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Electron distribution and level occupation in an ensemble
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We presented capacitance-voltage characteristics and electron-filling reflectance measurements to investigate
electron distribution in Ip:Ga, sAs self-assembled quantum dot ensemble. First, the electronic structures of the
guantum dots were constructed by capacitance-voltage profile. Coulomb charging effects on the electronic
structures were also discussed. Then, the electron level occupations were investigated by the electron-filling
reflectance spectra. Due to the correlated carrier transfer among the quantum dots argpiheGaAs
environment, the electron level filling is found to be inhomogeneous near the Fermi level. Finally, electron
thermal population in the quantum dot levels was also investigated. The activation energies for the thermal
population were found to be close to the level splitting. This means that electrons thermally populated to higher
state do not require Coulomb charging energy.

[. INTRODUCTION occupations in the QD’s can also be obtained from the
electron-filling reflectancéEFR) spectre?? Due to the Pauli-
The zero-dimensional quantum d@®D) systems have blocking effect, the EFR spectra reveal the quasistatic elec-
recently been of considerable interest in the field of semicontron level occupations in the QD’s. In this paper, we shall
ductor physics:? Driven by the progressing in material demonstrate results both from ti@V and the EFR experi-
growth techniques, fabricating a self-assembled QD systerments. Firstly, the electronic structures of the QD’s were
can now be easily achieved by using a lattice-mismatcttonstructed by th€-V measurements. The possible contri-
semiconductor system in the Stranski-Krastand®K) butions of Coulomb charging effect are also discussed. Then
growth mode. The fascinating properties exhibited by QD’sthe electron level occupations were investigated using the
have also been proposed as useful applications in optoeleEFR measurements. The electron distribution in the QD en-
tronic devices’ such as QD laseté and optical memory semble, which considerishomogeneityamong the dots, is
devices™’ For these device applications to be realistic, thealso presented. Finally, the temperature effects on the elec-
electrical and optical properties of QD’s, such as the intertron thermal population in the QD’s were demonstrated.
band and intersubband carrier dynanfiésthe Coulomb
interaction$’~*® and the carrier distribution$; 28 has been Il. EXPERIMENTS
widely investigated. Of these studies perhaps the greatest
lack is the carrier distributions in the QD ensemble, which The investigated samples were fabricated by molecular
however, may be a basic issue for these device applicationgéam epitaxy in the SK growth mode oma-doped(001)
Several studié§~'8 have addressed the issue of carrierGaAs substrate. After the deposition of a 300 nimdoped
distributions in the QD’s using low-temperature photolumi- GaAs buffer layer and an 100 nmdoped[Si, Ng~(7*1)
nescencePL) experiments. Dynamical carrier distributions X 10°cm™®] GaAs layer, a self-assembled (kGa sAs
are deduced from the competition between several dynami@D’s layer(=~5 ML) was deposited. The onset of spontane-
processes, including the carrier generation, capture, thermpus islanding occurred at about 2.3—2.5 ML, d63 sAS
onic emission, recombination rates, and even the intersutsleposition, which has been confirmed by the reflection high-
band relaxation rates. In this study, we intended to investienergy electron diffractiotRHEED) pattern. After the for-
gate a statidor quasistatig carrier distribution in the QD mation of QD’s the layer structure was capped with a 300
ensemble. Of the many experimental techniques for investinm n-doped[Si, Ny~ (7+1)x10"*cm™%] GaAs layer and
gating the carrier distribution, the most often used is thecompleted by capping @ -doped GaAs layer to form a
capacitance-voltageQtV) characteristicd?> 22 For a QD p'-n junction. In this work, two samples were investigated.
layer embedded in space-charge structures, which are coramples A and B contain the same layer structure, but hav-
monly used in deep-level transient spectroscépyTS),>®  ing slightly different dot size and density. According to the
the C-V measurement has been proven to be a powerful todransmission electron microscopyTEM) images, both
for characterizing the charge accumulation in the QD layersamples show that the QD’'s were lens shaped, being 3.5
However, to obtain the QD’s electronic confinement energies- 0.5 nm high in the growth direction. In sample A, the av-
and level occupations, one has to process sophisticated setfrage QD diameter is smaller, which is found to-b&5 nm
consistence calculations to fit the experimental retits. ~ and a dot density ofng,~1x10"cm 2 The QD’s in
More recently, it has been proposed that electron levesample B have a larger average diameter-@8 nm, with a
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FIG. 1. The PL spectra measuredTat 10 K for sample A(a) i
and sample Bb). FIG. 2. TheC-V profile measured &= 10K for sample A. The
inset shows the conduction-band profile for the investigated sample

under reversed bias.
lower density ofng,~4x10°%cm2,

The C-V characteristics were measured by a HP 4284

'Atration in n-type GaAs and the QD layer location in this
(20 Hz-1 MH2 LCR meter wih a 5 mVtest signal. Before yp Q y

formi heC-v/ 50 sample, the QD layer was expected to be loaded with some
performing theC-V measurements, 50Am mesa SQUAres  g|ecirons at zero bias. As a reversed bias was applied, elec-

were etched to a depth 61 um af‘d a Au/Be film with 250 trons in the QD layer will be removed, forming a capacitance
wm square apertures was deposited on the sample surface Rteau V< —2 V) when the depletion region of the"-n
form ohmic front contacts. The experimental arrangement . o meets the QD laydsee the inset of Fig.)2Further
for the EFR was the same as that for the conventional ele ecreasing the/,, the Fermi levelE- would be gradually
troreflectance. First, a light from an 1 kW tungsten-haloge oved down through the electronic states of the QD's. As
lamp combined with a 0.5 m monochromator was focuse

) ere shown in more detail in Fig.(8, sample A resolved
onto the sample. Then an équare-wavemodulation volt- ; ; ;
: ! two steps in the capacitance plateau. They were assigned to
age (~200 H2 composed of a dc bias was applied to the b b P y 9

le. Finallv. th dulated refl kR d d the charging of the QD ground state and the first excited
sample. Finally, the modulated reflectankR was detected 40 '\which have been confirmed by the EFR measurements
by a LN, cooled Ge detector, with the standard lock-in tech-jic.;ssed below. For the case of sample B in Fib),3ve
niques. ' :

resolved three steps in the capacitance plateau. According to

the TEM images, the QD density of sample B is about 2—3
IIl. RESULTS AND DISCUSSION times smaller than that of sample A. Thus, it is very reason-
able that the electrons were filled up to the third QD excited
states in sample B.

The investigated samples were first characterized by the Because thd crossing the QD plane is not varied lin-
PL measurements. Figuregal and 1b) displayed the PL early with the applied bias in this space-charge structure, a
spectra for samples A and B measuredTat10K. These sophisticated calculation seems to be unavoidable to deduce
spectra were excited by the 514.5 nm line of an Aaser ~QD’s parameters from thege-V profiles. It has been pro-
with an excitation power of about1 kW/cm 2 In Fig. 1, posed that a quasistatic model involving some self-
each spectrum shows multiple peaks, which were confirme@onsistence calculations of Poisson equation will determine
to be the ground state and excited states luminescence by tHese confinement energi€sHowever, some depletion ap-
use of state-filling spectroscofy? As deduced from a mul- proximations are still possible, which is also an intention of
tiple Gaussian fit, these spectra show an interlevel spacing d¢his work. For example, when the depletion width of the
AEq;=45+5meV, and a linewidth of ~40 meV. We also p*-n junction extends to the QD layer, the two-dimensional
noted that the QD ground-state energy for sampleE) ( €lectron density in the QD layer, the depletion widthand
=1.255eV) is about 60 meV higher than that for the samplé¢he applied bias/,, can be related by
B (Eo=1.196 eV), which may be due to the slightly smaller
QD size and higher QD density in sample?®A. Ng 5, Nngo

Figure 2 shows th€-V profile for sample A measured at <I>0—Vb=?gow B S_SOLQD’ @
T=10K. In the bias range of-4.4 V<V ,<-2V, a pro-
nounced capacitance platéadue to the carrier accumula- where ®, is the built-in potential N is the mean-electron
tion in the QD layer was observed. For the doping conceneccupation in the QD’s, antlyp is the nominal distance of

A. Electronic structures and charge accumulation
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110

y T " —F 3 Eo=1.255eV, which gives an interband band discontinuity
| (a) sample A ] of ~265 meV with respect to the GaAs band gaPgfas

i : =1.52eV). The value o166 meV is quite close to a ratio
of 2:1, for the energy splitting of electron and hole levels,
which has been reported previously in InAs d@ts.

At Vp=—3.0V the electrons were starting to be charged
into the first excited statép-shel) of the QD’s. Also from
Egs.(1) and(2), with N=2 atV,=—3.0V, we obtained an
energy of Ej~—88(+10) meV for the first QD excited
state. This energy can be interpreted as the onset for charging

the third electron into the QP-shell. Interestingly, the en-

70 e ergy difference for these two electron levéts78 me\) is
110'6 5 '|4 : N quite large, as compared with the interband energy splitting
(b) sample B of AEg;=45meV in the PL spectra. We believe that the
I i Coulomb charging effect plays a crucial role to the QD fea-

tures appeared irC-V characteristics. For a small disk-
shaped QD with a diametek the Coulomb charging energy
required to charge an additional electron into the QD is given
by Ec=e?/C, whereC=4¢eeqd is the self-capacitance of
the QD. For a typical InGaAs QD diameter df~15nm
observed in sample A, we estimate a charging energy of
Ec~23meV. Taking the Coulomb charging effect into ac-
count, it requires an additional charging energy Bt2o put
the third electron into the@-shell, with respect to the charg-
8 ' 5 ' 4 ' 3 ' ) -1 ing of the first electron into the-shell. From this argument,
. the electron level splitting may be roughlyEg,=78 meV

Bias (V') —2Ec~32meV. This value can be compared with the PL

FIG. 3. The capacitance plateaus of electrons charging to thgpec_tra.zlg we assume a ratio of 2:1 for the electron/hole level
QD state appeared i€-V characteristics for sample Aa) and ~ SPIitting,™ the value ofAEy,=45meV indicates an electron
sample B(b). The corresponding derivative curved@dV) are  level splitting of AEg,~30 meV which is very close to the
also included. value of~32 meV determined from ouZ-V measurements.

For the case of sample B, the same argument was applied.
the QD layer(300 nnj below thep™-n interface. The first Also from the band bending deduced by E@s.and(2), the
term appeared in the right-hand-side of EL).represents the confined energies for the ground, first and second excited
electrostatic potential at thp™-n interface caused by the states of the QD's were found to beé&§~—216
positive ionized donor in the depletion region, and the sec{+10) meV, Ej~—157(+x10)meV, and E5~-81
ond term is contributed by the effect of carrier accumulation( +10) meV, respectively. These energies correspond to the
in the QD layer. Once the mean QD occupathis known  onset for charging the first, third, and seventh electron into
at a givenVy,, the depletion widthw can be determined. the QD states. For a typical QD diameterdsf 23 nm found
Accordingly, theEg across the QD layer can be estimated byin sample B, we estimate a Coulomb charging energy of
the potential bending of the GaAs conduction band below thge .~ 15meV. Thus the electron level splitting for sample B
QD layer, is roughly AE§;=59 meV —2Ec~29 meV, which is still in
® o= qNy(W— LQD)2/2880. @ good agreement with the PL spectra.
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In Fig. 3@, the first capacitance step represents the B. Electron level occupations

charging of the twofold degenerate QD ground state, i.e., the Figure 4 shows one typical EFR spectrum for sample A
s-shell. For bias below-4.4 V the QD's are empty, and the measured aT= 10K, with a bias modulation between 0 V
C-V profile shows a characteristic of a pure junction capaci4ynd —55 V. In this spectrum, two QD transitions are ob-
tance. AtV,=—4.4V electrons start to be charged into the ggryeq, Eo,=1.25eV andE;=1.295eV), which are very
QD ground state. At this bias, tHe: should be just below cjose to the PL peaks observed in Figa)l The spectral
the threshold energy for charging the first electron into th&eature near 1.37 eV is the WL signal. The schematic dia-
sshell. By the use of Eqs(l) and (2) with N=0 atV,  gram in the inset of Fig. 4 can explain the mechanism for the
=—4.4V we deduced a band bending ®,p=166 meV.  EFR signals. According to th€-V profile in Fig. 3a), the
This suggests that the QD ground-state energy may b@p's are empty at-5.5 V, all the QD transitions are al-
roughly Eg~ — 166(+ 10) meV, if we take an energy refer- |owed. Consider that the QD’s are partially filled at 0 V, say
ence ofE=0 eV at the GaAs conduction band edge. DespiteN=3 (two electrons in the ground state and one in the ex-
this simple approximation, the estimateg is very reason- cited statg the interband transitions of these occupied states
able, as can be compared with the PL spectra. In i@, 1 will be blocked. The EFR signals represent a reflectance
the PL spectrum shows a ground-state transition energy athange between these two charging states. Thus, the EFR
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FIG. 5. Bias dependent EFR spectra for sample A in filling
mode (@) with V,=-55V and in depletion modgb) with
Vy=0V.

FIG. 4. The 10 K EFR spectrurtsymbolg and the lineshape
fitting curve (solid ling). The inset shows a schematic diagram of
the EFR modulating mechanism.

are first filled to the ground state, then filled to the first ex-

intensities can be correlated to the electron level occupancyited state at higher bias. In Fig(, we also show the EFR
of the QD’s. In Fig. 4, only two transitions were observed, spectra in depletion mode, with a fix&,=0 V and various
indicating that at most two QD electron states are filled,v, . As theV, was decreased, the electrons at first excited
which can be compared with the two-step features appearesiate were first depleted, and then the ground-state electrons
in the C-V profile. were fully evacuated at larger reversed bias. To analyze these

Based on this electron-filling feature discussed abovegFR intensities, we use an intensity-modulated lineshape
performing a bias dependent EFR measurement can giu@odel, which is discussed in appendix. The bias-dependent
more information on the electron level filling in QD’s. Dur- EFR intensities were depicted in Fig. 6. Interestingly, we
ing the EFR measurements, the applied bias was modulatéihd an excellent correlation of these bias dependent intensi-
between two bias voltage¥; andVy. The higher biasyy,  ties with the charging steps appeared in @ profile. In
was selected for filling the electrons into the QD states, whileFig. &a), the E, transition starts to increase ¥f,>—4.4V
the lower bias\V , was chosen for depleting the electronswhich is just the onset of the first charging step in Fig)3
from the QD's. In fact, the applied bias is very similar to the For V,;> —3.0, the E; transition appeared, which is also
filling pulse and the detection bias, which were commonlyconsistent with the second step which appeared inGhé
used during the DLTS measurement. The main discrepangyrofile. Thus the assignment of these charging steps is clari-
is that the DLTS measured the change in capacitance trafied without ambiguity. Moreover, the saturated intensity of
sient (AC/C), while the EFR measured the reflectancethe E, transition suggests that the first excited state may be
change AR/R) due to the electron moving in and out of the partially filled. Since the QD ground state is expected to be
QD’s. In this work, two kinds of bias-dependent EFR weretwofold degenerate, from the ratio of thg andE, intensity,
carried out, one is thilling mode and the other is thieple-  we estimate an average occupancy-@-3 electrons per dot
tion mode. Thefilling mode is that fixing the/, at a larger in sample A, at zero bias.
reversed bias to deplete all the QD electrons, and varying the For the case of sample B, the EFR spectra with various
Vy for filling the electrons into the QD states. Alternatively, filling biases ¥,;) were displayed in Fig. 7. Here, we also
the depletionmode has a fixe; but varying theV, . include a PL spectrum for comparison. In these spectra, the

Figure a) shows the EFR spectra for sample A understate-filling feature can be seen more clearly, and the transi-
filling mode, with a fixedv, =—5.5V and varied/y;. With  tion energies are close to the PL spectrum. The bias depen-
the increasingvy, the E, transition was first increased at dence of the EFR intensity is plotted in Fig. 8. Similarly,
lower Vy, then gradually saturated, accomplishing by thethey are also consistent with the three-step feature appeared
appearance of thE, transitions. It means that the electronsin the C-V profile [Fig. 3(b)]. In Fig. 8, the saturated;
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FIG. 6. Bias dependent EFR intensity for sample A in filling
mode withV = —5.5V (a) and depletion mode witk';=0 V. (b).

intensity is about two times larger than tig, intensity.
Since the first excited QD state is fourfold degenerate, from
these saturated intensities, we can estimate that the average N T T
electron occupancy may be-6-8 electrons per dot in 110 115 120 125 130 135
sample B. Energy (eV)

In our bias dependent EFR, an interesting state-filling fea-
ture was found. As seen in Fig. 7, the excited state transition FIG. 7. The upper panel is the PL spectrum measured at
always appeared before the ground-state transition was sat@-10 K and the lower panel shows the bias dependent EFR spectra
rated. At low temperature limit, Fermi-Dirac distribution ex- for sample B withV, = —5.0V and varied/,;. The dotted lines are
pects that energy level higher than tBe cannot be occu- fiting lineshapes.
pied because thkgT is very small. However, as shown in
Fig. 8, theE, transition was still observable, even the filling electrons in a dot should also be in equilibrium with those in
bias was as low as-4.2 V. This state-filling feature is very other dots. However, the EFR intensities suggest that the
similar to what was commonly observed in power dependengéxcited states are still populated before the ground state is
PL spectrd®12°But, it is important to mention that the fully occupied. We explain this effect to @nhomogeneous
origins for this feature appeared in both EFR and PL spectra
are quite different. In PL spectra, luminescence intensities S —
reflect a dynamical distribution of electron-hole pairs inthe b e .
QD levels, which was resulting from several dynamic pro-
cesses. At low temperatures, due to the lack of interdot
charge transfers, carriers in a dot may not be in equilibrium
with those in other dot¥ Since the capture and recombina-
tion processes in a QD ensemble are random in nafute
excited states would be populated before the ground states
were fully occupied.

However, in contrast to the PL, the EFR measured a qua-
sistatic distribution for the electrons in the QD’s. As the 50 45 40 35 30 25 20 15
electrons are injected by the filling bias, the system would V. (V)
establish an equilibrium charge transfer between the QD’s
and the barrier, because the time interval of the filling bias is FIG. 8. The EFR intensities for each QD state appearing in
long compared to the carrier transfer time. In other wordsFig. 7.

EFR intensity
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distribution near thé&e, due to the correlated charge trans- i E;( Ep
fer among the QD’s and thetype environment. As is sche- M I
matically depicted in Fig. @), due to the size fluctuation, the 01l InGaAs QD ]
confined energies of QD states were dispersed. If the charg- s ' ) A , .
ing of different QD’s areuncorrelated the QD levels with 0.00 0.01 0.02 0.03 0.04
energy below thé&eg will be completely filled. In this case, 1T ( K")

the GaAs conduction band edged,s9) can be taken as an
energy reference for the QD density of stdd©S). Thus the
occupied states show a truncated behavioE@at which is
depicted schematically as the shadow region in Fidp).9
However, the confined energy and threloped environment
determine the electron fl”lng in a QD. Different QD’s with C|ose|y packed QD’s may mutua"y over|ap_ Therefore, the
different confinement energies would induce different bancelectron level filling in different QD’s are stronglgorre-
bending around the QD’s. Moreover, since the interdot dis{ated by then-type environment. This effect is schematically
tance is randomly distributed, the depletion regions for somgepicted in Fig. &). In this situation, the relativ&g posi-

AR/R ( arb. units )

11 1.2 1.3

Energy (eV)

1 1
1.2 13 1.4
Energy (eV)

14 1.1

FIG. 10. (a) Experimental EFR spectré®) and fitting line-
shapeg(solid lineg at various temperaturegh) The EFR spectra
(@) and fitting lineshapessolid and dotted lingsafter subtracting

the fitted WL signal.

FIG. 11. (a) Temperature dependence of the QD level occupa-
tion deduced from the EFR intensith) Arrhenius plot to the QD
level occupation.

tions in different dots, with respect to the GaAs band edge,
are no longer the same. If we still plot the QD DOS with
respect to theEg,ps, @s shown in Fig. @), the Eg will be
dispersed into a “band” and the truncated behavior of occu-
pied states will disappear. This explains why we observed
the appearance &, transition before the ground states were
fully occupied.

C. Thermal distributions

We have investigated the temperature evolution of the
EFR spectra. Figure 18 shows the EFR spectra for sample
A measured at various temperatures, with= —5.5V and
Vy=0V. The fitting lineshapes, considering the intensity-
modulation Gaussian lineshapes, are also shown for com-
parison. In order to see the QD signals more clearly, we
subtracted the WL signal from these spectra, which are
shown in Fig. 10b). In this figure, an increase in temperature
modifies the relative intensities of the QD transitions. With
the increasing temperature, ti®, intensity is decreased,
while the excited states are increased. These EFR intensities
can be correlated to the electron thermal distribution in the
QD'’s. If we assume that the ground states are fully occupied
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atT=10K, i.e.,N=2, the level occupations at different tem- Council of the Republic of China under Grant No. NSC 88-
peratures can be deduced from the relative EFR intensitieg112-M-008-003.

In Fig. 11(a), we show the temperature dependence of the

level occupation for each QD state, and the corresponding APPENDIX: INTENSITY-MODULATION

Arrhenius plot is shown in Fig. 1lb). As discussed above, LINESHAPE MODEL

sample A contains=2-3 electrons per dot ai=10K.
Therefore, the Fermi leveét: may be lying just below the
first excited statgsee the inset With the increasing tem-
perature, the electrons in the ground state were thermally ~ e S ;

populated to the first excited state. By a linear fit to the (A} E-Bj)=eptie=1+A(Lptil),  (AD
decreasing part of thE, occupancy, we extract an activation where ¢, and eg are the imaginary and real parts of the
energy ofE,q.1=27(=5) meV, for the electrons in QD dielectric functionA; andE; are the intensity and energy of
ground state. Because the electrons in the first excited statke jth transition,L, andLg are the lineshape functions re-
can also be thermally occupied to the second excited statigted to the imaginary and real parts of the dielectric func-
the E; occupancy did not change significantly. At low tem- tion. Due to the QD size fluctuations, the can be assumed
peratures, the second excited states are empty, implying thed be a Gaussian function arldy can be obtained by a
the increasing electrons are coming from the first excitedkramer-Kroning relatiorf

state. By using the increasing part of the occupancy, we

obtained an activation energy &f, ; .,=34(=5) meV, for 1 5o

the electrons thermally populated to the second excited state. L(E-E;.T) =~ F\/Tr_/zex;:{— 2(E-E)re,

In C-V measurements, we found that the electron interlevel (A2)
splitting is ~78 meV, including the effect of Coulomb

charging energy. Interestingly, the obtained activation ener- (E—E;)
gies ofE, .1 =27(*5) is quite close to the electron inter-  Lg(E—~E;.I) = — “H(1;3/2,- 2(E—E))2T?),

level spacing o~=30 meV in neutral dots, i.e., without Cou- (A3)
lomb charging energy. Because these electrons are already in

the QD’s, thermal population to a higher state do not requiravhere H(a;b;z) is the confluent hypergeometric function.

For thejth QD interband transition, the dielectric function
¢ is given by

Coulomb charging energy. Taking into account the Pauli-blocking effect, the also
dependent on the electron occupatidp, which can be ex-
IV. CONCLUSION pressed as
In summary, we have performed the PC;V and EFR A{(N)=g;—N;. (A4)

measurements to investigate thg 48a, sAs self-assembled ] )

QD ensemble. The electronic structures of the QD’s werdf the charging states are modulated between being empty
constructed byC-V profile. Coulomb charging effects on the arld_ cor_npletely filled, the change in the dielectric function
electronic structures were found to be non-negligible. TheA€ is given by

electron level occupations were measured by the EFR spec- -~ ~

tra. Due to the correlated carrier transfer among the QD’s Ae=%(g; . E-E)—2(g;—n;.E-E)

and then-type environment, the electron level filling is inho- ~N;[Lg(E-E;,I'+iL(E-E;,[')],  (A5)
mogeneous near theg . Finally, the thermal population in

the QD levels was investigated. The activation energies fowhich is directly proportional to the corresponding occupa-
the thermal population were found to be close to the levetion N; and is essentially a intensity-modulation lineshape.
splitting, which means that electrons thermally populated td=inally, the spectrumAR/R, can be expressed as

higher state do not require Coulomb charging energy. )

AR/R~ 20 N;e'(a—iB)[L(E—E;,I')+iL,(E-E;,I],
s
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