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In the growth of GaN from nitrogen dissolved in Ga under higlpfdssure, two main habits are

observed: plate-like and needle-like. The plate-like crystals can be divided into those having (0001),
(0007) and {10D} faces and those with the additional {IQ-and {1012} faces. The needle-like

crystals belong to three classes: with or without (0001) faces and a third with unusual, star-like
needles. The plate-like and needle-like habits and transformation between these habits are discussed
in greater detail. It is shown that it is possible to evaluate the relative growth rates corresponding to
such transitions.

1 Introduction 2 Method of Crystal Growth

Growth of high quality single crystals is of primary The observed GaN single crystals were grown from a

importance for the development of homoepitaxial techmetallic solution of nitrogen in liquid Ga under high

niques for optoelectronic applications. The high prespPressure of nitrogen (close to 15 kbar) and high temper-

sure solution method is at present the most reliable wagture (close to 1500C) [2] [4]. In this method GaN

to obtain GaN crystals of size up to 15 mm. single crystals are grown on the sides of the crucible in
In the growth of GaN from nitrogen dissolved in Gathe cold end zone. The supersaturation is determined

under high pressure of nitrogen two main growth habitérom the tem?etrf:fcurezdifffrence leading to a difference
are observed: plate-like and needle-like [1] [2] [3] [4]. ™ Mtrogen solubility [2] [4].

There are a few kinds of plate-like habits. They differ3 The Observed GaN Single Crystal

from each other by the pyramidal faces. Among needleHabits

like habits there are also a few kinds which differ fromGeneraIIy GaN single crystal habits we observe may be
eacglotherh_byr/] the p{)ramlr?al facesl and ;T}e tips of tlhaivided into two kinds. The first one is the plate-like
needles which may be sharp or blunt. There are alsg, (Figure l1a). The second kind is the needle-like

observed habits which are something between the plaje, i Figure 1b). Sometimes, unusual star-like needles
and needle. Looking at such transient habits, the due§ere observed

tion arises whether a transformation from plate-like to Generally, it is possible to divide the observed plate-

needle-like habit is possible. i o . .
ike habits into four types which are shown schemati-
The aim of this study is to analyze the growth pro-ca|ly in Figure 2. They differ from each other by the
cess of both types of GaN single crystals. The attempt tgyramidal faces. We observed platelet habits without
answer the above question is the main subject of thi§ny pyramidal faces - Figure 2a. We also observed
paper. platelet habits with {101} pyramidal faces (Figure 2b)
The computer program SHAPE v. 4.1.1. [5] wasor {1012} pyramidal faces (Figure 2c). Sometimes
chosen as a tool for the graphical presentation of mothese pyramidal faces were observed simultaneously
phologies and sections of GaN crystals (crystal clas@~igure 2d). The plate-like crystals are characterized by
6mm a = 3.1892Ac = 5.1850A) and for presentation hexagonal shape with relatively small thickness. The
of the analytically predicted transitions between differ-morphologies of the two sides of these plate-like crys-
ent habits. tals are different. One side is almost atomically flat
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whereas the other is full of multiatomic steps with some In all cases considered in this paper the growth
hill and valley structures. begins from a two-dimensional seed. The {(QORte
Generally, we observed three types of needle-likedheres to a basis and its growth rate is equal to zero.
GaN single crystal habits: needle-like habits withThe two-dimensional seed grows and plate-like or nee-
{1011} pyramidal faces (Figure 3a), needle-like habitsdle-like three-dimensional crystals appear. It would be
with {1012} pyramidal faces (Figure 4a), or needle-like Very interesting to know how it happens that the crystal
habits with both these faces observed simultaneouskyabits that appear are so different.
(Figure 4b). The tips of all three types of needle-like In order to explain these differer_1t crystal habits let
habits may be sharp or blunt (cut by the (0001) face ous analyze the critical growth ra°™, defined as the
not). We have never observed the needle-like habit§ormal growth rate of fack at which the edgh,c cre-

without pyramidal faces. In all cases they have ()01 ated by face# andC preserves its size [7] [8]. It was
faces present on the high growth rate side. The needlg—e

i i it crit
like crystals are obtained at higher supersaturation. They rived in [9] that the Cm_'cal growth rals"" may be
are characterized by elongated shape. expressed by the formula:

Generally, plate-like crystals are characterized by — ggr_ snAfpsinysingy + Kpsinasing,) - Kesinasing sy +vy)
much more stable growth. The morphological instabili- sinflecsersiny siny - essy snarsiay ) oo einy sy ] (1)
ties of plate-like crystals are mostly related to the edge Where:Re, Rc andRp are the normal growth rates of
instability. On the other hand the needle-like crystaldndividual facesB, C andD respectively. These fac8s
frequently show twins or more pronounced instabilitiesC and D are surrounding faces of the edgg.. Their
such as star-shapes. This is related to the characterizgrbwth ratesRg, Rc andRp, are assumed to be constant
growth regimes: it is known that plate-like crystals arenot during the whole growth process, but only during
observed for lower supersaturations and needle-like fahe growth of a single layer of crystal. A layer of crystal
higher supersaturations. may be defined as the distance between one growth band
As it is seen in Figure 1b some of the crystals are imnd another as described above. The angl¢gs; y are
the shape of plate, some of them are in the shape of ndbe angles between vectors normal to the pairs of faces:
dle and the shape of some of them is something betweéxB, A/C, A/D, respectively. The anglag, , 5 are the
plate-like and needle-like. That is why it is supposeccomplements of angles between appropriate edges of
that it may happen that at first the habits are plate-likefaceA [9]. If the faceA grows with normal growth rate
During the growth process the crystals become biggqﬁA greater thanRAcrit, then the size dfyc decreases.

and some of them remain of the platelet shape but some ) o
of them change shape from plate-like to needle-like. N the case where the growth rédgis smaller thaky

it the edge size increases. For some faces, (for example

é I;Ir hSe_orelzticcz:il AnzTIsti%_of the Observed all faces without parallel edges or pentagonal faces) the
aN Single Crystal Habits critical growth rate for a given edge is simultaneously
4.1 Method of analysis the critical growth rate for the whole face [10]. This

In order to investigate how the plate-like or needle-likeM€ans that for such cases not only a given gdge but also
Il')e whole face may change or preserve its size.

GaN single crystals grow, it is necessary to take a closd he ab ; i lied in thi
look at the longitudinal sections along each of the habits. The above ormula is applied in this paper to_GaN
(cf. Figure 2). All sections of crystals shown in this single crystals. It yields critical growth rates for differ-

paper present the growth bands corresponding to subs nt e_dges and faces which correspond o decrea_ses n
quently growing layers, often observed in real crystals? e size of some faces and to ncreases in the Size of
Each layer corresponds to the position of a given face gher faces. The _values_ obtained for - these C”“C"J‘_'
equal time intervals. It means that the growth band rov_vth rates make it possible to analyze the changes in
allow the investigation of the growth history of crystals abits of growing GaN crystals.

[6]. Therefore, the sections illustrate growth histories of.2 Transformation from plate-like into nee-

exemplary GaN single crystals. If we assume that théle-like GaN single crystal habits

layer of a given face grows with constant rate, the disin order to investigate how these plate-like or needle-
tances between the growth bands are proportional tiike crystals grow, let us take a closer look at one chosen
growth rates of individual faces. The same layer, but ohabit, for example the one shown in Figure 3a and Fig-
some other face, grows with constant rate too, but theage 3b. The section (Figure 3b) shows the growth bands
two constant rates do not have to be the same. It meansich illustrate an exemplary growth history and the
that the distance between growth bands is not the sani@nsition from plate-like to needle-like GaN single
for different faces. crystal habit. The growth begins from a two-dimen-
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sional seed. The two-dimensional seed grows and Bg11)= 2.86) while the {10a} face grows more and
plate-like three—dimgnsional crystal appears. Up to thenore slowly R{1010}/R{1011}: 0.61) and the crystal
mg growth band (Figure 2b) the relative growth rateSgiats to transform to the needle-like habit. As a result of
Rr1010y/R1o11y and Rooo1fReio11 are assumed to be the further increase of growth rate of the (0001) face this
constant and equal to 1.07 and 0.13, respectively. Begiffiace disappears in the habit at thg, growth band and
ning from thems growth band these relative growth it is absent in then,g growth band. Finally, the face is
rates change. Up tog growth band the relative growth present in the habit because of the decrease of relative
rate R{loIO}/R{loil} remains the same but the ratio growth rate R(oooﬂR{loil} to 1.22 R{1010}/R{1011}:
Rooo1fRi1011) changes its value to 0.20. This change is0.31). The final habit is needle-like.

big enough to start the appearance of the {}Gkt of Similarly, as it was done for the (0001) face, it is also
faces 4m, growth band - Figure 3b. From these relative Crit

growth rates it is seen that the growth rates of the neRossible to evaluat Riotgy /R‘Jﬂﬁ} . In this case face
{1011} faces are a little smaller than the rate of theB is the face belonging to the {10} set of faces, so
neighboring {100} face and is much higher than the Rg=Ry1011}- FaceC is the face belonging to the {10}
growth rate of another neighboring face (0001). Theset of faces, s®&=Ry1010). FaceD corresponds to the
next assu'med changes in these relative growth rat?éoo—b face, whose growth rate was assumed to be equal
(changes iR 010)/Ri1011) from 1.02 at them; growth 14 7610, The angle is the angle between vectors normal
band to 0.82 at then s growth band and ifRggo1f  to two adjacent faces, the first one from the {0det
Ri1011) from 0.51 at then; growth band to 1.51 at the and the second from the {I0Lset and it is equal to
my 5 growth band) cause the increase in size of all face€8.04. The angle8 is the angle between vectors normal

It is seen that up to the,s growth band the crystal is in 10 tWo neighboring faces belonging to the set {101
a plate-like shape and it is equal to 60.00 The angley is the angle

. . : . between a vector normal to a face from the {Ij0det
Itis possible to apply Equation (1) to GaN Slngleand one normal to the (00Pface and it is equal to
90.00. As the faces {100} are of rectangular shape the

The (0001) face is surrounded by {Ti@¥aces. If there anglesyy , ¢, are the same and equal to 90.00
is no anisotropy of growth rates of the faces in thébecause the sum ofyy , ¢, is equal to 180,

{1011} set surrounding the (0001) face, when this face
disappears it becomes a corner. This means that the ra

. i
crystals and evaluate the relative growth IR{EEM)

CHET
R{lDTD} /Rpuﬁ} does not depend on tRe growth rate
cvit (see Equation (1)). In such a case the ratio
Kooty corresponds to the size changes of the wholr_,.,
(0001) face, not only to one of its edges. In the case ot /R‘Jﬂﬁ} depends on the geometry of crystal
the (0001) faceRg=Rc=Rp=R(1011)- When we divide and is equal to 1.13. The relative growth rate

the above Equation (1) 7111, It is possible to evalu- sy )
Paony R{lDTD} anﬁ} is smaller than the evaluated value

ate the critical relative growth rat R{IZ?I’!Dfﬂl) fﬁggjl} . 1.13 throughout the considered exemplary GaN single
For the (0001) face the angles= B8 = y =(0001)/ Crystal growth process. As a result, the {@pTace
{1011} = 61.96 andy; = @, = 60.00. Substituting becomes_blgger and bigger and in the final habit this set
_ of faces is very well developed.
these values into Equation (1) we h Rfuﬂufulj XR{IEITI} Let us take a closer look at the habit atrtiggrowth
equal to 2.13. This relative growth rate depends only oRand. It is seen that at this stage of growth the crystal is
the geometry of the crystal represented by the approprilate-like. The relative growth rat&gg1fR1071) and
ate angles. The value of this critical relative growth rateR(;o10)/R(1011; for this growth band are assumed to be
means that for relative growth rateRggo;f equal to 0.51 and 1.01, respectively. If these relative
it growth rates were constant from this band till the end of
Rio1)= R(Dﬂﬂl)XR{IUTl} = 2.13, the size of the (0001) growth process, the final shape of crystal would be
face remains the same during further growth. Up to thelate-like, very similar to that seen in Figure 1b or Fig-
my5 growth band the rati®ggo1fRy1011) is smaller  ure 2.
than the evaluated value 2.13 and the sector of the Generally, it is seen that the plate-like GaN single
(0001) face is wide. However, beginning from thgs  crystals grow when the relative growth ref®gyoo1f
growth band, the (0001) face grows very fd&&bdo1f  Rio1y is much smaller than the evaluated critical
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crit the star-like crystals were observed, they always were
ratic Fonox XR{lﬂTl} = 2.13 and also when the relative surrounded by the {I@} faces. For that reason it is
growth rate Ryjg10/Rp10113 is @ little smaller than supposed that habits like this are the result of unstable
e growth [11]. The most likely reason for growth of such
R{mTu} /R{mﬁ} = 1.13. Such values of relative growth crystals is that the higher supersaturation at the corners

rates guarantee a continuous increase in the (0001) fa#@d edges of the crystal leads to an increase in growth
size and a moderate increase in the QlGace size. rate with increasing distance from the center of the face.

For some crystals, pyramids are formed Withf‘t (;II‘St such prog(;esswehmc;regse in dsupersatura_tlon
{1011} faces and for others, with {1@} faces (Fig- eads to more rapi growth of edge and corner regions
ure 4). In the latter case it is necessary to conside{?nd as a result raised edges develop. S|multaneously, the

. _ center of the faces tend to develop terraced depressions.
anwﬂfm} XR{IDTZ} and REfEITu} XR{mTz} The first value  The next stage is the hopper crystals and, in the extreme

case of growth at the edges of crystal, the final shape
R fp D D D will be dendritic. In the considered case of GaN single

{nunl}f (12 is equal t_o 1.37Re=Rc=Ro=Romzp crystals, the dendritic shape is sometimes seen in the
a=pB=y= (0001)f102} = 43.19, ¢4 = ¢» = direction of rapid growth. The slowly growing faces are

i very well developed and without depressions.

60.00). The relative growth rat ®ioTo XR{WT 2z} IS Onthe basis of the above analysis and the exemplary
equal to 1.46. To determine this value it is necessary tlongitudinal sections of GaN single crystal habits, the
know that the faceB andC are the faces belonging to conclusion may be drawn that the transition from the
the {1012} set and the {100} set, respectively. There- plate-like to needle-like habit is possible and it can
fore, Re=R(1012; andRc=Ry1¢10}- FaceD corresponds to occur in a stable way. The transformation from the
(0001), thus,Ry=Rgog= 0. The anglex is the angle plate-like into the needle-like habit in the case of the

between normals to two adjacent faces, the first onbt011} pyramidal faces is caused by the increase in the
from the {10} set and the second from the {miset  relative growth rateRogo1fRiozy; above 2.13 and a
and is equal to 46.81The anglg3 is the angle between simultaneous decrease in the relative growth rate
normals to two neighboring {10} faces and is equal to R(10170y/R1011; below 1.13. When the pyramid is cre-
60.00. The angley is the angle between a vectors nor-ated by the set of {1} faces, the transformation from
mal to a {100} face and a (00Q1face and is equal to plate-like to needle-like habit is caused by the increase
90.00. The angles)y , ¢, are both equal to 90.00 in the relative growth rateRogo1fR1072; above 1.37

crit and simultaneous decrease in relative growth rate
These values, R{nunl}fﬁ{luiz} = 137 and Rygip)/Ri1010) below 1.46. The observed star-like nee-

REME X _ o ~dles are supposed to be the result of unstable growth.

1070}/ Fuolzy = 146 indicate that the plate-like The higher supersaturation at the corners and edges of
GaN single crystals with pyramidal faces {P)grow  crystal leads to the more rapid growth at these regions
when the relative growth ratéRgoo1fRi1012) iIs much  and, as a result, the final shape is star-like.

smaller than 1.37 and wheR1g10)/Ri1010) @ little 5 Conclusions

smaller than 1.46. Such values of relative growth rate iderati I d he followi
guarantee successive increase in the (0001) face size aiﬁ;g?]g_s' erations allow us to draw the following con-

a moderate increase of the {D)Tace size. GaN h habits d q h \ati h
i e case considre above i 1 assumed hat ) O% 90T, abks deper o e rethe gy
faces belonging to a given set {191 {1011} or ’ P

{1012} grow with the same rates. This assumption wagnay oceur without loss of morphological stability.
The transformation from plate-like to needle-like

made for simplicity. But in real crystals the growth rates”™ " o
of faces from the same set may differ slightly. In sucmab't' in the case when the pyramid is created by the set

cases the hexagonal symmetry is disordered as it may B& 1€ {10]12: faces, is causeij by tge mcrﬁase |nI the ;el-
seen in Figure 1a. ative growth rateRgoo1fR1011; above the evaluate

Sometimes, star-like GaN crystal habits Werevalue 2.13 and simultaneous decrease in the relative

observed - Figure 5. In this figure well developedd"™OWth rateRoio)/Rio11y below the value 1.13.
{10710} faces which forming a star created by raised3. When the pyramid is created by the set of £}01
edges of {101} faces may be seen. If the faces werefaces, the transformation from plate-like to needle-like
absent in the habit, it would be possible to suppose th&@bit is caused by the increase in the relative growth rate
the star-like crystal is in fact a triplet crystal. But whenRooo1fRi1012; above the evaluated value 1.37 and the
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simultaneous decrease in relative growth rﬁ‘ﬁoioﬂ
Riio12y below the value 1.46.

4. GaN star-like crystals result from unstable morpho-
logically growth rate.

5. The relative change of the growth rates occurs via
the kinetic mechanism and depends on the orientation of
the growing face. The change of the mechanism can leac
to growth of three-dimensional GaN crystals.
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FIGURES

4

Figure 2. The observed GaN plate-like single crystal habits and
their longitudinal sections; habita) without pyramidal faces,

b) with pyramidal faces {10}, c) with pyramidal faces
{1012}, d) with both sets of pyramidal faces. The letter "s”
indicates the line of longitudinal sectioms, myg denote
growth bands.

Figure 1a. The exemplary GaN needle-like and plate-like single
crystal habits.
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. . . _Figure 4. Two kinds of the observed GaN needle-like single
Fl_gure 3a. _The observeg GaN needle-llke_ S"_‘g'e CryStal_hab'térystal habits and their longitudinal sections; halz)swith
V\?tlh pyra:jmde:l fac‘?s {1:1)]]}. The I(_etter sblnd|cates the line pyramidal faces {102}, b) with both sets of pyramidal faces
ot longitudinal section shown in Figure 3b. {1011} and {1012}. The letter "s” indicates the line of

longitudinal section.

Figure 5. The exemplary star-like GaN single crystal habit [2].

Figure 3b. The longitudinal section of GaN single crystal habit
shown in Figure 3a, with pyramidal faces {101 mg, mg,

denote growth bands.
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