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W e present an exp eri menta l study of t he electron wave function in

I nA s/ GaA s self-assembled quantum dots . Ma gneto- tunnel in g spectroscopy
is employed as a non- inv asive prob e to pro duce two- dimensional images of
the probabili ty density of an electron conÙned in a quantum dot. T he im-
ages reveal the ellipti cal symmetry of the ground state and the characteristic

lob es of the higher energy states of the dots.
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1. I n t rod uct io n

D uri ng the last few years there has been conti nuous and increa sing interest
in im aging the quantum envi ronm ent of electro ns and ato ms. In parti cul ar, vari ous
scanning probe techni ques, such as the scanni ng tunnel ing m icroscopy (STM) [1{ 3]
and scanni ng sing le-electro n tra nsistor m icroscopy (SETM) [4, 5] have been suc-
cessful ly used to pro be ato m s or electron charge distri buti ons in a wi de vari ety of
system s, incl udi ng metals and superconducto r materi als. Thi s ra isesthe questi on
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of whether it is now possible to image the electron wave functi on in a quantum dot
(QD ), an arti Ùcial nanom etre- sized cluster, whi ch conÙnes the moti on of an elec-
tro n in al l three spati al di mensions [6]. In a QD , electro ns are conÙned to length
scales of ¤ 1 0 nm and thei r behavi or is characteri zed by quantum mechanical
e˜ects, such as a di screti zati on of the energy levels, sim i lar to tha t in ato ms.

In pri nci ple, i t is possibl e to inv estigate the pro babi li ty density of electrons
in a QD usi ng surface probe techni ques such as STM. Ho wever, al tho ugh STM is a
powerf ul to ol for im aging the electronic states of dots lyi ng on a surface, a di ˜erent
techni que is requi red for dots incorporated in real semiconducto r devi ces, where
the dots m ay be buri ed hundreds of nanom eters below the surface. The im aging
of the wa ve functi on of a QD was reported in a recent paper [7]: cross-sectional
STM (XSTM) of cleaved InAs / GaAs self-assembled QD s was used to pro be the
pro Ùle of the electro n densi ty a long the pl ane of verti cal conÙnement of the dot
(i .e. along the growth di recti on and one-in plane di recti on). However, since the
pro bed wa ve patterns arose from a superpositi on of the probabi l i t y densiti es of the
electron ground and exci ted states, the techni que did not al low the various conÙned
states of the dot to be di stinguished. Thi s paper describes how m agneto -tunnel ing
spectroscopy (MTS) can be used as a non-invasive and non-destructi ve pro be to
obta in ful l maps of the wa ve functi on of the ground and exci ted states of electrons
in a QD .

2. Sam p les

The layer compositi on and band diagram of our devi ces are shown schemat-
ically in Fi g. 1. A layer of InAs self-assembl ed QD s is embedded in the centre of
an undo ped 12 nm GaAs quantum well (Q W ), whi ch is sandwi ched between two
8.3 nm Al 0 :4 Ga0 : 6 As tunnel barri ers. The layer of InAs QD s wa s grown by deposit-
ing 2.3 monolayers (M L) of InAs. Undo ped GaAs spacer layers of wi dth 50 nm
separate the barri ers from tw o conta ct layers wi th graded n - typ e dopi ng [8]. The
devi ce acts as a resonant tunnel ing di ode in whi ch electrons can tunnel into the
QD from a doped conta ct layer on the opposite side of the barri er. Here we f ocus
on two structures, labelled A1 and A2 , grown respectively on a (311)B- and a
(100)-oriented GaAs substra te. For com pari son, we have also studi ed a series of
contro l sampl es: two sam ples were grown wi th the same sequence of layers, ex-
cept one has onl y a thi n InAs two- dimensional wetti ng layer (i .e. conta ining no
QD s) and the other has no InAs layer at al l ; the second contro l sam ple is an
Al 0 :4Ga0 : 6As=GaAs =Al 0 :4 Ga0 :6As tunnel ing di ode in whi ch the centra l plane of
the quantum well was l ightly doped wi th 4 È 1 0 9 cm À 2 Si donors [9].

The layer of InAs QD s intro duces a set of discrete electro nic states below
the GaAs conducti on band edge. At zero bias, equi l ibri um is establ ished by some
electrons di ˜usi ng from the doped GaAs layers into the dot states. The result-
ing negati ve charge in the QW pro duces depleti on layers in the region beyond the
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Fig. 1. (a) Schematic diagram of a n À i À n GaA s/(A lGa)A s tunneli ng dio de incorp o-

rating a layer of quantum dots in the centre of the GaA s w ell. (b) Schematic conductio n

band proÙle under an applied bias of the device show n in (a). Â s is the tunnelin g

distance from the emitter to the QD layer.

(Al Ga)As barri er. W hen a vol ta ge, V , is appl ied, resonant tunnel ing thro ugh a par-
ti cul ar QD state leads to a resonance in the current{ vol ta ge, I ( V ) , plot whenever
the energy of the state is resonant wi th an adj acent Ùlled state in the negati vel y
bi ased electron emi tter layer.

3 . Exp er i m ental r esu l t s an d di scu ssion

Fi gure 2 shows the low-tem perature (T = 4 : 2 K) I (V ) characteri stics in
reverse bi as (p ositi ve biased substra te) in the presence of a m agneti c Ùeld, B ,
appl ied para llel to the growth plane (x ; y ) for sampl e A1 . A series of resonant
features labelled e1 À e7 are observed. The resonant peaks are not observed in
sam ples wi th no dots, so they are related di rectl y to the presence of the InAs QD
layer.

For each resonant feature, we observe a therm al ly- acti vated current onset,
whi ch is an unam biguous signature of an electro n tunnel ing from a therm al ized
Ferm i-distri buti on of emi tter states into an indi vi dual , discrete and sharp QD
energy level [10]. Previ ous tunnel current measurements at low tem peratures on
structures conta ining a large ensembl e of quantum dots have also revealed the
presence of resonant tunnel ing peaks due to indi vi dual dots in the range of bias
cl ose to the thresho ld of current Ûow [10{ 14].

The ampl i tude of each resonance exhi bi ts a stro ng dependence on the in-
tensi ty of B . In parti cular, we can identi f y three characteri stics typ es of m agneti c
Ùeld dependence: typ e I (p eaks e1 ; e 2 ; e3 ) shows a m axi mum in I at B = 0 T
fol lowed by an almost m onoto nic decay to zero at around 8 T; typ e I I (e 4 and e5 )
shows a bro ad m axi mum in I at ¤ 4 T, fol lowed by a gradual decay to zero; typ e
I I I (e6 and e 7 ) shows tw o cl ear m axi ma in I at B = 0 T and ¤ 5 T, wi th I fal l ing
to a m inimum value of alm ost zero between these maxi ma.
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Fig. 2. Low -temp erature ( T = 4: 2 K ) I ( V ) characteristics in reverse bias (p ositive

biased substrate) in the presence of a magnetic Ùeld, B , perp endi cul ar to the cur-

rent for sample A 1. B is increased in steps of 0.5 T and the corresp ondin g curves

are displa ced along the current axis for clarity . T he inset sketches the geometry of our

magneto- tunnel in g experiment.

W e can understa nd the magneti c Ùeld dependence of the resonances in term s
of the e˜ect of B on a tunnel ing electron. Let ˜ ; Ù , and z indi cate, respectively,
the di recti on of B , the di recti on norm al to B in the growth pl ane (x ; y ), and the
norm al to the tunnel barri er, respectivel y. W hen an electron tunnel s from the
emi tter into the dot, i t acqui res an addi ti onal in-pl ane mom entum given by [15]:

k Ù = eB Â s= ñh; (1)

where Â s i s the e˜ecti ve di stance tunnel ed along z . Thi s e˜ect can be understo od
semiclassical ly in term s of the increased m omentum along Ù , whi ch is acqui red
by the tunnel ing electro n due to the acti on of the Lorentz force. The appl ied
vo l tage al lows us to tune resonantl y to the energy of a parti cul ar QD state. Then,
by m easuri ng the vari ati on of the tunnel current wi th B , we can determ ine the
size of the matri x element tha t governs the quantum tra nsiti on of an electro n as
i t tunnel s from a state in the emi tter layer into a QD . In our exp eriment, the
tunnel ing m atri x element is most conveni entl y expressed in term s of the Fouri er
tra nsform s ' i ( f ) ( k ) of the conventi onal real space wave functi ons [16]. Here the
subscri pts i and f indi cate the ini ti al (em i tter) and Ùnal (QD ) states of the tunnel
tra nsiti on. Relati ve to the stro ng spati al conÙnement in the QD , the ini ti al state in
the emitter has only weak spati al conÙnement. Hence, in k -space ' i (k ) corresponds
to a sharpl y peaked functi on wi th a Ùnite value centred around k = 0 . Since the
tunnel current is given by the square of the matri x element invol ving ' i( k ) and
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' f ( k ) , the narro w spread of k for ' i ( k ) al lows us to determ ine the form of ' f ( k )

by varyi ng B and hence k . Thus by pl otti ng I ( B ) for a p a r t i cu l ar di recti on of B

we can m easure the dependence of j ' Q D ( k ) j
2 along the k -di recti on perpendi cular

to B . Then, by rota ti ng B in the pl ane (x ; y ) and m aki ng a series of m easurem ents
of I ( B ) wi th B set at regular interv als of the rota ti on angle, we obta in a ful l
spati al pro Ùle of j ' QD ( k x ; k y ) j

2 . Thi s represents the pro jection in k -space of the
pro babi l ity densi ty of a given electronic state conÙned in the QD [17].

Fi gure 3 shows the form of the di ˜erenti al conducta nce G ( B ) = dI =dV ¿

j ' QD ( k ;k y ) j
2 , in the pl ane (k x ; k y ) for three representati ve QD states, corresp ond-

ing to the resonances e2 ; e4 , and e 7 in Fi g. 2. W e use G ( B ) pl ots rather tha n
I ( B ) plots since the di ˜erenti al conducta nce al lows us to identi fy the onset of the
resonance due to each QD and to determ ine m ore clearly the m agneti c Ùeld depen-
dence of each resonant feature. The conto ur plots reveal clearl y the characteri stic
form of the pro babi li ty density di stri buti on of a ground state orbi ta l (e 2 ) and the
characteri sti c lobes of the hi gher energy states (e4 and e7 ) of the QD .

Fig. 3. Distribu tio n in the plane ( k x ; k y ) of the di˜erential conductance, G , for three

representative states, (000), (010), and (020), of quantum dots grow n on a (311) B-

-oriented GaA s substrate (sample A 1). T his pro vides a spatial map of j ' Q D ( k ; k ,

the probabili ty density in k -space of an electron conÙned in the dot. The form of

' k ; k along k ˜ k and k Ù k ) is also show n in the inset. Con-

tinuous lines show the w ave function probabil ity in k - and real- space for the three

low est energy states of a harmonic oscilla tor w ith parameters determined by a Ùt to

the Ù k data (f ull circles). The value of k is determined according to the relation

k =B e s= h 10 m T , where s is the tunneli ng distance ( nm).
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It is clear from Fi g. 3 tha t j ' QD ( k x ) j
2 has appro xi m atel y the sam e f orm

for al l three states, whereas j ' QD ( k y ) j
2 corresponds to the lower states of quan-

ti zati on along y and has simi lar form to tha t of the ground and Ùrst and second
exci ted states of a sim ple harm onic oscil lato r. Thi s suggests tha t, to a reasonable
appro xi m atio n, the probabi l i t y density in k -space, j ' QD ( k x ; k y ) j

2 , is separable,
i .e. j ' QD ( k x ; k y ) j

2
= j ˜ ( k x ) j

2
j Ù( k y ) j

2 . Al tho ugh our measurements reveal deta i led
inf orm ati on about the symm etry of the QD wave functi ons wi th respect to the
in-plane coordi nates, they give us no inf orm atio n about the z -dependence. Thi s is
di rectl y related to the m orpho logy of the QD s: in general , the dot height is much
smal ler tha n the dim ensions of the base. Theref ore, the quanti zati on energy of
conÙnement along z is much hi gher tha n tha t for in-pl ane m oti on. In our di scus-
sion of the m agneto -tunnel ing data we have made tw o reasonable assumpti ons.
The Ùrst is tha t the m oti on along z i s separable f rom the in-pl ane m oti on. Our
second assumpti on is tha t al l the observed peaks invol ve Ùnal QD states tha t share
the same typ e of quantum conÙnement along z . Thi s appro xi m ati on al lows us to
label the QD state usi ng quantum numb ers for the in-plane moti on and for m oti on
along z and to assign quantum num bers (n x ; n y ; n z ) = (0 0 0 ); (0 1 0 ) , and (020) to
the states shown in Fi g. 3.

The conto ur pl ots of j ' QD ( k x ; k y ) j
2 reveal tha t the electro n wa ve functi on

has a biaxi al symm etry in the growth plane, wi th axes corresp ondi ng qui te closely
to the m ain crysta l lographi c di recti ons [ 0 1 1 ] and [233] on the (311)B plane (see
Fi gs. 3 and 4a). The probabi l i ty density in k -space is narro wer along the [ 2 3 3 ]

di recti on (see Fi g. 3). Thi s indi cates tha t the wave functi on pro babi l i ty densiti es
in rea l space is elongated along thi s di recti on and suggests tha t the dot shape is
not isotro pic. Co nsistentl y, the characteri sti c lobes of the Ùrst and second exci ted
state are al igned along the elongated base of the dot. The in-pl ane anisotro py of the
electron wav ef uncti on is lesspronounced for InAs QD s grown on a (100)-ori ented
GaAs substra te (sam ple A2 ). Fi gure 4b shows a pl ot of j ' QD ( k x ; k y ) j

2 in the
pl ane ( k x ; k y ) f or the ground state of (100) QD s. The wa ve f uncti on has a biax-
ial sym metry in the growth plane, wi th axes corresp ondi ng qui te closely to two
m ain crysta l lographi c axes, x and y ([ 010] and [001] axes). The wa ve functi on is
elongated along one crysta l lographi c axi s, but the anisotro pic e˜ects are less pro-
nounced tha n in the case of (311)B QD s. For the exci ted state, the wa ve functi on
exhi bi ts a centra l node and characteri sti cs lobes, whi ch are not as clearl y oriented
as for the (311)B QD s. The di ˜erent form of the excited state may ori ginate f rom
the di ˜erent shapes of the tw o typ es of dots. The anisotro pic shape of the (311)B
dot leads to a pref erenti al electro n distri buti on along the elongated axi s of the dot.
In contra st, the m ore isotro pi c shape of the (100) dot leads to an alm ost to rus- l ike
di stri buti on of the electro n charge.

For compari son purp oses and as a m eans of val idati ng the techni que, we
have also studi ed the form of the electron wave functi on for a hydro genic-donor
im puri ty state. W e used an (Al Ga)As/ GaAs/ (Al Ga)As resonant tunnel ing di ode
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Fig. 4. Distribu tio n in the plane (k x ; k y ) of the probabil ity density of the electron

w ave function for quantum dots grow n on a (311)B- (a) and (100)- (b) oriented GaA s

substrate and for donor impuriti es (c). The arrow s indicate tw o main crystallogra phi c

direction s on the (100)- and (311)B- oriented plane. T he insets sketch the form of the

probabil i ty density in real space.

in whi ch the centra l plane of the quantum wel l wa s very l ightl y doped
( ¤ 4 È 1 0 9 cm À 2 ) wi th Si donors [9]. In thi s case, it has been shown [9] tha t
an addi ti onal resonant peak is observed due to tunnel ing of electrons from the
emi tter into the 1 s ground state of the donor. Thi s peak occurs at a bias close to
the thresho ld for tunnel ing into the lowest energy subba nd of the QW . W e Ùnd
tha t the G (B ) pl ots associated wi th tunnel ing into the ground state of the donors
reveal tha t the electron wave functi on has spheri cal sym metry in the growth plane,
as expected for a 1 s donor ground state (see Fi g. 4c). Thi s pro vi des stro ng sup-
porti ng evi dence for the anisotro pic wa ve functi ons of the dots (see Fi gs. 4a, b)
being associ ated wi th thei r anisotro pic shape and not wi th the ani sotro py of the
tunnel ing coe£ cient as caused, f or exam ple, by an ani sotro pi c electro n e˜ecti ve
m ass [18].

Al tho ugh the MTS techni que permi ts us to pro be the shape of the electron
wa ve functi on, the determ inati on of i ts extent is l imi ted by the uncerta inty of
the value of the tunnel ing distance, Â s, the parameter whi ch contro ls the scale
of k -va lues (k =B = e Â s= ñh ). The avera ge distance an electro n tunnel s f rom the
emi tter to a QD can be estim ated from capacita nce{ vo lta ge measurements. W e
m odel the tunnel ing diode as a para l lel-plate capacito r and express the capaci tance
as "" 0 A= d , where " i s the perm i tti vi t y consta nt of GaAs ( " = 1 2 : 8 ), A i s the area
of our 100 ñ m diam eter m esa and d i s the avera ge separati on between the edges
of the electron gas distri buti ons in the doped emi tter and col lector (see Fi g. 1b).
Using the typi cal value of the capacita nce (C ¤ 1 6 pF) m easured at low bias
(< 0 : 1 V), we Ùnd tha t d ¤ 5 6 nm . In turns, thi s pro vi des an estim ate for Â s ,
whi ch is equal to d =2 ¤ 2 8 nm . However, the tunnel ing distance m ay vary in the
pl ane of the barri er due to m esoscopic e˜ects in the emi tter and we exp ect tha t
i t is smaller for the dots tha t generate the stro ng resonances in the I ( V ) pl ot. On
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the other hand, since the tunnel ing di stance cannot be smal ler tha n the di stance
of the dot layer from the barri er (¤ 1 5 nm ), we can assume tha t Â s i s in the
range 15{ 28 nm . Thi s leads to an uncerta inty in the value of k =B , whi ch varies in
the range 2{ 4È 1 0 7 m À 1 T À 1 , and in the correspondi ng size of the electron wa ve
functi on, as estim ated from the analysis of the j ' QD ( k x ; k y ) j

2 pl ots.
Our tunnel current m easurements provi de inf orm ati on on the wa ve functi on

pro babi l ity density in k -space and we can determ ine the form of the corresp ond-
ing pro babi l ity densiti es in real space i f we appro xi mate the j ' QD ( k x ; k y ) j

2 plots
by sim ple functi ons, e.g. the harm oni c functi ons used to describe the form of the
j Ù( k y ) j

2 pl ots of Fi g. 3. A parti cul arly notewo rthy feature of the j Ù(k y ) j
2 curves is

tha t they have very sim i lar form s to the probabi l i ty density in k -space associated
wi th the ground, Ùrst, and second exci ted states of a harm oni c oscillato r poten-
ti al . Al so, for a harm oni c oscil lato r potenti al , the k -space and real space wa ve
functi ons have identi cal form and for thi s case we can obta in di rectl y the electron
wa ve f uncti on in real space. For the ground state, j Ù( k y ) j

2 can be expressed as
exp ( À k 2

y
=¥ 2

k
) , where ¥ k i s related to the expectati on value of y 2 accordi ng to the

relati on l 2
y

= h y 2
i = ¥ À 2

k
. W e Ùnd l y ¤ 1 0 Ï 3 nm , whi ch is larger tha n the typi cal

in-plane radius of our dots ( ¤ 6 nm ). Thi s suggests tha t electrons tunnel into
the dots wi th the largest in-pl ane area. Al so, we Ùnd tha t h y 2

i increases wi th the
quantum numb er n y , whi ch is consistent wi th the attri buti on of resonances e2 , e4 ,
and e7 to three consecuti ve eigenstates. A simi lar analysis for the j ˜ ( k x ) j

2 plot
al lows us to determ ine the characteri sti c size, l x = 5 : 5 Ï 1 : 5 nm , of the electron
wa ve functi on along x .

4 . Co n cl usion s

In conclusi on, we have shown tha t magneto - tunnel ing spectro scopy pro vi des
a m eans of probi ng the electron wave functi on of self-assembled InAs QD s. W e
identi Ùed conÙned states in the dot showi ng the el lipti cal sym m etry of the ground
state and the characteri sti cs lobes of the exci ted states. W e have also drawn a
correl ati on between the spati al sym m etry of the electro n wa ve functi on and the
m orpho logical pro perti es of quantum dots grown on di ˜erentl y oriented GaAs
substra tes and com pared them wi th the sym metry pro perti es of the electron wa ve
functi on of an hydro genic-donor im puri ty. MTS studi es can now be extended to
new m ateri al system s and no vel devi ces. In pri nci ple, the MTS techni que can
be used to inv estigate the wa ve functi on of the holes or possibly the quantum
states associ ated to many-body parti cles in the dot. The deta iled im ages of the
electron and hole wave functi ons pro vi ded by MTS m ay have relevance to further
inv estigati ons of the physi cs of quantum dots and to the design of future quantum
devi ces.
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