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Direct experimental evidence of insensitivity of local Schottky barriers to lateral chemical
inhomogeneity in case studies of met&6aN(0002) interfaces
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The response of local Schottky barri€¢&B) to local specifics of the interface is readdressed by photoelec-
tron microscopy investigations of metal/GaN interfaces, which reveal that compositional and morphological
inhomogeneities have no effect on local SB heights. This unexpected behavior is ascribed to lateral charge
redistribution between different interface regions leading to homogenization of the SB fluctuations at the
semiconductor surface in contact with the metallic layer.
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Despite the intensive investigations, over a century, thenterface. Apparently, quantitative understanding of the fac-
basic mechanism which determines the Schottky barriertors contributing to the SB inhomogeneity requires a tech-
(SB) at metal-semiconductdM/S) interfaces is still an open nique capable of probing both the local composition of the
issue. Several competing models have tried to explain th&1/S interface and the corresponding BB at the surface. This
experimentally measured SB values. Most of the modelsequirement is met by adding submicrometer lateral resolu-
treat the SB formation in terms of a Fermi leW&lL) pin-  tion to photoelectron spectroscopy, a chemically sensitive
ning, but still there is no consensus about the key factorsnethod where the probing depth can easily be set to less than
affecting the FL position within the band gap, namely50 A1'213The determination of the SB height is based on
whether it is determined byntrinsic interface electronic the simple mechanism of band bending, which leads to an
states or byextrinsicdefect-related states, and how the elec-energy shift of the photoelectrdPE) spectrum and does not
tron transport at the interface is affected by exchangelepend on the transport mechanisms across the brAér.
reactions,  structural rearrangements and lateralhough the spatial resolution of photoelectron microscopes,
inhomogeneity.® Studies of the effect of interface morphol- 50—100 nm, is less than that of BEEM, they have already
ogy on the SB predict that only the top semiconductor layerslemonstrated their potential in studies of heterogeneous
have a sizable effect on the FL pinnif§On the other hand, interfaces:>
recent theoretical work excludes the possibility of FL pin-  Our studies of M/GaN systems have been motivated by
ning at M/GaN interfaces. The authors conclude that the inreports in which lateral variations of the electronic properties
terface dipole, determined by the structural arrangement abf M/GaN interfaces, induced by the defect structure of the
the first metal layer, cannot be properly screened and corsaN films, are held responsible for the unstable performance
trols the SB height of M/GaN interfacés. of technologically important GaN-based devi¢e$® The

One of the most serious complications in the elucidationtheoretical predictions that structural differences between the
of the mechanisms involved in the SB formation is that, adv/GaN interfaces play a more important role than metal
stated in most studies, a uniform interface morphology is amlectronegativity also render the M/GaN interfaces interest-
idealized case. Real M/S interfaces are not perfect and cormrg model systems for probing the SB inhomogenéitythe
tain structural and/or chemical heterogeneities that can intrdramework of these predictions our results that the chemical
duce spatial fluctuations in the SB height. Models explainindateral heterogeneity, induced by annealing of Au/GaN and
the nonideal behavior of the Schottky diodes and the deperNi/GaN interfaces has a negligible effect on the local SB,
dence of the SB height on the doping level and measuremeseemed rather surprisifg® With the present study of a
method$™ in terms of different local FL pinning, deter- highly reactive Ti/GaN interface we confirm the insensitivity
mined by the local interface specifics, are not applicable foof the SB to the local specifics of M/G&0D0Y) interfaces, a
interfaces with unpinned FL. An additional difficulty in treat- finding that stimulates reconsideration of the factors contrib-
ing the effect of microscopic morphology on the electronuting to the transport properties across M/S junctions.
transport at M/S interfaces is that interactions between adja- All experiments were carried out with a spatial resolution
cent regions with different electronic properties should beof 0.12 um using the zone-plate based scanning photoelec-
considered as well. tron microscopdSPEM at the ELETTRA synchrotron light

Essential for elucidation inhomogeneity effects is directsource!® The SPEM has two operation modes, imaging by
experimental access to the lateral variations of the interfaceollecting photoelectrons with a specified kinetic energy
composition and band bendin®B). One of the promising while scanning the sample, and spectroscopy from a mi-
methods used recently for measuring the SB inhomogeneityrospot. The contrast of the images reflects the lateral varia-
is ballistic electron emission microscopyBEEM).2~'!  tion in the photoelectron yield within the chosen energy win-
BEEM has an atomic resolution but lacks surface and chemidow. The electron levels energy shifts are the fingerprints
cal sensitivities. This is a serious weakness because the laised for elucidating the elemental chemical state and BB.
eral SB fluctuations are predicted as a natural result of inhoThe SPEM spectral resolution of 0.3 eV allows determina-
mogeneity of the structure and chemical composition of theion of the BB-related energy shifts of the Gd 8ore lines
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FIG. 1. Ga 3 (a) and Ti 2p (b) spectra taken from different FIG. 2. Ti2p, Ga3, and Nis images (64 64 um?) of areas
regions of the laterally heterogeneous Ti/GaN interface at RT andVith lateral chemical heterogeneity. The §(t) image is obtained
after annealing to 800 °C. The spectra from the Ti-enriched regiongfter correction of the N 4 image for the attenuation effect of the
are indicated by ”. The dashed line indicates the BB-induced Ti film.
shifts of the GaN-related peak. The Gd 8pectrum of an atomi-

cally clean GaN surface is shown in the bottom pane(apf 2p map and darker in the Gad3and N 1s maps(due to

stronger damping of the Gad3and N 1s emission from GaN
of GaN with accuracy better than 0.05 eV. The binding en-by the locally thicker Ti film. After correction for the attenu-
ergies(BE) of the atomic levels are referred to the equilib- ation effect only the contrast of the Nsimage invertgsee
rium FL, measured on the Ta clips holding the sample. TheN1(c) in Fig. 2), indicating that the Ti-enriched regions con-
SPEM station is equipped with facilities for situ specimen  tain slightly more N as well. This spatial heterogeneity of the
preparation and characterization by low energy electron difinterface can be attributed to the presence of “defect” re-
fraction (LEED) and Auger electron spectroscofdES). gions in the GaN film€> which are more reactive and act as
The samples;~0.5-1.0 um GaN epitaxial layers grown agglomeration centers for Ti. From the attenuation of the Ga
on highly-doped Si or SiC substrates, had a high naturaBd emission from GaN we evaluated that the Ti film in the
n-doping level &=5x10° cm3) and carrier mobility ~Ti-enriched regions can become two times thicker
(==500 V'! cn? s1) and did not charge-up. Atomi- (~10 A). The lateral heterogeneity manifested by the im-
cally clean GaN surface, confirmed by the AES and PE speages in Fig. 2 is by no means a general phenomenon. In fact
tra, was obtained by cycles of,Non sputtering0.6 kV) and  the Ti/GaN interface was dominated by large uniform areas
annealing to 850°C. The Gad3 N 1s and valence-band covered with a5 A Ti film. Similar enrichment of “defect”
spectra of the clean GaN surface were very similar to thosareas with metal was also observed for Au/GaN and Ni/GaN
previously measured and theoretically predic®&d?The Ga interfaces after annealing and onset of interfacial
3d spectrum, shown in Fig.(&), requires two GaN fitting reactiont’+8
components, which account for the band dispersion of the Ga The immediate onset of a chemical reaction after RT
3d semicore level8®?* The energy shifts of these compo- deposition of Ti is manifested by the spectra in Fig. 1,
nents, which preserve their line shape, energy separation amamely growth of a new component in the Gd 8pectra,
intensity ratio after metal deposition and interfacial reac-R-Ga; and by two-component Tip2line shape, resembling
tions, are used as a measure of the local BB. There is alsothe Ti 2p spectra of Ti nitrides (TilN_5-1), in which the
small surface component, shifted by0.6 eV, which disap- intensity of the higher BE component increases with increas-
peared after metal deposition. ing x.?° In both regions the BE of R-Ga is lower than that
Metal films were deposited through masks, leaving ameasured for a thick Ga metallic film deposited on GaN
metal-free GaN surface as a reference. Here the interface wés8.6 €\j. In addition to the higher local Ti and N concen-
formed by deposition of 5 A Ti on a clean GED00Y) at tration spectral features that distinguish the Ti-enriched re-
room temperaturéRT). For the used photon energy of 585 gions are the higher intensity and the more pronounced BE
eV and detection geometry the escape depth ofplil 1s, shift of the R-Ga, plotted as a function of temperature in
and Ga 3 photoelectrons is-2.5, 2.8, and 5.2 A, respec- Figs. 3a) and 3b). The different BE of R-Ga indicates non-
tively, which means that our effective probing depth is lessequivalent coordination of Ga with Ti, Ga and N atoms, e.g.,
than 20 A. spatial variations in the stoichiometry and in the structure of
By mapping different areas of the reactive Ti/GaN inter-the metallic layer, which can be described as a ternary
face after Ti deposition we found Ti-enriched regions withTiN,Ga, phase. The N in the formed Ti nitride phases in-
preferential orientation along the main crystallographic di-duced only a broadening of the Nslspectra(not shown
rections of the GaN000J) surface. Figure 2 shows such here, a bit more pronounced in the spectra from the Ti-
area, where the Ti-enriched regions appear brighter in the Tnriched areas.
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- 14F (@) always coincided with the equilibrium one, while a SPV up
Z 13 * to 0.15 eV was measured in the rest areas. Since in SPEM
% L2 experiment the leakage current caused by SPV is due to bias
2‘.’ 1(1) _"X . X . . . between the illuminated microspot and the adjacent nonillu-
= F (b) mi_nated areas, the lateral \{ariations of the SPV reflect a non-
g 185E ] uniform conductivity of the interface. The absence of SPV in
E o . the Ti-enriched regions can be explained by the lower resis-
% 18.0Fo ° tivity of the thicker metallic film. Figure &) shows thatbg
= L L L L decreases with annealing temperature, i.e., with increasing N
1] (© content due to the conversion of the T, phase into TiN.
> 04F ¥ The &y decrease contradicts the electronegativity mé@el,
= 3 [] which predicts an increase dfz with the accumulation of
© 3 3 electronegative N atoms. The occurrence of a chemical reac-
“h \ L L 1 tion accounts for this discrepancy. Changes in the stoichiom-
0 200 400 600 800 etry of the metallic TINGg, phase undoubtedly affect the
Temperature ('C) bonding configuration of the film to GaN surface and in turn

the interfacial dipole. Creation of N vacancies in the top GaN

FIG. 3. Plots of the intensity ratioglea(ar)/lr-car bEWEEN  |ayers will also contribute to the BB movements.
R-Ga from Ti-enriched and the remaining aréasthe evolution of The most striking result is that after each treatment the
the BE of R-Ga from the Ti-enrichef@pen circlesand the remain- g5 med , values were measured in the different regions de-
ing aread(filled circles (b) and BB changespsg, () as a function  gpie the differences in the film thickness and chemical com-
of temperature. position, as manifested by the same Ghehergy position of

GaN in Fig. Xa). Considering also the difference in the local

Step annealing of the Ti/GaN interface up to 800(t&n-  reactivity it is unlikely that the atomic arrangement and de-
peratures up to 900 °C are used in semiconductor industry tfect density of GaN layer in contact with the film is uniform.
form stable contacts in nitride devigeeads to further deg-  The negligible influence of the chemical lateral heterogeneity
radation of the GaN top layers and formation of a phasen the local BB appears to be a characteristic feature of
approaching the TiN stoichiometry. This was evidenced byM/GaN interfaces, since Au/GaN and Ni/GaN interfaces
the evolution of the Ti P spectrum, in which the higher BE show the same peculiar behavtéré This finding is rather
Ti 2p component gained weight in both regidrisg. 1(b)], unexpected considering the reported strong dependence of
and by the increased intensity of the Ns kignal (not the SB height on the work function and structure of the
shown). With increasing temperature the R-Ga approache$//GaN interface’*"*>None of the existing models can eas-
the BE of metallic Gdsee Fig. 8)]. The R-Ga disappears ily explain the experimental evidence of lateral variations of
after annealing to 800 °C due to Ga evaporation and the Gthe microscopic morphology on both the metal and semicon-
3d spectra become identical to that of GaN. The contrastiuctor side of the interface occurring on a length scale larger
level of the Ga 8 maps observed at RFig. 2) undergoes than the width of the depletion zone, and the homogeneous
very small changes even after annealing to 800 °C, indicatbend bending.
ing that the abruptness of the interface and the differences in We explain the observed insensitivity of the SB by mutual
the local film thickness are not substantially affected by thenteractions between the different regions. We assume that
temperature-induced transformations. We tentatively atspatially separated regions have differdng, but when they
tribute this to a low mobility of the metallic TIN compound. are in contact the requirement that the metallic layer should
This is a notable difference compared to the behavior of thée equipotential leads to homogenizatiordof. Let us sup-
Au/GaN (Ref. 17 and Ni/GaN(Ref. 18 interfaces, where pose that there is @ difference between two adjacent re-
upon annealing only ANi)-Ga alloying occurs accompa- gions, which creates a potential bias. In the presence of a
nied by penetration of Ni and Au atoms in the GaN lattice. large density of free carriers lateral charge redistribution will

The Ti-induced band bendingbg, in the different re- occur, smoothing the potential fluctuations. Thus the local
gions is plotted in Fig. @) as a function of temperature. BB would be determined not only by the specific morphol-
Since the Ti nitride related features cannot be unambiguouslggy of the interfacial layer but also by the lateral charge
resolved in the N & spectra, only the Gadshifts of GaN  exchange between the different interface regions. In fact the
were used for evaluation dbg. Each point is obtained from homogenization of the potential fluctuations at the semicon-
Ga 3d spectra measured in four Ti-enriched regi@ideast  ductor surfacein contact with the metal should have more
2 spectra per regiorand several spectra taken randomly in general validity; it is a natural consequence of both the pres-
the remaining area. Th@g values are corrected for surface ence of a metallic layer and the metallization of the top semi-
photo voltage effectSPV), caused by the high flux density, conductor layer¢due to metal induced gap states and/or sub-
(~10° photon/secin 0.0lum™? spot), used in SPEM surface penetration of the metalHowever the charge
experiment$32” For the Ti/GaN interface, where the evolv- transfer across the surface can be inhibited in systems with
ing metallic layer has a distinct FL, the SPV-induced bandstrong FL pinning such as nonintimate interfaces on contami-
flattening was easily corrected by alignment to the positiomated semiconductor surfaces. We would like to stress that
of the equilibrium FL. The FL of the Ti-enriched regions the constantby at the semiconductor surface, measured with
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our extremely surface-sensitive method and the suggestadbution leading to homogenization of the SB fluctuations at
charge redistribution mechanism does not exclude laterdhe semiconductorsurface Systematic investigations of
variations of the potential deeper into the space-charge réther M/S systems are necessary to find out if the insensitiv-
gion. ity of band bending at semiconductor surfaces to the micro-
In summary, we observed by photoelectron microscopySCOp'C |n_terfaC|aI morphology is limited to Me/GaN inter-
that the local SB height is insensitive to the lateral chemica](aCes or is a more general phenomenon.
heterogenei'.[ies at metal{GaN interfgces and haye readdrgssedWe are grateful to E. Bauer for the illuminating discus-
the mechanisms governing the built-up potential at M/S insions and to D. Lonza for the technical support. The work
terfaces. We interpret our findings in terms of charge rediswas supported by Sincrotrone Trieste, grant EW15.
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