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Two schemes of nucleation and growth of gallium nitride ofi £1) substrates are investigated and

the structural and electrical properties of the resulting films are reported. Gallium nitride films
grown using a 10-500 nm-thick AIN buffer layer deposited at high temper#tut®50 °C)are

found to be under 260-530 MPa of tensile stress and exhibit cracking, the origin of which is
discussed. The threading dislocation density in these films increases with increasing AIN thickness,
covering a range of 1.1 to-5.8x10° cm 2. Films grown using a thick, AIN-to-GaN graded buffer
layer are found to be under compressive stress and are completely crack free. Heterojunction field
effect transistors fabricated on such films result in well-defined saturation and pinch-off behavior
with a saturated current 6525 mA/mm and a transconductance~0f00 mS/mm in dc operation.

© 2001 American Institute of Physic§DOI: 10.1063/1.1372160]

I. INTRODUCTION plays an important role in GaN heteroepitaxy on sapphire
and SiG® substrates. Moreover, it appears that the grown-in
Gallium nitride and its alloys are important materials for stress may be adjusted, to a certain extent, by carefully con-
high-power, high-frequency electronic devitess well as  trolling the growth conditions during the nucleation and is-
optoelectronics in the visible and ultraviolet parts of the eleciand formation stages. The question then arises as to
tromagnetic spectrurhMuch progress has been made in un-whether it is possible to reduce the dislocation density and
derstanding the nucleation and growth processes othe net stress in GaN/Si(11Bpilayers by controlling the
sapphiré and silicon carbidé,such that most useful devices conditions in the early stages of growth. As a corollary ques-
are currently fabricated using these two substrate materialsion, one may also ask whether it is possible to achieve both
Si(111)also has attractive properties as a substrate materiabbjectives with the same set of growth conditions.
in particular its wide availability, reasonable thermal conduc-  In this paper we discuss three nucleation schemes for
tivity, and high etch rate in common wet etchahis. spite  growing GaN films on Si(111substrates and report on the
of a large lattice mismatctl7%), GaN films with reasonable structural and electrical properties of representative samples.
structural properties have been grown oril$il) using a We propose and demonstrate an approach for growing com-
variety of buffer layers(see Ref. 6 and references therein;pressively strained GaN films using a thick graded buffer
recent reports include Refs. 7—15). Improvements in microlayer which also acts as an insulator between the silicon sub-
structural properties were demonstrated using lateral epitaxstrate and the channel of a field-effect transistor.
ial overgrowt!? and selective area epitax§/}’ Devices based
on GaN/Si(111)ayers have also been demonstrated, includ-
ing light-emitting diodes®-?! photodetectord??3 and field- Il. EXPERIMENT
effect transistoré**® GaN films were grown using metalorganic chemical va-
Although these advances are very encouraging, th@or deposition(MOCVD) on B-doped Si(111)substrates
mechanisms for dislocation generation in GaN films grown(Virginia Semiconductors, 20—8@cm). Five processes
on Si(111)substrate are less understood than for growth onvere investigated as listed in Table I. Samples A—-D were
sapphire or silicon carbide substrates. In addition, the negrown using an AIN buffer layer with a thickness varying
stress in all GaN/Si(111¢pilayers reported so far has been petween~10 and~500 nm, followed by a thick0.75-1.6
tensile, which often resulted in crackirigee, e.g., Refs. 6,9, um) layer of GaN. The AIN and GaN films were deposited at
13, 18, 19, and 26). Although the thermal expansion coeffia total pressure of 76 and 760 Torr, respectively. Sample E
cients of GaN and Si suggest that a net tensile stress is thegonsisted of a thick~0.8 wm) graded layer whose initial
mal in nature, recent reports indicate that the grown-in stresand final composition was that of AIN and GaN, respec-
tively. This was followed by the deposition of an additional
@Current address: Agility Communications Inc., 600 Pine Ave, Santa Bar0-2 um of GaN. The structure was deposited without any
bara, CA 93117; electronic mail: hmarchand@agilitycom.com growth interruptions. Prior to loading in the growth chamber,
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TABLE I. Growth parameters and structural results for the three samples under Isfydgndhg,y layer thicknesses; FWHM: full width at half maximum
of x-ray curves; TDD: threading dislocation density; : in-plane stress measured by laser deflection. The precision of the stress measurement is on the order
of 10%.

FWHM
FWHM (0002, FWHM FWHM Crack
han heay (0002, ) w—20) (2021, w) (2021, w-26) TDD density 04
Sample (nm) (um) (arcsec) (arcsec) (arcsec) (arcsec) (cm™? (cm™ (MPa)
A ~500 1.6 ~4500 692 >5000 >5000 Not measured @ough) 261
B ~180 0.75 1971 526 3088 2673 >5.8x10° ~21 476
C ~25 1.0 525 401 861 880 5% 10° ~5 527
D ~10 0.9 1497 514 803 818 1.1x10° 0 437
E ~800(grade) 0.2 (1027) 1080) 0538) £600) >10t ~ 1010 0 -270

the silicon substrates were etched in a buffered HF solution ()] was found to be %10°cm™2 from plan-view TEM

to remove the native oxide. Aim situ hydrogen exposure at micrographs. The AIN buffer layer in sample C appeared to
900 °C was performed immediately prior to the AIN deposi-pbe more homogeneous than in sample B, and the source of
tion step, which was initiated by introducing trimethylalumi- TDs could not be clearly identifietsee Sec. IV).

num and ammonia simultaneousfThe substrate tempera- Sample D also exhibited a smooth morphology and re-
ture was set to-1050 °C for all deposition steps. vealed a microstructure similar to that of sample C except

Specimens for transmission electron microsc6pM)  that the TD density was 1x410° cm™~2 as measured by plan-
were prepared by wedge polishing followed by standard Ar view TEM (not shown). However, a significant number of
ion milling. Images were recorded on a JEOL 2000FX mi-circular defects approximately1l mm in diameter were ob-
croscope operated at 200 kV. X-ray rocking curves wereserved on the surface of this sample, which would possibly
measured using (ke radiation from a rotating anode reduce its usefulness for device applications. These defects
source and a Philips Materials Research Diffractometergre discussed in Sec. Il C.

Rocking curveqdw scansjand radial(w—26) scans were ac- Sample E[Fig. 1(c)]was grown using a thick graded
quired for 0002(symmetric)and 202 (asymmetricscatter-  buffer process. It exhibited a very high TD density at the
ing geometries using a 1.2 mm receiving slit at the detectoonset of growth 10 cm™2), but dislocation annihilation
entrance. The net stress at room temperature was measuraad fusion reactions resulted in a significant reduction of the
using anex situwafer curvature measurement setup in whichthreading dislocation density to approximately*%@m 2
incident parallel laser lines are deflected off the wafer surnear the free surface.

face, similar to the technique described in Ref. 27.

In some samples a final 20-nm-thick layer of uninten-
tionally doped A},/Ga 7N was also deposited to form a
polarization-induced two-dimensional electron Yaat the For GaN grown on Si(111the relationship between the
GaN—-AlGaN interface. These samples were processed intarious x-ray diffraction linewidthésymmetric versus asym-
heterojunction field-effect transistofBlIFETs)using a stan- metric, w scan versus—26 scan)and the microstructure has
dard contact lithography process with 1.25 gate length. not been clearly establishésee Refs. 32—34 for the case of
The source and drain ohmic contact scheme was Ti/Al/Ni/AuGaN on ALO5). To clarify this issue, a systematic study of
annealed at 850 °C, while the gate metallization was Ni/Authe linewidths was conducted on samples A—E and on addi-
Ni. Mesa isolation for the devices was done using 1€ac-  tional samples grown with intermediate AIN and GaN thick-

B. X-ray diffraction

tive ion beam etching. nesses. Figure 2 shows the relationship betweernwth2d
and thew linewidths for the 0002 peak. The—24 full width
IIl. RESULTS at half maximum(FWHM) values were in the range of 400

to ~600 arcsec for all samples. Using the Scherrer
equatiori® this corresponds to a coherence lengjftain size)

For samples A-D the microstructure of the GaN film along thec axis of ~60 nm for all samples. The 00Q2scan
was found to be dependent on the thickness of the AINF'WHM varied between 525 and4500 arcsec, which indi-
buffer layer. In the extreme case of sample A, the surfac€ates that the out-of-plangilt) misorientation is strongly
morphology was rough and consisted of 25- to 168-wide  affected by the buffer layer thickness. Samples grown using
uncoalesced islands. Samples B and C exhibited a smooththinner AIN buffer layer tended to exhibit narrower line-
surface morphology and were further analyzed by TEM agvidths. However there appears to be an optimum thickness
shown in Fig. 1. Sample BFig. 1(a)Jwas characterized by a (~25 nm, sample Cfor which both thew and w—26 line-
large density of threading dislocatiofiEDs) that appeared to  Widths were minimized, even though the dislocation density
originate from highly defected regions in the AIN layer. Ob- observed by plan-view TEM was not the lowest.
servation in plan-view TEMnot shown)revealed that the For all samples analyzed so far, the FWHMSs of the 202
total TD density near the free surface of the GaN film waspeak inw scans andv—26 scans were identical within 10%,
5.8x10° cm 2 or larger. The TD density for sample[Eig.  such that both measurements could be used indifferently to

A. Microstructure
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FIG. 2. Typical x-ray diffraction results for GaN/{3il1) samples. Also
shown are results for typical GaN films grown on sapphire substrates using
a low-temperature GaN nucleation layer.

" si(111)

Polianet al® for the biaxial modulug478 GPajand assum-
ing that the stress is purely biaxial in natdfe.

The GaN film in sample B was severely crackee21
cm 1) while sample C exhibited only a few cracks-5
cm ). The cracks were found to be parallel to the
{1100} g,y planes. In some cases it was possible to achieve
films similar to sample C which exhibited cracking only near
the edge of the wafefas reported in Ref. Mut, in general,
cracks were found to cross the entire wafer surface. Cracking
appears to be closely related to the presence of circular
growth defects found at the edge of the wafeze Fig. 3)as

; well as on the wafer surface. The circular defects could act as
Si(111) me stress concentrators and initiate the cracking.

The origin of the circular defects has been tentatively

FIG. 1. Transmission electron micrographs of GaN films grown ¢hl3i) atm_bUted to SI|ICOn_ OutFIIfoSIOH from the SUb_Strate and poi-
substrates using three buffer scherttasght field, g=0002).(a) Sample B SOning of the growing film. Such an observation has already
(the top ~200 nm of the GaN film have a different contrast because ofbeen made for the case of lateral overgrowth of GaN on

shadowing effects during ion milling(b) sample C(c) sample E. Si(111) using AIN buffer layers with different thicknesses

(see the discussion in Ref. 6). Cracks were occasionally ob-

(g)

describe the in-planétwist) mosaicity and grain size. As
suggested by the data in Table I, thinner buffer layers re-
sulted in narrower linewidths, which is consistent with the
reduction in TD density observed in TEM. The linewidths
for sample E are shown in Table | for reference; these values
cannot be directly compared with those for other samples
because the thickness of GaN is ort).2 um instead of~1

um.

C. Film stress and cracking

The net film stress was measured at room temperature
using a laser-deflection technique. Samples A—D were found

; _ FIG. 3. Optical micrograph showing typical growth defects leading to
to be under tensile stres®61-527 MPa, see Table I) cracking during the growth of GaN on ($i1) using a thin AIN buffer

whereas sample E was .under QOmpreSSive S(m MPa).  (sample C). The cracks have been emphasized for clarity. The wafer edge is
Those values were obtained using the experimental results af the bottom.
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o ' GaNfim ' = ing sa4|%phire and silicon carbide substrates _by seve_ral
il groups:” Pulsed measurements were taken to simulate bias
2 ) conditions at high frequend{Fig. 5, gray curvesand show
g 103; that high-frequency current collapgdispersion)is only a
3 1°2 FAN minor effect in these devices. High-frequency measurements
10 g are under way and will be reported elsewhere. Hall effect
3 measurements were carried out on sample E by etching a
107k mesa into the substrate and depositing ohmic contacts on the
8 10k AlGaN surface. At 293 K77 K) the resulting sheet charge
E ] was 8.5X10%2cm 2 (9.4x10%cm™?) and the electron mo-
s 107 bility was 1428 crV's (3923 cnf/V s), the highest reported
_§ 10k values to date for growth on Si(111).
‘E 10" :.
g 10165_ o IV. DISCUSSION
© 1015: , ' : ) R We first discuss the properties of GaN films growth us-
0.0 0.2 0.4 0.6 0.8 1.0 1.2 ing thin AIN buffer layers. The results presented in Table |
Depth (um) and Figs. 1 and 2 indicate that, to a certain extent, it is

FIG. 4. SIMS results for sample C. The vertical bar indicates the positiol possible to reduce the stress and the dislocation density si-
and.th.e nominal thicknes®5 Fr)lm) df the AINIIayer. Sliliclon and ca?borl'nI ”multaneously_by adjusting the thICkneS_S of the_AIN layer.
were detected as species bound to nitrogen. For 10-nm-thick AIN buffer a dislocation density of 1.1
% 10° cm 2 was observed, with some residual cracking only
near the wafer edgésample D). Schremeet al. (Ref. 9)
served in cross-section TERot shown), in which case they have reported a similar result with a dislocation density of
appeared to have propagated into the silicon substrate by 8<10°cm™2 These are among the lowest reported disloca-
much as~0.1-0.5um. When samples that exhibited cracks tion densities for MOCVD-grown GaN films films on sili-
were reloaded and regrown upon, it was found that new circon. Threading dislocation densities of5x10° and 8
cular defects were created, usually accompanied by addix 10°cm™2 have been reported for growth by molecular
tional cracking. This suggests that cracking occurs durind€am epitaxy in Refs. 18 and 12, respectively.
cooldown, as opposed to during growth. The results shown in Table | demonstrate that the dislo-
cation density does not saturate as the thickness of the AIN
buffer is decreased. This suggests that even lower dislocation
densities could be achieved by further tailoring the properties
Samples C and E were processed into HFETs and theRf the AIN buffer layer. However, we note that the density
|-V characteristics were measured. Sample C resulted ifr=2 cm ) and size(~1 mm) of the circular defects such as
devices which exhibited very low current densiti@80 mA/  shown in Fig. 3 were significantly higher for sample(D0-
mm) with poor conductancé~20 mS/mm)and pinch-off ~nm-thick AIN) than for the other samples. This reinforces the
characteristicsnot shown). Secondary ion mass spectroshypothesis that the circular defects are caused by outdiffu-
copy (SIMS) analyses were performed to investigate theSion of silicon from the substrate: As discussed in Ref. 6, the
sources of leakage and are shown in Fig. 4. The analysi8IN layer may act as a diffusion barrier such that a minimum
suggests that interdiffusion at the GaN-substrate interfacthickness of AIN is required to preserve useful morphologies
was significanf® The AIN thickness indicated by SIMS (see also Refs. 7 and 14). This could ultimately limit the
(~100 nm)was significantly larger than the nominal depos-dislocation density that can be achieved using the thin AIN
ited thicknesg25 nm). Ga, Al, N, O, and C were all found to buffer approach. o
have diffused as far as 50—100 nm in the substrate. As most We note that the 0002 and 20Z-ray diffraction line-
of these elements are dopants in silicon, it seems reasonablédths exhibit a minimum at different buffer thicknes$@s
to assume that a highly doped layer is present at the inteand 10 nm, respectively, see Table I). This suggests that
face, which would act as a parasitic current patiway  there is a trade-off between the density of pure edge dislo-
from the interface, silicon was found in the GaN film at a cations and mixed-character dislocations as the thickness of
concentration of~10'"cm™3. Carbon and oxygen were also the AIN is decreased. Thus there might also be a fundamen-
present. Although the concentrations are moderate, these r&l limit to the dislocation density independent of the film
sults suggest that it may be significantly more difficult to morphology, although this remains a speculation at this
achieve an insulating FET buffer using a silicon substratepoint.
than using sapphire or silicon carbide. The TEM results presented in Fig. 1 demonstrate that the
Sample E yielded transistors with well-defined charac-microstructure of GaN films is affected by the thickness of
teristics leading to complete pinch-affig. 5). In dc opera- the AIN buffer layer, the mechanisms for which are currently
tion the maximum saturated current was 525 mA/mm and thenknown?! As a first step toward understanding the evolu-
maximum transconductance wad00 mS/mm. This is com- tion of the properties of the AIN films with varying thick-
parable to FET performance characteristics demonstrated usess, AIN buffer layers were grown on($11) and their

D. Device results
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For electronic device applications the graded-buffer pro-

"} (verT/OW

Imax ~ 525 mA/mm ' ' SmA cess offers the additional advantage of electrical insulation.
9m . max ™ 100 mS/mm Hmoms) Figure 5 shows that well-defined FET characteristics and rea-
e 1 sonable power were achieved for sample E. Based on the
b o 1 (RoRz/oN ) TEM data (Fig. 1) the microstructure resulting from the
I T graded-buffer approach is inferior to that obtained with the
DC—+ {fiigisccent) thin buffer approaclicompare Figs. 1(band 1(c)]. However
I_Iiulsed o | ESSOEE | it has been shown that the dislocation density is not always
VTR R A R | ek the limiting factor in FET performanc®;*3such that accept-
i : OFFSET able performance can be expected for devices utilizing a
A ¥ -2.80 V two-dimensional electron gas.
:%4_ smS V. CONCLUSION
+ 17RO We reported on GaN films grown on Si(11d3ing two
_______ : nucleation schemes. Layers grown using a thir25 nm)

AIN buffer were under tensile stress but exhibited disloca-
FIG. 5. -V characteristics for devices fabricated on sample(Lg tion densities as low as 1.1->3L0° cm 2. Films grown us-
=1.25um, L4s=3 pum, andw=>50 um). ing a thick graded buffer sample exhibited a compressive
stress of 270 MPa but a much higher dislocation density.
Field-effect transistors fabricated using the thick graded

stress measured at room temperature. It was found(that . .
. : buffer approach showed well-defined characteristics and rea-
~15-nm-thick AIN layers were under compressive stress

. . . onable saturated curref25 mA/mm).
(3.4+1.6 GPa), which corresponds to an in-plane strain of )
~0.7%; (i) 25-nm-thick AIN films were found to be stress
free within the accuracy of the curvature setup (0ACK'\'OWLE':)G'VIENTS
+400 MPa);(iii) 180-nm-thick AIN films were under tensile This work was supported by the Office of Naval Re-
stress (325240 MPa), even though the lattice mismatchsearch through a contract supervised by Dr. C. Wood and
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were not grown at the same time as the GaN films presented
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