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Fine structure of trions and excitons in single GaAs quantum dots
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Trions and excitons, localized laterally in quantum-dot-like potentials in GaAs quantum wells, were studied
by magnetophotoluminescence spectroscopy as a function of magnetic field strength and orientation. Single-
trion spectroscopy was demonstrated using high spatial resolution. We present a comparative study of the fine
structure of single localized excitons and trions.
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Although the negatively charged trion in semiconductorsment with previous reports. With decreasing well width
was originally predicted in 1958 by Lampérg proper iden-  this splitting increases to 3 meV at 2.8 nm, as shown in the
tification of theX ~ was not achieved until the early 1990s in inset to Fig. 1. For all well widths the trion peaks disappear
remotely doped high-quality —quantum-well (Qw)  quickly with increasing temperatur@otted-line spectrupm
structure2* Since then, extensive work has been carried_At the same time well-resolved monolayer splittings develop

out on the two-dimensiona(2D) X~ in wide quantum N both the exciton and trion peaks. These _monolayer split-
wells2-2° and more recently on the OB~ in QD's ! In tings, which grow at a much fastgr rate, provide a measure of
many of these studies a recurrent and sometimes controve}lhe lateral confinemertt.As seen in the inset ;he Iat_era} con-
inement becomes much larger than the trion “binding en-
rgy” and the trions become laterally confined in QDs in
ufficiently narrow quantum wells. Although the qualitative

behavior of the binding energy as a function of well width

localized and their spectra broadened by potenl%igl fluctuay rees with theoretical predictiofi€® the binding energy for
tions generated by the ionized donors in the barf€rdn-  the narrowest quantum well is at least twice the predicted
other source of localizatidris provided by interface fluctua- ygjue’~8 As pointed out by Riveet al.’ this discrepancy is

tions, which are known to play an important role in the jikely due to the lateral confinement of tie” andX, which
localization of excitons(X’s).'> Here we demonstrate the affects the Coulomb interactions.

complete quantum confinementof a trion by using Associated with the large increase in lateral confinement
monolayer-high islands at the interfaces of narrow quantunis a rapid increase in linewidth for both the exciton and trion
wells to confine trions in three-dimensional QD-like poten-ensembles. This inhomogeneous spread in the trion energies
tials. This allows us to apply the methodology of single QD allows us to spectrally resolve individual trions and excitons
spectroscopy to probe individual trions. In so doing we idenysing high spatial resolution.

tify distinctive signatures in the fine structure of their |n the rest of the paper we present a detailed magneto-PL

magneto-optical spectra. The latter provides a characterizatudy of a single representative trion in the 2.8-nm quantum
tion and understanding of the singlet state of the trion tran-

sition. X 0.7 um

The samples utilized in these studies were grown by mo- X" gk Tperure E =1.6886
lecular beam epitaxy on semi-insulating G&£@0) sub- 2.8nm
strates. The structure consists of five quantum wells of dif-
ferent well widths(nominally 2.8, 4.2, 6.2, 8.4, and 14.0 hm
surrounded by 40-nm AkGa, ,As barriers. The quantum
wells were grown with two-minute growth interrupts at the
interfaces to allow large monolayer-high islands to
develop!? We incorporated electrons in each of the quantum
wells by silicon doping 3 nm of the barriers 10 nm above the
top well/barrier interface. Ensemble and single QD photolu-
minescencdPL) were excited with an argon laser at 514.5
nm and detected with a triple spectrometer and a charged-

sial question keeps popping up: how localized are the exci-
tonic states and how does confinement affect the Coulom
interaction®’ It has been suggested that the XDs may be
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coupled device detector in a split-coil superconducting mag- E,=15356  044———

. , . ¢ 5 10 15
net. Individual QD’s were excited and detected through sub- 14.1nm L, (m]
micron diameter apertures in an aluminum shadow mask 5 0 5 10 15 20

patterned on the sample surfd@e.

Figure 1 shows typical ensemble PL spectra of excitons
and trions for four modulation-doped GaAs quantum wells  F|G. 1. Ensemble PL spectra for several quantum well widths
with different widths (,). The widest well(14 nm shows  and one spectrum through a Qufa-diameter aperture. Inset: well
two well-resolved peaks identified in earlier work as the ex-width dependence of the binding energy of the trion and monolayer
citon and trion with a separation of 1.2 meV, in good agree-splittings.

E-E, [meV]
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FIG. 2. Single dot ma_gneto-PL in tie) Faraday geometry, and FIG. 3. The dependence on polar angi of the dark(solid
(b) atB=6T as a funct_lon of the polar angl@). A comparison  qymnoig and bright-relatedopen symbolstransitions for the(a)
between the spectra @=5 and 30 K reveals the absence of the trion singlet (X;) and (b) exciton (X) at 6.0 T.(c) Fine structure

Xs - The redshi_ft of the exciton & =30 K arises from a decrease parameter §,) for the exciton(open symbolsand trion(solid sym-
in band gap at increased temperature. Upw@alvnward arrows bols).

indicate the brightdark) related transitions.

well through a 0.7em aperture. Shown in Fig.(8 are PL  Xg show two dark and two bright-related transitions with
spectra obtained in the Faraday geométe, magnetic field distinctive signatures. These transitions are indicated with
along thez axis and perpendicular to the quantum-well upward arrows for the bright-related transitions, while down-
plane at several field strengths. As can be seen from thisvard arrows indicate dark-related transitions. A summary
figure, in the absence of a magnetic field the PL spectra arglot for the X and X fine structure as a function of is
characterized by two predominant transitions that we identifyplotted in Figs. 8 and 3b), respectively, after subtracting
as exciton(X) and trion singlet X;) recombination transi- the diamagnetic shift. Open symbols are the bright-related
tions from the lower monolayer. As the temperature is in-transitions while solid symbols indicate the dark-related tran-
creased several lines rapidly decrease in intensity. By 30 Isitions.
all lines related to the trion disappear as shown in Fig) 2 In order to understand this behavior it is necessary to
(dotted-line spectrum This effect is due to the ionization of explore the spin states of tieand X~ in a QD as a function
one of the electrons from the three-particle trion systempf magnetic fieldFig. 4). Both entitiesX andX™ are formed
which is consistent with previous results on the XD.>~® by electrons §,=+1/2) and heavy holes J{=+3/2)
With the field applied along the axis, all lines split into  strongly confined by the QW in the direction and weakly
doublets with similarg factors. confined in the lateral direction by interface fluctuations. The
Figure Zb) shows PL from the same aperture at a constanX is formed by one electron and one heavy hole; as a result,
field of 6.0 T at several polar anglé), defined as the angle four states can be formed which are characterized by their
between thez-direction and the magnetic fieldFig. 2(b), angular momentum projectiorisl). The degeneracy of these
insef. When the magnetic field is applied in the quantumfour levels (M= =1),|M = %= 2)), which recombine into the
well (x-y) plane(#=90°, Voigt geometry, both transitions, vacuum state|Q)=|M =0)), is broken even at zero mag-
X andX exhibit quite different behaviors. In the case of the netic field due to the exchange energié%, o,, and
X, the so-called dark-related transitingrow at lower en-  84).>7*20n the other hand th¥~ is formed by two elec-
ergy as the magnetic field is increadéd*This is clearly not  trons and a hole, and therefore eight states can be formed.
the case for th&Xg , which does not exhibit a well-resolved Two of these states are the so-called singlet stajtg )(
lower-energy transitiofs). Furthermore, for other polar =|M==*=3/2)) where both electrons are in the lowest con-
angles[see, for example, data at 45° in Figb®, theX and  fined state of the QD, and their spins are opposite to each
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Faraday Voigt Farad Vit Xg transitions as a function of the polar ang® at a con-
araday 9 stant magnetic fieldB) [Figs. 3a) and 3b)]. The Hamil-

S — T~ 34 . : .
< S.Y tonian for the exciton can be written as

LEEI | chad b 5B
9: / HX=—O&§&Z+—M2 (ge-5°+g"- "), )

where the first term is due to the exchange and the second to
the Zeeman interactiolt=° In this expressionug is the

i g° Bohr magneton andr; are the Pauli spin matrices. The
i g° 3 g-factor tensor §) has only diagonal terms in the reference
Yy . : 05:1'/— - —\\ coordinate system given by the symmetry axes of the QD, in
<e | ——---- our case the crystal axi®©01], [110], and[110].13* The
<0 | B 0 B 0 heavy hole is treated as a pseudospin using Pauli spin matri-
—r— e -———

ces with +3/2— 7 1/21" We have neglected the other ex-

FIG. 4. Schematics of the excited and ground states involved ifhange termsdy, 6q) h%re because they are smaller than the
the exciton(X) and trion singlet X7 ) transitions studied as a func- linéwidths for this QD'

tion of magnetic field strengtiB) in the Faraday geometryé( In the case of th&g , the Hamiltonian can be written as
=0), and as a function of orientatig) at constanB. The solid hh .

arrows indicate bright-related transitions while the dotted arrows o usB ~n_HeB gz "cosf gx siné

. . - e —_ = —— . U y
indicate dark-related transitions. Xg 2 g 2 gx sing — grzwh cosé

2
other. Because of the pairing of these electrons no exchange . . o hh
energies are present for the singlet state. The other six stat%_‘é Is the heavy-holg factor n .thez. direction, andg,
(triplet states,X;) require an electron in a higher energy esri]riﬁ;ﬁ_h?:% ;?ﬁ;ﬁ;gt;ha);gq'ﬁ?gg;? is
spatially confined state in the QD, and therefore located at Y.
much higher energy and not affecting the singlet states. Once B B
the trion recombines, a single electron is left behimel) ( Ho= 'MB -ge- ae:’ui
=|M==1/2)). 2
The X is fourfold degenerate, and its field dependence i
determined by the exchange energies gnfhctors of the
heavy hole and electrdri, **while theXg is a doublet given
only by theg factor of the heavy hole. Similarly, the final
state of theX transition is unique and field independent,
while the final state of theXg transition is a doublet and
depends only on thg factor of the electror(e). Once we (Exg ’Ex;):
consider all these states, it is easy to see that both entities
will have four possible recombination channels as shown in b _ B AR R
Fig. 4. If we consider the optical selection rule§N1 =0, Exs—_—T(\/(gz €os6)“+(gy sind)
+1), we observe that in the Faraday geoméamd in the
absence of a magnetic fi¢lhoth X and X5 have two al- — (g5 cost)?+(g; sin6)?) (4a)
lowed transitiongsolid lineg and two forbidden transitions
(dotted lineg. In any other caséncluding the Voigt geom-
etry), the initial and final states are mixtures |M) states,
allowing all four transitions to be observed for both entities.

gscosf  ggsind
ggsind —gscosd)’ (

%Nhereg;' is theg-factor of the electron in the direction and

gs is the electron in-plang factor. After diagonalizing both
matrices and taking all possible differences between the dif-
ferent eigenvalues, we obtain the expression for X
bright-related and dark-related transition energies

d B -
Ey-= iT(\/(g'Z‘hcose)va(thsm 6)2

S

In the Faraday and Voigt geometries, the expectdactors + J(gg cosh)?+(gssinh)?) (4b)
for the X and X5 are the same for both the brigallowed

The main difference between theandXg fine structure ~ data using expressiortda) and (4b) in the case oiXg and
is the absence of exchange energy in the cas&ofFor the  USing Eq.(1) for X. The values utilized in the fitting of the
X we find thats, is approximately constant for a given well Xs data were g7= (0 20-0.05), gz=(0.2x0.1),
width: &, is dominated by the QW width and the particular =(—1.85=0.05), andgy"=(0.0+0.1). In the case of thﬁ
lateral size and shape of the QD has little effect. Thereforethe parameters obtained weré (157+9) weV, g7
the absence of a lower energy transit®rin the Voigt ge- =(0.20+0.05), g5=(0.2+0.1), g h=(-2.00+0.05), and
ometry[Fig. 2b)] is a clear identification oK , and con-  g"=(0.0+0.1). The absence of exchange splitting ¥of
firms our initial assignment made on the basis of its temperabecomes evident when plotting the difference between the
ture dependence and binding energy. average of the dark-related states and the average of the
With this model it is possible to fit the measur¥dand  bright-related states. This is shown in Figci3for the case
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of X (open symbolsandXg (solid symbolg for several val-  work over the last decade on the physics of trions in wider
ues ofé. We find thatd, is large and independent éffor the  quantum well$*° and the more recent studies of charged
exciton, and approximately zero, within our experimental erexcitons in self-assembled QBsThe rich single-dot mag-
ror, for the Xg transition. From these fittings we observed netophotoluminescence spectra obtained for bottXthend
that theg factors of both excitons and trions are the sameX provide detailed information on the internal structure of
which indicates that thg-factor corrections due to electron- these entities. Specifically, in a comparison of the fine struc-
electron interaction are negligible. ture of the localized exciton and trion we found that the
We also note that there is a set of transitions at energiefactors are very similar, however, the exchange splitting, ob-
higher thanX that behave like trions from their temperature served in the case the exciton, goes to zero for the trion, as
dependencgFig. 28)]. These transitions are below the first gypected. The observation of all four transitionsXgr dem-
PL excitation resonance 0f by ~1.3 meV. However, their  ongirate the capability of mixing bright and dark related tran-
exchange energies, as measured in the Voigt geometry, aigions, which is a prerequisite for optically controlling the
two-thirds that of the exciton, and thus they behave nelthegpin state of the electron via the triéhFurthermore, the
like an exciton nor like the trion singlet. We tentatively at- extremely sharp linewidths combined with the highly selec-
tribute these transitions to triplet states, but further experitjye excitation and detection that is possible in single trion
ments are necessary for a full identificgtion. This assignmergpectroscopy open up the opportunity for wavefunction en-
is complicated by the fact that the triplet states should bgjineering of a single electronic spin, similar to what has been
associated with excited QD states, which vary strongly fromyjone with excitong? but now with a long-lived ground-state

dot to dot. ~ coherence.
To conclude, we have been able to study the evolution of

the X~ from the quantum well into the QD regime, in which ~ This work was supported in part by the ONR and by the
lateral potential steps with magnitudes up to tens of me\VDARPA/Spins program. J.G.T. is a NRC/NRL Research As-
lead to quantum confinement of the trion. This system andociate. We thank V. Korenev, I. Merkulov, A. Efros, D.
this study provide an interesting point of contact between thé&teel, and L. Sham for enlightening discussions.
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