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Self-organized In 0.4Ga0.6As quantum-dot lasers grown on Si substrates
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We report growth of self-organized In0.4Ga0.6As quantum dots on Si substrates by molecular-beam
epitaxy. Low-temperature~17 K! photoluminescence spectra show that the optical properties of
In0.4Ga0.6As quantum dots grown on Si are comparable to quantum dots grown on GaAs substrates.
We also present preliminary characteristics of In0.4Ga0.6As quantum-dot lasers grown on Si
substrates. Light versus current measurements at 80 K under pulsed bias conditions show that
I th53.85 kA/cm2. The lasing spectral output has a peak emission wavelength of 1.013mm and a
linewidth ~full width at half maximum! of ;4 Å at the threshold. ©1999 American Institute of
Physics.@S0003-6951~99!02010-0#
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GaAs-based light sources on Si-based circuits wo
eventually enable chip-to-chip and system-to-system opt
interconnections. The 4% lattice mismatch and the 25
thermal expansion coefficient difference between GaAs
Si makes direct growth of high-quality GaAs on Si ve
difficult, resulting in high dislocation densitie
(.108 cm22). GaAs-based quantum-well lasers and lig
emitting diodes~LEDs! grown on Si substrates have be
demonstrated in the past but with marginal performance1,2

Several methods have been proposed to improve the lu
nescence of GaAs-based lasers on Si, including patte
growth and high-temperature anneals.3 One promising
method for improving the luminescence of GaAs-based
sers on Si involves growth of highly strained thre
dimensional islands, or quantum dots, by the Strans
Krastanov growth mode, within the active region.4,5 Both
edge- and surface-emitting lasers, with defect-f
In~Ga,Al!As/Ga~Al !As self-organized quantum-dot active r
gions on GaAs substrates have been achieved.6,7 These lasers
have exhibited low threshold current and high gain com
rable to quantum-well lasers. Quantum-dot lasers, theref
hold great promise for future communication and optical
terconnect applications. Growth of InAs self-organized qu
tum dots on Si have been previously reported.8 Recently,
Egawaet al. have demonstrated AlGaAs/GaAs laser diod
on Si grown by ‘‘droplet’’ epitaxy with GaAs island-like
active regions.9 In this letter, we report the growth of self
organized In0.4Ga0.6As quantum dots on Si substrates
molecular-beam epitaxy and also present preliminary res
of In0.4Ga0.6As quantum-dot lasers grown on Si substrate

Considerable attention was given to improve the grow
conditions of the initial GaAs layer to prevent defects fro
propagating to the active region. The laser structures, sh
in Fig. 1, were grown on~100!-oriented Si substrates, mis
oriented 2° toward the@110# direction to reduce the forma
tion of stacking faults at the GaAs/Si interface.10 Oxide de-

a!Electronic mail: pkb@eecs.umich.edu
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sorption was performed at 830 °C for 30 min. The substr
was then cooled to 350 °C and As4 passivated for 5 min to
improve the crystal orientation of the initial GaAs layer.10 A
300 Å GaAs layer was then grown at the same temperat
This was followed by the growth of a 1.5mm GaAs layer at
650 °C. The GaAs layer was then annealed using two th
mal cycles between 300 and 780 °C, followed by a 10 m
anneal at 780 °C. An additional 1.5mm GaAs layer was
grown followed by another thermal cycle anneal, follow
by growth of another 1mm GaAs layer. All the GaAs layers
were dopedn type with Si. The laser structure was the
grown consisting of a 3–5 layer In0.4Ga0.6As quantum-dot
active region with 15 Å GaAs barriers. The initial dot lay
was 8 ML thick; each subsequent layer was 4 ML. The qu
tum dots were grown at 530 °C at a rate of 0.1 ML/se
Cross-sectional transmission electron microscopy~XTEM!
of the active region, shown in the inset of Fig. 1, confirm
that there is strong strain-induced vertical coupling betwe
dots in successive layers.11 Atomic force microscopy~AFM!

FIG. 1. Schematic of the self-organized In0.4Ga0.6As quantum-dot laser het-
erostructure grown on a Si substrate. The inset shows the cross-sec
transmission electron microscopy~XTEM! image of the vertically coupled
four-dot layer active region.
5 © 1999 American Institute of Physics
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and plan-view TEM performed on separate samples with
mm GaAs buffer layer and 8 ML of In0.4Ga0.6As growth
confirm a dot density;1.231011cm22.

Bright-field XTEM of the laser structure, shown in Fig
2~a!, shows the formation of threading dislocations at t
GaAs/Si interface. However, the defect density appears t
significantly smaller at the quantum-dot active region, as
pected. High-resolution XTEM imaging of three couple
dots, shown in Fig. 2~b!, indicates that the dots themselv
may be defect free. To estimate the optical properties of
dots grown on Si, we have compared low-temperature~17 K!
photoluminescence~PL! spectra, shown in Fig. 3, of th
In0.4Ga0.6As quantum-dot laser structure grown on Si with
similar working laser structure grown on GaAs. We fou
that the single emission peak intensity of the dots grown
Si, centered at 1.053mm, is nearly half of that grown on

FIG. 2. ~a! Bright-field XTEM of the laser structure and~b! high-resolution
XTEM image of three layers of In0.4Ga0.6As quantum dots grown on Si.

FIG. 3. Low-temperature~17 K! photoluminescence~PL! spectra of
In0.4Ga0.6As quantum-dot lasers grown on Si and GaAs substrates.
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GaAs, centered at 1.038mm. Based on previously reporte
data from quantum dots grown on GaAs substrates,12 we
believe the peak is related to ground-state~e1–hh1! bound
exciton transitions. The emission peak linewidth@full width
at half maximum~FWHM!# of the dots grown on Si~49
meV! and GaAs~46 meV! are nearly the same. The larg
linewidth results from inhomogeneous broadening due to
finite-size distribution of the dots. We suspect that the red
tion in PL intensity for the sample grown on Si results fro
nonradiative recombination losses at defects near
quantum-dot active region. These results are very optimi
and we expect to get better luminescence by optimizing
buffer layer growth conditions.

Broad-area edge-emitting lasers were fabricated us
standard photolithography techniques. Then andp contacts
used Ni/Ge/Au/Ti/Au and Pd/Zn/Pd/Au metallization, r
spectively. The substrates were thinned to;70 mm and then
cleaved to form the mirrors. The cavity length and wid
were 800 and 50mm, respectively. Figure 4 shows ligh
versus current (L – I ) characteristics of broad-area lase
measured at 80 K, under pulsed bias conditions. The m
sured threshold current density for this device is 3.
kA/cm2. The laser spectra, shown in the inset of Fig. 4,
dicate the emission wavelength is 1.013mm with a linewidth
~FWHM! ;4 Å at the threshold (I th5788 mA). We believe
that the spectra shift toward smaller wavelengths with
creasing current density is due to either the filling of small
sized dots or state-filling effects. Albeit weak in perfo
mance, this is a demonstration of lasing from In0.4Ga0.6As
self-organized quantum dots grown on Si substrates.

In conclusion, we have grown self-organize
In0.4Ga0.6As quantum dots on Si. The optical properties
In0.4Ga0.6As dots grown on Si are comparable to In0.4Ga0.6As
dots grown on GaAs substrates. We have also characteriz
In0.4Ga0.6As quantum-dot laser grown on Si. At 80 K an
under pulsed bias conditions, the lasers have a threshold
rent density of 3.85 kA/cm2 with a linewidth~FWHM! ;4 Å
at the threshold.

FIG. 4. PreliminaryL – I characteristics of the In0.4Ga0.6As quantum-dot
laser. The inset shows the lasing emission spectra.
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