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N anocr ysta ll i ne pow ders of GaN w it h grain sizes ranging from 2 to

30 nm w ere examined under high external pressures by i n si t u di˜ractio n
techni ques in a diamond anvil cell at D E SY ( H ASY LA B , Station F3) . T he
experiments on densiÙcatio n of pure pow ders under high pressure w ere per-
formed w ithout a pressure medium. The mechanism of generation and re-

laxation of internal strains and their distributi on in nanoparticl es w as de-
duced from the Bragg reÛections recorded in sit u under high pressures at
ro om temp erature. T he microstrain was calculated from the full- w idth at

half -maximum (F WH M) values of the Bragg lines. I t w as found that micro-
strains in GaN crystalli tes are generated and subsequently relaxed by tw o
mechanisms : generation of stac king faults and change of the size and shap e
of the grains occurring under external stress.
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1. I n t rod uct io n

In a polycrysta l l ine powder densiÙed wi tho ut a pressure m edium (i .e. under
so-cal led isostati c pressure condi ti ons) strong m icro stra ins m ay exi st at the con-
ta cts between indi vi dual gra ins. In a porous materi al the appl ied externa l load
is tra nsferred onl y thro ugh relati vel y small conta ct areas between the adjacent
gra ins. As a consequence high local stresses develop in the materi al . W i th an in-
crease in the externa l pressure the increase in the local stra ins may be expected to
di mini sh due to the increa se in the to ta l conta ct area (necki ng) between the par-
ti cles. Thi s m ay be accom pani ed by changes in the grain shapes and sizes leading
to generati on of di slocati ons where the local stra ins are di stri buted more evenl y
tha n tho se at the conta ct areas.

The generati on and/ or m ovement of di slocati ons m ay lead to local changes
of relati ve positi ons of the ato m ic planes. In close packed structures thi s may lead
to a creati on of stacking faul ts. In the case of the wurtzi te structure the form ati on
of stacking faul ts is equivalent to the creati on of a cubi c-like stacki ng of layers
in the parent sequence of hexagonal layers. Since the stra ins are relaxed thro ugh
generati on of stacking f aul ts, the num ber of faul ts shoul d be proporti onal to the
appl ied externa l stress. Ho wever, due to i ts size, a sing lenanocrysta l l ite can accom -
m odate only a l imi ted numb er of dislocati ons and, thus, only a l imi ted numb er of
stacki ng faul ts can form in the nanoparti cle. W i th a further increase in the exter-
na l stress the relaxa ti on of the stra ins could occur thro ugh other m echanisms, e.g.
by changing the shape or breaki ng the indi vi dual gra ins into smal ler crysta l l i tes,
whi ch leads to a m ore compact packing of the parti cles.

Thi s wo rk is dedicated to the analysis of the mechani sm of relaxati on of
stra ins in GaN nanocrysta ls subj ected to high externa l stresses. Under norm al con-
di ti ons the stable crysta l lographic phase of bul k GaN is the hexagonal -wurtzi te
latti ce (2H polytyp e) and m icrometer size gra ins of GaN always show a per-
fect wurtzi te structure. GaN gra ins of the size less tha n 20{ 30 nm always con-
ta in stacki ng faul ts: the structure of such grains is a combina ti on of hexagonal -
and cubi c-typ e layers. The density of stacki ng faul ts in the smal lest GaN gra ins
(2{ 4 nm ) is very hi gh and the di ˜ra cti on patterns of such m ateri als resemble tho se
of the cubi c-sphaleri te pha se (3C polytyp e). The appearance of the cubi c-l ike
structure of GaN is appa rentl y the resul t of a generati on of stacki ng faul ts in
the ori ginal wurtzi te latti ce. In thi s work, based on the di ˜ra cti on data col lected
i n si t u duri ng densiÙcati on of 30 nm nanocrysta l line GaN powder under pressures
up to 40 GPa, we discuss the m echanism of generati on and subsequent relaxa ti on
of stra ins form ed in the crysta l l i tes. Our analysis is based on a com pari son of
the exp erimenta l di ˜ra cti on patterns and the intensi ty proÙles calcul ated theo ret-
ically for models of nanocrysta l l ine GaN wi th di ˜erent structure disorderi ng and
crysta l l i te shapes.
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2. E x p er im ent al pr oced ur es an d d at a eval uat ion

The nanocrysta l line GaN powders were synthesi zed by pyro l isis of the gal -
l ium am ide precurso r [1]. The densiÙcati on of the powders wi th a gra in size of
30 nm and smal ler wa s inv estigated using the diam ond anvi l cell (D AC) wi th pres-
sures up to 40 GPa. The experim ents were perform ed wi tho ut a pressure m edium ,
i .e. under so-cal led isostati c pressure condi ti ons. The di ˜ra cti on data were col-
lected in the energy dispersive geom etry using gold as the pressure mark er. Our
typi cal di ˜ra cti on patterns are shown in Fi g. 1.

Fig. 1. Exp erimental di˜racti on patterns of 30 nm diameter GaN crystalli tes obtained

under di˜erent external pressures.

El aborati on of the di ˜ra cti on data of GaN nanocrysta ls was based on tra cing
the changes in the wi dth of the indi vi dual Bra gg reÛections wi th a change in the
externa l pressure. The exp erimenta l di ˜ra cti on patterns were interpreted by com -
pari ng them wi th tho se calcula ted theo reti cal ly for gra ins wi th di ˜erent shapes
and sizes based on the D ebye functi ons [2]. W e assumed tha t broadening of the
Bra gg reÛections of a GaN polycrysta l exp osed to an externa l pressure may ori gi -
nate from : (i ) a presence of m icrostra ins, (i i ) changes of gra in size and shape, and,
(i i i ) generati on of a one-dim ensional disorder. The ori gin of macro stra ins generated
in SiC and GaN nanocrysta ls was discussed recentl y in R efs. [3{ 5].

3 . R esul t s an d d iscu ssio n

Fi gure 2 shows a broadening of the Bra gg l ines determ ined exp erim ental ly
for 30 nm nanocrysta l l ine GaN as a functi on of pressure for three reÛections:
002, 100, and 101. W i th an increase in pressure, af ter the ini ti al increase the
bro adening tends to level o˜ at the pressure about 10 Gpa (Fi g. 2). Appa rentl y
at the beginning of densiÙcati on the reÛection broadening is due to local stra ins
at the conta cts between the crysta l li tes. As the densiÙcati on process progresses,
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Fig. 2. C hange of the broadening of indivi du al Bragg reÛections w ith isostatic pressure

for 30 nm GaN nano crystal s. Squares | experimental results, solid lines | estimated

dep endence of broadening on pressure due to microstrains .

Fig. 3. T heoretically predicted dependence of the broadenin g of the Bragg reÛections

on the content of cubic phase in 12 nm GaN nano crystal s.

Fig. 4. T heoretically predicted dependence of the broadenin g of the Bragg reÛections

on the degree of one-dimensi onal disorderi ng (randomly distribu ted single cubic layers

in 2H matrix structure) in 12 nm GaN nano crystal s.
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the num ber of local conta cts between the crysta l l i tes increases, the area of the
conta cts increases, and in well -densiÙed materi al a further increase in the appl ied
pressure m ay be expected not to lead to a f urther increase in microstra ins at the
conta ct points between the crysta l l i tes. The bro ken l ine in Fi g. 2 is an appro xi mate
dependence of the bro adening due to m icro stra ins (e˜ect (i ), c.f . Sec. 2) wi th an
increase in the appl ied pressure. Af ter the ini ti al leveling o˜, the to ta l broadening
of the Bra gg l ines signi Ùcantl y increaseswi th an increase in pressure. The di ˜erence
between the exp erimenta l ly m easured to ta l broadening of the indi vi dual reÛections
and tha t ori ginati ng from micro stra ins (sol id and broken l ines, respectively, in
Fi g. 2) can be interpreted as the result of a presence (i ncrease) of one-di mensional
di sorderi ng and/ or changes of the grains shape and di mension.

The e˜ect of the crysta l lographi c defects (stacki ng faul ts) and the grain
size and shape on the di ˜ra cti on pattern wa s determ ined by num erical simul a-
ti ons [6, 7]. Bro adening of the Bra gg l ines by a presence of stacki ng faul ts in the
wurtzi te m atri x is shown in Fi gs. 3 and 4. As can be seen, no disti nct di ˜erence
in broadening between grains wi th di ˜erent di stri buti on of stacking f aul ts is ob-
served. The e˜ects of the grain size and shape are shown in Fi gs. 5 and 6. A disti nct

Fig. 5. The calcula ted e˜ect of the change of platelet- shaped GaN nano crystall i tes on

broadenin g of indiv id ual Bragg reÛections, a = 3 00 ¡A .

Fig. 6. The calculate d e˜ect of the change of needle- shap e of GaN nano crystall i tes on

broadenin g of indiv id ual Bragg reÛections, c = 300 ¡A .
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di ˜erence between platel et- and needle-shaped gra ins exists: in the Ùrst case no
e˜ect of the size on bro adening for 100 reÛection, in the second for 002 reÛection
exi sts. The rel ati ve changes in broadening of the three Bra gg reÛections, 002, 100,
and 101, tha t result f rom a presence of stacking f aul ts are very di stincti vely di ˜er-
ent from tho se caused by a change of the shape of the crysta ll i tes. Tha t al lows to
di stinguish between the three potenti al sources of broadening of the Bragg reÛec-
ti on. The compari son of the experim ental ly determ ined changes of the reÛections
bro adening (Fi g. 2) wi th tho se calcul ated theo reti cal ly (Fi gs. 3{ 6) leads to the fol -
lowi ng concl usions concerni ng the m echanism of densiÙcati on of GaN nanocrysta ls
under high externa l stress:

1. For pressures up to 15 GPa the local stresses lead to generati on of a one-
-dim ensional di sorderi ng in the ori ginal wurtzi te structure of GaN: after pres-
suri zati on the ini ti al ly hexagonal latti ce conta ins about 35% of cubi c-typ e
layers (co mpare Fi gs. 2, 3, and 4).

2. Ab ove 15 GPa no m ore stacking faul ts (cubi c-layer stacki ngs) are generated.
Instea d, the GaN grains spli t into smal ler crysta l l i tes: the indi vi dual gra ins
cleave along the hexagonal lay er planes (thi s is reÛected by an increased
bro adening of the 002 reÛection, c.f. Fi gs. 2 and 5) and along the pl anes
para l lel to the hexagonal c axi s (com pare Fi gs. 2 and 6).

As can be concl uded from the above, relaxati on of stra in in GaN crysta l l i tes
occurs thro ugh generati on of stacking disorder for pressures up to 15 GPa, and
thro ugh spli tti ng the indi vi dual crysta l li tes into smal ler ones above 15 GPa. Gen-
erati on of one-dim ensional di sorder appa rentl y occurs thro ugh dislocati ons tha t
operate along the layer pl anes. Thi s m echani sm proceeds unti l the density of di s-
locati ons (stacki ng faul ts) reaches a cri ti cal value: the average density of the cubi c
layers in \ ful ly disordered " crysta l l ites is about 35%. Tha t m eans tha t duri ng den-
siÙcati on under the pressure of 15 GPa one thi rd of the hexagonal lay er conv erts
into cubi c ones. At hi gher pressures the accum ulated local stra ins can be relaxed
onl y thro ugh form ati on of a more compact packing of the indi vi dua l gra ins whi ch
occurs by breaki ng the gra ins into smal ler crysta l l i tes.

Based on our theo reti cal calcul ati ons of bro adening of the Bra gg l ines for
di ˜erent stacki ng f aul t contents and the gra in size and shape we concl ude tha t
after densiÙcati on under 30 GPa the starti ng GaN powder of 30 nm grain size
conta ins 35% of cubi c layers and the ini ti al ly spheri cal ly shaped gra ins spl i t into
ani sotro pi c, pl ate-l ike crysta l l ites. The Ùnal shape of the crysta l l i tes is 10 nm in the
di recti on perpendicul ar to the hexagonal [001] axi s and 7 nm along the axi s. Based
on thi s concl usion we bui l t a m odel of pl ate-l ike shaped GaN nanocrysta l wi th
35% of cubi c-typ e layers and then predi cted theo reti cal ly the di ˜ra cti on pattern
of such crysta l l i tes. A good m atch of the theo reti cal and exp erimenta l (obta ined
after densiÙcati on of 30 nm GaN powder) results wa s obta ined (Fi g. 7).

The pressure- induced broadeni ng of the Bragg reÛections determ ined for
GaN wi th grains 2 to 30 nm in diam eter is shown in Fi g. 8. As can be seen,
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Fig. 7. Di˜raction patterns of disordered GaN nano crystals. U pp er curve: experimental

pattern of 30 nm GaN powder obtained at p = 0 after densiÙcati on under 30 GPa

pressure. Low er curve: theoretical curve obtained for platelet- li ke grains of 10 nm in

lateral dimension and 7 nm thick (in [00.1] direction) and containing 35% of cubic

layers.

Fig. 8. Dep endence of the broadening of the Bragg reÛections (111 for cubic, 002 for

hexagonal structure) on pressure for di˜erent size grains. Symb ols and solid lines |

experimental results, broken lines | estimated (extrap olated) dep endence of broadenin g

due to microstrains.

before densiÙcati on the to ta l broadeni ng of the Bra gg reÛections is larger for
smal ler gra ins. Up on com pression under externa l pressure, the bro adening changes
(i ncreases) m ore for larger gra ins tha n for the smal ler ones. Thi s is consistent wi th
the fact tha t, in the starti ng m ateri als, the concentra ti on of stacking faul ts is
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hi gher in smal ler gra ins. Based on the com parison of the experim enta l data wi th
our num erical sim ulati ons of the di ˜ra cti on patterns we conclude tha t the smal l -
est gra ins (2{ 3 nm ) conta in about 35% of the cubi c layers (sta cking faul ts). The
concentra ti on of the faul ts decreases wi th an increase in the gra in size and pure
hexagonal phase exists in gra ins of 30 nm in size or larger. As a consequence, the
num ber of stacking faul ts tha t can be form ed depends on the size of the gra in. For
the smallest crysta l l i tes the bro adening of the Bra gg reÛections does not change
under pressure at al l (Fi g. 8).

4 . Su m m ar y an d co ncl u sions

Under high isostati c pressure generati on and rel axati on of stra ins occurs in
nanocrysta l l ine GaN powders. At lower pressures (up to 15 GPa) the stra ins are
relaxed thro ugh generati on of stacking faul ts (cubi c-typ e layers in the hexa gonal
m atri x). The m axi mum concentra ti on of the faul ts tha t can be form ed in the gra ins
is about 35%. At hi gher pressures no more stacking f aul ts can be generated and
the stra in relaxati on occurs thro ugh spli tti ng the crysta l li tes along the hexa gonal
layer pl anes into smal ler parti cles, whi ch increa ses the to ta l area of the conta ct
between the gra ins and reduces the interna l stress in the structure.
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