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A n excit on conÙned w it hin a quantu m dot act s as a tw o-level quan-
tum system , and is one of the most promisin g candidates for quantum com-
puting and quantum inf ormation pro cessing. T he real- space optical pro b-
ing of the quantum eigenstates in a single quantum dot and coupled quan-

tum dots should b e develop ed tow ard the reali zati on of quantum photonic
devices, where their w ave functions are dynamica ll y controlled by coher-
ent optical techniques. H ere w e apply near- Ùeld photolumin escence imag-

ing spectroscopy w ith a high spatial resolution of 30 nm to map out the
centre- of-mass w ave function of an exciton conÙned in a GaA s quantum
dot. T he spatial proÙle of the exciton emission, which reÛects the shap e of
a monolayer- high island , di˜ers from that of biexcito n emission , due to dif -

ferent distrib utio ns of the polariza tion Ùeld for the exciton and biexcito n
recombinations.
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1. I n t rod uct io n

An exci to n in a natura l ly form ed quantum dot (QD ) (a m onolayer-high is-
land f orm ed in a narro w quantum well (Q W ) [1{ 6]), whi ch exhi bi ts long dura ti on
of coherence at low temperature [5] and a large di pole mom ent [6], pro vi des us
wi th l ight- contro llable quantum bi ts. These characteri stics of an excito n quantum
system in a QD ha ve been m easured by m aki ng ful l use of preci se opti cal spec-
tro scopy in both the frequency and ti me dom ains wi th a subwavel ength spati al res-
oluti on to address a single QD . However, to impro ve such param eters as coherence
ti m e and dipole m oment, accurate inform ati on on the wa ve functi on for indi vi d-
ual QD s is of great importa nce. In addi ti on, in the study of coupled-QD s system s
as mul ti- quantum bi ts, in whi ch i t is di£ cul t to predi ct the exact wa ve functi on
wi thi n theoreti cal frameworks, an opti cal spectroscopic techni que for pro bing the
wa ve functi on i tsel f shoul d be devel oped. Using opti cal m icroscopy to achieve a
spati al resoluti on in the range of 10{ 30 nm , whi ch is smal ler tha n the typi cal
size of QD s, local pro bing al lows di rect mappi ng of the real space di stri buti on of
the quantum eigenstate (wa ve functi on) wi thi n a QD , as predi cted by theoreti cal
studi es [7, 8].

Here we report photo lum inescence (PL) im aging spectroscopy of a GaAs
QD , by near-Ùeld scanni ng opti cal m icro scope (NSO M) wi th a spati al resoluti on
of 30 nm . Thi s unprecedented hi gh spati a l resoluti on relati ve to the size of the
QD , whi ch is drasti cal ly im pro ved in com parison wi th a typi cal spati al resoluti on
of 100{ 200 nm in previ ous measurements [9{ 12], is expected to perm i t a real -space
m appi ng of the centre-of-mass wave functi on of an exci to n conÙned in the QD . For
the ta rget of the im aging spectroscopy , we prepared a 5 nm thi ck GaAs QW , sand-
wi ched between layers of Al (G a)As grown by m olecular-beam epita xy. Two -minute
interrupti ons of the growth pro cess at both interf aces pro m ote the form ati on of
natura l QD s [1{ 6]. The narro w GaAs QW layer was covered wi th a thi n barri er
and a cap layer of tota l ly 20 nm , al lows the near-Ùeld ti p to be close enough to
the emission source. The cri ti cal element in the high-resoluti on NSOM m easure-
m ent was an opti cal Ùbre probe, whi ch wa s fabri cated by chemical etchi ng wi th
a hydro Ûuori c aci d soluti on [13, 14]. The opti cal Ùbre probe wi th a 20 nm clear
aperture wa s prepared. A spati al resoluti on as hi gh as 30 nm has been demon-
stra ted by low temperature PL im aging of self-assembled InAs QD s wi th a 30 nm
aperture probe [13].

2 . Ex p er i m ent a l r esu l t

W e show near-Ùeld PL spectra of a single QD at 9 K at exci ta ti on powers
ranging from 0.17 to 3 : 8 ñ W in Fi g. 1a. The emission l ines (denoted by X and X Ê )
at 1.6088 and 1.6104 eV are observed. W i th an increase in exci ta ti on power, an-
other emission l ine appears at 1.6057 eV (denoted by X X ). In order to clari fy
the ori gin of these emissions, we show exci ta ti on power dependence of PL intensi -



Real-Space Mappi ng of Exci ton Wa ve Funct ions . . . 283

Fig. 1. (a) N ear- Ùeld PL spectra of a single QD at 9 K . T he sample was non- resonantly

excited w ith H e{N e laser light ( Ñ = 633 nm) and the resultant PL signal was collected

via the same aperture. T he PL p eaks at 1.6088, 1.6057, and 1.6104 eV are denoted by

X , X X and X
Ê . (b) Excitation p ower dependence of PL intensities of the X and the

X X lines. T he red (blue) dotted line corresp onds to the gradient associated with linear

(quadratic) p ower dependence. (c){(e) N ear-Ùeld PL images obtained by mapping the

intensity of the X lines in the same scannin g area (1 000 È 1000 nm).

ti es in Fi g. 1b. The X line can be identi Ùed as an emission from a single-excito n
state by i ts l inear increase in emission intensi ty and i ts satura ti on behavi our. The
quadra ti c dependence of the X X emission wi th exci ta ti on power indi cates tha t
X X i s an emission from a bi excito n state. Thi s identi Ùcati on of the X X l ine is
also supp orted by the correlati on energy of 3.1 m eV, whi ch agrees well wi th the
values reported previ ously [3, 15]. The X Ê emission line can be attri buted to the
radi ati ve recom binati on of the excito n exci ted state by consideri ng i ts energy po-
siti on (hi gher energy side of the single exci to n emission by about 1.6 m eV) [16].
Fi gures 1c{ e show low-ma gniÙcati on PL m aps for the intensi ty of X emissions
wi th three di ˜erent energies in the sam e scanni ng area. These exci to n PL m aps
show emission pro Ùles of indi vi dual QD s, whi ch are seen as bri ght spots.
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The high-m agniÙcati on PL images in Fi g. 2 were obta ined by mappi ng the
PL intensi ty wi th respect to the X ((a ), (c), and (e)) and the X X ((b), (d), and
(f )) l ines of three di ˜erent QD s. The excito n PL images in Fi g. 2 ((a ), (c), and
(e)) show an elongati on along the [{ 110] crysta l axi s. The im age sizes are larger
tha n the PL collecti on spot diam eter, i .e. the spati al resoluti on of the NSOM [13].
The elongati on along the [{ 110] axi s due to the anisotro py of the m onolay er-hi gh
island is consistent wi th previ ous observati ons wi th a scanni ng tunnel ing m icro -
scope (STM) [2]. W e also obta ined elongated bi excito n PL im ages along the [{ 110]
crysta l axi s in Fi g. 2 ((b), (d), and (f )) and found a clear di ˜erence in the spati al
di stri buti on between the excito n and bi exci ton emission. Here the signiÙcant point
is tha t the PL image sizes of bi excito ns are always smal ler tha n tho se of excito ns.

Fig. 2. (a){(f ) Series of high- resoluti on PL images of exciton state ((a), (c), and (e)) and

biexciton state ((b), (d), and (f )) for three di˜erent Q Ds. Scanning area is 210 È 210 nm.

C rystal axes along [110] and [{110] direction s are indicated. PL image sizes of biexcito n

are always smaller than those of exciton.
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3. D iscu ssion an d co ncl usion

Fi gures 3a and b show the norm al ized cross-sectional PL intensi ty proÙles of
exci to n (red) and biexci to n (bl ack) (co rrespondi ng to the pro Ùle of Fi gs. 2a and b)
along the [110] and [{ 110] crysta l axes. The spreads in the excito n (bi excito n)
im ages, deÙned as the ful l wi dth at hal f maxi mum (FW HM) of each pro Ùle are
80 (60) nm and 115 (80) nm along the [110] and [{ 110] crysta l axes, respectively.
Theo reti cal considerati ons can clari fy wha t we see in the exci to n and bi excito n

Fig. 3. (a), (b) N ormalized cross- sectional intensity proÙles of exciton (red) and biex-

citon (black) PL images corresp ondi ng to Figs. 2a and b. The image sizes of the exciton

(biexciton ), deÙned as the full w idth at half maximum are, 80 (60) nm and 115 (80) nm

along the [110] and [{110] crystal axes, resp ectively . (c) Spatial distributi ons of squared

p olariza tion Ùelds of the exciton (red) and biexciton (black) emission, w hich are theo-

reticall y calculated for a GaA s quantum dot (radius of 114 nm, thickness of 5 nm). T he

horizontal axis is normalize d by the disk radius R .

PL im ages. The relevant quanti ty is the opti cal near-Ùeld around a sing le QD
associ ated wi th an opti cal tra nsiti on. Thi s Ùeld can be calcul ated wi th Ma xwel l 's
equati ons using the polarizati on Ùeld of the exci to n or bi exci ton as the source
term . The observed lum inescence intensi ty is proporti onal to the square of the
near-Ùeld detected by the pro be. In the fol lowi ng, however, we have calculated the
emission patterns sim ply by the squared polari zati on Ùelds wi tho ut ta ki ng account
of the instrum enta l detai ls. The polarizati on Ùelds are derived from the tra nsi ti on
m atri x element from the exci to n state (X ) to the ground state (0) and tha t f rom
the biexci to n state (X X ) to the exci to n state (X ) as fol lows [17, 18]:

h 0 j p £ ( r À r s ) j X i = À 2 1 = p ' ( r s ; r s ) ; (1)

X p£ ( r r s ) X X = (3 =2 ) = p

r ; r

' ( r ; r a ) ` ( r ; r s ; r a ; r s )

( 1 =6 ) = p

r ; r

' ( r ; r a )` ( r ; r s ; r a ; r s ) ; (2)
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where ' ( r e ; r h ) stands for the exci to n envelopefuncti on wi th the electron and hole
coordi nates denoted by r e, r h ; ` ++ ( ` ÀÀ )( r 1 ; r 2 ; r a ; r b ) represents the bi excito n
envel ope functi on wi th electro n coordi nates ( r 1 ; r 2 ) and hole coordi nates ( r a ; r b )
tha t is sym metri sed (anti -sym metri sed) wi th respect to the intercha nge between
two electrons and between two holes, and p c v i s the tra nsi ti on dipole mom ent
between the conducti on band and the valence band. As seen in Eq. (1), the spati al
di stri buti on of the exci to n polari zati on Ùeld corresp onds to the centre-of-mass
envel ope functi on of a conÙned exci ton. For the bi excito n emission, the polarizati on
Ùeld is determ ined by the overl ap integ ra l , whi ch represents the spati al correla ti on
between two exci to ns form ing the bi excito n and is exp ected to be m ore local ized
tha n the single exci to n wa ve functi on.

Fi gure 3c shows the squared polarizati on am pl itudes of the exci to n (red)
and biexci to n (bl ack) emission, whi ch have been calcul ated for a GaAs QD wi th
size param eters relevant to our exp eriments. The calcul ated proÙle of the squared
polari zati on ampl itude of the biexci to n emission is narro wer tha n tha t of the ex-
ci ton emission. The spread of the bi exci ton emission norm al ized by tha t of the
exci to n emission (deÙned by the rati o of FW HM of calcul ated proÙles in Fi g. 3c)
is estim ated to be 0.76, whi ch is in good agreement wi th the exp erimenta l re-
sul t (0 : 7 5 0 : 0 8 ). Thi s theo reti cal supp ort and the exp erimenta l f acts lead to the
conclusi on tha t the local opti cal probi ng by the near-Ùeld scanni ng opti cal m icro -
scope di rectl y m aps out the centre-of-mass wave functi on of an exci ton conÙned
in a m onolayer-hi gh island.

The success of the real -space mappi ng of the exci to n wave functi on de-
scribed above is a step to ward the real izati on of quantum devi ces, because the
combi nati on of local opti cal probi ng wi th ti m e-dom ain coherent contro l using
ul tra f ast laser pul ses wi l l perm i t advanced m anipul atio n of the QD wave func-
ti on wi th di rect m oni to ri ng of the shape and extent of the wave f uncti on i tsel f.
Mo reover, the opti cal probe, wi th i ts hi gh spati al precision of 30 nm , pro vi des
a bri dge between the m easurements of nanom etre-resoluti on electron microscopy
and wavel ength- resoluti on far- Ùeld opti cal spectroscopy, and could play an acti ve
ro le in the characteri zati on of not only well -deÙned system s as demonstra ted here,
but also unkno wn m ateri al systems in di verse Ùelds of research.

W e tha nk M. Ohtsu and S. Mo nonobe for techni cal advi ce incl udi ng the
fabri cati on of opti cal Ùbre probe. Thi s study wa s supp orted in part by the Acti ve
Na no-Characteri zati on and T echnology Pro ject, Special Coordi nati on Funds of the
Mi ni stry of Educa ti on, Cul ture, Sports, Science and Technology of the Japanese
Governm ent.
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