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We explored the evolution of the photoluminesce(fk) properties versus molecular beam epitaxy
growth conditions for a series of type Il “W” quantum we¢lhAs/GalnSb/InAs/AlAsShstructures.

The highest PL intensities are obtained when the quantum wells are grown in a temperature range
between 487 and 507 °C. Cross-sectional scanning tunneling microscopy was used to explain the
temperature evolution of the PL. AlAs clustering within the AIAsSb barrier was observed at low
growth temperature. The PL intensity decrease at high temperature was related to In clustering in the
GalnShb layer. Laser structures grown at both 425 and 500 °C displayed lower lasing thresholds,
lower internal losses, and longer Shockley—Read lifetimes than any similar structures grown
previously at NRL. A thicker optical cladding layer of 3:6n suppressed mode leakage into the
substrate and reduced the internal loss to 2.1%cat 78 K.  [DOI: 10.1116/1.1688805

I. INTRODUCTION whose ideal growth temperatures differ by more than
100°C’ (3) The barrier layers are comprised of a mixed-
The merits of the type Il “W” quantum wel{lQW) struc-  group-V alloy which, owing to the sensitive dependence of
ture for mid-IR semiconductor laser design are well known.group V incorporation rate on MBE parameté(?ggan be
These include strong electron-hole wave function overlaiitficult to grow reproducibly. For this study, we have chosen
(despite spatial separation of the holes and electr@mod  to address these complexities in the following ways. At the
electrical confinementdue to large conduction and valence interfaces no special shutter sequence was used, allowing the
band offsets in the barrier laygys two-dimensional density interplay between interface chemistry and thermodynamics
of states for both electron and holggelding higher differ-  to determine the interface bond type. Modulated-beam MBE
ential gain, and suppression of the Auger nonradiative decayyrowtht?!® was used to generate the barrier layers. In this
modes(leading to lower lasing thresholds at higher operatingtechnique a random alloy is approximated by a suitably
temperaturg® A typical “W” period ? consists of a hole QW  grown small-period superlattice, so that the group V ratio is
sandwiched by two electron QWs, which are in turn boundegrimarily determined by shutter timing and layer thicknesses
by barrier layerde.g., InAs, GalnSb, InAs, AIAsSbOpti-  rather than the details of the growth environment. Finally, the
cally pumped “W” structures have displayed higher pufsed growth temperature of a series of samples was varied by
and continuous wavéw)* operating temperatures than any ~100 °C in order to encompass the relevant temperatures.

other interband 1l1-V lasers emitting beyondu3n. Electri- We also report on two optically pumped “W” laser
cally pumped lasers have operated in pulsed mode at roosamples grown at differeff,g;,e (425 and 500 °Cand with
temperaturéand cw up to 200 K. two different cladding layer thicknessé€2.5 and 3.5um).

Despite these results, there have been few systematic afhe first of these lasers was from a series of samples inves-
tempts to optimize the growth conditions for “W” lasef§, tigated recently to cross correlate the growth with various
or to correlate the various growth parameters with opticafigures of merit* In that study, it was shown that those
performancé.With this in mind, we have undertaken a sys- wafers emitting more intense PL at 78 K nearly always
tematic investigation of the effect of QW growth tempera-yielded stronger PL at 300 K, narrower PL linewidths, nar-
ture, Tacive, Varied from 435 to 526 °C, on the photolumi- rower lasing spectral linewidths, lower lasing thresholds, and
nescence(PL) for a series of InAs/GalnSh/InAs/AlIAsSb higher lasing efficiencies. Such observations imply that mea-
structures. Such a study can be quite challenging, owing naturing the PL from simple test structures at 78 K provides a
only to the relative immaturity of antimonide molecular reliable tool for optimizing the QW growth. This procedure
beam epitaxy(MBE),° but also to specific complexities as- has led to the growth of lasers with optical figures of merit
sociated with the “W” structure. In particulafl) The inter-  that are substantially improved when compared to previous
face chemistry is defined by a change of both cation andype Il “W” structures grown at NRL.
anion, leading to an additional interface bond-type degree of
freedom in the MBE growtt! (2) The active region contains
three distinct materialgInAs, GdIn)Sb, and A{As)Sb),

IIl. MBE GROWTH

dAuthor to whom correspondence should be addressed; electronic mail: R .
canedy@sisyphus.nrl.navy.mil The "W” structures described here were grown on a

YAlso at: NOVA Research Inc., Alexandria, VA 22308. Riber 32P solid-source MBE machine equipped with valved
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Fic. 1. PL spectra at 78 K for “W” structures with identical five-period
active  regions [InAs(18 A)/Ga, Ang ;Sh(34 A/InAs(18 A)/AIAS 106

Shy g04234 A)] and identical growth conditions apart from the indicated ;
substrate temperatures. Inset shows peak wavelength as a function of growth <« / -
temperature. Bottom Clad AlAsSb barrier

Fic. 2. Filled states XSTM image of the interface between the jSh o,

. hottom clad and the first AlAs gShy ge4 barrier, which were grown at 535
As and Sb crackers, except for one laser sample which Wang 526 °C, respectively. The size of the image is 34<®% nm, and has a

grown on a new Riber compact 21T systelg.g,.Was mea-  gradient component added to the gray scale to accent the atoms on different
sured using an optical pyrometer referenced to the knowierracessample bias-2.9 V, tunneling current 0.09 nA

temperature for the GaShx5) to (1x3) surface reconstruc-
tion (~429°C for an Sp rate of 2 ML/9.X® An initial
smoothing layer of 300 nm GaSb was grown at 50006
ing epiready Te—GaSh wafgr®llowed by a lattice-matched
AlAs, oeShy o, buffer or optical cladding layer grown using
modulated beam growth at a temperature of540 °C. This
layer (~0.5 um thick for PL sampleswas grown by alter-
nately modulating the As and Sb shutters while keeping th
Al shutter open. Next the “W” QWs were grown. For
both PL and laser samples, each strain-balanced period co
sisted of the sequence InAs(188a,In,Sb(34A)/

wafers withT .., Varying from 435 to 526 °C. Details of the
measurement were presented elsewh&fihe strong sensi-
tivity of the PL intensity toT ,ve IS NOt SUrprising since most
earlier studies at both NRL and elsewhere showed a rela-
tively narrow window of 400-450°C for optimal “W”
&tructure growtH:#1728However, for the present samples we
observe a systematic increase in the PL intensityl age
[Ncreases from 435 to 507 °C, followed by a precipitous
. drop-off at the highest temperature of 526 °C. These results
e o i o s o Enty an opimal window o W Sictre growth o

P ' P 487-507 °C. Similar trends were observed in two other se-

fcerlhpegogs.sThese active fsgo}gsg\’ ergfle&gntled for”emgs;lorpes of “W” wafers with identical test structures. In addition,
::ara?ne;[er_s \}v%rrg r::::jgﬁxi d duriﬁg '?hre Qvflag:gvstsh' :xcept th(t;}here appears a systematic decrease in the peak emission
temperatureT ..o, which varied between 435 and 526 °C. Wwavelength as a function of growth temperat(inset to Fig.

1). This may be attributed to either a slow decrease in the

The growth rate was 1 ML/s except for the InAs QWs, WhIChindium sticking coefficient as the growth temperature is in-

were grown at 0.3 ML/s. The structures were concluded with . . ) )
15 nm GaSb for the PL samples and 500 nm GaSh for thcreased or smearing of the QW interfaces at higher tempera

?ures, both of which lead to a reduction in the thickness of

laser samples. the InAs QWs,

We present an explanation of the PL intensity as a func-
lll. PHOTOLUMINESCENCE AND XSTM tion of sample growth temperature based on the structural
CHARACTERIZATION quality of the AIAsSb and GalnSb layers grown at different

After deposition, the structural properties of the “W” wa- temperatures. Figure 2 shows an XSTM image revealing a
fers were characterized using high-resolution x-ray diffrac-cross sectiofii.e., As, Sb of the anion sublattice through the
tion and Nomarski phase contrast microscopy. Those resulisterface between the bottom clad and first AIAsSb batrrier.
(discussed elsewherd revealed high structural quality and Note the presence of multiple steps on 140 surface,
low surface defect densities for all samples. Here we havevhich resulted from an imperfect cleave. Within each ter-
further characterized the “W” wafers using cross-sectionalrace, As atoms exposed by the cleave appear “darker” due to
scanning tunneling microscoXSTM), in order to identify  the shorter Al-As bond lengtft*°As can be seen in Fig. 2,
atomic-scale variations in structure and composition fromthe digitally deposited As in the bottom clad is very well
sample to sampl¥. confined. The As, deposited digitally at 535 °C, appears to

Figure 1 illustrates spectra at 78 K for the set of PL “W” exist mainly as a digital AlAs layer with minimal As incor-
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contain Al at all*” and so the optimal growth conditions may
have been different.

So far we have described a process whereby the morphol-
ogy of the AIAsSb barrier layer improves with increasing
growth temperature, resulting in a concurrent increase in PL
intensity. However, the observed PL intensity goes through a
maximum at 487-507 °C. This indicates that there must be at
least one other process responsible for the change in PL be-
havior at higher growth temperatures; we suggest that the PL
degradation is associated with In clustering in the GalnSh
hole well of the “W” structure.

In earlier XSTM studies of “W” structure noticeable
In clustering was observed within GalnSb layers grown at
~500 °C, with a typical cluster size of 5—10 nm. However,
in structures grown at 435 °C little clustering was observed.
In our current “W” structures, we do not observe In cluster-
ing following growth at 435 or 463 °C. We have been unsuc-

AlAsSDb barrier cessful, to date, at obtaining atomic-resolution XSTM results
Fic. 3. Filled state XSTM image, 34 nr84 nm, of an AlAsSh/inAs/ fo_r higher temperature samples because they usually cleave
GalnSb/InAs/AIAsSh active region grown at 435 °C. AlAsSb clusters areWith large step structures along the GalnSb layer. However,
marked by white circles. The sample bias and tunneling current wer® ~ we speculate that these cleavage steps may be related to
Vand 0.07 nA, respectively. compositional inhomogeneity, such as In clustering, which
degrades the PL of the QWs.

§2,23

poration within the AlSb. The excellent definition of the digi-

tal layers indicates that under these growth conditions the: LASER CHARACTERIZATION

AISb growth front is very fla{step flow and that the digital We next present lasing data for the two “W” wafers,
AlAs layers are thermodynamically stable. We attribute thewhich were grown with contrasting ;. and bottom clad
presence of a few isolated As within the AISb layers to in-thickness. These lasers were pumped with 100 ns pulses
corporation from the As background pressure. After thefrom a 2.1um Ho: yttrium—aluminum—garnet laser focused
growth of the AIAsSb bottom clad the temperature was deto a stripe of 150um full width at half maximum. We first
creased slightly to 526 °C for the QW growth. It is clear from note that the PL intensity for the laser grown at 500 °C
the XSTM image that at this slightly lower temperature the(“21T” ) was a factor of 2 greater than that for the sample
As is still confined relatively uniformly within 1-2 growth grown at 425 °Q*“32P" ). This is consistent with the PL data
layers. for the former, becausg,..falls within the optimal growth

With decreasing e We observe a distinct change in the window of 487-507 °C. Second, at 78 K the two lasers had
structure of the AIAsSb barrier layers. Small clusters of AlAsvery similar threshold pump intensities = 170 W/cn¥).
appear in the vicinity of the As digital layénot shown. As  This observation isnconsistentvith our earlier findings that
the growth temperature decreases further, these clusters ke lasing thresholds exhibited a strong correlation with PL
come larger as seen in the XSTM image of an active InAsintensity’* It is not clear why the 21T sample does not sup-
GalnSb/InAs/AlAsSb region grown at 435 €ig. 3). Some  port this trend. One would expect that at 78 K the Shockley—
of the AlAs clusters are so large they penetrate the 8 MLRead nonradiative lifetime should govern both the PL inten-
AISb layer and extend into the AlAs layer beneath. sity and the lasing threshold.

The observed AlAs clustering can be attributed, in part, to Lasing spectra for both the 21T and 32P lasers at three
the evolution of the AISb morphology as the growth tem-different temperatures are shown in Fig. 4. The multiplicity
perature is varied?! As the temperature is lowered, the of spectral peaks in the laser with the thinner ofadb um)
AISb growth surface morphology becomes progressivelywas identified in an earlier publicatithas spectral modula-
rougher, with multilayer islands. For example, at 400 °C thetion caused by leakage of the guided mode into the
growth front typically includes three or more AISb layers. It substraté>2° A calculated modulation period of 25—30 nm
appears that at these lower growth temperatures the As prefalculated for the relevant substrate thicknesses is consistent
erentially deposits at terrace edges and accumulates withimith the observed spectra shown in Fig. 4. In addition, an
vacancy island§.e., within the morphological “valleysfon  associated increase of the internal logg, (and subsequent
the rough AlISb surface. Therefore, instead of a uniform digi+eduction in the quantum efficiengywas predicted. We have
tal AlAs layer, multilayer, nanoscale AlAs clusters are cre-verified this assertion with the growth of the 21T laser with
ated. It should be noted that the earlier NRL studies whici8.5 um clad thickness. Note the much cleaner spectra, with
showed a preference for a lower growth temperature emaominally single lobes, at all temperatures in Fig. 4. In ad-
ployed AISb rather than AIAsSb barrier lay€r3Also, lasers  dition, the relatively broad spectfd0—150 nm observed in
grown at the Air Force Research LaboratéAFRL) did not  the earlier growths have given way to narrower spectral
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slightly lower than findings for a 10 QW optical-pumping
injection cavity “W” structure grown at Sarnofte.g., ajy
=5.5cm ! at 78 K).?8

1.2} ----- 32P (425 °C, 2.5 pm)
—— 21T (500 °C, 3.5 um) 250K
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S o8t VAN i V. SUMMARY

"g o6k We have explored the growth temperature evolution of the

£ 4 PL for type Il “W” lasers using atomic-level characteriza-

= o4} v tion. It was found that whereas increasing the growth tem-

§ . perature improves the quality of the digital AIAsSb layer, it

& 02r ¥ : promotes clustering of the In within the GalnSb quantum
PN /e SR . A~ SR well. We believe that the competition of these two processes

3.6 3.7 3.8 3.9 4.0 4.1 results in an increasing PL intensity up 6600 °C, where
Wavelength (um) there is a maximum PL window, followed by a dramatic

Fo. 4. Lasi ia of three different t . for the 32P Idecrease at highér,gve. Improvement in the type Il “W”

IG. 4. Lasing spectra of three different temperatures for the samp . . .

grown at 425 °C with a 2.;um cladding layer and the 21T sample grown at faser performance was achieved by 9Oth mc_reasmg th_e QW
500 °C with a 3.5um cladding layer. The observation of a broad spectral growth temperature from 425 to 500 °C and incorporating a

envelope containing multiple peaks is characteristic of all of the laserghicker bottom cladding lay€B.5 um) to reduce the internal
grown with the thinne2.5 um) clads. However, the modulation has disap- loss.
peared for the thickef3.5 um) clad.
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