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Growth of lll-nitride photonic structures on large area silicon substrates
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We report on the growth of high quality aluminum nitride (AIN) and gallium nitride (GaN) epilayers
on large area (6 in. diameter) silicon (111) substrates by metal organic chemical vapor deposition.
We have demonstrated the feasibility of growing crack-free high quality IIl-nitride photonic
structures and devices on 6 inch Si substrates through the fabrication of blue light emitting diodes
based upon nitride multiple quantum wells with high performance. The demonstration further
enhances the prospects for achieving photonic integrated circuits based upon nitride-on-Si material
system. © 2006 American Institute of Physics. [DOL: 10.1063/1.2199492]

II-nitride wide band gap semiconductors have recently
attracted much attention because of their applications in
blue/UV optoelectronic devices as well as high power, high
temperature electronic devices.! The growth of IIl-nitride
photonic structures on large area Si substrates presents a
unique opportunity for the integration of photonic devices
with standard Si electronics and development of photonic
integrated circuits (PICs) for a wide range of applications.
The unique properties of II-nitrides may allow the creation
of PICs with unprecedented properties and functions.” PIC
technology eventually would allow the integration of arrays
of thousands of optical circuit elements such as emitters,
detectors, waveguides, switches, etc., on a single chip. To-
gether with their two-dimensional array nature, IIl-nitride
PICs may open up many important applications in the areas
of optical communications and medical diagnosis. Recent
work has also revealed that Al,Ga;_,N is a promising mate-
rial system for optical communication applications in the
1.55 wm wavelength window due to its ability of providing
high damage threshold and controllable indices through
heterostructure engineering and carrier injection.3_7

Due to the great potential of the nitride-on-Si material
system, intensive research efforts have been dedicated to the
optimization of epitaxial growth })rocesses and stress control
methods over the past decade.® Apart from a high disloca-
tion density in the grown nitride films due to the large lattice
mismatch, another main challenge is managing the stress in-
duced by the coefficient of thermal expansion mismatch that
leads to cracks in epilayers thicker than 1 ,um.g

Several approaches have been previously employed to
manage stress and minimize the cracks, such as the insertion
of AlGaN/GaN superlattice structure,”' %21 employing
variations of AIN nucleation and Al,Ga;_ N graded
layers,g’lo’13 1923 and epitaxial lateral overgrowth using pat-
terned Si substrate with Si,N,_, or SiO, masks.>?? In terms
of device performance, SiN,_, in situ masking and subse-
quent lateral overgrowth technique seem to provide promis-
ing results.”? All of the previously demonstrated epitaxial
growth of nitride photonic structures on Si was for small Si
substrates (<2 in. in diameter). Although nitride based het-
erojunction field effect transistors have been successfully
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fabricated on 4 in. Si substrates,20 there have been no previ-
ous demonstrations of the growth of nitride materials and
devices on Si substrates with diameters larger than 4 inch.

For the growth of nitride materials on large area Si sub-
strates, problems associated with cracks and bowing are ex-
pected to be much more severe because the demand on the
temperature uniformity and mechanical strength over the
whole wafer is higher. Previous studies have indicated that
due to its smaller lattice constant, it is possible for AIN
nucleation layer to induce compressive strain on the subse-
quent GaN layers, thereby supporting the growth of crack-
free thicker GaN layers by counterbalancing the thermally
induced tensile strains.'” In this letter, we report on the
growth of high quality AIN and GaN epilayers on large area
(6 in. diameter) Si (111) substrates by metal organic chemi-
cal vapor deposition (MOCVD). By exploiting the combina-
tion of a high quality AIN epilayer and a thin Al,Ga;_ N
graded layer on Si as a template, we demonstrate that the
growth of Ill-nitride photonic structures on large area Si
substrates is possible. We have grown InGaN/GaN multiple
quantum well (MQW) blue LED structures on 6 in. Si (111)
substrates and the fabricated devices exhibited high
performance.

A commercial low pressure MOCVD reactor (commis-
sioned by Thomas Swan Scientific Equipment Ltd.) was used
for the epitaxial growth. The original reactor was designed
for the simultaneous growth of seven pieces of 2 in. wafers.
In order to carry out Ill-nitride epitaxial growth on 6 inch Si
substrates, we designed a 1X6 inch? SiC coated graphite
susceptor. The total gas flow rate was about 25 1/min. Single
crystalline Si wafers with (111) orientation were used as sub-
strates. No extra treatments were employed before transfer-
ring Si substrates into the reactor. For the growth of AIN on
6 inch Si substrate, the temperature profile of the susceptor
has to be carefully monitored to insure good uniformity
across the entire 6 inch area. The Si wafer was first heated up
to 1100 °C for 15 min to clean the surface. A low-
temperature AIN nucleation layer was deposited at 500 °C
prior to the deposition of the high quality AIN epilayer. The
AIN epilayers were grown at 1050 °C on Si and 1300 °C on
sapphire. The thickness uniformity across the whole wafer
was within 10% as measured by the reflectance spectra. The
optical qualities of AIN epilayers were characterized by a
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FIG. 1. Room temperature PL spectra of AIN epilayers grown on (a) 2 in.
sapphire and (b) 6 in. Si substrates.

specially designed deep UV photoluminescence (PL) spec-
troscopy system, which consists of a frequency quadrupled
100 f (76 MHz repetition) Ti:sapphire laser together with a
1.3 m monochromator and streak camera, providing an aver-
age excitation power of about 3 mW at 196 nm.

Figure 1 compares the room temperature PL spectra of
AIN epilayers grown on 2 in. sapphire and 6 in. Si sub-
strates. The PL spectral line shapes from both samples are
similar. The PL results show that AIN epilayers grown on Si
exhibit predominantly the band-edge PL emission—implying
high optical quality. Transmission electron microscopy
(TEM) and high-resolution x-ray diffraction (XRD) studies
provide evidence that the final resultant stress is compressive
in our AIN epilayers grown on sapphires.25 The resultant
stress in AIN epilayers grown on Si is generally expected to
be tensile. This indeed seems to be the case by noting that
the PL spectral peak position in AIN deposited on Si is red-
shifted with respect to that in AIN deposited on sapphire
(5.95 eV for AIN on Si versus 5.98 eV for AIN on sapphire).
However, no cracks were observable in the grown AIN epil-
ayers. We previously attribute the dominant emission peak in
high quality AIN epilayers at room temperature to the recom-
bination of free excitons, which have a binding energy of
about 80 meV in AIN.”**

GaN epilayers were grown on AIN epilayer/sapphire
template. By inserting a thin Al,Ga;_ N graded Ilayer
(~50 nm) in between the AIN epilayer template and the sub-
sequent GaN epilayer, cracks and wafer bowing were elimi-
nated. Figure 2(a) shows the XRD 6/26 curve of a 2 um
GaN epilayer deposited on the AIN epilayer (0.5 pm)/Si
substrate, and the result shows good crystalline quality of the
GaN epilayer. We can see the diffraction peaks from Si (111)
at 28.367°, GaN (0002) at 34.547°, and AIN (0002) at
36.027° with the full width at half maximum (FWHM) for
GaN of about 180 arc sec. The XRD rocking curve of the
(0002) peak of GaN was measured in different locations (at
the center and also at the edge of the wafer), which shows a
variation within 2% with a typical FWHM of about
565 arc sec, as shown in Fig. 2(b). This is among the best
results for GaN epilayers grown on Si substrates. The root-
mean-square (rms) deviation of the sample surface measured
by atomic force microscopy (AFM) is only 0.8 nm for a 2
X2 pum? scan, indicating a very good surface morphology.
The sheet resistance measurements revealed a 2% variation
in sample resistivity across the entire 6 in. wafer. The ben-
efits of inserting AIN epitaxial layer as a template for the
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FIG. 2. X-ray diffraction (XRD) spectra of a 2 um thick GaN epilayer
grown on AIN epilayer/Si (111) substrate: (a) 6/26 scan and (b) rocking
curve of the (0002) peak.

growth of subsequent IIl-nitride device structures on sap-
phires are well documented.”®* ™ It was previously shown
that GaN epilayers grown on AIN epilayer/sapphire substrate
comprise a lower dislocation density compared with the GaN
grown directly on sapphire using low-temperature GaN
buffer.”® It was recently demonstrated that InGaN blue/green
LEDs and AlGaN UV LEDs grown on the AIN epilayer/
sapphire substrate exhibited a higher output power and a
better thermal stability compared with LEDs grown on sap-
phire using a low-temperature GaN buffer layelr.29 This is due
to the reduced threading dislocation density in the active
layer and higher thermal conductivity of AIN epilayer.28 We
believe that the high quality AIN epilayer also acted as an
effective dislocation filter for the growth of subsequent
device layers deposited on Si substrate.

To further investigate the benefits of using AIN epilayer
as a template, we have also grown blue LED structure on
6 in. Si substrates. Prior to the growth of the LED active
region, a 0.5 um AIN epilayer was grown on Si at 1050 °C
as a template. Then a thin Al,Ga,_ N graded layer was de-
posited to further minimize cracks and wafer bowing. The
subsequent MQW LED structure on AIN epilayer/Si sub-
strate consists of an ~2 um Si doped n-GaN epilayer, 8
periods InGaN/GaN MQW active layer, and a 0.25 um Mg
doped p-GaN epilayer.

The characteristics of the fabricated LEDs were also
measured. Photolithographic patterning and inductively
coupled plasma dry etching were employed to fabricate LED
chips (300X 300 um?). Bilayers of Ni (20 nm)/Au
(200 nm) and Al (300 nm)/Ti (20 nm) were deposited by
electron beam evaporation as p- and n-type Ohmic contacts,
respectively. Figure 3(a) shows the I-V characteristic of the
LED on Si. The forward bias voltage at 20 mA (V) is 4.1 V.
The reverse leakage current is about 27 uA at —20 V. The
forward differential series resistance is about 25 ). Optical
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FIG. 3. (Color online) (a) I-V and (b) L-I characteristics of fabricated
InGaN/GaN MQW LED grown on AIN epilayer/Si substrate, measured
from the top surface of unpackaged bare chips with size of 300
X300 wm?. The inset in (a) shows the optical microscopy images of an
InGaN/GaN MQW blue LED wafer grown on 6 in. Si substrate.

microscopy images of a blue LED wafer grown on a 6 in. Si
substrate are shown in the inset of Fig. 3(a), which show that
these LEDs have a good surface morphology and no cracks
were observable.

A typical electroluminescence (EL) spectrum of a
492 nm LED fabricated on Si substrate is also shown in the
inset of Fig. 3(b). The FWHM of the emission peak is about
32 nm. We can also see clearly the interference pattern from
the EL spectrum indicating again the good surface morphol-
ogy of the LED wafer. Figure 3(b) shows the L-I character-
istics (optical power output as a function of applied current)
of the LED fabricated on Si. The optical power output is
about 0.35 mW at 20 mA. Since the optical power was mea-
sured from the top surface of unpackaged LED chips, the
final output power of the packaged LEDs is expected to be
higher. This is so far the best performance achieved for
nitride LEDs grown on unpatterned Si substrates.

Appl. Phys. Lett. 88, 171909 (2006)

In summary, we have demonstrated the feasibility for
growing high quality III-nitride photonic structures and de-
vices on large area (6 in. diameter) Si (111) substrates by
MOCVD. By employing high quality AIN epilayer in com-
bination with a thin AlGaN graded layer as a template, we
have obtained crack-free GaN epilayers and high perfor-
mance InGaN/GaN MQW LED structures with a total thick-
ness exceeding 3 wm. The demonstration further enhances
the prospects for achieving photonic integrated circuits based
upon nitride-on-Si material system.

The research is supported by NSF Grant Nos. DMI-
0450314 and DMR-0203373.
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