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Stark effect in type-II GeÕSi quantum dots
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Photocurrent spectroscopy was employed to study interband optical transitions and the quantum-confined
Stark effect in an array of Ge/Si self-assembled quantum dots. The mean diameter and height of the Ge
nanoclusters are about 6 nm and 4 nm, respectively. Under an applied electric field splitting of the exciton
ground state is observed, implying that the dots possess two permanent dipole moments of opposite sign. We
argue that the two possible orientations of the electron-hole dipole in each Ge dot are the result of the spatial
separation of electrons which can be excited in Si as well as on top and below the Ge nanocluster. The
separation of electron and hole is determined to be (5.160.2) nm for the top~apex! electron and (0.8
60.3) nm for the bottom~base! electron, yielding a distance between the electrons of (5.960.5) nm, which is
consistent with the staggered band lineup inherent to type-II quantum dots. An external quantum efficiency of
1% at a telecommunication wavelength 1.3mm was obtained for ap-i -n structure.

DOI: 10.1103/PhysRevB.67.125318 PACS number~s!: 78.67.Hc, 71.35.2y, 78.66.Db
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I. INTRODUCTION

Zero-dimensional semiconductor structures@quantum dots
~QD’s!# display many effects known from atomic physic
One of such exciting phenomena is the redshift of the opt
transition induced by an electric field@so-called quantum-
confined Stark effect~QCSE!#. Recent theoretical1–4 and ex-
perimental studies5–8 reported for type-I InAs/GaAs and
InGaAs/GaAs QD’s, wherein the narrow-gap dot mater
presents a potential well for both electron and hole, dem
strated that the Stark shift can provide very useful inform
tion on the polarity of intra- and interdot electron-hole alig
ment and the vertical separation.

The change of the potential energy of a dipole with
momentp in an electric fieldF is given byU52pF.9 For
the electron-hole system,p5e(^rh&2^re&), where^re,h& is
the mean electron~hole! position. In type-II QD’s, only one
of the charge carriers is confined inside the dot whereas
other carrier resides outside the dot. In contradistinction w
the case of type-I QD’s, one can expect that in such a sys
the Stark effect should be extremely large because of
permanent spatial separation of electron and hole and
presence of the built-in electron-hole dipole.4 To date, most
work in the field of QCSE has concentrated on InAs/Ga
QD’s, and so far there has been no experiment investiga
Stark effect in excitonic transitions of type-II QD’s.

It is generally accepted that Ge/Si~001! quantum dots ex-
hibit a type-II band lineup.10–14When an electron-hole pair i
photoexcited, the hole is captured into the quantum wel
the Ge dot and creates an attractive Coulomb potential,
sulting in a binding of an electron in Si@Fig. 1~a!# at the
Si/Ge interfaces and forming the spatially indirect excito
In the present work we use photocurrent~PC! spectroscopy
to study the effect of an electric field on the interband tra
sitions in Ge/Si~001! quantum dots.
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II. EXPERIMENT

For controlled tuning of the electric field, the Ge QD’s a
embedded in the intrinsic region of an Sip-i -n diode (p1

region uppermost!, allowing fields up to 90 kV/cm to be
applied parallel to the growth directionz ~applying a reverse
bias to ap-i -n structure results in an electric field pointin
from n1 substrate top1 surface!. The band profile under
reverse bias condition is shown schematically in Fig. 1~b!.

Ge/Si QD’s, more suitable for the Stark spectrosco
must meet the following conditions. First, the size of the d

FIG. 1. ~a! Band structure of the type-II Si/Ge/Si heterostructu
along the growth direction through the center of the Ge d
~b! Schematic band diagram of thep-i -n diode under reverse bias
©2003 The American Physical Society18-1
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in all three dimensions should be small enough to prov
actual zero-dimensional density of hole states. In this c
the localization of the hole in all three dimensions of Ge d
allows the electron in the Si conduction band to correl
more strongly with it, resulting in an increase of the excit
binding energy as compared with quantum-well system15

Second, the electron and hole must be well separated to
sure the large dipole moment, so that the dots should
rather steep. However, conventional Ge/Si~001! self-
assembled QD’s, grown by Stranskii-Krastanov growth te
niques, are always flat; i.e., they have an aspect ratio~height
divided by base length! much less than unity.16 To fabricate
steep Ge islands with small lateral size, we grow the Ge d
on a Si~001! substrate covered with an ultrathin SiOx film.
Recently a similar approach has been successfully applie
form high-density ultrasmall Ge islands on Si~111! ~Ref. 17!
and Si~001! ~Ref. 18! surfaces. The mechanism of Ge nan
cluster formation on the ultrathin SiOx films was essentially
different from that on clean Si surfaces and is beyond
scope of this paper. A possible hypothesis has been put
ward by Shklyaev and co-workers17 and takes into account
reaction between individual Ge adatoms and SiOx followed
by a local silicon oxide desorption. The reflection hig
energy electron diffraction~RHEED! data show that three
dimensional Ge islands are appeared without the prelimin
formation of a wetting layer~no streaky RHEED pattern wa
observed beginning from the earliest stage of the Ge grow!
and exhibit an epitaxial relationship with the underlying s
con substrate. The latter observation implies that, simila
the case of Stranski-Krastanov islands, Ge nanoclusters
ricated on an oxidized Si surface reside onbare Si regions.

The sample was grown by molecular-beam epitaxy a
temperature of 500 °C on ann1-Si~001! substrate (7
31017 cm23 As). The growth rates were 2 ML/s for Si an
0.2 ML/s for Ge. After preliminary chemical processing, t
substrate was placed in the growth chamber where it
cleaned at 800 °C in a weak Si flux. As a result of the cle
ing process, an atomically pure surface with a (231) super-
structure is formed. Forp-i -n structures 400-nmi-Si bottom
region was first grown. To oxidize the surface, the oxyg
had been introduced into the chamber at a pressure
1024 Pa for 10 min, which produces a SiOx thickness of
several Å. After oxygen was pumped out and the cham
pressure reached 1027 Pa, nominally 1 nm of Ge was depo
ited. The growth of the QD’s is followed by 400-nmi-Si and
200-nm p1-doped Si layers (231018 cm23 B). The struc-
ture was finally capped with a 10 nm ofp1-Si contact layer
(1019 cm23 B). The background boron concentration in t
unintentionally dopedi-Si layers was (7 –8)31015 cm23.
Rectangular mesa diodes with areas ranging from
31024 to 531023 cm2 were fabricated by standard lithog
raphy and plasma etching. A 1-mm SiO2 passivation layer
was deposited by chemical vapor deposition. The Oh
contacts with thep1 and then1 layers were obtained by
depositing 80380 mm2 Al contacts.

The QD formation and quality of the silicon layers w
controlled in situ by RHEED ~Fig. 2!. The superstructure
(231) characteristic of the atomically clean Si~001! surface
is observed after the growth of the bottomi-Si region@Fig.
12531
e
e,
t
e

n-
e

-

ts

to

-

e
r-

ry

h

o
b-

a

s
-

n
of

er

.5

ic

2~a!#. The oxidation gives rise to a change in the diffracti
pattern. All the superstructure reflections disappear, and
bulk reflections become less intensive, while the diffusi
background becomes more pronounced@Fig. 2~b!#. This im-
plies the formation of a continuous oxide film on the silico
surface. Upon deposition of germanium on the oxidized s
con surface, a spotty RHEED pattern appears, exhibiting
same crystallographic orientations as the silicon subst
@Fig. 2~c!#. This indicates that the three-dimensional Ge
lands were grown epitaxially with respect to the silicon s
face.

The layer of QD’s capped with a 10-nm-thick Si layer w
examined with plan-view and cross-sectional electron
croscopy using a transmission electron microscope CM
FEG Philips with Gatan imaging filter GIF 200~see Fig. 3!.
The Ge islands have a hemispherical shape with a base
ameter of 5.860.5 nm and a height of about 3–4 nm. Th
apex of the dots is oriented along the growth direction. T
areal density of the islands was approximately 1
31012 cm22. To separate photoresponse from the dots,
reference sample was grown under conditions similar to
dot sample, except that no Ge was deposited.

It is necessary to note that when the nominal thickness
Ge layer reaches 1 nm, the distribution of Ge dot sizes
comes bimodal.19 Along with the ultrasmall high-density is
lands, very large low-density (;108 cm22) lens-shaped Ge
nanocrystals ('200 nm in diameter and'40 nm in height!
appear. However, as we will argue at the end of the pa
these islands do not contribute to the measured PC spec

PC measurements were performed in normal-incide
geometry ~incident light polarized in the plane of th
samples! at room temperature. Short-circuit~no bias! photo-
current was directly measured with a Keithley electrome
For biased measurements, a lock-in amplifier was used
the latter case, the light from globar source was mechanic
chopped at the frequency of about 550 Hz. A low illumin
tion power density of;0.1 mW cm22 was employed to pro-
vide an extremely low dot carrier occupancy and to av
many-particle effects. In order to obtain the responsivity
the p-i -n diode, the spectral photon flux from the ligh

FIG. 2. RHEED patterns of the surface obtained after growth
the bottom i-Si region ~a!, after surface oxidation~b!, and after
0.5-nm Ge deposition on silicon oxide~c!.
8-2
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source was measured by using a calibrated pyroele
detector.

III. RESULTS AND DISCUSSION

Figure 4 shows photocurrent spectra as a function of
verse bias. There is an apparent PC peak below the sil
interband absorption edge~1126 meV! which is not seen in
the reference sample~crosses in Fig. 4!. Since intra-valence-
band-hole transitions in Ge/Si QD’s occur at much low
energies20 ~70–400 meV!, the observed photocurrent max
mum cannot be attributed to the transition between h
states in the dots. At low bias, this peak has a symmetric
shape and is believed to come from the indirect excito
transition between the hole ground state in the small Ge
and the electron ground state confined in Si near the het
junctions. The electron-hole pairs created by interband
sorption thermally escape from the dots and give rise to
measured photocurrent. As the reverse bias increases
current maximum becomes wider and splits into two pe
which are changed with the applied voltage in a differe
way. The position of the low-energy peakTlow is practically
unchanged with the bias while the high-energy compon
Thigh apparently shifts tohigher energies.

To explain splitting and the blueshift of the high-ener
transition, one needs to consider the electronic structur

FIG. 3. Plan-view~top! and cross-section~bottom! transmission
electron microscopy images of a dot sample. The Ge islands ap
in dark contrast.
12531
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excitons in type-II Ge/Si QD’s. The modeling of the confine
electron and hole states11,12 predicts that holes are concen
trated at the bottom of the dot, and the electrons are local
in Si both on top and below the Ge island. This is the res
of strain distribution and Coulomb forces around the d
Recently the confirmation of the spatial separation of el
trons in the silicon matrix surrounding the Ge islands w
provided by the observation of a negative interband pho
conductivity inn-type Ge/Si~001! QDs.21

It follows from the second-order perturbation theory th
the field dependence of the transition energy can be
scribed by

E~F !5E~0!2eF~^zh&2^ze&!2bF2, ~1!

wheree52ueu is the electron charge,E(0) is the transition
energy at zero field,̂ze,h& is the mean electron~hole! posi-
tion along the growth direction~along the nanocrystal axis!,
andb is the polarizability of the electron-hole system.2 In a
system possessing an extremely large nonzero dipole
ment, the second-order term in Eq.~1!, quadratic in the ap-
plied field, may be less important than a linear one, and
transition energy is expected to vary linearly with the fiel

In frame of this conception, we interpret the high-ener
maximumThigh as a transition between the hole ground st
in the Ge dot and the electron state confined in Si near
dot apex. The low-energy peakTlow is assigned to the tran
sition between the same hole state and the electron stat
calized in Si near the dot base@see Fig. 1~b!#. Obviously, the
term eF(^zh&2^ze&) is negative for the first case and pos
tive for the second one since the electron-hole dipo
formed as a result of theThigh andTlow transitions have the
opposite directions.

We can check our explanation by extracting the values
electron-hole and electron-electron separation from the
served Stark shift. Keeping in mind that the observed
maximum is a superposition of the two peaks, we decomp
the maximum into two Gaussians. This allows us to de
mine the transition energies.22 To extract the peak position a
different bias from background photocurrent of Si band ta

FIG. 4. Photocurrent spectra as a function of applied reve
bias ~lines!. The short-circuit photoresponse from a reference
photodiode is shown by crosses.
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A. I. YAKIMOV et al. PHYSICAL REVIEW B 67, 125318 ~2003!
we measure the photoresponse spectra from the Si refer
photodiode without QD’s and subtract them from the Q
sample spectra. An example of such subtraction and fittin
shown in Fig. 5 for reverse bias 5 V.

Then we performed a self-consistent one-dimensio
simulation of ourp-i -n device to calculate the electric fiel
near the apex and the base of the dots. We used the m
similar to that developed in Ref. 23. We found that elect
field is uniform across the intrinsic region and can be w
described byF5(U1Vbi)/W, whereU is the applied re-
verse bias,Vbi is the built-in potential (;1 V), and W
50.8 mm is the intrinsic region width. Independen
capacitance-voltage measurements carried out on
samples demonstrated thatW does remain unchanged withi
the bias range studied and equal to the nominal gro
width. This supports our calculation.

The field dependence of the transition energies is plo
in Fig. 6. As expected for a system with built-in dipole m
ments, the Stark shift for both transitions appears to be
ear. Moreover, due to the linear behavior, the type-II Ge
QD’s exhibit a QCSE of approximately one order of mag
tude stronger than type-I InGaAs/GaAs QD’s of simil
height.7 From a fit to the data using the Eq.~1!, we find the
electron-hole distance (5.160.2) nm for the electron nea
the dot apex~top electron! and2(0.860.3) nm for the elec-
tron near the dot base~bottom electron!. It is worth noting
that separation of these two electrons ('6 nm) is somewhat
larger than the mean dot height ('4 nm), which is quite
reasonable for QD’s with a staggered band lineup and p
vides clear support for the our explanation. The small se
ration of the bottom electron and the hole agrees with
fact that hole is localized towards the base of the dots.

The magnitude of the exciton polarizability is found to
b/e25(1206100) nm2/eV for the Thigh transition and
b/e25(1.5660) nm2/eV for the Tlow transition. The large
error in the determination ofb is consistent with the fact tha
the linear Stark shift is certainly dominated by the extrem

FIG. 5. Photocurrent spectrum at reverse bias 5 V. The resp
of a siliconp-i -n photodiode is given as a reference. Circles sh
the experimental data for the QD sample with the Si reference s
trum subtracted. Two dotted lines give the result of decomposi
into two Gaussians. Fitting curve is shown by dash line.
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large permanent exciton dipole. Since the polarizability
determined predominantly by the height of the quant
dots2 and the spatial extent of the electrons wave functio
above and below Ge QD’s is close to the dot vertic
dimension,11 the polarizability values turn out to be comp
rable with those found for III-V dots of similar height.2,3

We now focus attention on the variation of the PC inte
sity with electric field. The amplitude of the low-energy si
nal increases with increasingF at low fields and saturates a
bias U>5 V. The intensity of the high-energy maximum
continues to increase even at highestF. The increasing value
of both PC peaks at lowF can be related to an increasing ra
of carrier escape withF. By applying a reverse bias, th
electric field pushes the top electron towards the hole in
dot and pulls the bottom electron out from the hole. As
consequence, the electron-hole overlap and the corresp
ing absorption strength are increased for theThigh transition
and reduced for theTlow transition. At highestF, no bound
state can further exist for the bottom electron and theTlow
transition transforms into a smooth PC tail on the low-ene
side of theThigh signal.

Next let us discuss the possible role of huge Ge isla
which are present in the structure due to the bimodal gro
mode. We claim that these islands are of no importance
observed PC spectra due to the following arguments. F
the maximum external quantum efficiencyh of the investi-
gated photodiode deduced from the responsivity is about
at a telecommunication wavelength of 1.3mm ~at 953 meV!.
A similar value ofh ~2.3%! was achieved in Ge/Si quantum
dot waveguide photodetector, which contains five layers
Ge islands with a density of 33109 cm22 in each layer and
was designed to havea strong optical confinement.24 Obvi-
ously, one layer of Ge islands having a very low density
3108 cm22 for large islands in our samples! cannot ensure a
measurable PC, especially at normal incidence. This is p
sible only for an extremely high-density QD structure. Se
ond, 100-nm Ge/Si self-assembled islands usually exhibi
exciton related photoluminescence peak around;800 meV
~see Ref. 25 and references therein!. To provide onset of
interband transition at larger energies~1040–1100 meV!, ul-
trasmall Ge QD’s with enhanced size quantization of the h
energy spectrum are required.26

FIG. 6. Transition energies as a function of electric field. T
solid lines are theoretical fits to the experimental data.
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IV. SUMMARY AND CONCLUSIONS

The photocurrent spectroscopy of type-II Ge/Si~001!
quantum dots, as a function of applied electric field, h
demonstrated that the QD’s possess two built-in electric
poles of opposite orientations. We argue that this is a con
quence of the spatial separation of the electrons around
dots. From the observed Stark shift, both separation of
electrons and hole at the dots and the distance between
electrons were determined. We found that, due to the lin
behavior, the type-II Ge/Si QD’s exhibit a QCSE of appro
mately one order of magnitude stronger than type-I InGa
GaAs QD’s. An external quantum efficiency of about 1%
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