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Quantum confined energy levels and the Coulomb charging effect of holes in self-assemble
dots embedded in Si barriers are studied using admittance spectroscopy at temperatures above
Ground state and first excited state occupancies of five to seven holes are identified by varyin
Fermi-level position under different applied bias voltages in the admittance measurements.
capture cross sections of the quantum levels are found to be extremely large and energy dep
[S0031-9007(98)05719-6]
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In recent years, the investigation of semiconduct
quantum dots has attracted a great deal of attention b
from the viewpoint of fundamental physics and for tech
nological applications. The quantum dot with a dimen
sion smaller than 100 nm can be viewed as an artific
atom. Its electronic structure is composed of a series
discrete quantum levels. In addition, the self-capacitan
of a small quantum dot is in the order of10217 10218 F.
So the Coulomb charging energy of carriers filled in th
dot cannot be ignored, which modifies the electronic e
ergy level structures. The experimental techniques d
veloped early to study the quantum levels and Coulom
charging effect [1–4] were basically performed on thos
very well defined nanostructures prepared by lithogr
phy. A powerful technique, the single-electron capac
tance spectroscopy, developed by Ashooriet al. [5,6] has
been employed to measure the energies of quantum lev
of imbedding self-assembled InAs and InGaAs dots [7,8
However, the work done up to now was performed
the temperature below 4 K. Anandet al. [9] studied the
Coulomb charging effect in InP dots sandwiched in be
tween two GaInP barrier layers using the deep level tra
sient spectroscopy. The discrete energy levels were
obtained, since the Coulomb charging energy is smal
than kT at the measuring temperatures. In this work
we perform the measurement of the quantum levels a
Coulomb charging of self-assembled Ge quantum do
imbedded in Si barriers by using the admittance spe
troscopy that was originally developed to measure the d
fect levels of bulk materials [10] and the band offsets o
heterojunctions [11]. The activation energies of groun
hole state and first excited hole state are extracted, and
Coulomb charging effect is clearly observed at the me
suring temperatures above 100 K. The advantages of t
method are simple and straightforward. The requireme
on the uniformity of the dot size distribution of the sampl
is quite tolerant. In addition, the hole capturing cross se
tions of the quantum levels and their energy dependen
are obtained for the first time.

For a Si Schottky diode structure with Ge dots imbed
ded inside the Si depletion layer, the band discontinui
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between Ge dot and Si barrier occurs basically at t
valence band edge. Figure 1 shows the schematic d
gram of the sample structure used in this study and
valence band structure. Three Ge dot layers sandwich
between Si spacers constitute three hole wells. The ho
occupy the discrete quantum levels in the Ge dots (w
regions). An ac voltage signal applied on the diode w
create an ac admittance signal caused by the emission
capturing of holes from the dots to the Si barrier. I
the following, we derive the analytical expressions for
sample with only one Ge dot layer. The formulas ob
tained are also applicable to the sample with three Ge
layers.

According to the equivalent circuit model of admittanc
spectroscopy [11], the sample structure with a sing
layer of Ge dots can be looked at as a parallel circu

FIG. 1. Schematic diagram of the sample structure (a), and
valence band diagram under zero bias voltage (b).
© 1998 The American Physical Society
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of the conductanceGdot and the capacitanceCdot of
the dots in the series with a capacitanceCS of the
Schottky barrier. At a measurement frequencyv, when
the temperature scans through a certain valueTm which
meets the following relation:

GdotsTmd  sCS 1 Cdotdv , (1)
the conductance of the sample reaches a maximumGsTmd.

To bring the admittance measurement applicable to t
quantum dot samples, one must first derive the theoreti
expression ofGdot as a function of its quantum level
energy. Supposegi is the degeneracy of a quantum leve
Ei si  1, 2, . . .d, the probability of a hole occupyingEi

is given by the Fermi distribution function

fi 
1

1 1 s1ygid expfsEf 2 EidykT g
, (2)

whereEf is the Fermi level,k is the Boltzmann constant,
andT is the temperature.

If the thermal emission rate and the capture cross s
tion of holes on the levelEi are ei and si , respectively,
the average thermal velocity isn, and the hole concentra-
tion in the silicon barrier isp0; the thermal equilibrium
condition of hole emission and capturing fromEi is

eifi  sinp0s1 2 fid . (3)
Substitutingfi by Eq. (2), usingp0  NV expf2sEf 2

EV dykT g, and considering an external electric fieldF
applied across the quantum dot, the emission rate of ho
is extracted to be

eisFd 
sinNV

gi
exp

µ
2

Ei 2 EV

kT

∂
exp

µ
qFd
2kT

∂
, (4)

whereNV is the effective density of hole states in silicon
EV is the valence band edge of silicon,q is the electron
charge, andd is the height of the dot. Suppose that th
areal density of quantum dots isNdot, the number of the
discrete energy level in the dot isL, and the number of
carriers on the levelEi is g0

i ; then the current densityJ
caused by the emission of holes can be expressed as

JsFd 
LX

i0

Ndotg
0
iqfeisFd 2 eis0dg


LX

i0

NdotnqNV
g0

i

gi
st exp

µ
2

Ei 2 EV

kT

∂

3

∑
exp

µ
Fdq
2kT

∂
2 1

∏
. (5)

Under a weak electric field, the conductance of quantu
dots can be obtained from the first order approximation
Eq. (5) as

Gdot  aT
LX

i0

g0
i

gi
st exp

µ
2

Ei 2 Ey

kT

∂
, (6)

wherea is a temperature-independent constant:

a 
8
h3

pSq2Ndotm
pk . (7)

S is the area of the electrode. In the derivation, the r
lationsNV  2s2pmpkTyh2d3y2 andn  s8kTypmpd1y2
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(wheremp is the effective mass of hole in the silicon va
lence band) have been used.

Two assumptions are made. First, suppose that
energy separations between neighboring levels are la
enough that when the Fermi level is located near a lev
EI , the higher hole excited statessi . Id are empty while
the lower levelssi , Id are fully occupied. Second,
the ratio of cross sections of two neighboring levels
small enough, i.e., lnssi2Iysid , sEi2I 2 EidykT 2 I.
It can be easily verified that Eq. (6) can be approximate
written as

Gdot  aT

µ
g0

I

gI

∂
sI exp

µ
2

EI 2 EV

kT

∂
. (8)

Substituting Eq. (8) into Eq. (1), the condition for th
sample conductance reaching a maximum is

vyTm  aIsI exp

µ
EI 2 EV

kTm

∂
, (9)

whereaI  aysCs 1 Cdotd sg0
IygI d. The Arrhenius rela-

tion of the above formula is

lnsvyTmd  lnsaIsI d 2 EaI ykTm , (10)

where EaI  EI 2 EV is the activation energy of the
I th level. By measuring the peak temperaturesTm of
G-T spectra at different frequencies and drawing a
experimental Arrhenius plot, the activation energy thu
could be determined by the slop of the plot according
Eq. (10). Because of the small physical dimensions of t
dots, the Coulomb charging effect cannot be ignored. T
Coulomb charging energy required to chargeN holes into
a disklike dot is given by [7]

EN  sN 2 1y2de2y4´´0D , (11)

whereD is the typical diameter of dots. On account o
the Coulomb charging energy, the activation energy
carriers should be expressed as

EaI  EI 2 EV 2 EN . (12)

The activation energyEaI and the cross sectionsI can
be obtained from the slope and intersect of the Arrheni
plot lnsvyTmd , 1ykTm.

The sample used in this study was grown by th
molecular beam epitaxy. Three periods of alternative
stacked 1.3 nm Ge dot layer and 50 nm Si spacer la
were deposited on a 100 nm thick Si buffer layer
the temperature of500 ±C and capped with a 400 nm
thick Si layer on the top. All the Si layers were dope
with boron to a concentration of about1 3 1016 cm23.
Figure 1 shows the schematic diagram of the samp
structure and its valence band diagram under zero b
The cross-sectional transmission electron microsco
(TEM) observation verified the formation of Ge island
with their dimensions of typically 3 nm in height and
13 nm in diameter. The nonuniformity of the dot siz
is estimated to be610%. The areal density of the dots
3341
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is about2 3 108 cm22 as determined by the atomic force
microscopic observation on a sample with only one G
dot layer without a Si cap prepared under the same grow
condition.

The sample was fabricated into a Schottky diod
structure with an Al electrode at the top side and a
Ohmic contact at the back side. The diameter of the
electrode is about 0.9 mm. The admittance spectra we
measured under different reverse bias voltages by us
a Hewlett Packard 4275A LCR meter at the frequenci
of 1 MHz, 500 KHz, 300 KHz, 100 KHz, and 50 KHz
within the temperature range of,100 250 K.

Figure 2(a) shows the conductance spectra at the f
quency of 1 MHz under different bias voltages in the rang
of 10.2 to 21.4 V. The Arrhenius plots lnsvyTmd ,
1ykTm obtained from the conductance spectra under d
ferent bias voltages are shown in Fig. 2(b). The line
correlation coefficients of all the lines are larger tha
0.9998. From the slopes of these lines, the activation e
ergies are obtained according to Eq. (10). The results a
shown in Fig. 3(a), where five discrete values are ind
cated at the energies of417sEa1d, 388sEa2d, 263sEa3d,
233sEa4d, and202sEa5d meV, respectively. The conduc-
tance peak at21.2 V is too weak, so the value of activation
energy at21.2 V was derived by another method, i.e., th
capacitance differential method [12].

To identify the hole emission processes related wi
these five energy levels, we did theC-V measurement
from which the shift of the Fermi level with respec
to the quantum levels in the dots could be deduce
According toC-V measurement, it is found that the thre
dot layers (the topmost, middle, and deepest ones)
unoccupied by holes at the bias voltages below11.0,
10.2, and 21.2 V, respectively. At the bias voltage of
21.4 V, the depletion region of the Schottky contact ha
extended over the Ge dot region. All the hole state
in the quantum dots are empty. Thus, no conductan
peak is expected in the admittance spectrum. In the b
region of21.2 to 10.2 V, the boundary of the depletion
region is basically pinned near the place of the deepest
layer. The variation of bias voltage moves the Fermi lev
with respect to the quantum levels in this dot layer. Th
hole population in the dot increases as the reverse b
decreases. For another two dot layers, the Fermi lev
is located well above the quantum levels so there is
hole emissions contributed by these two layers. At th
reverse bias voltage larger than 0.8 V, the holes occu
the lowest (ground) hole state in the deepest dot lay
According to Eq. (11), the Coulomb charging energy pe
added hole in a disklike dot with a diameter of 13 nm
is estimated to be 30 meV, which is quite close to th
energy differences betweenEa1 and Ea2. Accordingly,
it could be deduced that the activation energiesEa1 and
Ea2 correspond to the hole emissions from the sing
charged and double charged hole ground states of
dot. Thes-like ground state can accommodate only tw
3342
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FIG. 2. (a) The conductance spectra at the frequency
1 MHz under different bias voltages; (b) the Arrhenius plo
of lnsvyTmd , 1ykTm obtained from the conductance spectr
under different bias voltages; and (c) the carrier capture cro
section as a function of activation energy.

holes. With the decrease of reverse bias, the additio
holes will occupy thep-like first excited state. Therefore,
the activation energy changes to 263 meV with the thi
hole occupying the excited state and to 233 and 202 m
with additional Coulomb charging energies of the fourt
and fifth holes. The charging of the sixth holes to th
excited state is expected to occur at a larger forward b
voltage s.0.4 Vd. In that case it is difficult to measure
the admittance spectra since the signal will be smea
out by the large forward current. By using Eq. (12), th
energy levels of ground state and the first excited sta
of the dots with respect to the Si valence band edge
derived to be 432 and 338 meV, respectively.

The upper two Ge dot layers do not participate in th
hole emission process in our measurements. The r
played by these two layers is to block the extension
the Schottky barrier region over the third dot layer und
zero bias.

To confirm the rationality of the above work, we did
the admittance spectroscopic measurements on ano
sample with similar structure but larger dot diameter
The steplike behavior of the activation energy cou
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FIG. 3. The activation energies under different bias voltage
of samples with typical Ge dot sizes of (a) 13 nm an
(b) 25 nm.

also be seen as shown in Fig. 3(b), where the highe
activation energy 410 meV corresponds to the doubl
charged ground hole state, while the other five levels a
related with the first excited state charged with one to fiv
holes. The Coulomb charging energy is about 17 me
corresponding to a typical dot diameter of 23 nm, whic
is quite close to the size of about 25 nm determined b
TEM. The ground state charged with one electron wou
be detected at the bias voltage of21.8 V, where the
leakage current of the sample is too large, so that t
activation energy determined experimentally is not ver
correct; the data are not included here.

Since the conductance peaks are broad bands, the s
nonuniformity of the dots does not affect the determina
tion of the peak temperatures in the spectra. We ha
done a simulation of the conductance spectrum of the fi
sample. With a size fluctuation of610%, the width of
the conductance peak will change from 16 to about 25 K
while the peak temperature changes only about 0.5
Since the shifts ofTm are all positive at different frequen-
cies, so the slope of the Arrehenius plot and the activatio
energy determined are about the same as those with
considering the size distribution. This is one of the ad
vantages of the admittance spectroscopy especially
using it in the self-assembled quantum dot samples.

According to Eq. (10), the cross sectionssI can be ob-
tained from the intersections of the lines in Fig. 2(b). Th
results are shown in Fig. 2(c).sI varies exponentially
with the activation energy. The values ofsI are in the
order of,1022 1025 cm2 which are at least 10 orders of
magnitude larger than that of defects in semiconducto
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The great capability of capturing carriers by the quantum
dots implies that the quantum confinement effect plays a
important role in strengthening the carrier emission an
capturing processes. The cross section data might be u
ful in connection with the carrier relaxation process in the
quantum dot.

In summary, the admittance spectroscopy has be
successfully used to study the discrete quantum ener
levels of Ge quantum dots embedded in Si barriers. B
varying the bias voltage, the population of carriers in th
dot changes and the Coulomb charging effect could b
clearly seen from the steplike change of the activatio
energy of the hole emission. Up to five (or seven) hole
charged in a Ge dot with the lateral dimension of 13 nm
(or 25 nm) is observed. The energy levels of ground sta
and first excited state are determined. The advantages
this method are the relatively high measuring temperatur
large signal-to-noise ratio, simple and straightforward a
well as the possibility of measuring the carrier capturing
cross section.
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