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We report growth of self-organized JuGa, ¢As quantum dots on Si substrates by molecular-beam
epitaxy. Low-temperatur¢l? K) photoluminescence spectra show that the optical properties of
Ing 4G& 6As quantum dots grown on Si are comparable to quantum dots grown on GaAs substrates.
We also present preliminary characteristics of J8a ¢As quantum-dot lasers grown on Si
substrates. Light versus current measurements at 80 K under pulsed bias conditions show that
I;v=3.85kA/cnt. The lasing spectral output has a peak emission wavelength of Lfland a
linewidth (full width at half maximum of ~4 A at the threshold. ©1999 American Institute of
Physics[S0003-695099)02010-0

GaAs-based light sources on Si-based circuits wouldorption was performed at 830 °C for 30 min. The substrate
eventually enable chip-to-chip and system-to-system opticalvas then cooled to 350 °C and Apassivated for 5 min to
interconnections. The 4% lattice mismatch and the 250%mprove the crystal orientation of the initial GaAs lay8i
thermal expansion coefficient difference between GaAs an800 A GaAs layer was then grown at the same temperature.
Si makes direct growth of high-quality GaAs on Si very This was followed by the growth of a 1,6m GaAs layer at
difficult, resulting in high dislocation densities 650 °C. The GaAs layer was then annealed using two ther-
(>10°cm ?). GaAs-based quantum-well lasers and light-mal cycles between 300 and 780 °C, followed by a 10 min
emitting diodes(LEDs) grown on Si substrates have beenanneal at 780 °C. An additional 1,am GaAs layer was
demonstrated in the past but with marginal performdrfce. grown followed by another thermal cycle anneal, followed
Several methods have been proposed to improve the lumby growth of another um GaAs layer. All the GaAs layers
nescence of GaAs-based lasers on Si, including patternetere dopedn type with Si. The laser structure was then
growth and high-temperature anneflsOne promising grown consisting of a 3-5 layer JnGa ¢As quantum-dot
method for improving the luminescence of GaAs-based laactive region with 15 A GaAs barriers. The initial dot layer
sers on Si involves growth of highly strained three-was 8 ML thick; each subsequent layer was 4 ML. The quan-
dimensional islands, or quantum dots, by the Stranskitum dots were grown at 530°C at a rate of 0.1 ML/sec.
Krastanov growth mode, within the active regibhBoth ~ Cross-sectional transmission electron microscO¥yEM)
edge- and surface-emitting lasers, with defect-freeof the active region, shown in the inset of Fig. 1, confirms
In(Ga,A)As/G&Al)As self-organized quantum-dot active re- that there is strong strain-induced vertical coupling between
gions on GaAs substrates have been achiéVathese lasers dots in successive layetsAtomic force microscopyAFM)
have exhibited low threshold current and high gain compa-
rable to quantum-well lasers. Quantum-dot lasers, therefore,

hold great promise for future communication and optical in- 0.1um GaAs p=1x1019%m-3

terconnect applications. Growth of InAs self-organized quan- 1um Alg.3Gag.7As p=5X1017cn3

tum dots on Si have been previously repofte@ecently, 0.1um GaAs -

Egawaet al. have demonstrated AIGaAs/GaAs laser diodes  24x e —

on Si grown by “droplet” epitaxy with GaAs island-like 7ML InGaAs QDs - - =
active regions. In this letter, we report the growth of self- 0.lum Gahs K g=200f 10nm
organized lg,Ga ¢As quantum dots on Si substrates by 1um Alo3Gag.7As nesX1017em3 |

molecular-beam epitaxy and also present preliminary results g N

of Ing /Ga& gAs quantum-dot lasers grown on Si substrates. .., 1um LT-GaAs _ n=2x10'8cm3

Considerable attention was given to improve the growth TCA 15um LT-GaAs  ne2xi0'8 cm3
cond|t|on§ of the |n|t|a_l GaAs_ layer to prevent defects from 15um LT-GaAs ne2xio1®cm3
propagating to the active region. The laser structures, shown 300A LT-GaAs n=2x10'8cm3
in Fig. 1, were grown on{100)-oriented Si substrates, mis- Si Substrate

oriented 2° toward th¢110] direction to reduce the forma-
tion of stacking faults at the GaAs/Si interfal®eOxide de-  FIG. 1. Schematic of the self-organized i&a, sAs quantum-dot laser het-
erostructure grown on a Si substrate. The inset shows the cross-sectional
transmission electron microsco}TEM) image of the vertically coupled
¥Electronic mail: pkb@eecs.umich.edu four-dot layer active region.
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FIG. 4. PreliminaryL—| characteristics of the nGa ¢As guantum-dot
laser. The inset shows the lasing emission spectra.

GaAs, centered at 1.038m. Based on previously reported
data from quantum dots grown on GaAs substritese
believe the peak is related to ground-steé—hh} bound
exciton transitions. The emission peak linewidithll width
(b) at half maximum(FWHM)] of the dots grown on S{49
FIG. 2. (a) Bright-field XTEM of the laser structure ar(@) high-resolution meV) and GaAs(46 me\) are nearly the same. The large
XTEM image of three layers of jyGa, ¢As quantum dots grown on Si. linewidth results from inhomogeneous broadening due to the
finite-size distribution of the dots. We suspect that the reduc-
and plan-view TEM performed on separate samples with a #on in PL intensity for the sample grown on Si results from
um GaAs buffer layer and 8 ML of juGaygAs growth  nonradiative recombination losses at defects near the
confirm a dot density-1.2x 10" cm™2. quantum-dot active region. These results are very optimistic

Bright-field XTEM of the laser structure, shown in Fig. 504 we expect to get better luminescence by optimizing the
2(a), shows the formation of threading dislocations at thebuffer layer growth conditions

GaAs/Si interface. However, the defect density appears to be

significantly smaller at the quantum-dot active region, as ex- Broad-area .edge-emlttmg Ia'sers were fabricated using
pected. High-resolution XTEM imaging of three coupled standard photolithography techniques. Thand p contacts

dots, shown in Fig. @), indicates that the dots themselves used .Ni/Ge/Au/Ti/Au and Pd/Zn/Ed/Au metallization, re-
may be defect free. To estimate the optical properties of théPectively. The substrates were thinned-{60 um and then
dots grown on Si, we have Compared |OW_tempera¢]u7eK) cleaved to form the mirrors. The cavity Iength and width
photoluminescencéPL) spectra, shown in Fig. 3, of the were 800 and 5Qum, respectively. Figure 4 shows light
Ing.4Gay ¢As quantum-dot laser structure grown on Si with aversus current I(—1) characteristics of broad-area lasers,
similar working laser structure grown on GaAs. We foundmeasured at 80 K, under pulsed bias conditions. The mea-
that the single emission peak intensity of the dots grown osured threshold current density for this device is 3.85
Si, centered at 1.05am, is nearly half of that grown on ka/cm? The laser spectra, shown in the inset of Fig. 4, in-
dicate the emission wavelength is 1.048 with a linewidth

aDs Grown (FWHM) ~4 A at the thresholdI(,=788 mA). We believe
He-Ne(632.8nm) on GaAs . . .
3 T=17K FWHM=26meV | that the spectra shift toward smaller wavelengths with in-

P, =200W/cm? creasing current density is due to either the filling of smaller-

] sized dots or state-filling effects. Albeit weak in perfor-
mance, this is a demonstration of lasing from /B ¢As
self-organized quantum dots grown on Si substrates.

In  conclusion, we have grown self-organized
Ing.4Ga gAs quantum dots on Si. The optical properties of
Ing.4Ga gAs dots grown on Si are comparable t@ @&, ¢AS
dots grown on GaAs substrates. We have also characterized a
200 : 1000 : 1150 Ing.4Ga gASs quantum-dot laser grown on Si. At 80 K and

wavelength(nm) under pulsed bias conditions, the lasers have a threshold cur-
FIG. 3. Low-temperature(17 K) photoluminescencgPL) spectra of rent density of 3.85 kA/chwith a linewidth(FWHM) ~4 A
Iny..Ga As quantum-dot lasers grown on Si and GaAs substrates. at the threshold.
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