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Investigation of inversion domains in GaN by electric-force microscopy

K. M. Jones, P. Visconti,? F. Yun, A. A. Baski, and H. Morkoc”
Department of Physics and Electrical Engineering, Virginia Commonwealth University, Richmond,
Virginia 23284-3072

(Received 5 November 2000; accepted for publication 29 January) 2001

Inversion domains in lll-nitride semiconductors degrade the performance of devices fabricated in
them. Consequently, it is imperative that we understand their electrostatic manifestation, the growth
conditions under which such domains form, and an effective means of their identification. In what
is nominally referred to as Ga-polarity samples, N-polarity domains have a polarization that is
reversed with respect to the remainder of the surface, and therefore, have a different potential under
strain. We have used surface-potential electric-force microsc@&®y-EFM to image the
electrostatic surface potential of GaN grown on sapphire, which is strained due to the thermal
mismatch between the substrate and GaN. Employing a control sample with side-by-side Ga- and
N-polarity regions, we have established the EFM mode necessary to identify inversion domains on
GaN samples grown by molecular-beam epitaxy. This method is not sensitive to topology and has
a spatial resolution of under 100 nm. The measured surface potentials for Ga-face and N-face
regions aret 25+ 10 and—30= 10 mV, respectively, with respect to the sapphire substrate, where
the sign is consistent with Ga- and N-polarity GaN under compressive strain due to thermal
mismatch with the sapphire substrate. 2001 American Institute of Physics.

[DOI: 10.1063/1.1358359

Semiconductor nitrideAIN, GaN, InN, and their terna- potential of a given sample. There are various configurations
ries) have received much attention recently for their potentialthat can be used, but all use an ac voltage signal applied to
use in optoelectronic, and high-power/temperature electronithe tip or the sample. In this work, we apply both an ac and
devices:™ The increased use of Ill-N semiconductors in dc voltage to the tip and use a feedback loop to produce a
commercial electronic devices has, therefore, led to a neeckal-time map of the surface potenttal.
for a better understanding of material defects that can hinder Typically, a lock-in amplifier detects the and 2v sig-
device performanceOne such defect is the presence of in-nals and a feedback loop adjusts the sample height such that
version domains, or mixed regions of Ga and N polaritythe w signal goes to zero, thereby forcing the potential dif-
within a GaN film. These defects are detrimental to deviceerence between the tip and sample to be zero. This tech-
performance due to additional scattering induced by the elediique is known as Kelvin probe force microscapyPFM),*?
tric field normal to the film surfac®:® By imaging the volt- and a variation of KPFM is used in our atomic-force micros-
age at the surface by surface-potential electric-force microszopy (AFM) instrument'® In our case, the feedback loop is
copy (SP-EFM, both a qualitative and quantitative measurecombined with a scanning mode known as the “lift mode”
of polarization-induced charge distribution across the surfacwhere two scans are taken per data acquisition line. In the
can be obtained. There have recently been several repoifigst scan, the surface topography is measured at a smaller
concerning EFM on 1lI-V semiconductots'! but the lack tip—sample distance, while in the second scan, the SP-EFM
of a well-defined sample has exacerbated efforts to identifgata are taken at a larger tip—sample distance that is adjusted
the mode of operation necessary to unequivocally determingo that the previously measured topography is subtracted.
surface polarity. Consequently, the contribution from topography is mini-

In this work, we present SP-EFM results of a standardmized in the SP-EFM data.
reference GaN sample intentionally grown to have surface We prepared a GaN reference sample by MBE in order
regions of sapphire, AIN, and both Ga- and N-polarity GaN.to convincingly demonstrate the capabilities of the SP-EFM
Using the results from this standard reference, we were thei¢chnique for GaN. The reference sample was grown and
able to appropriately interpret the SP-EFM data of samplegatterned such that Ga- and N-polarity regions, as well as
grown under typical growth conditions. Moreover, we ap-bare sapphire, were simultaneously present on the surface.
plied this method to a molecular-beam epitakyIBE) To grow this sample, a 2 in. sapphire wafer was mounted for
sample grown to have nominally Ga polarity in order to de-normal growth and another sapphire wafer was cut in half
termine the presence and density of inversion domains. and mounted so that it masked half of the substrate. An AIN

SP-EFM is best defined as any configuration of anbuffer layer was then grown on the substrate, resulting in a

electric-force microscope that measures the surface contag@mple consisting of an AIN buffer layer on one half and
clean sapphire on the other. The substrate was then taken

from the chamber, the mask remov nd th mple pl

dAlso with: Istituto per lo Studio di Nuovi Materiali per I'Elettronica, CNR- 0 t e chamber, the mask remo ?d’ and the sa piep aced
IME, Via Amesano, 73100, Lecce, taly. back into the chamber for growtin air for less thar.l 1 min .

YElectronic mail: hmorkoc@vcu.edu GaN was then grown on the substrate at 700 °C in a Ga-rich
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FIG. 1. Simultaneous AFM(a) and(b)] and SP-EFM(c) and(d)] images

of the reference sample showing regions of Q&) and (c)] and
N-terminated[(b) and (d)] films adjacent to regions where the sapphire
substrate remains. In the AFM topography, brighter areas indicate higher
regions, whereas in the SP-EFM image, brighter areas indicate regions with
a higher surface potential. This image clearly shows that the Ga-face region
has a higher surface potential than the N-face one.

environment, resulting in Ga-face growth on the AIN film
and N-face growth on the sapphire substrate.

To confirm the polarity of the two different regions, the
sample was etched with;RO, at 140 °C. When Ga-polarity
GaN is etched under these conditions, the acid attacks only
the defective regions at the surface, leaving @®od GaN
intact. Under the same conditions, N-polarity GaN etches
very quickly, resulting in either the complete removal of the
GaN or a drastic change in the surface morphology. The
effects of hot HPO, etching are similar to those of KOH
studies done previousfy.By comparing the results of etch-
ing on both surfaces, we verified that the surface did in fact
consist of Ga- and N-polarity regions. AFM measurementsIG. 2. Simultaneous AFMa) and SP-EFM(b) images of the reference
indicated that the Ga-face side was 90—150 nm thick, whileample in a region where Ga- and N-terminated films are adjacent to one
the N-face region was 70—160 nm thick. In addition to theanother. The Ga-face region is again at a higher potential than the N-face
reference sample, a typical GaN film was also characterized
in this study. It was grown by MBE at-800 °C to a thick-
ness of 1.2um. A series of ten alternating layers of AlGaN sent higher potentials. In the AFM image, the Ga- and
and GaN strained layers were inserted below the GaN film tdN-polarity regions have thicknesses of 95 and 70 nm with
minimize defect formation/propagation. The approximate derespect to the substrate, whereas in the SP-EFM image they
fect density was found by wet-chemical etching to be abouhave potentials 2610mV higher and 3&10mV lower
10°cm 21° than the sapphire, respectively. The N face, therefore, has a

Our GaN reference sample contained regions havingurface potential approximately 55 mV below that of the Ga
both Ga- and N-polarity faces, either adjacent to each othédace.
or separated by a 100m exposed strip of the sapphire sub- This difference in polarity can also be clearly seen in
strate. Because the electric fields in both the Ga- and N-polareas where the N- and Ga-polarity regions are juxtaposed.
films are induced by strain between the sapphire substratéigure 2 shows an AFM and SP-EFM image taken where
and the film, and both Ga- and N-polarity GaN layers aretwo such regions meet. In the AFM imadEig. 2(@)], the
conductive, the potential difference between the film and th&a-face region on the left side is 40 nm lower than the N
substrate will be consistent locally for films of both polari- face on the right. The SP-EFM image indicates that although
ties. Therefore, to ensure that any surface contact potentithe Ga face is topographically lower, it has the expected
difference between the Ga- and N-face regions was not ahigher surface contact potential as compared to the N face
artifact of topographical features, SP-EFM images of both(95+ 15 mV). On this sample, there are also regions where a
regions were taken in reference to the sapphire. Figure Ga face is topographically higher than a neighboring N face.
shows AFM and SP-EFM images taken at a point wherdn such cases, the SP-EFM image continues to indicate a
Ga-facdFigs. 1a) and Xc)] and N-facq Figs. 1b) and 1d)] higher surface potential for the Ga- versus the N-polarity
GaN regions meet with the sapphire substrate. In Fig. 1, theegion (90-15mV), independent of surface topography.
gray-scale levels of the sapphire have been aligned so thdhe positive sign of the surface potential for Ga-face regions
the relative shift in surface contact potential for each surfacés consistent with Ga-polarity GaN under compressive strain
can be seen. Brighter regions on the SP-EFM image repretue to thermal mismatch with the sapphire substrate.
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rough, raised areéB). By imaging these features with SP
EFM, we were able to reveal the presence of inversion do-
mains on the surface. The SP-EFM image in Figp) 3hows

that the sign of the surface potential is reversed in the area
where a hexagonal column exists. The column is 52
+10mV below the potential of the surrounding sample area,
indicating that it is a local N-face region on a Ga-face
sample. Furthermore, the rough raised d@ahas the same
potential as the surrounding area, indicating that it is simply
a topographical feature. These observations strengthen the
assertion that the SP-EFM method indicates local variation
in the surface contact potential and is independent of surface
topography.

In conclusion, we have determined unequivocally that
the surface potential mode of electron-force microscopy is
sensitive to the polarity of the surface charge, thereby allow-
ing the delineation of Ga- or N-terminated regions on GaN
surfaces. The surface potential in regions with Ga polarity is
about +25+10mV with respect to the sapphire substrate,
where the sign and magnitude of this value are consistent
with predictions. After establishing the utility of SP-EFM by
using a reference sample containing side-by-side Ga- and
N-polarity regions, we applied this method to a MBE sample
and determined the presence of inversion domains. Regions
with N polarity in otherwise Ga-polarity films were observed
very clearly without any sensitivity to surface topography.
SP-EFM s, therefore, a reliable and nondestructive tech-
nique for determining the local surface polarity of GaN
samples.

The authors would like to thank Professor K. J. Wynne
and J. Uilk for use of their large-area AFM/EFM, and L.
Kerwath, and T. King for his assistance. This research was
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