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Optical spectroscopy of charged excitons in single quantum dot photodiodes
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By means of photoluminescence spectroscopy we compare the bias dependent emissions of single quantum
dots which are embedded in two differently designed photodiode structures. Controlled single-electron charg-
ing allows to identify neutral, single- and double-charged excitons in the optical spectra of both samples. The
strength of the tunneling coupling between the quantum dots and the diodggon is found to have a strong
influence on the observed spectral features—in particular, the parallel appearance of emission lines resulting
from the radiative decay of differently charged quantum dot states is suppressed in case of strong tunneling
interaction.
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In recent years, the investigation of self-assembled semiam to 500 nm. A schematic cross-section representing both
conductor quantum dotQDs) has developed into one of the samples is shown in Fig. 1. Additionally the band diagrams
most important subjects in low-dimensional semiconductoof the samples are displayed: Overviews and details of the
physics. Neutral multiexciton states in QDs have been invesenergy band structure are depicted in Fig) 2nd Fig. Zb)
tigated by photoluminescend®L) spectroscopy and corre- for the 20 nm and the 40 nm sample.
sponding theoretical investigatiohs. Charged exciton The occupation of the QDs can be controlled by varying
states were first observed in quantum-well structfires.  the external bias voltagéy between the Schottky gate and
QDs charged exciton states have been studied in inhomog#ie back contact. For increasiMg the band flattens and the
neously broadened ensembles by PL measurethastaell QD electron levels are subsequently shifted below the Fermi
as in interband transmission experimetftsnost recently energyEg of the n-GaAs region. This results in a step-by-
also in single optically-tunable QD% % as well as in elec- step occupation of the QD with electrons: First, the @D
trically tunable quantum rings. Apart from that, we have shell is brought belovE. As a consequence theeshell is
lately reported on our investigation of neutral and chargedccupied with one electron via tunneling between the
excitons in single QDs, realized by means of magneto-PIn-GaAs region and the QDs. The voltage for which the sec-
experiment¥ and by photocurrent experimeftson QDs  ond s-shell electron state is occupied is larger. This is due to
that were integrated into photodiode structures. So far théhe fact that a Coulomb charging energy of about 20 meV
main focus of this work was concentrated on determininghas to be taken into account for the second elecff@ue to
charged exciton binding energies both via experiment anthe same reason and additionally due to the confinement en-
theoretical model calculations. ergies of the higher shells also the voltages for which the QD

In the present paper we take a closer look at the interads occupied with three, four and more electrons are shifted to
tion of the QDs with their environment within a photodiode. higherVg values.

In particular, we demonstrate how differences in the tunnel- In the PL experiments which were performed on the
ing coupling between QDs and the electron reservoir in thesamples, excitons were optically generated at low rate by
diode’s n region affect the bias dependent photolumines-means of non-resonant excitation with a HeNe |4632.8
cence spectra. The understanding of this topic is importartm). Together with theVg-induced electrons these excitons
with regard to future experiments and applications, where théorm the neutral, single-, and double-charged excit¥fs
controlled tuning of absorption and emission energies by<!~, andX2™~ in the QD. A 0.7 m Dilor spectrometer com-
single electron charging in QDs will play an important role. bined with a liquidN,-cooled charge-coupled devi¢ECD)

For controlled charging of individual QDs two different camera was used for detection of the PL. The sample was
electric field tunabla-i structures were grown by molecular mounted in a confocal low-temperature microscbpe.
beam epitaxy. In the first sampleyliGa, sAs QDs are em-
bedded in an-GaAs layer 40 nm above amdoped GaAs
layer (5% 10" %), which acts as a back contact. The growth
of the QDs is followed by 270 nmrGaAs, a 40-nm-thick laser shadow mask
Al sGa 7As blocking layer, and a 10 ninGaAs cap layer. A Snm Ti
5-nm-thick Ti layer is used as a semitransparent Schottky o
gate. With respect to the distance betweenrtt@aAs layer QDs in i-GaAs
and the QDs this sample is referred to as the 40 nm sample.
In the second sample—the 20 nm sample—the width of the
intrinsic region and the distance between th&aAs layer
and the QDs is only half as wide. Both samples were pro-
cessed as photodiodes combined with electron-beam- FIG. 1. Schematic sample structure: QDs integrated in a photo-
structured shadow masks with apertures ranging from 20@iode combined with a near-field shadow mask.

n-GaAs
back contact
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FIG. 2. Energy-band structure: Overview and detail of the con- - ” 2
duction band close to the QDs for tk@ 20 nm sample ancb) 40 CB[a—s N . E - .
nm sample.
P V}Fl/ ﬁ/ A A

In the gray-scale plot of Fig.(8) PL spectra of a single ) o wi .
QD are plotted versus the external bias voltage Figure FIG. 4. 40 nm sample(a) Bias-dependenk”, X, and X*~
3(b) contains analogous data from two other QDs in theemlssaoin |nt¢n§|tles revealing a change from Fjomlr)éhto domi-
same sample in order to demonstrate the reproducibility ofantX” emission aVg=—0.15 V.(b) Tunneling process resuit-
the experimental results. The observed emission lines resuff9 N X~ emission(c) Spin-flip process resulting i~ emission.

o 0 yi1- 2- ayei
from s-shell transitions of th&", X*~, andX“" excitons. In 4 51 energetically higher triplet and a lower singlet final
the voltage range labeled &% the QD is electrically neu-  gia1e with regard to the-shell andp-shell electron that re-

tral, but no PL is observed due to the comparably high eleci,ain in the QD after th&?~ decay. The two lines are sepa-
tric field strengthF. Under this condition carriers tunnel out | 4¢aq by the correspondingip exchange energi, which

of the QD rather than recombine radiatively. Withisc we  poc 4 value of 4.6 meV for the investigated QD. Witkig,
have performed photocurrent measurements on the Samgyy one broad emission line remains. This indicates the fill-
QD.™ Within V, the QD is still electrically neutral. The 4ot wetting layer(WL) states with electrons. Here weakly
smaller electric field results in smaller tunneling losses ang.ynfined electrons interact with the carriers in the QD caus-
in a detectable emission of the shaf line in PL. Within ing a broadening of the detectegshell decay. We have jus-
V1 the QD is occupied with one electrostatically inducedijfieq the assignment of the observed emission lines to the
electron. As a consequence tXé~ emission line appears decay of thex?, X1~, andX?~ excitons by comparing the-
4.6 meV below thex® emission line. WithinV, the occupa-  gretical calculations with the experimental results in an ear-
tion with the second electrostatically induced electron leadgg, publication'* The investigation of 14 different QDs re-
to X2~ emission, which is characterized by the appearance ofulted in an average value of 478.43 meV for thex'™

two emission lines. These two lines result from the existenc%inding energy and a value ¢f=1.95+0.05 meV for the

s-p electron-electron exchange interaction. The standard de-

40nm-sample 1.800- 1.805 1.510 1.315 1.320 1825 viations are attributed to variations in the confinement poten-
0.3-a) E‘ 10) ‘ 15 tials, which result from size and shape fluctuations of the
0.2V i 1 l self-assembled QDs. The comparably small standard devia-
PR T - i | va. tion for K suggests that the-p exchange interaction is less
- 2X X 2x . . . .
SR R . zx‘ L 20 influenced by the details of the confinement potential.

Rl A ' 1 | X - As mentioned before the QD is single-charged wittin
3'0-1' ] I § Surprisingly however, not only the expect¥d~ emission,
57-0.2{VY4 . 52 but alsoX® emission is observed in this voltage range. Even

03 X" ] - . - within V, not only X2~ but alsoX'~ emission is observed. A
P ] - A | 30 more quantitative illustration of this aspect is provided in
A <) X Xu_., Fig. 4(a), where the integrated emission intensities are plot-
ol T3 ] ‘ ted versusVg . The observed parallel emission results from
0.6+ . : ' ' : 35 the time-integrating character of the CCD measurements
1295 1300 1.305 1.310

combined with the statistical occurrence of different emis-
sion processes. Within th¥,; voltage range, for example,
FIG. 3. 40 nm sample(@) Gray-scale plot of the PL intensity as there are two major processes resultingthemission.

Energy (eV)

a function of the emission energy and the bias voltdge Parallel First, a single photoexcited hole can be captured by the
emission ofX® and X!~ as well as ofX!~ and X2~ from a single  single charged QD. Consequently ¥ is formed andX°
QD can be observedb) Analogous data from two other QDs. emission follows. Second, there is the following scenario
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involving a tunneling process: Due to the linear polarization
of the excitation light, statistically every second exciton re- 107 \%E
laxing into the QD leads to a spin configuration where both 10°] T ———
electron spins are oriented in parallel. As a consequence the

optically induced electron cannot relax down to thehell
due to Pauli blocking. Thus it temporarily remains in {he
shell until it tunnels out of the QD. This process resultXth
emission withinVy, it is illustrated in Fig. 4b). In case of
opposite spin orientation of the electrostatically induced
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electron with respect to the optically induced electron, both 074 \

electrons can be accommodated in thehell and aX!~ is 107 : . . . i . .

formed, which eventually decays. 80 90 100 110 120 130 140 150
An important feature in Fig. @) is the observed change barrier height (meV)

from dominant X° emission to dominantX!~ emission
which occurs atVg=-—0.15 V. This change can be ex-
plained as follows: Thé& dependent tunneling-time reaches

such a large value foMg>—0.15 V that Pauli-blocked
g 8 limit the QD is charged with the second electron. In this

p-shell electrons are more likely to relax down to thehell L . .
by a spin-flip process than to tunnel out of the QD. ConseSsituation the QD vacarg-shell state is shifted to a 20 meV

quently the tunneling process illustrated in Figbis re- higher value due to the above-mentioned charging energy. In
placed by the spin-flip!~ emission process which is illus- other words the height of the tunneling barrier is tuned from

trated in Fig. 4c). Reversing all spins in the displayed @Pout 130 meV to about 110 meV withi,. o
processes corresponds to the emission of photons with oppo- Due to the enhancement of the tunneling probabilities in

site circular polarization. With regard to Zeeman component&h® 20 nm sample as compared to the 40 nm sample, non-
this will be of importance in the final part of this paperwhereequ”'b”um charging states have considerably smaller life-
magnetic field data will be discussed. times in the 20 nm sample. This aspect is expected to lead to

Note, that forx® emission within the voltage rangé, as suppressed parallel emission of lines which are assigned to

well as forX!~ emission within the voltage rangé, the QD the decay_of_ differently gharged excitons in the 20 nm
is in a nonequilibrium charging state prior to photon emis_sz.ample. This is n.|cely confirmed by the experimental results:
sion. In an electrostatic equilibrium situation there should b 19Ure @a contains theVg-dependent PL spectra of th(g 20

one more electron in the QD in both cases. Since the tunnel!T" sample2.78|m|'lar.to the 40 nm sample the serieXof

ing coupling between the-GaAs region and the QD is , and X<~ emission lines is observed. In contrast to the
rather weak in this sample, an electrostatic equilibrium situ#0 "M sample there is no parallel emission in the 20 nm

ation in the QD can not be established before radiative emiss@MPple. Again the spectral features are very well reproduced

sion takes place. as can be seen from Figs(hé and Gc) where the emission

Further discussion of this aspect is based on the properti¢d tWo other QDs in the 20 nm sample is displayed. In Fig. 7
of the second sample—the 20 nm sample. In this sample thibe emission intensities of the 20 nm sample are plotted ver-
tunneling barrier between theGaAs region and the QDs is SUSVe - Similar to the 40 nm sample a trend to higher emis-
only half as wide as in the 40 nm sample. The influence ofion intensities for decreasing can be observed. In
this difference on the tunneling probability for electrons tun-

FIG. 5. Tunneling probabilities for electrons tunneling from the
n-GaAs region into the QD versus the corresponding barrier height.

neling through the barrier can be estimated on the basis of : 20nm-sample 1558 L0 100 12
one-dimensional WKB approadfi:In this calculation the 0293 T " T 7 ) | 1 s
properties of the tunneling barriers in the two samples have , | i Vj
to be taken into accourisee the gray-shaded triangles in the IR R B - - 40
righthand parts of Fig.)2 The width of the triangular barrier 0.0+ 1 Xk Vol 45 E
is 20 nm for the 20 nm sample and 40 nm for the 40 nm 1 [ é
sample; it is basically independentd§. In Fig. 5 the tun- < '0‘1‘_' i Iy ] %0 =
neling probabilities of electrons tunneling through the 20 nm;?n 0.2 i '] -55 %
and the 40 nm barrier are plotted versus the barrier height ; 60 B
which is is proportional toVg. As a first conclusion, the -0:34 1 Fe 0 T &
tunneling probability is always at least“lOmes larger in the 04l 1 A -65
20 nm sample. For the comparison of the two samples this ] I 70
finding is independent of more specific assumptions made -0.5 . . L e ; ;

1.280 1.285 1.290 1.295 1.300 1.305 1.310 1.315

for the barrier height. Still, the actual barrier heights for the
V, voltage range can be estimated as follows: The voltage
rangeV, is limited as follows: In the low-voltage limit, the FIG. 6. 20 nm sample@) Gray-scale plot of the PL intensity as
QD is electrostatically charged with one electron, iE:,iS  a function of the emission energy and the bias voltage No
aligned with thes shell, which is about 130 meV below the parallel emission can be observéb) and(c) Analogous data from
confining GaAs conduction-band edge. In the high voltagawo other QDs.

Energy (eV)
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FIG. 8. B=12 T experiments: In both samples the emission

FIG. 7. 20 nm sample: Bias dependent emission intensities Ofines split into two Zeeman components and diamagnetically shift
the X%, X'~, and X*~ emission revealing a general increase of to higher emission intensities. In the 40 nm sample a spin selective
emission intensities with decreasing electric field. tunneling process results in the quenching of the high energy Zee-

man component of th¥'~ emission.

both samples this is due to the general decrease of tunneli
losses for smaller electric fields.

As for the measurements that were performed on singl

n N -
sqamples. In both cases the emission lines split into two Zee-
ghan components and are diamagnetically shifted to higher

electrically tunable quantum ring§QRS by Warburton cmission energies. As for the 40 nm sample the higher-
et al13 no parallel emission was observed. On the basis of "¢"9Y Zeeman component of &~ emission line is found
our findings this is in good agreement with the fact, that QR4? P€ uenched in the part &% where the tunneling process

have comparably small confinement potentials and therefort |splalyef[j thltg. éﬁ) IS (éomlr:nr;c. ?I-hlsl |stdue to :]hehfa_lct _that
also smaller tunneling barriers. This in turn leads to a tun'¢ l€ctrostatically Inducee-s 1e, electron, which 1S 1n-
olved in the formation of theX*~, is spin polarized aB

neling coupling that is strong enough to suppress parallef ) : ; .
emisgion. Ping g g PP P =12 T—let us consider it to be spin-up oriented. Then an

All spectra of the 40 nm sample exhibit another charac-£!€ctron-spin-up/hole-spin-down excitébright exciton re-

teristic emission line. This feature is assigned to the decay dcfi’?x'r:g m(tjq tf:f QD aISv_vays Lesults '.'; thedtunnellng process
a neutral biexciton (X, see in Fig. 3 Its energetic position isplayed in Fig. &b). Since the considered exciton spin con-

is about 3 meV below th&® emission line which is in good figuration corresponds to the emission of one of the Zeeman

agreement with our findings from power-dependent singlecom|oonents, the described mechanism results in its quench-

QD spectroscop§.Apart from that, itsVy range perfectly ing. And even thi; finding is not_observed in_the 20.nm
corresponds to the part of thg range wherek:~ emission sample since the involved tunneling process is effectively

i : [ i i ted by electrons with suitable spin orientation
dominates; see Fig.(d. In this part ofV; the statistical compensa i ! _
probability of the QD to be occupied with ax!~ is en- this example spin-downtunneling back into the QD from

hanced. Starting from this condition the negatively chargeéhe n-GaAs region.

QD can capture a single hole by optical absorption fOIIowedelelc?trzl#\n::w:rryi'nwi h?%lgaiin;?gsfr:;eir?ﬁnigrgmwg ;?ge
by field ionization and drift within the spacer layer between ging by P

the n-GaAs back contact and the QDs. This results in theently designed single QD photodiodes. In particular, we have

formation of a X state, which eventually decays. In con- shown that the strength of the tunneling coupling between

trast, almost no 2X emission is observed at equally low ex-T[he QDs and the-GaAs region of the samples has a strong

citation power in the 20 nm sample. Because of the reduce'cﬁ]ﬂuence on the observed bias dependent PL specira: The

spacer layer thickness the capture of single holes is supg—?:fulgL:rp%zaggcsiaiseg'zi'onr;'snse;drﬁsgg'sr;go?(;?og'ﬁigu_
pressed here in comparison to the 40 nm sample. y 9 PP 9

Let us finally take a look at experiments which were per-p“ng'
formed at a magnetic field strength Bi=12 T. Figure 8 This work was financially supported by the DFG via SFB
contains the obtained bias dependent PL spectra for botB48, by the BMBF via 01BM917.
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