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of GaN-based heterostructures
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Scanning Kelvin probe microscogKPM) and electrostatic force microscoplfFM) have been
employed to measure the surface potentials and the surface charge densities of the Ga- and the
N-face of a GaN lateral polarity heterostruct@k®H). The surface was subjected to an HCI surface
treatment to address the role of adsorbed charge on polarization screening. It has been found that
while the Ga-face surface appears to be unaffected by the surface treatment, the N-face surface
exhibited an increase in adsorbed screening charge déasity0.5x 10'° cm™), and a reduction

of 0.3+0.1 V in the surface potential difference between the N- and Ga-face surfac3050
American Institute of PhysicDOI: 10.1063/1.1869535

Investigation of the polarization behavior of nitride thin the polar surfaces of000J1)-oriented wurtzite GaN crystals
films, bulk crystals and heterostructures is of considerabléspontaneous polarizatioRg=-0.034 C/m), a divergence
interest for determining how interfaces, defects and inversioin the spontaneous polarization induces a polarization bound
domain boundaries affect device performance. Scanningurface charge with a density of 220 cm 22
probe microscopySPM) techniques, including electrostatic The sign of the polarization induced charge at each sur-
force microscopgy(EFM),l scanning Kelvin probe micros- face is related to the orientation of the polarization, and
copy (SKPM),>® and piezoresponse force microscopy therefore, to the polarity of the crystakor epitaxial layers
(PFM)* have been previously employed to perform high-of wurtzite GaN with Ga-face polarity, the bound surface
resolution characterization of the local electronic propertiesharge is negative, whereas for N-face GaN, the bound sur-
of lll-nitrides. Of critical importance is to understand how face charge is positive. From Raman scattering measure-
the surface potential relates to the surface charge and thus, fieents of these samples, the free electron concentration was
the local electronic structure of GaN, which can be realizedletermined to be j4.1x 10" cm™ for the N-face region
by the combination of SKPM and EFM. Bridget al. have ~and 2.5< 10 cmi for the Ga-face regioh.It is expected
previously investigated GaN by EFM and SKPM, and thethat internal chargéfree carriers, charged defeptmd exter-
results have been used to determine a surface state densitys# charge(adsorbed chargewill act to screen the bound
9.4+0.5x 10° cmr2.! In prior studies from our group, the Polarization charge. Charged surface states can also contrib-
surfaces of a GaN-lateral polarity heterostructiuieH) have  Ute to screening and additionally affect band bending. In our
been investigated using PFM, Raman scattering and phot&alculations, we assume that the magnitude of the bound
electron emission microscop&PEEM).""G In this study, polanzatlon chfarge is the same for _each face and that the
SKPM and EFM have been employed to measure the relativi@iternal screening mechanlsm is equivalent for each face. .
surface potentials and surface charge densities of Ga- and Generally, surface cleaning processes are developed in
N-face GaN. In order to address the role of adsorbed chargfder (o remove native oxides, organic contaminants, metal-
in polarization screening on GaN, the measurements a?: impurities, adsorbed molecules, and residual species as a

made before and after a wet chemical treatment that modifi émdamental step for improving device quality. In this s_tudy,
the surface in a controlled way we employ a well-documented HCI surface treatment in or-

Assuming a similar electron affinity, SKPM measure- der to change the surface in a reproducible way to explore

ments of Ga- and N-face GaN are expected to reveal a p he polarization screening mechanism in GaN. For thg sur-
tential difference approximately equal to the band bendin ace treatment the sample was flrstsubmerge_zd sequentlally n
(or surface work function differences between the polar richloroethylene, acetone, methanol, and deionized water ul-
faces. Alternatively, EFM of the polar surfaces should re-
spond to the net surface charge density, which is equal to the |2
sum of polarization charge andinternal and external
screening charge.

The (1 um thick) GaN-based LPH film was grown on a
sapphire substrate using plasma induced molecular beam
epitaxy”’ The boundary between the Ga- and N-face GaN
regions results in an inversion domain bounddyB). At

dpresent address: Department of Physics, Dongguk University, Seoul 100RG. 1. (a) Topography of a 26 20 um? area,(b) SKPM (with line profile)
715, Korea. of a GaN-LPH prior to surface treatment, af@ SKPM of the same area
PElectronic mail: robert_nemanich@ncsu.edu after surface treatment.
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trasonic baths for 10 min durations. The sample was then
placed into HC(38%) for an additional 10 min, before being
rinsed for 3 min in deionized water and dried with.Nt is
expected that the surface will also have a significant amount
of residual Cl, which has been reported to hinder
reoxidation°

A Park Scientific Instruments Autoprobe M5 AFM and
rectangular Pt-coated Si cantileves N/m force constant,
MikroMasch were used in this study. In EFM, the force
between a tip and surface is a combination of electrostatic
and capacitive forces. The EFM image is constructed from

the first harmonidlw) component of this forc&:

dC
F1,= Qe+ —(Vao~ ValVao (@)

whereQ,=C,V,. (first harmoni¢ is the charge on the tif;
is

chargeo, k=9.5 is the dielectric constant of GaMC,/dz is

the partial derivative of the tip—surface capacitance with re

spect to tip—surface separatioy, and V. (5.0 Vs at 10
kHz) are dc and ac voltages applied to the tip, afyds the
surface potential. The surface potential can be expressed

1
Vs:é(d)m_Xs_AXs_AEfn_Aqs)a (2
where ¢,, is the metal workfunction of the tip coating; is
the electron affinity of the surfacd,ys is the change in elec-
tron affinity due to a dipole effecE;, is the position of the
fermi level with respect to the bulk conduction band, angl
is the band bending.

In SKPM, the value of dc bias that minimizes tke,
signal[Eq. (1)] is equal to the surface potenti@ls), and by

the capacitance of the tip—surface configuration,
E.=0/eo(1+k) is the field due to an infinite sheet of uniform

FIG. 2. (a«c) EFM phase andd)—(f) EFM magnitude images of a 10
% 10 um? region on the LPH-GaN sample with a dc bias of 0, 1, and 2 V,
respectively.

The EFM (V4.=0) of the same area before the surface
treatment revealed that the electrostatic force on the tip is
larger for the N-face GaN. The EFM phase measurements
indicated that the net surface chalgeperposition of polar-
ization and screening chargis positive for the N-face sur-
face and negative for the Ga-face surface. Following the sur-

af%ce treatment, the electrostatic force for the N-face further

increased while the EFM phase measurements revealed that
the net surface charge remained positive for the N-face sur-
face and negative for the Ga-face surface.

In general, EFM results are difficult to quantify because
the electrostatic force on the tip includes both Coulombic
and capacitive components, therefore, we employ SKPM to
measure the surface potential and deduce the net surface
charge density by equalizing the electrostatic force on the tip
for both polar surfaces. It was found that application of a dc
bias could invert the EFM magnitude contrast of the two

recording this value, an image of the surface potential can bdomains as shown in Fig. 2. Figure@R2-2(c) shows EFM
constructed. The difference in surface charge density bephase and Figs.(@—-2(f) shows EFM magnitude images for

tween the polar faces can be obtained from @yand the dc
bias that equalizes the force on the tip. Assuming &Gt Jz

tip biases of 0, 1, and 2 V, respectively, of the as-received
surface. The results indicate that a tip bias of 1.5 V equalizes

has the same magnitude but opposite sign for the polar facgRe electrostatic force on the tip from the Ga- and N-face

we find:

=101 = S Doy vioves, g9

c, \az

whereV is the value of dc bias that equalizes the forces.

regions, and the contrast reverses for a tip bias above
1.5+0.1 V. At 0 V bias, the tip responds to a net negative
charge on the Ga-face GaN and a net positive charge on the
N-face GaN. At this bias, the magnitude of the EFM indi-
cates that the net surface charge on the N-face is greater,

I\ﬁuggesting that the screening chafgeternal and internals
greater for the Ga face. If we assume both faces have roughly
“the same degree of internal screening, the results suggest the
Ga-face surface has more adsorbed charge. As the bias is

In measurements of the as-received sample, the SKP
revealed a surface potential of 0.3 V for the Ga face and 0
V for the N-face for a potential difference of 0.6 V as shown

in Fig. 1(a) topography and Fig.(b) SKPM (with line pro-
In Fig. 1a) topography 9. (b) (with fine p increased, the second term in EQ.) is reduced for the

file), respectively. Following an HCI treatment, the surface ! ) )
potential did not change for the Ga-face and decreased to ol§face but increased for the Ga-face, which explains the

V for the N-face[Fig. 1(c)]. The uncertainty in the measure- change irj magnitude contrast. This is demonstrated graphi-
ments is estimated to be0.1 V, a value that takes into cally in Fig. 3. . o
account reproducibility, noise, and variations in surface po- _ After the surface treatment, it was found that a tip bias of

tential related to the sample roughness. lésal. reported a  2-0£0.2'V equalized the electrostatic force on the tip from
0.1 V reduction in surface contact potential for an HCIthe Ga- and N-face regions. While care was taken to perform

clean® Cimallaet al. reported a potential decrease0.1 V  this measurement as soon as possible after the surface treat-
across an inversion domain bound&®B) (from N-to Ga- ment, it should be noted that this value varied on the time
face sid¢ in a GaN lateral polarity heterostructutePH)  scale of several scans-15 min), hence the larger uncer-
samplez. In our study, the measured potential difference istainty. We have determined the bias that equalizes the elec-
higher, but of the same order of magnitude. This differencedrostatic force on the tigboth before and after the surface
could be due to variations in the sample or surface conditreatment and can now employ this value to calculate the
tions. surface charge.
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stant, e=10 (corresponding to gallium oxide This dipole
charge is similar to the bound polarization charge but three
orders of magnitude larger than the adsorbed charge that we
observe. Therefore, it appears that in addition to a surface
dipole, the HCI process must modify the band bending at the
N-face surfacé?
Considering all of the results here, the band bending at
o~ , , the as-received N-face surface is initially flat or slightly up-
A ‘B\2 ward and increases as a result of the HCI clean. The deduced
VeV net charge is not large enough to account for the observed
FIG. 3. Plot of electrostatic force as a function of applied dc bias demonChange in surface potential. Therefore, surface states or de-
strating that the electrostatic force on the tip is greater for the N-face GaNects must be present near the surface to receive the excess
when no bias is applied and greater for the Ga-face GaN when the bias 'ﬁegative charge to allow the upward band bending. Since
greater than 1.5 V. these measurements were performed in air as opposed to a
vacuum environment, it is difficult to establish the relative
Taking into account the sign of the measured surfacgontribution from band bending and surface dipole.
charge, the measured surface potentials and the dc bias that |n summary, EFM was used to determine the sign of the
brought equivalence of the electrostatic force on the tip fronhet surface charge, and to qualitatively determine the effect
the Ga- and N-face, the net surface charge density can k§f an HCI surface treatment, while SKPM was used quanti-
determined from the tip-sample capacitanCg,and the ca- tatively to measure the contact potential difference before
pacitance derivativeJCi/dz, using the method of image and after the surface treatment. The combination of EFM and
charge approach:** Assuming the manufacturer specified SKPM allowed the difference in surface charge densities to
tip radius R=50 nm and our experimental tip-sample dis- pe calculated. Unlike ferroelectric oxide surfaces, which
tance z=70 nm, we obtain k107 F ,and -16  have been found to be primarily screened by adsorbed
X 107 F/m for C; and dC;/ 9z, respectively***The model  specied® GaN is primarily screened by internal chardé,
used does not include the capacitance contributions from they 1y 1017 cnd). It has been found that the Ga-face surface
cantilever beam, nor does it take into account the actual 9€Qyas unaffected by the HCI surface treatment, while the sur-

metrical shape of the tip. Ignoring these effects, the net surg e notential of the N-face GaN was reduced in the process.
face charge density difference can be determined thrbe

-|0%4=3.6+0.4x 107> C/m? prior to the surface treatment The authors thank Dr. R. Dmitrov and Dr. O. Ambacher
and|o™N|-[0%4=6.2+0.8< 10°° C/n? after the surface treat- for the LPH-GaN used in this study, Dr. S. V. Kalinin for
ment, indicating that there has been a net increase in tha&ssistance with modeling the tip sample capacitance, and E.
surface charge density difference between faces. Since th. Bryan for assistance with wet-chemical cleaning. This
surface potential for the Ga-face remained the same, we afvork was supported by grants through the Office of Naval
tribute the change in the difference in surface charge densitResearch MURI on Polarization Electronics Contract No.
to be due to the N-face only. The corresponding increase iN00014-99-1-0729 and the National Science Foundation
surface charge density for the N-face is roughly 1.6+0.5Grant No. DMR-023563R

X 10'° electrons/cri which is a small fraction of the bound
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