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Erbium doped InGaN alloys (InGaN:Er) were grown on Si (001) substrates using metal organic
chemical vapor deposition. The growth of epitaxial films was accomplished by depositing InGaN:Er
on GaN templates deposited on 7.3° off-oriented Si (001) substrates which were prepared by etching
and subsequent selective area growth. X-ray diffraction measurements confirmed the formation of

wurtzite InGaN (1101) epilayers, which exhibit strong photoluminescence emission at 1.54 wm.
The observed emission intensity at 1.54 wm was comparable to that from similar alloys grown on
GaN/AIN/AlL,O; templates. These results indicate the high potential for on-chip integration of
erbium based photonic devices with complementary metal oxide semiconductor technology. © 2011
American Institute of Physics. [doi:10.1063/1.3556678]

Er-doped Ill-nitride semiconductors is a promising can-
didate for applications in optical communication."? An Er3*
ion has an allowable intra-4f shell transition from its first
excited state (*I,3,) to the ground state (*I;s,) and the tran-
sition corresponds to a wavelength of minimum optical loss
in silica based optic fibers (1.5 wm). Additionally, Er-doped
[II-nitrides possesses larger bandgap energies which contrib-
uted to lower thermal quenching of 1.54 um emission in
comparison to other host semiconductors, such as GaAs, In-
GaP, and Si.>”’ Therefore, considerable efforts have been de-
voted into the development of photonic devices working at
1.54 um based on Er-doped Ill-nitride materials (III-N:Er).!
Recently, we have demonstrated heterogeneously integrated
1.54 pm emitters based on GaN:Er and p-i-n light emitting
diodes based on InGaN:Er."*? These results opened up pos-
sibilities to fabricate electrically pumped optical amplifiers
that possess the advantages of both semiconductor amplifiers
(small size, electrical pumping, ability for photonic integra-
tion, etc.) and Er-doped fiber amplifiers (minimal crosstalk
between different wavelength channels in wavelength-
division multiplexing optical networks).

While Si has been the predominant material for micro-
electronics, the lack of a direct bandgap has restricted its use
for photonics. However, advances in the development of Si
optical waveguides and modulators have demonstrated the
feasibility of Si photonics for optical communication devices
applications. Nevertheless, since Si is not a suitable material
to fabricate light emitters and optical amplifiers, compact
infrared emitters on Si chips are highly desirable.'’" In this
paper, we report the attainment of strong 1.54 wm emission
from InGaN:Er epilayers grown on 7.3° off-oriented Si (001)
substrates. The crystalline and optical properties of InGaN:Er
epilayers grown on various other templates are also pre-
sented. The results point to the possibility of combining Er-
doped III-N optical devices with complementary metal oxide
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semiconductor (CMOS) technology for applications in Si
photonics.lo_15

The InGaN:Er epilayers were simultaneously grown
by metal organic chemical vapor deposition on four
different templates [GaN/AIN/Si (001), GaN/AIN/Si (111),
GaN/AIN/Al,0; and Si (001)]. However, no epitaxial
growth of single crystal InGaN was detected from the
InGaN:Er samples grown directly on Si (001) substrates.
Trimethylgallium, trimethylindium, tris-isopropylcyclop-
entadienylerbium, and ammonia (NH;) were used as group-
IIT and group-V precursors carried into the reactor by N, gas.
Growth temperature of InGaN:Er alloys was ~760 °C. Due
to the low vapor pressure of the metal organic Er source, the
growth pressure had to be decreased to about 100 torr. Under
this low growth pressure, the surface energy of InGaN

(1101) facet is comparatively high, which results in a rela-
tively less stable growth surface and hence a slower growth
rate than InGaN (0001).'® Indium (In) contents of InGaN:Er
epilayers were verified by the peak positions of -2 scans in
x-ray diffraction (XRD) measurement.'

Growth of IMI-nitrides on Si (001) substrates is challeng-
ing because of the different crystalline structures. To sup-
press dislocations and cracks in IlI-nitride epilayers grown
on Si (001) substrates caused by the large mismatches of
lattice and thermal expansion coefﬁcient,18 we used selective
area growth (SAG) and epitaxial lateral overgrowth (ELO)
techniques to prepare GaN/AIN/Si (001) templates.lg_21 As
indicated by the schematic in Fig. 1(a), the periodic lined
grooves with the sidewalls of Si (111) and Si (111) facets
were obtained by selectively etching from 7.3° off-oriented
Si (001) substrate by KOH chemical solution, and Si (111)
facets were then coated with SiO, protective films to limit
the Ill-nitride growth only along Si (111) direction. An AIN
intermediate layer of 70 nm was first grown on the patterned
Si (001) substrate, and followed by the deposition of c-GaN
alloy along Si (111) direction until the overgrown layers
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FIG. 1. (Color online) (a) Schematic of GaN/AIN/Si (001) template, (b)
cross-sectional SEM image of a GaN/AIN/Si (001) template obtained by
SAG and ELO, and (c) schematic of the multilayer structures of InGaN
alloys grown on Si (111) and Al,O5 substrates.

were merged and the surface became smooth, as shown in
the cross-sectional scanning electron microscope (SEM) im-
age, Fig. 1(b). Growth using SAG and ELO techniques not
only reduced the difference in thermal expansion coefficient
by rotating the direction of c-GaN growth but also limited
the propagation of dislocations. Smooth, crack-free GaN

(1101) films were formed parallel to Si (001) substrate with
a root mean square roughness ~0.5 nm, obtained in (10
X 10) um? image size probed by atomic force
microscopy.'” ' For comparison, GaN/AIN/Si (111) and
GaN/AIN/Al,O5 templates were also prepared by depositing
the epitaxial layers directly on respective substrates, as illus-
trated in Fig. 1(c). 6-26 XRD spectra measured from these
templates are shown in Fig. 2. While GaN (002) peaks were
detected at 34.54° and 34.56° from GaN/AIN/Si (111) and

GaN/AIN/ALO5, respectively, the GaN (1101) peak at
36.80° was measured from the GaN/AIN/Si (001). For the
GaN/AIN/Si (111) template, the shifted GaN (002) peak
from the 26 diffraction peak of strain-free c-GaN at 34.57°
also implied a stronger tensile stress in c-direction (and com-
pressive stress in a-plane). In contrast, by using ELO growth,

the strain of the overgrown semipolar GaN (1101) on the
patterned Si (001) substrate was relatively relaxed.
Photoluminescence (PL) spectra were measured at room
temperature with above bandgap excitation (Ao~ 266 nm),
which has been demonstrated to be more efficient than below
bandgap excitation.* PL spectra, focused mainly on 1.54 um
emission, were used to characterize the optical properties of
InGaN:Er epilayers grown on various templates. No PL sig-
nal was detected in InGaN:Er films grown directly on Si
(001) substrate. In contrast, as shown in Fig. 3, 1.54 um
emission was obtained from the InGaN:Er epilayer grown on
the SAG GaN/AIN/Si (001) template, and its intensity at
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FIG. 2. (Color online) 6-26 XRD spectra detected from different templates
used for Er doped InGaN growth: (a) GaN/AIN/Si (001), (b)
GaN/AIN/Al,O3, and (c) GaN/AIN/Si (111).

1.54 um was comparable to that of the InGaN:Er alloy
grown on Al,Oj substrate. The intensity of 1.54 um emis-
sion obtained from InGaN:Er sample grown on GaN/AIN/Si
(111) template was found to be up to five times stronger than
that obtained from the other templates. The strong 1.54 um
emission from the InGaN:Er/GaN/AIN/Si (111) sample cor-
roborated to our previous results of GaN:Er grown on vari-
ous substrates.”* The stronger emission may be partially re-
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FIG. 3. (Color online) Room temperature infrared PL emission spectra
near 1.54 um measured from Iny,,GaygeN:Er grown on different tem-
plates: (a) Ing;4Gayg¢N:Er/GaN/AIN/Si(001), (b) Inj3Gayg;N:Er/GaN/
AIN/ALO;, and (c) Ing 5GaygsN: Er/GaN/AIN/Si(111).
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FIG. 4. (Color online) 6-26 XRD spectra measured from Ing ,GaggsN: Er
grown on different templates: (a) Ing,GaggeN:Er/GaN/AIN/Si(001),
(b) 1Ing,3Gayg;N:Er/GaN/AIN/ALO;, and (c) Ing,sGaggsN:Er/GaN/
AIN/Si(111).

lated to the larger strain caused by the lattice mismatch
between InGaN:Er and Si (111) substrates. The crystal elec-
tric field, attributed to the strain or stress, increases the asym-
metry of the atomic configuration around Er** atoms so that
the transition probability of the partially allowed intra-4f
transitions by the selection rule is enhanced. InGaN:Er alloys
grown on the strain-relaxed GaN/AIN/Si (001) templates
may be under a smaller strain, which results in less efficient
intra-4f transitions than in InGaN:Er/GaN/AIN/Si (111)
sample.

Figure 4 shows 6-260 XRD spectra of these InGaN:Er
samples, except for InGaN:Er grown directly on Si (001)
substrate from which no XRD signal was detected. The

wurtzite Ing4GaggN (1101) facet was measured from
InGaN:Er/GaN/AIN/Si (001) sample with a 26 peak at
36.29°. InGaN (002) peaks were detected from the
InGaN:Er/GaN/AIN/Si  (111) and  InGaN:Er/GaN/
AIN/AL,O; samples at 34.04° (In% ~ 15%) and 34.16°
(In% ~ 13%), respectively. A small difference in In contents
between these three samples could be attributed to the non-
uniform strain and In distribution or different growth rates.
Under the same growth conditions, the growth of InGaN
(1101) facet was found to be two times slower than that of
InGaN (0001) facet. This reduced growth rate of InGaN
(1101) facet results in a thinner Er-doped InGaN (1101)
layer, which also attributed to the lower intensity of the
1.54 pm emission and XRD signal. Further improvement of
1.54 pm emission and crystalline properties of Er doped
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[I-nitrides grown on Si (001) substrates is expected by op-

timizing the growth conditions of InGaN:Er (1101) alloys
since the growth of Er doped Ill-nitrides on Si (001) sub-
strates is still in the embryonic state.

In summary, we have demonstrated the feasibility of
growing Er-doped InGaN on Si (001) substrates. This dem-
onstration opens up the possibility of integrating electrically
pumped 1.54 um optical devices with CMOS technology.
The intensity of 1.54 um emission achieved from this InGa-
N:Er alloy was found to be as good as that grown on
GaN/AIN/Al,O; substrates. These achievements indicate
the possibility of on-chip nitride optical components for ap-
plications in optical communications, computers, and other
functional Si photonic devices.
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