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Magnetophotoluminescence of quantum confined states in ordered Ga,_,P
with 200 nanometer resolution
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We observe the diamagnetic shift and Zeeman splitting of ultra-sharp photoluminescence lines which appear
in an ordered-GalnP epilayer using a micro-photoluminescence technique in fields up to 5 T. These transitions
show many signatures of a fully quantum-confined state, however, a detailed description of the origin of these
states is not known. Under a magnetic field, these states show behavior similar to other 11I-V quantum dot
systems, with large variations in diamagnetic shift and exaditdector. By noting their variation with energy,
one can make inferences about possible confinement geometries. These results are compared to previous work.
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Spontaneous Cugtype ordering in the ternary alloy selectivity was achieved with a linear polarizer and a quarter-
Galn;_,P has been intensively studied over the past decadeave plate. The continuous wave excitation=532 nm)
(for a review see Ref.)1Upon ordering, a broad below-gap power was held constant &t0.04 wW for all measurements
emission band appears at 30—40 meV below the band-edgmless otherwise stated.
excitonic peak in photoluminescen@el) spectra. Decreas- As mentioned in Ref. 2, the number of sharp lines which
ing the probed volume with microphotoluminescence techappear within a single aperture varies widely between zero
nigues, ultrasharp lines showing signatures of quantum corand more than ten, a broad band emission is also observed in
finement have been observed in thisulk) material®®  every aperture at sufficiently high powers. Selected apertures
Growth instabilities, such as spontaneous ordering and conat lower powers show well-resolved sharp PL lines with line-
position modulation have potential for synthesizing highwidths between 0.5 meV and less than 106V. In previous
density arrays of quantum confined states in thin epitaxiabtudies of this and other similarly prepared samples, these
films. Important to both the fundamental understanding oflines typically show minimal thermal broadening and mul-
the electronic properties of the material and any possiblé¢iple energetically narrow absorption pedisoth signatures
technological applications, is a better understanding of thef quantum confinement. In the magneto-PL measurements
origin and properties of these transitions. that will be discussed here, the diamagnetic shifts for these

We present here a microphotoluminescence study of thedimes are significantly less than J5eV/T? measured for the
energetically narrow transitions in an orderedJ@a_,P ep-  bulk band-edge excitonic statggjiving further evidence of
ilayer under varying magnetic fields. The magneto-opticalguantum confinement. However, no clear evidence for ex-
behavior of these lines appear to follow well-known quan-cited state emission was found in the study of Ref. 8. Rather,
tum dot modelé:® However, a model of the microscopic a model of spatially neighboring confined states coupled via
origin of these states requires a detailed knowledge of theiiunneling was proposed to explain the randomly correlated
microstructure, which is complicated by the presence of al{uncorrelatefl absorption and emission spectra. This model
loy fluctuations and the ordering-induced anisotropy in thesés also supported by resonantly excited time-resolved PL
materials® By surveying the magneto-optical properties of measurements, which show evidence of exciton transfer be-
these transitions, one can place constraints on their originween sharp-line states on timescales~d&00 ps? In light
We observe variations in the diamagnetic shift and Zeemanf these facts, this study concentrates on select apertures
splitting both for select lines which appear within a singlewhich exhibit well-resolved energetically narrow PL lines
aperture and from one aperture to the next. By noting thend examines their behavior under an applied magnetic field.
variation of these parameters with energy, inferences about Figure 1 shows the high-resolution low-temperature PL
possible confinement geometries can be made. These obsepectra collected from a single apertureBat0 (solid line)
vations have important implications for any theory describ-andB=5 T (dashed ling The narrowest linewidths in these
ing the origin of these states. spectra are less than 1@(V and approach the resolution

The sample studied was a 10 thick partially-ordered limit of the system. The spectraBt&5 T exhibits a positive
Gay 5Jdng 4P epilayer(order parameter;~0.42) grown on a  diamagnetic shift and Zeeman splitting for all peaks. This is
semi-insulating GaAs substrate miscut 6° towaid 1]z . typical of all the sharp lines observed whose linewidth was
This sample was patterned with an array of 200-nm aperturdess than the observed splitting, typically less than 4@y
in an otherwise opaque aluminum mask. All measurement$his splitting is more clearly observed by selecting out the
were made at low temperaturésominally 4.2 K in a con-  right and left circularly polarized components of the emis-
tinuous flow cold-finger microscope cryostat equipped with asion, as shown in Fig. 2designated ag™ and o~ in the
5 T superconducting magnéfThe photoluminescence was figure). This behavior is repeated for all such lines observed
dispersed by a 0.32 m single-grating spectromé®f00 in every aperture examined, and is similar to what has been
lines/mm onto a CCD array detector. Circular polarization observed in 11I-V quantum dot systems, for instance, quan-
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FIG. 1. Spectra aB=0 and 5 T of ultrasharp PL lines isolated Ssnet?nzn splitting; dashed line:" peak position plus linear Zeeman

to 200-nm aperture. 5 T specttdashed line, offset vertically for

clarity) clearly shows Zeeman splitting and diamagnetic shift.
spliting™® AEXeoma=* 9% ugB are predicted, where,

tum dots formed by monolayer thickness fluctuations in narpe, pn, Me, M, are the electron charge, the radial extent,

row GaAs/AlGaAs quantum welf€. and effective mass of the electréinole) wavefunctionsg*

Such systems are often modeled by strong vertical conis the exciton effectivey factor andug is the Bohr magne-
finement and weaker lateral confinement. Under these condion. From the expression for the diamagnetic shift, one ex-
tions, the magnetic field dependence of electrons or holes ipects a decrease in the diamagnetic shift for increasing quan-
a quantum dot can be cast in the form of a two-dimensionalum confinement or decreasing dot size. According to Ref.
(2D) harmonic oscillator in the presence of a perpendiculad3, a strong increase iig* | and hence the Zeeman splitting
magnetic fiel®!' General treatments of semiconductor is also expected for decreasing dot size.
nanostructures with this symmetry show that for strongly A similar microstructure has been proposed as the origin
confined heavy-hole excitons, a diamagnetic $hiéif the  of the sharp lines studied here, namely, an isolated In-rich
form AEZ,,=(e%8)[(p2)/me+(p2)/m,]B2 and Zeeman double layer embedded in an ordered-GalnP mattixThis
proposed microstructure may appear at the antiphase bound-
aries (APB’s) of an ordered GalnP alloy, if the APB is
aligned perpendicular to the ordering direction and is of the
In-rich variety. It should be noted, however, that the orienta-
tion and composition of the APB’s in ordered GalnP can vary
widely. Within the context of this model, this type of APB
would form an ultranarrow quantum well, oriented perpen-
dicular to[111]z. Lateral confinement would be provided
by alloy fluctuations within the layer, forming so-called
quantum discs. The magnetic field behavior of quantum con-
fined states in this system has not been investigated theoreti-
cally, and therefore quantitative comparisons to theory can-
not be made. However, we do not expect the effects of
confinement on the magneto-optical behavior to be qualita-
tively different from other, well-studied 1ll-V quantum dot
systems.

The energetic peak position versus magnetic field for the
doublet shown on the right-hand side of Fig. 2 is plotted in
Fig. 3, fit to a quadratic diamagnetic shift combined with a
: P ) linear Zeeman splitting. This fitting procedure was used for
SR =2 . the select, sharp-line PL lines labelad-e in Fig. 4. The

1.870 Ene1r.98y7%eV) 1.874 derived values of the Zeeman splittitgffective g facton
and diamagnetic shift are shown in Figgasand 8b). Ex-

FIG. 2. Spin-polarized PL at varying magnetic figlo—5 T). amining Fig. %a), an initial increase in excitog factor is
Plots normalized and offset for clarity, solid line", dashed observed with increasing energy for peaks labeled. As
line o~ the confinement energy should increase with decreasing dot
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size, this trend is consistent with the results of Ref. 13. At_;?
higher energiegpeaks labeled—e), this trend is reversed. &
In Fig. 5b), a decrease in the diamagnetic shift is observed® |
for peaks labeled—c. Again, consistent with the above dis- g | E]] |
cussion and increasing confinement energy or decreasing d(§ I
size. However, this trend is also reversed at higher energie
(peaks labeled—e).
If the energy of the localized state is increased by decreas
. A . . 0 1 L
ing the localization length, the behaviors of peaksc are 1.8700 18733 18767 1.8800
explained in terms of increased confinement. If the energy of(b) Energy (eV)

the localized state is increased by raising the band-gap of the - .

material within the confined voluméue to alloy fluctua- FIG. 5. () Zeeman coefficient and apparent excigpfactor and
. . . (b) diamagnetic shift, for select lines—e shown in Fig. 4.
tions), the effects of confinement are decreased, reversing the

trend. As the sample is only partially ordered, both effectsnent has never been done, no strong evidence of any pre-
should be observable. The fact that the Zeeman splitting anférred orientation of the confinement potential of these states
diamagnetic shifts for sharp lines with nearly the same engxists.
ergy but located in different apertures varied by up to a factor Biexciton and multiexciton intensity dependence of sharp
of two further supports this explanation. An alternate expladine states in ordered GalnP have been reported by previous
nation is that the confinement potential is anisotropic, butwuthors>® In light of this, it is reasonable to ask if excited
oriented randomly. In that case, the observed diamagnetistate or multiexciton effects can account for the variations in
shift and Zeeman splitting would depend on the orientatiormagneto-optical properties discussed above. Figure 6 shows
of the anisotropic confined volume. the low-temperature photoluminescence spectra collected
The spectrum of diamagnetic shifts reported here rangeom a single aperture at varying excitation power, each
from 6 to 12,.eV/T?, this nearly spans the range of diamag- SPectrum i.s normalized to its own peak intensity. At the
netic shifts forB||(111) andB.L (111) (4—11ueV/T?) for  |Owest-excitation power, three sharp lines appeledb,
sampleB reported in Ref. 3. This anisotropy with respect to ¢, andd). As the power |s_|ncreased, new lines appgar
the ordering direction was cited as evidence to support thb6|ed 3 € andf .W'th yerucal dashed I|n_es through each
) §eal§. The peak intensity of these new lines show a weak
qgantum-dlsc madel. We report only measurements mad uperlinear power dependence. Lireand c increase sub-
with B || (001), thus our values should fall between the val-;

, L : nearly, while lined increases linearly. Further increases in
ues in Ref. 3. The multiplicative effect of the effective masspower result in the sharp lines being overcome by the over-

anisotropy, which gives a ratio of roughly 1.6 forp  |apping broad band emission. A nonlinear power dependence
~0.42, would easily extend the range of our measurementgan be interpreted as evidence that excited state or multiex-
to encompass the range reported in Ref. 3. Thus it would bgiton states are being populated. However, it is also consis-
necessary to measure the anisotropy forgame transition  tent with the intersite exciton transfer previously mentioned
in order to attribute any anisotropy due to a preferred orienand discussed below.

tation of the confinement potential. As this type of measure- As was stated earlier, the PLE measurements in this
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anomalous magnetic field behavior, however. All show posi-
tive diamagnetic shift and Zeeman splittings. The magnetic
field behavior of the biexciton is expected to follow the ex-
citon, as the biexciton state is a spin singlet which decays
into the spin-split exciton stafé. The magnetic field behav-

ior of multiexciton states in a quantum dot, to our knowl-
edge, are not well characterized. The preceding arguments
suggest that the existence or nonexistence of these types of
emission should not be important in the context of this dis-
cussion. The previously mentioned fact that large variations
in both diamagnetic shift ang factor for transitions of simi-

lar energy, but located in different apertures, further confirms
this assertion.

We examined the effect of an externally applied magnetic
field on the micro photoluminescence of quantum confined
sharp-line states in ordered GalnP. These transitions exhibit
magneto-optic behavior similar to other well-studied I11-V
quantum dot systems. A large variation in both the diamag-
netic shift and Zeeman splitting was observed, both for select
\ lines which appear in a single 200-nm aperture, and for lines
1.860 1868 1877 1885 of s_|m_|lar energy but appearing in Q|ﬁerent apertures_. Thgse

Energy (eV) variations are likely due to a combination of fluctuations in
alloy composition within the confined volume and variations

FIG. 6. Series of normalized spectra at varying excitation poweln confinement geometry_ The dispersion of diamagnetic
(2.1-33.6 nW. shifts for B||(001) are comparable to those reported for

BL(111) andBJ|(111), and therefore weaken previous as-
sample failed to find systematic evidence for excited stat@ertions regarding anisotropy of the confinement potential
emission, and proposed a model of multiple spatially neightegistered to the ordering direction (1)L In light of these
boring localized states coupled via intersite tunnefii@uch  ¢;cis there is little evidence to support the notion that these

coupling would inhibit excited state emission. In the GaAs/gi4ta5 are associated with guantum-discs formed at the an-
AlGaAs quantum dot system of Heller and Bockelmafin, tiphase boundaries in this material, as proposed by previous

both thg diamagnetic shift and Zeeman splitting of eXCitedauthors, and suggest that any new modigheed not be tied
states differ strongly from those of the ground state, wherg, ihis geometry andii) should incorporate the effects of
both undergo a sign change. Though this likely depends of,ase variations.

the details of the particular system, we observe only positive

diamagnetic shifts and no sign reversal of Zeeman splittings. This work was supported by the US-DOE Office of Sci-
Line a of Fig. 6 appears similar to a biexciton, lineand  ence, Material Science Division, Contract No. DE-AC36-

f resemble excited state emission. These lines show n83CH10093.
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