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The microstructure of nominally undoped epitaxial wurtzite-structure o-GaN films, grown by 
gas-source molecular-beam epitaxy, plasma-assisted molecular-beam epitaxy, and metalorganic 
chemical-vapor deposition, has been investigated by transmission electron microscopy (TEM) and 
high-resolution TEM. The results show that undoped a-GaN films have an ordered point-defect 
structure. A model of this defect-ordered microstructure, based upon a comparison between 
experimental results and computer simulations, is proposed. 0 1994 American Institufe of Physics. 

GaN has attracted considerable attention for use in blue 
to ultraviolet light emitting devices.rm4 Recently, single- 
crystal GaN thin films have been successfully synthesized by 
a number of methods, including gas-source molecular-beam 
epitaxy (GSMBE),’ reactive-ion MBE (RIMBE), plasma- 
assisted MBE (PAMBE),7-9 halide chemical-vapor deposi- 
tion (CVD),” and metalorganic CVD (MOCVD).‘1-13 HOW- 
ever, it has been found to be difficult to control film electrical 
properties. Undoped wurtzite-structure cr-GaN is usually 
jr-type with a high concentration of shallow donors attributed 
to N vacancies,r0,14 a low electron mobility,” and a relatively 
low resistivity.15 The properties of lattice defects in cr-GaN 
are not understood. 

In this communication, we report observations of the 
ordering of point defects in undoped c+GaN. The epitaxial 
films used in these experiments were grown on Al,O, 
(0001)1X 1 by GSMBE, PAMBE, and MOCVD. Transmis- 
sion electron microscopy (TEM), high-resolution TEM, and 
electron diffraction show that ordering of defects in cr-GaN 
occurs in clustered regions on alternating (0001) planes. 

The experimental results presented here were obtained, 
unless otherwise noted, from nominally undoped epitaxial 
o+GaN fiims grown by GSMBE on AlaO, (0001) substrates.5 
Similar results were obtained for all cr-GaN samples exam- 
ined including materials grown by GSMBE, PAMBE, and 
MOCVD. The experimental procedures for PAMBE and 
MOCVD have been described in detail in Refs. 9 and 11, 
respectively. For GSMBE, the substrates were degreased 
with successive rinses in trichloroethane, acetone, methanol, 
and isopropyl alcohol followed by a hot (160 “C) 3:l 
H2S04:H3P04 acid etch. The substrates were then rinsed in 
de-ionized water, blown dry in dry Na, inserted into the 
MBE system, and degassed at 800 “C. Ga and NHj tIuxes 
were supplied from a standard temperature-controlled Ga ef- 
fusion cell and a stainless-steel NH, doser: respectively. The 
Ga flux was typically maintained at 7X10r4 cmW2 s-l (cor- 
responding to a growth rate of -0.5 pm/h) while the high- 
purity (99.9995%) NH3 flux, regulated with a mass-flow con- 
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troller, was -1x10’7 cm-2 s-1 . Total film thicknesses 
ranged from 0.8 to 1.5 pm and growth temperatures T, were 
700-850 “C. 

Post-deposition electron-diffraction and bright- and 
dark-field TEM imaging analyses were carried out in Philips 
EM420 and CM12 microscopes. High-resolution TEM ex- 
periments were performed using a Hitachi 9000 electron mi- 
croscope operated at 300 kV. Plan-view and cross-sectional 
TEM samples were prepared by mechanically thinning to 
50-80 ,um followed by cold state (-77 K) ion milling to 
perforation using 5.5 kV Ar’. The plan-view samples were 
thinned from the substrate side to minimize residual ion- 
induced damage in the films. Samples were also examined 
using a Rigaku double-crystal x-ray-diffraction (XRD) sys- 
tem. 

The primary extended defects observed in as-grown 
cu-GaN films, as shown in the typical bright-field, cross- 
sectional TEM micrograph in Fig. l(a), are threading dislo- 
cations (indicated by “d”) and (0001) stacking faults (la- 
beled by arrows). Note that the stacking fauhcontrast is low 
under the (OOOO)-(0002) two-beam imaging conditions used 
to obtain Fig. l(a) since the fault planes are parallel to the 
electron beam. Contrast near the film/substrate interface 
arises primarily from misfit strain. The [i2?O]oaN/ 
[Ol 10]A1,o, zone-axis diffraction pattern in Fig. l(b), from 
both the mm and substrate, shows the epitaxial relationship: - - 
GaN (OOOl)]]Al,O, (0001) and GaN[1210]]]A1303 [OliO]. 
This indicates that the GaN basal plane is rotated 30” with 
respect to that of the substrate, in agreement with previous 
results,5 leading to a reduction in the mismatch from 33% to 
16%. The residual misfit strains calculated from the diffrao 
tion pattern in Fig. l(b) are -2.0% in the interface plane and 
+0.2% along the growth direction, indicating that most of 
the misfit strain has been relieved. 

GaN [OOOl] plan-view and [OliO] and [i2?0] cross- 
sectional zone-axis diffraction patterns are presented in Figs. 
2(a)-2(c), respectively. These zone axes constitute the ste- - - 
reographic triangle [OOOl]-[OliO]-[1210] of the o+GaN 
wurtzite structure. In addition to wurtzite diffraction spots, 
streaking along the [OOOl] direction [see Figs. l(b) and 2(c)] 
and (0001) forbidden reflections, marked by arrow heads in 
Figs. 2(b) and 2(c), were observed. The [OOOl] streaks are 
attributed to basal plane stacking faults.16 Faults at various 

J. Appl. Phys. 76 (12), 15 December 1994 0021-8979/94/76(12)/8195/3/$6.00 0 1994 American Institute of Physics 8195 

Downloaded 31 May 2001 to 130.126.103.205. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



a 

FIG. 1. (a) A bright-field TEM micrograph of GSMBE cr-GaN. Threading 
dislocations are indicated by “d” and (0001) stackjng faults are labeled by 
arrows. (b) A corresponding [i2iO]o,+[OliO&,,03 zone-axis- diffraction 
patterns from both the film and the substrate. The basic units of the diffrac- 
tion pattern due to AlsO (the larger rectangle) and GaN (the smaller rect- 
angle) are indicated and the corner reflections of each are indexed. 

separations give rise to a range of polytype orders (2h, 
6h , . . . , nh) which result collectively in a continuum of reflec- 
tions along [OOOl]. The streaks in Fig. l(b) are associated 
only with Lu-GaN reflections, and not with substrate refleo 
tions. Due to a shorter exposure time (in order to obtain 
increased contrast in the fundamental reflections), the streaks 
in Fig. l(b) are much fainter than in Fig. 2(c), and the (0001) 
reflections are invisible. 

In a perfect wurtzite lattice there is no allowed intensity 
at (0001) since diffracted waves from (0001) planes interfere 
destructively. This is the case whenever the structure factor is 
equal for all (0001) planes. Hence any change in the crystal 
structure that occurs equally on all (0001) planes will not 
give rise to diffracted intensity at (0001). Conversely, the 
observation of intensity at (0001) implies an ordered defect 
structure in which, for example, a net defect density occurs 
in the first, third, fifth,... (0002) planes and not in the second, 
fourth, sixth,... (0002) planes. Such a situation is shown 
schematically in Fig. 4. 

High-resolution TEM images such as that in Fig. 3 show The effect of changing the structure factor associated 
regions of alternating high and low intensity (0001) lattice with the (0001) planes was simulated using the diffraction- 
fringes. The doubling of the [OOOl] lattice periodicity is lo- simulation computer program DIFFRACT.~~ [OOOl], [OliO], 
calized in domains representing -1% of the total volume and [iZiO] zone-axis diffraction patterns were calculated 
and distributed randomly throughout the film. Intensity at [see Figs. 2(d)-2(f), respectively] assuming a random distri- 
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FIG. 2. Experimental and simulated zone-axis electron-diffraction pafterns 
from GSMBE CY-GaN. The zone axes are (a) and (d) [OOOl], (b) and (e) 
[OllO], and id and (f) [i2iO], respectively. 

(0001) was also observed in XRD scans obtained from 
single-crystal samples oriented to maximize the (0002) inten- 
sity. The (0001)/(0002) XRD peak intensity ratio was 
~-10~~. We have observed the same diffraction and lattice 
image phenomena in a-GaN films grown by PAMBE and 
MOCVD. 
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FIG. 3. A high-resolution TEM lattice image showing a domain consisting 
of alternate high intensity and low intensity (0001) basal plane fringes. 

bution of defects (nitrogen vacancies in the simulation car- 
ried out here), on 0.5% of the lattice sites on alternate (0002) 
planes. Effects due to stacking faults were ignored. The 
stronger relative intensities of the observed (0001) forbidden 
reflections, labeled by an arrowhead in Fig. 2(c), compared 
to the computer simulation in Fig. 2(f), are due to double _ - 
diffraction. This occurs at (0001) reflections in the [1210] 
zone axis because the {lOlm} and {OOOm} reflections, where 
NZ is an integer, are related by a reciprocal lattice vector. No 
such effect is possible in the [OliO] zone axis. Thus the 
(0001) reflections in the [OliO] zone-axis diffraction pattern 
are entirely due to defect ordering. The 0.5% defect concen- 
tration used in the simulations was selected based on the 
relative intensities of the diffraction peaks in the SRD pat- 
terns. 

Finally, we consider the relationship between the ordered 
defects and the carrier concentration observed in the materi- 
als. All of the samples examined were n-type with carrier 
concentrations of 1-4X1@’ cmm3. This is much less than 
the concentration of defects estimated to be present in the 
samples. The electrical inactivity of the excess defects can be 
explained by their observed tendency to cluster. A reasonable 
assumption, based upon the low N activity during the film 
growth,516 is that the defect clusters are predominantly nitro- 
gen vacancies. However, other defects such as Ga on N an- 
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FIG. 4. A primitive wurtzite-structure a-GaN unit cell in which one N atom 
is replaced by a vacancy. 

tisite defects may also assist in providing charge compensa- 
tion. The free-carrier concentration then results from point 
defects, presumably mostly vacancies, not captured in clus- 
ters and/or from partial activity of clustered defects. Vacancy 
ordering may also explain why the residual misfit along 
[OOOl] is smaller than would be expected from the combina- 
tion of the Poisson effect ‘and the residual strain in the plane 
of the interface. 
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