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ABSTRACT 

We have investigated the nucleation and growth of gallium nitride (GaN) films on silicon 
)003 IS	 and sapphire substrates using halide vapor phase epitaxy (HYPE) . GaN growth was carr ied out 

on bare Si and sapphire surfaces, as well as on MOYPE-grown GaN buffer layers. HYPE 
growth on MOYPE GaNlAIN buffer layers results in lower defect densities as determined by 
x-ray than growth directly on sapph ire. HYPE GaN films grown directly on sapphire exhibit 
strong near-ed ge photoluminescence, a pronounced lack of deep level-based luminescence, and 
x-ray FWHM values of 16 arcsec by an x-ray 8-28 scan. The crystallinity of GaN films on 
sapphire is dominated by the presence of rotational misorientation domain s, as measured by x
ray to-scan diffractometry, which tend to decrease with increasing thickness or with the use of a 
homoepitaxial MOYPE buffer layer. The effect of increasing film thickness on the defect dens ity and P. 
of the epilayer was stud ied. In contrast, the HYPE growth of nitride films directl y on silicon is 
complicated by mechani sms involvin g the formation of silicon nitrides and oxides at the initial 
growth front. 

fNTRODUCTION 
Oflhc 

Despite recent technological advances in nitride epitaxy, mechani sms controlling the 
crystallinity of nitride layers on heteroep itaxial substrates are not well understood. The 

I, B .R. 
application of low temperature buffer layers has been shown to dramatically improve the1995, 
crystallinity of epitax ial GaN on sapphire (1,2); however, the current state of technology for 
nitride epitaxy still lags well behind that of Si and GaAs. There are several sources of defects in 
GaN grown on sapphire. Defects in the material are generated, such as threading dislocations, 
due to lattice mismatch at the heterointerface. The threading dislocation density is expected to 
decrease with increasing thickness of the film, due to occasional defect annihilation. An 
additional significant type of defect is the boundary between rotationally misor iented domains 
within the GaN epilayer. The application of a suitable buffer layer acts to decrease the degree of 
rotational misorientation in the film (3). The nature and extent of developm ent of the 

nd Z . microstructu re, dominated by these defects as the film thickness is increased, has not been 
previously investigated in detail. In this work, we utilize two nitride growth techniques, 
metalorganic vapor phase epitaxy (MOYPE) growth and halide vapor phase epitaxy (HYPE) 
growth, to quantify differences in epitaxial GaN arising from the presence of rotat ional 
misorientation domains and threading dislocat ions as a function of film thickness and buffer 
layer. 

From a technological viewpoint, a promisin g route for the development of GaN substrates 
is the heteroepitaxial growth of GaN films by rapid growth techniques, such as halide vapor 
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phase epitaxy (HYPE), followed by the in-situ etch removal of the initial substrate to leave a 
thick free-standing GaN film. The availabili ty of GaN homoep itaxia l subs trat es would 
significan tly reduce current probl ems in heteroepitax ial nucleation and eliminate defects arising 
from differences in the coefficient of thermal expansion between the epilayer and the substrate. 

EXPERI MENTAL PROCEDURE 

The HYPE technique has been discussed widely in the literature (4,5,6,7) . Details 
concerning our HYPE growth of GaN have been presented elsewhere (8). MOYPE buffer layers 
and growth studies were carried out in a horizonta l MOYPE system, operated at 76 Torr , 
utili zing trimethylaluminum, trimethylgall iurn, and amm onia as the reactants. Typical gas 
veloci ties were over 30 ern/sec, with cation precursor part ial pressures on the order of 0.0 I I Torr, 
and a Yni l ratio of 1500. Low temperature AlN buffer layers were utilized for MOYPE growths 
of GuN on sapphire, in accordance with the techniqu es reported by other researchers (I) . For 
growths of AIN on Si(1l l ) subs trates, the Si substra tes were initially oxidized, with the oxide 
removed by HF etch just prior to growt h. MOYPE AIN layers were grown on Si(lll ) using 
trimethylaluminum and ammo nia as the precursors at II OO°C, similar to the method reported by 
Watanabe et at (9) . 

Both co -scan (transverse) and 8-28 scan (longitudinal) x-ray diffraction geomet ries were 
used to characterize the GaN films. The x-ray apparatus was equipped with a four-re flectio n 
monochro met er and a three-reflection Si analyzer crystal at the detector. In the co-scan geome try, 
the dete ctor was held at a fixed position, and the sample was tilted during the scan. In the 8-28 
geometry both the samp le and detector were moved , with the detector mov ing at twice the 
angular velocity of the sample. 

RESULTS AND DISCU SSION 

The growth rate of GaN, based on the apparen t activa tion energy for growth and the 
dependence on GaCI part ial pressure, previously reported (8), appears to be limited by mass 
transport of GaC I to the growth front rather than by surface reac tions . The growth thickness 
unifo rmity was ±8% ove r a 2.5 ern sample, with a smooth specular surface . Attention to surface 
cleani ng and higher growth rates were found to improve the growth morphology. Higher GaCI 
part ial pressure s may increase the rate of nucleation, leading to a higher density of GaN nuclei on 
sapphi re, and transition to the 2-D growth mode at a lower thickness. Th e theoretical 
relations hip between the heterogeneous nucleation rate and the supersaturation for the general 
case is widely discussed in the literature (10). 

HYPE GaN layers on sapphire were analyzed using X-ray scans in the co-rocking 
(transverse) and 8-28 rocking geometries (longi tudinal). The co -scan values always exh ibit a 
much broa der f WHM to the peak than the 8-28 scan (i.e., 636 arcsec versus 16 arcsec for a 110 
urn thick HYP E GaN/sapphire sample). Broadening in the eo-scan is due to comp osite 
broadening from both lattice parameter variation and the presence oflarge ang ular mi sorientation 
domains (mosaic spread) in the epitaxia l film . The 8-28 scan meas ures broadening prim arily due 
to varia tion of the lattic e parameter in the material ( I I) . In all samp les, regardless of thickness, 
angular misorientat ion domains domi nate the GaN micros tructure. While this conclusion has 
been report ed in the growth of MOYPE GaN, our measurements indicat e a simi lar defect 
struct ure in the HYPE-grown materials. The relative magnitu de of broadening due to variation 

in the c-axis lattice parameter as compared to the effect of the in-plane angular distribution of 
GaN dom ains is demonstrated in 
Figure I, which illustrates a 
reciproca l space map for this 15 r[ - ------------ -------, 

material. '\
 
Low temperature (7K)
 

photoluminescence studies of thick 
GaN/sap phire HYPE films 
obtained with an excitation laser 
power density of 5 W/cm1 possess 
a negl igib le amount of yellow 
luminescence, and very strong 
near-band transition s at 3A8 eY 
(FWHM value lOA meY ). This ' -15 t , I 

-25 -20 -15 -10 ·5 0 5 10 15 20 25photo luminescence spectrum has 
q'ill> (~m)'1

been published elsewhere (8) . It is 
interesting to note that althoug h Fi ure I : Reciprocal space map for 110 urn GaN/sapphire, 
other HYPE (and MOYPE) g o1s T&,=1050°C (min contour=10 · counts, 
samp les generally demonstrate maxv l O':" coun ts, 17 contours) 
strong yellow lumine scence 
(12,13,14), the films in this study demo nstrate very little lumin escence in the 550 nrn region . 
Thus, the lack of yellow luminescence in these samples is not an inhere nt featu re of the HYPE 
growth techniq ue. Moreover, the x-ray FWHM values of the HYPE materials in this study are 
not dramatica lly different from high qua lity MOYPE GaN, sugge sting that the presence of 
exte nded defec ts (such as low ang le grain boundaries) are probably not direc tly responsible for 
the presence of yellow luminescence. 

In many epi taxia l systems, the density of threading dislocations and rotational 
misorientation domains decreases with increasing film thickness (IS ). X-ray measurements in 
the 00 scan compared to the 8-28 scan 

-5 

10 

-10 

geometries were com pleted for a series of 
3000 1- .

HYPE GaN/sapphire films grown at 
Growthdifferent th icknesses. The results of this 

/""'0 2500 temperature oanalysis are shown in Figure 2. In the Q) lowe
(0002) reflect ion , the x-ray penetra tion ~ 2000 
depth is estima ted to be on the order of 20 '---' 

urn (IlIo=O.I ). The se thick HYPE layers ~ 1500 

are well suited for a study of the change in 
~ 

defect structure with thickness. The ~ 

dominant change in defect structure in the 500 -----1 i I f---L ! 
HYPE GaN/sa pphire samples with 
thickn ess is the ang ular misorientation of o I I I II 

o 50 100 150 200 250 300the GaN domains. The variat ion in the c

axis lattice parameter is fairly small and Film Thickness (urn)
 
changes little wit h increasing thickne ss (0 
 Figure 2: GaN/sapph ire crys tallinity as a function of 
28 scan) , while the FWHM component HYPE GaN thickne ss (note detector 
att ribu ted to the rotational misorientation apert ure - 0.3 mm on 8-28 scan) 
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decreases from several thousands of arcsec (to scan), at low layer thickness, to 300-500 arcsec for 
layer thickne ss above J00 urn (see Figure 2). This result indicates that for all HYPE 
GaN/sapphire samples the dominant defect structure is the prese nce of rotational misorientation 
domains. The contribution to the x-ray peak broadening from these domain or grain boundaries 
decrease s with increasing film thickness, possibly due to ripening growth in the domain size or 
other routes for annihilation of the extended defects within the domain or comprising the doma in 
boundary. 

Based on an analogy to the MOYPE literature , the presenc e of a suitable buffer layer is 
expected to significantly reduce the defect density of HYPE GaN layers. To quanti fy this effect, 
an MOYPE GaNiAIN/sapphire sample was produced for use as an HYPE buffer layer (starting 
substrate). The MOYPE buffer layer structure provides a homoepitaxial surface for the initiation 
of the HVPE growth, eliminating difficulti es with the initial nucleation on the sapphire and 
leading directl y to a 2D growth mode. Consequently, samp les produced using an MOYPE 
GaNiAIN/sapphire substrate for the 
HYPE growth may result in samples 
with a reduced defect density. 
Figure 3 illustrates the co-scan 
curves for HYPE GaN films grown 
on MOYPE GaNiAIN /sapphir e 
buffer layers, as compared with the 
co -scan curves for HYPE GaN films 
grown directl y on sapphire as well 
as the initial MOYPE 
GaN/AIN/sapphi re films. The 
HYPE GaN film grown on the 
MOVPE buffer layer exhibits a 
much small er FWHM than the 
thicker HYPE film grown without 
the buffer layer. The MOVPE 

MOVPEGIN/AIN/sapphire 
(3 microns) 

FWHM330 aresec 

HVPEGaN/sapphire 
(I I0 microns) 

FWHM 640arescc 

HVPEGaN(30 micron) on 
MOVPEGaN/AIN/sap p 

FWHM 428aresec 

-2000.0 -1500.0 -1000.0 -500.0 0.0 500.0 1000.0 1500.0 20000 
proces s, and specifically the 
application of a low temperature Figure 3: X-ray co-scan curves for GaN as a function of 
buffer layer, clearly provid es a growth techniqu e and buffer layer 
mechanism for the reduct ion in the 
rotational spread of growth domains 
at a low film thickness (1,2). The HYPE growth on the MOYP E buffer layer has a higher 
FWHM and hence higher defect density compared to the MOYPE buffer layer itself. Several 
possible mechanisms could give rise to this observation. First, due to the large difference in the 
thermal expansion coeffi cient between GaN and sapphire, cracks will appear in both the GaN, 
and possib ly the sapphire, upon cooling for GaN layers above - 20 urn in thickness. Significant 
cracking has been observed in such films. As a result , inhomogene ities and misalignments in the 
film arisin g from mechani cal cracking can contribute to the measured FWHM of the film. 
Additionally, some degradati on of the MOYP E buffer surface may be occurring prior to the 
initiation of HYPE growth, due to contamination of the sample durin g transfer from the MOYPE 
reactor, or loss of nitro gen from the MOVPE buffer during the HYPE heatup sequence in 
amm onia . Opt imized pre-growth preparation must be developed to fully utilize these GaN buffer 
layers. 

HVPE growths of GaN were also carr ied out on (111) Si substrates , utilizing a MOYPE 
AIN buffer or by growth directly on the Si surface. The threefold symm etry of the (I l l) Si leads 
to the growth of wurtzit e GaN (9). Moreover, Si substrates are of interest because a convenient 
route exists for removal of the Si substrate in-situ to leave a thick free standin g GaN film; e.g. , 
sacrificial etch of the backside of the Si using HCl gas. This approach has the potentia l advantage 
of producing free-standing GaN substrate s free from strain and cracks induced by di fference s in 
the heteroepitaxial coefficient of thermal expansion. Init ial attempts to deposit GaN directly on 
(I l l) Si resu lted in polycrystalline deposition , probably due to either direct nitr idization of the 
(111) Si sur face durin g the HYPE heatup in nitrogen (16) or due to reaction of chlorides in the 
HYPE system wi th the Si surface, providing volatile silicon chlorides which subsequently react 
with ammonia to form silicon nitride s at the epitaxy surface. In fact, the formation of silico n 
nitride throu gh such volatile silicon chlorides is supported by the highly favorable free energy of 
[orruation (- 130 kJ/mol e SiCl, at 1050°C). Additionally, ammo nia can react directly with the 
solid Si sur face to form silicon nitrides (17). To alleviat e the reactivity of the Si substrate in the 
HYPE growth environment and provide an improved surfac e for nucleation. MOVPE AIN buffer 
layers were deposited on the Si substrates . A key aspect of the AIN/Si deposition was the growth 
temperature. AIN buffer layers deposited at temperature s of less than 1050°C in this study were 
not found to be single crysta l (also, see ref (9)). However, as observed by other researchers (9), 
films deposited at temperatur es exceeding IIOO°C led to epitaxia l single crystal growth, The 
high growth temperature may lead to reduced oxygen contamination of the Si surface throu gh in
situ reduction of the Si surface by hydrog en prior to the nucleation of the AIN buffer. AlN buffer 
layers exceeding a few tenths of microns were found to exhibit cracks with threefold symmetry. 
Theoretical calculation of the stress in the AIN/Si film (18) indicate a high tensile stress, on the 
order of 108_109 dynes/em' in the AIN film, arising from the difference in the coefficient of 

thermal expans ion between the AIN and Si. 
HVPE GaN films deposited on AIN/Si buffers were observed to be smoot h and specular 

except in area s where the AIN buffer layer was cracked. Near the cracke d areas, a rough granular 
morphology was present. Auger analyses confirmed the presence of Ga, N, Si, AI, and O. We 
postulate that these granular deposits form as a consequence of attack of the expose d Si by HCI, 
leading to silicon nit rides through the following reactions: 

x 
Si +xHCl ~SiClx +"2 H2 

3y-x
SiCI.r + yNH) ~ SiN y + xHCl + - 2- H2 

CONCLUSIONS 

The film properties for GaN grown by the HYPE technique as a function of substrate and 
buffer layer structure have been examined . The defect structure of the films is found to be 
dominated by the presence of rotational misorientation domains. Reduction in the defect density 
is observed with increasing thickne ss of the HYPE films, prim arily due to reduction in the degree 
of rotational misorientation in the films . Thus, some mechanism for domain ripenin g or other 
reduction in the degree of rotational misorientation must be occurrin g with increasing film 
thickness. The homoepitaxia l nucleation and growth of the HYPE film on a GaN MOYPE buffer 
layer results in decreased angular spread in the rotational misorientation domains as indicated by 
the reduced FWHM values in the x-ray ro-scan measurements. The HYPE layers grown on 
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MOVPE buffers remain structurally inferior to initial MOVPE GaN/AIN/sapphire layers. 
possibly due to additional complication induced by mechanical fracture in the thick HVPE films. 
Excellent optical and crystalline characteristics are obtained for the HVPE films on sapphire, 
with long itud inal x-ray scans of GaN/sapphire indicating a FWHM of 16 arcseconds for a 110 
urn thick film by 8-28 scan . The 7K photolu minescence for GaN/sapphire shows strong near
band emission at 3.48 eV with a FWHM value of 10.4 meV. Moreover, no detectable deep level 
emission was found in PL measurements at modest pump power dens ities. For HVPE GaN 
growth on (III ) Si substrates, a high temperature AIN/Si MOVPE buffe r layers were required to 
protect the growth surface from silicon nitride format ion. 
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