Suppression of quantum well intermixing in GaAs/AlGaAs laser structures
using phosphorus-doped SiO , encapsulant layer
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A phosphorus-doped silicg@iO, :P) cap containing 5 wt% P has been demonstrated to inhibit the
bandgap shifts op-i-n and n-i-p GaAs/AlGaAs quantum well laser structures after rapid thermal
processing. The intermixing suppression has been attributed to the fact thaPS#more dense

and void free compared with standard SiOgether with a strain relaxation effect of the cap layer
during annealing. Band gap shift differences as large as 100 meV have been observed from samples
capped with Si@ and with SiQ:P. Then-i-p structure showed a higher degree of intermixing
compared t@-i-n structure. This behaviour has been attributed to the rise of Fermi level in the
doped structure, through which the formation energy of Ga vacancies is reduced compareu to the
doped structure. ©1997 American Institute of Physid$$0021-897€07)02105-1

SiO, thin films have been used extensively to achieve(900 °O, and the possibility of transferring this technique to
impurity free vacancy induced disorderifgVD),! by pro-  the more common dopegHi-n laser structures used in opto-
moting out-diffusion of gallium into the cap layer during electronics is still under investigation.
annealing, in GaAs/AlGaAs quantum wélW) structures. Recently, the use of a Sidayer doped with phosphorus
As arsenic from GaAs surface layers evaporates at annealif§!0,:P) has been reported by Rat al'® to be a “univer-
temperatures around 700 Q3 dielectric mask is required sal” intermixing source for Ill-V compounds. S}OP with
both to preserve the surface quality of the samples and t% by weight of B' was used to induce intermixing in nomi-
achieve selective intermixing across a wafer during the anpally undoped GaAs/AlGaAs shallow multiple QW struc-
nealing step. tures by furnace annealing at a relatively low temperature

A number of masking dielectric materials or techniques(850 °O, and therefore a masking dielectric cap to prevent
have been reported, most notably using,SrBi;N,,* and a ?ntermixing. and for surface protection was not required dur-
hydrogen passivation techniglieSrF, is an effective mask N9 annealing. _ _
for QW intermixing suppression and has been used in con- N this paper, we demonstrate that gi@oped with 5
junction with SiQ, caps to fabricate photonic integrated de- W% P can be used effectively to suppress the out-diffusion

vices such as extended cavity laSeasd integrated passive ©f Ga, and hence can selectively mask intermixinginn
waveguides for distributed Bragg reflectdrén addition, ~andn-i-p GaAs/AlGaAs double QW laser structures. In this

SrF, masks have also been used to spatially control the des-tUdy encapsulf?m.ts with a higher P contgnt were not_consid-
gree of intermixing across a wafer. Band gap tuned Iaserseer due to their increasingly hygroscopic natfiefecting

fabricated on a single chip and four-wavelength channe he IFVD process reliability, whereas standard undoped

waveguide photodetectors have been demonstrated using thlé02 layers were used as intermixing sources. Large differ-

technique® However, in our experience, a Srfask induces ential shifts between regions masked with $&bd SiQ:P

damage and cracks, due to thermal stress on the GaAs s hr?\f::err;gt:)s%err(\e/erqoévl:tg;ii(&eIlsg\:hsmr;faec; ?;r:pg];l?eg%s\?ed da
face when the annealing temperature is higher than 930 ° N 9 b ' Y

o . ; . . _@asily and effectively using a buffered HF solution. The re-
limiting the maximum degree of selective intermixing

) . : ; -7 sults imply that SiQ:P can be used in conjunction with
?IC hlevablg'flp trlmtetGabAts{AIEaAs systfrtr;{ nght pu”:_)é’\g' SiO, to achieve selective intermixing across a wafer. We
'ms are f' cu ho ?I an (alqauge g. N sy'lshemarllc r']r_‘cor'also looked at the effect of Sinduced QW intermixing on
poration of Q in the film, resulting in SiIQN, , although this 5 1, 2n4 i structures and it was found thati-p struc-
can be an effective cap for inducing Ga out-diffusfon.

e ) tures exhibit a higher degree of intermixing compared to
hydrogen passivation technique has recently been demorb-_i_n structures

_strated as an effective mask for QW ir_1termixir_19 suppression Two wafers having a similar, separate confinement het-
in undoped structurébTh_e main limitation of this technique  grosiructure configuration were grown by molecular beam
is that it is only effective at relatively low temperatures epitaxy in the form of-i-n andn-i-p double QW laser struc-
tures. Thep-i-n wafer consisted of a 0.mm GaAs buffer
a0n leave from Dipartimento di Ingegneria Elettrica, Universiegli Studi  layer grown on a Si dopegttype GaAs substrate. The DQW
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Temperature (°C) FIG. 2. Wavelength shifts of the 77 K PL peak foi-n MOCVD samples
partially masked with Si@xP and capped with SiCas a function of anneal-
ing temperature with a duration of 60 s.
(b)
50 ) Samples were sandwiched face-down between two pieces of
—— SiO2:P cap (n-i-p) S fresh GaAs to provide proximity capping during annealing.
- or . ) PhotoluminescencéPL) measurements at 77 K were per-
g ....... O SiO2 cap (n-l-p) .
g ot <& o formed on the annealed samples to assess the degree of in-
g =<0 uncapped (n-ip) G termixing.
R e o The blue wavelength shifts in the 77 K PL peak, as
- "‘ compared with the as-grown material, versus the anneal tem-
[} e . . . . .
CRERTN ey ¢ perature for thep-i-n and n-i-p structures are shown in Fig-
= o P YO o ures 1a) and (b) respectively. It is noted from these figures
e = =z . . .
0 o M— = that SiGQ:P acts as a very effective mask for preventing Ga
. . . . out-diffusion, limiting the band gap widening to no more
-10 -

200 450 900 950 than 5 nm for both-i-p andp-i-n structures at temperatures
up to 950 °C. Moreover, no surface damage was produced
by this dielectric cap under the annealing conditions studied
here. In contrast, the blue shifts for boghi-n and n-i-p
FIG. 1. Wavelength shifts of the 77 K PL peak for $icapped, SIQ:P  gamplag capped with SiGncrease with temperature and are
capped and uncapped) p-i-n and (b) n-i-p samples as a function of an-
nealing temperature with a duration of 60 s. always greater than those for uncapped samples, demonstrat-
ing the enhanced disordering promoted by S@@pping as
compared with uncapped samples.
1.5 um thick and doped at a concentration ok %0’ To further validate our experiments, the Si® film was
cm 2 using Be and Si respectively. The top contact layerpartially removed fromp-i-n double QW laser samples,
consisted of 0.Jum of GaAs doped with %10'® cm 3 of  cleaved from a metal organic chemical vapor deposition
Be. The structure of tha-i-p wafer was similar to th@-i-n, (MOCVD)-grown wafer, using optical lithography and wet
apart from the fact that a semi-insulating GaAs substrate wastching in buffered HF solution, and the samples were
used and the growth sequence was the opposite. capped with 200 nm of SiQand rapid thermal annealed
Dielectric films of SiQ and SiQ:P, both having a thick- under the conditions described above. Figure 2 shows the PL
ness of 200 nm, were deposited at a temperature of 330 °ghift versus the annealing temperature and again the masking
using a conventional plasma enhanced chemical vapoproperties of the SiQP film are quite evident. It can be
deposition (PECVD) apparatus equipped with a separatewitnessed here that differential band gap shifts larger than 40
PH; flow line for P doping. The P content was measured bynm can be easily obtained in samples partially masked with
energy dispersive x-rajEDX) spectroscopy on a 200 nm SiO,:P and capped with SiQ with excellent surface mor-
thick layer of SiQ: P deposited, using the same PECVD sys-phology, in particular at the edge interface between,SHO
tem and in the same experimental conditions, on a Si wafemand SiQ. In fact this new masking technique has been used
A low accelerating voltagé6 keV) and beam current0.5  to fabricate high quality extended cavity ridge lasergpam
nA) was used to reduce the penetration depth and probe theaterial with very low losse¥®
SiO,: P film only, giving a P content of 5% by weight, with There are at least two possible explanations for the
a 1:2 ratio between Si and O. After deposition of the oxidesmasking properties of SOP films. First, it is well known
the samples were cleaved into squares of akéa Innfand  that SiQ:P films are more dense and void-free than
rapid thermal annealed for 60 s in flowing Bt temperatures  Si0,.*? Films of Si0,:P with a weight ratio FOg/SiO, of
between 800°C to 950°C. Uncapped samples were anneald& have been usétlas a capping material for open-tube
at the same time to study the thermal stability of the waferthermal activation of Si implants in GaAs and it has been

Temperature (°C)

2446 J. Appl. Phys., Vol. 81, No. 5, 1 March 1997 Cusumano et al.

Downloaded-12-Feb-2006-t0-142.150.190.39.-Redistribution—subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



found that the diffusion coefficient of implanted Si in semi- In summary, we have investigated the QW intermixing
insulating GaAs is about one order of magnitude smaller foeffects of 5 wt% P-doped SiCand undoped Si©on p-i-n
SiO,: P than for SiQ. This was attributed to the presence of and n-i-p GaAs/AlGaAs structures. The Sj@P film has
a reduced number of group Il vacancies due to less Ga oubeen successfully used to suppress the bandgap shift for both
diffusion. Second, due to the difference in thermal expansiom-i-p and p-i-n structures. This is attributed to the fact that
coefficients at the annealing temperature, a strain effect exsSiO,:P is more dense and void-free as compared with stan-
ists at the interface between GaAs and Sdbring the an- dard SiQ together with a strain relaxation effect of the cap
nealing stage. The thermal expansion coefficient of GaAs itayer during annealing resulting in less Ga out-diffusion.
about ten times larger than Si@nd as a consequence the SiO,:P containing 5 wt% P appears to be a better intermix-
SiO, film is under tensile strain and the GaAs surface layer isng mask than Srfsince it can be easily removed and in-
under compressive strain. Under this condition, because afuces no damage to the surface after the QW intermixing
the high diffusion coefficient of Ga in SiQ the out- stage. From the studies carried out on the IFVD process, we
diffusion of Ga atoms into the SiCfilm is an energetically confirm that the diffusion of the group Ill vacancy is sup-
favourable process because it minimises the strain in the syported in n-type samples. This study also suggests that a
tem. The addition of P into the Sidilm leads to an increase larger degree of intermixing can be obtained through the use
in the thermal expansion coefficiéftand a decrease in the of n-i-p, rather thanp-i-n, structures when using the IFVD
glass softening temperatut® Therefore, less compressive process.
strain will be induced during the annealing step in the GaAs  The authors wish to thank DRA, Malvern, UK for the
surface layer and, as a result, the number of Ga vacancidsDX analysis. P. C. gratefully acknowledges the financial
will be reduced due to less Ga out-diffusion. support by the European Community within the frame of the
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out-diffusion, and hence QW intermixing, during annealingNo. GR/K45968.
whereas SiQ, as is generally accepted and experimentally
demonstrated, promotes it. Moreover, based on the above
arguments, we propose that surface strain induced by dielec-
tric caps plays an important role in the IFVD process. 'D. G. Deppe, L. J. Guido, N. Holonyak, Jr., K. C. Hsieh, R. D. Burnham,
Our esults do ot confic with those reported by Rao L Thomon and .1 Pl Ao Py Lets soises, |
et al™” because the addition of small amounts of1Pwt%) (1987.
does not drastically chantfethe properties of SIQP as  2J. Beauvais, J. H. Marsh, A. H. Kean, A. C. Bryce, and C. Button, Elec-
compared with Si@and hence both caps can have a promot-4f_f°3‘-éﬁ}g§8klg7?_|(;zaai\l Holonvak. 3r. R W. Kalisk. V. Eu. M. Fen
ing effect on intermixing. | _ andR D. Bumham, J. Appl. Phyed, 13501087
It is noted from Figs. (@ and (b) that p-i-n and n-i-p 5C. J. Hamilton, S. E. Hicks, B. Vogele, J. H. Marsh, and J .S. Aitchison,
wafers have similar degrees of intrinsic thermal stability Electron. Lett.31, 1393(1995.
since the uncapped samples from these wafers shifted t62: H- Marsh, P. Cusumano, A. C. Bryce, B. S. Ooi, and S. G. Ayling, Proc.

L . . SPIE2401,74 (1995.
about the same wavelength under similar annealing conth_ H. Marsh and A. C. Bryce, Mater. Sci. Eng.2B, 272 (1994.

tions. Comparing Figs. (&) and(b) shows that Si@capped g, s. Ooi, M. W. Street, S. G. Ayling, A. C. Bryce, J. H. Marsh, and J. S.
n-i-p samples exhibited larger degrees of QW intermixing Roberts, Int. J. Optoelectroa0, 257 (1996.

than thep-i-n samples. This may be due to the crystal Fermi gm-g g;Z“hara' T. Nozaki, and T. Kamejima, J. Appl. Phfis, 5833
level effECt'l6 through which the equ”'b“um Ga vacancy 10 v, K Rao, A. Hamoudi, Ph. Krauz, M. Juhel, and H. Thibierge, Appl.
concentration is larger in-type material than imp-type ma- Phys. Lett.66, 472(1995.

terial due to a reduction in the formation energy of group Il 'E. V. K. Rao(private communication

; i 1235, K. GhandhiyYLSI Fabrication PrinciplegWiley, New York, 1994, pp.
vacancies. In the-i-p sample, then doped contact and top £30.537 and refarences therein.

cladding |ayer5 support Ga Vaca_nCieS ge_nerated by th? SiO3P. Cusumano, J. H. Marsh, M. J. Rose, and J. S. Roberts, IEEE Photon.
layer, hence larger degrees of intermixing were observed. Technol. Lett.(submitted.

From the integrated photonic devices point of view, thel4S. Singh, F. Baiocchi, A. D. Butherus, W. H. Grodkiewicz, B. Schwartz,
above results suggest that the growth ref-p structures L G Van Uitert, L. Yesis, and G. J. Zydzik, J. Appl. Phy#, 4194
would give a higher degree of intermixing than conventionahsy 'y, Tien and F. A. Hummel, J. Am. Ceram. Sat5, 422 (1962.

p-i-n structures typically used in QW intermixing processes.’®D. G. Deppe and N. Holonyak, Jr., J. Appl. Phgd, R93(1988.

J. Appl. Phys., Vol. 81, No. 5, 1 March 1997 Cusumano et al. 2447

Downloaded-12-Feb-2006-t0-142.150.190.39.-Redistribution—subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



