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The growth conditions of low-dimensional dot structures of straingGan_,As on Si substrates

using the Stranski—Krastanov growth mode by metal—organic chemical vapor deposition are
optimized. Atomic force microscopy measurement has been performed to characterize the dot
structures. The dot density and their size are found to be strongly dependent on the substrate
temperature, In content, and V/III ratio. The optimized growth condition was further used to
fabricate quantum dot-like laser diodes on Si. The characteristics of the laser diode with an
In,Ga _,As quantum dot-like active region are analyzed. 28601 American Institute of Physics.
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I. INTRODUCTION beam epitaxy® However, so far, no QD laser structure has
) been reported on Si substrate with room temperatB®
_The successful growth of reliable GaAs-based heteroepigontinuous wave operation. The reason is supposed to be due
taxial injection lasers, photodetectors, waveguides, ang, the nonuniform growth behavior of the dot size and lower
modulators directly on Si makes the integration of Si elec'density,lg which fails to enhance the quantum mechanical
tronics with high-speed, low-power optoelectronic functionSggte ot of the lasing actioff? In this article, the details of the

tronic integrated circuit$_OE|Cs).1‘.6 However,~4% lattice  (gk) growth mode, as well as fabrication of lasers on Si, are
mismatch and~250% difference in the thermal expansion jaccribed.

coefficients between GaAs and Si result in high dislocation

densities(~10°/cm?) at heterointerfacé.The high magni-

tude of such dislocation density forms the dark line defect

(DLD) networks in epitaxially grown devicés!® As a re-

sult, GaAs-based devices, such as lasers on Si degrade r3p-ExpeRIMENTAL DETAILS

idly within a few minutes-! Though several techniques, such

as (1) low temperature growtt?13 (2) growth of a strained The dot structures were grown on tHEO0) n*-Si sub-

layer sgﬂerlattme(SLS) buffer layer such as InGaAs on girates oriented 2° off towards t611] direction using a

GaAs/Si," and (3) use of an orientation tilted Si |fheated horizontal metal-organic chemical vapor deposi-

substrat€*® have been employed previously, there still i (MOCVD) reactor at atmospheric pressure. Trimethyl-

remain difficulties with dislocations in GaAs-based devicesga“ium (TMG) and trimethylaluminun{TMA) were chosen

on Si. _ _ as group-lll sources and arsiridsH;) was chosen as the
Growth of self-organized quantum dofQDs) in laser  group-v source. Hydrogen selenidel,Se and diethylzinc

structure emerges as a new approach toﬂenhance the lasifige7) were injected as the and p dopants, respectively.

efficiency and reliability of laser diode§: "Egawaetal.  pygrogen was used as the carrier gas. After loading the Si

have demonstrated AlGaAs/GaAs laser diodes on Si growgpsirate in the MOCVD reactor chamber, it was heated in

by “droplet” epitaxy with GaAs island-like active regiorts. H, atmosphere at 1000 °C for 10 min in order to remove the

Later, Linderet al. reported the growth of a self-organized \,5tive oxide from the substrate surface. Then, ant thick

INo.4Go 6AS quantum dot laser on Si substrates by moleculagzgas puffer layer was grown at 650 °C. During the growth

of the n™-GaAs buffer layer, the substrate temperature was

Apresent address: Fujitsu Quantum Devices Ltd., 1000 KamisukiawarsgGycled five times from 350 to 850 °C in an Agldtmosphere

presen address: beparment of Elecironic Engineering. Faculy of Engi. Crop L0, feduce the threading dislocation in the GaAs

neering, Chubu University, 1200 Matsumoto Kasugai 48’7-8501 Japan. layer.” The growth.of .dOtS .WaS carried out on the GaAs
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I substrate. ture at a fixed V/Ill ratio, In content, and growth time.

growth time, and In composition. Atomic force miCroscope o\t temperature at fixed values of VIl ratio, In content,
(AFM) measurement was carried out to characterize the iSny growth time. It is observed that the dependence is not
land size and d(_ans!ty. . L . linear over the entire temperature range, though a decrease in

For the fabrication of laser diode an initial 10 nm thick 304 density with increasing temperature is revealed. This
undoped GaAs nucleation layer was deposited on Si SUbpjicates that more than one kinetic process is competing to
strate at 400 °C. Further, the growth temperature was ra'segontrol the formation of the Ga, ,As island on GaAs/Si

o : + —x .

to 75(())18(: and a um thickn™-GaAs buffer laye(Se-doped, - rpg gecrease in island density with increasing substrate tem-
2>'<1 cm™°) was grown. Over.the buffer layer a 1m perature may be qualitatively reconciled as being a conse-
thick n-Alo G& As lower cladding layer, a 70 nm thick o ,6nce of the thermally enhanced surface migration of In.
undoped Al GaAs lowering confining layer, an active The dependence of island density with respect to the
layer (_;ontammg IpGa, _As (In=0.1, 0.2, 03 04QD, a 70 variation of In content at fixed values of growth temperature,
nm th',Ck undoped AJsGayAs upper confining layer, a 1.0 time, and V/III ratio is shown in Fig. 3. The figure reveals
pm thick p-Alo 458 AS upper claéjlgmg layer, and an 80 "M ;4 there is an increase in island density with the increase in
thick p”-GaAs (Zn-doped, K10 cm™) contact layer |, content, but the size nonuniformity is severe in the case of
were grown in order to realize the laser diode st.ructure aﬁigher percentage of In. In principle, In content has an im-
shown in Fig. 1. After the growth, the laser devices wereyqiant role in the formation of islands since the formation of
processed as follows: a 04m thick SiG; insulating layer  iqands/dots by SK growth mode is a strain-induced effect in

; +
was deposited on the”-GaAs contact layer and 1pm 5 | tice mismatch system. The bulk lattice mismatch be-
wide stripe contact windows were opened with a 300

pitch along the (110 direction by chemical etching

(HF:NH,4F:CH;COOH=1:20:7) of SiO,. Then Ti/Au(50/150 10 E
nm) contacts were deposited by electron beam evaporation E  Growth temperature = 500°C
on thep™ -GaAs layer. After thinning tha* -Si substrate to a | VI ratio = 200
thickness of 10Qum, AuSb/Au(50/150 nm was deposited 101 & Growth time = 10 seconds
on the Si substrate in order to form theside electrode. i i
Injected current versus output curretit-() character- Q(E\ R ¥ E
istics and emission spectrum analysis were carried out to S10 L E
observe the lasing property of the laser diode. Automatic 2 I X
power controlled APC) lifetime measurement has been per- § 8|
formed in order to know the degradation mechanism of laser 310 3
diodes. g8 F
10°F %
I1l. RESULTS AND DISCUSSION
The formation of IRGa _,As islands/dots on GaAs/Si 10° & L ! L 1 L
was found to depend on the different growth conditions. Af- 0 20 40 60 80 100
In content (%)

ter the growth of InGa, _,As islands/dots on GaAs/Si, the
surface morphology was observed with AFM. Figure 2gig 3. variation of dot density of InGaAs on Si substrate with respect to In
shows the logarithmic plot of island density as a function ofcontent.
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FIG. 5. Variation of dot density of InGaAs on Si with respect to group V/III
ratio.
(b) o density is higher in the second case, the dots are shapeless

and therefore can hardly be considered as quantum dots.
FIG. 4. AFM images of a typical InGaAs dot on Si with In contéat20%  From the crystal growth point of view, the growth rate is
and (b) 100%. controlled by the group-Ill flux whose incorporation is unity
and the growth kinetics is controlled by the adsorption rate
of group-V elements. In the case of higher V/III ratio, the As

tween InAs and GaAs is- 7% and also there is a 4% lattice incorporation rate becomes slow, since group-lll migration
mismatch between GaAs and Si. As a result, the strain dighhibits the subsequent arrival of additional group-IIl atoms
tribution in the system of §Ga _,As/GaAs/Si is more or due to the allotment of the sites for As incorporation and
less complicated. The AFM study reveals that two types ofvhich results in discrete QD growth. On the other hand, in
growth mode are operative depending upon the In content:
(1) layer by layer growth mode below=0.2 and(2) three-
dimensional island growth mode aboxe 0.3.

Further, lower content of In, for instance in the 10mm
Ing ,G& gAS system, results in discrete dots with an average
interdot distance of Zum [Fig. 4(a)], while for InAs [Fig.
4(b)] the dots appear locally connected in agglomerations.
The above observation once again implies that the onset of
dot formation is governed by strain enefgy>

The growth of islands also depends upon the V/lil ratio, (a)
which controls the availability of the constituents for the
growth. The As, Ga, and In reach the growing islands via
intraplanar surface migration. Even for sufficient intraplanar
migration of Ga and In, the ability of both is an important
parameter to be considered. Figure 5 shows the variation of
dot density of InGaAs on Si with respect to the group V/III
ratio. It is found that as the V/III ratio decreases, the dot
density increases. But, too much reduction in the V/III ratio
results in overlapping of the dots. Figure 6 shows the AFM
images of InGaAs QD on Si for two different V/III rati¢&a)
68 and(b) 50]. In the case of Fig. &) (V/III ratio of 68) the
dots are discrete with a dot density ef10°/cn? and the
interdot mean distance is 400 nm, whereas in Fig) 6//1ll
ratio of 50, the dots are interlinked and in some places over-
lapped with a density of-10"/cn?. The effective diameter rig. 6. aFm images of a typical §yGaygAs dot on Si with V/IIl ratio ()
of these dots varies from 20 to 30 nm. Even though the doés and(b) 50.

10 nm

(b) (um)

Downloaded 18 Aug 2010 to 133.68.192.98. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



5466 J. Appl. Phys., Vol. 90, No. 11, 1 December 2001 Kazi et al.

7 6
RT: CW
6 Jg=2.15 kA/em® sl.. RT:CW
Ty=11% Jyy = 1.32 kA/cm®
s 7,=32%
L a4l
§ A =855nm %
= =| FWHM=3nm e
— 4l =] [
2 8 5
83| & &
£l g2
o |
2
] 1 1 —
840 860 880
1 Wavelength (nm)
0 | | I
0 20 40 60 80 100 120
0 . I Injected current (mA)
0 50 100 150 200

Injected current (mA) FIG. 8.1-L characteristics of the jnGa, /As QD-like laser on Si substrate.

FIG. 7. I-L characteristics and emission spectrum of thg,G& As QW

[ Si substrate. . . o -
aseron St stbstrate outside(wetting layej and inside the dots. The injected car-

riers into the ground state emit photons to the lasing mode

the case of extremely lower V/IlI ratio, the unavailability of
As IeaQs o the formatlon of Ga or I.n-.nch droplets and thehigher probability of nonradiative recombination due to an
extension of their size makes then join together due to thg
higher wetting capability. So, the droplets are not discrete irb
nature and it is believed that they are not useful for the fur-
ther application of QD device fabrication. The observation of
very high dot density may also not be real due to the inter
linked nature of the dots.

Lasing characteristics measurements were carried out for
the lasers with a QD-like active region containing InGaAs
(IN=10%, 20%, 30%, 40% It is notable that the formation
of dots was not realized with the In content 10%. Therefore
the laser fabricated with the In content of 10% is considered
as a quantum wellQW) laser. Figure 7 shows the typical
injection current versus light outp(t—L) characteristics of
an Iny :Ga As QW laser measured at RT under cw condi- I=141,
tion. This laser shows a threshold current density of 2.15
kA/cm? with an external differential quantum efficiency of
11%. The emission spectrum is also shown in the inset of %
Fig. 7. Ground state emission is observed at 855 nm.

| —L characteristics of the laser with anhGa, gAs QD-
like active region measured at RT, under cw conditions is ° I=101,
shown in Fig. 8. The measurement reveals that the threshold
current density ) is 1.32 kA/cn? with an external differ-
ential quantum efficiently §4) of 32%. This threshold cur-
rent density is comparatively lower than the GaAs-based =071
quantum well laser on St An ideally low-dimensional QD
as the gain medium is expected to result in an ultralow
threshold current by modifying the density of states function _
and differential gain. But, in practice, the size fluctuation of M It
the dots severely affects the threshold current density. Fur- dadbmarsts L L L
ther, the dots are accompanied by a two-dimensional layer 800 820 840 860 880 900 920
called a wetting layer, which is acting as a relaxing medium Wavelength (nm)
for the diffusively injected carriers through the barrier layer.gig 9. Emission spectra of thegsGa, sAs quantum dot-like laser on a Si
Some carriers recombine radiatively or nonradiatively bothsubstrate at different currents.

the threshold current density will be substantially reduced.

units)

Intensity (arb
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primarily due to the stimulated emission process, whereas
the carrier injection into the higher energy levels have a

creased number of recombination paths. The properly sized
Ds result in lower defect density and enhance the carrier
Injection from the ground state. If the presence of nonradia-
tive recombination centers are eliminated from the dots, then
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FIG. 10.1-L characteristics and emission spectrum of the®G®, ;As QD-
like laser on Si.
first excited state as the ground state gain becomes
saturated?
The observation of reduced threshold current density for the | — characteristics with emission spectrum for the
QD-like laser diode is in good agreement with the above-saigh, .Ga, ;As and In, Ga, (As QD-like laser on Si under a RT
principle. pulsed condition are shown in Figs. 10 and 11, respectively.

Figure 9 shows the applied current dependent emissiomhe laser with an InsGa, ;As QD-like active region shows a
spectra of a Ip,Ga.gAs QD-like laser on Si. Lasing starts at J, of 1.51 kA/cnt with an 74 of 7% (Fig. 10, while the

a threshold current of 1.4, at a wavelength of 854 nm. |aser with an 1g,Ga, ¢As active region shows no lasirigig.
Below the threshold current, the emission peak is observed af1) at the RT pulsed mode. The failure of lasing in these

the wavelength of 872 nm. As the injection current increaseSasers is due to the inferior dot quality. The increase in In

emission peak shifts from the longer wavelength region teontent in the active region increases the bending of thread-
the shorter wavelength region. However, the initially ob-ing dislocations caused by increased stfairt! The thread-
served peak at the longer wavelength region appears witihg dislocations may also influence the carriers occupying
extremely low intensity. This is attributed to the reduction thigher energy levels and can cause more severe nonradiative
the ground state gain of the dots as a result of thermallyecombination and modulation of the losses by constructive
activated carrier loss and the increased band-filling in thenterference with the reflection of a transverse leaky mode
propagating in the transparent substrate, thus decreasing the
radiative efficiency of the In rich QD-like dot lasers. The
1.0 observed lasing emission with broad and splited peaks
shown in Fig. 10 for an InGa, ;As QD-like active region is
RT : Pulsed in agreement with the above discussion.
0.8 The aging results under an APC condition for the
In,Ga _,As QD-like lasers on Si are shown in Fig. 12. The
lasers were operated at the cw constant output power of 0.5
mW at a heat-sink temperature of 300 K. For the laser with
an Iny ,.Ga, gAs QD-like active region, first the operating cur-
rent increased at a rate efl mA/h for 78 h, after which a
sudden increase was observed over the remaining lifetime of
the device while the laser with anlfGa As QW active
region degraded within 20 h. The conventional GaAs-based
laser on Si shows a rapid degradation, due to the high order
e of dislocation density in the active regiGﬁIhe(lOO} dark
Wavelength (nm) line defect(DLD) results from the formation of a compli-
0.0 1 1 I I cated dislocation network due to the climbing motion from a
0 20 40 60 80 100 dislocation that is grown in the buffer layer during the crystal
Injected current (mA) growth due to lattice mismatch.

FIG. 11.1-L characteristics and emission spectrum of the@s, ;As QD- The gradual deQradatiQn in the ear”_er St?ge of the aging
like laser on Si. test of the 1 ,Ga gAs QD-like laser on Si indicates that the
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