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Superlattices of Al;Gag,As/GaAs grown by metalorganic chemical vapor deposition and
heavily doped with carben using CCl, were annealed for 24 h at 825 °C under a variety

of ambient and surface encapsulation conditions. Pronounced changes in photoluminescence
from the annealed superlattices with storage time at room temperature, as opposed to

an excellent reproducibility of that from the as-grown, not annealed samples, are reported.
These changes may be indicative of degraded thermal stability of the annealed superlaitice
crystals due to high-temperature-induced lattice defects. The systematic failure to

fabricate buried-heterostructure quantum well lasers via impurity-induced layer disordering in
similarly doped AlGaAs/GaAs crystals, which may be related to the same effect, is also

discussed.

High-temperature annealings have long been used to
stimulate diffusicn processes in quantum well hetercstruc-
tures (QWHs) and superlattices (SLs)} in attempts to
modify the structure and thus the optical properties of the
crystals (for a recent review on this subject, sece Ref. 1).
This procedure has been applied to both nominally un-
doped and doped crystals, the latter case being referred to
as the impurity-induced layer disordering (IILD),? and it
provides an important additional degree of freedom in de-
vice fabrication.! The layer intermixing effect is promoted
by native defects whose concentrations increase at elevated
temperatures. An important aspect of the potential appli-
cability of the high-temperature hea? treatments is the in-
fluence that such processes may have on the long-term
stability of the optical and electrical properties of the an-
nealed crystals.

In this letter we present an evidence of significant
changes in luminescence properties of C-doped
Al Ga; _ As/GaAs SL crystals during storage of several
months at room temperature following annealing at
825 °C. This effect possibly indicates a structural instability
of the annealed crystals due to high-temperature-induced
lattice defects and, therefore, it may bear on performance
of laser diodes and other electro-optical devices realized
using ITLD processing. Specifically, a systematic failure to
fabricate buried-heterostructure QW lasers using ITLD in
similarly doped crystals is reported.

The crystals investigated here were grown by low-
pressure  metalorganic  chemical vapor  deposition
{(MOCVD) in an Emcore G83100C reactor. The carbon
doping source was & 500 ppm mixture of CCl, (Matheson)
in high-purity H2.3’4 It provided an approximately uniform
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p-type doping level of [CyJ~8x 10" cm * throughout
the whole stack of GaAs and Al Ga, _ ,As epitaxial layers,
as determined by secondary-ion mass spectrometry
(SIMS) and C-V eclectrochemical depth profiles. The
growth conditions and the SL structure are described in
detail elsewhere.”

The anneals were performed in evacuated quartz am-
poules (volume =3 cm’, p=10 S Torr) at 7= 825 °C for
24 h. Three sets of samples were annealed in separate am-
poules with (i} an excess of elemental As — ( + As), (ii)
an excess of elemental Ga — ( + Ga), and (i) with nei-
ther Ga nor As added to the ampoule — { - 0}. A set of
three samples was loaded into each ampoule: two were
encapsulated with a CVD-grown ~ 1000-A-thick iayer of
either SiG, or Si;Ni,, and the third sample was uncapped.

The optical properties of ali the samples were assessed
with low-temperature photoluminescence (PL). The sam-
pies were mounted strain-free ir superfivid *He at T~1.7
K, and were excited with the 5145 A line from an AR T
laser, using low power density of ~ 36 mW/cm? The emit-
ted radiation was dispersed by an Instrumenis SA 1 m
double spectrometer and detected by a thermoelectrically
cooled GaAs photomuliiplier tube, using the photon
counting technigue. The PL measuremenis were initially
taken several weeks after the SL crystals were grown and
annealed. Subsequently, all the samples (including the as-
grown) were repeatedly measured under identical experi-
mental conditions severzl times during a pericd of more
than a year, while being stored at room temperature. An
unfocused beam of about 3 mm in diameter was used to
probe almost the entire area of the samples, thus averaging
over possible lateral inhomogeneities of the crystals.

In the as-grown sample the SL-related low-
temperature PL consists of a single, symmetric peak at
hv=1.5316 eV with full width at half maximum (FWHM)
of ~17.6 meV. This peak is attributed to # = 1 electiron-
to-heavy hole (e—hh) confined-particie recombination in
GaAs QWs as discussed in detail elsewhere.” In the PL
spectra of the annealed SLs this transition is accompanied
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FIG. 1. Photoluminescence spectra of an annealed, heavily C-doped
Aly.Gay,As/GaAs superlattice crystal, demonstrating the effect of insta-
bility of its optical properties as a function of storage time at room tem-
perature. The solid-line spectrum was measured shortly after the sample
was grown and annealed, and the dashed-line spectrum after several
months of storage at roowm temperature.

by shoulders and secondary peaks on both high- and low-
energy sides {(Figs. 1-3). The position of this SL-related
luminescence is shifted to higher energies relative to that of
the as-grown crystal, due to layer-disordering-induced
grading of the alloy composition profile across the
AlGaAs/GaAs heterointerfaces.’ For the as-grown SL
both the position and the line shape of the (e—hh),_,
peak have remained practically unchanged during storage
at room temperature. In contrast, virtually all the samples
that underwent the post-growth, high-temperature anneals
have exhibited clearly discernable variations in their PL
spectra, with the extent and nature of these changes vary-
ing from sample to sample. It is the reproducibility of the
energy and line shape of the SL-related luminescence dur-
ing room-temperature storage that is of main concern in
the present letter.

Three representative examples of the instability effect,
covering various encapsulation and annealing ambient con-
ditions, are shown in Figs. 1-3. Figure 1 presents two PL
spectra measured at different times after the Si;Ny-capped
SL was annealed at ( + As) atmosphere. In this case, after
a few months of storage at room temperature the
(e—hh),. | peak position shifted up from 1.5396 to 1.5427
eV and the total line width increased from 20.1 to 24.5
meV. In additional PL measurements taken on this sample,
both the position and the linewidtk of this peak have con-
tinued to floctuate. The low-energy transition at ~ 1.488
eV, visible in Figs. 1-3, is assigned to unresolved conduc-
tion band-to-acceptor (e-4"Y and donor-to-acceptor
(D'-4°) recombination processes due to C,, acceptors in
the bulk GaAs, namely, the buffer layer and the substrate.’
The pesk position of this transition is invariant with both
annealing, and the subsequent storage of the annealed sam-
ples at room temperature. These observations indicate that
the spectral modifications are limited to the AlGaAs/
GaAs multilayer stack. Therefore the instability of the op-
tical properties may be related to long-term structural

2991 Apph Phys. Lett, Vol. 57, No. 27, 31 December 1890

T T T T T T T L
MOCVD Gahs-Alo3GagzAs SL

[Clas ~ 8 » 1018 cm™3
P 36mWAem?

5

A
i
i

5

E I

g After Arneal
o B25°C, 24 h
& S0, Cap

o \

e (+0)

Vi Gaas (bulk)

—

[N

; :
148 b2 1.56 160 164
Energy (eV)

FIG. 2. Same as Fig. 1, but for different encapsulation and ambient con-
ditions. A pronounced energy up-shift of the SL-related Iuminescence
after a few months of room-temperature storage is evident, compared to
a stable peak position of the bulk GaAs emission at ~ 1.488 eV, Variation
in the relative PL intensity of the latter peak possibly indicates changes in
electrical transport properties of the annealed SL crystals during storage
at room temperature.

changes taking place in the annealed SL crystals, presum-
ably due to high-temperature-induced lattice defects.

Another example of SL instability is shown in Fig. 2
for the Si0O;-capped sample annealed under ( 4 0) condi-
tions. In this case the line shape changes of the SL-related
luminescence are less proncunced, and the main effect is a
significant energy up-shift of the dominant SL peak from
1.5905 to 1.5967 eV with respect to the stable emission line
of the bulk GaAs at ~1.488 eV. As in Fig. 1, the relative
PL intensity of the latier peak increased slightly with stor-
age time. Similar PL intensity changes have been observed
for almost all of the annealed samples, alongside modifica-
tions of the SL-related luminescence. The observation of
occasionally very intense bulk GaAs luminescence through
the ~1-pm-thick SL stack indicates a large ambipolar dif-
fusion length of the photogenerated carriers and/or a pho-
ton recycling effect.® Therefore, the varying intensity of
this deep emission may be indicative of changing carrier
transport properties of the annealed SLs with storage time
providing additional support of the SL instability argu-
ment.

The room-temperature instability of the capless SL an-
nealed under ( + Ga) ambient is shown in Fig. 3. After a
few months of storage the SL-related luminescence trans-
formed from a broad doublet at 1.5590-1.5693 eV (the
solid-line spectrum) into a narrower single peak at 1.554
eV {the dashed curve in Fig. 3}. Such a down-shift in PL
energy roles out an ongoing process of post-anneal inter-
face disordering as a possible interpretation of the PL
changes with time. In this sample and a few others, an
intense PL peak on the low-energy side of the bulk GaAs
band has been detected. For the SL in Fig. 3 this peak has
shified from 1.4758 to 1.4€86 eV and the FWHM in-
creased from 11.9 to 15.5 meV. The exact origin of this
peak is not known, but the facts that the PL energy and
line shape become significantly modified, as opposed to the
stable bulk GaAs line at ~ 1.49 eV, seem to imply that this
transition is SL related. With increasing sample tempera-
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FIG. 3. Same as Figs. 1 and 2, but for different surface encapsulation and
annealing ambient conditions. The shift to lower energy of the
(e—hh), ; transition in the dashed spectrum precludes a continuing
process of layer disordering during storage at room temperature as a
possible explanation of the instability cffect.

ture in the 1.7-21 K range this peak quenches rapidly,
while both shifting and broadening toward lower energy,
opposite of the behavior expected from (e~A0) and
{D°-4°) recombination processes in bulk material.

Within the limited data available, the most stable an-
nealed SL structures have been those that underwent the
most extensive layer intermizing during the thermal treat-
ments, namely, the capless and Si0,-capped crystals an-
nealed under { 4+ As) ambient.’ In both cases there was
practically no line shape modification and the
(e—hh),_; peak position shifted by less than 2 meV. This
result may suggest that the latent potential for further
structural changes after anpealing is relatively reduced
when significant Al Ga, and native defect seif-diffusion
takes place during the high-temperature processing.

Anomalous behavior has also been observed in Si-
HLD buried-heterostructure laser diodes fabricated from
Al Ga, _ As/GaAs and Al Ga; As/GaAs/
In Ga; _ As QWH laser material employing C (from
CCly) as the p-type dopant. Figure 4 shows the curves of
threshold current density (J,, A/cm®) versus reciprocal
fength (1/L, cm ™ Y for broad-area diodes fabricated from
both as-grown [Fig. 4{a)} and annealed [Fig. 4(b)}]
C-doped (CCl) QWH laser diode material. The anneal
procedure employed here is 12 h at 825 °C under As over-
pressure. For the anneal cycle the sample is encapsulated
with CVD Si3N,. After the anneal the caiculated distrib-
uted gain and loss parameters, 3 and «a, respectively, have
both decreased slightly, although the overall performance
of the QWH laser diode material following the anneal cycle
is still quite acceptable. The parameters 5 and a have been
calculated using’

Jn=a/B — [In{RR;)]/(2BL).

where L is the laser diode bar length and R and R, are the
mirror reflectances. Since these anneal conditions are sim-
ilar to those used in the fabrication of index-guided laser
diodes via Si-IILD, C-doped (CCl) QWH laser dicde
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FIG. 4. Threshold current density (Jy,, A/cm®) vs reciprocal length
(174, ecm~ '} for broad-area diodes fabricated from both (a) as-grown
and (b) annesled C-doped (CCl, )} QWH laser diode material. The gain
paramecter 3 has values of 0.09C and 0.085 cm/A for as-grown and an-
nealed C-doped QWH material, respectively. The distributed loss param-
eter o has also decreased during the anneal from an as-grown value of
8.33 cm "' to an annealed value of 5.53 ¢cm ~!. Following the anneal, the
general lasing characteristics of the material remain acceptable.

structures should be excellent candidates for Si-IILD pro-
cedures. However, to date we have been unable to fabricate
Si-IILD  diodes from a large variety of either
Al Ga, _,As/GaAs or strained-layer AlGa,_ A4s/
GaAs/In Ga, _ As QWH laser crystals employing C from
CCl, as the p-type dopant. Although these data are as yet
unexplained, it should be noted that Si-IILD laser diodes
operating cw at 300 K vp to a current of 7= 7/, where
{n=25 mA is the average threshold current, have been
fabricated from structures grown at high temperatures
(760-825 °C) in the same Emcore rector used in this work
but employing C from TMGa as the p-type dopant.® There-
fore it is conceivable that the anomalous behavior of the
crystals doped with C from CCl,, grown at lower temper-
atures, is related to increased O, concentrations in AlGaAs
layers and/or other growth-induced effects specific 1o C
doping with the CCl, source.
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