PHYSICAL REVIEW B 70, 115308(2004

Impurity effects in quantum dots: Toward quantitative modeling
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We have studied the single-electron transport spectrum of a quantum dot in GaAs/AlGaAs resonant tunnel-
ing device. The measured spectrum has irregularities indicating a broken circular symmetry. We model the
system with an external potential consisting of a parabolic confinement and a negatively charged Coulombic
impurity placed in the vicinity of the quantum dot. The model leads to good agreement between the calculated
single-electron eigenenergies and the experimental spectrum. Furthermore, we use the spin-density-functional
theory to study the energies and angular momenta when the system contains many interacting electrons. In the
high magnetic field regime the increasing electron number is shown to reduce the distortion induced by the
impurity.
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I. INTRODUCTION these systems the transitions between the many-body states

The tunability in size, shape, and electron number of2'® considerably less pronounced than in clean dots. Hirose
semiconductor quantum dot®D) provides numerous tech- and Wingreet? have used the spin-density-functional theory
nological applications as well as interesting many-electrodSDFT) to examine the energies and spin states in disordered
physics! In actual QD devices, the effects induced by impu-QD’s as a function of the interaction strength in zero mag-
rities or donor scattering centers may be remarkable. In mogtetic field. Besides additional scatterers, noncircular QD’s
cases, irregularities in samples have only an indirect influhave attracted general interest in connection with the chaotic
ence on the many-body structure, complicating the identifipropertie$® or the behavior in the high magnetic field limit.
cation of the origin behind the peculiar behavior in the mea- In this paper we present a measured single-electron trans-
sured characteristics of QD’s. port spectrum where avoided crossings and lifted degenera-

A clean quantum dot typically shows single-electron en-cies are clearly observable. We reproduce the spectrum with
ergy levels reminiscent of the well-known Fock-Darwin en-an appropriate model potential, showing that the unexpected
ergy spectrum corresponding to a parabolic confiningeffects in the spectrum result from a negatively charged Cou-
potential? Adding external impurities into the QD breaks the lombic impurity located near the QD. The many-electron
circular symmetry of the system, leading to avoided crossproperties studied by the SDFT reflect the strongly distorted
ings and liftings of the degeneracies in the single-electrorsingle-electron spectrum. The variation of the impurity loca-
energy spectrum. This was demonstrated by Halarieal,>  tion shows the stability of the maximum-density droplet
who studied theoretically QD’s distorted by repulsive Gauss{MDD) and the screening of the impurity by electrons.
ian scattering centers. However, even if clear traces of the The outline of this paper is as follows. In Sec. Il we
Fock-Darwin spectrum have been obtained experimentally ifpriefly describe the fabrication of the sample and report the
both laterat and vertical~” quantum dots, there is, to the best transport measurement. In Sec. Il the theoretical model de-
of our knowledge, no direct experimental evidence of repul-scribing the physical system is given and the single-electron
sive impurities present in QD structures. Instead, statesalculations are compared to the experiment. In Sec. V the
bound to hydrogenic impurities, probably arising from Simany-electron properties, i.e., chemical potentials, MDD sta-
dopant atoms in the GaAs quantum well, were found alread¥pility, and total magnetization are studied with the SDFT.
by Ashoori and co-workefsin their pioneering single- The paper is summarized in Sec. VI.
electron tunneling experiment. These impurities have been
suggested to be sources of pair-tunneling states, theoretically
analyzed with a superimposed attractive r-type Il. EXPERIMENT
potential?10

Theoretically, the distortion of the circular symmetry  The heterostructure consists of a 10 nm wide GaAs quan-
makes the many-electron problem particularly complex tdum well sandwiched between two AfGa, ;As-tunneling
solve, especially in the presence of an external magnetibarriers of 5 and 8 nm, see Fig. 1. The contacts are formed
field. In the above-mentioned study, Halonetnal® applied by 0.5um thick GaAs layers highly doped with Si up to 4
exact diagonalization up to three electrons and focused o 10 cm™ and separated from the active region by 7 nm
the effects of impurities on the energy levels and opticathin spacer layers of undoped GaAs. Our sample was defined
absorption spectra. Recently, Guglii and co-wofkeper-  as a mesa of 4gm size. We carried out direct-current mea-
formed diffusion quantum Monte Carlo calculations on QD’ssurements of the current-voltagé-V) characteristics in a
distorted by randomly distributed Gaussian scatterers anHe®-refrigerator at 350 mK base temperature in magnetic
studied the energetics up to ten electrons. They found that ifields up to 14 T.
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40 pm IIl. MODELING THE QUANTUM DOT

H We expect the quantum well confined in the GaAs layer to
have a negligible degree of freedom for electrons in the ver-
tical direction. Our model system is thus strictly two-
dimensionak2D) and defined to be located on tkg plane.

e e The single-electron Hamiltonian is written as
' 1
h(r) = >—[p + €A(r)? + Veon{r) + Vimp(r),  (2)
5nmAl b, con imp!
500 nm n GaAs 45 nm Al Fa, As 2m
<+—8nmAl, Ga, ,As where we use the effective-mass approximatiBMA) with
m"=0.067m,, which is the typical value for electrons mov-

ing in GaAs. In a symmetric gauge the vector potential reads
as A=B/2(-y,x,0), giving the external magnetic fiel&
=BZ perpendicular to the QD plane. The Zeeman energy is
omitted in Eq.(2) since the spin splittinG is not visible in
the energy levels shown in Fig. 2 for the magnetic fields

500 nmn° GaAs

applied.
ohmic contact The confining potentiaV,,,(r) is expected to be para-
bolic near the center of the dot. However, we soften the
FIG. 1. Sketch of the heterostructure of our sample. edges of the dot by changing the sign of the paraboloid at a

certain cusp radius;, giving
Figure 2 shows the resulting transport spectrum of a quan-

: ) > * 2
tum dot formed in a local potential minimum. The black “mwgr?, r=rg

lines V,, correspond to high differential conductanc& Veord(r) = (3
=dl/dV. They trace the position of the single-el_ectron energy m*wé[s(r —r)?- fc<k _ r)} >
stateskE,, of the spectrum according to a relation 2

where the parametesy defines the strength of the rounding
term. As shown below, the softening of the confinement is
crucial in obtaining a good agreement with the experimental
where the energy-voltage conversion factoequals 0.4, de-  energy spectrum.

termined from measurements of the broadening of the step we expect the impurity to be described by a negatively
edge with temperature, and the onset voltage is fitted to beharged particle located in the vicinity of the quantum well.
Vo=172 mV. The energy level,, in the transport spectrum The impurity potential can thus be written in a Coulombic
can be interpreted as single-electron energies of a local, prégorm as

sumably a growth-induced potential minimum in the GaAs

quantum well of our device. Several energy levels are cleary Vo (r) = elql (4)
visible in Fig. 2. In contrast to ordinary Fock-Darwin energy T Amege(r —R)2+ o2’

levels, we are able to observe broken energy degeneracies
B=0 T and strong anticrossing effects in the spectrum.

Vi =Vo+ 1(ea)E,), (1)

v%ereq is the (negativg charge of the impurity particles
=12.7 is the dielectric constant for GaAs, dRdndd are the
lateral and vertical distances of the impurity from the QD
center, respectively. Figure 3 shows the total external con-
finement of the model systende,=Veont* Vimp: @nd a sketch

of the expected configuration.

To calculate the single-electron spectrum, we solve the
discretized eigenvalue problemj; =€ numerically on a
two-dimensional2D) point grid using a Rayleigh quotient
multigrid method'® Figure 4 shows the resulting spectrum
(dashed linescompared to the experimental dqtapeated
from Fig. 2. The energies are converted to voltages accord-
ing to Eqg.(1), and the model parameters are adjuste: the
discussion beloyvuntil the agreement between the experi-
ment and the model is as good as possible. The simulation
00 260 280 208 30 places the avoided crossings between the energy levels very

V [mV] close to the correct positions. There are still considerable
deviations in the 5th and 6th levels but, for example, the 7th

FIG. 2. Top: G(V,B) plot of the transport spectrum of our level agrees almost perfectly through the magnetic-field re-
sample. Bottomi-V characteristics foB=0 T. gime presented. The differences at high fields between the
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FIG. 3. (a) Profile of the external potential used in the simula- Tl

tion. (b) Sketch of the expected configuration of the QD-impurity 1. 5. [ owest noninteracting single-electron eigenenergies cal-

system. culated for an impurity-containing QD wittthick lines and with-

experimental data and the simulation result from the shift oPUt(thin "npfs) the rounding.of the edges. The dashed ”'?es show the
the chemical potential of the emitter to higher energies withzf)er;isggpdmg eigenenergisted by +14 meV for clarity for a
increasing magnetic field. '

In calculating the energy spectrum shown in Fig. 4, we ) ) ) _
optimize the potential parameters corresponding to the be& double-acceptor distorting the QD, possibly a substitu-
possible fit to the experimental data. The confinement is thelonal or interstitial Si atom migrated through the relatively
defined by%wy,=13.8 meV,r.=15.5 nm, ands=-0.2, and thin spacer layerii) thg impurity is Iocateq very close to the
the impurity parameters are given byg—-2 e, R=14.5 nm, QD plane, probably lying in the 10 nm thick GaAs laysee
andd=2 nm. There is naturally some uncertainty in the pa-Fig- 1. This could lead to the above mentioned reduced
rameters due to the rather similar scalingvgf, with respect ~ value for the reale; (iii) the confinement strengthaw, is
to |q] andd. In addition, the exact value fardescribing the ~@Pproximately three times larger than the values typically
screening of the impurity is not known. We used the simplest's€d(3-5 meVj for modeling parabolic QD's. This is due to
assumption, i.e., the same value fathat is applied with the ~the growth-induced formation of the QD in the absence of
EMA to screen the electron-electron interactions for the 2D9ates around the sample; a(id) for the same reason, the
electron gas in GaAs. This fixation yieldg=—2 e for the ~ confinement becomes softer toward the edges of the dot.

best fit. In reality, however, the screening may be reduced sbence, the rounding at=r. in Veontis required to compress

that a single impurity charge is also possible. the highest states in agreement with the experimental spec-
Thus, for this particular sample we determine the follow-trum. .

ing characteristic features of the system from the model po- We remark that until now we have analyzed several

tential Ve, (i) The impurity is presumably an ionized single Samples showing a, Fock-Darwin-like spectfuamd found
only two spectra with clear level repulsion. In this paper, we

320:':;'_::;'__k____'h____,_:'_'___'_____‘_,;g‘_ focused on this particular sample due to the high quality of
S e A — the transport spectrum.
e LT i R 5
= L ’_H,:—- -------
300f 777" y -:-::ff’_’_ ______ ] IV. SHAPE DEPENDENCE
_ 7 :;" y e To clarify the sensitivity of the single-electron spectrum
E o8 y/ S e = - — ==y on the shape of the model potential, we compare in Fig. 5 the
- : = eigenenergies given by the chosen moghick lines to
= ——— i o Sy L those of a model QD without the rounded edgisn lines
o0l 1 and to those of a corresponding clean model dot witl
——— e, ) \‘ — but with the rounding terngdashed lines The level repul-
e sion is clearly induced by the Coulombic impurity that
oa0f breaks the circular symmetry of the QD and couples the con-
0 5 1 ” figurations corresponding to different levels. A statistical

analysis of the energy-level spacings would enlighten the
quantum chaotic properti€sof the system but it is not in-
FIG. 4. Measured transport spectrirapeated from Fig. 2of a cluded in this StUdy. It should be noticed that the sequence of
GaAs/AlGaAs QD and the calculated single-electron energiedhe avoided crossings seen in the spect(&igs. 4 and bis
(dashed linescorresponding to the model potential shown in Fig. determined by the distance of the distortion from the QD
3(a). center. In the high-field limit, however, the system becomes

6 8
B [T]

115308-3



RASANEN et al. PHYSICAL REVIEW B 70, 115308(2004

integrable and the eigenstates condense into Landau levels.

The rounding term in/.,s has the strongest influence on
the levels with the highest angular momenta, and the cusp at
r. induces also a weak decoupling of the degeneraci& at
=0 T. We remark that the eigenenergies for the clean case
are lifted in Fig. 5 by 14 meV for clarity. The Coulombic
impurity in the vicinity of the QD thus has a strong effect on
the eigenenergies. This tendency is also apparent in the
many-electron properties studied below.

V. MANY-ELECTRON PROPERTIES

w(N) [meV]

Next we study situations that the quantum dot described
by the best fitting parameters above contains up to six inter-
acting electrons. Even if the many-electron case has not yet
been experimentally realized for this particular QD, we find
it important to predict how the increasing electron number
changes the effects of the impurity on the ground-state prop-
erties.

The problem is now described by tiNeelectron Hamil-
tonian

0 5 10 15 20

N N & B [T]
H= 2‘1 [hi + g neBs, ] + Z‘j 4reqer - rj| ’ 5) FIG. 6. Calculated chemical potentials for a cl¢dashed lines,

lifted by +14 meV for clarity and impurity-containingsolid lineg
where the single-electron part is given by Eq.(2) and the  quantum dot up to six electrons. The dotted lines denote the borders
Zeeman energy is taken into account wifte—0.22 for the  for the full spin polarization. The other spin-state domains are also
effective gyromagnetic ratio in GaAs. This has been meamarked above and below the curves corresponding to the clean and
sured to be a realistic value for a similar systém. impurity-containing cases, respectively.

We apply the SDFT according to the self-consistent

Kohn-Sham(KS) scheme to obtain the total energies andclean case, however, occasional pairing @fN+1) and
spin densities of the system. The local spin-density approxi;,(N-1) is clearly observable, e.g., witN=3 and 5, and
mation used for the exchange-correlation energy is based Qfjith N=4 and 6 aB=<1 T. This is caused by Hund’s rule,
the magnetic-field-independent formulation by Attaccadite j e near a degenerate point it is energetically favorable to
al.*® According to our experience, it is the most accuratenave parallel spins between the electrons due to the exchange
parametrization for finite 2D electron systems in the zerojnteraction. This leads to partial spin polarizatiéB=0
field limit.? We solve the discretized KS equations in real _ 1 in the clean dot wittN=4 andN=6 atB=<0.84 T and
space without implicit symmetry restrictions, which allows > 5 T<p<35 T, respectively. In the impurity-containing

us a total freedom in shaping the external potential. The NUgqy those states are missing due to the avoided level cross-
merlc':'al' process qf splvmg the effec_:tlve smgle-e'lectronings in the single-electron spectruisee Fig. 5 Generally,
Schrédinger equation is accelerated with the Rayleigh quoge impurity smoothes the behavior of the chemical potential,

: J=" 6
tient multigrid method: _ reflecting the flattening of the single-electron energies stud-
Our earlier calculations for rectangutaiand parabo]@ _ied above. This is in agreement with the results by Giaglii

QD’s show that our SDFT scheme produces energies in g 11 ¢, randomly distributed impurities.

good accordance with the quantum Monte Carlo results. We  pq seen in Fig. 6 the impurity does not affect considerably
have also noticed that the current-spin-density-functionajyo onset for the full spin polarizatiofdotted lines. As N
theory (CSDFT) does not represent a qualitative improve-i-reases, however, this point in the clean QD shifts to
ment over the SDFT in small quantum-dot systems. A deyigherg than in the impurity-containing dot. Simultaneously,
tailed comparison between the SDFT and CSDFT for a sixyhe ., spacings decrease relatively more rapidly in the latter
electron QD can be found in Ref. 20. case than in the clean dot. The reason is the fact that the
impurity pushes the electrons to the soft-confinement region
A. Energies near the edges, whereas the clean dot represents a more com-

act state with higher addition energies.
Figure 6 shows the chemical potentials(N)=E(N) P g g

-E(N-1), calculated in clearidashed linesand impurity-
containing(solid lineg QD’s up to six electrons. Due to the
spin-degeneracy, the chemical potentials shift generally in In the description above, the impurity is kept in a fixed
adjacent pairs with increasing corresponding to the well- position atR=14.5 nm laterally from the dot center. Next,
known even-odd effect of experimental current peaksthe  we consider changes in the total angular momenturR &s

B. Angular momentum
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FIG. 7. Total angular momentum and electron density distribu- L . .
tions for a six-electron QD as a function of the impurity distance FIG. 8. Magnetization of thefully polarizeq state of a six-

from the dot center. The solid and dashed curves correspond to tHf€Ctron guantum dot at the impurity distané&s0 (plus markers
magnetic fields of 20 and 25 T, respectively. and 5 nm(cross markenswith (solid curve$ and without(dashed

curveg the electron-electron interactions. The effective Bohr mag-

. : . _ L netonug=efi/2m".
varied (while d is kept constantin magnetic fields corre-

sponding to the MDD state. In a circularly symmetric QD,
the MDD has the occupation on the single-particle state
with angular momentum eigenvaluds0,-1,...,N+1,
giving L,= —%N(N—l) for the total angular momentufA.In
the case of a broken circular symmetry, the onset for th
MDD can be defined from the last cusp in the chemical po
tential indicating the full spin polarizatiofsee Fig. 6. This
is consistent with the experimental identification of the MDD
phase by measuring the magnetic field evolution of the Cou
lomb blockade peak®.Since the angular momentulnis not
a good quantum number for a noncircular confinement, w

e consider the total magnetization, defined at zero tempera-
ure asM =-dE,,/JB. In Fig. 8 we plotM as a function oB
for six-electron, fully polarized QD’s in both noninteracting
and interacting cases and with the impurity locatiéts0
@nd 5 nm laterally from the QD center. The noninteracting
‘energy is computed directly as a sum of the six lowest
single-electron energies. As the impurity is shifted off the dot
center, the lowest single-electron states deco(g#e Fig. 1
in Ref. 3, leading to a considerably smallgvl| and disap-
earance of the transition &8~23 T in the noninteracting
. . . ystems. On the other hand, the interacting systems show
computel, in th_e following as a sum of the expectation frequent oscillations due to the entanglement of the energy
yalues for the single-electron angular momentum oper"“to'ila\vels, i.e., periodic changes in the fully-polarized ground
|,=~i#i[x(9/ dy) ~y(d/ 9x)]. The summation is over all the oc- statel4 The QD's with different impurity locations behave
cupied KS states. similarly, indicating that the circular properties are preserved
In Fig. 7 we present how the six-electron MDD Bt  also when the impurity is off-center. This verifies the screen-
=20 T is affected by the impurity shifted through the wholeing of the impurity by the electrons. The importance of
QD region. Except for the kink &~ 8 nm, corresponding screening is evident also from the work by Haloretnal3
to the radius at which the impurity penetrates the edge of thsho considered impurity-containing QD’s with two and
QD, | increases smoothly from 15 to 21, i.e., from thethree electrons. The same tendency was also found in the
MDD to a quantum ring witH=-1,...,-6 states occupied. magnetization of the two-electron square QD’s studied by
The stability is also visualized in the density insets of Fig. 7Sheng and Xd“ In our forthcoming studies, we will exam-

corresponding to different impurity locations. The dashedne the high magnetic field regime as a function of the im-
line shows the equivalent evolution B&E25 T, still corre-  purity parameters in more detail.

sponding to the MDD region in the clean dot. &—0,

however, we find a transition to the next quantum-ring state V1. SUMMARY

with |=-2,...,-7 states occupied. The rounded edges of the

QD clearly make the ring-like states sensitive to the mag- We have reported a transport measurement of a vertical

netic field. In contrast, the MDD remains as a rather compacgiuantum dot, giving single-electron energies strongly deviat-

state spread across the highly confined central region as tlieg from the Fock-Darwin spectrum. We have found a real-

magnetic field is varied. istic model for the sample dot by including a Coulombic

impurity in the external parabolic potential that has soft

edges. The parameters obtained for the model potential indi-

cate a strong confinement resulting from the growth-induced
Finally, we investigate the tendency of the many-electrorformation of the QD, as well as an additional impurity par-

structure to screen the external impurity. For that purposdicle, presumably a single or doubly charged Si atom, shifted

C. Magnetization

115308-5



RASANEN et al. PHYSICAL REVIEW B 70, 115308(2004

both laterally and vertically from the center of the quantumactual quantum-dot devices as the number of electrons in-
dot. Using the model and the spin-density-functional theorycreases.
we have studied the energetics and structural properties of

the corresponding many-electron problem. The impurity

evens out the state alternation as a function of the magnetic Thjs research was supported by the Academy of Finland
field by lifting the degeneracies, but it does not affect re-through its Centers of Excellence prograi®000—2005%
markably the onset of the full spin polarization. The stability g R. is also grateful for the Magnus Ehrnrooth Foundation
of both the maximum-density droplet and the magnetizatiorfor financial support and A. Harju and A. D. Giclii for useful
verify that the many-electron structure reduces the distortionliscussions. The group in Hannover acknowledges sample
apparent in the single-electron properties. The future experigrowth by V. Avrutin and A. Waag and financial support by
ments may illustrate the damping of the irregular behavior inBBMBF.
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