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Band offset measurements of the GaN  (0001)/HfO, interface

T. E. Cook, Jr., C. C. Fulton, W. J. Mecouch, R. F. Davis, G. Lucovsky,

and R. J. Nemanich?

Department of Physics and Department of Materials Science and Engineering, North Carolina State
University, Raleigh, North Carolina 27695-8202

(Received 4 June 2003; accepted 20 August 2003

Photoemission spectroscopy has been used to observe the interface electronic statesveessHfO
deposited on cleam-type Ga-face GaN000)) surfaces. The Hf© was formed by repeated
deposition of several monolayers of Hf followed by remote plasma oxidation at 300 °C, and a
650 °C densification anneal. The 650 °C anneal resulted in a 0.6 and 0.4 eV change in band bending
and valence band offset, respectively. The final annealed GaN/itérface exhibited a valence

band offset of 0.3 eV and a conduction band offset of 2.1 eV. A 2.0 eV deviation was found from
the electron affinity band offset model. @003 American Institute of Physics.
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I. INTRODUCTION buffer layer. The thickness of the GaN epilayer and the AIN
Properties such as high dielectric constant, low Ieakagészfer were 1.1 and O.Lm, respectively. Prior research has

current, and relatively low interface density suggest theeStabIIShecj that MOCVD growth of GaN on Si face SiC

. 6’7 .y
promise of HfQ in electronic device fabrication. The large (0007 resuits in Ga face GakD00))." Silicon was used as

band gap of 5.8 eV would be consistent with applications or;[he n dopant with a net donor concentratioN¢—N,) of 1

7 a—3 ; ; _
wide band gap semiconductors such as GaN. The use C\)ifolltgl ;rr?weas%?faer;rgmgd by mercury probe capacitance
HIO, and other highe dielectrics as a passivation layer on T%ein situ surface c;leanin and the experimental proce-
GaN-based high voltage devices and as a gate insulator in 9 P P

field effect transistor devices requires knowledge of the bam(:ii ures are essentially |der_1t|c_al o those described in a previ-
alignment of this interface. ous study? X-ray photoemission specttXPS) and UV pho-

In our study, HfQ films are formed on clean G4B001) toemission spectrdUPS were obtained _after each process
. . step in a sequence of experiments. Shifts of the XPS peaks
surfaces prepared by an situ ammonia exposure at an el- .
. . and the evolution of the valence band spectra were recorded.
evated temperatureWhile several studiés have employed The shectra were measured after each of the following stens:
photoemission techniques to explore the Si—Hferface, P W u wing steps.

L a 4 A Hf deposition, @ plasma at 300 °C4 A Hf (8 A total
there has been no similar report for the GaN—Ki@erface. Hf) and G plasma at 300 °C, 650 °C anneal for 15 min, a

A first approach to describing a heterostructure interfac?. .
. " . inal 4 A Hf deposition(12 A Hf total) and lasma at
's to apply the electron affinity mod¢EAM). This model 300°C, and a 55 min 2550 °C final al)nneal.qvvg have estab-

holds in an ideal case, where there is no potential created as

the heterostructure is formed. Alternatively, a deviation from.'Shed that 5|m|I°ar films on Si are st_able &9.00. .C indicat-
the EAM can be represented as a change in the interfa ing that at 650 °C the evaporation is not significant. For the

Cf ; . )
: . 2 A Hf total, the ultimate thickness of the HjGilm was
dipole. Tersoft suggested that the band alignment betweencalculated to be-20 A based on bulk densities. The attenu-

two semiconductors is controlled by the charge transfer . ; . .
across the interface and the resulting interface dipole in Vglc:;; of the GaN XPS core levels was consistent with this

fashion similar to Schottky barrier models. Recently,

Robertsof employed charge neutrality level€NL) and di-

electric screening to relate the relative contribution of the!ll- RESULTS AND DISCUSSION

electron affinity model and the interface dipole in determin-  The evolution of the UPS spectra from the clean GaN

ing the band offset of oxides on Si. through the oxidation and anneal of the 12 A Hf is shown in
The focus of our experiment is to use photoemission tarig. 1. The valence-band maximuiviBM ) of the clean GaN

measure the band offsets of HfOn clean GaN000) and  surface was determined from an extrapolation of a line fit to

to compare the results to the EAM. The deviation will be the leading edge of the spectrum and was measured to be at

discussed in terms of a change in the interface dipole. 3.0+ 0.1 eV (referenced to the Fermi leyeAs a verification
that our measured turn-on is indeed the VBM, we note that
II. EXPERIMENT our results indicate that the Gad3s 17.7 eV below the

VBM, which is consistent with the careful study by Waldrop

The GaN films were grown via metallorganic chemical 5y Granf The electron affinity of the GaN and the HfO
vapor depositiofMOCVD) on 50 mm diameter on-axis Si- were deduced from the UPS using the relatipn hy—W

face, 6H SiC(000] substrates with a conducting AI000D)  _ E, WhereW is the spectral width from the VBM to the low

energy cutoffhv is the photon energ§21.2 eV}, andE, is
dElectronic mail: robertnemanich@ncsu.edu the band gap of the material. For the cleatype GaN sur-
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ey FIG. 2. Oxygen & XPS spectra for(a) CVC cleann-GaN, (b) 4 A Hf
10 8 6 4 2 0 deposition,(c) 4 A Hf and O, plasma,(d) 8 A Hf, O, plasma, and 650 °C
anneal,(e) 12 A Hf and Q plasma, andh) 650 °C final anneal. The peak
positions of the initial surface, as well as the final surface are indicated with
dashed lines.
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FIG. 1. UPS spectra of the valence band maximum (af: CVC clean
n-GaN, (b) 4 A Hf, (c) 4 A Hf and G, plasma,(d) 8 A Hf and Q, plasma,
(e) 8 A Hf, O, plasma and 650 °C annedl) 12 A Hf and Q plasma, and
(g) 650 °C anneal.

level is displayed in Fig. 2. This shift is attributed to com-

bined changes in band bending and band offset. We note that

face, the width of the UPS spectrum was measured to be 148 shoulder appears at532 eV after the first oxidation,
eV, and using 3.4 eV as GaN band gap, we find an electrowhich we attribute to the formation of a Ga oxide at the
affinity of 3.0 eV, which is in agreement with prior interface. This feature does not increase in intensity once
reportst®!! Similarly, the turn-on for the annealed Hf@s  formed and becomes difficult to distinguish with further
observed at-3.3 eV below the Fermi level, and the spectral HfO, depositions.
width is measured to be 12.5 eV. The valence band spectra The method for determining the valence band offset is
observed for the Hf@film are qualitatively similar to those similar to that of Waldrop and Grahand Krautet al* Their
observed by other$:® Assuming a band gap of 5.8 eV, we basic approach is to reference the VBM to a core level in the
obtain an electron affinity of 2.9 eV for the annealed film, XPS spectra for each semiconductor and to use the measured
which is within the experimental error of the estimated valuedifference between the core level energies to discern the
reported by Robertsoh. band discontinuities. In our study, we have employed UPS to

The evolution of the Ga®, Ga 3p5,, N 1s, Hf 4f, and  measure the energy of the VBM, and XPS to measure core
O 1s core levels are summarized in Table I. The core levelevel energies. We can then express the VRQdo) as
spectra indicate two significant effects. The first is the level ot i - f
of band bending in the GaN. Here, it is found that both the ~ #v8o~ Evem ™~ Evem®Ea Ea=Ec—Ec, @
clean surface and the annealed HfGaN interface exhib- whereE! g, andE! g, are the measured VBM of the initial
ited 0.3 eV upward band bending. The second effect is thatlean GaN and the oxide grown on GaN, respectively, and
we find a~0.9 eV shift of the O % and Hf 4f core levels E, is the change in band bending as defined from the shift of
upon annealing to 650 °C. The evolution of the ® dore  the Ga or N core levels. HerE. andE! are the values of the

TABLE I. XPS core level curve fitting results for the Ga3,, Hf 4f, O 1s, Ga 3, and N Is energy levels(Oxygen plasma is represented as O}-PI.

Gad Ga 3pzp N 1s Hf 4f O 1s
Center FWHM Center FWHM Center FWHM Center FWHM Center FWHM
Process Step (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
CvC 20.6 1.6 105.8 2.7 398.0 1.7
4 A Hf 20.3 2.0 105.5 3.2 397.5 2.0 17.4 2.0
O-PI 20.1 1.7 105.2 3.3 397.3 2.4 18.4 1.7 529.9 2.1
8 A Hf, O-PI, 20.7 1.5 105.8 3.1 397.9 1.6 19.2 1.5 530.8 1.9
anneal
12 A Hf, O-PI 20.1 1.6 105.2 3.3 397.4 2.4 18.3 1.6 529.9 2.2

Final 20.7 1.4 105.8 3.1 397.9 1.7 19.1 1.4 530.7 1.9
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core level of the initial clean surface and the deposited oxidsurface. The valence band offset determination is then the
surface, respectively. An increase in upward band bending isxeasured UPS turn-on for the Hf@n the GaN(3.3 eV),
defined as positive. minus the GaN turn-o3.0 eV). The valence band offset is
Figure 3 displays the deduced band lineup for the asdeduced to be 0.3 eV, and the conduction band offset is 2.1
deposited GaN—Hf@interface. The upward band bending of eV. We note that neither Fig. 3 nor Fig. 4 show a significant
the clean surface increases by 0.6 eV as the interface f&ld in the HfO, layer. Such a field would be manifested as
formed. The valence band offset is then the measured UP&broadening of the Hf las well as the O 4 core levels was
turn-on for the HfQ on the GaN(2.3 eV), minus the GaN not observed. Here we have also assumed that there is no
turn-on (3.0 eV), plus the increase in upward band bendingspace charge in the HfQ and the Fermi level is determined
(0.6 eV), resulting in a value of-0.1 eV. With this value and by the value at the interface.
the knowledge of the band gap of the material, the conduc- The Ga face GaNO000)) is a polar surface, and the
tion band offset is obtained. The band gap of Hi@as been spontaneous polarization will lead to a negative bound
reported to be 5.7—6.0 é¥ A value of 5.8 eV was used for charge at the GaN film surface. The polarization bound
our conduction band offset and electron affinity calculationscharge screened by the ionized donors would lead to upward
The valence band offset is deduced to-b8.1 eV, and the band bending at the GaN surface, consistent with our obser-
conduction band offset is 2.5 eV for our as depositedvations of the clean surface. It is possible that some changes
GaN/HfG, interface. The interface represents type Il bandin the band bending observed during formation of the oxide
alignment where the valence band maximum of the GaN liesire due to compensation or screening of the polarization sur-
below that of HfQ valence band. face bound charge. But the measurements of the band offsets
Figure 4 shows the proposed band lineup fortiigpe  will not be affected by these changes.
GaN-HfG; interface after annealing at 650 °C. The upward Our results indicate a deviation from the electron affinity
band bending is essentially the same as that of the cleamodel of 2.0 eV for the before and after annealing cases of

6.0r
9 A=2.0eV
=20e x=2.9eV
a0
3.01 e
| |x=3.0eV % =3.0eV
20 AE =2.1eV £ E - 250V FIG. 4. Deduced bands for the clean
1.0F E, =5.8eV e n-type GaN surfacdleft) and the in-
~— R S terface between-type GaN and Hf@
SRt I S F- f after annealing at 650 °C. The valence
1.0l E-E. = 0.4eV EE = 04eV band offset, AE,, conduction band
ot E, = 3.4eV E-E, =33eV EE,=3.3eV offset, AE., band bending, and inter-
-2.00 face dipole,A, are represented.
\ D v
-3.0f
-
-4.01 AE, = 0.3eV
5.0

®%" clean GaN HfO:
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the GaN—HfQ interface. As an alternative to the electron IV. CONCLUSION
affinity model, it has been proposed that heterojunction band |, summary, the band alignment of an HfCyer on

alignments are determined by alignment of the CNL of the, e GaN has been investigated. The electron affinities for
two materials. The charge neutrality levels represent the,q cleam-type GaN and Hf@were measured to be 3.0 and
branch point of the surface or interface states related to thg g oy respectively. After careful formation of the

valence or conduction band. The presumption is that ChargGaN—HfQ interface, upward band bending of 0.9 and 0.3
can transfer between the interface states of the two materials, 1 ev existed for the as-grown and annealed interface

which will cause an interface dipole. If the density of inter- respectively. A valence band offset 60.1+ 0.1 eV (type II)
face states is high, then the band offset will be determined by,a5 optained for the as-grown interface, with a conduction
the relative position of the CNL of the two materials. band offset of 2.50.1 eV (assumingEq0,=5.8 €V). For
Recently, Robertscradapted the Schottk¥ barrier inter- {ha annealed interface, a valence band offset of0.3 eV
face defect model presented by Cowley and'Seemploy  \yas obtained, while the conduction band offset was deter-
the CNL as the pinning levels for heterojunction interfacesined to be 2.+0.1 eV. This result suggests the thermal
The model was applied to analyze the band alignment of iapjjity of the hafnium oxide film significantly affects the
range of oxides on silicon, and the model seems consisteiectronic properties at the GaN—Hfanterface. An inter-
with most experimental results. In this model, the bandace dipole of 2.0 eV was deduced from comparison with the
lineup is described by the relation electron affinity model for both the before and after anneal-

@ceo=(@cnLa— PenLp) — (Ega—Egp) + SL(xa— xb) ing cases of the GaN—H{Qnterface. Moreover, the charge
' ' ’ ' neutrality model does not accurately predict the band align-
+(Eg,a—Egp) — (®cnLa— eenip) s (2 ment of the GaN—HfQ interface.

where ¢cgo is the CBO,x and ¢y are the electron affini-
ties and charge neutrality levels for each semicondu@or ACKNOWLEDGMENTS
and b), and S is a pinning factor based on the dielectric
properties of the materials. Here, taey, are defined rela-
tive to the VBM of each semiconductor. A value 81
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