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Au/GaN interface: Initial stages of formation and temperature-induced effects
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Synchrotron radiation photoemission spectromicroscopy has been used to study the properties of an Au/GaN
interface starting from an atomically clean GaN surface. The effects of Au coverage and temperature were
examined. The results have demonstrated that annealing alters the height of the Schottky barrier, formed after
deposition of a 4-monolayéML ) Au film at room temperature. The photoemission spectra indicate that these
barrier changes should be attributed to structural rearrangements of the Au film and to formation of a Au
gallide interfacial layer, a product of the reaction between the Au and GaN above 500 °C. The photoemission
images have revealed that spatial heterogeneity in the composition is developed at temperatures above 750 °C.
The large spread of the Au/GaN barrier heights reported in the literature was discussed considering the current
theoretical concepts.
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[. INTRODUCTION 1.08 eV, which fortuitously coincides with the value mea-
sured by BEEM

Growth of a sufficiently high-quality material and subse- The present investigation is focused on two issues: the
quent formation of stable metal contacts are the main chalhitial stage of Auh-type GaN interface formation starting
lenges of GaN-based device technoldg$/At elevated tem-  from an atomically clean GaN surface and the temperature-
peratures the onset of metal-GaN reactions can change tf#educed morphological and chemical changes. Employing
interface chemistry and morphology dramatically, a generaynchrotron radiation, photoelectron spectromicroscopy has
concern in high-temperature electronics. However, many allowed us to obtain |nf(_)rmat|on from submlprometer_ inter-
pects of contact formation, such as the development of suf@C€ areas and to examine the effect of spatial chemical het-
face band bending with metal coverage, the nature of mel}grogeneny, d.eveloped at elevated temperature, on the inter-
al/GaN interactions, and the temperature-induced effects a ace electronic structure.
still not well understood* There is a large spread of
Schottky barrier heightSBH) values reported in the litera- Il. EXPERIMENT
ture for the same metaltype GaN system. This is certainly

related to the different conditions of the GaN surfaces befor .
metal deposition, namely, structural quality and cleanliness:%ioelecuon MicroscopeSPEM at the ELETTRA synchrotron

0 H _
Defects introduced during the growth of GaN epilayers on ght source: The SPEM uses zone plate optics for produc

lattice-mismatched substrates can lead to lateral variations Ing a microprobe with submicrometer dimensions, in this
attice-mi u variati ' periment with a diameter of 0.12m. The emitted photo-

the SBH, whereas contaminated surfaces can affect cari@fia yong from this microspot are collected by a hemispheri-
transport through the contact. Still it is not clear how the g ajectron energy analyzer set at an angle of 70° with re-

changes in interface morphology and chemistry, which OCCUEhact to the sample normal. This geometry of the normal-

at elevated temperatures, affect the electric properties of th@cigence beam and very grazing acceptance angle gives a
contact. very high sensitivity to the surface. The effective escape
Many controversial results have been reported for interacgepths for the N &, Au 4f, and Ga 8 photoelectrons was
tion of Au films with GaN, the most extensively studied ~2.6, 3.4, and 3.6 A, respectively, for the photon energy of
metal/GaN Schottky contact. Nonreactive layer-by-layer495 eV. To obtain two-dimensional chemical maps the elec-
growth up to~10 ML at room temperature and formation of tron analyzer is set to collect photoelectrons within a selected
Au islands after annealing to 600 °C was reported in Ref. 5kinetic energy window while the sample position is scanned
whereas formation of an alloy layer with unspecified compo-with respect to the focused beam. The use of a 16-channel
sition was suggested for explaining the different performanceletector allows acquiring 16 images with a single scan. Each
of Au/GaN contacts fabricated at room and lowimage corresponds to a specific kinetic energy, defined by
temperature8. According to the most recent ballistic- the covered energy window at which the analyzer is set. The
electron-emission-microscop$BEEM) study the Au/GaN 16-channel imaging can be used not only for comparing the
SBH can be substantially altered by preannealing of the GaMontrast but also for reconstructing part or all of the spectrum
before Au deposition, due to vacancy diffusioihe BEEM  corresponding to the energy winddwThe microspectros-
results have also revealed lateral nonuniformity of SBH attopy mode is in fact measuring photoelectron spectra from a
length scales larger than 0.Am. The dispersion of the selected microspot on the sample. The measurement station
Au/n-type GaN SBH experimental values is also quite sig-is also equipped with facilities for sample preparation, metal
nificant, they vary betweer1.0 and 1.4 e\%*"® The theo-  evaporation, and characterization of the surface structure and
retically calculated value for an ideal Au/GaN interface iscleanliness with low-energy electron diffractiltEED) and

The experiments were carried out with the scanning pho-
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Auger electron spectroscogAES). During metal evapora- ()
tion, thermal treatments, and SPEM measurements the pres-
sure in the UHV chambers was kept in the low-1®mbar
range. (b)

In order to avoid the problem of charging when applying
photoelectron spectroscopy wurtzite-GaB0J) films grown
by molecular beam epitaxyMBE) on Si(111) substrates
were used. The growth of GaN films on Si substrates is de-
sirable for accomplishment the integration with Si electron-
ics, but, because of the larger lattice misfit, the GaN epilayer
contains a larger number of defects than GaN grown on
sapphire’ The samples were naturaliy-doped through N
vacancies 1f~10"cm 3. They were mounted to the
sample holder through Ta clips and were resistively heated.
The temperatures above 250 °C were measured using a py-
rometer. Atomically clean GaN surfaces were obtained em-
ploying the same procedure adopted for metal-organic 22 20 18 400 -398 -396
chemical vapor depositiofMOCVD) GaN films grown on a Binding Energy (eV)
sapphire substrate: cycles of dn sputtering and annealing ©) 474
to 900 °C®1?The LEED pattern after this cleaning procedure 475
was a facetted (X 1) structure with very faint (X 3) extra
spots. It was almost identical to the pattern reported for an
atomically cleann-type GaN grown on sapphifé.Accord-
ing to the structural models this surface can be described as
N-terminated GaN with a (X1)Ga adlayer and a few
(3% 3) domains formed by Ga adatorhs.

Au was deposited at room temperature through a
1.0x 0.064-mn% mask at a low rate 0f-0.08 ML/min in the 0
order to suppress clustering during the film growth. 1 ML

PE Intensity (counts/sec)

~ 100

= 50

Distance (um)

equals the atomic density of an ideal GaN0l) surface, 10 475 474
1.14x 10 atoms cm?. Using a SPEM we can measure the st
inetic Energy (eV)

Au 4f, Ga ™, and N 1s maps and the photoelectron spectra
inside and across the edge of the Au patch. Figuaeshows FIG. 1. (@) Au 4f;;, map centered to the edge of a 4-ML Au
an Au 4f;, map, centered to the edge of a 4-ML Au patch patch, deposited at room temperatui®.Ga 3 and N 1s spectra
deposited at room temperature. The part covered with Auneasured inside the 4-ML Au patch before and after annealing to
appears bright and homogeneous at our length scale of 0.H¥ferent temperatures. The top panel shows the GaaBd N Is
um. The sharpness of the patch edge depends on the distargiectra from an Au-free GaN surface. The components attributed to
between the mask and the sample and provides a natur@H gallide, GdAu), and metallic Ga,Ga, are drawn with full and
gradient in the amount of deposited metal. In the presen‘i‘aShed lines, respectively. Dotted lines are used for the “bulk”
experiment this area is about 10—1&n wide and allows GaN componentgb) Intensity-energy-position surface map of Ga

- o . . S . 3d photoemission across the edge of the Au patch measured at
precise monitoring the interface evolution with increasing

. room temperature. The lowest and the highest @air8ensities
Au coverage from 0 to 4 ML. As will be shown below the correspond to spots inside and outside the Au patch, respectively.

changes in the morphology of the interface induced by anthe arrows in(a) and () indicate the direction towards the patch.
nealing result in lateral variations in the gray level of the Au

4f, Ga ™, and N 1Is maps inside the patch. Another advan- . RESULTS

tage of the patch is that the state of the Au-free GaN surface

can be checked under the same experimental conditions as a A. GaN surface

reference. The photoemission spectra from a freshly cleaned GaN

The photoelectron spectra were fitted with the minimumsample proved that the surface was free of contaminants. The
number of components, using Gaussian-Lorenzian curvegalence-band maximurtVBM) of this surface appeared at
with Doniach-Sunjic asymmetry for metallic phases. The en2.8+0.1 eV below the equilibriunkg, indicating about 0.50
ergy resolution of 0.3 eV allowed accuracy better than 0.1eV upward band bending. This bare surface barrier height
eV in determination of the peak shifts. The position of the(BSBH) is lower than the values reported previously for
equilibrium Fermi level Er, was measured from the Fermi UHV preparedn-type GaN surfacef).75-2.2 eV.>8*2We
edge developed inside the 4-ML Au patch, which coincidedsuppose that this is caused by the presence of surface photo-
with the Fermi edge measured on the Ta clips holding thevoltage(SPV) in our case, which leads to band flattenig.
sample. The SPV is one of the undesirable effects of the high flux
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density 10" photonss® um™2), required by photoelec-
tron microscopy®1° By varying the sample temperature we
measured in a separate SPEM experiment that the SPV value
for our GaN samples was about @.2.1 eV. As will be
demonstrated below this “undesired” SPV effect can be
used as an indicator for changes in the Au film conductivity
induced by structural rearrangements or chemical reactions.
The Ga 2l and N 1s spectra taken on the Au-free GaN
surface are shown in Fig.(d). The Ga 3l peak is almost
identical with the Ga @ spectra reported by other
authors2121817|t is broad and asymmetric with a maximum
at 17.7 eV below the VBM. The Gad3peak requires three
fitting components, a dominant component, which deter-
mines the Ga 8 maximum, and two weak components fit-
ting the higher- and lower-binding-energy sides of the @a 3
spectra. Only the lower-binding-energy component is re-
moved by adsorption of Au and we assign it as a “surface”

Au 4f intensity (counts/sec)

i .
i M

component. The N 4 spectra require a more pronounced T N s SR IR R
“surface” component, which is consistent with the smaller 90 -8 86 -84 -90 -88 -86 -84
escape depth of the Nslphotoelectrons. Binding Energy (eV)

FIG. 2. (a) Evolution of the Au 4 spectra as a function of Au
coverage, measured in spots across the patch edge. The insert shows
Figure Xb) shows that the GadBand N Is spectra taken the corresponding emission close to the Fermi edge. The fitting
inside the 4-ML Au patch after Au deposition at room tem- components)-Aul, I-Au2, and M-Au, are drawn with dotted,
perature have lower intensity and are shifted to a lower bindfull, and dashed lines, respectively. The equilibrium energy position
ing energy. The Ga®and N 1s spectra taken in microspots of the M-Au component, 84.0 eV is also indicateth) Au 4f
across the patch edge showed gradual attenuation in intensigpectra measured inside the 4-ML Au patch after annealing to dif-
and continuous energy shift with increasing Au coverageferent temperatures. In order to outline the chemical shifts related to
Figure Xc) shows a surface plot of the Gal 3egion derived formation of Au gallides the energy positions of the spectréjn
from a 16-channel Ga®image centered at the Au patch are corrected for SPV.
edge. In this plot the changes of the Gad 8nergy and in-
tensity as a function of Au coverage are visualized. As willallel with the |-Au2 component. The Au #,, binding en-
be discussed below the observed energy shift is a combinastgy of the M-Au is 84.0 eV and corresponds to that of
effect of band bending and a decrease of the SPV-induceghetallic Au. Notable features in the evolution of the Aéi 4
band flattening. A notable feature was that the rate of attenuspectra are the slow saturation of théu2 componentfar
ation of Ga 3l and N Is intensities deviated from the ex- ahove 1 ML and the slow increase of thd-Au intensity
pected for a layerwise growth mode when the deposited Awith an increase of the amount of deposited Au, compared to
amount exceeded 1.5 ML. the rate expected for a layer-by-layer growth mode. The in-
Figure 2a) shows a selected set of AU 4pectra taken in  sert in Fig. 2a) shows the appearance of a Fermi-level emis-
spots inside and across the patch edge and the correspondigign at Au coverage-1.0 ML, which reflects an increasingly
photoelectron emission around the Fermi edge. The Au 4 metallic nature of the Au film with increasing Au coverage.
spectra reveal that the natural intensity gain with increasing’he Fermi edge, which appearsa0.5 eV below the equi-
Au coverage is accompanied by substantial changes in thghrium Eg position, sharpens with increasing Au coverage.
line shape and peak position. At Au coverage less than 1 MiThe reduction in SPV occurs between 3 and 4 ML when the
the Au 4f spectra need two fitting components, assigned ag . emission reaches its equilibrium position.
I-Aul andl-Au2. The binding energy of these components  The SBH value evaluated from the present photoemission
is by 0.9 eV (-Aul) and 0.3 eV (-Au2) higher than the Au  results for Au coverage of 4 ML, is 1#40.1 eV. By correct-
4f binding energy of metallic Au (Au#;,=84.0eV). Both ing for the SPV effect, it has been found that this value is
components appear simultaneously with the first doses of Areached at about 1.4 ML, i.e., when the Fermi emission be-
and we attribute them to Au atoms from the interfacial layer,comes distinctive.
which are in contact with the GaN surface. The wéakul
component most likely represents Au atoms adsorbed at de- _ ]
fect sites. Theé-Aul grows to about 1 ML and its contribu- C. Evolution of the Au/GaN interface at elevated temperatures
tion becomes negligible at high coverage. The main interface The temperature-induced effects on the structure and
component)-Au2, grows continuously up to about 3.5 ML. composition of the 4-ML Au/GaN interface are manifested
The I-Au components follow the same energy shifts with by the spectra measured inside the Au patch and shown in
increasing Au coverage as the Ga 8nd N 1s peaks. Above Figs. 1b) and 2b). A general trend, observed with increas-
1 ML a third componentM-Au, emerges and grows in par- ing annealing temperature up to 750 °C, is an increase of the

B. Au on GaN at room temperature
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Binding Energy (V) FIG. 4. (a) Changes in the intensity of the Au 4pectra and of

the gallide component, GAu), in the Ga 3 spectra as a function
of annealing temperature. The Ad 4ignal is normalized against
the Au 4f intensity measured at room temperature. ThéABa
signal is normalized against the total intensity of the corresponding
Ga 3d and N 1s intensities and attenuation of the AU 4 Ga 3d peak. The two points at 820 °C define the intensity variations
signal. However, there is a distinct difference in the©f the Au and GeAu) signals due to the developed composition
temperature-induced effects on the line shape of the spectf§terogeneity(b) Barrier height.®g,, as a function of annealing
for temperatures below and above 500°C. incs and corteetd for SP. Al reslts refer 10 measrements i
Figzb?(br)e;ﬁgszg)%t?g\igl ?;ftr tﬁgrgge:(l;;;,n?\] u12 tgngﬁgie (sbide the 4-ML Au“!oatcrl. The dashed line indicates the theoretical
. X . gn Value for an “ideal” Au/GaN contactRef. 9.
spectra undergo only intensity changes, accompanied by a
shift of the entire photoemission spectrum to a higher bind-
ing energy partly due to reappearance of the SPV. This erreveals that the selected area consists of three grains with
ergy shift indicates that the continuity of the Au film is bro- different Au content. We tentatively relate the grains to the
ken. The observed changes after annealing below 500 °C adefective GaN microstructure. The dark spot between the
apparently induced by structural rearrangements of the Agrains is a topographic defect, probably holes caused by the
film, because, as will be shown below, the onset of a chemireleased nitrogetf. The different composition of the metallic
cal reaction between Au and GaN leads to distinct line-shapfiims covering the grains is confirmed by the corresponding
changes of the Gad3 N 1s, and Au 4 spectra. Ga 3 and Au 4 spectra. The fit of the Gad3spectra taken
The photoelectron spectra show evidence of chemical innside the two different grains shows that the amount of me-
teractions between the Au film and GaN above 500 °C. Asgliic Ga is larger on the grain containing more Au. The
can be seen in Fig.() annealing up to~750°C leads t0  ¢orresponding intensity of the Nslspectra from the GaN
growth of the first reaction-related component in the @a 3 g psirate below indicates different thickness of the Au gal-
spectrum, GgAu). The GaAu) component is shifted 10 a |ije and Ga films as well. Apparently the Au-GaN interfacial

Iow?r ck;Jind:éng enkerg%/ gy~l\(l) .8AeV WiIFh retspect totthe dort?i- reaction has advanced to different extents, which indicates a
hant ©>a & peax of Lall. Anneaiing temperatures above yike ot 1ocal reactivity of the grains. The induced hetero-

750 °C lead to growth of the second reaction-related compo- _ ~ . f h .
nent in the Ga @ spectra with a binding energy identical to geneity suggests a mass transport of Au to the more reactive

metallic Ga. We attribute the Gau) component to forma- aLeas. T(;"Sb's n %:gczrcdan(;? \év'trll thle gr:hancbe(: Altj. rlngb'“té/
tion of an Au-gallide interfacial layer. This is in accordance OPS€rVed above » Which aiso fed 1o substantial broad-

with the observed elimination of thiél-Au component and €ning of the Au profiles across the edgeA distinct feature
shifts of the Au 4 lines to a higher binding energFig. of the spectra shown in Fig. 4 is the |.d_ent|cal energy p95|t|0n
2(b)]. This temperature-induced degradation of the Au/GaNPf the N Is lines. The measured positions of the Fermi edge
interface is accompanied by removal of the SPV, indicating®!S0 were |denF|caI and coincided with the equilibrium one.
that a continuous metalli6Ga and/or Au-Ga alloyfilm is After annealing to 870 °C we observed complete degrada-
formed. tion of the Au/GaN interface and formation of Au-Ga islands

Another very important temperature effect is the reactionwith dimensions from sulem to a few um.'® Reference
induced lateral inhomogeneity in the interface compositionmeasurements of the areas outside the patch did not show
clearly observed after annealing above 750°C. Figure 3y degradation of the Au-free GaN up to 900 °C. This con-
shows the Au 4 map of an area inside the Au patch, devel-firms that all observed processes are related to the presence
oped after annealing at 820°C. The contrast of the imagef Au.

FIG. 3. Au 4f,, image, measured inside the Au patch after
annealing to 820 °C, and the AU N 1s, and Ga 8 spectra mea-
sured in spots 1full lines) and 2(dotted line$.
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IV. DISCUSSION nonequilibrium state, agglomerate into larger islands at el-
Figure 4 shows two panels with plots that illustrate theevated temperature uncovering parts of the substrate surface.

temperature-induced changes in the Au/GaN interface struin photoemission_ experimeqts this structural rearrangement
ture and the corresponding changes in the Schottky barriegads 0 attenuation of the signal from the metal film and an
height. The dashed line indicates the SBH value for a nonlcrease of the signal from the substrate. This is what we
reactive N-terminated ordered GaN/Au interfacdg, °Pserved in the present case when the 4-ML Au film was
=1.08 eV, obtained byb initio local-density fully linear- annealed to 300 °C. The break of the continuity of the film

ized augmented plane-wavELAPW) calculations’ A very due to these changes in the film morphology naturally leads
similar SBH value®g,=1.12 eV, can also be obtained us- © the observed reappearance of SPV. In addition to the ag-
ing the relationship given by the simplistic metal-inducedgdlomeration other process that is likely to take place at the

gap state¢MIGS) model?° interface concerns the presence of a Ga adlayer on our initial
GaN surface. At elevated temperature an atomic exchange
Pgp=Ppp+ S Xau— Xcan) (1)  between the Au film and the Ga adlayer is possible. These

structural rearrangements after annealing to 300 °C affect the

where the theoretically evaluated value for the zero-chargeSBH [see Fig. 4b)]. Removal of residual surface states or
transfer barrier heightp,,,, is 1.05 eV2 the slope param- changes in the bonding of the Au atoms to the surface are
eter S,, derived from the relatio/A/S—1~0.1(s..—1)?>  two possible reasons for the SBH reduction. As discussed in
[£..(GaN)~5.35],%?is 0.6, and the Pauling electronegativi- Ref. 9, the poor screening properties of GaN increase the role
ties areya,=2.54 andygan=2.42. of the electric dipole layer, i.e., appreciable SBH variations

The measured Schottky barrier height for our 4-ML Au can be induced by structural effects. Apparently the reported
film deposited at room temperature is in agreement only withdifferent performance of contacts fabricated at liquid-
the value reported in the photoemission studies of Wu anditrogen and room temperatufesay be attributed to struc-
Kahn? It is higher by 0.3 eV than the theoretically predicted tural differences between the formed Au interfacial layers.
value. It also is by 0.2—0.4 eV higher than the barrier heightsAnother possible process, penetration of Au atoms inside the
reported in the literature, measured using different method$nanopipes” (a characteristic defect of the GaN matehial
(I-V, C-V, BEEM).2*" These differences are most likely will lead only to reduction of the Au # signal, but should
caused by the different surface preparation prior to metahot affect the SBH.
growth. Our AES and photoemission measurements showed According to the Au-Ga solid-solution diagram Au gal-
that the procedures used in Refs. 4eX situchemical treat- lide phases are already formed at temperatures above
ment and annealing in inert gas or UHV, are effective in270 °C?° The higher temperatur@bove 500 °G, required in
removing part of the oxide and other contaminants but canthe present system, can be explained with the activation en-
not produce an atomically clean surface. Here we depositeergy barrier of the Au-GaN reaction, which involves penetra-
Au on an atomically clean, N-terminated GaN, covered withtion of Au inside the GaN lattice and disruption of the top
a Ga adlayer. Our GaN surface was far from the ideal case ddaN layers. The evolution of the Aufdand Ga 3l spectra
the N-terminated GaN, used in tad initio calculations, or  indicate that the stoichiometry of the formed Au-gallide al-
an initial semiconductor surface with flat barfdsFor ex- loy changes, becoming Ga-rich with increasing temperature.
ample, the presence of acceptor surface states on the initithe GdAu)/Au atomic ratio, evaluated taking into account
surface will lead to ab,, value in Eq.(1) higher than the the Ga 3l and Au 4f cross sections, reaches 1.8.2 after
theoretically estimated one. The lack of Fermi-level pinningannealing to 820 °C. This value is close to the stoichometry
in GaN case, suggested in Ref. 9, undoubtedly may alsof the Ga-richest alloy, AuGa That is why the excess of
contribute to the large spread of the SBH values. Finally, ireleased Ga appears as metallic with advancement of the
should be noted that due to the high surface sensitivity weeaction. The replacement of the interfacial Au film by an
probe the highest barrier heiglitHowever, the object of the  Au-gallide alloy leads to appreciable SBH reduction. As can
present study is not to measure the absolute values of tHee seen in Fig. 4 there is striking correlation between the
SBH but to examine the initial stages of formation of the enrichment of the Au-gallide alloy with Ga, reflected by the
Au/n-type GaNO000)) interface and the temperature-induced weight of the GéAu) component, and the SBH reduction. A
changes in interfacial properties and homogeneity. simple phenomenological interpretation of the lowering of

Let us first discuss the results obtained at temperaturethe SBH with increasing Ga content is contained in &g,
below the onset of a chemical reaction. The evolution of theeplacing y a,=2.54 with xaucas=2.0. A better understand-
Au/GaN interface at room temperature has revealed that thieg of the dependence of the electronic properties on the
changes in the intensity of the Auf4Ga 3 and N 1s  composition of the interfacial alloy film requires thorough
spectra with increasing deposited Au amount does not corgalculations considering different bonding configurations of
firm the layer-by-layer growth mode, suggested in Ref. 5Au and Ga at the interface.
The deviation becomes obvious when the Au amount ex- Perhaps the most surprising result is the identical barrier
ceeds about 1.5 ML. It is well known that layerwise growth heights, measured in different areas of the laterally heteroge-
behavior can also result from the formation of small isl&hds neous interface developed after annealing to 820 °C. An ex-
When the density of these islands increases to an extent thatanation of this result is provided by inspection of the plots
the adjacent islands touch the thickness of the layer is not fan Fig. 4a). They reveal that the Au coverage varies in con-
from 1 ML. Such metal films, being in a thermodynamically cert with the weight of the GAu) component but in fact the
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Au/GaAu) ratio changes negligibly. This indicates that the temperature-induced structural rearrangements and the inter-
gallide alloy on the different grainésee Fig. 3 has very facial chemical reactions modify the Schottky barrier height.
similar stoichiometry and only the thickness of the film The stoichiometry of the Au-gallide interfacial layer plays a
changes laterally. This result confirms that above 500 °C therucial role in determining the barrier height value. The
SBH value is controlled by the composition of the Au-gallide present detailed characterization of the Au/GaN interface is
interfacial layer. intimately linked to understanding the complex processes

controlling the interface morphology and chemistry of other

V. CONCLUSIONS similar Schottky contacts, where the metédsg., Pt,Pd,Ni

) ) form gallides at elevated temperature.
The dependence of the electronic properties of Au/GaN
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