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Manipulation of the homogeneous linewidth of an individual In(Ga)As quantum dot
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By application of external electric field, we demonstrate the ability to controllably manipulate the homog-
enous linewidth of exciton transitions in a single self-assemblé@ds quantum dofQD). Complementary
emission (photoluminescengeand absorptionphotocurrent measurements are used to probe directly the
competing processes of radiative recombination and carrier tunnelling escape from the dot. At high electric
fields (=100 kV/cm) the exciton line shape is lifetimlaomogenouslybroadened with mesoscopic broad-
ening effects arising from coupling of the QD to its electrostatic environment determining the low field line
shape.

DOI: 10.1103/PhysRevB.66.045313 PACS nuniber78.67.Hc, 78.55-m, 78.67—n

The past decade has witnessed rapid progress in the uaudred using atomic force microscopy on an identical but un-
derstanding of the optoelectronic properties of self-capped sample and was found to vary frer800 um™? to
assembled quantum dot®D’s). These advances have re- zero. All measurements reported in the present work were
sulted in the development of novel optoelectronic devicks obtained from a region of the wafer for whichgp
whose operation relies fundamentally on the zero-<5 wm™2 Following growth of the QD layer, wafer rota-
dimensional(0D) electronic structure. Many of the major tion was resumed and the QD’s were capped with 125 nm
recent advances, such as the possibility to optically manipuJD GaAs, a 75 nm thick UD AlsGa, ;As blocking layer,
late and control quantum statébave arisen from the ability and finaly a 5 nm UD GaAs cap. A cross sectional TEM
to address individual QD’s using spatially resolvedimage is presented in Fig. 1 showing that the QD’s are ap-
spectroscop? This allows inhomogeneous broadening ef- proximately lens shaped and have vertical and lateral dimen-
fects to be eliminated and enables fundamental properties ¢fons of 5 and 25 nm, respectively. After growth, Ohmic
the QD’s to be probed directly. contacts were established to tip¢ contact layer and a

The majority of previous optical studies of single QD’s ~20 nm thick semitransparent Ti Schottky contact depos-
have used emission spectroscopy to investigate neutral arigd on the surface. A 200 nm thick Au shadow mask was
charged few-body complex8s!® In particular, the precise then deposited on the Schottky contact into which 800 nm
control of the dot charge status, using gated FET-likediameter microapertures were opened lithographically. PC
structure$™! has proved to be invaluable, revealing novel
information on Coulomb interaction and correlation effects. QDs
In the present work, we use a similar structure toinbine —_—
emission[photoluminescencéPL)] and absorptioriphoto-
current(PC)] spectroscopy to probe the evolution of the ex-
citon line shape of a single QD as a function of electric field
applied along the growth axis of the dot. Unlike PL, absorp-
tion spectroscopy is capable of probing the optical properties
of QD ground states in the absence of occupation
effects’> 1> The results allow the separation of the homoge-
neous(lifetime) broadening from mesoscopic effects arising
from the coupling of the QD to its electrostatic environment.
In addition, the competition between carrier escépading
to PO and radiative recombinatiofieading to PL is stud-
ied, and allows unambiguous determination of the mecha-
nisms and time scales for carrier escape.

The sample investigated was grown using molecular
beam epitaxy on an undoped GaAs substrate. Arh thick
undopedUD) GaAs buffer layer was deposited followed by

a 500 nm thickp” (p=5x%10"" cm"®) GaAs contact layer [, 1. Schematic band structure of the devices investigated for
and a 25 nm UD tunnel barrier. Following this, the wafery, such that the QD's are uncharged with excess holes. The main
rotation was stopped before the QD layer was gré@ML  carrier dynamical processes are shown due to radiative recombina-
of Ing sGay sAs deposited at 530 °C) to produce a QD densitytion (Rp.) and carrier escape denoted By, and Ry, respec-
gradient across the wafer. The QD densityf) was mea- tively.
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FIG. 2. Charge neutral single exciton emissiotp() and ab- Voltage (V)

sorption X30) spectra obtained from an individual quantum dot as » . . . 0
a function of applied bias in the ranger (.4<V=+2.6 V) FIG. 3. Peak positiongéa) and integrated intensitie®) of Xz,

corresponding to axial electric fields ranging from 30 (fiIIed_sq_uare}s and_ch (open trianglek plotted as a function of
<F(KV cm™1)<160. The charging of the QD with excess holes is €lectric field V55) in the range 3&F(kV Cmill)glﬁo' The gray
clearly observed foN,,:<0.6 V, marked by the appearance of shaded area ith) _corresponds to the t_ale_ctrlc field range for which
additional lines in the emission spectruiy{ ). The broadening of ReL~Re and carrier escape and radiative recombination compete
X9, is clearly evident fof =100 KV cm ! asR.>Rp, . dlreqtly. (c) Linewidth of ch as a function of axial electric field.
The inset shows schematically the energy level structure as deduced
and PL measurements were performed withRL system at  from analysis of thd'-F data.
10 K using a power stabilized Ti-sapphire laser to illuminate
individual QD’s through the apertures. For PL measuredine is unambiguously identified as the charge neutral single
ments, the QD’s were excited 100 meV above the ground exciton from the linear dependence of its amplitude on exci-
state exciton transition into an absorption quasicontinuumation intensity and the PC data below. Studies of the posi-
identified from PL-excitation spectra, eliminating electric tively charged excitonsXp,") will be presented elsewhere.
field dependent capture processeShe PL signal was dis-  The position and integrated intensity X§, are plotted as
p(_arsed Wlth a 0.85 m double monochrom_ator and detecteq fnction ofF in Figs. 3a) and 3b), respectively. For 30
with & Si-CCD detector £70 eV resolution. PC mea- - g kv em~1)<50, X3 exhibits a weak blueshift before
surements were performed using a current preamplifier an%oving to lower energy folf=50 kVcm ! due to the

lOCkf'n detection. . . uantum confined Stark effett.Over this range of electric
Figure 1 shows a schematic representation of the bana

structure with a positive(revers¢ bias applied to the feld,xme amp_lltu_de O?(P'- flrzt mc(;easbe Sf as the prob_ablhty
Schottky contact V). For the gate potential shown, the 0 60 'I:<I§/ e[nllssF|on | IS Te Iuce_ ' f. |§ Ori saturlgtn(;g ?t
quasi-Fermi level lies above the first bound hole st&g) o . c¢m ~. For larger electric fields the amplitude o
in the QD's and hence the dots are uncharged. FrompL 'S 5”0“9'13’ quenched and disappears completely at
capacitance-voltage measurements, hole charging was found00 kV%m . As Xp_ quenches, a single PC peak
to occur forV,,<+0.5 V. The majority of the measure- €merges Xpg), the position and amplitude of which are also
ments were recorded with/,,=+0.5 V and low optical ~plotted in Figs. &) and 3b), respectively. The coincidence
excitation levels such that the PC and PL spectra both reflegf Xp_and Xpc and their identical Stark shift confirms that

charge neutral single exciton statés. both features arise from single excitonic emissimﬁ,_() and
Figure 2 shows single dot PC and PL spectra recorded faabsorption K3.) from the same QD.
a range of gate voltages betweer0.4 and+2.6 V (30 The observed Stark shift is very well described by an

<F=<160 kVcm1). For Vapp=+0.5 V, the quasi-Fermi  equation of the fornE=Ey+ pF+ BF? wherep and 3 are
level lies below the highest energy hole state in the QD andhe permanent dipole moment and polarizability of the single
a number of emission lines are observed, arising from neutradxciton state, respectively. Fitting the measured variation of
and positively charged exciton§” For V,,;~+0.6 V the the PL and PC datéfull line Fig. 3(@)] yields p=+7.4
quasi-Fermi level shifts above the QD hole states and the-0.4.10%° Cm corresponding to a separation between the
charged exciton features, label@, in Fig. 2, disappear, center of gravity of electron and hole wave functions gf
leaving a single emission IineX@L) at ~1257 meV. This =0.46-0.02 nm(from p=er,,). The positive dipole mo-
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ment corresponds to an inverted electron-hole alignment 1/F (kV/cm)‘1
(hole located towards the apex of the dot, above the electron
at F=0) indicating a nonunifO{e?ns’llJn content in the dots, in 0-915 0-q10
agreement with previous studies: ? 4

We now consider the physical origins of the observed 8515|§<ch
behavior. For low electric fields{=60 kVcm 1), the car- :
rier tunnelling escape rate®{ andR;, on Fig. 1 are negli-
gible in comparison with the radiative recombination rate
(Rp) and only PL is observed experimentally. At intermedi- 9lR=Ry=ns___ i MY R
ate electric fieldf 60<F(kVcm 1)<100] R, and Ry, in- . -
crease rapidly, eventually becoming comparabl&gp. In .
this field regime, tunnelling competes effectively with radia-
tive recombination and the amplitude of the PL decreases
with a corresponding increase in the PC signal. Finally, at
F=100 kVcm ! the intensity of the PC saturates since
Ren=>Rp. and all optically created escape and contribute to
the measured photocurrent. These processes are depicted
schematically in Fig. 1.

Further evidence for a pronounced increasdiy,, and Energy (meV)
hence decrease of the exciton lifetime, at high field is ob-
tained from the very marked increase of linewidth of the PC  FIG. 4. (a) Analysis of thel'-F data demonstrating thatp,
peak with F, due to lifetime broadening, shown in Fig. ~R, for an electric field of 8%5 kVcm 1. The dashedsolid)
3(c).X8%°For high electric fields£100 kVcn!) thishasa line is a fit to the experimental data with=0 (A#0). (b) High-
Lorentzian lineshape characterized by a full width at halfresolution low-field F<100 kVcm ) photocurrent spectra ob-
maximum (), given byl'~#%R¢/2, with R;=(R.+R;,). For  tained from two different QD’s illustrating the generality of the
F=150 kVcm %, T~650 weV corresponding to an exci- observed asymmetric line shape %g..
ton lifetime R;1~0.5 ps, three orders of magnitude smaller ) R )
thanRe, (~1 ns 1),’ demonstrating that electric fields can —8° ,ue\/o. This value forE[’, and knowledge of the exciton
be used to vary controllably the exciton lifetime in QD’s €nergy &°) and the energetic position of the wetting layer

K . _ e/=h :

over a very wide range. For low electric field, the PC has State Ew, =1455 meV) enable&/E'~2.2 [Fig. 3(c)] to
non-Lorenztian line shape which f®t limited by the line-  be deduced, in agreement with the findings of other Work
width of the laser excitation source-B0 weV) and is field and further substantiated by_ measurem_ents performed on a
independent within experimental resolutiédiscussed be- number of other dots withx° ranging from 1230
low). —1350 meV. In addition, the vertical size of the QD’s from

The observed lifetime broadening of the PC peak is modTEM (~3 nm) in Fig. 1 is in good agreement with the
elled using an adiabatic approximation, with decoupted Value ofL determined from the fit.
(IF) andx,y (plane of QD3 motion: the tunnelling prob- In Fig. 4(@), the data of Fig. &) is replotted in the form
ability then depends only on the component of the QD In(Ry) vs F 1 together with the best fit discussed above. In
wave function and can be modelled using a one-dimensionahis plot, the field induced broadening is linear, the gradient
(1D) WKB approximation. For a 1D confining potential of andF~*=0 intercept being determined independentlyffy
effective widthL, the carrier tunnelling rat®,, is given  andL, respectively. The dashed line in Figa#is the pure
by'® tunnelling escape rate obtained from the fitted values=for

and L with A set to zero. This line intercepts the valRe

Log, (R)
'Y

PC (arb. units)

P ! =Rp,=1 ns! at F(Rp;=R;)=85+5 kvcm ! This
Ren=——"— ex;{ 37 F\/Zmsz? } (1) field value is in excellent agreement with the electric field for
2mgL € which the intensities of the PL and PC curves are approxi-

_ o mately equalsee the gray shaded region of Figb3 and
whereE; is the ionization energy of the electron or hole statenence whereR;~Rp, . This consistency strongly supports
(to the 2D wetting laygrandm™ is the effective mass in the the above modelling of the escape rates, the initial assump-
tunnel barrier, assumed to be bulk unstrained GaAs. Itis alsgon thatR,>R,, and confirms that the exciton lifetime is
assumed thalR> Ry, due to the significantly larger hole ef- getermined by field induced escape of the electron.
fective mass, and thuBr~R,.*>?*"**The calculated rate  The measured value of photocurrent at 85 kvénis 3
from Eq.(1) is used to fit the measured broadening using theya, Taken together with the lifetime at this field of
expreSSiorr:hRT/2+ A, whereA is a constant that reflects 1 nsec, the dot occupancy is deduced to-beX 10_3,
the field-independent linewidth observed at Iwrhe re?%“ demonstrating the high sensitivity of the photocurrent tech-
is shown in Fig. &) by _the solid line. To obtain this fiE, nique to measure single QD absorption spettra.
andL were used as adjustable parameters Awdas deter- We now consider the origins of the asymmetric PC line
mined from the low field PC data. The best fit was obtainedshape observed at lof. Many different quantum dots were
using Ef=148+7 meV, L=14+0.3 nm, and A found to exhibit very similar asymmetrical line shapes, two
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exampes of whiciQD1 and QD2 are presented in Fig(d).  which would give rise to a Stark shift ®E=—35 ueV.®

The distinct broadening on the low-energy si#g. 4b)]  This value is comparable to the scale of the broadening ob-
was found to be independent of the linear polarization of theserved experimentally indicating that, despite the simplicity
excitation source, excluding possible explanations arising the analysis, such mesoscopic electric field fluctuations
from ground state splitting due to a reduction of the symmexyive rise to the low field inhomogeneous broadening ob-
try below Dq. The broadening is not observable in the PLgereq here. High power optical excitation has also been
in Fig. 2 since the maximum attainable spectral resolutlor)shown to induce mesoscopic electric field fluctuations due to

was limited to~70 ueV (cf. ~30 weV in PO. ! o o :
To understand the origins of the broadening, the effect oFtOChaS“C charge trapping in the vicinity of the @:HOW

fluctuations in the width of the depletion layer at the edge of /e the energy shifts mtrodgce_d n this case are mhere_ntly
. n . random due to the random distribution of impurities, unlike
the depleted zone in thp™ contact was estimated. Such

fluctuations will result in a discrete fluctuation of the electricthe behavior observed here in which many QD's exhibit

field (AF) and a mesoscopic Stark shif\E=(p 'dentical behavior. - .
+28F)AF of ch, wherep and 3 are the permanent dipole In summary, we have. demonstrated .the ability to manipu-
and exciton polarizability deduced above. The probab#ity IaFe the homogeneops linewidth O.f a single QD through ap-
that ann-monolayer fluctuation occurs in the depletion layer Plication of electric field. By combining the complementary
thickness is estimated by solving the 1D Poisson equation fdchniques of absorptioPC) and emissior(PL) spectros-
the structure and evaluating the Boltzmann occupation factdf®PY We have investigated the competing processes of field

for each acceptor monolayer as a function of distance intéPnization and recombination in a single dot. The variation of
the depletion zone of th@* contact. Values ofP_, ,,  the exciton lifetime with electric field has been determined

~0.5, P_, y.~0.005, andP_,, ,,<10"* (n>2) are ob- from the broadening of the PC absorption peak. The predic-

tained aff =10 K. Thus, the dominant fluctuation is a single tions of this analysis of the tunnel broadening were found to
monolayerdecreasedn the thickness of the depletion layér. be in excellent agreement with the electric field at which PC
Such a fluctuation would result in the electric field changingand PL amplitudes intersect, providing strong support to the
from its nominal valueF, to Fo+AF with a relative prob- overall model. In the low field regime, evidence for mesos-
ability P_; y.~0.5. For the present structure the field fluc- copic fluctuations in the width of the depletion region was
tuation amplitude is estimated to b&F~0.1 kVem !  presented.
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%The axial electric field(F) varies according tdF~a+bV,

24The probability of a single monolayércreaseof the thickness of
the depletion layer is very small (1P 1, ) ~0 accounting for
the asymmetric nature of the broadening.

25|n this simple estimation we consider the system to be effectively
one dimensional. Charging and discharging of acceptors axially
displaced from the quantum dot in the lateral directions would
distribute the magnitude of the Stark shift and give rise to the

asymmetrically broadened exciton line shape observed experi-
app’

wherea andb are constants determined by solving the 1D Pois-_ mentally.

son equation for the structure. We calculate 29+1 and b ®Some evidence for lifetime broadening has been observed in
=36.2£0.2, for F and V,, in units of kV cm * and volts, re- single dot spectroscopy in Ref. 14, and by J. Seufertal,
spectively. Appl. Phys. Lett.79, 1033(2001), but without detailed analysis.

"The simultaneous observation of different charge species is due fg The background noise level is50 fA and so occupanices as
the relatively weak tunnelling probability for holes through the  low as 5x< 10 are measurable.
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