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ABSTRACT: This letter reports a successful fabrication of
room-temperature electrically injected AlGaN-based near-
ultraviolet laser diode grown on Si. An Al-composition step
down-graded AlN/AlGaN multilayer buffer was carefully
engineered to not only tackle the huge difference in the
coefficient of thermal expansion between AlGaN template and
Si substrate, but also reduce the threading dislocation density
caused by the large lattice mismatch. On top of the crack-free
n-AlGaN template, high quality InGaN/AlGaN quantum wells
were grown, sandwiched by waveguide and optical cladding
layers, for the fabrication of edge-emitting laser diode. A
dramatic narrowing of the electroluminescence spectral line-
width, an elongated far-field pattern, and a clear discontinuity
in the slope of light output power plotted as a function of the injection current provide an unambiguous evidence of lasing.
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AlGaN-based ultraviolet laser diodes (UV-LDs) have
attracted intense research interest in the past few years

due to their great potential application in laser microscopy,
fluorescence spectroscopy, mass spectrometry, surface analysis,
material processing, and laser lithography,1−4 and they may
provide alternative solutions to conventional gas and solid-state
UV lasers, which are large, heavy, inefficient, and inflexible in
emission wavelength.
Today most of the AlGaN-based UV-LDs are epitaxially

grown on sapphire,1,3,4 costly free-standing GaN substrates2,5 or
expensive small-size bulk AlN substrates.6 Compared with these
substrates, Si substrates have a few advantages in wafer size, and
material cost, as well as the depreciated automation processing
line. By replacing these small-size expensive substrates with
large-diameter cost-effective Si substrates, the cost of AlGaN-
based UV-LDs can be cut down to the level of light-emitting
diode cost, which will further promote their applications.
Furthermore, AlGaN-based UV-LDs grown on Si may also
serve as an on-chip light source for UV photonics integration.
Several other research groups attempted to grow III-nitride

materials on Si and only achieved optically pumped lasing.7−10

Recently, we demonstrated room-temperature electrically

injected InGaN-based visible LDs grown on Si.11,12 But the
realization of AlGaN-based near UV (NUV) LDs grown on Si
is actually much more challenging than that of InGaN-based
visible LDs on Si. As the emission energy of NUV-LDs
approaches the band gap of GaN, InGaN NUV quantum wells
(QWs) contain a very limited amount of indium with weakened
localization states. Compared with visible QWs, the internal
quantum efficiency (IQE) of NUV QWs is much more
sensitive to the threading dislocation density (TDD).13,14

However, direct growth of AlGaN on Si substrate encounters a
very high TDD because of the large lattice mismatch.
Furthermore, a huge misfit in coefficient of thermal

expansion (CTE) between AlGaN and Si substrate usually
induces a large tensile stress in the epitaxial film, and hence
limits the maximum thickness of crack-free epitaxial film
directly grown on Si. To reduce the threshold current of UV-
LDs, AlGaN-based optical cladding layers (CLs) with a
relatively high Al content (∼10%) are usually utilized to
enhance the optical confinement of the active region.3,5 To
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avoid the formation of microcracks, AlGaN template is often
used to replace conventional GaN template and, hence, reduce
the tensile stress in the thick AlGaN optical CLs.2,15 The thick
AlGaN-based optical CLs and the GaN-based waveguide layers,
together with the QWs and contact layers, often add up to a
total thickness of 6−7 μm. However, it is quite challenging to
grow crack-free high-quality AlGaN-containing 6−7 μm thick
film on Si substrate. Additionally, the crystalline quality of
AlGaN deteriorates with Al composition, owing to the small
migration length of Al adatoms and their strong parasitic gas
phase reaction with ammonia.16,17

In this study, an Al-composition step down-graded AlN/
AlGaN multilayer buffer was carefully engineered to tackle the
lattice mismatch and the CTE misfit for the epitaxial growth of
high-quality Si-doped n-type AlGaN thick template on Si
substrate. On top of the AlGaN template, an AlGaN-based
NUV laser structure was grown. After device fabrication,
electrically injected AlGaN-based NUV laser diode grown on Si
was realized at room temperature for the first time.
The NUV laser structure was grown on Si (111) substrates

using a metal−organic chemical vapor deposition (MOCVD)
system. And it consisted of an unintentionally doped AlN/
AlGaN multilayer buffer, a 3.5 μm thick Si-doped n-type
Al0.03Ga0.97N thick layer with a doping level of 5 × 1018 cm−3,
150 pairs of 2.5 nm thick n-type Al0.2Ga0.8N and 2.5 nm thick n-
type GaN superlattice (SL) CLs, a 80 nm thick n-type GaN
lower waveguide layer, four pairs of 2.5 nm thick undoped
In0.05Ga0.95N QWs and 10 nm thick undoped Al0.1Ga0.9N
quantum barrier layers, a 60 nm thick undoped GaN upper
waveguide layer, a 20 nm thick p-type Al0.25Ga0.75N electron
blocking layer (EBL), 100 pairs of 2.5 nm thick p-type
Al0.2Ga0.8N and 2.5 nm thick p-type GaN SL CLs, and a 30 nm
thick p-type GaN contact layer. The device was fabricated in a
coplanar structure, with both p- and n-contact pads at the same
side, as shown in Figure 1.
The unintentionally doped AlN/AlGaN multilayer buffer

consisted of a 300 nm thick AlN nucleation layer, a 420 nm
thick Al0.35Ga0.65N layer, and a 450 nm thick Al0.17Ga0.83N layer.
By using this multilayer buffer as a “hand-shaking” layer
between Al0.03Ga0.97N and Si substrate, a compressive strain was
built up not only to compensate for the tensile stress due to the
CTE mismatch during cooling down, but also facilitate the
inclination, interaction, and even annihilation of TDs with each
other.11,18−20 As shown in Figure 2a,b, a large amount of TDs

were annihilated at the interface, and the crystalline quality of
Al0.03Ga0.97N template was greatly improved.
On top of the high-quality Al0.03Ga0.97N template grown on

Si, the NUV laser structure was grown (Figure 2c). By
optimizing the growth conditions, sharp interfaces of the
InGaN/AlGaN QW active region were obtained (Figure 2d).
The crystalline quality of the as-grown AlGaN-based NUV laser
wafer was evaluated by double-crystal X-ray rocking curve
(DCXRC) measurements in a skew symmetric geometry.
Figure 3a shows the typical rocking curves around the (0002)
and (101 ̅2) planes of the Al0.03Ga0.97N template with a full
width at half-maximum (fwhm) of 379 and 322 arcsec,
respectively. From the measured XRC fwhm’s, the TDD in
the Al0.03Ga0.97N template was estimated to be around 6 × 108

cm−2. It should be pointed out that the DCXRC fwhm of the
Al0.03Ga0.97N (101̅2) diffraction was even smaller than that of
the Al0.03Ga0.97N (0002) diffraction. And the edge-type TDD
was estimated to be around 3.1 × 108 cm−2, nearly the same as
the screw-type TDD, which is consistent with the TEM
observations (Figure 2a,b). It is known that edge-type TDs as
nonradiative recombination centers (NRCs) are more
detrimental to the IQE than screw and mixed type ones.21 It
should be also noted that the fwhm’s of (202 ̅1), (202̅3) and
(101 ̅m) (m = 1, 2, 3, 4, and 5) DCXRCs for the Al0.03Ga0.97N
template were all below 380 arcsec (Figure 3b), further
confirming a low density of edge-type TDs.22 The excellent
crystalline quality paved the way for realizing electrically
injected AlGaN-based NUV-LDs grown on Si.
The as-grown AlGaN-based NUV laser epitaxial wafer was

subsequently processed into edge-emitting LD devices by using
the self-aligned process (see Figure S1 in the Supporting
Information). The ridge size was 4 × 800 μm2, and the cavity
facets were formed by cleavage, and the front and the rear facets
were coated by four and eight pairs of quarter-wave Ta2O5/
SiO2, respectively, to reduce the mirror loss and the threshold
current.
The characteristics of one as-fabricated AlGaN-based NUV-

LD grown on Si under pulsed electrical injection are shown in
Figure 4. Figure 4a presents the electroluminescence (EL)
spectra of the NUV-LD before cavity facet coating under
various injection currents at room temperature. As the injection
current was gradually increased from 50 to 500 mA, the peak
wavelength was blue-shifted from 392.8 to 389.6 nm due to the
screening of the quantum confined Stark effect by the injected
carriers. It was noted that due to limited indium in the QWs,

Figure 1. Schematic architecture of AlGaN-based NUV-LD directly grown on Si.
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Figure 2. Cross-sectional transmission electron microscopy (TEM) images of an AlGaN-based NUV laser grown on Si. (a, b) Cross-sectional weak-
beam bright-field TEM images of the AlN/AlGaN multilayer buffer grown on Si obtained with diffraction vectors g = 0002 (a) and g = 112 ̅0 (b)
revealing TDs with screw and edge components, respectively. (c) Cross-sectional high-angle annular dark-field scanning TEM image of an AlGaN-
based NUV laser structure grown on Si. The thickness of the whole epitaxial structure was 6.5 μm. (d) Enlarged image of the In0.05Ga0.95N/
Al0.1Ga0.9N NUV QW active region marked with red rectangle in (c).

Figure 3. (a) DCXRCs around (0002) and (101 ̅2) planes of the Al0.03Ga0.97N template in the AlGaN-based NUV laser structure grown on Si, and
(b) fwhm’s of DCXRCs as a function of the lattice plane inclination angle of the Al0.03Ga0.97N template in the NUV laser structure grown on Si.
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the polarization field in the QWs was reduced, and hence, the
blue-shift value of the peak wavelength was quite small,23 as
compared with the visible LDs grown on Si. After that, the EL
spectra quickly narrowed down and the fwhm of the lasing
spectrum was only 0.68 nm (Figure 4b). Figure 4c shows the
EL light output power of the NUV-LD as a function of the
injection current. The plots of light output versus injection
current of the NUV-LD before and after the cavity facet coating
exhibit a clear turning point at 550 and 350 mA, respectively,
which correspond to a threshold current density of 17.2 and
10.9 kA/cm2, respectively. Figure 4d,e shows the far-field
patterns of the NUV-LD after the cavity facet coating when the
injection current was below and above the threshold current
(Ith), respectively. All of the above observations are clear
signatures of electrically injected lasing at room temperature.
The statistical results regarding the threshold current
distribution of the as-fabricated AlGaN-based NUV-LDs
grown on Si (see Figure S2 in the Supporting Information)
indicate a decent yield and reproducibility for the first
demonstration.
As compared with the reported value (∼3 kA/cm2) of NUV-

LD grown on high quality GaN substrates (TDD ∼ 106 cm−2)
by epitaxial lateral overgrowth (ELOG),5 the threshold current
density of the as-fabricated AlGaN-based NUV-LD grown on Si
was relatively high, which caused a limited lifetime (∼1.5 h)
under a pulsed injection current of 450 mA (pulse width of 400
ns and a repetition rate of 10 kHz) at room temperature. The
relatively high threshold current of the as-fabricated AlGaN-
based NUV-LD grown on Si was related to the relatively high

TDD of ∼6 × 108 cm−2 (as compared with the homoepitaxial
devices),5,24 imperfect active region, and point defects. The
TDs acting as NRCs caused a substantial portion of the injected
carriers to recombine nonradiatively into heat, and it would not
only reduce the IQE, but also elevate the junction temperature,
which resulted in a significant increase in the threshold
current.24 Moreover, previous reports showed that with a
reduced indium content, fewer localization states exist in the
In0.05Ga0.95N/Al0.1Ga0.9N NUV QWs, and the IQE of the device
is much more sensitive to the TDD. Furthermore, thanks to the
weakened polarization field in the NUV In0.05Ga0.95N QWs,
wider QWs are often used to enhance the optical confinement
in AlGaN-based NUV-LD.5 In addition, point defects may also
lower the IQE of the LD active region,25 especially in UV QWs.
Previous reports showed that the lifetime of III-nitride LD

was improved from 1 s to 300 h26,27 when the threshold current
density reduced from 9 to 4.2 kA/cm2, and it could be further
increased to over 10000 h when the TDD in the GaN layer is
reduced from 108 down to 106 cm−2 through ELOG.14 The
TDD of the AlGaN layer can also be reduced from 108 down to
106 cm−2 through ELOG,28 and the point defect density can be
reduced by optimizing the growth conditions and controlling
the defect quasi Fermi level.29 A study of AlGaN ELOG on Si,
together with a further optimization of the active region, is
underway to reduce the threshold current density and, hence,
elongate the lifetime of AlGaN-based NUV-LD grown on Si.
A high-quality NUV laser structure was successfully grown

on Si (111) substrate by using a carefully engineered Al-
composition step down-graded AlN/AlGaN multilayer buffer.

Figure 4. EL characteristics of an as-fabricated AlGaN-based NUV-LD grown on Si at room temperature. (a) EL spectra of an as-fabricated AlGaN-
based NUV-LD grown on Si before the cavity facet coating measured under various pulsed currents, and the spectral resolution was 0.1 nm. (b) Peak
wavelength and fwhm of the EL spectra of the LD before coating as a function of the pulsed injection current. (c) EL light output powers of the LD
before and after the cavity facet coating as a function of the pulsed injection current. (d, e) Far-field patterns observed below (0.9 Ith) (d) and above
the threshold current (1.1 Ith) (e) by setting a sheet of white copying paper in front of the front facet of the NUV-LD under pulsed currents (the
pulse width was 400 ns, and the repetition rate 10 kHz) at room temperature, and a blue fluorescence formed when the NUV light illuminated the
white copying paper.
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The high crystalline quality of Al0.03Ga0.97N template on Si was
confirmed by the observation of TD inclination and
annihilation in TEM images and the narrow XRCs for various
diffraction planes. After device fabrication, a dramatic narrowing
of the EL spectral line-width, an elongated far-field pattern, and
a clear discontinuity in the slope of light output power plotted
as a function of the injection current provide an unambiguous
evidence of lasing. This is the first observation of electrically
injected lasing in AlGaN-based NUV-LD grown on Si at room
temperature.

■ METHODS

Fabrication of Samples. The growth of AlGaN-based
NUV laser structure was carried out with a commercially
available MOCVD system. Trimethylgallium, trimethylalumi-
num, trimethylindium, and ammonia were used as precursors
for gallium, aluminum, indium, and nitrogen, respectively.
Nitrogen and hydrogen were used as the carrier gas.
Monosilane and bisethylcyclopentadienylmagnesium were
used as n- and p-type dopants, respectively. As shown in
Figure 2, a 300 nm thick AlN nucleation layer was deposited on
a thermally cleaned Si(111) substrate. Afterward, Al composi-
tion step-graded AlGaN multilayer consisting of a 420 nm thick
Al0.35Ga0.65N layer and a 450 nm thick Al0.17Ga0.83N layer were
grown prior to the deposition of Al0.03Ga0.97N thick layer to
intentionally introduce compressive strain for the compensa-
tion of the tensile stress due to the CTE mismatch during cool
down. An AlGaN-based NUV laser structure (Figure 1) was
grown on top of a 3.5 μm thick Si-doped Al0.03Ga0.97N layer.
The active region was sandwiched by waveguide and cladding
layers. The 80 nm thick n-type and 60 nm thick undoped GaN
layers acted as the lower and upper waveguide, respectively.
The 750 nm thick n-type Al0.2Ga0.8N/GaN SL layer and 500
nm thick p-type Al0.2Ga0.8N/GaN SL layer were CLs, which
worked with the waveguides for the optical confinement. The
active region was consisted of four pairs of 2.5 nm thick
undoped In0.05Ga0.95N QWs and 10 nm thick undoped
Al0.1Ga0.9N quantum barrier layers. During the Al0.1Ga0.9N
quantum barrier growth, the total flow rates of H2, N2 and NH3

were 5, 110, and 75 slm, respectively. The as-grown AlGaN-
based NUV laser wafer was mirror-like with less than 0.5 mm
long microcracks at the wafer edge area. The AlGaN-based
NUV-LD fabrication process details are shown as Figure S1 in
Supporting Information.
Characterization of Samples. TEM (Figure 2a,b) and

scanning TEM (Figure 2c,d) images were recorded using an
FEI Tecnai G2 F20 S-Twin transmission electron microscope
operated at 200 kV. High resolution X-ray rocking curve
(Figure 3a,b) measurements were performed with a Bruker D8
discover high resolution X-ray diffractometer.
The light output power under pulsed currents (The pulse

width was 400 ns, and the repetition rate 10 kHz) was
calculated by the average light output power divided by the
duty ratio (4‰), and the average light output power was
measured by a calibrated optical power meter (Thorlabs
PM121D) at room temperature. The EL spectra of the AlGaN-
based NUV-LD were measured by a fiber optic spectrometer
(IdeaOptics FX4000) under the pulsed current injection with a
pulse width of 400 ns and a repetition rate of 10 kHz.
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