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D ue t o high b onding energy of N 2 molecule, the I I I { V semiconductin g

nitrides, especiall y GaN and InN require high N 2 pressure to be stable at high
temp eratures necessary for gro w th of high quali ty single crystals . Physical
prop erties of GaN {Ga (l ){N 2 system are discussed in the pap er. On the basis

of the exp erimental equilib riu m p À T À x data and the quantum -mechanical
mo deling of interaction of N 2 molecule with liqui d Ga surf ace, the condition s
for crystalli zati on of GaN were establishe d. The crystals obtained under high

pressure are of the b est structural quality , having dislo cati on density as low
as 10{100 cmÀ 2 which is several orders of magnitude b etter than in any
other crystals of GaN . The metho d allow s to grow both n -typ e substrate
crystals for opto electron ics and highly resistive crystals for electronic ap-

plicati ons. The physical prop erties of the pressure grow n GaN measured to
characterize both point defects and extended defects in the crystal lattice
are discussed in the pap er. A special attention is paid to the applic atio n

of high pressure to reveal the nature of the point defects in the crystals
and electric Ùelds in GaN -based quantum structures. Due to their very high
structural quality , the pressure grow n crystals are excellen t substrates for
epitaxial grow th of quantum structures. I t opens new possibi li ti es for opto-

electronic devices, especial ly short w avelength high power lasers and e£cient
U V light emitting dio des. T his is due to the strong reduction in dislo catio n
densities in relation to existing structures ( 10 6

À 10 8 cm À 2 ) w hich are grow n

on strongly mismatched sapphire and SiC substrates. The experimental re-
sults on the epitaxia l grow th and physical prop erties of GaN -based device
structures supp orting above conclusi ons are discussed in the pap er. The cur-
rent development of blue laser technology in H igh Pressure Research C enter

is shortly review ed.

PACS numb ers: 81.10. {h, 78.66.Fd, 73.61.Ey , 82.60.Lf , 78.55.C r

(57)
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1. I n t rod uct io n

GaN and i ts al loys wi th Al and In becam e recentl y the basic m ateri als for
short- wavel ength opto electroni cs. It was m ainly due to thei r di rect energy gaps
coveri ng the who le vi sible spectrum and the large part o f the UV range (6.2, 3.4,
and 1.9 eV for Al N, GaN, and InN, respectively). These materi als besides of being
a pri m e object of interest of devi ce engineers are also exci ti ng subj ect of research
for a physi cist. Thi s is because of thei r outsta ndi ng positi on in I I I { V fam i ly of
semiconducto rs. GaN, InN, and Al N unl ike other I I I{ V materi als are hard, very
ioni c semiconducto rs of high chemical and therm al stabi l i ty . From the point of
vi ew of ionicity they rather resembl e I I{ VI compound l ike ZnS, from the point of
vi ew of thei r hardness and chemical inertness they rather app ear to be simi lar to
di amond or boron ni tri de.

Al tho ugh GaN wa s Ùrst synthesi zed long ti me ago (in earl y thi rti es) the de-
vel opm ent of thi s group of semiconducto rs wa s hampered by extrem e di £ cul ti es
of growi ng them in single crysta ll ine form . Thi s latter fact span from the ther-
m odyna mic properti es of e.g. GaN whi ch has a m elti ng tem perature very high |
2 5 0 0 £ C | whi ch is accom pani ed by high equi l ibri um ni tro gen pressure close to
45000 bar. Between roughl y 1965{ 1975 Jacques Pank ove and hi s students did a
pi oneering work in growi ng and characteri zing gal l ium ni tri de. Pank ove hi mself,
wa s even at thi s ti me, awa re of im porta nce of thi s m ateri al in yet to exi st new
bra nch of electronics | opto electro nics. In the middl e of seventi esPanko ve had to
give up ni tri de research, faci ng probl ems to o di £ cul t f or the technology of these
ti m es.

The com eback of ni tri des occurred in 1989 tha nks to Japanese scienti sts
Am ano, Ak asaki , and Na kamura who overcam ethe probl ems of growth and p - typ e
doping. They used m odern metal -organic chemical vapor depositi on (M OCV D )
techni que to grow ni tri de (G aN, InG aN) lay ers on sapphi re substra tes. They
used also a post growth acti v ati on pro cess to get a p - typ e m ateri al . From thi s
ti m e on the developm ent of thi s m ateri als is biased by the industri al demand for
short- wavel ength l ight emi tti ng diodes and lasers.

At present, hi gh bri ghtness blue and green l ight emi tti ng di odes (L ED s) and
low power bl ue laser diodes (LD s) are com merci ally avai lable [1]. On the other
hand, however, the developm ent of GaN- based techno logy was and sti l l is, strongly
l im ited by di£ cul ti es in obta ining large, hi gh qual i ty GaN crysta ls whi ch could
be used as substra tes f or epi ta xi al depositi on of m ul til ayer quantum structures
necessary for devi ces. Thi s is a di rect consequence of therm odyna m ic pro perti es
of GaN [2] (and also Al N [3]), in parti cular, i ts m elti ng condi ti ons whi ch are so
extrem e tha t the appl icati on of the com mon growth m etho ds from sto ichiom etri c
l iqui ds is techni cal ly impossible. The only m etho d of growi ng bul k crysta ls of
ni tri des successful so far is the growth of GaN under hi gh pressure of ni tro gen. Hi gh
Pressure R esearch Center Uni press has been leading the research on bul k gal lium
ni tri de growth for alm ost twen ty years. In thi s paper we wo uld l ike to give a reader
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a summ ary of m ul ti directi onal acti vi ty of Hi gh Pressure Research Center (HPR C)
in the Ùeld of ni tri de science. In parti cul ar, we wi l l address the pro blem of bul k
GaN crysta l growth and thei r use as substra tes for MOCVD epita xi a l depositi on.
In para l lel we would like to draw the reader 's attenti on to use of high-pressure
techni ques in the studi es of physi cal properti es of these m ateri als. W e hope to
dem onstra te tha t frequentl y high-pressure techni ques are real ly enabl ing to ols in
solvi ng very fundam enta l pro blems related to physi cs of these materi als.

2 . Hi gh pr essur e cr ys t a l l izat io n of G aN

2.1. T hermodynami c propert ies of GaN {Ga{N 2 system

In T able the mel ti ng tem peratures and pressures of m ost typi cal semiconduc-
to r m ateri als are com pared. The m elti ng tem perature T M , and the corresp ondi ng
equi l ibri um pressure at m elti ng, of GaN, Al N, and InN has not been m easured.
The quoted m elti ng tem peratures has been calcul ated by the use of Van Vechten' s
quantum dielectri c theory of chemical bondi ng [4]. The corresp ondi ng pressure
fol lows f rom the extra polati on of the experim enta l equi l ibri um data [5, 6]. Tabl e
shows tha t both tem perature and pressure at m elti ng of GaN are much higher
tha n tha t for typi cal semiconducto rs. They are rather sim i lar to the condi ti ons
used for hi gh-pressure synthesi s of diam ond.

T ABLE
Melting conditi ons of semicon-
ductors.

Crystal T
M

[
£ C ] p

M [atm]

Si 1400 < 1

GaA s 1250 15

GaP 1465 30

A lN 3200 200

G aN 2500 45000

InN 1900 > 60 000

diamond

(synthesis) 1600 60000

D ue to these extrem e mel ti ng condi ti ons, GaN (l ike Al N [3] and InN [7])
cannot be grown from i ts sto ichi ometri c melt by the Czochra lski or Bri dgman
m etho ds com m only used for typi cal semiconducto rs. It has to be crysta l l ized by
m etho ds al lowing to grow the bul k crysta ls usi ng lower temperatures and pressures.

Gal l ium ni tri de is stro ngly bonded com pound (wi th bondi ng energy of
9.12 eV/ ato m pai r [8]) in com pari son wi th typi cal I I I{ V semiconducto rs l ike GaAs
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(b ondi ng energy of 6.5 eV/ ato m pai r). Co nsequentl y, the free energy of the crys-
ta l is very low in relati on to the reference state of f ree N and Ga ato m s. On the
other hand, the N2 m olecule is also strongly bonded (4.9 eV/ ato m ). Theref ore,
the free energy of GaN consti tuents at thei r norm al states, Ga and N 2 , becomes
qui te close to tha t of the crysta l . It is i l lustra ted in Fi g. 1 where the f ree energy of
GaN (1 mole) and the free energy of the system of its consti tuents (Ga+(1 / 2)N 2 )
is shown as a functi on of tem perature and N2 pressure.

Fig. 1. Gibbs free energy of GaN and its constituents.

W ith increasing tem perature, Gibbs com posite free energy of the consti tuents
G ( T ) decreases faster tha n G ( T ) of the crysta l and at higher tem peratures, the
ni tri de becom es therm odyna m icall y unstabl e. The crossing of G ( T ) curves deter-
m ines the equi libri um tem perature where GaN coexists wi th i ts consti tuents at
given N2 pressure. The appl icati on of pressure increases the free energy of the
consti tuents in much higher degree tha n G (T ) of the crysta l . As a consequence,
the equi l ibri um point shif ts to higher tem peratures and GaN stabi l i ty range ex-
tends. The equi l ibri um p N 2

À T condi ti ons for GaN have been studi ed by several
groups [7, 9, 10]. The most com plete and consistent results have been obta ined
by Ka rpi nski et al . [5, 6] by di rect synthesi s and decompositi on exp eriments per-
form ed by both gas pressure techni que (f or pressures up to 20 kba r) and high
pressure anvi l techni que (up to 70 kbar). The curve fol lowing from these data is
shown in Fi g. 2. Crysta l l izati on pro cessesdi scussed in thi s paper have been car-
ri ed out at N 2 pressure up to 20 kbar whi ch corresponds to GaN stabi l i ty l im it
of 1960 K. These condi ti ons are mark ed in Fi g. 2. As i t was shown in Ref. [6] for
pressures up to 20 kba r, the equi l ibri um curve can be described by the Van' t Ho˜
equati on
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Fig. 2. Equili bri um curve for GaN [5, 6].

Fig. 3. Liquidu s line for Ga{GaN system: the solid line w as calculated in the ideal

solution approximation.

Â H F =
1

2
R

d ln aN 2

d( 1=T )
; (1)

where Â H F is the form ati on entha lpy of GaN, a N 2 is the equi l ibri um acti vi ty of
N 2 gas, wi th Â H F constant and equal to { 37.7 kcal / mole. The extensi on of GaN
stabi l i ty range by the appl icati on of pressure al lows to grow GaN crysta ls from the
soluti on in the l iquid Ga. In Fi g. 3 we have shown the experim enta l N solubi l i ty
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data [8] resulti ng from the anneal ing of Ga in N2 atm osphere at the three phase
equi l ibri um condi ti ons. Even the highest exp erimenta l ly accessible tem perature
1960 K is qui te far from the m elti ng tem perature of GaN (T able). Theref ore the
N concentra ti ons are not hi gh (below 1 at. %) and the growth exp eriments have to
be long to get high qual i ty crysta ls wi th dim ensions appro pri ate for research and
appl icati ons. Theref ore, the long ti me (> 1 0 0 h) of stable work is an addi ti onal
requi rem ent for the growth system .

The solid l ine in Fi g. 3 is the l iqui dus line for Ga{ GaN system calcul ated in
ideal soluti on appro xi matio n wi th Van Vechten' s m elti ng tem perature of 2790 K [4].
For thi s appro xi mati on the solubi l i ty can be expressed as fol lows:

n = n 0 exp
Â H sol

k T
; (2)

where Â H sol i s the heat of dissoluti on. For GaN, Â H sol = 44:7 kcal=m ole =

0:49 eV=bond and expresses the bonding energy in the crysta l in relati on to i ts
m other phase | the soluti on [8].

The analysis of therm odyna mic properti es of the system of GaN and i ts con-
sti tuents expl ains the role of high pressure as a factor increasing therm odyna m ic
potenti al of the consti tuents whi ch m akes the crysta l stable at tem peratures nec-
essary for crysta l l izati on. The pressure however is im porta nt also for ki neti cs of
GaN synthesi s. It is analyzed in the next section.

2.2. Di ssoluti on kinet ics and cryst al growt h mechani sm

The nature of GaN{ Ga(l ){ N2 system plays importa nt ro le not onl y in the
therm odyna m icsof thi s system . The ki neti c properti es are also m uch di ˜erent f rom
other I I I{ V system s whi ch entai ls the use of speciÙc exp erimenta l crysta l growth
techni ques. Thi s also a˜ects the m odels used in the descripti on of the m icroscopic
pro perti es of the system and simul ati on procedures.

Al tho ugh the physi cal properti es of these three phases are compl etely di f-
ferent, ranging from the gas (N 2 ) to m etal l ic l iquid (Ga) and semiconducto r solid
(G aN), they have som e com mon features. The m ost importa nt is the fact tha t
the ato ms in al l three phases are very stro ngly bound. Mo lecular ni tro gen is the
stro ngest bonded di ato mic molecule in the nature, the di ssociati on energy of N2

m olecule is 9.76 eV [8]. Gal l ium l iqui d is characteri zed by high entha lpy of evapo-
rati on 271 kJ/ m ole(2.81 eV/ ato m ) whi ch is reÛected by the cri ti cal tem perature,
cl ose to 4000 K [11, 12]. Sim ilarly , sol id GaN is stro ngly bound, wi th the energy
9.12 eV/ ato m pai r, whi ch leads to high melti ng tem perature, tha t accordi ng to
Van Vechten estim ate is cl ose to 2790 K [4].

GaN synthesi s from i ts consti tuents proceeds vi a di ssoluti on of ni tro gen in
l iqui d gal l ium , tra nsport of ni tro gen to the cold part of the l iqui d and the growth
from the soluti on. These stages include dissociati on of N 2 m olecule whi ch is en-
ergeti cal ly costly pro cess. It is theref ore exp ected tha t the dissociati on pro cess
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inv olves signi Ùcant change of the bindi ng energy of the molecule, highl y exceeding
the typi cal therm al m oti on energies, whi ch are of order of 0.15 eV.

It is likel y tha t the dissociati on occurs duri ng the adsorpti on of the N2

m olecules on l iquid Ga surface. Thi s possibi l i ty was inv estigated solvi ng quantum
m echani cal m any-b ody problem using density functi onal m etho d (D FT) form u-
lati on [13]. Since therm al m oti on of the Ga ato m s pl ays m inor ro le, the Born{
Opp enheimer appro xi mati on can be used. An inÙnite Ga surface can be simulated
by Ùnite cluster of Ga ato m s [14, 15].

Fig. 4. (a) Excess energy of the system in function of the distance betw een the N 2

molecule and metal cluster: squares | A l, triangles | Ga, circles | I n. (b) N {N distance

in function of the distance betw een the N 2 molecule and Ga cluster.

The two di ˜erent orienta ti ons of N 2 molecul e: para llel and perpendi cular to
the surface were used in the calcul ati ons [14]. The obta ined results incl ude the
electron charge di stri buti on, the positi on of the ato ms, and the to ta l energ ies of
the system. In Fi g. 4a we present the change of the to ta l energy of the system as
a f uncti on of the distance between Ga surface and N2 m olecule. In these data the
para l lel ori entati on of the m olecule to the surf ace has been used.

The intera cti on is negl igibl e for di stances hi gher tha n 4 ¡A for whi ch the ex-
cess energy zero level is adopted. For closer di stances the energy increases sharpl y
to reach 4.8 eV for d = 1 :6 ¡A and then sharpl y decreases. As shown in Fi g. 4b,
the excessenergy increase occurs when the N{ N distance is only slightl y increased
wherea s the decrease occurs after the N{ N di stance increased suddenl y to m ore
tha n 3.2 ¡A. Thi s dra mati c change indi cates tha t at the di stance 1.6 ¡A, the di sso-
ci ati on of N 2 molecule ta kes place.

The dissociati on of N2 molecule is conÙrmed by the plot of the electro nic
charge di stri buti on in Fi g. 5. The constant charge surface was pl otted for the
three selected Ga{ N 2 distances: 4.0 ¡A, 1.6 ¡A, and 1.0 ¡A. For the Ùrst two cases
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Fig. 5. Electron constant density surf ace for N 2 , parallel to 19 atoms Ga cluster for

three selected N {Ga distances: h = 2: 6 ¡A , h = 1 : 6 ¡A , and h = 1 : 0 ¡A .

the electroni c charge is concentra ted in the region between N ato ms, for the last
case the charge is shif ted to the region between Ga and N ato m s, conÙrm ing
di ssociati on of N 2 m olecul e and creati on of chemical bond between two N ato ms
and Ga surface ato m s.

The sam e behavi or is observed f or other group- I I I metals: Al and In. The
energy barri ers are: 3.2 eV for Al and 5.8 eV for In, whi ch are m uch lower tha n
N 2 dissociati on energy, indi cati ng on strong cata lyti c inÛuence of group- I I I m etal
surf ace.

The calcul ati on of the intera cti on of N2 molecule, ori ented perpendi cular to
Ga surface also conÙrm ed the di ssociati on of the molecule. General ly, the energy
barri ers are m uch lower for thi s ori enta ti on: 3.0 eV for Al , 3.4 eV for Ga and
3.6 eV for In. Since the intera to mic distances are much larger for In cl uster, one
can exp ect tha t the energy barri er for Al and Ga are relati vely overesti m ated due
to larger sti ˜ness of these two clusters.

Using these energy barri ers, the ni tro gen dissociati on rate on the m etal sur-
faces wa s calcul ated. In these calcul ati ons the vi brati onal energy wa s accounted
for. Since the energy barri er is m uch hi gher f or the para llel tha n for perpendi cular
N 2 ori enta ti on, the rota ti onal energy wa s neglected. The im pingement rate was
obta ined from ideal gas appro xi mati on. The reacti on rate was determ ined as the
fracti on of the molecule whi ch can penetra te over the energy barri er determ ined
from the quantum -mechanica l (QM) calcul ati ons. The tem perature dependence of
the ni tro gen di ssociati on reacti on rate for Ga, Al , and surf aces, for the gas pressure
20 kba r is presented in Fi g. 6.

The ni tro gen dissolved in the hot end Ga surface is tra nsported into the cold
part of the l iqui d by conv ection and di ˜usi on. There the GaN growth pro ceeds
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Fig. 6. Average disso ciation rate of N 2 on liqui d group- I I I metal surf ace calcula ted

using ideal gas approximation ; A l | dashed line, Ga | dotted line, I n | solid line.

vi a three main stages. The ini ti al stage is hetero geneous nucl eati on of GaN on Ga
surf ace. D uri ng second stage the growth of num erous GaN crysta ls and separati on
of the dom inant growth centers occurs. And Ùnal stage is the growth of small
num ber of sing le crysta ls in the supersatura ted soluti on of N in l iquid Ga. The
last stage determ ines the resul ts of the crysta l l izati on pro cess.

D ue to high bondi ng energy and crysta l lographi c structure of m ain surfaces,
growth of GaN crysta ls is strongly ani sotro pi c. Thi s is reÛected in the shape of
GaN crysta ls whi ch is hexa gonal pl atel et. From tha t observati on f ollows tha t the
growth rates are the fastest for f 1 0 1 1 g and f 1 0 1 1 g , slower for f 1 0 1 0 g and the
slowest for f 0 0 0 1 g and f 0 0 0 1 g surfaces. The Ûat faces of GaN crysta ls indi cate
tha t they grow by layer m echanism. D epending on the structure of the crysta ls
and therm odyna m ic condi ti ons at the interf ace several growth regim es can be
di stinguished.

One of the m ost e£ cient growth centers are screw di slocati ons. Since in
GaN wurtzi te structure screw dislocati ons have much higher energies tha n edge
di slocati on, thei r f racti on in to ta l dislocati on density is smal l. In case of the growth
of good qual i ty GaN crysta ls, the role of screw di slocati on is negligibl e.

In absence of the screw di slocati on the morpho logical pro perti es of GaN
growth m ode result f rom the competi ti on between the nucl eati on and com pleti on
of new layers. These two pro cesseshave di ˜erent size dependence. At stable ther-
m odyna mic condi ti ons at the surf ace the nucl eati on rate is pro porti onal to the
surf ace whereas the compl eti on rate is inversely proporti onal to the dominant l in-
ear size of the surf ace. In most cases i t is proporti onal to the inverse of the square
root of the surf ace. Hence one can exp ect tha t for som e cases the tra nsiti on f rom
the nucl eati on to com pleti on contro l led growth occurs.

Growth contro l led by 2D nucl eati on is morpho logical ly stabl e. In m ost cases
the surfaces (10{ 10) and (000{ 1) are ato m ically Ûat wi th several steps. The growth
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ra te can be assessedusing the Becker{ Dori ng nucl eati on law. The rate is strongly
dependent on supersatura ti on at the surf ace. Assum ing tha t the edge energy is due
to 2 broken bonds per ato m site and using di ssoluti on energy as the broken bond
energy di ˜erence, the rate can be expressed as a functi on of the supersatura ti on [8].
For experim enta l growth rates, these calcul ati ons give 48% supersatura ti on at the
growth zone, whi ch is in good agreement wi th the estim ati on obta ined from the
tem perature di ˜erence in the cruci ble and the x À T phase diagram [8].

For other GaN faces the surf acesare not so Ûat. Thi s is typi cal of the growth
contro l led by step Ûow where nucl eati on rate is so fast tha t al lows to obta in nu-
m erous 2D nucl ei at various parts of the surface before the layer is com pleted.
Thi s can be caused ei ther by the step pi nning due to the ki nk poisoning by the
im puri ti es or by extrem ely fast nucl eati on resulti ng f rom relati vel y hi gh supersat-
ura ti on. Al so the presence of screw dislocati on growth centers can cause sim i lar
e˜ect. As a resul t, growth is m uch faster in som e part of the surface leading to the
creati on of hi l l and val ley m orpho logy and the tra nsi ti on to the morpho logical ly
unsta ble form s. Thi s typ e of the growth is observed som eti mes in the growth on
f 0 0 0 1 g surfaces.

2.3. What happens wi t h GaN at high t emperature i f t he pressure is t oo low?

Both the increase in therm odyna m ic potenti al of gaseous ni tro gen and the
enhancement of the creati on of the ato mic ni tro gen at the Ga surface can be
achi eved by other (not com pression) m ethods l ike the exci tement of N 2 pl asma or
the use of species conta ining ni tro gen ato ms bonded weaker tha n in N 2 m olecule.
It was dem onstra ted [8] tha t in m icrowave ni tro gen plasma of 60 T orr and tem per-
ature as low as 1 1 0 0 £ C, a very e£ ci ent GaN (and even InN !) synthesi s is possibl e.
The exci ted N2 gas wa s very e£ cient source to satura te a Ga droplet wi th ato m ic
ni tro gen and to form GaN crust on the dropl et surface. Ho wever, since the pres-
sure in the system was m uch lower tha n the equi l ibri um one (about 100 bar for
1 1 0 0 £ C), the N2 gas phase started to nucl eate and grow in the l iquid. Thi s re-
sul ted in the form ati on of the structure shown in Fi g. 7 whi ch was the empty \ Ga
dro plet" covered wi th i rregular polycrysta l line GaN.

The f orm ati on of the N2 bubbl es in the supersatura te d Ga:N l iqui d wa s also
observed i f the pressure in the system conta ini ng GaN crysta ls dipped in the Ga:N
soluti on wa s intentio nal ly decreased below the equi l ibri um value. Then the N2

bubbl es nucl eated on the surface of the crysta ls and the crysta ls being local ly in
conta ct wi th the gas started to decom pose tryi ng to restore the equi libri um . D uri ng
cool ing of the system , the interf ace between the gas bubbl es and the surro undi ng
l iqui d covered wi th GaN crysta l lized from the supersatura ted soluti on. Two exam -
pl es of GaN crysta ls wi th local decompositi on features on thei r surf aces are shown
in Fi g. 8 to gether wi th the schemati c i l lustra ti on of the described pro cess.
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Fig. 7. The result of GaN synthesis from the liqui d Ga and N 2 plasma. T he liqui d

has been pushed out from the initial droplet co vered by GaN crust, by the grow ing N 2

bubbles.

Fig. 8. Decomp ositi on of GaN in the supersaturated Ga: N solution if the pressure in

the system drops b elow the equili bri um value. Lo cal decomp osition features supp ortin g

the prop osed mechanism are visibl e on the crystal surf aces. (a) N 2 bubbles start to

nucleate in the liqui d, some of them nucleate on the GaN crystal surf aces, (b) during

cooling the interf aces cover w ith GaN since the solution is supersaturated.
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2. 4. C rystal l izat ion of GaN by high ni trogen pressure solut ion grow th
(H N PSG) method | exper iment al

At present, GaN is crysta l l ized in gas pressure cham bers wi th vo lum e up
to 1500 cm 3 al lowi ng cruci bles wi th the worki ng vo lum e of 50{ 100 cm 3 . The high
pressure{ high tem perature reacto r consi sting of the pressure chamber and the m ul-
ti zone furna ce is equipped wi th addi ti onal system s necessary for: in situ anneal ing
in vacuum , electronic stabi l izati on and programm ing of pressure and tem perature,
cool ing of the pressure chamb er. Pressure in the chamb er is stabi l ized wi th the
preci sion better tha n 10 bar. The tem perature is measured by a set of therm o-
coupl es arra nged along the furna ce and coupl ed wi th the standard input power
contro l electro nic system s based on Euro therm uni ts. Thi s al lows stabi l izati on of
tem perature Ï 0 : 2 deg and program mable changes of tem perature distri buti on in
the crucibl e. The exampl e of high pressure apparatus, constructed in HPR C is
presented in Fi g. 9.

Fig. 9. H igh pressure apparatus, constructed in H PRC for crystalliza tion of GaN . T he

maximum w orking pressure is 15 kbar, the maximum temp erature | 1600 £ C , the in-

ternal diameter | 100 mm.

GaN crysta ls presented in thi s paper were grown from the soluti ons in pure
l iqui d gal l ium and in Ga al loyed wi th 0.2{ 0.5 at. % of Mg or Be at pressures in the
range of 10{ 20 kba r and tem peratures of 1400À 1 6 0 0 £ C. Ma gnesium and beryl l ium
as the m ost e£ cient accepto rs in GaN were added to the growth soluti ons in order
to reduce the concentra ti on of free electrons in the crysta ls by com pensati on of
residual donors.
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The supersatura ti on in the growth soluti on has been created by the ap-
pl icati on of temperature gradi ent of 2 À 2 0 £ C/ cm along the axi s of the cruci ble.
Thi s metho d was chosen since the axi al tem perature gradients in multi zone fur-
naces worki ng at hi gh gas pressure can be contro lled wi th hi gh preci sion and the
m etho d assures a conti nuous Ûow of ni tro gen from the hotter part of the soluti on
to the cooler one. If the crysta l l izati on exp eriments were perform ed wi tho ut an
intenti onal seeding, the crysta ls nucl eated sponta neousl y on the interna l surface
of polycrysta l line GaN crust coveri ng l iqui d Ga at the cooler zone of the soluti on.
Typi cal dura ti on of the pro cesses wa s 120{ 150 hours.

The slow cool ing at isotherm al condi ti ons was not appl ied due to smal l con-
centra ti ons of ni tro gen in the liqui d gall ium (Fi g. 3). The crysta l l izati on at constant
tem perature, at N2 overpressure was not appl ied as wel l, since then the crysta l -
l izati on can occur onl y on the Ga surf ace and stops i f the who le surface covers
wi th GaN.

2. 5. GaN single cr ystals

2.5. 1. C rystals grow n wi t hout int entional seeding

The GaN crysta ls grown by the high ni tro gen pressure soluti on m etho d are
of wurtzi te structure, mainly in the form of hexagonal platel ets. The structure of
GaN crysta l is presented in Fi g. 10. As shown in the Ùgure, the subsequent pl anes

Fig. 10. T he crystallogra phi c structure of GaN crystals. Ga and N atoms are denoted

by black and yellow color.



70 I. Gr zegory et al .

consist of the ato ms of the sam e ki nd. In one of these two pl anes, the ato ms are
bonded to three ato m s. From the upp er side these ato m s are denoted as black, in
the lower by yel low. These pl anes are energeti cal ly stable, theref ore the sides are
denoted as N- side and Ga-side.

The large hexagonal surfaces of bul k GaN crysta ls corresp ond to f 0 0 0 1 g

polar crysta l lographi c pl anes. Conv enti onally, the N- side is denoted as f 0 0 0 À 1 g

and Ga-side as f 0 0 0 1 g surface. The side faces of the crysta ls are m ainly the polar
f 1 0 À 1 1 g and also non-polar f 1 0 À 10 g planes.

The crysta ls in the form of hexagonal platel ets grown slowl y, wi th a rate
below 0.1 m m/ h into 1 0 1 0 di recti ons (p erpendicul ar to the -axi s), are usual ly
sing le crysta ls of perf ect m orpho logy suggesting stabl e layer-by- layer growth. They
are tra nsparent, wi th Ûat m irror- like faces. The habi t of the crysta ls does not
change for soluti ons conta ining Mg or Be. The avera ge size of crysta ls grown
wi tho ut an intenti onal seeding scaleswi th the diam eter of the high pressure reactor
as it is shown in Fi g. 11.

As one can deduce from the form of the crysta ls the growth is strongly
ani sotro pi c being much faster (about 100 ti m es) in di recti ons perpendi cular to
-axi s. Thi s relati on is val id at sup ersatura ti ons correspondi ng to the average

growth rate in 1 0 1 0 di recti ons of 0.05{ 0.1 mm /h.
Hi gh supersatura ti ons enhance the growth into -di recti on whi ch leads to the

unsta ble needle-l ike form s. The supersatura ti on in the growth soluti on is deter-
m ined m ainly by the growth temperature, tem perature gradients, mass tra nsport
m echani sms in gal l ium and also by the local surro undi ng for a parti cul ar crysta l
(i .e. the presence of neighbori ng crysta ls). For crysta l l izati on of large GaN crys-
ta ls, i t is crucial to contro l the sup ersatura ti on in order to avo id accelerati on of
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the growth near edges and corners of the growi ng crysta l . If supersatura ti on is to o
hi gh, the edge nucl eati on on hexa gonal faces of GaN pl atel ets is often observed,
whi ch is the Ùrst step to the unsta ble growth on tha t faces. The resul t of such a
growth is shown in Fi g. 12a.

Fig. 12. (a) Edge nucleation on (0001) face of pressure grow n GaN crystal. (b) H ollow

GaN crystal w ith (101 0) face formed at increased supersaturation .

In the extrem e casesof very high sup ersatura ti ons, the growth into c-di recti on
nucl eated at the edges of the plate, becom es very f ast whi ch leads to the form ati on
of well developed f 1 0 1 0 g faces. Since the latera l growth on the c -face is sti ll slow,
the resul ti ng crysta ls are hollow needles elongated into the c-di recti ons (Fi g. 12b).

The tendency for the unstabl e growth is stro nger for one of the polar f 0 0 0 1 g

faces of the platel ets. On thi s side the morpho logical features l ike macro steps,
periodi c inclusi ons of solvent, or cellular growth structures are observed. The op-
posite surface is always m irro r- l ike and often ato mical ly Ûat. For crysta ls grown
wi tho ut an intentio nal doping (stro ngly n - typ e | see next section) the unsta ble
surf ace always corresp onds to the Ga-polar (0001) face of GaN, whereas for crys-
ta ls doped wi th Mg (semi- insul ati ng | see next section) i t is always the opp osite
N- polar (000{ 1) face. Theref ore, doping wi th Mg (i f su£ cient to com pensate free
electrons) changes micro scopic growth m echani sms on the f 0 0 0 1 g polar surf aces
of GaN.

If the dopi ng level is to o low and the resulti ng crysta ls are sti l l n -typ e, the
m orpho logy is l ike for crysta l l izati on wi tho ut doping. Thi s suggests tha t the posi-
ti on of the Fermi level in the crysta l inÛuences the m icroscopi c processesoccurri ng
on the growi ng surf aces. Such a suggestion is consi stent wi th the results of ab i ni -
t io calcul ati ons [16, 17] showi ng tha t the form ati on energies of both nati ve and
im puri ty related point defects in GaN are very sensiti ve to the positi on of the
Ferm i level in the crysta l . Fi gure 13 shows the cro ss-secti on scanni ng electron m i-
cro scopy (SEM) scan of the n -typ e GaN platel et. Periodic structure is vi sible on
the Ga-polar (0001) surf ace of the crysta l .

Such f eatures are often observed in m any of soluti on grown crysta ls as a
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Fig. 13. C ellular grow th on the Ga- polar (0001) surf ace of GaN crystal.

resul t of consti tuti onal supercool ing of the growth soluti on at the crysta ll izati on
front. Thi s wi l l be expl ained in the next section and the m etho d to suppress such
ki nd of instabi l it y wi l l be discussed.

The polari ty of the crysta l surfaces was identi Ùed by etchi ng in hot alkali
wa ter soluti ons since the Ga-polar surface is inert to etchi ng whereas the N- polar
one etches wel l for both typ es of crysta ls. The m etho d wa s cal ibrated by converg ent
beam electron di ˜ra cti on (CBED ) [18, 19] and X- ray pho to electron spectro scopy
(XPS) [20] m easurements.

From the analysis of the growth of GaN crysta ls wi tho ut an intenti onal
seeding i t was deduced tha t the growth into h 1 0 À 1 0 i di recti ons, at the condi ti ons
correspondi ng to the growth rate of 0.05À 0 : 1 mm /h, is stable and tha t at the
sam e condi ti ons, the growth into di recti ons h 1 1 À 2 0 i is also stable and even faster.
Theref ore, the size of the stabl e pl atel ets should be a functi on of the growth ti m e
(and volum e of the soluti on) and further scaling of the crysta l size wi th ti m e
and the vo lum e of the cruci ble is possibl e. It is also clear tha t the seeded growth
into di recti ons perpendicul ar to the c-axi s should occur fast and in a stable way,
especial ly into di recti ons h 1 1 À 2 0 i .

Seeded growth into di recti ons para l lel to the c-axi s seems to be m uch m ore
chal lenging since the observed growth rates are smal l and the growth shows stro ng
tendenci es to be unsta ble. In the next section, the results of seeding are presented.

2.5. 2. Seeded growt h of GaN by H NPS method

The thi n GaN pl atel ets described in the previ ous section can be used for
further crysta l l izati on as seed crysta ls. D epending on seed preparati on and on the
conÙgurati on of the experim ent i t is possibl e to enforce the growth in di recti ons
perpendicul ar or para l lel to the c-axi s of GaN. As i t wa s al ready m enti oned, the
growth on the 0 0 0 1 polar surfaces of GaN is very slow and often unsta ble. Ma in
features of the surface m orphology like m acrosteps at the edges and the periodic
cellular structures suggest possibl e m echani sms of the unsta ble growth.
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For macro steps at the edges the qui te obvi ous reason is the accelerated
growth at the edges exposed to the ni tro gen Ûux coming from the hot part of
the soluti on. Thi s can be avoided by the elim inati on of the edges by the pro per
conÙgurati on of the intenti onal seeding experim ent l ike i t is shown in Fi g. 14c.
Such a conÙgurati on al lows also to achi eve m uch more uni f orm supersatura ti on
acro ss the growi ng surf ace whi ch is very importa nt condi ti on for stable soluti on
growth especial ly i f the growi ng surf aces are relati vel y large.

The cellular growth is often a resul t of consti tuti onal sup ercool ing (Ti l ler
et al . 1953) [21] of the soluti on whi ch is graphi cally expl ained in Fi g. 14a and b. If
the crysta l l izati on ta kes pl ace at the given crysta l surface, from the soluti on of the
concentra ti on C N , a depleted zone at the crysta l l izati on f ront creates due to the
incorp orati on of the solute into the crysta l (Fi g . 14a). The concentra ti on proÙle
at the growth front can be tra nsform ed onto the tem perature pro Ùle (T L in the
Fi g. 14b) vi a l iqui dus relati on. Thi s tem perature proÙle can be related to the real
tem perature gradient at the crysta l l izati on front. If the gradient is relati vely small
| l i ke the one labeled G N S , the supersatura ti on in front of the growi ng surface
can be bigger tha n at the surface i tsel f. Then, each local accelerati on of the growth
resul ts in i ts further enhancement, local depleti on at the sides of the growi ng cell
and the form ati on of a periodi c cellul ar structure like the one shown in Fi g. 13.
The condi ti on for stabl e growth can be expressed by the relati on [22]:

G L

V
> À

C (1 À k )( À m )

k D
; (3)

where G L i s the tem perature gradient at the crysta ll izati on front, V i s the growth
rate, k | distri buti on coe£ cient, m | di ˜usi on coe£ cient of the solute in the
growth soluti on. The parameters at the left hand side of the relati on (3) can be
contro l led experim enta l ly i f the conÙgurati on of the exp erim ent corresponds to the
scheme of Fi g. 14a and b or c.

Fig. 14. Schematic illus tratio n of constitution al supercooli ng at the crystalli zatio n

front: (a) creation of the depleted zone at the crystalli zati on front due to incorp ora-

tion of the solute into the grow ing crystal, (b) di ˜erent temp erature gradients applie d

at the crystalli zati on front related to the equilib riu m liquid us temp erature proÙle cor-

resp ondin g to the concentration proÙle of Fig. 14a, (c) conÙguration used for seeded

grow th of GaN on f 0001 g polar surf aces of GaN substrates.
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The n -typ e GaN pl atel ets have been used for seeded crysta l l izati on in or-
der to suppress the cellul ar growth on the Ga-polar (0001) surface. The N- polar
(000{ 1) surfaces have been also used f or com pari son. The surfaces were prepa red
l ike for epi taxy: they have been pol ished m echani cal ly and then the subsurf ace
dam age has been rem oved by mechano-chem ical pol ishi ng for the N- polar sur-
face [23] and by the reacti ve ion etching (R IE) for the Ga-polar surface.

The experi ments were perf orm ed in verti cal conÙgurati on simi lar to tha t
from Fi g. 14c. The large positi ve temperature gradients of the order of 1 0 0 £ C/ cm
have been appl ied at the average crysta l l izati on tem perature of about 1 5 0 0 £ C.
Af ter 20{ 50 h pro cessesthe substra tes wi th the new crysta ls deposited on the
f 0 0 0 1 g surf aces were rem oved from the soluti on and inv estigated. The result of
the 50 h growth on the Ga-polar surface is shown in Fi g. 15 where both the opti cal
and SEM im ages of the substra te wi th the new grown crysta l are presented.

Fig. 15. GaN substrate w ith the new grow n material on the Ga- polar surf ace: (a) op-

tical image (distance betw een the grid lines | 1 mm), (b) SEM image.

The new m ateri al was tra nsparent, colorl ess, and grown as a single hi l lock
6 m m in diam eter. The periodi c, cellul ar structures were no longer present. The
dom inant growth mechanism wa s the propagati on of the macro steps from the
hi l lock center. The positi on of the hi l lock center most probably corresp onds to the
m inimum supersatura ti on being the result of the radial tem perature gradi ents in
the growth soluti on. The m acrosteps are shown clearly in Fi g. 16a and b. Such
growth features are often observed for crysta l l izati on from soluti ons since the sur-
face di ˜usi on is stro ngly l imi ted in com pari son to the growth from the vapor phase
where the growth proceeds by the propagati on of m onoatom ic steps.

The mechanism of the growth on the N- polar surface was also the pro paga-
ti on of the macro steps, however, the presence of several growth centers have been
observed for the simi lar condi ti ons of the experim ent. It is sti l l not clear if thi s is
related to di ˜erences in nucl eati on m echanisms on the surf ace of di ˜erent polari ty
or to the imperfect preparati on of the surf ace whi ch, in contra st to the Ga-polar
one, is chemically acti ve.
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Fig. 16. Morpholog y of GaN crystal grow n on Ga-p olar surf ace of GaN substrate in 50 h

pro cess. (a), (b) SEM images of the grow th hillo ck surf ace in di˜erent magniÙcati ons .

Fig. 17. SEM scan of the cross-section of GaN crystal grow n on Ga surf ace of GaN

substrate during 40 h.

The norm al growth rates observed in these experi ments were 4À 8 ñ m/ h for
both polari ti es,depending on sup ersatura ti on at the growth front being a functi on
of tem perature gradient and the height of Ga over the substra te. The m icroscopic
observati on of the cross-secti ons of the sam ples (Fi g. 17) showed tha t the growth
wa s stabl e in term s of conti nui ty of the new grown materi al . The incl usions of
the solvent and/ or voids were not observed. The interf aces between substra tes
(80À 1 0 0 ñ m thi ck) and the new grown crysta ls were not vi sible indi cati ng tha t
the surface preparati on and the wetti ng pro cedures before seeding were perform ed
correctl y. The X- ray di ˜ra cti on (XR D) analysis shows tha t the materi al grown by
the m etho d just described is of sim i lar structura l qual i ty as the substra te used.
Theref ore, thi s ki nd of di recti onal crysta ll izati on experim ents wi l l be conti nued to
Ùnd the opti m um conÙgura ti on for stable growth of bul k GaN in h 0 0 0 1 i di recti ons.

In parti cul ar, in order to l im i t the step bunchi ng, the supersatura ti on across
the growi ng surf ace shoul d be m ore uni form . Thi s can be achi eved by the reducti on
of radi al temperature gradi ents and/ or by a decrease in the height of Ga over the
substra te.

Thi s metho d gives possibi li ty to grow thi ck crysta ls whi ch can be sliced into
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Fig. 18. GaN substrate crystal, obtained by slicing of the new material, grow n by

direction al crystalli zati on along c -axis. (a) Bulk GaN grow n on hexagonal GaN substrate,

(b) 200 ñ m thick GaN slice.

pl atel ets of norm al ized shape as shown in Fi g. 18.

2.6. Physi cal propert ies of GaN grown by HN PS method

2.6. 1. Poi nt defects

As i t was al ready m entio ned, the N2 molecules di ssociate at the conta ct
wi th the Ga surface. Ho wever, to appro ach the surface they have to overcom e
qui te high (about 3.5 eV) potenti al barri er whi ch lowers substa nti al ly the rate of
ni tro gen dissociati on and i ts further di ssoluti on in the metal . For oxygen inter-
acti ng wi th Ga, there is no potenti al barri er for dissociati on [24] and theref ore
even tra ces of thi s im puri ty in the growth system are source of the uni ntenti onal
oxyg en dopi ng of GaN. Consequentl y, the crysta ls are strongly n -typ e wi th free
electron concentra ti on of about 5 È 1 0 1 9 cm À 3 (m etal l ic conducti vi ty) and m o-
bi l ity of about 60 cm 2 =( Vs) [25]. These free carri ers can be ful ly eliminated by
Mg accepto r added into the growth soluti on. Then the resistivi ty of the crysta ls
becomes as hi gh as 1 0 4

À 1 0 6 ¨ cm at 300 K. Usual ly, the GaN:Mg crysta ls become
p - typ e wi th an acti vati on energy of 150 meV, at temperatures slightly exceeding
300 K. Mo re deta iled analysis of the electri cal properti es of pressure grown Mg
doped GaN crysta ls can be found in R ef. [26].

The presence of the nati ve point defects in the crysta ls has been checked by
positro n anni hi lati on m easurem ents [27]. Hi gh concentra ti on of Ga vacanci es VG a

has been found in the conducti ve crysta ls in contra st to the Mg -doped sampl es
where no Ga-vacanci es has been observed. Thi s agreed wi th theo reti cal predi cti on
tha t the f orm atio n energy of V G a decreases wi th the increase in the Ferm i level
energy [16, 17] suggesting tha t in the creati on of these defects, therm odyna mics
pl ays a ro le. The di ˜erence in the photo lum inescence (PL) spectra [28] of the
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conducti ve (stro ng yellow emission) and Mg -doped crysta ls (no yel low emission,
bl ue Mg -related signal ) supp orted tha t VG a i s invol ved in yel low lum inescence in
GaN.

Qui te di ˜erent picture is observed for dopi ng wi th beryl l ium [29]. The GaN: Be
crysta ls are also highl y resistive wi th the constant acti vati on energy of 1.46 eV at
tem peratures up to at least 1000 K. But thei r PL spectra are dominated by a very
stro ng yellow lum inescence and the crysta ls conta in a lot of gal l ium vacanci es [29]
l ike the hi ghly conducti ve crysta ls grown wi tho ut an intentio nal dopi ng. There-
fore, it is very probable tha t these crysta ls are n - typ e duri ng hi gh tem perature
growth and become semi-insul ati ng only duri ng cool ing down. Such behavi or can
be related to the two possible conÙgurati ons of Be ato m s in GaN latti ce (BeG a |
accepto r and Bei | donor) and thei r redistri buti on in functi on of tem perature.

Some faces correspondi ng to the polar low index f 0 0 0 1 g and f 1 0 À 1 1 g crys-
ta l lographi c planes in wurtzi te structure, appeari ng in the pressure grown GaN
crysta ls are non-equivalent regardi ng thei r ato m ic structure. Thi s reÛects in the
asym m etry of the physi cal properti es of the pl ate-l ike crysta ls grown wi tho ut an
intenti onal seeding.

Fig. 19. Photolumine scence of GaN grow n on di˜erent sides of polish ed platelet grow n

w ithout an intentional seeding (substrate) and the platelet (substrate) itself .

In Fi g. 19 there is an exampl e of such an asymm etry . The Ùgure shows tha t
the m ateri al grown wi th N-polari ty di ˜ers in thei r PL pro perti es from the materi al
grown wi th the Ga-polari t y whi ch indi cates tha t the point defects incorp orate into
the crysta l in di ˜erent ways. Addi ti onally, the spectra coming from the materi al
grown on the f 0 0 0 1 g N- or Ga-polar surfaces (seeded growth) are of sim i lar charac-
ter as the spectra from corresp ondi ng surf acesof the substra te. Since the platel ets
were pol ished before being used as seeds, the suggestion ari ses tha t the platel ets
them selves also dem onstra te a polar character despite they were grown mainly in
the fastest growth h 1 0 À 1 0 di recti ons whi ch fol lows from thei r m orpho logy.
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The strong supp ort for tha t are the m easurements of the free electron concen-
tra ti on distri buti on across the cleaved, as grown GaN pl atel et by the m icro-Ram an
scatteri ng techni que [30]. Fi gure 20 shows tha t the border l ine between materi als
of hi gher (N- side) and lower (Ga-side) electron concentra ti on is situa ted inside the
crysta l divi ding i t into tw o parts. Thi s suggests tha t the m icroscopi c (i n the ato m ic
scale) pro cesses responsibl e for the f orm ati on of both nati ve and im puri t y related
point defects occur m ainly on the f 1 0 À 11 g polar faces of growi ng GaN crysta ls
independentl y i f the growth is perpendi cular or para llel to the c-axi s.

Fig. 20. Distributi on of free electron concentration across the GaN platelet measured

by micro- Raman scattering technique [30] .

Such appro ach al lows better understa ndi ng of the another resul t of positro n
anni hi lati on measurements [31] showi ng tha t the concentra ti on of Ga vacanci es is
m uch higher at the Ga-side tha n at the N- side of the n -typ eGaN platel ets. It seems
surpri sing at the Ùrst sight, since on the Ga-polar (0001) surface, the surface Ga
ato m s are bonded to the surf ace by three bonds whereas to the opposite one onl y
by a one bond. If we assume, however, tha t the incorp orati on of the Ga ato ms
occurs on the f 1 0 À 11 g polar surfaces, the positro n anni hi lati on results become
m ore consistent since on the (1 0 À 1 1 ) face adj acent to the (0001) one, the Ga
ato m s can be bonded by one or two bonds whereas on the opposite ({ 101{ 1) polar
surf ace adj acent to the (000{ 1) one, the Ga surf ace ato m s are bonded by two or
three bonds. The arrangement of the ato m s on the relevant polar surfaces of GaN
is shown in Fi g. 21.

It fol lows from above tha t the latera l (p erpendicul ar to the c -axi s) growth
of the pl atel et does not occur on the non-polar f 1 0 À 10 g surf aces (at least i t is not
predo minant) since then a pl ateau in the di agram of Fi g. 17 shoul d be observed.
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Fig. 21. T he arrangement of atoms on the polar surf aces of GaN .

2.6. 2. Ext ended defects

The structure of the pressure grown GaN crysta ls has been studi ed by
XR D [32], tra nsmission electron m icro scopy (TEM) (i .e. [18, 33{ 35]), defect selec-
ti ve etchi ng (D SE) [35] and ato m ic force microscopy (AFM) of the hom oepi taxia l
layers [36, 37].

In case of the conducti ve crysta ls, the shape of the X- ray rocki ng curves
((0 002) Cu K ˜ reÛection) depends on the size of the crysta l. The ful l wi dths at
hal f m aximum (FW HM) are 20{ 30 arcsec for 1 m m crysta ls and 30{ 40 arcsec
for 1{ 3 m m ones. For larger pla tel ets the rocki ng curves often spli t into a few
¤ 3 0 À 40 arcsec peaks showi ng a presence of low angle (1{ 3 arcmin) bounda ries
separati ng gra ins of a few mm in size. Mi sori enta ti on between gra ins increases
m onotoni cal ly from end to end of the crysta l [32]. It has been suggested tha t
thi s can be also related to the polar character of the platel ets growth leadi ng to
som e stra in and i ts subsequent relaxati on thro ugh the form atio n of the low angle
bounda ries.

It was shown by Li l ienta l-Weber [18], by TEM exam inatio n tha t the N- polar
(000{ 1) surface of the n -typ e pressure grown GaN crysta ls (especial ly for the
smal ler ones) is often atom ical ly Ûat (2{ 3 monolay er steps present) and tha t the
crysta ls under thi s surface are pra cti cal ly free of extended defects. Below the op-
posite, rough surface, a num ber of extended defects like stacki ng faul ts, dislocati on
loops, and Ga micropreci pi ta tes were observed. The relati ve thi ckness of thi s part
usual ly consi sts of 10% of the enti re thi ckness of the platel et. It seems tha t the
presence of these defects is related to the growth insta bi l i ti es often observed on
the Ga-polar surf ace of the crysta ls grown wi tho ut an intenti onal doping.

The deta i led TEM studi es of Mg -doped crysta ls are reported in [34]. In
parti cul ar, i t is shown tha t the intro ducti on of Mg induces the form ati on of set of
speciÙc extended defects being mainly the stacking faul ts situa ted at the f 0 0 0 1 g

polar surf aces of the inv estigated crysta ls.
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For the use of the crysta ls as substra tes f or epi ta xy, the near surf ace part
of the materi al being often the resul t of the unsta ble growth has to be removed
by polishi ng and subsequent reacti ve ion etchi ng (G a-side) or m echano-chemical
pol ishing (N- side) pro cedures. As a rul e, the extended defects are not observed
by TEM in the crysta ls used as substra tes for both N- and Ga-polari t y epi ta xi al
growth. Theref ore, i f the epi taxy is properly perform ed, both the substra te and
the layer quantum structure do not conta in dislocati ons.

Fig. 22. Def ect selective etching of GaN : (a) GaN /sapphire hetero epitaxi al layer af ter

etching in molten K O H{N aO H eutectics [35] , (b) GaN pressure grow n single crystal

af ter indentation w ith diamond and etching in molten K OH {N aO H eutectics [35], the

average size of the star- like pattern is 100 ñ m, (c) etch pit (EP) on the GaN crystal

surf ace after etching in molten K OH {N aOH eutectics [35], observed density of EP |

10À 10 2 cm 2 .

Unf ortuna tel y, the TEM techni que al lows to analyze onl y a very smal l area
sam ples. Theref ore, in order to m easure di slocati on densiti es in GaN, the defect
selecti ve etchi ng metho ds have been devel oped [35]. It was shown tha t etchi ng
in molten KOH{ Na OH eutecti cs reveals di slocati ons in both GaN hetero epi ta xi al
layers and GaN pressure grown sing le crysta ls. The exampl es are presented in
Fi g. 22. Fi gure 22a shows the result of defect selective etchi ng of typi cal GaN
hetero epi ta xi al layer grown by MOCVD on sapphi re substra te. Hi gh density of
the etch pi ts is clearly vi sible. The sam e m ethod appl ied for bul k crysta ls gives
very smal l (10{ 100 cm À 2 ) num ber of the etch pi ts. The typi cal pi t observed on both
hetero epi ta xi al layers and crysta ls is shown in Fi g. 22c. The pattern in Fi g. 22b is
the result of D SE of GaN single crysta l wi th di slocati ons generated intenti onall y
by indenta ti on wi th di amond. The etch pi ts surro und the im pri nt of the di amond
showi ng the area where dislocati ons are present and tha t the rem aining materi al
is di slocati on- free [38].
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3. P r essu r e st u d ies of im pur it ies an d d ef ect s in G aN an d Al G aN
3.1. Int roduct ion

Pressure dependence of the band gap is one of the m ost im porta nt param eters
characteri zing a semiconducto r materi al . In spite of the f act tha t thi s parameter
describes the relati ve pressure shif t of the conducti on band (CB) wi th respect to
the valence band (VB) of a crysta l , i t has been often used to determ ine a character
of the gap of a semiconducto r studi ed. For exam ple, in case of GaAs{ Al x Ga1 À x As
system the pressure coe£ cient, dE G =dP , changes from ¤ 1 1 0 m eV/ GPa (i n GaAs
and Al x Ga1 À x As wi th x < 0 : 4 ) to dE G =dP ¤ À 1 0 meV/ GPa for x > 0 : 4 when
Al GaAs tra nsform s to the indi rect gap semiconducto r. The latter value of dE G =dP

characteri zes the relati ve shift of X m inimum of the CB in Al GaAs system wi th
respect to the À point of the VB. The value of dE G =dP for di rect band semi-
conducto r is m ateri al dependent. For m ost of I I I{ V semiconducto rs dE G =dP fal ls
in the range 100{ 150 m eV/ GPa, whereas f or more ionic I I{ VI' s i ts value is much
lower, i .e., between 100{ 50 meV/ GPa [39]. Concerni ng ni tri des, dE G = dP value for
GaN is about 40 m eV/ GPa [40] and is sim i lar for Al GaN [41]. Concerni ng dE G =dP

m agni tude in In y Ga1 À y N, it seems to be signiÙcantl y lower tha n 40 m eV/ GPa and
dependent on In content. dE G =dP decreases wi th an increase in y . Ho wever, en-
ergy of the l ight emi tted, E E , from InG aN =GaN quantum well structures is much
lower tha n thei r band gap energy. It is often observed tha t both E E and dE E =dP

depend on the quantum well wi dth. We wi l l di scuss thi s pro blem in the separate
secti on of thi s paper.

Pressure studi es of im puri ty/ defect related states and the correspondi ng lev-
els are often underta ken wi th a purp ose of determ inati on of the defect sta te char-
acter. Ano ther situa ti on corresponds to the use of pressure induced changes of
the carri er concentra ti on (a l lowi ng CB or VB to popul ate local ized states). A
m etal { insul ato r tra nsiti on, tuni ng of free carri er screening e£ ciency or creati on of
D X- center- l ike states are good exam ples of such pro cedures.

Mo st of the above discussed e˜ects occur as a consequence of di ˜erences in
the pressure shi fts of vari ous states [39, 42]. In case of the hydro genic states, whi ch
under pressure f ol low the changes of thei r parent m ini ma, nei ther the ionizati on
energy nor a carri er concentra ti on change i f pressure value is not to o high. On
the contra ry to hydro genic states (e˜ecti ve m ass states, EMS), a stro ng pressure
shi ft of the local ized levels (wi th respect to CB m inimum ) is usual ly observed. It
is accompanied by signiÙcant modiÙcati ons in the concentra ti on of carri ers. For
the local ized states stro ngly coupl ed to the latti ce, appl icati on of pressure at high
tem peratures leads, as in the previ ous case, to changesof the carri er concentra ti on.
Ho wever, at su£ cientl y low tem peratures, in spi te of pressure induced shift of
the im puri t y/def ect level positi on, no changes in density of carri ers occur and
the persistent photo conducti vi ty e˜ect is observed [43]. Barri ers for electron/ hole
capture (and emission) prevent carri er tra nsfer between the conducti on/ valence
band and the local ized defect state.



82 I. Gr zegory et al .

The above described tendenci es accompanying appl icati on of pressure were
used in the exp erim ents presented in thi s paper to determ ine a nature of the
electronic state of the studi ed defects or to veri fy models proposed for thei r de-
scripti on. In parti cul ar, the fol lowing subj ects are di scussed: (i ) pressure induced
shal low to deep-localized state of donor in GaN, (i i ) meta stabl e behavi or of the
local ized state of O and Si donor in Al x Ga1 À x N ( x > 0 :3 and 0.5, respecti vel y),
(i i i ) possibl e m icroscopi c m echanisms of the radiati ve recombi natio n in GaN:Mg .

3. 2. Donor s in GaN and AlGaN

Ori gin of n -typ e conducti vi ty in undo ped GaN semiconducto r has been di s-
cussed for a long ti m e. Ni tro gen vacancy [43] or residual donors, oxyg en and sil icon
[44], were considered as responsi ble for hi gh concentra ti on of electrons, n e. In un-
intenti onal ly doped GaN, residual oxyg en is the dom inant donor im puri t y. For
n e < 1018 cm À 3 (Mo tt tra nsi ti on) the Coul ombi c potenti al of the e˜ecti ve mass
state of donors (si tua ted ¤ 3 0 meV below the CB) can bind electrons i f the tem -
perature is su£ ci entl y low. In bulk GaN crysta ls grown under high pressure of
ni tro gen from the m elt of Ga the typi cal electron concentra ti on is 5 È 1 0 1 9 cm À 3

and is caused by the oxyg en donor [45]. Such a hi gh electro n concentra ti on resul ts
in m etal l ic conducti vi ty since al l shal low O-donor states are ionized in the enti re
tem perature range. There are several consequences of thi s fact. For exam ple, (i ) a
coupl ing of the electron pl asma wi th longi tudi nal opti cal (LO) m ode leads to re-
pl acement of the LO m ode by two branches of the coupl ed LO- pl asmon modes,
(i i ) a strong f ree-carri er absorpti on occurs in far inf rared region of the spectrum .
These tw o e˜ects have been used in experim enta l veri Ùcati on of the Ùrst pri nci-
pl e calculati ons showi ng tha t the local ized state of oxygen donor resonant wi th
the CB of GaN can be form ed [44]. Appl yi ng hydro stati c pressure causes on the
one hand an upwa rd shi ft of the CB minimum whi ch is fol lowed by the hydro -
genic level of the shal low O-donor. On the other hand, a very weak response of
the local ized state to the pressure is usual ly observed. Thus, appl icati on of suf-
Ùcientl y high hydro stati c pressure intro duces eventua l ly the level caused by the
local ized oxyg en states into the band gap of GaN and thus forces free carri ers
to local ize on these states. They determ ine the ground state of the donor. As a
resul t, the meta l{ insul ato r tra nsiti on is observed at about 20 GPa. App earance
of the LO phonon m ode observed experim ental ly at pressures hi gher tha n about
20 GPa is i l lustra ted in Fi g. 23 [44, 45]. For the described pressure m easurem ents
di amond- anvil techni que at 77 K was appl ied.

Co ncerni ng a questi on about m ore preci se determ inati on of the local ized
O-donor nature (and parti cularl y a questi on on i ts coupl ing to the GaN crysta l
latti ce), i t has been suggested by W etzel et al . tha t duri ng the increase in the
appl ied pressure value to the 20 GPa two local ized oxygen related states com e into
pl ay. At lower pressures one-electron local izing state becom es the donor ground
state, whereas at pressures above thi s cri ti cal range two -electro n state wi th large
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Fig. 23. Raman spectra of undop ed GaN crystals.

latti ce relaxati on (negati ve-U D X center) starts to local ize electro ns acti vely. It
resembl es the situa ti on observed by us in GaAs doped wi th Ge [46].

A sim i lar pressure \ test" perf orm ed by us (up to 40 GPa) in GaN:Si shows
an appearance of the LO m ode at pressures exceeding slightly 20 GPa. It can be
understo od ei ther in term s of the f orm ati on of the local ized Si -donor at pressures
sim i lar to tha t characteri zing deep O-donor or Si did not form the local ized donor
state in GaN. Then, the e˜ects observed in the used GaN: Si sam ple is caused by
the residual oxygen donors, concentra ti on of whi ch can be easily in the range of
1 0 1 8 cm À 3 .

The latter concl usion agrees wi th the results of calcul ati ons perform ed by
Van de W alle [47]. Accordi ng ly, a form ati on of two typ es of donor states has been
predi cted in Al GaN m atri x. The Ùrst one, the e˜ecti ve m assstate, EMS, wi th the
level located at ¤ 3 0 À 60 m eV below the CB edge and the second one, local ized,
ei ther resonant wi th CB for GaN, or located in the band gap when GaN is al -
loyed wi th Al . Thi s local ized state of donor can have a m etastable character. The
m etastable character of the defect is usual ly observed by m eans of the therm al ly
acti vated processesof electro n capture and emission onto and from the local ized
im puri ty state (therm odyna m ic barri ers relevant at su£ cientl y low tem peratures),
as wel l as by the persistent photo conducti vi ty (PPC) e˜ect. Ho wever, i t is im por-
ta nt to note tha t the PPC e˜ect can be induced not only by microscopic barri ers
associ ated wi th the local ized impuri t y states. For GaN, the m acroscopi c barri ers
m ay ori ginate from the modul atio n of conducti on/ valence band structure due to ,
for exampl e, charged im puri ti es and/ or an inhom ogeneous stra in in the interf ace
region between GaN and Al 2O3 substra te [48]. The presence of such barri ers causes
the PPC e˜ect whi ch persists up to room temperature.

It wa s experim enta lly shown tha t for Al x Ga1 À x N:O wi th x larger tha n about
0.3, localized state of O enters the band gap [49]. For higher x , the m ateri al becomes
hi ghly resisti ve, whi ch corresponds to the increase in the level depth wi th respect
to the CB m inimum . Mo reover, i t wa s postul ated tha t the local ized state of O
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exhi bi ts m etastable character in Al GaN resembl ing behavi or of DX centers in
Al GaAs [49].

Co ncerni ng character and behavi or of the Si-donor related states, there
are contro versies in results of the theo reti cal predi cti ons (see [50] and ref erences
therei n). W ewi l l describe an exp eriment perform ed on Al x Ga1 À x N:Si wi th x > 0 : 5 .
In contra st to Al x Ga1 À x N: O whi ch shows semi- insul ati ng behavi or for x > 0 : 3 , the
sam ples doped wi th Si (x up to 0.5) are conducti ve. Appl yi ng hydro stati c pressure
(HP) at T = 3 0 0 K causes a decrease in n e whi ch pro ves a local ized character of
the Si- related state. The energy positi ons obta ined from Ùtti ng of temperature and
pressure dependencies of n e for the Si- related local ized state vs. al loy compositi on
are presented in Fi g. 24 [50]. W e included also the results from experim ents of
other autho rs perform ed f or higher Al content (x = 0 : 6 À 1.0) where for Si donor
the acti vati on energy of 0.3{ 0.35 eV was f ound [50, 51]. Il lum inati on of the used
Al GaN:Si sampl es by blue l ight emitti ng di ode at T = 7 7 K leads to a PPC ef-
fect whi ch suggests the m etastable character of the Si donor states popul ated by
electrons.

Fig. 24. Energy position w ith resp ect to the conduction band minimum of the localize d

Si and O related states versus alloy comp osition for A lx Ga 1 N . Dashed lines represent

the data for A l Ga1 N :Si taken from Ref . [50]. Op en and full squares represent data

from Ref s. [52] and [51] , open diamonds | data for Al Ga1 N :O from Ref . [49] .

Sum mari zing thi s part of thi s revi ew, we can state tha t the perform ed studi es
show tha t for Al Ga1 À

N wi th x > 0 : 5 , the donor level corresp ondi ng to the
Si -localized state wi th D X- center behavi or is form ed in the band gap of the al loy.
Thi s state coexi sts wi th the e˜ecti ve mass state. For al loys wi th x hi gher tha n
about 0.6, the local ized Si state becom es the ground donor state of the al loy.

3.3. Mi croscopic mechani sms of t he radi at ive recombi nat ion in GaN :Mg

Hi gh-pressure m easurements were employed to study m echanisms of
(i ) 3.27 eV emission band (and phonon repl icas) and (i i ) 2.9{ 3.1 eV blue pho-
to lum inescence in tw o typ es of GaN:Mg sam ples. GaN layers wi th low Mg dopi ng,
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grown on bulk GaN crysta ls were used to study the 3.27 eV UV band. Thi s lum i-
nescence band resul ts f rom donor{ accepto r pai r (D AP) recombi nati on wi th both
im puri ti es of shallow character. For hi gh Mg doping resulti ng in bl ue l ight emission
at about 3 eV, bul k GaN crysta ls were empl oyed. For the both typ es of sampl es
the pressure coe£ ci ent of the corresp ondi ng lum inescence bands was measured at
77 K by m eans of di am ond-anvi l techni que.

Fi gure 25a i l lustra tes the energy shift of the zero-phonon l ine of D AP pho to-
lum inescence 3.27 eV band and longi tudi na l phonon repl icas (red shif ted by about
92 m eV) under hydro stati c pressure. It is used to determ ine the l inear pressure
coe£ cient characteri sti c of (sha llow) DAP recom bina ti on (Fi g. 25b). The shi ft is
sim i lar for a ll m easured bands and i t has a value of about 35 meV/ GPa, close
to the pressure shif t of the GaN band gap (about 40 m eV/ GPa). It conÙrm s the

Fig. 25. DA P recombination spectra for GaN :Mg homo epitaxi al layer (grow n by

MO V PE on bulk GaN substrate) for di˜erent pressures (a). T he pressure dependence of

DA P recombination in this layer (b). Solid lines represent linear Ùts to the experimental

data corresp ondin g to the 3.27 eV band (zero phonon line) and its phonon replicas.

Fig. 26. Low temp erature photolumin escence from Mg dop ed bulk crystal for di˜erent

pressures.
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shal low character of the impuri t y states inv olved in the corresp ondi ng radi ati ve
recombi nati on.

The 2.9{ 3.1 eV bl ue lum inescence band exhi bi ts much lower pressure coe£ -
ci ents of about 25 m eV/ GPa (Fi g. 26). It shows tha t the ini ti al sta te of the blue
emission has local ized character in GaN m ateri a l and suppl ies a strong argum ent
against models of radiati ve recombi nati on in highly Mg doped/ com pensated GaN
m ateri al whi ch postul ate an inv olvement of delocal ized (shal low) electro nic states
as the ini ti al ones.

4. Ep i t axy on bu lk G aN

4.1. Int roduct ion

The spectacul ar devel opm ent of GaN- based opto electronic devi ces was pos-
sible due to elaborati on of the two -step metal -organic chemical vapor deposi-
ti on pro cess for the growth of (GaAl In)N epi ta xi al structures on hi ghly m is-
m atched sapphi re substra tes. In these structures dislocati on densiti es are as high
as 1 0 8

À 1 0 1 0 cm À 2 but neverthel ess very e£ ci ent lum inescence is possible i f the
structures conta in InG aN [1].

It is suggested tha t thi s is due to stro ng localizati on of carri ers in deep po-
tenti al wells caused by compositi onal Ûuctua ti on in InG aN alloys, whi ch elim inates
intera cti on of carri ers wi th di slocati ons. In thi s m odel , the inÛuence of dislocati ons
on the opti cal e£ ciency of InG aN can be eliminated i f the distance between dislo-
cati ons exceeds the size of the potenti al Ûuctuati ons. However, f or high inj ection
currents (i .e. in LD s), the potenti al m inim a are to o shal low to conta in al l the in-
jected carri ers and theref ore for lasers, the reducti on of dislocati on density in the
m ateri al is much m ore importa nt tha n for LED s. The above m odel expl ains in
a consi stent way the fol lowing characteri sti cs of Na kamura ' s (the unquesti onable
leader in the Ùeld of GaN-based technology and opto electroni cs) opto electro nic
devi ces:

¯ The ni tri de LED s conta ining In in thei r acti ve structures are m uch m ore
e£ cient tha n LED s wi th pure GaN acti ve layers (no t al loyed wi th In).

¯ InG aN LED s' e£ ciency does not depend on dislocati on density (i f Al 2 O3 or
epi ta xi al latera l overg rowth (ELOG ) are used) in contra st to the e£ ciency
of In- free UV di odes.

¯ At high inj ection currents, the hi gh di slocati on density lowers the e£ ciency
even for InG aN LED s.

Theref ore, one can exp ect tha t the eliminati on of di slocati ons f rom the struc-
tures should lead to :

¯ Hi gh e£ ciency In- free UV LED s.

¯ Hi gher e£ ciency and hi gher power of both UV and vi sibl e laser di odes tha n
i t is possible wi th di slocated structures .
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In the fol lowing both In- free and In- conta ini ng structures are considered and
the results supp orti ng the above expectati ons are presented.

4.2. Metal -organi c chemical vapor epi taxy on GaN substrat es
in HPRC Uni press

Meta lorgani c chemical vapor epi ta xy (MOVPE) is the m ost com monly used
techni que for growi ng I I I{ N layers. The ini ti al experience in MOVPE hom oepi -
ta xi al growth on Uni press GaN substra tes was gained at W arsaw Uni versi ty by
Paku¤a et al . [53], at the W roc¤aw Technica l Uni versi ty by Leszczy¥ski et al . [54], at
Ul m Uni versi ty by Ka mp et al . [55] and at CR HEA- CNR S, France by Leszczy¥ski
et al . [56]. Since 1999, when the Uni press MOVPE system wa s com pleted, al -
m ost all research on MOVPE growth on bul k GaN substra tes has been done wi th
thi s equipm ent. The MOVPE system wa s designed by Panek (W roc¤aw Techni cal
Uni versi ty) and Prysta wko (Uni press). It can employ either verti cal or T- shaped
reactors. The gases (N 2 , H 2 , and NH 3 ) are puri Ùed to ppb level by SAES getter
puri Ùers. The fol lowi ng m etalorganic compounds are used: TMG , TMA, TMI for
growi ng (Al ,Ga,In)N layers, Cp2 Mg for Mg -dopi ng, SiH4 for Si -doping. The sub-
stra te is heated by an inducti ve coi l tha t induces current in a graphi te (SiC- coated)
susceptor. The MOVPE apparatus constructed at HPR C is presented in Fi g. 27.

Fig. 27. MO V PE nitride apparatus in H PRC .
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The growth is m oni tored by laser reÛectom etry . A typi cal scan obta ined dur-
ing the InG aN based laser-structure growth is shown in Fi g. 28. Each oscil lati on
corresponds to about 1300 ¡A of the growi ng layer. The Ùgure shows tha t duri ng a
very com pl icated growth (m ore tha n 100 di ˜erent layers) the am pl itude of oscil-
lati on rem ains alm ost constant for the sam e chemical com positi on, whi ch m eans
tha t the surf ace does not becom e rough. Using laser reÛectom etry , i t is possible
to m oni tor the growth wi th 2{ 3 ¡A accuracy, whi ch is necessary f or the mul ti ple
quantum wells (MQW ).

Fig. 28. O ptical reÛectance measured during grow th of quantum structure by MO V PE.

The Ùrst im porta nt Ùnding was tha t Ga-term inated (0001) face (see Fi g. 10)
incorp orates acceptors much easier tha n N- term inated (000{ 1) face. On the con-
tra ry , N- term inated face easier incorp orates donors, also impuri ti es, l ike oxygen
[57]. As p -dopi ng is a cruci al point for constructi ng opto electroni c ni tri de devi ces,
Ga- face wa s chosen for further research. Thi s choice created the probl em of sur-
face preparati on: N- face can be easily m echano-chemical ly pol ished, but Ga- face is
chemical ly inert. Theref ore, we had to develop the procedure of Ga-surface prepa-
rati on by chemical cl eaning and reacti ve ion etchi ng [56].

If the surf ace preparati on and the condi ti ons of the epi ta xi al growth are ri ght,
the structure of GaN hom oepi taxia l layers in term s of dislocati on density , fol lows
the structure of the GaN substra tes. Fi gure 29 com pares surface m orpho logy of
GaN epi taxi al layers deposited by MOVPE on GaN crysta l and on GaN/ sapphi re
substra te, in the sam e run.

The ato m ic step Ûow on the surface of the hom oepi ta xia l layer is not per-
turb ed as i t is observed for GaN layer conta ining threa ding di slocati ons.

Theref ore, the homoepita xi al GaN layers repro duce crysta l lographi c qual i ty
of the substra tes. Fi gure 30 shows the X- ray di ˜ra cti on rocking curve tha t consists
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Fig. 29. Surf ace morphology of GaN epitaxia l layers dep osited by MO V PE on di˜erent

substrates: (a) GaN pressure grow n crystal, (b) sapphire.

Fig. 30. X - ray di˜raction rocking curve of MO V PE grow n GaN homo epitaxi al undop ed

layer.

of two peaks: one for the GaN substra te grown at high pressure, one for the
hom oepi taxi al lay er. Both peaks have FW HM (f ul l wi dths at hal f maxim a) of
about 20 arcsec, whi ch should be obta ined for a perfect GaN crysta l exam ined
usi ng thi s XR D system . The peaks are, however, separated because latti ce of the
GaN bul k crysta l is slightl y expanded by free electro ns and point defects [58].

If a GaN hom oepi ta xi al layer is near di slocati on- free, i ts opti cal pro perti es
depend m ostl y on the concentra ti on and distri buti on of point defects incorp orated
duri ng the epi ta xi al growth. It is a functi on of the puri ty of the growth system ,
the growth condi ti ons and the ori enta ti on of the substra te.

D ue to the lack of stra ins and the high degree of hom ogeneity of the ho-
m oepi ta xi al GaN, the exci to n related peaks in low tem perature PL spectra are
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usual ly very narro w. The FW HM of the bound exci to n l ines lesstha n 0.5 meV is
observed for layers grown by MOCVD (i .e. [59, 60]) on the Ga-polar surfaces of
the GaN substra tes (Fi g. 31).

Fig. 31. Low temp erature PL spectra of GaN homo epitaxi al layers: (a) grow n by

MO V PE on the Ga- polar surf ace of GaN substrate, (b) grow n on N -p olar surf aces (ex-

actly oriented and vicinal ) of GaN substrates.

For layers deposited on the N-polar surfaces the spectra are usual ly much
wi der due to the enhanced and non-uni form incorp orati on of uni ntenti onal im pu-
ri ti es on thi s chemically acti ve side of GaN crysta l . Thi s can be suppressed by the
use of surfaces vi ci nal to the (000{ 1) as i t wa s shown by Zauner et al . [61] who
obta ined narrow exci to nic spectra for GaN layers grown on m isori ented N- polar
surf aces of the GaN substra tes (Fi g. 31b).

The PL decay has been also studi ed at hi gh excita ti ons [62] for GaN layers
grown by MOCVD on sapphi re and pressure grown GaN substra tes. The decay
ti m e (at ro om tem perature, RT) of 450 ps measured f or homoepita xi al materi al
wa s 5 ti mes longer tha n f or correspondi ng hetero epi ta xi al layer grown at the same
condi ti ons. Fi gure 32 shows the decay of sponta neous lum inescence m easured at
hi gh exci ta ti on, close to the stim ulated emission thresho ld f or homo- and het-
eroepita xi al GaN.

The opti cal ly pum ped low tem perature (LT) stim ulated emission [63] exper-
im ents conÙrm ed tha t the near dislocati on- free GaN is much m ore e£ cient source
of light tha n GaN conta ining di slocati ons. The sti mula ted emission in GaN ho-
m oepi ta xi al layer grown by MOCVD started at the exci tati on power density lower
tha n 1 MW / cm 2 whereas for GaN grown on SiC only at 10 MW / cm 2 . The sti m -
ul ated emission peak for the hom oepi ta xi al layer wa s as narro w as about 5 m eV
(about 40 meV for GaN/ SiC). The InG aN near di slocati on- free epi ta xi al layers
and quantum wel ls were grown on the pressure grown crysta ls by MOVPE by
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Fig. 32. Sp ontaneous luminesc ence transients for GaN Ùlms grow n on sapphire (solid

squares) and on GaN substrates (op en circles) [62].

Fig. 33. InGaN M Q W grow n on the Ga-p olar (0001) surf ace of GaN substrate by

MO C V D [36] , TEM | courtesy of M. Albrecht.

Leszczy¥ski et al . [64], in Hi gh Pressure Research Center. In Fi g. 33 the TEM
im ages of one of the InG aN MQW s grown in W arsaw is shown to dem onstra te
tha t the structures are di slocati on- free.

D islocati ons in the structures grown on the almost defect- free substra tes can
obvi ously appear as a result of the latti ce mismatch between GaN and i ts terna ri es
InG aN and Al GaN. Thi s was analyzed by Leszczy¥ski et al . [64] by the X- ray mea-
surements of latti ce param eters of vari ous GaN- based epi ta xi al layers deposited
on GaN substra tes in functi on of InG aN (Al GaN) compositi on and thi ckness. It
wa s shown tha t the bounda ry between ful ly stra ined and relaxed InG aN (Al GaN)
layers is in a saf e distance from m ismatch | thi ckness area for layers necessary
for a typi cal bl ue laser structure. These results are collected on the diagram in
Fi g. 34a. Fi gure 34b shows an exam ple of the multi layer structure sim i lar to the
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Fig. 34. C ritical condition s for I I I {N ternaries: (a) X - ray data: open circles |

A lGaN relaxed, open squares | A lGaN strained, Ùlled squares | I nGaN strained,

open squares | I nGaN relaxed, (b) T EM image of the multilayer structure de-

p osited on GaN substrate by MO C VD, the sequence of layers from the low er left

corner: n -GaN , n -A l0 : 11 Ga 0 : 8 9 N / n -GaN superlattice, n -GaN , In0 : 09 Ga 0 : 91 N, p -GaN ,

p -A l0 : 1 4 Ga 0 : 86 N / p -GaN superlattice, p -GaN ((b) | courtesy of M. A lbrecht).

Fig. 35. X -ray scan of laser structure. For comparison an X -ray intensity of simulated

p erfect structure is presented.

ful l structure of blue laser. The exam ple conÙrm s tha t no m ismatch dislocati ons
are generated i f the structure is grown on dislocati on- free GaN substra te.

TEM and AFM techni ques can pro be onl y an area of a few square m icrons.
Using XR D we examined an area of a few m i l limeters squared. Fi gure 35 presents
an experim enta l scan for a laser structure com pared to a theoreti cal sim ulati on
usi ng a dyna m ical X-ray di ˜ra cti on theo ry .

For GaN and Al GaN layers (on the ri ght hand side of the scan), the peaks
are very narro w, not broadened by compositi onal Ûuctuati ons. For InG aN, as i t is
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observed by al l growers, the peaks are slightl y bro ader tha n for a perfect structure.

4.3. Mol ecular beam epit axy

Ni tri de research by MBE started to devel op substa nti al ly later tha n MOVPE.
But due to higher puri ty , better interf ace qual i ty , and easier p -doping MBE has
become a wi dely used to ol in research on ni tri des. As in epi ta xy on bul k GaN we
do not need LT bu˜er layers, the MBE m etho d seems to be especial ly suited for
depositi on of ni tri des on dislocati on- free substra tes.

The MBE experim ents conducted in col laborati on wi th Ul m Uni versi ty
(M. Ka m p), CRHEA (J. Ma ssies and N. Grandj ean), Mi nnesota Uni versi ty
(R . Hel m) and No tti ngham Uni versi ty (T. Foxo n) gave many resul ts whi ch con-
Ùrmed tha t combina ti on of the di slocati on- free GaN substra tes and MBE can give
to p-perform ance devi ce structures.

The MBE techni que has been used m ainly for the growth of GaN/ Al GaN
structures [65{ 68]. Near dislocati on- free GaN/ Al GaN m ulti -quantum wells and
structures have been grown on the N- polar surfaces of GaN crysta ls by RF pl asma
assisted MBE (P A MBE) [65, 66] and on the Ga-polar surfaces by MBE wi th NH 3

ni tro gen source (R MBE) [65, 66]. As a rul e, the opti cal properti es of the structures
wi tho ut di slocati ons were m uch better tha n for simi lar structures grown at the
sam e condi ti ons, on sapphi re.

Fig. 36. Temp erature dependence of the integrated PL intensity of homo epitaxi al

(squares) and hetero epitaxi al (circles) GaN /A l 0 : 1 Ga 0 : 9 N QWs [69] .

For exam ple in Fi g. 36, the integ rated intensi ti es of the PL com ing f rom
sim i lar structures (8 ML GaN single QW (SQW ) wi th the Al 0 : 1 Ga0 :9 N 50 nm
barri ers) grown by R MBE [69] on sapphi re and bul k pressure grown GaN sub-
stra tes are com pared. It is shown tha t for the structure deposited on GaN, the
PL is m uch stro nger, especial ly at RT . For the structure grown on GaN substra te,
the PL intensi ty starts to decrease wi th tem perature onl y at about 100 K m ainly
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due to the therm al escape of carri ers f rom the quantum well to wards the Al GaN
barri ers, as was observed for classical I I I{ V QW hetero structur es wi th dislocati ons
densiti es lower tha n 1 0 3 cm À 2 [68]. For hetero epi ta xi al structure, the presence of
di slocati ons strongly inÛuences the non-radiati ve recom binati on pro cesses.The PL
intensi ty starts to decrease at much lower temperatures due to delocal izati on of
exci to ns and thei r further intera cti on wi th di slocati ons.

For devi ces on dislocati on- free substra tes, i t is especial ly importa nt tha t
further increase in the emission e£ ciency can be achi eved by increasing the Al
content in the barri ers. Thi s opens the possibi l ity for constructi on of hi ghly e£ cient
UV LED s and lasers.

The semi- insulati ng GaN: Mg substra tes have been used for growth GaN/
Al GaN hetero structur es wi th two- dimensional electron gas (2D EG ) by R F MBE
[67]. The Hal l mobi l it y for 2DEG as high as 60100 cm 2 / (V s) at 1.5 K (one
of the highest reported for GaN) has been measured. The Shubni kov À de Ha as
oscil lati ons starti ng at 1.8 T and well -deÙned quantum Hal l e˜ect (QHE) indi cated
hi gh qual i t y of the MBE grown hetero structur e | Fi g. 37.

Fig. 37. Longitudi na l ( R xx ) and transverse ( R x y ) magnetoresistance versus magnetic

Ùeld at 1.5 K and 50 mK . Shubniko v{de H aas oscill atio ns (SdH O) begin at 1.8 T . T he

insert show s the low-Ùeld part of the SdH O after the normalizati on by the low-Ùeld

resistance value, R 0 .

From the analysis of the scatteri ng pro cessesi t was suggested tha t in such
near di slocati on- free structure the ionized im puri t y scatteri ng was the dom inant
low tem perature m obi li ty lim i ting mechani sm.

If the substra te is dislocati on- free, the stra in relaxati on pro cesses in low
m isÙt hetero epi ta xy is una˜ected by the presence of threa ding di slocati ons. Both
elastic and plasti c relaxati on has been studi ed [65] for GaN/ Al GaN m ulti layer
structures grown by plasma assisted MBE on GaN pressure grown substra tes. It
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Fig. 38. Surf ace morphology (A FM | courtesy of R. C ampion) of 40 nm A l0 : 1 Ga 0 : 9 N

layer grow n by plasma assisted MBE on N -p olar surf ace of GaN substrate.

Fig. 39. MBE grow th apparatus, in H PRC .

wa s shown tha t the crysta l growth and relaxa ti on in I I I- ni tri des is not di ˜erent
from conventio nal I I I{ V system s. The elastic stra in relaxa ti on by sinusoidal undu-
lati on of the Al GaN layers has been observed above a cri ti cal thi ckness depending
on the Al content. An exam ple of the Al GaN surf ace m orpho logy wi th the sinu-
soida l undul ati on is shown in Fi g. 38. The resul ts obta ined in [65] indi cate new
possibi l i ti esfor designing low m isÙt hetero epi ta xi al growth incl udi ng self-organi zed
form ati on of quantum structures .

The resul ts of the MBE depositi on of ni tri de structures on dislocati on- free
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substra tes were excel lent stim ulatio n to conti nue the research. Fi gure 39 shows the
MBE V- 100 machine insta l led recentl y in HPR C to develop the opti m um metho ds
of growi ng di slocati on- free ni tri des especial ly tho se based on In- free GaN/ Al GaN
quantum structures. Thi s machi ne wi l l also al low to impro ve the electri cal prop-
erti es of p -typ e layers in quantum well structure s.

5. El ect r ic Ùeld e˜ ect s i n G aN b ased qu an t um st r u ct u res
| p ressur e st ud ies

Co ntri buti on of the bui l t- in electri c Ùeld to the pro perti es of wurtzi te
group- II I ni tri des has been wi dely di sputed duri ng last few years [70{ 72]. The con-
sidered materi als exhi bi t pyro electri c properti es and stro ng pi ezoelectri c character
whi ch leads to the appearance of the electri c polari zati on. It consists of two contri -
buti ons: (i ) pi ezoelectri c polarizati on due to stra in induced by a latti ce-mismatch
[73, 74] and (i i ) interf ace charge accum ul atio n between epi ta xi al layers of GaN
based al loy s caused by the sponta neous polarizati on. The latter e˜ect is present
even in the bulk ni tri des and ori ginates from a relati ve shift of the cati on and anion
subl atti ces along c-axi s of the wurtzi te polar structure [70]. E˜ects resulti ng f rom
the bui l t- in m acroscopi c polarizati on can enti rely determ ine some basic pro perti es
of ni tri des. In case of ni tri de systems consi sting of the layers crysta l lizing in the
cubi c structure neither sponta neous nor pi ezoelectri c polari zati ons are present in
one of the equivalent h 1 0 0 i di recti ons.

In wurtzi te ni tri de structures the e˜ecti ve electri c Ùeld, di rected along c-axi s
(epi ta xi al growth di recti on) caused by (i ) and (i i ) leads to a bending of the po-
tenti al pro Ùles related to the conducti on and valence bands in quantum structures
consisting of InG aN/ GaN or GaN/ Al GaN hetero struc ture s. As a result, the spati al
separati on of excited electrons and holes ta kes place whi ch is accom panied by the
decrease in thei r energeti c separati on. Thi s represents the quantum conÙned Sta rk
e˜ect (QCSE). The Ùngerpri nt of the QCSE is i ts dependence on the quantum
wel l thi ckness. In the other wo rds, wi th increasing the quantum well wi dth the
sponta neous emission energy, E E , decreases. Thi s is il lustra ted in Fi g. 40 where
the PL of Al GaN/ GaN/ Al GaN QW wi th di ˜erent GaN thi ckness is shown. The
energy positi ons of PL from corresp ondi ng quantum wells are red-shifted due to
the interna l electri c Ùelds. For the thi ckest 16 monolayers (ML) GaN quantum well
i t is even lower tha n PL from bul k GaN.

The same e˜ect is observed when the bui l t- in electri c Ùeld increases. Mo re-
over, the other consequence of thi s e˜ect is a di ˜erence in energies characteri zing
the l ight emission and absorpti on, i .e., Stokes shift, whi ch is usual ly observed in
the considered quantum structure s.

The other e˜ect leading to a red shif t of the emi tted l ight energy, as well as to
the Sto kes shift ori ginates from the Ûuctua ti ons in the In compositi on in quantum
wel l or epita xi a l layer of InG aN [73, 75]. Thi s e˜ect seems to be om nipresent and
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Fig. 40. Low temp erature PL of A lGaN /GaN /A lGaN QW of various width. For com-

parison PL of bulk GaN is show n.

has been reported in hexagonal as wel l as cubi c InG aN structure s [76]. Form ati on
of (pseudo)qua ntum dots correspondi ng to regions of higher In concentra ti on has
been inv oked by m any researchers. These In content Ûuctua ti ons are believed to
resul t from the e˜ect of a phase separati on governi ng the form ati on of InG aN
al loy [77, 78], parti cularl y for In x Ga1 À x N wi th hi gher x . In the epi ta xi al layer of
InG aN, concentra ti on of In cati ons can local ly di ˜er signiÙcantl y f rom the av-
erage, technological ly predeterm ined value. Sim i larly to the opti cal e˜ects found
in InG aN layers/ structures subj ect to the interna l electri c Ùelds ((i ) and (i i )), in
case of In content Ûuctua ti ons, the l ight emission occurs in regions of lower energy
gap whi ch in thi s case corresponds to higher In content (pseudo -dots). Lo cal ized
electronic states (exci to ns) are l ikel y involv ed here.

Al l above m enti oned e˜ects make an unam biguous determ inati on of band
gap m agnitude, E G , versus x in In x Ga 1 À x N di £ cul t. However, i t is wi dely accepted
now tha t the band gap bowi ng parameter for thi s al loy is large. Thi s reÛects the
stro ng drop of the E G value for In x Ga1 À x N wi th low In content (x ç 0 : 2 5 ) [79]. An
increase in the Sto kesshi ft and a com monly reported bro adening of the absorpti on
edge in In Ga1 À N al loys accom pany a ri se in x value.

The other puzzl ing observati on pointi ng out a parti cular ro le of In in InG aN
al loys, consi sts in the Ùnding a smal l and stro ngly In- content dependent pressure
coe£ cient of the l ight emission energy, E E , in thi ck layers as wel l as quantum
structures of hexagonal In Ga1 À N [80, 81]. Our previ ous studi es showed tha t
wi th increasing x , dE E =dP decreases dra stically. For exam ple, for x 0 : 2 the
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pressure coe£ cient dE E =dP ¤ 1 5 meV/ GPa has been found in the 3.5 nm thi ck
InG aN quantum well . It is almost three ti mes smal ler tha n tha t m easured for
GaN (40 m eV/ GPa) [82] and m uch lower tha n the pressure shift of the band gap
calculated for InN (¤ 2 5 À 30 m eV/ GPa) [83, 84].

In thi s work we describe results of two di ˜erent experim ents perform ed by
us very recentl y wi th the purp ose of eluci dati on of the micro scopic mechanism
responsibl e for low value of the l ight emission shif t wi th pressure in quantum
structures of group- I II ni tri des.

Exp er im ent 1. The pressure studi es of l ight emission in the series of quan-
tum wells of hexagonal In x Ga1 À x N (x ¤ 0 : 2 ) wi th di ˜erent quantum wel l (QW )
wi dths are reported [85]. An assumpti on about the involv ement of the electri c
Ùeld (and i ts m odi Ùcati on) to the pressure vari atio n of the l ight emission energy
leads to the stro ng and l inear dependence of dE E =dP on the wi dth of quantum
wel ls used for pressure studi es. W e m enti oned an associated increase in the QCSE
above.

W e have studi ed the set of six InG aN/ GaN sam ples consisting of a quan-
tum well of In x Ga1 À x N (x 0 : 2 ) embedded between GaN barri ers. The sampl es
used di ˜er by the wel l thi ckness whi ch changes f rom 1 nm to 5 nm . They were
grown by MBE at CR HEA Laboratory , Valbonne, France. Fi gure 41 i l lustra tes
the photo lum inescence spectra obta ined in the sampl es used.

Energ y of the emi tted l ight decreases l inearl y wi th the increase in the well
wi dth in the range between 3 eV and 1.8 eV. Very sim i lar result has been obta ined
in studi es of the PL energy dependence on the appl ied hydro stati c pressure [85].
Fi gure 42 shows the l inear decrease in the pressure shift of the photo lum inescence
energy wi th the increase in the well thi ckness [85]. The both e˜ects stro ngly suggest
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Fig. 42. T he dep endence of pressure shif t of PL w ith the increase in w all thickness.

an involvement of the electri c polari zati on in the studi ed sam ples. Stro ng argu-
m ents supporti ng thi s interpreta ti on have been suppl ied by Vaschenko et al . [86]
who reported on the pressure induced increase in the photo lum inescence decay
ti m e, § , in QW s of InG aN/ GaN. Thi s e˜ect corresponds to the spati al separati on
of the wave functi ons of recombi ning electron and hole pai rs due to the increase
in a stro ng electri c Ùeld (QCSE) in the studi ed structures.

Ho wever, a standard appro ach to pressure induced changes of the bui lt- in
electri c Ùeld in InG aN/ GaN quantum structure s leads to the e˜ect opposite to
the described above. Thi s appro ach neglects f or exam ple the nonl inear changes
of the piezoelectri c tensor wi th stra in. The necessity of taki ng into account such
m odi Ùcati ons of the piezoelectri c tensor has been shown by Vaschenko et al . [87]
and Êepkowski et al . [88]. As a result, an increase in the pi ezoelectri c polarizati on
wi th the appl ied pressure and consequentl y a decrease in dE E =dP results from the
perform ed calcul ati ons.

Exp er im ent 2. The purp ose of thi s study was to exam ine the e˜ect of pres-
sure on l ight emission, E E , from GaN/ Al GaN QW s and to answer two importa nt
questi ons: (i ) wha t is the v alue of dE E =dP in the system wi th bi nary QW and
(i i ) to whi ch extent a m agni tude of dE E =dP in GaN/ Al GaN QW s is determ ined
by pressure induced m odi Ùcati ons of the bui lt- in electri c Ùeld (as seems to be a
dom inant facto r for dE E =dP in InG aN/ GaN QW s)? W e have chosen GaN/ Al GaN
quantum structures because the l ight emission takes place in the binary m ateri a l,
i .e., in the GaN quantum wel ls, so we can neglect al l alloying e˜ects, whi ch seem
to have a signi Ùcant im porta nce for InG aN.

W e have studi ed the m ul tiqua ntum wel l GaN/ Al GaN structure grown by
MBE in Valbonne [88]. The sam ple was deposited on the sapphi re substra te wi th
the structure described below. Fi rst, a f ew microm eters of undo ped GaN were
grown, fol lowed by a 0.2 ñ m thi ck Al 0 :1 7 Ga0 : 8 3 N bu˜er. Then, a system of GaN
QW s wa s form ed, conÙned by 100 ¡A thi ck Al 0 : 1 7 Ga0 : 8 3 N barri ers. The QW thi ck-
nesseswere as fol lows (co unti ng from the substra te side): 32, 24, 16, 10, 6, 4 mono-
layers (MLs ; 1 ML = 2.59 ¡A). Fi gure 43a i l lustra tes evoluti on of the photo lum i-
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Fig. 43. Photolumi nescence of di˜erent w idth of A lGaN /GaN /A lGaN quantum w ells

in function of the appli ed pressure: (a) the spectra, (b) pressure coe£cient.

nescence spectra wi th the appl ied pressure [88]. Fi gure 43b shows the pressure
coe£ cients of the photo lum inescence l ines as a functi on of the QW thi ckness in
the sam pl e studi ed here.

One can clearl y noti ce tha t wi th increasing QW wi dth the pressure coe£ -
ci ent decreases from about 3 7 Ï 2 m eV/ GPa (f or the 6 MLs quantum down to
2 4 Ï 2 meV/ GPa for the 32 MLs quantum wel l ). Theo reti cal m odel ing perform ed
wi th the purp ose of repro duci ng the exp erimenta l resul ts consi sting of the PL
l ines energy values and pressure coe£ cients of the indi vi dual l ines shows tha t the
observed 35% decrease in dE =d P for 32 monolayers (8 nm ) thi ck quantum wel l,
compared to 6 m onolayers well is associated wi th the increase in the pi ezoelectri c
Ùeld f rom 0.66 MV/ cm at ambient pressure to 0.87 MV/ cm at pressure of 10 GPa.

In conclusi on, we have establ ished tha t the presence of the electri c Ùeld in
hexagonal InG aN/ GaN and GaN/ Al GaN quantum structures leads to the dra stic
reducti on of the pressure coe£ ci ent of l ight emission. Thi s e˜ect is related to
the increase in the piezoelectri c Ùeld generated in wurtzi te quantum structures of
group- II I ni tri des. To repro duce the exp erimenta l Ùndi ngs in InG aN/ GaN case, i t
is necessary to take into account the dependence of the pi ezoelectri c consta nts on
the vo lume-conservi ng stra in, whereas the exp erimenta l resul ts on a decrease in
dE E =dP in GaN/ Al GaN structure s can be ful ly accounted for wi thi n the l inear
elasticity theory .

6. O pt oel ect r on ic devi ces

6.1. Int roduct ion

Our pressure grown GaN crysta ls have been used by Nakamura [89] as sub-
stra tes for the InG aN MQW -based 405 nm laser. The cw 30 m W devi ces wi th
l i feti m e exceeding 3000 h were constructed. The 30 m W power has been achi eved
at current of 62 m A. For typi cal InG aN MQW LD s on sapphi re [1], at current of
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62 m A the output power wa s then (end of 1999) of about 15 m W and thei r l i feti m e
di d not exceed 300 h. Thi s increase in the e£ ci ency and l i feti me conÙrm ed tha t
di slocati ons are the m ain l imi ti ng facto rs for high power GaN based lasers. Thi s
resul ts made a Ùnal pro of tha t the use of our substra tes opens a chance to increase
the power of GaN based laser diodes.

6.2. Li ght emi tting diodes fabr icat ed on bulk GaN in HPRC

Basing on the MOCVD growth techni que described in Sec. 4, we fabri cated
a num ber of l ight emi tti ng di odes. The exam ple of such di ode, obta ined in HPR C,
is presented in Fi g. 44.

Fig. 44. Blue LED grow n on GaN substrate by MO V PE technique.

The typi cal structure of these devi ces was the fol lowing : Ùrst 2 ñ m GaN: Si
(n = 5 È 1 0 1 8 ) bu˜er wa s deposited on Ga-face of GaN crysta l , fol lowed by 1 0 È

m ulti quantum wel l In 0 : 1 Ga0 : 1 9 N/ GaN (35 ¡A/ 80 ¡A). The structure wa s compl eted
by growi ng 0.2 ñ m thi ck GaN:Mg (hole concentra ti on p = 3 È 1 0 1 7 ). The semi-
tra nsparent (100 ¡A/ 50 ¡A) Ni / Au conta ct was deposited on the to p of the structure
usi ng e-gun evaporato r and annealed in oxyg en at 450£ C. Tested devi ces have di -
m ensions of about 3 0 0 È 3 0 0 ñ m . Fi gure 45a and b show electri cal and opti cal
characteri sti cs of these diodes. It is clearl y seen in Fi g. 45a tha t I À V characteri s-
ti cs of our hom oepi taxia l di ode are qui te sim ilar to comm ercial ly avai lable LED s
pro duced by Ni chi a Chem icals. The diodes are characteri zed by series resistance
of about 7À 1 5 ¨ , very simi lar to m enti oned earl ier Ni chi a devi ces. Ho wever, one
should rem ember tha t in the case of thi n semi tra nsparent conta ct devi ce series
resistance may be seriously inÛuenced by in-plane current spreading. Our m etal
conta ct are characteri zed by conta ct resistance (2{ 5) 1 0 À 3 ¨ cm À 2 .
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Fig. 45. (a) I À V characteristics of our \blue " LED in comparison with a commercial

N ichia device; (b) electrolumin escence spectrum of homo epitaxi al LED.

6.3. Laser diode str uctures

Our \ blue" laser di ode design f ol lows thi s of the classical separate-conÙnement
hetero struc ture (SCH) laser. Fi gure 46 shows the detai ls of our structure. The ac-
ti ve layer is form ed by In 0 : 1 Ga0 : 9 N/ GaN (30 ¡A/ 80 ¡A) 5À 1 0 È m ul tiqua ntum wel l.
It is worth noti ng here tha t the laser structure is ful ly stra ined wi th no addi ti onal
di slocati on generated. For opti cal pum ping tests, the structure s were cleaved to
form 5 0 0 ñ m long cavi ty (Fi g. 47a). For electri cal testi ng | Ni / Au metal conta ct
wa s deposited in the form of stri pes havi ng wi dth of 10 ñ m . In GaN laser the
m ost severe problem is low coe£ cient of opti cal reÛection. The coe£ cient can be
increased by depositi on of dielectri c layer SiO 2 =ZrO 2 (Fi g. 47b). As a resul t, the

Fig. 46. Design of our \blue" light emitting laser dio de structure.
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Fig. 47. (a) Laser resonators obtained by clea vin g of GaN substrates w ith the deposited

MQ W structures, (b) inÛuence of SiO2 =ZrO 2 mirror coatings on the laser perf ormance.

coe£ cient has been increased to 50%. Thi s al lowed to decrease the opti cal inj ection
thresho ld twi ce. In the last two years we have successful ly demonstra ted tha t ho-
m oepi ta xi all y grown GaN epilayers show narrow sti mul ated emission l ines (under
opti cal pum ping condi ti ons) at relati vel y low thresho ld power densiti es [90].

The opti cal pum ping of the described above laser structure s demonstra ted
tha t they are characteri zed by low opti cal excita ti on thresho ld of about
200 kW / cm 2 . The l ight spectra of our laser are shown in Fi g. 48.

Fig. 48. Emission spectra below and above laser threshold. Spectra measured at ro om

temp erature under optical excitation from the third harmonic of YA G laser.

Fi gure 49 demonstra tes the resul ts of the Ùrst current injecti on exp eriments
perform ed on our structures. The lasing thresho ld has not been reached so far.
The next steps whi ch are being prepared to obta in the laser acti on incl ude the
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Fig. 49. (a) H igh- current electrolumi nescence spectra of homo epitaxi al laser struc-

ture measured under pulse- current condition s (pulse w idth 10 ns, rep etition | 40 H z),

(b) light emission from the laser structure (simpli Ùed pro cessing).

im pro vement of the pro cessing, in parti cular the opti m izati on of conta ct geom etry ,
incl udi ng SiO 2 insul ated m esas is highl y requi red.

7. Co n cl usion s

The extensi ve studi esof therm odyna mical pro perti es of GaN{ Ga{ N 2 system ,
especial ly the exp erim ental evaluati on of the p À T three phase equi l ibri um condi -
ti ons at large pressure and tem perature range, al lowed to establ ish the condi ti ons
for crysta l l izati on of GaN from soluti ons of ato mic ni tro gen in l iqui d gal l ium .

The m etho d has been opti m ized by the exp erim ental studi es of growth m ech-
ani sms and by quantum m echanica l m odel ing of the intera cti on of N 2 m olecules
wi th gal l ium. At present, GaN crysta ls alm ost free of dislocati ons, wi th dim ensions
su£ cient to be used as substra tes for epi ta xy, are grown under pressure. The ap-
pl icati on of these crysta ls al lows to overcome one of the m ost im porta nt barri ers
in developm ent of physi cs and techno logy of group- I I I m etal ni tri des.

The spectacul ar devel opm ent of I I I{ V ni tri des physi csand techno logy in the
last decade, especially the constructi on of highly e£ ci ent bl ue LED s and low power
LD s, was achi eved, al tho ugh structura l qual i ty of the ni tri de epi layers deposited
on hi ghly m ismatched substra tes was relati vely very poor.

The appl icati on of GaN substra tes grown under pressure leads to the reduc-
ti on in di slocati on density in the quantum Al GaN/ InG aN structures by 5{ 6 orders
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of m agnitude. Then the e£ ciency of the blue laser diodes based on InG aN and the
UV emitters based on Al GaN can be signi Ùcantl y increased.

Availabil it y of the near dislocati on- free epita xi al layers and structures of
ni tri des allows also im porta nt basic research of physi cs of these m ateri als since
otherwi se m any physi cal properti es and phenomena are inÛuenced by the presence
of structura l defects in the crysta l latti ce.

The adv anta ge of havi ng the near dislocati on- free GaN substra tes encour-
aged HPR C to extend i ts research in ni tri des onto the growth and physi cs of the
quantum structures incl udi ng structures of the blue InG aN based laser. La sing
under opti cal pum ping, at very low thresho ld power in the InG aN/ GaN MQW
has been achi eved. The processing of the opto electronic devi ces is developed up to
the point tha t the ful l laser epita xi al structures in the separate conÙnement het-
erostructure conÙgurati on are ready to be tested at hi gh inj ection current regim e.
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No t e ad ded in pr oof

W hi le thi s revi ew wa s in pri nt, we car r ied out Ùrst successful exper iment of
current- injected laser acti on (at 425 nm ) in our \ bl ue" laser di ode structure on bul k
GaN substra te (described in Sec. 6.3). In the short note (whi ch is also incl uded to
thi s issue, see p. 000), al l vi ta l characteri sti cs of the laser di ode structure as well
as its operati onal param eters and opti cal characteri sti cs are reported.

R ef er en ces

[1] S. N ak amura, G. Fasol, The B lue Laser D i odes, Springer- Verlag, Berlin 1997.

[2] S. Porow ski, I . Grzegory , J . Cr yst. Gr owth 17 8, 174 (1997).

[3] G.A . Slack, T .F. McN elly , J. Cry st. Gr owth 34, 263 (1976).

[4] J.A . Van Vechten, Ph ys. R ev. B 7, 1479 (1973).

[5] J. K arpinski, J . Jun, S. Porow ski, J. Cry st. G rowth 66, 1 (1984).

[6] J. K arpinski, S. Porow ski, J. Cry st . Growth 66, 11 (1984).

[7] J.B. Mac C hesney, P.M. Bridenbaugh, P.B. O' Connor, 783

(1970).

[8] I . Grzegory , Ph. D. thesis, W arsaw 1995 (in Polish).



106 I. Gr zegory et al .

[9] C.D. Thurmond, R.A . Logan, J. El ectr ochem. Soc. 11 9, 622 (1972).

[10] R. Madar, G. Jacob, J . H allais , R. Fruchard, J. Cry st. G rowth 31, 197 (1975).

[11] Termod in ami cheske svoi stva in div i dua lni kh veshchestv, Ed. W. P. Glushko, N auk a,
Moscow 1979 (in Russian).

[12] W. E. Zinow iev, TeploÙzi cheske svoi stva metal lov pri vysoki kh temperaturakh, Met-
allurgi a, Moscow 1989 (in Russian).

[13] B. Delley , J. Chem. Ph ys. 92, 508 (1990).

[14] Z. Romanow ski, S. K rukow ski, I . Grzegory , S. Porow ski, J. Ch em. Ph ys. 114,

6353 (1990).

[15] Z. Romanow ski, S. K rukow ski, I . Grzegory , S. Porow ski, J. Cry st. Growth
189 /190, 159 (1998).

[16] J. N eugebauer, C .G. V an de Walle, Ph ys. Rev. B 8067 (1994).

[17] P. Boguslaw ski, E. L. Briggs, J . Bernholc, 17255 (1995).

[18] Z. Lilien tal- W eber, , I N SPEC , T he Institution of

Electrical Engineers, London 1999, p. 230.

[19] J.L. Rouviere, J .L. W eyher, M. Seelmann- Eggeb ert, S. Porow ski,
668 (1998).

[20] M. Seelmann- Eg gebert, J.L. W eyher, H . Obloh, H . Zimmermann, A . Rar,
S. Porow ski, 151 (2000).

[21] W. A . T iller, K .A . Jackson, J .W. Rutter, B. Chalmers, 428 (1953).

[22] W. A . T iller, 345 (1968).

[23] J.L. W eyher, S. M �uller, I . Grzegory , S. Porow ski, 17 (1997).

[24] S. K rukow ski, M. Bo ckowski, B. Lucznik, I . Grzegory , S. Porow ski, T . Suski,

Z. Romanow ski, 8881 (2001).

[25] P. Perlin, J . C amassel, W. K nap, T . T alercio, J .C . C hervin, T . Suski, I . Grzegory ,
S. Porow ski, 2524 (1995).

[26] E. Litw in- Staszewska, T . Suski, R. Piotrzkow ski, I . Grzegory , M. Bo ckow ski,
J.L. Rob ert, L. K onczewicz, D. W asik, E. K aminsk a, D. C ote, B. C ler j aud,

7960 (2001).

[27] K . Saarinen, T . Laine, S. K uisma, P. Hautoj arvi, L. Dobrzy ¥ski , J .M. Baranow ski,

K . Paku ¤a, R. St ²pniew ski , M. W oj dak, A . Wysmo¤ek, T . Suski, M. Leszczy¥ski,
I . Grzegory , S. Porow ski, 3030 (1997).

[28] S. Porow ski, M. Bo ±kow ski, B. Êucznik, I . Grzegory , M. W r §blew ski, H . T eis-
seyre, M. Leszczy¥ski, E. Litw in-Staszew ska, T . Suski, P. T rautman, K . Paku¤a,
J.M. Baranow ski, 958 (1997).

[29] T . Suski, E. Litw in-Staszew ska, P. Perlin, P. Wi ƒniewski , H . Teisseyre, I . Grzegory ,
M. Bo ckow ski, S. Porow ski, K . Saarinen, J . N issila, 368

(2001).

[30] E. F rayssinet, W. K nap, S. K rukow ski, P. Perlin, P. Wisni ewski , T . Suski, I . Grze-
gory , S. Porow ski, 442 (2001).

[31] T . Suski, J . Jun, M. Leszczynski, H . Teisseyre, I . Grzegory , S. Porow ski,
G. Dolling er, K . Saarinen, T . Laine, J . N issila, W. Burkhard, W. K riegseis,
B. K . Meyer, 1 (1998).



T he Appl icat ion of H igh Pressure . . . 107

[32] M. Leszczynski, I . Grzegory , H . Teisseyre, T . Suski, M. Bo ckowski, J. Jun,
J.M. Baranow ski, S. Porow ski, J . Domagala, J. Cry st. Gr owth 169, 235 (1996).

[33] S.H . C hristiansen , M. A lbrecht, H .P. Strunk, C.T . Foxon, D. K orak akis, I . Grze-
gory , S. Porow ski, Ph ys. St at us Sol i di A 176, 285 (1999).

[34] Z. Lilien tal- W eber, M. Benamara, W. Swider, J . W ashburn, I . Grzegory ,

S. Porow ski, R. D. Dupuis, C.J . Eiting, Ph ysi ca B 273 - 274, 124 (1999).

[35] J.L. W eyher, P.D. Brow n, J.L. Rouviere, T . Wosinski, A .R.A . Zauner, I . Grzegory ,
J. Cry st . Growth 210, 151 (2000).

[36] M. Leszczynski, P. Prystaw ko, G. N owak, priv ate communication.

[37] M. Leszczynski, P. Prystaw ko, priv ate communication.

[38] I . Grzegory , Ma ter. Sci . En g. B 82, 30 (2001).

[39] See: H igh Pr essure i n Semi conductor Ph ysi cs, Semi conductors and Semi met al s,
Vols. 54, 55, Eds. T . Suski, W. Paul, A cademic Press, San Diego 1998.

[40] P. Perlin, I . Gorczyca, N .E. Christensen, I . Grzegory , H. T eisseyre, T . Suski, Ph ys.

Rev . B 13307 (1992).

[41] W. Shan, J .W. A ger I I I , W. W alukiew icz, B. D. Little, J .J . Song, M. Shurman,
Z.C . Feng, R.A . Stall, B. Goldenb erg, 2274 (1998).

[42] T . Suski, 975 (1994).

[43] P. Perlin, T . Suski, H . Teisseyre, M. Leszczynski, I . Grzegory , J. Jun, S. Porow ski,

P. Boguslaw ski, J. Bernholc, J.C . Chervin, A . Polian, T .D. Moustak as,
296 (1995).

[44] J. N eugebauer, C .G. Van de W alle, in:
, Ed. D. J. Lo ckw ood, World Sci. , Singap ore 1995,

p. 2327.

[45] C. W etzel, T . Suski, J .W. A ger I I I , E. R. W eber, E. E. H aller, S. Fisher, B. Meyer,
R. Molnar, P. Perlin, 3923 (1997).

[46] C. Skierbiszew sk i, T . Suski, P. Wisniew ski , W. Jantsch, G. Ostermayer, Z. Wila-
mow ski, P.G. W alker, N .J. Mason, J. Singl eton, 3209 (1993).

[47] C.G. Van de W alle, R2033 (1998).

[48] M. T . H irsch, J.A . W olk, W. W alukiew icz, E. E. H aller, 1098

(1997).

[49] M. D. McC luskey , N .M. Johnson, C .G. Van de W alle, D. P. Bour, M. K neissl,
W. Walukiew icz, 4008 (1998).

[50] C. Skierbiszew sk i, T . Suski, M. Leszczynski, M. Shin, M. Skow ronski,
M. D. Bremser, R. F. Da vis, 000 (1999).

[51] M. Stutzmann, O. A mbacher, A . C ros, M. S. Brandt, H . A ngerer, R. Dimitro v,
N . Reinacher, T . Metzger, R. H opler, D. Brunner, F. Freudenb erg, R. H andschuh,

Ch. Deger, 212 (1997).

[52] A .Y . Polyako v, N .B. Smirno v, A .V . Go vorko v, M. Milvids kii , J .M. Redw ing,
M. Shin, M. Skow ronski, D. Greve, R. Wilso ns, 627
(1998).



108 I. Gr zegory et al .

[53] K . Pakula, A . Wysmolek, K .P. K orona, J.M. Baranow ski, R. Stepniew ski , I . Grze-
gory , M. Bo ckowski, J . Jun, S. K rukow ski, M. W roblew ski, S. Porow ski, Sol i d State

Commu n. 97, 919 (1996).

[54] M. Leszczy¥ski, P. Prystaw ko, A . Sliw i¥ ski , T . Suski, E. Litw in- Staszewska,

S. Porow ski, R. Paszkiew icz, M. T ¤acza¤a, B. Beaumont, P. Gibart, A . Barski,
R. Langer, W. K nap, E. F rayssinet, P. Wiƒniew ski , Ac ta Ph ys. Po l . A 94, 437
(1998).

[55] M. K amp, C . K irchner, V . Schvegler, A . Pelzmann, K .J . Eb elin g, M. Leszczynski,

I . Grzegory , T . Suski, S. Porow ski, MRS I ntern et J. N it ri de Semi cond. Res. 4 S1,
G10, 2 (1999).

[56] M. Leszczynski, B. Beaumont, E. F rayssinet, W. K nap, P. Prystaw ko, T . Suski,
I . Grzegory , S. Porow ski, A ppl . Ph ys. L ett . 75, 222 (1999).

[57] P. Prystaw ko, M. Leszczynski, B. Beaumont, P. Gibart, E. Frayssinet, W. K nap,
P. Wisniew ski , M. Bo ckow ski, T . Suski, S. Porow ski, Ph ys. Status Soli di B 210,

437 (1998).

[58] M. Leszczynski, H . Teisseyre, T . Suski, I . Grzegory , M. Bo ckowski, J. Jun,
S. Porow ski, K . Pakula, J .M. Baranow ski, C .T . Foxon, T .S. C heng, Appl. Ph ys.
Let t . 69, 73 (1996).

[59] A . Wysmolek, M. Potemski, R. Stepniew ski , J . Lusakow ski, K . Pakula, J.M. Bara-
now ski, G. Martinez, P. Wyder, I . Grzegory , S. Porow ski, Ph ys. Status Soli di B

11 (1999).

[60] C. K irchner, V . Schwegler, F. Eb erhard, M. K amp, K .J. Eb eling, K . K ornitzer,
T . Ebner, K . T honke, R. Sauer, P. Prystaw ko, M. Leszczynski, I . Grzegory ,
S. Porow ski, 1098 (1999).

[61] A .R. A . Zauner, J .L. W eyher, M. Plomb, V . K irily uk, I . Grzegory , W. J .P. Encke-
vort, J .J . Schermer, P.R. H ageman, P.K . Larsen, 435 (2000).

[62] S. Jursenas, N . K urilci k, G. K urilcik, A . Zuk auskas, P. Prystaw ko, M. Leszczynski,

T . Suski, P. Perlin, I . Grzegory , S. Porow ski, 3776 (2001).

[63] J.C hr. H olst, A . H o˜man, M. Leszczynski, S. Porow ski, priv ate communnication.

[64] M. Leszczynski , P. Prystaw ko, R. Czernecki, J . Lehnert, T . Suski, P. Perlin,
P. Wisni ewski, I . Grzegory , G. N owak, S. Porow ski, M. A lbrecht,

352 (2001).

[65] S.H . C hristiansen , M. A lbrecht, H .P. Strunk, C.T . Foxon, D. K orak akis, I . Grze-

gory , S. Porow ski, 285 (1999).

[66] C.T . Foxon, C .S. Da vis, S.V . N oviko v, O.H . H ughes, T .S. Cheng, D. K orak akis,
N .F. Je˜s, I . Grzegory , S. Porow ski, 723 (1999).

[67] E. Frayssinet, W. K nap, P. Lorenzini , N . Grandj ean, J . Massies, C . Skierbiszew ski ,
T . Suski, I . Grzegory , S. Porow ski, G. Simin, X. H u, M. A . K han, M. S. Shur,
R. Gask a, D. Maude, 2551 (2000).

[68] J.D. Lambkin, D.J . Dunstan, K .P. H omew ood, L. K . H oward, M. T . Emeny ,
1986 (1990).

[69] N . Grandj ean, B. Damilan o, J . Massies, G. N eu, H . T eisseyre, I . Grzegory ,

S. Porow ski, M. Gallart, P. Lef ebvre, B. Gil, M. A lbrecht,
183 (2000).



T he Appl icat ion of H igh Pressure . . . 109

[70] F. Bernardin i, V . Fiorentini, D. V anderbilt, Ph ys. R ev. B 56, R10024 (1997);
V . Fiorentini, F. Bernardini , F. Della Salla, A . Di C arlo, P. Lugli, Ph ys. Rev. B

60, 8849 (1999).

[71] N . Grandj ean, B. Damilan o, S. Dalmasso, M. Leroux, M. La �ugt, J . Massies, J.

A ppl . Ph ys. 86, 3714 (1999).

[72] O. A mbacher, J . Smart, J .R. Shealy , N .G. W eimann, K . Chu, M. Murphy ,
W. J. Scha˜, L. F. Eastman, R. Dmitriev, L. Wittmer, M. Stutzmann, W. Rieger,
J. H ilsenb eck, J. A ppl. Ph ys. 85, 3222 (1999).

[73] S. Chichibu, T . A zuhata, T . Sota, S. N akamura, A ppl. Ph ys. Lett . 69, 4188 (1996).

[74] H . K ollmer, J .S. Im, S. H epp el, J . O ˜, F. Scholz, A . H angleiter, A ppl . Ph ys. L ett .
74, 82 (1999).

[75] Yong-H w an K w on, G. H . Gainer, S. Bidnyk, Y .H . Cho, J .J . Song, M. H ansen,
S.P. DenBaars, 2545 (1999).

[76] S. C hichibu, M. Sugiyama, T . K uro da, A . T ackeuchi, T . K itamura, H . N akanishi,
T . Sota, S.P. DenBaars, S. N akamura, Y . Ishida, H . O kumura, ,
in press.

[77] I . H o, G. B. Stringf ello w , 2701 (1996); G.B. Stringf ellow ,
G.S. C hen, 2182 (1991).

[78] M. K . Behb ehani, E. L. Piner, S.X . Liu, N .A . El- Masry , S.M. Bedair,
2201 (1999).

[79] C.A . Parker, J .C. Rob erts, S.M. Bedair, M. J . Reed, S.X . Liu, N .A . El- Masry ,

L. H . Robins, 2566 (1999).

[80] P. Perlin, V . I ota- H erb ei, B. A . W einstein, P. Wisni ewski, T . Suski, P.G. Eliseev,
M. Osinski, 2993 (1997).

[81] T . Suski, , submitted for publi cati on.

[82] P. Perlin, I . Gorczyca, N .E. Christensen, I . Grzegory , H. T eisseyre, T . Suski,
13307 (1992).

[83] N .E. C hristensen, I . Gorczyca, 4397 (1994).

[84] S.-H . W ei, A . Zunger, 5404 (1999).

[85] P. Perlin, I . Gorczyca, T . Suski, P. Wisniew ski , S. Êepkow ski, N .E. C hristensen,
A . Svane, M. H ansen, S.P. DenBaars, B. Damilan o, N . Grandj ean, J . Massies,

115319 (2001).

[86] G. Vaschenko, D. Patel, C .S. Menoni, S. K eller, U .K . Mishra, S.P. DenBaars,

640 (2001).

[87] G. Vaschenko, D. Patel, C.S. Menoni, N .F. Gardner, J . Sun, W. Go etz, C .N . Tome,
B. C lausen, , in press.

[88] S.P. Lepkow ski, H . Teisseyre, T . Suski, P. Perlin, N . Grandj ean, J . Massies,

1483 (2001).

[89] S. N ak amura, priv ate communication.

[90] P. Perlin, priv ate communication.


