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Proton-irradiation-induced intermixing of InGaAs quantum dots
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Proton irradiation was used to create interdiffusion ins®Ba, sAs quantum dot$QDs), grown by
low-pressure metalorganic chemical vapor deposition. After 25-keV proton irradiation, the QD
samples were annealed at two temperat(ré® or 750 °Q for 30 s. It was found that much lower
annealing temperatures were needed to recover the photoluminescence signals than in the
guantum-well case. Large blueshifts20 me\j and narrowing of the photoluminescence spectra
were seen. Various doses X30"-1x 10" cm™?) and implant temperaturg®0—200 °Q were

used to study the interdiffusion processes in these samples. In QD samples, much lower doses were
required to achieve similar energy shifts than reported in quantum-well sampleZ00®American
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There has been a lot of interest in the study of quantumnAs dots grown by molecular beam epitaxy. The QD com-
dots(QDs) due to the three-dimensional confinement of car-position, growth methods, and implant conditions are ex-
riers leading to an atom-like density of states. QD lasansl  pected to play a major role in the interdiffusion of the QDs.
photodetectofswith improved characteristics have already In this work, proton irradiation was used on a single layer of
been demonstrated. Intermixing techniques allow postingGa,sAs QDs, grown by metalorganic chemical vapor
growth tuning of the emission wavelength. Using these techeleposition(MOCVD). Based on previous studies of proton
niques, lasers of different wavelengths can be fabricated oirradiation into quantum well§these light ions create dilute
the same chip for wavelength division multiplexing applica-cascades that lead to generation of a large concentration of
tions. The control of the band gap in various regions of apoint defects and hence a large degree of interdiffusion. Pro-
chip is critical for the fabrication of photonic integrated cir- ton irradiation was carried out with various doses and tem-
cuits. There are several methods to achieve this. Impurityperatures. Low-temperature PL spectra were measured and
free vacancy disordering uses dielectric caps to create vacansed to characterize the interdiffusion created in the samples.
cies in selected regions, while ion implantation induced In,Ga,sAs QDs were grown by low-pressure MOCVD.
intermixing creates vacancies through bombardment. In studa buffer layer of GaAs was grown at 650 °C, then the growth
ies on QD intermixing annealing, with and without dielectric temperature was reduced to 550 °C for the dot growth. A
capping, has been shown to cause a large blueshift and sigstal of 6 monolayergML ) of material was used to form the
nificant narrowing in the QD photoluminescend®l)  dots. After the dot growth, the temperature was ramped up to
spectr.sf’.'4 In this process, interdiffusion occurs between theg50 °C during the GaAs capping layer growth. A 200-nm
GaAs barrier layers and the InGaAs or InAs QDs, leading tagaAs cap was grown on top of the dots. Atomic force mi-
the confining potential of the QDs becoming shallower.croscopy was used on uncapped samples grown under the
However, there have been studies indicating that if too mucliame conditions to measure the size and density of the dots.
interdiffusion takes place, the QDs merge into a quantunrhe dots are 3—5 nm high and 20—-30 nm wide, with a den-
well. > sity of 3.6x 10'° dots/cni.

lon-implantation-induced intermixing is a widely used  after growth, samples were irradiated with H ions at 25
technique for modifying the potential profile of a quantumgev to doses of 5% 10" to 1X 10 cm™ 2 at temperatures
well and quantum-well lasefs® lon implantation has sev- ranging from RT to 200 °C. The energy of the ions was cho-
eral advantages over other techniques used for intermixingen to position the damage peak over the QD region. After
lon implantation is compatible to planar processing as Ongmpantation, the samples were annealed to remove the dam-
can accurately control the concentration and depth distribuyge caused by implantation and initiate the interdiffusion
tion of the defects by varying the ion dose and energy. Thigyrocess. This was carried out in a rapid thermal annealer
will allow cr_eation of controlled interdiffusion in QDs in ynder Ar ambient. The samples were proximity capped and
selected regions. annealed at 700 or 750 °C for 30 s. For PL measurement, the

Although the interdiffusion in QDs by thermal annealing samples were excited with the 514.5-nm line of an Ar-ion

has been widely studied, there have only been a few studi§gser and the spectra were collected using a liquid-nitrogen-
on ion-implantation-induced interdiffusion. These studies;ygled Ge detector.

. . 10,11 . . . . .

used medium-mass iorisIn and Cj™""and were done on Thermal interdiffusion in QD samples is a large effect.
An energy shift of 143 meV is seen in the luminescence peak

dElectronic mail: penny_lever@ieee.org of the sample used in this study when it is annealed at 850 °C
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FIG. 1. PL spectra measured at 10 K from proton-implanted and annealeBIG. 2. The implantation-induced PL energy shift after annealing at differ-
(at 750 °C for 30 5 QD samples(a) as-grown,(b) annealed with no im-  ent annealing temperatures.
plantation, (c) 5x10®H/cm?, (d) 1X10“H/en?, and (e) 1
X 10" Hicnr?.
larger thermal interdiffusion at the higher temperature leads

for 30 s. The linewidth was reduced to 59% of the original!® Smaller differential energy shifts.

value. With so much interdiffusion occurring due to thermal ~ 1he linewidth reduction in the luminescence spectra is
energy, there are concerns that dissolution of theSdis proportional to the amount of blueshift. There could be sev-
take place. Strain relaxation could also be a factor. In thi€r@! factors involved in the reduction of the PL linewidth.

study, the annealing temperatures are kept as low as possibl@€ shape of the potential profile is changed as the interface
to minimize the effect of thermal interdiffusion. becomes graded. As-grown dots are known to have an inho-

Annealing at 700 °C was found to be sufficient to re- Mogeneous In distribution, and at the areas of high In, more

cover the PL intensity to more than half of the original valueinterdiffusion will take place. This will lead to a smooth
for the lowest dose. Figure 1 shows the PL spectra from th@otential profile and will also homogenize the dots. Another
QD sample annealed at 750°C for 30 s. The energy shiftactor is that the energy shift from as-grown to interdiffused
from the as-grown to the annealéghimplanted sample is ~guantum wells has been shown to be dependent on the thick-
45 meV. The additional energy shift from implantation is Ness of the quantum weff.This is due to the position of the
from 40 to 75 meV, depending on the implantation dose. Th&nergy levels within the as-grown well with respect to the
PL intensity from the lowest dose implant returns to 76% oftarrier level. It follows that this would also occur in QDs and
its original value in the unimplanted sample. The PL inten-could contribute to the narrowing of the PL spectra. The
sity of the highest dose sample recovered to 22% of its originarrowing of the linewidth from the implanted samples is
nal value. Even annea”ng at 900 °C, InGaAs/GaAs quanturﬁllghtly less than the linewidth reduction for the Samples
wells implanted with the same dose have PL intensity of lesg@nnealed without implantation. This is expected, as the
than one tenth of the original vald&The energy shifts seen broadening due to residual defects introduced by implanta-
in this study lie between the energy shifts seen in two othefion offsets the narrowing gained from the added interdiffu-
studied®!* when compared against the amount of damagéion.
created in the sample. There are several differences that can The effect of different implantation temperatures was
be expected in the behavior of the samples previously realso studied. The implantations were carried out using the
ported in literature and the §RGa, As QDs grown in this two highest doses at 20, 100, and 200 °C. The amount of
study. The InAs QDs used in the previous studies shoul@nergy shift seen after annealing at 750 °C for 30 s is shown
show a larger effect from interdiffusion as they have a largein Fig. 3. As the implantation temperature increases the
In concentration gradient to cause interdiffusion. However@amount of implantation induced interdiffusion decreases. The
all these QDs are highly strained, and during the interdiffudmplantation induced blueshift is 75 meV at room tempera-
sion process this strain could partially relax. As the InAs dotgure, but only 19 meV at 200 °C for the highest dose (1
have more strain than the JgGa, sAs dots, they are more X< 10" cm™2). The luminescence intensities in the samples
likely to show the strain relaxation effects. implanted at the elevated temperatures are also much
Two different annealing temperatures were used after thérighter. Both these effects can be attributed to dynamic an-
implant, resulting in different amounts of energy shift. In nealing processes occurring during the implants at elevated
Fig. 2, the implantation-induced energy shift is plotted fortemperatures. This has been seen previously in InGaAs/GaAs
the different annealing temperatures. The implantationgquantum wells? The interdiffusion process is controlled by
induced energy shift is taken to be the difference between ththe concentration of point defects present before annealing.
sample that has been annealed but not implanted and the oBéce proton implantation creates dilute defect cascades,
that has been implanted and annealed. As noted in this figuréhere could be significant annihilation of vacancies and inter-
there is less implantation-induced energy shift at the highestitials. This process occurs even at room temperature, but is
annealing temperatures. However, the overall energy shignhanced at the elevated implant temperatures. Hence, the

was larger after annealing at the higher temperature. Theoncentration of residual point defects after elevated tem-
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907 . energy shifts were found to increase with proton dose for the
804 o . 5"1015”/‘3'“2 doses studied. It was found that the PL intensity recovered
* ~~ @~ 1x10 " Hiem much better in 1§=Ga,sAs QD samples than has been re-

~ ported for InGaAs quantum wells. Annealing even at 750 °C

B 60 g e for 30 s has been found to be sufficient to recover more than
€] ) 20% of the original PL intensity, even for the highest dose
’5: 0] used in this study. Implantation at elevated temperatures re-
5 - duced the amount of PL energy shift, but enhanced recovery
< 301 of the luminescence was observed.
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FIG. 3. The implantation-induced PL energy shift after implantation at vari- ,
ous temperatures, for different proton doses. Samples were annealed al
750 °C for 30 s.
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