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Th ree si mple and pr omisin g metho ds to gro w high -qual it y, devi ce-
-relev ant galliu m nitride heterostructures on silicon are presented : strain-
-comp ensation, patterning, and the insertion of low -temp erature A lN inter-
layers . With all metho ds device- qual ity GaN can b e grow n. While patterning

is especiall y interesting for light emitters, low-temp erature A lN interlayers
can be used universally not only for transistor structures, w hich require good
insulati on of the active layers to the Si substrate, but also for vertically con-

tacted LE Ds when dop ed with Si. Low - temp erature A lN interlayers do not
only reduce tensile stress but also impro ve GaN prop erties and strongly re-
duce the threading dislo cati on density from 10 1 0 cm À 2 to 10 9 cmÀ 2 for 2

low -temp erature A lN layers. A dditional l y, the layer quali ty can b e enhanced
by using i n si tu Six N y masks. Best crack- free layers w ith dislo catio n densi-
ties around 10 9 cm À 2 show X -ray rocking- curve widths around 400 arcsec

and narrow photolumin escence. So far, best LEDs on Si( 111) have an optical
output p ower of 0. 42 mW at 20 mA and 498 nm w hich is enough for simple
signal applica tion s.

PACS numb ers: 61.10.Eq, 62.20.Mk, 81.15.Gh, 81.40.N p

1. I n t rod uct io n

W ith the achi evement of p -ty pe doping in group- I II ni tri des in the late 80' s a
fast progress in growth and devi ce developm ent was ini ti ated [1]. In spite of large
e˜o rts there is sti l l a lack of available homosubstra tes. The techno logy for the
growth of large bul k sing le-crysta l GaN substra tes sti l l rem ains to be developed
and theref ore large-scale hom oepi ta xi al growth of GaN/ GaN wi l l not be possible
in the near future. Currentl y, GaN- based devi cesare usual ly grown on tra nsparent
sapphi re or sil icon carbi de substra tes. These are either insulati ng or very expen-
sive and not avai lable in large diam eter. Sil icon is the substra te of choice for the
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integ rati on of opto electro nics or high-power electroni cs wi th Si -based electro nics
because of i ts cheapness, avai labi l it y of large and high-qual i t y substra tes combi ned
wi th good therm al conducti vi ty and insulati ng or conducti ve electri cal pro perti es.
In addi ti on, Si substra tes are also interesti ng for the cheap producti on of devi ces
as l ight emi tters and tra nsistors. The m ain pro blem hinderi ng the pro gress of
GaN growth on sil icon is the therm al mismatch of GaN and Si leadi ng to tensi le
stressed layers and cracks even below devi ce-relevant layer thi cknesses. In the last
few years, since the Ùrst dem onstra ti on of a (M BE grown) GaN- based LE D on Si in
1998 [2] the acti vi ti es in research of GaN on Si increased dram ati cally. Mea nwhi le
several concepts to lower stress, avoid cra cks, and im pro ve the m ateri al qual i ty
exi st. In contra st to GaAs- or InP- based devi ces, GaN- based devi ces are kno wn
to operate very well wi tho ut aging e˜ects wi th dislocati on densi ti es as hi gh as
1 0 1 0 cm À 2 . Thus, the integ rati on of Si- and GaN- based devi ces on the sam e chi p
becomes feasibl e as well as a sil icon-based opto electronics techno logy, e.g. wi th
the potenti al for smal l , high resoluti on, ful l color displays. Meanwhi le, the mate-
ri al qual i ty is approachi ng tha t on sapphi re, so tha t i t is only a question of ti m e
unti l GaN- based devi ces on Si wi ll come into market. Actua l ly, a US com pany,
Ni tro nex inc. , has al ready started stro ng mark et acti vi ti es [3]. Thi s arti cle gives
an overvi ew on the latest developm ents in m etal organic chemical vapor phase
epi ta xy (MOVPE) group- I I I ni tri de growth on Si. Addi ti onal inf orm ati on can be
found in a recent revi ew arti cle [4].

2 . T h e st r ai n p r ob lem

Stra in engineering is the key to achi eve hi gh-qual i t y devi ce structures on Si.
Besides the cra cks menti oned above, the Ùlm stress exerts a bending mom ent on
the substra te leadi ng to a substra te curv ature, whi ch is also im porta nt for devi ce
pro cessing since a smal l radius of the wafer curv ature is probl emati c in pro cessing,
e.g. in conta ct l itho graphy. The pro blem can be addressed to as fo llows: below
the cri ti cal thi ckness, a hom ogeneous perfect, epita xi al (0001)- oriented thi n GaN
Ùlm on Al N/ sil icon would be under biaxi al stress. Under these condi ti ons for the
stra ins the relati on holds

" 3 = À 2 ( C 1 3 =C 3 3 ) " 1

" 3 = ( c À c0 ) =c0 and " 1 = ( a À a 0 )= a 0 , wi th (a ; c) and (a 0 ; c0 ) being the latti ce
constants of the stra ined and ful ly rel axed layer, respecti vely. C i j are the sti ˜ness
coe£ cients. The facto r p = " 3 =" 1 = À 2 ( C 1 3 =C 3 3 ) i s related to the Poisson rati o
¡ by p = À 2 ¡ = (1 À ¡ ) or ¡ = À p= ( À 2 + p ) . Unf ortuna tel y, the publ ished values
on the elastic constants stro ngly di ˜er from each other, the reported exp erimenta l
and calculated values for ¡ range from 0.20 to 0.37 [5, 6], whereby the value of
¡ = 0 : 2 0 calcula ted by W right from densi ty functi onal theo ry [5] is in excellent
agreem ent wi th the exp erimenta l value of ¡ = 0 : 2 3 0 : 0 6 [6].
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Al tho ugh the stress due to the latti ce mismatch can be nearl y com pletel y
relaxed wi thi n the Ùrst nanometers, there is always therm al stress, whi ch occurs
duri ng the cool ing pro cess after the growth at high tem perature due to the di f-
ference in the l inear therm al expa nsion coe£ cients. In equi l ibri um , the bending
m oments of the Ùlm and the substra te equal each other. Assum ing isotro pic Ùlm
stress ¥ f and a spherical shape the Ùlm stress is related to the radius of curvature,
R ex p [ 7 ] :

¥ f =
E s t 3

s + E f t 3
f

6 (1 À ¡ f )( t s + t f ) t f R
;

E being the Young modul i of substra te and Ùlm , t | the substra te and Ùlm
thi cknesses,and ¡ | the Poisson rati o of the Ùlm . In the case t t , the rela ti on
reduces to

¥ =
E t

6 (1 ¡ )t R
:

The situa ti on is schemati cal ly shown in Fi g. 1. In case of a com pressivel y stra ined
Ùlm, either due to the latti ce m ismatch or the therm al m ismatch, the bent system
wi l l show a convex Ùlm surf ace, in case of a tensi ly stra ined Ùlm , the Ùlm surface
wi l l be of concave shape. The Ùrst situa ti on ari ses for thi ck GaN on sapphi re
sam ples because the therm al expansion coe£ cient of GaN is smal ler tha n tha t of
sapphi re or for GaN on Al GaN due to the lower in-plane latti ce constant of Al GaN.
Theref ore, a biaxi al com pressive stress is induced in the GaN. A concave shaped
surf ace is observed e.g. for GaN on sil icon sam ples because the therm al expansion
coe£ cient of GaN is higher tha n tha t of sil icon and a biaxi al tensi le stress is
induced in the GaN. W ith increasing Ùlm thi ckness, the bendi ng increases.

The radius of curvature can be m easured easily, e.g. by X- ray di ˜ra cti on
techni ques. W hen a curved sam ple is mounted on a tra nslati onal stage of an X- ray
spectrom eter the angle of incidence of the X- ray beam changes as the waf er is
tra nslated. The radius of curv ature can be calcul ated from the measured ori enta -
ti on di ˜erence Â ! of a set of latti ce planes separated by l . The radius of curvature
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is then given by R exp = 1 8 0 1 =(¤ Â ! ) ; Â ! in degrees. The inci dence angle m ust
be increased f or a convex and decreased for a conca ve sam pl e, respecti vely, when
the beam moves from A to B on the sam ple. Thus Â ! i s negati ve for a convex
and positi ve for a conca ve sampl e. For the m easurem ent a substra te peak is pre-
ferred because for a layer peak the latti ce parameter could latera l ly change thus
intro duci ng an error. Al terna ti vel y, the sam ple can be i l lum inated using di ˜erent
apertures in front of the sampl e, e.g. sli ts wi th sli t wi dths s = 5 0 ñ m and s = 1 m m
(Fi g. 2). The il lum inatio n wi th a para llel beam using the smal l sli t yi elds the in-
tri nsic wi dth, whereas the i l lum inati on wi th the broad sli t, in addi ti on, yi elds the
Bra gg peak broadened due to the bending. The wi dth of the il lum inated area on
the sampl e is l = s= sin È . From the di ˜erence in the hal fwi dths the radi us of
curv ature can be calcul ated, i.e., R exp = s

sin È B Â !
.

Fig. 2. X -ray metho d for measuring the radius of curv ature of a bent sample.

The radius of wa fer curv ature f or GaN on Si is often around 2 m and less.
An exampl e for such a measurement is given in Fi g. 3. W i tho ut the sli t the Si(111)
reÛection is signi Ùcantl y bro adened. In thi s exam ple a curvature radius of 2.9 m
wa s measured. From in sit u m easurem ents duri ng MOVPE GaN was found to
grow wi th a tensi le stress of about 0.2 GPa/ ñ m [8]. It shoul d be pointed out tha t
these values were obta ined using Stoney' s equati on [9]:

¥ f =
E st

6 t R
;

whi ch does not conta in the contri buti on due to the biaxi al stress ( 1 =(1 ¡ )) .
Thus, assuming a Poisson rati o of 0.23, the interna l therm al stress is 30% higher.
The origin of the tensi le stress at growth tem perature was supposed to be cor-
related wi th the coalescence of the three- dim ensional islands [10]. However, the
tensi le stress at growth tem perature im mediatel y arises at the ini ti al stage of
growth before coalescence and rem ained consta nt as the Ùlm became ful ly con-
ti nuous [8]. Thus, further investigati on is needed to determ ine the physi cal ori gin
of the tensi le stress in GaN lay ers duri ng growth. Co ol ing to room tem perature
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Fig. 3. Determination of stress in GaN /Si by measuring the radius of curv ature by

X -ray di ˜ractio n rocking curves on the Si(111) Bragg reÛection.

adds another ¤ 0 : 7 GPa=ñ m, the biggest and certa inl y the m ost pro blemati c part.
Fu and co-work ers showed tha t the residual stress of GaN on Si depends on the
V{ I II ra ti o and can be reduced for hi gh V{ I I I ra ti os [11]. They assume thi s to
ori ginate in a reduced im puri t y incorp orati on. Im puri ti es l ike Si and Mg used for
n - and p - typ e doping, respect ively are reported to stro ngly enhance the tensi le
stress of GaN layers. Especial ly for Si dopi ng around 0.1 GPa/ ñ m of addi ti onal
tensi le stress is induced f or each dopi ng concentra ti on of 1 È 1 0 1 8 cm À 3 , e.g. for a
hi gh Si-doping of 5 È 1 0 1 8 cm À 3 , 0 .5 GPa/ ñ m are added [12].

3 . St ress-co ntr o l

3. 1. Inser t ion of stress-compensat ing layer s

The tensi le stress in the GaN layers can be com pensated by the inserti on of
compressive layers. An Al GaN bu˜er layer was appl ied by Ishi gawa et al . [13, 14]
who obta ined crack- free 1 ñ m thi ck GaN wi th an GaN (0002) X- ray rocking curve
wi dth of 600 arcsec and narro w 4.2 K PL of the band edge emission of 8.8 m eV.
The same group recentl y presented a crack- f ree LED structure based on such a
bu˜er layer wi th a relati vel y bri ght electro lum inescenceof 2 0 ñ W at 20 m A when
compared to other LED s on Si [15].

Ma rcha nd and co-wo rkers [16] used a graded 800 nm thi ck Al GaN bu˜er layer
on an Al N seed to induce com pressive stress. For a sam ple wi th a thi n 200 nm GaN
cap they induced a com pressive stress in the to p layer of 0.27 GPa. The 1 ñ m thi ck
structure exhi bi ts a hi gh dislocati on density well above 1 0 1 0 cm À 2 . The autho rs
assume tha t a 2-dimensional growth mode of the graded Al GaN bu˜er avo ids tha t
di slocati ons bend and anni hi la te. Based on such a bu˜er layer they demonstra ted
a tra nsi stor structure .

Growth of 2 ñ m GaN on Si(111) wi th and wi tho ut a step graded Al GaN
bu˜er on an Al N seed in an ul tra high vacuum chemical vapor depositi on reactor
is reported by Ki m and co-workers [17]. They observed an im pro vement of layer
qual i ty in X-ray rocking curve FW HM of the GaN(0 002) and the asymm etri c
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GaN( 1 0 À 12) reÛection f rom 828 arcsec to 720 arcsec and from 1008 arcsec to
8 6 4 arcsec, a reducti on of the room tem perature PL FW HM from 43.5 m eV to
30 m eV, and a reducti on of AFM rm s on 2 0 È 2 0 ñ m2 from 41 to 17 nm for the
sam ple wi tho ut and wi th the graded Al GaN bu˜er, respectively. Al so the crack
density of the sam ple wi th the Al GaN bu˜er was signiÙcantl y reduced.

Stress reducti on due to a 15-fold Al GaN/ GaN bu˜er layer 1 : 5 ñ m in to ta l
thi ckness wa s observed by Dadgar et al . [18]. Here the stress is reduced pro babl y
by parti al relaxa ti on of the layer af ter a thi ckness of appro xi m atel y 0 : 9 ñ m leading
to a net com pressive stress of the to p GaN layer after 2 : 4 ñ m but also to cracks.
Fel ti n and co-work ers report on a bu˜er structure consisti ng of several Al N/ GaN
superla tti ces whi ch induce com pressive stress su£ cient to grow 2 : 5 ñ m crack- free
GaN on to p of it wi th a biaxi al tensi le stress of 470 MPa [19{ 22]. The Al N/ GaN
superla tti ce consists of 3 stacks of 10 periods of 3 nm Al N and 4 nm GaN separated
by 200 nm GaN. They demonstra ted tha t they can bui ld up enough compressive
stra in to grow a 2 : 5 ñ m thi ck cra ck- free GaN layer on to p. Al so a crack- free LED
structure was presented but i t shows cracks after processing as can be seen in [19].
Thi s is probably due to the high stress of the sampl e, whi ch shows a curvature
of onl y 1 mÀ 1 . The layers showed X- ray rocki ng curve wi dths of 500 arcsec and
narro w PL lum inescenceof 6 meV at 10 K. The dislocati on density decreased f rom
1 : 5 È 1 0 1 0 cm À 2 for a sam ple wi tho ut superlatti ces to 2 : 5 È 1 0 9 cm À 2 for the best
uncra cked sam ple wi th 4 stacks of superlatti ces.

3.2. Stress cont rol by select ive area growth on pat terned substrat es

Patterni ng a sil icon substra te by etching or m asking the substra te or a bu˜er
layer is one way to grow thi ck crack- free GaN layers. The idea is not to avo id cracks
compl etely but to gui de them in the patterned regions, whi ch are equal to the
m asked part of the Si substra te. As long as the patterned regions are smal ler tha n
the avera ge crack density no cracki ng of the layer grown on Si should occur since
the substra te is softer. The sim plest way to apply patterni ng is the depositi on of
Si x Ny or SiO 2 di rectl y on the substra te. Since such a layer is am orpho us no oriented
crysta l l ine seedlayer for subsequent growth can be grown on i t. Usual ly, no or onl y
spuri ous polycrysta l l ine growth is observed on such a mask. The other possibi l i ty
is etchi ng trenches deep enough to avo id tha t the layers f orm a conti nuous Ùlm
duri ng growth.

Zam ir and co-work ers used etched trenches and cal l thi s techni que latera l
conÙned epi ta xy. In thei r experim ents they Ùnd tha t f or 700 nm GaN already a
Ùeld size of 1 4 È 1 4 ñ m 2 i s the l im it for crack- free growth [23]. Such thi cknesses
are, however no pro blem to grow crack- free on a who le wafer. Thus i t is l ikel y tha t
a poor materi al qual i ty is the reason for cra cks. They also observe an enhancement
in PL intensi ty for smal ler sized Ùelds and correl ate thi s wi th an enhanced qual i ty
of the layer [24, 25]. D adgar and co-workers have dem onstra ted 2.5 ñ m thi ck
cra ck-f ree GaN layers on 3 0 0 3 0 0 m m 2 wi th a sim i lar techni que [26].



Bl ue Opt oelect roni cs in III{V Ni t r ides on Si l icon 561

Ho nda et al . showed tha t they can grow crack- free 1.5 ñ m thi ck GaN on
2 0 0 È 2 0 0 ñ m2 Ùelds [27]. A growth enhancement at the edge of the Ùelds is
observed [27, 28] whi ch depends on the wi dth of the m asked region and is caused
by mass tra nsport from the masked region. X-ray rocking curve wi dths of the GaN
(0004) reÛection for a 1 : 5 ñ m thi ck layer of 388 arcsec and 1130 arcsec and a 77 K
PL GaN band edge FW HM of 18.6 m eV and 25.8 m eV on the 2 0 0 È 2 0 0 ñ m 2 Ùelds
and for an unstructure d layer are obta ined, respecti vely [27].

T o e£ cientl y reduce stress Al GaN/ GaN m ulti layers whi ch can be used as
Bra gg reÛectors have been pro ven to be beneÙcial [18]. They can relax som e stress
duri ng growth wi tho ut form ing cracks and in thi s way reduce the overa l l stress.
On the base of these layers a 3 : 6 ñ m thi ck LED structure on 1 0 0 È 1 0 0 ñ m2 was
dem onstra ted [28]. D espite the to ta l layer thi cknessof 3 : 6 ñ m the stress in the GaN
layer was only 0.33 GPa. Since the cracks are propagati ng in the masked regions
between the devi ces, devi ce separati on gets very easy especial ly for square patterns
as pref erabl y used for LED structures . The preferred crysta l lographic planes for
cl eavi ng are along (110) so Si (111) is natura l ly separated into tri angles. D ue to
the cracks and the stress induced by the GaN Ùelds separati on along these natura l
cl eavi ng planes gets very di£ cul t and the separati on of square devi ce structures
is sim pl iÙed.

Ho wever, two probl ems ari se wi th the m etho d of patterni ng. D ue to the
tensi le stress cracks occur in the Si substra te duri ng growth especial ly at lowered
tem peratures as requi red for InG aN quantum well growth and m eltba ck etchi ng
can be ini ti ated from these cracks. Since growth on the m ask is stro ngly suppressed
and only enhanced for Al -ri ch layers, di ˜usi on of GaN onto the growi ng surface
enhances the growth rate at the edge of the devi ce. For thi ck layers or wi de masked
regions thi s can lead to pro blems in devi ce processing. Thi s e˜ect can be greatl y
reduced when etched substra tes are used.

3.3. Low-temperature AlN i nter layer s

Am ano and co-work ers were the Ùrst to apply low-tem perature Al N (L T- Al N)
layers to reduce the defect density of GaN layers [29]. They also served for the
growth of crack- free Al GaN layers on GaN on sapphi re [30] and can be also
used to avoid cra cking of GaN on Si [31]. The layers are usual ly onl y 10 À 2 0 nm
in thi ckness and su£ cient to counterba lance therm al tensi le stress of appro xi -
m atel y 0.7À 1 ñ m thi ck GaN whi le mainta ining and usual ly even impro vi ng layer
qual i ty . The mechanism leading to a com pensati on of tensi le therm al stress has
long been uncl ear and a Ùrst study now enlightens the m echanism, whi ch can be
shortl y described as a decoupl ing of the GaN layers above and below an LT- Al N
layer [32]. Al N interl ayers deposited at di ˜erent tem peratures show tha t the depo-
siti on tem perature is the m ost im porta nt parameter for a com pensati on of tensi le
therm al stress. Reciprocal X- ray di ˜ra cti on m easurements of a multi lay er sampl e
cl earl y show tha t hi gh tem perature deposited Al N grows pseudomorphi cal ly on
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GaN as wel l as the fol lowing GaN or Al GaN layer on to p of the Al N- interl ayer,
i .e. al l layers have the same a -latti ce. At lower growth tem peratures the LT- Al N
layer grows incoherentl y on the underl yi ng GaN layer whereby the epi ta xi al sym -
m etry is m ainta ined, i .e. the c-and a -axes ori entati ons are mainta ined and even
im pro ved by the LT- Al N clearly vi sible in a reducti on of rocki ng curve wi dths
for the GaN(0 002) reÛecti on f rom 720 arcsec to 600 arcsec and the asymm etri c
GaN(2 0{ 24) reÛection from 270 arcsec to 65 arcsec for a 1 : 3 ñ m thi ck GaN layer
wi th and wi tho ut LT- AlN interl ayers, respecti vely [33]. The GaN or Al GaN layer
grown on to p of the LT- Al N layer is parti al ly com pressivel y stressed whi ch counter-
ba lancesthe stress when grown on Si. As an exam ple in Fi g. 4 the X- ray di ˜ra cti on

Fig. 4. È -2 È scan around the GaN (0002) reÛection of two GaN samples on Si

w ith two A lN -interlayers grow n at low ( 630
£ C) and high (11 45

£ C ) temp eratures. T he

low -temp erature interlayers decouple the GaN into three parts of di˜erent stress.

(0002) È -2 È pattern of a thi ck GaN sampl e wi th two LT- Al N interl ayers grown
at 1 1 4 5 £ C and 6 3 0 £ C is shown. For the sam ple wi th the high tem perature inter-
layers a single Gaussian di ˜ra cti on peak is observed indi cati ng the same c- latti ce
parameter for the whole stack, wherea s for the sampl e wi th the LT- Al N interl ayer
a spli tti ng in three com ponents is vi sibl e, i .e. the three GaN layers are decoupl ed
from each other. For thi ck GaN layers wi th mul tipl eLT- Al N layers a bowi ng of the
wa fer can be observed. If the bowi ng gets to o stro ng a poor therm al conta ct wi th
the substra te holder occurs resulti ng in an inhomogeneous layer qual i ty . Thus an
accurate balanci ng of the GaN layer thi cknesses is importa nt to mainta in a low
curv ature even duri ng growth. For thi s purp ose an in sit u stress m easurem ent
e.g. a m ul ti- beam -optica l -stress-sensor (MOSS) whi ch di rectl y m easures the wafer
curv ature duri ng growth is helpful [34, 35].
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4. Cr ac k- fr ee l ight -emi tt in g devi ces on si l i con

Using the patterni ng techni que Dadgar et al . [28] fabri cated a crack- free
3 : 6 ñ m thi ck 1 0 0 È 1 0 0 ñ m 2 LED structure. The di ode showed bri ght electro lum i-
nescence wi th an onset at 3.2 V and a series resistance of 3 5 0 ¨ .

Zha ng and co-workers presented a crack- free LED appl yi ng an Al GaN bu˜er
layer and keeping the to tal thi ckness of the devi ce low ( ¤ 1 ñ m ) [36]. The thi ck
Al N (120 nm ) Al GaN (380 nm ) bu˜er layer [13, 14] prevents cracki ng of the
subsequentl y grown Ùlm by induci ng com pressive stress duri ng growth. The output
power is 23 and 1 9 : 4 ñ W at 20 m A and 506 nm wi th 8 V and 16 V necessary to
dri ve thi s current for to p and verti cal ly conta cted LED s. Af ter thi s the sam e group
presented a slightl y im pro ved LED based on the same bu˜er layer but wi th thi cker
GaN layers and a to ta l thi cknessof ¤ 1 : 5 ñ m [15]. D espite the rel ati vel y thi ck, high
band gap bu˜er layer an im pro vement of the LED wa s achi eved and a rel ati vel y
low series resistance of 1 0 0 ¨ obta ined for verti cal ly conta cted LED s. Thi s is one
of the best values reported on Si(111). Li ght output power is 2 0 ñ W at 505 nm
and 20 m A (7 V) current. They perform ed li feti me testi ng over 500 hours and
could not observe any degradati on of the devi ce.

Felti n et al. grew a thi ck crack- free LED structure wi th the Al N/ GaN su-
perlatti ce bu˜er layer described above [19]. W hi le the structure is reported to be
cra ck-f ree, pro cessing obvi ously induced cracks. Intro duci ng LT- Al N interl ayers for
stra in engineering and an Si x Ny in situ mask D adgar and co-workers succeeded
in the growth of a crack- f ree 2 : 8 ñ m thi ck LED structure on a 200 Si(111) wafer
[37]. In addi ti on to the LT- in terl ayers, the structure conta ined a sil icon ni tri de in
si tu m ask as Ùrst intro duced by Lahr e̊che et al . [38] f or the growth of GaN on
sapphi re and Ùrst appl ied by Hageman et al . to the growth of GaN on Si [39].
The l ight output power of 4 2 0 ñ W at 20 m A and 498 nm is already su£ cient for
indi cato r l ights. The resisti vi ty could be reduced to 4 0 ¨ and is the best value
reported so f ar. By using the in situ mask the di slocati on density could be dra sti -
cal ly reduced by an order of m agnitude from ¤ 1 0 1 0 cm À 2 to ¤ 1 0 9 cm À 2 resulti ng
in an impro ved catho dolum inescence intensi ty by a factor of 5 [40]. The impact
of the in sit u m ask is schemati cal ly shown in Fi g. 5. Af ter the inserti on of the
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Fig. 6. Impact of a silic on nitride mask on the grow th of GaN . Grow th pro ceeds from

openings in the mask in an EL OG- like manner ; top view (lef t) and side view (right).

m ask the GaN growth pro ceeds f rom openings in m ask in an epi ta xi al latera l
overgrowth- l ike (ELOG -l ike) m anner (Fi g. 6). In order to avoid the accum ulati on
of a cri ti cal stress thi ckness of ¤ 1 ñ m a fast coalescence is necessary, whi ch could
be achi eved by properly adj usti ng the V{ I I I ra ti o.

5 . Ou t l ook

GaN growth on Si has developed rapidl y in the last few years. The main prob-
lem | therm al mismatch | has been solved by several concepts for devi ce-relevant
thi cknesses and the layer qual i t y is su£ cientl y good for manufacturi ng LED and
FET devi ces. For laser devi ces on Si a signi Ùcant reducti on in dislocati on den-
sity is needed. Theref ore m etho ds as ELOG , pendeo and canti lever epita xy m ust
be combined wi th stress reduci ng layers to achieve uncra cked Ùlm s wi th a low
di slocati on density . Even for the growth on sapphi re and SiC the pro blems wi th
hi gh di slocati on densiti es and low l i feti me are severe and at the m oment onl y few
groups succeeded in the growth of laser devi ceswi th a cw- li feti m e of m ore tha n one
hour. If no large hom oepi ta xi al GaN substra tes are avail able in the near f uture, Si
substra tes wi l l certa inly play a ro le in pro ducti on of FETs and LED s and m ayb e
even for laser devi ces especial ly since substra te rem oval is very sim ple.
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