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Resonant excitation study of ultrasharp emission lines in ordered Gan,_,P
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Narrow-line photoluminescence in the below-gap spectral region of orderdd,GgP is investigated with
high-spatial and -spectral resolution photoluminescence excitation and time-resolved spectroscopy. Sharp ab-
sorption lines are found both correlated and uncorrelated with emission lines, indicating multiple coupled
systems. Saturation and temporal measurements support a quantum dot model.
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[. INTRODUCTION or a GaAs photomultiplier tube. Similar PL, PL excitation
(PLE), and time-resolved results were obtained from both
Spontaneous ordering in @a; _,P (GalnP results in a  samples.
reduced band gap as well as a number of electronic and
vibrational signatures of the reduced symmetry. Less under-
stood is the appearance in the low-temperature photolumi- lll. RESULTS
nescencdPL) of a spectrally broad peak approximately 40 A. Photoluminescence linewidth
meV (depending on growth conditiongelow the band-gap
excitonic transition. Because this broad peak is absent in

randomly alloyed GalnP, it has been attributed to severaf Xcttator ;
copic signal from the unapertured area of the sample, Fig.

possible order-related microstructure details. Recen oo
micro-PL measuremerité have shown that while the broad (a), shows an excitonic peak and a broad featureless low-
nergy peak designated as the low-energy b@iB). In

peak is spatially homogeneous on a macroscopic scale, ek

tremely narrow linewidth PL peaks, which vary microscopi- %O'[Trr:S;’htgvinhiighthsgﬁgzlgre:&l\lg%? IS:ii%:{rE)il I:a?/rga?sﬂ;ﬂs_ig_rp
cally, appear in the same energy region and are only resolve ' X . .
Y. abp gy reg y ak at 1.8692 eV. This and other lines, designated the low-

with submicron spatial resolution measurements. Because line(LEL imilar to Refs. 1 and 2. but the 60
their s-function spectral shape and apparent random spatiﬁnerg_y |n_e( _ ), are similar to R€IS. 1 and 2z, but the 60-
neV linewidth is even narrower, limited by our spectrometer

distribution, comparisons have been made with self resolution. These results confirm the known spatial resolu
assembled quantum dofSAQD’s), and models of excitons . ) ) i el
9 QD) fion dependence of the PL: i.e., we find that sharp PL lines

spatially localized at order-related defects have bee . ) .
proposed-> At this point, the connection between the sharpbegIn to be resolved_or_lly .when the spatial resplutlon ap-
lines and the broad low-energy peak is unknown. Their Comprogches a feyum. Th'? |nd|'cates tha@ th.e LEL arises f“’”."
mon spectral range and their clear connection with orderin xcitons bound not to identical substitutional atoms, but in-
first suggested that the broad peak is a continuum of unrgt%ld to energencal_ly variable defect sites who_se d_en3|t_y IS
solved lines. However, the broad peakrist observed to on the order of the inverse aperture and collection size, i.e.,
- 7 4 73 . . . .
further decompose with lower excitation power or higher101 cm . Further information for the LEL is shown in the

spatial resolutioh? and important differences have been seenOther curves of Fig. (b), where PL spectra are shown for

in the magneto-PL behavioof the two signals. In addition Increasing lattice temperature. The energetic position of the

no evidence exists for the coupling that would be expecte&'%ngev line shifts monotonlcally_to the_red W|th_|ncreas—
g lattice temperature, as shown in the inset. This narrow

between multiple states of a single quantum system. In thi . ) Lo
paper, we investigate these sharp line spectra by resona ewidth allows for a more precise determination of the tem-

o - : perature dependence than is usuafhpssible in band-gap
excitation and by time resolving the PL. exciton PL. Also shown in the inset is the full width at half
maximum of this line, which increases by a factor of 2 dur-

[l. EXPERIMENTS ing the temperature range covere<{30 K). In Ref. 2, no

Two single-variant ordered GalnP samples used here pres_uch temperature broadening was resolved, and this absence
. . : X ' & of inhomogeneous broadening in the spectral lines was inter-
viously described in Ref. 1, were chosen for their large do-
main size,~0.5 um. Details of the metalorganic chemical
vapor depositiofMOCVD) growth are shown in Table I. To
obtain subwavelength spatial resolution, theul@i-thick ep-

ilayer was coated with an opaque aluminum mask that con-

Figure 1 shows the low temperature PL spectrum with cw
Xcitation at the band-gap exciton absorption. The macro-

TABLE |I. MOCVD growth parameters for the two samples
used. Both had a growth rate ofidm/h and a V/IlI ratio of 70.

tains 0.2um-diam holes. Individual holes were illuminated Growth GaAs . .

. Sample temperature substrate Orientation
by a cw tunable or a picosecond pulsed laser focused through
the window of a 4-K cryostat by a compensated objective. 1 690 °C Si doped 4°[111]g
PL was collected in the backscattering direction, dispersed in 2 680 °C Semi-insulating 6>[111]5

a double spectrometer, and detected with a Si detector array
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FIG. 1. (@) Macro-PL spectra cw excited at 1.908 ellh)
Micro-PL from the apertured sample area at lattice temperatures
from 3.9 K (larges} to 30 K (smallest. Curves are plotted on the
same origin, i.e.not displaced. Inset: the linewidth and peak po-
sition relative to the 3.9-K peak are plotted as a function of tem- g5 o (a) Sample 2 PLE(lower curves, displaced vertically
perature. detecting at three energiés B, and C in the PL spectrgupper

curve. PL was excited at the exciton peak, 1.9015 @y.Model of
preted as evidence for single quantum dots. The slight broadtiffusively coupled localized regions in ordered GalnP. The shapes
ening of Fig. 1 does not contradict this conclusion, since it isschematically represent localization sites of various possible geom-
due to acoustic phonon coupling to an isolated state, similagtries. Tunneling of the electron wave function is possible only
to an isolated impuriy rather than a thermal distribution between contiguous sites. SitdsB, andC each emit at ground-
within the line. Its intensity follows a temperature-dependentstate energies corresponding to the peaks in Fig. Zhe region
drop in quantum efficiency very similar to the LEB. labeled 1.8766 eV absorbs at this energy, and the generated excitons

Despite having an experimental spatial resolution smallegan transfer inta, B, or C.
than the typical domain size, we do not find apertures that
exhibit a single LEL peak; nor do we find multiline patterns possible corresponding absorption energy, which indicates
that repeat from one aperture to another. This may indicatgyat the sharp line originates from the recombination of a
energy levels that are strongly dependent on the individuaéim‘:ﬂe exciton bound to a single-defect site.
defect geometry or a high density of defects. The latter May At higher photon energies, several sharp absorption peaks
be expected from the bulk nature of the system. Un“keappear in Fig. 2). In some samples, these are found to be as

?r'?e %?,ihghggl r?;e I?I;cl)_wgrilgez Sf'rr:)%e g\g;'l?zlglﬁ)r;]s'3?%'2fectsnarrow as 0.1 meV, the resolution of the exciting laser. Their
’ . i . Spectral location corresponds, in some apertures and

throughout the 1Q:m-thick epilayer, and spectroscopic mea- - e 1o higher-enerav PL peaks while other PLE peaks

surements at these below-gap energies will penetrate into th Ples, 9 ay P P

epilayer. To further probe the nature of the LEL spectra, w ow no correlation with PL peaks. For example, the&t

use PLE spectroscopy to selectively excite possible “excitetj,i“,'Smatc,h between the PLE and PL pgaks at 1'876,6 e.V n
states” while looking for emission at selected Iower-energy':'g' 2(a) is repeatable and above experimental error, indicat-

LEL lines. ing that their proximity is probably accidental. Figure 3, in
contrast, is an example of an aperture where PLE lines very

) o closely overlap the LEL, as indicated by the dotted vertical
B. Photoluminescence excitation lines. Carriers excited at these higher-energy PL lines trans-
Figure 2a) shows the PLE results. The signal level andfer to lower states, e.g., from 1.9081 to 1.9053 eV, and the
spectrometer rejection allowed scanning to within 0.3 meVexcitation occurs at the PL energy to within our laser reso-
of the detection energy. Within this detection limit, no ab-lution. This spectrally coincident absorption and emission
sorption peak can be distinguished from the PL peak: i.eithout a measurable Stokes shift indicates that this transfer

emission energies have a Stokes skift.3 meV from any rate is comparable to the radiative rate.
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FIG. 4. Excitation-power-dependent PL spectra, exciting at
1.9015 eV. Curves are displaced vertically with increasing excita-
tion power from the lower to the upper curve.

Energy (eV)

FIG. 3. Sample 1 PLElower curves, displaced verticallyle-
tecting at two energie8 andB in the PL spectrdupper curve PL ) ) ] )
was excited at the exciton peak 1.927 eV. again found sharp PLE lines, but in this case, no common

excitation energies for different PL peaks and no cross exci-
Because our ensemble of sample apertures does not sh@ytion from one PL line to another. However, in this particu-
a pattern of common energies or common energies diffefay aperture, the saturation behavior of the LEL PL re-
ences, it cannot be determined whether the LEL's of Fig. 3emples. as previously noted in a cw measurerehg
are the ground and excited states of a single localized systefitiexciton emission of InAs/GaAs SAQD’s Figure 4

or in;tead multiple systems capablg of carrier tr.ansfer. Mu"s ows these intensity-dependent PL spectra. The first LEL
tiple independent systems are required to explain the data eak to appear, 1.8713 eV, saturates at higher power and

Fig. 2a). PLE was measured for detection at the three dif-, /0 |oses amplitude as other LEL peaks appear. Similar
fere_nt .PL pegks indicated with verncal_arrows. A COMMON oqits in Ref. 7 were attributed to emission from multiexci-
excitation 'S_ . found ~ at approxmatel_y 1.876 50 ton states where exchange energies result in different emis-
+0.00002 eV: i.e., all three detection energies are excitedjoy energies for each successive recombination. In particu-
by pumping here, as would be expected\f8, andC were |5 1he power dependence of the pair of lines labéleahd
ground' and excited states of a smgle QD. _quever, th'%’ in Fig. 4 strongly resembles the lowest-energy group of
model is not supported by the individual excitation CUVeS'Ref 7. which had a separation of 3.5 meV. Cross excitation

pea_kAdlsf notgx’zlte_d frlom exltzltatlpn EB% ar?d pe_aIB IS T(')tl from Ato A" would not be expected because of the exchange
excited fromC. A simple explanation of this using multiple o0y A key point in the identification of multiexcitonic

Iocali;ation sites is shown in I_:ig..(li) where spatially sepa- states, however, would be the time evolution of the PL.
rate sites border each other within the aperture. These shapggission from a particular state will not occur until the num-

are highly schematlc,' representing various poss@le Ilneber of electron-hole pairs decays to the appropriate upper
point, or plane defects in the CuPt ordering, and the interseGay el With saturating excitation and within one energy

tion between some shapes indicates that these pairs have Grrbup the lowest-energy line will reach a temporal maxi-
overlapping electron wave function resulting in the tunnelingmum ’first and higher-energy lines will have a delayed

of carriers. Here 1.8766 eV excitation is absorbed in the, o imum? Figure §a) shows time-resolved PL from the
central site, where excitons can then transfer within the rag )

o S . . wo lines of Fig. 4 using time-resolved single-photon count-
diative decay time into region&, B, andC that emit at the g g gieb

energies shown in Fig.(2). No tran_sfe_r is possible_z between Qﬁer\g;}r;inael iesxggsétr;otno gigiltgogfpg\;ﬁgf .thzhgv:é?-girergy

A, B, andC, hence no cross excitation is possible among,e "o+ in qualitative agreement with the multiexciton

them. A similar phenomenon has long been observed for thﬁ]odel

excitation transfer among different spatially random distrib- ’

uted impurity sites, for instance, in nitrogen-doped &aP,

where an energy transfer was observed for an impurity- D. Decay rates

center concentration comparable to that of the defect concen- The LEB emission has been previously time resofved

tration in these ordered samples. This type of energy transfe{nd found to be nonexponential with decay times that depend

ha.S been intenSive|y Studied fOI‘ many 2D diStributed System§trong|y on excitation power and detection energy_ For Very

(e.g., in quantum wells with lateral fluctuations and quantumgyy excitation density, decay times of 16-10"3 sec have

dots, as well as some 3D systems involving impurities.  peen reported, and this has motivated spatially indirect mod-

els for the origin of the LEB PL. This same evidence was

applied to the LEL PL in the calculation of a spatially indi-
As noted above, the LEL behavior varies with spatial lo-rect “sequence mutation” quantum dot that explains long-

cation across even the same sample. In a third aperture, Wiéetime sharp-line PL®> However, until now, no time-

C. Saturation and time-resolved PL
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LEL single-line absorption that is 16 that of the exciton
peak. This surprisingly strong absorption points to a direct
transition, a large dipole matrix element, and a rapid radia-
tive recombination rate. Thus the short decay times of Fig.
5(b) become significant because theymlut support a model

of spatially indirect quantum dots as in Ref. 3.

In comparing our LEB decay with the published longer
lifetimes, difficulties arise from the nonexponential decay
and the very strong dependence on power and detection en-
ergy, as well as variations in sample quality. If we limit our
discussion to modern samples with well-resolved excitonic
PLE peaks such as Ref. 8, it can be seen from that data that
ms lifetimes occur only in the lowest-energy tail states of the
LEB, and in contrast, the &/decay time at the spectral peak
is <1 us. The samples used in this present work are even
faster; by measuring a sample from Ref. 8, we find that under
identical excitation conditions of 13 J/cnf, our sample 2
had more than an order of magnitude faster decay. The na-
ture of LEB may be very different for different growth fa-
cilities.

Our measured LEL characteristics are consistent with
other works; however, the specific crystal faults that result in

0 10 20 30 40 the strong exciton localization may differ. Antiphase bound-
Time (nsec) aries were found to be correlated with LEL in Ref. 2; how-
ever, the present two samples and others similarly grown do
FIG. 5. (a) Normalized time-resolved PL at two LEL peaks of not show this correlation. Other proposed localization

Fig. 4.(b) Logarithmic plot of the PL decay at the ground-state peakmechanisms are the sequence mutafioresd edge
and at the LE band. dislocations'!

7 MHz

resolved measurement has been made on the LEL PL as
distinct from the LEB PL. In fact, Ref. 2 has emphasized the
different nature of the two emissions as demonstrated by
magneto-PL. This raises the question of their possible tem- In summary, we have found sharp absorption lines in the
poral differences. low-energy spectral region of ordered GalnP, both coincident
Figure §b) shows a time-resolved comparison betweenand noncoincident with the LEL PL lines, with some systems
the 1.8714-eV PL line and a similar bandwidth of the nearbyshowing quantum dot behavior. There is an apparent similar-
LEB continuum. The results are strongly nonexponential andty between the two LEL and LEB signals in their time decay
show that the LEL has an initial decay in 1 ns and a longeand temperature dependence. However, the similarity is out-
signal extending to tens of ns. The smaller curve shows theveighed by other differences: the magneto-PL in Ref. 2,
decay of the LEB band and is very similar to the LEL. Otherthe saturation behavior of Fig. 4, and the complete absence
PL lines and other apertures showed similar results, wittof PLE from the LEB band. In no case could we find absorp-
LEL initial decay times up to a few ns and LEB initial decay tion between the discrete PLE peaks of Figs. 2 and 3. We

V. SUMMARY

times within a factor of 2 of the LEL. therefore conclude thdtl) the LEB and LEL signals origi-
nate from different sources aif@) the origins of the LEL are
IV. DISCUSSION likely sample(growth) dependent, and this will have conse-

. , quences for any attempt to give a unified théofyr the

The very efficient luminescence at low temperature sugpe|ow-gap transitions in ordered GalnP. The implications of
gests that the bound exciton decay is primarily radiative. Injs study go beyond understanding the controversial origin
the temperature dependence of Fifh)1the general increase of the pelow-band-gap emission in ordered GalnP. In fact, it
of PL at lower temperatures results from the freezind%oft g hplies us with a model system for investigating the inter-
nonradiative recombination channelg. This reduction of  gefect-site energy transfer in a 3D system.
v, Saturates at 10 K, and below that, only temperature-
independent nonradiative channels are possible. Further evi-
dence of the radiative decay is seen in the PLE. The PL
magnitude obtained by directly exciting a strong LEL line
and emitting at a small number of PL lines is nearly equal to We would like to thank H. M. Cheong for discussions, C.
that generated at the same energies by pumping at the exdramer for growth of samples, and P. Ernst and C. Geng for
ton absorption. Accounting for the fraction of total exciton- use of their sample. This was supported by the U.S. Depart-
pumped PL emitted by the LEL line gives an estimate for thement of Energy under Contract No. DE-AC36-99G010337.
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