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X-ray photoemission spectroscopic investigation of surface treatments,
metal deposition, and electron accumulation on InN
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The effects of surface chemical treatments and metal deposition on the InN surface are studied via
synchrotron-based photoemission spectroscopy. Changes in the In 4d core level as well as the
valence band spectra are reported. The surface Fermi level position,EF , relative to the valence band
maximum was determined for both Au and Ti Schottky barriers.EF lies at an energy of 0.7 eV
above the valence band maximum for Au deposited on annealed InN and 1.2 eV above the valence
band maximum for Ti deposited on Ar-sputtered InN. These results that the surface Fermi level lays
at or above the conduction band maximum when a value of InN band gap of 0.7–0.9 eV is assumed.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1573351#
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InN is currently being investigated for use in optoele
tronic and electronic devices such as high-electron-mob
transistors~HEMTs!.1,2 The surface electronic properties an
even the InN band gap is at present uncertain. Since
materials are difficult to prepare, few studies have been p
lished on the nature of the surface properties of InN. Sch
and co-workers have noted that Hg, Ti, Al, or Ni contacts
an InN surface are ohmic and show low resistance inI –V
measurements.1,3 InN may possess a surface Fermi level at
above the conduction band edge leading, potentially, to
electron accumulation layer at the surface, depending on
assumed value of InN band gap.

Both InAs and InSb4 exhibit an electron accumulatio
layer near the surface. A narrow conduction band minim
around the center of the Brillouin zone is associated with
charge accumulation layer observed in InAs samples.5 The
surface electronic properties, in any case, are often do
nated by the presence of surface states, which determin
surface Fermi level,EF , position. Surface states can pin th
Fermi level at an ‘‘effective midgap energy’’ that is som
times represented byEBP, the branch point energy.6 This
energy is defined as the energy position within the band
where the states change from a valence band-like to a
duction band-like character. TheEBP energy position is
above the conduction band minimum~CBM! for InAs.7 As a
result, the InAs surface Fermi level becomes located ab
the CBM at the surface of InAs and results in a surfa
charge accumulation layer.8

The electron accumulation layer at the InAs surface
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been observed through techniques that include: elec
tunneling,8 high-resolution electron energy los
spectroscopy,9,10 and angle-resolved photoemissio
spectroscopy.7 Surface electron accumulation can be induc
by a variety of factors and surface preparations, includ
surface cleavage, surface reconstruction, and surface ad
tion of a few metal atoms. Submonolayer depositions of
kali and transition metals can also lead to an electron ac
mulation layer in InAs.11–13

Metal deposition on a clean InN surface allows the e
ergy level position of the Fermi level to be spectroscopica
distinguished in photoemission measurements. An elec
accumulation layer can be inferred if theEF lies higher in
energy than the conduction band minimum. The photoem
sion technique required for this analysis has been previo
used for a variety of metals on GaN.14,15

InN samples were grown via migration-enhanced e
taxy during molecular beam epitaxy.16 The sheet carrier con
centration was between 9.3031013 and 1.9531015 cm22 and
the thickness was between 0.1 and 1.0mm for a given
sample. The acquisition of the photoemission spectra, thin
situ cleaning techniques and eventual metal deposition w
carried out at the Synchrotron Radiation Center in Stou
ton, WI. All spectra were collected with an incoming photo
energy of 75 eV. Untreated samples were loaded and a
lyzed prior toin situ cleaning.

After initial analysis, samples were subjected to tw
types of cleaning treatments. The annealed InN was he
via electron bombardment from a filament behind the sam
holder in the analysis chamber. Other InN samples were s
jected to Ar ion sputtering at an Ar pressure in the cham
of 431025 Torr and with an ion-sample current of 6mA for
4 © 2003 American Institute of Physics
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10 min. The sputtering was done normal to or at a glanc
angle of 60° to the sample surface. After surface clean
treatments, samples were again analyzed via photoemis
spectroscopy before being transferred to the adjacent ev
ration chamber for metal deposition.

Au or Ti was deposited on the samples in sub-nm qu
tities at a rate of 0.01 nm/s. After each deposition, the Ind
core level and Fermi edge photoemission spectra were
lected. This metal deposition process continued until the t
metal thickness was 15–20 nm. The first derivatives of
Fermi edge spectra were fit to a Gaussian function to ac
rately determine the Fermi level energy from each spectr
In order to determine the Fermi level position relative to t
band edges, the In 4d core level to valence band maximu
energy difference (EV–C) was first determined on the samp
prior to metal deposition. The In 4d core level and meta
Fermi edge were then measured at each coverage of m
overlayer and used to determine the In 4d binding energy
(EB). Once these values are known, theEF position within
the gap with respect to the valence band can be determ
through Eq.~1!:

EF2VBM5EB2EV–C ~1!

and then-InN Schottky barrier height,FB,n , through

FB,n5Egap2EB . ~2!

The determination of the barrier height is therefore dep
dent on an accurate value of the band gap,Egap.

The In 4d core level and valence band region spectra
an annealed InN sample were compared. The thermal ann
ing shifts the In 4d core level by;0.5 eV to higher kinetic
energy, and the spin-orbit-split 4d5/2 and 4d3/2 peaks were
not observed. There is also measurable change in the val
band spectrum. A shoulder feature, seen on the higher kin
energy side, becomes more prominent postannealing.
edge of this feature can be fit to a linear function and
zero-photoemission intensity intercept can be used as the
lence band maximum~VBM !. This VBM was used along
with a Gaussian fit of the In 4d core level on the anneale
sample to calculate anEV–C value of 16.9 eV. After Au was
deposited on the surface, the binding energy of the Ind

FIG. 1. The EF position with respect to the valence band maximum
shown for the annealed sample as a function of Au coverage, as determ
through photoemission spectroscopy. The conduction band minimum~a! is
determined with an InN band gap of 0.74 eV, while the conduction b
minimum ~b! is determined with an InN band gap of 1.89 eV.
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core level was, again, determined and the Fermi edge
determined as described earlier. A plot of the Fermi le
position within the band gap of annealed InN with Au co
erage is shown in Fig. 1. TheEF position remains at a value
of 0.760.1 eV above the valence band maximum. The ba
gap of InN is a matter of controversy at present. The t
conduction band minimum lines on Fig. 1 indicate the tw
approximate values of the InN band gap presently discus
in the literature. An InN band gap of 1.89 eV, was det
mined through optical absorption techniques.17–19 Recent
photoluminescence studies indicate the band gap of InN m
be as small as 0.7–0.8 eV.20–22Depending on the value cho
sen for the band gap in Eq.~2!, the surface barrier height o
Au on annealed InN could either be considered to be es
tially zero or 1.260.1 eV. The choice of band gap also a
fects the conclusions drawn about the presence of an elec
accumulation layer in InN. The use of the smaller band g
would indicate the presence of an electron accumula
layer, while the 1.89 eV band gap would lead to an abse
of an electron accumulation layer with our specific samp
and preparation techniques.

The photoemission spectra for an Ar-sputtered I
sample are shown in Fig. 2. The sample was first sputtere
an angle of 60° before being sputtered at normal incidenc
the sample surface. Normal incidence sputtering leads to
appearance of two peaks in the In 4d core level spectrum

ed

d

FIG. 2. Photoemission spectra for an InN sample, first untreated, the
sputtered at a glancing angle, was and then sputtered twice at normal
dence. The four spectra were collected with a photon energy of 75 eV~a!
The In 4d core level spectrum shows the appearance of the 4d5/2 and 4d3/2

peaks after the completion of the first normal incidence sputter treatm
~b! In the valence band region, the two new features are indicated by I
II, in addition to the VBM feature, and the Fermi edge,EF , which appear
after the first normal incidence sputter treatment.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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@Fig. 2~a!# with an energy difference corresponding to t
expected spin-orbit splitting of 0.86 eV for In 4d5/2 and In
4d3/2 which are expected to originate from islands of met
lic In on the surface.23 A contribution from the original InN
peak, is visible in the spectrum, even after three sputte
cycles. Additional changes can be observed in the vale
band region, Fig. 2~b!. The initial valence band spectrum fo
the untreated InN sample is consistent with experimental
sults reported in the literature.24 There are two major fea
tures, labeled I and II in Fig. 2~b!, with the same height ratio
and width described previously by Guoet al.24 After the
sample was sputtered repeatedly, feature II splits into
peaks. This peak splitting is consistent with the calcula
InN density of states.25 A Fermi edge at higher kinetic energ
than the VBM becomes visible after the normal inciden
sputtering, due to the formation of metallic In islands on t
surface.26 The valence band edge also becomes more
nounced upon sputtering. The In 4d core level from the un-
treated sample is used along with a linear fit of the vale
band edge, also from the untreated sample, to determine
value ofEV–C . TheEV–C for this sputtered InN is again 16.
eV, consistent with what was reported for the annealed
sample. The In 4d core level spectra are fit to three Gauss
functions in order to determine the binding energy for the
4d core level associated with InN. The Fermi level positi
within the band gap of sputtered InN determined with t
EV–C and theEB values is shown in Fig. 3. The large err
bars are due to the difficulty associated with peak-fitting
broader, lower kinetic energy In 4d peak in the presence o
the two higher intensity metallic In 4d core levels. This mea
sured EF position is 1.260.1 eV above the valence ban
maximum. Again, if the InN band gap is 1.89 eV, thenEF

would lead to a barrier height of 0.760.1 eV. Alternatively,
if the band gap value of;0.7 eV is employed, thenEF

would be at or in the conduction band. This Fermi lev
position would be consistent with the observed ease of oh

FIG. 3. The EF position with respect to the valence band maximum
shown for the Ar-sputtered sample as a function of Ti coverage, as d
mined through photoemission spectroscopy. The conduction band minim
~a! is determined with an InN band gap of 0.74 eV while the conduct
band minimum~b! is determined with an InN band gap of 1.89 eV.
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contact formation1 and would be consistent with the presen
of an electron accumulation layer.

Au deposited on annealed InN yields a Fermi level 0
eV above the valence band maximum, while Ti deposited
sputtered InN yields a Fermi level 1.2 eV above the valen
band maximum. If the smaller value of the band gap for In
0.7 eV, is assumed, then neither metal forms a Schottky
rier on InN and an electron accumulation layer would
possible.
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