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ABSTRACT

Three InAs quantum dot (QD) samples with disloaafitier layers (DFLs) are grown on Si substratéand without

in-situ annealing. Comparison is made to a sinstancture grown on a GaAs substrate. The threer@®vrg samples
have different dislocation densities in their aetiegion as revealed by structural studies. Byrdeténg the integrated
emission as a function of laser power it is possibl determine the power dependence of the radiatificiency and

compare this across the four samples. The radiafficiency increases with decreasing dislocatiendity; this also
results in a decrease in the temperature quendfitige PL. A laser structures grown on Si and imm@ating the same
optimum DFL and annealing procedure exhibits atgrean 3 fold reduction in threshold current a&dlas a two fold

increase in slope efficiency in comparison to aickein which no annealing is applied.
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1. INTRODUCTION

As silicon continues to expand as a platform footphic components, the need increases for an @fficelectrically
driven laser grown directly on a silicon substidte This requires a novel approach due to thergadibandgap of Si.
Many approaches have been investigated; including earth doped Si, stimulated Raman scatteringpstaucture Si
and heterogeneous/monolithic integration of lll-wWdeSi [2-6]. Several successful demonstrationsoofrr temperature
lasing have been reported including Si Raman ladersrid Si lasers and 1llI-V and Ge lasers grown Sin[3,4].
However, each of these methods still requires Sigmit development in order to provide a manufaaiie solution. Ge-
on-Si lasers need to overcome high optical losedsdamonstrate the high optical gains requirecfectrically pumped
lasers [5], while devices such as Raman laserknaited so far to optically pumped operation [6].

Of the approaches listed above, heterogeneous/ittuoahtegration of IlI-V and Si yields the mostgmising results,
with wafer bonded devices demonstrating milliwattput power and continuous wave operation to ad®@°C [7,8].

However, the yield and reliability of these devides yet to be demonstrated [9,10]. Direct growithlev materials

onto Si substrates is considered the most manuéddeuapproach, but the high dislocation densttias arise from the
GaAs-Si lattice mismatch and their different thelrragpansion coefficients present challenges [11,T2e use of
guantum dots (QDs) as the gain media in these dgVias been proposed as they have a reduced\dgnsitidefects
compared with quantum wells (QWSs). This is a resfiltheir localisation of carriers, which reducegyration to non-
radiative centres associated with dislocationsaddition, QDs have the potential of reduced tentpegasensitivity
when used as the laser gain medium. To date, $aep@ts have been published demonstrating higbubyowers and
high temperature operation from IlI-V QD laserswnadirectly on Si substrates [13-19].



Although QDs are significantly less sensitive tela¢ations than QWSs, laser performance (e.g. tbidsburrent,
operating lifetime etc.) is expected to benefitnira reduction in the dislocation density presenthim active region.
This can be achieved by careful design of the Bgbiove the IlI-V/Si interface; previously we halascribed a method
using in-situ annealing and strained super latigers, referred to as dislocation filter layers=(I3), to reduce the
dislocation density reaching the active region [28]designing these structures there is a trafibatfveen the number
of layers used to reduce dislocation propagatiahraanltiplication and minimizing the total structuttdckness. Due to
the difference in thermal expansion coefficientdieen the Si and 11l-V materials there is a crititdickness above
which cracking of the 11l-V material will occur. Ithis paper we compare samples with varying dislonadensities
present in the 1lI-V QD active region against aerehce sample grown on a GaAs substrate. We aniflgseffect of
dislocation density on the radiative and non-ragkaefficiency, as well as temperature dependerfopaance. Finally,
we examine laser structures containing the sanecdison reducing layers and study the effect @edgerformance.

B O ST A ARG R,

Figure 1. TEM image of a dislocation filter laygample, the dashed lines indicate where anneatpg svere carried out.

2. EPITAXIAL GROWTH AND DEFECT ANALYSIS

The typical DFL sample structure is shown in theMTinage ofFigure 1. InAs/GaAs QD structures were grown on n-
doped Si (100) substrates with 4° offcut to thel]0dlane using a solid-source 11I-V molecular beapitaxy system
(MBE). Oxide desorption of the Si substrates wadqrmed at 900 °C for 10 minutes. The substrat®when cooled
down to 400 °C for the growth of a GaAs nucleatiayer, comprising an optimized two-step growth sobg3,14].
Three repeats of the DFLs separated by 400-nm GpAser layers were grown after a 1000-nm GaAs bidfer (5
DFLs were used in the laser structure). The DFUssisbed of five-periods of 10-nmJpGay g AS/10-nm GaAs. After
the DFLs a 400-nm GaAs spacer layer was deposgbowed by an InAs/GaAs dot-in-a-well (DWELL) stituce
grown at ~510 °C, similar to that optimized on Gassbstrates [21-23]. The 5 DWELLs were embeddedidst two
100-nm GaAs layers grown at 580 °C and 50-nm AlG&jers grown at 610 °C. Each DWELL consisted &-a

monolayer InAs QD layer sandwiched between 2 aman6hy 1£G& g5AS layers. A 45 nm undoped GaAs spacer layer
separated the InAs/InGaAs DWELLs.

Table 1. List of annealing steps applied to eachpsa and the resulting dislocation reduction meadat the active region
relative to the Si-1ll/V interface.

Sample Anneal steps Dislocation reduction
A None 95.6%
B 1 step 98.9%
C 2 step 99.9%

Control N/A N/A

The annealing schemes used to enhance the effété &fFLs are summarised Tiable 1. No annealing was applied to
sample A. Sample B was annealed at 600 °C aftegrimth of the GaAs buffer layer, denoted by thehaal lines in



Figure 1. Sample C was annealed at 600 °C at the dashesldind at 600 °C at the dot-dash lines. All anngalas
carried out during growth in the MBE reactor. Tdontrol sample was grown on a GaAs substrate withirmer GaAs
buffer layer of 200 nm grown at 580 °C and no DHRust, with the same 5 layer QD DWELL active regitmthe laser
structures the AlGaAs thickness was increased @ I#n and 210" cmi® n dopant was added to the lower cladding
and %10 cm?® p dopant was added to the upper cladding, witt0*’ cm® p dopant in the capping layer.

In order to quantify the effect of the annealingtb@ defect propagation TEM images, similaFigure 1 but for a much
greater areawere recorded for each sample. Cross-section BR&timens parallel to {110} were prepared using
standard protocols, each of which typically yield83-60um of electron transparent area along the Si/llkk¢iface. A
series of images were taken using bright field § 8#fraction conditions with the specimen tilte@-30° from the
{110} zone axis, capturing the complete structulseshown inFigure 1 over the entire electron transparent area (sde [24
for further details). From these images it is plolssto accurately determine the number of defestsemt at different
levels in the structure, thereby quantifying thécaty of the DFLs and annealing process. In sanfpl where no
annealing was applied, the defect reduction iratfieve region relative to the initial number at BieGaAs interface was
95.6%. The addition of annealing in sample B iaseal this reduction to 98.9% and for sample C, avleefurther
annealing step was added, the reduction was 99I9%se results clearly demonstrate the benefitaatiding the in-
situ annealing during the growth of the structures.

3. RESULTSAND DISCUSSION

In order to analyse the effect of the reductiordisiocation density on the sample optical qualggwer dependent
photoluminescence (PL) was measured. Each samgexegited by a 1064 nm laser, with a 100 focused spot, over

a range of powers between 1 (10 Wdrand 125 mW (1600 WcA), the luminescence produced by each sample was
dispersed in a 0.75 m spectrometer and detectad adiquid nitrogen cooled Ge detector. Excitatieas carried out at
1064 nm to ensure carriers were generated onlyinitie QD layers, allowing processes only occuriimghe active
layers to be studiedrigure 2 shows the PL spectra for each of the samplestan®/ of excitation power at 300 K. The
control sample has the brightest intensity, a comsace of the lower dislocation density due toaell-V structure.
Additionally, the control sample has a longer emissvavelength than the samples grown on Si sulestrthis is due to

a small degree of strain in the samples grown osuBistrates which results from the different thérexpansion
coefficients of the Si and IlI-V materials [20].18ple A has the lowest intensity PL, which corredatdgth having the
highest dislocation density. Samples B and C, wharesaling steps were included, have very simiéakguminescence
intensities (within ~5%), but sample C has a greiategrated luminescence intensity (10% largeggia matching well
with their respective dislocation densities. Altgbuhe active region growth is identical for eaample, sample C has a
much broader ground state linewidth (57 nm) comparéh either sample B (38 nm) or the control (42)nit is
believed that this sample has a larger subset aflenQDs compared to the other samples. No exsitaig emission is
seen in any of the samples as only a very smatlepéage (5x10%) of the exciting photons are absorbed by the QD
layers.

—— A-no anneal
800+ - - - B-1x anneal
== C-2x anneal
Teeeees Control

600

400

Intensity (Arb. units)

200

1150 1200 1250 1300 1350 1400
Wavelength (nm)
Figure 2. Room temperature photoluminescence sptsamples excited with 50 mW at 1064 nm



Obtaining the integrated PL intensity for eachtaf samples as a function of excitation power allcagative and non-
radiative parameters to be obtained by fittingdhta with equation 1 as outlined in [25].

3/2
Piaser = P1+/1py + Polpy + PEIPL/, 1)

The coefficientsP,, P,, P; are analogous to the standafd B, C coefficients and refer to the defect-related
recombination, radiative recombination and Augerorebination respectively. From the fitting datasitpossible to
calculate the radiative efficiency)(as a function of laser power, this is plotted~igure 3. Due to the low QD carrier
occupancy thé; term is ignored as this is related to the Augéeatf which is a 3-carrier process. For all samihes
radiative efficiency increases with increasing poag defects become saturated. At the highest faseer the control
sample exhibits the highest radiative efficienc 8), followed by sample B (73 %), then sample € ¥6) and sample
A (62 %). The result for sample C is surprisingtlis has the lowest defect density of all the sasgjrown on Si; a
radiative efficiency greater than or equal to samplwould be expected. The cause of this loweciefiicy may be
related to the larger linewidth of the emission ethresults in a larger fraction of QDs having a kenaize and as a
consequence a shorter wavelength emission and hewee carrier confinement. This can result in @ased thermal
carrier loss from these smaller QDs. In additiom $imaller QDs could also have a reduced oscilgttength due to a
greater leakage of the electron wave function duhe dots. However these results show that inolgidit least one
annealing step improves the radiative efficiencythaf structure although this efficiency remains dowthan that of
reference structure grown on GaAs.
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Figure 3. Room temperature radiative efficiencyhef different samples for a range of excitation @@y

An alternative method to assess the effect of dadlons on the material quality is to study the dRlenching with
temperature. The integrated spectral intensitieshfe different samples were determined at a fixedtation power of
10 mW using a 638 nm laser, over the temperaturgerd7 to 300K. Intensities were normalised toititensity at 77 K
and log intensity plotted as a function of tempamat shown inFigure 4. Sample A exhibits the largest drop off in
intensity; followed by sample B, sample C and fy&he control sample. This quenching behaviouattsbuted to the
thermal escape of carriers from the QD ground statethe continuum followed by non-radiative redonation in the
barriers [23,26]. This is consistent with a carriess process that occurs following carrier captbyethe QDs.
Replotting the data ifrigure 4 against 1/T allows the thermal activation enefgy,to be determined for each of the
samples, giving energies of 130+10 meV, 120+10 nieM)+10 meV and 140+10 meV for samples A, B, C @amatrol
respectively. The variation of the activation emesgcorrelates well with the variation in emissimavelength, for
example a larger confinement potential in the longavelength samples (C and control). The redudtidPL quenching
with increased number of annealing steps is a dladicator of the benefit of annealing on reducthg dislocation
density and that two annealing steps are more lodalethan one. For devices operating around roemperature the

radiative efficiency of the sample with two anneglisteps varies less rapidly than that of sampléls @ne or no
annealing steps.
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Figure 4. Normalised integrated PL intensity asiracfion of temperature for each of the samplesabaitation power of

10mw

In order to further assess the relative advantaabe annealing steps, full laser structures witicker and doped
cladding layers were grown. The wafers were pragssto 10um ridge lasers, with the waveguide dry-etched dawn
the lower n-doped layer to allow the formation nfAuGe/Ni/Au contact. Facets were also dry-etcleedricumvent the
difficulty of forming cleaved-facets on the Si strages. Benzocyclobutene (BCB) was used to plamainis samples and
Cr-Au was deposited for the p-contact. Lasers wereen pulsed, with a repetition rate of 1 kHz anpulse width of 1
us to prevent self-heating effects. The currensugemitted power characteristics for 3 mm longraprocessed from
each wafer are shown Figure 5. Sample A had the highest threshold current of 1322 followed by sample B with
287 mA and then sample C with 103 mA. Measuringekiernal differential quantum efficiencyy, for each sample
gives values of 35, 53 and 90 % for samples A, B @nrespectively. The number of dislocations caecaflaser
performance in two main ways, acting as non-raggatrecombination centres to increase thresholdentiror
contributing to internal lossx) by scattering photons out of the lasing mode.s€éheombine to both reduce the slope
efficiency and increase the threshold current. Higer occurs both because more carriers are tostoh-radiative
recombination and also increased gain is requicedviercome the increased internal loss. The ineréasgyain is
reflected in the lasing wavelengths of the sampléity samples A and B lasing from an excited stdt@211 and 1228
nm respectively, where the available gain is highe to increased degeneracy. Sample C has aniemigavelength
of 1286 nm indicating the internal loss is low eglbuio achieve lasing from the ground state. Thecgon in threshold
current and increase in slope efficiency with iased number of annealing steps correlates withredection in
dislocation density and that devices with two sthpse significantly better characteristics thansthavith one or no
steps. This also highlights the anomalous behaviduhe annealed PL structure with two annealirgpst which we
attribute to an issue during growth that resultedn increased number of smaller QDs in the digtioh.
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Figure 5. Pulsed current vs. single facet poweratharistic for the 3 samples on Si substrates@nrtemperature




4. CONCLUSION

We have described an optical and structural stddgAs QD structures grown directly on Si substsat8amples differ
in the number of annealing steps which are apptiedcrease the efficiency of the defect filterday grown between the
Si / 1lI-V interface and QD active region. Comparisis made to a very similar structure grown on &s®amples with
lower dislocation densities in the active regioribit increased radiative efficiency and reduced qlenching with
increasing temperature. Comparing laser devicels thi2¢ same DFLs and non or two annealing steps slkogreater
than three-fold reduction in threshold current dgnand a greater than two-fold increase in sloffeciency. This
indicates that dislocations, which remain in théivecregion affect both the radiative efficiencydaimternal loss.
Radiative efficiencies of the best Si grown samplesstill below that of the full 11l-V structurédicating that further
improvements of the dislocation reduction are dds.
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