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Abgtract-Transmission eectron microscopy studies were applied to study GaN crystals

doped with Mg. Both: bulk GaN:Mg crystals grown by a high pressure and high
temperature process and those grown by metal-organic chemical-vapor deposition
(MOCVD) have been studied. Structural dependence on growth polarity was observed
in the bulk crystals. Spontaneous ordering (formation of polytypoids) was observed for
growth in the N to Ga polar direction (N polarity). On the opposte ste of the crystal
(growth in the Ga to N polar direction) Mgrich pyramidal defects with base on the
basal planes and with walls inclined about 45° to these planes, empty inside (pinholes)
were observed. A high concentration of these pyramidal defects was also observed in the
MOCVD grown crystals. For samples grown with Mg delta doping planar defects were
aso observed egpecially at the early stages of growth followed by formation of
pyramidal defects.
TEM and x-ray studies of InGaxN crystals for the range of 28-45% nominal In
concentration shows formation of two sub-layers drained and reaxed, with a much
lower In concentration in the strained layer. Layers with the highest In concentration
wer e fully relaxed.

A. Introduction

Posshility of doping for formation of pn junctions is important for any maerid in
order to goply it as a device materid. GaN can eadly be grown with n-conductivity but
obtaining p-doping is raher difficult. Mg is most commonly used as the p-dopat in GalN,
however, higher hole concentrations can only be obtaned after theemd anneding [1,2] in
order to dissociate MgH complexes. Materid made using this process has been used to
fabricate light emitting diodes (LEDs) [3] and lasers [4]. Despite this success, many aspects of
Mgdoping in GaN ae dill not fully undersood. Trangmisson eectron microscopy Sudies
(TEM) show formation of different types of Mgrich defects. The type of defects formed
depends drongly on the growth polaity. This can be easly observed in buk GaN:Mg
pladete crysds where both growth polarities can be obsarved in one plae. For growth with
N-polaity a superaticelike aray of planar defects (polytypoids) leading to superlattice
reflections in the diffraction patern can be observed [57]. Smilar defects are dso formed in
layers grown by metatorganic-chemicd —vgpor-depodtion (MOCVD) with Mg delta doping
[67]. Growth with Ga polarity leads to formation of pyramidd and rectangular defect, thet
ae empty indde. These pyramidd defects are typicd for dl MOCVD-grown crystds. A high
concentration can be observed in dl crystas for awide range of Mg concentration.

InGaN is used as an active maerid in optica devices, however its physicad properties
and influence on device performance have not been fully understood. InGalN is known to have
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compodtional inhomogeneity and efforts have been made to suppress the inhomogendty in
order to improve device peformance [8]. This inhomogeneity in InGaN quantum wels is
thought to lead to a broadening in the spontaneous photoluminescence spectra The gain and
dectricaly pumped luminescence spectra from InGaN active layers are broader compared to
other semiconductor materids used in opticd devices [9]. In this paper, we use TEM to
describe the microgructure of the InGaN layers together with x-ray dudies usng high
resolution x-ray diffraction to show that for a wide range of In concentration two sub-layers
(strained and relaxed) are formed and the In concentration in the drained layer is much lower
than the nomind vaue. Rdaxed layers with planar defects show an In concentration very
close to the romind vdue Two didinct latice parameters can be obsarved by Xx-ray
diffraction only when asymmericd reflections ae used. Symmericad (0002) reflections do
not show this property.

B. Experimental

Different types of GaN crystds doped by Mg have been sudied usng planview and
cross-sectioned samples. Bulk crystds were grown by the High Nitrogen Pressure Method
[10] from a solution of liquid gdlium contaning 01 - 05 a% Mg [11]. Two types of
samples were grown usng MOCVD where Mg was added ether continuoudy during the
growth or where Mg was added by the ddta doping method. The detals of this growth has
been described earlier [6-7]. Following the superlattice growth, the temperature was lowered
to 850°C, the ambient was switched to nitrogen only, and a 10 minute in-Situ anned was
performed to dissociate the MgH complexes and activate the Mg atoms [12]. The same
growth temperature and post anneding was applied to the crystds for which Mg was added
continuoudy during growth.

InGag-xN layers were grown on (0001)-oriented sapphire subdtrates usng a specidly
designed aomic layer epitaxy (ALE)/metatorganic chemicd vepor depostion (MOCVD)
reactor described earlier [13]. An ALE buffer layer was firs grown on the subgrate followed
by the depogtion of a 250 nm thick GalN layer. The InGaN layers were findly grown on top
of this GaN layer. Three different samples corresponding to In mole fractions of 28, 40 and
45% respectively were subsequently grown by contralling the deposition temperaiure and the
hydrogen flow rae [13]. The samples with nomina InN concentration of 28% and 40%
respectively were grown usng a GalN buffer layer. The third one with 45% InN was grown
with an AIN buffer layer.

All GaN:Mg and the InGaN crystds have been sudied usng TEM on planview and
cross-section samples, transparent for dectrons, prepared by dandard methods. The InGalN
cydds were dso dudied usng double-crystd and triple-axis x-ray diffractometry.  X-ray
diffraction measurements were performed usng the Philips High Resolution diffractometer in
double (DCD optics and triple configuretion (TAD optics). The primay beam was
monochromatized by four 022 reflections from Ge channgcut crystds. For TEM dudies two
different microscopes were used: Topcon 002B and JEOL ARM with the acceleration voltage
200 and 800 kV, respectively.

C. Results
C.1. Buk Crygds

A drong dependence of dructure on crystd growth polarity was observed in bulk
pladee crysds Genedly for the cysad sdes growving in the direction from N to Ga (N
polarity) Mgtrich planar defects were observed and for growth in the opposte polar direction
pyramidd defects dso rich in Mg with the base on cplane and sx planes indined 45° to the
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basd plane. Some rectangular defects delinested by cplanes are dso observed for the growth
with Ga polarity.

On the N-polar sdes of the platelete some parts of the crystds can be perfect without
any defects while in other samples planar defects can be formed despite the fact that Mg
concentrations determined by SIMS remain practicdly unchanged. These defects can be
perfectly ordered. They can form a perfect aray of planar defects separated from each other
by 20 unit cdls of GaN [57]. However, in some crydds this pefect ordeing can be
interrupted by larger areas of hexagond GalN as is shown on (Fig. 18) or this ordering can be
intercepted by another type of planar defect ( Fig. 1b). Pefect ordering leads to supe-
diffraction spots dividing the (0001) latice digance into 20 equd pats High resolution
images from these show a 1/3 [1100]+c/2 displacement [57] which could characterize these
defects as stacking faullts.

Fig. 1. TEM crosssection micrographs showing defects formed in GaN:Mg for the growth
with N-polarity (aand b) and with Ga-polaity (c and d)

_ However, split (0001) and (0003) reflections and reverse contrest for (0001) and
(0001) reflections used for a multi-beam dark fidd image obtaned from the [1120] zone
axis [5] suggest that these defects might be inverson domans with a very narrow width aong
the c-axis The pars of inverson boundaries are separated by not more than 3 unit cdls.
These defects extend through the whole width of the crysd, therefore, it is impossible to see
patid didocations which would hep to characterize them. One of the doman boundaries
cdled the fla inteface (FI) shown in Figs .(2ab) dways remans on the same plane. The
upper boundary, cdled the corrugated interface, changes its podtion 0 that the doman
thickness is changing from 3/2c to 5.2c as is shown on high resolution images taken from the
same defects.

The opposte sde of the bulk cysds (grown with Gapolarity) had a compledy
different defect structure as shown in Figs. (1c and d). They appear in [1120] cross-section
TEM micrographs as triangular features with a base on the (0001) eplane and sx Sde fecets.
All these triangles were oriented in a direction with the base closet and pardld to the
sample surface with Gapolarity, eg. from the triangle tip to the base a long bond direction
dong the c-axisisfrom Gato N.
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Fig. 2. Two aress of the same planar defect showing the change h defect thickness (indicated
by arows) dong the ecaxis. The flat interface (FI) remains dways on the same eplane while
the upper one changes.

No sadlite spots were observed on this sde of the crysd. Studies in planview
configuration confirm thet these defects are pyramids and that they are empty insde [6-7].
Convergent beam dectron diffraction dudies confirm Mg segregation on the defect wals
The dimenson of the largest defects varies. The longest base length of these defects are in
the range 100 nm and the smdles about 35 nm. The dendty of these defects is in the range
25x10° cm? A second type of hollow defect (empty inside) was aso observed in cross
section samples, a rectangular defect (Fig. 1d) delinested by planar defects formed basd
planes[67].

C.2. Layers grown by MOCVD

Snce the mgority of layers goplied in devices ae grown by MOCVD it was dso
interesting to observe the dructure of p-doped layers to learn why p-doping is o difficult [1-
2]. Application of GaN in devices would have devdoped much ealier, if the p-doping would
be more successful [14]. Two types of crystds have been gsudied: one where Mg was added
as ddta doping and the second where Mg was added continuoudly.

TEM sudies on crosssection Mg-ddta doped samples dso show both types of defects
obsaved for the two opposte growth polaities in bulk GaN:Mg, eg planar defects
(polytypoids) obsarved earlier for N growth polarity and pyramidd and rectangular pinholes
obsarved in the bulk GaN:Mg for growth with Ga polarity [57]. In two different crystas with
Mg-ddta doping planar defects were formed followed by a high dendty of pyramidd defects.
In one crysd a layer aout 100 nm thick with planar defects, like those observed in bulk
crydads grown with N-polarity was observed a about 150 nm digance from the buffer layer
[6]. Further growth resulted in a random didribution of pyramidad defects with a densty (~
10° cmi®). In the second crysta planar defects were dso formed a a 300 nm distance from
the buffer layer (Fig. 3a), but they did not formed an ordered dructure. They were followed
by a high densty of pyramidd defects aranged laedly. This layer-like arrangement of these
pyramidd defects was observed only for a digance of about 400 nm from the buffer layer.
Further growth resulted in the random digribution of these defects SIMS andyds indicaed
tha Mg concentration was deadily increasng and in the area with planar defects it reached
the leved of 4x10" cmi®. In the area where the hollow defects (rectangular and triangular)
were formed Mg concentration dropped to 2x10*° atoms/cn? and stayed amost constant with
aslow increase to reach at the sample surface a concentration of 4x10™ cm® [7].
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Fig. 3. Crosssection micrographs from the MOCVD-grown samples, (8) with Mg ddta
doping where planar a threedimensond defects are formed; (b) with continuous Mg doping
where high dengty of three-dimensond defects are observed.

In the samples where Mg was added ontinuoudy (with comparable Mg concentration
to that in the previous samples) no planar defects were observed but a high dengty of
pyramidd defects was present (Fig. 3b). These pyramids are dso empty ingde but their sze
was much smdler (8 nm in the base). At the base of these defects stacking faults were not
formed as in the larger pyramids obsarved in the bulk samples. However, the expanson of the
lattice parameter of about 15% was obsarved in two basd pardld layers. These expansion
agreeswell with what would be expected if Ga atoms were substituted by Mg.

D. Discussion of Mg results

TEM gudies of bulk crystds grown under high pressure and high temperature doped
with Mg and those grown by MOCVD show formation of sructura defects for a wide range
of Mg concentration. This would explain (at least to some extend) why is S0 difficult to obtain
high hole concentration despite nomind higher Mg concentration in the crydd. It appears
ds0 that generdly two types of defects are formed in GaN:Mg eg. planar defects and three-
dimensond defects pyramids empty indde (or rectangular dso empty indde). Formation of
these different defects is influenced by cydd growth polarity. This would be condgtent with
theoreticd cdculdions by Bungaro a d [15] showing that the Mg arangement in the GaN
subsurface layer is dependent on crystd growth polarity and on the environment in which the
aydd is growing (N-rich conditions vs Ga-rich conditions). For a Gapolarity surface in a
N-rich environmet Mg would subgtitute Ga Stes (Mgs) and a Ga atlom would be shifted to
the surface. It is ds0 expected tha growth with Ga-polarity would be more favorable than
gowth with N-polarity. This is condgent with our udies which show much faser growth
on the surface with Ga polarity.

Ordering of planar defects obsarved in GaN:Mg formed for growth with N-polarity
appears to be smilar to the polytypoids formed in AIN rich in oxygen. However, defects
formed in the MOCVD GaN samples are precticdly the same as those in the bulk samgl&s
despite the fact that oxygen concentration is three orders of magnitude lower (5x10'° omi® in
comparison to 5x10*° cm?® in the bulk samples). Therefore, the polytypoids which are formed
in our GaN:Mg samples mugt be caused by the Mg presence, not by oxygen as proven by
EDX dudies [5]. A par of inverson boundaries gppear to be formeda flat boundary which
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persst on the same c-plane through the whole cysd and an upper corrugated boundary
which is changing its ¢ plane fran place to place leading to different domain thickness dong
the c-axis. However, the thickness of such domains does not exceed more than about 3 unit
cdlsdong caxis. No inverson in the GaN between these planar defectsis observed.

E. InyGag-xN layersgrown with different In compostion

Snce In is used in the active pats of devices and influences wavdength of the
luminescence spectra TEM and x-ray sudies were agpplied to samples with increasing In
concentrations in the nomind range 28 to 45%. TEM sudies of cross-section samples show
that even for the lower In concentration the surface of the layer is not smooth and
characteristic V-shaped defects delinested by (10 1 1) planes are observed (Fig. 4).

Fg. 4. TEM crosssection microgrgphs (a) for sample with nomind 28% In with two sub-
layers, one dmogt perfect close to the GaN and the second with planar defects, (b) for sample
with nomind 45% In with planar defects in the whole layer.

The surface becomes rougher with an increased In compodtion. For the sample with
the 28% In it is obsarved that the INnGaN layer is divided into two sub-layers that exhibit
different contrast (Fig. 48). The firs sub-layer (40 nm thick) grown directly on the GaN has
good qudity with only those defects which propagate from the underlying GaN layer. On top,
the second sub-layer of aout 200 nm thick is very defective. The defects are stacking faults
fomed on c-planes which lead to sample reaxation. Smilaly two sublayers were observed
in the sample grown with 40% In, but the firs sublayer was much thinner. The third sample
with 45% In grown with an AIN buffer layer (insteed of GaN as was gpplied to the firs two
samples) was rdaxed and only one 150 nm thick layer with a high dendty of dacking faults
was obsarved in TEM crosssection samples (Fig. 4b). Both, low energy sacking faults with
one zinc-blende unit and high energy dacking faults with three zinc-blende units were
observed and the distance between these defects wasin the range of 3 nm.

X-ray rocking curves and reciprocd mapping were goplied to determine In
concentration and samples qudity. Lattice parameters were measured based on Vegards law.
The reference lattice parameters of GaN and InN were taken from [16] agay=3.182(9) A,
CcaN =5.1850(5) A, ann = 35838 A cnn = 5.703 A In order to determine the rdaxed vaues

of the latice parameters (a and c), 0002, 0006, 2114 and 0115 reflections have been used.
More detailed nformation about strain detus of the layers was obtained form reciprocad space
mapping. From the 0002 symmetrica reciprocd space maps (not shown for the lack of gpace)
it can be concluded that lattice planes of the layers are not tilted in respect to those of the GaN
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layer. Asymmetricdl space maps for 2114 reflection presented in Fig. 5 illudrate the dran
daus of the samples. It is dearly shown that for the samples | and Il with 28 and 40% In ,
respectively, two different latice parameters can be assgned to the InGaN layer. This
suggested that these Inrich layers condst of two sublayers with different  indium
concentrations and different drain vaue with respect to GaN, consgent with the TEM

observaion. These gtudies show that much smdler In concentration is detected in the strained
aub-layers in comparison to the reaxed sub-layers. The strained sub-layers contained 17% In
(samplel) and 23% In (sample I1), much smdler than the nomina vaues 28% and 40%.

¥

IH% )
060 | E R‘C@ 0D | RS .._. s al
lnGiN A s !
%‘u LLLS e
\u._.-.__u.._,..rw" 1k

o568 [0 P

| r—

oo | p A
¥ ==t
LTS R i Sl 7,

%‘ o
- A e }].u.lf'.'u\!{“_'
oo [ o BT
-.-,._‘T‘%' -

[ T¥ [ OO SO e P S ¢ ARSIt |

E

=
in
a

[ (4} ] direction

e
E

0.54

0.4 0.8 0.48 X

[-2110] direction
Hg. 5. Reciproca space mapsfor asymmetrica 21 14reflections.

Indium concentrations in the rdaxed sub-layers for samples | and 1l were 27.2% and
37.4%, repectivedy, dose to the nomind vaues The rdaxed sample Il with a high density
of dtacking faults contains 43.8% In, close to the nomind vaue of 45%. A full description of
this sudy will be published separady [17]. This different In concentration and different
lettice parameters can be observed only for asymmericd reflections, not for the commonly
used symmetrica (0002) reflection, dnce the ‘d ldtice parangter is changing more than the
‘C latice parameter. This sudy suggests use of asymmericd reflections for sample
characterization, especidly when vdues of dran ae compaed to data obtaned by photo
luminescence when red or blue shift is observed.

F. Summary
TEM sudies of Mgdoped GaN crysds show formation of dructurd defects for a
wide range of Mg concentration. The type of defects formed is strongly influenced by crysd
growth polarity. Smilar defects ae formed for bulk crystas grown under high hydrogtatic
pressure and for those grown heteroepitaxiadly on sgpphire usng MOCVD. In some bulk
cydds for the plae sde grown with N-polarity a “microsperlatice” which leads to sadlite
diffraction spots dividing the (0001) reciprocd latice digance into 20 pats was observed.
Three-dimensona defects, pyramidd and rectangular, were observed for growth with Ga
polarity dso due to Mg segregation. This indicates tha Mg segregated on paticular planes
can prevent further growth. These defects were observed in the mgority of bulk GaN samples
and in dl samples grown by MOCVD. When thee pyramids are smdl a 15% latice
expandon can be detected in the bases of the pyramids consgent with the subdtitution of Ga
by Mg aoms. Further growth of these pyramids leeds to the formation of a stacking fault near
the base of this defect.
TEM <udies together with x-ray sudies showed that for a wide range of In
concentration in InGaN layers ae divided into two sublayers. The layer adjacent to the
underlying GaN is draned and has a much lower In concentration compared to the nomind
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compogtion. A redlaxed sublayer formed on top of the drained layer with a high densty of
dacking faults has an In concentration very cose to the nomind vaue Determination of the
lattice parameters in these layers was much esser to observe using asymmetricd x-ray
reflections. Thisis useful epecidly when results are conpared with PL data,
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