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Abstract

The In 3d,2 photoelectron spectroscopy peak has been widely used ¢ésnuiee the interface structures of In-
containing I11-V device materials (e.g., oxidation statddowever, an unclear parametefexting the determination

of the energy shifts and number of the core-level componanis therefore, the interpreted interface structure and
composition, is still the intrinsic In 3¢ peak line shape. It is undecided whether the line shape isaigt sym-
metric or asymmetric for pure In-containing 111-V compowny using high-resolution photoelectron spectroscopy,
we show that the In 3gh asymmetry arising from the emission at high binding-engadys not an intrinsic property

of InAs, InP, InSb and InGaAs. Furthermore, it is shown tisytnametry of In 3g,, peaks of pure IlI-V’s originates
from the natural surface reconstructions which cause thristence of slightly shifted In 3¢ components with the
symmetric peak shape and dominant Lorentzian broadening.
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1. Introduction

The goal of utilizing atomic-scale knowledge and contrdiref surfacénterface properties of IlI-V crystals (e.g.,
GaAs, InAs, InGaAs, InN, InP, InGaSb) have become more andtrassential for IlI-V applications (e.g., detec-
tors, laser diodes, solar cells, transistors) via the @@reent of nanoscale I1I-V materials for the devices. Toward
that target, one of the most utilized methods has been timeglesensitive core-level photoelectron spectroscopy
(CLPES), which provides irreplaceable information ab@vesal phenomena occurring at the surfaces and interfaces
(in the range of nanometers). These include intrinsic ptégse such as shifts and line shap#eliences in the energy
levels of the elements due to the surface reconstructiosigwariations in electronic environments and also extrin

sic properties such as changes in surface chemistry angjtmasids in the spectra arising from plasmon excitations
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and scattering in the sample medium. Such spectfidrdnces are helpful in the studies of physical and chemical
properties, for example, structure and composition of émisonductor interfaces. For identifying and attributihg
features of the measured spectra correctly, it is ess¢atigve rigorous reference measurementga@rahiculations

of pure elements and compounds.

The chemical states of indium are of particular importamcéhe analysis of 111-V compound semiconductor
interfaces. Indium is present in various semiconductorageapplications, such as llI-V surface channel metal oxide
semiconductor fieldféect transistors (MOSFETS) [1-7] and solar cells [8—10]. Th8d spectra have been widely
used in the studies of these materials and the associatrthires|[1-6, 11-16] because In 3d has a large spin-orbit
split (~7.5 eV), allowing detailed analysis of single peaks (i.e;2 @nd d&,2). Furthermore, the alternative In 4d
emission of the InGa-containing compounds is often corapéid by the overlapping Ga 3d emission |17, 18]. The In
3d peaks of metallic samples often show a tail-like distiduof photoelectrons on the high binding-energy (BE) side
due to secondary electron excitations [17, 18] (i.e., asginmline shape), which appears to be absent in the spectra
of In-containing oxides. For In-containing IlI-V's, bottsymmetric and symmetric, along with tail-compensating
additional Voigt shaped In 3d peaks have been used in thegfitfocedure [1+-4, 11-16]. This issue significantly
affects CLPES conclusions, for example, in the establishmietiteopresence of interface or environment-induced
changes in the In bonding configuration. The fitting is furtbemplicated by the issue that low oxidation states
of In can cause only slight shifts (arourd.5 eV) relative to the emission from bulk-like I1I-V crys$taln this
study, we have measured and analyzed the In 3d spectra ofcatlyntlean InAs(100), InP(100), InSb(100) and
Gay5lngsAs(100) surfaces. The findings clearly support that the bigding-energy tail of the In 3d peaks is not an
intrinsic property of 1lI-V crystals, and that the previdyproposed reconstruction models cause the coexistence of

slightly shifted, symmetric In 3gh, peaks, which explains the In 3d spectra for these semicdoduc

2. Experimental

2.1. Sample treatments and measurements

Experiments were performed at the MAX-lab (Lund) synclontradiation center. Clean semiconductor surfaces
were obtained by performing cycles of Ar-ion sputtering<(% x 107 mbar, 15 mA, 1 kV, around 45° angle to
surface) and post heating (for 15 to 30 min) in ultrahigh waoyUHYV) at 400-500 °C. After several (4 to 8) such
cycles, low-energy electronftiiaction (LEED) showed sharp %2) patterns for InAs(100) and InSb(100) as well as
(2x4) pattern for InP(100). For InGaAs(100), only one heatinhg%0 °C and cleaning cycle was needed to observe
(4x2) reconstruction because the substrate piece was As-@¢appe normal emission spectra were measured on the

beamline 1311with aninstrumentialresolutionof about0.15eV. An energyinterval of 0.02eV for eachdatapoint

wasusedexceptfor InAs amorerough0.05eV.




Table 1: Fitting parameters for the studied Ins@dbulk and SCLS emission peaks. Slightlyfdrent positions and FWHMs were acquired for
measurements betweerftdrent photon energieSCLS positions are adjusted to reconstruction-inducedegateported earlier [19,120]. All of
the values are given in eV. SCLS and metallic In positionggaren relative to the bulk peak.

Bulk SCLS Metallic In
FWHM position FWHM positions (relative to bulk) FWHM posti

c(8x2) /a: -0.16,-0.09,
InAs 0.33-0.40 444.04-444.09 0.47-0.53 - -
+0.10,+0.27,+0.30

(2x4): -0.40,-0.15,-0.10
NP 0.30-0.31 444.23-444.40 0.38-0.51 0.53-0.73 443.68-443.85
-0.07,+0.11,+0.15

c(8x2) : -0.29,-0.10,+0.07
INSb  0.30-0.50 443.95-444.02 0.43-0.50 - -
+0.17,+0.26,+0.30,+0.36

2.2. Peak fitting

A combination of a linear and Shirley background was sulbéhérom the In 3¢/, spectra using an interval of
3.5-4.0 eV. For low photon energies and hence low electnoetii energies, a more linear (up to 80 % linear, 20 %
Shirley) background subtraction was used to take the rapédaf background of low kinetic energy electrons into
account. For high photon energies, a less linear (down to $0e%4r, 50 % Shirley) was used. fBerent background-
subtraction approaches did not significantly change thdteegresented below.

To analyze the asymmetric vs. symmetric nature of the In 3el shape, we first tested fitting of the Insgd
emissions with only one compongmak. In these fittings, the Gaussian and Lorentzian typé&ibations were
allowed to vary and optimal parameters were obtained. Thegt\@pproximation peaks were constructed from the
Lorentzian and Gaussian peak shapes’ product with theédracof each as follows:

exp4In2(1- m)(x— E)?/F?)
1+ 4m(x— E)?/F?

GL(x;F,E,m) = 1)

with F denoting the full width at half maximum (FWHM) of the pedkthe position of the peak maximum, antdthe
relative fraction of Lorentzian shape of the peak. The outeGL represents the normalized intensity of the peak at
a given binding energy. The described product form for constructing Voigt appnaadion is often used for practical
PES peak fitting [21].

To elucidate the In 3d core-level line shape further, weetdstiso fittings according to previously calculated

surfacecore-levelshifts (SCLSs) for InAs, InSb and InP. After the background sultiva¢ a group of Gaussian-

Lorentzian (Voigt) peaks corresponding to th&elient atomic sites described in previous reports|[19, 20kwe
cluded in the fittings. Peaks with or under 0.05 eV separdtiom the bulk peak were not fitted, as the significant

contribution and more trustworthy results come from adljigsthe furthest componentst is worth noting thatthe

presenteditting usingthecalculatedcshifts astheinput parameterss differentfrom thetraditionaltargetto resolvethe

minimumnumberof component®fthe measuredpectrum.n contrastherethefitting providesatestfor thecurrent
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Figure 1: Survey spectrum measured from InP(100) afterlg@ing procedure. Oxygen and carbon are below deteciatits.!

atomicmodelsaswell. This approachs similar to thatusedpreviously[20].

The position of the bulk peakwas not restricted. In contrastthe SCLSswerefixed: the previouslycalculated

valuesfor SCLSswereusedastheinput parametersThe Lorentzianand Gaussiampeakcontributionswvereallowed

to vary. Physically reasoned restrictions were used: Thasitg of the bulk peak was not allowed to grow for more
surface sensitive measurements and also the bulk peak FWaBMixed to lower values than the FWHMs of SLCS

peaks that were fixed to have the same values together. Refezak parameters are listed in TdDle 1.

3. Resultsand discussion

Figure[1 illustrates a 700 to 0 eV survey spectrum measued fnP(100) after the cleaning procedure. The
absence of detectable oxygen and carbon indicates an atbnulean surface, which justifies the fitting of Ins34
without additional chemical shifts.

The In 3d,2 emissions were first fitted by single peaks in order to anabyagall peak shapes, in particular,
the contradictory high binding-energy side. We would stitiphasize that the hypothesis was that these single peak
fittings could not reproduce the spectra in detail, becafiieeonatural surface reconstruction of these crystals. For
optimal single peak fittings, we found the Lorentzian peaktigbution of 60 to 83 % and the Gaussian one of 17
to 40 %, varying between the samples. It can be seen fromJFtgatzhe single peak fits best into In 3d of InSb,
and the fit residual error between the spectrum and fittingeases slightly from inspection of the spectra for InGaAs
and InAs to InP. Furthermore, it can be seen that the resieluai appears on the low binding energy rather than
on the high binding-energy side, consistent with that a semductor surface reconstruction usually causes a shift(s
on the low binding-energy side. The normalized residualvben the fitted peak and measured values is close to

4 % for InP in wide areas of the spectrum whereas the residuabistly below 2 % for the other samples. Given
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Figure 2: In 3d,, photoelectron emissions with the excitation photon enefgbout 500 eV for the investigated I1I-V samples fitted vétkingle
symmetric Voigt peak approximation (solid line) to the measl data (open circles). Residuals between measured mihigeak fits are plotted
below each spectrum.

the lack of detectable contamination that would give riseitemical shifts, this fitting error is likely due toftBrent

reconstructions and thusftérentSCLSs of the 1lI-V surfaces, as the slight asymmetricitylesady observed as a

tail-like feature on the low binding energy side of InP. IedelnP(100) has the &) reconstruction, which is clearly
different from the (%2) or ¢(8x2) structure on InAs(100), InGaAs(100) and InSb(100). Mverth noting that no
(4x2) orc(8x2) appears on InP(100). Also, there is &alience between InAs and InSb surfaces because thepure
structure describes well InAs(100) while the mixture of flacands structures appears on the InSb(100) surface [20]
(see insets in Figurés 3 aind 4).

In addition to the surface reconstructions, In-droplets ezadily form on InP-surface due to the Ar-sputtering
[22-24]. The presence In-droplets with a metallic cheméalironment is observed with a 0.5-0.8 eV separation
from the bulk InP peak on the low binding energy side [23, 25].

Figure$ B anfl4 show that the previously simulated SCLSs@x{tle In 3d emission for INnAs(100) and InSb(100),
supporting also these atomic models, as the componentdakitbst separation give reasonable contributions to the
spectral envelope, and minimize the fitting residual. F&(1190), In 3d emission can be characterized using SCLSs
and a separate In 3d component for metallic In clustersastidited in Fig[15. It is worth noting that including only
the InP SCLSs in the fitting improved the residual signifibg@is compared to the single peak fitting, similarly to the
InAs and InSb cases. From these results it can be seen thadnldegap of the 111-V material does not cause tail-like
distribution in the spectrum, as the spectra of the sampittsdifferent band gaps were successfully characterized

using only symmetric peaks. For simplicity, the metallicbmponent was also characterized with a symmetric peak
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Figure 3: In 3d/, emission measured with 500 eV photon energy from InAs(10@illed circles represent the measured spectra and soéd li

fitted and envelope peak$hebulk peakis highlightedwith gray color. Fitting was carried out utilizing SCLSs found for aAk(100%(8%x2) a

surface structure [20]. Residual for the spectral envefipeshown at the bottom. Inset: white spheres representpgiiband dark spheres group
V atoms.

shape because the asymmetry parameter is quitedow @.02), resulting in no significant changes in the envelope
spectrumi[24]. It was found that highly Lorentzian shapeakgdof about 90 % Lorentzian and hence 10 % Gaussian)
gave the best fits. The Lorentzian peak shape arises fromath#éhit the In 3¢}, energy level is quite deep, resulting
in a short lifetime of the excited state and hence a broad FWi#lith is Lorentzian rather than Gaussian in nature.
Also, the Gaussian broadening can be low due to high-résalintstruments and well-ordered surface structures.

In Figuredq and[G, the spectrafor InP and InSb measuredvith the photonenergiesof around500 eV (kinetic

energyaround50 eV) are presentedind providethe mostsurfacesensitivemeasurementsThe relative intensities

of the bulk peaksfor InSbwere6.8 %, 3.4 %, and3.4 % for the measurementwith the respectivgphotonenergies

600eV, 520 eV, and480eV. For InP, the correspondingeadingswere 12.1 %, 11.8%, 5.9 %, and5.1 % for the

measurementsith photonenergie¥44eV, 594eV, 500eV, 490eV, respectivelyThecorrespondingnetallicdroplet

In intensitieswere4.6 %, 6.1 %, 15.4%, and18.3%. Thedecreaseén the bulk peakintensity is consistentvith an

increasan the surfacesensitivity of measurements.

Our observations for the SLCS fitting are also supported bydht that the least surface sensitive measurements
(744 eV for InP and 600 eV for InSb) give the most narrow peapsis. Furthermore, the use of asymmetric tail-like
line shapes, such as Doniach-Sunjic, would include backytdeatures in the high binding energy side of the peak,

which is in contradiction with the presented results.

4. Conclusions

In summary, the high-resolution synchrotron-radiatiorPEIS results give a clear evidence that the asymmetric
high-binding energy tail of In 3¢, peaks is absent for pure In-containing Ill-V crystals. Weéhalso shown that the

sum of the symmetric Voigt-like peaks arising from the im$it surface reconstructions explains the observed spectr
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features in detail. The dominance of the Lorentzian peagkaloaer the Gaussian one has been observed for In 3d.

The results are helpful in the research and developmenedhfitcontaining I11-V crystals for various applications.
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