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Charging of embedded InAs self-assembled quantum dots by space-charge techniques
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We present the results of both electrical and optical investigations of the charging of InAs self-assembled
guantum dots embedded in a space-charge structure. Admittance spectroscopy was employed to study the
electronic structures in quantum dots and their electron escape mechanisms. We resolved clear conductance
features of different quantum-dot shells, enabling the study of electrons that escaped separately from different
shells. Electron-filling modulation reflectance was used to investigate the interband transition influenced by the
charging effects. Both the strengths and the energies of the interband transitions were modified in accordance
with the electron occupation due to Pauli-blocking and the Coulomb-charging effects. The information ac-
quired from these experimental observations is valuable for feasible device applications.
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[. INTRODUCTION quired from admittance spectroscopy is compared with that
obtained from optical spectroscopy.
Self-assembled quantum dotQD’s) provide a nearly

ideals zero-dimensional system for the study of charging ef-
fects on nanostructures. Due to the small dimensions of self- Il. EXPERIMENTS
assembled QD's(typically 10-100 nm in diametgr Cou- The investigated sample was grown on(8082)-oriented
lomb interactions are expected to play a crucial role among, + 5,as substrate by solid-source molecular beam epitaxy.
the confined carriers and/or the photogenerated excitongy, |nAs QD layer was embedded in thetype region of a
Charging effects on the transport properties of INAs andzaas p*-n structure, at a distance of 300 nm below the
In,,GaAs QD's have been successfully demonstrated in &*_n interface. The layer structures and the corresponding

Suitably deSigned tunneling StrUCtl]J'?Eby the use of low- band prof”es are p|0tted in F|g 1. Th[etype dop|ng con-
temperature capacitance measurements. This kind of tunnel-

ing structure has also been applied in the study of both

intraband and interbantitransitions in charged QD's. On the Tncks QDs

other hand, space-charge techniques, such as deep-level tral Rty ~ nGaAs : _ nGaAs
sient spectroscopy (DLTS) and admittance spectroscdpy substrate (g { SSKIOBEN=) it
have also been utilized to study various types of embedding electron

QD systems, such as InP/GafhmAS/GaAs® and Ge/Si accumulation

(Refs. 7—9 in a Schottky diode or @n junction.

In this present work, the charging of InAs QD’s embed- _/ \_/
ded in a GaAs space-charge structure is investigated botl ’s E
electrically and optically. For the electrical characterizations, Unbiased !
we used admittance spectroscopy to study the occupatior ﬂ
dependence of the electron escape mechanisms. Our resull
could resolve clear features for different QD shells, enabling depletion region
a separate investigation of the electron escape behaviors o < -
different QD shells. On the other hand, optical characteriza-
tions were performed by using electron-filling modulation electron
reflectance(EFR).° The applicability of this spectroscopic evacuation
technique to the study of carrier filling and thermal distribu- o
tion of a charged In_,GaAs QD system have been demon-
strated previoushi’*! Recently, this kind of spectroscopy Reversad /4::/ Eg,
has also been employed to study the Coulomb interactions in biased
charged Ge/Si type-Il QD¥ In this work, EFR measure- ]
ments were employed to investigate the occupation depen-
dence of the QD interband transitions. The blocking of the FIG. 1. The layer structure and the band profiles of the investi-
transition strength and the energy modification caused bgated p™-n device with Fermi energyE; under unbiased and
occupied electrons are presented. Finally, the information aaeversed-biased conditions.
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centration was about 5(2)x 10'® cm3. The QD’s were I A B e e e 8
formed by depositing 2.7-ML InAs at 520°C under the
Stranski-Krastanow growth mode, while the growth of the J=1MHz
other GaAs layers was maintained at 580°C under As- L | — 7= 10K
stabilized conditions. According to transmission-electron- e T 50K
microscopy studies, the QD's had an average diameter o _ ~" | | — 100 K
20+=2 nm, were~3.5=0.5 nm high, with a density of 2
X 10 cm 2. In order to perform electrical measurements, —
the sample was processed into 500+ square mesas. The £ 8o
front electrode was formed by evaporating a metal contact or g
the mesa top, with a 25@m square aperture for optical '3
access. The back contact was formed by alloying indium to%
the n*-GaAs substrate. The diodes were nearly ideal, with®
low leakage current££1 nA) up to a reversed bias of 12 V.

The capacitance-voltage C¢{V), conductance-voltage 60
(G-V) characteristics were measured by an HP 4284A LCR
meter (20 Hz—1 MH2 operated at a test signal of 10 mV.
Temperature-dependent measurements were performed in 50
helium cryostat equipped with a temperature controller hav-
ing a temperature stability better than 0.5 K. The electron- Bias (V)
filing modulated reflectance was performed by illuminating
a 1-kW tungsten-halogen lamp, combined with a 0.5 m FIG. 2. .Th.e C-vV and G-V characteristics measureq at
monochromator. The modulation of electron filling in the QD =10 K (solid lines, 50 K (dashed linels and 130 K(dotted lineg
levels was achieved by applying to the sample a dc Wjgs Under a test frequendy=1 MHz.
with an ac voltageSV. The modulation frequency was main-
tained at about 200 Hz. The reflected light was collected b t
a cooled Ge detector. The dc components of the reflecte
light R were measured by an electrometer, while the modu-
lated signalsAR were detected using the standard lock-in
technique. o

nec
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ant 7 depends on both the QD confined energies and the
mperature, the applied ac frequency will resonate with dif-

erent QD levels as the bias and the temperature are varied.
In Figs. 3@ and 3b), the temperature evolution of the
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IIl. RESULTS AND DISCUSSIONS

N

L T=10K d4l7 -40v |
Figure 2 shows th€-V and theG-V characteristics mea-

sured at three selected temperatures under a test frequency of

f=1 MHz. In eachC-V profile, a pronounced capacitance

i //¥
plateau was observed afy.<—2.7 V, which originated

from the electron accumulation in the InAs QD lay@As RAOR @] |®) 60V |
the temperature is decreased downTte10 K, the plateau g g P 5 = S
width is suppressed, accompanying a conductance peak near Bias (V) Temperature (K)
the edge of the capacitance plate&iy{=—4.5 V). With an
increasing temperature, a more extended plateau and a shift
in the conductance peak toward lower biases can be ob-
served. As the temperature is raised upTte 130 K, the
conductance peak disappeared, and no significant changes in
capacitance trace observed, except for the Debye-averaging
effect, due to the increasing Debye length at the elevated
temperatures.

The emergence of a conductance peak can be regarded as
a fingerprint of a resonant condition for charging/discharging
the QD’s. When thé/. is decreased from-2.7 to —6 V,
the Fermi-leveE; is gradually swept from the shallower QD
excited states to the deeper ground states. In this bias range,

the small ac voltage of angular frequeney(w=27f) will £ 3. () The temperature evolution of the 500-kBzV spec-
alternatively fill and empty the QD levels. The characteristiCya from 10 K to 130 K, with an increment of 5 K. Each curve has
time 7 for such carrier exchanges between the QD’s and th@een offset for clarity(b) The bias dependence of 500-ki&T
barrier is determined by the carrier emission r@te When  spectra, from—4.0 to —6.0 V with an increment of 0.1 V. Each
the resonant condition abr=1 is satisfied, the measured curve has also been offset for claritg) Contour plot of the above
conductance will exhibit a maximum. Since the time con-conductance peaks.
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conductance spectra is displayed in more detail. The most SEAR B L L
interesting feature is that the amplitude of the conductance
maximum G, ., also varies in accordance with the applied
bias and the temperature. As can be clearly seen in the con- 10° 3
tour plot displayed in Fig. @), these conductance spectra b
exhibit two maxima: one neafy.~—4.6 V for T=30 K,
while the other one appears ne&jy.,~—-52 V for T
~70 K. Since theG,,, is proportional to the number of o
electrons being exchanged between the dots and the barrier, 5:
the observed double-peak feature can be attributed to the «
charging of different QD shells. In Fig(8, the G, at the

lower bias 5.2 V) is ascribed to the charging of QD 10'F
ground stateg shell), while the higher-bias one<{4.6 V) is AP S TP S S RN S
related to the first QD excited statg hel). It is worth § 10 15 20 25 30 35 40
noting that the capacitance plateau in Fig. 2 appears in the 1000/7T ¢ K")

bias range of-5.6 V<Vy.<—2.7 V, while the conduc-

tance features are only observed in the range-&6 V FIG. 4. The Arrhenius plots obtained fro@-T spectra with
<V4.<—4 V. This implies that the electrons can be further different bias voltages, taken at frequencies ranging from 50 kHz to
charged into the QDI shell and/or the wetting layer when 1 MHz. The investigated bias ranged fronb.5 to —4.3 V, With.

the V. is increased to-2.7 V. However, the emission rate an increment of 0.1_V. Due to the double peaks that appeareo! in the
for these higher-energy states may be too fast to be resolved | SPectra(see Fig. 3, both thes- and p-shell features are in-
with the available frequency and temperature ranges of oufuded forvec=—4.8 V.

experimental setups.

The double-peak feature appearing in @& spectra en- S shell, the deduced, values fall in the range of 82-95
ables us to extract the thermal activation behaviors of elecmeV, and the fittee; values are virtually zero. The obtained
trons in different QD states. To analyze the temperature- ang-shell Ex’s are in the range of 14-41 meV but are less
frequency-dependent QD conductan@éw,T), a detailed accurate then the-shell ones due to the involvement of the
knowledge of the ac response of carriers being exchanged
between the dots and the barrier is required. In the Appendix, /

TTTTTO

we have deriveds(w,T) based on the Shockley-Read-Hall

dynamics* Since the thermionic emission rate depends ex-

ponentially on both the activation energ§, and the

temperaturé? i.e., e,(T) = yoT?exp(—Ea/kgT), wherey is d AE,/:

a temperature-independent facteor, is the captured cross E p - p

section, andg is the Boltzmann constant. At a given bias, IA

when theG-T spectra reach a maximum at a temperature

Tmax the emission rate can be approximated &Y T 4%

~ wl2. Thus, by measuring th@-T spectra at differenV . T I T I T I T

and o, the activation energies can be deduced from the 100 F ]

Arrhenius plot ofe, /T2 ., vs 1/T .. These results are dis- I -.- s-shell

played in Fig. 4. For eacM., theG-T spectra were taken at ok !ll-. ...... N=2

six measurement frequencies ranging from 50 kHz to 1

MHz. In this figure, the Arrhenius plots acquired from the

s-shell features are almost linear, having linear correlation ;

coefficients larger than 0.9995. However, we note that the g I 4
N

QU
e
o

data obtained from thp-shell features are not linear, espe-
cially whenV4.,=—4.3 V. This behavior can be attributed
to the direct tunneling effect. Since the tunneling process is I O T
temperature independent, the Arrhenius plot will signifi- 20 | p-shell |;::| —
cantly deviate from a linear relation when ttield-assistegd |:IE|
tunneling process is involved. Taking the direct tunneling
rate e, into account, the total emission ragf' can be ex-
pressed as

V.(V)
e?=g + yoT2exp —Ex/kgT). 1)
FIG. 5. (a) Activation energies for the QB shell andp shell, as
In this equation, the values &, , e, ando were treated as a function of bias deduced from the Arrhenius plot shown in Fig. 4.
fitting parameters. Figure(& shows the deduced activation (b) Schematic diagrams for the electron escape mechanism de-
energyE,, as a function of the bias voltadg.. For the QD  scribed in the text.
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direct tunneling effect. The fitteg, values, for direct tunnel-
ing from the p shell, ranged from 1210 to 2.2 V
X 10°sec!, as the bias was increased from4.8 to ]
—4.3 V. Between thes and thep shells, we observed an -2.4V

energy splitting ofAE, s,~41 meV atVy.=—4.8 V. This _30v //\\/‘
value can be considered as thg difference between the 38V

second electron in theshell (N=2) and the first electron in ’

the p shell (N=3). The fittede, can be further utilized to —4.2v /vv\f

estimate the tunneling barri&yE, by the Wentzel-Kramers-
Brillouin (WKB) method!® For example, aVy.=—4.8 V,

-4.6V

-5.0V
we obtained a tunneling barrier &fE;~216 meV for the sav
first p-shell electron. ’

-5.6V

AR/R (arb. units )

According to the obtained,’s and the estimated E,,
the electron escape mechanism can be summarized as in Fig. _5.8V
5(b). It is clear that the QD electrons are not directly ther-
mally activated into the GaAs barrier, since the electron
ground state of our dot may be250 meV below the GaAs d-d
barrier, according to the theoretical calculation of InAs QD S-8
with a similar size"’ Thus, the obtained activation energies
suggest a two-step activation process: thermal activation to
the QD excited state and then subsequent tunneling into the X .
GaAs, by the assistance of electric field. This can be further 0.95 1.00 1.05 1.10 1.15 1.20
confirmed by the estimated ground-state confinemegs
+AEa sp~257 meV, which agrees very well with the the-
oretical prediction. This two-stage process has been proposed FIG. 6. The EFR spectra obtained by modulating the bias volt-
by Kapteynet al.® based on DLTS measurements of a simi-age between a constavi,=0 V and variedV, .
lar InNAs QD system. They reported a value Bf,=94
+5 meV, and attributed this value to the energy differenceions, were also observed. This behavior is illustrated in Fig.
between the QB andp shells. However, in our experiment, 7. ForV <—5.8 V, slight blueshifts were observed with the
we observed~41 meV as where the-p splitting in the increasingV_ in both thes-s and thep-p transition energies.
activation energy occurs. The and p-shell electrons are Since the QD’s are neutral in this bias range, this blueshift
more likely to be thermally activated into higher-excited can be attributed to the decreasing electric field across the
state(e.g.,d shel), since the deducell,’s for thesshell are  QD’s, i.e., the quantum-confined Stark efféQCSB.18 The
nearly twice as large as those of theshell. field dependence of this energy shift is very similar to our

The charging of the InAs QD’s was also optically inves- previously reported Stark shift in similar InAs ddfsin the
tigated by EFR measurements. The EFR was performed byange of—5.8 V<V, <-4.8 V, thep-p transition shows a
applying a bias modulated between a lower-bias I8ehnd  remarkable redshift of 162 meV. AtV =—-4.8 V, the
a higher levelVy,. The V,; was kept at 0 V as a referent doubly degeneratesishell was fully occupied. The optically
level, whereas th¥, was varied in the present investigation. excited electron-holeeth) pair in the QDp-p shells will
As implied by the measure@-V characteristics, the QD’s
were charged at least up to tldeshell under an unbiased 1.13 ' " L " T
condition. Thus, adaptiny,=0 V as a reference is very I i
suitable, since the the interband transitions for those occu- 112 i
pied states will be blocked. In Fig. 6, thg -dependent EFR r ,QQ@**** T
spectra are displayed. For the casevpt=—6.6 V, all the 111 p-p *+*§§+ .
QD states are unoccupied. We observe three interband tran- 1
sitions (labeled ass-s, p-p, andd-d), which are the transi-
tions between different electron and hole shellmeiutral
QD’s. When the bias was increased upto>—5.8 V, the
s-s transition intensity decreased gradually, being fully ’ Ry ¥*++
blocked whervV > —5.0 V. This indicates that the electrons i gad ] R ‘
were gradually charged into theshell in this bias range, 1.05 | : .
which is consist with the conductance measurement dis- : L . :
played in Fig. 3. -6 -5 -4

Similarly, the p-p transition was gradually blocked when v, (volt)
the electrons were charged into theshell (Vv >—-4.8 V). ’

In addition to the blocking of interband transitions, substan- FIG. 7. The bias dependence $& andp-p transition energies
tial energy shifts, in accordance with the electron occupaebtained from the EFR spectra shown in Fig. 6.

-6.6V

Energy (eV)

3\
A\

1.10-
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A}

Energy (eV)
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TABLE I. The Coulomb interaction and the exchange energy,transition, due to the occupiesielectron is given byAE
between carriers in QBandp shells, calculated by the perturbation =ES- ESQ From Table |, we estimate an energy shift of
model. The subindexésandj representQ[;orpshells, i.e.Eﬁ:?s AE..=—3.8 meV. However, the predicted redshift is not
the ee Coulomb energy betweeH.She” and-shell eIec_:tronsEﬁ- IS resolved in Fig. 7. It is very likely that the overall blueshift,
the eh Coulomb energy betweeirshell electron and-shell hole, caused by the QCSE, smeared the relatively smaller redshift
and EiXj is the exchange energy between trshell andj-shell elec- . ' .

induced by the loadeslelectron. Moreover, the electric field

rons. may reduce theh interactionES" somewhat, further weak-

i E° (meV) Eﬁ.h (meV) E} (meV) ening the net redshift in the transition energy of a charged
s-s exciton.

S 22.3 26.1 We now intend to relate information acquired by EFR

P 16.7 22.1 5.6 spectroscopy to the bias-dependent activation energy de-

p,p 15.3 17.3 4.2

duced from admittance spectroscopy. For type-ll Ge/Si QD
system, Zhanget al.” have reported discrete shell structures
experience additional Coulomb interactions due to these tw§1at comprise cleaee Coulomb charging features in bias-

tons. If the exchange interaction between electrons was fugurements. In our InAs QD system, according to Table I, the

ther included, the net energy shift prp transition,AE,,,  estimatedee Coulomb energies are-15-22 meV. How-
due to the doubly occupiesielectrons is given By ever in Fig 5, we cannot resolve any clear features that can
be related to the above mentioned Coulomb-charging ener-
AE, ,=2ES—2ES)—EX,, (2)  gies. The only discrete feature observed is the activation-

energy splitting ofAE, s;~41 meV atVy.=—4.8 V. This
splitting can be reasonably regarded as the energy difference
between the secorgklectron N=2) and the firsp electron
(N=3). We wish to further state that the measure, s,

where Egj is the repulsive Coulomb energy between the
and p eIectrons,Egg is the attractive Coulomb energy be-
tween thes electron and th@ hole, andE’S‘p is the exchange
energy between the optically excitgdelectron and one of . . .
the loadeds electrons(with the same spin orientatipnAs a ~ d0€S not involve the Coulomb charging energy. This can be
first approximation, if the energies of the electron-electrorf€@lized by comparing th&E, s, to the interband energy
(ee) repulsion anceh attraction are roughly the same, i.e., SPIiting AE;,, between thes-s and thep-p transitions. In
ES~ES", the observedAE,,=—(10+2) meV may be Fig. 6, we observe an interband splitting &fEs,~62
P PP ' ; +2 meV in unoccupied QD's\(, <—5.8 V). This inter-
close to the exchange energ'ys‘p. However, this value — -cup L~ 90 V).
should be considered as an upper limit, sinceeheattrac- banci energy splitting can be d|\{1|ded. into electrone-level
tive energyES) is commonly slightly larger than thee re- (AEs%) and hole-level spliting 4E;p), i.e., AEsp=AE;,
pulsive energyESe due to the different effective mass and +AEg,. Since the hole’s effective mass is heavier than the

confinement Ienz:ﬁh between the electron and the hole. electron’s, the interband splitting is dominated by electron-

To further compare our experimental results with theoretlevel splitting, e, AES,>AEL,. However, if the observed
ical predictions, we adapt the perturbation model proposedEna sp also involves thee-e Coulomb energyEc, it will

by Warburtonet al?° to estimate the Coulomb interaction lead to an unreasonably small electron-level splitting of
and exchange energiéswhich are summarized in Table I. AES;=AE, ¢p— ESp=24.3 meV. Therefore, we believe that
From these interaction energies and E2), we obtain a the measured E, 5, does not involve the Coulomb-charging
somewhat larger energy shift &fE,,=—16.2 meV, com- energy between theand thep electrons. On the other hand,
pared with our experimental observation. In fact, we havef we further assume an electron-hole splitting ratio of
also slightly changed the input parameters in the model calAEgp:AEgpmz:l, the electron-level splitting may be
culations, but the predicted redshift is still more or less IargerougmyAEgp% 41.3 meV, which agrees very well with the
than the observed (10+2) meV. We therefore tend to be- measured\E, s,~41 meV.

lieve that this discrepancy very likely arises from the The absence of Coulomb-charging features in &uyr
electric-field effect. In the space-charge structure, the QD’E‘spectrum can be realized from the two-step escape mecha-
are subjected to a relatively strong electric field in the invesnism, as described in Fig.(%. Due to the two-step escape
tigated bias range. In general, the effect of electric field orprocess, electrons at lower-energy states are thermally ex-
the ee interaction is negligible, since they possess charge ogited to the QD excited states. The energy required for ther-
the same sign. However, the electric-field effect on éfte  mally exciting the QD electrons to a higher-excited state is
interaction will be relatively stronger, since the electric field occupation independent, which has been demonstrated in our
tends to spatially separate the electron and the hole along thgevious papet* This situation is also similar to the infrared
growth direction, and hence reducing thé attractive en- measurement reported by Fricke al.? in which the intra-
ergy Egg- Thus, according to Eq(2), the net redshift of band absorption clearly shows an occupation-independent
AE,., is expected to be smaller. For thes transition, nega-  behavior. Therefore, whenever an indirect activation takes
tively charged exciton is also formed when anothefectron  place in a QD system, it is impossible to extract the shell
is loaded. This situation refers to the bias rangeés.8 V  structures of the Coulomb-charging energies by measuring
<Vy4.=—5.0 V. Theoretically, the energy shift in thes  the corresponding activation energies.
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IV. CONCLUSIONS where f is the equilibrium occupation fraction, which is
In summary, we have presented both electrical and opticaﬁ'ven by

investigations of the charging of InAs quantum dots embed- n° 1 D(E, ,E)
ded in a space-charge structure by the use of admittance feqzi"tz f L dE,
spectroscopy and electron-filling modulation reflectance. We Naot Naot) 1+exd —(E—E¢)/kgT]

clearly resolved features of quantum-dgcindp shells from where ngm is the equilibrium electron population of the

the admittance spectroscopy, enabling us to study electrofq, _ . . . o
emission mechanisms from different shells. In the opticalaD s, D(E; E) is the QD density of state, in whid is the

. S . " energy of QD level, andE; is the Fermi level. For a small
investigations, the interband transitions demonstrated cleat . .
X : . : gerturbanon at a given angular frequenoy the change of
Pauli-blocking and Coulomb charging effects, in accordanc opulationsn.. from the equilibrium value®.. is given to
with the electron occupation in the dots, controlled by the]E_’ Fz dor b dot q dot 1S 9
bias voltage. The information acquired from these experi—IrS oraer by
mental observations is valuable for feasible device applica- dsn
tions. For instance, the Pauli-blocking effects exhibited in dot
guantum dots can be utilized in a high-speed QD optical dt
modulator, which can modulate a QD laser by integrating it

in the same chip. On the other hand, the presented structure
can also be applied in a charge-tunable infrared detectowherej=\/—1. Because oh,=Ncexf —(Ec—Ef)/kgT], we
providing a tunable spectral range and responsibility. How-obtain 6ny=nq(qd¢/kgT), whereNc andE. are the effec-
ever, to increase the on/off ratio of the proposed modulatotjve density of states and the conduction band edge of the
or the responsibility of the proposed infrared detector, onésaAs barrierg is the electron charge, arlp represents the
could increase the active QD layers, and incorporating themotential difference of Ec—E)/q at the QD layer caused

=] wNgo= —(€4F avNg) SNy

+ VN 1—feg) ONg,

into waveguide structures if necessary. by the applied ac bias. Therefore, we get
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time constanty=(1—f¢y)/e,, the QD conductance is given
APPENDIX: FREQUENCY AND TEMPERATURE by

DEPENDENCE OF QUANTUM-DOT CONDUCTANCE

Considering the case of InAs QD’s imtype GaAs bar- Glw T):afeq(1_feq)
rier, the transient response of the electron populatigpof ' kgT
a QD level, satisfies the following differential equation:

w’T (A1)
1+ w?r?)’
where a=S¢’Ny.,8 is a temperature-independent factor, in
dngot which B=(8¢/5V). In this equation, the functiorf.,(1
gt~ €nNdort Cn(Naor™ Ny —foq exhibits a peak wherfe,=1/2, (i.e., E;=E;), and
then drops exponentially to zero wh&n deviates fronk; .
whereNgqr andngq are the number of quantum states and thevioreover, the frequency-dependent factofr/(1+ w?7?)
electron population of the QD'®, is the electron emission has a maximum value of 1/2 whesr=1. As a result, when
rate andc,= o vng is the electron capture rate, in whiehis  the condition of

the capture cross section,is the thermal velocity, and, is
the equilibrium electron concentration in the GaAs barrier. w=1/T=2e, (A2)

Under steady-state conditions, i.dny,/dt=0, we obtain ) ) ) )
is fulfilled, the QD conductance will reach a maximum

enfeq=ovng(1—"feq), Gax-
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