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The nature of dark spots observed in cathodoluminescence micrographs of gallium 
phosphide epitaxial layers has been examined using the transmission electron microscope 
and etching studies. Each dark spot is shown to be located at the intersection of a 
dislocation with the layer surface. Moreover screw, edge and mixed dislocations all give 
rise to spots of similar size and intensity. It is suggested that enhanced non-radiative 
recombination which gives rise to the dark spots is due to the core structure, rather than a 
concentration of dopant atoms, method of layer growth, etc., and that different core 
structures are equally effective. 

I. Introduction 
There is interest at present in increasing the efficie- 
ncy of GaP green light-emitting diodes (LEDs)I 
Such diodes are generally made using either vapour- 
phase epitaxy (VPE) or liquid-phase epitaxy (LPE) 
GaP layers grown on pulled single-crystal GaP sub- 
strates, the layers containing suitable dopants and 
nitrogen. The nitrogen provides efficient isoelec- 
tronic radiative recombination centres, which have 
to compete with the non-radiative recombination 
centres present in the material. Recent work has 
shown that poor diode efficiencies are often associ- 
ated with high densities of grown-in dislocations 
[1,2] .  

For good diode efficiencies, the epitaxial layers 
should possess good luminescence properties before 
the diodes are fabricated, as indicated by either 
high bulk photoluminescence (PL) efficiency [3] 
or high bulk cathodoluminescence (CL)efficiency 
[4]. Both of these luminescence efficiencies, % are 
proportional to the minority carrier lifetime, r, for 
the particular material [3, 5]. The lifetime, r, in 
turn depends on the density, p, of grown-in dislo- 
cations when p is sufficiently large [6 -8] .  This 
occurs because as 0 increases, the mean distance d 
between dislocations decreases, and when dbe-  
comes comparable with the minority carrier 
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diffusion length L for the corresponding low dislo- 
cation density material, the dislocations then 
control both L and r, i.e. the dislocations become 
the dominant non-radiative recombination centre. 
Consequently, as p increases, r decreases, and this 
causes ~7 to decrease, and hence also the diode 
efficiency. In one investigation r was also shown 
to be proportional to the concentration of a trap 
located 0.75 eV above the valence band [5], and it 
is tempting to associate this trap with the grown-in 
dislocations. Work on materials other than GaP has 
also shown that r decreases as p increases e.g. on 
6e [9, 10], Si [10, 11] and GaAs [12]. 

Direct evidence for non-radiative recombination 
occurring at individual dislocations in GaP has 
been obtained by recording micrographs using 
either electroluminescence (EL) [1], CL [2, 13] 
or PL [16] signals to give the images. In such 
micrographs, the individual dislocations appear as 
dark spots. Similar micrographs were also obtained 
from GaP by using the electron beam induced 
conductivity signal [1] .For  all of these micro- 
scopic techniques, the dark spots were correlated 
with grown-in dislocations either from the general 
appearance of the dark spot distributions, or more 
rigorously by comparing the dark spots with etch 
pits in micrographs obtained from the same speci- 
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men areas. Work on materials other than GaP has 
revealed dark spots in micrographs using similar 
techniques, e.g. on Si [14], GaAs [15-18] and 
GaAsP [19]. 

Although the factors controlling the efficiencies 
of green LEDs are now better understood, some 
points still need resolving if complete quantitative 
assessments are to be made. It is especially import- 
ant to establish whether all types of dislocations, 
e.g. screw, 30 ~ , 60 ~ edge, etc., are equally effective 
in acting as non-radiative recombination centres 
[2]. This is still uncertain because although there 
is a definite correlation between dark spots and 
etch pits, there is still doubt as to whether etching 
reveals all of the dislocations present [2]. Further- 
more, etching does not enable one to distinguish 
between the different types of dislocation. 

In order to obtain further information on this 
point, a combined CL, transmission electron 
microscope (TEM) and etch pit study has been 
made of several GaP epitaxial layer specimens. The 
main result of the investigation was that many 
different types of dislocation were present, and 
that all were extremely effective in acting as non- 
radiative recombination centres. 

2. Cathodoluminescenee studies 
A range of epitaxial material was selected for 
investigation, including LPE layers grown in a 
horizontal furnace onto (1 1 1) or (1 0 0) orientated 
pulled-crystal substrates; sample dimensions were 
typically 2 to 4ram. P-type layers were doped 
with Zn (N A - - N  D ~ 5 X 1017 cm-a), and n-type 
layers were undoped or doped with S, Te or Si 
(1 x 1014 cm -3 < N D - -NA < 1 x 1018 cm-3). 
Some samples had been nitrogen-doped (concen- 
t ra t ion< 10 TM cm -a) by adding gaseous NH3 to 
the hydrogen atmosphere in the furnace. Anumber 
of sulphur-doped, n-type, VPE layers* with and 
without nitrogen doping were also studied. 

CL micrographs were obtained using a scanning 
electron microscope (Cambridge Stereoscan Mark 
IIA) with a specially developed CL mode detection 
system. A beam voltage of 30 kV was employed 
with probe currents in the range 10 -7 to 10 -6 A 
and probe size 0.5/Ira diameter. The beam was 
incident normally on the sample's surface and the 
luminescence output was collected by a mirror 
system and detected with a photomultiplier tube 
(EMI 9658B $20 cathode), green luminescence 
being selected with an interference filter. 

A typical CL micrograph exhibiting dark spots 
is shown in Fig. 1. All the materials studied showed 
these features, although in a few instances some 
dark lines and/or more random shapes were pre- 
sent. In samples showing clearly defined, approxi- 
mately circular spots, the densities of the features 
were in general variable across the surface of the 
epitaxial layer, although many samples showed a 
more or less uniform distribution. The dark spots 
were typically 5 to 7/~m diameter, and the density 
ranged from 5 x 103 to 10 6 cm -2. 

Two samples with highluminescence efficiencies 
were selected for detailed study. (a) A (1 0 0) orien- 
ted, Si-doped, n-type (n = 1.0 x 10 TM cm-3), LPE 
sample with a layer thickness of 70/Ira, and (b) a 
(1 1 1)A oriented, Te-doped ( N  o - - N A  = 1.3 X 

10 TM cm -3)  LPE sample with a layer of thickness 
95 pro. The first sample was used to correlate the 
dark spots present in CL micrographs with dislo- 
cations observed using the TEM. The second sample 
was used to correlate the dark spots with etch pits. 

3. Transmission electron microscope 
stud ies 

To obtain an exact correlation of the dark spots 
with dislocations, it was necessary first to record 
CL micrographs of a specific area of the sample, 
and then to prepare a TEM specimen by thinning 
the sample in that same area, from the substrate 
side only, to a thickness of about 1/am. Secondary 
electron emissive mode micrographs were recorded, 

Figure 1 A typical CL mierograph of a GaP epitaxial layer 
with a dark spot density of approximately 5 • 105 cm -2 . 

*Kindly supplied by Dr P. Hart, Allen Clark Research Laboratories, Plessey Co, Ltd, Towcester, UK. 
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Figure 2 A CL micrograph of a (1 0 0) oriented Si-doped 
GaP layer. The dashed line marks the position of a hole 
produced during the TEM specimen preparation of this 
same area. The feature marked X is a pinhole in the 
epitaxial layer and those marked Y are small particles of 
dirt. The remaining letters refer to dark spots. 

corresponding to each CL micrograph, and the 
surface features in these micrographs registered 
with surface features observed in optical micro- 

graphs. The sample was then lhinned b'y chemical 
jet polishing, using a solution o f  chlorine gas 
dissolved in methanol, until small holes appeared. 
More emissive mode and optical micrographs were 
recorded, and these enabled the positions o f  the 
holes to be drawn accurately on the CL micro- 
graphs. 

Fig. 2 shows a CL micrograph with the position 
of  a subsequently formed hole indicated by the 
dashed line. The bright feature X corresponds to 
a pinhole in the epitaxial layer, and the dark fea- 
ture Y to a small particle of  dirt subsequently 
removed during the TEM specimen preparation. 
The area surrounding the hole and containing a 
number of  dark spots was examined in an AEI 
EM7 electron microscope operating at 500 kV. 

The only structural features observed using the 
TEM were dislocations which threaded the foil. A 
low-magnification montage of transmission elec- 
tron micrographs (Fig. 3) was constructed so that 
the positions of  a number of  dislocations could be 
registered with respect to the position of  the hole 
in the specimen and the pinhole X (Fig. 2). Ad- 
ditional dislocations which had been out o f  con- 
trast under the diffraction conditions used to record 

Figure 3 A low-magnification TEM micrograph montage of part of the same area shown in Fig. 2. The lettered circles 
mark the positions of dislocations in the thin foil and these can be compared with the positions of the lettered dark 
spots in Fig. 2. 
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Figure 4 A higher magnification TEM 
micrograph of two dislocations which 
show typical oscillating contrast but 
no obvious precipitation. 

Fig. 3, were observed when the foil was reexamined 
using different diffracting conditions. Some of the 
dislocations were seen better when the foil was 
tilted through large angles ( >  30~ these disloc- 
ations had been previously viewed end-on in Fig. 3 
and were less readily visible. Fig. 4 shows two of 
the dislocations at higher magnification. There was 
no evidence of precipitation on the dislocations, 
although an impurity atmosphere surrounding the 
dislocations could have been present without being 
detected by the TEM examination. 

In every case it was found that a dislocation 
corresponded to a dark spot, and vice-versa. A 
number of dark spots in Fig. 2 have been circled 
and lettered for comparison with Fig. 3. Each of 
the extended dark spots ab and cd in Fig. 2 corre- 
spond to two dislocations about 3/am apart, whilst 
fgh in Fig. 3 corresponds to three dislocations with 
similar separations. The spot lettered pg (Fig. 2) is 
much darker than the others, and two dislocations 
less than 2/am apart were observed at that point. 

Slight displacements of 1 or 2/am were some- 
times observed between the two corresponding 
positions in the CL and TEM micrographs, and this 
can be at least partly explained in the following 
manner. Contrast in the CL mode depends upon 
the depth of penetration of the incident electron 
beam, which is several microns for the beam poten- 
tial of 30 kV used in these experiments. Thus, the 
centre of the dark spots probably corresponds to 
the position of the dislocation typically 1 to 2/am 
below the epitaxial layer surface. For a dislocation 
inclined at 45 ~ to the plane of the foil, this would 
give a displacement of 1 to 2/am relative to the 
point of termination of the dislocation in the 
specimen surface. 

The nature of the seventeen dislocations 
lettered in Fig. 3 were analysed in detail and the 
results are given in Table I. All were perfect dis- 
locations with a/2 <1 1 0) Burgers vectors. Among 
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the seventeen, five of the possible six different 
types of  a/2(1 1 0) Burgers vectors were present 
(+ b and - -b  were not distinguished). The crystal- 
lographic directions of the dislocation lines were 
deduced from stereomicrographs and careful 
tilting experiments, and it was found that screw, 
edge and mixed dislocations were all present. 
Dislocations were observed at positions correspond- 
ing to the unlettered dark spots in Fig. 2, but 
Burgers vectors were not determined for these 
dislocations. 

4. Etch pit studies 
A CL micrograph (Fig. 5a) of the (1 1 1)A oriented 
sample selected for this study showed a typical 

TAB L E I Burgers vector analyses of dislocations 

Dislocation Burgers vector* Dislocation* Dislocation 
letter in axis type 
Fig. 3 

a a / 2 [ l [ 0 ]  [ 0 0 1 ]  90 ~ 
b a/2 [0 1 1] t [ 112 ]  -+ [01 1] 0->30 ~ 
c a/2[o 1T] t [ l i 2 l - ~ [ 0 i  11 0->30 ~ 
d a/2 [1 0 1[ t i t  I 2]-->[1 0 1] 0->30 ~ 
e a/2[O 11-] [112 ]  30 ~ 
f a/2[0 1 i ]  [011]  0 ~ 
g a1211101 [0011 90 ~ 
h a / 2 [ 1 0  1] T [10 i ]  -+ [ i  l 2] 0-+30 ~ 
j a/2[01i] [01i1 0 ~ 
k a/2[O 1 1] [0 1 1] 0 ~ 
1 a/2[1 10] [001] 90 ~ 
m a /2 [11  O] [001 ]  90 ~ 

p a / 2 [ l O  1] [ 0 0 1 ]  45 ~ 
q a/2 [1 0 i ]  t i l l  21-+[10 i1  0-+30 ~ 
r a/2[1 10] [011 ]  60 ~ 
s a/2[O 1 11 t[O 11]-+[1i21 0-+30 ~ 
t a / 2 [ 1 0  1] [101 ]  0 ~ 

A right-handed axis system is used with the foil normal 
[0011 
These dislocations do not lie exactly along low-index 
crystallographic directions, but between the two direc- 
tions indicated and on the [1 1 1] slip planes contain- 
ing these directions. 



Figure 5 (a) A CL micrograph of the (1 1 1)A oriented Te-doped layer, and (b) the same area after etching to reveal 
dislocation sites imaged in the secondary electron mode of the SEM. 

array of dark spots. The secondary electron emiss- 
ire mode micrograph indicated that the specimen 
surface in this area was featureless. 

The specimen was etched for 16 sec in an aque- 
ous solution of KOH (120g1-1) and K3Fe(CN)6 
(80 g1-1) heated to its boiling point, and the area 
shown in Fig. 5a reexamined. The emissive mode 
micrograph (Fig. 5b)showed clearly defined tri- 
angular etch pits which correlated with the pos- 
itions of the dark spots in Fig. 5a. A few less well 
defined, shallower etch features were present which 
do not correlate with dark spots. The triangular 
pits are typical of dislocations, and the one-to-one 
correspondence between dark spots and dislo- 
cations obtained in Section 3 is thus confirmed by 
these etching studies. The two sets are in register 
to within2/lm, and the slight displacements 
( <  2/~m) can probably be explained either by the 
removal of material during etching or by the effect 
due to the penetration of the electron beam de- 
scribed above. 

5. Discussion 
The combined CL and TEM examination of the 
same area of the GaP specimen has demonstrated 
conclusively there is a one-to-one correspondence 
between the CL dark spots and the dislocations 
emerging at the specimen surface. Each dark spot 
contained a dislocation, and each dislocation gave 
a dark spot. The only exception was when the 

dislocations were too close together ( <  5 tim) for 
the dark spots to be resolved. The clark spots then 
either ran together to give elongated spots or 
became superimposed to give darker spots. A dark 
spot occurred regardless of the type of dislocation, 
i.e. whether screw, 30 ~ 60 ~ or edge. 

Two possible mechanisms may explain the 
effect of dislocations as non-radiative recombi- 
nation centres. The recombination may be due 
either to some interaction between the dislocations 
and impurities or point defects, or to a property of 
the dislocations themselves. The experimental 
results show that grown-in dislocations act as 
recombination centres in epitaxial material regard- 
less of the method and temperature of growth, the 
type and concentration of dopant, or the crystal- 
lographic orientation. This suggests that neither 
impurity nor native defect (e.g. interstitial Ga or 
P atoms, or vacancies) interactions are the main 
reason for recombination behaviour. The results of 
Heinke and Queisser~ [18] in GaAs do not contra- 
dict this view, their investigation showing that 
interactions with impurities or point defects 
decrease the effectiveness of dislocations as non- 
radiative recombination centres. 

If  the effect is due mainly to the core or elastic 
strain field of the dislocations, then it might be 
expected to depend on the type of dislocation. 
The experimental results provide no evidence for 
this. A possible explanation may be that the diff- 
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erent  types o f  dislocations have different  capture  

radii, different  l i fet imes in the captured state etc. ,  

bu t  nevertheless all the types compe te  effect ively  

wi th  the recombina t ion  processes in the bulk o f  

the crystal and hence appear similar in the present  

studies. 
The present  work  does no t  enable the dominan t  

mechanism to be de termined ,  bu t  the  overall results 

tend to suggest that  it is an inherent  p roper ty  o f  

the dislocation rather than a mechanism involving 

the in teract ion o f  impurit ies or poin t  defects wi th  

the dislocation.  
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