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Cathodoluminescence technique combined with transmission electron microJdeldyCL) has

been used to characterize optical properties of dislocations in GaN epilayers. The dislocations act as
nonradiative centers with different recombination rates. TEM-CL observation showed that even for
the same Burgers vector af the dislocations show different electrical activity depending on the
direction of dislocation line, i.e., the edge-type dislocation parallel toctipdane is very active,

while the screw-type one is less active. The simulation of the CL images gives us the information
of parameters such as carrier lifetime and diffusion length.2@3 American Institute of Physics.
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I. INTRODUCTION edge, screw and mixed types, respectively. Hieioal.’
) . _ ~ showed by using etching technique and photoluminescence
Gallium nitride (GaN) based materials are key materials measyrement that the threading dislocations of the three
for the fabr_|cat|on of blue a_nd green _I|ght_em|tt|n_g dlode§types affect the luminescence property in different ways.
and laser diodes. These devices work in spite of high de”S't¥hey suggested that the screw dislocations act as strong non-

of threading dislocations, though it has been pointed out tha}Iadiative centers, while the edge dislocations do not act as
the threading dislocations affect the function, lifetime and :

- ) “nonradiative centers. Arslan and Browrfirgnalyzed elec-
efficiency of the devices. So far many authors have studle{i) ranay

. ; ) . . . ron energy loss spectra of intrinsic dislocations, and con-
the electrical and optical properties of dislocations in GaN, . : .
; . . . . cluded that those dislocations do not have any local electric
using cathodoluminescend€Ll) imaging technique com-

bined with a scanning electron microscdp&and scanning s_tate in the band gap, and the electrical_ activity at dislo_ca-
tunneling microscop@ There are two distinct emissions ap- t|on.s- could be attnt?uted o the segregation of dopants, im-
pearing in the CL spectrum from GaN layers grown on Sappurltles an_d vacancies. Howevgr, very few _efforts _ha\_/e_ been
phire substrates, i.e., band ed(RE) emission and yellow made f(?r mvestlgatlng the optical properties of |nd|V|dgaI
band (YB) emission. The CL images of the BE emission d|slocat'|ons of different types, so knoyvledgg of .the ppt'|cal
showed that the threading dislocations act as nonradiativB™OPerties related to the type of the dislocation is still lim-
recombination centers. The early CL observations alsd#€d-
showed the correlation between distribution of dislocations N the present study we observed the monochromatic CL
and the YB emission, which suggested that the YB emissioffnages and transmission electron microscopM) images
originates from threading dislocation itself or point defectsOf dislocations in a GaN epilayer using a transmission elec-
decollating the dislocation'sHowever, Dassonnevillet al®  tron microscope combined with a CL detection system
said that the dislocations are not responsible for the YBTEM-CL). The TEM-CL technique has an advantage in
emission. high spatial resolution and ability to characterize internal de-
The dislocations in the GaN hexagonal lattice have thredect structure$. The dislocations of various types showed
different Burgers vectors, ¢, anda+c. Then threading dis- different contrasts in the CL images taken by the BE emis-
locations running parallel to the axis are classified into sion. The characters of those dislocations were determined
from the contrast analysis of dark field TEM images. The

dAuthor to whom correspondence should be addressed; electronic maiPpt'CaI propert|e§ of individual dislocations We.re derived
nyamamot@surface.phys.titech.ac.jp from the comparison between the CL and TEM images.
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FIG. 1. (a) CL spectrum from a plan-view thin sample €B0 K, acceler-
ating voltage=80 kV), (b) TEM image, and monochromatic CL images of
(c) FX and(d) YB luminescence.

Il. EXPERIMENTS

We used a sample of an epitaxial lateral overgrowth
(ELO) GaN layer with InGaN multiquantum welldQWs)
grown on a sapphire substrafeThe width of a SiQ mask
region deposited on the GaN buffer layer is 4%, and that
of a window region is 5um. Density of the threading dislo-
cations is nearly 10 cm™? in the window region and
10 % cm™? in the wing region on the mask. The thickness of
the undoped GaN ELO layer isg@n, and MQWs and a GaN
cap layer a few nm thick are grown on the ELO layer. A
plan-view TEM sample was made by Ar ion milling to re-
move the sapphire substrate and bottom part of the Ga )
epilayer.

IG. 2. () TEM image and(b) monochromatic CL imagé€FX) of a GaN
in film.

lll. RESULTS 1(d). The CL intensity distribution of the YB emission indi-

Figure Xa) shows a CL spectrum from a plan-view thin cates thickness variation so that the thicker region gives a
sample taken at 30 K with an accelerating voltage of 80 kVbrighter contrast. The upper part of the image is dark because
A sharp peak at the wavelength of 357 nm is the BE emisthe specimen is thin in this area. It is noticed that the YB
sion associated with both free excitgfX) and (IF,X) emission arises both in the window region and wing region
bound exciton transitions, and a broad peak at 556 nm is around their boundary. This shows that the YB emission cen-
the yellow band(YB) emission. Other small peaks in be- ters are not directly associated with the dislocations. The
tween them are attributed to the donor to acceptor transitioneason why no contrast arises at the dislocation in the CL
(Dg, Ap), and the emission from the InGaN MQW420 image of YB can be attributed to the long lifetime of this
nm). Figure 1b) shows a TEM image of a thin area, and radiative recombination process, which blurs the image con-
Figs. 1c) and 1d) are monochromatic CL images of the trast. This observation supports the idea that the YB emission
same area taken at the peak wavelengths of BE and YRyriginates from point defects such as a complex center asso-
respectively. Many threading dislocations are seen in theiated with Ga vacancy and oxygen atohs.
right region in Fig. 1b) which corresponds to the window Figure 2a) shows a magnified CL imag8E emission
region of 5um in width. Several dislocations are seen run-of a 4.3x4.3um? area in Fig. 1c) around the boundary
ning parallel to the surface at the boundary between the winbetween the window and wing regions. Figu®)ds a dark
dow and wing regions. Their line direction is nearly parallel field TEM image of the same area taken under the excitation
to the[0110] along the stripe of the SiOmask. It is noticed of the (112) reflection with the incidence direction nearly
that dark fine contrasts appear at some of the dislocations iparallel to thec axis. The correspondence between the dark
the BE emission image of Fig(d), which indicates that they contrasts in the CL image of Fig(& and dislocations in Fig.
act as nonradiative recombination centers. On the other hand(b) is apparent. However, some of the dark dot contrasts are
there is no fine contrast in the YB emission image of Fig.due to several numbers of dislocations. To reveal the thread-
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TABLE I. Properties of the dislocations. In the last column the CL contrast
is indicated by symbols &trong and M (medium).

Disl. No. Line Burgers vector Type CL contrast
1 c a; Edge S
2,3 c a, Edge M
4 [0110Q a; Edge S
5 as asz Screw Invisible
6 a, a, Screw Invisible
7,8 c aztc Mixed S

show a medium contrast. The threading dislocations of
mixed type, Nos. 7 and 8, show the darker contrast compared
to that of No. 2 dislocation. As for the dislocations running
parallel to the surface, it is noticed that No. 4 dislocation,
which is an edge type with the Burgers vectoragf shows

a strong contrast, while No. 5 and No. 6 dislocations, which
are screw type with the Burgers vectors nearly parallel to the
dislocation lines, show no contrast. This clearly reveals sig-
nificant difference in electrical activity between the edge and
screw dislocations with the same Burgers vectoa.of

ing dislocations more clearly, a dark field TEM image of Fig.  CL intensity profiles across the dislocations, Nos. 1, 2,
3(a) was taken by the (@11) reflection with tilting the and 4 are shown in Fig. 4, in which they are smoothed digi-
sample by 31° from the incident beam direction. By measurtally, and normalized by the intensity in the surrounding per-
ing the length of the dislocation lines projected in the inci-fect region. The contrast given by the ratio between the in-
dent direction, the sample thickness can be derived to biensities at the dislocation center and perfect region, (I(P)
0.62 um in this area. Typical dislocations concerned here are-1(D)/I(P)), is 0.39 for No. 1 dislocatiofD1), 0.23 for No.
labeled 1-8. They are threading dislocations with dislocatior? dislocation(D2) and 0.28 for No. 4 dislocatiofD4), re-
lines parallel to thes axis except for No. 4 and No. 5 dislo- spectively. The full width at half maximurfFWHM) of each
cations which run parallel to the surface or thplane. Their  profile is 153 nm for D1, 147 nm for D2 and 188 nm for D4.
Burgers vectorgb) were determined by the dark field tech- These values were obtained from Gaussian fitting with the
nique using the simple invisibility rulegéb=0). Figures observed profiles.

3(b) and 3c) are dark field TEM images taken by 1Q1)

and (02D) reflections, respectively. No. 4 dislocation be-1V. DISCUSSIONS

comes invisible for the (101) reflection, and No. 5 dislo- We studied the characteristic parameters of these dislo-
cation becomes invisible for the (0@ reflection. It is cations by fitting the contrast with a trial and error method in
enough to observe dark field images for six different reflec-

tion vectors(g) in order to assign the Burgers vectors of all

the dislocations, e.g., for tH020} and{1011}-type reflec- 10
tions. However, the invisibility rule is not always valid for
the edge and mixed dislocations, because they involve
b u strain component, whene is an unit vector along the
dislocation line. For the threading dislocation of edge typethe
value ofg-bXu is large, resulting in a visible contrast even
for the reflections which satisfy the invisible rule. Neverthe-
less, it is practically possible to determine the Burgers vector
by using this method. The Burgers vectors of the dislocations
1-8 are determined as listed in Table I, and schematically

FIG. 3. Dark field TEM images of a GaN thin film taken kg (1011), (b)

(1101) and(c) (0220) reflections, respectivelyd) Schematic diagram of
dislocation configuration. The Burgers vectors are indicated by arrows.
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Most of the threading dislocations are edge-type disloca- 10 ek aba, ‘Ax"“m
. . — . hsa,
tions with the Burgers vectors of ¥/BL20)(=a), as seen in 08 L\ / D4
Table 1 and Fig. @l). A few of the threading dislocations At
indicated Nos. 7 and 8 are mixed type with the Burgers vec- wt+—T—"—7T——T T T T
00 200 -0 0 10 A0 A0 40

tors of 1/31121)(=a+c), and no threading dislocation of
screw type with the Burgers vector ¢D00L(=c) was

distance[nm]

found in this area. A strong dark contrast labeled 1 in FIg'FIG. 4. CL intensity profiles along the dislocatioria) the three TD dislo-

Z(a_) comes from _three threadirjg dis_loqations of edge typegations(D1), (b) the single TD dislocatiokD2), and(c) the edge dislocation
while separate single dislocations indicated Nos. 2 and 34).
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£ 704 FWHM~135nm measurement was taken with an undoped GaN at 30 K, and
: 1 thus the diffusion length is considered to be similar to their
O 654 t,=50ns 3 .
5 ] 220 nm value. Sugawarat al. (_)bta_med a_sr_nall value of 50 nm from
‘S5 60 C=22% the SEM-CL observation in a similar way. But they used a
f;_; 55_‘ thin film sample, and the surface recombination effect cannot
° ] t,,=22 ns be neglected. The FWHM of the dark spots in the CL image
2 504 r,=20 nm is comparable to those of the present one. Thus the value
s 45 C=39 % should be underestimated. From STL measurement Evoi
s et al® also reported a small value of 30-55 nm. This could
- -400  -300 -200 -100 O 100 be reasonable from the fact that the sample is a highly doped
distance [nm] one (2< 10" cm™?), and the measurement was taken at low

temperature. The diffusion length changes with doping con-
centration and temperature, and so we must be careful about
comparison with those reported values.

We also calculated for a dislocation parallel to the sur-
face located at various depth positions, and obtained a pre-

FIG. 5. Simulated CL intensity profiles along the dislocationgapD1 and
(b) D2, using the parameters of diffusion lendti=158 nm, and surface
recombination rat&=5x10* cm/s.

the dislocation has a cylindrical shape with a radiug pof
and a carrier lifetime igy in it. We also took it into consid-

eration that a surface recombination rate is set equa to This i ble b he def . 0
=5x10* cm/s for both the upper and lower surfaces. Ac- is is reasonable because the defect regiop=@0 nm)

cording to the simulations the most important parameter§rossmg the carrier generatic_m regi_on is small_er in this case
determining contrast are diffusion lengthand a parameter th_an that o_f the_ threading dislocation elongating along the
y=r3/74 related to the strength of the defect. Spurious delhickness dlrec_tlon by 0.62m. Therefor_e tr_le strong contrast
pendence on each parameter gfand 74 has been seen, but of the edge dislocation, D4, clearly indicates that the D4
was neg]ected on first approximation_ AsS a|ready pointed ou@i5|ocati0n is eIeCtricaIIy more active than the threading edge
by other authors, dislocation contrast is nearly independerflislocation, D2. It is also evident that the difference in con-
of diffusion length when it is large enough. On the contrary,trast between the edge and screw dislocations in Fig. 2
this is particularly important in the case of GaN where thiscannot be due to the difference in depth position, but should
parameter is significantly small. be attributed to the intrinsic properties of them.

Figure 5 shows calculated profiles for dislocations pen-  The difference in contrast is considered to originate from
etrating a GaN thin plate with a thickness of 0.@th to fit  the dislocation core structures, even when the dislocations
with the profile of D1 and D2 in Fig. 4. As for the param- have the same Burgers vectorafThe threading dislocation
eters, we fixed asy=20nm and obtained the values of of edge type has dangling bonds at the core, which exist on
T41= 22 ns andry, =50 ns for the dislocations D1 and D2. the Ga and N atoms along the dislocation line parallel to the
The width of the profile depends on the lifetimethus on ¢ direction. Jon€'$ predicted that the threading dislocation
the diffusion lengthL (L= \/D_T): and the surface recombi- of the edge type generates a shallow level state in the energy
nation rateS. In this simulation the diffusion length and gap, and is electrically inactive. However, the edge disloca-

surface recombination rate o_btalne_d from the fitting of thetion with a line parallel to th¢0110] direction has dangling
contrast and FWHM of the dislocations dre= 158 nm and
bonds only at the Ga atoms or the N atoms at the core,

S=5x10* cm/s. If taking a conventional lifetime of 1 ns, . . o 4 .
this implies that the diffusion constant D is equal to §|m|lar to the case of the 60° dislocatitthe « and 5 types

0.25 cnt/s. The diffusion length should be slightly shorter in zinc t?'e”d s.tructure..Therefore It could be possible thgt the
than this value, because we ignore the electron probe size §A9€ dislocation of this type has a deep level state in the
about 10 nm. By comparing between thevalues of D1 and energy gap, ar_ld becomes ele.ctncally more active. As for the
D2, it is found that the change iny is much smaller than a SCreW dlsI(_Jcatlc_)n, the_ theo_retlcal calculations suggested that
factor of 3, though the nonradiative recombination rate at thdh€ threading dislocation with the Burgers vectocaiauses
three threading dislocations of D1 is expected to be threéarge strain field to provide a deep level state in the band gap,
times larger than that at the single one of D2. This suggest%nd becomes electrically active. However, the screw disloca-
that the three dislocations of D1 do not effectively act as dion parallel to thec plane with the Burgers vector af has
sum of three nonradiative centers of the single dislocationstelatively small strain field and no dangling bonds, and then
The present value of diffusion length is smaller than thecould be electrically less active. Unfortunately, the theoreti-
previously reported value of 250 nm by Roseeral,? who  cal calculation of electric states for the dislocations running
measured with Si-doped GaN at room temperature by SEMparallel to thec plane has not been made yet. As another
CL. They used an exponentially decaying function to derivepossibility we should consider the effect of impurities, be-
a diffusion length from the CL intensity profile. The presentcause they combine with Ga or N vacancy at the dislocation

same parameters used for the D2 dislocation in Fig. 5 is
definitely smaller than that of the threading one in Fig. 5.
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core to form complex centers, and affect electrical acti¥ity. Education, Culture, Sports, Science and Technology of Japan
This will be examined in a future study using fresh disloca-and AOARD/AFOSR.
tions.
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