusions
approximately 3023 eV is shown in Fig. 3. This feature wasabout the electronic structure of segregated or defect-
difficult to obtain experimentally, and has a rather broadassociated Sb sites, except to observe that the small size of
natural linewidth of~3 eV1® An analysis of this spectrum, any clusters should significantly reduce local electron screen-
however, has the advantage over the study of théng below that observed for pure Sb. The localized valence
M, N4 N, 5 spectra of being free from any spectral featureswave functions of electrically inactivated sites would also
arising from Si or its oxide. The full width at half maximum lead us to expect low electron screening. In the absence of a
(FWHM) of this peak is 3.1 eV, which is smaller than that clear identity for the two environments that we observe, we
previously measured for bulk Sb-4.0 e\).2>?1 Our mea- attribute them to active and inactive sites, with no clear lead
surements were made using a higher-resolution setting faas to which is which.
the electron analyzer than in the previous studigs(~0.6 The results of RBS measurements on these and similar
eV compared with~2.0 eV), in the hope that we might samples show that between 50% and 80% of the Sb can be
resolve the spectra from the two environments identified irexpected to be on substitutional sites, a result which does not
the core-level photoemission data. Models of the spectrum ienable unambiguous identification of either component of
terms of two components are dominated by the natural linethe XPS spectrum. The identification of two types of site is
width, though, from the narrowness of the Auger peak, it isof course a simplified view of the real Sb environments
clear that no large energy shift occurs between the compowhich may exist under these conditions, as may be seen from
nents of the two known environments, in agreement with thehe width of the Gaussian broadening contribution needed to
analysis of the data for the 9, N, 5N, 5 group in Fig. 2.  fit the Sb core level¢Table |). This was between 0.9 and 1.0
This may be demonstrated by fitting the Auger peakshapeV for each site, and since the resolution of the spectrometer
with two Lorentzian peaks of 2.8-eV FWHM, and with a 2:1 used to collect these data was determined from measure-
intensity ratio, which are broadened with a Gaussian of 0.68nents of the Fermi edge of a clean Ag specimen to be 0.40
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TABLE IIl. A table of the differences in binding and kinetic the Auger parameter shifts to electronic structure is such that
energies, and in Auger parameters between the two identified Sthe differences inx of the &, and 8, sites relative to bulk Sb
environments in Si, and their comparison with the bulk elementalre indicative of a significant reduction in final-state screen-
material. ing at both sites. Our expectation that at this concentration

. . _ - the donor(or active sites will experience higher screening
Binding- and kinetic-energy differences between Sb environmentghan the defect, cluster, or interstitial sites with their more

in ev localized valence wave functions leads us to associaté,the
4, bulk 6, bulk 501 site with the donors. The implication that any Sb clusters are
AEb 0.0 0.85 0.85 Igss ngl screened than bulk Sb i; not surprising if the pos-
AE, 14 14 0.0 sible sizes of the clusters are considered. From an analysis of
_ _ the core-level photoemission data, we know there is no sur-
Aa 1.4 0.55 0.85 . . .
AB 2 55 face environment for Sb, and extensive structural studies of

similar SPE-growns layer$*? has revealed that Sb diffu-
sion does not occur into the bulk of the Si crystal. This puts
an upper limit on the diameter of an Sb cluster to be less than
he depth of thes layer (25 A), which in turn limits the ratio

attribute this additional broadening to a spread of environ©f su.rface:bulk _Sb.ato.ms n the cluster to be at least 1:3.
llowing for a distribution in Sb cluster sizéess than the

ments associated with the main active and inactive sites, ad%l ) g > .
to a local variation in band bending. maximumn) can only increase the number of “surface” Sh

Although the photoemission results show that there ar@toms in the cluster relative to those in the “bl.“k',,,’ These
two Sb environments in thé-doped layer, it is not possible clusters cannot therefore be regarded as “bulklike” Sb, and

to resolve the contributions from the two environments toS° the observed reduction in the final-state screening is rea-

either the'G, component of the_3M, M4 5 group or the sonable.

M4 5N, 5N, 5 Auger profiles of Sb. Our measurement of the d_fflt IS posgblel to Ob.ta'n a morebdetalled ﬁnaly&s_ of thed
profile of the LsM 4 M, 5 1G, has been made at a signifi- differences in e ectronic structure between the two sites an

cantly higher resolution than that measured earlier from el_between ther_n ano! bulk Sb t_)y_ _extending the analysis to in-
emental SB%2Land this is reflected in the smaller linewidth ¢!ude a consideration of the initial-state Auger paramgler

of the measured AugdrsM, <M, & G, spectrum. Consid- and.the analysis of thA«a and.A,B shﬁs in terms o_f a po-
eration of the natural linewidth of this spectral feature to—tent'al model. Su(;h an analysis can give valuable |nS|ght Into
gether with the knowledge of the instrumental resolution enboth A.V’ the enwro_nmental dgpgndence of the atomic core
ables us to put an upper limit 0£0.4 eV on any possible potential, andAR, differences in final-state relaxation ener-

difference in the kinetic energy of the Auger spectra from theqies' By explt_)i_ting their_ different scaling with number of

two sites. An analysis of the spectral profile of the core holes, initial- and final-state effects may be separated
. . 2

M, N, N, 5 transitions is consistent with this result, al- using

though the latter is only sufficient to put an upper limit of 0.8 _ - ; TN

eV on the possible separation of contributions from the two AB=2AEp(j)+AEL(I)+AE(ijj)~2AV+2A¢, (2)

sites. : .

Recent work has shown that important insights into the Aa=2AE(]) —AEy(i) + AE(i]j )~ 2AR, ()
differences in the local electronic structure of atomic envi-where ¢ is a referencing potential. Ground-state potential
ronments can be obtained by a consideration of differenceshifts have long been interpreted using an electrostatic model
in Auger parameter$:*! The final-state Auger parametey  which assumes that the contribution to the core potential due
defined by to the valence charge density! is proportional to the local

charge. The scaling constakis of the order of the recipro-
a=E,+E,, (1)  cal atomic radius?® Including the extra-atomi¢Madelung
potentialM Aq, we obtain
whereE, is the binding energy of a core level measured by
XPS, andE, is the kinetic energy of a core-core-core Auger AV=Aq(k—M). (4)
I|n_e, is partlcular_ly useful due to thg cancellation of system-.l_homas and Weightmahhave shown thak can be deter-
atic differences in energy referencing of electron spectros- . ; ) .
. : . ined using atomic structure calculations.
copy measurements on different specimens. The final-state :
Recently an extended potential model has been

Auger parametetr is thus a characteristic of the local elec- developed which benefits from the simplicity of the poten-
tronic structure. In Table 1ii we show the para_mete_r_s for tial model approach, while accounting for the dependence of
bulk Sb and the.&l a_nd 5 environments. Our |naP|I|ty o k on core occupancil, and valence chargg. This allows
resolve two contributions to either the MMy s, GaOF ) ciate effects to be treated using a Taylor-series expan-
My N4 Na s Auger profiles means that there is an ambiguity o, ¢ 1he core potentidP The variation of atomic Dirac-

Ik?i tr?-?e\éilllljjttaif)nozgggut:]eem&eln?g%r?z sites, I\V/\Il h'(_:qgogc])r;h_e Fock core eigenvalues witN and q is consistent with the
9 heM M5 Gq parametrized form,

ponent is less thart0.2 eV. Even with this systematic un-
certainty, neither thé; nor the é, site has anv equal to that k(N,q)=a+bN+dg, (5)
of bulk Sh. However, the for the 4, site is closest to that of

the bulk, withAa(bulk—§8,)=1.7+0.2 eV. The sensitivity of Potential shifts can then be expressed

eV, it is clear that there is a substantial inhomogeneou
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d
AV=(ko+bN—M)Aq+§(Aq)2. (6) A .
g 12} °
In the above expressions, the core occupancy is defined as & :
the negative of the number of core holgsthe negative of g 1.0 .
the total number of valence electrons, d&gdhe value ok at s ] _ s p— ek
the ground staté€N=0, g=q,). The coefficienb represents ° ® AB
the contraction of the valence orbitals upon core ionization, & 08} .
while d represents the decrease in valence radius with in- -Zc °
creasing valence chargiee., with a reduced number of nega- = 06} .
tively charged electrons © ¢
To model the extra-atomic screening of core holes, we use 0.4 . . ®
the excited-atom approaéh?’which replaces a core-ionized 04 02 0.0 0.2 04

site in the solid with a core-ionized atom to whidg/dN
additional valence electrons have been added self-
consistently. We obtain

Net charge on donor atoms

FIG. 4. A graph of the solution set fay(8,), dq(8,)/dN is

) 2 dq dq plotted in the physically significant portion of parameter space. The
Ap= A( 2aq+dg— 3an>~ 2b+d anl™t 2VEA +A o, solution curve determined from the expressionfarallows only a
) narrow range of values for the screening efficieaydN, while
the AB solution curve specifies the ground-state charge. The inter-
dqg dq dve section of the two solution curves indicates a donation of 0.16 elec-
Aa:A[ gb aN a—2b+d|g— aN + aN ] (8) trons per active Sb atom.

We note that while the initial-state Auger parameterdq/dN(s,)=0.82 for all physical values o§(é,). Similarly,
should be sensitive to the ground-state charge transfeis  for site 6, we obtaindg/dN(6,)=0.93. These results suggest
not a reference-free quantity and usually contains a largéhat the core-hole screening environment of both components
experimental error due to surface dipole shifts. However, irof the Sbé layer in Si is poorer than that of elemental Sb, as
the present case the contributions from the two distinct Stwne might expect.
sites in the Sk-doped Si specimen are measured in the same We now examine the shifts between the two Sb environ-
spectrum, and the referencing errors are implicitly removednents(Table 1), and find thatAB(8,— &,) is positive, con-
(A¢p=0). According to Egs(7) and (8), the chemical shifts sistent with 8, corresponding to the positively charged do-
Aa and AB are each determined by the elemental constantaors and &; to neutral interstitial-defect-cluster sites.
a, b, andd, and the values off and dg/dN in the two  Conversely, if we associatg with the donors and, with
environments. Potential model parameters for Sb have bedhe interstitial-defect-cluster sites, then this implies that do-
computed using a Dirac-Fock code, as describedors are negatively charged, contrary to expectation for pen-
previously** The valuesa=15.25 eV,b=-1.75 eV, and tavalent Sh. This identification of th& component with the
d=1.55 eV were obtained, corresponding to a ground-gtate donor sites also makes sense of the difference in electron
value ofky,=7.5 eV. If g and dg/dN are then known for screening noted by the earlier analysis of the Auger param-
some reference material, it is possible to determine solutioeter shiftsA«, since for the donor site&s,) the delocalized
curves §,dg/dN) which reproduce experimental Auger pa- nature of the valence wave functions will give access to
rameter shifts for some unknown environment. We now usecreening by the electron gas.
this approach to interpret the chemical shifts observed be- We can evaluate the magnitude of the donor charge by
tween$; and §,, and between these species and bulk Sh. solving Egs.(7) and (8) for &,, assumingq(s;)=—5 and

We assume that both sites are sufficiently localized in thelgq/dN(8,)=0.82. The solution sef(5,), dq(4,)/dN is plot-
S-doped layer forv®?in Eq. (7) to be zero, and that the ted in Fig. 4 in the physically significant portion of parameter
clusters or interstitial defects are uncharged. As discussespace. It can be seen that the solution curve determined from
earlier, we denote the Sb environment with the higher corethe expression foA« allows only a narrow range of values
level photoelectron binding energy @&s, and that with the for the screening efficiencdag/dN, while the AB solution
lower binding energy a#, i.e., AE,(6,—8,)>0. While we  curve specifies the ground-state charge. The intersection of
are able to place an upper bound on the magnitude of ththe two solution curves in Fig. 4 determineg(s,),
Auger shift AE,(6,— 6;), we do not know its sign. In prin- dq(d,)/dN consistent with the experimental data. We con-
ciple we must consider the two extreme cases in whictclude that our model indicates a donation of 0.16 electrons
AE(5,—8,)=+0.4 eV andAE,(5,—8,)=—0.4 eV. For sim-  per active Sb atom. Returning now to the two extreme cases
plicity we start by takingAE,=0.0 eV. arising from the ambiguity in determining any shift in the

We now consider the simultaneous equati¢iisand(8)  Auger spectra from the two sites, we find a maximum charge
for the shifts between bulk Sb and sifg, with the knowl-  estimate of 0.20 electrons per Sb and a minimum of 0.12
edge thaig(bulk)=—5 anddg/dN(bulk)=1. As Ag for this  electrons per Sh. This is in close agreement with resistivity
comparison is subject to an unknown referencing shift, theneasurements made on similar samples 77 K), which
charge state cannot be reliably determined. However the devere found to exhibit-20% electronic activation of the dop-
pendence ofAa on q(8)) is very weak, and we obtain ant atomg?
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CONCLUSIONS the two sitesdg/dN, is found to be 0.82 and 0.93 for tl&

. . nd &, sites, respectively. This result is consistent with the
We have shown that the creation ofa h|gh.Iy Concentrateixpectation that the donor site will be better screened by
layer of Sb dopant atoms in SPE-grown Si results in the

formation of two main sites, the, and &,, which can be access to the electron gas of donated electrons.
) 1 ) H™ H
identified by XPS. ThesM 4 eM s and M 4 N &N, s Auger In addition to the results obtained for the $kdoped

. iy Si(001) system, this study demonstrates that the analysis of
spectra cannot be resolved into components arising from

; : O - Electron spectroscopy measurements of Auger parameter
each site, and this puts an upper limit of 0.4 eV on the dif shifts has considerable potential for yielding important infor-

ferencg in the klnetlc_ energies .Of the Auger spectra frorT}nation on the charge state and local screening of impurity
each site. An analysis of the final-state Auger parameter

shifts between the two sites and bulk Sb shows that Cc)rgystems rele\_/ant to research aimed at controlling semicon-
. . uctor heterojunctions.

holes on each site are less well screened than in the pure

element. A simultaneous analysis of shifts in the initial- and

final-state Auger parameters qf the two sites and bulk. Sh ACKNOWLEDGMENTS
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