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EFFECTS OF A1N BUFFER LAYER ON CRYSTALLOGRAPHIC STRUCTURE
AND ON ELECTRICAL AND OPTICAL PROPERTIES OF GaN AND Ga1 .~Al N (0< x � 0.4)
FILMS GROWN ON SAPPHIRE SUBSTRATE BY MOVPE
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Nagoya University, Departmentof Electronics,Furo-cho, Nagoya464 01, Japan

GaN andGa1 ~Al 5N (0 <.x ~ 0.4) films grown by MOVPE on (0001) sapphiresubstrateare found to consist of many mosaic
crystalliteswith variousorientations.By precedingdepositionof a thin AIN buffer layer, the microscopic fluctuation in crystallite
orientationcanbe considerablyreducedandthe crystalline quality of thefilm is remarkablyimproved.Both the thicknessandthe
depositiontemperatureof theA1N layerare foundto be optimal as a buffer layerto convey theinformationof thesubstratesuchas
the crystallographicorientationandto relax the Strain in this heteroepitaxialgrowth.The essentialrole of the AIN buffer layer is
thoughtto be thesupplyof nucleationcentershavingthesameorientationas thesubstrateand thepromotion of lateralgrowthof the
film dueto the decreasein interfacial free energybetweenthe fitnl and the substrate.

1. Introduction In contrastto other III V compoundsemicon-
ductors such ~ GaAs and InP, however, it has

Gallium nitride (CaN) and gallium aluminum beendifficult to grow high quality epitaxial films,
nitride (Ga1 ,Al~N)alloy are promisingmateri- especiallywith a smoothsurfacefree from cracks,
als for optical devicesin the blue andUV regions, becauseof the largelattice mismatchandthe large
sincetheyhavedirect bandgapswider than3.4eV difference in the thermal expansioncoefficient
and electrical resistivitiesover a wide range from between the nitride film and the sapphiresub-
10 ‘~ up to 108 ~2cm at room temperature[1,2]. strate,as shown in table 1.

Various methodshave been reported on the Recently,we succeededin improving remarka-
growth of single crystal films of these materials. bly the surfacemorphologyas well as the electri-
They includehydridevaporphaseepitaxy(HyPE), cal andoptical propertiesof GaNandGa1 Al ~N
MBE and MOVPE using a sapphiresinglecrystal (0 <x � 0.4) alloy films by the precedingdeposi-
as the substrate. tion of a thin AIN layer as a buffer layer before

Table I
Lattice and thermal mismatchesbetweennitnde and sapphire

Lattice ~aep/L~asus Thermal expansion ~1a~
constant (%) coefficient x 10 6 (%)

(A) (K 1)

GaN a 3.189 + 16.1 5.59 25.5
c 5.182 7.75 8 8

AIN a 3.111 ±13.2 5.3 29.3
c 4.980 4.2 50.6

Sapphire a 4.758 7.5
c 12.991 8.5
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NH3 were mixed just before the reactor,and the

SUBSTRATE SUSCEPTOR mixture was fed to a slanted substratethrough a
delivery tube with a high velocity (110 cm/s) as
shown in fig. 1. Thus, the desiredalloy composi-
tion over the whole rangewas obtainedby con-

TMP trolling the concentrationratio of TMG to TMA

TMG TMA EXH Optical grade polished sapphire with (0001)

H2 NH3 orientation(C-face)wasusedas the substrate.The

Fig. 1. Schematicdrawingof growth apparatus misorientationwas within + 0.50. The substrate
wasetchedwith a hot solution of H3P04:H2S04

1: 3 and placed on a graphitesusceptorwhich
GaN (or the alloy) film growth by MOVPE [3,4]. washeatedby RF. Prior to the epitaxial growth, it

In this paper, the effects of the A1N buffer was thermally treatedat 1150°Cfor 10 mm in a
layer on the crystallographicstructureand the streamof H2 to removesurfacedamage.
electricaland optical propertiesof GaN and the Conventionally,GaN or the alloy film is grown
alloy films will be discussed, directly on the substrate,as shown in fig. 2b. In a

newly developedprocess,shown in fig. 2a, before
the growth of GaN or the alloy film, a thin A1N

2. Experimental layerof about500 A thick wasdepositedat 600°C
for 6 mm by feeding7 ~tmol/min of TMA and2

A horizontal type MOVPE reactoroperatedat SLM of NH3 diluted with 2.5 SLM of H2. Then,
atmosphericpressurewas used for the growth. the substratetemperaturewas raised to a growth
Trimethylgallium (TMG), trimethylaluminum temperatureof 1000°C,so that a GaN (or the
(TMA) andammonia(NH3) wereused as source alloy) film of about 3 12 jsm thick wasgrown in
materials.The carrier gas was hydrogen(H2). In the sameway as the conventionalprocess.Fig. 2c
order to reduce parasitic reactions of metalor- shows the timing chart of the growth process.
ganics(MO) with NH3, H2 carrier gas, MO and Under these conditions, single crystal films of

H2 (2. 5s im) +NL-i3 (28 im)

Oft’~ TMA(7a,iM~r~

(~i) ‘‘ __________H____________
Sapph~~e ~. TMG (17 8.Oi/I,n)

~ time

I 150t

C N ________ iO ~ 60m
(GaAQN) 6mm

(~)with Ill/V (b) conventional ‘~ t

buffer layer (c) tinung chart

Fig. 2. Illustration of growthprocess:(a) with theAIN buffer layerand(b) conventional;(c) showsthe timing chart.
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I

Fig. 3. SEM photographsof GaN film grown on (0001) sapphire(a) with (500A thick) and(b) without AIN buffer layer.~lhegrowth
timewas60 mm. Markersrepresent1 ~sm.

GaN and Ga1 ~Al~N alloys with A1N molar 3. Results for GaN
fraction x smaller than0.4 can be grown. Single
crystal alloyswith x larger than 0.4 could not be 3.1. Surfacemorphology

grown.
Fig. 3 shows scanningelectronmicrographsof

the GaN film grown on a (0001) sapphiresub-
— stratewith (fig. 3a) and without (fig. 3b) the A1N

[10 10) [1210] buffer layer. The former is quite smoothand has

GaN Sapphire no cracks,while the latter shows a rough surface

S

[10101 1[1210]
SaN Sappbre

• • S

o _o 0

~O -~ ~,Q.
I [1210]

“‘I .~ SaN
‘-10 so • c,Io~—-.

I ~ [ioio]
5apph~re

L__.0. ~ ~ o•

0 0” 0
• I

3 1894 I
• SaN
0 Sapphmre

Fig. 4. Back reflectionX-ray Lauepattern for GaN grown on Fig. 5. Schematicillustrationof the relationin crystallographic
(0001) sapphire.The [1010] direction of the GaN coincides orientationbetweenthe (0001) GaN film (•) and the (0001)

with the[1210]directionof thesapphire. sapphiresubstrate(0).
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Fig. 6. Differencesin lattice constantand thermal expansion
coefficient between(a) GaN and sapphire. (b) AIN and sap- Z

us ki~12 Iphire and(c) GaAsand Si. ~ and5/~amtrdearetakenasthelatticeconstants. —-J0~350 360 370 380WAVELENGTH (rim)
having hexagonalhillocks. This result shows that Fig. 7-1. Photoluminescencespectrafor undopedGaN films.

the surfacemorphologyof the GaN films can be The samplesare thesameas thoseshownin fig. 3. Solid curve

improvedby the predepositionof an A1N layer. (a) is for sample grown with the AIN buffer layer (SOt) A
thick), and broken curve (b) for the conventional layer. Fig

3.2. Relation in thecrystallographic orientation be- 7-2. Photoluminescencespectrumfor Zn dopedGaN film

tweenGaNfilm and sapphiresubstrate

the sameas the onesshown in fig. 3. In the GaN
Fig. 4 is an example of the back reflection film grown with the A1N layer, the 12 line is very

X-ray Lauepatpatternfor a GaN film grown on a strong and its FWHM is 1.1 meV, which is the
(0001) sapphiresubstrate,showingthat the film is
aligned so that the [1010] direction of GaN is
parallelto the [1210]directionof sapphire.This is
schematicallydepictedin fig. 5. According to this E1019 .

relation, the lattice mismatchshown in table I
z

expressesthe ratio (v’~afl,Irde — ~ in the °

Conventional
(b)caseof the growth on the (0001) substrate.These

relationsconcerningthe lattice mismatchand the
w

difference in thermal expansion coefficient are o
z

shown in fig. 6, togetherwith those for GaAs 0 0000

C)
grown on Si. It wasalso found that the GaN film z1O’1

7 0000
o with 000

orients the [0001] axis on the (1120) sapphire A1N 7” 0
5-
° buffer tayersubstrate. us
—i (a)us

I I

0 5 10 ‘15
3.3. Photoluminescence

1000 T (K 1)
Fig. 8. Electron concentration as a function of reciprocal

Photoluminescence(PL) spectra for undoped temperaturein GaN film grown (a) with (500A thick) and (b)

GaN films are shownin fig. 7-1. The samplesare without AIN layer.
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best figure up to datein this material.Moreover,a W-mode ~ 0

broadband emission in the long wavelengthre- open / ‘~ 1 9’
gion, which may be due to deeplevel impurities window ‘ ‘ B 2’

and/or lattice defects, is scarcelyseen. On the ,‘ ~

otherhand,in the conventionalfilm no nearband
emissionis observed;only broadbandemissionis , ,.‘~ .......

seen. ~ W.mode 4\ ~Oi
In a PL spectrumfor a Zn-dopedGaN film g

grown with the A1N layer shownin fig. 7-2, avery ,..,,‘ ~

strong and sharp I~line, and its phonon replica ,~ (a)\(b)

clearly appear,while the intensityof the ‘2 line is -/

weak comparedwith the undopedone [6]. This
meansthat Zn behavesas an acceptorand the 20/0 mode 2AO~

Zn-dopedGaN film grown with the A1N layer is
also of high quality. (a) 2 —

3.4. Electricalproperties
Fig. 10. Double crystal X-ray diffraction profiles obtained
from GaN film grown (a) with (500 A thick) and(b) without

As seenin fig. 8, the electronconcentrationof AIN layer.
the GaN film grown with the A1N layer is two
ordersof magnitudelower than that of the con-
ventional one. The former electron mobility is 3.5. X-ray diffraction profile

about oneorder of magnitudehigherthan that of
the conventionalone, as shown in fig. 9. These Itoh and Okamoto [7] have shown that if an
datashow that the electricalpropertiesare greatly epitaxial film has a mosaicstructureand a varia-
improvedby the useof the A1N layer. tion of lattice spacing, the magnitude of the

FWHM of the X-ray diffraction profile depends
on the methodof measurement.The FWHM ~
which is broadeneddue to fluctuations in the

1000 0 orientation of the crystallites, is experimentally
0 0 00 determinedfrom the rocking curve obtainedwith

500 - °with ,~“ the w-mode using a narrow detector slit. The

buffer layer 0 FWHM ~°2, which is broadeneddue to a varia-
(a) lion of lattice spacing,can be measuredfrom the

diffraction profile by the 20/0-modewith the slit.
u - ~\0is the FWHM for the to-modeprofile obtained

100 with an opendetectorwindow that is a conven-
50 . conv~nts~i~t tional rocking curve. Therefore,the following su-

perpositionrule holds roughly:

(1)

I Also, if z~0~is much larger than ~~2’ the film is
10 - suggestedto consistof mosaiccrystallites.Fig. 10

TEMPERATURE ( K ) shows double crystal X-ray diffraction profiles

Fig. 9. Temperaturedependenceof electronHall mobility of obtainedfrom the GaN film grown (a) with and
GaN film grown (a) with (500 A thick) and (b) without AIN (b) without the A1N layer. The magnitudesof ~0

layer. for (a) (solid curve) are much smaller than those
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C—

Fig. 11. SEM photograph’,of Ga
119Al11 N film grownon (0001) sapphue(a) with and(b) without AIN layer.Thegrowth time was60

mm. Markersrepresent5 jim.

for (b) (dashedcurve). The former ~0 ‘s are the nitudesof ~0 for (a) (solidcurve) aremuch smaller
narrowestup to date in this material. The varia- than those for (b) (dashedcurve). Theseresults
tion of the lattice spacing, ~d/d. was estimated show that the useof the A1N layer is also effective
from the magnitudeof ~i02andthe Braggangleto for the alloy growth, although the Ga09A10 1N
be on theorder of 10 ~, which is negligibly small. film consistsof mosaic structure(z~01 is much
Theseresults of X-ray studies indicate that by larger than ~02). However, the magnitudesof L~9
using the AIN layer. the crystalline quality is are much larger than those for the GaN film
much improved,althoughthe film is thoughtto be shown in fig. 10, indicating that the crystalline
of mosaicstructure,since~ is much larger than quality deterioratesby the alloying. Moreover, the
~02. variationof the lattice spacingwasestimatedto be

All theseresultsdescribedin this sectionshow on the order of 10 ~, which is one order of
that by the precedingdepositionof the A1N layer, magnitudelarger than that of the GaN film. This
the microscopicfluctuation in crystallite orienta-
tion andthestructuraldefectsoriginatedfrom this
heteroepitaxial growth are significantly reduced Ui-mode r7\\ ~

and the electricalandoptical propertiesas well as window ~‘ / \ x’13 6

the surfacemorphology of the GaN film can be — ~‘ 1 (a)’(b)

remarkablyimproved. ~ _,~____,/

~ Ui mode i7’~\ ~
/1 ~‘, so•

4. Comparison betweenGaNandGa09AI01N ~/ \)~°.

Next, the results for GaN will be compared ~j ‘~i~)ib)

with those for Ga09A101N.As seen in fig. II, a us , . ~
Ga09A101Nfilm with a quite smoothsurfacecan ~ 20/E1niode/f\. 2~~0.2

be obtainedby using the sameA1N buffer layer. >. ;‘ /
But, the resultsof X-ray studiesindicatethat there -~‘j
is sumedifferencebetweenthe GaN film and the 2 ~‘ / ~(b)~~”’

alloy film. Fig. 12 shows double crystal X-ray ~

diffraction profilesfor the Ga09Al 0 1N film grown Fig. 12. Double crystal X-ray diffraction profiles for

(a) with and (b) without the A1N layer. The mag- Ga09AI,,1N film grown (a) with and(h) without AIN layer.
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may be causedby the compositionalfluctuation in and PL spectra [8]. TheseX-ray results are sum-
this alloy, which was previously observedby the marized in table2. This indicatesthat in all sam-
presentauthors in optical absorptionspectra[2] ples the superpositionrule holds, and both the

I

________________________ [t ... ~.‘,.1r1 i r~z~rwWi I ~ 1~LPt~!~

U. _U.

cL1:rVL

~1IIIIIII~
I ~~•I S .

Fig. 13 1. AIN laserdepositedat 600°C for 5 miii Figs. 13-2 to 13-4. GaN film grown at 10000C for 5 mm (fig. 13-2), 10 mmn (fig.

13-3) and 60 mm (fig. 13-4) on the AIN layershownin fig. 13-1. Eachfigure(a) is SEM photographof thesurface.(b) thesameas(a)
but takenwith a high magnification and(c) thecorrespondingRHEEDpattern.
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Table2
FWHMs of X-ray diffraction profiles ~8Oandthe variationin latticespacing~d/d of GaN and Ga

09Al0 ~N films

L~O(meas.) ~ (meas.) h

10

2 (meas.) ~1d d

tarenun) (arc mm) (arc mm) (estimated)

GaN
With AIN buffer layer 1.9 1.5 0.4 3.7x 10 ~
Conventional 8.2 7.6 0.6 5.6x10 ~

Ga09A101N
With AIN buffer layer 6.4 4.5 1.9 1.8X 10 ‘‘0

Conventional 13.6 10.2 3.4 3.2 X 10 ‘0

a) Due to compositionalfluctuation[2,81.

GaN andthe Ga09A101Nfilms are composedof be remarkablyimproved by the predepositionof
many mosaiccrystallites. The alloy film includes anA1N layer.
compositionalfluctuation,which differs in quality In order to clarify the role of the A1N layer,
from the GaNfilm. every stageof GaN growth was studiedby SEM

andRHEED.
Fig. 13 shows the changesin surface mor-

5. Model for the modeof growth phology and the correspondingRHEED pattern
of the samepart during the growth. Fig. 13-1 was

In spite of theseX-ray results,it is clear that obtained for the predepositedA1N layer whose
the crystalline quality as well as the surfacemor- thicknesswasabout500 A. Figs. 13-2to 13.4were
phologyof both the GaNandthe alloy films can obtained for the GaN film successivelygrown

1000 ii

(IusAiN(5m~ (ib) ~

G~N oiond”heXO0000i rOiIO,0i’___________ [0000

(2a) AIN(5m~~~~ 5,ex~.goo~t

3D

~o~ioo~oocoI B” (3b) CaN A 1.0.

~quae i 20 gro8j ~yegui ar~ur

~ (Sb) CaN

Fig. 14. Growth model for GaN film on (0001)sapphiresubstrate(a)with and(b) without AIN layer.
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a __

~1IuIi
Fig. 15-1. SEM imagesof A1N layerdepositedat (al 600°C.(b) 700°C.(ci 900°Cand(dl 1000°C:markerrepresents0.3 jim. Fig.
15-2. Differential interferencecontrastmicrographsof GaN film successivelygrownat 1000° C on eachsubstratecoveredwith A1N

layeras shownin fig. 15-1;markerrepresents50 jim.

with different growth times on the A1N layer. In nessof the GaN film. Finally, the whole areaof
eachfigure, (a) is a SEMphotographof thesurface, the substrateis coveredby GaN film with a flat
(b) is the same as (a) but was takenwith a high surfaceas seenin figs. 13-4aandi3-4b.
magnification and (c) is the corresponding The RHEED pattern(fig. 13-2c) after 5 mm of
RHEED pattern. Fig. 13-i a shows a uniform growth is spotty, indicating that the GaN islands
featurelessstructure.But in fig. i3-lb, one ob- are three-dimensional.After this, it becomes
servessomethinglike fine particlesof severaltens streaky, indicating that the surface is more
of A, which seemto be buried in the featureless flattened(figs. 13-3cand 13-4c).
structure.The correspondingRHEED pattern(fig. On the otherhand,in the caseof directgrowth,
13-ic) showssomewhatdiffusespotstogetherwith as shown in fig. 3b, the height of a hexagonal
a halo-patternin agreementwith the SEM result GaN island was proportional to the side at all
(figs. i3-ia andi3-ib). growth times, indicating that three-dimensional

Therefore,this A1N buffer layer is thought to islandgrowth dominates.
consist of both fine crystallites and an amor- On the basis of these results, we proposea
phous-like structure.After 5 mm of growth, as model, shown in fig. 14, which can explain the
seen in figs. 13-2a and i3-2b, many truncated differencein the modeof growthbetweenthe two
hexagonalpyramidal mesasare formed. Succes- cases.
sively, a two-dimensionallateralgrowth proceeds In the case crf the GaN film grown with the
favorably for a certain periodof the growth time A1N layer, underoptimumconditions,many A1N
(figs. i3-3a and i3-3b). This clearly indicatesthat crystallites (mode “A”), which are shown by
quasi-lateralgrowth dominatesat a certain thick- shadowedspots in fig. 14-ia, may be formed
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togetherwith an amorphous-likestructure.These on the substratecoveredwith the AIN layer, which
fine crystalliteswere found to havethe [0001]axis was predepositedat different temperatures.This
parallel to that of the sapphireandmay act as a shows that the FWHM of the X-ray rocking curve
nucleationcenter for the following growth of a for the GaN film increasessuddenly at a certain
GaN island, which is not a column, but a trun- temperaturehigherthan600°C,at which the A1N
catedpyramidalmesa,as shownin figs. 13-2aand layerwasdeposited.Theseresultsindicatethat the
i4-2a. In further growth, the lateral growth and higher the A1N deposition temperatureis, the
the coalescenceof GaN islands are seen (figs. rougherthe GaN film becomes.
I 3-3a and 14-3a). Thesemay be caused by the Therefore,both the thicknessand the deposi-
decreasein interfacial free energy betweenthe tion temperatureof the AIN layer were found to
GaN island and the amorphouslike A1N layer be optimal as a buffer layer to convey the infor-
(mode“B”). mation of the substrate, such as the crystallo-

On the other hand,in the caseof the conven- graphicorientation,andto relax the strain in this
tional film (fig. 3b), many hexagonal GaN col- heteroepitaxialgrowth.
umnswith different sizesandheightsare formed, Finally, in order to study the effect of density
as depictedin fig. 14-2b. Theygrow three-dimen- of the step as a nucleationcenter, offset-angle
sionally (figs. 14-2b and 14-3b), resulting in a substrateswere usedin conventionalMOVPE for
roughsurface,and many pits at their boundaries, comparison,since they are thought to havemore
as shownin fig. 14-4b. nucleationsites than the just-cut substrate.The

Theoptimumthicknessof thepredepositedA1N result showedthat, contrary to the growth on the
layerwasfound to bearound500 A. If it wastoo just-cut substrate(cf. figs. 3b and 14-3b), the
thick (for example,1500 A), the GaN film became whole area of the off-angle substratecould be
polycrystallinewith a roughsurface. coveredby GaN in the growth of 60 mm. How-

Fig. iS-i shows SEM images of the prede- ever, the surfacewas not specular,but extremely
positedA1N layer at different temperatures,and rough. Moreover, the X-ray diffraction profiles
fig. 15-2 shows differential interferencecontrast weremuch broaderandthe PL spectrawere much
micrographsof the GaN film successivelygrown weakerthan thoseof the film grown with the AIN
at i000°C on each substratecoveredwith the layer. This indicates that the role of the A1N
A1N layer. As seenin fig. iS, whenthe deposition buffer layer cannotbe ascribedto the increasein
temperatureof theA1N layer is higherthan600°C, the nucleationsitedensityalone.
its surface become rough and the successively
grown GaNfilm becamepolycrystalline.

Fig. 16 shows the variation of FWHM L~0of 6. Summary
the X-ray rocking curve for the GaN film grown

GaNand Ga1 XAIXN (0 <x <0.4) films were

15 epitaxially grown on a (000i) sapphiresubstrate
by MOVPE. By using the thin A1N buffer layer,
the surface morphology and the thickness uni-

10 - - - - -. - - -. formity as well as the electricalandoptical prop-

• erties of these films were remarkably improved.
5 - / The microscopicfluctuation in crystalliteorienta-

V ~‘ tion in thesefilms could be considerablyreduced,
• especiallyin the GaNfilm. In contrastto theGaN

o C 500 ~ film, Ga1 ~Al5N alloy films include a composi-
T ( ~C) tional fluctuation, which causedthe variation of

MN the lattice spacing.The optimal thicknessand theFig. 16. Vanatmon of FWHM slO of X-ray rocking curve for .

GaN film grown at 1000°C on AIN layer, which was prede- deposition temperatureof the A1N buffer layer
positedatdifferent temperatures. were found to be from 500 to i000 A andaround
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