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The (%7) reconstructed (1 1 1) surface of silicon is found to be an excellent surface for the
nucleation of epitaxial aluminum nitride, despite the +23.4% misfit in the AIN/Si system. AIN
nucleated above theX7) to (1x1) transition temperature (830) is found to contain 30

misoriented grains, while films nucleated below the transition temperature are single orientation.
Optimized aluminum nitride films grown onx7) silicon surfaces make excellent substrates for
GaN heteroepitaxy.

1 Introduction the AIN layer. The best nucleation conditions are found

GaN FET's have shown very promising results [1] [Z]just pelow the (X7) to (I1x1) s_urface reconstr_uction_
[3] for possible applications in high-speed, high-poweriransition temperature for t_he Si su_rface. We_ briefly dis-
applications such as wireless communications. Thesg!SS properties and cracking of thick GaN films grown
applications demand substrates with good thermal corn the highest quality buffer layers.

ductivity and low RF loss. Silicon substrates offer some

intriguing advantages for these applications. Althougl"? MBE Growth

the the_rf"a' conductivity is not as high as in 3|I|con_ “aAn RF-coupled nitrogen plasma source from SVT Asso-
bide, silicon substrates can actually outperform silicon_.

Lo . - ciates was used to obtain active nitrogen for AIN nucle-
carbide in heat removal because micromachining tech-

niques for silicon are well developed. The availability ofatlon' The plasma pressure was 300mTorr, and the RF

large, high quality Si substrates presents man manufag-0 wer was 450W. - The tip of the source is mounted
ge, high q y P y about 40 cm from the substrates. Under these condi-

turing advantages, and the importance of substrate Ofons, AIN growth rates in excess of 900A/hr result in

is difficult to over-emphasize. : . - .
The disadvantages of Si as a substrate for GaN hef'!ms with Al precipitates. The Al flux for the nucleation

ero-epitaxy have been daunting. The +20.5% misfit [a ﬁ(igenrqlg(e:qtjrﬁescnbed here was set close to be close to
has led people to conclude that growth of GaN directly '
on silicon was not likely to work well. In addition, the Radiatively heated 75mm diameter n- and p-type Si
thermal expansion misfit between GaN and Si may lea(ll11) substrates were used. They were mounted on In-
to cracking in films grown at high temperatures. free wafer holders, and outgassed in ultra high vacuum
Several attempts have been made to grow GaN on &t 700C before putting them in the MBE chamber. The
using intermediate layers. For example, GaAs [5], oxi-oxide is blown off by heating the samples to 909
dized AlAs [6], and SiC [7] [8] buffer layers have all vacuum. Our best results are obtained by using the sili-
been investigated. More recently, several groups haveon wafers directly out of the package, with no cleaning.
made remarkable progress on earlier work [9] using AINReflection high energy electron diffraction (RHEED)
buffer layers grown directly on the Si (11 1) surfaceusing a 7.5kV beam is used to study the structure of the
[10] [11]. Similar techniques were recently used to fab-surfaces. We observe that SiC islands are formed at
ricate a blue LED in GaN grown on a silicon substratdéemperatures above 8@ by reaction with background
[12]. CO gas if the surface is prepared by dipping in HF. Car-
In this paper, we will report on our optimization of bide formation may depend on the cleanliness of the
AIN buffer layers for growth of GaN. We find that the vacuum system which may thus affect the quality of the
most critical parameter is the nucleation temperature foAIN epitaxy.
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After thermal removal of the oxide, we use RHEEDthe start of growth, and subsequent GaN growth was
to check for the transition temperature between theolycrystalline. We also tried growing AIN on Si (1 0 0)
(7x7) and (k1) surface reconstructions. Figure lasubstrates. As expected from symmetry considerations,
shows the (¥7) RHEED pattern at abouf below the  30° rotated orientation variants were observed.
transition temperature. (The differential is measured by X-ray diffraction was used to study the variation of
the substrate heater thermocouple.) Figure 1b shows tigicrostructure in GaN films with different AIN nucle-
(1x1) pattern observed when the substrate is five degreesion steps. Figure 2 shows azimutigakcans of the
above the transition. In the literature, this transition isGaN (1 0 12) peak for 4 different samples. The bottom
reported to occur at 830. [13] We use the measured data set shows the results for a film with optimum AIN
transition temperature as a calibration point for our subaucleation. Notice the sharp peaks at 0 arfd &@d note
strate heater thermocouple. We then adjust the substratee absence of intensity at°3The orientation relation-
temperature to the starting temperature we have chosahip for the 0 and 60peaks is GaN(0 0 0 1)||Si(1 1 1)
(about 28 below the (¥7) transition seems to be opti- and GaN[1 0 D]||Si[211], which is the relationship
mum), and turn the substrate manipulator so that theridely reported in the literature [15]. A film nucleated at
substrate is facing away from the plasma source and slightly higher temperature has a small peak aa86
source furnaces. We then open the nitrogen valve artstoad peaks at 0 and 6@\ film nucleated at 500 then
light the plasma. The aluminum shutter is then openedamped, has wide peaks at 0 and BGt no intensity at
and the substrate is turned to face the sources. Undg@°. Finally, a film grown on (1 0 0) silicon has broad
optimal conditions, the RHEED pattern for AIN appearspeaks every 30 as expected by symmetry.
immediately and is streaky, as shown in figure 1c. Early The film nucleated at 50G was further studied by
on, we tried pre-coating the silicon substrate with Alcross-section transmission electron microscopy (TEM)
before starting the plasma to prevery\giformation,  (see figure 3). A high density of defects at the AIN/Si
but we found that the Al rapidly disappeared upon heatinterface is observed; many defects are eliminated
ing to growth temperatures. across the thickness of the AIN, but those that remain

After five minutes of growth at the nucleation tem- aPpear to continue into the GaN layer. The intgrfaces are
perature, RHEED streaks are typically well developedSmooth and free of second phases suchzh,Si
as shown in figure 1d. The substrate temperature is then In situ cathodoluminescence of the AIN films using
raised to 87%C , where the remainder of the AIN layer the RHEED gun showed blue luminescence. Thick AIN
is grown. If AIN growth is continued, the RHEED pat- films are insulating except when aluminum precipitates
tern becomes extremely sharp, as shown in figure 1@re present. When an n-type silicon wafer is used, a p-n
When the Al flux is shut off, reconstructions briefly junction, presumably due to diffusion of aluminum [16],
appear in the AIN RHEED pattern, first3v3)R3(, is formed on the surface of the silicon wafer; |-V charac-
then (%3) and finally back to ¢1). teristics from these junctions showed an open circuit

We studied the effects of the AIN nucleation temper-voltage of 0.5V under room lighting and good rectifying
ature on the subsequent growth. We first tried nucleatioRéhavior. Room temperature photoluminescence mea-
at 500C. The AIN RHEED pattern was initially diffuse, SUréments showed band-edge and impurity-related
but it sharpened upon immediate ramping to the growt§Mission in GaN films grown on both sapphire and on
temperature. Increasing the nucleation temperature N buffered (11 1)Si. _
800 led to improved RHEED patterns. At a nucleation ~ Thick (>1.5um) GaN films grown on Si crack. The
temperature of about 850, a second set of streaks wasamount of cracking varies widely, with crack-free areas

observed in the initial the RHEED pattern, consistent 42Nging from im x 1um in our worst films and up to
30° rotated orientation variant. 500um x 500 pm in our best films. The factors which

. . determine the extent of cracking are not understood. We
Ammonia was used as a nitrogen source 1o groV‘Llave not observed cracking in AIN films grown on
thick layers of GaN on the AIN buffer layers. The NH 9 9

(1 1 1) silicon; but we have not grown AIN films thicker
flow rate was 2 sccm, the substrate temperature WaRan um.

about 800C, and the GaN growth rate was|i@hr. At
the end of such a growth, we observe streaky Gal Discussion

RHEED patterns, and on cooling in vacuum, we observeyyr results suggest that thexgj surface reconstruction

2x reconstructions if a small amount of gallium isof the silicon (11 1) surface may play a role in the

applied, as shown in figure 1f. This reconstruction hagycleation of AIN. There are a number of reasons this

been associated with the Ga face of GaN [14]. could occur. One possibility is that the stability and rela-
For comparison, we tried nucleating GaN withouttive inertness of the reconstructed surface makes the

the AIN buffer. The RHEED pattern was amorphous a{7x7) a better surface to nucleate on. At higher tempera-
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tures, mobile Si adatoms may react more easily witi9] H. M. Manasevit, F. M. Erdmann, W. |. Simpsdh,
nitrogen atoms. Alternatively, thex7) surface may just Electrochem.Sod18, 1864 (1971).
offer advantageous nucleation sites for AIN nucleation[10] K. S. Stevens, A. Ohtani, A. F. Schwartzman, R.
Another possibility is that the €7) presents digh- Beresford J. Vac. Sci. Technol. B2, 1186-1189 (1994).
order lattice matcho AIN. [11] M. A. Sanchez-Garcia, E. Calleja, E. Monroy, F. J.

The misfit of AIN on Si is +23.4% in the orientation Sanchez, F. Calle, E. Mufioz, A.Sanz. Hervas, C. Villar, M.
that we observe to be dominant. Although the 3(s- Aguilar, MRS Internet J. Nitride Semicond. R&s33 (1997).
oriented orientation gives a -28.7% misfit for AIN, a 3:2%319 8‘°)" Guha, N.A. Bojarczulppl. Phys. Letl72, 415-417
lineup reduces the misfit to +6.9%. [15] This orientation . .
is suppressed at temperatures where ##i3 stable. [13] W. Telieps, E. Baueur. 80'16.2'. 163'162.3 (1985).
An examination of the structure of thexgj surface [14] E. S. HellmanMRS Internet J. Nitride Semicond. R&s.

. L ", 11(1998).

[17] shown schematically in figure 4, shows that its 15]( S ’3 Basu T Lei. T D. Moustakad Mater Res9
large unit cell has several sites where extra GaN plan€s;;o 5374 (1994‘) T ' ' '
(i. e. edge dislocations) can be favorably accomodate 6] H. J. Wen, M. Dahneprietsch, A. Bauer, etlaac
The 14Si:17GaN match shown schematically in figure 4 technol. A3, 2399-2406 (1995).

results in a +1.6% mismatch, small enough to SUPPOy 7] K. Takayanagi, Y. Tanishiro, M. Takahashi, S.
lattice-matched growth. [b] Takahashiy. Vac. Sci. Technol. 3, 1502-1506 (1985).

4 Conclusion FIGURES

(7x7) Si(111) surfaces nucleate surprisingly well-ori-
ented AIN (0 0 0 1) epitaxial films under plasma-MBE

conditions. More detailed studies of the interface may
reveal the mechanism behind this miracle. Better under
standing of cracking in GaN films could thus lead to
widespread practical applications for GaN and AIN epi-
taxial films on silicon in low-cost electronic and opto-

electronic devices.
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Figure 1c. AIN nucleated 2%elow the (%7) transition, 45  Figure 1f. On cooling after growth of phh GaN on AIN buffer
seconds after start of growth. layer. The & reconstruction is thought to be characteristic of
Ga-face material.

b Figure 2. Azimuthal x-ray diffraction scans on the GaN
Figure 1d. 6 minutes after start of growth; substrate(1 0 12) peak. for four different GaN/Si samples.
temperature has been ramped to <75

Figure le. End of 2 hour growth ~2000A AIN.

Figure 3. TEM micrograph of a GaN/AIN/Si sample. The AIN
was nucleated at 500 and ramped immediately to 8T for
growth of the 2200A thick buffer layer.
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AN epitaxial film with schematio 1714 interface configuration
T AR O T T T

AR AT

advantagenus
nuclestion  site?

7x7 51(111) surfacs

Figure 4. lllustration of 17:14 lattice matching on the7 7
reconstruction of the (1 1 1) Si surface.
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