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Dislocation density in GaN determined by photoelectrochemical
and hot-wet etching

P. Visconti,? K. M. Jones, M. A. Reshchikov, R. Cingolani,”” and H. Morkoc®
Virginia Commonwealth University, Department of Electrical Engineering and Physics Department,
Richmond, Virginia 23284

R. J. Molnar
Massachusetts Institute of Technology, Lincoln Laboratory, Lexington, Massachusetts 02420-9108

(Received 16 August 2000; accepted for publication 2 October)2000

Defects in GaN layers grown by hydride vapor-phase epitaxy have been investigated by
photoelectrochemicdPEQ etching, and by wet etching in hot;P0, acid and molten potassium
hydroxide (KOH). Threading vertical wiregi.e., whisker$ and hexagonal-shaped etch pits are
formed on the etched sample surfaces by PEC and wet etching, respectively. Using atomic-force
microscopy, we find the density of “whisker-like” features to bex 20° cm™2, the same value
found for the etch-pit density on samples etched with boj{R® and molten KOH. This value is
comparable to the dislocation density obtained in similar samples with tunneling electron
microscopy, and is also consistent with the results of Youtsey and co-wdAqps Phys. Lett73,

797 (1998; 74, 3537(1999]. © 2000 American Institute of Physid$S0003-695(00)05348-]

Successful fabrication of gallium nitridésaN) -based  4x10°—1x10°cm™?) is lower than the dislocation density
devices depends on the ability to grow epitaxial films on(10-10°cm™?) found by TEM.
substrates such as sapphire or silicon carbide, with a low Recently, Youtsey and co-workéfd® demonstrated
density of defect$:? The poor match in both lattice param- photoenhanced electrical chemi¢RIEQ etching to be suit-
eter and thermal expansion coefficient, results in a high dergble for dislocation-density estimation imtype GaN films.
sity (1P=10"°cm™ of threading dislocations embedded in Nanometer-scale “whisker-like” features on etched surfaces
the nitride film3~° It is known that these defects affect both Were obtained by etching crystalline GaN material between

the electrical and optical properties of the matetalhere- dislocation sites in a KOH-based electrochemical cell. More-
fore, the availability of reliable and quick methods to inves-°OVer with cross-sectional TEM analysis, propagation of both

tigate the defects and dislocations in GaN is of great interesPUre-edge and mixed pure-screw dislocations from the un-
etched GaN into the whiskers was shown.

Wet-chemical etching is a commonly used technique for :
f defect i tqati Hot phosphori . In each of the above studies, one or more, but not all,
surface defect investigation. Hot phosphoric acidRE,), methods were used to study the GaN defects, with inconsis-

mixed HPC,;/H,SO, solution, and molten potassium Ny- gncies observed between etch techniques, when compared.
droxide (KOH) have been shown to etch pits at defect sitesthe purpose of this letter is to investigate defect decoration
on thec plane of GaN™** Kozawaet al® found etch pits  of GaN by the PEC method and chemical etching using both
tentatively ascribed to dislocations using molten KOH toH,PQO, and molten KOH solutions, and to determine how
etch metalorganic chemical-vapor depositighlOCVD)  these methods can all be brought to bear for a better estima-
GaN samples. However, the etch-pit dendiBPD) was 2  tion of the defect density and a greater understanding of de-
x 10" cm™2, while the dislocation density found by transmis- fects. An additional aim is to determine whether, and under
sion electron microscopyTEM) was 2<10°cm 2. Hong  what conditions, these various techniques are consistent. Us-
and co-worker'° related the hexagonal-shaped etch pitsing atomic-force microscopy of PEC-etched Si-doped GaN
formed by HPO, etching on MOCVD GaN samples to nan- Samples, the density of whisker-like features is determined to
opipes(open-core screw dislocationsNo etch pits were re- P& 2% 10°cm 2, the same value found for the EPD on
ported to have formed at both screw and edge dislocation§.amples etched with 40, and molten KOH.

o . . . The samples investigated here consisted of intentionally
Shiojima investigated etch pits formed on MOCVD GaN . 5 2
samples by molten KOH etching. By atomic-force micros->-dopedn-type ( 2x10%cm %) GaN layers grown by

: . hydrid -ph itaxyHVPE) (Refs. 16 and 1)7
copy (AFM) and TEM analyses, they attributed the origin of ydride vapor-phase epitaytVPE) (Refs and Lyon

. . . X ! o sapphire. The thickness of the nitride films is aboutrl. A
etch pits to mixed dislocations. Admittedly, the origin of etch tapping-mode Digital Instruments AFM was used to investi-

pits is still controversial and the obtained ERD the range gate the as-grown and etched-surface morphology of the
GaN samples. The AFM image of the as-grown GaN surface
AAIso with: Istituto per lo Studio di Nuovi Materiali per I'Elettronica, CNR, reveals few point defect§pits) positioned at surface step
Via Arnesano, 73100, Lecce, Italy. terminations(Fig. 1). These pits correspond to the surface

DAlso with: Istituto Nazionale di Fisica della Materia-Unitk Lecce, Di- termination of pure-screw or mixed dislocatic8<9 The av-
partimento di Ingegneria dell’'lnovazione, University of Lecce, Via Arne- ’

sano, 73100, Lecce, Italy. erage step height is 0.8 nm and the root-mean-sqliars
9Electronic mail: hmorkoc@vcu.edu roughness is 0.4 nm. Often, AFM is used to estimate defect
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FIG. 1. AFM image (2 um?) of as-grown GaN. Some point defects
(pits) positioned at surface step terminations are visible. The average step
height is 0.8 nm and the root-mean-squéras) roughness is 0.4 nm. The
vertical scale ranges from 0 to 10 nm.

density on the surface of as-grown films. However, this

method can only be implemented when the surface is atomi-
cally smooth. By wet etching, this requirement is circum-

vented.

The PEC etching of GaN samples was carried out in a
standard electrochemical cell at room temperature using an
unstirred 0.02 molar KOH solution and a He—Cd la&&#t5
nm) as a source of the UV illumination. A 100-nm-thick Ti
mask was patterned around the periphery of the sample with
a standard lift-off process. The Ti contact served to assist
photocurrent conduction. No additional bias was applied be-
tween the sample and the cathode during etching. Moderate
illumination density (10—100 mW/c?’)1 was used to etch FIG- 3. AFM images (%2 um?) of the GaN samples etched.by wet etch-

. . . . . . ing. (a) Surface morphology of the GaN sample after etching by molten
crystalline GaN material selectively, leaving threading Verti- oy for 2 min at 210°C. Etch pits are revealed on the surface with a
cal wires on the surface. At higher excitation densities, th&jensity of 1x 10° cm 2. (b) Surface morphology of the GaN sample after
PEC etching process left a smooth surface with no freestanatching by HPO, for 6 min at 160 °C. The EPD is the same found for the
ing wires. This is due to the surface reaction being limited by<OH-éetched sample. The vertical scale ranges from 0 to 10 nm.

2 um

reactants in the solution rather than holes. The abundance of
holes on the surface leads to etching of GaN in the disloca-
tion sites as well.

Figure 2 illustrates an AFM image of the etched-surface
morphology produced by the PEC process after 60 min of
etching. We have estimated the height of the whisker-like
features to be about 700 nm and the lateral size of the order
of 100 nm. The density is approximatelyx20° cm~2 and,
according to the TEM analysf$,this value is quite close to
the effective density of dislocations and is consistent with the
results of Youtsey and co-workéfs™ obtained on a similar
sample.

In order to clarify further the relation between EPD and
dislocation density in GaN and look for any consistency
among the various chemical etches, we have us@DHand
molten KOH as defect etchants in GaN, which produce
hexagonal-shaped etch pits. By varying the time and tem-
FIG. 2. AFM image (15 15um?) of the GaN sample etched by the PEC perature, we were able to optimize the etching process to

process. “Whisker-like” features revealed by etching are present on th : : _
surface. We estimate the height of the features to be about 700 nm and t erOduce a pitted surface that clearly reveals the size and den

lateral size of the order of 100 nm. The density is approximately 2 Sity of the pitS: Jtia - Dow '
% 10° cm 2 The vertical scale ranges from 0 to 1200 nm. The AFM image of the GaN sample etched by moiten
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' " I‘ . . chemical etching were carried out on HVPE GaN samples to
_ investigate the density of defects. Employing atomic-force
microscopy, we have found that the density<(20° cm?)
.~ " . “‘ of the whisker-like features on PEC-etched samples is very
y.® close to the EPD(as high as kX10°cm ?) obtained on

studies will include plane-view and cross-sectional TEM
analysis on etched samples to relate in detail the etch pits to
the nature of dislocations in the GaN material.

. The authors would like to thank Professor A. Baski for
collaboration, Dr. D. F. Wang and M. Redmond for sample

. samples etched with both;AO, and molten KOH. Future

. preparation, L. Kerwath for assistance in AFM, and T. King
“ “ for his tireless assistance. The VCU portion of this work was
". o funded by grants from AFOSHFDr. G. L. Witt), NSF(Dr. L.

Hess and Dr. G. Pomrenkeand ONR(Dr. C. E. C. Wood

and Dr. Y. S. Park The Lincoln Laboratory portion of this
FIG. 4. AFM image (1% 15 um?) of the GaN sample etched for 10 min at W_Ol’k was Sponsored by the Office of Naval Re.sgarch.under
200 °C using HPO,. Two different types of etch pits with different sizes Air Force Contract No. F19628-00-C-0002. Opinions, inter-
are revealed on the etched surface. Altogether, we estimated the EPD to Ipretations, conclusions, and recommendations are those of
1x10° cm 2. The vertical scale ranges from 0 to 450 nm. the authors and not necessarily endorsed by the United States
Air Force.
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15 um

KOH for 2 min at 210 °C is shown in Fig.(8). The etch pits,
with a density of about ¥ 10° cm‘2 are of hexagonal shape 1H. Morkog, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burns, J.
and their size ranges from 40 to 100 nm in diameter and Appl. Phys.76, 1363(1994.
from 10 to 30 nm in depth. Most etch pits terminated surfacezS Nakamura, T. Mukai, and M. Senoh, Appl. Phys. Le#.1687(1994.
steps, which is consistent with the high concentration of gh)?s '-Liftt%% Fﬁﬁg("&‘g M. G. Craford, and D. A. Steigerwald, Appl.
pure-screw- or mixed-screw-edge dislocations found insy “gian, M. Skowronski, M. DeGraef, K. Doverspike, L. B. Rowland,
HVPE GaN samples by the TEM studf. and D. K. Gaskill, Appl. Phys. Let66, 1252(1995.

Figure 3b) shows the surface morphology of the GaN 5§ H. WudLJ '\g ngE EAKaF;OQﬁ;@ izgseélleggg Keller, S. P. Den-

aars, an ec

sample etched in PO, for 6 min at 160°C. The EPD is the ®B. Garni, J. Ma, N. FI):’erklns Jpleu T. F. Kuech, and M. G. Lagally, Appl.
same as that found for the KOH-etched sample, 1 ppys Lett68 1380(1996.
X 10° cm 2. The size of the etch pits ranges from 25 to 70 7S. J. Rosner, E. C. Carr, M. J. Ludowise, G. Girolami, and H. I. Erikson,
nm in diameter and from 8 to 20 nm in depth. ,Appl. Phys. Lett70, 420(1997. , ,

By careful adjustment of the etching parameters, we ob- EI e'égf)i‘{]":mTSE?f;é Ilﬁqggg' Y. Taga, N. Koide, and M. Koike, J.
tain similarly pitted surface morphologies with the same 9s k. Hong, T. Yao, B. J. Kim, S. Y. Yoon, and T. I. Kim, Appl. Phys.
value of EPD using both molten KOH and;PO, etching. Lett. 77, 82(2000.

During the etching process, a careful balance must be struclﬁgr';tngogmilglKg‘szggapafk Y. Park, S. Y. Yoon, and T. I. Kim, J.
to ensure that every defect is etched to a point where it can, yShlouma J. Vac. Sci. Technol. B8, 37 (2000.

be distinguished, but not overetched to the point where theyr, Hino, S. Tomiya, T. Miyajima, K. Yanashima, S. Hashimoto, and M.
begin to merge together. When the latter occurs, the densitylkeda, Appl. Phys. Lett76, 3421(2000.

of defects is underestimated. To elucidate this further, we 26 5A4 (f;%‘gfef E. F. Schubert, and J. M. Redwing, Appl. Phys. (3.
show in Fig 4 a 15<15um’ AFM scan of a GaN surface 14C. Youtsey, L. T. Romano, and |. Adesida, Appl. Phys. L&8, 797
etched for 10 min at 200 °C in #O,. Two different types (1998.

of etch pits with different sizes are revealed on the etched’C. Youtsey, L. T. Romano, R. J. Molnar, and I. Adesida, Appl. Phys. Lett.
surface. Larger pits have diameters of more thammiand a 16Z4’T3E|)?37(1999'B < K 4 R_3. Molnar. Appl. Phys. LBt 2283
depth of ~450 nm (lower limit), whereas smaller pits are (igg;?)_omano' = Hson and . . Woah, App Fhys. HeR
~250nm in diameter and around 70 nflower limit) in  "w. Gatz, L. T. Romano, B. S. Krusor, N. M. Johnson, and R. J. Molnar,
depth. Altogether, we estimate the EPD to be 1I0° cm 2, Appl- Phys. Lett69, 242(1996.

8D. Kapolnek, X. H. Wu, B. Heying, S. Keller, B. P. Keller, U. K. Mishra,
an order of magnitude less than the correct value obtalnedS P. DenBaars, and J. S. Speck Appl. Phys. I6tt1541 (1995,

earlier due to QveretChmg- 19E. J. Tarsa, B. Heying, X. H. Wu, P. Fini, S. P. DenBaars, and J. S. Speck,
In conclusion, PEC and both3;AO, and molten KOH J. Appl. Phys82, 5472(1997.



	Virginia Commonwealth University
	VCU Scholars Compass
	2000

	Dislocation density in GaN determined by photoelectrochemical and hot-wet etching
	P. Visconti
	K. M. Jones
	Michael A. Reshchikov
	See next page for additional authors
	Downloaded from
	Authors


	tmp.1429725288.pdf.6g9WQ

