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Protecting wafer surface during plasma ignition using an arsenic cap

M. A. Wistey,a) S. R. Bank, H. B. Yuen, L. L. Goddard, T. Gugov, and J. S. Harris, Jr.
Solid State and Photonics Lab, Stanford University, Stanford, California 94305

(Received 27 October 2004; accepted 21 March 2005; published 13 June 2005

Dilute nitrides such as GalnNAs are often grown by plasma-assisted molecular-beam epitaxy
(MBE), and the plasma that provides reactive nitrogen also damages the semiconductor surface.
Direct exposure to the plasma has been studied extensively, but here we report damage due to
indirect exposure, while the shutter remains closed. The use of a protective arsenic cap on the wafer
is found to prevent such indirect damage, resulting in axXi#@rease in photoluminescence
intensity, sharper features in transmission electron microscopy, and a 30% decrease in laser
thresholds. This technique requires no changes to the MBE chamber, unlike a gatecvai@s
American Vacuum SocietyDOI: 10.1116/1.1914820

[. INTRODUCTION propagate through it during growth, leading to nonradiative

The development of dilute nitrides such as GalnNAs hag&combination and increased laser thresholds.

opened many opportunities for lasers and detectors in the '"deed, we find that plasma-related damage of the wafer
near infrared. This has enabled inexpensive, monolithic ver- 1S Not limited to the QWs. Deep level transient spectroscopy

tical cavity surface-emitting lasefSYCSELS at technologi- (PLTS) showed a high concentration of traps at the point at
cally important wavelengths near 1,u3n.2'3 However, the which the plasn51a was |gn|t§d, even though the nltro.ge'n shut-
push to even longer wavelengths has been hampered by tiff Was closed” A Langmuir probe measurement similarly
difficulty in growing high quality material with higher SNOWS @ strong, temporary increase in ion flux when the
amounts of nitrogen. Extensive theoretical and experimentdl!asma begins to operate in high intensiynductively
studies have been performed on the nature of the defects fPUPIed mode, as shown in Fig. 1. Secondary-ion mass

dilute nitride materials, but the microscopic causes of thes§PECtroscopySIMS) shows a sharp but short-lived spike in
defects remain uncertafi® The best results reported to date th€ nitrogen composition of the wafer when the plasma is

have been grown by molecular-beam epit@dBE), using a i

ignited, as shown in two samples in Fig. 2, grown two years
nitrogen plasma cell to create reactive forms of nitrogen sucPart. Preventing this damage is vital to high quality
as atoms, radicals, and ions. However, exposure to th§2/NNAs growth.

plasma causes damage to the semiconductor surface during
growth. Sharp reductions in defect density at high nitrogerll. ARSENIC CAPPING

compositions, with corresponding improvement in laser  one possible explanation for the additional defects at
threshold current,.have been achieved t_hrough the u:c,ge Ofrﬂasma ignition may be the operating point of the cell: low
small apgrture to.lncrease _the prelfsure in the plasmacell gas flow and high rf power may be necessary to ignite an
and the introduction of gntlmorﬂ‘?: We recently reported  jnqyctively coupledhigh intensity plasma, but these condi-
another sharp reduction in defects after the identification anglgns maximize ion production. lons are known to cause sig-
removal of even small fluxes of ions from the plasmayficant wafer damag®!® Several techniques have been used
beam.” Even so, the threshold current density of GalnNAS, mninimize damage due to plasma ignition, such as burying
lasers at 1.3—1.xm has remained higher than for equiva- {4 damaged layer under a thick GaAs bulfemcreased

lent InP-based lasers. arsenic overpressuté,and a gate valv&® Wanget al. sug-

The preceding reports have focused on plasma-inducegegt that a growth pause with high arsenic overpressure dur-
damage during the quantum weQW) and/or GaNAs bar- 5 plasma ignition prevents excess nitridation of the
rier growth, when the wafer is directly exposed to theg tacel” although this disagrees with several reports that N
plasma. However, defects before and after the QW are oftefyqhoration is independent of K&%above a certain As/N
overlooked as significant sources of nonradiative recombingzio  and a long growth pause increases the likelihood of
tion and wafer damage. Point defects such as vacancies, eVg3ckground contaminants being incorporated in the subse-
when they originate far from the QW boundary, can Promot&, ent quantum well.

intermixing of either Group Il or Group V elements, de- ~ angther problem with plasma sources, in addition to the
pending on whether the dominant vacancy {9 Vas. generation of defects, is repeatability. Careful observation of
Defects also reduce the lifetime of semiconductor Iasersmasma cells from several vendors has shown 5—20 min of
They can lead to a quenching of luminescence during annegfsiapility before the plasma cell reaches a fully stable
despite some distance from the quantum well. Finally, €Xxiate?122 This is believed to be due to thermal processes

tended defects that were nucleated before the QW couliihin the cells, at least when operating in the low-flow re-

gime for dilute nitrides. The instability necessitates running
¥Electronic mail: wistey@snowmass.stanford.edu the plasma for several minutes before the first nitride layer,
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the DLT_S and SIMS features in Fig. 2 are not always prgsgnhe. 2. SIMS depth profiles of two different samples show excess N incor-
suggesting they may be the result of some unknown variatioporation when the plasma was ignited. The N shutter was opened only for
in the way the plasma is ignited despite efforts to standardene of the samplegsolid line). The horizontal offset is not relevant to this
ize the plasma ignition process. If the plasma has not reached'®:

its stable operating point before the growth of quantum

wells, there may be significant differences among the quan1-_ best simulat | h the buff wih
tum wells, even emission at different wavelengths. It would 0 best simulate our faser growth process, the bufter gro

be of some benefit to be able to ignite the plasma cell an nd Q\]{V growtrt1 tool]f plage mdsepLzJa:i}e I\r/1III3E ct;_rl}ambersé alnd
adjust it to a desired state before exposing the wafer to th € waler was transterred under whrie still capped. on
plasma. the second chamber, the vyafgr was heated slowly to 1GQ C,
Fischeret al. proposed the use of a gate valve between thémd the _plasma was then |gn|tgd an_d operated for 20 min. A
plasma cell and the chamber, which allowed the plasma to b ure_ly diffuse pattern in reflection hlgh-energy elec_tron dif-
ignited and adjusted to a desired steady state without affec raction (RHEED) verified that the cap remained thick and
ing the wafer® However, the operation of a gate valve in 2M0rPhous. A large arsenic flux was necessary to prevent
close proximity to the nitrogen plasma can cause the plasm%\arly desorption of the cap, p_art|cularly at hlg_her tempera-
to become unstable again or even go BuThis may be tures. The wafer was then rapidly heated to oxide desorption

evidence of an inductively coupled, parasitic load on the rftemperature{720 "C by thermocoupjeThe RHEED pattern

coil, as we have previously observed with a standard, tantz0Wed metallic rings between 350-450 °C, then a clear 2

lum MBE shutter in front of the cell. It might also be due to ere:jeconstructlon as the last monolayers of the cap des-

a change in background pressure at the exit of the plasm&
g g P P For a control, a second sampleincapped) was grown
cell when the valve opens. d d b t that th .
We propose the use of an arsenic 2C°’at1:> protect the and capped as above, except that the arsenic cap was re-
moved before the plasma was ignited. The wafer was heated

wafer during the ignition and stabilization of the plasma.t ide d tion t ; d 50 ¢ GaA
This technique requires no changes to the MBE chamber ang OXIde desorplion temperature, an nm o S was
rown while progressively cooling the wafer for GalnNAs

does not lead to plasma instability. 9 L
P y growth. The plasma was ignited as soon as soon as GaAs

growth began, after the cap was completely removed. The
lll. EXPERIMENTAL PROCEDURES thick GaAs had previously been believed to bury plasma-

For this study, a 7 nm Gadng sdNo.02AASe 055y 027qUaN-  related damage, as previously mentiofigd.
tum well in 20 nm Galy yASy o7 barriers was grown using a

Varian Mod-Gen |1l solid source MBE machine, with an
SVTA model 4.5 rf plasma source to supply reactive nitro—IV' RESULTS
gen. The QW and growth conditions were the same as pre- The wafers were cleaved, and each piece underwent a
viously reported device¥, with 300 W of rf power, an M  rapid thermal anneal for 60 s. The room temperature photo-
gas flow of 0.5 sccm, and an Sb beam equivalent pressure afminescencéPL) intensities for each sample are shown in
1.1X 107 Torr. As, flux was provided by a valved cracker at Fig. 3. The intensity was increased by 2-3 times over all
15 times the Group Il flux for GaAs and GaNAs growth, annealing conditions, indicating the removal of nonradiative
and 20 times for GalnNAsSb growth. All growth tempera-recombination sites. This was brighter PL than our best
tures reported below are by uncorrected thermocouple. 1.5 um material at the time; this was not an increase over a
Growth began with a 300 nm GaAs buffer layer. The wa-single, bad growth. Curiously, unlike the use of deflection
fer was then cooled to 10 °C for 1 h with an As flux of pIates}2 arsenic capping does not change the annealing char-
0.5—-1.0x10°° Torr in order to deposit a thick arsenic cap. acteristics of the material: the luminescence begins to fall at
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Fic. 3. 15°C PL intensity at several anneal temperatures, for samplegight), or neither(left).
grown with (squaresand without(circle9 extended exposure to the plasma
after plasma ignition.

typical for arsenic capped and uncapped interfaces. The rea-

son for the change in contrast, from white to dark, is still

annealing temperatures above 760 °C. This suggests that tnﬁclear, but appears to be due to an excess of nitrogen at the

arsenic capping prevents a different type of damage than io@apped surface, similar to the GaNAs layer visible just be-

deflection plateg do. The origin of the dgmage i's unclear, b%re the QW. The change in brightness in the QW is due to
there may be h'gh'e”efgy neutral species leaking around ”}ﬂe different compositions used and is not significant for this
shutter, contaminants de_so_rbe_d from the cryoshroud Oftudy. For the capped sample, there does appear to be some-
pumps, or simply excess nitridation of the surface. The bac'ﬂ'/vhat better uniformity in and between the QWSs, however.
ground pressures of DH,0, and CO are below I¢ Torr, We suspect that the ignition damage promotes extended de-

so that these are tl)eheved to be negligible. o 4o. fects or that nitrogen prevents their burial under subsequent
Transmission electron microscoff EM) shows a de- growth, and this contributes to surface roughening.

crease in damage with capping, and the effect on the wafer i Finally, we wished to study whether arsenic capping

highly localized at the cap interface. Two typical THBD2) served the same purpose as ion deflection plates, since ion

dark-field samples are shown in Fig. 4. These are dncferenzfieflection could increase PL intensity bx.g Several lasers

samples from the previously mentioned PL samples, but argere grown without either technique, with arsenic capping
alone, and with both capping and ion deflection. As Fig. 5
shows, each technique has a clear and distinct effect, so that
arsenic capping is desirable even when ion deflection plates
are in use.

V. SUMMARY

Defects that originate outside of the QW are commonly
overlooked as sources of nonradiative recombination in
GalnNAs-based lasers. The existence of such damage has
been verified by SIMS, TEM, and DLTS at the layer at which
the plasma was ignited in the inductively couplggh in-
tensity mode. Plasma seasoning and stability would both
suggest the need to allow the plasma to run for some period
of time before exposing the wafer, but such exposure leads to
surface damage.

This surface damage can be prevented by depositing a
thick, temporary cap of solid arsenic onto the wafer surface.
With the surface protected, the plasma can be ignited and
tuned as desired, and the wafer is then quickly heated to
growth temperatures, rapidly evaporating the excess arsenic.
Unlike a gate valve, the plasma is unaffected by the start of
growth. The contaminants usually associated with an ex-
tended growth interruption are avoided, although it is vitally

Fic. 4. Transmission electron micrograph of GalnNAsSh QW. Arrows mark!mportant thaF growth begin_ as soon as possible after the cap
the point of plasma ignition. Growth direction is toward the upper left.  iS removed, in order to minimize damage to the exposed

J. Vac. Sci. Technol. B, Vol. 23, No. 3, May/Jun 2005
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