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Photoelectron emission microscopy observation of inversion domain
boundaries of GaN-based lateral polarity heterostructures
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An intentionally grown GaN film with laterally patterned Ga- and N-face polarities is studied using

in situ UV-photoelectron emission microscogiPEEM). Before chemical vapor cleaning of the
surface, the emission contrast between the Ga- and N-face polarities regions was not significant.
However, after cleaning the emission contrast between the different polarity regions was enhanced
such that the N-face regions exhibited increased emission over the Ga-face regions. The results
indicate that the emission threshold of the N-face region is lower than that of the Ga face. Moreover,
bright emission was detected from regions around the inversion domain boundaries of the lateral
polarity heterostructure. The PEEM polarity contrast and intense emission from the inversion
domain boundary regions are discussed in terms of the built-in lateral field and the surface band
bending induced by the polarization bound surface charges20@3 American Institute of Physics.
[DOI: 10.1063/1.1618355

I. INTRODUCTION and downward for the N-face regions, which will lead to a

An important property of wurtzite GaN is its large spon- built-in field along the surface in the region of the IDB.

. . o . Although the IDB has been studied theoreticillihe
taneous and piezoelectric polarization, which strongly affects . . Lo
. : . structural and electrical properties have not been studied in
the electrical and optical properties of GaN-based heter

o~ . . . ) o .
structure device$? A gradient in the polarization induces detall. While the IDB is expected to exhibit atomic scale

bound surface charges and creates strong internal eIectrﬂlmenSionS’ the built-in lateral field is expectgq to vary over
fields in the film. The sign of the bound charges at the suré larger range of up t;am_from the IDB. In add|t|0_n_, d“””9
face and the direction of the field depend on the orientatioflii™ growth a morphological and structural transition region
of the polarization, which is determined by film polarity; Ga Will also be created near the IDBWe will term this larger
or N face. A GaN film with Ga-face polarity is designated "€9ion, which includes all of these effects, as the inversion
[0001] orientation while N-face polarity is designatggno- ~ domain boundary regioiDBR). The optical properties of
1] orientation® The built-in field induced by the polarization the inversion domain boundary region were investigated by
can modify the energy bands at the surface, leading to suihotoluminescence measureméhBaight emission was ob-
face band bending. served in the IDBR, and it was suggested that it originated
Recently, intentionally grown GaN-based lateral polarityfrom shallow, optically active traps® Previously, we also
heterostructure$LPH9), in which Ga- and N-face regions examined the surfaces of a LPH using piezoresponse force
were grown laterally on the same surface and separated byicroscopy (PFM) and Raman scatterifg® A slightly
inversion domain boundarig$DBs), have become of inter- higher piezoresponse observed for the N-face regions was
est for potential application in optoelectric devi¢edn par-  associated with a larger total polarization and the corre-
ticular, it has been proposed that an IDB can be employed aspondingly larger bound surface chafgehis was consistent
a tunnel junction barrier between regions with two-with Raman measurements of the relative peak shifts across
dimensional electron gaseDEGSY in a lateral GaN/ the IDBR!° The measurements indicated that the N-face re-
AlGaN/GaN heterostructure. gion is under less compressive stress, which implies a
The spontaneous and piezoelectric polarization of themaller piezoelectric polarization and a larger total polariza-
GaN leads to a polarization bound charge at the surface angbn for the N face.
interface. The Ga-face surface exhibits a negative bound |n this study, the IDBR of a GaN-based LPH is explored
charge, and the N-face surface exhibits a positive boung@ising UV photoelectron emission microscofyV-PEEM).
charge. These charges are screened by free carriers and igEEM is an emission microscopy technique in which images
ized donors in the bulk of the-type GaN, and by charges in of 5 material surface are formed by photoexcited electtbns.
the surface and interface states. The band bending at the Gaj ths technique the surface is uniformly illuminated with

surfaces is expected to be upward for the Ga-face regiongy |ight, and the photoemitted electrons are imaged with

electron optics. In our experiments, the UV light is near the
dElectronic mail: robertnemanich@ncsu.edu threshold for photoelectric emission. In UV-PEEM the image
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contrast originates from variation in the photoelectric yield,
where the density of states and the photoelectric threshold
both affect the PEEM image contrast. In metals, the photo- f[OOOl]Ga ‘
electric threshold is the work function while for semiconduc-
tors the photoelectric threshold is dependent on the electron
affinity, the band gap, and the doping. The band bending can
also contribute to the photoelectric yield with enhanced
emission for downward band bendifg?

For the different polarity surfaces we expect to find sig-
nificant differences in band bending. This will lead to differ- §
ences in the free carrier density in the near-surface region
with electrons accumulated in the conduction band of the
N-face regions. Moreover, recent studies of metal contacts
on Ga- and N-polarity surfaces indicate substantially differ-
ent Schottky barrier heights. These results suggest that tHeG. 1. Cross section TEM micrograph of a GaN film with laterally pat-
electron affinity of the different surfaces can be different.g{‘;‘ég;g‘:‘?hSﬁlflebz‘#::'}fysefragﬁaﬁg;S'”g PIMBE. The N-face region
The electron affinity of a semiconductor is a function of the '
surface dipole, and the different bonding of the Ga- and
N-polarity surfaces could result in different surface dipolegach Afterex situ cleaning, the film was loaded into the
terms and consequently different electron affinitiés. UHV-GSMBE chambetbase pressure 05310~ ° Torr) for

This study will establish how these effects are mani-y, ammonia-based high-temperature chemical vapor clean

fested in PEEM images of GaN films with different local (CVC) to remove oxygen and carbon contaminants on the
polarities. The experiments will explore how image contrast;,, 15.16 Oxygen contamination is removed by thermal de-

can reflect the electronic structure of the different polar SUrsorption, and carbon contamination removed by reaction

faces. With tunable UV FEL we can obtain images with con-,i, NHs. The sample was initially heated to 66@0°C
trolled photoexcitation to maximize the PEEM image con-5nq the ammonia vapor was initiated. The sample was then
trast and to determine the photothresholds of local regions gfoated to 806 20°C and held for 15 min at a pressure of
the GaN film surface. _ _ 1x107° Torr. Upon completion of the CVC process, the
Here, we report PEEM observations of polarity contrasigample was cooled under the flow of ammonia. The ammo-
and local intensity enhancement in GaN films. We find a5 flow was terminated below 600 °C. When the tempera-

higher photoyield from the N-face regions compared withy e reached-150 °C, the sample was transferred in UHV to
the Ga-face regions. In particular, a strongly enhanced emispe pPEEM chamber.

sion intensity and a photothreshold reduction is observed in tha fim surface was explored before and aftersitu

the region of the IDB. We propose an energy band variationeaning, and PEEM images were obtained with photon en-
in the IDBR and suggest that the significantly higher pho-g gies from 4.5 to 6.3 eV. The spontaneous radiation of the
toyield is attributed to charge accumulation at the IDB. FEL is pulsed with a repetition rate of 15 MHz and a pulse
duration of~300 ps. The average FEL power wa2 mW
which was focused to approximately 20 Wrcrithe typical
output spectrum of the FEL is nearly Gaussian with a full
The experiments were performed in an UV-PEEM sys-width at half maximum of~0.1 eV. The capabilities of the
tem that is connected via a UHV sample transfer system to REEM-FEL are described in more detail elsewhére.
custom gas source molecular beam epité@SMBE) sys- The lateral resolution in the PEEM is limited by aberra-
tem. The photoelectrons were excited with UV-light from thetions associated with the necessary accelerating field and the
tunable UV free electron laséFEL) at Duke University. The average emission energy and energy spread of the emitted
base pressure of the PEEM system was below Slectrons' Inthe UV-FEL PEEM, the electric potential used
X 1071 Torr. for accelerating the electrons 1820 kV across a gap of 2
The GaN film with laterally patterned Ga- and N-face mm, and the tunable UV-FEL light minimizes the energy
polarities was fabricated using plasma induced moleculaspread of the emitted electrons, which system allowi0
beam epitaxy(PIMBE). The Ga-face GaN1 um thick was  nm imaging*! PEEM images are enhanced with a micro-
grown on an AIN nucleation laygrl0 nm thick, while the  channel plate and displayed on a phosphor screen. The im-
N-face GaN(1 um thick) was grown directly on the sapphire ages were observed with a CCD camera, and stored digitally
substrate. The IDBs are created at the boundaries betweevith an image processor. For the data presented here, 16
the Ga- and N-face GaN. The details of the growth processsuccessive frames were integrated to form an image.
ing can be found elsewhefé? The free electron concentra-
tion was determined to b&y=4.1x10' cm 2 for the
N-face region and 2:810"" cm™2 for the Ga-face region by
Raman scattering measuremelits. Figure 1 presents a cross section TEM image of a region
Prior to loading, the film was degreased sequentially inof the inversion domain boundary of a GaN LPHhe left
trichloroethylene, acetone, and methanol baths for 10 mirside of the IDB was identified as the Ga-face region while

Ga-face |pg Transition : N-face

region

Il. EXPERIMENT

Ill. RESULTS
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Ga-face

FIG. 2. PEEM images of a GaN-based lateral polarity heterostru¢aire
before the CVC process arfl) after the CVC process. The field of view is
50 um, and the FEL photon energy is 5.4 eV.

the right side as the N-face region. The IDB was expected to
be located at the edge of the patterned AIN buffer layer.
However, it is apparent that the IDB is shifted by several 100
nm towards the Ga-face region. The structural transition re- . ) )
. . . FIG. 4. PEEM images of the CVC-cleaned GaN film showing the lateral
gion is evident as the N-face I?'yer that has form?d Over. th%olarity heterostructure. The images were obtained with photon energies of
patterned AIN buffer layer. This structural transition region (a) 4.8 eV, (b) 4.9 eV, (c) 5.6 eV, and(d) 6.3 eV, respectively. The field of
exhibits a slightly higher density of threading dislocationsview is 150 um.
than in the nearby Ga- and N-face regions.

Figure 2 displays PEEM images of the GaN film with
laterally different polarities before and aftiersitu cleaning.  dition, as displayed in Figs. 2 and 3, relatively stronger emis-
For the as-loaded GaN surface, the brightness contrast bgion intensity was detected from the inversion domain
tween the Ga- and N-face regions is not apparent, and thgoundary regions.
emission from the boundary regions is only slightly more  The AFM topography image displays the apparent re-
intense than the other regiofBig. 2(a)]. For photon ener- gion extended from the IDB to the N-face side with a width
gies from 5.0 to 6.3 eV, the contrast did not change, but thef ~2 um [Fig. 3(@)]. The solid line that crosses the IDBR
whole surface became slightly brighter at higher photon enhas hatchmarks that indicate the IDB location and the sug-
ergies. This indicates that the photoelectron yield of the asgested extent of the IDBR. The origin of this topography that
loaded GaN surface is independent of the surface polarity. distinguishes the IDBR is still uncertain. In consideration of

However, after the cleaning process, the contrast bethe surface electrical structure near the IDB, we expect that
tween the different polarity regions was significantly en-the IDBR is extended beyond the IDB to each face side. As
hanced[Fig. 2(b)]. Through comparison of high magnifica- indicated from the cross section TEKFig. 1) and XRD
tion PEEM and AFM topography images shown in Fig. 3, westudie of similar films, a structural transition region is
could identify the polarity of the specific surface regions.present which extends from the IDB towards the N-face side.
The darker region in the PEEM is recognized as a Ga-fac&he AFM measurements confirm that the morphology asso-
surface while the brighter region is a N-face surface. In adciated with the N-face region extends to the IDB. It is inter-
esting to note that the intense emission in the PEEM was
only observed from the N-face side of the IDBRig. 3(b)].
Moreover, local brightness contrast is displayed in the Ga-
and N-face regions shown in Figs. 2 and 3. The bright spots
in the images may be dissociated Ga islands, foreign mate-
rial, or inversion domains.

To explore the electronic properties of the different re-
gions, we obtained PEEM images with photon energies from
4.5 to 6.3 eV in steps of 0.1 efFig. 4). We note again that
the beam exhibits a Gaussian spectral distribution with a
FWHM of ~0.1 eV. For photon energies below 4.8 eV, con-
trast between the two regions was not detedfeid. 4(a)].
However, for photon energies greater than 4.9 eV, emission
from the N-face regions was observed, which led to a distinct
emission contrast between the two domdiRiy. 4(b)]. As
the photon energy was increased from 4.8 eV, the emission

FIG. 3. (a) AFM image (scan size of 2820 un¥) of the GaN lateral o the N-face regions also increased leading to enhanced
polarity heterostructure and a cross-section profile along the indicated line;

(b) PEEM image(20 um field of view) obtained with a photon energy of contrast[Fig. 4(0)] However, at 6.3 _eV.t_he emission from_
5.6 eV. the Ga-face region became more significant, and the emis-
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sion contrast was relatively reducé¢Big. 4(d)]. From the (a) (b)
results, we can deduce that the photothreshold of N-face re- ¢
gion is less than-4.9 eV while that of the Ga-face regions is A W Y 7
greater than 6.3 eV. Also, the bright emission from the IDBR
indicates an emission threshold of less than 4.9[Eg. Xs Evac
4(b)]. As the photon energy increased, the emission intensity ¢
of the IDBR increased significantly. However, the region of Ewh E¢h~ s
intense emission was only the N-face side of the IDBR.
________ Ec
Efp
IV. DISCUSSION
. L 2 = Py
A. Polarity contrast between the Ga- and N-face <= E
surfaces
We consider first the origin of the difference in the pho- | Ey
toemission yield from the Ga- and N-face regions. The pho- Lsc
toelectric yield is strongly related to the photothreshold. For Z=0 Z (depth)

a semiconductor with flat bands at the surface, the photo-

threshold is equal to the sum of band gap and electron affirFIG- 5. Energy band diagrams féa) Ga-face andb) N-face GaN. The
iy. For the Ga-face GaN, photoemission studies have indie"iesy, & By, anaL ae e surace lecton affiy, work -
cated an electron affinity of 2.9-3.6 eV depending on surfacgsent the directions of spontaneous polarizatity, and the internal elec-
processindg®2° Then with the 3.4 eV band gap, the photo- tric field, E.

threshold is expected at 6.3—7.0 eV. Our measurements of

the Ga-face regions show that emission is observed at photon

energies of greater than 6.3 eV, which is consistent with thigace. This leads to upward band bending in the depletion
analysis. region at the Ga-face surfaggig. 5a)]. In contrast, down-

It is evident that effects such as surface termination, surward band bending should occur at the N-face surface due to
face reconstruction, adsorbate layers and atomic steps coullde opposite direction of the spontaneous polarization. The
significantly affect the electron affinif}. To our knowledge positive bound surface charge gives rise to a free electron
there are no photoemission measurements of the electron afecumulation layer at the N-face surface, fixing the Fermi
finity of the different polarity surfaces of GaN, but we can level close to the conduction band edge. In addition, if there
obtain some insight into the electron affinity from measure-are N vacancies in the film, the charged defects would act as
ments of the Schottky barrier. Current—voltage and photoredonors?® and enhance the electron density of the electron
sponse measurements indicate that the Schottky barrier for Btcumulation layer. This accumulation layer leads to a slight
on n-type GaN is larger on the Ga face than on the N face.downward bending of the conduction band edge at the
Then based on the Schottky—Mott model, we would expecN-face surfacgFig. 5b)]. A theoretical calculation has indi-
that the electron affinity of the N face is larger than that ofcated that the band bending difference between the Ga- and
the Ga face. Thus, it seems unlikely that an electron affinityN-face surfaces could be equal to the band gap®# eV in
variation could explain the observed difference in emissiorGaN? However high-resolution photoemission measure-
intensity and threshold for the N- and Ga-face regions. ments demonstrated a much lower value of 1.4%Mso,

To explain the much lower photothreshold at the N-faceexperiments from our laboratory obtained a value~di.3
surface, it is necessary to consider the effect of the polaritgV for upward band bending at CVC-treated Ga-face sur-
on the band structure at each surfacenitype GaN, the faces of GaN film grown on SiC using ultraviolet photoelec-
energy band diagrams for the Ga- and N-face surfaces ateon spectroscop¥ These differences could be due to the
illustrated in Fig. 5. The bulk Fermi level position can be compensation of polarization bound charges by adsorbed
determined using the relationshifg (— Eg) =k T In(N:/Ny), molecules, structural defects, or oxidation of the surfaces.
wherek is the Boltzmann constan, is the doping concen- The surface band bending gives rise to a variation in the
tration andN, is the effective density of states in the con- photothreshold at the different polar surfaces. For upward
duction band K.=2.6x10® cm 3). The value of E, band bending of the Ga-face region, the photothreshold at
—Eg) in the bulk of our GaN film is estimated to be0.05 the bulk increases by the amount of band bending while the
eV below the conduction band edge for both Ga- and N-fac@hotothreshold at the surface does not change angsis
regions. +Eq [Fig. 5@)]. Thus, the electrons are photoemitted from

For the Ga-face region, the spontaneous polarizatiothe valence band edge at the surface for a photon energy
(—0.034 C/nf) points from the surface to the substrate, in-greater thanys+ E4. On the other hand, for downward band
ducing a negative bound charge at the GaN surfagke ( bending of the N-face region, an electron accumulation layer
=—2.12x10"® cm ?) and a positive bound charge of the results in the conduction band minimum slightly below the
same value at the GaN/substrate interface. We only considérermi level. As a result, the electrons in the accumulation
the spontaneous polarization, which dominates the totdhyer can be photoemitted from the conduction band, and the
polarization? The negative bound charge at the surface isphotothreshold at the surface would be essentially the elec-
screened by the positively ionized donors close to the surtron affinity [Fig. 5(b)]. Thus, the relatively bright intensity
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3 film, the Fermi level is close to the surface conduction band
Evac — edge because the positive bound surface charge causes an
o > I AE electron accumulation layer at the surface. In contrast, for the
E L A Ga-face surface theEg moves towards the surface valence
T band edge according to the degree of the upward band bend-
Esc ——\\ ing. Assuming no charged defects at the IDB; the band edges
I SR ) G will shift from the Ga face to the N face across the IDB.
F Consequently, the potential energy difference results in a
Eqy —Y AN hv <Er built-in lateral field and a surface space charge region. The
ﬂ\:\’— built-in potential energyAE, would be approximately equal
E e to the band bending difference between Ga- and N-face re-
- |<——>| gions, which is dependent upon the screening of the bound
x (lateral distance) w

surface charges AE~1eV).® The width of the space
FIG. 6. Proposed lateral band diagram of the GaN surface in the vicinity ocharge region into the bulk of GaN will be severah where
an IDB. The electron affinities of two faces surfaces are assumed to bgve have used the expressiolN=(2sAE/eNy) 12 ande is
equal. The excitation photon enerdpy, is greater thaiic; and less thaik, dielectric constant of GaN andNy is the density of
(=E4+x). Wis a lateral space charge region with the IDB located in the . . d
middle. The left side of W is the Ga face while the right side is N fags,  Polarization-induced surface charges. We could expect a
is the built-in potential energy induced by the band bending difference besimilar width for the lateral depletion region. Using these
tween Ga- and N-face GaN. The dotted lines represent the modified bandgg|yes. a lateral electric field e£10 kV/cm will be built-in
near the IDB ascribed to a band edge discontinuity. on the,surface near the IDB
It is known that IDB exhibit local NaCl-like geometry,

at the N-face regions is attributed to electron emission fromopposing the surrounding wurtzite structdrelowever, the
the conduction band due to downward band bending. PEEM would not likely detect this atomic scale structural

Therefore, the polarity dependent photothreshold causeshange due to the 10 nm resolution limit.
a photoelectric yield difference between the Ga- and N-face  The structural transition region and the IDB can also
regions and leads to the polarity contrast in the PEEM im-contribute to the band structure. To draw the modified band
ages of the GaN film. _ _ diagram, we should solve Poisson’s equation across the IDB,

Following this explanation, adsorbed ions at the astaking into account the details of the charge density through-
loaded GaN surface can give rise to a compensation of thgyt the IDBR and the polarization bound charge at both face
polarization charges on both polar surfaces. The charge condyfaces. We have assumed that the sheet charge density of
pensation reduces_ the _photoelectrlc_ yield d|ﬁeren_ce induceg, o ntype, N-face regions is larger than the polarization sur-
by the band bending difference, which can explain why thq‘ace charge £ 2% 10" cm~2), and we have included a band

polarity contrast could not be detected. edge discontinuity at the IDB and a slight downward band
bending from the N-face side of the IDBR. With these as-
sumptions, we can sketch an approximate diagram without a
We now discuss possible emission mechanisms for theetailed calculation as indicated by the dotted lines in Fig. 6.
strong intensity at the IDBRs in the PEEM images. First, On the basis of the lateral band diagram, we can postu-
topographic effects due to the surface morphology of thgate two mechanisms to account for the electron emission
sample could cause a local enhancement in electrofgom the IDBRs(Fig. 6). First, for a photon energy greater
emission! Field enhancement from a feature with a rela-than Er—AE) and less tharEr(=xs+Eg), the photoex-

tively small radius of curvature or the Schottky effect at thejioq electrons from the valence band maximum of the Ga-
top of_a _protruding feature can lead to enhance_d emisgio%ce side in the IDBR cannot be emitted into the vacuum.
ntensity in PEEM.' However, the AFM cross-section profile Instead, because of the built-in field some of the electrons
shows that the height and curvature variation across the IDBS., '\ - 110 1o traverse the IDB and diffuse into the N-face

are essentially negligiblgFig. 3(a)]: .Thls indicates that t_he_ side in the IDBR. The diffused hot electrons at the N-face
surface topography does not significantly affect the eMISSI%ide can be emitted directly into the vacuum since they are
intensity. In addition, mezoscopic steps-e2 um width and y y

~10 nm height were observed between the Ga and N faC@bove the vacuum level. Second, the electrons .originating
regions for similar sample’sHowever, these steps have suchfrorn the cqnductlon bgnd edge of the N-fgcg S'd,e of the
a low aspect ratio that they would not be expected to enhand®BR can directly contribute to the photoemission yield be-
the PEEM emission. cause of the downward band bending. Within our band sche-

Second, we can consider an additional photoexcitatiorﬁnaticv it is apparent that the second process would have the
process aside from the normal electron excitation from thdower photothreshold. Although both effects could contribute
valence band edge. The band bending difference between tf@ the intense emission from the N-face side of the IDBR, we
Ga- and N-face surfaces can play a significant role which cagxpect that the second mechanism is more dominant. More
lead to an additional emission process at the IDBRs. A lateradletailed studies of the IDB structure and electron affinity of
band diagram of a LPH surface in the vicinity of the IDB is the polar surfaces would be helpful in verifying the proposed
illustrated in Fig. 6. For the N-face surface of mtype GaN  IDBR emission mechanism.

B. Intense emission from IDBRs



J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Yang et al. 5725

V. CONCLUSIONS SV. Fiorentini, Appl. Phys. Lett82, 1182(2003.

. L. 6J. E. Northrup, J. Neugebauer, and L. T. Romano, Phys. Rev.%t03
We have used UV-PEEM to image emission from a (199g.

GaN-based LPH. Polarity contrast was observed between thév. Cimalla and O. Ambacher, M. Eickhoff, C. Miskys, M. Stutzmann, B.
Ga- and N-face regions as well as intense emission from theJ- Rodriquez, R. Nemanich, M. Drakopoulos, and J. Zegenhagen, pre-

I . sented at the International Workshop on Nitride Semiconductors 2002,
IDBR. The enhanceq emission from the N—face surfacg IS Aachen. Germanyunpublishedt
attributed to photoemission from electrons in the conductionsp 3 schuck, M. D. Mason, R. D. Grober, O. Ambacher, A. P. Lima, C.

band at the surface induced by band bending. We proposeMiskys, R. Dimitrov, and M. Stutzmann, Appl. Phys. L&te, 952(2001.
that the intense emission from the IDBR is predominantly °B. J. Rodriguez, A. Gruverman, A. 1. Kingon, R. J. Nemanich, and O.

- . - . Ambacher, Appl. Phys. LetB0, 4166(2002.
due to emission of electrc_)ns_ in an accumulation Igyer in theo,, Park, J. J. Cuomo. B. J. Rodriguez, W.-C. Yang, R. J. Nemanich, and
conduction band, but emission of hot electrons diffused by o. ambacher, J. Appl. Phy€3, 9542 (2003.

the laterally built-in field may also contribute. The proposed™H. Ade, W. Yang, S. English, J. Hartman, R. F. Davis, R. J. Nemanich, V.
surface energy bands of the LPH are similar to that pfra ~ N- Litvinenko, 1. V. Pinayev, Y. Wu, and J. M. Mady, Surf. Rev. Léf.

) i . o . . 1257(1998.
heterojunction device and could exhibit rectifying behaviorsw.y; Ballarotto, K. Siegrist, R. J. Phaneuf, E. D. Williams, W.-C. Yang,

for electronic transport across the IDB. and R. J. Nemanich, Appl. Phys. LeR8, 3547 (2001).
184, Jang, J. H. Lee, and J. L. Lee, Appl. Phys. L8, 3955(2002.
ACKNOWLEDGMENTS 1R, Dimitrov, V. Tilak, M. Murphy, W. J. Schaff, L. F. Eastman, A. P. Lima,

C. Miskys, O. Ambacher, and M. Stutzmann, Mater. Res. Soc. Symp.
The authors gratefully acknowledge the Duke Free Elec- Proc.622 T4.6.1(2000.

s ; .
tron Laser Laboratory for access to the OK-4 Free Electron > W- King, J. P. Barnak, M. D. Bremser, K. M. Tracy, C. Ronning, R. F.

. Davis, and R. J. Nemanich, J. Appl. Phgd, 5248(1998.
Laser. This work was supported by grants through the MFELs, McGinnis, D. Thomson, R. F. Davis, E. Chen. A. Michel. and H. H.

Program administered through the AFOSR, and the Office of Lamb, J. Cryst. Growtt222, 452 (2001).
Naval Research MURI on Polarization Electronics, Contractgg 5 gengpferk?}n& OS- l; G{]ilffith.HUll\tlramhicrosc:\t/)\/m'?\}I 273h(138%.‘ o
. P. Grabowski, M. Schneider, H. Nienhaus, W. Monch, R. Dimitrov, O.
No. N00014-99-1-0729. Ambacher, and M. Stutzmann, Appl. Phys. L&®8, 2503(2001).
19C. 1. Wu, A. Kahn, N. Taskar, D. Dorman, and D. Gallagher, J. Appl. Phys.
10. Ambacher, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy, 83, 4249(1998.
R. Dimitrov, L. Wittmer, M. Stutzmann, W. Rieger, and J. Hilsenbeck, J. °P. J. Hartlieb, A. Roskowski, R. F. Davis, W. Platow, and R. J. Nemanich,
Appl. Phys.85, 3222(1999. J. Appl. Phys91, 732(2002.
2M. Stutzmann, O. Ambacher, M. Eickhoff, U. Karrer, A. Lima Pimenta, R. 2*R. J. NemanichGaN and Related Semiconductoeslited by J. H. Edgar
Neuberger, J. Schalwig, R. Dimitrov, P. Schuck, and R. Grober, Phys. et al. INSPEC, London, 1999 p. 98.
Status Solidi B288, 505 (2007). 22D, C. Look, D. C. Reynolds, Z.-Q. Fang, J. W. Hemsky, J. R. Sizelove,
3E. S. Hellmann, MRS Internet J. Nitride Semicond. R&sl1 (1998. and R. L. Jones, Mater. Sci. Eng.,@, 30 (1999.
4U. Karrer, O. Ambacher, and M. Stutzmann, Appl. Phys. L8®.2012  23K. M. Tracy, W. J. Mecouch, R. F. Davis, and R. J. Nemanich, J. Appl.
(2000. Phys.94, 3163(2003.



