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Spatially resolved below-gap emission in partially ordered G@n,_,P alloys
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We have examined the spatial variation in the photoluminescéPtE of a series of partially ordered
Galn;_,P (x=0.52) samples with order parameters ranging frgt0.12 to »~0.49 using low-temperature
scanning confocal, scanning solid immersion lens, and scanning and fixed-aperture near-field microscopy with
spatial resolution in the range from 200 nm to @ih. A wide variation in the characteristic low-energy
emission band and the associated ultrasharp PL lines was observed for samples with similar ordering-related
properties(e.g., 7 and domain size In particular, not all samples exhibit sharp-line PL when examined using
w-PL techniques. In samples that do show these lines, near-field spectroscopic imaging is used to map their
location in space with respect to the more slowly varying excitonic emission: no spatial correlation between the
antiphase boundarie®PB’s) which form in these alloys and the appearance of ultrasharp PL lines was
observed. A correlation between the occurrence of ultrasharp PL lines and the presence of extended defects was
found for some samples. Temperature-dependent and time-resolved studies show evidence of excitation trans-
fer between a dense ensemble of discrete, localized states. The data suggest that models appealing solely to the
properties of the APB in ordered GalnP cannot explain this emission, and that extended defects and/or impu-
rities may play a more important role than previously thought.
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[. INTRODUCTION imperfections. However, it has been invoked on more than
one occasion to explain experimental observations such as
Galn;_,P (x=0.52; hereafter referred to as GaJjnéx- the origin of the low-energy photoluminescend®L)
hibits spontaneous CupRtype ordering under certain growth band!®~*3 us PL lifetimest** and the ultrasharp quantum
conditons. This ordering manifests itself as adotlike PL lines observed ip-PL.*~!'Relatively little work
monolayer superlattice of the alternating layershas been done tdirectly confirm these assertions and the
G+ 2lN(1- ) 2P/GR1— y2IN(1+ 2P, oriented along physics of this emission remains unknown.
[111]5. Here 5, known as the order parameter, is a statisti- \We present here an extensive study of the spatial varia-
cal parameter describing the degree of ordering and can vaiions in the low-temperaturéypically 5 K) PL using scan-
between 0 and 1. In practice;>0.5 has proven difficult to ning and fixed-aperture near-field microscopy, and confocal
achieve and thus only partial ordering is observed. The remicroscopy with and without a solid immersion lef8IL).
duction in crystal symmetry upon ordering results in a band-Ten samples with varying order parameters~0.12 to »
gap reductiohand valence-band splittidgvhich are a func- ~0.49) were examined. To avoid the possibility of studying
tion of 7. Since 5, and thus the material properties which anomalies associated with a particular growth chamber,
depend upon it, can be tailored over a wide range by varyingamples from different growth facilities were also studied.
the growth conditions, ordered GalnP has attracted a gred¥e find that the strength and nature of the low-energy emis-
deal of interest for optoelectronic devices such as lightsion varies widely, often independent of ordering-related
emitting diodes, lasers’ and solar cellS.As such, this ma- variables, suggesting that the origin of this emission may be
terial system has been intensely studied and an extensiviéle to nonordering-related defects or impurities.
body of knowledge relating to ordered GalnP and spontane-
ous ord_ering has_ evolvedor a review, see Ref._6 and.?_ _ Il. EXPERIMENT
One issue which has remained outstanding is the origin of
the characteristic low-energy emission band which generally The series of samples studied are shown in Table I. All
appears upon ordering. This emission has historically beesamples were grown on 6° miscut substrates oriented toward
associated with the submicron domain structure commonly111]g, with the exception of sample 1, which was oriented
observed in transmission-electron microscdp¥M) stud-  toward [111]4. Thus only single variant ordered samples
ies: Uninterrupted ordering occurs only over length scales iwere studied. The scanning confocal, near-field, and solid
the range of 100 nm-1.Am, depending on growth condi- immersion lens measurements were made utilizing a low-
tions, separated by antiphase boundaff2B’s), defined as temperature piezoelectric scanned-probe head described
a 180° phase shift in thga-In-Ga-h.. ..} stacking sequence earliet® and retrofitted for the respective techniques, operat-
between two uniformly ordered domaifisThe orientation ing within a dynamic exchange gas cryostatsaK unless
with respect to the ordering axis, morphology and exacbtherwise specified. The PL spectra taken were acquired us-
composition of the APB's is sample dependent and at presering an 0.46-m single grating spectrome{&B00 lines/mm
poorly understood?® and 200X 800 pixel charge-coupled device, with system
This domain structure is not considered an intrinsic propfesolution typically better than 100eV. For the time-
erty of ordering, but rather, related to substrate and growthiesolved measurements, a fixed-aperture near-field technique
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TABLE |. Sample number, growth facility, band gap, and order 1.0 : : 1.0
parameter for samples studied. A and B samples grown at National 0sl
Renewable Energy Laboratory by separate metal-organic chemical- » 08F 2
vapor deposition groups; C sample produced in Stuttgart. Sample 7 & @ 06}
was studied in Ref. 19, sample 8 was studied in Ref. 13, sample 9in £ 06 E 04
Refs. 19 and 20, and sample 10 in Ref. 12. T z
04l o2t
Sample Growth facility Eq (ev) 7 \ . oo . ’
1 A I - . e
2 B 1.975 0.25
3 A 1.959 0.30 FIG. 1. (a) and (b): Typical PL spectrum taken with SIL appa-
4 B 1.931 0.39 ratus under identical conditiorg~250 W/cnt), for each sample
5 A 1.927 0.40 (8 and 9, left to rlgm
6 A 1.923 0.41 . L.
7 B 1923 0.41 constant(that is, » and the don_1a|n sizewe compare here
8 B 1915 0.43 the u-PL measurements and illustrate the dramatic differ-
ences in the nature of the low-energy emission and associ-
9 B 1.906 0.45 ted LEL's, which appear to be independentspfand the
10 C 1.887 049 2 ’ PP P P

domain size.
Comparing the spectra shown in Figga)land Xb), it can

i be seen that sample 9 exhibits a much stronger, broader,
was used, wherein an array of 02m apertures were fab- |4, energy emission, and, as will be seen by examining the
ricated on an aluminum film deposited on sample 9 in Tabley,54ia|_spectral data that follows, a much higher density of
[; this sample was stud|ed.|n Ref. 19. Rgsonant excitation of EL’s. Given that the density of APB's in these two samples
ultrasharp below-gap PL lines was achieved using a synchg annroximately equal, either the nature of the electronic
pumped dye laser producing tunable 5-ps pulses withyaies associated with the APB in sample 9 is very different
~0.6-meV bandwidth. Time-resolved RIRPL) was mea-  rom that of sample 8, or some other property of this sample

sured using time-correlated single-photon counting. gives rise to the many sharp lines observed. While these
samples are similar with respect to ordering-related vari-
IIl. RESULTS ables, several differences do exist which may be important.
First, TEM micrographs of sample 9 showed many edge dis-
A. ConfocalSIL study locations (the areal density in plain-view images was

The low-temperature scanning-PL apparatus used was ~10° cm_?), but no measurable dislocations were found in
described in a previous paper, and typically achieves a spgample &2 The presence of crystalline defects was also con-
tial resolution of 0.7um.*® For the SIL measurements, the firmed by x-ray-diffraction measurements, which yielded
following modifications were madéi) A hemispherical solid FWHM’s of 55 and 28 mRad for samples 9 and 8, respec-
immersion len8(material LASFN9n=1.85) was placed in tively. Other differences include 3 vs g4m/hr growth rate,
contact with the sample and used in conjunction with arand n-doped vs semi-insulating substrates.
aspheric lens to give a numerical aperture of 1.02, corre- Figure 2 shows a PL spectrum taken from the collection
sponding to a diffraction-limited excitation spot size of 325 of spectra (-1000 per imagefor sample 9 using the SIL
nm and(ii) the confocal imaging geometry was relaxed tosystem. A PL intensity map formed at the energy of the in-
increase the signal collection efficiency. In practice, the spatense sharp line seen in the spectra is shown in the inset. This
tial resolution of the SIL system was limited to roughly 500 spectra was acquired in the center of the the bright spot
nm, derived by examining the full width at half maximum
(FWHM) of various features in the spatial-spectral images.
The scan range in both lateral dimensions was fixed at o500f-
5.5 um, unless otherwise stated.

All samples listed in Table | were examined B&5 K 2000¢
with the above-described apparatus, and it was generally dis-
covered that not all samples show sharp lines when exam-
ined usingu-PL techniques. To illustrate this point, we com- 1000k ]

pare here two highly ordered samples with similar ordering-
related properties: Both have large domain sigg=ater 500¢ J ]
than 0.5um) and therefore similar domain boundary den- g ,

sity; both are strongly ordered, with similar order parameters 186 188 190 192

(7=0.45 and 0.48 the first samplgsample 9 in Table)l Enerey ()

showed a large number of sharp linksreafter referredtoas  FIG. 2. PL spectrum taken at center of bright region of PL map
low-energy linegLEL’s)], while the othesample 8 in Table shown in insetscan area 585.5 um?) for sample 9 in Table I. PL

I) showed none. By holding the ordering-related variablesmage acquired at 5 K with SIL.

3000

1500 b

PL Intensity
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(a) Energy (eV) (b) Energy (V) FIG. 4. Expanded energy scale of low-energy region of PL in

sample 9 alf=5 K, T=15 K, andT=25 K. Inset shows the spa-
FIG. 3. Temperature dependence of the low-energy band fofial intensity map formed at the energy of the central sgikarked
samples §a) and 9(b), normalized to the maximum PL intensity at by an arrow. All spectra were taken in the central region of the
5 K for each sampléspectra offset for clarity bright region most easily seen in tie=15 K image. At 25 K, this
bright region disappears and the spectrum appears flat, indicating
shown in the PL map. At lower excitation power® ( that this localized state has ionized.
~13 nW, estimated intensity 7 W/cm?) carriers accumu-
late at the energetically narrovA E~400 neV) line shown  ing a high density of localized, discrete states: With the ad-
in the spectra, thus we see the strong intensity contrast in th@ition of thermal energy, localized excitons can hop out of
PL map. This particular line has a much stronger emissioffocal potential minima and subsequently scatter into avail-
than energetically neighboring states. By examining the spaspe |ower-energy states.
tial PL maps formed throughout the measured spectrum, s js directly observed in the series of spectra taken

multiple such LEL's can be identified and localized within from sample 9, shown in Fig. 4. The expanded energy-scale
the imaging resolution. spectra taken in the center of the bright spot in the lower-

The spatial frequency for the occurrence of these stronger . : - - :
LELs (roughly 1jxm?) is in reasonable agreement with the igh; ?Ldnig:,:\hgfilér;ngﬁrg W‘Phlg Esheetl:rt]rsa? tg;ixlzp?g:rd de-
dislocation density, and a similar association was found for P ) P P

sample 7. Emission localized and concentrated at crystallin(t!:\n?ase in intensity with increasing temperature, and a slight
defects has been observed in cathodoluminescence studiessg'llft to lower energy, presumably due to the wgak tempera-
AlGaAs barrier layers in single quantum welfsand time- ture dependence' of the band-g.ap'energy in this tempera’Fure
resolved PL studies have shown that dislocations acdi@ngde. An arrow in the spectra indicates the energy at which
as effective recombination centers at GalnP/Gaadhe PL maps were formed. The spectra are naturally stacked
heterojunctiong* Since dislocations perturb the binding en- @long the vertical axis due to the increase in nonradiative
ergy in their immediate vicinity, impurities and point defects recombination with increasing temperature. The indicated
tend to find energetically favorable sites nearby and thus tengeak is diminished with increasing temperature and extin-
to getter at these sites. This could explain the extremelguished in the spectrum taken at 25 K. Examining the PL
bright LEL depicted in Fig. 2: Photoexcited carriers within maps, increasing temperature from left to right, there are
the low-energy band could be trapped and concentrated netiree localized emission centers observable in the 5-K image.
crystalline defects, but would still exist throughout the bulkIn the 15-K image the two upper localized emission sites
of the sample, accounting for the substantial background. have been greatly suppressed, causing the localized center on
Such a picture implies the coexistence of discretethe lower-right side to appear with more contrast. In the third
strongly localized states with a quasicontinuum of below-gagPL image, the localized transition in question has disap-
transitions, which together comprise the low-energy emispeared, in concert with the LEL in the spectra. The LEL in
sion. Figure 8a) shows the temperature dependence of thequestion has ionized with the addition-ef2 meV of thermal
w-PL spectra taken at the center of theX8%5—um? region  energy. This value is not atypical, although not all isolated
of sample 8 while the temperature was varied from 5 to 25 Klines observed ionized over the temperature ranges studied;
(the resulting drift in the image plane was negligible overpresumably this value would depend on the microscopic de-
that temperature rangeThe low-energy emission band is tails at a given site. This observation is consistent with the
seen to shift to higher energy with increasing temperatur@bove interpretation of the temperature dependence of the
with a pronounced asymmetric broadening toward higher entow-energy emission in sample 9. The observations in both
ergy. This behavior can be explained by assuming a consamples could be explained in terms of impurities and pos-
tinuum of states occupied according to thermal statisticssibly alloy fluctuations with the assumption that the presence
Figure 3b) shows an identical measurement of sample 90f crystalline defects promotes the formation of localized
Here the low-energy band has many sharp peaks, which terglates, in which case the absence of these defects in sample 8
to decrease in energy as the temperature is increased. Thaad their relative abundance in sample 9 could account for
fundamentally different behavior can be explained by assumthe remarkably different temperature dependence.
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) ) o o FIG. 6. (a): PL intensity map at specific energy-(L.192 57 eV
FIG. 5. (a) Integrated PL intensity of excitonic emissidgray indicated by an arrow in the spectrum shown(@. (b) Similarly
scale is averaged intensity, in countsjseceasured using near-field |ocalized transition at-1.928 eV.(c) PL spectrum taken at center
spectroscopic imagingb) PL intensity map formed near peak of of pright region in PL map shown ife). (d) Contours overplotted
low-energy emission bandc) 1.8x 1.8 um’ plain-view TEM im- o p_ intensity map of Fig. %a); each contour bounds an isolated
age showing typical APB in this sample. “quantum dotlike” transition.

B. Near-field spectroscopy below-gap emission band cannot be exclusively associated

The above-mentioned scanning microscopy system wawith the APB’s observed in this material.
retrofitted as a near-field microscope by attachment of a Within the low-energy near-field emission spectra taken in
custom-designed near-field fiber tip assembly, consisting of aample 5 were interdispersed many of the LEL's discussed
tapered fiber tip of the variety reported by Betzigal®®>2®  above. For instance, the transition indicated by the arrow in
held in a piezoelectric dither assembly. PL was excited andFig. 6(c) has an estimated FWHM of 300 neV. Such tran-
collected in shared-aperture mode, using a nominal 200-nreitions have been investigated using nonscanning aperture
diameter aperture at the apex of the tapered fiber probe. near-field techniqué3!®?® and indeed show many of the

Figure %a) shows an image of sample 5 taken with the spectral signatures of a @-state. Here, we spatially localize
scanning near-field apparatusTat 5.0 K. The scan area is several of these “quantum dotlike” transitions with respect
1.8-um square, and the spatial resolution wa200 nm, to the more slowly varying excitonic emission. When exam-
verified by measuring the FWHM of multiple features in the ining the spatial maps at specific energies within the spec-
images formed at various energies. The image shows theum (which is taken at every point in the image planan
averaged integrated intensity of the excitonic emisgibble  “island” which is much brighter than any other feature in the
high-energy peak in the spectrum of Figcg. Inspecting image plane will occur. If one examines the spectrum taken
the image, a decrease in excitonic PL intensity is observed tat the spatial location of the “island,” one of the aforemen-
thread across the image plane, which is similar to the wantioned LEL's will be centered at the energy at which the
dering domain boundaries observed in the plain-view TEMimage was formed, and thus a one-to-one correspondence
image of this sample, shown in Fig(cd. Inspection of the between the transition and the spatial location can be made.
PL image formed near the peak of the low-energy emission Such an image is shown in Fig(&, and the correspond-
band, shown in Fig. ®), directly anticorrelates with the im- ing energetically narrow transition is indicated by the arrow
age of Fig. %a). in Fig. 6(c). Several(five) of these “quantum dotlike” tran-

It is important to note here that the low-energy emissionsitions have been localized in this way; Figdbshows con-
generally appears throughout the sample and is only relaours which bound their location in space overlaid on the PL
tively stronger(by a factor of about Pat the boundary region intensity map of Fig. &). The two right-most black contours
shown in Fig. Bb). In a statistical study of over 200 sub- in the lower-center region of the figure localize the indicated
wavelength apertures formed on large-domain GalnRransitions shown in the PL maps of Figiaband @b). In-
samples, the authors of Ref. 20 also reported that this emispecting the figure, we see that three of these transitions can
sion was omnipresent. It is not certain that the observetbe localized within a region of uniform excitonic emission.
boundary has the same origin as the APB’s seen in TEMsimilarly, the two white contours appear in the boundary
images, but the resolution of these measurements is suffiegion mapped out in Fig.(B). Thus no spatial correlation
ciently high to easily resolve any emission localized to thebetween the presence of the LEL's and the low-energy band
APB. From these observations, one can conclude that this observed. In light of the above discussion, there is simi-
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larly no observed correlation between the LEL's and the 210 ps 600
APB. LEL's were observed in the energy range spanning the : 500}
low-energy band and extending into the excitonic emission toop # T 400
peak and even well above the band dap rare occasion [z : =

further suggesting that these two emissions have distinc€ o _* . ‘g.? 300
origins. 7 ::- = 200
1'._ 100}

C. Fixed-aperture near-field study : : O

0 1 2 2 4 6 8 10 12 14
(a) Time (ns) (b) Energy Cffset (meV)

Reference 19 presentsgaphotoluminescence excitation

(.'U“_PLE) Stlildy 07f samplgs 7 and .9 using a nonscanning near- FIG. 7. (a) Resonantly excited TRPL detected at LEL 6.3-meV

field techniqué’ wherein submicron(250 nm) apertures ) . :
fabricated i th : umi film d below absorption resonance. A 210-ps delay in PL decay attributed

Were tabricaled in an otherwise opague aluminum fiim e'é%l exciton transfer from spatially neighboring localized states is

posited on the samples studied. It was obse_rved that many own.(b) PL delay times plotted as a function of energy offset for
the LEL's in those samples showed energetically narrow abggact | EL.

sorption peakgas narrow as 10@.eV) which did not corre-
spond to any LEL in the PL spectrum. Furthermore, the samgycalized states. In view of the inherent disorder in this sys-
absorption peak would appear in tePLE spectra of dif-  tem and the lack of knowledge concerning the below-gap
ferent LEL's (within the same aperturewithout any cross  electronic states, it is difficult to describe the process in
excitation among the different LEL's. The possible explana-more detail. The measurements support the mechanism for
tion of these “dark” absorption peaks put forth in that paper exciton transfer among spatially neighboring LEL's proposed
was that energetically and spatially neighboring localizedn Ref. 19.
states undergo exciton transfer via tunneling. In this picture,
Iog:a_hzed emission centers from vyh|ch I_ower-.energy LELs V. DISCUSSION
originate couple strongly to a neighboring site and effec-
tively quench the PL at this site. This transfer must take In Sec. Ill A, we compared two highly ordered samples
place on a time scale less than the PL lifetime of the LELwith similar order parameter and domain size. In spite of
typically on the order of a nanosecond. To test this picturethese similarities, the behavior of the low-energy emission
we resonantly excite at these narrow-band absorption linelsand with temperature was dramatically different, with one
and subsequently time-resolve the PL at the various lowersample showing a high density of localized states, the other
energy LEL. only delocalized states. Thus, at least two types of transitions
In order to resonantly excite these narrow-line states, @an appear in the low-energy emission of this material, in
picosecond synchronously pumped dye laser was tuned iagreement with the conclusions of the magneto-PL in Ref.
resonance with the absorption peaks observeqwiRLE 16, where these two types of emissidabeled “LEL" and
measurements of sample 9, discussed in detail in Ref. 19LEB” in that work ) showed a quadratic and linear diamag-
The energy bandwidth of the-5-ps pulses was roughly netic shift, respectively. However, in this work, we find a
600 neV, and the pulse repetition rate was varied betweemgreat disparity in the number of LEL's observed, while the
25 and 38 MHz, to optimize the signal-to-noise ratio. Typi- order parameter and domain size are held constant. We thus
cally 1-5uW average power over the energy bandwidth offind no correlation between the number of LEL's and the
the absorption resonance was used to excite observable PLagnsity of APB’s. This is reinforced by the low-temperature
energetically neighboring states within a given aperture. Ihear-field PL imaging results shown in Sec. Ill B, where
was generally observed that the absorption was weaker fagain no correlation between the LEL's and APB’s was ob-
pulsed vs continuous excitation. served. Furthermore, the emission of the delocalized low-
Figure 7a) shows a typical TRPL time trace for a single energy band appeared omnipresent in the near-field PL im-
LEL 6.3 meV below the excitation energy. A delay in the PL ages. We therefore conclude that the origin of this band need
decay is demonstrated by the210-ps plateau shown in the not be tied solely to the APB, since these are highly localized
figure. This delay is indicative of the excitation transfer de-and sparse for that sample.
scribed above. Select apertures which showed strong narrow- Reference 16 proposed that the LEL's arise from quantum
band absorption resonances were examined. Figiibeé 7 confinement within the APB, envisioned as an InP double
shows the observed PL delay time as a function of the energhayer, embedded in an ordered-GalnP matrix. This micro-
offset between the excitation and the observed LEL, thestructure was investigated theoretically in Ref. 17, where it
lower limit being set by the time resolution of the time- was proposed that hole confinement in the APB gives rise to
correlated single-photon counting apparatus U86dps and  both the broad low-energy emission band and the LEL. From
the rejection limit of the spectrometer. It is evident and intu-the above discussion, we find no evidence suggesting that
itively reasonable that the observed delay increases mone@ither of these emissions originate from this proposed micro-
tonically as a function of energy offset. The transfer processtructure. The appearance of the APB indicates a change in
is likely an incoherent, multistep process involving multiple phase of the stacking sequence between two ordered do-
tunneling events and subsequent relaxation by acoustignains. As illustrated in Fig. 8, it is not necessary that this
phonon emission. Such a picture implies a high density othange in phase occur along the ordering direction, and, as
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O In play a role in the formation of the LEL's observed in GalnP.
® Ga The fact that similar LEL's are not typically observed in
0.0 3 Oe O 0e0e ©0 00 00 disordered GalnP or other ternary alloys such as AlGaAs
Oog.;og 20 Ooc.)o;.:)o(:f o’ %.’.o%.' % suggests that ordered GalnP is particularly sensitive to such
OO.OOOOQ.OO OO..OO.O.. e® L e®Le®L defects, and that further studies are needed to determine the

origins of both the low-energy band and the LEL's.
(@ (b) (c)

, , , V. SUMMARY
FIG. 8. Schematic of ordered @a)-rich planes when viewed

along (110 (perpendicular to ordering axid11)). (a) Antiphase We examined the spatial variations in the low-energy
boundary(APB, highlighted in gray resulting from 1{Ga-In(Ga) emission in a series of ordered-GalnP samples with order
double layer.(b) APB resulting from vertical phase shific) APB  parameters in the rangg~0.12—-0.49. We find large varia-
resulting from horizontal phase shift. tions in the strength and constituents of this emission be-
tween samples: Signatures of localized or delocalized
mentioned previously, the orientation and composition of theemission can be found to dominate this band, independent of
APB'’s can vary widely. While we can not exclude electronic the order parameter or domain size. Near-field spectroscopic
states associated with this microstructure, the evidence prénaging was used to localize the ultrasharp quantum dotlike
sented here suggests that this is not a general description bEL with respect to the more slowly varying excitonic emis-
either the LEL or the low-energy emission band. sion and low-energy band, showing no evidence that these
In u-PLE measurements,it was shown that the LEL's transitions are localized to the antiphase boundaA&8’s)
typically have ultranarrow absorption resonances. By excitcommonly observed in this material. These observations sug-
ing select LEL’s resonantly, and time resolving the emissiorgest that the origin of the below-gap emission remains unex-
of spatially and energetically neighboring LELs, we ob- plained, and that models appealing solely to the properties of
served exciton transfer among the LEL’s on time scales of &he APB cannot account for this emission. Time-resolved PL
few 100 ps. The transfer times were observed to depen@heasurements with submicron apertures in patterned
monotonically on the energy offset of the absorbing andsamples reveal that exciton transfer takes place between
emitting states, giving evidence that the transfer time is priLEL'S within 50-500 ps, increasing monotonically with the
marily determined by acoustic-phonon emission. This sugenergy difference between the absorbing and emitting states,
gests a high density of localized states, coupled by tunnelingnost likely involving tunneling within a dense ensemble of
The temperature dependence of the localized emission dpcalized states. Temperature-dependent PL measurements
sample 9 discussed in Sec. Ill A also supports this picturelso support this picture. A correlation between the occur-
where thermal ionization and a shift to lower energies withrence of the LEL's and the presence of extended defects was
increasing temperature was observed for select LEL's. ~ found for some samples. One possible explanation for this
Extremely weak thermal broadening, ultranarrow line-association is that the presence of extended defects promotes
widths, and efficient exciton transfer among a dense enthe formation of localized states by gettering impurities or
semble of localized states associated with impurities havéfluencing alloy fluctuations.
been observed in GaP:MRefs. 28 and 29and GalnP:N°
The fact that large differences in the nature and strength of
the low-energy emission were observed for samples with
similar ordering-related propertiés.g., » and domain size This research was supported by the Office of Energy Re-
and the observed correlation of the LEL with dislocationsearchMaterial Science Divisionof the U.S. Department of
density suggests that extended defects and/or impurities mdynergy under Contract No. DE-AC36-83CH10093.
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