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Quantu m dot s conta in onl y a few well -deÙned ener gy levels for electron
and /or holes as a result of the conÙnement of charge in all three spatial
dimension s. H ere, w e descri be both the appli catio n of photolumi nescence
spectroscopy and transp ort measurements to the characterisation of quan-

tum dots and the novel phenomena that they exhibit. T hese include the
C oulomb blo ckade, single electron tunnell in g and single photon detection.
T he impact of quantum dots on future electronics and directions for future

research, such as in quantum computing and cryptography , are addressed.
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The ẽ ect of reduci ng the size of a crysta l on i ts electroni c and opti cal proper-
ti es has been studi ed since the late 1950s [1]. In the decades to fol low, technological
advances such as epi ta xi al depositi on techni ques and sil icon pro cessing resulted in
the rapi d devel opm ent of thi s Ùeld in exp erimenta l solid state physi cs. Ini ti al ly
two -dim ensional (2D ) systems, in whi ch charge was conÙned in only one dim en-
sion, were studi ed. One of the Ùrst real isati ons of a 2D system in semiconducto rs
wa s a two -dim ensional electron gas (2DEG) form ed at the Si{ SiO 2 interf aces in
a MOS FET tra nsistor [2]. The epita xi al growth of I I I{ V semiconducto rs was also
used to conÙne charge in the growth di recti on, whi le an im pro ved understa ndi ng
of the physi cs of 2D system s and technological advances have led to more com plex
m ateri als and structures, in whi ch conÙnement has been extended to two or three
di mensions. T unnel l ing of single electro ns [3] and the Coulom b blockade [4], sing le
photo n emission [5] are am ong m any phenom ena, whi ch have been observed in
quantum dots | structures , where carri ers are conÙned in al l three di mensions.
Ma ny novel devi ces whi ch are based on quantum dots have been proposed, and
som e of these have al ready been real ised, incl udi ng single electro n m emory devi ces
[6], quantum dot lasers [7], sing le photo n detecto rs [8] and single pho ton emi tters
[5], al l of whi ch expl oi t the speciÙc pro perti es of quantum dots.
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If the moti on of a charge carri er is restri cted to the length com parabl e to
an electro n wa velength, Ñ (whi ch can be related to the Ferm i wa ve vecto r, k F , as
2¤ =k F ), then the carri er is conÙned in thi s di recti on. In semiconducto rs, in whi ch
typi cal carri er concentra ti ons are lower tha n in m etals, the de Bro gl ie wa velength
is of the order of tens of nm . Structures of such sizescan easily be fabri cated wi th
exi sting techno logies. In addi ti on, semiconducto r heterostructur es can conÙne both
electrons and holes and are theref ore very well suited for opti cal experim ents.

The density of states in a low di m ensional system di˜ers dram ati cal ly f rom
tha t in a bul k materi al . D ispersionl essenergy levels in the di recti on of conÙnement
repl ace energy bands; the resul ti ng density of states is shown in Fi g. 1 for vari ous
degrees of conÙnement. In quantum dots, the parabol ic density of sta tes of a
three- dim ensional system is replaced by a series of di screte energy levels, sim i lar
to tho se seen in ato mic physi cs. These levels are di stinct i f thei r separati on is larger
tha n tha t of therm al broadening. Thi s condi ti on sets an upper l imit on the size of
a quantum dot and is obvi ously m ore restri cti ve for devi ces tha t operate at room
tem perature.

Fig. 1. Density of states for systems w ith di ˜erent dimensiona li ty .

The lower l im it to the size of a dot depends on the materi al whi ch is used to
form i t and on the depth of the conÙni ng potenti al . At least the lowest conÙned
energy level must lie wi thi n the potenti al wel l of the dot.

The Ùrst exp eriments on quantum dots were perform ed on nanocrysta ls of
CdS embedded in glass[9]. The fabri cati on of semiconducto r quantum dots by em-
bedding nanocrysta ls in glass (or another m atri x m ateri al ) is sti l l in use [10]. The
m ost im porta nt techno logical exam ple of such a system is tha t of SiO 2 conta ini ng
nanocrysta ls of Si tha t are smal ler tha n 10 nm in size [11].

The patterni ng of a tw o-dimensional electro n (or hole) gas in an epi ta xi al ly
grown hetero struc ture (typi cal ly GaAs/ Al GaAs) has beenthe most popul ar way of
m aki ng quantum dots f or inv estigati ng thei r electro nic tra nsport properti es [12].
Opti cal and electro n beam l i tho graphy are used to draw the desired pattern in
resist whi ch has been deposited onto the surface of the semiconducto r wafer. Thi s
pattern is then tra nsferred to the 2D EG either by etchi ng i t or by appl yi ng a
vo l tage to the Schottky gates evaporated onto the wafer surface. Quantum dots of
thi s typ e have been used to conÙne solely electro ns (or holes) wi thi n a 2D layer of
a hetero struc ture and coul d onl y be used for electro nic tra nsport measurements.
Al tho ugh the conÙnement in these electrostati cal ly deÙned dots is weak (resul ti ng
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in the fact tha t the dots have to be exam ined at a low temperature), the strength
of thi s conÙnement can be vari ed, thus pro vi di ng an excellent system for the
system ati c studi es of thei r physi cal pro perti es [12, 13].

The m ost recent developm ent in quantum dot fabri cati on is tha t of self-
organi sed growth [14], whi ch occurs duri ng the growth of stra ined hetero struc -
tures. The most successful hetero structu re com pri sesInAs dots grown on a GaAs
substra te. The latti ce constant of InAs is 7.16% larger tha n tha t of GaAs, whi le
i ts band gap is 0.42 eV smal ler tha n tha t of GaAs. A typ e-I band l ine-up be-
tween InAs and GaAs pro duces a conÙning potenti al for both electrons and holes.
The depositi on of a layer of InAs, whose thi ckness is below the cri ti cal thi ckness
(1.5 m onolayers of InAs [15]) resul ts in the two -dim ensional growth of a stra ined
InAs | wetti ng layer. W hen a thi cker layer of InAs is grown, the resulti ng stra in
is relaxed by the form ati on of three- di mensional pyra m ids of InAs on to p of the
wetti ng layer (the so-cal led Stra nski { Kra stanow growth), as shown schemati cal ly
in Fi g. 2. The dots are ini ti al ly smal l and have a low density , however as the depo-
siti on is conti nued, a higher density of larger dots results. The most uni form dots
are form ed duri ng the earl ier stages of three- di mensional growth when the con-

Fig. 2. A tomic force microscopy image of a surf ace of self-assembled InA s dots on the

GaA s surf ace. T he scan area is 2 ñ m by 2 ñ m. Partial ordering of the dots is due to

high density of steps b etw een di˜erent atomic planes.
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Ùnement is also strongest. Such self-organi sed dots have a Gaussian distri buti on
of sizes, wi th a non-uni form i t y of 10% [15]. Thei r avera ge height is 3{ 5 nm , thei r
base length is 13{ 15 nm and thei r density is between 1 0 1 5 and 1 0 1 6 m À 2 [14]. For
InAs dots on GaAs, these param eters ful Ùl the necessary requi rem ents for devi ce
operati on at ro om tem perature, these include: a deep enough local ising potenti al
and a high enough uni form it y of the conÙning potenti al . The excellent opti cal
pro perti es of InAs self-assembled dots ha ve been al ready uti l ised to bui ld lasers,
whi ch have very low v alues of threshold current [16].

Other m ateri als system s have also been studi ed. These incl ude other As- based
I I I{ V hetero struc ture s [14], in whi ch dots conÙne both electrons and holes, and
Sb-based com pounds grown on GaAs [17, 18]. The latter hetero structure s exhi bi t
typ e-I I band l ine-ups wi th GaAs, wi th electrons conÙned on the GaAs side of the
interf ace and holes wi thi n the Sb-com pound dot. The spati al separati on between
the electrons and the holes leads to very di ˜erent properti es com pared to tho se of
InAs dots. The growth of GaN dots on Al GaN has also been reported [19]. D ue to
i ts techno logical im porta nce, m uch e˜o rt has also been di rected to wards growi ng
Ge dots in Si [20].

Pho tolum inescence (PL) spectro scopy of the energy levels of the dots pro-
vi des insight into the nature of thei r sta tes [14, 21, 22]. In photo lum inescence
electron{ hole pai rs are generated wi th laser exci ta ti on, whi ch then popul ate the
dot. The many electron{ hole pai rs form a correl ated quantum state | mul tiex-
ci tons. R adiati ve recom binati on of electron{ hole pai rs form s a PL spectrum . For
exam ple, PL studi es of GaAs for a range of InAs depositi on ti m es al low the tra nsi-
ti ons from two -dim ensional to three- di m ensional growth to be observed, as shown

Fig. 3. Photolumi nescence from I nA s layer of di˜erent thickness in GaA s. Low est spec-

trum show s PL signal from I nA s w etting layer. N ext spectrum up show s PL from

self-assembled dots j ust after 2D to 3D grow th transition, next one from dots in op-

timum condition s and Ùnally from dots grow n for to o long time.
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in Fi g. 3. Ini ti al ly, a sharp peak corresp ondi ng to charge recom binati on in the
wetti ng layer is seen in the PL data (i n the Stra nski { Kra stanow growth), however
once the cri ti cal thi ckness for dot form ati on is reached thi s peak is replaced by the
one associated wi th recombi nati on in the dots. Thi s observati on pro ves tha t the
capture of charge in the dots is faster tha n recom binatio n in the wetti ng layer. The
large spread in the sizes of the dots in the very earl y stages of three- dim ensional
growth results in a very bro ad and asymm etri cal PL peak. At the opti mal growth
ti m e the PL peak is sharpest, and it bro adens again slightl y when the dots are
grown for to o long.

Fig. 4. Photolumin escence spectrum from self-assembled I nA s dots excited w ith dif -

ferent laser pow ers. A rrow indicates the direction of increase in the laser p ower. A s the

p ower of excitation increases, more electrons and holes are captured in the dots and

recombination betw een higher excited states of the dots takes place contributing to the

PL spectrum of the dots.

A typi cal PL spectrum from a layer of self-assembled InAs dots grown on
GaAs substra te is shown f or di ˜erent powers of laser exci ta ti ons in Fi g. 4. At the
lowest power, very few electro n{ hole pai rs are generated in the semiconducto r and
the charge captured in the dots popul ates onl y the lowest energy exci to ns, whose
recombi nati on pro duces a peak in the PL spectrum . The positi on and wi dth of
thi s peak pro vi de di rect m easures of the avera ge conÙnement and the conÙne-
m ent di stri buti on of the exci ted dots, respecti vely. As the power of the laser is
increased, more electron{ hole pairs are generated and hi gher excited states be-
come popul ated, leading to a rich structure in the PL spectrum . The num ber of
peaks corresponds to the recom binatio n of m ore com plex exci to ns such as f or ex-
am ple charged exci to ns and bi excito ns. The energies of the vari ous exci to ns are
m odi Ùedby electron{ electron intera cti ons [22, 23], and so the corresp ondi ng peaks
in the PL signal are shi fted at higher exci tati on power (hi gher occupancy). Thi s
is seen in the ti m e resolved m easurem ent shown in Fi g. 5, in whi ch the increased
popul ati on of dots (at earl ier ti mes of recom binati on) causes a red shift in peak
positi on. Al tho ugh the shift is uni versal ly observed, i t is di ˜erent in di ˜erent ex-
perim ents [14].
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Fig. 5. Photolumin escence signal measured at di˜erent times af ter exciting the dots.

T he times corresp ondi ng to each curve are given above the curve. T 1 À T 4 mark di˜erent

transition s in the dots, T W L marks transition in the wetting layer. H igher energy peaks

app ear and decay earlier and as their intensity decreases the position of remaining peaks

is shif ting slightly (af ter [22]).

PL of only one quantum dot in a self -assembled quantum dot layer has also
been perform ed; both by form ing smal l m esas conta ining onl y a single dot [24] and
by focusing a laser beam onto the sampl e to form a spot tha t is onl y 1{ 2 ñ m in
di ameter (Fi g. 6) [21]. The line wi dth of the peaks is now l imited by decoherence
e˜ects and is of order of ñ eV. Thi s typ e of measurement hera lds a new chapter in
the physi cs of quantum dots and in parti cul ar in the possibl e physi cal real isati on
of quantum inform ati on schemes [25].

El ectroni c tra nsport thro ugh quantum dots was ini ti al ly studi ed in dots
whi ch were deÙned in two -dim ensional electron gases by etchi ng or by the ap-
pl icati on of an electrostati c potenti al from surface gates [12, 26]. El ectrostati cal ly
deÙned quantum dots are uni que in tha t one can perform m easurements on the
dot whi le v aryi ng conÙnement wi thi n i t. Spectroscopy of the levels in such quan-
tum dots is done by coupl ing the dot to two reservoi rs of electrons (a source and a
dra in) and by m easuri ng the tra nsmission of electro ns thro ugh the dot when the
energy of the electrons in the source or the conÙnement is varied [26, 27].

D epending on the strength of coupl ing between the dot and the source and
dra in of the devi ce, tw o di ˜erent typ es of spectra m ay be observed. In the so-cal led
\ open-dots" the coupl ing is strong (the conducta nce of the l ink between the reser-
vo i rs and the dot is smal ler tha n e 2 =h ) and tra nsmission thro ugh the dot oscil lates
as a functi on of electro n energy. These oscil lati ons are inÛuenced by interpl ay
between intera cti ons and quantum interf erence [28].
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Fig. 6. Photolumi nescence from a single InA s dot for various pulsed excitation pow ers.

T w o groups of lines are present, corresp onding to recombination of electron {hol e pairs

from di˜erent states in the dot. The peaks are only few tens of ñ eV w ide. Thinner line

and right- hand scale show calcula ted PL spectrum for the dot. Reprinted from [21] .

C opyright 2001, with permissio n from Elsevier Science.

The situa ti on is di ˜erent when the l ink between the dot and the reservoi rs
is weak (tunnel ling barri ers). There are now two energy scales to consi der: Ùrstl y,
the quanti sed energy levels E n and, secondl y, the electrostati c energy associated
wi th addi ng an electro n to a dot of capacita nce C , where E e = e2 =C . If the
Ùrst n levels in the dot are occupied, in order to add an (n + 1 )- th electron i ts
energy m ust be at least (E n +1 À E n ) + E e hi gher tha n E n . If the dot is small
and onl y weakl y coupl ed to the outsi de, the capacita nce C can be very small
and the electro stati c energy associated wi th addi ng an electron to the dot can be
signiÙcant. If i t is much larger tha n the separati on between the quanti sed levels,
then tra nsmission of electro ns thro ugh the dot as a functi on of electron energy
oscil lates wi th a period of E e [26, 27]. Thi s e˜ect is cal led the Coulom b blockade,
and has becam e the pri ncipl e of operati on of sing le electron memori es [6]. Fi gure 7
shows an exam ple of the Coulom b blockade oscil lati ons. In thi s case, the energy
of the electrons in the source of the devi ce is constant and the conÙnement in the
dot is increased by increasing a vol ta ge to the centra l gate. The am pl i tude of these
oscil lati ons is modul ated by m esoscopi c Ûuctua ti ons in tunnel l ing between the dot
and the reservo i rs.
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Fig. 7. C oulomb blo ckade oscill atio ns in quantum dots deÙned in a 2DEG with surf ace

Schottky gates, in the geometry depicted in the inset to the Ùgure. Pairs of gates: G1{G4

and G3{G4 form tunnelli ng barriers, which separate the dot from the reservoirs. T he

oscill atio ns are plotted as a function of voltage on G2, w hich is used to deÙne and then

change strength of the conÙnement in the dot. Reprinted from [27]. C opyright 1993,

w ith p ermission from Elsevier Science.

Ca pacita nce [29] and current [3, 30] standards tha t uti l i sethe Coul omb bl ock-
ade to achieve sequential tunnel l ing of electrons thro ugh a quantum dot have been
pro posed. One interesti ng exampl e of a current standard uti l ise the potenti al gen-
erated by a surf ace acousti c wave in a 2D EG to pro duce quantum dots \ tra vel l ing"
thro ugh a tunnel l ing barri er wi th the frequency of the surface wa ves [30]. By ad-
justi ng the maxi mum potenti al in the barri er, one can contro l how many electrons
are carri ed in the dot thro ugh the barri er. The current, shown in Fi g. 8 is then
sim ply given by f ne , where f i s the frequency of the surface acousti c wa ve, and n

i s the numb er of electro ns in the dot.
T unnel l ing from a 2D EG thro ugh self-organi sed InAs embedded in an

Al GaAs barri er has also been m easured. Here the energy between quanti sed levels
is m uch larger tha n in dots deÙned wi th surf ace gates and i t dom inated the tra ns-
port thro ugh the dots. As a result, not only tunnel l ing thro ugh indi vi dual energy
levels [31] but also the wa ve functi ons of the conÙned states [32] were observed.

The abi l i ty to store and to contro l the num ber of electrons in a quantum
dot has been used to study the e˜ect of local ised electro ns on the pro perti es of
2D EG s [33, 34]. If the self-assembl ed dots are pl aced in the vi cini ty of the 2D EG,
they can either be Ùlled wi th electro ns f rom the 2D EG or empti ed of electrons by
Ùll ing them wi th photo generated holes, whi ch then recombi ne wi th the electrons
[35, 36]. Pho to generated electro ns are captured in the 2DEG changing i ts carri er
concentra ti on. If the dots are su£ cientl y close to the 2D EG the conducta nce of
the 2D EG is a very stro ng functi on of the popul ati on of the dots, due to change in
the scatteri ng rate [35]. In thi s case dots act as remote ionised im puri ti es, whose
charges can be contro l led [8, 33].
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Fig. 8. (a) T races of the acousto electri c current measured at 0 (dotted line) and 7 T

(solid line) show ing plateaux in current at values of f n e and (b) deriv ative of the current.

Reprinted w ith permission from [30]. Copyright 1999 by the A merican Physical Society .

The sensiti vi ty of such system s to pho tons has been used to bui ld sing le
photo n detecto rs [8]. A single photo n detecto r is sim ply a Ùeld e˜ect tra nsistor
wi th a narrow channel and a short gate, as a result o f whi ch there is a l imi ted
num ber of InAs dots (¤ 1 0 0 ) in the acti ve area of the devi ce. Ini ti al ly, the dots are
Ùlled wi th electrons from the 2D EG by appl yi ng a positi ve gate bias. The potenti al
of the ful l dots then depletes the 2D EG under the dots and sets the devi ce to
hi gh resistance state. W hen a photo generated hole is captured on the dot, the
2D EG under the dot is repopul ated, leadi ng to a clear step in the conducta nce
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Fig. 9. Conductance of the channel of the single photon detector measured as a function

of time during very w eak illu min atio n. Each step in the conductance corresp onds to the

detection of single photon. T op Ùgure show sthe di˜erentiated conductance of the channel

(af ter [8] ).

of the channel as shown in Fi g. 9, in good agreement wi th predi cti ons of the
percolati on theo ry .

In summ ary, after decades of study interest in the quantum dots is as high
as ever. Pho tolum inescence and tunnel l ing studi es have led to an understa ndi ng
of charge capture and recombi nati on processes in dots. The Coul omb bl ockade
has been demonstra ted and has been used to contro l tunnel ling thro ugh dots to
one electro n at the ti m e. Years of research have had an im pact on opto - and
m icroelectro nics; e£ cient self-assembled quantum dots lasers and single electron
m emories whi ch operate at room tem perature have been bui lt. Stro ng interest in
the Ùeld of quantum inform atio n has opened a further chapter in the physi cs of
quantum dots. Single photo n emission and detecti on, whi ch are requi red if the dots
are to be used in quantum inf orm ati on schemes, have already been demonstra ted.
The spin dyna mics of electrons in the dots and the possibi l i ty of creati ng enta ngled
states are being currentl y investigated by m any groups, and as a result quantum
dots are destined to rem ain an acti ve Ùeld of research.
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